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Abstract

Tidal inlets and the associated ebb-tidal deltas can significantly impact the coastal sediment budget due to their ability to store or release large
quantities of sand. Nearly 300 million m? (mcm) of sediments were eroded from Texel Inlet’s ebb-tidal delta and the adjacent coasts following the
closure of the Zuiderzee in 1932. This erosion continues even today as a net loss of 77 mcm was observed between 1986 and 2015. To compensate,
over 30 mem of sand has been placed on the adjacent coastlines since 1990, making maintenance of these beaches the most intensive of the entire
Dutch coastal system.

Highly frequent and detailed observations of both the hydrodynamics and morphodynamics of Texel Inlet have resulted in a unique dataset of this
largest inlet of the Wadden Sea, providing an opportunity to investigate inlet sediment dynamics under the influence of anthropogenic pressure.
By linking detailed measurements of bathymetric change to direct observations of processes we were able to unravel the various components that
have contributed to the supply of sediment to the basin, and develop a four-stage conceptual model describing the multi-decadal adaptation of the
ebb-tidal delta.

Prior to closure of the Zuiderzee a dynamic equilibrium state (stage 1) existed with a stable ebb-tidal delta. The largest morphological changes
occurred in roughly the first 40 years since the closure, and were dominated by the rotation and scouring of large tidal channels and landward
retreat of the Noorderhaaks ebb shoal (stage 2; adaptation). Between 1975 and 2001 the general layout of main channels and shoals was stable, but
large sediment losses continued to occur (stage 3; equilibrium erosional state). Since 2001, the erosion rates have significantly reduced to 2mcma~!
(stage 4; stabilisation).

Twenty-five years of data on ‘Dynamic Preservation’ prove that sand nourishments are well capable of keeping the coastlines adjacent to the Texel
Inlet in place. Moreover, the abundant supply of sediment may also have compensated for the sediment losses on the larger scale of the southern
part of the ebb-tidal delta, resulting in a recent stabilisation of its volume. This response illustrates the potential benefits of Dynamic Preservation
not only for coastline resilience but also on the larger scale of the inlet system. Such knowledge is essential for future preservation, management

and maintenance of inlet systems in the scope of climate change and accelerated sea-level rise.
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Introduction and objective riety of geomorphic settings (Glaeser, 1978; Davis & FitzGer-
ald, 2004; Stutz & Pilkey, 2011). Historically, barrier islands,
Introduction adjacent coasts and sheltered back-barrier basins have been

attractive for human settlement. In recent times, more and
Systems of barrier islands and associated tidal inlets are found more awareness arose that these inlet systems also form unique
along a major part of the world’s coastlines and in a wide va- landscapes and valuable habitats for numerous marine species
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and birds, and that coastal development and shoreline pro-
tection structures may have severely impacted or constrained
the natural dynamics. Exactly how anthropogenic pressure im-
pedes the ability of natural systems to respond to changing
forcing, at present or in the future (especially in the scope
of climate change), and how to support a sustainable envi-
ronment for both humans and nature, are essential questions
that still need to be answered. Analysis of field data obtained
over the last century for Texel Inlet, the Netherlands, illus-
trating the interaction of Texel Inlet with its adjacent coasts,
including the effects of decades of coastal maintenance and
management, can provide valuable insights to unravel this
question.

Dynamic Preservation In 1990, the Dutch government enacted a
new coastal policy, called ‘Dynamic Preservation’, to fight struc-
tural erosion occurring along the major part of the Dutch coast-
line (see e.g. Rijkswaterstaat, 1990; Hillen & de Haan 1993;
Hillen & Roelse, 1995; de Ruig, 1998). Through this policy, the
coastline is maintained at its 1990 position using sand nour-
ishments as a principal source which allows natural coastal
processes to continue. Preservation of natural dynamics is es-
pecially relevant in complex morphodynamic settings such as
found in and around tidal inlets.

Over 30 million m® (mcm) of sand has been placed on the
coastlines adjacent to Texel Inlet since 1990, to compensate
for extensive losses of sand and making maintenance of these
beaches the most intensive of the entire Dutch coastal sys-
tem (e.g. Mulder, 2000; Roelse, 2002; Hoogervoorst, 2005). It
is generally assumed that the major part of these sand losses
results from sediment transport into the basin (Stive & Eysink,
1989; Louters & Gerritsen, 1994, Elias et al., 2012), but how
the sand exchange between coast, ebb-tidal delta, inlet and
basin transpires, and exactly which processes determine this
exchange, are not fully understood, even though many stud-
ies have been conducted in the past (e.g. Beckering Vickers,
1951; Battjes, 1962; Sha, 1989a,b, 1990; Elias, 2006; Elias & van
der Spek, 2006).

Conceptual models The basic processes controlling the shape of
an ebb-tidal delta are well known (see a recent summary by
Hayes & FitzGerald, 2013). In principle, the geometry of the
back-barrier basin, in combination with tidal range, determines
the tidal prism which, under equilibrium conditions, in turn
determines the cross-sectional size of the inlet (0'Brien, 1931,
1969; Jarrett, 1976) and the volume of the ebb-tidal delta (Wal-
ton & Adams, 1976). The geometry of barrier islands, the inlet
gorge and the ebb-tidal delta facing the inlet are shown to re-
flect the wave versus tidal energy ratio. Conceptual descriptions
by e.g. Hayes (1975, 1979), Oertel (1975) and Hubbard et al.
(1979) show that wave-dominated ebb-tidal deltas tend to be
pushed closer to the inlet throat, while tide-dominated ebb-
tidal deltas extend offshore. The inlet morphology is also influ-
enced by other variables such as geological parameters (coastal
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physiography, regional stratigraphy, bedrock outcrops), basin
geometry, and processes such as sediment supply, river dis-
charge and sea-level changes (Davis & Hayes, 1984; FitzGer-
ald, 1996). Elias & van der Spek (2006) showed the importance
of anthropogenically induced change which dominated the re-
cent history of Texel Inlet. For the configuration of the ad-
jacent coastlines, the sediment delivery through wave-driven
longshore sediment transport, and sediment bypassing on the
ebb-tidal delta play an important role (Bruun & Gerritsen, 1960;
Luck, 1975; Hayes, 1979; FitzGerald et al., 1984; Sha, 1989a).
These conceptual models and empirical relationships have sig-
nificantly contributed to an improved understanding of in-
let behaviour and evolution on higher levels of aggregation.
Their major shortcoming is that they often lack descriptions
of the underlying physics. These physics are essential if one
aims to understand changes on smaller scales, where human
intervention may influence the behaviour such that it cannot
be accurately described by existing concepts and equilibrium
relationships.

Objective

Texel Inlet forms the boundary between the continuous 120 km-
long beach-dune coast of the central western Netherlands and
the interrupted barrier-inlet-estuary system of the Wadden Sea:
a worldwide recognised maritime conservation area and Unesco
World Heritage site since 2009 (Fig. 1). The processes controlling
the sediment exchange between Texel Inlet and the adjacent
North-Holland and Texel coasts are insufficiently understood,
despite the importance of the inlet in the Dutch coastal system
and sand budget. The specific research goals of this study are:

(1) to improve the understanding of the sediment dynamics
of Texel Inlet and its influence on the adjacent coast.
Such knowledge is not only essential for future sustainable
coastal management of Texel Inlet, but marks a geomorphic
transition that can also teach valuable lessons for many of
the world’s inhabited inlet systems that are under threat of
erosion, and

(2) to derive and explain the main transport patterns and mech-
anisms, and their relation to coastline management strate-
gies (nourishments) applied.

To achieve these goals, we focus on the time frame 1986-
2015, a period in which the reorientation of the main channels
on the ebb-tidal delta as a consequence of the closing-off of
part of the basin was already complete, and the general layout
of the channels and shoals remained more or less similar.
We analyse recent measurement of hydrodynamics and mor-
phodynamics. An extensive record of well-monitored human
interventions (e.g. nourishments) in addition to intensive
monitoring of the Texel ebb-tidal delta by Rijkswaterstaat (the
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Fig. 1. Location plot of the western part of the Wadden Sea coast including details of the main channels and shoals forming the Texel Inlet and its ebb-tidal

delta (based on 2012 measurements).

water and coastal management authority of the Netherlands)
over this interval has created a globally unique dataset. The
use of monitoring techniques such as Acoustic Doppler Current
Profilers (ADCPs) and Multi-Beam Echo Sounder (MBES) surveys,
provides background for an in-depth analysis of the underlying
physics that determine the morphodynamic changes of the
inlet. We will combine the results of this analysis with insights
into the large-scale changes in ebb-tidal delta morphology after
closure of the Zuiderzee over the interval 1932-1985 that were
gained in earlier studies (Elias et al., 2003; Elias & van der
Spek, 2006), to develop a four-stage conceptual model for the
multi-decadal adaptation of tidal inlets/ebb-tidal deltas to a
large-scale intervention.

An additional goal of this paper is to share these data with
the international community, since datasets comprising both
frequent observations of anthropogenically induced morphody-
namic change, and the responses of the system to a wide variety
of coastline protection measures, are scarce.
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Study area
General setting

Texel Inlet is the largest and most westerly-located inlet of
the Wadden Sea (Fig. 1). The inlet gorge, Marsdiep, is located
between the northern tip of the mainland of North-Holland
and the island of Texel. Marsdiep connects Texelstroom, the
main channel in the basin, to the channels on the ebb-tidal
delta: Molengat, Schulpengat and Nieuwe Schulpengat. Accel-
eration of flow around the western tip of Helderse Zeewer-
ing (zeewering = sea defence), which consists of both a dike
and a stone revetment at its toe, locally increased the chan-
nel depth to over 50m at the location of Helsdeur (Fig. 1,
[5]). The ebb-tidal delta protrudes approximately 10km sea-
ward and stretches 20km alongshore, affecting the nearfield
bathymetry of the adjacent North-Holland coast in the south
and the Texel Island coast to the north. The ebb-tidal delta is
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Fig. 2. Median grain sizes on Texel ebb-tidal delta. Depth contours indicate
the 1992 bathymetry (see Mclaren et al., 1998, for details on measure-

ments).

asymmetrically shaped. The centre is formed by Razende Bol,
the eastern, supratidal part of the Noorderhaaks swash plat-
form, which faces the inlet gorge (see Fig. 1 for locations of
the channels and shoals). North of Noorderhaaks a large sub-
tidal spit (Noorderlijke Uitlopers van de Noorderhaaks which
translates into the northern extension of Noorderhaaks shoal
and is hereafter called NUN) extends along the Texel coast-
line, separated from the island by the Molengat channel. The
interaction between Molengat and the Texel coastline plays
an important role in the sand losses of the adjacent beaches
(Cleveringa, 2001). On the southern part of the ebb-tidal delta,
the two main channels Schulpengat and Nieuwe Schulpengat, di-
vided by the channel-margin linear bar Bollen van Kijkduin, ex-
tend along the North-Holland coastline. Nieuwe Schulpengat ex-
tends in a southward direction, diminishing in depth and curv-
ing seaward. The shallow channel Nieuwe Landsdiep is located
between Nieuwe Schulpengat and the North-Holland coastline,
causing structural sand losses (Elias & Cleveringa, 2003). At the
seaward end of Nieuwe Schulpengat, Franse Bankje forms the
channel’s terminal lobe. The more seaward-positioned Zuider-
haaks can be considered to be the terminal lobe of the channel
Schulpengat.

The ebb-tidal delta is primarily composed of sand, with the
coarsest sand in the inlet channel and proximal parts of the
ebb-delta channels (Sha, 1990; McLaren et al., 1998; Fig. 2).
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In the inlet gorge (Mardiep and Breewijd) the average grain
size exceeds 300 um and locally exceeds 400 um. In Schulpen-
gat and Nieuwe Schulpengat, average grain sizes vary between
200 and 300 um. Generally, in a seaward direction, the aver-
age grain size decreases to values between 180 and 240 um on
the shoals (Zuiderhaaks and NUN). The central part of Noorder-
haaks is slightly coarser, with values of 200-300 um. In Nieuwe
Schulpengat, outcropping Pleistocene clay and peat layers cause
alongshore and temporal variations in the cross-sectional geom-
etry and migration rates of the channel (van der Spek & van
Heteren, 2004).

A mixed-energy inlet

Tides and wind-generated waves are the dominant (natural) pro-
cesses governing the morphological development of Texel In-
let. Following the classification of Davis & Hayes (1984), the
inlet qualifies as mixed-energy wave-dominated, even under
spring-tide conditions. However, the morphology of the inlet
shows tide-dominated characteristics such as a large ebb-tidal
delta. This is likely caused by the large tidal volume and asso-
ciated strong currents in the inlet, and the relatively low wave
energy.

In the inlet gorge Marsdiep, the semi-diurnal tide has a mean
tidal range of nearly 1.4m which increases to 2.0m during
spring tide and drops to about 1.0m during neap. On aver-
age, ebb and flood volumes through the inlet are c. 1000 mcm,
with peak ebb- and flood-tidal velocities ranging between 1 and
2ms~! (Postma, 1954; Ridderinkhof et al., 2002; Buijsman &
Ridderinkhof, 2007a). The tidal signal only partly represents
the measured water levels. Meteorological distortion due to air
pressure and wind-generated set-up or set-down can reach sig-
nificant heights along the Dutch coast. At the Den Helder tidal
station, set-ups of nearly 2m are measured sporadically dur-
ing major storm events. In the Wadden Sea, with its complex
bathymetry, set-up gradients can drive complicated residual
flow fields, generate shore-parallel velocities and throughflow
between adjacent basins (Duran-Matute et al., 2014). In addi-
tion, the volume of water stored in the Wadden Sea due to the
larger set-up can considerably enlarge the outflow velocities in
the inlets following the storm events, thereby affecting chan-
nel dimensions, the ebb-tidal delta development and adjacent
beaches (Elias, 2006).

Supply of fresh water into the western Wadden Sea is lim-
ited. No direct river runoff occurs into the Texel basin, but
fresh water from the IJsselmeer is periodically drained into
the basin through sluices in the closure dam ‘Afsluitdijk’ near
Den Oever and Kornwerderzand. The yearly averaged release of
450 m3 s~! is minor relative to the tidal fluxes through the in-
lets; however, significant seasonal variations occur. During dry
periods (summer), discharges can reduce to zero and in peri-
ods of high rainfall (autumn and spring) discharges can ex-
ceed 1500 m3 s, Observations by Zimmerman (1976) indicate
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Fig. 3. (A) Wind rose for measurements of wind velocity at station Texel-
Hors (1980-2016), and (B) wave rose based on measurements of significant
wave height (Hsiz) at the Eierlandse Gat wave buoy (1980-2016).

that the bulk of the fresh water discharged through the Den
Oever sluices leaves the Wadden Sea via Marsdiep, and surface
salinity values below 20 ppt are occasionally observed in Mars-
diep during and after periods of major freshwater discharge.
The resulting density gradients alter the flow patterns and may
be important for the sediment exchange through the inlets
(Elias & Stive, 2006; Buijsman & Ridderinkhof, 2008a; Burchard
et al., 2008).

Wind measurements taken at the nearby Texel-Hors station
(Fig. 3A) show a mean wind velocity of 7.1ms~! from a south-
southwesterly direction (196°). Limited knowledge is present on
the importance of the wind and wind-driven flow in the inlet do-
main, but with a predominantly landward direction, the wind is
likely to enhance tidal flow and sediment import into the basin.
Inside the basin, we can expect the wind to be important for
mixing and estuarine circulations, and in shallow areas wind is

effective in generating large current velocities and tidal flat de-
generation by locally generated waves. The eastward migration
of the tidal divides in the Wadden Sea may in large part be re-
lated to the prevailing wind direction (FitzGerald et al., 1984;
van Veen et al., 2005).

Representative measurements of the nearshore wave climate
are taken at the nearby Eierlandse Gat wave buoy located in the
open sea 30km north of Texel Inlet in a water depth of 26m
(X-km: 106514, Y-km: 587985). Analysis of the measurements
over the period 1980-2016, and summarised in the wave rose
presented in Figure 3B, reveals that the wave climate is fairly
mild. Typically, significant wave heights are below 3m (95% of
the record), although during severe storms wind-generated sig-
nificant wave heights can occasionally reach values between 4.5
and 8.1m (less than 1% of the record). The most frequent wave
directions (81%) lie between southwest (32%) and north (49%),
with mean significant wave heights of 1.44 and 1.48 m respec-
tively. Waves from the easterly direction (0-180°) are smaller
due to sheltering by the mainland (offshore-directed) and oc-
cur less frequently. Wave periods (T;/;) generally vary between
3 and 5s for low-wave conditions (95% of the measurements).
For typical storm waves (Hg g =2-3m) the mean wave period
equals 5.5s, increasing to 6.5s for severe storms (Hgq > 3m).
Wave periods over 9s (swell waves) are only measured occa-
sionally (<1% of the record). The short wave periods indicate
that the wave climate is dominated by wind-generated waves
in the North Sea basin. The distinct difference between the
wind rose and wave rose can be explained by the geometry of
the North Sea basin with a long fetch for waves from north-
westerly directions and a relatively short fetch for the southern
quadrant.

History of the ebb-tidal delta

The present-day Wadden Sea was shaped over a period of over
7000 years. A wide variety of barrier islands, channels, sand
and mud flats, gullies and salt marshes formed under a temper-
ate climate, rising sea level (Eisma & Wolff, 1980; Vos et al.,
2011) and, in particular during the last century, human inter-
ventions (Oost & de Boer, 1994; Schoorl, 1999; Elias & van der
Spek, 2006; Elias et al. 2012). Regular bathymetric observations
of Texel Inlet’s ebb-tidal delta have been conducted since the
16th century, and digitally available recordings are present since
1925 (de Kruif, 2001). Analysis of these long records can yield
valuable insights into the sediment budget of Texel Inlet, and
improve insight into inlet-coast dynamics in general (see e.g.
Sha, 1989a,b, 1990). Elias & van der Spek (2006) demonstrated
the importance of the construction of extensive coastal defence
works on the southern shore of the inlet in AD 1750 (predeces-
sors of Helderse Zeewering), and the damming of the Zuiderzee
which was completed in AD 1932.

Prior to construction of the Helderse Zeewering, the ebb-tidal
delta showed a downdrift asymmetry. Periodic shoal breaching
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and downdrift channel relocation were the dominant mecha-
nisms for sediment bypassing (Joustra, 1973; Sha, 1990; van
Heteren et al., 2006). Although other factors may have played a
role, after the construction of the coastal defence works, a sta-
ble ebb-tidal delta with a westward-stretching main ebb channel
and large downdrift shoal area, Noorderhaaks, developed over a
period of c. 60 years (see Fig. 4, situation 1926, for a represen-
tative bathymetry for this stable state).

Damming of the Zuiderzee, separating the major part of the
back-barrier basin, distorted this stable state. The closure dam
Afsluitdijk (Fig. 1), completed in 1932, reduced the surface area
of the Texel and Vlie basins from over 4000km? to roughly
1400 km?. The change in tidal characteristics from a propagating
to a standing tidal wave, and greater tidal wave reflection at the
closure dam drastically increased the tidal range from approxi-
mately 1.15 to 1.4m at Den Helder tidal station and the tidal
prism through Texel Inlet enlarged by 26% (Rietveld, 1962; Thi-
jsse, 1972; Elias et al., 2003). This increase in tidal prism was
already predicted in the studies prior to construction by Lorentz
(1926).

The large changes in basin hydrodynamics and geometry re-
sulted in pronounced changes in the morphodynamic evolu-
tion of the remaining basin. These changes, such as infilling
of the closed-off channels, have been intensively investigated
and are well documented (see Berger et al., 1987; Oost & de
Boer, 1994; Elias et al., 2003, 2012). On the ebb-tidal delta,
over a period of c¢. 40 years the main channel switched to a
southward orientation and developed into two separate chan-
nels: Schulpengat and Nieuwe Schulpengat (Fig. 4, 1948 and
1971). These channels reached a maximum length in c. 60 years
and have remained stable in position since (Elias et al., 2003;
Elias & van der Spek, 2006). In the meantime, the ebb-tidal
delta showed a southward and northward growth. In the south-
ern part, sediment supplied by the main tidal channels extended
the ebb-delta front (Zuiderhaaks), while wave-driven transports
contributed to landward- and northward-directed redistribution
of sand from the abandoned ebb-delta front (western margin
of Noorderhaaks) in the northern part (Fig. 4). This northward
transport caused the elongate outbuilding of the ebb-tidal delta
along the Texel coastline (Sha, 1989b; Elias et al., 2003).

The reorientation of the main channels and shoals has had
major consequences for coastal maintenance; between 1935 and
2005 nearly 300 mcm of sand was eroded from the Texel ebb-tidal
delta and adjacent coastlines, contributing to the over 450 mcm
of sediments that were deposited in the Western Wadden Sea
(Elias et al., 2012). Major deposition of predominantly fine-
grained sediments was observed in the cut-off channels near the
closure dam and on the shoals along the Frisian coast (Eisma
& Wolff, 1980; Berger et al., 1987). The large morphodynamic
changes of the ebb-tidal delta must have contributed to the
observed erosion of the coastlines. And up until today, large
nourishment volumes are needed to maintain the position of
the coastline.
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Development of the coastlines and shoreline
protection measures

There is a long history of protection measures along the shore-
lines adjacent to the Texel Inlet. In the early 17th century AD,
the first defensive works such as wooden groins and underwater
willow mattresses were placed on the southern embankment of
Marsdiep to retard the erosion at the tip of North-Holland. Nev-
ertheless, it was not until the 18th century that the continuous
scouring was permanently halted by the construction of stone
revetments, predecessors of what is now known as Helderse
Zeewering (see Elias & van der Spek, 2006). In the 1800s the first
groins were also placed along the North Sea coastline south of
the inlet, and by 1930 the entire coastline between the Helderse
Zeewering and the Hondsbosche and Pettemer Zeewering, 20 km
south of the inlet, was completely protected by 69 stone groins
(Fig. 5). Rakhorst (1984) and Verhagen & van Rossum (1990)
conclude that these groins have not been able to eliminate the
coastal erosion. Only the groins attached to the Helderse Zeew-
ering have been able to maintain the coastline position here.

Along the southwest coast of Texel, 22 groins were con-
structed between 1959 and 1987 (Fig. 5). Similarly to the North-
Holland coast, these groins reduced but did not stop the ongo-
ing retreat. An analysis by Rakhorst (1984) reveals that the re-
treat reduced from 6-16 ma~! prior to 1984 to 0-6ma~" since.
Rakhorst concluded that groins are particularly successful in
blocking the longshore transports in the surf zone, which re-
duces the associated erosion. However, the groin fields do not
(drastically) influence the cross-shore transports that move sed-
iments from the coast seaward. If a significant longshore trans-
port capacity prevails outside the groin field, these deposits can
still be transported alongshore and result in continued coastal
erosion, which explains why periodic nourishments are needed
to maintain the adjacent coastline. In addition, increased ero-
sion downdrift of the groin field may occur due to reduced sed-
iment supply (e.g. Fleming, 1990; Kraus et al., 1994; Basco &
Pope, 2004; van Rijn, 2011).

A large increase in nourished volumes has been observed
since 1990, when the national Dynamic Preservation policy was
enacted. In the southwestern part of Texel Island almost 12 mcm
of sand was nourished between 1993 and 2015 (see Table 1 for
an overview). Most of the nourishments were placed directly on
the beach. Only in 2007 and 2012 was 4.3 mcm of sand nourished
to the shoreface.

Along the North-Holland coast, mitigation of the coastline
retreat has resulted in the placement of over 38 mcm of sand in
the period 1978-2015 between the Helderse Zeewering and the
Hondschbosche and Pettmer Zeewering. Most of these nourish-
ments, with a total sand volume of 28.8 mcm, were placed in the
direct vicinity of the inlet (Fig. 1, Y-km 540-552.5), making
the maintenance of this stretch of shoreline one of the most
intensive of the entire Dutch coastal system (Mulder, 2000;
Roelse, 2002; Hoogervoorst, 2005). Recently (2014-2015), the
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Fig. 4. Representative maps for the 1926-2015 time frame illustrating the morphodynamic adjustment of the ebb-tidal delta to the effects of the closure of
the Zuiderzee completed in 1932.
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Hondsbossche and Pettemer sea defence was reinforced with
[km] ! c. 35mem of sand. It will be interesting to analyse if and how
/ the placement of this large amount of sand directly updrift of
the ebb-tidal delta will influence the future morphodynamic
developments. However, at present measurement records are
too short to perform an analysis.

Analysis of detailed measurements

Improved insight into the processes underlying the observed
morphodynamic changes can be gained from analysis of mea-
surements obtained recently, since 1986, with modern tech-
niques. Flow is analysed using highly frequent ADCP observa-
tions in the inlet gorge and main channels on the ebb-tidal
delta. Wave measurements are analysed based on the data of

the nearby Eierlandse Gat station. The analysis of bathymet-
ric changes, using echo-sounding based surveys over the period
1986-2015 in 3-year intervals, and bedform analysis of multi-
beam survey data of seafloor bathymetry, complemented with
________ l bathymetric data from seismic surveys, provides insight into the
dominant sediment transport directions in parts of the ebb-tidal
delta.

Hydrodynamics — flows

T

NIOZ-ferry measurements in the inlet gorge In 1998 the Royal
Netherlands Institute for Sea Research (NIOZ) started a long-

HEg e

10.00 term highly frequent measuring campaign using a 1.5 MHz ADCP
attached to the hull of the ferry from Den Helder to Texel
| . . . . . .
o kmr12. 43 island. During daytime, the ferry sails the 4.5km wide inlet

every 30min (see Fig. 6B, NIOZ, for the location of the tran-
sect and the residual flow distribution over the transect). The
raw data are transmitted to NIOZ and processed. Buijsman &
Ridderinkhof (2007a) analysed the data over the time frame
1998-2002 and reported that the amplitude of water transport
through the Marsdiep inlet channel ranges between 50,000 and
90,000m?s~!. Nearly 98% of the variance in the water trans-
port is explained by tides, with the M, (water level ampli-
tude of 0.66m and horizontal amplitude of 65.750m3s7?), S,
(~27% of M,) and N, (~15% of M,) being the dominant com-

Hondsbosche and ponents. The mean tidal prism amounts to 940 mcm, with ebb
Pettemer sea defence volumes between 709 and 1300 mcm and a smaller flood vol-
(includes 22 groins) ume of 579-1179 mem . The residual flow through the inlet, of

| around 130 x 10°m3/tide (~3000m3s~!), is seaward-directed

5 10 X [km] as a result of the exchange of water with the adjacent Vlie in-
let. Based on analytical model results, the earlier work of Rid-

derinkhof (1988a,b) concluded that this throughflow is related
to the tidal amplitude difference between the two inlets. How-
ever, based on the ferry observations, Buijsman & Ridderinkhof
(2007b) suggest that the transport from the Vlie to the Marsdiep
is predominantly forced by the local wind stress and to a lesser
extent by the tidal stresses between the two inlets. This latter

Ol

100 1

Fig. 5. Overview of placement of groins along the Texel and North-Holland
coastlines (source data Verhagen & van Rossum, 1990).
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Table 1. Overview of the nourishments placed along the coastlines of North-Holland and southwest Texel (km indication is distance to the inlet; see Fig. 5).

North-Holland (km 0-km 20)

Volume Volume

Type? Year Km start Km end (mcm) Type? Year Km start Km end (mcm)
1 D 1976 12.98 13.75 0.34 15 SF 2003 9.13 9.43 0.01
2 D 1979 11.15 12.80 0.47 16 SF 2003 10.00 16.00 2.32
3 B 1986 10.83 13.73 1.24 17 B 2003 11.10 13.75 0.44
4 D 1986 11.75 12.05 0.08 18 B 2004 11.10 13.74 0.26
5 B 1991 11.00 14.00 0.54 19 SF 2006 10.00 15.20 1.65
6 B 1992 1.00 7.50 0.62 20 CS 2007 0.00 2.00 1.78
7 B 1993 3.28 5.68 0.28 21 B 2007 1.50 5.90 1.35
8 B 1996 1.50 7.50 0.40 22 SF 2007 2.00 7.10 3.24
9 B 1996 10.01 14.10 0.46 23 SF 2009 7.00 10.00 1.30
10 B 1999 3.95 6.28 0.29 24 B 2011 3.08 6.28 0.65
11 B 1999 13.20 14.00 0.14 25 CS 2013 0.20 2.30 3.50
12 B 2001 1.50 5.68 1.29 26 SF 2013 10.00 14.21 2.00
13 SF 2001 11.08 14.01 1.50 27 B 2013 19.4 20.00 0.36
14 B 2003 1.50 5.88 1.31 28 B 2015 1.50 6.08 1.00
Total 28.82

Southwest Texel (km 0-km 18)

Volume Volume

Type? Year Km start Km end (mcm) Type? Year Km start Km end (mcem)
1 B 1993 12.10 18.13 2.25 8 SF 2007 9.00 13.50 2.00
2 B 1994 9.30 12.10 0.76 9 B 2009 9.00 10.70 0.40
3 B 1997 10.38 11.43 0.34 10 B 2011 14.20 17.50 0.70
4 B 2000 10.01 11.90 0.36 11 B 2012 9.00 12.00 0.75
5 B 2000 12.98 16.44 0.70 12 SF 2012 12.00 13.02 0.50
6 B 2003 9.00 11.48 0.97 13 SF 2012 13.32 17.73 1.80

7 B 2005 8.80 10.63 0.30

Total 11.83

2B = beach, D = dune, SF = shoreface, CS = channel slope nourishment.

observation is confirmed by the recent studies of Nauw et al.
(2014) and Duran-Matute et. al. (2014). Nauw et al. (2014) indi-
cate that the residual volume transport displayed an interannual
change from export in 2003-2004 to import in 2004-2005. This
variation is explained by significant differences in the meteoro-
logical forcing conditions of the alongshore current, indicating
that the wind-stress forcing dominates over the tidal gradients.
A similar conclusion was reached in the numerical model study
of Duran-Matute et al. (2014). This study also indicated that for
typical conditions the net outflow of 600-700m3s~! through
Texel Inlet, balancing the inflow of 600-700m? s~! at Vlie inlet,
a 450m3 s~! inflow through the discharge sluices in the Afsluit-
dijk and net outflow of 100-200 m?s~! through the Eierlandse
Gat and over the Terschelling watershed, is much smaller than
the values given by Buijsman & Ridderinkhof (2007a).

Detailed analysis of the depth-averaged velocities shows that
velocities are more equally distributed across the inlet during
flood than during ebb. During ebb, the largest velocities occur

along the Texel coastline. As a result, a small flood-dominant
tidal residual flow is observed along the North-Holland coast-
line, and a larger ebb-dominant flow dominates the Texel coast-
line (see Fig. 6B; NIOZ transect). Similar flow distributions were
observed in the numerical model studies of Elias et al. (2004)
and Duran-Matute et al. (2014).

Roving ADCP transects on the ebb-tidal delta Discharge and ve-
locity estimates in the main channels of the ebb-tidal delta
(Marsdiep, Molengat, Breewijd and Nieuwe Schulpengat) were
obtained from three full tidal-cycle ADCP campaigns, conducted
between 2001 and 2004 by Rijkswaterstaat (Blok & Mol, 2001;
Rab, 2004a,b). During each campaign multiple transects were
run obliquely to the channel axes and continuously over a tidal
cycle, resulting in 10 three-dimensional flow-field distributions
of the main ebb-tidal delta channels and inlet gorge (Fig. 6).
Although these datasets do not provide long-term time series,
they do allow for an estimate of the discharge patterns and
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Fig. 6. (A) Overview of measured depth-averaged peak-ebb and peak-flood velocity vectors in Molengat and (Nieuwe) Schulpengat. Numbers indicate transect-

averaged maximum ebb- and flood discharges in m? s=1. (B). Residual velocity vectors and residual discharges in the same transects as in (A) (negative

numbers indicate ebb dominance, positive numbers are flood-dominant). The residual velocity vectors near Den Helder are based on NIOZ ferry measurements

for the year 1999 (Ridderinkhof et al., 2002). The right-hand panels show measured residual flow velocities in along-channel (C1, D1) and across-channel

direction (C2, D2) for the Marsdiep (C) and Breewijd (D) transects. Red colours are flood velocities, blue colours represent ebb velocities.

velocity distributions over the individual channels of the ebb-
tidal delta.

Flood enters the inlet mainly through Schulpengat (50%) and
Nieuwe Schulpengat (40%). Discharges through Molengat are
minor (10%). Vice versa, during ebb the majority of the flow
is directed from Marsdiep towards the southern part of the ebb-
tidal delta (90%). Both Molengat and Nieuwe Schulpengat show
a similar distribution of larger flood-dominant flow along the
landward side of the channel, and smaller ebb-dominant flow
along the seaward side, onto the ebb-tidal delta. The distinct
separation of flood and ebb flow is plausibly related to the phase
lag between the horizontal and vertical tide, and the strong cur-
vature of the coast around the tip of Helderse Zeewering. As a
result of this phase lag, ebb flow still dominates the central
part of the channel as the flood starts coming in. Seeking the
path of least hydraulic resistance, the flood, therefore, enters
along the Holland coast. Contraction of flood flow around the
tip of Helderse Zeewering accelerates the velocities into the in-
let. Conversely, the ebb flow originating from the Texelstroom
is directed seaward, along the Texel coastline and Noorderhaaks

https://doi.org/10.1017/njg.2017.34 Published online by Cambridge University Press

due to the inertia of flow. For more details see Elias (2006, ch.
5: 129-136).

Importance of estuarine circulation during high-discharge events
The importance of vertical salinity stratification in the inlet
gorge Marsdiep was shown in the studies of Buijsman & Rid-
derinkhof (2008a) and de Vries et al. (2014, 2015). An indication
of the large influence of estuarine circulations on the ebb-tidal
delta flows may be obtained from the spring 2001 measurements
(Blok & Mol, 2001; Elias & Stive, 2006). During this campaign,
roving ADCP measurements were performed simultaneously in
the main channels. Prior to and during the measurements wind
and waves were absent and the freshwater discharge through the
drainage sluices in Den Oever and Kornwerderzand was signifi-
cant with the monthly-mean discharges prior to the measure-
ments exceeding 900 m3 s~*. In Marsdiep surface salinity values
of 24 ppt and 26 ppt were observed.

The ADCP flow data were harmonically analysed to deter-
mine the main tidal current amplitudes and residual veloci-
ties in along- and across-channel direction for the transects
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Breewijd and Marsdiep (indicated as BW and MD in Fig. 6B). In
Breewijd (Fig. 6D) the axial residual flow velocities dominate
over the transverse velocities. Axial residual flood flow in excess
of 0.3 ms™! is observed along the North-Holland coastline in the
deeper part of Breewijd, while along the Noorderhaaks equally
strong residual ebb velocities are directed onto the ebb-tidal
delta. These residual velocities plausibly result from a combina-
tion of density gradients, the bed topography and the presence
of Helderse Zeewering with a distinct sharp bend of the west-
ern tip. Ebb flow of lower salinity is directed from Texelstroom
and Malzwin into Marsdiep and onto the ebb-tidal delta. The in-
ertia of flow results in a southwesterly outflow that is largest
along the margins of Noorderhaaks. As flood starts to enter the
inlet, due to the time-velocity asymmetry, a relatively strong
ebb current still dominates the central parts of Marsdiep. Flood
flow of higher salinity dominates near the channel bed along
the North-Holland coast. In addition, convergence of flow at
the tip of Helderse Zeewering results in strong flood velocities
along this part of the North-Holland coastline. This flow seg-
regation is observed during a considerable period of the tidal
cycle.

In Marsdiep (Fig. 6C), residual flood magnitudes are consid-
erably smaller, and the axial and transverse velocities in the
lower part of the profile (below —15m) are of equal magnitude.
Hence, ebb and flood follow similar paths due to the confine-
ment of the flow in the inlet gorge. As in Breewijd, the upper
layers in Marsdiep are dominated by a large ebb-residual flow
and a strong vertical shear is observed. The significant differ-
ences between patterns and magnitudes of the residual flow and
flow amplitude between Breewijd and Marsdiep are an indication
of the large influence of the curvature of Helderse Zeewering.

Waves

Waves are an important factor for sand transport on the ebb-
tidal delta. The gross ebb-tidal delta volume might be related
to tides or tidal prism (e.g. Hayes, 1975; Oertel, 1975; Wal-
ton & Adams, 1976), but waves redistribute the sediments and
contribute to the sediment bypassing mechanism (FitzGerald,
1988). Sediment transports are directly influenced due to radi-
ation stresses generated by wave breaking of obliquely incident
waves that generate currents, and due to wave asymmetry. Indi-
rectly, waves enhance bed-shear stresses and stir up sediment,
allowing more sediment into suspension to be transported by
the tidal and wind-driven flows.

Wave measurements on the Texel ebb-tidal delta are not avail-
able, but to obtain an estimate of the dominant components
of the wave climate for sediment transport, we have used the
wave data for Eierlandse Gat station over the period 1980-
2016 (Fig. 2B). A morphological wave height (impact) MI was
determined (Fig. 7) using a power relation between transport
and wave height with a value of 2.5 (similar to the power law
in the CERC formulation; CERC, 1984). The MI illustrates that

from NORTH

from WEST from EAST

10%
MI[-]
15%
12.5

26% 75

25
from SOUTH

Fig. 7. Estimated morphological impact (MI) relative to direction based on
data for the wave climate of station Eierlandse Gat over the time frame
1980-2016.

the total transport is bimodal with large contributions from
both the southwesterly and north-northwesterly components
(Fig. 7).

Although local measurements of the wave climate in the ebb-
tidal delta are absent, inlet systems have shown the effective-
ness of ebb-tidal deltas in modifying the nearshore wave climate
and reducing the wave energy on the adjacent coastlines (e.qg.
Hine, 1975; FitzGerald, 1988; van Rijn, 1997; Elias & Hansen,
2013). The shallow ebb-tidal delta shoals provide a natural
breakwater for the adjacent shorelines and effectively prohibit
wave propagation from the North Sea into the basin. Refraction
on the large shoal areas, wave breaking on the shoals especially
during the high wave-energy events with large morphodynamic
impact, and wave blocking by the supra-tidal shoal areas can
greatly modify and distort the nearshore wave climate. At Texel
Inlet, it is expected that the larger refraction and wave shel-
tering of the waves from the north results in a net northward-
directed transport along the North-Holland coastline, and vice
versa, the larger reduction of southerly waves enhances the net
southward-directed transport along the Texel coastline. Thus,
on either side of the inlet, wave-driven transports are directed
towards the inlet. Van Rijn (1997) estimates the northward lit-
toral drift along the North-Holland coastline to range between

0.1 and 0.5mcma~?.

Sediment transports and morphodynamic changes

Introduction and available data Direct measurements of sedi-
ment transport in Texel Inlet are not available. In this section,
we aim to improve our understanding of the dominant sedi-
ment transport patterns and -rates by analysis of (a) bedforms,
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(b) channel-shoal patterns and (c) sedimentation and erosion
patterns.

The analysis of bedforms is based on a series of detailed
multi-beam echo soundings collected between 2002 and 2004
at several locations in the ebb-tidal delta (see Figs 8 and 9).
These detailed maps allow for the identification of the individual
bedform characteristics such as height, length and asymmetry.
Various studies point to the link between bedform morphology,
viz. size and orientation, and tidal dominance and flow magni-
tude. Assuming that the bedforms are still active and governed
by present-day hydrodynamic conditions, the bedform distribu-
tion, arrangement and morphology provide information about
the locally dominant bottom currents and sediment transports
(Boothroyd & Hubbard, 1975; Hine, 1975; Boothroyd, 1985; Ash-
ley, 1990; Lobo et al., 2000).

The analysis of bathymetric changes and construction of a
detailed sediment budget are based on a series of bathymetric
datasets, starting from 1986, that are digitally available from
the Donar database at Rijkswaterstaat. These maps are based on
data that are collected frequently, in approximately 3-year in-
tervals for the ebb-tidal delta and 6-year intervals for the basin.
Following quality checking for measurement errors, data are
combined with nearshore coastline measurements, interpolated
to 20 x 20 m grids and stored digitally as 10 x 12.5km blocks
called Vaklodingen (de Kruif, 2001). Each of these maps was visu-
ally inspected, clear data outliers were removed and missing (in-
dividual) data points were interpolated. Maps with missing data
along the island shores have been completed using JarKus survey
data (JarKus, from Jaarlijkse Kustmetingen, Annual Shoreline
Surveys) or linear interpolation between the nearest available
data points. Examples of Digital Elevation Models (DEMs) based
on these measurements are presented in Figures 1 and 4.

It must be noted that changes in survey techniques and in-
struments, positioning systems, and variations in correction and
registration methods over time make it difficult to estimate the
exact accuracy of the measurements and therefore the DEMs.
Wiegmann et al. (2005) and Perluka et al. (2006) estimate the
vertical accuracy of Vaklodingen data to range between 0.11 and
0.40 m.

(a) Bedform analysis

Nieuwe Schulpengat and Nieuwe Landsdiep. Visualisation
of the 2002 high-resolution survey reveals a wide variety in size
and orientation of bedforms covering the bed of the Schulpen-
gat and Nieuwe Schulpengat channels (Fig. 8). The largest sand
waves, up to 4.25m in height and having wavelengths of over
200m, are observed in the deeper parts of Nieuwe Schulpengat
(below —20 m) where the highest near-bed tidal velocities occur.
Sand waves in the northern part of the channel predominantly
show three-dimensional cuspate crest lines.

Only slip-face orientations of the large-scale bedforms, classi-
fied as sand waves and large mega ripples or dunes having wave
lengths of over 50 m and wave heights over 0.5 m, have been de-
termined from bathymetric cross-sections of the bedforms taken
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perpendicular to the crest (indicated by the arrows in Fig. 8A).
These large bedforms have long response times and their size
and shape hardly change when subjected to high-frequency vari-
ations in shear stresses such as, for example, caused by waves
and spring/neap cycles in tidal current velocities. For that rea-
son, they provide indications of the long-term (averaged over
periods of several days to months) dominant transport directions
(Boothroyd & Hubbard, 1975; Ashley, 1990). The slip-face asym-
metries point toward a predominantly flood-orientated trans-
port (i.e. to the north). In the southward direction, where the
depth of Nieuwe Schulpengat decreases and tidal flow veloci-
ties diminish, the dominant sand waves are smaller in height
(maximum of 2m) and length (up to 100m) and have a more
two-dimensional setting with relatively straight crest lines. Sim-
ilar sand waves are also observed in the shallow region along
the coastline and in Nieuwe Landsdiep, where the dominant
slip-face orientations suggest a net northward sand transport
(Fig. 84A). In the distal part of Nieuwe Schulpengat, where the
channel ends in the spillover lobe, sand waves are smaller in
height, ranging between 0.5 and 2.0 m and having wave lengths
of 50-110m. In contrast to the nearshore area, the slip-face
orientations of the dominant sand waves indicate that trans-
ports are ebb-dominant. A prominent feature is the steep in-
ner channel slope of Nieuwe Schulpengat roughly located at
the —15m contour (Fig. 8B), which results from the presence
of more erosion-resistant Pleistocene deposits (van der Spek &
van Heteren, 2004).

Marsdiep and Texelstroom. Additional MBES data are avail-
able in a 500 m-wide stretch along the Helderse Zeewering, that
have been collected twice a year during autumn and spring since
1999 to monitor the state of the toe of the sea defence. Consis-
tent bedforms, viz. mega ripples and sand waves (dunes) hav-
ing maximum wave heights of nearly 4.50m and lengths over
190m, occur along the east-west-stretching part of Helderse
Zeewering, east of Helsdeur (Fig. 9A). During springtime, bed-
form heights range between 0.9 and 4.5 m. The average height
is 2.6m, with an average length of 90m. The bedforms are
distinctively flood-dominant, having mean slip-face ratios (de-
fined as (length of ebb slope)/(length of flood slope)) of 2.
During autumn, most of the bedforms are over 3m in height,
with a maximum of 4.5m. A slip-face ratio of 2.5 indicates an
even more flood-dominant character of the bedform field. Av-
erage wave lengths of 145m exceed the 90m spring average.
Annual sand-wave migration rates range between 40 and 60 m
in an eastward direction. These larger bedforms and migration
rates may reflect the seasonality in the wave forcing conditions
as typically during autumn large wind and waves (and associ-
ated sediment transports) are observed. Similar rates of east-
ward migration are observed in the NIOZ ferry data (Buijsman &
Ridderinkhof, 2008b,c). Their study shows that in the south-
ern half of the inlet, the sand waves are of the progressive
type with mean heights of 3m and lengths of 190m. In the
northern half, the sand waves are asymmetrical-trochoidal with
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transects; the underlying DEM is based on 1997 measurements. Details of the flood-oriented bedforms are shown in insets (4) Texelstroom (transect VI-VII)

and (5) Marsdiep (transect III-IV).

area-mean heights of 2m and lengths of about 165 m. These
authors also point out the seasonal variability in height and
migration of the sand waves in the northern half of the inlet.
The sand-wave heights are about 0.5m higher in autumn than
in spring and the migration rates are about 30ma~! higher in
winter than in summer.

A shallow seismic profile, by the Geological Survey of
the Netherlands (Fig. 9B), confirms the presence of eastward-
oriented dunes in Marsdiep. Travelling from west to east, from
Helsdeur to Texelstroom, we subsequently observe: no ripples
near Helsdeur, predominantly symmetric bedforms in area II-
111, large flood-oriented bedforms in area III-IV (see insert 5),
no clearly defined bedforms in area IV-V, symmetric bedforms
in area V-VI, and large flood-oriented bedforms in area VI-VIII
(see insert 4).

(b) Channel and shoal patterns on the ebb-tidal delta

In addition to the analyses of smaller-scale bedforms, also
the distribution, evolution, shape and size of typical, large-
scale ebb-tidal delta elements, such as ebb- and flood channels,
channel-margin linear bars, terminal lobes and swash-bar pat-
terns, can provide useful insights into sediment transport pat-
terns (see e.g. Hayes, 1975; Hine, 1975; Hubbard et al., 1979;
Boothroyd, 1985; Sha, 1989b; FitzGerald, 1996).
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Partitioning of tide-generated flow, dominating in the ma-
jor channels, and wave-driven flow prevailing over the shallow
platforms is characteristic for ebb-tidal deltas (Hine, 1975). The
asymmetrical shape of the ebb-tidal delta, the larger-scale bed-
forms, and bathymetric features, and the updrift-oriented main
ebb channels (Fig. 4) point to the presence of such partitioning
in the Texel ebb-tidal delta.

A distinction can be made in a shallow, wave-dominated
northern and a deeper, tide-dominated southern sub-domain,
divided by the supratidal Noorderhaaks shoal (Elias et al., 2003).
The largest changes in shape are observed in this supratidal area
as Noorderhaaks lost its southward-extending spit which was re-
placed by a northward-extending spit (compare the 1971-1986
situation with 1997-2003 in Fig. 4 and Fig. 10A1-2). This dis-
tinct change likely results from the bimodal wave climate, with
dominant contributions from both the southerly and northerly
directions. As the ebb-delta front eroded and adjusted, the mor-
phological response indicates that wave transformations (shel-
tering and refraction) resulted in the net sediment transport
reversing from southward to northward around 1991. During
this landward displacement of the ebb-delta front, the shoal
area above MSL increased from about 4.5km? in 1986 to over
6 km? in 2015. A large number of landward-migrating sawtooth
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bars along the northern margin of the supratidal Noorderhaaks
and the northward spit formation at the western tip of this
shoal (Fig. 4, 1971-2015) indicate that the morphologic devel-
opments here are dictated by landward and northward-directed
wave-driven transport (Fig. 10B3-B6).

While the seaward side of Noorderhaaks shows large changes,
the landward part (Razende Bol) remained remarkably stable
in position over the period 1991-2003. Here, the high flow
velocities through Molengat effectively redistribute the land-
ward sediment transports from Noorderhaaks, northward and
southward. These transports prohibit the NUN from rapidly
migrating landward due to the onshore wave-driven transports.
The stability of the shoal and spit indicates that near the in-
let a balance between along-channel, tide-dominated transports
and landward wave-driven transports exists. This stability is
clearly present until 2003, but large changes in the eastern
tip of Noorderhaaks and adjacent Molengat channel have oc-
curred since (Fig. 11A). Between Noorderhaaks and Molengat a
new flood channel emerges that pushes the tip of Noorderhaaks
to the south. As a result, the width of the channel between
Noorderhaaks and De Hors increases, a clear shift from the deep-
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ening and landward-migrating trend observed since the 1950s
(Figs 11B and 10B6).

This distorted state has large implications for the nearshore
and beach of the island of Texel. Prior to 2006, the channel
was deep and narrow, with steep embankments (Fig. 11B). Since
2006 the channel has reduced in depth, and the steep chan-
nel slopes could not be maintained. As a result, locally, strong
coastal erosion is observed as the channel reduces in slope; the
upper part of the profile extends landward due to ongoing wave-
driven erosion. In the present-day situation, the northern tip of
the spit has (nearly) merged with the coastline (Fig. 114, 2006,
2012; Fig. 10A3-4 and B7).

In the southern sub-domain large tidal channels prevail
(Fig. 4). Flow acceleration around the tip of Helderse Zeewer-
ing has scoured a deep hole called Helsdeur with depths over
50m locally (Figs 1 and 10B4). The occurrence of the shoals
Bollen van Kijkduin and Franse Bankje, respectively along and
at the seaward end of the Nieuwe Schulpengat, point to the
ebb-dominant character of this channel. Despite the size of
the channel, and hence large current velocities and sediment
transport capacity, both the Bollen van Kijkduin and Franse
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Fig. 12. (A) Observed sedimentation-erosion patterns and volume changes over the time period 1986-2015. (B) Table provides the volume changes for
selected parts of the ETD. (C) Volume development of these elements through time (1986-2015).

Bankje have remained remarkably stable in shape and position
since 1986 (Fig. 10A5). The presence of the large tidal chan-
nel Nieuwe Schulpengat directly adjacent to the North-Holland
coastline results in large-scale coastal erosion (Fig. 10B2-3).
In the period 1976-2015, about 29 mcm was nourished on the
beaches.

The western (seaward) margins of Noorderhaaks and Zuider-
haaks exhibit a contrasting behaviour. The margin of Noorder-
haaks is mildly sloped, covered by multiple bar systems (Fig. 4)
and shows a landward retreat. Such development is similar to
the landward retreat of the large ebb-tidal deltas in the south-
ern part of the Netherlands after damming of the Grevelingen
and Haringvliet estuaries (Aarninkhof & van Kessel, 1999; Elias
et al., 2016). On the broad subtidal swash platforms along the
western and northern margins of Noorderhaaks, the northward
spit developments, the sand bars and a large number of sawtooth
bars separated by runnels along the northern side of the supra-
tidal Noorderhaaks shoal all testify to the wave-dominated
character of this area. In contrast to the landward retreat of
Noorderhaaks, the seaward margin of Zuiderhaaks strongly de-
veloped over the last decades into a remarkable straight and
steep southward-directed slope (Figs 4 and 10B2). This south-
ward outbuilding of Zuiderhaaks is an indication of ebb-directed
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sediment transport through the Schulpengat channel and depo-
sition on its terminal lobe.

(c) Sedimentation—erosion patterns (1986-2015)

Estimates of net transport rates on the Texel ebb-tidal delta
are obtained by quantitative analysis of sedimentation-erosion
patterns derived by subtraction of the 1986 bathymetry from
the 2015 bathymetry (Fig. 12).

The interaction of the tidal, wind- and wave-driven flow
with the compound ebb-tidal delta bathymetry produces a com-
plex pattern of mutually linked sedimentation-erosion areas
(Fig. 12A). The relative stability of the channel and shoal pat-
terns since 1986 is remarkable given the large volume changes
over the entire ebb-tidal delta. The gross volume change of
the ebb-tidal delta is 350 mcm and the net change is —77 mem
(this excludes the 27 mcm of volume loss from the adjacent
shoreface). The largest erosion is observed on the central and
northern part of the delta front, at the seaward margin of No-
orderhaaks, due to a redistribution of sediment in a landward
direction (—96 mcm [6]; see Fig. 12A for numbering). Flow ac-
celeration due to contraction of the shore-parallel open-sea tides
around the ebb delta, and wave-related transports such as wave
asymmetry and wave breaking contribute to these transports, re-
sulting in, for example, accretion of the Noorderhaaks (39 mcm)
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and Zuiderhaaks (13 mem), and spit formation at the northwest-
ern margin of Noorderhaaks (30 mcm [23]). Landward migration
of the NUN spit and associated landward displacement of the
Molengat channel induces significant erosion of the adjacent
Texel coastline. Since 1986 over 10 mcm [24] has been eroded
from the nearshore area despite 12mcm of nourishments that
have taken place at the southwest corner of Texel Island.

South of Noorderhaaks, the morphodynamic developments
are tide-dominated due to the presence of the large tidal chan-
nels Schulpengat and Nieuwe Schulpengat and the small channel
Nieuwe Landsdiep. The main developments are: (1) increasing
depth of the channels Nieuwe Schulpengat (—20 mcm [17-19])
and Schulpengat (—34 mcm [13]), and (2) a seaward and south-
ward outbuilding of the shoals Zuiderhaaks (13 mem [12]) and
Franse Bankje, (6 mcm [14, 16]). The alternating patterns of sed-
imentation and erosion in the distal part of Nieuwe Schulpengat,
Bollen van Kijkduin and Franse Bankje relate to a small anticy-
clonic rotation and migration of the channel. The total 30 mcm
sediment accumulation on the shoals is small compared to the
large erosion of the channels, of 67.5 mcm.

Time series of the volume development derived for all avail-
able DEMs over the 1986-2015 interval, show a net sediment
loss for the Nieuwe Schulpengat, Marsdiep, Schulpengat and
ebb-tidal delta front (ETD), while the Noorderhaaks, North-
Holland (NH) coast, Zuiderhaaks and NUN show an increase in
volume (Fig. 12C). Not corrected for nourishments a distinct
shift in the trends can be observed around 2001. The total vol-
ume change rates reduced from a 5.6 mcma~! erosion between
1986 and 2001 to 0.4 mcma~? since. The ebb-tidal delta volume
shows a similar reduction from 4.2mcma=! to 0.9mcma™t.
Corrected for nourishments the reduction in erosion rates for
the ebb-tidal delta is significantly smaller (from —4.6 mcma~!
to —2.7mcma™?).

The most pronounced difference occurs in the southern
part of the ebb-tidal delta. Here, the channels Schulpengat
and Nieuwe Schulpengat are remarkably stable in volume. A
clear trend of deepening can no longer be observed. Only local
erosion of Nieuwe Schulpengat takes place, due to the landward
channel migration under the influence of the migration and
growth of the shoal Bollen van Kijkduin. Part of this stabilisa-
tion may be explained by the recent large-scale nourishments
that result in the pronounced increase in volume along the
North-Holland coast.

Synthesis; the adjustment of Texel Inlet
and its ebb-tidal delta to the reduction of
the surface areas of its tidal basin

Understanding the observed morphodynamic
changes and underlying processes 1986-2015

In this paper, we have focused on the recent time frame 1986-
2015, a period in which the reorientation of the main chan-
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nels on the ebb-tidal delta as a consequence of the reduction in
basin surface area was already complete, and the general distri-
bution of the channels and shoals remained more or less similar,
but large volumetric changes were still taking place. Based on
the observed bed level changes, we can subdivide the ebb-tidal
delta into four areas with distinct morphodynamic behaviour
(Fig. 13B).

The sediment budget of the ebb-tidal delta reveals that over
200mcem of sediment was eroded here and from the coast.
Roughly half of the sediment was redeposited landward on the
ebb delta and the remaining half was likely transported into the
basin as the sediment volumes in the western Wadden Sea in-
creased (see Elias et al., 2012). Excluding sediment loss from
the adjacent offshore coast (areas 1-3 in Fig. 12), but including
the addition of sand through nourishments, import rates are
estimated at 4.9 mcma~! (see Fig. 13B for underlying assump-
tions). Note that we assumed a 1mcma~? influx through wave-
driven alongshore transports; without this addition import rates
reduce to 3.9mcma~!. An explanation for these high import
rates can be found in both the flow measurements and the dom-
inant channel and shoal features as summarised in Figure 13B.
Although distinct flood channels cannot be recognised along
the North-Holland coast, both the dominant flow directions and
the slip-face asymmetries of the prevailing bedforms point to a
distinct segregation in ebb-dominant flow and sediment trans-
ports along Noorderhaaks and flood dominance along the coast-
lines of North-Holland and Texel, into Marsdiep and the basin.
Flow acceleration around the tip of Helderse Zeewering, result-
ing in a zone of strong flow convergence and related transport
gradients, effectively transporting sediment from the coast into
the main inlet circulation, is likely a major contributor to the
coastal erosion. During flood, sediments are transported into
the basin, which continues to act as a sink for sediment. Dur-
ing ebb, part of these deposits are transported back onto the
ebb-tidal delta, where they contribute to the outbuilding of
Zuiderhaaks (area 3 in Fig. 13B), and eventually feed back onto
the Noorderhaaks ebb-delta front (area 2). As the Noorderhaaks
ebb-delta front eroded, a wide shallow platform emerged that
shelters the supra-tidal Noorderhaaks shoal from storms. Sedi-
ment recirculation and wave sheltering are two likely reasons
why the Noorderhaaks is still present 85 years after closure. The
presence of the large tidal channel (Breewijd, Nieuwe Schulpen-
gat), steep embankments and dominant ebb transport along the
margin of Noorderhaaks render it likely that hardly any sedi-
ments are transported back onto the coast. Increased, near-bed
flow in the flood direction because of estuarine circulation dur-
ing and after high-discharge events, and wave-driven transports
along the adjacent coast may significantly enhance sediment
imports.

Northward transports contribute to the formation of the spit
NUN (area 1). Although this spit is the most obvious developing
feature, the sediment budget reveals that net changes are small.
The formation of this spit has had large consequences for the
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Fig. 13. (A) Conceptual visualisation of sediment transport mechanisms for four different stages of ebb-tidal delta development at Texel Inlet: (A1) pre-
closure, (A2) adaptation, (A3) erosional equilibrium state and (A4) present- day condition. (B) Summary of the observed flows, bedform directions and

morphodynamic changes over the time frame 1986-2015.

adjacent coast. As the sediments deposit in the spit and recir- enlarged by the landward movement of both spit and adjacent
culate back into the inlet, sediment bypassing from the ebb- Molengat channel. Recent deviations in the morphodynamic be-
tidal delta onto the coast is likely to be limited, contributing haviour indicate that spit attachment and breaching will occur
to the structural sand deficit of the entire Texel coastline. The in the near future, a first indication of the restoration of the
losses in the coastal section facing the ebb-tidal delta are further sediment bypassing cycle.
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In area 4, the interaction of the Nieuwe Schulpengat with the
shoal Bollen van Kijkduin and its ebb shield Franse Bankje dom-
inates the developments. Since 2001, deepening of the chan-
nels in this part of the ebb-tidal delta is no longer observed
and the total volume of this part of the ebb delta stabilised.
This recent stabilisation may partly be attributed to the mas-
sive nourishments (an average of 1.1 mcma~!) that have taken
place along the North-Holland coastline. It appears that these
nourishments were not only successful in stabilising the coast-
line position, but the abundant supply of sediment may also
have compensated for the sediment losses on the larger scale of
the Schulpengat and Nieuwe Schulpengat subsystems.

A conceptual model for long-term ebb-tidal delta
morphodynamic adjustment to intervention

In this paper, we particularly aim to better understand the pro-
cesses driving the sediment loss from the ebb-tidal delta and
coast that were caused by the closure of the Zuiderzee. Based
on literature (summarised and analysed in Elias & Van der Spek,
2006) and the presented analysis of both detailed measurements
of the hydrodynamics and morphodynamics taken between 1986
and 2015, we can identify four distinct stages of ebb-tidal delta
development (Fig. 13A1-4). Each of these stages has different
implications for the erosion of the adjacent coastlines.

Stage 1: Prior to closure of Zuiderzee; a dynamic equilibrium state
(Fig. 13 A1)

Elias & van der Spek (2006) showed that prior to closure
of the Zuiderzee a stable ebb-tidal delta had formed with a
westward-stretching main ebb channel and marginal flood chan-
nels along both of the adjacent coasts of Texel and North-
Holland. With the exception of the southwestern tip of Texel,
both coastlines experienced severe erosion. Such erosion can
be explained by common inlet processes. The conceptual model
of Hayes (1975) illustrates the formation of an ebb-dominated,
main central channel, and marginal flood channels to the side.
Oertel (1988) explained that, at an idealised inlet, a (free) jet
outflow forms on the seaward side of the inlet during the ebbing
tide and material eroded from the inlet gorge is deposited on
the bed below the far field of the jet where flow segregates
and velocities drop beyond the sediment entrainment thresh-
old. During flood, the return flow towards the inlet is uniformly
distributed in a convergent flow towards the inlet and since the
velocity field is distributed over a broad arc, the flood veloci-
ties that correspond to the near-field of the ebb jet are lower
than during ebb. The residual velocity field is therefore ebb-
dominant in the axial part of the near-field and flood-dominant
in the lateral parts. At Texel Inlet separation between ebb and
flood channels is further enhanced by the phase difference be-
tween the horizontal and vertical tides. Postma (1967) already
recognised the importance of these flood channels for trans-
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porting sediments back into the basin, introducing erosion of
the coastlines.

Alongshore gradients in sediment transport arise from the
tidal flow acceleration towards the inlet during the flooding tide,
but waves also play an important role. Firstly, wave breaking on
the ebb-tidal delta shoals reduces the nearshore wave energy,
but also introduces large variations in wave height. This can
result in areas of flow divergence and hotspot erosion (Elias &
Hansen, 2013). Secondly, wave sheltering by the ebb-tidal delta
alters the nearshore wave climate from bimodal to distinctively
unidirectional along both the updrift and downdrift coastlines,
which drives a net transport towards the inlet on both sides.
Thirdly, the wave-driven cross-shore transports are likely to play
an important role. During storm events, a large volume of sed-
iment can be moved from the intertidal area into the (shallow)
nearshore. Along an uninterrupted beach, during calm condi-
tions, these sediments move landward and the beach recovers.
If longshore gradients exist, for example, due to the presence of
large tidal channels, the sediments are transported away before
beach recovery can take place. This process is likely to play a
dominant role in coastline erosion adjacent to inlets.

Even prior to closure of the Zuiderzee the coastlines of Texel
and North-Holland were eroding. The largely subtidal basins of
the western Wadden Sea were accumulating sediments, and sup-
ply of sediment to the system through littoral drift was insuf-
ficient to compensate for these losses. The shoreline downdrift
of the inlet can only remain stable if sediment supply from the
ebb-tidal delta, in the form of sediment bypassing, is sufficient
to counterbalance the structural sediment losses into the inlet.
At Texel Inlet, shoal bypassing occurred on the large swash plat-
form that formed downdrift of the main channel. Periodic shoal
merging with the Texel coastline exceeded the structural ero-
sion rates and contributed to the southward outbuilding of the
southwesterly tip of Texel Island (van Heteren et al., 2006). This
supply fed by bypassing was not sufficient to counterbalance the
structural retreat of the central part of the island, which for the
most part is related to the convex shape of the coastline. The
construction of stone jetties was able to reduce but not com-
pletely eliminate the erosion (Rakhorst, 1984).

Stage 2: 1932-1975; adaptation to closure of the Zuiderzee
(Fig. 13A2)

Morphological changes in roughly the first 40 years since the
closure were dominated by the rotation and scouring of large
tidal channels and landward retreat of the Noorderhaaks ebb
shoal (Elias et al. 2003; Elias & van der Spek, 2006). The distinct
reorientation of the main channels is ascribed to the process
of back-barrier steering (= the sum of all possible constraints
that might influence the outflow onto the ebb-tidal delta, viz.
tidal prism, oblique basin-channel orientation, composition of
the subsurface and phase difference between ocean and inlet
tides), as the changed hydrodynamics in the basin force the
main channels to rotate southward. The large tidal prisms and
current velocities, with large erosive capacity, are well capable
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of scouring deep channels into the underlying Pleistocene semi-
consolidated layers which contribute to the (future) stability
of these channels. The scouring of these channels directly in-
fluenced the coast, and formation of steep embankments and
coastal retreat was observed.

Stage 3: 1975-2001; equilibrium erosional state (Fig. 13A3)

Between 1975 and 2001 the system showed behaviour that we
can best describe as an ‘equilibrium erosional state’. In this equi-
librium erosional state, the reorientation of the main channels
on the ebb-tidal delta was already completed, and the general
layout of the channels and shoals remained unchanged. Mor-
phological adjustments of local channels and shoals now domi-
nate the developments. Most prominent are the large sediment
losses of the Noorderhaaks shoal. At this stage, Noorderhaaks
can be considered as an abundant source of sediment originat-
ing from the pre-closure situation. After abandonment by the
main channels, this area became wave-dominated and the shoal
was eroded and started to deteriorate. As, among others, Hayes,
(1975, 1979), Oertel (1975) and Hubbard et al. (1979) already
indicated: the geometry of the ebb-tidal delta reflects the ratio
of wave versus tidal energy: wave-dominated ebb-tidal deltas
are pushed close to the inlet throat, while tide-dominated ebb-
tidal deltas extend offshore. We suggest that such concepts not
only apply for the ebb-tidal delta as a whole, but also for its
main elements. For Noorderhaaks, updrift channel rotation re-
sulted in loss of its sediment supply. Sediment redistribution,
particularly by the waves, was no longer compensated by the
reduced sediment supply, and the shoal was pushed landward.
The detailed observations of flow and morphodynamic change
over the time frame 1986-2015, presented in this paper, help
explain the processes behind the observed developments.

Coastal erosion mechanisms as described in stage 1 are also
present during this stage. Very limited sediment bypassing
and beach recovery is expected to occur (see e.g. Elias & van
der Spek, 2006), making maintenance of the adjacent coastal
stretches the most intensive of the entire Dutch coastal system
(Roelse, 2002; Cleveringa et al., 2004; Hoogervoorst, 2005).

Stage 4: present-day stabilisation (Fig. 13A4)

A major shift in the morphologic development of the ebb-
tidal delta is observed around 2001 as sediment import into
the basin (estimated from the sediment budget of the ebb-
tidal delta) reduces from nearly 6.0mcma~! prior to 2001 to
2mcma~? since. This reduction is in large part related to a sta-
bilisation of the morphology in the southern part of the ebb-
tidal delta (Fig. 13A4, area 1). Only locally, where channel-shoal
interactions are dominant, does erosion of Nieuwe Schulpengat
and its adjacent coastline continue. The southward and landward
movement of Bollen van Kijkduin confines flow through Nieuwe
Schulpengat and induces a small southward displacement, scour
and clockwise rotation of Nieuwe Schulpengat, landward migra-
tion of the adjacent Franse Bankje shoal and localised coast-
line erosion. While the southern part of the ebb-tidal delta sta-
bilised, in the northern subdomain the former balance between

Molengat and NUN spit is distorted, allowing the tip of the spit
to merge with the island. The spit itself has not been breached
but two ebb chutes have formed. It can be expected that a new
main channel will form through the spit, allowing the thus ‘or-
phaned’ remainder north of it to merge with the Texel coastline.
This will restore the shoal bypassing mechanism and provides
an additional source to the sediment budget of Texel'’s coastline
(Fig. 13 A4, area 2). Despite these significant changes in be-
haviour in both the northern and southern part of the ebb-tidal
delta, the erosion of the central ebb-tidal delta front continues
at a constant rate (Fig. 13A4, area 3).

Concluding remarks

Historically, coastal management in the Netherlands and along
Texel Inlet was restricted to flood-hazard and coastal-erosion
prevention and mitigation. The construction of Helderse Zeew-
ering and the Afsluitdijk are clear examples. These interventions
caused long-term changes in the inlet system. Elias et al. (2012)
estimated that over 450 mem of sediment accumulated in the
Western Wadden Sea between 1933 and 2005 to partly fulfil the
sediment demand in the basin. Nearly 300 mcm of these sedi-
ments were delivered by the erosion of Texel Inlet’s ebb-tidal
delta and the adjacent coasts despite the increase in the tidal
prism that followed the closure of the Zuiderzee.

Even now, over 85 years after closure, the morphological de-
velopments are governed by sediment redistribution and sedi-
ment exchange between ebb-tidal delta and basin; sediment is
eroded from the ebb-tidal delta (including its adjacent shore-
lines) and deposited in the basin. In the time frame 1986-2015,
over 200 mcm of sediment was eroded from the ebb-tidal delta
and coast. Roughly half of these sediments were redeposited
further landward in the ebb delta and the remaining half was
likely transported into the basin. The sediment budget also re-
veals that on average a sediment import of 4.9 mcm between
1986 and 2015 prevailed. Net sediment losses from the ebb-
tidal delta, however, reduced from 4.1mcma~! prior to 2001
to 0.9 mcma~! since.

The highly frequent and detailed observations of both hydro-
dynamics and morphodynamics of Texel Inlet have resulted in
a unique dataset of this largest inlet of the Wadden Sea. These
data, which show substantial changes in ebb-tidal delta mor-
phology and volume, provide a unique opportunity to investi-
gate inlet sediment dynamics in a mixed-energy tide-dominated
environment. By linking detailed measurements of bathymet-
ric change to direct observations of processes we were able to
unravel the various components that have contributed to the
supply of sediment to the basin, and conceptually describe how
this sediment exchange takes place. Such a conceptual model is
a first step in understanding the underlying physical processes
responsible for the observed changes in the morphodynamic be-
haviour of the ebb-tidal delta, and its linkage with the adjacent
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coastlines. Moreover, the evolution of the ebb-tidal delta mor-
phology suggests that the concept of ebb-tidal geometry as the
result of the ratio of wave- versus tidal energy (in which wave-
dominated ebb-tidal deltas are pushed close to the inlet throat
and tide-dominated ebb-tidal deltas extend offshore) not only
applies to the ebb-tidal delta as a whole, but also to its major
(sub-)elements.

Coastal retreat along the North-Holland coastline can be at-
tributed to the presence of large tidal channels, with a large sed-
iment transport capacity, in close proximity to the coast. Flow
acceleration towards the inlet, velocity asymmetry of the tidal
currents, wave sheltering by the ebb-tidal delta and salinity
stratification all contribute to the transport gradients. Locally,
channel rotation and related landward migration of the main
channel Nieuwe Schulpengat induce additional losses. Coastal
retreat along the Texel coastline partly results from spit forma-
tion on the ebb-tidal delta. Spit and channel migration have
induced large sediment losses from the adjacent Texel coastline
and prohibit sediment bypassing from the ebb-tidal delta to the
downdrift shoreline. A merger of the spit with the shoreface of
the island in the near future will restore the feeding shoal by-
passing mechanism.

Twenty-five years of data on ‘Dynamic Preservation’ prove
that sand nourishments are well capable of keeping the coast-
lines adjacent to the Texel Inlet in place. These nourishments
not only increase coastal resilience but may also benefit the en-
tire inlet system. These nourishments did not significantly al-
ter the characteristics of the ebb-tidal delta. Channel and shoal
features in the past, prior to 1990, and at present show simi-
lar sizes and shapes. The recent large-scale nourishments may
have contributed to a stabilisation of the southern part of the
ebb-tidal delta, but the data record so far is too short to provide
conclusive answers.
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