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The vulnerability of tidal flats and multi-channel
estuaries to dredging and disposal
Wout M. van Djjk, Jana R. Cox, Jasper R.F.W. Leuven, Jelmer Cleveringa,

Marcel Taal, Matthew R. Hiatt, Willem Sonke, Kevin Verbeek, Bettina Speckmann,
and Maarten G. Kleinhans

Abstract: Shipping fairways in estuaries are continuously dredged to maintain access for
large vessels to major ports. However, several estuaries worldwide show adverse side effects
to dredging activities, in particular affecting morphology and ecologically valuable habitats.
We used physical scale experiments, field assessments of the Western Scheldt estuary (the
Netherlands), and morphodynamic model runs to analyse the effects of dredging and future
stresses (climate and sediment management) on a multi-channel system and its ecologically
valuable intertidal flats. All methods indicate that dredging and disposal strategies are
unfavourable to long-term morphology because dredging creates and propagates the imbal-
ance between shallow and deeper parts of the estuary, causing a loss of valuable connecting
channels and fixation of the tidal flats and main channel positions, while countering
adverse effects by disposal strategy has limited effectiveness. Changing the disposal strategy
towards main channel scour disposal can be economically and ecologically beneficial for the
preservation of the multi-channel system. Further channel deepening will accelerate the
adverse side effects, whereas future sea-level rise may revive the multi-channel system.

Key words: estuary, dredging and disposal, tidal flats, multi-channel system, flume experiments,
morphodynamics.

1. Introduction

River mouths, or estuaries, are important centres of global transportation and
commerce. Most estuaries have been continuously dredged since the early 20th century
with an acceleration of activity in the last decades. Continuous dredging is necessary to
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maintain navigation depth, so commercial vessels, which are increasing in size and
number, can access major ports now and in the future (De Vriend et al. 2011) in, e.g., the
Yangtze Estuary (Shanghai, Chen et al. 2016), the Western Scheldt (Antwerp, Jeuken and
Wang 2010; Wang et al. 2015), and the Elbe Estuary (Hamburg, Kerner 2007). The demand
shipping places on estuaries also poses considerable issues for the sustainability of these
estuaries (Best 2019). Dredging smoothes the estuary and obstructions to ships, e.g., shoals,
bars, and sills are removed (Nichols 2018), which affect smaller channels and bars that are
important for seabed animals, fish, and birds. The hydrodynamic effects of dredging
include tidal amplification (Temmerman et al. 2013; Zhu et al. 2015), which increases circu-
lation and increases the flood dominance of the tidal asymmetry (Van Maren et al. 2015). It
is site-specific which hydrodynamic processes dominate and how these combine with the
effects of dredging and dumping to affect sediment transport and the morphodynamics
of the system. Moreover, dredging activities are thought to cause a shift from a multi-
channel system to a single-channel system (Wang et al. 2011; Monge-Ganuzas et al. 2013)
and a loss of ecologically valuable intertidal flats (Essink 1999; Liria et al. 2009; De Vriend
et al. 2011; Temmerman et al. 2013; Yuan and Zhu 2015; Van der Wal et al. 2017). Yet, it
remains undiscovered what the long-term effects of the current dredging and disposal
strategies have on the sustainability of tidal flats and multi-channel estuaries, and what
the response will be from future stresses such as increasing minimum channel depth for
shipping and sea-level rise (SLR).

The ecological quality of multi-channel systems is partly determined by the presence and
characteristics of intertidal flats and channels (Toffolon and Crosato 2007). Multi-channel
systems often display a quasi-regular repetitive pattern that consists of meandering
ebb-dominated channels and straight flood-dominated channels in the inner bends
(Jeuken 2000; Winterwerp et al. 2001). The difference in meander action between ebb and
flood channels, and the opposite direction of residual sand fluxes in these channels lead
to the formation of intertidal flats, which are dissected by connecting channels (Jeuken
2000; Toffolon and Crosato 2007; Hibma et al. 2008; Leuven et al. 2018a). Estuarine
multi-channel systems typically consist of an ebb-dominated channel and one or more
flood-dominated channels, displaying characteristic morphological behaviour that is associ-
ated with the net sediment exchange between channel junctions. Apart from their crucial
ecological value, there are several important reasons to sustain the multi-channel system
(of equally important ebb and flood channels) and counteract adverse effects due to dredg-
ing, namely: (i) side channel shallowing by disposal reduces the navigability of smaller
inland vessels (Wang et al. 2015); (ii) main channel deepening increases tidal range and
flood risk (Liria et al. 2009); (iii) increased peak velocity in deepened main channel affects
navigability (Colby et al. 2010; Nichols 2018); (iv) channel deepening threatens bank stabil-
ity, tidal flat stability, and salt-marsh stability (Liria et al. 2009; Van Dijk et al. 2018, 2019);
and (v) large morphological changes alter ebb-flood dominance, including duration and
asymmetry (Colby et al. 2010), potentially affecting mud and sand budgets.

Urgent research questions related to dredging and disposal in large estuaries in general
are as follow: (i) To what degree can the multi-channel system be sustained or restored by
current dredging and disposal practices? (ii) What are the effects of further main channel
deepening on the morphology of the multi-channel system? (iiij) What will be the effect of
predicted SLR (Church et al. 2013) on the morphological and ecological functioning of the
estuary? Here, we show how dredging changes the natural development of estuaries by a
combination of scale experiments in the laboratory, where the effect of dredging was
isolated, and data assessment from the Western Scheldt (the Netherlands) for real scale
practice. We applied a numerical model to quantify how disposal strategy can limit adverse
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side effects, and how future scenarios, such as increasing shipping draft and SLR, will affect
estuary morphodynamics and habitat suitability.

2. Methods

We use three independent, complementary methods. (i) In physical scale experiments,
the long-term development and resilience of an estuary with dredging and disposal was
compared with a reference experiment without interventions. (ii) Field data from the
well-monitored Western Scheldt were acquired to determine the morphological develop-
ment in an actual dredged estuary. Literature and available reports were used to connect
morphological changes to changes in dredging and disposal strategy. (iii) Numerical model
scenarios allowed testing of the effects of disposal strategy and future changes in dredging
regime and SLR scenarios, for the case of the Western Scheldt. For all three approaches, we
employ a novel channel-network algorithm that scale-independently and objectively
extracts channel-network topology. Each network is then used to determine the channel
depth distribution, channel migration, and the tidal flat volumes.

2.1. Physical scale experiments

Experiments with and without dredging and disposal were conducted in a periodically
tilting flume: the Metronome. The flume was 20 m long and 3 m wide and had a sandy
bed of 7 cm thick. Periodic tilting of the flume enabled sediment transport during both
ebb and flood phase (Kleinhans et al. 2017b), leading to autogenic development of estuarine
morphodynamics (Braat et al. 2018; Leuven et al. 2018a). A single tidal cycle spanned 40 s
and had a maximum tilting gradient of 0.008 m/m. Further information on scaling is
reported in earlier papers (Kleinhans et al. 2017b; Braat et al. 2018; Leuven et al. 2018a).
Changes of the experiment were recorded by time-lapse overhead imagery, and DEMs were
constructed with the structure-from-motion software, AGISOFT Photoscan (version
1.2.6.2038). The DEMs were used to calculate dredging and disposal volumes and locations.
The development of the experiment with dredging was compared to a control run without
dredging.

The experiment started with a narrow converging channel of uniform depth in the
middle of the sand bed. The lateral boundaries were erodible, and continuous erosion and
deposition by the tidal currents led to the development of a self-formed estuary before
dredging and disposal were started at 3000 tidal cycles. The self-formed estuary consisted
of a multi-channel system with ebb and flood channels and tidal flats. The estuary had an
irregular shape with the same morphological characteristics as the control run (Leuven et al.
2018a). After 3000 cycles, an initial “shipping fairway” was cut along the deepest natural
course of the estuary, which linked both ebb and flood channels when necessary. The
shipping fairway was lowered by capital dredging by about 1/5 of the original depth using
a palette knife and removal of sediment from the system by hand. The minimum depth
requirement for the dredging was set to 3.5 cm for the first capital dredge, whereas for
the second capital dredge, which was necessary because of the continuous rapid expansion
of the estuary, the minimum depth requirement was set to 3 cm. Maintenance dredging
then took place every 50-100 cycles to remove material locally which made the channel
“unnavigable”, in other words, when the water depth was below the minimum depth
requirement. The width of the dredged main channel was proportional to the width of
the estuary in the same ratios as for the field example, the Western Scheldt. For the land-
ward end, this was approximately 10% of the estuary width, 15% moving into the middle
reaches of the estuary, and at the seaward end up to about 20% of estuary width.

Sediment from the first capital dredge was removed from the system entirely to ensure
the stability and persistence of the new dredged channel and new morphology which was
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significantly different to the control experiment. This is common practice for many
channel deepening events where the material is either removed completely and sold (such
as the Rhine Meuse estuary) or is placed far out of the navigation channel so it does not
circulate back into the dredged regions (Elbe estuary). This was done to create a system that
mimics the history and morphological development of the Western Scheldt. Sediment
removed later during maintenance dredging was redistributed on the seaward side of
adjacent tidal flats, at the entrance of side channels, and in the scours of the main channel
that had a depth >4 cm. Material placed on tidal flats bars and shoals was placed at the
edges where elevation was lowest/the shallowest part of these features so it was easily sub-
ject to remobilisation. The disposal location depended solely on proximity to the dredging
site. After the final maintenance dredging event (at 5200 tidal cycles), the estuary was
allowed to evolve further without interference for 8000 cycles until termination of the
experiment at 13 000 tidal cycles.

2.2. Field case study

For reasons of data availability, this study uses the Western Scheldt as example, which is
located in the southwestern part of the Netherlands. The study area is the seaward section
(60 km) of the tide-dominated Scheldt estuary that is 200 km long and stretches up to
Gent in Belgium (Fig. 1a). The Western Scheldt is characterised as a multi-channel system,
with well-developed channels and shoals. It has on average a convergent geometry and cov-
ers an area of about 370 km?. The main driving force of the system is the tide. From the
mouth of the estuary to the middle reaches at the Dutch/Belgian border, the tidal range
increases from 3.5 to 5 m (Jeuken 2000). The tidal prism at the mouth is about 1 billion
m?>, whereas the yearly-averaged river discharge of the Scheldt into the Western Scheldt is
a morphologically negligible 120 m>/s, causing the estuary to be well mixed (Cancino and
Neves 1999; De Vriend et al. 2011). Relatively fine sediment is found in the Western
Scheldt: the median grain size Dsq of the channel bed varies between about 150 and
300 pm. Mud is limited to thin layers on mud flats (Van de Lageweg et al. 2018). The
Western Scheldt provides access to various harbours, of which the port of Antwerp
(Belgium) is the largest, and both the main and side channels are used by various ships.

The Western Scheldt is an estuary that has undergone human interference since dikes
were introduced in the 14th century, which has reduced its lateral expansion capacity. At
the beginning of the 20th century, small-scale sand mining, dredging, and disposal became
the foci of human activity which has intensified since the 1970s (Van der Spek 1997). The
Western Scheldt has undergone three major deepening events (in the 1970s, 1990s, and
2010s) as well as annual maintenance dredging activities to allow access to the port of
Antwerp. The current maintained navigation depth is 14.5 m below Lowest Astronomical
Tide (LAT). Disposal locations are chosen such that costs, efforts, and hindering navigation
are minimised and thus selected in the vicinity of dredging locations (MOW 2013). The
dredging and disposal strategy was changed in 2010 from straightforward disposal in the
side channels and deeper parts of the main channel to an alternative “flexible” approach
in which sediment is disposed near eroded intertidal flats. This new “flexible disposal”
approach for the Western Scheldt includes monitoring and adjustment when necessary.
Disposal at intertidal flats allows slow movement of material towards the flats with the
aim of enhancing subtidal and intertidal habitats (De Vriend et al. 2011) and decreases dis-
posal intensity in the side channels that began to close off (Roose et al. 2008). The intention
was to maintain and preserve the equilibrium of the multi-channel system of the Western
Scheldt, attain maximum ecological gain on the edges of inter-tidal flats and preserve the
ecologically valuable habitats of the Western Scheldt (Depreiter et al. 2011, 2015; De
Vriend et al. 2011; Plancke et al. 2014; Vikolainen et al. 2014).
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Fig. 1. (a) The 2014 bed elevation (courtesy of Rijkswaterstaat) of the Western Scheldt plotted on top of a Landsat-8
image (courtesy of the U.S. Geological Survey). The map was created with ArcGIS. (b) Dredging and disposal
locations for the model runs plotted as polygons on top of the bed elevation map of 2015. The disposal strategy
varies between model runs, (i) uses all three types of disposal locations (shown by the green, light green, and
white polygons, and referred to as the alternative shoal disposal), (ii) only two types (shown by the light green
and white polygons, and referred to as the straightforward side and main channel disposal), or (iii) only one type
(shown by the white polygon and referred to as the foreseen scour disposal). The white dashed line represents
the shipping fairway and red polygons are dredging locations. The map was created in MATLAB.
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To analyse the effect of dredging and disposal strategies on the development of the
Western Scheldt, bathymetry data, so called Vaklodingen, were used. These were available
for the period between 1955 and 2015. The bathymetry data is created using single-beam
measurements at 100-200 m transects. Positioning and height measurements were done
with a number of analogue to digital techniques (Cleveringa 2013). Since 2001, the areas
about the mean water elevation have been measured with lidar and have a higher resolu-
tion of 1-5 m. The vertical accuracy of the dataset for practical use was set at 10 cm
(20, see Elias et al. 2017). The bathymetry data of the Western Scheldt were utilised here
for network extraction, which we used to calculate channel dynamics, depth, and tidal flat
volumes. Additionally, we determined the intertidal flat elevation and area by comparing
bed elevation distributions of the tidal flats over time. While field experiments and
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monitoring provide valuable insights, the lack of a control scenario inhibits the clear
conclusions which are possible using controlled experimentation such as physical scale
experiments and with numerical scenario modelling introduced below.

2.3. Numerical morphodynamic modelling

Here, we used the numerical model Delft3D to simulate fluid flow and morphological
changes over time. Delft3D has widely been applied to simulate rivers, estuaries, and tidal
basins (Lesser et al. 2004; Schuurman et al. 2013; Van Dijk et al. 2019). Our runs were
computed using depth-averaged, nonlinear, shallow-water equations, wherein the effect
of helical flow driven by flow curvature on bed shear-stress direction was parametrised
(Schuurman et al. 2013). The associated transverse bed slope effect is defined as sediment
on a slope transverse to the main flow direction. This sediment is deflected downslope
due to gravity, and, when a secondary current is present as in bends, the inward and
upslope directed shear stress drags particles upslope. The transverse bed slope is a tuning
parameter that sets the morphological shape of the channel. We applied the method of
Bagnold for the transverse sediment transport component, and we set the tuning param-
eter for the transverse bedload transport, oy, to 30, so that realistic bed slopes for long-term
simulations were maintained (Baar et al. 2019).

The Delft3D schematisation was based on the optimised NeVla-Delft3D model for
hydrodynamics (Hartsuiker 2004; Vanlede et al. 2009; Vroom et al. 2015) and morphology
(Schrijvershof and Vroom 2016) of the Scheldt estuary. This NeVla-Delft3D model is the
most accurate model available for the study area, it has however, limitations as it is not
cannot accurately represent morphological changes over decadal timescales and the distri-
bution of dredging activities are not verified. Therefore, we compared our findings against a
control run, and focus on scenario analysis including changes in the channel network. We
used a nested flow model from the NeVla-Delft3D model (NeVla: Nederlands-Vlaams/
Netherlands-Flemish) for reducing computational time (Van Dijk et al. 2019). The sediment
transport formula included is Van Rijn (2007a, 2007b), and the roughness field in the model
is defined by Manning n and is variable over the model domain (Maximova et al. 2009a,
2009b, 2009c; Vroom et al. 2015). The Manning n varies between 0.022 (s/m1/3) for the eastern
part, 0.027 (s/m"'?) for the western part, and 0.028 (s/m"?) for the Verdronken Land van
Saeftinghe.

The nested model consists of a curvilinear grid with varying grid size, and we validated
the nested model to the original calibrated NeVla-Delft3D model (see Supplementary
Material'). The boundaries of the nested model include a water level fluctuation due to tides
at the seaward boundary and a discharge at the landward boundary. Sediment was uniform
with a median grain size of 200 pm, comparable to field observations (Van Dijk et al. 2019).
For simplification of the boundary conditions, these were selected from a single spring-
neap tide cycle of January 2013 (about 14 days), which was repeated for a two-year period.
We speed up the bed adjustments by multiplying the morphological change during hydro-
dynamics timesteps by a factor (M) of 20. In some places, the thickness of the bed is limited
by underlying non-erodible layers from Holocene and Tertiary deposits (Gruijters et al.
2004; Dam 2017; Van de Lageweg et al. 2018). Sediment transport at the boundaries is in
an equilibrium state with the flow and is unlimited. Several processes are excluded, includ-
ing wind (direction and magnitude) and salinity, to reduce computational time. Here, we
assumed that in the long-term, these processes are negligible for the large-scale and

'Supplementary material is available with the article at https://doi.org/10.1139/anc-2020-0006.
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long-term morphological development, although water levels with and without salinity can
differ by about 0.1 m (Smolders et al. 2016).

Numerically, it is not practically possible to apply a flexible approach in which yearly the
disposal locations are shifted. Instead, we isolated the effects of three fixed strategies on the
long-term development that represent the approaches in reality. These include (i) a straight-
forward approach were dredged sediment is disposed equally between the main and side
channel; (ii) an alternative scenario, as applied from 2010 and onwards, in which dredged
sediment is distributed for 20% on the tidal flats, 38% in the side channels, and 42% in the
scours of the main channel; and (iii) a foreseen approach were solely sediment is disposed
in the scours of the main channel, as proposed for future strategies. To limit the amount
of variation between the three scenarios, we did not adjust the disposal polygons for the
third scenario. Furthermore, for simplification, the dredged sediment was not distributed
in the nearest disposal polygon as done in reality nor adjusted over time to reduce possible
unrealistic long-term morphological impacts. Here, the dredged sediment is distributed
over all polygons according to the percentage given above. The maintained dredge depth
was set to 14 m, i.e., dredging takes place when water depth is less than 14 m, and dredging
was concentrated at nine sill locations (see polygons in Fig. 1b).

For further testing of future scenarios, we performed some additional runs for the first
scenario with increasing maintenance depth of 16, 18, and 20 m. Additionally, we ran the
model with three scenarios of SLR (1, 2, and 3 mm/year) to test the effectiveness of dredging
against future SLR scenarios (as in Church et al. 2013; Van de Lageweg and Slangen 2017).
By using a wide range of values, we implicitly study the sensitivity of the SLR predictions
(Van de Lageweg and Slangen 2017). The SLR was simulated by increasing the downstream
water level boundary with a rate of the simulated SLR.

2.4. Data analysis

For the data analysis of the multi-channel network, we applied a novel, mathematically
rigorous framework for extraction of multi-threaded channel networks from topographic
surfaces (developed by W. Sonke called Topological Tools for Geomorphological Analysis,
TTGA; Kleinhans et al. 2017a, 2019; Hiatt et al. 2020). In contrast to previous methods with
manual operations or subjective choices, this framework automatically captures network
topology with channel bifurcations, confluences, and channels of various sizes. The method
is scale-independent and uses only bed elevation as input, so it works independently from
water surface elevation. For the analysis in this paper, we used a slightly modified version
of the original framework, which emphasises locally recognised channels over than the
original algorithm. This local approach results more stable attribution of channel size,
which is hence better suited for the analysis of channel networks, with a range of channel
sizes that evolve over time.

The underlying algorithm computes the Morse-Smale complex (MSC) of the terrain
(Edelsbrunner et al. 2001; Kleinhans et al. 2019; Hiatt et al. 2020), a topological complex that
describes the structural elements of the terrain. The MSC contains the local minima,
maxima, and saddle points (points that are a local minimum in one direction and a local
maximum in the other), along with steepest-descent paths (called MS-edges) from each
saddle point towards a minimum. These MS-edges partition the terrain into pieces (called
MS-cells), each representing a local maximum with the descending area around it. The
algorithm proceeds by gradually merging insignificant MS-cells together to form larger,
significant cells, each representing a tidal flat/shoal in the channel network. The remaining
MS-edges around those cells then form the channels. Whether a cell is significant or not is
determined by the volume of sediment contained in the cell: we keep merging cells until
the volume in each cell is larger than some fixed threshold é. This implies that channels
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are separated by at least volume §, which is morphologically meaningful, because this
volume is related to the morphological work required to cut shoals and merge channels
(e.g., Kleinhans 2005). By running the method for different threshold values §, we obtain
networks with more and fewer paths, from which main, side, and connecting channels
can be extracted. The main channel is the path with a maximum value for § as there are
no tidal flats enclosed. Side channels are the channels that are connected to the main chan-
nel or other side channels at both ends, and connecting channels are the channels that con-
nect the side with the main channel. If we start with a low threshold §, and then gradually
increasing §, channels disappear from the network one by one. We annotate each channel
in the network by the highest threshold value é for which that channel still appears in
the network. That is, the threshold value for a channel represents the volume of the smaller
of the two adjacent tidal flats.

The extracted channel network provides, in addition to the location of channels of
various scales, the opportunity to determine the channel dynamics and the channel depth
per channel scale. To compute statistics on the tidal flat volumes, we used the channel
network for a fixed threshold value & of 100 000 m°. The tidal flat volume was calculated
by the summation of the bed elevation above the cross-sectional median bed elevation
along the estuary. The median bed elevation was determined by the same method as
Leuven et al. (2018b). First, a centreline was defined as the mean location line between the
boundaries of the estuary. Second, the centreline was smoothed and resampled at an
interval of 200 m. At each resampled point, a cross-section was constructed with a 20 m
transverse grid spacing, perpendicular to the centreline and within the boundaries of the
estuary. Then, the median bed elevation was determined for each cross-section, and a linear
regression was fitted to the median bed elevation along the estuary channel. Elevation
above the regression line was included for the tidal flat volume within the channel
network. Afterwards, the 20th, 50th, and 80th percentiles were calculated as representa-
tions of channels, intermediate, and high bed elevations. Below we provide a few examples
of how dynamics are determined, show depth distributions of identified channels and show
the cumulative distribution of tidal flat volumes (using the volume parameter, 6 (Kleinhans
et al. 2019; Hiatt et al. 2020)).

3. Results

3.1. Experimental development of a multi-channel estuary

The experiment in the Metronome with dredging and disposal was conducted in similar
conditions as an undredged control experiment that showed three phases of development.
First, alternate bars, i.e., shoals, developed during widening of the estuary. The initial alter-
nate bars grew and flanked a meandering channel, comparable to alternate bars in rivers.
As soon as the bars exceeded a width-to-length ratio of approximately 1/7, the flood flow
carved a barb channel, which is a one-ended channel that partly crosscuts a bar. This is
analogous to a chute channel in a meandering river. The seaward barb channels progres-
sively cut through the alternate bars, while the bended channels expanded laterally. The
resulting estuary shape had a structure (as described by Van Veen 1948) with mutually
evasive ebb- and flood-dominated channels, similar to the Western Scheldt.

In the second phase, mid-channel bars formed that were large enough to divert the flow,
accelerate outer-bend erosion, and form major bifurcations and confluences seaward and
landward of the mid-channel bars. A quasi-periodic estuary planform formed, where, at
the confluence locations, the estuary width remained generally narrow and dynamic
channels and bars only occurred within a small stretch of the estuary width. During this
phase, dredging was started in the new experiment presented here (Fig. 2, top panel). This
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Fig. 2. Estuary evolution of the experiment illustrated by bed elevation maps without (left panels) and with
dredging (right panels) overlain by the extracted channel network. The sub-, inter-, and supratidal area are based
on water level measurements. Note that tidal flats with elevation above high-tide level are referred to as
supratidal and those with an elevation below low-tide level are classified as subtidal (Desjardins et al. 2012). The
map was created in MATLAB.

Without dredging

3279 cycles

distance (m) bed elevation (m) [ subtidal main channel
| = m— o intertidal side channel
0 2 4 -0.05 0.00 Il supratidal connecting channel

required the cutting of an initial shipping fairway after 3000 cycles, i.e., a single main
channel, which connected ebb and flood channels to follow the naturally deepest course.

In the third phase, further extension of the outer bends made the mid-channel bar
favourable for a shortcut during both the ebb and flood flows. New barb channels formed
on the mid-channel bars, which cross-cut the bar forming a new main channel in the
middle of the estuary (Fig. 2, left panel, 4401-5887 tidal cycles). Due to dredging and accom-
panying disposal of dredged sediment on the shoal in the middle of the flume, the meander
bend became fixed, only migrating in a lateral direction. Because of this high shoal, the
water level no longer exceeds shoal elevation and no new barb channels formed (Fig. 2,
right panel, 4600-5200 tidal cycles). In the first capital dredge, the largest amount of sedi-
ment was dredged, with the highest volumes in the seaward half. During maintenance
and the second capital dredge, the dredging activity was concentrated in the middle of
the flume (Fig. 3a).

After the final maintenance dredging event (5200 tidal cycles), the estuary was allowed
to evolve for a further 8000 cycles until it was terminated at 13 000 tidal cycles. The lateral
migration of the bend in the middle of the flume continued even when dredging stopped,
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Fig. 3. (a) Dredging volumes along the experiment vary spatiotemporally and are especially large during the two
capital dredging events. Higher dredging volumes were observed more landwards and peaked between 8 and
12 m. (b) Location of the main channel in the experiment with and without dredging. The map was created in
MATLAB.
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whilst seaward mid-channel bars were cross-cut. Eventually, a dynamic equilibrium at the
bar-confluence scale was reached, in which sediment from bars and banks was reworked
into new bars within the estuary. In both experiments, with and without dredging, the
quasi-periodic planform deviated from the ideal estuary shape, which describes estuaries
as exponentially converging channels, at the end of the experiments (Fig. 2, bottom). In
general, the experiments confirm that the shoal elevation and size increased and channel
dynamics decreased due to dredging and disposal. Figure 3b indicates that the location of
the big meander remained stable in the dredged experiment, even though dredging ended
after 5200 tidal cycles. The Supplementary Videos 1 and 2' present the development of the
two experiments observed from the overhead cameras.

3.2. Western Scheldt

Various sediment budgets for the Western Scheldt have been published, based on the
available Vaklodingen datasets, information on the dredging and disposal, and sand min-
ing volumes and assumptions on the boundary conditions of transport to the Sea Scheldt
and Land van Saeftinghe tidal marsh complex. Considering the accuracy of the data, trends
in the developments of the sediment volume are of greater interest in this context than the
year-to-year variations. The resulting sediment budget shows three periods with compa-
rable trends (Cleveringa 2013). These periods do not coincide with the intervals between
major deepening events, but instead represent slower trends in sediment volumes and
the changing strategies for dredging, disposal, and sand mining. In general, in the first
period (1955-1976), dredging was limited to the eastern half, while sediment volume
decreased in the entire Western Scheldt. In the second period (1976-1994), dredging volume
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Fig. 4. (a) Dredging and disposal volumes per year in the Western Scheldt which show an increase from 1970
onward. (b) Channel location determined by the network extraction method for the Western Scheldt since 1960.
Colours show the different channel scales, and brightness indicates the year in the observation period. The map
was created in MATLAB.
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increased in the entire Western Scheldt. Most material was dredged in the eastern half,
while sediment was no longer displaced from the western half to the eastern half or visa
versa. In the third period (1994-2010), dredged sediment was transported from east to west,
which altered the sediment budget of our study area.

Analysis of the yearly bathymetry of the Western Scheldt demonstrates that the main
channel shows limited variation since 1955 (Fig. 4b). Only around 1960, the course of the
main channel shifted at one location to the side channel and has not shifted back since, cre-
ating a new main course. This shift was not related to dredging activities. There is more
variation over time in the side and connecting channels (Fig. 4b). From the observations,
it is clear that a few locations were not covered by any channel over the 60 year period.
These stable tidal flats became larger over time due to amalgamation of tidal flats
(Figs. 5a and 5b). The field observations show that, at stable tidal flat locations, the surface
area has increased since 1955 for almost all tidal flats (Fig. 5c). Also, the elevation of these
tidal flats has increased since 1955 (Fig. 5d). The increase in tidal flat height is partly the
result of high water level increase (Temmerman et al. 2004).

3.2.1. Numerical model

Model simulations were employed to determine effects of different disposal scenarios
as well as future stresses. Three disposal scenarios were tested. The channel dynamics for
the different disposal strategies show a clear difference between the control run (without
dredging) and the different dredged scenarios (Fig. 6). Because of dredging, the main
channel becomes more fixed than in the control run without dredging. The side and
connecting channels show some shifts between the disposal strategies, but there is no
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Fig. 5. Shoal development in the Western Scheldt from 1955 to 2017. (a and b) Ongoing merging of tidal flats, from
fragmented shoal complexes (a) to 2-3 large tidal flats per meso-cell (b). (c) Difference in the shoal surface area with
respect to 1955 shows an increase in tidal flat area for all locations. (d) Average tidal flat height difference with
respect to 1955 shows an increase at all tidal flat locations. The map was created in ArcGIS.
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clear distinctive effect of the different disposal strategies (Figs. 6b—6d). The tidal flats
distinguished between the channels are comparable in size and number between the
simulations.

See Supplementary Videos 3-5" for the channel locations over time for the model
simulations.

Future scenarios with increased navigation depths and SLR were also assessed. Where
navigation depth for shipping increases and thus dredging depth increases, the model
shows that the channel location for the various scales is more fixed (Fig. 7). In particular,
the total surface area that is covered by the main and side channel decreases with increas-
ing depth of dredging. Conversely, the SLR scenarios show that the surface area covered
by channels increases with increasing SLR rate: higher water levels are more likely to carve
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Fig. 6. Channel locations for different dredging strategies determined by the network extraction method for the
model runs. (a) Control run without dredging and disposal (DaD, dredging and disposal). Channel network over
time for the different disposal strategies, including (b) straightforward approach, (c) alternative approach, and
(d) the foreseen approach. The map was created in MATLAB.
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Fig. 7. Channel locations determined by the network extraction method for the model runs with different
dredging depths. (a) Control run with dredging depth of 14 m. (b) Dredging depth of 16 m. (c) Dredging depth of
18 m. (d) Dredging depth of 20 m. The map was created in MATLAB.
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and erode channels. This is particularly the case for the side channels and the connecting
channels, but less so for the main channel that seems more fixed to its current
location (Fig. 8).

The dredging volumes are equal for all the disposal strategies in the first years, but the
three strategies begin to deviate after 10 morphological years (Fig. 9a). The dredging volume
at the beginning is the result of the initial bathymetry, whilst in the later stages, as the
disposal strategy determines the new bathymetry, it also controls the dredging volume.
Contrary to our expectations, the required dredging volume for the disposal strategy with
disposal only in the scours of the main channel is lowest for the first 25 years, as the scours
get filled. The total dredged volume increases towards the end of the simulation. The alter-
native disposal strategy shows the highest required dredging volume, mainly because
dredged sediment is disposed physically close to the dredging locations. These findings
indicate that it is difficult to optimise the alternative disposal strategy in advance in a way
that limits the dredging volume and its associated costs for the targeted long-term effects
and thus, continued adaptation as done within the “flexible” approach remains desirable.

Increasing the minimum channel depth for navigation resulted in an increase in
required dredging volume (Fig. 9b), but mainly for the first five years. Afterwards, the
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Fig. 8. Channel locations for sea-level rise scenarios for a 40 years period determined by the network extraction
method for the model runs. (a) Control run with no sea-level rise. (b) Sea-level rise of 1 mm/year. (c) Sea-level rise
of 2 mmy/year. (d) Sea-level rise of 3 mm/year. The map was created in MATLAB.
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Fig. 9. Dredging volumes per year in the numerical model. (a) Modelled dredged volumes for the three disposal
strategies, that begin to deviate after 15 years of morphological time. (b) Modelled dredged volume increases
rapidly with minimum imposed dredging depth at the sills, whereas volumes decrease slightly over time with
higher sea-level rise rates.
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dredging volumes were comparable to the maintenance volumes of the current minimum
channel depth. SLR, meanwhile, led to a minor decrease in dredging volume (Fig. 9b).

4. Discussion

This discussion includes a description of the effects of dredging on the channels and
tidal flats in the estuary, a prospect of what future scenarios hold regarding the adverse
effects of dredging and the wider implications of dredging. The effects are described based
on the findings in the field and the flume experiments, whereas the future pressures of the
estuary are explained by the findings of the model simulations.

4.1. Increasing dominance of the main channel and intertidal flats

The ecological value of estuaries is partly determined by the cumulative area of
intertidal flats (Graveland et al. 2005; Desjardins et al. 2012). Particularly, the local physical
conditions, i.e., low-dynamic areas, are highly important for ecology in estuaries with a
complex spatial configuration of tidal flats, shoals, and channels (Ysebaert et al. 2003; Van
der Wal et al. 2017).

Our analogue flume experiments of multi-channel estuaries show that the tidal flats
increase in volume (Fig. 10a), due to the increase in area as well as in elevation, whilst dredg-
ing and disposal is ongoing. This increases the intertidal area and especially the total supra-
tidal area (Fig. 2). Tidal flats that were frequently used as disposal locations increased in
volume and elevation, causing an increase in elevation difference with the deeper dredged
main channel. While the tidal flat volume recovered somewhat in the undisturbed period
after the first dredging activities, the second set of dredging activities pushed the tidal flat
volume well away from that of the control experiments.

The bathymetric field data of the heavily dredged Western Scheldt confirms that, as
dredging volume increases, the median tidal flat volume calculated from area and elevation
tends to increase due to merging of shoals since the 1990s (Figs. 5 and 10b), resulting in an
increase in intertidal area. The tidal flat elevation above mean sea level (0 m NAP,
Amsterdam Ordnance Datum) has increased by half a metre since 1955 and slowed down
in the last decade in agreement with other analyses (Wang et al. 2015; De Vet et al. 2017).

Important criteria for the existence of, and the feasibility to maintain, a multi-channel
system are the estuarine width-to-depth ratio and flow velocity of the ebb- and flood-
dominated channels (Winterwerp et al. 2001; Leuven et al. 2018b). In rivers, shallowing of
one channel in a multi-channel system usually leads to destabilisation because fluvial bifur-
cations are unstable in most conditions (Bolla Pittaluga et al. 2015). Shallowing of one of the
main (ebb or flood) channels could therefore destabilise the multi-channel system, which
would also reduce the number of connecting channels over the intertidal flats (Jeuken
and Wang 2010) and the concurrent habitats. This statement should be further tested. The
network tool of Hiatt et al. (2020), used in this study, would be able to do a quick assessment
in determining the bifurcation angles and its development over sequential digital elevation
models.

Flume experiments and field observations consistently show increasing differences in
channel depth between the main, side, and connecting channels due to dredging.
Dredging deepens one of the channels and causes the side channels to become shallower
(Fig. 10c). Comparison between dredged and control experiments demonstrate that bed
elevation for the main channel becomes significantly deeper than the side and connecting
channels in case of dredging, whereas without interference, ebb- and flood-dominated
channels form that are equal in size (Fig. 10c). This suggests that, in a natural multi-channel
system in tide-dominated estuaries with low river discharges, the different channel scales
are connected and are equally important, and the imbalance in bed elevation in dredged
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Fig. 10. Increasing contrast between the deepening of the main channel and the consolidation of the tidal flats
shown by increasing tidal flat volumes, deepening main channels, and shallowing side channels and connecting
channels. (a) Tidal flat volume for the two experiments. (b) Tidal flat volume in the Western Scheldt since 1955.
(c) Median bed elevation for all three scales of channels for the two experiments. (d) Median bed elevation for the
main, side, and connecting channels in the Western Scheldt. In (a) and (b), the percentiles are taken from the
distribution of all tidal flat areas encompassed by the channel network, where the 80th percentile represents
the more extensive tidal flats.
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systems is a direct effect of the dredging. Moreover, the difference in channel depth
between main and side channels persisted long after dredging was terminated in the
experiment. These findings show that dredging leads to an unnatural imbalance among
the main, side, and connecting channels in a multi-channel system, and we expect that
the consequences are irreversible over the human lifespan.

Field observations confirm that, since dredging started, the main channel became
deeper, as expected, especially following major main channel deepening events (the
1970s,1997-1998, and 2010-2011, to the minimum water depths 0f 9.5, 11.6, and 14.5 m below
LAT (Swinkels et al. 2009), respectively). The volume of dredged sediment disposal into the
side channels was reduced when it appeared that this tended to close them off (Swinkels
et al. 2009; Jeuken and Wang 2010). The conversion to an alternative tidal flat disposal
strategy, where 20% of the dredged sediment was disposed on the seaward end of the inter-
tidal flats, resulted in stabilisation of the channel depth of the side channels, with the inten-
tion to improve the ecological valuable habitat. It was hoped that the new strategy would
improve the self-erosive capacity of the smaller-scale connecting channels (Roose et al.
2008). However, our network analysis shows that in the last five years, the connecting
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Fig. 11. Channel activity and number of channels. (a) The migration rate of the main channel for the two
experiments (DaD, dredging and disposal). (b) Fraction of reworked area in the entire study area over the past
60 years by the main, side, and connecting channels in the Western Scheldt. Note there is a jump in reworked
area around 1990 related to changes in the bathymetry data. (c) The number of channels for the two

experiments. (d) The number of channels in the Western Scheldt since 1955.
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channels continued to silt up (Fig. 10d), which could be due to the disposal strategy at the
seaward edge of the shoals (see loss of connections in Fig. 4c). This development jeopardises
the multi-channel nature of the system and the latest strategy fails to preserve the
ecologically significant connecting channels.

4.2. Decreasing channel dynamics and loss of connecting channels

Channels and intertidal flats form dynamic elements in natural estuaries (Hibma et al.
2004; Leuven et al. 2018a). The dynamics are determined by the displacement and migration
of the channels that results in erosion and accretion of the intertidal flats. The flume experi-
ments show that the main channel mainly migrates laterally, because of the decrease in
channel displacement and fixation of the main channel by the dredging activity. As result,
the meander bend increases in amplitude and sinuosity (Fig. 3b). Stabilisation of the
meander bend by dredging reduced the migration rate of the main channel in the experi-
ments by 10%-25% (Fig. 11a). Channels in the Western Scheldt migrate at different rates
depending on channel scale, occupying large portions of the estuary limited by the dikes
(Fig. 11b). The variation of the main channel location is limited laterally by geological
constraints and man-made structures and is furthermore fixed in place by dredging. In
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contrast, the connecting channels are largely free to migrate as they are not altered or fixed
for navigation, whereas side channels which are used for recreational ships can migrate but
are limited by human interference and by the estuary geometry that is fixed by the
embankments.

Actively disposing dredged sediment at the seaward side of intertidal flats was expected
to increase adjacent low-dynamic tidal habitat are and also increase dynamics of the con-
necting channels (Roose et al. 2008), but surprisingly, the opposite was observed in the field
data and experiments. Smaller-scale connecting channels link the large ebb and flood chan-
nels. The smaller channels often display a quasi-cyclic morphologic behaviour, character-
ised by processes of channel origination, migration, and degeneration at a timescale of
years to decades (Van Veen 1950; Jeuken 2000). Water level differences between the ebb
and flood channels drive the flow of water through these connecting channels. Moreover,
connecting channels form where the difference in water levels is the largest, typically in
shoal areas at the landward end of the flood channel (Swinkels et al. 2009). The large reduc-
tion in dynamics of the connecting channels is demonstrated by the decreasing number of
connecting channels since 1955, whilst the number of side channels remained the same or
slightly increased (Fig. 11d).

This observation is confirmed by the flume experiments, which show a general decrease
in the number of channels for the dredged scenarios compared to the control runs (Fig. 11c).
This is again especially true for the number of connecting channels, which reduces by
almost 50% during dredging and remains 10%-20% lower for the period after termination
of dredging. Reduction of the dynamics is a problem, because in the field this means that
less areas are substantially reworked of their muddy sediment by the migration of the
connecting channels. Mud-rich areas are desirable for establishment of valuable habitats
(Van der Wal et al. 2017). However, some parts of the estuary may experience the establish-
ment of salt-marsh areas due to the increase of the tidal range and accumulation of mud,
which is beneficial for the system. The disposal strategy could also assist in developing
more low-dynamic areas that form valuable habitats. The shoal edge disposal strategy did
increase the low-dynamic area (Plancke et al. 2017a, 2017b), which was one of the original
reasons to oppose this strategy.

4.3. Effects of future pressures on the estuary

The numerical modelling afforded the possibility to explore effects of future pressures
on the estuary development. Since dredging began at early 20th century, the disposal strat-
egy has evolved with the aim of counteracting the adverse effects of dredging. Model runs
for an alternative tidal flat disposal strategy show very little difference with the previous,
straightforward strategy (Figs. 12a and 12b). For the near future, a new strategy was pro-
posed to dispose dredged sediments in the deep scours of the main channel (Huisman et al.
2018). Our model simulations for this strategy of dredged sediment disposal solely in scours
of the main channel, indicate that this reduces the adverse effect of decreasing channel
dynamics (Fig. 12a) and halts the increase in tidal flat volume (Fig. 12b). In case of the
Western Scheldt, the total scour volume available for disposal is 1.7 x 10° m?. This was calcu-
lated by the difference between the current navigation depth of 14.5 m LAT and the actual
depth at all scours in the Western Scheldt, including the deep scours at Vlissingen and
Borssele, and assuming no limitation by the allowed permits. This means that with a
disposal rate of 10 x 10° m?>, it will take at least 100 years to fill the deep scours, assuming
that the sediment simply fills the scours and is not transported out. The presence of the
scours suggests that sediment was transported out from these areas of the river bed and
this promising disposal strategy has been tested (Huisman et al. 2020; Huismans et al.
2020; Stark et al. 2020), which is discussed later in section 4.4.
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Fig. 12. Effect of future scenarios on channel dynamics, expressed as reworked area, and ecologically valuable
waterline length, represented by intertidal flat volume. The effect is compared against a control run, and
therefore shows a relative effect. (a) Effect of disposal strategy on changes in the reworked area. (b) Effect of
disposal strategy on changes in tidal flat volume. (c) Effect of dredging depth on changes in the reworked area.
(d) Effect of dredging depth on changes in tidal flat volume. (e) Effect of sea-level rise on changes in the reworked
area. (f) Effect of sea-level rise on changes in tidal flat volume.
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Increasing vessel draft (Rodrigue et al. 2017) brings further management challenges.
Increasing the minimum main channel depth in the model simulation shows decreasing
dynamics of the main channel, whereas there appears to be a minimum in connecting
channel dynamics (Fig. 12c). While channel dynamics decrease with dredging depth, there
is no systematic increase in tidal flat volume with dredging depth. The tidal flat volume is
annually 10%-25% higher for 16-20 m water depth, respectively (Fig. 12d). We argue that
further deepening of the shipping fairway for short-term economic purposes should be
carefully evaluated against long-term ecological value, as a further decrease in channel
dynamics will directly affect intertidal flat dimensions and therefore valuable habitat area
as shown by past developments in the Western Scheldt and by scenarios in the numerical
modelling and experiments.
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Future threats from SLR are expected in estuarine systems (Blott et al. 2006; Leuven et al.
2019) and should be a key issue in future assessments for understanding the dynamic
response of channel-shoal interactions in estuaries. Here, we systematically evaluate the
response of the estuary to various SLR scenarios based on the Intergovernmental Panel on
Climate Change Fifth Assessment Report (Church et al. 2013). We expect that SLR has less
effect on the channel-shoal interactions compared to the deepening of the shipping fairway
because the rates are small compared to the draft depth rate of 140 mmy/year for the con-
tainer-vessels. The growth of an estuary with SLR depends on the sediment supply that
needs to be sufficient from the seaward or landward side (Leuven et al. 2019). For the
Western Scheldt that is flood-asymmetric, sediment is mainly imported from sea. We
expect that modest SLR will transport additional sediment into the estuary. The model sim-
ulations showed a doubling of coastal sediment input for the lower bound of SLR, up to
150% increase for the upper bound of SLR, based on bed elevation differences after 40 years
morphological development. The actual import will partly depend on ebb delta dynamics,
alongshore drift, sediment availability, and changes in tidal amplitude due to shifting off-
shore amphidromic points (Leuven et al. 2019), none of which are considered in the present
model runs. The model scenarios show that limited future SLR will cause a valuable
increase in dynamics of the side and connecting channels, though the main channel
becomes even further fixated (Fig. 12¢). Intertidal flat elevation increases with the SLR in
the model run whilst tidal flat volume decreases (Fig. 12f).

4.4. Management recommendations and wider application

Human intervention is very common in estuaries around the world. The morphology of
estuaries including location and presence of bars and shoals, amount of intertidal flats,
number of channels, and side channels are directly impacted by these human interven-
tions. Model simulations reveal that current dredging strategies are not sustainable, and
current disposal strategies to counter adverse effects are, however, limited in their effec-
tiveness. Moreover, the experiments suggest that channel-shoal interactions in anthropo-
genically altered estuaries are affected for a much longer time-span than the period of
dredging.

We argue that not only dredging but also, the disposal strategies are equally important
for maintaining suitable conditions for the ecologically valuable multi-channel system to
persist (Boyd et al. 2000; Jensen and Mogensen 2000; Wang et al. 2015). For the Western
Scheldt estuary, the disposal strategy has changed over the years. A promising strategy
could be the scour disposal strategy whereby dredged sediment is disposed in the scours
of the main channel (Huisman et al. 2018). The effectiveness of the strategy depends, how-
ever, on future developments such as increasing vessel draft, SLR, and economic impact.
For instance, if disposed material is instantly washed away, dredging intensity increases.
This, however, is not the case for the pilot projects (Huismans et al. 2020; Huisman et al.
2020; Stark et al. 2020), nor do the dredging volumes in this study show an increase in the
intensity. Overall, the pilot test of the scour disposal project showed that sediment is trans-
ported mainly to the inner bend (Huisman et al. 2020; Huismans et al. 2020), which
increases the chance of shoal margin collapses which have been proven to be common in
the study area (Van Dijk et al. 2018). Shoal margin collapses lead to sediment deposition
back in the scour. Regarding the multi-channel system, the scour disposal strategy limits
the shallowing of side channels (Huisman et al. 2020), which is an improvement compared
to the shoal edge disposal strategy. Still, there are some questions remaining concerning
the scour disposal strategy and how it can and will work as numerical models struggle to
reproduce the hydrodynamics and sediment stability in these scours (Huisman et al. 2020;
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Stark et al. 2020), therefore, continuous monitoring is necessary to further understand the
advantages and disadvantages (Huismans et al. 2020).

We would argue that further deepening of the main channel should be carefully consid-
ered against adverse effects. In view of future SLR, it is highly advisable that the sediment
be kept in the system rather than mined or disposed of outside the system. A further
decrease in channel dynamics and displacement destabilises the valuable multi-channel
system, including intertidal flats, which determines the existence and persistence of the
ecologically important habitat, and the depth of side channels for navigability of smaller
inland vessels (Nichols 2018). Furthermore, dredging increases the tidal range resulting in
higher flood risk, alters ebb-flood dominance, and peak velocity increases that complicates
navigability (Liria et al. 2009; Colby et al. 2010; Leuven et al. 2019). On the other hand, the
increase in channel dynamics associated with SLR provides an opportunity to restore eco-
logically valuable areas, by increasing intertidal flats and the number of connecting chan-
nels that flow through and feed these systems, which may also help to adapt the system
to the SLR (Kirwan et al. 2016; Leuven et al. 2019).

5. Conclusions

We presented three methods to study the effect of dredging and disposal on the multi-
channel character of an estuary and on the area of ecological valuable intertidal flats within
the estuary. For this study, we used a network extraction method that determines automati-
cally the channel network from the bed elevation. The applied network extraction method
facilitates the quantification of channel dynamics and the multi-channel character of the
system. We show that in systems with dredging, the number of channels and the dynamics
of channels decreases for the experiment, field observations, and model study. Due to amal-
gamation, i.e., merging, of the intertidal flats, the total area of intertidal flats increases, but
the circumference of the intertidal flat reduces, which has a consequence on the ecological
value of the intertidal flat. The current flexible disposal strategy in the Western Scheldt is
successful in sustaining the multi-channel character of the system. However, increasing
dredging depth for shipping may cause a further imbalance between the main and side
channels within the multi-channel system. This will probably further reduce the dynamics
of the system. Meanwhile, additional sediment import (assuming sufficient sediment avail-
ability) due to SLR could restore the balance somewhat by increasing the dynamics of the
system.

From our laboratory experiments, field data, and numerical model study, we conclude
that fairway dredging decreases the dynamics of all channels and the area of ecologically
valuable tidal flats. The current disposal strategy that aims to reduce these effects is not suf-
ficient to restore the natural equilibrium. Further deepening of the navigation channel will
accelerate the adverse effects of dredging, whereas SLR scenarios show potential improve-
ment of channel dynamics and intertidal flat volumes. These findings show that dredging
leads to an unnatural imbalance among the main, side, and connecting channels in a
multi-channel system, and based on the laboratory experiments, we expect that the conse-
quences are irreversible within the human lifespan.
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