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Abstract

Tidal inlets regulate the exchange of water and sediment between the open sea and adjacent
basins. In many locations, engineering interventions combined with coastal protections
and polders have intensified erosion and scouring. This study reports on a three-year
monitoring program following the implementation of a Nature-based Solution (NbS) at
a previous engineering tidal inlet in the Zwin, located along the Belgian–Dutch coast. In
2019, large-scale modifications to the intertidal zone and the opening of a dyke doubled the
surface area of the tidal inlet and its associated tidal marsh. Results revealed rapid and sub-
stantial morphological adjustments: the main channel deepened, widened, and migrated
eastward. Sediment balance analyses showed stability at the inlet entrance but material loss
further inland. Tidal prism and cross-sectional measurements indicated a fourfold increase
in tidal prism immediately after NbS implementation, triggering strong channel responses.
Within a year, the channel cross-sectional area reached a new equilibrium, which remained
stable in the following years. These patterns highlight active sediment transport driven
by coupled hydrodynamic and morphodynamic processes. Using an extensive data set, a
conceptual model is presented to illustrate how the NbS influenced tidal inlet dynamics
through the interaction of flow and sedimentation processes.

Keywords: tidal prism; tidal inlet morphology; macrotidal; Nature-based Solution

1. Introduction
The tidal inlets are common systems, acting as a conduct to exchange water and sedi-

ment between the sea and the inland water basins. Primary tidal inlet systems are present
along many sandy coastlines chains of barrier islands, e.g., [1–3]. The morphodynamics
of these systems have been studied extensively [4–6] and many empirical relationships
have been found, e.g., [2,4,7]. This contrasts with the limited studies on secondary tidal
inlet systems. They typically occur in breached sandbank systems or along dune areas
with low-lying former beach plains that function as back-barrier basins [8]. These systems
are connected to the sea by a small channel, often bordered by tidal marshes. Breached
sandbank inlets are generally short-lived, persisting for only a few years, whereas breaches
through foredunes may remain open for decades or longer. Secondary tidal inlets are
usually only a few meters wide and long, with tidal prisms ranging from 105 to 106 m3 [9].
The bed level in both the back-barrier basin and the inlet itself is relatively elevated, which
creates large variations in the wet basin area between fair-weather and storm conditions
and leads to the truncation of the tidal signal [10]. These distinctive morphological features
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strongly influence the morphodynamic evolution of secondary tidal inlet systems. Their
size and controlling processes are closely linked to those of ephemeral inlets (intermittently
open/closed inlets) and washover systems [11,12].

Throughout their development from formation, maintenance, to eventual degenera-
tion, three hydrodynamic forcings are dominant: tidal currents, waves, and storm surges [4].
However, these natural processes can be strongly influenced by human activities. For en-
gineering inlets, characterized by hard engineering structures such as dykes, jetties, and
breakwaters, the hydrodynamic processes are constrained, limiting the evolution of the
cross-sectional area to vertical adjustment in bed elevation. The fixed boundaries at both
sides of the inlet constrict and accelerate the flow, leading to the scouring of the order
of tens of meters high, and generally preventing the formation of shoals and multiple
channels [13]. The environmental and economic importance of tidal inlets makes it crucial
to protect this environment. Today, Nature-based Solutions (NbS), inspired and supported
by nature, are increasingly being promoted as effective approaches to address the growing
vulnerability of coastal areas to erosion and flooding risks [14]. These approaches harness
the natural functions of ecosystems to help reduce the impacts of coastal hazards. The
implementation of NbS in engineering tidal inlets poses major challenges with respect to
navigation channel maintenance, coastline stability, and inland flooding.

The Belgian coast has been marked by recurring cycles of barrier breaching and
storm surge-induced intrusions, leading to coastal plain flooding, inlet scouring, silting of
inundated areas, reduced tidal flow, and eventual inlet closure through spit formation. Over
the past millennium, these natural cycles have been increasingly accelerated by human
interventions, primarily through two key mechanisms: (1) artificial land reclamation, which
reduces the tidal prism associated with an inlet more rapidly than it would occur under
natural conditions, and (2) drainage of reclaimed or silted-up areas through networks of
ditches to improve agricultural usability. In peat-rich areas, this drainage causes significant
volume reduction due to peat oxidation and compaction, leading to land subsidence. A
notable side effect of land reclamation is the inhibition of natural surface aggradation
through sediment deposition during flood events. A clear example is the Zwin tidal inlet,
the last active tidal inlet along the Belgian coast, where the marsh surface now stands
approximately 1 m higher than the surrounding polder landscape [15]. In modern times,
the surface area of the Zwin has been progressively reduced to accommodate expanding
agricultural demands, leading to a decline in the ecological services provided by the
tidal inlet. Additionally, continuous sediment deposition has occurred due to local tidal
asymmetry, characterized by a shorter, faster flood phase and a longer, slower ebb phase.
This asymmetry promotes net sediment import, leading to excessive sedimentation, which
threatens the local biological diversity. To restore its ecological function and mitigate the
excessive sedimentation, a NbS was implemented at a secondary tidal inlet within the Zwin
(Figure 1).

At the beginning of the millennium, the Zwin inlet covered a much larger surface
area, but successive human interventions aimed at expanding agricultural land led to a
significant reduction in its size. Large scale intervention works took place in the Zwin from
August 2016 to February 2019 (Table 1), aiming to increase the tidal prism by enabling more
and faster seawater flow in and out of the channel in order to reduce the silting process.
Specifically, the intention of the channel extension was to allow three times as much
seawater to flow in and out by increasing the tidal prism up to 1 million m3. In preparation
for the intertidal expansion of the Zwin, important excavation works were carried out in the
channel and the dunes located west of the channel mouth in 2016–2017. This intervention
involved a total estimated removal of about 426,400 m3 sediments. The intertidal area of
about 150 ha was doubled to about 333 ha by depoldering the Leopold polder. Then, the
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actual expansion took place on 4 February 2019 when a large breach was dug in the Leopold
dyke, separating the existing intertidal area from the newly floodable area (Figure 2). The
goal of this NbS implementation is to support nature in order to simultaneously provide
environmental, social, and economic benefits and help build coastal resilience.

Figure 1. Study site (A) before and (B) after the opening of the dyke.

Table 1. Timeline of the intervention and the LiDAR surveys at the study site.

Year Time Intervention Sensor Type

2016
06–09 Excavation work in the Zwin plain and tidal area
09–12 Excavation of the west dunes

2017 02–03 Removed of the Leopolder

2018 06/11 LiDAR survey Riegl Q680i

2019
28/01 Lowering the old dyke
04/02 Opening of the dyke
20/04 LiDAR survey Riegl Q780

2020 10/04 LiDAR survey Riegl VQ1560-II

2021 28/04 LiDAR survey Riegl Q780

2022 23/02 LiDAR survey Riegl VQ1560-II

The implementation of NbS in the Zwin aimed to develop sustainable nature man-
agement by enhancing the natural dynamism of the inlet system and restoring several
important types of habitats. Extensive topographic monitoring was carried out before and
after the extension of the intertidal area over a three-year period during which significant
morphological evolution was anticipated. These data enabled the evaluation of whether
the interventions met their intended objectives and provided insight into the morphological
response of the system. The aim of the present study is to improve understanding of the
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temporal evolution of secondary tidal inlet system such as the Zwin. For the first time,
morphological changes are reported following the implementation of NbS measures.

 

Figure 2. Opening of the dyke on 4 February 2019. (A) During the beaching of the dyke; and (B) few
hours later. Figure 1 displays the location.

2. Materials and Methods
2.1. Study Site

The Zwin inlet is composed of a main channel exceeding 1.3 km in length from the
seaward entrance to the most inland branches of the inlet (Figure 3). It is a macrotidal
system with a tidal range from 3.5 at neap tides to 5 m at spring tides, dominated by the
semi-diurnal component of the tide. The Zwin tidal inlet intersects the beach plain backed
by the Belgian and Dutch coastal dunes. The sand flat is characterized by dynamic sandy
bedforms and rimmed by tidal flats backed by tidal marshes above 4 m TAW (vertical
reference datum corresponding to the low spring tide in Ostend) at the western side of the
inlet, while an intertidal beach with dunes is present at the eastward side. The entrance inlet
unit, controlled by both waves and tides, has a main tidal channel which is approximately
200 m wide and oriented 170–350◦ (SSE-NNW). Its bed elevation is around 1.2 m TAW
in the seaward part while it is slightly shallower in the more landward part of the inlet.
The sandy bedforms consisting of banks and bars as well as secondary channels give the
main channel a morphologically meandering and dynamic character. The inland inlet
unit, controlled just by tides, includes the inland continuation of the tidal channel oriented
140–320◦ in the seaward part, while in the landward part its orientation is 180–360◦. The
channel is generally less than 100 m wide, with an average bed elevation of 2 m TAW. It
undergoes multiple bifurcations, creating a complex network of small meandering channels
and tidal flats. This results in temporal and spatial variability in channel width. The inlet is
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mainly characterized by sand with a D50 ranging from 360 to 650 µm. There is no other
fresh water input except for precipitations.

Figure 3. Topography from the LiDAR DEM on 23 February 2022 with the delimited zones of the
tidal prism calculation.

2.2. LiDAR Survey Acquisition and Processing

Airborne topographic LiDAR surveys were commissioned along the entire coast by the
Coastal Division. The required specification of the commission of the LiDAR surveys was
to measure the topography from the dunes to the low water line along the entire Belgian
coast. The required point density was a minimum of 8 pts/m2, evenly distributed over
the terrain surface, with four returns registered per pulse. Additionally, a maximum water
level of +0.75 m TAW during flight was specified. Finally, an altimetric accuracy better than
0.05 m on hard or unvegetated surfaces, and a horizontal accuracy better than 0.10 m, were
required. Data therefore belongs to this governmental authority. Surveys were usually
carried out at low tide (Table 1). However, some small areas do not drain completely at low
tide. Here, no signal from the ground surface was obtained. For each survey, the elevation
point clouds (x, y, z), corresponding to the ground points, with a density of ≥5 points/m2

were used to generate a Triangulated Irregular Network (TIN). This was then converted to
a Digital Elevation Model (DEM) with 2 m cell size in 2016 and 1 m cell size for the recent
surveys resulting from the point density. Then, DEMs of difference were calculated from
the DEMs, by subtracting the elevations in each grid, on a cell-by-cell basis, in order to
visualize the morphological changes. The survey error (root-mean-square) is below 0.03 m
based on 225 ground check points.
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2.3. Calculation of the Tidal Prism and Cross-Sectional Area

The tidal prism of the Zwin inlet was calculated from the LiDAR DEMs on an ArcGIS
system. Based on the morphology derived from the surveys performed at low water,
six distinct areas were defined, corresponding to parts of the intertidal basin that are
successively flooded during the rising tide (Figure 3). Zones 2, 3, 4, and 5 were progressively
flooded through the tide cycle while Zone 6 remained mainly dry due to the presence of
high dunes. The contributions of all partial areas were aggregated to calculate the tidal
prism for two key cross-sections: one at the inlet entrance and another at the boundary
between Zone 1 and Zone 2. This calculation was performed for water levels ranging
from 3 to 6 m TAW, using a vertical resolution of 0.1 m. The method used for tidal prism
estimation is illustrated in Figure 4. It was applied across all LiDAR surveys, enabling the
assessment of tidal prism variation with water level for each data set.

Figure 4. Principle of calculating the tidal prism; cross-sectional area (A), and elevation (B, C, D) of a
tidal inlet channel.

The stability condition is applied to tidal inlets with the relationship between the
cross-sectional area, A (m2), of a tidal inlet channel in equilibrium and the tidal prism,
P (m3), which is the volume of water flowing with each tidal cycle through it [8,16]. It is
reported that a part of the alongshore transport operating in the elevation range of the tidal
channel mouth tends to choke and fill the channel. If sufficiently strong, the ebb currents
flowing out of the inlet can remove the sand and keep the channel open. A dynamic
equilibrium relationship between A and P is assumed to exist at the narrowest part of the
tidal channel through the action of the current strength in the channel that is controlled by
P and in turns controls A. For a given area, the transport capacity in the channel due to
the ebb current equals the relevant part of the coastal longitudinal transport, and the inlet
channel is in dynamic equilibrium. Both the cross-sectional area and the tidal prism are
usually taken at mean spring tide level. The relationship that links the tidal prism (P) and
the minimum cross-sectional area (A) was determined, based on the form [8]:

A = cPq (1)

where c and q are empirical coefficients.
The equilibrium is dynamic because at an event time scale, morphological changes

can occur, but an average state can be observed over a time scale of months.

3. Results
3.1. Morphological Evolution
3.1.1. Large-Scale Dynamics of the Inlet

Following the opening of the dyke, significant morphological changes exceeding 2 m
in elevation occurred along the channel banks at the yearly scale. However, the changes
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remain within +/− 0.5 m in most of the area (Figure 5). After 5.5 months (November
2018 to April 2019), the inland inlet experienced a sediment volume loss of approximately
−19,040 m3 corresponding to an average elevation decrease of about 0.18 m. During
the same period, the sediment volume in the entrance inlet did not significantly change.
The sand balance of the inlet area changed after this first period (2019–2020). Between
November 2018 and April 2020, the sediment losses reached approximately 36,340 m3

in the entrance inlet and 45,300 m3 in the inland inlet, significantly exceeding the losses
observed during the first six months following the dyke opening. Noteworthy, sediment
accretion in the entrance inlet dominated in 2022, whereas the inland inlet was still losing
sand material. Therefore, sediment loss occurred in the inlet area during the period of
2.2 years after the opening of the dyke, while it was much lower over the period from 2021
to 2022. One contributing factor is likely the sand supply from the coastal nourishments on
the adjacent coasts of Knokke and Cadzand. These nourishments resulted in the formation
of a large accretion area, approximately 400 m long and 190 m wide on the western side of
the entrance inland within the tidal area.

Figure 5. Morphological evolution of the tidal inlet based on LiDAR DEMs of difference between the
pre-opening period of the dyke opening in November 2018 and the recent surveys. Uncertainty for
the entrance inlet and inlet is +/− 31,270 m3 and 7530 m3, respectively.
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Three years after the large-scale interventions (November 2018 to February 2022), the
sediment loss in the inland inlet exceeded 46,890 m3 corresponding to an average bed
elevation reduction of 0.58 m over the monitoring period. In contrast, the entrance inlet
showed a net sediment gain of 30,940 m3. Significant morphological changes occurred
in the main channel which became both deeper and wider. A clear eastward shift in the
main channel was observed ranging from 4 to 45 m by February 2022 compared to the
pre-opening configuration in November 2018, with an average migration rate of 4 m/year.
Additionally, westward channel migration at the border of the entrance inlet and the inland
inlet took place, at around 600 m from the seaward entrance. This shift coincided with
a decrease in height of the sandbank located along the westward edge. Spatial dynamic
variation also occurred in the entrance inlet with alternating zones of accretion and erosion
developing parallel to the coast as well as on the edge of the tidal marsh and dune line.
This pattern is indicative of the alongshore migration of three-dimensional sandy bedforms
likely driven by the littoral drift. In the inland inlet, erosion dominantly along the east side
of the channel suggests deepening associated with eastward migration, while the western
side of the inland inlet is subject to minor accretion along the edge of the marsh.

3.1.2. Entrance of the Inlet

On 23 February 2022, the survey recorded the lowest channel elevation at 1.3 m TAW,
compared to 1.7 m TAW before the dyke opening, indicating a deepening of 0.4 m. A large
difference in elevation up to 2.3 m occurred between April 2019 and October 2020 in the
center of the channel primarily due to eastward migration of the channel (Figure 6), while
subsequent periods saw smaller elevation changes, below 1.3 m. A slightly lower depth
in the channel is observed in the later surveys. From 2021 to 2022, the channel migrated
approximately 30 m eastward, most likely influenced by the presence of the westward
sandbank. Channel width changed over time, expanding from 322 m before the opening
to 358 m in April 2021, before decreasing in 2022. Overall, the channel has widened by an
average of 40 m since the dyke opening until 2022.
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Figure 6. Cross-channel profiles from November 2018 (pre-opening) to February 2022. Figure 3
displays the location of the profile.
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3.2. Evolution of the Tidal Prism

The tidal prism increased gradually with water levels up to approximately +4.7 m TAW,
above which flooding of the tidal flats and marshes caused a rapid increase in tidal prism
(Figure 7). From the level +5.2 m TAW, the contribution of higher elevation classes remains
equal, and therefore there is no extra area to flood, and the contribution is equal to the rise
in water level. It can be seen that the tidal prism at water level of +5 m TAW multiplied
by about 2.5 when the intertidal area was expanded in February 2019. The proportional
increase in the lower elevation classes was even larger. The tidal prism remained relatively
stable over the first three years after the expansion, with a maximum recorded in 2020,
although the deviation from the other post-expansion surveys was less than 1%.

 

Figure 7. Evolution of the tidal prism in the entire tidal basin as a function of water level through time.

Both the tidal prism and cross-sectional area at the border of Zone 1 and 2 increased
significantly two months after the expansion of the intertidal area (Table 1). The tidal prism
nearly quadrupled and then remained stable over the first two years after the expansion.
The cross-sectional area first increased by about 25% in April 2019 and by 70% in April
2020, before decreasing to about 66% in April 2021. Although the tidal prism changes
post-expansion are within the estimated measurement accuracy, they exhibited a consistent
pattern of a slight increase until 2020, followed by a modest decline (Figure 8).

Following the expansion of the tidal inlet, the channel responded with a clear increase
in the cross-section, completing this adjustment by 2020–2021. The morphological change
in the considered cross-section was minor, but numerous sandbanks of about 2 km long
and parallel to the main channel migrated landward, indicating a net sediment import
into the area. This indicates that sediment storage decreased in the lowest part of the main
channel, thereby reducing the available accommodation space in this area.
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Figure 8. Cross-sectional area A versus tidal prism P for the successive available surveys in the entire
tidal basin.

4. Discussion
4.1. Morphological Behavior of the Entrance and Inland Inlet

Hydrodynamic forcings control the direction and magnitude of sediment transport
and its divergence, leading to patterns of erosion and accretion, and ultimately shaping the
morphology of the topography and coastline [7,17]. Three years after the dyke’s opening in
February 2019, significant morphological changes occurred in the entrance inlet. Spatial
and temporal morphological changes were observed with alternating accretion and erosion
zones either situated parallel to the coast or near to the edge of the tidal marsh and dune
line. This footprint was typical of a three-dimensional pattern migration with a complex
interplay between sandy bedforms near and inside the inlet channel. Topographic cross-
shore profiles (Figure 6) show the channel deepened by nearly 0.4 m at its center, up to
40 m wider. Also, its thalweg moved eastward in 2022 compared to the pre-opening period.
In the entrance inlet, the average channel migration rate to the east was 4 m/year which
is undoubtfully driven by the eastward longshore drift. Migrating tidal inlets tend to be
shallow when they remain open and are subjected to wave and tidal processes, and are
controlled by a dominant longshore transport direction [2]. Also, the authors reported that
the antecedent topography strongly affects the location of tidal inlets and its dynamics.

The combination of wave-induced and tidal currents are the main forcing factors
driving morphological changes in the entrance inlet as reported previously in [18] (Figure 9).
A regime of ebb-dominance was found in the channel center, and to a lower degree at
its eastern side, while the western side was flood-dominated. Typically, the ebb phase
lasts twice as long as the flood phase [19]. Despite high spatial and temporal variability
in bedform mobility, sediment volumes in the entrance inlet showed no clear trend since
dyke opening. This likely reflects a balance between wave-driven sediment input from the
Belgian and Dutch coast as evidenced by the formation of sand spits on both sides and
the tidally driven material exported from the entrance inlet. The absence of a developed
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ebb delta at the Zwin inlet entrance suggests exported sediment is transported offshore
or deposited further inland, such as in marshes or tidal accretion zones like the former
Leopold polder to the south.

 

Figure 9. Conceptual model of the morphological changes and hydrodynamics under calm weather
conditions at the Zwin inlet. Arrows indicate the direction of movement of morphology based on
successive DEMs. The gray contour lines correspond to 5 m TAW.

The dominant littoral drift has driven the long-term trend of eastward migration
for the Zwin channel. The significant erosion in the south-east part of the entrance inlet
reflected these dynamics. However, local sand supply from the north, along the Dutch
coast, also drove the growth of a spit at the east side of the channel entrance. The combined
dynamics of spits and secondary meanders cut off an area along the Dutch basalt dyke
which functioned as a backwater pond (Figure 9). Suspended sediment deposited in this
area is referred to as the backwater pond effect when water still remains after complete
draining of the tidal marsh. Further important morphological changes shaping the inland
inlet occurred after the dyke’s opening in 2019. Two opposite morphodynamic trends
were observed in the inland inlet: sediment gains at the western side, while erosion
dominated the central and east of the inland inlet where a net eastward shifting of the
channel has occurred (Figure 5). Approximately 71% of the area that is defined as inland
inlet experiences erosion, resulting in an average bed level elevation reduction of 0.44 m
over the monitoring period.
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Morphodynamic changes within the inland inlet were spatially heterogeneous. As ob-
served in the entrance inlet, the channel deepened up to 1.36 m at multiple locations, where
it increased its width and constantly migrated eastward. The eastern side of the inland
inlet experienced the highest erosion rates during the first year, with rates decreasing sub-
stantially in the next two years. Subsequently, the channel exhibited limited net migration,
oscillating laterally in a pattern indicative of a transition toward dynamic equilibrium.

The combination of a narrow channel width and increased discharge post-intervention
likely enhanced peak tidal current velocities, thereby accelerating bed erosion and con-
tributing to large-scale channel adjustments, including its progressive eastward shift. Along
the channel’s longitudinal profile, erosion and deposition alternated along the banks. While
some tendency toward meandering was observed, lateral channel development on the
Dutch side was constrained by the presence of a basalt dyke. Therefore, erosion and depo-
sition alternated along the channel banks, with meandering limited on the Dutch side by
the basalt dyke. In contrast, the western side of the inland inlet is accreting with sandbanks
development. This development, observed since 2019, was likely fed by sediment from
the entrance inlet, suggesting a strong interaction between the entrance and inland inlet
units. This is in agreement with the observation of the secondary tidal inlet of Slufter (The
Netherlands) where the high dynamics seaward end of the channel is strongly connected
to the evolution of its landward side [10].

The development of sandbanks and other local topographic bedforms such as mean-
ders and small bars shifting between tidal cycles reflects an active and continuous local
bed transport. These secondary features represent localized expression of processes that,
over longer periods, shape the overall channel behavior. It was reported [18,20] that the
interactions between topography and tidal hydraulics lead to a spatial complexity of the
channel and bedforms in the Zwin inlet with a textural trend ranging from coarse sediment
and shell deposits in the entrance to fine sediment in the inland inlet. The net sediment
input was mainly caused by tidal asymmetry. Additionally, the alongshore coastal sand
transport contributes to the long-term trend of the entrance channel eastward shift. This
rate was on average 23 m/year before human interventions in the 1980s [19].

4.2. Relationship Between Tidal Prism and Cross-Sectional Area

Just after the opening of the dyke, the channel was not yet in a morphodynamic
equilibrium, but this was attained in 2020. In this study, an exponential relationship
(Figure 9) was found between the tidal prism (P) and the cross-sectional area (A) for
a generic tidal inlet, which was equal to A = 0.52P0.46 (r2 = 0.993). The general A–P
relationship and coefficients for inlet channel stability were not confirmed for the Zwin
inlet. This is in agreement with [20]. An aspect that may have been overlooked so far is the
effect of sediment entering the inlet, although it is indirectly considered through changes in
the tidal prism. Existing equilibrium models for inlet channels only consider the balance
between sediment infilling driven by longshore transport and sediment removal due to
ebb-tidal discharge, without explicitly incorporating external sediment supply. In the Zwin
tidal inlet, sediment was also transported by the flood currents from the channel entrance
to the tidal marsh. This is a condition that probably arises in nearly all inlets, as they all
tend to attract sediment from the marine environment. The changes in time of the A–P
relationship observed for the Zwin tidal inlet nevertheless showed a clear and consistent
pattern. Sediment transport patterns and directions are important with respect to tidal inlet
development, stability, and evolution [7,17,21]. In addition, tidal range and tidal prism as
well as sediment supply shape the morphology of the inlets and their relationships with
sandy bedforms [2,22].
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As expected after the tidal expansion in 2019, the entire inlet changed, responding to
both hydrodynamic and morphological feedbacks. Driven by the increasing tidal prism,
the access channel adjusted by widening and deepening to accommodate the exchange
of larger water volumes. The results show that the intertidal water volume that enters
into the Zwin during a tidal cycle strongly depends on the tidal amplitude. In a similar
secondary tidal inlet system such as Slufter, ref. [10] reported that the evolution of the
secondary tidal system during storms was primarily driven by flooding of the beach plain
at the mouth and the tidal marsh areas within the back-barrier basin. This resulted in
highly non-uniform flow patterns through the inlet. Furthermore, the maximum water
levels reached during storm events were identified as a key factor in understanding the
system’s morphological evolution.

Analysis of the tidal prism and cross-sectional indicates that the tidal expansion in
2019 led to a nearly fourfold increase in tidal prism, prompting a rapid and pronounced
response in the entrance channel. A large sandbank was rapidly cleared during the first
year after expansion. As a result of this, the channel cross-sectional area attained a new
equilibrium around 450 m2 in April 2020. Both tidal prism and cross-sectional areas at
the border of Zones 1 and 2 significantly increased at the moment of expansion, with the
tidal prism remaining stable during the first two years that followed. The entrance channel
responded rapidly and significantly followed the opening of the dyke. This indicates that
the implementation of NbS in the Zwin through the extension of the tidal inlet and the
opening of the dyke can be considered successful three years after its execution.

5. Conclusions
This study presents the first assessment of a NbS applied to a previously engineered

tidal inlet in a macrotidal, semi-diurnal setting. In February 2019, the Zwin tidal inlet,
located along the Belgian–Dutch coast, underwent major modifications with the removal
of the inland dyke, extending the intertidal area. This intervention triggered rapid and
significant morphological changes during the first year, after which the system reached a
dynamic equilibrium over the next two years.

The morphodynamics of the entrance inlet reflected the combined influence of waves,
tidal hydrodynamics, and sediment supply, with sand input playing a key role. The
main channel deepened considerably at its center, widened noticeably, and its thalweg
shifted eastward. Despite marked spatial and temporal variability, sediment volume in the
entrance inlet remained relatively stable since the dyke’s opening. This stability is likely the
result of a balance between sediment inputs from the Belgian and Dutch coasts as observed
by the formation of sand spits on both sides and the material exporting more inland from
the entrance area. In contrast, the inland inlet experienced overall erosion, with substantial
deepening, channel widening, and eastward migration. Strong tidal currents in and near
the channel maintained its openness, but the area showed a net loss of sediment volume,
expressed as general bed lowering. These changes were uneven in both space and time.
The increased tidal storage capacity following the NbS implementation drove widening
and deepening of the access channel to accommodate greater tidal exchange. Immediately
after the intervention, the tidal prism and channel cross-sectional area increased sharply.
The tidal prism quadrupled and remained stable during the first two years, while the cross-
sectional area grew by 70% within one year. The entrance channel thus responded quickly
and strongly to the dyke removal. Three years post-extension, the tidal channel operates as
designed, achieving more than the targeted threefold increase in water exchange.

Each tidal cycle now supplies sufficient water to maintain the wetland character of the
Zwin inlet, confirming the NbS as a successful intervention. Nonetheless, given the strong
tidal asymmetry and associated currents, medium- to long-term sedimentation within the
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inlet remains possible. Periodic monitoring is recommended to detect eventual trends in
cumulative sediment deposition, enabling early intervention to restore equilibrium.

The proposed conceptual model integrates hydrodynamic and sedimentation pro-
cesses to explain the inlet’s response, and it offers a practical framework for applying NbS
approaches to similar tidal environments.
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