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Abstract

:

Estuaries are continuously adapting to anthropogenic pressure. Because of sea-level rise and reduced fluvial sediment supply, they are at risk of sediment starvation. Contrarily, some estuaries require frequent dredging after artificially deepening the channel to maintain port operations. To optimize current estuarine functions and make estuaries more resilient to future threats, improved understanding of estuarine development after system changes is essential. This paper investigates the estuarine response related to two large-scale human interventions: (1) altering channel depth, following global trends of channel deepening for port navigability; and (2) creating or restoring wetlands, a nature-based solution increasingly explored for its ecosystem services. A schematized 2D-morphological model is set up using Delft3D-FM reflecting a highly engineered estuary in a micro-tidal and wave-dominant environment. Results demonstrate how channel deepening (from 13 m to 17 m, without wetland presence) increased sedimentation in the channel by +31%. Sedimentation rates in the wetland were mostly unaffected by channel depth. After restoring the wetland area (wetland width from 0 km to 1 km, constant channel depth of 15 m), sedimentation within the channel was reduced by   − 72  %. The wetland area not only served as sediment sink, but also increased the tidal flow, diminishing sedimentation throughout the estuarine channel. Further analysis showed that restoring wetland areas along a specific segment mostly affected channel sedimentation locally (i.e., at the channel segment along the restored wetland). As such, to alleviate dredging operations at critical locations in the navigation channel, strategic restoration of wetlands can be considered which can provide a sustainable alternative to dredging within highly engineered estuaries.
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1. Introduction


Estuaries are constantly adjusting to anthropogenic stresses. When sea levels rise, and sediment supply by the rivers reduces, estuaries are at risk of sediment starvation and drowning of estuaries [1]. Furthermore, many estuaries undergo artificial deepening to enhance port operations, leading to natural sedimentation of the channels. This surplus sediment is frequently dredged to maintain navigability for ships and these dredging operations can result in a negative sediment budget in estuaries. Consequently, estuaries may drown due to dredging, which for many European estuaries is more likely than drowning due to sea-level rise [2]. In turn, drowning of estuaries can cause many problems, including increased problems with salinity intrusion [3], heightened flood risk by amplifying tides [4] and causing the loss highly valuable wetland ecosystems can drown [5].



Dredging and deepening the navigational channel upsets the balance between the deep channels and shallow intertidal areas which can promote sedimentation of tidal creeks and stabilization of the tidal flats [6,7]. In addition, estuaries are often channelized and embanked to stabilize the banks and to ensure flood safety and the intertidal wetlands are claimed, e.g., for agricultural use. Although these traditional engineering measures have proven effective for their intended purposes, they have frequently overlooked or produced adverse effects on estuarine morphology [8,9] and ecology (e.g., [10,11]). Typically, an estuary becomes artificially narrow and deep, with examples found worldwide, e.g., the Rhine–Meuse Delta, the Netherlands [12] or the Yangtze estuary, China [13] or many estuaries in the UK [14]. In such systems, the impact of engineering works on system functions often outweigh climate change impacts [2,3,15].



Recent research explores the restoration of wetlands (sometimes called managed realignment) such as salt marshes, a nature-based solution increasingly recognized for aiding in flood safety, for their potential to trap sediment [16] and hence their ability to keep up—within limits—with a rising sea level [17] and various other ecosystem services [18]. To this end, Ref. [19] states that science-based management practices could facilitate the restoration of intertidal wetlands, even under climate change impacts. However, such measures also come with downsides, as they require space as well as time to develop, and their complex interactions bring about uncertainties [20]. As such, to further improve understanding on wetland restoration projects and their impact on the entire system, recent research highlights the importance of studying basin-wide morphodynamics and using metrics such as sediment budgets to understand the distribution of sediments through the whole estuarine system and onto the intertidal wetland [21,22].



The impact of such engineering practices on estuarine morphology can be assessed a-priori using morphodynamic models. In tide-dominated estuaries, such models have successfully hind-casted decades to centuries of morphological development (e.g., [23,24,25]). However, morphological modeling within more complex estuarine environments in which not only tides but also seasonally varying waves and river discharge play a significant role on estuarine morphology, has to date proved cumbersome. As such, such modeling efforts have been limited to the timescale of several years [26,27]. Moreover, long-term morphological models are restricted in estuaries under constant artificial changes, e.g., constant dredging to maintain or increase channel depth. In such estuarine systems, short-term morphological models (timescale of months to years) can prove to be useful tools to simulate morphological development and to explore the impact of system changes on estuarine development.



In this study, we aim to explore and quantify the short-term (1 year) morphological response of engineered estuaries after two large-scale human interventions: (1) Changing the depth of the estuarine channel, representing a traditional engineering solution used globally to advance port operations and (2) Wetland restoration or creation, a nature-based solution increasingly recognized for numerous aforementioned ecosystem services. Hereto, we focus on answering the following questions: (1) How does channel deepening affect morphology in the coupled channel-wetland system and (2) To what extent can wetland restoration steer estuarine-wide morphology. To this end, a depth-averaged (2DH) process-based morphological model is developed with model assumptions reflecting a typical highly engineered estuary in a micro-tidal and wave-dominant environment.




2. Methods


2.1. Modeling Rationale


A morphological modeling framework is set up to assess the impact of two control variables in a highly engineered estuary: Channel depth and wetland area. Various modeling choices were made, which are rationalized below.



2.1.1. Time and Spatial Scale


Due to the difficulties with long-term (decadal+) morphological modeling addressed in the introduction, this paper utilizes short-term (1-year) morphological simulations (similar to [28,29]). The scope of this paper is to study the impact of human interventions in engineered estuaries, i.e., systems not in their morphodynamic equilibrium. Such estuaries are also often subject to frequent dredging to maintain channel depth for port navigability; hence these systems will not reach a ‘natural’ morphodynamic equilibrium as long as dredging activities continues. As such, the 1-year morphological simulations are intended to give insights into the initial response of the system after implementation of an intervention. The approach will not give insights into the equilibrium state or the time to reach this equilibrium.



Second, a difference in spatial scale exists when trying to accurately represent individual wetlands (<10   km 2  ) and the entire estuary (>100 km   2  ). Suitable to the research questions, the model is developed on the spatial scale of an entire estuary. This allows for the inclusion of all estuarine processes and how they vary throughout the domain. In this way, both fluvial- and ocean processes can be included.




2.1.2. Schematized Domain


A schematized or simplified proxy of a highly engineered estuary is used. Such schematizations limit predictive power for the represented estuary, but they can help gain process-based system understanding by excluding physical components of the real system not relevant to the analysis. Consequently, schematized domains are commonly applied in the literature to gain qualitative insights into real estuarine development (e.g., see [28,30]).



The schematized domain is based on a study area (addressed below), which allows for model comparison and increases confidence in modeled results. However, only geometric features that are key for the research questions are included. As such, the domain is simplified to a straight estuarine channel with realistic channel depth and width but excluding local variations herein and a simplified coastal profile that is uniform in the along-shore direction.




2.1.3. Study Area


Modeling assumptions are based on the Rotterdam Waterway, an estuary located within the Rhine–Meuse Delta, the Netherlands. The estuary discharges the water from both the Rhine and Meuse catchment. Both rivers have relatively high discharges in winter and low discharges during summer, with a mean discharge of 1760   m 3    s  − 1   . The coastal zone has a mean tidal range of 1.65 m [31] and a typical average wave heights of 1.1 m [32]. This classifies the system in its natural state as a micro-tidal estuary where the wave-forcing is dominant over the tidal-forcing [33,34]. Such systems typically have sandy barriers around the mouth and a wider back-barrier basin with intertidal wetlands [33].



Due to extensive human interventions in the estuary, its present-day plan form is a straight and embanked channel which is frequently dredged to maintain its artificial depth, allowing large ships to enter the ports (Figure 1). Also, while historical records indicate that intertidal areas were abundantly present throughout the region [35,36,37], as a consequence of human interventions, presently there are little to no wetlands left in the estuary [12]. As such, its present-day layout is one of a highly engineered estuary.





2.2. Model Setup


2.2.1. Model Description


A schematized 2DH (depth-averaged) morphodynamic model is constructed using the Delft3D Flexible mesh software (DFM; version 2023.01), the successor to Delft3D which is extensively applied for morphodynamic modeling in estuarine environments (e.g., [25,29,30]). From DFM, the modules that solve flow (D-Flow), waves (D-Waves) and morphology (D-Morphology) are applied. The D-Flow module solves the unsteady shallow water equations in 2DH (depth-averaged; described in Appendix A), resulting in water levels and velocity fields over the model domain. D-Waves is a module which simulates propagation of waves, wave breaking, diffraction, refraction, and frequency shifting and generation by wind in coastal regions, using the third generation Simulating WAves Nearshore (SWAN) spectral wave model (based on [38]; Appendix A). The influence of vegetation on hydrodynamics was included by changing the local bed roughness, in D-Flow following the equations by [39], and in D-Waves by an increased drag coefficient. Based on the hydrodynamic characteristics, transport of sediments and exchange of sediments with the bed is calculated in the D-Morphology module. For cohesive sediments, transport is calculated using the advection-diffusion equations and exchange of cohesive sediments with the bed is determined using the Partheniades–Krone equations [40]. Non-cohesive sediment transport is solved using the equations of [41]. For more explanation on the governing processes and equations, see Appendix A. Extensive documentation of the software is available in the module’s respective manuals: [42,43,44].




2.2.2. Schematized Bathymetry


The schematized bathymetry reflects a highly engineered estuary in a micro-tidal, wave-dominant environment and is based on characteristics of the Rotterdam Waterway in the Rhine–Meuse Delta, the Netherlands. The domain consists of a coastal region and an estuarine region. The coastal zone extends 8 km seawards from the coastal boundary, up to   − 20   m below mean sea level, following Dean’s equilibrium profile ([45]; fitted using local bathymetry data by [46]). The area below   − 20   m was excluded, as the literature indicates that there is almost no net annual transport in this region [32]. The estuarine region extends 15 km landwards, ending before a confluence point upstream, and is the main area of interest. Following local bathymetry data, the channel is 15 m deep at the inlet and is 450 m wide, including 100 m wide banks. The channel slopes landwards with   5 ×  10  − 5     m/m. The estuarine channel cuts through the coastal profile, maintaining its shape (Figure 1).



The grid of the flow-domain has a grid resolution of 50 × 25 m (50 m in the flow direction). Outside of the estuarine region, grid resolution gradually decreases in the flow direction towards 300 m at the outer edges. This way, the resolution at the inlet and in the surf zone was kept high. For the wave module, two nested domains were applied, whereby the inner wave domain mimics the flow domain. The outer wave domain expands in the long-shore direction of the coastal area to prevent wave shadowing and has grid sizes increased by a factor of 4. For a full overview of applied model parameters, see Table 1.




2.2.3. Model Forcing


The domain was forced by tides and waves from the offshore boundary and by a fluvial (sediment) discharge at the river boundary. Values used are inspired by the Rotterdam Waterway estuary. Tides consisted of an M2 component with an amplitude of 0.8 m, an M4 component of 0.17 m with a   −  6 ∘    phase difference, an M6 component with a 234   ∘   phase difference and an S2 component with an amplitude of 0.15 m [31,49]. The S2 phase was slightly adjusted such that the spring-neap cycle repeats exactly every 14 days.



Considering the stochastic nature of the system’s climate, monthly averaged wave climate and river discharges were derived. Subsequently, these monthly averages were compressed into 14 days to fit the 14-day tidal spring-neap cycle. By using an acceleration factor (AF) of 26, one spring-neap cycle of hydrodynamics results in 1 year of morphological development. Both the wave and discharge climate are compressed to fit within the 14-day tidal cycle. Monthly average wave characteristics were derived based on wave data between 2010 and 2020 at the nearest offshore measurement station Lichteiland Goeree; (S3 in Figure 1; [50]). An average wave height of 1.1 m was identified, similar to [32], which fluctuated between 0.85 m in summer and 1.5 m in winter; the mean wave direction was 260°, fluctuating between 230° and 290° in winter and summer, respectively (Figure 2).



A representative discharge regime was derived based on observed discharges into the RMD system between 2010 and 2020 (observed by the national water authority; [50]) and representative discharge curves derived for the Rhine and Meuse entering the Netherlands [51], at Lobith and Borgharen. It is assumed that 89% of the total Rhine and Meuse’s water discharges into the North Sea via the Rotterdam Waterway and the Haringvliet estuary. The Haringvliet estuary discharges a part of this water during periods of medium to high river discharge. The Haringvliet gates are presumed to operate such that they discharge 40% of the monthly average discharge above a threshold discharge of 1000    m 3  / s  . This results in an annual average discharge of the Rotterdam Waterway of 1760    m 3  / s  , which fluctuates between ∼1400   m 3   and ∼2150   m 3   in summer and winter, respectively (Figure 2). Upstream suspended sediment concentrations (SSC) were set such that SSC into the estuarine region fit observations by regional and national authorities [50,52], resulting in an upstream SSC set to 30 mg/L. Assuming an equilibrium sediment profile at the coastal boundaries, sediment concentrations here were set equal to their equilibrium concentrations.




2.2.4. Morphological Settings


The bed of the Rotterdam Waterway and surroundings consist of relatively coarse sand, with a median grain size (  D 50  ) of ∼200  μ m [47]. A mixture of cohesive and non-cohesive sediments coming from the river and coast settles in the channel, but these sediments are constantly dredged to maintain channel depth. To represent the system after dredging has occurred, an initial bed of sand with a   D 50   of 200  μ m was deemed appropriate. At the upstream river boundary, fluvial sediment is supplied consisting of cohesive sediment, representing mud with a typical dry bed density of 500 kg/  m 3   and sediment settling velocity of 0.25 mm/s.




2.2.5. Vegetation


A vegetation cover is added in the created wetlands, which is static over the 1-year simulation. The vegetation cover was predicted using an empirical relationship derived in [53], which is based on a database of a combined literature and GIS study of 60+ marshes worldwide. These salt marshes had a wide range of local mean tidal range (MTR) (between 0.5 and 10 m) and observed salt marsh vegetation species with either Spartina anglica or Salicornia. The formulation relates the lowest observed elevation for marsh vegetation with locally observed tidal datums in front of the marsh, as follows:


     P i  o h  = − 108.23   cm ∗ l o  g 10   ( M T R )  + 163.21   cm     



(1)




wherein   P i  o h    (cm) is the minimum bed-elevation on which vegetation can grow relative to mean high water (MHW; in cm), MTR is the mean tidal range (cm).



When applying this equation directly in the numerical model, a cell with a bed-elevation equal to   P i  o h    will be fully vegetated (  F  v e g    = 1). However, in reality, roughly half of that cell’s bed-elevation would be below the vegetation threshold   P i  o h    (assuming linear slopes between cells). To overcome this, a normal cumulative density function (CDF) was applied around   P i  o h   . This way, the grid cell with a bed-elevation equal to   P i  o h    (which is the average bed-elevation of that cell) has a   F  v e g    of 0.5. The mean and standard deviation used in the CDF are derived directly from the dataset obtained by [53]. Values outside the 95% confidence interval were rounded off.



The drag that vegetation exerts on the flow is derived using the [39] equations (Appendix A. Following [48], a fully vegetated marsh area (   F  v e g   = 1  ) has a vegetation density of 1200 stems/  m 2  , with a uniform stem diameter of 4.3 mm and stem height of 0.5 m. For the impact of vegetation on waves, a constant wave drag coefficient (  C D  ) of 0.7 was applied. This was chosen following previous work by [54], as it represents vegetation drag during average wave conditions [55,56]). Table 1 gives an overview of all vegetation parameters.





2.3. Large-Scale Interventions


The model scenarios were systematically varied with different combinations of (1) channel depth, (2) landward extent of the wetland, and (3) location and width of the wetland zone (Table 2). A visual representation of these interventions is given in Figure 1.



Scenarios for changing channel depth represent the global trend to deepen estuaries for port navigability. The channel depth is varied around the system’s depth in recent history, between 13–17 m. Changing wetland area’s (scenarios #2 and #3) represent either claiming or restoring/creating wetlands. Traditionally, wetlands are often claimed for human use (e.g., agriculture). Presently, restoration of wetlands is also increasingly common as a nature-based solution for their numerous ecosystem services. Wetlands are restored along both banks for up to 1 km in total width (0.5 km per side). Their elevation starts at mean low water (MLW) along to the channel and increases linearly to mean high water (MHW). The intertidal wetland and the coast are separated by a 100 m wide sandy barrier (Figure 1), typical for wave-dominant estuaries [33].




2.4. Model Output Analysis


For analysis of the morphological model results, the focus is on the estuarine region of the domain, between 0–15 km inland from the estuarine mouth. Morphological results are averaged in the cross-channel direction (x-direction in Figure 1) or the cross-section (y-direction in Figure 1) or averaged over an entire section. Morphological development is reported in accretion or erosion rates (m) or in terms of the area’s annual sediment budget. For the latter, the sediment’s bulk density is used (Mton, or 10 kg), relevant for dredging practices.



Also, the estuary’s spring ebb tidal prism (P) and the inlet’s cross-sectional area (A) are used for the analysis of the results. To predict if estuarine inlets are likely to erode or accrete or if the inlet size is close its their equilibrium, P/A equilibrium relationships are often used (e.g., [28,57,58]). In this work, P and A are analyzed and compared to the sediment budget of the estuary.



P is derived by computing the maximum volume of water through the inlet, excluding the river discharge, over the spring-neap cycle to obtain the spring tidal prism. Subsequently, the annual average discharge is added to obtain the spring ebb tidal prism. A is derived by computing the initial cross-sectional area along the inlet, from the coastal boundary up to 100 m landwards.





3. Results


3.1. Reference Scenario


First, results with the reference layout are reported; the model configuration that most closely reflects the study area in recent history (around 2010, as channel deepening has occurred afterwards). The channel depth is 15 m, and the wetland width is 0 km, as visualized in Figure 1 and indicated in Table 2 above. Modeled results are compared to observations to indicate they are in a realistic order of magnitude and improve confidence in the model’s performance.



3.1.1. Hydrodynamics


First, a hydrodynamic hindcast was performed for the period from 1 November 2021 to 20 November 2021. The model was forced with observed water levels and wave heights obtained at measurement station 3 (Lichteiland Goeree; Figure 3). Hourly wind data were included, obtained at station 1. Discharge at the river discharge was derived using observed discharges into the RMD, at Lobith and Borgharen, and of the distributaries throughout the RMD.



Modeled water levels at station 1 were compared to observed water levels at roughly the same location. Similarly, wave propagation from the offshore boundary to the nearshore was hindcasted by comparing nearshore wave heights at station 2 (Figure 3). Predicted water levels and wave heights were line with expectations, both RMSE values lay within the statistical guidelines for estuarine model performance [59]. Over the hindcast at station 1, modeled depth-averaged peak flow velocities were   − 0.86   m/s during ebb and 0.48 m/s during flood. Data from the local port reports typical depth-averaged peak flow velocities at the same to vary between   − 0.5   and   − 1.0   m/s during ebb, and 0.55 and 1.35 m/s during flood, under varying offshore water levels and upstream discharges [60].




3.1.2. Morphological Patterns


Next, 1-year of morphological development is simulated with the reference simulation (Figure 4). Sedimentation is seen throughout the channel, with the exception of the estuarine mouth and the banks around the inlet. This resulted in an annual average accretion of 13.2 cm. This is in line with expectations: Literature reports the ‘natural’ annual accretion averaged over the Rotterdam Waterway to be 12.5 ± 2.5 cm over the period 2000–2019 [61]. Offshore sediment deposition can be seen in the extension of the channel, and the coastline experiences both erosion and accretion.





3.2. Changing Channel Depth


First, the impact of changing channel depth is assessed. The impact of channel deepening on channel morphology is displayed in Figure 5. Also, the sediment budget for the basin is given (Figure 5d), which indicates how much sediment has entered (positive sediment budget) or left (negative sediment budget) the estuarine basin in one year. As a consequence of increasing channel depth, retention of sediment in the estuarine channel increased in general. Erosion at the estuarine mouth decreased, and the area which experienced erosion moved offshore. In addition, deposition of sediment reduced offshore (Figure 5a). Channel average accretion increased from 10.8 cm to 14.2 cm for a channel depth of 13 m to 17 m, respectively, while sediment budget varied from 0.16 Mton (  10 9  kg) to 0.50 Mton for the same scenarios (Figure 5c,d). The sediment budget approaches 0 Mton while accretion is still at 10.8 cm. This is because the system accumulates mud, which has a low density, while sand, which has a higher density, erodes and leaves the estuarine system.




3.3. Changing Wetland Width and Location


The plain view bed-level change after 1 year after implementation of wetlands with varying widths is displayed in Figure 6; channel depth is kept constant at 15 m. With an expanding wetland, erosion rates in the channel near the mouth and further inland increased, the sediment being transported offshore, where accretion increases. The channel banks start eroding resulting in a steeper profile between the channel and wetland. This is more visible in Figure 7, which shows the bed-level changes at the end of the year, averaged over the cross-sections, cross-channel, or the entire channel. Channel averaged bed-level change decreased from 13.2 to 3.6 cm, and the annual sediment budget for the entire basin decreased and even reversed, from 0.4 Mton to   − 0.42   Mton (Figure 6c,d).



Within the wetland, most bed-level changes were observed near the coastal boundary (Figure 6). Here, accretion was seen near the channel banks and higher up, while erosion was observed in between, which is most clearly visible in the wetland between 0–5 km in the lowest panel of Figure 6. This caused the initial, linear profile of the wetland to develop into a concave-up profile, typical for wave-dominant foreshores. Further upstream, slight accretion was observed throughout, which was most prominent near the channel. Here, cross-section average accretion rates were up to an order of magnitude smaller compared to those near the coast. When increasing the wetland width from 0.25 km to 1.0 km, average bed-level change in the wetland reduced from 5.2 cm to 2.6 cm (Figure 8). When deepening the channel from 13 to 17 m and keeping a constant 1 km wide wetland, average bed-level change over the entire wetland remained mostly constant at 2.5–2.8 cm, without any clear trend.



Next, the location of the wetland area was varied. Figure 9 shows how wetland restoration of 3 different segments of 5 km along the estuarine channel affects morphological trends, compared to no wetland area or a wetland along the entire 15 km segment. Following bed-level changes from the river boundary towards the offshore boundary (Figure 9b); upstream of the intervention, no change in morphological development was identified. Along the transect where wetland area was implemented, its presence caused net erosion which gradually increased downstream. Downstream from the intervention, the impact was still noticeable but less severe. In the coastal zone, the sedimentation increased. Wetlands along a 5 km segment decreased average channel accretion by 1.1–4.7 cm, while the same wetland area along the entire 15 km transect reduced average accretion by 9.5 cm. Comparably, adding wetlands along 5 km of the channel reduced annual sediment budget by 0.13–0.30 Mton, a wetland along the entire 15 km reduced the annual sediment budget by 0.81 Mton, which resulted in a negative sediment budget (Figure 9c,d). Notably, the wetlands implemented in the middle (5–10 km) resulted in most sediment retention, closest to the coast (0–5 km) resulted in the least amount of sediment being retained.




3.4. Channel Depth versus Wetland Width


Lastly, the combined impact of channel depth and wetland width were assessed (Figure 10). Results show how both interventions affect annual sediment budget in the wetland at the end of the year (Figure 10a). Sediment deposition in the wetland increased with wetland width and stayed mostly constant when varying the channel depth. However, under all simulated scenarios, net annual sediment budget within the wetland remained positive.



Moreover, for the 25 combined scenarios with varying channel depth and wetland area, the estuary’s spring ebb tidal prism (P) and the cross-sectional area below MSL (A) are evaluated in the inlet and compared to the annual sediment budget in the basin (Figure 10c). The inlet area A increases with channel depth, which results in lower flow velocities and more sediment retention in the basin. With a larger wetland area, the tidal prism increases, increasing tidal flow. Subsequently, due to wetland restoration, annual sediment budget lowers and the system gradually shifts from net importing sediment to net exporting sediment. A zero-contour line was identified where the system switched from a positive sediment budget to a negative sediment budget. Similar to P/A equilibrium relationships for inlet size, a value of P/A can be found where the annual sediment budget is close to zero. Here, this is with a P/A of ∼ 1.45 × 10   4   m/tide.





4. Discussion


Estuarine channels worldwide experience enhanced sedimentation rates because of traditional engineering solutions. For efficient port operations channels are deepened, and wetlands are embanked and claimed for human use. This paper reports on how changing channel depth and restoring wetlands affect sedimentation within the estuarine channel and how they affect morphological patterns in the wetland and in the entire estuarine basin.



4.1. Model Input Conditions


The model applies a cohesive (mud) and a non-cohesive (sand) sediment fraction. As a consequence of density differences in these sediment fractions, the estuarine channel can have a negative sediment budget while still experiencing accretion (Figure 7). Specifically, the system experiences a net export of sand but a net import of mud, which has a lower density. Mud is supplied by the river and is deposited throughout the estuarine basin. Exported sand mostly originates from the estuarine channel close to the sea, which is transported to the nearby wetland (if present) or the coastal zone. This is similar to findings on sand-mud behavior in a tide-dominant estuary, the Western Scheldt [62].



Although the model is applied in depth-averaged (2DH), in reality, density differences between fresh- and saltwater drive a residual current which influences the flow pattern over the depth, which promotes a tide-averaged landward flow near the bed. In 3D morphological models, this residual current is shown to promote sediment transport into the estuary from the coast [63], where 2DH models are not capable of capturing this residual current. A 3D adaptation of the presented model might result in the system being more prone to importing coastal sediments. Moreover, flocculation of mud particles in salt water may then also be accounted for (e.g., see [64]) since 3D modeling allows for accurate representation of the processes and interactions between fresh and saltwater necessary for the inclusion of flocculation processes.



Efforts were made to incorporate spatial and temporal varying vegetation cover to also represent vegetation establishment in the newly created wetland. Two approaches were tested. (1) A dynamic vegetation model, presented in [65], which includes processes to account for formation and decay of salt marsh vegetation over space and time; and (2) an approach using the empirical equation for the seaward extent of salt marsh vegetation cover based on mean tidal range identified by [53]. The latter does not account for vegetation establishment, and the vegetation cover in this approach is static over the 1-year simulation, as presented in Section 2.2.5 (this approach was used throughout the paper). Both approaches were tested in two morphodynamic models that mimic stretches of salt marshes in the Western Scheldt Estuary (a similar setup to the models presented in [54]). The vegetation module based on the empirical equation of [53] was able to predict seaward wetland extent well. However, the dynamic vegetation model is shown to be prone to overestimating seaward vegetation extent. In addition, the dynamic vegetation model relies on small grid cells to mimic the natural process of patch formation and vegetation establishment (∼10   m 2  ). With the larger cell sizes applied here (∼5000   m 2  ), the dynamic approach did not give desirable results for vegetation establishment. So also based on the larger cell sizes required to model an entire estuary as used here, the dynamic vegetation module did not contribute to a better approximation of the seaward salt marsh extent.




4.2. Model Timescale


Throughout the manuscript, 1-year morphological simulations were used to assess the initial response of the estuary’s morphology to human interventions. To gain insights into how this timescale affects model results, two scenarios were simulated for 5 consecutive years (channel depth = 15 m, intertidal wetland width = 1 km; Figure 11). Scenario (1) Without dredging: In this scenario, we simulate five years of morphological development without artificial interference. Scenario (2) With dredging: In this scenario, after each year of morphological development, the channel is dredged to restore the shape of the channel at the start of the year. The dredged sediments are removed from the model domain.



The intertidal wetland experiences the highest sedimentation rates in the first year. Subsequently, annual sedimentation rates reduce gradually while remaining positive. Notably, sedimentation is higher in the scenario with annual dredging (orange line; Figure 11a), indicating that dredging might promote accretion. Channel sedimentation rates remained constant in the dredged scenario but steadily increased in the scenario without dredging (Figure 11b). The scenario with annual dredging (orange and purple lines) experiences lower annual sedimentation rates in the channel compared to the scenario without dredging (green line). Over the long term, one would expect the opposite: When no dredging is performed and the channel depth decreases over time, annual sedimentation rates will reduce and converge to zero when channel depth reaches equilibrium. However, analysis of the model output shows that channel dredging, which is also applied upstream such that the channel depth is maintained throughout the domain, reduced the sediment flux into the estuary from upstream. Additionally, the sediment flux through the inlet towards the coast was higher in the scenario with dredging. This led to less total sedimentation in the channel but also in the basin (Figure 11b,c) in the scenario with dredging (orange + purple lines) versus the scenario without dredging (green line).




4.3. Steering Estuarine Morphology Using Large-Scale Interventions


Due to deepening of the estuarine channel, the channel experienced increased sedimentation (Figure 5), a trend that is observed in estuaries worldwide. Channels which are deepened below their equilibrium depth for navigational purposes can experience increased SSCs and require larger amounts of dredging is required to maintain the desired channel depth (examples hereof: [61,66,67,68]). When channel depth was varied, accretion of the wetland area remained mostly similar (Figure 8a). However, when 5 consecutive years were simulated (Figure 11), maintaining channel depth through dredging did increase sedimentation in the wetland, indicating that dredging to maintain channel depth can promote sedimentation rates in intertidal areas. In literature, dredging operations have been related to a retreat of salt marshes [69], but also to sedimentation of tidal flats and their creeks [6].



Within the results obtained here, the wetland always experienced a positive sediment budget (Figure 10a). This may be due to the choices made in the model setup, e.g., the initial linear intertidal cross-section and the 1-year simulation, as well as model assumptions reflecting a system with sufficient sediment supply. In other estuaries or under more extreme scenarios, deepening of the channel may reduce sediment supply to the wetland area to such an extent that it results in a negative sediment budget for the wetland area.



Addition of wetland area reduced sedimentation rates in the channel and in the estuarine basin (Figure 7c,d). The wetland area serves as sediment sink, retaining sediment which could otherwise accumulate in the channel. This is also visible in the results, where the wetland retained sediment in all scenarios (Figure 8). However, due to wetland restoration, the channel’s sediment budget was reduced by ∼0.6–1.3 Mton/year (highest values with lower channel depth; Figure 7), the sediment sink in the wetland accounts for only 0.2–0.4 Mton/year (Figure 10a), indicating that other processes play a substantial role in reducing channel sedimentation rates, which is discussed below.




4.4. Tidal Prism Cross-Sectional Area Relationship


The P/A relationship helps explain the impact of channel depth and wetland width on the annual sediment budget. Specifically, channel deepening increased the cross-sectional area (A), reducing all flow velocities in the estuary and enhancing sediment retention. Wetland restoration enlarged the tidal prism (P), which increased tidal flow velocities in the estuary. Consequently, due to wetland restoration the tendency of sediment to accumulate decreased which made the system more prone to erosion. In the performed simulations, the impact of wetland restoration on the tidal prism—and thus reducing the annual sediment budget—was more potent than the sediment accumulating on the wetland itself (and lowering channel sedimentation that way).



The changes in tidal prism (P) and cross-section area (A) due to large-scale interventions were also compared to see if the relationship between P and A can be used to predict sedimentation rates (Figure 10c). A clear relationship can be identified between P, A and the annual sediment budget: the annual sediment budget increases towards the top left (low P/A) and reduces towards the lower right (high P/A). Based on modeled results, the value for P/A at which the basin had a neutral sediment budget was ∼1.45× 10   4   m/tide. Literature indicates that P/A relationships for inlets are generally linear [58], which seems to be the case also when considering P and A compared to the annual sediment budget of the basin (Figure 10). Following the theory for equilibrium relationships in inlets, your inlet will remain in equilibrium if, e.g., a   10 %   increase in cross-sectional area is compensated for by a   10 %   increase in tidal prism. Similarly, the estuary’s annual sediment budget remains similar if channel deepening is compensated for with a proportional increase in the tidal prism, e.g., by increasing intertidal wetland area. However, more research is required to generalize these findings to other types of estuaries and a wider range of interventions.




4.5. Implications for Estuarine Management


Traditional engineering solutions, such as deepening of navigational channels and embanking and reclamation of wetland area, shift the estuarine channel towards a state more prone to sedimentation. As a consequence, the channels need constant dredging to maintain depths desired for port operations. Contrarily, wetland restoration—a nature-based solution—can reduce sedimentation rates, reducing the amount of dredging required. Specifically, wetlands serve as sediment sinks but, more substantially, increase the tidal prism which results in less sediment retention in the estuarine channel.



Moreover, our results indicate that wetland restoration mostly affected channel morphology locally (i.e., along the segment where the wetland is restored; Figure 9). The impact on channel accretion rates gradually decreased downstream of the restored wetland and upstream no significant impact was observed. As such, wetlands may be placed strategically at locations particularly prone to high sedimentation rates.



Additionally, Ref. [4] shows how restored wetlands may also serve as sediment sources available for erosion and thus can counter sediment starvation in estuaries under rising sea levels. However, as identified by [70], a fundamental knowledge gap exists still towards the morphological responses of estuaries under climate change impacts such as sea-level rise, let alone in combination with human interventions.



Although wetland restoration can reduce dredging maintenance within the navigational channel, results indicate that the channel banks and wave dominated wetlands can become prone to erosion (Figure 6 and Figure 7). The RMD system is already prone to bank erosion [61], similar to many other estuarine regions [11]. Hence, measures for bank protections or to steer wetland development might be required (e.g., see [11,19,71]).





5. Conclusions


In this paper, the short-term morphological response after two large-scale interventions in a highly engineered estuary is explored. We focused on (1) How channel deepening affects morphology in the coupled channel-wetland estuary system and (2) To what extent wetland restoration can steer channel morphology. An idealized 2D-morphological model was developed, reflecting a micro-tidal and wave-dominant estuary. Using 1-year morphological simulations, the system’s initial response to two large-scale interventions is assessed, altering channel depth and changing wetland area (i.e., reclaiming, restoring or creating wetlands).



(1) Results showed that after deepening of the channel from 13 m to 17 m (without wetland), sediment accretion rates increased by 31% within the channel, and the sediment budget of the wetland was mostly unaffected by channel depth. (2) The restored wetlands served as sediment sink, retaining sediment that could have accumulated in the channel otherwise. Furthermore, wetland restoration increased the tidal prism, which consequently impeded sedimentation in the estuarine channel. In this way, wetland restoration reduced sedimentation in the channel by   − 72  % (with a channel depth of 15 m and restored wetland width = 1 km). Further analysis was performed on the location of the wetland along the channel. This showed that wetland restoration mostly affects sedimentation of the channel locally (i.e., along the segment where the wetland is restored). As such, wetlands could be placed along channel segments particularly prone to sedimentation.



In conclusion, findings suggest that increased sedimentation rates in engineered estuaries worldwide, caused by channelization and channel deepening, could be compensated for by intertidal wetland restoration along the estuarine channel. As such, restoring wetland area could be considered to alleviate dredging operations at critical locations.
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Appendix A


The Delft3D-FM modeling software is used to solve the hydrodynamic and morphodynamic processes in the model, as well as the impact of vegetation on these processes. Below, the governing equations are laid out. For more information, see the corresponding manuals [42,43,44].



Appendix A.1


In Delft3D-FM, the shallow water equations are solved under the assumption of incompressible fluid, hydrostatic pressure and the Boussinesq approximation (density differences are only included in the pressure term). In addition, this study applies the equation in 2DH (depth-averaged):


    ∂ h   ∂ t   +   ∂ h u   ∂ x   +   ∂ h u   ∂ y   = 0  



(A1)






    ∂ u   ∂ t   + u   ∂ u   ∂ x   + v   ∂ u   ∂ y   + g   ∂ h   ∂ y   +  1   p 0        ∂  τ  x x     ∂ x   +   ∂  τ  x y     ∂ y   +   ∂  τ  b x     ∂ h     = 0  



(A2)






    ∂ v   ∂ t   + u   ∂ v   ∂ x   + v   ∂ v   ∂ y   + g   ∂ h   ∂ y   +  1   p 0        ∂  τ  y x     ∂ x   +   ∂  τ  y y     ∂ y   +   ∂  τ  b y     ∂ h     = 0  



(A3)




where u and v represent the velocity components in the x- and y-direction. p and   p 0   the density and initial density, g the gravitational force,   τ b   the bed shear stress and h the water depth.



Vegetation impacts on the flow are included using the roughness predictor by [39], resulting in an increased roughness (C) and flow resistance of the vegetation ( λ ) in the vegetated areas based on vegetation height (  h  v e g   ) and vegetation density (  n b  ), and is valid for emergent and submerged vegetation:


     C =  C b  +   g  κ  ln   h  h  v e g       1 +    C D   n b   h  v e g    C b 2    2 g         



(A4)






     λ =  C D   n b    h  v e g   h    C b 2   C 2       



(A5)




where   C b   is the bed roughness,  κ  the von Kármán constant and   C D   the drag coefficient.




Appendix A.2


D-waves describes the evolution of the wave energy spectrum using the spectral action balance equation (using the third generation Simulating WAves Nearshore (SWAN) spectral wave model (based on [38]), following linear wave theory:


   ∂  ∂ t   N +  ∂  ∂ x    c x  N +  ∂  ∂ y    c y  N +  ∂  ∂ σ    c σ  N +  ∂  ∂ θ    c θ  N =  S σ   



(A6)




where N is the action density, which changes over time and space in the x and y directions relative to the propagation velocity (  c x  ,   c y  ). The fourth term represents the frequency shifting due to depth and current variations and the fifth term represents refraction due to depth and currents. The source term (S) represents wave generation and dissipation and non-linear interactions between waves.



Vegetation induced wave dissipation (  S  d i s , v e g   ; [55]) is also included in this source term, predicted using:


      S  d i s , v e g   = −   2 π    g 2   C D   b  v e g    n b    k σ     s i n  h 3   h  v e g   + 3 s i n h k  h  v e g     3 k c o s  h 3  k h     E  t o t    E  ( σ , θ )      



(A7)




where   C D   is the drag coefficient,    b v  e g  ,   n b   and    h v  e g   the diameter, density and height of the vegetation, k and  σ  the wave number and mean frequency,   E  t o t    the total energy and   E ( σ , θ )   the energy over the wave frequency and direction.




Appendix A.3


Appendix A.3.1. Cohesive Sediments


The D-Morphology module solves cohesive sediment transport by solving the advection-diffusion (mass-balance) equation in 2DH, assuming all cohesive transport is suspended:


    ∂ c   ∂ t   +   ∂ u c   ∂ x   +   ∂ v c   ∂ y   −  ∂  ∂ x      ϵ  S , x     ∂ c   ∂ x     −  ∂  ∂ y      ϵ  S , y     ∂ c   ∂ y     = S  



(A8)




where c is the mass concentration of the cohesive fraction, u and v the flow velocity components in the x and y-direction,   ϵ s   is the respective eddy diffusivity, and S is the source and sink term related to the erosive and deposition fluxes at the bed.



The erosive and deposition fluxes are determined using the Partheniades–Krone formulations [40]:


     E =      M    τ  b , m a x    τ  c r , e    − 1  ,     for   τ  b , m a x   >  τ  c r , e         0 ,     for   τ  b , m a x   <  τ  c r , e            



(A9)






     D =       w s  C  1 −   τ  b , m a x    τ  c r , d     ,     for   τ  b , m a x   <  τ  c r , d         0 ,     for   τ  b , m a x   >  τ  c r , d            



(A10)




where M is the erosion parameter,   τ  b , m a x    is the maximum bed shear stress,   τ  c r , e    and   τ  c r , d    the critical bed shear stress for erosion and deposition   w s   the settling velocity, c the average sediment concentration.




Appendix A.3.2. Non-Cohesive Sediments


Non-cohesive sediment transport is based on the approach of [41], accounting for bed-load and suspended load, and both flow- and wave-processes on sediment transport. In 2D, the erosive and deposition fluxes are determined based on a relaxation towards an equilibrium concentration:


     S =    c  e q   − c  T      



(A11)




where c is the sediment concentration,   c  e q   , the equilibrium concentration based on the sediment transport equations of [41], S the total net source and sink term and T the relaxation timescale based on the work of [72].



The approach from [41] differentiates sediment transport above and below a determined reference height, treated as suspended- and bed-load transport. Sediment concentrations in the water column are subsequently determined by the reference concentration at the reference height.
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Figure 1. The schematized model domain, and a visualization of the study area upon which model assumptions are based. (a) Top view of the Rotterdam Waterwaywithin the red box, and the locations of used measurement stations (S1–S3). Satellite image from Google Earth. (b) Top view of the schematized bathymetry, locations of the hydrodynamic forcings and locations used to compare with observations (S1 and S2). (c) Cross-section representation of the large-scale interventions implemented in the model domain (as explained in detail in Section 2.3). 
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Figure 2. Forcing for river discharge regime (Left) and wave climate (Middle and Right) resembling a reference year in the Rotterdam Waterway. Wave directions are relative to North. 
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Figure 3. Observed and modeled water levels (Top) and wave heights (Bottom) in the Rotterdam Waterway estuary, at measurement locations S1 and S2, respectively (locations shown in Figure 1). The right figures compare the time series, the left figures display scatter plots and the RMSE for both comparisons. 
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Figure 4. Bed-level change after one year within the reference scenario. 
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Figure 5. Effect of channel depth on annual morphological bed-level change. (a) Bed-level change averaged over the cross-sections, (b) cross-channel averaged bed-level change, (c) Average bed-level change over the entire channel and (d) Sediment budget for the entire estuarine basin. The solid black line in figure (a,b) show the zero-contour line. Note: No wetland is present in these scenarios. The grey box in figure (c,d) indicate the reference scenario. 
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Figure 6. Plain view of bed-level change after one year with a wetland width of 0.25 km, 0.5 km, 0.75 km and 1 km (from top to bottom). The black dotted lines display mean low water (MLW) and mean high water (MHW), the boundaries of the initial intertidal wetland area. Channel depth is kept constant at 15 m. 






Figure 6. Plain view of bed-level change after one year with a wetland width of 0.25 km, 0.5 km, 0.75 km and 1 km (from top to bottom). The black dotted lines display mean low water (MLW) and mean high water (MHW), the boundaries of the initial intertidal wetland area. Channel depth is kept constant at 15 m.



[image: Jmse 11 02150 g006]







[image: Jmse 11 02150 g007] 





Figure 7. Effect of wetland width on annual morphological bed-level change. (a) Bed-level change averaged over the cross-sections, (b) cross-channel averaged bed-level change, (c) Average bed-level change over the entire channel and (d) Sediment budget for the entire estuarine basin. The solid black line in figure (a,b) show the zero-contour line. The grey box in figure (c,d) indicate the reference scenario. Channel depth is kept constant at 15 m. 






Figure 7. Effect of wetland width on annual morphological bed-level change. (a) Bed-level change averaged over the cross-sections, (b) cross-channel averaged bed-level change, (c) Average bed-level change over the entire channel and (d) Sediment budget for the entire estuarine basin. The solid black line in figure (a,b) show the zero-contour line. The grey box in figure (c,d) indicate the reference scenario. Channel depth is kept constant at 15 m.



[image: Jmse 11 02150 g007]







[image: Jmse 11 02150 g008] 





Figure 8. (a) Effect of channel depth on average bed-level change within the wetland area, with a constant wetland width of 1.0 km. (b) Effect of wetland width on average bed-level change within the wetland, whereby channel depth is constant at 15 m. 
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Figure 9. The effect of variation in wetland location on estuarine morphology. (a) Cross-sectional average bed-level change without a wetland area present and (b) difference herein due to implementing wetlands along both banks. Green striped boxes indicate the along-shore location of the restored wetland. Impact of wetland location on (c) channel average bed-level change and (d) Basin total sediment budget. The grey box in figure (c,d) indicate the reference scenario. 
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Figure 10. Combined impact of channel depth and wetland width on estuarine-wide morphology after one year. Annual sediment budget within (a) the wetland and (b) the channel. Hereby, each grid point represents a model simulation. (c) Annual sediment budget of the entire estuary as a function of the tidal prism (P) and cross-sectional area (A) within the inlet. The black dots/arrows represent model simulations. The ones in green visualize how scenarios in the different plots relate. 
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Figure 11. Bed-level change in the intertidal wetland and channel (a,b), and change in sediment volume in the entire basin (c) at the end of each year over 5 years. For both scenarios, channel depth = 15 m and total wetland width = 1 km. Dredging is performed at the end of each year, restoring the channel to its initial shape. Dredged sediments are removed from the model domain, hence the orange line in Figure (b) is equal to zero. 
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Table 1. Overview of key parameter values applied in the morphological model.
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Symbol

	
Variable

	
Unit

	
Value

	
Reference






	
Hydrodynamic parameters




	
   n  f l o w    

	
Manning friction coefficient

	
s   m  − 1 / 3   

	
0.023

	
[42]




	
   n  w a v e    

	
JONSWAP friction coefficient

	
s   m  − 1 / 3   

	
0.038

	
[42]




	
Morphological parameters




	
   ρ  s o i l    

	
Specific density

	
kg   m  − 3   

	
2650

	
[42]




	
   ρ  s a n d    

	
Dry bed density sand

	
kg   m  − 3   

	
1600

	
[42]




	
   ρ  m u d    

	
Dry bed density mud

	
kg   m  − 3   

	
500

	
[42]




	
   D  50  s a n d    

	
Median grain size sand

	
 μ m

	
200

	
[47]




	
   w s   

	
Settling velocity mud

	
mm   s  − 1   

	
0.25

	
[42]




	
   τ  c r i t , m u d    

	
Critical stress for erosion of mud

	
N/  m 2  

	
0.5

	
[42]




	
Vegetation parameters




	
   C  d  v e g     

	
Vegetation drag coefficient

	

	
0.7

	
[42]




	
   d  v e g    

	
Uniform vegetation stem diameter

	
mm

	
4.3

	
[48]




	
   H  v e g    

	
Uniform vegetation height

	
m

	
0.5

	
[48]




	
K

	
Max. stem density

	
Stems   m  − 2   

	
1200

	
[48]











 





Table 2. Overview of scenarios within the idealized estuarine domain. Underlined is the reference scenario, most closely representing the study area in recent history. * Lateral location of the wetland indicates the range between which wetland area is implemented, whereby 0 km is directly landwards of the coast.
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	Scenarios
	
	
	
	
	





	1. Channel depth (  C d  ; m)
	13
	14
	15
	16
	17



	2. Total intertidal wetland width (  I w  ; km)
	0
	0.25
	0.5
	0.75
	1.0



	3. Lateral wetland location * (km–km)
	0–15
	0–5
	5–10
	10–15
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