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Nature-based solutions may be applied to restore or enhance coastal ecosystem function but should be considered carefully within the context of sediment transport that drives morphological change. This study, for the first time, assesses rates of sediment transport and deposition at a managed dyke realignment site in the critical time period immediately following the dyke breach and before the establishment of salt marsh vegetation. Field observations of water levels and current velocities, suspended sediment concentrations and deposition amounts were collected over 6 tidal cycles at spring tide in areas outside and in the flooded area. A numerical model with a flexible mesh (Delft3D-FM) is applied to simulate the sediment dynamics in a tidal channel, through a dyke breach and into an agricultural site in a macrotidal, mud-dominated estuary using a high-resolution grid to capture the complex topography and bathymetry. The model results enable the intricate spatio-temporal patterns of tidally-driven flows through the breach and over the intertidal flooded area to be revealed, and the important roles in controlling transport and sediment deposition patterns to be identified. The ditches and channels influence flow directions across the intertidal land surface, leading to high current velocities during flood tide, followed by periods of low velocity and particle settling that varies across the marsh surface. The sedimentation rates are estimated to be the same order of magnitude and slightly higher than the relative sea-level rise rate in this area, suggesting this type of marsh will be sustainable. Overall, the numerical results, combined with field observations, provide detailed quantification of the sediment-laden flow through a dyke breach and across the land surface, which is expected to be conducive to salt marsh plant development.
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Introduction

The Bay of Fundy (BOF) is located on the east coast of Canada (Figure 1), situated between the provinces of Nova Scotia and New Brunswick, and characterized as a ‘hypertidal’ environment where the tidal range can exceed 15m (Garrett, 1972). The hypertidal range results in expansive intertidal zones such as mud flats and salt marshes that provide protection to coastal communities and infrastructure from the effects of coastal storms and sea-level rise (Gedan et al., 2011; Shepard et al., 2011). European colonization of what is now Atlantic Canada left a legacy of coastal dykes, which were constructed to reclaim land for agricultural or development, and to prevent flooding; however, this has resulted in the loss of many natural salt marshes (Connor et al., 2001; Bleakney, 2004). In an effort to increase and restore natural habitats and biodiversity within the BOF, some of these regions are being converted from agricultural land back to salt marsh environments (Bowron et al., 2011; van Proosdij et al., 2023). One method of restoration is to breach a dyke and expose dry land to periodic seawater flooding, letting the land previously protected by the dyke flood and return to a more natural state and adapt to changing environmental conditions. This method of reclamation is termed “Managed Realignment” (MR), and in this paper MR specifically refers to the planned breaching of a coastal dyke, and the realignment of the dyke infrastructure. This is a solution commonly applied in coastal regions of Europe including the UK (Garbutt et al., 2006; Dixon et al., 2008), the Netherlands (Stronkhorst and Mulder, 2014) and Germany (Rupp-Armstrong and Nicholls, 2007; de la Vega-Leinert et al., 2018) and is gaining traction in Canada (van Proosdij et al., 2010; Wollenberg et al., 2018; Virgin et al., 2020). In some contexts, “Managed Realignment” is also used to describe “planned retreat,” the proactive relocation of infrastructure, homes, and other land uses from high-risk flood zones to areas with lower risk. However, in this study, MR refers exclusively to the realignment of coastal dyke systems, not the broader concept of planned retreat (Murphy et al., 2024).

[image: Map showing the Cumberland Basin in Nova Scotia, highlighting salt marshes in green, mudflats in brown, and the sublittoral zone in light blue. The Missaguash River and Converse Site are marked. An inset map shows the Bay of Fundy region with geographic coordinates.]
Figure 1 | Map of the Cumberland Basin, part of Chignecto Bay in the upper Bay of Fundy (see inset), indicating the Delft3D-FM model water level boundary and the location of the Converse Managed Realignment site on the Missaguash River. Colors denote bottom type regions.

There are several stages of development after tidally driven seawater is allowed to flow into an area previously protected by a dyke (Virgin et al., 2020; Xu et al., 2022). In the ‘preparation stage’, terrestrial vegetation is exposed to salt water and high concentrations of suspended sediment that accumulates and drives high mortality of these plants. In accordance with Xu et al. (2022), the ‘encroachment stage’, is defined by colonization and spreading of salt marsh vegetation and is dependent on site conditions. The ‘adjustment stage’ has continuous vegetation cover across the area and sediment accretion enables the marsh platform to vertically adjust to changes in relative sea-level rise (SLR), provided adequate sediment supply is maintained. For MR to succeed and a salt marsh to re-establish, there must be interactions between sediments, tidal flow, and vegetation (Allen, 2000; Friedrichs and Perry, 2001). It has been found that the success of MR projects is driven by sediment availability (Ganju, 2019) and MRs are considered most effective in locations where there is abundant sediment supply (Liu et al., 2021). Further, van Proosdij et al. (2023) found that tidal wetland restoration at estuary heads can gain from the substantial ecological disturbance created by rapid sediment accretion, which generates a productive substrate with minimal competition from existing vegetation. The BOF is a very sediment-rich coastal environment with average suspended sediment concentrations (SSC) of up to 8 mg·L-1 in the lower bay (Swift et al., 1969) but increasing in the upper reaches up to 200 mg·L-1 in Minas Basin and up to extremely high levels of 3,000 mg·L-1 in Chignecto Bay (Amos and Tee, 1989). Suspended sediment concentrations in tidal rivers of the upper BOF may exceed 40,000 mg·L-1 with ephemeral fluid mud layers (van Proosdij et al., 2023).

Numerical models have previously been used to understand the sediment dynamics in coastal environments. Li et al. (2015) coupled wave and current models with observed grain size in a sediment transport model to predict the seabed shear stresses, sediment mobility, and sediment transport patterns for the entire BOF. Mulligan et al. (2019) used Delft3D coupled with SWAN to simulate the broad-scale tidal circulation, surface waves, and sediment transport to compare seasonal trends in SSC within Minas Basin. Also in Minas Basin, Ashall et al. (2016a) modelled the impacts of tidal energy extraction on the SSC using the Delft3D model and simulated a range of SSC from 2–200 mg·L-1. In recent years as MR has become more frequently adopted on coasts around the world, numerical models have been used to understand the hydrodynamic effects of MR on different coastal systems (Pontee, 2015; Bennett et al., 2020; Kiesel et al., 2020). Spearman (2011) developed a model to predict the evolution of a MR site under the action of tides and waves and sediment supply, building on the hybrid modelling approach that combines process-based and simplified (or empirical) predictive methods. Xu et al. (2022) used a coupled 3-dimensional vegetation-hydrodynamic-morphological modeling system to understand the idealized evolution of a reclaimed salt marsh establishment. There have been few studies that have applied numerical models to help understand the sediment dynamics and geomorphological processes at MR sites in hypertidal environments.

The objective of the present study is to apply a high-resolution numerical model to simulate the sediment transport rates and morphodynamics at a MR site that is in the preparation stage of adjustment. The model results are validated using field observations of water levels, currents, SSC and deposition in a tidal channel, in the dyke breach and over the intermittently flooded land surface behind the dyke. The model results provide insight to the drivers of sedimentary accretion and salt marsh development in the preparation stage of morphological change.





Study site and observations




Converse breach site

The MR site is the Converse breach which is located along the Missaguash River, shown in Figure 2, a tidal river situated in a complex system of bogs, rivers, lakes, and marshes on the north shore of the Cumberland Basin. The Cumberland Basin is part of the upper BOF and the Missaguash River forms the provincial border between Nova Scotia (NS) and New Brunswick (NB). The basin has an area of 121 km2 with a spring tidal prism of 0.90 km3 (Amos and Asprey, 1979) with an intertidal zone of approximately 83 km2 that is predominated by muddy sediments (Amos et al., 1991). Toward the ocean, the Cumberland Basin is connected to the larger Chignecto Bay as shown in Figure 1. van Proosdij et al. (1999) found that the SSC in a nearby salt marsh in the upper Cumberland Basin consisted of 95% coarse silt, with small fractions of clay (2.5%) and sand (1.5%). The salt marshes surrounding Chignecto Bay are a sink for approximately 4 × 105 m3 of sediment annually (Grant, 1980). Amos and Tee (1989) found that the outer parts of the Cumberland Basin have a varying SSC of 50–170 mg·L-1 whereas in the inner parts of the basin the SSC varied between 210–3000 mg·L-1.

[image: Two-panel geographic maps. Panel (a) shows the Missaguash River with elevation indicated by color, highlighting a breach near the Converse Site. An elevation key ranges from negative five meters to twenty-four meters. Panel (b) displays a satellite view with various instruments and samplers, marked by colored shapes, along the river. The legend identifies these shapes: magenta triangles for acoustic Doppler instruments, yellow squares for water level loggers, pink circles for water samplers, and green hexagons for sediment trap tiles. A scale in meters is provided for both panels.]
Figure 2 | Maps of the Converse Managed Realignment site: (a) LiDAR observations of the topographic elevation relative to the CGVD2013 vertical datum; and (b) aerial image with locations of observation stations in August, 2020.

The Converse Marsh realignment and salt marsh restoration site has experienced increased loss of foreshore marsh, erosion of the dyke at the mouth of Missaguash River, and maintenance of the dyke in its existing location is not feasible. To inform future climate change adaptation and tidal wetland restoration, the dyke at Converse was breached and the aboiteau flood gate structure was removed in December 2018, allowing for 0.164 km2 of abandoned farmland to be exposed to periodic flooding by tidal saltwater (Bowron et al., 2020). Areas of the dyke were graded to the natural foreshore marsh surface elevation to allow marsh flooding during high spring tides. The topography within the breach site is strongly influenced by the historical landscape (Lewis, 2022): small agricultural ditches cover much of the area and a large borrow pit that was created to provide material for the construction of the new realigned dyke is situated within the site. The study period soon after breaching corresponds to the first ‘preparation’ phase, according to the classification defined by Xu et al. (2022), dominated by sediment accumulation in the absence of vegetation.





Field observations

In August 2020, a suite of instruments was deployed in the breach, channels and intertidal areas shown in Figure 2. In the breach at site B1, a 1 MHz Nortek Aquadopp Acoustic Doppler Current Profiler (ADCP) was deployed, sampling at a rate of 16Hz using 30 vertical bins at 0.2m spacing with a total range of 6.2m from the head of the sensor. In close proximity to the ADCP at B1 is an ISCO automated water sampler at site B3. This pumps 500ml water samples at 15-minute intervals with the nozzle located 0.10m from the bed, and observations from B1 and B3 are shown in Figure 3. Within the channels, two Nortek acoustic Doppler velocimeters (ADV) were deployed at sites B2 and P2 and these sampled at a rate of 16Hz, with 4800 samples per burst (5min) every 600 s (10min). Two HOBO water level loggers were installed at sites C1 and P1 to record the water levels every 5 minutes over the course of 4 months.

[image: Three-panel graph showing data from August 21 to 23, 2020. The top panel shows η (meters) with sharp peaks at intervals labeled T1 to T6. The middle panel displays water velocity |u| (m/s) with corresponding peaks in blue. The bottom panel shows suspended sediment concentration (SSC) in mg/L, with red lines that decrease over time.]
Figure 3 | Observations of the water level at B1 (top), current speed at B1 (middle) and suspended sediment concentration (bottom) at B3 measured in the dyke breach channel over 6 tidal cycles in August, 2020. The horizontal lines indicate the high tide time as listed in Table 2.

Dispersed across the area at sites S1 to S5 were 5 Rising Stage Bottles (RSB) to measure SSC; these RSBs consist of a 500ml Nalgene bottle and a rubber bottle stopper with 2 tubes coming out of the top of the bottle to let water in and to let air out, thus, to only collect water entering the site on the rising tide (Graczyk et al., 2000). These bottles were placed directly on the ground, attached to a stake by a hose clamp, with the intake tubes 0.20m above the bed (Elliott, 2023). The water samples with sediments in suspension were collected with ISCO automated water samplers and RSB. The samples were processed using suction with a measured volume, filtered onto pre-weighed 0.8 μm Millipore filter papers, then dried and reweighed to 1 mg precision (Elliott, 2023). The net weight of the filtered sediment and the water sample volume was used to calculate the SSC of each sample to an accuracy of 1 mg·L-1.

Sediment traps were deployed at the same locations as the RSBs as well as at 5 other locations (sites M1–M5) across the marsh to measure the deposition over each of the tides. These stations had sediment trap tiles measuring 6 inches × 6 inches (approximately 0.15m × 0.15m) that were laid rough-side up to prevent sediment from sliding off the tiles and to better mimic the roughness of the adjacent marsh surface (Elliott, 2023), listed in Table 1. The beginning and end of the six tides from August 20-23, 2020, when the observations were made are listed in Table 2 and illustrated in Figure 3.


Table 1 | Summary of observations.
	Observation station
	Dates recorded (2020)
	Instrument type(s)
	Sampling interval
	Observations



	C1
	Jul 20 – Nov 5
	Water level logger (HOBO)
	300 s
	Water level


	B1
	Aug 20 – 22 (5 Tides)
	ADCP (Nortek Aquadopp)
	16 Hz
	Water level, Current velocity


	B2
	Aug 20 – 22 (4 Tides)
	ADV (Nortek Vector)
	16 Hz
	Water level, Current velocity


	B3
	Aug 20 – 23 (6 Tides)
	ISCO Automated Water Sampler
	300 s
	SSC


	P1
	Jul 20 – Nov 5
	Water level logger (HOBO)
	300 s
	Water level


	P2
	Aug 20 – 22 (4 Tides)
	ADV (Nortek Vector)
	16 Hz
	Water level, Current velocity


	S1 – S5
	Aug 20 – 22 (5 Tides)
	Rising Stage Bottle (RSB), Sediment Trap Tile
	1 Tide
	Initial Flood SSC, Deposition


	M1 – M5
	Aug 20 – 22 (5 Tides)
	Sediment Trap Tile
	1 Tide
	Deposition








Table 2 | Definitions of the time of each tide.
	Tide number
	Flood start time (First water enters the channel)
	Ebb end time (Last water exits the channel)



	T1
	August 20, 13:30
	August 20, 15:00


	T2
	August 21, 01:40
	August 21, 03:20


	T3
	August 21, 14:05
	August 21, 16:00


	T4
	August 22, 02:30
	August 22, 04:20


	T5
	August 22, 14:55
	August 22, 16:45


	T6
	August 23, 03:25
	August 23, 05:20












Numerical model




Model description

To simulate the hydrodynamics, sediment dynamics and morphology change within the site the Delft3D Flexible Mesh (FM) model (Version 2023.03) was used. Delft3D-FM is an unstructured-mesh hydrodynamic and morphodynamic model that solves the Reynolds-averaged Navier-Stokes equations for incompressible free-surface flow (Lesser et al., 2004). The Delft3D model has been successfully applied to simulate bed morphology change in intertidal zones (Hu et al., 2018) and wetland areas (Liu et al., 2018). It has also been applied to simulate hydrodynamics in back-barrier channels (Manchia et al., 2023) and sediment patterns in highly engineered estuaries such as San Francisco Bay (Van der Wegen et al., 2017; Achete et al., 2017; Allen et al., 2021).





Model set-up and parameter sensitivity

The model topography and bathymetry were defined by combining recent LiDAR data with multibeam bathymetric data (Shaw et al., 2014). The LiDAR data (Crowell, 2021) has a point density of 10 points per meter and covers the northern region of the Cumberland Basin, extending over all of the Converse site. For input to the numerical model, the bathymetric grid was created using LiDAR data acquired in 2021 after the dyke was breached. The bathymetry was interpolated onto a flexible mesh with characteristic horizontal edge lengths that range from 250m in the Cumberland Basin to 1.0m in the MR site, and the model grid the same as presented in Burns et al. (2025). The vertical datum reference used in the model is the Canadian Geodetic Vertical Datum of 2013 (CGVD2013).

The model was forced at the open boundary (Figure 1) using spatially uniform and temporally varying water level and velocity output during spring tides from a depth-averaged structured-grid Delft3D model of the larger Bay of Fundy (Swatridge et al., 2023). Fluid density of 1030 kg·m-3 for sea water, uniform horizontal eddy viscosity of 1 ×10–4 m2·s-1, and a drying threshold parameter of 0.1m are prescribed over the entire domain. Following sensitivity analysis for different bottom friction coefficients, a map of spatially varying friction coefficients was input to differentiate between three different bottom types (vegetated areas, intertidal mud, and intertidal sand) with Chézy roughness coefficients of 17.9, 65.0 and 57.0 m1/2·s-1 respectively as described in Burns et al. (2025). Vegetation is assumed to have negligible influence on the morphological development in the site, as the bed was sparsely vegetated during the period within the first initial years following the dyke breach. Delft3D-FM was run for a period of 8 days (August 16-23, 2020) to allow for run-up time before comparing to the field observations, using a time step of 0.5 s to maintain a stable courant condition.

For simulating sediment processes, the model was initialized with a zero concentration of cohesive sediment in the water column, and bed shear stress generated by tidal currents is the only mechanism driving suspension. Based on model parameters for fine-grained mud, the sediment parameters were initially set to default model values which include a settling velocity of ws=0.0001 m·s-1, a critical shear stress threshold for erosion of τcre=2.0 N·m-2, a critical shear stress threshold for deposition of τcrd=0.2 N·m-2, and an erosion rate parameter of e=1·10–4 kg·m-2·s-1. After model runs to test the sensitivity for a range of parameter values by comparing the model results with the field observations, we found that that the model results for SSC were sensitive to ws and τcrd. This result suggests that these fine sediments fall faster and out of suspension to settle on the bed at a higher shear stress compared to sediments with the model default parameter values and this can likely be attributed to flocculation. The optimal results were achieved using ws=0.001 m·s-1, and τcrd=0.5 N·m-2 and the results presented use these sediment parameter values.





Model validation

The modelled water level elevations at C1 and P1 are compared to the HOBO water level measurements in Figure 4. At both locations, good agreement between the model result and observations is quantified by correlation coefficients of R2 = 0.99 at C1 and R2 = 0.98 at P1. Based on the detailed analysis of hydrodynamics explained in Burns et al. (2025), the model is able to accurately predict the water level elevations and currents at many other observation sites in the tidal channel, through the breach, and across the flooded land surface behind the breached dyke.

[image: Graphs comparing observed and modeled data. The top left graph (C1) shows wave patterns with strong agreement. The top right graph is a scatter plot with R² = 0.99. The bottom left graph (P1) shows consistent wave patterns with high correlation. The bottom right scatter plot has R² = 0.98.]
Figure 4 | Time series and scatter plots comparing observed and simulated water levels over a selected period of 10 tidal cycles at two locations (C1 and P1), with correlation coefficients indicated in each scatter plot.

The model results for SSC are in general agreement with the temporal evolution of mean SSC indicated by the field observations, but the variability is underestimated in the model due to the depth-averaging. The difference observed within the data can be partially explained through the fact that the water sampler nozzle was located 10cm above the seabed, where the model is depth averaged and takes the SSC of the water closer to the surface into account, lowering the average. The SSC values at B3 are compared to the observations at 15-minute intervals from 90 minutes before and after high tide (negative values are the measurements leading up to high tide, positive values are the measurements past high tide). A total of 6 tidal cycles are summarized in a box and whisker plot in Figure 5. At B3 the ISCO water sampler collected a wider range of values across the 5 tides, and this variability is particularly evident in the inflowing water, where the range of observed values is significantly wider compared to the model predictions. Overall, however, the range of modelled values generally falls within the range of observed data. Additionally, three out of the four days measured had wind speeds around 8–10 m·s-1 from the west, the direction of longest fetch, with very small waves in the channel. Studies in other intertidal areas in the BOF have shown that even small waves over mudflats on rising tides can increase SSC (Mulligan et al., 2019). Since wind and wave effects are not included in the model for this simulation, this omission would likely contribute to lower SSC values in the model output. While the observations show a greater variation in SSC over the 6 tides compared to the modelled (depth averaged) SSC, the modelled SSC values of each time step until -60min relative to high tide (RHT) fall within the range that is observed. At -60 to -90min RHT the model results indicate a very low amount of sediment within the water, where the observations show a more constant SSC (100–400 mg·L-1) after HT (0 RHT). However, both model and observations show a trend of less SSC in water after high tide (water flowing out of the site) than in the water before high tide (water flowing into the site).

[image: Box plot comparing observed and modelled suspended sediment concentration (SSC) in milligrams per liter over time in minutes relative to RHT. Observed data is in blue, and modelled data is in red, highlighting differences across time intervals from negative ninety to ninety minutes.]
Figure 5 | Box and whisker plots of the SSC (mg·L-1) distribution at B3 for observations from the ISCO Automated Water Sampler (blue) and model results (red) averaged over 5 tidal cycles relative to high tide (RHT). The box indicates the interquartile range with the inner line indicating the mean, and the upper and lower ranges indicating the upper (75th) and lower (25th) quartiles respectively; the whiskers denote the upper and lower extremes with + denoting outliers.

The SSC values of the RSB are compared (Figure 6a) to the cumulative SSC over the same duration in the model (Figure 6b), the results are summarized in a box and whisker plot in Figure 6c. The model captures the SSC best at S3 and S4 and the pattern across the site is similar as indicated by the two bar plots (Figures 6a, b). The large difference in measured and modelled SSC values at S4 and S5 could be due to the fact that the RSB only provide a value of the SSC on the incoming flood tide until water depths are about 0.5m above the marsh surface. The bottles were designed for field observations to compare the spatial variability of the availability of sediment. Although there is variability in the difference between model results and field measurements, the modelled SSCs further from the dyke breach (S1 – S3) are in closer agreement with the observations and the simulated cumulative SSC values are within the same order of magnitude as the observations. The observed deposition on the sediment traps across the site are compared to the deposition within the model in Figure 7. The modelled deposition values are also variable but all within the same order of magnitude as the ranges observed across the site (S4, M2, M4, M5) (Figure 7c). Compared to the simulated results, the observations show greater variability in the deposition at each site across the 4 tidal cycles.

[image: Three graphs showing suspended sediment concentration (SSC) in milligrams per liter. Graph a) displays observed SSC across tides T2 to T5 with five stations, S1 to S5. Graph b) presents modeled SSC for the same conditions. Graph c) is a box plot comparing observed and modeled SSC across stations S1 to S5.]
Figure 6 | Observations and model results for cumulative SSC: (a) SSC measurements captured by the Rising Stage Bottles (RSB); (b) SSC results from the model; and (c) box and whisker plots of the SSC (mg·L-1) distribution over 5 tidal cycles with observations (blue) and model results (red) across all RSB stations.

[image: Three-panel graph comparing observed and modeled deposition. Top panel (a) shows bar charts of observed deposition for tides T2 to T5, with various stations and methods (S1-M5). Middle panel (b) features modeled deposition for the same tides. Bottom panel (c) is a box plot comparing observed (blue) and modeled (red) deposition across stations S1 to S5 and methods M1 to M5.]
Figure 7 | Sediment deposition at the instrument sites, with observed sediment trap measurements compared to the model results: (a) observed deposition; (b) simulated deposition; and (c) box and whisker plots (mg·m-2) indicating the range of deposition over 5 tidal cycles from sediment trap observations (blue) and model.






Results

Spatial distribution of the observed and modelled SSC and deposition shown in Figure 8, overlain on an aerial image. This indicates that the model results for SSC and deposition align most closely with observations near the site’s interior channels, with greater variability observed at points located further away on the marsh platform. The slight underprediction of water levels results in insufficient water coverage in areas farther from the channels, leading to an underestimation of SSC in the model. The evolution of current magnitude and SSC are shown in Figure 9 over one tidal cycle. The flow fields show that topography affects the inflow and outflow at low water as the channels determine the flow propagation and as such the sediment flow throughout the site. The SSC is highest in the tidal channel at around 600 mg·L-1 (at 02:00, Figure 9h) and this highly turbid water flows through the breach into the site, and rushes through the channels and ditches with velocities ranging from 0.5–1.0 m·s-1. As the water flows overtop of the channels and decreases to 0.25 m·s-1 approaching near zero further away from the channels, the sediment drops out of suspension and is deposited across the site. The water with SSC of around 5 mg·L-1 then flows back out to the tidal river.

[image: Two satellite images depict a river bend with labeled points. Panel (a) shows suspended sediment concentration (SSC) with red bars for observed and blue for modeled data at points S1 to S5. Panel (b) illustrates deposition quantities using similar color coding at points S1 to S5 and additional points M1 to M5. A scale in meters and north arrow are included.]
Figure 8 | Comparison of observations and model results averaged over 4 tides at each observation station: (a) SSC (mg·L-1) at each RSB station; (b) deposition (mg·m-2) at each sediment trap tile station.

[image: A series of twelve maps in two columns labeled a to f (left) and g to l (right). The left column represents water velocity in meters per second, visualized in a color gradient from blue, indicating lower velocity, to red, indicating higher velocity. The right column displays suspended sediment concentration in milligrams per liter, shown in a gradient from blue for low concentration to orange for high concentration. Each map includes a scale bar of one hundred meters and a north arrow. The terrain features prominently indicated follow a waterway or channel.]
Figure 9 | Model results of current magnitude (left) and SSC (right) over a 2.3 hour time period at the peak of one tidal cycle starting on August 21, 01:00 shown in (a) and (g). The maps shown in (b) and (h) are at 02:00 after the channels have filled with water and the following maps follow in 20 minute intervals at times: (c), (i) 02:20; (d), (j) 02:40; (e), (k) 03:00; and (f), (l) 03:20.

Time series of modelled water depth (h) and the depth-averaged current speeds (|u|) are shown in Figure 10 to visualize the velocity magnitudes relative to the SSC and bed level change (Δz) at selected locations. The tidal channel (C1) has the deepest water depth, as well as the fastest current speeds, however the breach (B3) exhibits the highest deposit of sediment. Within the site, the water floods both P2 and M2 with each tide, however, the water depths and duration of flooding at M2 during the first tidal cycle are small, which limits the quantity of suspended sediment reaching this location. Subsequent tides with higher water level elevations are high enough to transport and deposit sediment at M2.

[image: Four-panel graph showing temporal data from August 21 to August 22, 2020. Panels: water height, velocity, suspended sediment concentration, and bed-level change. Lines represent river channel (blue), breach (orange), site channel (yellow), field (purple). Peaks and variations are visible in each panel, with notable differences between the channels.]
Figure 10 | Time series of modelled water levels, depth-averaged current velocities, SSC and bed level change indicating deposition at selected key locations: the tidal river channel outside of the MR site (C1), the breach (B3), the site channel directly behind the dyke (P2) and the field (M2) refers to the new marsh surface. .

The average SSC that flows into the site is depicted in Figure 11a and the flood water carries a decreasing load of SSC as it floods, slows, and deposits sediment across the site. As the water reaches bankfull elevation and flows out across the site, these velocities drop significantly, and the sediment falls out of suspension and is deposited in agreement with other studies (e.g., Leonard et al., 1995; Davidson-Arnott et al., 2002; Poirier et al., 2017). The only region where significant erosion occurs is locally at the corners of the dyke breach channel, and this area has the highest current velocities (Figure 9c). A similar trend in suspended sediment concentration (SSC) is observed in Figure 11b, where sediment deposition is either lower or absent in areas with the highest SSC, and greater in locations where the average SSC ranges between approximately 100–250 mg·L-1. Additionally, areas of high deposition are observed in locations just prior to the point where the average SSC drops below 100 mg·L-1, corresponding with a decrease in current velocities and the attainment of the critical shear stress threshold for deposition. In confined topographic features such as channels and smaller ditches, where current velocities and bed shear stresses are elevated, sediment is transported with the flow. However, as the water moves into unconfined areas the velocity decreases significantly, causing the bed shear stress to fall below the critical threshold for deposition, leading to sediment settling out of suspension.

[image: Two aerial images display sediment distribution in a water body. Panel (a) shows suspended sediment concentration (SSC) using a color gradient from blue (low) to yellow (high), ranging from 0 to 300 milligrams per liter. Panel (b) illustrates sediment depth change (∆z) with colors from blue (minimal change) to red (maximum change), ranging from 0 to 1 millimeter. Both images include a north arrow and a scale bar in meters.]
Figure 11 | Model results for sediment characteristics averaged over 6 tidal cycles from August 20-23, 2020: (a) average SSC (mg·L-1), ranging from approximately 300 mgL-1 in the channels to around 50 mgL-1 with SSC decreasing the further from the breach; and (b) average deposition, with the spatial mean value of 0.5mm per tidal cycle.





Discussion

Over this tidally flooded platform, the tidal water level elevation is the governing process that drives flow over the surface and carries sediment that ultimately is deposited. A higher tidal elevation in the tidal river outside the breach creates larger velocities that carry higher SSC through the breach and into the ditches, in agreement with previous studies (e.g., Friess et al., 2014; Ashall et al., 2016b). Tidal elevation also increases the inundation time, yielding an important control on the volume of sediment available and increasing the accretion rate. Overall, areas with higher topographic elevation (shallower depth) experience lower accretion rates due to shorter inundation times, aligning with the exponential relationship between inundation time and deposition discussed by Temmerman et al. (2003). As the site of the present study is at relatively high elevation, the channels only begin to fill when the water level reaches approximately 4.7m (relative to the CGVD2013 datum). In contract, at locations further from the breach (e.g., M2), flooding does not begin until the water level reaches 6.0m, and therefore much of the area is not inundated with every single tidal cycle.

Over the entire site the average deposition with each tide is 0.5mm (0.05cm ± 0.04cm), which represents the initial change to the system. For an estimated 80 tides a year (the number of spring tides that exceed the breach elevation) the average deposition would be approximately 4.0 cm·yr-1 ± 3.2 cm·yr-1. This estimated annual accretion rate lies within the ranges of different sites across the upper BOF where accretion was measured. However, this extrapolated model result is likely conservative, and rod surface-elevation table measurements between marker horizons have reported annual accretion rates of 1.0 cm·yr-1 (Bowron et al., 2022) that include the net processes of deposition, erosion and compaction. In comparison to other sites in the upper Bay of Fundy region, similar sediment deposition rates have been estimated at nearby sites (van Proosdij et al., 2006) and rates up to 19 cm·yr-1 (Virgin et al., 2020) and 33 cm·yr-1 (van Proosdij et al., 2023) have been reported. At other MR sites with smaller tides, such as in the Western Scheldt (an estuary in the Netherlands), the accretion rate was measured to be between 1.0 cm·yr-1 (de Vet et al., 2017) and 4.0 cm·yr-1 (de Wilde, 2022). The present site differs from these areas as it is much smaller in area and situated along a comparatively narrow tidal channel. The deposition rate estimated in the present study does not include the effect of ice and ice-rafted sediment, which causes areas of high deposition and scouring along marsh services in the winter and can affect SSC across the Cumberland Basin (Ollerhead et al., 1999; FitzGerald et al., 2020). Using the Representative Concentration Pathway 8.5 high emissions scenario these predictions estimate a maximum of 1.1 cm·yr-1 of sea-level rise as projected by James et al. (2021), which the deposition of sediment would be able to match. Therefore, even if we expect rates of accretion at the marsh site to decrease after the initial build-up, this suggests that the marshes will be sustainable in the face of rising sea levels.

There is a higher discrepancy between the observations and model results in the deposition rate across the site compared to the SSC. One factor that could influence this difference is the flocculation of the cohesive materials, which causes particles to group together and settle much faster than individual particles. There is also a slight underprediction of the peak tidal elevations, as there is a direct link between the duration of flooding at a site and the SSC at a particular location. A slight underprediction in current velocity and water elevation during flooding would lead to reduced bed shear stress and lead to underprediction of SSC. The Delft3D-FM model considers flocculation only through the settling velocity, and in the present study only one sediment type (cohesive mud) is defined. The model does not allow for spatio-temporally varying settling velocities (e.g., resulting from flocculation at higher concentrations, or the effects of turbulence in breaking up flocs), and this is a model limitation. Observations from this site have shown that deposition is not a linear function from distance from channel or elevation gradient (Poirier et al., 2017), with material that flocculates and settles in the tidal channels before it reaches the marsh surface. According to Winterwerp (2001) there are large variations in settling velocities, with higher values around the slack water due to flocculation of sediment under high concentrations. Talke and de Swart (2006) also emphasize the importance of considering a temporally varying settling velocity to properly simulate the behavior of suspended sediment, particularly in high concentrations. Despite the limitations, the model results and field observations together have enabled a detailed picture of tidally-driven sediment transport and geomorphological change of a recently breached dyke and flooded land area to be developed.





Conclusions

Salt marsh restoration through managed realignment of dykes is a potential nature-based solution for enhancing coastal environments and mitigating coastal flood risks. In this study, a recently breached dyke is examined to increase understanding of the sediment processes within the MR site to support the sediment observations. For the first time, the rates of sediment transport and deposition are evaluated in the critical time period immediately following the dyke breach and before the establishment of salt marsh vegetation. The hydrodynamics and sediment transport in the hypertidal Cumberland Basin of the Bay of Fundy are investigated using Delft3D-FM, using the flexible mesh to focus on the MR site. Field observations from 6 tidal cycles in August 2020 are compared to the model results. The tidal water levels and the intertidal topography are found to govern the sediment deposition as the water is directed through the site channels and only floods a greater area of the site for higher water level elevations. High current velocities in the channels quickly decrease after exceeding the bankfull state, and the sediment drops out of suspension as the current velocities reduce. The model results highlight the complexity and difficulty in simulating cohesive sediment processes over small scales, especially at sites with large tidal ranges and high sediment loads. However, the model results clearly indicate that the water depth on the marsh platform and duration of flooding exert significant control on the quantities of sediment that are transported to, and deposited on, the marsh restoration site. Although the sediment dynamics are complex, the results show that the model captures the order-of-magnitude changes in sediment properties over time (within, and between tidal cycles) and trends in spatial variability (e.g., distance from the breach source). The interplay between hydrodynamics and sediment dynamics in the model demonstrate the importance of incorporating accurate topographic and bathymetric data.

We demonstrate that the average deposition rate is 4.0 cm·yr-1 ± 3.2 cm·yr-1 at this site, which falls within the same range as other sites in the upper Bay of Fundy and is higher than the rate of relative sea-level rise in this area. This substantial difference suggests promise for MR and marsh restoration as viable nature-based adaptation strategies for enhancing coastal resilience. The field site is in the preparation phase of marsh development and has minimal vegetation and the modelling approach, which does not incorporate parameterization of the vegetation other than spatially varying bottom roughness, yielded results with the same order of magnitude as the observations. As sediment accumulates and salt marsh plants grow in height and density, future work should be focused on investigating the deposition of sediment in later stages after the salt marsh vegetation has established, as well as examining the effects of long-term sea-level rise on deposition and marsh platform accretion. Combined with field observations the detailed model results of suspended sediment transport and morphology change over a short timescale provide a solid foundation to examine future scenarios related to salt marsh development and evolution over long timescales, relevant to the design of nature-based solution for coastal adaptation.
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Tide Flood start time Ebb end time

number (First water enters (Last water exits

the channel) the channel)
T1 August 20, 13:30 August 20, 15:00
T2 August 21, 01:40 August 21, 03:20
T3 August 21, 14:05 August 21, 16:00
T4 August 22, 02:30 August 22, 04:20
T5 August 22, 14:55 August 22, 16:45
T6 August 23, 03:25 August 23, 05:20
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OEBPS/Images/table1.jpg
Observation
station

DEIH
recorded (2020)

Instrument type(s)

Sampling
interval

Observations

C1 Jul 20 - Nov 5 Water level logger (HOBO) 300 s Water level

o Water level,
Bl Aug 20 - 22 (5 Tides) ADCP (Nortek Aquadopp) 16 Hz Current velocity

Water level,

B2 Aug 20 - 22 (4 Tides) ADV (Nortek Vector) 16 Hz ater eveh
Current velocity

B3 Aug 20 - 23 (6 Tides) ISCO Automated Water Sampler 300 s SSC

Pl Jul 20 - Nov 5 Water level logger (HOBO) 300 s Water level

Water level,

P Aug 20 - 22 (4 Tides) ADV (Nortek Vector) 16 Hz SIEREVE
Current velocity

S1-s5 Aug 20 - 22 (5 Tides) Rising Stage Bottle (F{SB), Sediment 1 Tide Initial Flof)fi
Trap Tile SSC, Deposition

MI - M5 Aug 20 - 22 (5 Tides) Sediment Trap Tile 1 Tide Deposition






