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Abstract
Managed realignment (MR) involves the landward relocation of sea defences to foster the (re)creation of coastal wetlands 
and achieve nature-based coastal protection. The wider application of MR is impeded by knowledge gaps related to lacking 
data on its effectiveness under extreme surges and the role of changes in vegetation cover, for example due to sea-level rise. 
We employ a calibrated and validated hydrodynamic model to explore relationships between surge attenuation, MR width(/
area) and vegetation cover for the MR site of Freiston Shore, UK. We model a range of extreme water levels for four scenarios 
of variable MR width. We further assess the effects of reduced vegetation cover for the actual MR site and for the scenario 
of the site with the largest width. We show that surges are amplified for all but the largest two site scenarios, suggesting that 
increasing MR width results in higher attenuation rates. Substantial surge attenuation (up to 18 cm  km−1) is only achieved for 
the largest site. The greatest contribution to the attenuation in the largest site scenario may come from water being reflected 
from the breached dike. While vegetation cover has no statistically significant effect on surge attenuations in the original 
MR site, higher coverage leads to higher attenuation rates in the largest site scenario. We conclude that at the open coast, 
only large MR sites (> 1148 m width) can attenuate surges with return periods > 10 years, while increased vegetation cover 
and larger MR widths enable the attenuation of even higher surges.

Keywords Managed realignment · De-embankment · Saltmarsh · Coastal restoration · Naturebased · Solutions · Surge 
attenuation

Introduction

The combination of accelerated sea-level rise (Dangendorf 
et al. 2019; Nerem et al. 2018) and projected increases in 
episodic flooding, particularly in regional hotspots such as 
north western Europe (Kirezci et al. 2020), is expected to 
lead to increased flood risk for low-lying coasts and higher 
adaptation costs (Hinkel et  al. 2014). Problematically, 

conventional protection measures such as dikes and seawalls 
are challenged by rising maintenance costs and ecologically 
disadvantageous side effects such as limited accommoda-
tion space due to coastal squeeze (Temmerman et al. 2013; 
Doody 2004; Schuerch et al. 2018).

The availability of accommodation space that allows 
for wetland inland migration will determine the survival of 
global coastal wetlands over the twenty-first century. Tradi-
tional hold-the-line approaches for adaptation to rising sea 
levels and associated flooding limit accommodation space 
and can lead to large-scale losses of coastal wetlands. Such 
losses may therefore be prevented by changing adaptation 
practices towards nature-based solutions (Spencer et al. 
2016; Schuerch et al. 2018).

Nature-based coastal adaptation can provide a cost-effective 
alternative (Reguero et al. 2018) or complement conventional 
coastal defence schemes, as studies from the United Kingdom 
(UK) and the Scheldt estuary (Belgium) have shown (Turner 
et al. 2007; Broekx et al. 2011). Such practices additionally 
involve the creation or restoration of coastal wetlands such as 
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saltmarshes (Temmerman et al. 2013), which can substantially 
reduce flood impacts (Barbier et al. 2013) and at the same time 
contribute to the conservation and restoration of biodiversity 
and more natural shorelines.

Two options are regularly implemented in Europe: man-
aged realignment (MR) and regulated tidal exchange (RTE) 
(ABPmer 2021). RTE constitutes a more controlled way 
of re-establishing tidal exchange, by fully maintaining the 
first dikeline and applying water control structures such as 
sluices, culverts or tide gates (Oosterlee et al. 2020; Cox 
et al. 2006). Here, we focus on managed realignment, which 
aims at the re-establishment of coastal ecosystems to sus-
tainably manage flood and erosion risks (Esteves 2013). MR 
constitutes the relocation of sea defences to more landward 
positions, followed by the breaching or removal of the old, 
seaward line of defence (French 2006). A detailed descrip-
tion of various MR types is given in Esteves (2014).

Using saltmarshes as a buffer zone for preventing low-
lying coastal areas from flooding is based on evidence from 
a multitude of studies, which show the potential of vegetated 
surfaces to attenuate high water levels (HWL) (Paquier et al. 
2017; Sheng et al. 2012; Smolders et al. 2015; Stark et al. 
2015, 2016; Wamsley et al. 2010) and waves (Möller and 
Spencer 2002; Möller et al. 2014; Rupprecht et al. 2017). 
According to Smolders et al. (2015), HWL attenuation can 
be distinguished between within-wetland attenuation and 
along-estuary attenuation. The latter refers to the contri-
bution of estuarine intertidal areas to reduce the height of 
storm surges that propagate upstream along an estuary, 
which is also referred to as water retention or flood water 
storage (Hofstede 2019; Oosterlee et al. 2020; Cox et al. 
2006; Smolders et al. 2015). Within-wetland attenuation 
occurs over the wetland itself, due to shallow water depths 
and the resistance of vegetation (Stark et al. 2015, 2016; 
Temmerman et al. 2012; Loder et al. 2009; Wamsley et al. 
2010, 2009). Several studies provide HWL attenuation rates 
in the range of 4 cm  km−1 (Lovelace 1994; McGee et al. 
2006; Wamsley et al. 2010) to 25 cm  km−1 (McGee et al. 
2006; Wamsley et al. 2010), all of which were measured 
over several kilometres. These rates clarify that marshes 
of > 1 km width are required for the provision of effective 
within-wetland attenuation.

Among the drivers of HWL attenuation are the char-
acteristics of the surge (Resio and Westerink 2008), 
vegetation community properties (Temmerman et  al. 
2012; Barbier et  al. 2013), marsh topography (Loder 
et al. 2009) and the presence of tidal creeks (Stark et al. 
2016). Stark et al. (2016) found that saltmarshes domi-
nated by channelized flow provide less HWL attenuation 
compared to those governed by sheet flow, which has 
also been shown for mangrove ecosystems (Montgomery 
et al. 2018). Mean flow velocity decreases logarithmi-
cally with increasing distance from the marsh margin 

in the direction of the current flow (Leonard and Croft 
2006; Christiansen et al. 2000). Therefore, both within-
wetland and along-estuary attenuation of HWLs should 
increase with larger wetland surface areas, even though 
along-estuary attenuation does not further increase above 
a certain threshold in site area (Smolders et al. 2015). 
The relationship between within-wetland attenuation 
and marsh width raises questions regarding the suitabil-
ity of small wetland restoration schemes for providing 
HWL attenuation. Some studies suggested that the HWL 
attenuation potential of saltmarshes may be restricted by 
certain thresholds in inundation depth above the marsh 
platform. While Stark et  al. (2015) found maximum 
attenuation rates for a water depth range between 0.5 
and 1.0 m, Wamsley et al. (2010) and Loder et al. (2009) 
show that very high storm surges may overwhelm the 
attenuating capacity of the ecosystem.

The example of Freiston Shore, Lincolnshire, UK, sug-
gests that the effectiveness of saltmarshes restored within 
the scope of MR to reduce HWLs is highly variable and 
may not be equivalent to adjacent natural ecosystems 
(Kiesel et al. 2019). This may not be surprising, as previ-
ous studies have shown that HWL attenuation rates over 
saltmarshes generally vary in space and time and cannot 
be summarised to a single reduction factor (Resio and 
Westerink 2008; Reed et al. 2018). Differences in the 
HWL attenuation potential between natural and restored 
saltmarshes may originate from MR scheme design and 
differences in those ecosystem properties that drive their 
coastal protection function. These properties include, for 
example, vegetation characteristics (Mazik et al. 2010; 
Garbutt and Wolters 2008; Mossman et  al. 2012) and 
topographic complexity (Lawrence et al. 2018).

Results from studies based on hydrodynamic model-
ling suggest that the coastal protection function of MR 
schemes can be improved by applying a scheme design 
(i.e. configuration of breaches and dikes) that aims 
at keeping internal water depths low, but attenuation 
rates > 10  cm   km−1 are only achieved by establishing 
vast and wide shallow water areas (Kiesel et al. 2020). 
Problematically, MR sites are typically smaller than Fre-
iston Shore (66 ha). According to the Online Managed 
Realignment Guide (OMREG) (ABPmer 2021), 71% of 
the MR schemes registered in January 2021 across Bel-
gium, Denmark, France, Germany, Netherlands, Spain 
and UK are smaller than Freiston Shore and 46% smaller 
than 20 ha. Thus, the majority of MR schemes may not 
have the potential for effective within-wetland attenua-
tion (Hofstede 2019). We note, however, that the major-
ity of sites smaller than Freiston Shore and smaller than 
20 ha (72% and 73%, respectively) are located in estuarine 
settings and may therefore still be effective in providing 
along-estuary attenuation.
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Two of the main knowledge gaps impeding the wider 
application of MR in coastal defence schemes are (1) miss-
ing studies on the effectivity of saltmarshes restored in the 
context of MR to attenuate the most extreme events and (2) 
shortage of information on long-term ecosystem dynamics 
under the influence of sea-level rise and more frequent flood-
ing, which potentially lead to reduced ecosystem resilience 
and vegetation die-off. The latter can diminish the HWL 
attenuation potential of the ecosystem (Bouma et al. 2014; 
Wamsley et al. 2009; Temmerman et al. 2012; Barbier et al. 
2013; Narayan et al. 2016). Saltmarsh vegetation may fail to 
establish in newly created MR schemes (Brooks et al. 2015) 
or die-off as a consequence of storm surges and associated 
wave climates (Rupprecht et al. 2017) and sea-level rise, 
directly followed by conversion to tidal flats (Kirwan et al. 
2010; Marani et al. 2007) or ponds. Studies have indicated 
that the latter may result in a patchy distribution of vegeta- 
tion (Schepers et  al. 2020; Mariotti 2020; Vinent et  al.  
2021).

Here, we address these knowledge gaps by studying the 
effectiveness of HWL attenuation over the Freiston Shore 
MR site under a range of extreme water levels (10-, 50-, 
100-, 200-, and 1000-year event) and three reduced veg-
etation scenarios, which assume patchy vegetation die-off. 
Further, we investigate thresholds to the HWL attenuation 
function of Freiston Shore in relation to marsh width by sim-
ulating the propagation of storm surges over four MR width 
scenarios. We additionally study how the largest MR width 
alters the relationship between extreme water level, vegeta-
tion scenarios and HWL attenuation. For this purpose, we 
use a hydrodynamic model of the Freiston Shore MR site, 
setup in Delft3D-Flow (Delft Hydraulics 2003), which has 
been calibrated and validated against field measurements of 
the highest spring tides for the year 2017 (Kiesel et al. 2020).

Study Area and Methods

Study Area

The MR site of Freiston Shore is situated in Lincolnshire, 
UK, at the west coast of The Wash embayment (Fig. 1b, c), 
a shallow (average water depth < 10 m) and sheltered embay-
ment on the east coast of England. The intertidal areas of the 
bay comprise various habitats such as saltmarshes, sand- and 
mudflats (Brew and Williams 2002). Tides in the embay-
ment are semidiurnal and macrotidal, with neap- and spring-
tide ranges of 3.5 and 6.5 m, respectively (Ke et al. 1996).

The Wash has experienced numerous major storm surges 
in the past; the most severe occurred in 1953, resulting in 
the deaths of 307 people along the east coast of England 
(Baxter 2005). High water levels in the south-western Wash 
reached 5.48 m ODN (Ordnance Datum Newlyn, where 

0 m approximates mean sea level) at Haven Sluice, Boston 
(Fig. 1b). The total flood damage has been estimated at £1.2 
billion (equivalent for the year 2014) (Wadey et al. 2015). 
In 2013, the storm ‘Xaver’ caused the highest still water 
levels on record at several tide gauges (Spencer et al. 2015). 
However, in contrast to 1953, no casualties were recorded, 
and total flood damage costs summed up to £0.25 billion 
(Spencer et  al. 2015). Maximum water level elevations 
for Lincolnshire were measured at Donna Nook, reaching 
5.83 m ODN (Spencer et al. 2015).

The Wash has a long history of land reclamation, and 
the latest dike (later also referred to as breached, seaward 
dike) was completed at Freiston Shore in 1982, to protect 
adjacent low-lying fenland as well as urban and agricultural 
areas (Friess et al. 2012). This dike was built further into 
The Wash than dikes to the north and south, exposing the 
foot of the dike to wave attack, and signs of erosion required 
repair and maintenance by the former owner, Her Majesty´s 
Prisons (Brown et al. 2007). The 1996 Shoreline Manage-
ment Plan recommended realignment of the coastal stretch 
at Freiston Shore (Spencer et al. 2012), and in 2002, 66 ha 
of new intertidal and shallow water habitats were restored 
by breaching the seaward dike at three locations (Fig. 1a) 
(Brown et al. 2007). Among the aims was the creation of a 
sustainable flood defence scheme through the establishment 
of saltmarsh (Brown et al. 2007). The final monitoring report 
confirmed that saltmarsh restoration was successful, as in 
2007, mean total halophytic vegetation cover within the MR 
site was estimated at 89% (Brown 2008).

The analysis of a 2016 LiDAR (Light Detection and 
Ranging)-derived digital elevation model (DEM) (Environ-
ment Agency 2020) showed that the mean elevation inside 
the MR was 3.04 ± 0.42 m ODN (Kiesel et al. 2019).

Model Setup and Data Processing

We simulated the propagation of surge water levels over 
the model domain (light grey mesh Fig.  1a) using the 
DELFT3D-FLOW (version 4.00.02) model (Delft Hydrau-
lics 2003). This model calculates the flow of water over a 
multi-dimensional (2D (depth averaged) and 3D) finite, rec-
tilinear or curvilinear, boundary-fitted difference grid. Areas 
of application include coastal, river and estuarine settings 
(Delft Hydraulics 2003; Lesser et al. 2004; Temmerman 
et al. 2012; Elahi et al. 2020).

We used the model to simulate two-dimensional flow 
over a Cartesian grid using the horizontal momentum equa-
tions, the continuity equation and 2D turbulence, which 
was modelled based on a constant horizontal eddy viscos-
ity coefficient (1  m2  s−1). For a detailed description of the 
model and the governing equations, we refer the reader to 
the DELFT3D-FLOW user manual (Delft Hydraulics 2003).
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The model domain covers an area of 1.97 km in width 
and 1.95 km in length. It extends from the pioneer zone of 
the natural saltmarsh in front of the MR over the MR itself 
into the adjacent agricultural lands (see coverage of 10 m 
grid in Fig. 1a). The model has been set up with three open 
boundaries (Fig. 1a), of which only the eastern side was 
forced with hydrographs representing the five return water 
level scenarios. All boundaries were allowed to exchange 
water outside the model domain. The temporal resolution 
of the five hydrographs was 10 minutes, and the model time 
step was 6 seconds.

Bathymetry, topography and land cover information to 
develop elevation and surface roughness maps of the model 

domain were derived from a 2 × 2-m 2016 LiDAR-derived 
DEM (Environment Agency 2020) and a supervised image 
classification (Kiesel et  al. 2019), which was based on 
20 × 20 cm vertical aerial photography from the same year 
(Environment Agency 2019c). In order to reduce computa-
tional costs, all data were resampled onto a 10 × 10-m grid, 
which was the base for the model calculations (Fig. 1a). 
The DEM was resampled by calculating the average of the 
four nearest cells. The supervised image classification was 
used to distinguish between dominant surface cover classes, 
namely saltmarsh, water and tidal flat (either sand or mud-
flat). These classes were used to derive the surface roughness 
within the model domain, which is represented in the model 

Fig. 1  a The model domain (indicated by 10 m grid) covers the Freis-
ton Shore MR site, the adjacent natural marsh and neighbouring ara-
ble lands. Seaward open boundaries of the model domain (blue lines) 
are used to force the model with hydrographs of selected return water 
levels (see “Generation of Extreme Water Level Hydrographs”). In 
our model application, only the eastern side was forced, while the 
other two were allowed to exchange water with outside the model 
domain. The observation points are used to calculate HWL attenua-
tion rates within the MR site. In addition, blue dots indicate observa-

tion points in front of the landward dike and green dots are situated 
in front of the breached, seaward dike. b Location of the study area 
in The Wash embayment (green box), location of local tide gauges 
and points for which extreme return water levels were available. c 
Location of The Wash embayment in eastern England (orange box). 
d Model setup for the four tested MR width scenarios. Note that the 
landward dike of the status quo has been removed and new, artificial 
dikes were placed at the back of the model domain in varying dis-
tances
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by assigning Manning’s n coefficients (saltmarsh 0.08, tidal 
flat 0.03 and water 0.02). These values have been widely 
used in literature in hydrodynamic model applications and 
were shown to be suitable for representing the drag forces 
exerted by the respective surface type (Garzon and Ferreira 
2016; Hossain et al. 2009; Lawrence et al. 2004; Liu et al. 
2013; Wamsley et al. 2010, 2009; Smolders et al. 2015; 
Stark et al. 2016; Temmerman et al. 2012). Manning’s n 
coefficients for every cell (20 × 20 cm) were resampled onto 
the 10 × 10-m grid by using the same approach as for the 
model’s elevation.

In a previous study, the model was calibrated and vali-
dated against field measurements of the highest spring tides 
of the year 2017. Root mean square errors between modelled 
and measured water depths ranged between 0.05 and 0.06 m 
and mean absolute errors of peak water levels between 0.02 
and 0.04 m. Model calibration included a range of Man-
ning’s n coefficients for saltmarsh surfaces (0.035–0.09) and 
revealed that the model was not very sensitive to these varia-
tions (Kiesel et al. 2020). We note that the effects of bottom 
friction are also dependent on water depth (Delft Hydraulics 
2003; Loder et al. 2009; Wamsley et al. 2010; Temmerman 
et al. 2012), and the calibration of the model is representa-
tive of spring tide conditions.

Generation of Extreme Water Level Hydrographs

In order to support successful risk-based flood and coastal 
erosion management, the UK Environment Agency (EA) has 
published a consistent set of extreme sea levels around the 
coasts of England, Wales, Scotland and Northern Ireland. 
Extreme peak sea level heights for different annual exceed-
ance probabilities are provided in the report for events with 
return periods that range between 1 and 10,000 years, at 
points every 2 km along the coastline (Environment Agency 
2019b).

In order to analyse the attenuation of extreme sea levels 
within the Freiston Shore MR site, we selected the 10-, 50-, 
100-, 200- and 1000-year events from the EA’s report, refer-
enced to ODN. Peak water levels for each return period were 
averaged from the two closest points to the Freiston Shore 
MR site (Fig. 1b). Both points are approximately 1.85 km 
seaward of the eastern open boundary. The resulting extreme 
water levels are 5.24 m for the 10-, 5.54 m for 50-, 5.67 m 
for 100-, 5.81 m for 200- and 6.16 m for the 1000-year event. 
It is likely that the extreme water levels would be attenuated 
to some extent while propagating from these points to the 
boundary of the model domain. It is therefore likely that 
we slightly overestimate the peak extreme water levels for 
each event.

To create the storm surge hydrographs which force the 
model, we followed the procedure described in the user 
guide to the EA’s report (Environment Agency 2019a). 

Unfortunately, no significant surges were recorded at the 
nearest tide gauge Tabs Head, which is why we took the 
hydrograph of the largest surge from the tide-gauge record at 
Cromer (ca. 81 km air-line distance from study site: Fig. 1b), 
which occurred in February 1993, with a maximum height 
of 2.5 m (Fig. 2a). We extracted the surge component of the 
event using the UTide Matlab functions (Codiga 2011) and 
combined it with tidal water levels recorded at Tabs Head 
(ca. 4 km air-line distance from study site: Fig. 1b). We then 
scaled each timestep of the surge component by a single 
factor in order to meet each of the respective target design 
water levels, as suggested by the EA’s report. Each timestep 
of the new surge component (S(t)new) was scaled using the 
following equation:

where S(t)orig is the original surge extracted from the tide 
gauge in Cromer, dwl is the targeted design water level for 
each extreme event tested, and pwl is the peak total water 
level at the tide gauge. Finally, the resulting new surge water 
level time series were recombined with the tidal data from 
Tabs Head. This procedure was repeated for each of the five 
design water levels, and the resulting hydrographs for each 
return water level were used as boundary conditions for the 
eastern open boundary and are shown in Fig. 2b.

MR Width Scenarios

The effects of varying marsh widths (and consequently 
areas) were studied by removing the landward dike of 
the original Freiston Shore MR site (referred to as status 
quo) and implementing new seawalls (called thin dams in 
Delft3D-Flow) at the back of the site for four hypothetical 
(residential areas and roads are located within scenarios 1.3 
and 1.4) MR width scenarios (Fig. 1d). Marsh width was 
measured from the central breach perpendicular to the coast-
line in a landward direction. Scenario 1.1 covers an area of 
118 ha with a 900 m MR width, 1.2 145 ha and 1100 m, 1.3 
180 ha and 1320 m and 1.4 205 ha and 1500 m width. We 
assumed full vegetation cover for all MR width scenarios.

Vegetation Scenarios

We explore the propagation of extreme HWLs for three sce-
narios of reduced vegetation cover over the Freiston Shore 
MR site and scenario 1.4. These two model setups were 
chosen as they represent the greatest difference between 
MR widths (and areas). The original vegetation, deter-
mined from the supervised image classification (see “Model 
Setup and Data Processing”), was found to cover 81% in the 
north of the MR and 73% in the south (Kiesel et al. 2019). 

S(t)new = S(t)orig ⋅

(

1 +
dwl − pwl

pwl

)

,
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These values range in the same order of magnitude com-
pared to findings of the monitoring report, which estimated 
mean total vegetation cover in 2007 to be at 89% (Brown  
2008). This classification (also referred to as ‘Actual  
veg’) constitutes the baseline from which we reduced veg-
etation cover by 50%, 75% and 100%, the latter representing 
the ‘no vegetation’ scenario. Consequently, differences in 
vegetation cover between areas within the MR are much 
smaller compared to differences between the vegetation sce-
narios. We induced a patchy vegetation cover for each sce-
nario by applying a likelihood filter (50%, 75% and 100%) 
to every cell classified as saltmarsh, determining whether 
that cell became tidal flat/mudflat or remained vegetated. 
The resulting land cover maps (Fig. 3) were used to derive  
adjusted Manning’s n coefficients for each changed cell.

Calculation of HWL Attenuation Rates

HWL attenuation rates (cm  km−1) were calculated from 
the vertical difference in HWL between two observation 

points (n = 1 for each observation point and return water 
level scenario), termed hereafter as transect, and the hori-
zontal distance between them. All observation points are 
located on the marsh platform. In total, seven transects 
were established, where negative values refer to the ampli-
fication of HWLs and positive values indicate attenuation. 
Coordinates and elevations of each location are provided 
in Table 1. We differentiate the transects based on their 
location, with transects Loc 3–1, Loc 6–15 and Loc 9–14 
classified as ‘From Outside Breached to New Dike’, while 
Loc 13–1, Loc 2–1, Loc 8–15 and Loc 16–14 are classi-
fied as ‘Inside MR’, the latter of which refers to within-
wetland attenuation of HWLs. Setup of these transects was 
the same for Freiston Shore and all MR width variations 
tested.

In addition to the calculation of HWL attenuation rates 
at the transects, we analysed differences in absolute HWLs 
between locations in front of the breached, seaward dike and 
in front of the new, landward dike for Freiston Shore and 
scenario 1.4. These additional locations are abbreviated with 

Fig. 2  a The largest storm surge on record for the tide gauge of 
Cromer (occurred in 1993; twl = total water level). We have stretched 
the 1993 event to meet the five different return water levels. b Hydro-
graphs showing the water level curve for each extreme event at Loc 

4 (see Fig. 1a for location). The horizontal line indicates the average 
elevation inside the MR site. These hydrographs were used to define 
boundary conditions at the eastern open boundary (Fig. 1a)
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LD (landward dike) and SD (seaward dike) and are shown 
in Fig. 1a, d.

Finally, we computed HWLs for locations within the 
three breaches, in order to compare these values with meas-
urements from directly in front of the breached dike (Locs 
3, 6, 9 and SD1 and 2).

Statistical Analyses

We tested the null hypothesis that there are no significant dif-
ferences in HWL attenuation rates between both the return 
water level and vegetation scenarios. For both variables, we 
tested the assumptions for conducting a two-way analysis of 
variance model (ANOVA). In those cases where data were 
neither normally distributed (as indicated by Shapiro–Wilk 
p-value < 0.05) nor homoscedastic (Bartlett p-value < 0.05), 
we used a Kruskal–Wallis test as non-parametric alterna-
tive. Further, we tested the null hypothesis that there was no 
significant difference between the two transect types, over 
which HWL attenuation rates were calculated ("Inside MR" 
and "From Outside Breached to New Dike") using the non-
parametric Wilcoxon rank-sum test (assumptions for t-test 
not met). We also tested whether HWL attenuation rates 
for the status quo (original Freiston Shore MR site) were 
significantly different from 0 and whether scenarios 1.3 and 
1.4 were different to the status quo, using the Wilcoxon rank-
sum test. Statistics and figures (despite maps) were produced 
with R-Studio software (R Core Team 2019).

Results

Reduction of Extreme HWLs Over the Freiston Shore 
MR Site

Our results show that the capacity of the Freiston Shore 
MR site to reduce extreme HWLs is generally low, ranging 
from −21 to 7 cm  km−1 with an average of −3 cm  km−1 for 
all extreme events and vegetation scenarios (negative values 
represent an amplification of HWLs and positive indicate 
HWL attenuation). We found that HWL attenuation rates do 
not significantly differ between individual events and veg-
etation scenarios (Fig. 4; Table S1). For a comprehensive 
overview of HWL attenuation rates and the results of statisti-
cal tests for Freiston Shore and all MR width scenarios, we 
refer the reader to Table S1, provided in the online resource 
to this article.

The results demonstrate that water levels are generally 
not attenuated from the seaward, breached dike to the new, 
landward dike. On the contrary, HWLs are generally ampli-
fied. This trend is significantly different from zero (Wilcoxon 
rank-sum test p-value < 0.0005). Looking into the transects 
individually shows that the negative outliers in Fig. 4 in all 
scenarios mostly come from transect Loc 9 – 14, in the south 
of the study site, underlining the high spatial variability of 
HWL attenuation (HWL attenuation rates plotted per tran-
sect are shown in Fig. S1 in the online resource to this arti-
cle). The difference in HWL attenuations between the two  

Fig. 3  Landcover maps showing the vegetation scenarios. Top row: Freiston Shore and bottom; scenario 1.4
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transect types ("From Outside Breached to New Dike" 
(average -5 cm  km−1) and "Inside MR" (referring to within-
wetland attenuation) (average −1 cm  km−1)) is statistically 
significant (Wilcoxon rank-sum test p-value < 0.0005).

On average, absolute HWLs at the landward dike were 
2 cm higher compared to the breached, seaward dike. Please 
see the online resource for further details (Fig. S2).

MR Width Thresholds Related to HWL Attenuation 
and Reduction of Extreme Water Levels over Each 
MR Width Scenario Under Full Vegetation Cover

The modelled HWL attenuation rates of the MR width sce-
narios indicate that substantial areas are required to effec-
tively reduce the highest surges at the open coast (Fig. 4). 
We identified surge-specific MR width thresholds for the 
HWL attenuation potential of Freiston Shore (Fig. 5). When 
full vegetation coverage is assumed, the 10-year event would 
require a MR width of > 1148 m to be attenuated, the 50-year 
event a width of > 1247 m, the 100-year event > 1277 m 
and the 200-year event requires at least 1302 m. Since the 

1000-year event was not attenuated in all scenarios, a width 
threshold could not be identified.

Scenarios 1.1 and 1.2 produced average HWL attenua-
tion rates of −4 cm  km−1 and range in the same order of 
magnitude compared to the original Freiston Shore MR site, 
despite marsh widths being approximately twice the original 
(900 m and 1100 m in comparison to 530 m in the Status 
Quo). As for the Status Quo, no statistically significant dif-
ference in HWL attenuation rates between extreme events 
was identified (see online resource Table S1).

In contrast, average HWL attenuation rates of 2 cm  km−1 
were measured for scenario 1.3, comprising 1320 m MR 
width and an area of 180 ha. Even though no statistically 
significant difference between extreme events was found 
(see online resource Table S1), maximum HWL attenua-
tion rates were higher for lower surge heights. Contrary to 
all other scenarios tested, no amplification was observed. We 
note, however, that similar to scenarios 1.1 and 1.2, scenario 
1.3 was only modelled with actual (full) vegetation cover. 
HWL attenuation rates were statistically significantly dif-
ferent compared to the Status Quo (Wilcoxon rank-sum test 
p-value < 0.0005).

Table 1  Number, coordinates 
and elevation of locations used 
to calculate HWL attenuation 
rates. Coordinates are given 
in British National Grid and 
elevation of measurement 
locations was extracted from the 
model topography. SD and LD 
refer to seaward and landward 
dike, respectively

Area Function Location no Latitude Longitude Elevation 
(m ODN)

Status Quo Used to calculate HWL attenuation rates 
for every MR width scenario

Loc 1 540,728 343,438 3.48
Loc 2 541,059 343,229 3.23
Loc 3 (SD) 541,154 343,281 3.4
Loc 6 (SD) 541,044 342,920 3.39
Loc 7 540,544 342,144 3.13
Loc 8 540,949 343,061 3.24
Loc 9 (SD) 540,518 342,202 3.54
Loc 11 540,799 343,378 3.29
Loc 12 540,768 343,405 3.32
Loc 13 541,076 343,390 3.1
Loc 14 (LD) 540,205 342,594 3.32
Loc 15 (LD) 540,590 343,239 3.32
Loc 16 540,503 342,494 3.04

Used to calculate absolute HWLs at 
seaward and both landward dikes (SQ 
& 1.4)

SD1 540,691 342,361 3.33
SD2 540,858 342,590 3.6
LD1 540,734 343,514 3.42
LD2 540,511 343,090 3.23
LD3 540,385 342,851 3.3

1.4 LD1.4.1 539,438 343,136 2.48
LD1.4.2 539,554 343,358 3.07
LD1.4.3 539,699 343,631 2.97
LD1.4.4 539,821 343,861 2.85
LD1.4.5 539,964 344,136 2.55

Compare HWLs between SD and breaches Breach1 541,104 343,207 2.02
Breach2 540,933 342,776 0.12
Breach3 540,734 342,441 1.2
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Scenario 1.4 comprises a total area of 205 ha and a 
1500 m width, and is the only scenario which experiences 
substantial HWL attenuation rates. Mean HWL attenua-
tion rate over all surges was 7 cm  km−1, with decreasing 
values as surge heights increase (Fig. 4; online resource 
Table S1). The difference in HWL attenuation rates between 
extreme events was statistically significant (Kruskal–Wal-
lis p-value = 0.02), and amplification of HWLs was only 
observed for the 1000-year event. HWL attenuation rates 
were statistically significantly different to the Status Quo 
(Wilcoxon-rank-sum p-value = 0.0008).

Most of the modelled attenuation in scenario 1.4 comes 
from transects measured from outside the breached, seaward 
to the landward dike, while attenuations from exclusively 
inside the MR are negligible (Fig. 6). The difference between 
both transect types was statistically significant (Wilcoxon 
rank-sum test p-value < 0.0005). Transects from exclusively 
inside the MR refer to within-wetland attenuation. Under 
full vegetation cover, average within-wetland attenuation of 
HWLs exhibits −1 cm  km−1, while transects measured from 
outside breached to new dike show average HWL attenuation 
rates of 18 cm  km−1. We find that most of the attenuation 

Fig. 4  HWL attenuation rates 
for Freiston Shore and the 
MR width scenarios under all 
extreme water level scenarios. 
Freiston Shore and scenario 
1.4 were additionally modelled 
with four scenarios of reduced 
vegetation cover. The boxplot is 
defined as follows: The bottom 
and top ends of the box refer 
to the 25th and 75th percentile 
and the centreline shows the 
median. The whiskers are cal-
culated as the upper and lower 
boundary of the box + 1.5 * the 
interquartile range. Points that 
did not fall within this range are 
plotted as outliers
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from the transects classified as from outside breached to 
new dike occurs within only approximately 30 m, between 
locations directly in front of the breached dike and within the 
three breaches, or directly landward the breached dike. Over 
all extreme events, the average difference in absolute HWLs 
between the breaches and the area in front of the breached 
dike is 9 cm (Fig. 7).

Overall, HWL attenuation rates in all scenarios are char-
acterised by high variability, expressed in standard devia-
tions ranging from 3 to 18 cm  km−1 (Table S1). Higher vari-
abilities were observed for scenarios 1.3 and 1.4, coinciding 
with higher attenuation rates.

Effects of Reduced Vegetation Cover on HWL 
Attenuation in Scenario 1.4

Our results show that HWL attenuation rates generally 
decrease with decreasing vegetation cover (Fig. 4). How-
ever, statistically significant differences were only observed 
for the 200- and 1000-year events (Table S1). Looking at 
absolute differences in HWLs between locations in front of 
the breached, seaward and landward dikelines (green and 
blue points in Fig. 1d) reveals that effective reductions in 
HWLs are observed for all but the 1000-year event, rang-
ing from 17 cm for the 10-year event to 6 cm for the 200-
year event (Fig. 8; Table 2). However, the loss of vegeta-
tion reduces differences in HWLs between both dikelines 
to 1 cm for the 10-, 50-, and 100-year events. In addition, 
attenuation switches to amplification for the 200-year event 

when vegetation is completely lost. The 1000-year event 
was amplified regardless of whether full or absent vegeta-
tion cover was modelled.

Transects classified as "Inside MR" suggest that within-
wetland attenuation is low irrespective of vegetation 
cover. Full vegetation cover results in HWL attenuation 
rates of −1 cm  km−1, and absent vegetation produces rates 
of −2 cm  km−1.

Discussion

Suitability of MR for Effective Coastal Flood Risk 
Reduction and Implications for Management

The MR site of Freiston Shore is situated at the open coast 
of The Wash embayment. Thus, our findings are related to 
within-wetland attenuation of HWLs, whereas the water stor-
age capacity (relevant for along-estuary attenuation) is neg-
ligible (Hofstede 2019; Smolders et al. 2015). Our findings 
suggest that at the open coast, within-wetland attenuation has 
to be further grouped into transects that are measured exclu-
sively inside the MR (which essentially equates to within-
wetland attenuation) and those where the first measurement 
point is located in front of the breached dike.

We found that the capacity of the Freiston Shore MR site 
to provide within-wetland attenuation is very limited. This 
has been shown before for the highest astronomical spring 
tides in both field and modelling studies (Kiesel et al. 2019, 

Fig. 5  Regression between 
HWL attenuation rates and MR 
width. A second-order polyno-
mial function was fitted through 
the data points, which show the 
average HWL attenuation rate 
per scenario (considering only 
actual (full) vegetation cover). 
The grey area around the regres-
sion line indicates the 95% 
confidence interval, and the 
vertical bars show the standard 
error of the mean
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2020) and, according to our results, is also valid for a range 
of extreme events. The comparatively weak performance of 
the Freiston Shore MR site is not surprising, since previous 
studies have shown that surge attenuation decreases if surge 
duration is long compared to the time it takes to fill the stor-
age area (Resio and Westerink 2008; Loder et al. 2009). In 
this study, all modelled events were long and high enough to 
fully inundate the original MR (and all MR width scenarios). 
Even though our results suggest that MR at Freiston Shore 
has generally led to slight amplifications of HWLs, we argue 
that flood risks are not exacerbated under the most extreme 
events since amplification rates are very small, ranging 
between −1 and −3 cm  km−1 under actual (full) vegetation 
cover (Table S1).

The dominant amplification of HWLs over Freiston Shore 
(even if mostly small) and the gradually increasing attenu-
ation rates for larger MR widths indicate that the capacity 
of MR schemes equal in size or smaller than Freiston Shore 
to effectively provide within-wetland attenuation may be 
limited, as also discussed in Hofstede (2019) and shown in 
Kiesel et al. (2020). This is further clarified by previously 
measured and modelled HWL attenuations, ranging between 

4 cm  km−1 (Lovelace 1994; McGee et al. 2006; Wamsley 
et al. 2010) and 25 cm  km−1 (McGee et al. 2006; Wamsley 
et al. 2010). These rates were measured over several kilome-
tres. Consequently, the within-wetland attenuation capacity 
of many MR schemes in Europe today may be limited, since 
as of 2021, 46% of MR schemes were smaller than 20 ha 
(ABPmer 2021) (compared to 66 ha in Freiston Shore). We 
note, however, that the capacity of smaller MR schemes to 
support along-estuary attenuation of HWLs may still be 
effective, particularly when placed further upstream in the 
estuary (Smolders et al. 2015; Leuven et al. 2019).

Our results show that at the open coast, only very large 
MR schemes can effectively contribute to coastal flood risk 
reduction (in terms of HWL attenuation). Site-dependent 
MR width thresholds for the tested extreme water level 
scenarios range between 1148 m for the 10-year event and 
1302 m for the 200-year event. On the other hand, the 1000-
year event was not attenuated in any of the MR width scenar-
ios, suggesting that for such events, wider areas are required 
to achieve attenuation. The 200-year event illustrates the 
importance of a comprehensive vegetation cover, which 
can increase inundation depth thresholds until HWLs are 

Fig. 6  HWL attenuation rates 
over scenario 1.4 depicted per 
transect, extreme event and 
vegetation scenario
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effectively reduced (attenuation under full vegetation cover 
and amplification when vegetation is lost: Table 2; Fig. 8).

Under most conditions in scenario 1.4, HWLs are sub-
stantially lower at the new, landward seawall, suggesting that 
it can be of a lower design specification, and thus cheaper 
to build and maintain (Dixon et al. 1998; Pethick 2002). 
Indeed, most of this HWL attenuation  comes from tran-
sects measured from outside the breached, seaward dike to 
the new, landward one, suggesting that HWLs are affected 
by reflection against the dike remnants (Fig. 6). Differences 
between absolute HWLs from locations in front of the 
breached dike, inside the three breaches and directly land-
wards support this idea (Fig. 7). Over all extreme events, the 
average difference in HWLs between the breaches and the 
area in front of the breached dike is 9 cm, despite the loca-
tions being less than 30 m apart. We therefore assume that 
extrapolating the attenuation rates from transects classified 
as "From Outside Breached to New Dike" of scenario 1.4 
(on average 18 cm  km−1 for full vegetation cover) may lead 
to overestimations, as much of it comes from the effects of 
the breached, seaward dike.

We deduce the following management implications from 
the findings presented in this paper:

1. At the open coast, large MR schemes can effectively 
reduce a large range of extreme surges, but the most 
extreme events are not as effectively attenuated. The 
potential for surge attenuation scales with MR width.

2. Most of the attenuation in scenario 1.4 may come 
from water piled up at the remnants of the breached 
dike. However, lower water levels at the landward dike 
still mean that it can be of lower design specification 
compared to the breached dike and should thus be less 
expensive in terms of construction and maintenance 
costs.

3. When larger MR sites are implemented for the purpose 
of coastal protection, the successful re-establishment of 
vegetation is crucial to attenuate very high storm surge 
levels (in this case the 200-year event). This involves 
careful consideration of actual (and presumably future) 
inundation frequencies, fostering the establishment of 
diverse vegetation communities (Nottage and Robertson 
2005). In addition, inundation frequency and duration 
are dependent on the marsh’s elevation relative to tidal 
range, and the future resilience of established vegetation 
depends on sustained high sedimentation rates. Marsh 
elevation furthermore affects bottom friction and addi-

Fig. 7  Elevation profile of scenario 1.4 (green shaded area), measured 
from the pioneer zone of the adjacent natural saltmarsh via the cen-
tral breach in landward direction to the end of the model domain. The 
shaped points show absolute HWLs for each extreme event for the 
respective location along the profile. These values were calculated as 

follows (from left to right): Loc 4; average of Locs 3, 6, 9, SD1 and 
2; average HWL of southern, central and northern breach; average of 
Locs 2, 8, 13 and 16 and; average of LD1.4.1, 1.4.2, 1.4.3, 1.4.4 and 
1.4.5
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tionally contributes to HWL attenuation (Loder et al. 
2009; Wamsley et al. 2009). Sedimentation rates, site 
internal water depth and thus, inundation frequency and 
duration can be controlled by MR design (Oosterlee 
et al. 2020) (width of breaches in relation to site size, via 
RTE or by inducing synthetic tidal regimes using novel 
‘SmartGates’ (Kiesel et al. 2020; Mulder et al. 2013; 
Sadat-Noori et al. 2021)).

Inundation frequency depends on the initial surface ele-
vation of the saltmarsh to be restored, scheme design and 
long-term biophysical feedback mechanisms that drive site 

internal sediment dynamics. The first two features can be 
controlled by coastal planners and practitioners at the onset 
of MR establishment. On Wallasea island, located close to 
the entrance of the Thames estuary, for example, elevations 
were raised by 1.5 m prior to breaching (Cross 2017). Fur-
thermore, the design of dike breaches can be informed by 
hydrodynamic modelling, and culverts and sluices enable the 
management of site internal inundation depths and durations. 
However, long-term biophysical feedback mechanisms are 
not yet fully understood, computationally expensive to model 
on a large scale and critically dependent on the development 
of future hydrodynamic forcing, such as sea-level rise.

Fig. 8  Absolute HWLs (referenced to ODN) measured seaward of both the breached and hypothetical landward dike of scenario 1.4. Locations 
of measurements are shown in Fig. 1d and Table 1

Table 2  Average HWLs (referenced to ODN) measured in front of the breached and hypothetical landward dike of scenario 1.4

10-year 50-year 100-year 200-year 1000-year

Actual veg No veg Actual veg No veg Actual veg No veg Actual veg No veg Actual veg No veg

HWL at 
breached, 
seaward dike 
(m)

5.16 5.17 5.47 5.49 5.58 5.62 5.71 5.74 6.07 6.13

HWL at 
hypothetical 
landward dike 
(m)

4.99 5.16 5.36 5.48 5.50 5.61 5.65 5.76 6.1 6.19

Difference (m) 0.17 0.01 0.11 0.01 0.08 0.01 0.06 −0.02 −0.03  −0.06
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Our Findings Compared to Previous Studies

HWL attenuation rates modelled in this study within the 
MR site of Freiston Shore are generally lower (and, on aver-
age, negative) compared to previous assessments, which is 
also true for within-wetland attenuation rates in scenario 
1.4. We therefore assume that the simulated extreme events 
may overwhelm the flow-reducing capacity of the restored 
saltmarsh.

A good overview of saltmarsh-related HWL attenua-
tion rates from previous field studies is provided in Stark 
et al. (2015), which was later extended to some modelled 
results by Paquier et al. (2017). Their reviews reveal that 
HWL attenuation rates are generally highly variable and 
can range from −280 to 270  cm   km−1 within a single 
saltmarsh (Paquier et al. 2017). However, several studies 
provide rates in the range of 4 cm  km−1 (Lovelace 1994; 
McGee et al. 2006; Wamsley et al. 2010) to 25 cm  km−1 
(McGee et al. 2006; Wamsley et al. 2010), all of which 
measured over several kilometres. When shorter transects 
on the vegetated marsh platform were measured, values 
increased and reached 70 cm  km−1 (Stark et al. 2015) or 
even 270 cm  km−1 (Paquier et al. 2017). The inverse rela-
tionship between transect length and HWL attenuation has 
also been suggested by Kiesel et al. (2019) for the MR site 
of Freiston Shore. Kiesel et al. (2019) assume that short 
transects over saltmarsh surfaces often generate maximum 
(densely vegetated) or minimum friction (bare sediments) 
on the water column, depending on the surface cover and 
topography of the respective transect. This effect may be 
averaged over the entire marsh width, resulting in gener-
ally lower and less variable HWL attenuation rates when 
measured over longer distances (Kiesel et al. 2019).

Model Limitations

The Missing Link—Model Validation for Extreme Events

The model presented in this paper has been validated against 
field measurements of the highest spring tides of the year 
2017 (Kiesel et al. 2020). These were considerably lower 
compared to the extreme events generated in this study. 
Since no measurements exist to validate the results of our 
model against comparative extreme water levels, we have 
qualitatively compared our HWL attenuation rates with 
results from previous assessments (“Our Findings Compared 
to Previous Studies”). The results are in the same order of 
magnitude, but without field validation data, the high storm 
scenarios should be viewed with caution. Since extreme 
surges are inherently rare events, it is not surprising that 
only little field data exist. However, in order to predict the 
effectiveness of MR schemes under relevant storm condi-
tions, gathering data on rare events is urgently required for 

validating model predictions (Bouma et al. 2014). Indeed, 
current monitoring efforts in MR schemes devote compara-
tively little attention to hydrodynamic and hydrogeomorphic 
attributes (Spencer and Harvey 2012), calling for extended 
monitoring campaigns, for example using self-contained 
automated monitoring systems (Bouma et al. 2014).

Considerations on Vegetation Scenarios and Model 
Assumptions

In this study, we have addressed the impact of vegetation 
die-off on the HWL attenuation function of saltmarshes 
restored in the context of MR. Thereby, we account 
for existing uncertainties around the long-term eco- 
geomorphological evolution of MR schemes in response to 
sea-level rise, which may cause prolonged inundation stress 
and the deterioration of vegetation (Schepers et al. 2020; 
Kirwan et al. 2010; Mariotti 2020; Vinent et al. 2021). How-
ever, some limitations to our approach are addressed in the  
following.

The vegetation-induced resistance on depth-averaged 
flow during the very high storm tides modelled in this paper 
may be overestimated. We have calibrated surface rough-
ness coefficients under a range of spring tide conditions 
with comparatively low inundation depths, where most of 
the water column is influenced by vegetation-induced resist-
ance. Thus, the selected Manning’s n coefficients are repre-
sentative of spring tide conditions and may be too high when 
applied to very high inundation depths, where most of the 
water column is not influenced by the presence of vegetation. 
However, relative differences between vegetation scenarios 
should not be affected by this issue.

Considering patchy vegetation die-off as a consequence of 
sea-level rise and ponding only constitutes one mechanism 
of the many faces of marsh loss (Mariotti 2020; Wasson et al. 
2019). The complex interrelations and biophysical feedback 
mechanisms potentially leading to more or less homogeneous 
die-off are not considered. These include marsh edge erosion, 
for example due to increased wave loads as the marsh profile 
steepens (van de Koppel et al. 2005), or channel enlargement 
as a consequence of changes in tidal prism (Vandenbruwaene 
et al. 2015; Mariotti 2018). Differences in the die-off pattern 
of vegetation can affect HWL attenuation rates (Temmerman 
et al. 2012) and, in the long term, will affect the eco-geomor-
phological evolution of the site.

Considerations on the Effects of Morphologic Site Evolution 
on HWL Attenuation Rates

Modelled HWL reductions for Freiston Shore and scenario 
1.4 are representative for the current biogeomorphic state 
of the MR and adjacent areas. In the following, we discuss 
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likely morphologic adjustments of scenario 1.4, consequen-
tial upon the removal of Freiston Shore’s landward dike and 
subsequent changes in the tidal prism (Friess et al. 2014; 
Vandenbruwaene et al. 2015; Townend et al. 2016) and 
anticipate potential effects on our findings.

As tidal prism and related hydrodynamics determine within-
site sedimentation (Dale et al. 2017), we expect that the mor-
phological development of all tested scenarios would be differ-
ent. For example, scenario 1.4, as modelled in this paper, does 
not contain any additional tidal creeks, connecting the original 
MR area with the new landward margin. Channel geometry, 
however, is a function of tidal prism (Friess et al. 2014), which 
would be substantially altered by increasing the size of the MR 
(Kiesel et al. 2020). We would therefore expect tidal creeks 
to develop at the landward margin of scenario 1.4 and to be 
morphologically altered in the area of the original scheme to 
accommodate for the increased tidal prism. Tidal creeks pro-
duce channelized flow, which results in lower attenuation rates 
compared to surfaces dominated by sheet flow (Stark et al. 
2016). This is in agreement with the results of additional model 
runs that we conducted for scenario 1.4, where we extended the 
original tidal creeks of Freiston Shore to the new landward mar-
gin of the site (see online resource Fig. S3). The results indeed 
produced lower attenuation rates, suggesting that we might have 
overestimated HWL attenuation for scenario 1.4. However, 
attenuation rates measured with and without additional tidal 
creeks were not statistically significantly different (Wilcoxon-
rank-sum test p-value = 0.22; online resource Fig. S4). On the 
other hand, differences in HWL attenuation rates between the 
Status Quo and scenario 1.4 with tidal creeks are not signifi-
cantly different anymore, as indicated by the results of the Wil-
coxon rank-sum test (p = 0.08).

There is an urgent need for further developing models of bio-
physical feedback mechanisms, enabling the projection of pos-
sible future morphologic developments within MR schemes. 
Recent advancements in this regard are presented by Gourgue 
et al. (2020), who developed a computationally efficient model 
to account for the impact of sub-grid-scale vegetation patches 
on the relationship between water flow and sediment dynamics. 
Such knowledge is crucial for the flood defence functionality of 
saltmarshes, as it defines long-term trends regarding elevation, 
vegetation type/coverage and features such as marsh cliffs and 
channels (Reed et al. 2018). The application of such models 
on large geographic scales and long temporal scales would be 
needed in order to evaluate not only the current, but also future 
coastal protection function of MR sites.

Conclusions

At the open coast, large MR schemes can provide effec-
tive coastal flood risk reduction, even under very high storm 
surge levels, as the example of scenario 1.4 has shown. 

Freiston Shore, on the other hand, covers 66 ha and indeed 
constitutes one of the larger schemes in Europe as of today. 
It may yet be too small to effectively reduce HWLs, but flood 
risks are not exacerbated. Vegetation cover and MR width/
area are crucial for the coastal protection function of MR 
schemes, since they increase inundation depth thresholds up 
to which HWL attenuation is possible. The major contribu-
tion to the effective HWL attenuation in scenario 1.4 may 
come from reflection of HWLs against the remnants of the 
breached seaward dike, as shown by differences in HWLs 
between locations in front of the seaward dike and within 
the breaches. Even if this means that the contribution of 
within-wetland attenuation is comparatively low, the land-
ward dike can be of lower design specification compared to 
the breached dike and should be cheaper regarding construc-
tion and maintenance costs.

We believe that the most concerning knowledge gap to be 
tackled by future research involves understanding long-term 
dynamics of biophysical feedback mechanisms and resulting 
eco- and morphodynamic adjustments. The latter challenges 
the effectivity of MR in future coastal protection schemes 
and thus constitutes an important research priority.
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