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Scaled laboratory experiments were conducted to investigate the effectiveness of marsh
vegetation in dissipating wave energy and reducing wave overtopping discharges at the
crest of a dyke located immediately landward of the marsh. Model dyke and marsh
platform features, loosely based on archetypes found in Atlantic Canada, were
constructed in a wave basin at 1:20 scale and exposed to a broad range of waves
and water level conditions. The 2D experiments were conducted using idealized surrogate
vegetation (both rigid and flexible), and the model setup featured four parallel flumes which
enabled four alternative configurations to be investigated simultaneously. The experiments
investigated the sensitivity of wave attenuation and overtopping to the length of the
vegetation field, vegetation characteristics (stem density, height, and flexibility) and varying
water levels and wave conditions. The study outputs have helped to address knowledge
gaps and provide evidence to support and inform broader use of hybrid marsh-dyke
systems and managed dyke realignment to help manage flood and erosion risk and
improve coastal resilience in Canada and internationally. This research confirmed the
benefit of tidal flats hosting coastal marshes for attenuating waves, reducing overtopping
volumes and lessening damage to dyke structures. As expected, taller and denser
marshes were more effective in attenuating wave energy for a given marsh width.

Keywords: wave attenuation by vegetation, salt marsh, physical modelling, artificial vegetation, flood and erosion
risk

1 INTRODUCTION

The global risk associated with coastal flooding and erosion has increased substantially over the past
several decades, as a consequence of population growth, development in coastal zones and climate
change effects including sea-level rise (Jongman, 2018). Projections for the 21st century suggest that
these trends will continue (Muis et al., 2020), and, in the absence of intervention or adaptation, the
exposure of people and valued assets to episodic coastal flooding could increase by nearly half
(Kirezci et al., 2020). There is a large and growing body of evidence surrounding the benefits of
natural and nature-based solutions (NBS) as viable alternatives or complements to conventional
(hard) engineering shore protection measures (Browder et al., 2019; Bridges et al., 2014; Spalding
et al., 2014; Sutton-Grier et al., 2015; Moudrak et al., 2018; Sutton-Grier et al., 2018; Bridges et al.,
2021). In particular, the value provided by coastal wetlands or marshes in supporting flood and
erosion risk management objectives has been well demonstrated (Costanza et al., 2008; Arkema et al.,
2013; Narayan et al., 2017; Piercy et al., 2021).
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Coastal marsh systems deliver flood and erosion risk
management benefits by attenuating waves and storm surges
(Barbier et al., 2011), attracting and retaining sediment (Shepard
et al., 2011), and by providing hydraulic storage (Barbier et al.,
2011; Shepard et al., 2011; Webb et al., 2018); while at the same
time providing a host of co-benefits (Spalding et al., 2014; Pontee
et al., 2016; Piercy et al., 2021). Unlike hard structures, coastal
marshes can self-adapt to rising sea levels under the right settings
(Spalding et al., 2014; Piercy et al., 2021). For example, if sediment
supply and accretion rates exceed sediment losses caused by
erosion or other mechanisms, marsh growth can offset relative
sea-level rise (Barbier et al., 2011; Pontee et al., 2016). Nature-
based solutions for coastal hazard risk management that
incorporate marsh systems can be implemented through
conservation and restoration of existing or degraded marsh
systems, landward realignment of hard defences resulting in
restoration or generation of new marshes (e.g., managed dyke
realignment), and construction of new wetland features (Piercy
et al., 2021). The latter two forms of intervention (managed
realignment and marsh construction) typically involve hybrid
solutions (Spalding et al., 2014; Sutton-Grier et al., 2015; Pontee
et al., 2016; Vuik et al., 2016; Jongman, 2018; Vuik et al., 2018),
whereby hard structures are integrated with marsh and other
vegetation features to provide flood and erosion risk management
function. In the case of hybrid dyke-marsh systems, the presence
of a foreshore salt marsh can reduce the failure probability of a
landside dyke (Vuik et al., 2018), and reduce the costs of dyke
maintenance and upgrades (Jongman, 2018). However, the lack
of data and rigorous analyses demonstrating the performance and
limitations of such hybrid NBS under a variety of environmental
settings and metocean conditions remains a barrier to uptake
(Sutton-Grier et al., 2015; Morris et al., 2018).

Coastal communities and infrastructure in Canada are
vulnerable to flooding and erosion caused by water level and
wave extremes (Lemmen et al., 2016), and the risks are expected
to increase over the coming decades due to urbanization, rising
sea levels, declining sea ice cover, and shifting weather patterns
associated with climate change (Bush and Lemmen, 2019). The
risk to coastal communities, including damage to infrastructure,
is one of the top climate change risks facing Canada (Council of
Canadian Academies, 2019). Some coastal regions of Canada
have a legacy of dyke construction, which has facilitated
settlement, population growth and agricultural activities in
low-lying coastal regions (van Proosdij et al., 2013; Sherren
et al., 2019). Many of these older dykes now provide a certain
level of protection to communities, valued land and assets from
coastal hazards (Barron et al., 2012; van Proosdij et al., 2013;
Doberstein et al., 2019), although many have been poorly
maintained and are in need of repair (van Proosdij et al.,
2013). The resources demanded to maintain and upgrade this
ageing infrastructure stock are substantial (Barron et al., 2012;
Doberstein et al., 2019; Sherren et al., 2019), particularly in the
face of rising relative sea levels. In some places, the dykes have
contributed to loss of valued salt marsh ecosystems (Virgin et al.,
2020). Over-reliance on dykes as a sole flood protection strategy
can also introduce vulnerabilities, for example by creating a false
perception of risk and encouraging development in flood-prone

areas, or leading to catastrophic consequences in the event of a
dyke breach or failure (Jongman, 2018). Natural or nature-based
features, such as marshes and barrier islands, can act in concert
with dykes as part of multiple-lines-of-defence strategies to
increase engineering redundancy, enhance the level of flood
protection provided, and reduce the costs of dyke maintenance
or upgrades (Barron et al., 2012; Jongman, 2018). Empirical field
evidence of the effectiveness of hybrid dyke-marsh systems is
being developed for a number of managed realignment pilot
projects in Atlantic Canada, which were typically implemented
by: (i) constructing new dykes landward of legacy agricultural
dykes, and (ii) breaching the old dykes to restore tidal flows and
facilitate marsh restoration (Sherren et al., 2019; Virgin et al.,
2020). Although managed dyke realignment and hybrid-dyke
marsh systems are common approaches to flood and erosion risk
management in many of the world’s coastal regions, such
solutions still pose some risk in the Canadian context. This is
due, in part, to uncertainty surrounding the performance of these
nature-based solutions in diverse Canadian coastal
environmental settings, which are characterized by extreme
variability in regional climates, tidal ranges, rates of relative
sea-level rise, and exposure to wave energy. An improved
understanding of the performance of hybrid dyke-marsh
systems under a broad range of conditions is needed to guide
applications in Canada, and in other regions where uptake has
been relatively low.

This paper describes a series of scaled laboratory experiments
conducted to investigate the hydraulic performance of hybrid
marsh-dyke systems, and in particular examine the effectiveness
of coastal marshes in dissipating wave energy and reducing wave
overtopping under a broad range of wave and water level
conditions representative of Canadian coastal regions. The
experiments used physical modelling to investigate dyke and
marsh platform features typically found in the Tantramar
Marsh on the Chignecto Isthmus in the upper Bay of Fundy,
shared by the Canadian provinces of New Brunswick and Nova
Scotia, which features Spartina alterniflora (smooth cordgrass)
vegetation. It is worth noting that the upper Chignecto Bay can be
characterized as a macro-tidal environment where high tide
typically reaches from 9.5 to 14 m above chart datum. In these
experiments, the marsh vegetation was represented using both
rigid and flexible artificial or surrogate vegetation designed to
approximate the effect of real vegetation on wave attenuation.
The experimental study is unique in several respects:

• Testing was conducted with identical wave conditions in
four identical flumes arranged side-by-side, so that the effect
of controlled changes in various marsh properties including
surrogate plant density, stem height, stem flexibility and
marsh width (in the direction of wave propagation) could be
directly assessed by comparing data and observations
obtained at the same time from neighbouring flumes.

• In contrast with many previous studies which focused on
wave-plant interaction at full scale or near full scale, this
study focused on assessing the changes in wave properties
across a 4.75 m wide (95 m wide at full scale) artificial
coastal marsh and their interaction with a dyke located
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immediately landward of the marsh. The effect of various
marsh properties and characteristics on the wave
attenuation, the volume of wave overtopping and extent
of damage (to the dyke) was assessed.

• The artificial marsh’s effect on wave attenuation was
investigated over a broad range of significant wave height
(Hm0), peak period (Tp) and local water depth (h) or plant
submergence.

• Although the experiments were conducted at 1/20 scale, the
wave conditions included significant wave heights and
periods up to 0.15 m and 3.35 s, representing full scale
conditions with Hm0 = 3 m and Tp = 15 s, which are
believed to be more energetic than those considered in
previous experimental research involving coastal marshes.

This study used an artificial marsh to provide new information
on the performance of marsh-dyke systems in a broad range of
wave and water level conditions, and the sensitivity of wave
attenuation, wave overtopping and damage to variables such as
plant density, plant height (submergence), stem flexibility, marsh
width, significant wave height, peak period and local water depth.
The methods and results described in the paper may be useful to
others interested in representing coastal marshes in physical or
numerical models of coastal processes and shoreline
developments incorporating natural and nature-based features.

Section 2 summarizes the results from a literature review on
how marsh vegetation has been represented in past laboratory
experiments, while Section 3 introduces the existing theory and
formulae for predicting wave attenuation by marsh vegetation.
New 2D experiments conducted at 1/20 scale with coastal
marshes comprised of surrogate vegetation fronting dyke
structures are described in Section 4. Section 5 presents an
analysis and discussion of the new experimental data, in which
many of the formulae presented in Section 3 are used, while the
main conclusions from this work are summarized in Section 6.

2 PAST REPRESENTATION OF MARSH
VEGETATION IN PHYSICAL EXPERIMENTS

The experiments discussed in the present work were conducted
using idealized surrogate vegetation representing S. alterniflora.
The stem densities, heights and diameters of the model vegetation
were selected based on findings in literature (Percy, 2000;
Lightbody and Nepf, 2006; Cranford et al., 2008; Anderson
and Smith, 2014; Nepf et al., 2017; Feagin et al., 2019; Pinsky
et al., 2021). For this study, the average stem diameter and height
of S. alterniflora was taken as 8.7 mm and 1.80 m respectively,
though these values depend on the season, the geographic
location, and a number of environmental factors.

Some species of vegetation may be successfully represented
using rigid elements such as aluminum rods (mangroves) or
wooden dowels (salt marsh), despite demonstrating some degree
of flexibility in reality (Wu et al., 2011; Arkema et al., 2013; Maza
et al., 2019; van Veelen et al., 2020). A combined field-numerical
study demonstrated that S. alterniflora can be reasonably
modelled as a rigid cylinder (Jadhav et al., 2013). Similarly,

Augustin et al. (2009) modelled S. alterniflora using both rigid
and flexible elements and found that the two models produced
similar attenuation effects for the tested flow conditions. Thus,
the appropriate selection of rigid versus flexible elements may
depend on the experimental hydrodynamic conditions.

These elements are often selected to mimic the geometric
parameters of the target vegetation, including stem/blade length,
width, diameter and planting density (Arkema et al., 2013;
Anderson and Smith, 2014; Ozeren et al., 2014; Maza et al.,
2019). For small-scale physical models with surrogate vegetation,
stem diameters should only be downscaled if flows remain in the
rough-turbulent range, as overly small stem diameters can lead to
overly small stem Reynolds numbers and significant distortions
in drag coefficient (Blackmar et al., 2012).

Table 1 presents a concise summary of previous
experimental studies conducted with both real and
surrogate marsh vegetation.

Markov (2021) conducted an extensive review of state-of-the-
art physical and numerical modelling research in the use of
vegetation for coastal protection. Based on the reviewed body
of literature, a number of knowledge gaps and recommendations
for future research were identified, in particular: developing
knowledge of species-specific attenuation capacity considering
seasonal variation in biomass and plant characteristics;
comparing small- and large-scale models to quantify scaling
effects, addressing uncertainties associated with modelling NBS
at a small-scale and thus allowing practitioners to better interpret
the results of small-scale testing for the design of NBS; testing a
wider ranger range of hydrodynamic conditions to determine the
impact of wave period on attenuation capacity, with the aim to
address presently conflicting results from previous experimental
works; perform further testing on stem density and arrangement.

In summary, although there have been numerous previous
experimental studies of wave-vegetation interaction, the
majority of studies were conducted at prototype or near-
prototype scale, and therefore considered processes over a
rather limited spatial extent and with a narrow range of
conditions (waves and water levels). In addition, much of
the previous work dealt only with the effect of vegetation
itself, without looking at the broader application of
combined systems (e.g., vegetation fronting coastal dykes).
While this approach limits or eliminates model scaling effects,
knowledge gaps remain surrounding application of the results
to real-world situations and larger spatial extents. The absence
of studies covering a broad range of environmental conditions
and longer sections of marsh is a barrier to understanding how
salt marsh creation or restoration can be practically
implemented to provide optimal flood and erosion risk
management function. As described above, a number of
challenges exist for using live vegetation in experimental
studies. Real vegetation cannot be used for assessing
performance at model scale, whereas the use of surrogate
vegetation provides the ability to change the model scale as
needed and study processes over larger areas. In this work, a
scaled physical modelling approach in a large wave basin
facility is used to address some of these gaps and better
inform design of hybrid marsh-dyke systems.
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TABLE 1 | Summary of previous experimental studies with marsh vegetation.

Study Species, model material Testing variables Observed variables Key findings

Anderson and Smith
(2014)

Spartina alterniflora, polyolefin
tubing

• Stem density • Wave attenuation • Wave attenuation appeared most
dependent on stem density and ratio of
stem length to water depth

• Submergence
• Wave height

• Wave attenuation increased slightly with
wave height, no clear trend with respect to
wave period

• Wave period

Lightbody and Nepf
(2006)

Spartina alterniflora • Field measurements • Stem frontal area • Vegetation volumetric frontal area peaked
~10 cm from bed• Velocity

• Vertical diffusion • Velocity profile varied inversely with
canopy drag (i.e., velocity is min. where
frontal area is max.)

• Longitudinal dispersion

Augustin et al. (2009) Spartina alterniflora, wooden
dowels, polyethylene foam tubing

• Water depth • Wave attenuation • Laboratory data analyzed using linear
wave theory to quantify bulk drag
coefficients and with nonlinear
Boussinesq model to determine
numerical friction factors to better
represent wetland vegetation

• Stem density
• Wave height
• Wave period

Koftis et al. (2013) Posidonia oceanica, PVC stem and
leaves

• Stem density • Wave attenuation • Calculated vs. measured wave heights
found to be in agreement• Submergence • Wave-induced velocities

• Wave orbital velocities shown to be
significantly attenuated inside the
meadow and just above flume bed

• Submerged vegetation attenuated mostly
longer waves

Pinsky et al. (2013) Kelp, mangrove, marsh and
seagrass species

• Re-analysis of existing
wave attenuation
studies

• Wave attenuation • Much of the variation in wave attenuation
explained by differences in vegetation
characteristics and change in bulk drag
with flow conditions

• Vegetation can exert substantial drag on
passing waves, but bulk drag coefficient
declines in flow conditions characterized
by high Reynolds numbers

Ozeren et al. (2014) Spartina alterniflora and Juncus
roemerianus, live plants, wooden
dowels, EPDM foam-rubber cords

• Vegetation type • Wave attenuat ion • CD did not depend significantly on the
relative submergence• Stem density

• Drag coefficients were higher for live
vegetation species than for rigid and
flexible surrogate vegetation

• Plant height • Vertical variation of plant density strongly
influenced the drag coefficient• Wave height

• Wave period

Lara et al. (2016) Puccinellia maritima and Spartina
anglica, live plants

• Wave height • Wave attenuation • Challenges of employing live vegetation:
selection of appropriate species; source,
quantity and survivability of selected
plants; suitability of substrate;
experimental setup to simulate natural
conditions; plant degradation throughout
the experiment; hydraulic characteristics
to be tested and measurement
techniques; plant response to hydraulic
loading; plant characteristics; logistics
and operation to conduct a large-scale
experiment using real vegetation

• Wave period
• Currents
• Water depth
• Stem density

(Continued on following page)
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TABLE 1 | (Continued) Summary of previous experimental studies with marsh vegetation.

Study Species, model material Testing variables Observed variables Key findings

Houser et al. (2015) Thalassia testudinum, wooden
dowels, cable ties, polyethylene
ribbon

• Blade rigidity • Wave attenuation • Dragcoefficient exhibited strongdependency
on the flexibility of individual blades• Wave height

• Flexible vegetation had relatively small drag
coefficient compared to rigid vegetation

• Wave period

• Flexible vegetation provides little to no
shoreline protection, except where the
vegetation field is extensive and high
density

• Water depth

Wu and Cox (2015a);
Wu and Cox (2015b)

wooden dowels (no specific
species)

• Vertical variation in
vegetation density

• Wave attenuation • Damping factor dependent on the wave
steepness

• Wave nonlinearity • Damping factor can increase by a factor of
two when the wave steepness
approximately doubles

• Highlighted the effect of vertical biomass
distribution which can result in changes
in CD

Losada et al. (2016) Spartina anglica and Puccinellia
maritime, live vegetation

• Wave height • Wave attenuation • New analytical formulation for evaluation
of wave damping under combined effect
of waves and both following and opposing
currents, suggested for implementation in
phase-averaged and phase-resolving
numerical models of wave propagation

• Wave period
• Plant density
• Water depth
• Currents

Vuik et al. (2016) Spartina anglica and Scirpus
maritimus

• Field measurements • Wave attenuation • Numerical model appeared capable of
reproducing the observed decay in wave
height over the salt marsh, applied to
compute the reduction of incident wave
height on a dyke for various foreshore
configurations

• Numerical modelling

• Vegetated foreshores can be considered
promising supplement to conventional
engineering methods for dyke
reinforcement

Sonnenwald et al.
(2019)

rigid cylinders (no specific species) n/a • Evaluated several practical
engineering functions for
estimating bulk drag coefficient

• Estimates of CD were compared to a
range of experimental data from previous
studies wherein a frontal area approach
was used for selecting the stem diameter
and spacing

• Estimates of CD utilizing the re-
parametrization presented match the
experimental data better than estimates of
CD made using the other functions
evaluated

Lei and Nepf (2019) Various seagrass species,
LDPE film

• Plant morphology • Wave attenuation • Validated new model to predict
dissipation of wave energy over
submerged meadow of flexible plants

• Plant flexibility
• Stem density
• Water depth • Vegetation drag and thus wave decay are

diminished relative to that for a fully rigid
blade of the same geometry

• Wave height
• Wave period

Keimer et al. (2021) rigid PVC rods (no specific species) • Wave height • Wave attenuation • Vegetated foreshores contribute to a
mean wave attenuation of 9%• Wave period

• Wave run-up reduction up to 16.5%
observed with decreasing water depths
and increasing vegetation heights

• Water depth

• Wave run-up • Authors noted a number of topics for
further investigation regarding the eco-
hydraulic effects of foreshore vegetation

• Plant height
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3 PREDICTIONOFWAVEATTENUATIONBY
VEGETATION

As described in many previous studies [e.g., 1,35,44], the prediction
of wave attenuation over a coastal marsh can be based on the energy
conservation equation. Assuming a flat bed, linear wave theory,
invariant quantities with depth, and rigid vegetation (no swaying
motion), the regular wave height profile along the vegetation field
can be written as (Dalrymple et al., 1984):

H

Hi
� 1
1 + βx

(1)

whereHi is the incident wave height;H is the wave height within the
vegetation field (at location x); and β is the damping coefficient for
regular wave trains. Mendez and Losada (2004) extended this
formulation for non-breaking random waves over constant depth
assuming a Rayleigh distribution and deriving the wave height
evolution as a function of the root-mean-square wave height as :

Hrms

Hrms,i
� 1
1 + β′x (2)

And

β′ � 1
3

��
π

√ Hrms,iCDakp
sinh(kpsh)3 + 3 sinh(kpsh)

sinh(kph)[sinh(2kph) + 2kph] (3)

whereHrms,i is the root-mean-square (RMS) height of the incident
waves;Hrms is the RMS wave height inside the vegetation field (at
location x); CD is the depth-averaged spatial mean bulk drag
coefficient; a � DvNv is the total frontal plant area per unit
volume; Dv is the stem diameter; Nv is the vegetation stem
density; hv is the vegetation height; kp � 2π/Lp is the wave
number; Lp is the wavelength associated with the peak period
(Tp); h is the water depth; and s � hv/h for submerged (hv < h) and
unity for emergent (hv > h) vegetation.

Drag coefficients, energy dissipation and wave attenuation are
a strong function of Reynolds number and Keulegan–Carpenter
number (Keulegan and Carpenter, 1958). The stem Reynolds
number is calculated as :

Re � ucDv

υ
(4)

where υ is the kinematic viscosity of seawater (1.44 E−6 m2/s at
8°C, the average temperature of Atlantic Canadian waters); and uc
is the characteristic velocity acting on the plant. The characteristic
velocity is defined as :

uc �
�Hrms

2
ωp

cosh(ksh)
sinh(kh) (5)

where �Hrms is the average root-mean-square wave height across
the vegetation field; and ωp is the peak wave angular frequency.

The Keulegan–Carpenter number :

KC � ucTp

Dv
(6)

Describes the relative importance of drag forces versus inertia
forces for objects in an oscillatory fluid flow. For relatively small
values of KC, the water particle displacements become

comparable to the stem diameter, and inertia force dominates.
For larger values of KC, water particle displacements are much
larger than the stem diameter, leading to flow separation and
vortex shedding, and drag force becomes increasingly important.
Some researchers (Ozeren et al., 2014; Wu and Cox, 2015b) have
shown dependence on the KC number. Following Sonnenwald
et al. (2019), the drag coefficient can be written as :

CD � 2(6475Dv + 32
Re

+ 17Dv + 3.2ϕ + 0.50) (7)

where ϕ is the solid volume fraction � aDvπ/4.

4 EXPERIMENTAL METHODS AND
MATERIALS

4.1 Experimental Setup
The present studywas conducted in theNational Research Council of
Canada’s (NRC) 63m long by 14m wide by 1.5 m tall Coastal Wave
Basin (CWB). The CWB is equipped with a computer-controlled
wavemachine capable of generating irregular long-crestedwaves with
significant wave heights up to ~0.35m (at model scale). The active
wave absorption feature was not enabled during this study.

A length scale of 1/20was adopted for the experiments, and Froude
scaling was used to relate most (but not all) conditions in themodel to
corresponding conditions at full scale. The 1/20 scale factor, together
with the chosen wave conditions and the fact that the surrogate plant
stems in the model were purposely over-sized, ensured that the wave-
driven flows around the model vegetation and model armour stones
on the dyke surface remained rough-turbulent at all times, as in nature.
Preserving rough-turbulent flow in the model was essential to
minimizing scale effects and preserving the realism of the wave-
plant and wave-structure interactions in the physical model.

The 14m wide CWB was subdivided into four separate 1.22m
wide flumes by erecting parallelmasonry blockwalls (see Figure 1).
This setup created four identical test flumes and allowed four
different marshes to be built and evaluated at the same time, one
per flume, with identical incident wave conditions in front of each
marsh. Each flume included an identical scaled reproduction of the
typical sloping foreshore along the edge of the Tantramar Marsh
on the Chignecto Isthmus, as well as an idealized model dyke
structure (see Figure 2). A ~1V:11H foreshore slope followed by a
4.75m long (95 m at full scale) horizontal tidal flat was created by
rigidly securing thick plywood sheets to the flume walls.

The floor of the wave basin at the toe of the sloping foreshore was
assigned an elevation of −0.18 m (corresponding to −3.50m at full
scale), while the tidal flat elevation was +0.27 m (+5.40 m at full
scale).Water depths on the tidal flat in this study ranged from 0.05 to
0.12m (1.0–2.4 m at full scale). The bathymetry helped to ensure
that wave conditions at the edge of the marsh in the physical model,
including the distribution of wave heights and the percentage of
breaking and broken waves, was similar to head-on wave conditions
at the edge of typical marshes in upper Chignecto Bay.

Marshes comprised of S. alterniflora were simulated on the
4.75 m long tidal flat using idealized surrogate vegetation fixed to
the plywood. During the study, several different marshes with
different plant characteristics could be modelled in each flume by
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swapping the vegetated plywood panels between tests. The sensitivity
to plant density, plant height (and submergence), stem stiffness and
marsh cross-shore width were investigated in this way.

4.2 Idealized Vegetation
These experiments were conducted using idealized surrogate
vegetation representing S. alterniflora. Several configurations of
rigid (cylindrical birch dowels) and flexible (Tygon polymer
tubing) model vegetation were used during the experiments.
The birch dowels were 3/8 inch (9.5 mm) in diameter, while
the flexible tubing had outer and inner diameters of 5/16 inch
(7.9 mm) and 1/4 inch (6.4 mm) respectively. It should be noted
that vertical variability in stem diameter (tapering) or frontal area
was not captured in this study. A tensile strength test indicated
that Young’s modulus of the Tygon tubing was approximately
4.5 MPa, equivalent to ~90 MPa at full scale.

Vegetated meadows were constructed by inserting dowels or
tubing into 19mm thick plywood sheets following a staggered
arrangement. These vegetated panels were pre-constructed and

easily interchangeable so that different vegetation conditions could
be investigated during the experiments. The staggered arrangement
of model plant stems shown in Figure 3 corresponds to the
following relationship between stem spacing, λ, and the
vegetation density [from Ozeren et al., 2014]:

Nv � 2�
3

√ λ−2 (8)

Scaling the stem diameter according to the model length scale
was impractical since it would involve replicating hundreds of
thousands of wire-thin stems. Moreover, this approach would
cause the stem Reynolds number in the model to be
significantly smaller than in prototype. Previous studies suggest
wave attenuation is predominately associated with vegetation drag,
which is proportional to the vegetation frontal area. Therefore the
stems were scaled to maintain an equivalent solid volume fraction,
ϕ, where ϕ � adπ/4, d is the cylinder diameter and a is the frontal
facing area (the cylinder area perpendicular to the direction of flow
per unit volume, m2m−3). Following this approach, three different

FIGURE 1 | Simultaneous parallel testing of wave attenuation across four coastal marshes with different densities of surrogate vegetation (onshore view).

FIGURE 2 | Definition sketch of the experimental setup (Scale 1V:0.5H).
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meadows of S. alterniflora stems were simulated in the experiments
using a reduced number of oversized cylinders. The stem densities
of these scaled meadows were Nv = 125, 295, and 450 stems/m2,
representing meadows with low-, medium-, and high-densities,
equivalent to 150, 350, and 550 stems/m2 of live vegetation (see
Figure 4). Two stem heights, hv = 0.090 and 0.025 m were
investigated in the experiments, representing S. alterniflora
meadow heights of 1.8 and 0.5 m respectively, nominally
representing two different periods of the growth season.

4.3 Dyke Design and Construction
The performance of four different dyke designs located at the
leeward end of the model test flumes was examined in these
experiments (see Figure 5). The first design was considered
typical for dykes throughout Atlantic Canada and featured an
impermeable dyke core with two layers of riprap on the seaside
only (herein referred to as a simply reinforced dyke). Three
additional designs, representing various potential methods for
upgrading the simply reinforced dyke, were also studied. The
second design (armoured dyke) was created by adding two layers
of riprap on the crest and leeside of the structure while
maintaining the same crest elevation. The third design

FIGURE 3 | Arrangement of vegetation stems.

FIGURE 4 | Comparative 1 m2 sections of surrogate meadows with 125, 295, and 450 stems/m2.

FIGURE 5 | Cross-section drawings for the four dyke structures investigated.
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(widened reinforced dyke) was created by doubling the thickness
of the seaside armour layer. The fourth design (simply reinforced
dyke with berm) was created by adding a berm of armour stone
on the seaside that was half the height of the structure and four
armour stones in thickness. All four model dyke designs featured
a crest elevation of +0.43 m (corresponding to +8.6 m above
mean sea level at full scale), a typical crest elevation of older dykes
in the Tantramar area (Lieske and Bornemann, 2012).

Each model dyke was constructed using carefully prepared
stone materials and construction methods. The dyke cores were
constructed using a fine gravel with low permeability, but also
included impermeable wooden barriers which prevented water
from seeping through the dykes into the inland areas.
Furthermore, a thin, flexible plastic membrane was placed
between the core and armour materials to prevent water
from flowing into the core. This method of construction
allowed overtopping flows to pass through or above the
armour stone on the dyke crest as would occur in the
prototype situation. The landward end of each test flume was
sealed off so that the water level behind each model structure
could be kept lower (using submersible pumps), thereby
simulating the situation where the inland area behind the
dyke structure is not flooded, which is expected to be the
most critical condition for rear slope stability.

The sizing of armour stone was based on Hudson formula
calculations and also informed by Nova Scotia Department of
Transportation Guidelines. The required armour stone massM50

was calculated as 136 kg at full scale. The armour stone was
assumed to have a wide gradation such that M15 � M50/2 and
M85 � M50 × 2. The corresponding values ofM15,M50, andM85

at model scale, accounting for the density difference between the
freshwater used in the model and the seawater in prototype, were
7.5, 15.1, and 30.2 g. Model stone materials were prepared to
closely replicate the gradation and characteristics of the prototype
material. During construction of the various dyke structures, due
care was taken to ensure that stones with aspect ratios greater
than 3:1 were not used (i.e., stones where either the length, width
or height was more than three times larger than any other
dimensions). This was important since flatter stones are more
likely to move or overturn under wave action.

4.4 Test Conditions and Instrumentation
Particulars of the marsh-dyke system in each test flume during
each test series are given in Table 2. Each setup was chosen in
order to obtain results needed to independently assess the
influence of key variables including: vegetation density,
vegetation (stem) height, cross-shore marsh width, type of
vegetation (rigid or flexible), and dyke structure type. For Test
Series 2, the dyke structures were replaced with gently sloping
gravel beaches featuring less than 5% wave reflectance, so that
wave conditions across the artificial marshes could be
measured with minimal influence of reflected waves. Hence,
much of the analysis concerning wave attenuation presented in
the following Section is based on data gathered during Test
Series 2.

The wave conditions and water levels selected for testing
were generally representative of conditions along the Canadian
Atlantic coast where marsh-dyke systems exist (see Table 3),
with a particular focus on storm conditions (higher water levels
and energetic waves) that could overtop and/or damage the

TABLE 2 | Experiment setup for Test Series 1–5.

Test series Flume Structure type Marsh width,
Lv (m)

Vegetation density,
Nv (stems/m2)

Vegetation height,
hv (m)

Vegetation type

TS1
41a

1 Armoured dyke 4.75 (95) 0 0 No Veg
2 125 0.090 (1.8) Rigid
3 295
4 450

TS2
17a

1 Gravel beach 4.75 (95) 0 0 No Veg
2 125 0.090 (1.8) Rigid
3 295
4 450

TS3
21a

1 Armoured dyke 4.75 (95) 295 0.090 (1.8) Rigid
2 Simply reinforced dyke
3 Simply reinforced dyke with berm
4 Widened simply reinforced dyke

TS4
31a

1 Armoured dyke 0 0 0 No Veg
2 2.30 (46) 295 0.090 (1.8) Rigid
3 Simply reinforced dyke with berm 4.75 (95) 0.025 (0.5)
4 Armoured dyke 125 0.090 (1.8) Flexible

TS5
31a

1 Armoured dyke 2.30 (46) 0 0 No Veg
2 450 0.090 (1.8) Rigid
3 Simply reinforced dyke with berm 295 0.025 (0.5)
4 Widened simply reinforced dyke 4.75 (95) 125 0.090 (1.8) Flexible

aIndicates the number of wave height, wave period, and water level combinations per test series. Values in brackets indicate corresponding full scale values.
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dykes. Table 2 specifies the number of wave height, wave
period, and water level combinations investigated in each
test series. Overall, the testing program consisted of 141
unique tests.

The wave signals for tests with irregular waves were
synthesized from a family of JONSWAP-type spectra with a
3.3 peak enhancement factor approaching from a single
direction. However, due to the shallow water conditions in
the CWB and the natural growth of sub- and super-
harmonics, the spectral shapes, and the distribution of energy
with frequency in the experiments were typical of shallow water
conditions. The test program included significant wave heights
(Hm0) ranging from 0.05 to 0.15 m (corresponding to 1.0–3.0 m
at full scale) and peak wave periods (Tp) ranging from 0.63 to
3.35 s (corresponding to 3–15 s at full scale). These conditions
respect the guidance of Hughes (1993) and Heller (2011) for
minimizing scale effects on wave propagation caused by surface
tension. Water depths on the tidal flat ranged from 0.05 to
0.12 m (corresponding to 1.0–2.4 m at full scale). Each wave
signal featured a non-repeating sequence of approximately
1,000 irregular waves, thus the duration of each wave signal
and test varied depending on the peak wave period, ranging
from ~10.9 to 38.9 min long (corresponding to ~0.8–2.9 h at full
scale). One-thousand waves was selected to ensure that each
signal included a statistically representative distribution of
larger wave heights and crest elevations, since wave
overtopping and armour stone stability are typically sensitive
to the few largest waves in a sea state. Water levels were adjusted
in the model by filling or draining the basin until the desired
level was reached.

Twenty-two capacitance-type probes were used to measure
water surface displacement at several locations of interest in each
test flume. Two probes were located in deeper water near the wave
generator to measure offshore wave conditions, while the others
were positioned such that five probes were deployed inside each
flume as shown in Figure 2 (one above the sloping foreshore and
the other four distributed across the artificial marsh). The probes

were configured to record water levels at a sampling frequency of
50 Hz and were (re)calibrated before each test series by changing
their elevation with respect to a fixed (known) water level. The
wave probes featured a highly linear and stable response, with
calibration errors typically less than 0.5% over their calibration
range. Comprehensive time-domain and frequency-domain
analysis algorithms were applied to analyze the wave
conditions measured in the model in detail.

Four simple, accurate and reliable overtopping measurement
systems were deployed, one in each test flume. Each overtopping
measurement system consisted of a collection tray positioned to
collect water passing over the dyke crest and convey it to a water
storage reservoir fitted with a capacitance water level gauge
located on the leeside of the dyke. Wave overtopping was
quantified as a volumetric flow rate per unit width passing
over the top of the dyke crest. This overtopping measurement
system was best suited for measuring moderate-to-heavy
overtopping flows (e.g., greater than 1 L/s/m at full scale);
measuring smaller volumes of splash and spray was less
precise. The overtopping collection trays were positioned at
the rear slope break of the dyke crest atop nominally two
layers of armour stone. Small overtopping events in which the
wave runup reached the crest elevation, generating overtopping
flows through the armour stone on the dyke crest, were not
captured by the overtopping measurement system. It is noted that
typical dykes have a drainage ditch along their leeside which can
handle some degree of overtopping flow. Only larger overtopping
events featuring green water flowing over the crest and reaching
the rear slope break were captured by the overtopping
measurement systems in these experiments.

A photographic damage analysis system comprising four
remotely-operated digital cameras was used to monitor the
stability of the armour stones on each of the four dyke
structures. Since each camera remained fixed throughout a test
series, by comparing photographs taken before and after each test
segment, damage could be assessed and quantified based on the
number of individual stones that were displaced during each test

TABLE 3 | Range of irregular wave parameters.

Water depth at tidal
flat, d (m)

Significant Wave Height, Hm0

(m)
Peak wave period, Tp

(s)
Keulegan-Carpenter # Reynolds #

0.05 (1.0) 0.05 (1.0) 0.67, 1.34, 2.01, 2.68 (3, 6, 9, 12) 12–152 1,133–3,553
0.075 (1.5) 1.34, 2.01, 2.68 (6, 9, 12) (243–3,044) (5,067–15,889)
0.10 (2.0) 1.34, 2.01, 2.68 (6, 9, 12)

0.075 (1.5) 0.05 (1.0) 0.67, 1.34, 2.01, 2.68 (3, 6, 9, 12) 13–212 1,249–4,959
0.075 (1.5) 1.34, 2.01, 2.68 (6, 9, 12) (268–4,248) (5,587–22,176)
0.10 (2.0) 1.34, 2.01, 2.68 (6, 9, 12)

0.10 (2.0) 0.05 (1.0) 0.67, 1.34, 2.01, 2.68 (3, 6, 9, 12) 14–173 1,273–4,432
0.075 (1.5) 1.34, 2.01, 2.68 (6, 9, 12) (273–3,464) (5,694–19,821)
0.10 (2.0) 1.34, 2.01, 2.68 (6, 9, 12)

0.12 (2.4) 0.05 (1.0) 0.67, 1.34, 2.01, 2.68 (3, 6, 9, 12) 12–168 1,124–5,170
0.075 (1.5) 1.34, 2.01, 2.68, 3.35 (6, 9, 12, 15) (241–5,359) (5,026–23,121)
0.10 (2.0) 1.34, 2.01, 2.68 (6, 9, 12)
0.15 (3.0) 1.34, 2.01, 2.68, 3.35 (6, 9, 12, 15)

(Values in brackets indicate corresponding full scale values).
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segment. The effect of marsh vegetation on armour stone stability
will be discussed briefly in the next section.

5 RESULTS AND DISCUSSION

5.1 Effect of Vegetation Density
Previous research has identified a strong correlation between
vegetation density and wave damping, and this correlation was
further confirmed in these experiments. Not only did the rate of

wave attenuation increase with increasing vegetation density, but
the amount of wave overtopping recorded at the dyke, and the
damage to the dyke itself was reduced as well. Figure 6 shows
relative wave heights (wave height with vegetation normalized by
corresponding wave height without vegetation) measured across
the tidal flat comprised of medium-density vegetation for a range
of wave conditions and water levels. Measurement locations are
shown in Figure 2. This normalization of wave height is necessary
to isolate the effects of vegetation, since the wave conditions
across the artificial marshes in these experiments were generally

FIGURE 6 | Wave attenuation across the artificial marsh for medium-density vegetation only. Data is normalized by the case with no vegetation to remove the
effects of wave transformation and breaking due to the sloping foreshore and shallow depths, and highlight the role of vegetation in wave attenuation. Open symbols (◇)
show the observed attenuation across a wide range of wave heights, periods, and water depths, while filled symbols (◆) denotes the average with fitted damping
coefficient β’. Refer to Figure 2 for the location of the measurement stations.

FIGURE 7 |Wave attenuation across the artificial marsh for different vegetation densities. Data is normalized by the case with no vegetation to remove the effects of
wave transformation and breaking due to the sloping foreshore and shallow depths, and highlight the role of vegetation in wave attenuation. Data points denote average
measurements across a wide range of wave heights, periods, and water depths. Dashed lines denote predicted (fitted) curves and corresponding β′ values. The bold X
denotes the distance from the leading edge of the model vegetation canopy encompassing 700 surrogate stems for each vegetation density. Refer to Figure 2 for
the location of the measurement stations.
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strongly influenced by the effects of shoaling and depth-limited
wave breaking, and, to a lesser extent, flume friction effects (Maza
et al., 2019). For test flumes with vegetation, measured significant
wave heights at each probe were normalized by Hm0 values
measured at corresponding locations in the flume with no
vegetation (i.e., Flume 1 in Test Series 2; refer to Table 2).
Figure 6 shows the spread of observed wave attenuation for
individual tests spanning a broad range of significant wave
heights, peak wave periods, and water depths. For each test,
the damping coefficient β’ (Eq. 3) was evaluated by least squares
regression to the significant wave heights measured across the
model marsh canopy. Values from individual tests were averaged
to permit comparison across different vegetation densities
(discussed below).

Similarly, Figure 7 shows relative wave heights (wave height
with vegetation normalized by corresponding wave height
without vegetation) measured across the tidal flat as a function
of vegetation density. Average β’ values (derived by averaging
results from multiple tests with different wave conditions and
water depths) for the three different artificial marshes considered
in these experiments are shown in Figure 7. Although different
plant species were investigated by Maza et al. (2015), the β’ values
derived from the present experiments (0.149–0.346) are similar to
those observed byMaza et al. at lower water depths (0.124–0.286),
which involved submergence ratios similar to the present study
(1.0 in Maza et al. compared to an average of 0.92 in the present
experiments).

As shown in Figure 7, significant wave heights in the low-
density, medium-density and high-density vegetation were 28, 40
and 46% lower (respectively) than those in the flume with no
vegetation for the same test conditions. Therefore, higher
vegetation density does lead to increased wave attenuation, as
expected, but there appears to be a diminishing return on

additional bio-mass leading to additional wave attenuation, at
least for the range of densities tested in this study.

Looking at the data points along each individual curve in
Figure 7, the majority of the wave damping occurs in the first
third of the marsh (i.e., between Stations 2 and 3). Averaging over
the full range of water level and sea state conditions investigated,
there was a 19% reduction in significant wave height across the
first 1.5 m of the low-density marsh, compared to a further 9%
reduction across the following 3.25 m of marsh. For the high-
density marsh, there was a 27% reduction across the first 1.5 m
long section versus a further 19% reduction across the remainder.

Stakeholders looking to make use of vegetated tidal flats to
augment shore protection should consider creating expansive
marshes wherever possible, not only from a wave attenuation and
flood risk reduction perspective but also for the environmental
co-benefits they bring.Where expansive marshes are not possible,
this data suggests that denser vegetation is preferred from a wave
attenuation perspective, as opposed to sparser vegetation.
Figure 7 shows that narrower denser marshes can be
considered roughly equivalent to wider marshes with sparser
vegetation. For example, 700 dowels placed in the low-density
configuration (denoted by the blue ✕ in Figure 7) spans X =
4.55 m and yields ~28% wave attenuation on average. However,
700 dowels placed in the medium-density configuration (denoted
by the red ✕) occupies X = 1.95 m of horizontal distance and
yields ~29% attenuation on average across a broad range of wave
conditions and water depths, while the same number of dowels in
the high-density configuration (denoted by the green ✕) spans X
= 1.25 m and yields ~25% attenuation on average.

Figure 8 shows the observed variation in wave attenuation
factor β’with peak wave period based on the present experiments.
In this figure, symbols denote results for individual tests and
dashed lines connect average wave attenuation factors for each
wave period. For the range of conditions investigated in these

FIGURE 8 | Variation in wave attenuation factor β′ with wave peak period for artificial marshes with different vegetation densities. Symbols denote results from
individual tests spanning a range of wave heights and water depths. Dashed lines connect average β’ values at each wave period.
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tests, no clear dependence of attenuation factor on wave period
was identified. While some wave period dependency was
identified for specific test conditions (particular combinations
of water depth and wave height), the trend was not consistent
across all test conditions.

Contrary to the findings of Wu and Cox (2015b), no
significant correlation between wave steepness and wave
attenuation was observed across the range of conditions
investigated in this study.

Based on a study by Maza et al. (2019), damping coefficients
determined for various water depths, wave heights and wave
periods indicated that, in general, higher damping coefficients
are associated with higher wave heights and shorter wave
lengths (i.e., smaller wave periods). In addition, higher
correlations were found between the damping coefficient and

wave height than with wave steepness, indicating that wave
height has greater control than wave period in terms of
attenuation capacity.

Figure 9 shows the variation in wave attenuation factor (β’) with
incident wave height based on data from Test Series 2, where the
dykes in each flume were replaced by absorbing gravel beaches with
low wave reflectance. The results show that wave attenuation is, on
average, greatest (largest β’) for the highest incident waves
investigated in this study, which is consistent with the results of
Maza et al. (2019). However, further analysis (presented and
discussed below) makes it clear that submergence ratio plays a
more significant role and helps to explain the degree of scatter seen
in Figure 9. Analysis to detect correlations betweenwave attenuation
factor and wave steepness were undertaken, but no clear trends were
evident for the range of conditions in Test Series 2.

FIGURE 9 | Variation in wave attenuation factor β’with significant wave height for artificial marshes with different vegetation densities. Symbols denote results from
individual tests spanning a range of wave periods and water depths. Dashed lines connect average β’ values for each significant wave height.

FIGURE 10 | Variation in wave attenuation factor with submergence ratio for artificial marshes with different vegetation densities. Symbols denote results from
individual tests spanning a range of wave conditions. Dashed lines connect average values for each submergence ratio.
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The relationship between wave attenuation factor (β’) and the
ratio of submergence derived from the present experiments is
presented in Figure 10, where symbols denote results from
individual tests spanning a range of wave conditions, while
dashed lines connect average values for each submergence
ratio. As seen in many previous studies, wave attenuation
clearly increases as plant height (submergence) increases
relative to the local water depth. Although results for only
three submergence ratios are available from this dataset, the
data suggests that the rate of increase with submergence ratio
is greater for submergence ratios less than 0.9, decreasing as the
vegetation becomes emergent in still water.

Using data from Test Series 2, the bulk drag coefficient, CD,
was calculated according to the formula proposed by
Sonnenwald et al. (2019), see Eq. 7. Figure 11 shows the
resulting relationship between the bulk drag coefficient and the

KC number defined in Eq. 6. These results suggest that for
larger KC number (KC > 80), the low-, medium-, and high-
density marshes studied in these experiments are associated
with bulk drag coefficients of approximately 1.47, 1.55, and
1.63, respectively, and that bulk drag coefficients for all three
marshes increase gradually as KC number decreases towards
KC ~ 10. These results are generally consistent with the
findings of Ozeren et al. (2014), who found that CD was
dependent on KC when KC < 10. In these experiments,
12 < KC < 268, suggesting all were in the range where drag
forces dominate and the drag coefficient is weakly dependent
on KC. At field (full) scale, 268 < KC < 2,351 would be typical
for the same range of wave and water level conditions,
assuming stem diameters of 9.5 mm, and therefore bulk
drag coefficients observed in the present experiments are
expected to slightly over-predict field conditions.

FIGURE 11 | Bulk drag coefficient versus Keulegan-Carpenter number for artificial marshes with low, medium, and high vegetation densities.

FIGURE 12 |Wave attenuation across similar artificial marshes comprised of rigid and flexible vegetation. Data is normalized by the incident wave height at the edge
of the marsh (@ Station 2). Note that this figure includes wave height attenuation due to depth-limited breaking.
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5.2 Effect of Vegetation Flexibility and
Submergence
Test Series 4 was conducted to investigate the effects of vegetation
height (or submergence ratio) and stem flexibility on the resulting
wave attenuation. Figure 12 compares wave attenuation across
the model marsh for otherwise identical marshes comprised of
rigid and flexible vegetation. In this figure, the wave height
attenuation across the marsh platform for the no vegetation
(NoVeg) case is primarily due to depth-limited wave breaking.
Across the wide range of significant wave heights, peak wave
periods and water depths investigated, the additional wave
attenuation due to flexible vegetation is roughly 90% of the
additional attenuation due to comparable rigid vegetation.

Although plant stiffness was not the main focus of these tests,
and plant flexibility was not modelled with strict parametric
specificity, these results are consistent with the findings of
Maza et al. (2015), where increased plant rigidity was shown
to correlate with increased wave attenuation.

The influence of plant submergence ratio on wave height
attenuation is plotted in Figure 10 and discussed briefly in the
previous section, where it is shown that wave attenuation capacity
increases with increasing submergence ratio. In a similar vein,
Figure 13 shows the effect of plant submergence (or height) on
wave attenuation across otherwise similar model marshes. As in
Figure 12, the wave height attenuation curves in this figure are
based on averaging results from several tests with different wave

FIGURE 13 |Wave attenuation across similar artificial marshes featuring different vegetation heights. Data is normalized by the incident wave height at the edge of
the marsh (@ Station 2). Note that this figure includes the effect of wave transformation and breaking due to the sloping foreshore.

FIGURE 14 | Comparison of damage to identical dykes built behind a salt marsh platform; without vegetation (A) and with vegetation (B). Waves approached from
the top in these images.
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conditions, and include the effects of depth-limited wave
breaking. Stems in the tall marsh were simulated using 0.09 m
tall rigid dowels, whereas 0.025 m tall dowels were used in the
short marsh (28% of the tall plant height). Figure 13 shows that
the additional wave height attenuation due to the short stems
(relative to the NoVeg case) was roughly 1/3rd of the additional
attenuation due to the taller ones. These results are consistent
with the results shown in Figure 10 and the findings by other
authors (Arkema et al., 2013; Anderson and Smith, 2014) who
investigated the effect of water depth on wave attenuation
capacity and found a significant influence on wave height
decay, specifically that emergent conditions led to higher
amounts of wave attenuation. Wave attenuation due to
shorter, broken stems is an important topic, particularly for
higher latitude regions where marsh plants tend to die off
following the summer growing season, thus reducing their
capacity to dissipate wave energy and limit flood risk.

5.3 Effect of Vegetation on Dyke
Performance
The presence (or absence) of vegetation was a strong function of
dyke performance. Figure 14 shows a comparison of two
identical dykes built in the lee of salt marsh platforms subject
to the same series of increasingly harsh sea states and water levels.
At the end of the test series, the dyke without protective
vegetation (shown on the left) suffered significant damage,
exposing the core at the seaside crest and causing significant
scouring on the leeside. In stark contrast, the dyke fronted by a
4.75 m length of low-density marsh (shown on the right)
sustained only minor damage to the leeside crest. Identical
dykes protected by medium-density and high-density marshes
(not pictured) showed effectively no damage following exposure
to identical test conditions. Figure 15 shows a comparison of the
overtopping measured at four identical dykes fronted by varying
vegetation fields. Out of the 41 sea states examined in Test Series
1, the dykes typically only experienced overtopping as a result of

the largest wave heights in combination with extreme water levels.
From Figure 15, it is clear that the NoVeg case not only saw
overtopping in a greater number of these sea states, but that the
overtopping volumes were also significantly larger. It is noted that
these overtopping results are notably smaller than predicted by
Equation 5.11 from EurOtop (Van derMeer et al., 2018), however
this formula likely does not consider a dyke fronted by a long tidal
flat. These results emphasizes the potential effectiveness of coastal
salt marshes in dissipating wave energy, lessening overtopping
and reducing damage of adjacent coastal infrastructure in storm
conditions, provided that the marsh itself is able to survive the
storm without being damaged.

5.4 Effect of Dyke Structure Design
A detailed investigation of wave overtopping and damage to the
dyke structures was not the primary focus of this study; however,
some general commentary based on observations made during
the testing program is presented herein. Four different dyke
structure designs (see Figure 5) were modelled and
investigated in Test Series 3 with identical foreshore marshes
to help inform decisions concerning potential upgrading of older
dyke structures. Analysis of the wave data measured on the tidal
flats suggests that the level of wave reflection was similar in each
flume, and that the degree of wave attenuation across the model
marsh was also similar in each flume.

However, clear differences in overtopping flowrates (and
damage) were measured in each flume, depending on the dyke
design (see Figure 16). The armoured dyke (requiring a rock
armour volume of 15.4 m3 per linear metre of full-scale
structure), will be considered as a base case for comparison.
The mean overtopping discharge for the armoured dyke,
averaged across a broad range of test conditions, was 1 L/s/m.
Despite this overtopping, the armour on the leeside crest and
slope sustained negligible damage. In comparison, the simply
reinforced dyke, with a slightly wider crest but requiring only
7.5 m3/m of rock armouring, saw a 36% reduction in overtopping
discharge. However the unprotected leeside crest and slope saw

FIGURE 15 | Wave overtopping at four identical dykes for different vegetation densities.
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comparatively greater damage, though not serious enough to
jeopardize the overall integrity of the dyke.

In comparison, significantly fewer overtopping events and
smaller flowrates were measured at the simply reinforced dyke
with berm and the widened simply reinforced dyke (74 and 86%
reductions in mean overtopping discharge, respectively). Each of
these dyke designs requires 15.0 m3 of armour stone per linear
metre of structure. The berm was observed to trigger earlier wave
breaking, and the additional volume of porous rock in the
widened dyke was effective at reducing run-up and
overtopping. In both cases, despite the lower overtopping
volumes, damage to the leeside crest and slope was similar to
that observed on the simply reinforced dyke (without berm),
which may point to the high mobility of the impermeable core
material under the conditions tested. Overall, the widened simply
reinforced dyke was most effective in reducing mean overtopping
discharge, however the armoured dyke provided the best
protection in terms of leeside stability.

In all four cases, the seaside armouring saw only minor
damage, in the form of rocking and/or small displacements. It
should be noted that all four dykes saw effectively zero
overtopping (or damage to the leeside) in all but the most
energetic test conditions featuring the highest water levels
combined with the largest wave heights. These results provide
information on the relative ability of the upgraded structures to
reduce overtopping and limit damage in extreme conditions. The
relative benefits of each potential dyke upgrade must be balanced
against the relative cost of implementation, which can be assumed
to be roughly proportional to the volume of armour stone
required.

6 CONCLUSION

A series of scaled laboratory experiments were conducted to
investigate the function of coastal salt marshes as part of a coastal
marsh and dyke system, and to determine the effectiveness of

marsh vegetation in dissipating wave energy and reducing wave
overtopping and damage under a broad range of wave and water
level conditions, including harsh conditions, representative of
Canadian coastal regions. A secondary goal was to assess the
feasibility and efficacy of using simple, low-cost scale model
surrogates to represent salt marsh vegetation in scale model
testing. The model dyke and marsh platform features
investigated in this study were based on archetypes found in
Atlantic Canada, in particular the Tantramar Marsh on the
Chignecto Isthmus between New Brunswick and Nova Scotia
where Spartina alterniflora (smooth cordgrass) dominates.

This study addressed several of the research knowledge gaps
highlighted by Markov (2021). In particular, two different plant
heights were investigated as a proxy to the seasonal variation in
marsh plant posture and stature typical of higher latitude regions,
and tests were conducted across a much broader range of wave
heights, periods, and water levels than previously seen in full scale
(or near full scale) experiments using live or surrogate vegetation.

This research confirmed the benefit of tidal flats hosting
coastal marshes for attenuating waves, reducing overtopping
volumes and lessening damage to dyke structures. As
expected, taller and denser marshes were more effective in
attenuating wave energy for a given marsh width. From a
wave attenuation perspective, the study results show that
narrow, densely vegetated marshes (i.e., 25 m wide marsh with
~450 stems/m2) provide similar wave attenuation capacity as
wider marshes with sparser vegetation (i.e., ~90 m wide marsh
with ~150 stems/m2). Of course, stakeholders looking to make
use of vegetated tidal flats to augment shore protection should
consider creating expansive marshes wherever possible, not only
from a wave attenuation perspective but also for the ancillary
environmental co-benefits they bring.

This study is certainly limited by the use of artificial plants to
represent coastal marshes. As noted by Tinoco et al. (2019), several
authors have shown that simplifications in experimental setup, such
as the use of rigid elements, a single stem diameter, a single element
height, and a regular or staggered layout, can bias study outcomes, by

FIGURE 16 | Wave overtopping at four different dyke structures with identical marsh platforms.
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either hiding or amplifying some of the relevant physical processes
found in natural conditions. However, representing coastal marshes
in a simple manner at reduced scale made it possible to study wave
interaction with entire marsh-dyke systems in controlled laboratory
conditions, efficiently study the effect of numerous changes inmarsh
properties and dyke characteristics, and study relatively high-energy
wave conditions; investigations that would be impractical or highly
demanding and expensive using live plants at full scale. Despite its
limitations, it is believed that the present study contributes useful
new information leading to greater understanding of the behaviour
of marsh-dyke systems, the wave attenuation over wide marshes in a
broad range of depths and wave conditions, and the sensitivity of
these processes to various marsh characteristics and properties, such
as plant density, plant height (submergence), stem flexibility and
marsh width. Moreover, results from the present study can be used
to inform the representation of coastal marshes in physical and
numerical models.

It is noted thatWebb et al. (2018) highlighted that S. alterniflora
marsh vegetation in southern Alabama was stable when significant
wave heights are less than 0.2 m 80 percent of the time and less
than 0.3 m 95 percent of the time. In comparison, some of the wave
heights investigated in this study were considerably larger (up toHs

= 3 m at full scale) and may have been sufficient to cause erosion
and/or damage in natural settings. In reality, it is likely that at least
the seaward edge of the marsh may have experienced some erosion
as a result of these energetic conditions, though conceivably some
sort of soil stabilization measures could be applied to reduce
erosion in vulnerable areas. When reviewing the results of this
study and assessing the performance and efficacy of salt marshes, it
is important to consider the potential for soil erosion, plant damage
and loss of wave attenuation capacity in high-energy conditions,
although these processes were not included in the present study.

Although several researchers have conducted experiments with
live plants in test facilities, further research is required to better
understand wave attenuation caused by vegetation. Topics where
further research is needed include examining wave attenuation
capacity over the plant life cycle (spring growth, summer, and
winter dormancy periods), understanding erosion and plant
damage processes in high-energy wave conditions, and

understanding how to best protect and establish young plants
early in their life cycle or in more exposed locations. Additional
research, especially in connection with field studies, is
recommended and encouraged. Future work by the authors will
focus on extending the analysis of the data obtained in the current
study (particularly with respect to overtopping and stability of the
dyke structures), developing and validating improved approaches
for representing other types of coastal vegetation in scale model
studies and investigating the behaviour and performance of other
types of nature-based coastal infrastructure.
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