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Highlights 18 

● Rigid vegetation patches effectively buffer hydrodynamic energy and increase 19 
erosion at their edges. 20 

● Flexible vegetation patches accumulate sediment closer to their leading edges 21 
compared to rigid vegetation for all hydrodynamic conditions tested. 22 

● Negative feedbacks may compromise the lateral extension of both types of 23 
vegetation. 24 

● Lower shoot density causes sediment accumulation to occur further inside 25 
vegetation patches.  26 

 27 

Abstract 28 

Salt marshes and mangrove forests provide critical ecosystem services such as reduced 29 

sediment erosion and increased hydrodynamic buffering. Sediment transport and 30 

hydrodynamics can be influenced by specific functional traits of the plants (for example, 31 

flexibility vs. rigidity) and community traits (for example, spatial density). While there is a 32 

growing body of literature on plant trait and hydrodynamic interactions, direct comparative 33 



studies of sediment transport and scour development in and around intertidal wetland edges 34 

are scarce. In this study we systematically compared the effects of plant traits on sediment 35 

budgets around the lateral edges of intertidal wetlands under controlled hydrodynamic and 36 

sedimentary conditions using full scale vegetation mimics with contrasting flexibilities and 37 

densities. Experiments were carried out in a large-scale flume, using two spatial densities each 38 

of flexible and rigid vegetation mimics. We measured unconsolidated sedimentary bed-level 39 

changes in experimental runs using waves only, currents only, and waves combined with 40 

currents. Both mimic types dampened the energy of the incoming flow, highlighting the role 41 

of rigid and flexible aquatic vegetation in providing coastal protection. The rigid vegetation 42 

mimics’ lateral edge experienced larger velocities, more energetic turbulence, and local scour 43 

around individual stems. Scour around stems could influence the lateral expansion of the rigid 44 

vegetation ecosystem by reducing sediment stability and thus decreasing seedling 45 

establishment success. The flexible plant mimics produced lower turbulence at their leading 46 

edge, which resulted in sediment being deposited over a shorter distance into the patch than 47 

in the rigid mimics. Decreased vegetation density caused reduced sediment erosion at the 48 

leading edge and less sediment accumulation within the vegetation patches for both the rigid 49 

and flexible mimics. The hydrodynamic and sedimentary processes identified for both 50 

ecosystems are linked to different feedbacks. A positive feedback was identified in which 51 

vegetation attenuates hydrodynamic energy allowing sediment accumulation within the 52 

patch. A negative feedback was identified where large velocities caused flow divergence and 53 

erosion outside of the vegetation, and would therefore compromise its lateral expansion. 54 

High densities of rigid vegetation enhance this negative feedback. Lower density flexible 55 

vegetation, however, combined with less energetic hydrodynamic conditions facilitate the 56 

expansion of vegetation patches as they cause less flow divergence and therefore less 57 



erosion. The strong flow divergence observed in the rigid vegetation cases highlight their 58 

importance for buffering hydrodynamics but at the cost of increased erosion within the front 59 

end of patches and along their lateral edges.  60 
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1. Introduction 66 

Coastal intertidal wetlands are highly productive ecosystems that provide multiple ecosystem 67 

services such as coastal protection and erosion control (Barbier, 2007; Himes-Cornell et al., 68 

2018; Mitsch and Gosselink, 2015). Ecosystem engineering species (i.e., species that physically 69 

modify the abiotic environment, sensu Jones et al., 1994) growing in coastal wetlands, such 70 

as mangrove trees and salt marsh grasses, form the final (semi-) terrestrial frontier facing the 71 

sea (Figure 1).  72 

 73 
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 Figure 1 View of a lateral channel in a salt marsh (left panel) and a mangrove forest (right 74 

panel). Blue arrows display flow direction. 75 

 76 

Plant and community traits of the dominant plant species in such ecosystems drive processes 77 

such as wave attenuation, current speed reduction and sediment trapping, (Moeller et al. 78 

2014; Quartel et al. 2007; Temmerman et al. 2013). Wetlands’ ability to adapt to sea-level rise 79 

through aggradation (vertical growth) and progradation (horizontal, seaward growth) (Balke 80 

et al., 2014; Wang and Temmerman, 2013; Xi) has led to increased interest in their use against 81 

coastal flooding, erosion control and as a carbon sink (Barbier, 2007; Cheong et al., 2013; 82 

Narayan et al., 2016; Vuik et al., 2016).  83 

Hydrodynamic buffering and sediment transport is controlled by plant and community 84 

traits of the key ecosystem engineering species (Fromard et al., 1998; Jones et al., 1994; 85 

Pinsky et al., 2013; Quang Bao, 2011; Shepard et al., 2011). Plant traits (e.g., flexibility or 86 

rigidity) and community traits (e.g., stem or root spatial density) alter wave energy 87 

attenuation, flow diversion and turbulence, which in turn modifies sediment transport, 88 

deposition, and erosion. Although salt marshes and mangrove forests occupy the same 89 

physical environment (the intertidal zone), the density and flexibility of their vegetation 90 

fundamentally differ. For example, flexible vegetation could change its frontal area with the 91 

intensity of the flow and sway with wave orbital velocities causing scale dependant feedbacks 92 

such as hydrodynamic energy attenuation which enhances sediment accretion through or the 93 

formation of troughs restricting lateral expansion (Bouma et al., 2007). In contrast, rigid 94 

vegetation does not deform significantly, even in fast currents. Therefore, hydrodynamic 95 

forcing (waves and currents) and the plant and community traits (especially flexibility and 96 

density) can have implications for the geomorphological development of coastal wetlands.   97 



Sediment dynamics around aquatic vegetation can impact the lateral development of 98 

these ecosystems. The position of a wetland’s seaward edge is determined by the ecosystem's 99 

tolerance to tidal inundation and hydrodynamic forcing. Flow reduction causes sediment 100 

accumulation in intertidal wetlands can provide their plants with nutrients at the plant scale 101 

and be a carbon sink mechanism at the ecosystem scale. However, high rates of sediment 102 

accumulation may bury the plants or increase the elevation of the ecosystem so that it is 103 

outside the range suitable for optimum growth (Bouma et al., 2005). Sediment trapping 104 

within a patch can be facilitated by plant density, plant flexibility and patch size (Bouma et al., 105 

2009). However, Bouma et al. (2009) found that there is a density threshold below which 106 

erosion around individual stems occurs. High sediment erosion can destabilise plants and 107 

constrain lateral ecosystem expansion (Widdows et al., 2008). The distribution of plant 108 

biomass amongst individual plants plays an important role in this respect. Bouma at al. 2007 109 

in a field experiment found that rigid bamboo sticks had higher erosion within their patches 110 

compared to flexible Spartina anglica which displayed a dome shaped elevation pattern.   111 

Wider and deeper scour holes have also been observed around rigid cylinders in comparison 112 

to flexible plants, which by bending reduce the projected area of the plant and thus cause less 113 

scour (Yagci et al., 2016). Mangrove trees and salt marsh plants occupy different volumes of 114 

the water column due to their varying physical structures; this difference will impact on their 115 

interactions with hydrodynamics and sediment dynamics. 116 

Despite the importance of wetlands, little is known about the feedbacks between 117 

ecosystem traits, hydrodynamic buffering or sediment transport (Hu et al., 2014; Morris et 118 

al., 2002). Feedbacks between ecosystem traits and their physical environment the expansion 119 

of the ecosystem, channel configuration and ecosystem stability (Fagherazzi et al., 2017; Liu 120 

et al., 2020; Temmink et al., 2020). Hydrodynamic effects on wetlands varies with the traits 121 



of the ecosystem engineers for instance rigid vegetation which extends through the entire 122 

water column will more strongly deflect flow velocity compared to flexible vegetation. This 123 

stronger deflection can cause a negative feedback such as larger channel erosion, which 124 

restricts lateral growth (Bouma et al., 2009). Flexible wetland plant’s ability to reduce wave 125 

energy and flow velocity combined with their flexible leaves (which trap suspended 126 

particulate material) can form a positive feedback which increases sediment accumulation 127 

potential therefore nutrient availability or ecosystem expansion (Bouma et al., 2009). Another 128 

critical feedback is scale dependant feedbacks which combines both positive and negative 129 

feedbacks and is driven by wave and currents, community, and plant traits of the vegetation 130 

(Bouma et al. 2013). The combination of negative (increased erosion) and positive feedbacks 131 

(sediment accumulation) are important for organisation and distribution of salt marsh and 132 

mangrove patches. Understanding processes at the lateral edge of intertidal wetlands offers 133 

improved predictability of edge dynamics and hence the potential future seaward extent of 134 

mangrove forests and salt marshes under changing hydrodynamic forcing.  135 

Here, we provide a direct comparative study of sediment transport and scour 136 

development at the lateral edge of such contrasting habitat types. Systematic comparisons of 137 

flexible vegetation (i.e., marsh plants) with rigid vegetation (i.e., mangrove trees) can offer 138 

new insights into sediment transport, coastal management, and the evolution of coastal 139 

wetland habitats. This study aims to contribute to knowledge by systematically comparing the 140 

effects of different plant traits on sediment dynamics, under controlled hydrodynamic and 141 

sedimentary conditions, using full scale vegetation mimics of simplified geometry to control 142 

plant flexibility and density in a large-scale laboratory flume setting. A particular focus is 143 

placed on scour development and turbulence generation near the ocean-facing and lateral 144 

edges of continuous patches bordering channels within the vegetation stand (Fig. 1). The 145 



study includes waves-only, currents-only, and combined wave-current scenarios, to explore 146 

the context dependency of bio-physical interactions in the intertidal zone. The plants’ traits 147 

will influence the intensity and scale of their turbulent interactions with their physical 148 

environment. To further understand the ability of wetland ecosystems to buffer 149 

hydrodynamics and their lateral expansion, information is required on wetland feedback 150 

processes. This knowledge will allow us to predict the response of coastal wetlands to 151 

changing hydrodynamics and therefore use them further in more climate resilient coastal 152 

defences.  153 

 154 

2. Material and Methods  155 

The experiments were conducted in a customized wave basin at the Danish Hydraulic Institute 156 

(DHI) in Hørsholm, Denmark. The basin was 25 m wide and 35 m long, had a 5.5 m wide piston-157 

type paddle for wave generation, and a recirculation system for current generation. Based on 158 

the facility's capabilities, along with the desired hydrodynamic conditions of an effective 159 

water depth (h) of 0.30 m and a unidirectional flow speed (U) of 0.30 ms-1, the test zone was 160 

limited to a width of 5.5 m by two side walls. The area was divided into two 2.75 m wide 161 

channels with one of the ecosystem mimics placed in each one. Each of these channels was 162 

divided longitudinally into a section 1.25 m wide, in which vegetation mimics were placed, 163 

and an unvegetated section 1.50 m wide (Figure 2). This setup mimics the geometry of a 164 

channel in the vegetation stand. Given the confinement of the flume, only half a channel side 165 

was mimicked while the other side was bordered by a vertical wall. This setup allowed clear 166 

identification of the effects of the lateral and longitudinal edge of one mimic patch while free 167 

flow was able to develop in the open channel as would be the case in the centre of natural 168 



channels. At the end of the test zone, a dissipation beach was installed, consisting of several 169 

perforated, parabolic steel plates. 170 

For the analysis of the results, a coordinate system was adopted in which X denotes 171 

the along-channel direction, with X = 0 at the upstream edge of the vegetation patches, and 172 

Y denotes the across-channel direction, with Y = 0 at the wall next to the flexible mimic 173 

section. The boundaries between the vegetated and unvegetated sections aligned in the X-174 

direction are referred to as lateral edges (Figure 2 purple lines). The edges of the vegetation 175 

sections aligned in the Y-direction and located at X = 0 are referred to as leading edges (Figure 176 

2 yellow lines). A schematic representation of the experimental set-up is given in Figure 2. 177 



 178 

Figure 2. View of the channel from downstream (top) and schematic description of the 179 

experimental set-up (bottom). In the bottom panel, the positions of the Acoustic Doppler 180 

Velocimeters (empty squares), Wave Gauges (blue dots) and Sedimentation-Erosion Bars 181 

(red-dashed lines) are represented. The flexible and rigid vegetated areas are displayed as 182 

green and brown shaded areas. Yellow lines are the leading edges and purple lines are the 183 

lateral edges. The entire set-up (i.e., mimic vegetation patches, channels) were located within 184 

a 20 cm pit filled with sediment. The large blue arrow indicates flow direction. 185 
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 186 

2.1 Hydrodynamic conditions and sediment characteristics 187 

Within the constraints of the facility’s capabilities, the hydrodynamic conditions were defined 188 

to represent realistic inter-tidal flow conditions under mild conditions (Brinkman, 2007; 189 

Garzon et al., 2019). A water depth of 0.30 m was set, and regular waves with height H = 0.08 190 

m and periods (T) ranging from 0.8 to 1.4 s were studied. For the experimental runs using 191 

unidirectional currents, the mean flow speed was set at 0.30 ms-1. Table 1 presents the 192 

hydrodynamic conditions assigned for each run.  193 

 194 

Table 1. Hydrodynamic conditions tested during the experiment. For the Run ID’s, CC denotes 195 

currents only, WW denotes waves only and WC denotes waves combined with currents.  196 

 197 
Run ID Current 

(ms-1) 
Wave Height 

(m) 
Wave period 

(s) 
CC 0.30 - - 

WW1 - 0.08 0.8 
WW2 - 0.08 1.1 
WW3 - 0.08 1.4 
WC1 0.30 0.08 0.8 
WC2 0.30 0.08 1.1 
WC3 0.30 0.08 1.4 

 198 

The sediment was selected based on these hydrodynamic conditions. A 0.18 mm nominal 199 

diameter sand was chosen for the experiment to achieve moderate sediment transport under 200 

the test conditions. The maximum scour around the mimics was estimated based on Headie 201 

and Herbich (1986) and to prevent the scour from reaching the concrete bottom of the basin, 202 

the whole setup was placed in a 20 cm pit that was filled with sediment (Figure 2).  203 



 204 

2.2 Vegetation mimics 205 

Given the chosen hydrodynamic conditions, it was estimated that a 10 m length of vegetation 206 

mimic patch would be sufficient for a fully developed flow to develop within it, based on 207 

Zhang et al. (2015) and Maza et al. (2017). To exclude effects caused by traits other than the 208 

ones under investigation (flexibility and density), a simple plant mimic geometry was chosen. 209 

It consisted of circular cylinders, either rigid or flexible, with uniform vertical cross-sections. 210 

While the mimics do not resemble any specific plant species, individual (i.e., diameter, length) 211 

as well as community (i.e., density) traits were chosen similar to salt marsh vegetation for the 212 

flexible mimics and mangrove aerial roots for the rigid mimics, respectively (Table 2). The 213 

flexible mimics were defined based on the properties of salt marsh vegetation (e.g., Salicornia 214 

sp.) reported in the literature. To simulate basic salt marsh morphology, transparent PVC 215 

tubes of 6 mm in diameter and 50 cm in length with a Young’s modulus equal to 2.9 GPa were 216 

selected based on reports such as Zhu et al. (2020).  Two densities equal to 420 and 210 stems 217 

m2 are selected for the experiments which fall within the range of natural observations (e.g., 218 

Knutson et al., 1982). Rigid mimics were defined based on mangrove prop roots properties. 219 

Mangrove roots were idealized using uniform cylinders of 3 cm diameter and long enough to 220 

be emergent under all tested conditions, based on data reported in the literature (e.g., Ohira 221 

et al., 2013). As a point of comparison, it is considered that the frontal area in both species 222 

will remain constant. Then, a density equal to 84 and 42 mimics m2 is considered in the rigid 223 

canopy (Table 2). Shoot densities were halved for additional test runs to cover densities 224 

relevant for stages of patch development. This resulted in a higher total submerged volume 225 

for the rigid vegetation patch compared to the flexible vegetation patch, because of the 226 

former’s greater volume to frontal area ratio.  For current and wave only runs, only the higher 227 



vegetation densities were tested, for the combined wave and current runs, both the higher 228 

and lower vegetation densities were tested. 229 

 230 

Table 2. Traits of the two types of vegetation mimics used.  231 

 Flexible Vegetation 
 

Rigid Vegetation 
 

Diameter (m) 0.006 0.03 

Length (m) 0.30 1.00 

Density Low / High 
(stems m-2) 210/420 42/84 

Frontal area Low / High 
(m2) 0.378/0.756       0.378/0.756       

Total submerged volume Low / 
High 
(m3) 

1.78 10-3/3.56 10-3 8.91 10-3/1.78 10-2 

Submerged Solid Volume 
Fraction (𝜙𝜙) Low / High 

0.006/0.012 0.030/0.060 

Stem properties Flexible Rigid 

Position in water depth Stem height equal to the 
water depth Emergent 

 232 

2.3 Measurements and post-processing 233 

Hydrodynamic measurements were begun 15 minutes after the flow and/or waves were 234 

turned on, to avoid transient start-up effects. Velocities were recorded with 6 Acoustic 235 

Doppler Velocimeters (ADVs) and free surface height with 24 resistive free surface gauges. All 236 

the sensors were synchronized and measured at 25 Hz for 90 seconds at each location. The 237 

incident hydrodynamic conditions were measured 0.75 m in front of the patch's leading 238 

edges. Velocity data were also obtained inside the vegetated sections at 0.5 m and 2.5m 239 

downstream of the patches’ edges. The free surface height was measured at approximately 240 



the same positions, as well as at 5 m downstream of the leading edge within the vegetation. 241 

At each of these along-channel positions, measurements were taken at three across-channel 242 

locations: in the centre of the vegetation patches, at their lateral edges and in the 243 

unvegetated channel (Figure 2). In the vertical direction, velocities were measured every 2 cm 244 

for the closest position to the edge and every 5 cm for the other two longitudinal positions, 245 

starting at 2 and 5 cm from the initial bed level respectively.  246 

The measured velocity components were processed by applying four filtering 247 

strategies. Firstly, a filter based on signal quality was applied in which measurements with 248 

correlation values less than 50% were discarded. Secondly, a cut-off filter was applied to 249 

remove spikes in the velocity record over a predetermined threshold (0.55 ms-1 for waves, 0.7 250 

ms-1 for currents and 1.2 ms-1 for waves and currents). These threshold values were 251 

determined by observing the time-series. Thirdly, an acceleration filter was used to suppress 252 

oscillations with accelerations larger than gravitational acceleration. Finally, a standard 253 

deviation filter was applied, removing velocity values which were more than three standard 254 

deviations from the mean velocity. The filtered values were left empty and not considered in 255 

further calculations. The mean velocity values were obtained by performing time-averaging 256 

for the current-only runs and phase-averaging for the waves-only and waves and current runs. 257 

The time-averages were applied over the whole of each recording. The phase-averages were 258 

calculated by dividing the time-series in intervals of the length of the wave period and then 259 

performing an ensemble averaging over them. 70 wave periods were used to obtain each of 260 

the phase-averages. Values of the turbulent kinetic energy (TKE) were obtained from the 261 

variation of the velocity signal around the mean or phase-averaged velocity for the current-262 

only cases and the cases with waves, respectively. For wave only runs (WW), wave height 263 

evolution through the two high density patches was analysed by measuring the wave heights 264 



(H) along their centerlines (Y = 0.625 m) and normalising them by the incident value (HI), 265 

obtained from the wave gauge located offshore of the patch, to give a relative wave height 266 

(H/HI). The submerged solid volume fraction, 𝜙𝜙 (Tanino and Nepf, 2008), was calculated as  267 

 𝜙𝜙 =𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉
𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

        (1) 268 

The length-scale of vortex penetration, LV (Zong and Nepf, 2011), was calculated as being 269 

inversely proportional to the frontal area per volume of the patch, 270 

 𝐿𝐿𝑣𝑣 = 0.5(𝐶𝐶𝐷𝐷𝑎𝑎)−1           (2) 271 

where a is equal to d*N, d being the stem diameter and N the number of stems per unit       272 

area. The scale-dependent feedback (Bouma et al., 2013) was derived from the mean 273 

velocities. It is representative of the flow due to the presence of the vegetation patches and 274 

can be obtained as the difference between the mean velocities in the channel (𝑈𝑈𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) and 275 

inside the vegetation patches (Uveg), divided by the incident velocity (Ui): 276 

            (3) 277 

To measure bed elevation changes after each test, 60 measurements were taken 278 

across a transect at each of 10 longitudinal positions along the experimental area (shown in 279 

Figure 2). The measurements were conducted using two Sedimentation Erosion Bars (SEB) 280 

with 30 measurement points on each of them. At each point along the bar, a vertical pin was 281 

positioned that could be dropped onto the sediment surface, allowing its height (and thus the 282 

height of the sediment at that location) to be measured against the fixed height of the 283 

horizontal SEB. The distance between the measurement points was 5 cm. These 284 

measurements were made after each of the test runs, which lasted for approximately 1.5 285 

hours, when the sediment bed had acquired a stable configuration. After each experiment, 286 

the sediment was re-levelled by moving it from the accumulation to the erosion zones to 287 



restore the initial flat configuration. To acquire a better representation of the bed level, the 288 

data were smoothed using a centred, 3-point moving average in the transversal direction. 289 

 290 

3. Results 291 

 292 

3.1 Uni-directional Flow 293 

Current velocity patterns and sediment elevation were analysed for both types of high density 294 

simulated vegetation (Table 2). The flexible vegetation slows the incoming flow, reducing its 295 

speed by almost 50% by X = 2.5 m inside the patch (Figure 3 (a), top panel). The decrease in 296 

flow speed leads to sediment deposition within the patch, starting at around X = 1.0 m. 297 

Simultaneously, in the lateral channel the along-channel speed increases by more than 30% 298 

at X = 2.5 m with respect to the incoming value (Figure 3 (a), bottom panel), leading to 299 

sediment erosion. Figure 3 (b) shows that the largest lateral (Y-component) speeds are 300 

measured at the patch lateral edge at X = 0.5 m. These lateral speeds decrease further into 301 

the patch at X = 2.5 m. This decrease is the result of the flow divergence region at the leading 302 

edge of the patch, where the flow in line with the patch decelerates and a large part of the 303 

flow is diverted towards the open channel.  The flow divergence produces sediment erosion 304 

at the leading edge where velocities are not yet significantly attenuated (top and central panel 305 

in Figure 3 (a)). The divergence flow extends over a distance LD, defined as the length 306 

necessary for the velocities to be less than the incident values. From the velocity 307 

measurements, the  LD should be between X = 0.5 and 2.5 m. Taking the position of maximum 308 

sediment deposition within the patch as the location where velocities have been significantly 309 

attenuated to allow sediment accumulation, LD ≈1.5 m is estimated for the flexible 310 

vegetation, which falls well within the range implied by the velocity measurements.  311 



 312 

Figure 3. Flow velocity (black arrows), TKE magnitude (red lines) and sediment elevation (grey 313 

lines) for flexible vegetation and CC (currents only): a) longitudinal sections (inside the patch 314 

Y = 0.625 m, dark green, at the lateral edge Y = 1.25 m, light green, and at the channel Y = 315 

2.00 m, blue) and (b) cross sections (at T1 X = -0.75 m, T2 X = 0.50 m, and T3 X = 2.50 m). (a) 316 

displays velocity profiles obtained using X and Z components and (b) profiles considering Y 317 

and Z components. Sediment erosion elevation is represented by light grey shading, whilst 318 

accumulation is dark grey shading. Water level (0.3 m) is presented by a dashed blue line.  319 

 320 



In the rigid vegetation patch, Figure 4 (a) shows that the along-channel speed decreases by 321 

almost 70% by X = 2.5 m, while it increases by almost 60% within the open channel at the 322 

same X position, compared to the incoming value. Thus, the rigid vegetation produces 323 

stronger flow divergence than that observed in the flexible vegetation. Maximum lateral 324 

speeds are observed at the patch lateral edge at X = 0.5 m (Figure 4 (b)). These strong lateral 325 

speeds implies that rigid vegetation causes a major deviation of the flow around the 326 

vegetation patch. This process is also observed when analysing the free surface gradient, 327 

𝜕𝜕ℎ/𝜕𝜕𝜕𝜕, (produced by both patches (Figure S1). 𝜕𝜕ℎ/𝜕𝜕𝜕𝜕 for rigid vegetation is 0.0063 (±0.0008), 328 

while for flexible vegetation it is 0.0046 (±0.0001). The largest free surface gradient obtained 329 

for rigid vegetation indicates a larger drag force exerted by the rigid elements on the flow in 330 

comparison to the flexible ones, which reconfigure under the flow action, as shown in Figure 331 

S2. Consequently, a larger drag length-scale is found for the rigid canopy, which also presents 332 

a greater submerged volume fraction (𝜙𝜙𝑅𝑅 = 0.060) in comparison to the flexible canopy 333 

(𝜙𝜙𝐹𝐹 = 0.008) leading to a larger flow energy attenuation (Mazda et al. 1997; Maza et al. 334 

2019). 335 



 336 

Figure 4. Velocity (black arrows), TKE magnitude (red lines) and sediment elevation (grey 337 

lines) for rigid vegetation and CC (currents only): a) longitudinal sections (inside the patch Y = 338 

0.625 m, dark green, at the lateral edge Y = 1.25 m, light green, and at the channel Y = 2.00 339 

m, blue) and (b) cross sections (at T1 X = -0.75 m, T2 X = 0.50 m, and T3 X = 2.50 m). Panel (a) 340 

displays velocity profiles obtained using X and Z components and (b) profiles considering Y 341 



and Z components. Sediment erosion elevation is represented by light grey shading, whilst 342 

accumulation is dark grey shading. Water level (0.3 m) is presented by a dashed blue line.  343 

 344 

Figure 5. Top view of sediment elevation changes and conceptual sketch of the flow field near 345 

vegetation patches, flexible (a) and rigid (b). Warm colours represent sediment accumulation 346 

whereas cold colours display erosion. Flow diversion begins offshore of the patch and extends 347 

a distance LD into the path. LD indicates the end of the diverging flow and the beginning of the 348 

shear-layer development at the lateral edge of the patch. The shear-layer penetrates a 349 

distance LV into the patch.  350 

 351 

The conceptual sketch (Figure 5) for both vegetation patches shows the main differences in 352 

flow divergence and sediment movement. Stronger flow divergence by the rigid vegetation 353 

(panel b) produces a longer diverging flow region at the leading edge, LD, and greater erosion 354 

in the channel due to the larger velocities observed for both patches at the leading edge. After 355 

the diverging flow region, there is a fully developed region within the rigid vegetation, where 356 

the velocity is uniform across the patch width and length. A shear layer forms at the interface 357 



between the patch and the lateral channel, where shear layer vortices develop. Since both 358 

patches present the same frontal area per volume, the length-scale of vortex penetration ( 359 

LV) is expected to be similar for both cases, being slightly bigger for the rigid vegetation due 360 

to its larger CD value, as discussed above. Taking CD = 1 gives a value for LV of approximately 361 

0.20 m.  362 

 Tanino and Nepf (2008)’s formula for turbulence generated by element wakes 363 

considered a balance between the production of TKE and its viscous dissipation. The formula 364 

shows that larger TKE values are obtained in cases with greater in-canopy velocities. At X= 2.5 365 

m, TKE in the flexible vegetation has a mean value of 0.001 m2/s2 while for rigid vegetation 366 

has a mean TKE of 0.006 m2/s2, whilst 𝜙𝜙 is equal to 0.012 and 0.060 for flexible and rigid 367 

vegetation, respectively. Whereas the depth averaged velocity at X = 2.5 m is equal to 0.155 368 

m/s (0.0016) for flexible and 0.097 m/s (4e-06) for rigid vegetation (values in brackets show 369 

the standard deviation). Thus, the greatest TKE produced by element wakes is found in the 370 

rigid vegetation (Figure 4 (a), top panel), despite the smaller in-canopy velocity. Following the 371 

formular from Tanino and Nepf (2008), this indicates larger TKE for the rigid vegetation than 372 

for the flexible one, confirming, the greater influence of 𝜙𝜙 versus the velocity reduction in 373 

terms of TKE produced by element wakes. Turbulence can also be generated within shear 374 

regions, such as at patches’ lateral edges. This process is observed in the flexible vegetation 375 

case, where the largest TKE values are recorded at the lateral edge of the patch (Figure 3 (a)). 376 

At the end of the diverging flow region in the rigid vegetation, sediment deposition 377 

increases in the along-channel direction as the local velocity decreases. The opposite occurs 378 

in the fully developed flow region, where deposition decreases longitudinally through the 379 

patch, as the sediment concentration in the water column is depleted. In this region, sediment 380 

elevation is almost uniform across the patch width, except within the shear layer region. 381 



Turbulent transport is enhanced by shear layer vortices, which transport resuspended 382 

sediment along the lateral edge of the patch. This transportation results in an accumulation 383 

of sediment at the downstream side edge of the flexible vegetation patch and causes some 384 

of the sediment that has been suspended in the diverging flow region of the rigid vegetation 385 

to be deposited at the lateral edge (Figure 5). 386 

 387 

3.2 Wave only runs  388 

Wave height evolution was measured in the high-density vegetation patches and is shown in 389 

Figure 6 combined with the sediment elevation measured along the centerlines. 390 

 391 

 Figure 6. The top three panels show relative wave height (H/HI) evolution along the two high 392 

density patches, rigid (brown) and flexible (green). The bottom three panels show the 393 

sediment level changes within the patches at the same Y-position (Y = 0.625 m). WW1 (wave 394 

period 0.8 s)  is shown in panel (a), WW2 (wave period 1.1 s) in panel (b) and WW3 (wave 395 

period 1.4 s) in panel (c). Crosses (top panels), dashes (bottom panels) and dotted lines 396 

represent standard deviations (+/-). See Table 1 for incident wave characteristics in each case.       397 

 398 



Free surface measurements at X = 5 m were not recorded for the rigid vegetation run. 399 

However, the results show that the flexible vegetation did not reduce the wave height as 400 

much as the rigid vegetation which reduced the wave height up to 23% more than the flexible 401 

vegetation at X = 2 m (Figure 6). This difference is also shown by greater velocities within the 402 

patch at X = 2.5 m for flexible vegetation compared to  rigid vegetation (Figure S3, S4 and S5).      403 

There is similar wave height attenuation for the three tested wave conditions, with a small 404 

decrease in the amount of attenuation with increasing wave period (Figure 6). The mean 405 

values and standard deviations (in brackets) of the relative wave heights at X = 2 m are 0.77 406 

m (0.06 m) and 0.67 m (0.02 m) for the flexible and rigid vegetation, respectively, and 0.62 m 407 

(0.07 m) for the flexible vegetation at X = 5 m. Thus, it is observed that the flexible vegetation 408 

needs more than twice the distance from the leading edge than the rigid vegetation to obtain 409 

similar wave height attenuation, although it should be noted that the largest rate is observed 410 

for the first 2 m of vegetation in both cases. This is further confirmed by the velocities 411 

recorded in both patches, which are reduced by more than 30% after 2.5 m in both cases 412 

(Figures S3, S4 and S5). The greatest TKE values are observed for the rigid vegetation, but TKE 413 

is reduced by up to 40% from 0.5 to 2.5 m in all wave cases in both patches.  414 

At the leading edge, where velocities have not yet been attenuated, sediment is 415 

transported into the patch. The decrease in velocity and TKE leads to sediment deposition 416 

downstream of the leading edge in both vegetation mimics at 1.5 - 2.5 m (bottom panels in 417 

Figure 6). Sediment deposition and consequently sediment accumulation occurs over a 418 

shorter distance in the flexible vegetation patch (at 1.5 m) compared to the rigid vegetation 419 

patch (at 2.5 m) (Figure 6). Within the patch, the largest accumulation for flexible vegetation 420 

occurs at 1.5 m, while for rigid vegetation it is observed at 2.5 m (Figure 6). Sediment erosion 421 

at the leading edge is milder for the flexible vegetation which may be due to the greater 422 



turbulence produced around the rigid elements, which resuspends a larger amount of 423 

sediment compared to the flexible vegetation case (Figure 6).       424 

 425 

3.3 Waves and Currents 426 

The interactions of waves and currents with both types of vegetation, at both densities (high 427 

and low), is presented in this section. For low densities the flow is diverted less compared to 428 

high densities, so it penetrates further into the patch with fewer stems and greater velocities 429 

are recorded at X = 0.5 – 2.5 m. However, high densities reduce velocity within the patch more 430 

strongly than low densities. For flexible vegetation, the velocity decreases  from 20 to 24% 431 

(low density cases) and 20 to 40% (high density cases) with the smallest reduction for the 432 

longest wave period and the largest for the shortest (Figures 6, S6 (a) and S7 (a)). In the case 433 

of rigid vegetation, the decrease in velocity between X = 0.5 and 2.5 m is smaller, from 2 to 434 

22%, with the smaller values observed for low-density cases. The velocities at X = 0.5 m are 435 

already lower than those recorded for the flexible vegetation due to the greater divergence 436 

of the flow at the leading edge. The velocities for the low-density cases are greater than those 437 

for the high-density ones (Figure 7). 438 



 439 

Figure 7. Velocity profiles using X and Z velocity components, TKE magnitude and sediment 440 

elevation for flexible vegetation (panel (a)) and rigid vegetation (panel (b)). Panels (a) and (b) 441 

display longitudinal sections (inside the patch, dark green, at the lateral edge, light green, and 442 

at the channel, blue). Black arrows and red lines display velocity and TKE for high-density. 443 

Grey arrows and light pink lines result for low density. Dark grey lines display sediment 444 

elevation results for high density and light grey lines for low density. Water level (0.3 m) is 445 

presented by a dashed blue line. 446 



 447 

448 

Figure 8. Top views of the whole test section for low- and high-density tests in flexible and 449 

rigid mimics for combined waves and flow. Colours show sediment accumulation (in warm 450 

colours) and erosion (in cold colours) and black arrow the main flow direction. The vegetation 451 

patches are shown by a black square.  452 

 453 

Longer wave periods lead to greater TKE values within the patch for both vegetation types 454 

and densities. For the flexible vegetation TKE does not decrease in the first 2.5 m for the low-455 

density cases, especially for longer wave periods where TKE increases from X = 0.5 to 2.5 m 456 

by up to 22% (Figure 7). At high-density cases, TKE decreases from X = 0.5 to X = 2.5 m for all 457 



three waves and current conditions (Figure 7, S6 (a) and S7 (a)). TKE values recorded for rigid 458 

vegetation at both densities are greater than values recorded for flexible vegetation. For rigid 459 

vegetation at X = 0.5 m within the canopy, TKE values found for high-density (Figure 7(b)) are 460 

larger than the values for low-density, especially near the bottom (i.e., from the bottom to 461 

about half the water depth). This larger turbulence near to the bottom for the high-density 462 

cases increases sediment resuspension at the leading edge, which leads to greater levels of 463 

erosion (Figure 7 and 8). At X = 2.5 m, TKE decreases for the high-density cases, and sediment 464 

deposition is observed. However, for the low-density cases, the TKE does not significantly 465 

decrease within the patch from X = 0.5 to 2.5 m (Figures 7 (b), S5 (b) and S6 (b)) leading to 466 

increased sediment transport resulting in a sediment deposition zone further into the patch 467 

(around X = 5 m). Thus, a change in plant density leads to a change in the longitudinal 468 

deposition of sediment within the rigid vegetation patch, with sediment deposition at a 469 

greater distance from the leading edge for lower densities. Therefore, for rigid vegetation, 470 

both turbulence intensity and flow velocities determine sediment transport in and around the 471 

patch. It is also shown that a decrease in vegetation density leads to less erosion along the 472 

channel, due to the gentler divergence of the flow, and to a larger area within the patch from 473 

the leading edge where sediment is eroded. 474 

 475 

3.4 Scale-dependent feedback 476 

Following Bouma et al. (2013) the scale-dependent feedback is analysed in this section by 477 

using flow deceleration within the patch as a proxy for the positive feedback and flow 478 

acceleration around the patch as proxy for the negative feedback (discussed in the next 479 

section in detail). The scale-dependent feedback is evaluated for the current-only and waves-480 

and-currents cases at two longitudinal positions: X = 0.5 and 2.5 m. Figure 9 shows the scale-481 



dependent feedback strengths for both positions, rigid and flexible vegetation, and the 482 

different hydrodynamic conditions. 483 

484 

Figure 9. Scale-dependent feedback observed for (a) transect 2, X = 0.5m, and (b) transect 3, 485 

X = 2.5 m, and high- and low-density vegetations (flexible and rigid) under CC, WC1, WC2 486 

and WC3 hydrodynamic conditions (see Table 1).  487 

 488 

Figure 9 shows that the scale-dependent feedback increases when moving towards the patch 489 

from the leading edge in agreement with the velocity decrease produced by the canopy. 490 

Figure 9 (b), X = 2.5 m, shows larger values than Figure 9 (a), X = 0.5 m, for all hydrodynamic 491 

and vegetation conditions, especially for CC, at least for flexible vegetation since no 492 

measurements at X = 0.5 m are available for the rigid one. 493 

 494 

At the leading edge, (Figure 9 (a)), and for high-density cases, the scale-dependent feedback 495 

is almost constant for both vegetation types, being equal to 0.24 (0.04) for flexible vegetation 496 

and equal to 0.39 (0.02) for rigid vegetation. This difference is also observed for the low-497 

density cases, where the mean value for the flexible vegetation is equal to 0.10 (0.06), while 498 

it is 0.22 (0.05) for the rigid vegetation. For flexible vegetation, a decrease in the scale-499 

dependent feedback is observed with increasing wave periods, especially for low-density 500 

cases. This decrease may be linked to the ability of flexible vegetation to move and 501 



reconfigure under the flow action. Finally, it is observed that the scale-dependent feedbacks 502 

for low density cases are 42 and 57% smaller than those for high-density cases for flexible and 503 

rigid vegetation, respectively. Thus, the strong flow divergence produced by high-density 504 

cases (with = 0.012 and 0.060, for flexible and rigid vegetation) is significantly reduced by half. 505 

At X = 2.5 m, (Figure 9 (b)), for low-density cases, the scale-dependent feedback is greater 506 

than the value for high-density at X = 0.5 m, confirming that for low-density cases a longer 507 

distance inside the patch is needed to achieve the same velocity attenuation. In contrast with 508 

what is observed at X = 0.5 m, for wave and currents conditions and high-density cases, similar 509 

scale-dependent feedbacks are found for rigid and flexible vegetation, being equal to 0.55 510 

(0.05) and 0.53 (0.06), respectively. For low densities with smaller 𝜙𝜙, a significant difference 511 

in the value of the scale-dependent feedback is still observed between rigid and flexible 512 

vegetation at X = 2.5 m, with values equal to 0.43 (0.03) and 0.32 (0.05), respectively. Thus, it 513 

is found that dense flexible canopies may be very effective at attenuating flow velocity over 514 

short distances, but once the density of the canopy is significantly reduced (by half in this 515 

case) the attenuation of the meadow is more limited. However, for rigid vegetation, the same 516 

density change, i.e., a 𝜙𝜙 change, does not result in such a large loss of attenuation capacity of 517 

the canopy. 518 

 519 

4. Discussion 520 

Ecosystem engineers’ traits affect hydrodynamics and sediment dynamics. Our results show 521 

that flexible and rigid vegetation reduced flow speed by 50% and 70%, respectively, for 522 

unidirectional flow (Figure 3 and 4). Within this unidirectional flow, turbulent kinetic energy 523 

was generally lower in the flexible vegetation (0.001 m2s-2) compared to the rigid vegetation 524 

(0.006 m2s-2) which corresponds to greater erosion (Figure 3 and 4). Under wave-only 525 



conditions, the flexible vegetation attenuated waves slower initially than rigid vegetation. The 526 

flexible vegetation required more than twice the distance from the leading edge than the rigid 527 

vegetation to obtain similar attenuation rates (Figure 6). However, by 2.5 m both vegetation 528 

types reduced turbulent kinetic energy by 40% under only wave conditions, which led to 529 

sediment deposition after the leading edge for both vegetation mimics at 1.5-2.5 m (Figure 530 

6). For flexible low-density vegetation under combined waves and currents, the flow speed 531 

reduction within the patch ranged from 20-24%, whilst for high density it was 20-40%, the 532 

change in flow speed corresponded to larger sediment accumulation in high density flexible 533 

plants, which occurred closer to the leading edge (Figure 7). In the case of the rigid vegetation, 534 

the decrease of flow speed within the patch ranged from 2-22%, with the smaller values 535 

observed for low-density vegetation. Combining waves and currents resulted in increased 536 

channel speeds when the current first encountered the vegetation across all conditions, for 537 

both patches at high density. TKE values recorded for flexible vegetation at both densities 538 

were lower than those recorded for rigid vegetation, as shown for current-only tests. Larger 539 

TKE values indicated greater sediment erosion at the front of the rigid vegetation (Figure 8). 540 

The biggest increase in scale dependent feedback was found between 0.5 and 2.5 m in flexible 541 

vegetation marsh patches under all wave and current conditions. However, generally, scale-542 

dependent feedback was greater in the rigid vegetation, especially at lower densities.  543 

 544 

4.1 Effects of flexible vegetation    545 

In terms of the ability to reduce erosion and accumulate sediment, flexible vegetation clearly 546 

has advantages. In flexible vegetation the formation of a sharp precipice does not occur due 547 

to the strong erosion at the front of the patch, which forms in the rigid vegetation (Figure 3, 548 

4 and 7). Previous research has found most of the suspended particles transported within 549 



flexible canopies collide with the moving flexible stems leading to particle capture by loss of 550 

momentum (Ganthy et al., 2015). The current study confirms this assessment, for example 551 

under wave-only conditions where the flexible vegetation caused no erosion (only 552 

accumulation), in contrast to the rigid vegetation (Figure 6).  As noted in other studies (King 553 

et al., 2012; Nepf and Vivoni, 2000) turbulence was generated within the shear regions along 554 

the lateral edge of the flexible vegetation patch. 555 

 556 

4.2 Effects of rigid vegetation      557 

The rigid vegetation mimics had a greater effect in attenuating hydrodynamic energy 558 

compared to flexible vegetation for two reasons: firstly, the rigid vegetation does not bend 559 

and therefore has a greater flow resistance (Bouma et al., 2013, 2005). Secondly, there is 560 

larger drag caused by the rigid vegetation due to its rigidity and submerged solid volume 561 

fraction (Maza et al., 2019, 2015; Paul et al., 2012), as shown by the larger free surface 562 

gradient in the rigid vegetation under currents only, in agreement with (Bouma et al., 2009; 563 

Tanino and Nepf, 2008). The rigid vegetation’s ability to quickly reduce momentum within the 564 

patch under all hydrodynamic conditions reduces its ability to accumulate sediment. This is 565 

because the reduction increases turbulence, which these results suggest is the dominant 566 

hydrodynamic process for erosion in rigid vegetation (Tinoco and Coco 2018). Under 567 

unidirectional flow and waves combined with currents, TKE was generated around the 568 

individual vegetation mimics, which was stronger for rigid vegetation compared to flexible 569 

vegetation (Tanino and Nepf, 2008). This can be linked to rigid mimic’s traits such as rigidity 570 

and diameter. When exposed to strong hydrodynamic conditions, they generate intense near 571 

bed turbulence which causes local scouring around the base of the roots (Norris, 2021). 572 

Bouma et al. (2009) found that, for rigid vegetation, this process was mainly due to basal 573 



diameter, which determines the degree of scouring. Therefore, the larger diameter of rigid 574 

mimics leads to greater scouring which is linked to the overall larger erosion produced within 575 

the rigid vegetation.  Additionally, near-bed coherent structures generated by rigid stem-bed-576 

flow interactions (such as horseshoe vortices) can significantly alter the near-bed stresses 577 

locally in front of the rigid elements resulting in additional sediment resuspension (Schanderl 578 

et al., 2017b, 2017a). Previous research has established there is a relatively sheltered interior 579 

in rigid vegetation i.e., mangroves (Folkard, 2019; Norris, 2019) where deposition occurs. This 580 

study also located a sheltered interior, where the lowest turbulence resulted in the greatest 581 

deposition of sediment within rigid patches. Deposition generally occurred much further (ca. 582 

2 m) into the rigid vegetation patch compared to the flexible vegetation patch (ca. 1 m).  583 

     The larger flow speed inside the lower density patches of rigid vegetation resulted 584 

in sediment being transported further into the patch. This is facilitated by the decrease in TKE 585 

in the first few meters of the patch for high density but not for low density (similar to the 586 

flexible vegetation cases) (Figure 7 (b)). This was shown by the sediment accumulation 587 

patterns, where accumulation was produced closer to the leading edge in the higher density 588 

patches (Figure 8).  589 

  590 

4.3 Bio-physical feedbacks in flexible and rigid vegetation 591 

Three possible feedback processes have been identified in this study: a positive feedback; a 592 

negative feedback; and the scale-dependent feedback. The positive feedback occurs where 593 

mimic vegetation attenuates flow energy to allow for sediment accumulation (Bouma et al., 594 

2009, 2005; Gourgue et al., 2021). From this, we deduce that flexible vegetation will have 595 

stronger positive feedback compared to rigid vegetation, as flexible vegetation will 596 



accumulate more sediment in their patch compared to rigid vegetation under all the 597 

hydrodynamic conditions.        598 

The negative feedback occurs where mimic vegetation deflects flow, causing greater 599 

channel erosion, in-situ this could reduce the vegetation’s lateral expansion but is also a key 600 

element of channel formation and hence wetland drainage (Temmerman et al., 2007; Zong 601 

and Nepf, 2011). The rigid vegetation cases had greater channel erosion under unidirectional 602 

flow, due to stronger flow diversion compared to the flexible vegetation case. When 603 

considering combined waves and currents, this study shows that rigid vegetation (at both 604 

densities studied) was also more likely to develop a negative feedback of channel formation, 605 

as diversion of the current was greater. The stronger flow divergence relates to the fact that, 606 

although both patches present the same frontal area, rigid emergent elements produce 607 

greater flow resistance than flexible, nearly emergent ones, as reported previously (Bouma 608 

et al., 2013, 2005). Previous studies have also found that higher densities cause greater flow 609 

deflection which results in more pronounced channel erosion. Whilst lower vegetation 610 

density allows the flow to dissipate within the vegetation (due to there being more space 611 

around the vegetation roots or stems), therefore less channel erosion (Gourgue et al., 2021). 612 

The front of the lower density flexible vegetation had less channel erosion compared to the 613 

higher density case in agreement with previous studies where flow passed through flexible 614 

vegetation and was not deflected as strongly (Bouma et al., 2013, 2009). This deflection 615 

indicated a weaker manifestation of negative feedback i.e., channel erosion, as decreasing 616 

density reduces deflection by flexible vegetation at this point (Figure 8). Additionally, along 617 

the leading edge of the high-density flexible vegetation patch, erosion from deflection is 618 

reduced with decreasing flow speeds. The depth of erosion in the channel was dependent on 619 

the density of the plants and the hydrodynamic regime (Folkard, 2019). The absence of these 620 



negative feedbacks in low flow environments may facilitate formation of flexible patches 621 

without erosion troughs and could facilitate expansion of such vegetation as is commonly 622 

observed in calmer hydrodynamic areas (Bouma et al., 2009).  Conversely, at larger velocities 623 

and higher densities, increased channel depth could in -situ reduce the plants’ success in 624 

expanding laterally into the channel.  625 

The scale-dependent feedback concerns the ratio of the flow speed within the 626 

vegetation to that in the channel. Changes in ratios between the rigid and flexible patch 627 

indicates flexible dense vegetation was effective in attenuating flow speed, but once patch 628 

density was significantly reduced, the attenuation capacity of the patch was limited. However, 629 

for rigid vegetation the same density change does not result in such a large loss of attenuation 630 

capacity of the meadow. The values obtained at X = 2.5 m in the currents only cases agree 631 

with values reported by Bouma et al. (2013), despite the differences between the tested 632 

vegetation (real vegetation in the case of Bouma et al. 2013 while mimics are used here). The 633 

value for rigid vegetation (1.23), is close to that obtained for Spartina anglica (~1.20, Figure 5 634 

in (Bouma et al., 2013), a rather rigid species, while the value obtained for flexible vegetation 635 

(1.03), is close to that obtained for Salicornia procumbens (~0.90, Figure 5 in Bouma et al. 636 

2013), a more flexible species.   637 

Additionally, this study found that multi-scale feedbacks are also associated with 638 

community and plant traits such as density of vegetation and rigidity/flexibility of the plant. 639 

Recent studies have also shown the importance of traits (Temmink et al. 2020) for plant 640 

establishment. However, there are a variety of traits associated with salt marsh and mangrove 641 

plants and their ecosystems and further research should concentrate on identifying potential 642 

abiotic boundary conditions determining hydrodynamic buffering and sediment transport 643 

capacity. Sediment accumulation is crucial for salt marsh and mangrove survival, this research 644 



increases our understanding of bio-physical limitations to lateral expansion of these 645 

ecosystems. However, for these ecosystems to maintain their role as a coastal defence in the 646 

context of climate-change induced sea-level rise, we require further information (i.e., 647 

community and plant traits) to allow prediction of expansion with changing external forcing. 648 

This information will become more important for designing ecosystem-based coastal 649 

protection measures that are climate resilient. 650 

 651 

4.4 Application to natural environments 652 

Our results present insights into the effects of vegetation flexibility and density on sediment 653 

dynamics, however, their transfer to natural conditions may be partially limited by the 654 

simplifications introduced while constructing the vegetation mimics. While the rigid mimics 655 

model mangrove prop roots reasonably well with respect to individual (diameter, length) and 656 

community (density) traits as well as rigidity, the flexible mimics neglect the effect of leaves 657 

on vegetation drag. Previous work has highlighted the importance of leaves and their 658 

reconfiguration under hydrodynamic loading for vegetation drag (San Juan et al. 2019; 659 

Whittaker et al. 2015; Schoneboom and Aberle 2009) and instantaneous flow fields (Tinoco 660 

et al. 2020). However, resulting turbulent flow is most prominent in the upper part of the 661 

canopy while the region close to the bed is less affected (Tinoco et al. 2020). Especially for 662 

flexible coastal wetland vegetation (e.g. salt marshes) this pattern coincides with standing 663 

biomass distribution. Close to the bed, most salt marsh plants exhibit individual stems 664 

growing from the roots with branches and leaves only occurring higher up along the plant. As 665 

sediment dynamics will be governed by the local flow near the bed rather than fluctuations 666 

at the top of the canopy, leaves play a minor role in this context. They do, however, 667 

complicate calculations of the frontal area due to their constant changes in position such as 668 



streamlining under approaching flow (Aberle and Järvelä 2015). We thus decided on a flexible 669 

vegetation model which models vegetation shape close to the bed and at the same time 670 

allows for a constant frontal area per canopy volume for comparison with the stiff mimics. 671 

Consequently, our results based on mimics provide insights into the general sediment 672 

dynamics at leading and lateral edges of coastal wetland with flexible (salt marsh) and rigid 673 

(mangrove) vegetation, while the application of results on the flow field higher up in the water 674 

column may be limited.’ 675 

 676 

5. Conclusions 677 

This paper highlights the differences observed between two mimic ecosystem engineers 678 

(mangrove trees and salt marsh plants) with different characteristics, which are subjected to 679 

the same hydrodynamic conditions. The hydrodynamic and sedimentation processes 680 

identified for both ecosystems are linked to different feedbacks. A positive feedback was 681 

identified in which vegetation attenuates hydrodynamic energy allowing sediment 682 

accumulation within the patch and a negative feedback associated with the high velocities, 683 

produced from flow divergence, causing channel erosion. Greater channel erosion  could 684 

compromise the lateral expansion of the vegetation. High rigid vegetation densities enhance 685 

this negative feedback. Lower flexible vegetation densities combined with calmer 686 

hydrodynamic conditions could facilitate the expansion of flexible patches as these patches 687 

have less flow divergence and therefore less channel erosion. The strong flow divergence 688 

from rigid vegetation highlights their importance for buffering hydrodynamics but at the cost 689 

of potentially increased erosion within the frontal patch and lateral edges. These findings 690 

illustrate the spatial dimensions of the ecosystem engineering outcome of two contrasting 691 

intertidal wetland species. 692 
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7. Appendices 702 

 703 

Figure S1. Free surface elevation inside the rigid and flexible vegetation. Red lines show 704 

results inside the vegetation field and blue lines values at the channel. The standard deviation 705 

of the data is shown by stars. 706 

 707 



 708 

Figure S2. View of the leading edge of the flexible mimic field under unidirectional flow 709 

conditions (the blue arrow shows the flow direction). Plants reconfiguration under the flow 710 

action can be observed. 711 

 712 



713 

Figure S3. Velocity profiles using X and Z velocity components (black arrows), TKE magnitude 714 

(red lines) and sediment elevation (brown lines) for WW1 test and a) flexible and b) rigid 715 

vegetation. Longitudinal sections (inside the patch, dark green, at the lateral edge, light green, 716 

and at the channel, blue). Sediment erosion is represented by light brown shading, whilst 717 

accumulation is dark brown shading. Water level (0.3 m) is presented by a dashed blue line. 718 

 719 



720 

Figure S4. Velocity profiles using X and Z velocity components (black arrows), TKE magnitude 721 

(red lines) and sediment elevation (brown lines) for WW2 test and a) flexible and b) rigid 722 

vegetation. Longitudinal sections (inside the patch, dark green, at the lateral edge, light green, 723 

and at the channel, blue). Sediment erosion is represented by light brown shading, whilst 724 

accumulation is dark brown shading. Water level (0.3 m) is presented by a dashed blue line. 725 

 726 

 727 



728 

Figure S5. Velocity profiles using X and Z velocity components (black arrows), TKE magnitude 729 

(red lines) and sediment elevation (brown lines) for WW3 test and a) flexible and b) rigid 730 

vegetation. Longitudinal sections (inside the patch, dark green, at the lateral edge, light green, 731 

and at the channel, blue). Sediment erosion is represented by light brown shading, whilst 732 

accumulation is dark brown shading. Water level (0.3 m) is presented by a dashed blue line. 733 

 734 

 735 



736 

Figure S6. Velocity profiles using X and Z velocity components, TKE magnitude and sediment 737 

elevation for WC1 and flexible (panel (a)) and rigid (panel (b)) vegetation. Longitudinal 738 

sections (inside the patch, dark green, at the lateral edge, light green, and at the channel, 739 

blue). Black arrows and red lines display velocity and TKE for high-density. Grey arrows and 740 

light pink lines result for low density. Brown lines display sediment elevation results for high 741 

density and orange lines for low density. Water level (0.3 m) is presented by a dashed blue 742 

line. 743 

 744 



745 

Figure S7. Velocity profiles using X and Z velocity components, TKE magnitude and sediment 746 

elevation for WC2 and flexible (panel (a)) and rigid (panel (b)) vegetation. Longitudinal 747 

sections (inside the patch, dark green, at the lateral edge, light green, and at the channel, 748 

blue). Black arrows and red lines display velocity and TKE for high-density. Grey arrows and 749 

light pink lines result for low density. Brown lines display sediment elevation results for high 750 

density and orange lines for low density. Water level (0.3 m) is presented by a dashed blue 751 

line. 752 
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