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Highlights

e Rigid vegetation patches effectively buffer hydrodynamic energy and increase
erosion at their edges.

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

o Negative feedbacks may compromise the lateral extension of both types of
vegetation.

e Lower shoot density causes sediment accumulation to occur further inside
vegetation patches.

Abstract

Salt marshes and mangrove forests provide critical ecosystem services such as reduced
sediment erosion and increased hydrodynamic buffering. Sediment transport and
hydrodynamics can be influenced by specific functional traits of the plants (for example,

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

growing body of literature on plant trait and hydrodynamic interactions, direct comparative
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studies of sediment transport and scour development in and around intertidal wetland edges
are scarce. In this study we systematically compared the effects of plant traits on sediment
budgets around the lateral edges of intertidal wetlands under controlled hydrodynamic and
sedimentary conditions using full scale vegetation mimics with contrasting flexibilities and
densities. Experiments were carried out in a large-scale flume, using two spatial densities each
of flexible and rigid vegetation mimics. We measured unconsolidated sedimentary bed-level
changes in experimental runs using waves only, currents only, and waves combined with
currents. Both mimic types dampened the energy of the incoming flow, highlighting the role
of rigid and flexible aquatic vegetation in providing coastal protection. The rigid vegetation
mimics’ lateral edge experienced larger velocities, more energetic turbulence, and local scour
around individual stems. Scour around stems could influence the lateral expansion of the rigid
vegetation ecosystem by reducing sediment stability and thus decreasing seedling
establishment success. The flexible plant mimics produced lower turbulence at their leading
edge, which resulted in sediment being deposited over a shorter distance into the patch than
in the rigid mimics. Decreased vegetation density caused reduced sediment erosion at the
leading edge and less sediment accumulation within the vegetation patches for both the rigid
and flexible mimics. The hydrodynamic and sedimentary processes identified for both
ecosystems are linked to different feedbacks. A positive feedback was identified in which
vegetation attenuates hydrodynamic energy allowing sediment accumulation within the
patch. A negative feedback was identified where large velocities caused flow divergence and
erosion outside of the vegetation, and would therefore compromise its lateral expansion.
High densities of rigid vegetation enhance this negative feedback. Lower density flexible
vegetation, however, combined with less energetic hydrodynamic conditions facilitate the

expansion of vegetation patches as they cause less flow divergence and therefore less
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erosion. The strong flow divergence observed in the rigid vegetation cases highlight their
importance for buffering hydrodynamics but at the cost of increased erosion within the front

end of patches and along their lateral edges.

Keywords

Waves, currents, sediment transport, mangrove forest, salt marsh, positive and negative
feedbacks, scale-dependant feedbacks

1. Introduction

Coastal intertidal wetlands are highly productive ecosystems that provide multiple ecosystem
services such as coastal protection and erosion control (Barbier, 2007; Himes-Cornell et al.,
2018; Mitsch and Gosselink, 2015). Ecosystem engineering species (i.e., species that physically
modify the abiotic environment, sensu Jones et al., 1994) growing in coastal wetlands, such
as mangrove trees and salt marsh grasses, form the final (semi-) terrestrial frontier facing the

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

panel). Blue arrows display flow direction.

Plant and community traits of the dominant plant species in such ecosystems drive processes
such as wave attenuation, current speed reduction and sediment trapping, (Moeller et al.
2014; Quartel et al. 2007; Temmerman et al. 2013). Wetlands’ ability to adapt to sea-level rise
through aggradation (vertical growth) and progradation (horizontal, seaward growth) (Balke
etal.,, 2014; Wang and Temmerman, 2013; Xi) has led to increased interest in their use against
coastal flooding, erosion control and as a carbon sink (Barbier, 2007; Cheong et al., 2013;
Narayan et al., 2016; Vuik et al., 2016).

Hydrodynamic buffering and sediment transport is controlled by plant and community
traits of the key ecosystem engineering species (Fromard et al., 1998; Jones et al., 1994;
Pinsky et al., 2013; Quang Bao, 2011; Shepard et al., 2011). Plant traits (e.g., flexibility or
rigidity) and community traits (e.g., stem or root spatial density) alter wave energy
attenuation, flow diversion and turbulence, which in turn modifies sediment transport,
deposition, and erosion. Although salt marshes and mangrove forests occupy the same
physical environment (the intertidal zone), the density and flexibility of their vegetation
fundamentally differ. For example, flexible vegetation could change its frontal area with the
intensity of the flow and sway with wave orbital velocities causing scale dependant feedbacks
such as hydrodynamic energy attenuation which enhances sediment accretion through or the
formation of troughs restricting lateral expansion (Bouma et al.,, 2007). In contrast, rigid
vegetation does not deform significantly, even in fast currents. Therefore, hydrodynamic
forcing (waves and currents) and the plant and community traits (especially flexibility and

density) can have implications for the geomorphological development of coastal wetlands.
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Sediment dynamics around aquatic vegetation can impact the lateral development of
these ecosystems. The position of a wetland’s seaward edge is determined by the ecosystem's
tolerance to tidal inundation and hydrodynamic forcing. Flow reduction causes sediment
accumulation in intertidal wetlands can provide their plants with nutrients at the plant scale
and be a carbon sink mechanism at the ecosystem scale. However, high rates of sediment
accumulation may bury the plants or increase the elevation of the ecosystem so that it is
outside the range suitable for optimum growth (Bouma et al., 2005). Sediment trapping
within a patch can be facilitated by plant density, plant flexibility and patch size (Bouma et al.,
2009). However, Bouma et al. (2009) found that there is a density threshold below which
erosion around individual stems occurs. High sediment erosion can destabilise plants and
constrain lateral ecosystem expansion (Widdows et al., 2008). The distribution of plant
biomass amongst individual plants plays an important role in this respect. Bouma at al. 2007
in a field experiment found that rigid bamboo sticks had higher erosion within their patches
compared to flexible Spartina anglica which displayed a dome shaped elevation pattern.
Wider and deeper scour holes have also been observed around rigid cylinders in comparison
to flexible plants, which by bending reduce the projected area of the plant and thus cause less
scour (Yagci et al., 2016). Mangrove trees and salt marsh plants occupy different volumes of
the water column due to their varying physical structures; this difference will impact on their
interactions with hydrodynamics and sediment dynamics.

Despite the importance of wetlands, little is known about the feedbacks between
ecosystem traits, hydrodynamic buffering or sediment transport (Hu et al., 2014; Morris et
al., 2002). Feedbacks between ecosystem traits and their physical environment the expansion
of the ecosystem, channel configuration and ecosystem stability (Fagherazzi et al., 2017; Liu

et al., 2020; Temmink et al., 2020). Hydrodynamic effects on wetlands varies with the traits
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of the ecosystem engineers for instance rigid vegetation which extends through the entire
water column will more strongly deflect flow velocity compared to flexible vegetation. This
stronger deflection can cause a negative feedback such as larger channel erosion, which
restricts lateral growth (Bouma et al., 2009). Flexible wetland plant’s ability to reduce wave
energy and flow velocity combined with their flexible leaves (which trap suspended
particulate material) can form a positive feedback which increases sediment accumulation
potential therefore nutrient availability or ecosystem expansion (Bouma et al., 2009). Another
critical feedback is scale dependant feedbacks which combines both positive and negative
feedbacks and is driven by wave and currents, community, and plant traits of the vegetation
(Bouma et al. 2013). The combination of negative (increased erosion) and positive feedbacks
(sediment accumulation) are important for organisation and distribution of salt marsh and
mangrove patches. Understanding processes at the lateral edge of intertidal wetlands offers
improved predictability of edge dynamics and hence the potential future seaward extent of
mangrove forests and salt marshes under changing hydrodynamic forcing.

Here, we provide a direct comparative study of sediment transport and scour
development at the lateral edge of such contrasting habitat types. Systematic comparisons of
flexible vegetation (i.e., marsh plants) with rigid vegetation (i.e., mangrove trees) can offer
new insights into sediment transport, coastal management, and the evolution of coastal
wetland habitats. This study aims to contribute to knowledge by systematically comparing the
effects of different plant traits on sediment dynamics, under controlled hydrodynamic and
sedimentary conditions, using full scale vegetation mimics of simplified geometry to control
plant flexibility and density in a large-scale laboratory flume setting. A particular focus is
placed on scour development and turbulence generation near the ocean-facing and lateral

edges of continuous patches bordering channels within the vegetation stand (Fig. 1). The
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study includes waves-only, currents-only, and combined wave-current scenarios, to explore
the context dependency of bio-physical interactions in the intertidal zone. The plants’ traits
will influence the intensity and scale of their turbulent interactions with their physical
environment. To further understand the ability of wetland ecosystems to buffer
hydrodynamics and their lateral expansion, information is required on wetland feedback
processes. This knowledge will allow us to predict the response of coastal wetlands to
changing hydrodynamics and therefore use them further in more climate resilient coastal

defences.

2. Material and Methods

The experiments were conducted in a customized wave basin at the Danish Hydraulic Institute
(DHI) in Hgrsholm, Denmark. The basin was 25 m wide and 35 m long, had a 5.5 m wide piston-
type paddle for wave generation, and a recirculation system for current generation. Based on
the facility's capabilities, along with the desired hydrodynamic conditions of an effective
water depth (h) of 0.30 m and a unidirectional flow speed (U) of 0.30 ms?, the test zone was
limited to a width of 5.5 m by two side walls. The area was divided into two 2.75 m wide
channels with one of the ecosystem mimics placed in each one. Each of these channels was
divided longitudinally into a section 1.25 m wide, in which vegetation mimics were placed,
and an unvegetated section 1.50 m wide (Figure 2). This setup mimics the geometry of a
channel in the vegetation stand. Given the confinement of the flume, only half a channel side
was mimicked while the other side was bordered by a vertical wall. This setup allowed clear
identification of the effects of the lateral and longitudinal edge of one mimic patch while free

flow was able to develop in the open channel as would be the case in the centre of natural
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channels. At the end of the test zone, a dissipation beach was installed, consisting of several
perforated, parabolic steel plates.

For the analysis of the results, a coordinate system was adopted in which X denotes
the along-channel direction, with X = 0 at the upstream edge of the vegetation patches, and
Y denotes the across-channel direction, with Y = 0 at the wall next to the flexible mimic
section. The boundaries between the vegetated and unvegetated sections aligned in the X-
direction are referred to as lateral edges (Figure 2 purple lines). The edges of the vegetation
sections aligned in the Y-direction and located at X = 0 are referred to as leading edges (Figure

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



178

179

180

181

182

183

184

185

Z(m) Z(m)

9)810U0d

1k

ooooo

| |
1 -
x | |
3 | |
"""""""""""""" | |
| |
2 NE | oL |
| |
E I I
; wk el =i ol | g = il =) g |ooooo g looooo
2| ER
* | |
3 | |
| |
| g | 3
I3 | 2
4t N N -
| 7 |
| |
| |
| |
51 . - - . : :
| |
| |
| |
6 salt marsh mangrove ol | ol |
| |
| |
[ o ADv e+ we SEB | i |
7 1 1 I 1 1 I 1 : :
0 1 2 3 4 5 | |
Y (m) I I

Figure 2. View of the channel from downstream (top) and schematic description of the
experimental set-up (bottom). In the bottom panel, the positions of the Acoustic Doppler
Velocimeters (empty squares), Wave Gauges (blue dots) and Sedimentation-Erosion Bars
(red-dashed lines) are represented. The flexible and rigid vegetated areas are displayed as
green and brown shaded areas. Yellow lines are the leading edges and purple lines are the
lateral edges. The entire set-up (i.e., mimic vegetation patches, channels) were located within

a 20 cm pit filled with sediment. The large blue arrow indicates flow direction.
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2.1 Hydrodynamic conditions and sediment characteristics

Within the constraints of the facility’s capabilities, the hydrodynamic conditions were defined
to represent realistic inter-tidal flow conditions under mild conditions (Brinkman, 2007;
Garzon et al., 2019). A water depth of 0.30 m was set, and regular waves with height H = 0.08
m and periods (T) ranging from 0.8 to 1.4 s were studied. For the experimental runs using
unidirectional currents, the mean flow speed was set at 0.30 ms™. Table 1 presents the

hydrodynamic conditions assigned for each run.

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

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

Run ID Current Wave Height Wave period

(ms™) (m) (s)
cc 0.30 - -

Wwwi - 0.08 0.8
wwz - 0.08 1.1
wwa3 - 0.08 1.4
WC1 0.30 0.08 0.8
wce2 0.30 0.08 1.1
wce3 0.30 0.08 14

The sediment was selected based on these hydrodynamic conditions. A 0.18 mm nominal
diameter sand was chosen for the experiment to achieve moderate sediment transport under
the test conditions. The maximum scour around the mimics was estimated based on Headie
and Herbich (1986) and to prevent the scour from reaching the concrete bottom of the basin,

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

Given the chosen hydrodynamic conditions, it was estimated that a 10 m length of vegetation
mimic patch would be sufficient for a fully developed flow to develop within it, based on
Zhang et al. (2015) and Maza et al. (2017). To exclude effects caused by traits other than the
ones under investigation (flexibility and density), a simple plant mimic geometry was chosen.
It consisted of circular cylinders, either rigid or flexible, with uniform vertical cross-sections.
While the mimics do not resemble any specific plant species, individual (i.e., diameter, length)
as well as community (i.e., density) traits were chosen similar to salt marsh vegetation for the
flexible mimics and mangrove aerial roots for the rigid mimics, respectively (Table 2). The
flexible mimics were defined based on the properties of salt marsh vegetation (e.g., Salicornia
sp.) reported in the literature. To simulate basic salt marsh morphology, transparent PVC
tubes of 6 mm in diameter and 50 cm in length with a Young’s modulus equal to 2.9 GPa were
selected based on reports such as Zhu et al. (2020). Two densities equal to 420 and 210 stems
m? are selected for the experiments which fall within the range of natural observations (e.g.,
Knutson et al., 1982). Rigid mimics were defined based on mangrove prop roots properties.
Mangrove roots were idealized using uniform cylinders of 3 cm diameter and long enough to
be emergent under all tested conditions, based on data reported in the literature (e.g., Ohira
et al., 2013). As a point of comparison, it is considered that the frontal area in both species
will remain constant. Then, a density equal to 84 and 42 mimics m? is considered in the rigid
canopy (Table 2). Shoot densities were halved for additional test runs to cover densities
relevant for stages of patch development. This resulted in a higher total submerged volume
for the rigid vegetation patch compared to the flexible vegetation patch, because of the

former’s greater volume to frontal area ratio. For current and wave only runs, only the higher
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vegetation densities were tested, for the combined wave and current runs, both the higher

and lower vegetation densities were tested.

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

Flexible Vegetation Rigid Vegetation
Diameter (m) 0.006 0.03
Length (m) 0.30 1.00
Density Low / High
(stems m??) 210/420 42/84
Frontal area Low / High 0.378/0.756 0.378/0.756
(m?)
Total submerged volume Low /
High 1.78 103/3.56 103 8.9110%1.78 10?2
(m’)
Sub d Solid Vol
ubmerged sofla Yolume 0.006/0.012 0.030/0.060
Fraction (¢) Low / High
Stem properties Flexible Rigid
Position in water depth Stem height equal to the Emergent
water depth

2.3 Measurements and post-processing

Hydrodynamic measurements were begun 15 minutes after the flow and/or waves were
turned on, to avoid transient start-up effects. Velocities were recorded with 6 Acoustic
Doppler Velocimeters (ADVs) and free surface height with 24 resistive free surface gauges. All
the sensors were synchronized and measured at 25 Hz for 90 seconds at each location. The
incident hydrodynamic conditions were measured 0.75 m in front of the patch's leading
edges. Velocity data were also obtained inside the vegetated sections at 0.5 m and 2.5m

downstream of the patches’ edges. The free surface height was measured at approximately
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the same positions, as well as at 5 m downstream of the leading edge within the vegetation.
At each of these along-channel positions, measurements were taken at three across-channel
locations: in the centre of the vegetation patches, at their lateral edges and in the
unvegetated channel (Figure 2). In the vertical direction, velocities were measured every 2 cm
for the closest position to the edge and every 5 cm for the other two longitudinal positions,
starting at 2 and 5 cm from the initial bed level respectively.

The measured velocity components were processed by applying four filtering
strategies. Firstly, a filter based on signal quality was applied in which measurements with
correlation values less than 50% were discarded. Secondly, a cut-off filter was applied to
remove spikes in the velocity record over a predetermined threshold (0.55 ms™ for waves, 0.7
ms? for currents and 1.2 ms? for waves and currents). These threshold values were
determined by observing the time-series. Thirdly, an acceleration filter was used to suppress
oscillations with accelerations larger than gravitational acceleration. Finally, a standard
deviation filter was applied, removing velocity values which were more than three standard
deviations from the mean velocity. The filtered values were left empty and not considered in
further calculations. The mean velocity values were obtained by performing time-averaging
for the current-only runs and phase-averaging for the waves-only and waves and current runs.
The time-averages were applied over the whole of each recording. The phase-averages were
calculated by dividing the time-series in intervals of the length of the wave period and then
performing an ensemble averaging over them. 70 wave periods were used to obtain each of
the phase-averages. Values of the turbulent kinetic energy (TKE) were obtained from the
variation of the velocity signal around the mean or phase-averaged velocity for the current-
only cases and the cases with waves, respectively. For wave only runs (WW), wave height

evolution through the two high density patches was analysed by measuring the wave heights
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(H) along their centerlines (Y = 0.625 m) and normalising them by the incident value (Hl),
obtained from the wave gauge located offshore of the patch, to give a relative wave height

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

__Submerged Vegetation Volume

¢ (1)

Water Volume
The length-scale of vortex penetration, Ly (Zong and Nepf, 2011), was calculated as being
inversely proportional to the frontal area per volume of the patch,

L, =0.5(Cpa)~?! (2)
where a is equal to d*N, d being the stem diameter and N the number of stems per unit
area. The scale-dependent feedback (Bouma et al.,, 2013) was derived from the mean
velocities. It is representative of the flow due to the presence of the vegetation patches and
can be obtained as the difference between the mean velocities in the channel (U.pqnnet) and

inside the vegetation patches (Uveg), divided by the incident velocity (U;):

Uchannel _ Uveg

Scale Dependent Feedback = ” m

(3)

To measure bed elevation changes after each test, 60 measurements were taken
across a transect at each of 10 longitudinal positions along the experimental area (shown in
Figure 2). The measurements were conducted using two Sedimentation Erosion Bars (SEB)
with 30 measurement points on each of them. At each point along the bar, a vertical pin was
positioned that could be dropped onto the sediment surface, allowing its height (and thus the
height of the sediment at that location) to be measured against the fixed height of the
horizontal SEB. The distance between the measurement points was 5 cm. These
measurements were made after each of the test runs, which lasted for approximately 1.5
hours, when the sediment bed had acquired a stable configuration. After each experiment,

the sediment was re-levelled by moving it from the accumulation to the erosion zones to
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restore the initial flat configuration. To acquire a better representation of the bed level, the

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

3. Results

3.1 Uni-directional Flow

Current velocity patterns and sediment elevation were analysed for both types of high density
simulated vegetation (Table 2). The flexible vegetation slows the incoming flow, reducing its
speed by almost 50% by X = 2.5 m inside the patch (Figure 3 (a), top panel). The decrease in
flow speed leads to sediment deposition within the patch, starting at around X = 1.0 m.
Simultaneously, in the lateral channel the along-channel speed increases by more than 30%
at X = 2.5 m with respect to the incoming value (Figure 3 (a), bottom panel), leading to
sediment erosion. Figure 3 (b) shows that the largest lateral (Y-component) speeds are
measured at the patch lateral edge at X = 0.5 m. These lateral speeds decrease further into
the patch at X = 2.5 m. This decrease is the result of the flow divergence region at the leading
edge of the patch, where the flow in line with the patch decelerates and a large part of the
flow is diverted towards the open channel. The flow divergence produces sediment erosion
at the leading edge where velocities are not yet significantly attenuated (top and central panel
in Figure 3 (a)). The divergence flow extends over a distance Lp, defined as the length
necessary for the velocities to be less than the incident values. From the velocity
measurements, the Lp should be between X =0.5 and 2.5 m. Taking the position of maximum
sediment deposition within the patch as the location where velocities have been significantly
attenuated to allow sediment accumulation, Lp =1.5 m is estimated for the flexible

vegetation, which falls well within the range implied by the velocity measurements.
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In the rigid vegetation patch, Figure 4 (a) shows that the along-channel speed decreases by
almost 70% by X = 2.5 m, while it increases by almost 60% within the open channel at the
same X position, compared to the incoming value. Thus, the rigid vegetation produces
stronger flow divergence than that observed in the flexible vegetation. Maximum lateral
speeds are observed at the patch lateral edge at X = 0.5 m (Figure 4 (b)). These strong lateral
speeds implies that rigid vegetation causes a major deviation of the flow around the
vegetation patch. This process is also observed when analysing the free surface gradient,
dh/0x, (produced by both patches (Figure S1). dh/dx for rigid vegetation is 0.0063 (+0.0008),
while for flexible vegetation it is 0.0046 (+0.0001). The largest free surface gradient obtained
for rigid vegetation indicates a larger drag force exerted by the rigid elements on the flow in
comparison to the flexible ones, which reconfigure under the flow action, as shown in Figure
S2. Consequently, a larger drag length-scale is found for the rigid canopy, which also presents
a greater submerged volume fraction (¢pr = 0.060) in comparison to the flexible canopy
(pr = 0.008) leading to a larger flow energy attenuation (Mazda et al. 1997; Maza et al.

2019).
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Figure 4. Velocity (black arrows), TKE magnitude (red lines) and sediment elevation (grey
lines) for rigid vegetation and CC (currents only): a) longitudinal sections (inside the patch Y =
0.625 m, dark green, at the lateral edge Y = 1.25 m, light green, and at the channel Y = 2.00
m, blue) and (b) cross sections (at T1 X =-0.75m, T2 X =0.50 m, and T3 X = 2.50 m). Panel (a)

displays velocity profiles obtained using X and Z components and (b) profiles considering Y
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and Z components. Sediment erosion elevation is represented by light grey shading, whilst

accumulation is dark grey shading. Water level (0.3 m) is presented by a dashed blue line.
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Figure 5. Top view of sediment elevation changes and conceptual sketch of the flow field near
vegetation patches, flexible (a) and rigid (b). Warm colours represent sediment accumulation
whereas cold colours display erosion. Flow diversion begins offshore of the patch and extends
a distance Lp into the path. Lp indicates the end of the diverging flow and the beginning of the
shear-layer development at the lateral edge of the patch. The shear-layer penetrates a

distance Ly into the patch.

The conceptual sketch (Figure 5) for both vegetation patches shows the main differences in
flow divergence and sediment movement. Stronger flow divergence by the rigid vegetation
(panel b) produces a longer diverging flow region at the leading edge, Lp, and greater erosion
in the channel due to the larger velocities observed for both patches at the leading edge. After
the diverging flow region, there is a fully developed region within the rigid vegetation, where

the velocity is uniform across the patch width and length. A shear layer forms at the interface
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between the patch and the lateral channel, where shear layer vortices develop. Since both
patches present the same frontal area per volume, the length-scale of vortex penetration (
Ly) is expected to be similar for both cases, being slightly bigger for the rigid vegetation due
to its larger Cp value, as discussed above. Taking Cp = 1 gives a value for Ly of approximately
0.20 m.

Tanino and Nepf (2008)’s formula for turbulence generated by element wakes
considered a balance between the production of TKE and its viscous dissipation. The formula
shows that larger TKE values are obtained in cases with greater in-canopy velocities. At X=2.5
m, TKE in the flexible vegetation has a mean value of 0.001 m?/s? while for rigid vegetation
has a mean TKE of 0.006 m?/s?, whilst ¢ is equal to 0.012 and 0.060 for flexible and rigid
vegetation, respectively. Whereas the depth averaged velocity at X = 2.5 m is equal to 0.155
m/s (0.0016) for flexible and 0.097 m/s (4e®) for rigid vegetation (values in brackets show
the standard deviation). Thus, the greatest TKE produced by element wakes is found in the
rigid vegetation (Figure 4 (a), top panel), despite the smaller in-canopy velocity. Following the
formular from Tanino and Nepf (2008), this indicates larger TKE for the rigid vegetation than
for the flexible one, confirming, the greater influence of ¢ versus the velocity reduction in
terms of TKE produced by element wakes. Turbulence can also be generated within shear
regions, such as at patches’ lateral edges. This process is observed in the flexible vegetation
case, where the largest TKE values are recorded at the lateral edge of the patch (Figure 3 (a)).

At the end of the diverging flow region in the rigid vegetation, sediment deposition
increases in the along-channel direction as the local velocity decreases. The opposite occurs
in the fully developed flow region, where deposition decreases longitudinally through the
patch, as the sediment concentration in the water column is depleted. In this region, sediment

elevation is almost uniform across the patch width, except within the shear layer region.
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Turbulent transport is enhanced by shear layer vortices, which transport resuspended
sediment along the lateral edge of the patch. This transportation results in an accumulation
of sediment at the downstream side edge of the flexible vegetation patch and causes some
of the sediment that has been suspended in the diverging flow region of the rigid vegetation

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

3.2 Wave only runs
Wave height evolution was measured in the high-density vegetation patches and is shown in

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

WW1:H=0.08m,T=08s WW2:H=0.08m, T=1.1s WW3:H=0.08m,T=14s
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Figure 6. The top three panels show relative wave height (H/H)) evolution along the two high
density patches, rigid (brown) and flexible (green). The bottom three panels show the
sediment level changes within the patches at the same Y-position (Y = 0.625 m). WW1 (wave
period 0.8 s) is shown in panel (a), WW2 (wave period 1.1 s) in panel (b) and WW3 (wave
period 1.4 s) in panel (c). Crosses (top panels), dashes (bottom panels) and dotted lines

represent standard deviations (+/-). See Table 1 for incident wave characteristics in each case.
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Free surface measurements at X = 5 m were not recorded for the rigid vegetation run.
However, the results show that the flexible vegetation did not reduce the wave height as
much as the rigid vegetation which reduced the wave height up to 23% more than the flexible
vegetation at X = 2 m (Figure 6). This difference is also shown by greater velocities within the
patch at X = 2.5 m for flexible vegetation compared to rigid vegetation (Figure S3, S4 and S5).
There is similar wave height attenuation for the three tested wave conditions, with a small
decrease in the amount of attenuation with increasing wave period (Figure 6). The mean
values and standard deviations (in brackets) of the relative wave heights at X =2 m are 0.77
m (0.06 m) and 0.67 m (0.02 m) for the flexible and rigid vegetation, respectively, and 0.62 m
(0.07 m) for the flexible vegetation at X =5 m. Thus, it is observed that the flexible vegetation
needs more than twice the distance from the leading edge than the rigid vegetation to obtain
similar wave height attenuation, although it should be noted that the largest rate is observed
for the first 2 m of vegetation in both cases. This is further confirmed by the velocities
recorded in both patches, which are reduced by more than 30% after 2.5 m in both cases
(Figures S3, S4 and S5). The greatest TKE values are observed for the rigid vegetation, but TKE
is reduced by up to 40% from 0.5 to 2.5 m in all wave cases in both patches.

At the leading edge, where velocities have not yet been attenuated, sediment is
transported into the patch. The decrease in velocity and TKE leads to sediment deposition
downstream of the leading edge in both vegetation mimics at 1.5 - 2.5 m (bottom panels in
Figure 6). Sediment deposition and consequently sediment accumulation occurs over a
shorter distance in the flexible vegetation patch (at 1.5 m) compared to the rigid vegetation
patch (at 2.5 m) (Figure 6). Within the patch, the largest accumulation for flexible vegetation
occurs at 1.5 m, while for rigid vegetation it is observed at 2.5 m (Figure 6). Sediment erosion

at the leading edge is milder for the flexible vegetation which may be due to the greater
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turbulence produced around the rigid elements, which resuspends a larger amount of

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

3.3 Waves and Currents

The interactions of waves and currents with both types of vegetation, at both densities (high
and low), is presented in this section. For low densities the flow is diverted less compared to
high densities, so it penetrates further into the patch with fewer stems and greater velocities
are recorded at X =0.5—-2.5 m. However, high densities reduce velocity within the patch more
strongly than low densities. For flexible vegetation, the velocity decreases from 20 to 24%
(low density cases) and 20 to 40% (high density cases) with the smallest reduction for the
longest wave period and the largest for the shortest (Figures 6, S6 (a) and S7 (a)). In the case
of rigid vegetation, the decrease in velocity between X = 0.5 and 2.5 m is smaller, from 2 to
22%, with the smaller values observed for low-density cases. The velocities at X = 0.5 m are
already lower than those recorded for the flexible vegetation due to the greater divergence
of the flow at the leading edge. The velocities for the low-density cases are greater than those

for the high-density ones (Figure 7).
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Figure 7. Velocity profiles using X and Z velocity components, TKE magnitude and sediment
elevation for flexible vegetation (panel (a)) and rigid vegetation (panel (b)). Panels (a) and (b)
display longitudinal sections (inside the patch, dark green, at the lateral edge, light green, and
at the channel, blue). Black arrows and red lines display velocity and TKE for high-density.
Grey arrows and light pink lines result for low density. Dark grey lines display sediment
elevation results for high density and light grey lines for low density. Water level (0.3 m) is

presented by a dashed blue line.
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Figure 8. Top views of the whole test section for low- and high-density tests in flexible and
rigid mimics for combined waves and flow. Colours show sediment accumulation (in warm
colours) and erosion (in cold colours) and black arrow the main flow direction. The vegetation

patches are shown by a black square.

Longer wave periods lead to greater TKE values within the patch for both vegetation types
and densities. For the flexible vegetation TKE does not decrease in the first 2.5 m for the low-
density cases, especially for longer wave periods where TKE increases from X =0.5t0 2.5 m

by up to 22% (Figure 7). At high-density cases, TKE decreases from X = 0.5 to X = 2.5 m for all
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three waves and current conditions (Figure 7, S6 (a) and S7 (a)). TKE values recorded for rigid
vegetation at both densities are greater than values recorded for flexible vegetation. For rigid
vegetation at X = 0.5 m within the canopy, TKE values found for high-density (Figure 7(b)) are
larger than the values for low-density, especially near the bottom (i.e., from the bottom to
about half the water depth). This larger turbulence near to the bottom for the high-density
cases increases sediment resuspension at the leading edge, which leads to greater levels of
erosion (Figure 7 and 8). At X = 2.5 m, TKE decreases for the high-density cases, and sediment
deposition is observed. However, for the low-density cases, the TKE does not significantly
decrease within the patch from X = 0.5 to 2.5 m (Figures 7 (b), S5 (b) and S6 (b)) leading to
increased sediment transport resulting in a sediment deposition zone further into the patch
(around X = 5 m). Thus, a change in plant density leads to a change in the longitudinal
deposition of sediment within the rigid vegetation patch, with sediment deposition at a
greater distance from the leading edge for lower densities. Therefore, for rigid vegetation,
both turbulence intensity and flow velocities determine sediment transport in and around the
patch. It is also shown that a decrease in vegetation density leads to less erosion along the
channel, due to the gentler divergence of the flow, and to a larger area within the patch from

the leading edge where sediment is eroded.

3.4 Scale-dependent feedback

Following Bouma et al. (2013) the scale-dependent feedback is analysed in this section by
using flow deceleration within the patch as a proxy for the positive feedback and flow
acceleration around the patch as proxy for the negative feedback (discussed in the next
section in detail). The scale-dependent feedback is evaluated for the current-only and waves-

and-currents cases at two longitudinal positions: X = 0.5 and 2.5 m. Figure 9 shows the scale-
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dependent feedback strengths for both positions, rigid and flexible vegetation, and the

different hydrodynamic conditions.
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Scale - dependent feedback

Figure 9. Scale-dependent feedback observed for (a) transect 2, X = 0.5m, and (b) transect 3,
X =2.5m, and high- and low-density vegetations (flexible and rigid) under CC, WC1, WC2

and WC3 hydrodynamic conditions (see Table 1).

Figure 9 shows that the scale-dependent feedback increases when moving towards the patch
from the leading edge in agreement with the velocity decrease produced by the canopy.
Figure 9 (b), X = 2.5 m, shows larger values than Figure 9 (a), X = 0.5 m, for all hydrodynamic
and vegetation conditions, especially for CC, at least for flexible vegetation since no

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

At the leading edge, (Figure 9 (a)), and for high-density cases, the scale-dependent feedback
is almost constant for both vegetation types, being equal to 0.24 (0.04) for flexible vegetation
and equal to 0.39 (0.02) for rigid vegetation. This difference is also observed for the low-
density cases, where the mean value for the flexible vegetation is equal to 0.10 (0.06), while
it is 0.22 (0.05) for the rigid vegetation. For flexible vegetation, a decrease in the scale-
dependent feedback is observed with increasing wave periods, especially for low-density

cases. This decrease may be linked to the ability of flexible vegetation to move and
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reconfigure under the flow action. Finally, it is observed that the scale-dependent feedbacks
for low density cases are 42 and 57% smaller than those for high-density cases for flexible and
rigid vegetation, respectively. Thus, the strong flow divergence produced by high-density
cases (with =0.012 and 0.060, for flexible and rigid vegetation) is significantly reduced by half.

At X =2.5m, (Figure 9 (b)), for low-density cases, the scale-dependent feedback is greater
than the value for high-density at X = 0.5 m, confirming that for low-density cases a longer
distance inside the patch is needed to achieve the same velocity attenuation. In contrast with
what is observed at X = 0.5 m, for wave and currents conditions and high-density cases, similar
scale-dependent feedbacks are found for rigid and flexible vegetation, being equal to 0.55
(0.05) and 0.53 (0.06), respectively. For low densities with smaller ¢, a significant difference
in the value of the scale-dependent feedback is still observed between rigid and flexible
vegetation at X = 2.5 m, with values equal to 0.43 (0.03) and 0.32 (0.05), respectively. Thus, it
is found that dense flexible canopies may be very effective at attenuating flow velocity over
short distances, but once the density of the canopy is significantly reduced (by half in this
case) the attenuation of the meadow is more limited. However, for rigid vegetation, the same
density change, i.e., a ¢ change, does not result in such a large loss of attenuation capacity of

the canopy.

4. Discussion

Ecosystem engineers’ traits affect hydrodynamics and sediment dynamics. Our results show
that flexible and rigid vegetation reduced flow speed by 50% and 70%, respectively, for
unidirectional flow (Figure 3 and 4). Within this unidirectional flow, turbulent kinetic energy
was generally lower in the flexible vegetation (0.001 m?s2) compared to the rigid vegetation

(0.006 m?s2) which corresponds to greater erosion (Figure 3 and 4). Under wave-only
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conditions, the flexible vegetation attenuated waves slower initially than rigid vegetation. The
flexible vegetation required more than twice the distance from the leading edge than the rigid
vegetation to obtain similar attenuation rates (Figure 6). However, by 2.5 m both vegetation
types reduced turbulent kinetic energy by 40% under only wave conditions, which led to
sediment deposition after the leading edge for both vegetation mimics at 1.5-2.5 m (Figure
6). For flexible low-density vegetation under combined waves and currents, the flow speed
reduction within the patch ranged from 20-24%, whilst for high density it was 20-40%, the
change in flow speed corresponded to larger sediment accumulation in high density flexible
plants, which occurred closer to the leading edge (Figure 7). In the case of the rigid vegetation,
the decrease of flow speed within the patch ranged from 2-22%, with the smaller values
observed for low-density vegetation. Combining waves and currents resulted in increased
channel speeds when the current first encountered the vegetation across all conditions, for
both patches at high density. TKE values recorded for flexible vegetation at both densities
were lower than those recorded for rigid vegetation, as shown for current-only tests. Larger
TKE values indicated greater sediment erosion at the front of the rigid vegetation (Figure 8).
The biggest increase in scale dependent feedback was found between 0.5 and 2.5 min flexible
vegetation marsh patches under all wave and current conditions. However, generally, scale-

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

4.1 Effects of flexible vegetation

In terms of the ability to reduce erosion and accumulate sediment, flexible vegetation clearly
has advantages. In flexible vegetation the formation of a sharp precipice does not occur due
to the strong erosion at the front of the patch, which forms in the rigid vegetation (Figure 3,

4 and 7). Previous research has found most of the suspended particles transported within
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flexible canopies collide with the moving flexible stems leading to particle capture by loss of
momentum (Ganthy et al., 2015). The current study confirms this assessment, for example
under wave-only conditions where the flexible vegetation caused no erosion (only
accumulation), in contrast to the rigid vegetation (Figure 6). As noted in other studies (King
et al., 2012; Nepf and Vivoni, 2000) turbulence was generated within the shear regions along

the lateral edge of the flexible vegetation patch.

4.2 Effects of rigid vegetation

The rigid vegetation mimics had a greater effect in attenuating hydrodynamic energy
compared to flexible vegetation for two reasons: firstly, the rigid vegetation does not bend
and therefore has a greater flow resistance (Bouma et al., 2013, 2005). Secondly, there is
larger drag caused by the rigid vegetation due to its rigidity and submerged solid volume
fraction (Maza et al., 2019, 2015; Paul et al., 2012), as shown by the larger free surface
gradient in the rigid vegetation under currents only, in agreement with (Bouma et al., 2009;
Tanino and Nepf, 2008). The rigid vegetation’s ability to quickly reduce momentum within the
patch under all hydrodynamic conditions reduces its ability to accumulate sediment. This is
because the reduction increases turbulence, which these results suggest is the dominant
hydrodynamic process for erosion in rigid vegetation (Tinoco and Coco 2018). Under
unidirectional flow and waves combined with currents, TKE was generated around the
individual vegetation mimics, which was stronger for rigid vegetation compared to flexible
vegetation (Tanino and Nepf, 2008). This can be linked to rigid mimic’s traits such as rigidity
and diameter. When exposed to strong hydrodynamic conditions, they generate intense near
bed turbulence which causes local scouring around the base of the roots (Norris, 2021).

Bouma et al. (2009) found that, for rigid vegetation, this process was mainly due to basal
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diameter, which determines the degree of scouring. Therefore, the larger diameter of rigid
mimics leads to greater scouring which is linked to the overall larger erosion produced within
the rigid vegetation. Additionally, near-bed coherent structures generated by rigid stem-bed-
flow interactions (such as horseshoe vortices) can significantly alter the near-bed stresses
locally in front of the rigid elements resulting in additional sediment resuspension (Schanderl
et al., 2017b, 2017a). Previous research has established there is a relatively sheltered interior
in rigid vegetation i.e., mangroves (Folkard, 2019; Norris, 2019) where deposition occurs. This
study also located a sheltered interior, where the lowest turbulence resulted in the greatest
deposition of sediment within rigid patches. Deposition generally occurred much further (ca.
2 m) into the rigid vegetation patch compared to the flexible vegetation patch (ca. 1 m).

The larger flow speed inside the lower density patches of rigid vegetation resulted
in sediment being transported further into the patch. This is facilitated by the decrease in TKE
in the first few meters of the patch for high density but not for low density (similar to the
flexible vegetation cases) (Figure 7 (b)). This was shown by the sediment accumulation
patterns, where accumulation was produced closer to the leading edge in the higher density

patches (Figure 8).

4.3 Bio-physical feedbacks in flexible and rigid vegetation

Three possible feedback processes have been identified in this study: a positive feedback; a
negative feedback; and the scale-dependent feedback. The positive feedback occurs where
mimic vegetation attenuates flow energy to allow for sediment accumulation (Bouma et al.,
2009, 2005; Gourgue et al., 2021). From this, we deduce that flexible vegetation will have

stronger positive feedback compared to rigid vegetation, as flexible vegetation will
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accumulate more sediment in their patch compared to rigid vegetation under all the
hydrodynamic conditions.

The negative feedback occurs where mimic vegetation deflects flow, causing greater
channel erosion, in-situ this could reduce the vegetation’s lateral expansion but is also a key
element of channel formation and hence wetland drainage (Temmerman et al., 2007; Zong
and Nepf, 2011). The rigid vegetation cases had greater channel erosion under unidirectional
flow, due to stronger flow diversion compared to the flexible vegetation case. When
considering combined waves and currents, this study shows that rigid vegetation (at both
densities studied) was also more likely to develop a negative feedback of channel formation,
as diversion of the current was greater. The stronger flow divergence relates to the fact that,
although both patches present the same frontal area, rigid emergent elements produce
greater flow resistance than flexible, nearly emergent ones, as reported previously (Bouma
et al., 2013, 2005). Previous studies have also found that higher densities cause greater flow
deflection which results in more pronounced channel erosion. Whilst lower vegetation
density allows the flow to dissipate within the vegetation (due to there being more space
around the vegetation roots or stems), therefore less channel erosion (Gourgue et al., 2021).
The front of the lower density flexible vegetation had less channel erosion compared to the
higher density case in agreement with previous studies where flow passed through flexible
vegetation and was not deflected as strongly (Bouma et al., 2013, 2009). This deflection
indicated a weaker manifestation of negative feedback i.e., channel erosion, as decreasing
density reduces deflection by flexible vegetation at this point (Figure 8). Additionally, along
the leading edge of the high-density flexible vegetation patch, erosion from deflection is
reduced with decreasing flow speeds. The depth of erosion in the channel was dependent on

the density of the plants and the hydrodynamic regime (Folkard, 2019). The absence of these
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negative feedbacks in low flow environments may facilitate formation of flexible patches
without erosion troughs and could facilitate expansion of such vegetation as is commonly
observed in calmer hydrodynamic areas (Bouma et al., 2009). Conversely, at larger velocities
and higher densities, increased channel depth could in -situ reduce the plants’ success in
expanding laterally into the channel.

The scale-dependent feedback concerns the ratio of the flow speed within the
vegetation to that in the channel. Changes in ratios between the rigid and flexible patch
indicates flexible dense vegetation was effective in attenuating flow speed, but once patch
density was significantly reduced, the attenuation capacity of the patch was limited. However,
for rigid vegetation the same density change does not result in such a large loss of attenuation
capacity of the meadow. The values obtained at X = 2.5 m in the currents only cases agree
with values reported by Bouma et al. (2013), despite the differences between the tested
vegetation (real vegetation in the case of Bouma et al. 2013 while mimics are used here). The
value for rigid vegetation (1.23), is close to that obtained for Spartina anglica (~1.20, Figure 5
in (Bouma et al., 2013), a rather rigid species, while the value obtained for flexible vegetation
(1.03), is close to that obtained for Salicornia procumbens (~0.90, Figure 5 in Bouma et al.
2013), a more flexible species.

Additionally, this study found that multi-scale feedbacks are also associated with
community and plant traits such as density of vegetation and rigidity/flexibility of the plant.
Recent studies have also shown the importance of traits (Temmink et al. 2020) for plant
establishment. However, there are a variety of traits associated with salt marsh and mangrove
plants and their ecosystems and further research should concentrate on identifying potential
abiotic boundary conditions determining hydrodynamic buffering and sediment transport

capacity. Sediment accumulation is crucial for salt marsh and mangrove survival, this research
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increases our understanding of bio-physical limitations to lateral expansion of these
ecosystems. However, for these ecosystems to maintain their role as a coastal defence in the
context of climate-change induced sea-level rise, we require further information (i.e.,
community and plant traits) to allow prediction of expansion with changing external forcing.
This information will become more important for designing ecosystem-based coastal

protection measures that are climate resilient.

4.4 Application to natural environments

Our results present insights into the effects of vegetation flexibility and density on sediment
dynamics, however, their transfer to natural conditions may be partially limited by the
simplifications introduced while constructing the vegetation mimics. While the rigid mimics
model mangrove prop roots reasonably well with respect to individual (diameter, length) and
community (density) traits as well as rigidity, the flexible mimics neglect the effect of leaves
on vegetation drag. Previous work has highlighted the importance of leaves and their
reconfiguration under hydrodynamic loading for vegetation drag (San Juan et al. 2019;
Whittaker et al. 2015; Schoneboom and Aberle 2009) and instantaneous flow fields (Tinoco
et al. 2020). However, resulting turbulent flow is most prominent in the upper part of the
canopy while the region close to the bed is less affected (Tinoco et al. 2020). Especially for
flexible coastal wetland vegetation (e.g. salt marshes) this pattern coincides with standing
biomass distribution. Close to the bed, most salt marsh plants exhibit individual stems
growing from the roots with branches and leaves only occurring higher up along the plant. As
sediment dynamics will be governed by the local flow near the bed rather than fluctuations
at the top of the canopy, leaves play a minor role in this context. They do, however,

complicate calculations of the frontal area due to their constant changes in position such as
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streamlining under approaching flow (Aberle and Jarveld 2015). We thus decided on a flexible
vegetation model which models vegetation shape close to the bed and at the same time
allows for a constant frontal area per canopy volume for comparison with the stiff mimics.
Consequently, our results based on mimics provide insights into the general sediment
dynamics at leading and lateral edges of coastal wetland with flexible (salt marsh) and rigid
(mangrove) vegetation, while the application of results on the flow field higher up in the water

column may be limited.’

5. Conclusions

This paper highlights the differences observed between two mimic ecosystem engineers
(mangrove trees and salt marsh plants) with different characteristics, which are subjected to
the same hydrodynamic conditions. The hydrodynamic and sedimentation processes
identified for both ecosystems are linked to different feedbacks. A positive feedback was
identified in which vegetation attenuates hydrodynamic energy allowing sediment
accumulation within the patch and a negative feedback associated with the high velocities,
produced from flow divergence, causing channel erosion. Greater channel erosion could
compromise the lateral expansion of the vegetation. High rigid vegetation densities enhance
this negative feedback. Lower flexible vegetation densities combined with calmer
hydrodynamic conditions could facilitate the expansion of flexible patches as these patches
have less flow divergence and therefore less channel erosion. The strong flow divergence
from rigid vegetation highlights their importance for buffering hydrodynamics but at the cost
of potentially increased erosion within the frontal patch and lateral edges. These findings
illustrate the spatial dimensions of the ecosystem engineering outcome of two contrasting

intertidal wetland species.
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7. Appendices
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Figure S1. Free surface elevation inside the rigid and flexible vegetation. Red lines show

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

of the data is shown by stars.
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Figure S2. View of the leading edge of the flexible mimic field under unidirectional flow

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

action can be observed.
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