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A B S T R A C T

A series of experiments were carried out in a laboratory wave flume to investigate the impact of coastal rigid vegetation on suspended sediment transport and the
generation of bedforms for a range of wave conditions for both submerged and emerged vegetations. Rigid arrays of cylindrical wooden dowels were used as
vegetation mimics on a sandy bed. Two vegetation densities were selected, representing dense and sparse vegetation meadows. Synchronised flow velocity and
suspended sediment concentration measurements were performed using particle image velocimetry and an acoustic backscatter sensor. Seabed ripples were observed
in all cases where the near-bed velocity exceeded the threshold of sediment motion. The near-bed velocity governed sediment suspension on both bare and vegetated
sediment seabeds. Near-bed sediment concentration on densely vegetated seabeds was lower than that of bare seabeds under the same wave conditions. These
observations highlight the importance of considering the role of vegetation in shaping seabed morphology and the resultant suspended sediment concentrations.
Then, the near-bed sediment concentration formulae used on bare sediment beds are validated for use on vegetated seabeds.

1. Introduction

Coastal regions are prone to extreme storms and rising sea levels, a
combination of which may enhance the erosion of sandy beaches
(Vousdoukas et al., 2020; Luijendijk et al., 2018; Ranasinghe, 2016;
Kirezci et al., 2020). At the same time, the global population living near
coastal regions is expected to continue to rise (Hugo, 2011; Reimann
et al., 2023). This is due to the wide range of economic, social, and
health benefits coastal regions provide (Wheeler et al., 2012; UK Gov-
ernment, 2021). To adapt to climate change impacts on the coastal
environment such as increasing coastal erosion and flooding, and the
pressures of the ever-growing coastal population, a myriad of options
must be considered. One option that has recently gained global traction
is Nature-based Solutions (NbS) involving natural coastal ecosystems
such as saltmarshes, mangroves, and seagrass beds (Seddon et al., 2020;
Narayan et al., 2016; Sutton-Grier et al., 2015; Pontee et al., 2016) into
engineering solutions (Menéndez et al., 2020; Fairchild et al., 2021;
Gracia et al., 2018; Ondiviela et al., 2014).

Coastal vegetation is found globally in intertidal zones (Bouma et al.,
2005). Often, they can be found in sheltered, low-energy environments
(McOwen et al., 2017; Giri et al., 2011). They have been proven to
attenuate wave energy and flow velocity (Yang, 1998; Koch and Gust,

1999; Gambi et al., 1990; Möller et al., 2014), reduce coastal erosion,
and promote sediment deposition (Kathiresan, 2003; Horppila and
Nurminen, 2003; Zhu et al., 2015; Reidenbach and Timmerman, 2019;
Furukawa et al., 1997). In turn, this increases bed elevation (McKee
et al., 2007; McKee, 2011; Furukawa et al., 1997) and can significantly
increase water quality (Green and Short, 2003; Fourqurean et al., 2012).
An increase in sediment deposition and bed elevation is identified as one
major strength of vegetation as an NbS. The adaptability of NbS against
rising sea levels presents them as more sustainable coast protection
measures with greater resilience against climate change (Moritsch et al.,
2022; Fagherazzi et al., 2017, 2020; McKee et al., 2007). The economic
impact of coastal vegetation as a natural buffer zone has been found to
reduce flood damage costs by up to 37% across large salt marsh estuaries
(Barbier et al., 2011). The benefits of coastal vegetation extend beyond
an engineering standpoint, as these species play a pivotal role in shaping
their environment, conserving local ecology, providing numerous
ecosystem services, and benefiting local economies (Temmerman et al.,
2013; Himes-Cornell et al., 2018).

Significant advances have been made in understanding the impacts
of coastal vegetation on wave hydrodynamics through field studies
(Mazda et al., 2006; Möller, 2006; Möller et al., 2014; Quartel et al.,
2007; Jadhav et al., 2013) and laboratory investigations (Losada et al.,
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2016; Hu et al., 2014; Kobayashi et al., 1993; van Veelen et al., 2020;
Maza et al., 2015; Ozeren et al., 2014; Koftis et al., 2013; Anderson and
Smith, 2014). However, the land-sea interface of coastal ecosystems is
also linked with transporting sediment (Ward et al., 2020). Therefore, if
NbS are to be implemented, the feedback system between hydrody-
namics, sediment, and vegetation must be better understood.

Decades of research have been carried out on sediment transport on
bare sandy beds (Fredsøe and Deigaard, 1992; Nielsen, 1992; Van Vee-
len et al., 2020, b, c; Green and Coco, 2014) which have led to significant
advances in knowledge. However, studies utilising full-scale and
laboratory-scale experiments have highlighted the complex nature of
sediment transport amongst coastal vegetation. The scale at which
vegetation-sediment interaction is considered appears to dictate the
process somewhat. In the interior regions of coastal vegetation, wave
attenuation is significant, acting over tens of metres to kilometres. This
large wave attenuation can sometimes limit near-bed velocity where
sediment threshold motion is often not exceeded (e.g., Reidenbach and
Thomas, 2018). Multiple studies have reported a reduction in suspended
sediment concentration (SSC), and near-bed velocity on most vegetation
meadows with sufficient plant density and area coverage in the field
(Horppila and Nurminen, 2003; Zhu et al., 2015; Reidenbach and
Timmerman, 2019; Leonard and Croft, 2006; Neumeier and Amos,
2006; Chen et al., 2018).

In contrast, enhanced sediment suspension has been observed in
areas of insufficient vegetation densities (Hansen and Reidenbach,
2013). Additionally, decreased sediment deposition has been observed
at the edge of mangrove forests where flow velocity is high (Horstman
et al., 2014). A series of field studies carried out on mangrove pneu-
matophores have found increased turbulence levels generated by the
vegetation stems, which can lead to increased SSC or decreased sedi-
ment deposition relative to bare sediment beds (Norris et al., 2017,
2019, 2021). Mullarney et al. (2017) observed scouring around indi-
vidual pneumatophores in the field. These field studies provide insights
into the complex feedback between sediment, hydrodynamics, and
vegetation. Gillis et al. (2022) also found that the rigid vegetation is
crucial for buffering hydrodynamics, and may increase erosion within
the frontal vegetation meadow and lateral edges. To better understand
the feedback between sediment and vegetation, laboratory studies have
focused on small-scale interactions ranging from a few millimetres to
several metres. There is a growing body of literature which supports
field observations on vegetation-enhancing sediment suspension rela-
tive to bare flat sediment beds under the same wave conditions for
particular conditions (Yang et al., 2016; Tinoco and Coco, 2014; Tinoco
and Coco, 2018; Tang et al., 2019; Lou et al., 2022; Ros et al., 2014;
Marin-Diaz et al., 2020; Lou et al., 2022).

Whilst these studies have now resolved some differences found on
sediment suspension and sediment deposition observed at stem-scale
interaction, the focus has been on suspension over flat sediment beds.
In nature, seabed bathymetry is often complex, and ripples are known to
form on sandy beds when near-bed wave velocity magnitudes are suf-
ficiently strong to move seabed sediment (Inman, 1957; Miller& Komar,
1980). It has been shown that the near-bed turbulent structures and
sediment suspension process differ on rippled beds when compared with
flat beds. The formation of ripples enhances bottom roughness, thus
increasing wave dissipation from bottom friction (Brevik and Bjørn,
1979; Mathisen and Madsen, 1996; Fredsøe and Deigaard, 1992) thus
impacting sediment mobility (Green and Black, 1999; Williams and
Kemp, 1971; Nielsen, 1986). Such ripples have been observed also
amongst coastal vegetation (Mullarney et al., 2017; Norris et al., 2021).

Ripples are characterised by the ripple wavelength (λr), defined as
the distance between two ripple crests, and ripple height (ηr), defined as
the vertical distance from the ripple trough to the ripple crest (Appendix
A – Fig. A1). When ripples are sufficiently steep, i.e., when ηr/λr > 0.12,
vortices form closer to the ripple crest (Davies and Villaret, 1999;
Thorne et al., 2002; Thorne et al., 2009). Upon flow reversal, these
vortices are ejected upwards on the lee side of the ripple. These vortices

carry substantial amounts of sediment upwards into the water column.
Due to the regular, symmetric pattern of the bed that typically forms
under oscillatory flows, the vortices provide a constant, coherent tur-
bulence structure (Thorne et al., 2009). Thorne et al. (2002, 2009)
showed that this manifests as a constant sediment diffusivity, typically
occurring at heights of 3–4 times the ripple crest height, above the ripple
crest (Thorne et al., 2009). Turbulence becomes increasingly random
outside this region, and sediment diffusivity increases linearly over the
bed (Nielsen, 1992; Thorne et al., 2002). Once wave conditions exceed a
certain threshold, sheet flow conditions develop, and ripples are washed
out. Davies and Villaret (2002) highlighted the paradoxical nature by
which lower wave conditions generate steeper ripples, thus increasing
the SSC in the water column.

In the near bed layer of sediment over ripple beds, there is a notable
difference in momentum transfer and an increase in bottom roughness
(kb) compared to flat beds with no ripples. Zhang and Nepf (2019) first
researched the effects of flexible plant mimics with a rigid sheath on
ripple formation and the resulting sediment suspension on a sand seabed
in a laboratory wave flume. They observed that the enhanced turbulence
within the vegetation mimics contributed to a faster ripple formation
than a bare sediment bed. It was shown that the non-vegetated cases had
comparable suspension concentrations to vegetated cases. Additionally,
when wave orbital excursion (Aw) was larger than the spacing between
stems in the direction of wave propagation (Sx), the stem-generated
turbulence was sufficiently large to remove sediment from ripples and
the bed was returned to a flatbed. It is, therefore, reasonable to expect
that, under viable conditions, ripples will form on vegetated seabeds and
that their impact on sediment transport on sediment transport should
not be neglected.

With an increasing focus on NbS for coastal protection and coastal
wetland restoration efforts, the role of vegetation on sediment suspen-
sion compared to bare sediment beds must be fully understood to make
informed management decisions. The role of vegetation array density
must be further studied to quantify conditions where ripple formation is
possible within vegetation canopies. In this study, we seek to explore the
impacts of rigid vegetation on ripple formation and suspended sediment
transport within vegetation meadows, through an experimental study in
a laboratory wave flume. Section 2 describes the background literature
and theory relevant to this study. Section 3 gives a detailed description
of the experimental methods used and the methods of analysis. Section 4
presents our experimental observations, starting with the formation of
ripples, followed by near-bed-hydrodynamics and near-bed sediment
concentration. Section 5 provides in-depth discussions on the three as-
pects of Section 4. Finally, Section 6 concludes the paper.

2. Theoretical background

There are predominately three types of ripples formed on sandy sea
beds: orbital-ripples, which form under smaller values of Aw/D50, typi-
cally< 2000. Here, λr∝D50, in which D50 is the median sediment size and
Aw =

Uw,bedT
2 in which Uw,bed is the maximum velocity in the near-bed area

(the area around 4 to 5 times of ηr above ripple crest (Thorne et al.,
2003)); anorbital ripples which form for reasonably large values of
Aw/D50, typically > 5000 and λr is approximately equal to 500D50; and
sub-orbital ripples which form when both orbital and sub-orbital ripples
are possible (Clifton, 1976). Our study is predominantly focused on
orbital ripples. Following the methodology of Thorne et al. (2002),
ripples are considered steep enough to form vortices and resuspend
sediment if ηr/λr > 0.12. If no ripples are present or ηr/λr < 0.12, then
those cases are considered flatbed cases.

Numerous studies have reported SSC over sandy, rippled beds under
wave motion (Fredsøe and Deigaard, 1992; Nielsen, 1992; van Rijn
et al., 1993, 2007; Thorne et al., 2002, 2009). SSC has been defined
using two attributes in the literature: (i) The SSC profile over the water
column (where depth is 0 at the free water surface and increases towards
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the bed, denoted by Z); and (ii) C0, which was taken at some distance Zref
above the bed. Throughout the literature, the ‘near bed’ location of C0
varies depending on the practical limitation of the study concerned. For
rippled beds, the reference height should be close to the location of the
ripple crest.

The SSC at any given water depth is described by

C(z) = C0Φ(Z) (1)

where Φ is a shape function that describes the SSC profile shape. In this
study, Nielsen’s 1992 formulation for Φ is considered,

Φ =

(

1+
Z
Z1

)− ξ

(2)

Z is measured from the bed, starting at Z = 0 m and Z1 is the
maximum vertical distance from the bed by which the ripple-generated
sediment is moved upwards in the water column, Z1 = 0.09

̅̅̅̅̅̅̅̅̅̅̅
kbAw

√
.The

definition of kb is given as kb = δη2r /λr, δ was calibrated by Nielsen
(1992) as δ = 8 and by Thorne et al. (2009) as δ = 25. ξ is an empirical
coefficient which governs the shape of the SSC profile, typically ξ = 2.

Nielsen’s (1986) was used to calculate C0 in this study. This equation
was selected for two reasons: firstly, the method was derived for use,
especially on rippled sediment beds. Secondly, several studies have
highlighted the strength and applicability of this equation (Green and
Black, 1999; Thorne et al., 2002; Goldstein et al., 2013). According to
their equation, C0 is defined as

C0 = γρsθ
3
r (3)

θr is the modified shields parameter over rippled beds accounts for flow
enhancement over a ripple crest. γ, is a calibrated coefficient ranging
from 0.0022 to 0.005 (Nielsen, 1986; Thorne et al., 2002), and ρs is the
sediment density. Nielsen (1986) implemented Du Toit and Sleath
(1981) maximum near-bed velocity over rippled bed solution into
existing shields parameter. θr is expressed

θr =
θʹ

(

1 −
πηr
λr

)2 (4)

in which ηr and λr are ripple crest height and ripple length, respectively
(see Appendix A – Fig. A1 for further details). θ’ is the traditional shield
parameter over flat beds, expressed as

θʹ =
fwΨ
2

(5)

Ψ is the wave mobility number, which is expressed as

Ψ =
A2
wω2

(s − 1)gD50
(6)

ω is the angular frequency of the wave, s is the relative density of
sediment (ps − p)/ps, g is the acceleration due to gravity.

The wave friction factor (skin friction) f w which was derived by
Swart (1974) can be expressed as

fw = exp
[

5.213
(
2.5D50

Aw

)0.194

− 5.977
]

(7)

In all cases, the maximum velocity at the bed, Uw,bed was greater than
Uthresh, which was defined using Komar and Miller (1973) in Eq. (8).

ρU2
thresh

(ρs − ρ)gD50
= 0.30

(
2Aw

D50

)0.5

. (8)

Under the same wave conditions, the above equations were cali-
brated firstly on the bare sediment bed and then on sediment beds with
dense and sparse rigid vegetation cases. Drawing comparisons between

the experimental cases under the same initial wave conditions will
reveal the impact of rigid vegetation and the density of rigid vegetation
on ripple formation and sediment suspension within vegetation
canopies.

3. Methodology

The experiments were conducted in a 30.7 m long, 0.8 m wide, and
1.2 m deep wave flume in the Coastal Engineering Laboratory of
Swansea University, UK. The flume has a piston-type wave generator
with regular and random wave generation capabilities, glass side walls,
and a metal bottom. A parabolic wave absorber, made from reticulated
foam, is located at the opposite end of the wave generator (Fig. 1).

3.1. Experimental set-up

The model vegetation mimics were secured to perforated aluminium
sheets fastened to the flume bottom. Each sheet was 0.5 m long × 0.8 m
wide and 0.9 mm thick. The model rigid vegetation comprised of cy-
lindrical, rigid bamboo dowels, with EI = 9 ± 4 × 10− 2 Nm2. The stem
height (hv) and diameter (bv) were 0.3 m and 5 mm, respectively. The
4.5 m long vegetation meadow was formed by putting together nine
aluminium sheets with vegetation mimics started at a distance of 9.8 m
and extended to 14.3 m away from the home position of the wave
paddle. The length of the meadow was selected to be larger than the
largest wavelength (3.44 m) used in the experiments. There was a 10 cm
window without vegetation in the vegetation meadow, for the purpose
of hydrodynamic measurements. Two vegetation densities were
selected: Nv = 85 and Nv = 350 stems/m2, corresponding to ah= 0.106
and 0.438, respectively, where a is the volumetric frontal area of the
stem. These values are representative of dense (Nv = 350) and sparse (Nv
= 85) array densities (ah < 0.1 for sparse arrays and ah > 0.1 for dense
arrays) (Nepf, 2012) found in nature.

The model vegetation stems are representative of nature in which
vegetation diameters vary from a few mm for saltmarsh or seagrass
species (Spartina anglica, Spartina alterniflora and Zostera Marina, Ben-
nett et al., 2020; Vuik et al., 2018; Hansen and Reidenbach, 2012). The
array configuration and stem densities were also selected to ensure a
wide range of Aw/Sx values (0.25–1.35) to be covered and to draw
comparisons with findings from previous experimental studies (e.g.,
Zhang and Nepf, 2019). Sx was taken as 6 cm for dense vegetation and
12 cm for sparse vegetation (Fig. 1). The lateral spacing of stems across
the width of the flume, Sy was 8 cm for dense vegetation and 16 cm for
sparse vegetation (Fig. 1).

A 5 cm layer of sediment is placed over the vegetation meadow.
Therefore the stem height, hv = 0.25 cm above the sandybed. The
sediment layer extended 1 m at both sides of the vegetation meadow,
making a total of 6.5 m of sedimented seabed. The extended bare sandy
bed represented natural conditions, where waves often propagate over
bare sediment bed regions before interacting with vegetation. The
sediment grain sizes were D50 = 0.300 μm, D90 = 398 μm, D10 = 160 μm
and the density ρs was 2.64 g/cm3. These values are representative of
sediment found in nature, such as in seagrass beds and the fringes of
saltmarshes and mangrove forests (Infantes et al., 2012; Masselink et al.,
2024; Mullarney et al., 2017) and closely align with previous studies
(Marin-Diaz et al., 2020; Tinoco and Coco, 2018; Thorne et al., 2002).
To ensure the sediment was kept in the desired location, two metal
slopes were secured to the flume bottom at either end of the sediment
layer.

3.2. Hydrodynamic measurements

Laboratory experiments were conducted under a range of wave
heights (Hs), wave periods (T) and two water depths (h). Hs varied be-
tween 0.06 and 0.2 m and T from 1.0 to 2.0 s at the wave paddle. Since
the study aims to investigate sediment suspension, the wave heights and
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wave periods were selected to give a range of maximum near-bed ve-
locity values calculated based on linear wave theory. The two water
depths were 0.3 m and 0.45 m, giving the depth of submergence of
vegetation (hv/h) of 1.0 and 0.66, where hv is the vegetation stem height.
Those parameters were combined to form 17 different hydrodynamic
conditions (Appendix A1– Table A1). First, the bare sediment seabed
(Fig. 1) was tested under those 17 hydrodynamic conditions, which
acted as the reference conditions. Then, vegetation meadows with two
different densities (‘dense’ array and ‘sparse’ array) were tested under
the same hydrodynamic conditions. Those three sets of experiments
formed 51 experiments in total.

Four wave gauges were deployed. WG1 was placed at the toe of the
slope, WG2 at the start of the vegetation, WG3 midway through the
vegetation meadow, and WG4 just after the vegetation meadow, as
shown in Fig. 1. Taking the average Hs at WG4 (Hs at WG4), the wave
attenuation is quantified through Hs at WG4

Hs
, and can be found in Appendix

A – Table A1.
The water particle velocities were measured using particle imagery

velocimetry, PIV (Dantec Systems - Nano L 100-50, Litron Laser) at
approximately 4.1 m downstream of the start of the vegetation meadow.
Polyamide seeding particles with a diameter of 50 μm were used in PIV
measurements. Adopting the approach used in previous similar experi-
mental studies, a few rows of vegetation were removed from the vege-
tation meadow, creating a 10 cmmeasurement window between rows of
stems as shown in Fig. 1 (e.g., Luhar et al., 2010; Pujol et al., 2013; Van
Veelen et al., 2020; Tseng and Tinoco, 2021). This was done to ensure
the measurements were not impacted by the direct interference of stems.
It should be noted that the vegetation gap was set near the end of the
vegetation meadow, to make sure wave attenuation, as well as turbu-
lence generated by the stems and ripples will not be impacted. It has
been proved that the velocity measured within the gap is representative
of the velocity in the stem array (e.g. Tseng and Tinoco, 2021). The
submerged PIV laser was fired towards the downstream of the flume.
The exact vertical location of the laser was optimised for each water
depth. The PIV laser was coupled with a high-speed camera at the lateral

side of the flume. Images were captured by the camera at a rate of 50 Hz
for 90 s. The relevant images were then selected so that no wave
reflection was included in the measurements. This was achieved by
initially calculating the return time of the reflected wave to reach WG4
(Möller et al., 2014). Accordingly, the water elevation time series were
cropped to within 95% of the total. The transect used for velocity
measurements is shown in the bottom panels of Fig. 1 as a box with
dashed red line, while the transect for the ABS measuring is represented
by a dashed green line.

The distance stem-generated turbulent kinetic energy (TKE) can
travel before undergoing significant delay was shown to be equal to Aw
on either side of the stem in the direction of wave propagation (Zhang
et al., 2018). To address this, the transect used to extract velocity data at
each depth was located within 2 cm of the last row of stems. However,
the limitation of the PIV set-up and vegetation density is that the regions
very close to the stemmay not be captured, an issue also encountered by
others (Zhang et al., 2018). Secondly, the selection of the transect in
relation to the ripple crest or troughmay influence the magnitude of TKE
at the bed.

The post-processing of velocity data was carried out using the open-
source PIVLab (Thielicke and Sonntag, 2021) with the following set-
tings: Contrast Limited Adjustment Histogram Equalization (CLAHE)
pixel size of 20 px; An image calibration factor of 1 px equal to 0.00064
m; The Fast Fourier transformation PIV settings were selected with four
consecutive 50% size passes with 50% overlapped integration areas.

The PIV-derived velocity magnitudes provide a 2D vector field
(shown in Appendix A, Fig. A2) separated into instantaneous horizontal,
Ui(x, z, t), and vertical, Vi(x, z, t), velocity components. Each velocity
component is decomposed into three parts. Then, the horizontal veloc-
ity, Ui can be written as

Ui = Uc + Uw,rms + uʹ (9)

in which Uc is the mean current, Uw,rms is the unsteady wave motion, and
u′ is the turbulent fluctuations. A similar decomposition is applied to the
vertical component. The mean current (Uc) at each depth interval was

Fig. 1. Top: Experimental set-up in the wave flume at Swansea University. Bottom left: dense and sparse vegetation stem arrangement. The red dashed lines in the
stem array diagrams represent the transect the PIV laser passes through. Bottom right: a sample image from PIV set-up for submerged rigid vegetation. The red
rectangle represents the PIV measurement window free of stems and the dashed green line represents where ABS measurements were taken. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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calculated by averaging the velocity over all wave periods, such that

Uc (z) =
1
2π

∫ 2π

0
Ui(φ) dφ, (10)

in which, Ui(φ) is the phase-dependent instantaneous velocity. The
phase angle, φ = |0 − 2 π | and the number of phase bins, Δφ = 2π/
(TF), F = PIV sampling frequency, i.e., 50 Hz in this case (Tinoco and
Coco, 2018). T he root mean square of the difference between Ui(φ) and
Uc , Uw,rms(z), was calculated by phase-averaging the velocity in each
phase bin and substracting Uc, to give the overall oscillatory variation of
the flow, as seen in Equation (11).

Uw,rms(z) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
2π

∫ 2π

0
(Ui(φ) − Uc)

2dθ

√

(11)

The root mean square turbulent velocity fluctuations (urms, vrms) for
each time step were calculated as the deviation of instantaneous velocity
from the phase averaged velocity in each bin. The set-up of PIV system
offers only the vertical and horizontal decompositions of velocity. The
two-component TKE analysis approach has been shown to be suitable
(Tseng and Tinoco, 2021, 2022). The time-averaged, phase-averaged
TKE at each depth interval is given in Equation (12).

TKE =
1
4π

∫ 2π

0

[
2urms(φ)2 + vrms(φ)2

]
dφ (12)

For the present study, the classical definition of horizontal velocity
amplitude at each depth interval is used for the comparison of velocities
for different cases, which can be calculated as Uw =

Uw,max − Uw,min
2 , in which

Uw,max, and Uw,min were the maximum positive and negative velocities
recorded at each elevation over the time series for the velocity data. The
near-bed velocity is defined as Uw,bed throughout the paper.

3.3. Experimental scaling

Adopting the previous methods for scaling of vegetation and wave
conditions (Ghisalberti and Nepf, 2002; Luhar and Nepf, 2016; Luhar
et al., 2017; Tang et al., 2019; van Veelen et al., 2020), the following
non-dimensional parameters were identified to ensure the model con-
ditions were representative of real-world conditions: kh (ratio of water
depth to wave length); hv/h (ratio of vegetation height to water depth);
H/h (ratio of wave height to water depth); Froude number, Fr = Uw/

̅̅̅̅̅
gh

√
; the vegetation Reynolds number, Re = Uwbv/ν;

Keulegan-Carpenter number, KCstem = UwT/bv (the ratio of wave
excursion and stem diameter), which is a predictor for drag coefficients
of cylinders. It is noted that the experimental parameters we adopted
(see Appendix A – Table A1) are similar to Zhang and Nepf (2019) (see
the Table 2 of Zhang and Nepf (2019)), which allows a comprehensive
comparative study.

There are two primary forms of vegetation-induced turbulence:
canopy-generated turbulence, TKEcanopy and stem-generated turbulence
TKEstem. TKEcanopy is induced by the flow instability over the top of the
canopy (Nepf, 2012) and is found during submerged vegetation condi-
tions. Ghisalberti and Schlosser (2013) set out two conditions that must
be satisfied to justify the presence of TKEcanopy. There is a temporal re-
straint of

KCcanopy =
UwT
LD

> 5 (13)

LD is the canopy drag length (Lowe et al., 2005), given by

LD =

(
1 − λp

)

CDα
(14)

λp is non-dimensional plant density and CD being the form drag and α is
the vegetation submergence ratio (hv/h). If KCcanopy < 5, there is
insufficient time for the shearing levels required to cause flow instability

on the top of the canopy. The second is a dynamic constraint,

Recanopy =
U2

wT
2πv > 1000 (15)

Here, the fluid viscosity is sufficiently large for values less than 1 000
to prevent instability in the fluid. In this study, there were no cases of
KCcanopy > 5, with maximum value for the fastest flow and densest cases
KCcanopy = 1.23. Therefore, it is not expected that there will be any
canopy-induced turbulence. Stem-generated turbulence is expected for
all cases in the study (Appendix A – Table A1), with KCstem > 6 (Sumer
et al., 1997).

3.4. Sediment concentration and bed morphology measurements

Suspended sediment concentration (SSC) profiles were recorded
simultaneously with the PIV velocity measurements using an Acoustic
Backscatter Sensor (ABS). The ABS was located within the vegetation
meadow, just upstream of the PIV window (Fig. 1). The location was
selected by placing the ABS at three locations along the vegetation
meadow and repeating the measurements at each location. The locations
were: (i) far upstream of the PIV window, (ii) just before PIV window,
and (iii) in the PIV window. The measurement at location (ii) was
selected for analysis due to its proximity to the velocity measurement
point and due to the fact that it is located within the vegetation meadow.
Four frequency sensors of 0.5, 1.0, 2.0, and 4.0 MHz were installed,
providing high spatial resolution (2.5 mm) and 100 Hz sampling fre-
quency. The four frequency backscatter devices were secured together to
a fixed position, creating a circular measurement area with a diameter of
5 cm. The sensors were consistently below the still water level, and their
vertical position was adjusted to ensure the sensors were permanently
submerged.

One key advantage of using ABS to measure suspended sediment
over other methods is accurately identifying bed location; therefore, the
C0 value can be accurately derived from the data. The SSC profiles for
each sensor were time-averaged and then averaged over all four sensors,
to obtain the final SSC profile. A selection of sample mean SSC profiles
on bare sediment bed, dense vegetation, and sparse vegetation are given
in Appendix A – Fig. A3. The bed location was identified following the
methods set out in Green and Black (1999) as follows: log10 SSC was
plotted against the corresponding Z value, and the break-in slope was
identified by fitting a straight line to the data. The break-in slope was
then taken as bottom depth, Zref. The C0 values were then taken at
SSC

(
Zref

)
. This was repeated for all cases to obtain the mean and un-

certainty in all SSC and C0 values. The error taken for SSC was the larger
of the difference between SSC

(
Zref +1

)
and SSC

(
Zref

)
and the difference

between experimental repeats.
The ABS measurements, synchronised with the wave measurements,

lasted 90 s. Given the short duration of those measurements, the SSC
data for several cases were examined to ensure the stability of the
measurements at each time interval for both repeats. This was repeated
at three depth intervals (Zref and Z = 2.5 cm and Z = 5 cm). The SSCwas
found to stabilise during the time period where the water surface fluc-
tuation is fully developed and stable. An example case portraying this is
given in Fig. 2. The spatially averaged SSC time series data at Zref is
plotted with the surface elevation time series at WG4 in Fig. 2. The stable
interval before the arrival of the reflected wave, indicated by the green
line, is used to calculate the time-averaged value of SSC. After this, the
wave reflection is evident, and measurements beyond this interval were
excluded from the analysis.

A seabed profiler (HR-Wallingford HRBP-1070) was deployed
(Fig. 1) to capture the three-dimensional seabed morphology. For a se-
lection of experimental runs, the bed profiler captured the bare and
vegetated sandy seabed morphology, covering the region 0.5 m up-
stream to 0.5 m downstream of the start of the vegetation meadow, as
shown in Fig. 1. The bed profiler had an accuracy of ±0.5 mm, with a
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sampling frequency of 25 Hz. The transects were selected to extract the
bed profile elevations for comparison (Fig. 3). The profiler data was used
only to visually compare the role of stem-generated TKE in ripple
formations.

The experimental schedule is generalised as follows: First, waves
were run for 15 mins for each experimental condition, allowing any
bedforms to generate and stabilise. Then, the water surface and the
suspended sediment were allowed to settle until the ABS measurements
were the same as the background value with no waves (0.002 g/L). Once
settled, the same wave conditions were repeated for 1 min, during which

waves, particle velocities, and suspended sediment concentrations were
recorded at the measuring window shown in Fig. 1. After each experi-
mental run, the bed was manually flattened using a high-pressured
hosepipe in sweeping motions. Experiments were repeated twice. Vi-
sual observation and bed-profiler measurements confirm the formation
of ripples for all experimental cases, excluding B1, B2, B10, DV1, DV2,
DV10, DV11, DV13, and SV1 SV2, SV10 (Appendix A – Table A1), where
the bed remained relatively flat. Those cases are excluded from the
sediment suspension and TKE production analyses at the bed. Scour
holes were visible when KC> 6, as Sumer et al. (1997) defined for vortex
generation around cylindrical stems. The ripple dimensions can be
viewed in Appendix A - Table 1.

4. Results

4.1. Ripple formation on vegetated seabeds

In general, once the ripples are formed, ripples alter the near-bed
hydrodynamics, thus enhancing flow over the ripple crest (Nielsen,
1986). The ripples resuspended large quantities of sediment through
vortex shedding, which enhances sediment suspension and SSC relative
to plane beds (Sleath and Wallbridge, 2002; Davies and Villaret, 2002).
As it is expected that vegetation stems interfere with this complex
sediment dynamics, the impact of vegetation on ripple formation must
be investigated to understand suspended sediment transport and seabed
stability among vegetation canopies. For this purpose, the spatial char-
acteristics of wave-induced ripples between the bare sediment bed re-
gion before the leading edge of the array and within the array, captured
by the seabed profiler, are first analysed.

Bed profiler measurements of three experimental cases were selected
for this analysis, highlighting the role of array spacing and Aw on ripple
formation: (a) an emerged, sparse vegetation case (SV7, Aw/Sx = 0.33);

Fig. 2. Time series of SSC and surface elevation data at WG4. SSC data taken
at Zref.

Fig. 3. Bed profile surveys covering bare sediment bed and vegetated bed. Black points indicate stem locations. Waves propagated from left to right. In the 1st row,
the three dashed lines on each profile are the transects used to take ripple dimensions shown in the 2nd row. The vertical dot-dashed black line indicates the start of
the vegetation meadow.
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(b) an emerged, dense vegetation case under the same hydrodynamic
conditions (DV7, Aw/Sx = 1.06); and (c) a submerged, dense vegetation
case (DV14, Aw/Sx = 0.60). The ripples formed in these three cases and
recorded by the bed profiler are presented in Fig. 3(a), (b) and (c),
respectively. According to Fig. 3, it can be seen that the sediment at the
immediate vicinity of the individual stems is removed, especially
directly behind the stems, in all three cases. This phenomenon is much
less significant in the cases of sparse vegetation, where well-structured,
parallel ripples can be seen on both bare beds and vegetated areas (Fig. 3
(a)). Ripple dimensions on both vegetated and bare sediment bed areas
are very similar. In contrast, the two dense vegetation cases show sig-
nificant disruption to the ripple structure in the vegetated area, and the
average dimensions of the remaining ripples in the vegetated area were
smaller than those on the bare sediment bed area. In the emerged, dense
vegetation case under the same hydrodynamic conditions (DV7- Aw/Sx
= 1.06) (Fig. 3(b)), a significant disruption to the ripple structure can be
seen in the vegetated area. Sediment is removed from the immediate
vicinity of the individual stems, resulting in a more irregular ripple
pattern. The average dimensions of the remaining ripples in the vege-
tated area were smaller than that of the bare bed area. It should be noted
that DV7 has one of the largest Aw/Sx ratios. In the submerged, dense
vegetation case (DV14 - Aw/Sx = 0.60) (Fig. 3 (c)), less disruption to
ripple structure can be seen when compared to DV7. However, the rip-
ples in the vegetated area are smaller than those in the bare sediment
bed area.

4.2. Hydrodynamics

This section analyses the hydrodynamics within the rigid vegetation
arrays. Appendix A – Table A1 shows the percentage wave attenuation at
the end of the vegetation meadow with respect to the wave height
measured prior to the vegetation meadow for each test case [(Hs at
WG4/Hs at WG1)%]. The dense vegetation, sparse vegetation, and bare
sediment bed conditions led to 26%, 18% and 10% reductions in wave
height respectively under the submerged vegetation conditions, and
31%, 18% and 10% reductions respectively under the emerged vegeta-
tion conditions. Compared with the bare sediment bed, dense vegetation
provides the most significant wave attenuation, while sparse vegetation
provides only slight wave height attenuation.

Understanding the impacts of vegetation on near-bed velocities can
benefit our understanding of sediment transport through vegetation.
Traditionally, Uw,bed has been related to the initiation of sediment
transport through methods such as those described in Section 2. It is
widely acknowledged that as waves travel over vegetation, the work
done against the stems attenuates wave height and velocity (Dalrymple
et al., 1984; Lowe et al., 2005). Recent studies have also highlighted an
increase in TKE through vegetation (Tinoco and Coco, 2014, 2018) and,
therefore, a reduction in sediment suspension thresholds. Therefore, our
analysis considered wave-induced velocity Uw, wave-induced velocity at
the bed Uw,bed, and turbulent kinetic energy TKE in rigid vegetation to
investigate the impact of vegetation stems on the hydrodynamics.

The near-bed area, defined as the area around 4 to 5 times of ηr above
ripple crest (Thorne et al., 2003) is considered to be insignificantly
influenced by the ripple-generated vortices. If TKE is measured at an
elevation greater than this elevation above the bed, then the
ripple-generated vorticesmaynot be accounted for. Therefore, theTKE at
the bed, (TKEbed) values are taken at 1 cmabove the bed (hereafter known
as near-bed region) to ensure the maximum TKE values near the bed are
captured. The Uw,bed values (determined from measurements carried out
by the PIV at the measurement window in Fig. 1) are also taken at 1 cm

above the bed. The stem average TKE (TKEstem) values are calculated by
averaging the TKE values over the top 15 cm of the stem length (hereafter
known as stem region). For reference, the TKE and velocity values on the
bare sediment bed cases are also taken at the same locations. The results
are presented relative to the bare sediment bed conditions. For example,
the changes in the velocities in the stem region and near-bed region are
given by ΔUw,stem =

(
Uw,stem,veg − Uw,stem,bare

)
/Uw,stem,bare and ΔUw,bed =

(
Uw,bed,veg − Uw,bed,bare

)
/Uw,bed,bare, respectively in which Uw,stem,veg is the

Uw values within the vegetation averaged over the top 15 cm of the stem
height and Uw,stem,bare is the Uw values on bare sediment bed, averaged
over the same region, similar to that determined on the vegetated bed.
The same procedure is applied to the TKE. The results are presented in
Fig. 4, which compares the values of ΔUw,stem,ΔUw,bed, ΔTKEstem, andΔ
TKEbed between dense and sparse arrays.

According to Fig. 4(a) and (b), the dense vegetation led to greater
attenuation of ΔUw,bed and ΔUw,stem than the sparse vegetation and bare
sediment bed cases under the same wave conditions. This is valid for
both emerged and submerged vegetation although emerged cases led to
a more significant velocity attenuation than the submerged vegetation
cases. These results demonstrate that the attenuation of velocity through
the vegetation meadow shows the same trend as the wave height
attenuation.

Fig. 4(c) presents the ΔTKEbed versus Aw/Sx values. According to
Fig. 4(c), generally, the existence of vegetation led to an insignificant
reduction in the TKEbed when compared to bare sediment bed although
this effect is slightly stronger in the denser vegetation cases. No clear
relationship was observed between ΔTKEbed and Aw/Sx, and no signifi-
cant difference is found between submerged and emerged cases from
Fig. 4(c). In the stem region, stem-generated vortices should predomi-
nately govern the TKE production as the impact from ripples may be
small. Following Ros et al. (2014), Fig. 4(d) shows stem-averaged
ΔTKEstem% against Aw/Sx. It can be seen that the existence of vegeta-
tion in general increases the intensity of TKE in the stem region
compared to bare sediment bed (indicated by positive ΔTKEstem%) for
both submerged and emerged dense vegetation, and for emerged sparse
vegetation. Mostly negative ΔTKEstem% in submerged sparse vegetation
cases indicate a reduction in TKE in the stem region of the water column
when compared to that on a bare sediment bed. In dense vegetation, the
increase of ΔTKEstem% with the increase of Aw/Sx is clearly evident for
Aw/Sx > 0.5. No clear relationship is found between ΔTKEstem% and
Aw/Sx when Aw/Sx < 0.5, although the negatives values for ΔTKEstem%
found in most cases indicates the fact that vegetation stems reduce the
TKE in the stem region of the water column when compared to bare
sediment beds.

In most cases, TKE in the stem region of the water column is larger
than that on the bare sediment bed under the same wave conditions
when Aw/Sx > 0.5, particularly for dense vegetation cases. Also, TKE is
higher in emerged vegetation cases than in submerged vegetation. These
observations align well with the experimental evidence of Zhang et al.
(2018), who stated that the values of Aw/Sx > 0.5 led to an increase of
TKE relative to bare sediment bed conditions. Similar results are also
observed more recently by Tang et al. (2024). In sparse, emerged
vegetation,ΔTKEstem%values are positive and increase withAw/Sx,when
Aw/Sx > 0.5. In sparse, submerged vegetation, ΔTKEstem% are mainly
negative and no clear relashionship with Aw/Sx can be seen.

4.3. Near-bed sediment concentration

This section analyses the near-bed sediment concentration C0, on
vegetated sediment beds. It should be noted that sediment
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concentrations and hydrodynamics measured simultaneously at the
measurement window shown in Fig. 1 are used in this analysis. In Fig. 5,
C0 in rigid vegetation cases are compared with those on bare sediment
bed, under the same wave conditions. Only cases in which ripples have
formed are considered in this section. For every dense vegetation case, a
reduction in C0 compared to bare sediment bed cases is observed, with a
more significant reduction when C0 is large. Sparse vegetation cases also

Fig. 4. (a) and (b) Averaged ΔUw,bed andΔUw,stem percentages respectively for all test cases; (c) and (d) ΔTKEbed and ΔTKEstem percentage against Aw/Sx respectively.
Cases 1 to 9 are submerged vegetation cases (circles), and 10 to 17 are emerged vegetation cases (squares). Blue represents sparse vegetation, and red represents
dense vegetation. Lighter colours in refer to emerged vegetation while darker colours refer to emerged vegetation. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. The difference of near-bed sediment concentration C0 between vege-
tated and bare sediment bed under the same hydrodynamic conditions. Dashed
line indicates bare sediment bed values under the same forcing conditions.

Fig. 6. Measured C0 plotted against near bed (a)TKEbed and (b)Uw,bed, for all
cases in Appendix A- Table 1. Error bands show the maximum variation in C0
either between the selected Zref value and the previous Zref bin, or between
repeat experiments.
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show a reduction in C0 compared to bare sediment bed cases, only with a
few exceptions. This is a result of the reduction in ηr and ripple steep-
ness, which govern sediment suspension over rippled beds (Eq. (4)).

In the previous literature, C0 has been related to Uw,bed or TKE in the
near-bed region (TKEbed). Fig. 6 (a) and (b) show C0 against TKEbed, and
Uw,bed, respectively. TKE fits an exponential relationship with C0,
showing the goodness-of-fit, R2= 0.64. Uw,bed also shows an exponential
correlation with C0, with an R2= 0.94. It can be seen from Fig. 6 that the
relationship of C0with TKEbed, and Uw,bed is similar, except for C0 values
greater than 3 g/L, irrespective of the stem density. This suggests the
relationship between C0 and TKEbed, and Uw,bed may be independent of
stem density, at least for smaller values of C0 (also seen in Fig. 4).
Previous studies have shown that over flat, vegetated sediment beds
without bed forms, C0 increases with increasing stem array density for
the same wave conditions (Tinoco and Coco, 2018; Lou et al., 2022;
Tang et al., 2019), which is not observed on rippled sediment beds
investigated in this study.

5. Discussion

5.1. The role of stem spacing and stem array density on ripple formation

Based on the experimental results presented in Section 4, it is evident
that the presence of vegetation leads to wave attenuation, as observed by
numerous previous studies and that generates turbulence around indi-
vidual rigid stems, which is directly linked to altering the velocity field.
This leads to the disruption of the ripples immediately around stems,
especially in the case of dense vegetation. Sparse vegetation has either a
less significant effect or no effect on ripples based on the incident wave
conditions.

These observations partially agreed with the results of Zhang and
Nepf (2019), while some discrepancies are found especially when Aw/Sx
> 0.5. Zhang and Nepf (2019) suggested complete removal of ripples
within vegetation meadows, especially when Aw/Sx > 0.5 while our
study found a significant disruption to the ripple structure in dense
vegetation, instead of being entirely washed out. When Aw/Sx >0.5,
stem-generated vortices can remove sediment from the area immedi-
ately upstream or downstream of the stems, however, Aw/Sx alone may
not be a sufficient parameter to define ripple formation within rigid
arrays.

5.2. TKE generated by stems and ripples

Here we use the ‘wave fraction (WF) proposed by Nepf et al. (1997)

to investigate ripples on vegetated beds.WF is taken as the area fraction
occupied by a turbulent wake per square meter of the bed area, which is
calculated as the product of vegetation stem density (Nv) and the area of
a turbulent wake generated by a single stem per square meter of the bed
(M). M has been shown to vary between 10 within an array of cylinders
to 40 for a single stem (Nepf et al., 1997; Zavistoski, 1994). Adopting the
findings of Zavistoski (1994) where the width of a wake is taken as 2bv
and the findings of Zhang et al. (2018) where the stem-generated wakes
were observed to travel Aw both upstream and downstream side of the
stem in the wave propagation direction, M = 2Aw2bv. Therefore, WF =

M × Nv. A conceptual diagram illustrating the impact of stem array
density onWF and corresponding ripple formation is provided in Fig. 7.

To explore the relationship betweenWF and ripple formation, theWF
values were calculated based on the dataset from Table A1 of Appendix
A and the dataset from Zhang and Nepf (2019). By interrogating the
results obtained by the bed profiler on ripple formation on the vegetated
sediment bed, we found that ripples do not form whenWF> 60%. Thus,
we propose a criterion to identify the condition to be satisfied for a total
washing out of ripples on rigid vegetation as: (i) Aw/Sx > 0.5, and (ii)
WF > 60%.

The proposed criteria are tested in Fig. 8, which shows a plot of WF
vs. Aw/Sx based on both our experimental data (black squares) and the
dataset from Zhang and Nepf (2019) (green squares). It can be seen that
the criteria proposed by the present study (Aw/Sx > 0.5 andWF > 60%),
shown in dark black horizontal and vertical lines, divided the results into
four zones: Zones 1 and 2 stand for the cases in which the
stem-generated vortices remain very close to the stem, in the sparse and
dense vegetation cases respectively. The majority of the cases in the
present study, while fell into Zone 1, which showed well-shaped ripples.
None of our data fell into Zone 2. Zone 3 includes cases with higher stem
densities where turbulent wakes impact the entire bed due to closely
packed stems. As a result, no ripple formation is observed from the cases
in Zone 3, as observed by Zhang and Nepf (2019). Zone 4 includes sparse
vegetation cases with turbulent wakes extending between stems in the

Fig. 7. Conceptual sketch of TKE distribution in rigid vegetation in a staggered
vegetation stem array. Blue rectangles represent the area of stem-generated
TKE, and green circles represent vegetation. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 8. A plot of Aw/Sx versus WF, using the rigid vegetation dataset from the
present study (black squares) and a part of Zhang and Nepf (2019) dataset
where ripples are washed out and formed a flat sediment bed (green squares).
The criteria proposed by the present study (Aw/Sx = 0.5 and WF = 60%) divide
the plot into zones 1, 2, 3, and 4. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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direction of wave propagation. Although still intact, a significant ripple
disruption is observed in this region. Based on these findings, it is clear
that the ripple deformation can be linked with stem density and the area
coverage of stem-generated turbulence. However, further studies
focusing on a wide range of array densities and configurations are
required to consolidate this finding.

Both TKEstem and TKEbed characterises the flow structure within a
vegetation meadow. Previous studies where either a vegetated flat
sediment bed was used (Tinoco and Coco, 2018; Zhang et al., 2018; Tang
et al., 2019; Lou et al., 2022) or the bed did not include sediment (Zhang
et al., 2018; Tang et al., 2024) have shown that TKEstem and TKEbed are
higher within vegetation canopies compared to that on bare sediment
beds, despite the reduction of velocity by vegetation. Our results, which
included rippled sediment beds, show that while the presence of vege-
tations significantly increases the TKEstem (Fig. 6(d)), TKEbed in cases
with and without vegetation does not differ significantly, irrespective of
the vegetation density (Fig. 6(c)). This confirms that although vegeta-
tion stems are present, ripples dominate the near-bed TKE generation,
similar to that found in bare sediment bed cases (Nielsen, 1986; Thorne
et al., 2002, 2009). However, it should be noted that the vegetation can
attenuate the near-bed velocity, alter the ripple structure, and influence
ripple dimensions thus indirectly impacting seabed dynamics and sedi-
ment suspension.

5.3. Suspended sediment concentration

Suspended sediment concentration is a key parameter that de-
termines bed erosion and instability. As discussed in the previous sec-
tions, the ripples can form within sparse and dense vegetation meadows,
and the vegetation influences C0 by attenuating the velocity and
changing the ripple structure. The C0 values on rippled beds are domi-
nated by the ripples. Previous studies have found that the ripple steep-
ness governs the suspension of sediment (e.g. Davies and Villaret,1999;
Thorne et al., 2002).

While methods have been proposed to predict the C0 over bare
sediment beds without vegetation (Nielsen, 1986; see Section 2), a
method to predict the C0 over vegetated rippled beds is not available.
However, due to the dominant role of the ripples on C0, coupled with the
reduction of Uw,bed at the bed due to disrupted ripples among vegetation,
it is reasonable to hypothesise that existing methods that incorporateUw,

bed for predicting C0 over bare sediment bed rippled beds could still be

applied to determine the C0 on vegetated beds.
Based on this hypothesis, we adopted the equations of Nielsen (1986)

(Eqs. (1)–(4)), to estimate the ripple dimensions, as well as the C0 on
vegetated sediment bed cases in the present study. Firstly, C0 values on
the bare sediment bed were used to determine the coefficient γ in the
equations. It was found that γ = 0.0048, which is comparable to the
value provided by Nielsen (1986), i.e. γ = 0.005. γ = 0.0048 was then
used to predict C0 values for dense and sparse vegetation cases under
different hydrodynamic conditions using Eq. (3). Fig. 9 compares the
measured C0 with the values predicted by Nielsen (1986). The goodness
of fit between predicted and actual are provided through R2 and nor-
malised root mean squared error (NRMSE) were also calculated, as
shown in Fig. 9. For all three conditions, involving bare sediment bed,
dense vegetation, and sparse vegetation cases, the R2 values are above
0.82 and the NRMSE between measured and predicted values varies
between 0.057 and 0.107. This suggests a good agreement between the
measured C0 values and the values predicted using Nielsen’s (1986).
This result confirms that Nielsen’s (1986) formulation can be used to
determine C0 on vegetated sandy sea beds as a first approximation
although further work is needed to extend its validity over a wide range
of conditions.

6. Conclusion

A series of laboratory experiments were conducted in a wave flume
to investigate the impacts of rigid vegetation on suspended sediment
concentration and ripple formation on a sandy bed. The experiments
involve a range of wave conditions, two vegetation densities, and both
submerged and emerged vegetation meadows. The same experiments
were repeated on a bare sediment bed, which were taken as the baseline.

Wave attenuation was observed over the length of the vegetation
meadow. The intensity of wave attenuation varied with vegetation
density and depended on wave conditions. Uw was also reduced as a
result. Dense vegetation led to a more significant wave attenuation. In
the stem region (from the bed up to the top of the stems), under the same
wave conditions, the vegetated cases show larger TKE values than the
bare sediment bed cases when Aw/Sx > 0.5. At the bed, TKE values on
vegetated beds were comparable to those on the bare sediment bed. This
shows that the ripple-generated TKE dominates the near-bed TKE.

Ripple formation was observed on both bare sediment beds and
vegetated beds, while the presence of vegetation alters the ripple

Fig. 9. Calculated values of C0 using Eq. (3) vs measured values of C0, with error bands being the variation in C0 between the selected Zref value and the previous Zref
vertical bin. Dashed black line indicates the 1:1 fit.
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structure and dimensions. When Aw/Sx > 0.5, ripple formation in the
stem-wake region was significantly obstructed by the stems. The stem
density plays a crucial role in disrupting ripples. Ripple formation is less
hindered within sparse vegetation. This can be quantified through an
adapted Wake Fraction parameter, where ripples were found to be dis-
rupted when WF > 60%. Therefore, the criteria to be satisfied for total
washout of the ripples is proposed to be Aw/Sx > 0.5 and WF > 60%.

Both sparse and dense vegetation reduce the sediment suspension
and C0 compared to bare sediment beds, under the same wave condi-
tions. The origins of this reduction are two folds: (i) the near-bed orbital
velocity is attenuated due to the vegetation; and (ii) the significant
deformation of the ripples weakens the TKE on rippled beds which
governs sediment suspension. In the near-bed region, ripples dominate
the generation of TKE.

The near-bed sediment concentration was dependent on vegetation
density and Uw,bed. A higher stem array density leads to a higher
reduction of C0. When the criteria we proposed (Aw/Sx > 0.5 andWF >

60%) are exceeded, the ripples will be partially or fully washed out (and
C0 will be significantly reduced, as shown in Fig. 8(a)). It should be
noted that it is still challenging to accurately quantify the influence of
vegetation on the values of C0. However, by applying the formulae
proposed by Nielsen (1986) on the experimental data of the present
study, we demonstrated the applicability of the conventional method
applied to bare sediment beds to rippled and vegetated sandy beds, for
the prediction of the near-bed reference sediment concentration. Further
investigation converting a wide range of experimental conditions is
needed to extend the validity of this method.

The findings of this study contribute to enabling more accurate
predictions of suspended sediment concentration over vegetated sandy
beds. In the context of restoration, it is highlighted that vegetation can
encourage sediment retention and erosion reduction compared to re-
gions without vegetation. By reducing the sediment concentration, the
light penetration in the water column can be improved under certain
conditions. These benefits emphasise their potential use as nature-based
solutions. However, it should be noted that further investigations
covering a wide variety of vegetation densities and plant rigidities are
required to generalise our findings. First, future studies should pay
particular attention to stem configuration and varying densities to fully
capture the stem-stem interactions and their impact on sediment
mobility. Second, the role of plant rigidity needs to be explored to
capture stem-wake impacts from semi-rigid or fully flexible vegetation
and the resultant impact on sediment erosion.
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Appendix A

Appendix A - Table A1
List of experimental conditions in this study. Subscript a indicates measured values and subscript b indicates calculated values using Eqs. (1) and (2).

CASE Hs (m) T (s) kh Ubed(m/s) hv/h Nv φ Aw (cm) Aw/Sx RE KC ηr (cm)a, b λr(cm)a, b ηr/λr Hs at WG4/Hs (%)

B1 0.1 1 1.89 0.11 0.66 0 0 1.79 inf 562 22.48 0.00a 0.00a 0 91.1
B2 0.12 1 1.89 0.13 0.66 0 0 2.06 inf 647.5 25.9 0.00a 0.00a 0 91
B3 0.15 1 1.89 0.14 0.66 0 0 2.21 inf 694 27.76 0.55a 0.00a 0.19 87
B4 0.1 1.5 1.04 0.18 0.66 0 0 4.25 inf 890 53.4 0.79a 4.02a 0.2 90.9
B5 0.12 1.5 1.04 0.21 0.66 0 0 4.91 inf 1 028.5 61.71 1.05a 6.13a 0.17 93.7
B6 0.15 1.5 1.04 0.23 0.66 0 0 5.43 inf 1 137.5 68.25 0.93a 6.03a 0.15 94.6
B7 0.2 1.5 1.04 0.33 0.66 0 0 7.9 inf 1 654 99.24 1.19a 7.42a 0.16 94.5
B8 0.1 2 0.73 0.19 0.66 0 0 5.95 inf 934 74.72 1.16a 5.98a 0.19 91.1
B9 0.15 2 0.73 0.3 0.66 0 0 9.63 inf 1 513 121.04 1.15a 7.67a 0.15 93.1
B10 0.06 1 1.89 0.11 1 0 0 1.76 inf 554 22.16 0.00a 0 .00a 0 89.3
B11 0.08 1 1.89 0.15 1 0 0 2.34 inf 735.5 29.42 0.54a 3.06a 0.17 97.5

(continued on next page)
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Appendix A - Table A1 (continued )

CASE Hs (m) T (s) kh Ubed(m/s) hv/h Nv φ Aw (cm) Aw/Sx RE KC ηr (cm)a, b λr(cm)a, b ηr/λr Hs at WG4/Hs (%)

B12 0.1 1 1.89 0.18 1 0 0 2.8 inf 880.5 35.22 0.59a 3.19a 0.19 90.3
B13 0.06 1.5 1.04 0.15 1 0 0 3.46 inf 724.5 43.47 0.75a 4.39a 0.17 97.7
B14 0.08 1.5 1.04 0.21 1 0 0 4.55 inf 952 57.12 0.99a 5.33a 0.19 93
B15 0.1 1.5 1.04 0.25 1 0 0 5.8 inf 1 214 72.84 0.91a 6.02a 0.15 98.2
B16 0.06 2 0.73 0.21 1 0 0 5.45 inf 855.5 68.44 1.19a 6.23a 0.19 96.3
B17 0.08 2 0.73 0.28 1 0 0 6.76 inf 1 061.5 84.92 1.36a 7.28 0.19 96.0
DV1 0.1 1 1.89 0.06 0.66 342 0.67 1.48 0.25 465.53 18.62 0.00b 0.00b 0 81.5
DV2 0.12 1 1.89 0.09 0.66 342 0.67 1.94 0.32 608.16 24.33 0.00b 0.00b 0 82.6
DV3 0.15 1 1.89 0.11 0.66 342 0.67 2.38 0.4 748.93 29.96 0.27b 1.78b 0.15 74.2
DV4 0.1 1.5 1.04 0.14 0.66 342 0.67 3.7 0.62 773.93 46.44 0.51b 3.40b 0.15 82.6
DV5 0.12 1.5 1.04 0.17 0.66 342 0.67 4.44 0.74 930.25 55.81 0.61b 4.09b 0.15 85.9
DV6 0.15 1.5 1.04 0.22 0.66 342 0.67 5.16 0.86 1 081.3 64.88 0.77b 5.14b 0.15 83.4
DV7 0.2 1.5 1.04 0.25 0.66 342 0.67 5.63 0.94 1 179.89 70.79 0.88b 5.84b 0.15 79.0
DV8 0.1 2 0.73 0.17 0.66 342 0.67 5.73 0.95 900 72 0.81b 5.41b 0.15 82.5
DV9 0.15 2 0.73 0.26 0.66 342 0.67 8.09 1.35 1 271.2 101.7 1.21b 8.04b 0.15 84.8
DV10 0.06 1 1.89 0.07 1 342 0.67 1.09 0.18 341.14 13.65 0.00b 0.00b 0 76.6
DV11 0.08 1 1.89 0.09 1 342 0.67 1.71 0.29 537.4 21.5 0.23b 1.51b 0 73.1
DV12 0.1 1 1.89 0.12 1 342 0.67 1.53 0.25 479.33 19.17 0.27b 1.83b 0.15 72.3
DV13 0.06 1.5 1.04 0.13 1 342 0.67 2.77 0.46 579.27 34.76 0.00b 0.00b 0 79
DV14 0.08 1.5 1.04 0.15 1 342 0.67 3.62 0.6 757.14 45.43 0.55b 3.65b 0.15 76.9
DV15 0.1 1.5 1.04 0.2 1 342 0.67 4.78 0.8 1 000.74 60.04 0.70b 4.65b 0.15 75.7
DV16 0.06 2 0.73 0.14 1 342 0.67 5.6 0.93 879 70.32 0.61b 4.09b 0.15 83
DV17 0.08 2 0.73 0.21 1 342 0.67 6.46 1.08 1 015.48 81.24 0.98b 6.54b 0.15 88.3
SV1 0.1 1 1.89 0.1 0.66 80 0.16 1.83 0.15 574.5 22.98 0.00a 0.00a 0 84.2
SV2 0.12 1 1.89 0.12 0.66 80 0.16 2.08 0.17 655 26.2 0.00a 0.00a 0.21 86.8
SV3 0.15 1 1.89 0.18 0.66 80 0.16 2.88 0.24 904.5 36.18 0.86a 3.92a 0.22 81.8
SV4 0.1 1.5 1.04 0.14 0.66 80 0.16 3.36 0.28 703 42.18 0.73a 5.01a 0.15 89.2
SV5 0.12 1.5 1.04 0.18 0.66 80 0.16 4.36 0.36 914 54.84 1.22 5.89a 0.21 90.4
SV6 0.15 1.5 1.04 0.23 0.66 80 0.16 5.46 0.45 1 142.5 68.55 1.59a 6.51a 0.18 91.1
SV7 0.2 1.5 1.04 0.17 0.66 80 0.16 3.96 0.33 829 49.74 1.18a 6.05a 0.2 90
SV8 0.1 2 0.73 0.23 0.66 80 0.16 7.33 0.61 1 151.5 92.12 1.55a 7.00a 0.22 90.6
SV9 0.15 2 0.73 0.08 0.66 80 0.16 3.21 0.27 505 40.4 1.43a 7.23a 0.2 90.7
SV10 0.06 1 1.89 0.1 1 80 0.16 1.91 0.16 599.5 23.98 0.48a 2.56a 0.19 84.3
SV11 0.08 1 1.89 0.13 1 80 0.16 2.32 0.19 728.5 29.14 0.62a 3.24a 0.19 83.5
SV12 0.1 1 1.89 0.15 1 80 0.16 2.7 0.22 847.5 33.9 1.32a 5.52a 0.2 82.7
SV13 0.06 1.5 1.04 0.16 1 80 0.16 4.09 0.34 856 51.36 1.33a 6.34a 0.21 88.6
SV14 0.08 1.5 1.04 0.25 1 80 0.16 5.94 0.49 1 243.5 74.61 1.53a 7.69a 0.2 91.9
SV15 0.1 1.5 1.04 0.32 1 80 0.16 7.73 0.64 1 618 97.08 1.43a 8.64a 0.17 87.7
SV16 0.06 2 – – 1 80 0.16 – – – – – – – –
SV17 0.08 2 0.73 0.3 1 80 0.16 9.45 0.79 1 484.5 118.76 1.69a 8.58a 0.2 88.4

Appendix A - Fig. A1. Example sketch of typical ripple formation, where λr is ripple wavelength, defined as the distance between ripple crests and ηr is ripple crest
height, defined at the distance from trough to crest.
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Appendix A Fig. A2(a). Example of well-shaped ripples captured by the high-speed camera; (b), (c) and (d) are examples of the PIV vector map and magnitude
contour plot for cases B7, DV9 and SV14, respectively.
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Appendix A - Fig. A3. Example cases of the mean SSC profiles recorded using ABS. Z* is the normalised water depth.

Data availability

Data will be made available on request.
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