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Abstract The development of sustainable river management strategies requires knowledge of the effect of
vegetation on hydrodynamics and sediment transport. To date, the complex physical processes involving the
combined effects of leafy flexible vegetation and mobile bedforms are not completely understood. Most
sediment transport models have been developed for bare bed conditions so that their performance in the
presence of leafy flexible vegetation remains unclear. On the other hand, recently developed models consider
vegetated conditions but they typically account only for the presence of rigid cylinders and in some cases scour
at their base. For this purpose, laboratory experiments were conducted with mobile dune bed conditions and
artificial flexible plants with varying Leaf Area Index to investigate the effect of flexible vegetation on bed
morphology and sediment transport. Sediment transport rates and bedform characteristics such as height,
wavelength and celerity, were measured in specifically designed experimental runs. The collected data show
that the presence of leafy vegetation alters bed morphology, tending to reduce the average dune wavelength and
leading to the formation of complex 3D geometries. Bed-shear-stress-based models for predicting sediment
transport were verified to be valid under conditions of low vegetation roughness density. On the contrary, the
collected data emphasize that the measured bed-load transport rate increased in the presence of leafy flexible
vegetation with higher frontal area. Recent bed-load models for vegetated channels provide a better
interpretation for dense leafy vegetation but are less effective when predominant effects related to dunes are
present.

1. Introduction

Current river restoration strategies have a strong focus on rehabilitation by using vegetation to reduce erosion,
enhance bank stability and improve habitat quality (Yager & Schmeeckle, 2013). Traditional river management
strategies relied on vegetation removal to enhance channel conveyance (Box et al., 2021; Luhar & Nepf, 2013), a
practice that was acknowledged as counterproductive for ecologically successful river restoration (Palmer
et al., 2005).

During overbank flow, the threshold for sediment mobility is commonly exceeded in alluvial rivers, resulting in
the mobilization of sediments. This mobilization may lead to the formation of bedforms, whose shape and celerity
influence the sediment transport rate (Lokin et al., 2022; Nagshband et al., 2017). Additionally, floodplain
vegetation commonly interacts with the flow during floods thereby impacting sediment movement (Griffin
et al., 2014). Generally, plants reduce flow velocities and bed-shear stress, enhancing local deposition, thus
affecting sediment transport (Nepf, 2012). Overall, natural rivers exhibit different planforms (e.g., braided and
meandering patterns) shaped by sediment transport and deposition, forming floodplains and river bars that
facilitate ecosystem development (Richardson et al., 2007; van Dijk, 2013). Thus, the colonization of these areas
by vegetation significantly impacts the overall morphological evolution of river systems (Artini et al., 2021;
Gurnell, 2014).

The current understanding of the complex physical processes governing fluvial environments remains incomplete
(Wang et al., 2023). The majority of studies on vegetation-flow-sediment interaction considered mainly flat bed
conditions and the effect of bedforms has mainly been overlooked (Huai et al., 2021; Le Bouteiller & Ven-
ditti, 2015; Yang & Nepf, 2019). In addition to flat bed conditions, some studies have also investigated scour
holes, which generate around the stems (Armanini & Cavedon, 2019; D’Ippolito et al., 2023; Duan & Al-
Asadi, 2022). For instance, Chen et al. (2012) examined the effects of submerged bundled plastic fibers and found
that vegetation density directly impacts parameters like scour depth, dune height, and scour hole characteristics.
Specifically, a decrease in vegetation density led to increased values of these parameters. Similarly, Follett and
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Nepf (2012) conducted a laboratory study focusing on sediment patterns around emergent reedy vegetation
patches in a sand bed. Their findings supported the hypothesis that dense vegetation patches cause substantial
flow diversion that results in increased downstream sediment transport and deposition along the centerline of the
vegetation patch. The studies conducted by Hongwu et al. (2013) and Yang et al. (2016) focused on the effects of
emergent rigid vegetation in open channels. Both studies reported that the presence of vegetation reduced the
incipient motion of sediment compared to bare channels, highlighting the role of vegetation in influencing
sediment dynamics. Furthermore, Yager and Schmeeckle (2013) conducted experiments involving rigid cylinders
and mobile sand beds. Their findings indicated that the presence of vegetation influenced the formation of non-
migrating bedforms, with dimensions scaling with the distance between vegetation patches. The authors found
that common models to predict sediment transport rates based on bed shear stress are inaccurate in the presence of
vegetation and depositional bedforms.

Moreover, the method of Simons et al. (1965) for predicting bed-load transport rate based on the sediment mass
conservation principle has been found a good approximation to predict sediment transport in channels without
vegetation but not in vegetated channels where vegetation tends to decrease the migration rate or even suppresses
bedforms (Nepf, 2012; Przyborowski et al., 2018; Yang & Nepf, 2019).

Additionally, recent models for predicting sediment transport have been developed considering rigid cylinders as
an idealized representation of vegetation (Vargas-Luna et al., 2015). For example, the formulation proposed by
Duan and Al-Asadi (2022) accounts for the solid volume fraction of the stems, while Armanini and Cav-
edon (2019) considered the stems mean diameter and density. However, these models are limited in their
applicability to the conditions for which they were developed: leafless, rigid vegetation and absence of larger-
scale bedforms, such as dunes. It is not clear whether these models can be applied to leafy flexible vegetation
due to its distinct hydraulic behavior (Jarveld, 2004).

Thus, modeling vegetation in flume experiments requires progress in reproducing realistic vegetation since ri-
parian vegetation consists of woody plants, shrubs and grasses that can not be accurately represented by rigid
cylinders (Aberle & Jarveld, 2013; Box et al., 2021). Moreover, this brief review shows that a knowledge gap
remains regarding the morphodynamic response of sand beds to vegetation, especially when dealing with leafy
flexible vegetation. This gap is particularly critical when designing river restoration projects, as their effec-
tiveness and success is based on the availability of reliable tools capable of predicting the morphodynamic
evolution of the river system (Armanini & Cavedon, 2019; D'Ippolito et al., 2023).

The focus of this paper is on environments where young leafy and flexible vegetation colonizes regions prone to
the occurrence of dunes, such as alluvial floodplains, river bars (Vargas-Luna et al., 2015), and drainage ditches
(Rowiriski et al., 2018). This study presents a part of the results of the PhD thesis of Artini (2023), which aimed at
investigating the effects of various Leaf Area Index (LAI) values on the sediment transport, flow field and flow
resistance. For this purpose, experiments were conducted under mobile bed conditions employing leafy flexible
artificial vegetation with removable branches, maintaining just-submerged conditions. The same plants were
utilized in previous works focusing the effects of leaf mass on the flow field and resistance. Importantly, flow
velocity measurements were conducted during the experiments presented in this work, however the details of flow
measurements are presented in a chapter of the PhD thesis (Artini, 2023) focused on characterizing the turbulent
flow field in this complex set-up (Artini, 2023). Specifically, the aim of this work is to investigate the effects of
leafy flexible vegetation on sediment transport rate and bedform characteristics, that is, geometry and celerity.
Various existing models and methods for predicting sediment transport rates and bedform characteristics were
evaluated for their applicability in vegetated conditions. These formulations, having originally been designed for
non-vegetative scenarios, have been used as benchmarks for vegetation-free conditions. This approach provided
valuable insights into the modifications of dune characteristics and the bed-load transport rate attributed to the
presence of vegetation. Additionally, measured bed-load transport rates were compared with predictions made
using formulation considering the presence of rigid cylinders, shedding light onto the complex interplay among
flow, vegetation, sediment transport, and bedforms. The paper is structured as follows: Section 2 describes details
about the experimental setup, procedure, and measurements; Section 3 presents the results; Section 4 discusses
the main findings of this paper.
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Figure 1. Schematic representation of flume setup: (a) side view; (b) plan view. Flow direction right to left. The figure is not
to scale.

2. Material and Methods
2.1. Experimental Setup

Experiments were conducted in a 2 m wide, 0.8 m high, and 30 m long tiltable sediment recirculating flume in the
hydraulic laboratory of the Leichtweil3-Institut for Hydraulic Engineering and Water Resources at the Technische
Universitidt Braunschweig (Figure 1). For the experiments, the flume width was reduced to 0.6 m to recreate the
same conditions as in previous experiments carried out with the same plants (described below) but under fixed-
bed conditions (Schoneboom, 2011; Schoneboom & Aberle, 2009). Additionally, a PVC plate with pre-located
holes was attached to the flume bottom so that the plants could be installed using 15 cm-long rigid carbon ex-
tensions (see the red rectangles in Figure 2 showing a part of these extension). At the beginning of the experi-
mental campaign, these extensions were flushed with the screeded sediment surface of the installed 15 cm high
mobile sand layer (D5, = 0.84 mm,o, = (Dgs/ D)™ = 1.32; Table S1 in Supporting Information S1). During
sediment transport conditions, the sand exiting the flume was collected in a sediment trap at the downstream end
of the flume, recirculated, and fed back as a water-sediment mixture at the upstream end. The flow entering the
flume was conditioned by flow straightening tubes that were positioned at the flume inlet section and followed by
a few rows of rigid cylinders (Figure 1).

A total of 297 artificial flexible vegetation elements were used in the experiments to ensure that the vegetation
properties remained constant throughout the experimental campaign. Each plant was 23 cm high and had a three
mm thick coated wire stem, four removable branches, and a blossom located at the apex of the plant. Moreover,
each branch was equipped with three leaves, which were made of highly flexible dyed textile. According to
Schoneboom et al. (2008), the hydrodynamic properties of the used artificial plants resemble natural black poplar
twigs, a pioneer tree species that dominates the riparian areas of European rivers (Holloway et al., 2017). We note
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Figure 2. Frames of side-view videos taken during fully foliated (1234) setup
and mid leafed (12ee) setup. Figures S9-S14 in Supporting Information S1
show side-view photos from the other experimental setups. The red rectangles
highlight the rigid extension used to connect the plants to the flume bottom.

that the hydrodynamic characteristics of the artificial plants, along with the
one-sided leaf area, the vegetation-to-water volume ratio and the volume of
the plants were determined in previous studies (e.g., Aberle et al., 2011;
Jalonen et al., 2013; Schoneboom & Aberle, 2009) and used as benchmarks
for this work. In total, seven different foliage configurations were used in the
experiments ranging from fully foliated to bare stem scenarios. These
different configurations were obtained by removing one or more branches
from the plants, so that the LAl ranged from 0.93 to 0 (Table S2 in Supporting
Information S1). More details about the plants characteristics are reported in
the Text S1 in Supporting Information S1. We note that a LAI lower than 1
represents conditions of low leaf mass for the plants (Box et al., 2021).
However, available field measurements indicate an average LAI of 0.967 for
young poplars (Antonarakis et al., 2010), which corresponds to the fully
foliated setup in this study. Particularly, the vegetation setups and the hy-
draulic conditions considered in this study do not directly represent realistic
field conditions but were chosen to match those from previous studies. The
setup name, as reported in Table 1, provides information about the foliage
configuration in the experimental runs. Numbers 1 to 4 indicate the attached
branches, with 1 defining the top level and 4 the bottom (near-bed) branch,
respectively. The letter “b” denotes the blossom, and “e” identifies the removed branch (Figure 2). The blossom
was present in all plant setups, except for the eeee configuration. The leaves were present in all the setups except
the beeee and eeee configurations.

The described plant foliage configurations were firstly employed by other studies (e.g., Aberle et al., 2011;
Jalonen et al., 2013; Schoneboom, 2011; Schoneboom & Aberle, 2009), which mainly focused on the drag force
exerted by the plants under various hydraulic conditions and setups, with a special focus on the effect of the
leaves. An innovative addition of this work to these previous investigations that were carried out with a fixed bed,
is the consideration of mobile bed conditions which led to the occurrence of dunes. The plants were arranged in a
staggered pattern along the 20 m long vegetation section with a spacing of 20 cm in both directions, starting at a
distance of 4.2 m from the flume inlet. The plant spacing resulted in a plant density of m = 25 plants/m? cor-
responding to one of the densities used by Jalonen et al. (2013), which is the only density for which the authors
reported data on streamlining effects and drag force measurements for all the chosen foliage setups. An additional
experimental run was conducted without vegetation (i.e., bare bed conditions) to provide a reference run with the
aim to investigate the effects of the presence of vegetation on the channel conveyance at fixed bed slope and water
depth. As detailed in Section 2.2, the experiments were conducted sequentially, starting with a fully foliated setup
(1234) and ending with the bare bed scenario, allowing for a gradual increase in flow discharge values with each

Table 1

Experimental Conditions

Setup Qd/s) H@m) U(@mss) Fr(-) t (h) S, £ 6 (RMSE) (%)  Sp £+ 6 RMSE) (%) AQ (%)
1234 47.8 0.22 0.36 0.24 10.2 (56) 0.90 = 0.0065 (0.12)  0.91 £ 0.0006 (0.01) —63
123e 51.5 0.22 0.38 0.26 6.2 (80) 0.88 £0.0091 (0.16) 0.89 £ 0.0007 (0.01) —61
12e4 53.0 0.22 0.39 0.26 11.2 (48) 0.85 + 0.0074 (0.13)  0.86 = 0.0008 (0.01) =59
1200 60.5 0.22 0.46 0.31 6.6 (56) 1.01 £0.0110 (0.20)  0.90 = 0.0013 (0.02) =54
leee 73.4 0.22 0.55 0.37 5.8(64) 0.98 £0.0105 (0.19)  0.87 = 0.0020 (0.04) —44
beeee 94.1 0.23 0.69 0.46 3.6(48) 0.86 +0.0074 (0.18)  0.84 £ 0.0032 (0.05) —28
YYYY 106.1 0.22 0.81 0.55 nd. (32) 0.76 = 0.0097 (0.13)  0.76 = 0.0027 (0.06) -19
bare bed  130.5 0.22 0.97 0.65 2.8 (3) 0.48 £ 0.0079 (0.14)  0.52 = 0.0043 (0.08) 0

Note. Water discharge Q, water depth H, channel-averaged flow velocity U and Froude number Fr of the experiments. #,
represents the predicted durations for achieving equilibrium (Parker, 2003); the values between brackets () are the actual
durations of the experimental runs. The average bed slope S;, and the energy slope Sg are reported with the + 95% confidence
intervals and the uncertainty estimated as the root mean square error (RMSE) of the linear regression. AQ denotes the observed
reduction in channel conveyance resulting from different plant configurations compared to the bare bed setup.
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run. Thus, the hydraulic conditions of this final experiment resulted closer to the upper regime, and it was decided
to not pursue further investigations for this setup.

All experiments were conducted under quasi-uniform flow conditions with an average water depth of 0.22 m
(Table 1) so that the deflected plants were just submerged. These conditions were selected to prevent the for-
mation of canopy-scale vortices at the interface between the free flow and the top of the canopy. This maintained a
consistent water depth for all setups, preventing the effects of turbulent eddies associated with submerged
conditions. Since a fixed water depth was used for each setup, the relative submergence of the plants was assessed
(Section 3) to confirm that the bending degree of the stem did not vary significantly among the experiments. In
each experimental run, flow conditions were adjusted by regulating the water level using a weir located at the end
of the flume and controlling the discharge through a valve. The flume slope was kept constant at S = 0.9% for all
experimental runs. This slope was predetermined to ensure sediment transport in all setups by estimating the
expected bed-load transport rate using the Meyer-Peter and Miiller (1948) formula and using the critical Shields
number according to Cao et al. (2006). Thus, since all the runs were characterized by similar water depth and
slope, all experiments had comparable total shear stress, including the vegetation drag and the dunes form drag.
The total shear stress was estimated using the depth-slope formulation ¢ = pgHSg, where p is the water density, g
the gravitational acceleration, H the average water depth and S the energy slope.

The bed-load sediment transport rates were measured by means of two Negele turbidity-meter sensors. One
sensor was placed at the flume outlet, downstream the sediment-drain funnel to measure clear water reference
conditions (background value), while the other one was placed in the return pipe of the sediment recirculating
system to measure the turbidity of the water-sediment mixture entering the sediment-drain funnel (labeled as
sediment funnel in Figure 1a). This flux consisted of bed load from the moving dunes reaching the end of the
flume. A calibration relationship was established to effectively relate the voltage difference (A) observed in the
signals of the two turbidity meters to the corresponding sediment transport rate (Q,) within an error of 3%
(Equation S6 in Text S3 in Supporting Information S1). The calibration procedure consisted in two phases. The
first phase aimed to associate specific bed-load transport rates with eight different outlet diameters of a sediment-
filled tank positioned above the sediment-drain funnel. This involved varying the outlet diameters of the tank and
measuring the corresponding bed-load transport rates O, by weighing the amount of sand exiting the tank within a
specified time interval. The second phase aimed to correlate the known O with the voltage difference between the
background turbidity meter and the turbidity meter located in the sediment recirculating system. The readings of
the two turbidity meters were related using an of f'set value. At the beginning of each experimental day, the offset
value was determined in calm water conditions (i.e., with no discharge). Further details about the calibration
procedure can be found in the Text S3 in Supporting Information S1. Since the calibration of the system was based
on the voltage difference between the background turbidity meter and the turbidity meter located in the sediment
recirculating system, direct measurements of the fraction of suspended sediment transport were not possible.

The water discharge Q was continuously measured during the experimental runs with a Krohne magnetic flow
meter with an accuracy of + 0.3%. The water surface was periodically scanned using a mic +130/IU/TC ultra-
sonic sensor with a resolution of 1 mm (accuracy = 0.57 mm). The sensor was mounted on an automated carriage
system, and scans were conducted along the centerline of the channel. A submerged Sonometer0O5 ultrasonic
sensor with a resolution of 1 mm (accuracy of up to 1%) was used to scan the bottom topography along three
longitudinal lines: y = 15 cm, y = 30 cm (middle line), and y = 45 cm to the left flume wall (y = 0 corresponds to
the hydraulic left-handed side coordinate system of the flume). The bed scans were conducted immediately after
the water surface scans, under clear water conditions. This was achieved by turning off the water discharge and
raising the weir height at the end of the flume to suppress sediment transport while preventing the flume from
draining completely. This was done only at the end of each experimental day, which lasted approximately 8 hr, to
minimize interference with the ongoing experiment. The effective scanned section, highlighted as a pink rectangle
in Figure 1b, spanned 15.3 m and was located between x = 7.5 m and x = 22.8 m, with x = 0 at the inlet section of
the flume.

Flow velocity measurements were taken using a Nortek Acoustic Doppler Velocimeters at 27 vertical positions
within the vegetation canopy. The velocity components were measured point-by-point at morphological equi-
librium (see Section 3) with a sampling rate of 100 Hz for a duration of 3 min with a vertical spacing of 1 cm. The
z-coordinates were normalized relative to the mean bed level of the specific run, which was determined through
the bed elevation scans. The number of measurement points in the profiles varied depending on the local bed
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topography due to the changing geometry of the bedforms along the flume. The measurement section was 7.7 m
long covering between 6 and 13 dunes depending on the average wavelength associated with the specific run. The
length of the measurement section was designed to allow for the application the double-averaging method (Nikora
et al., 2007).

2.2. Experimental Procedure

The experimental procedure began by arranging the foliage configuration of the plants. Once the plants were set,
the water flow was initiated, and the flow discharge and the height of the flume weir were adjusted to achieve just
submerged conditions. Throughout each experimental run, the hydraulic conditions were maintained constant
until morphological equilibrium was reached (Table 1). The morphological equilibrium was assessed by
examining the correspondence between the average bed and energy slopes and by monitoring the constancy of
sediment transport and dune characteristics over time, following criteria established by Simons and Richard-
son (1966) and Baas (1994). Upon achieving morphological equilibrium, measurements of sediment transport
rate, dunes characteristic and flow velocity were collected providing a representation of the morphological
equilibrium state.

Sediment lumps or waves, a phenomenon frequently encountered in recirculating flumes (Parker, 2003), were
observed during the experimental runs. Therefore, the method proposed by Parker (2003) was applied to predict
the time required to achieve equilibrium in each setup. The predicted durations (¢,) were significantly shorter,
with a maximum of approximately 12 hr (for 12e4 setup), compared to the actual experiment durations, which
ranged between 4 and 10 days (Table 1). The bare bed run was characterized by a highly turbulent flow with
significant suspended sediment transport as shown in the videos taken during the experiments and provided at the
repository (Artini, 2024). This run was conducted over a time period of approximately 3 hours, consistent with the
predicted duration based on the Parker (2003) method. To optimize time efficiency, the experiments were
conducted sequentially, with each experimental run building upon the final bed conditions of the previous run.
The experimental sequence started with the fully foliated setup (1234) and concluded with the bare bed scenario,
allowing for a gradual increase in flow discharge values from run to run.

At the completion of each experiment, the flume was carefully drained, and photographs of the bed topography
were taken. These images were then utilized to reconstruct a digital elevation model (DEM) using the Structure-
from-Motion technique (Morgan et al., 2017). The length of the section was at least 3 m long for each setup. The
photos were firstly processed in Photoscan (Agisoft, 2017) to generate a point cloud, and then in Cloud Compare
(Cloud compare, 2022) to remove the plants and flume walls. In areas where leaves obstructed the view, missing
parts of the DEM were filled by linear interpolation using surrounding data.

2.3. Data Analysis

As mentioned before, information regarding the plant characteristics (e.g., one-sided leaf area, projected plant
area) were recovered from previous works (i.e., Aberle et al., 2011; Jalonen et al., 2013; Schoneboom &
Aberle, 2009), which conducted experiments with the same plants and in comparable conditions in terms of
foliage, density and flow (just-submerged) conditions. The solid volume fraction ¢ was calculated as the ratio of
the vegetation volume V), to the water volume V (Lei & Nepf, 2021; Zinke, 2012). The vegetation volume (V)
was determined using the Archimedes principle (Xu & Nepf, 2020). The resulting values were in agreement with
those reported in Jalonen et al. (2013) for the relative plant setups. The roughness density was estimated as a,H for
all the setups (Table 1), where a, = (a), is the depth-averaged frontal area per unit volume of the plants canopy,
which is defined as (a), = mA/h,, where A is the cumulative frontal area and /, is the deflected plant height.

The frontal area was determined using an image analysis procedure, conducted in air, as described in Xu and
Nepf (2020). For this analysis, two plants were selected and photographed against a white background from five
different angles. The original plant images were transformed into black and white images, and the number of
black pixels was counted at each vertical coordinate. By using a reference scale, the pixel count was converted
into length obtaining the frontal area distribution A(z). All the resulting A(z) profiles are reported in Figures S15—
S20 in Supporting Information S1. The cumulative frontal area for each foliage configuration was calculated by
integrating A(z) over the plant height /,. Additionally, the value obtained from integrating A(z) within the first
5 cm near the mean bed level was used to estimate the near-bed frontal area per unit volume (a), ;. Particularly,
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the streamlined frontal area values, effectively related to the experimental conditions, were indirectly estimated
by referencing the corresponding channel-averaged velocity U, determined using the continuity equation
U = Q/(WH) (where W = 0.6 m is the flume width), to the A, — U values reported for the relative setups in
Jalonen et al. (2013). Thus, the obtained A(z) from the image analysis procedure were scaled based on the
reduction between the cumulative frontal area from the image analysis and the value obtained from the graph by
Jalonen et al. (2013). Further details regarding plants characteristics are provided in the Text S1 in Supporting
Information S1.

The bed and water surface scans were subjected to post-processing, including de-spiking and gap-filling tools in
Matlab environment (R2019b). These post-processed scans were then utilized to estimate the bed and energy
slopes. The energy line was estimated as E(x) = WSE(x) + U?(x)/(2g), where U(x) represents the local averaged
flow velocity, and WSE(x) is the local water surface elevation measured through the scans. To calculate the local
U(x), the local water depth H(x) was approximated as the difference between the water surface elevation and the
bed elevation at the given x-coordinate. In fact, it is assumed that dune migration is negligible during the sediment
discharge shut-off procedure carried out prior to bed scans. Recalling that the scans of WSE and bed elevation
were not performed simultaneously but consecutively, the error in estimating the local water depth through these
measures was considered acceptable. This is because the presence of vegetation suppressed the traditional out-of-
phase behavior between the bed elevation profile and the water surface of a flow over dunes, as evident in the
videos taken during the experiments and provided at the repository (Artini, 2024). Thus, the water surface was
characterized by surface waves resulting from the presence of vegetation or, in the absence of leaves, due to high
Froude numbers. The mean bed level, which corresponds to z = 0 m, was determined by identifying the z-
coordinate of a line where the areas above and below the bed profile intersecting that line were equal in
magnitude. The average water depth H was estimated as the average difference between the water surface
elevation and the mean bed level.

The observed averaged bed and energy slopes, reported in Table 1, show a general agreement, suggesting the
achievement of quasi-uniform flow conditions. The average bed slopes S, from the 12ee and 1eee setups exhibit
a slight deviation of approximately 0.10% from the energy slope Sp. However, this deviation is considered
negligible in the context of the study, since the presence of dunes in the flow field introduces local non-uniformity
impacting the flow dynamics across the entire water depth, thus leading to minor discrepancies between the
measured bed slope and energy slope. The uncertainty & associated with the slopes was estimated using the
95%confidence interval of the linear fit parameters. On average, the uncertainty was found to be 0.009% for the
bed slope and 0.002% for the energy slope (Table 1). Notably, setups with higher Froude numbers, that are
generally associated with water surface effects (Nagshband et al., 2014), exhibited larger surface waves, leading
to a more pronounced impact on the water surface elevation. The impact of surface and bed waves on slope
determination was evaluated using the root mean square error (RMSE) of the linear regression (see Text S2 in
Supporting Information S1). The average RMSE was found to be 0.16% for the bottom slope and reduced to
0.04% for the energy slope (Table 1). The RMSE related to the energy slope observed in the bare bed setup
(0.08%) was eight times higher than that observed in the 1234 setup (0.01%).

The scanned bed profiles were also used to estimate the bedforms characteristics. However, for this analysis, only
the topography data between x = 12m and x = 21m were considered to exclude the channel sections influenced
by the inlet and outlet conditions. The wavelengths (4.,.,;) Were estimated using the zero-crossing technique by
Van der Mark and Blom (2007). The zero-crossing technique involves removing the average bed slope from the
bed elevation profiles and considering only bedforms that crossed the mean bed level. The wavelength of each
bedform, denoted as 4,,., was determined as the distance between consecutive crests. The average dune height
(A,) was estimated using an empirical formulation proposed by Coleman et al. (2011) that establishes a rela-
tionship between the dune height and the standard deviation (o) of the bed elevation profile, represented by
A, = 2.20, where the coefficient 2.2 was empirically derived using laboratory data and field measurements. The
methodology by Lisimenka and Kubicki (2017) for determining dune wavelength and height was applied to
validate the dune dimensions obtained from the equation derived by Coleman et al. (2011), A, and from the zero-
crossing method, A, This methodology utilizes spectral moments of the bed elevation profiles to evaluate dune
heights and characteristic dune lengths. In this case, wavenumbers larger than 0.2 m~! (corresponding to
wavelengths larger than 5 m) were disregarded in order to focus on relevant dune characteristics. Further details
regarding the formulations applied in this study are available in the Text S6 in Supporting Information S1.
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Dune celerity was determined using footage from a side-view camera that recorded the lateral evolution of the bed
elevation during each experimental run (Figure 2). The recording durations, which ranged from 45 to 90 min,
were longer than the average dune migration period through the field of view, which varied from 4.5 to 12 min,
with longer durations observed in setups with leafier vegetation. Each video tracked a minimum of five complete
dunes. In each video frame, two different sections were selected, and a Matlab script (R2019b) was used to extract
the relative bed elevation profiles. The celerity of the dunes was estimated by determining the time lag between
the two bed evolution profiles, which was identified as the first positive peak of the cross-correlation function at a
lag greater than zero. The dune celerity could then be estimated with the known distance between the two sections.
All the side-view videos recorded during the experiments are available at the repository (Artini, 2024), offering
insights into the dynamics of the experiments.

Furthermore, the measured sediment transport rates were compared to the outcomes of the sediment mass con-
servation principle in order to validate the celerity measurements. Commonly, in alluvial bed channels, the bed-
load transport rate can be related to a volumetric sediment flux resulting from the movement of bedforms (Aberle
et al., 2012; Cilli et al., 2021; Simons et al., 1965):

Qs,dune = ﬁps(l _p)CA [m2/s] (1)

Here, § = 0.5 represents the coefficient factor associated with the assumption of a triangular dune shape, p; is the
sediment density and p = 0.4 is the porosity of the sand bed. The variables ¢ and A represent the dune celerity and
height, respectively.

The measured bed-load transport rates were compared to predicted values using classical sediment transport
models based on bed shear stress proposed by van Rijn (1984a) and Einstein (1950)-Brown (1950). In applying
these formulations, only parameters related to grain stress were considered to estimate the bed shear stress, as
sediment transport is primarily influenced by skin friction (van Rijn, 1984a). Specifically, the grain-related
friction velocity u,, was estimated using the formula proposed by Engelund (1966), which has been recognized
as effective in the presence of dunes (Van der Mark, 2009). The Engelund (1966) formulation consists in an
iterative procedure to derive the value of u, (see Text S5 in Supporting Information S1). The values of u,, were
validated by determining the flow regime using the bedform stability diagram by Van den Berg and van
Gelder (1993) and the flow regime classification by Brownlie (1983) (Figures S4-S5 in Supporting Informa-
tion S1). These observations provided evidence supporting the reliability of the estimated skin friction values,
along with the results regarding the prediction of the bed-load transport rates. Additionally, the measured bed-
load transport rates were compared with predictions made by using the Armanini and Cavedon (2019) and
Duan and Al-Asadi (2022) formulations which were developed for vegetated channels. Both studies simulated the
presence of vegetation with rigid cylinders and observed mainly the formation of scour holes around the cylinder
stems. All the formulations considered in this study are reported in the Text S6 in Supporting Information S1.

According to Maddux et al. (2003), unlike 2D dunes, the bed shear stress in the presence of 3D dunes cannot be
predicted solely based on the spatially averaged Reynolds stress. Dunes with three-dimensional geometry were
found to exhibit significantly higher resistance compared to 2D counterparts and this increased resistance was
attributed to form-induced stress, associated to the presence of secondary currents. Applying the double-
averaging methodology (Nikora et al., 2007) and assuming that the momentum balance close to the dune crest
is governed by the turbulent and form induced stress (Maddux et al., 2003; McLean et al., 2008), the bed shear
stress can be expressed as follows:

7y = —p((uw) + (@w)) 2

where u and w represent velocity fluctuations in the longitudinal and vertical directions, respectively. The symbol
~ denotes spatial variation, while the brackets () indicate spatial averaging, and the overbar signifies temporal
averaging. The predicted skin friction values, obtained from the formulation proposed by Engelund (1966) were
then compared with the near-bed peak values of the fluid stress calculated using Equation 2.

Generally, in this study, the uncertainty related to estimates or measurements is calculated using the error
propagation law (Text S2 in Supporting Information S1).
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Figure 3. Percentage deviation between the daily and the last-day measurement for (a) sediment transport; (b) dune height
and (c) dune wavelength. Each day represents 8 hr. For the 123 e setup, the bed scans from the first two days were excluded
due to technical issues.

3. Results

Each experimental setup was characterized by a different flow discharge due to the different foliage configu-
ration. The variation in discharge was necessary to attain the desired hydraulic conditions, specifically to ensure
the same just-submerged condition on the selected channel slope in all the setups. The reduction in channel
conveyance, AQ reported in Table 1, indicates that the discharge for the leafiest setup was approximately 60%
lower than that of the bare bed setup. This reduction in discharge clearly demonstrates the influential role of
vegetation on flow characteristics, particularly its impact on channel conveyance. A similar reduction was
documented by Aberle et al. (2011), who employed the same plants under comparable hydraulic conditions, but in
a fixed plane bed setup.

To assess if the experiments were conducted under similar just-submerged conditions for the different experi-
mental runs, the relative submergence of the plants was calculated as the ratio of the water depth (H) to the
deflected plant height (/,) at the highest point of the blossom, both measured at the same vertical (Figure S1 in
Supporting Information S1). The resulting values for all the setups fell within the range of 1.13 <H/h, <1.16
(Table S3 in Supporting Information S1). Since the water depth was consistent for all runs, it can be deduced that
the degree of bending did not vary drastically among the experimental runs.

3.1. Morphological Equilibrium

The analysis of the temporal evolution of the percentage deviation between the daily-averaged sediment transport
measurements Q, and the value obtained from the final measurement provides insight into the attainment of
morphological equilibrium. Figure 3a shows a fluctuating trend in the percentage variation over time, with a
maximum value of 3-4%, mainly concentrated in the initial days. The percentage variation of dune characteristics
over time follows a similar trend as the sediment transport, with deviations ranging between +20% from the final
measurement (Figures 3b and 3c). The beeee setup showed a maximum deviation of up to 30% for dune height
and significant deviation of ~ 80% for the wavelength. However, these temporal discrepancies did not imply the
unreliability of the collected measurements, as this setup was characterized by a high Froude number indicating a
transition toward the upper regime, as confirmed by visual observations and subsequent analyses concerning the
dune characteristics (Section 3.2). Therefore, higher variability in sediment transport and dune characteristics can
be expected. For the subsequent analyses, the average values of measurements taken over the last 4 days of the
experimental runs were considered to represent the morphological equilibrium state. This approach mitigates the
influence of daily variations and provides a more reliable estimate of the overall characteristics of the sediment
transport processes.
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Figure 4. Measured average dune height A, (panel a) and dune wavelength 4,,.,, (panel b) plotted against the average frontal
area per unit volume a,H.

3.2. Dune Wavelength and Height

The bedforms exhibited varying characteristics across the setups in response to the diverse hydraulic conditions
associated with the foliation stages. All observed bedforms were classified as dunes since the average wavelength
exceeded 0.6 m (Perillo et al., 2014; Zanke & Roland, 2021) and agreed within the uncertainty levels with the
outcomes of the formulations proposed by van Rijn (1984b) for predicting bedform geometry based on hydraulic
parameters (Figure S6 in Supporting Information S1).

Figure 4 shows the relationship between dune geometry and roughness density, defined as the product of the
average frontal area per unit volume of the plants and the water depth a,H. The LAI is not used in this graph to
include the setup without leaves. Furthermore, as a,H decreases and thus flow discharge increases among the
different setups, the dune height (A,) initially experienced a rapid growth, followed by a subsequent decay. This
decay became more pronounced from setups with higher flow discharges, such as the 1eee setup and subsequent
ones (Figure 4a and Table 2). These observations suggest a transition toward the upper flow regime, starting from
the 1eee setup. The decay or washing out of the dunes, observed during these runs, can be associated with the
erosion of dune crests, which is facilitated by higher suspended load (Nagshband et al., 2017) and Froude number
exceeding 0.37 (Table 1). According to Nagshband et al. (2014), Froude numbers within the range of 0.32-0.84
are associated with significant free surface undulations that strongly influence bed morphology. Consequently,
these free surface undulations lead to a rapid reduction in dune height as suspended transport increases. In this
case, setups with higher flow discharges, such as the 1eee setup and subsequent ones, present a Froude number
higher than 0.32 and decreasing trend for the dune height, thus confirming this observation (Figure 4a). Moreover,
itis possible to observe the occurrence of mixed transport (bed-load and suspended) at high Froude numbers flows
in the videos taken during the experiments and provided at the repository (Artini, 2024). On the other hand, the
average dune wavelength increases with an increase in the water discharge, coinciding with a decrease in the
average frontal area per unit volume of the plants (Figure 4b and Table 2).
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Table 2

Estimated Dunes Characteristics

Setup A, = S.E (cm) A £ S.E. (e(A))(cm) Acresi £ S.E. (cm) Apsa = S.E. (e(2))(cm)
1234 3.46 + 0.087 3.56 + 0.14 (2.9%) 62.82 + 1.59 69.42 + 1.02 (10.5%)
123e 5.43 £0.21 5.68 + 0.21 (4.6%) 79.71 + 2.94 82.88 + 5.10 (4.0%))
124 4.13 £0.074 4.24 + 0.05 (2.7%) 68.50 + 2.49 78.00 + 4.50 (13.9%)
1200 6.88 £ 0.077 7.06 = 0.08 (2.6%) 94.74 + 4.82 103.62 + 2.29 (9.4%)
leoe 6.71 £ 0.36 6.94 + 0.30 (3.4%) 105.93 + 1.99 111.68 + 1.97 (5.4%)
beeee 6.27 £ 0.069 6.24 £ 0.072 (—0.5%) 127.96 + 5.47 148.99 + 3.21 (16.4%)
ecoe 4.53 +£0.32 4.60 + 0.36 (1.5%) 92.66 + 15.76 112.18 + 16.16 (21.1%)

Note. The subscript psd indicate the outcomes of the Lisimenka and Kubicki (2017) model. e(A) and e(4) are the percentage
errors between the psd values and the results obtained from the zero-crossing analysis (4,.,;) and the Coleman et al. (2011) A,.
The standard error S.E.= SD/\/E with n numbers of measurements.

Table 2 and Figure 5 show the comparison between the values of 4., and A, and the results according to the
spectral method proposed by Lisimenka and Kubicki (2017), denoted with the subscript “psd.” The percentage
deviation between the “psd” estimates and the values of 4., and A, was calculated using the following equation:

Apsa — A Aja— A
psd crest ;e(A) — psd o (3)

A1) = S
W= A,

The Lisimenka and Kubicki (2017) method resulted in similar estimates of average dune heights and wavelengths,
thereby confirming the initial estimates. However, the average percentage error between the two wavelength

| A L LA R o0 o S A A N S 03 VA o R O USY 0L S ey o i |
0.035 0.04 0.045 0.05 0.055 0.06 0.065 0.07 0.075
b) Apsd (m)
F T T T T T L ETIOE T TIEY, T T T ot
161 -
1.4 3
12F ]
£ '3
g L
(&)
~< 0.8 1
0.6 1
1
0.6 0.8 1 1.2 1.4 16 18 2
)\psd (m)

Figure 5. Comparison between the average dune characteristics obtained using Coleman et al. (2011) equation for A,, the
zero-crossing method (Van der Mark & Blom, 2007) for A, and Lisimenka and Kubicki (2017) equations for 4, and A,s:
(a) dune heights; (b) dune wavelength. The error bars represent the standard error of the estimated values.
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Table 3
Measured Dune Celerity c,, and Sediment Transport Rate Q;,

Setup ¢y £ S.E. (m/s) 74(=) Qsn (C(Qs,n)) (&fs) Oy aune (£e(Qy)) (8/5)
1234 8.45E—04 + 3.18E—05 0.082 £ 0.0004 19.3 (0.5127) 13.9 + 1.0 (—28%)
123e 8.25E—04 = 1.08E—04 0.088 = 0.0006 23.1 (0.5321) 23.8 +4.9 3%)
1204 9.19E—-04 + 7.48E—05 0.090 = 0.0005 20.0 (0.6047) 16.3 = 2.5 (—19%)
1200 1.19E-03 + 2.07E—04 0.114 = 0.0010 32.9 (0.5585) 39.1 = 11.3 (19%)
leoe 1.75E—03 + 5.00E—05 0.146 = 0.0012 52.2 (0.5656) 56.0 5.6 (7%)
beeee 3.25E—03 + 5.00E—05 0.200 = 0.0015 82.0 (0.5792) 97.2 = 3.1 (19%)
YT 3.10E-03 + 1.50E—03 0.244 + 0.0016 87.1 (0.5196) 67.0 = 54.6 (—23%)

Note. c,, is an average values of the videos recorded during the experiments, the standard error S.E.= SD/ \/r_z with n numbers
of measurements; Q; ;.. is the estimate obtained using Simons et al. (1965) formula. e is the percentage difference between the
O aune and Q;. C = o/ is the coefficient of variation of the Q; measurements.

estimates was higher compared to that for the dune heights, specifically 15.7% compared to 1.6%. This deviation
may be attributed to the differences in the employed methods, since the method proposed by Lisimenka and
Kubicki (2017) relates the characteristic length of the dune to the peak of the spatial spectra, which could be
influenced by the presence of secondary bedforms or vegetation, such as in the present case.

3.3. Dune Celerity and Sediment Transport

The celerities estimated from the side-view videos, reported in Table 3, were compared to predictions made using
two different formulations available in the literature in order to evaluate their accuracy. The used formulations
were the empirical relationship proposed by Tang and Knight (2006), which expresses celerity as a function of
hydraulic conditions (water depth H and Froude number Fr) and the relationship proposed by Heydari
et al. (2014) based on dimensional analysis. It is important to note that the Tang and Knight (2006) formulation
was developed based on experimental data characterized by sediment sizes ranging from 0.18 to 2.28 mm, slope
values in the range of 0.015% to 1.15% and Froude numbers between 0.2 and 0.8. We note also that the Heydari
et al. (2014) formulation specifically takes into account sediment with a size of 0.85 mm and Froude numbers
ranging from 0.24 to 0.73. The experimental data from the present study fall within the ranges covered by all the
aforementioned works. The resulting comparison, illustrated in Figure 6 and reported in Table S7 in Supporting
Information S1, reveals that the formulation proposed by Heydari et al. (2014)
generally does not demonstrate strong correlation with the observed celerity.
Moreover, the formulation proposed by Tang and Knight (2006) consistently
underestimates the celerity in setups characterized by leafy vegetation. On the
contrary, leafless setups exhibit reduced deviations from the agreement line.
This disparity implies that the validity of this method might be compromised
when leafy vegetation is present (see Table S7 in Supporting Information S1).
This observation is consistent with the outcomes observed in bed-load bed-
shear-stress based models predictions (see Section 4.1). Notably, the eeee
setup shows a relatively better agreement among the other vegetated setups,
suggesting a minimal influence of bare stems on dune celerity.

1074+ ‘11230 = The bed-load measurements clearly showed a sinuous trend of the instanta-
23 O Tang & Knight (2006)| | neous sediment transport rate corresponding to the succession of dunes

¢ Heydarietal. (2014) || entering the sediment-drain funnel (Figure S3 in Supporting Information S1).

— 1 3 To analyze the time-dependent variability of the bed-load measurements, the

, — o - - coefficient of variation C = o/u, where ¢ is the standard deviation and y is the

10° ©n (m/s) mean of the measured bed-load time series, was calculated for each experi-

mental setup. The mean of the measurements from different days was

Figure 6. Dunes celerity estimates: comparison between measured and considered for each setup, with the standard error across days for each setup
predicted values using Tang and Knight (2006) and Heydari et al. (2014). ranging between 0.003 and 0.010. In Figure S7 in Supporting Information S1,
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Figure 7. Comparison between the predicted skin friction z” values and the
peaks of the fluid shear stress inferred from the velocity measurements.

' (Pa)

C is plotted against the flow discharge Q. Generally, C showed an increasing
trend as the flow discharge Q increases for the majority of the setups. The data
could be fitted with an exponential expression, yielding a coefficient of
determination R? = 0.88, excluding the 12e4 and eeee setups. However, the
differences in C values among the setups are not substantial, with C ranging
from 0.513 to 0.605 (Table 3).

The skin friction values predicted using the proposed by Engelund (1966)
formulation were compared with the near-bed peak values of fluid stress,
calculated by summing Reynolds stresses and dispersive stress (Equation 2)
to account for the local nonuniformity of flow over dunes (Maddux
et al., 2003). As shown in Figure 7, the near-bed fluid stress peaks closely
matched the skin friction values, exhibiting an average deviation of less than
30%, which validates the predicted skin friction values. Further validation of
the derived u; values can be found in the Text S5 in Supporting
Information S1.

| ! ! The dune celerity values inferred from the side-view videos were employed to
25 3 35 4 4.5 calculate Q; ;,,. using Equation 1. The results of the comparison between
Oy.dune and the measured transport rates Q, ,, are reported in Table 3 and
Figure S8 in Supporting Information S1, along with the percentage error
e(Q,) between the measured and computed values derived from the sediment
mass conservation principle (Simons et al., 1965). The correlation between
Oy aune and Q; ,,, supports the validity of the celerity values inferred from the videos. The mean percentage error is
approximately 20%, implying that the approach seems to be valid for approximating bed-load rates based solely
on dune geometry, even in the presence of three-dimensional dunes. The average dune height estimated through
longitudinal scans resulted a reliable indicator of dune geometry, even when dealing with three-dimensional
dunes (details in Section 4.2).

4. Discussion

The following discussion addresses the effects of leafy vegetation on sediment transport and dune characteristics.
To achieve this, the measured values were compared to the outcomes of available formulations, which were
originally developed without considering vegetation and are thus taken to represent non-vegetated conditions. By
comparing the predicted and measured quantities including sediment transport and dune characteristics, the in-
fluence of vegetation on these variables can be inferred.

4.1. Impact of Leafy Vegetation on Sediment Transport

The comparison between the predicted and measured sediment transport rates is summarized in Table S7 in
Supporting Information S1 and Figure 8a. The Einstein-Brown (Brown, 1950; Einstein, 1950) and van
Rijn (1984a) models provided predictions within += 30% deviation from the actual sediment transport rates for
setups with low vegetation frontal area configurations (i.e., 1eee and lower frontal area). However, for the bare
stem setup (eeee setup), the deviation between the predicted Q; , and measured Q; ,, bed load exceeded 30%. This
could be due to the intensified suspended load observed during this experimental runs, characterized by higher
Froude number, and thus, the potential limitations in capturing sediments by the recirculating system drain might
have contributed to this deviation. Generally, for all the considered models, the deviation from the agreement line
increased as the vegetation frontal area increased, reaching up to +80% for setup with the highest leaf mass (1234
setup). This suggests that the presence of leafy vegetation introduces additional complexities in sediment
transport processes not accounted for by the considered bed-shear-stress-based models. Particularly, we observed
that the presence of leaves near the bed promotes sediment resuspension (see Movie S1). This observation
suggests that leaf movement contributes to sediment resuspension and may potentially enhance suspended
sediment transport.

Moreover, the measured sediment transport rates were compared to predictions made using the Duan and Al-
Asadi (2022) and Armanini and Cavedon (2019) bed-load models for vegetated channels. Particularly, Duan and
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Figure 8. Sediment transport rates: (a) comparison between measured and predicted values using van Rijn (1984a) and
Einstein-Brown (Brown, 1950; Einstein, 1950) models; (b) comparison between measured and predicted values using
Armanini and Cavedon (2019) and Duan and Al-Asadi (2022) models. The black lines are the agreement line and those
corresponding to a + 30% deviation.

Al-Asadi (2022) method accounts for the areal density of the plants, while the Armanini and Cavedon (2019)
formulation considered both the mean diameter (equivalent diameter in this case) and the areal vegetation density
(Text S6 in Supporting Information S1). The comparison is shown in Figure 8b and Table Table S7 in Supporting
Information S1. The Armanini and Cavedon (2019) method predicted sediment transport rates for the three
leafiest setups with deviations ranging from 30% to 37%. Whereas, for the setups with lower frontal areas, the
deviation increases as the plants frontal area reduces, with predicted bed-load rates being up to eight times higher.
A similar trend was observed for the Duan and Al-Asadi (2022) predictions, although they generally under-
estimated sediment transport by a factor of 1.5-2, resulting in deviations of up to 70% for the leafiest setups. When
applying the Armanini and Cavedon (2019) model considering a diameter value of 3 mm, which corresponds to
the near-bed diameter for the 12ee setup and setups with lower frontal areas (i.e., characterized by bare stem near
the bed), the predictions became unreliable, yielding non-physical values up to 1,000 g/s. Both models failed to
predict sediment transport for setups characterized by lower frontal areas (leafless setups). This may be attributed
to the fact that both models were originally developed under hydraulic conditions with Froude numbers less than
0.34 and in the absence of dunes.

These results suggest that the equivalent diameter of the vegetation, which correlates with the characteristic
dimension of leaf-generated turbulence (Nepf, 2012), plays a significant role in enhancing sediment motion,
being related to the sediment transport. Similar conclusions have been drawn in other studies (Tinoco &
Coco, 2016; Yang & Nepf, 2018). The better agreement between the measured and predicted values with the
Armanini and Cavedon (2019) model can be attributed to its consideration of the plant diameter in bed-load
predictions. Furthermore, the enhancement in sediment transport seems to be more closely related to depth-
averaged values rather than the near-bed roughness density of the vegetation.

According to Nepf (2012), in just-submerged conditions (H ~ h,,) the roughness density can be estimated as a,H.
For values in the range 0.1 < a_H < 0.23, conditions defined as “dense,” the flow is characterized by canopy-scale
turbulence over the entire water depth. For the present cases, a,H ranged from 0.2 to 0.02 (Table 4), and only
leee, beeee and eeee sctups can be classified as sparse vegetation. Consequently, in all the other setups, a strong
influence on the sediment processes can be expected from vegetation-related turbulence.

Indeed, the collected data show that the bed-load models based on bed shear stress seem to give acceptable results
(i.e., within = + 30%) for 1eee, eeee and beeee setups, suggesting that it is possible to define a more precise
validity threshold of these shear-stress-based models even in presence of vegetation. In particular, the roughness
density a H can be selected as threshold parameter and specifically a,H <0.08, that corresponds to the plant
configuration with the upper branch only (1eee setup). This suggests that the bed-shear-stress-based bed-load

ARTINI ET AL.

14 of 20

85LB017 SUOWWOD dAIERID 3|qeoljdde au Aq psuAob ale SaILE YO 8SN JO S3 NI o ARIqITaUIIUO 8|1 UO (SUOTHPUOD-PUE-SWIBI W00 A 1M ARec1 Ul JUO//Schi) SUOBIPUOD pue SULB | 84} 89S *[¥202/0T/E0] U0 ARIqITaUIUO AB|IM BWeISIS 9Zuslid Id BISIBAIUN AJ 8859E04MEZ0Z/620T OT/I0PAW00" A3 1M Areaqjpul juo'sqndnfie//sdny WwoJy pepeoiumoa ‘0T ‘v20Z ‘€L6.7v6T



A7
M\
ADVANCING EARTH

AND SPACE SCIENCES

Water Resources Research 10.1029/2023WR036588

AH

Table 4
Frontal Area and Roughness Density

Setup Ay (cm2) (a), (m_]) aH(=) App (cmz) (@) b (m_') a,,H(=) A/H(=) NDS * S.E(-)

1234 72.0 0.933 0.207 4.98 0.250 0.055 2.84 1.32 £ 0.06
123e 67.0 0.863 0.194 1.99 0.099 0.022 3.55 1.12 £ 0.04
124 57.0 0.731 0.165 4.09 0.205 0.045 3.04 1.29 = 0.07
12e0 42.0 0.547 0.120 2.07 0.104 0.023 4.30 1.10 £ 0.02
leee 27.0 0.341 0.076 2.13 0.106 0.024 4.77 1.09 = 0.03
beeee 12.57 0.156 0.034 2.18 0.109 0.024 5.62 1.33 £ 0.07
ecce 7.20 0.075 0.017 2.00 0.100 0.023 4.22 1.26 £ 0.02

Note. Ay is the plants frontal area. a, is the depth-averaged frontal area per unit volume. a,,, = mAy,,/H is the near-bed
frontal area per unit volume related to the first 5 cm from the mean bed level. 1/H is the ratio between the average dune
wavelength and the flow depth (Yalin, 1964). NDS is the non dimensional span (Venditti et al., 2005). The standard error S.
E.=SD/ \/ﬁ with n numbers of dunes observed in the considered DEM.

model remains valid in the presence of vegetation as long as the roughness density a H is lower than 0.08.
Moreover, the results emphasize that leafy vegetation has a notable impact on the flow field, leading to enhanced
sediment transport for a,H > 0.08. It is important to note that previous studies, commonly using rigid cylinders as
a simplified representation of vegetation, reported a reduction in sediment transport with vegetation (Yager &
Schmeeckle, 2013). However, the findings presented herein are specifically related to vegetation densities and
characteristics used in the experimental activities.

4.2. Impact of Leafy Vegetation on Dune Geometry

To investigate the effect of the presence of leafy vegetation on dune geometry, the Yalin (1964) empirical
relationship was tested using the experimental data collected during this study. Yalin (1964) claimed that dune
wavelength scales with flow depth: A/H =~ 6 — 7. The resulting ratios 1/H are reported in Table 4 for all the
considered setups. It can be noted that A/H decreases as the average plant frontal area, and thus areal density,
increases, implying vegetation reduces dune length. Similarly, Penna et al. (2022) observed a reduction in bed
undulation length with denser stem density. Particularly, the lowest 1/H values are related to the setups char-
acterized by the lowest (near-bed) leaves.

To further investigate the relationship between the presence of near-bed

leaves and the dune wavelength, the experimental data were plotted on a
® o | A/H =T -a,,,/a, plane, where a,,, is the near-bed frontal area per unit
volume, related to the first 5 cm from the bed and a, is the depth-averaged
frontal area per unit volume (Figure 9). The data were then curve-fitted,
resulting in a parabolic equation, which reads:

A T-a,, . T-ag,
E=P1( 'n) +p p - +P (€]

z

where T is the transport parameter (van Rijn, 1984a).

The fitted equation exhibits a high coefficient of determination (R2 = 0.76),
and the resulting parameters along with their 95% confidence intervals are as

Eq. 4: -0.22*x? + 1.68x+2.90)

21 R2=0.76079 | follows:
15 ‘ L ) | I [ ! ! e p; =—0.2243 (-0.4346, —0.01401)
0 2 3 4 5 6 7 e p, = 1.667 (0.2622,3.091)
T8, /2, opy =2897  (1.781,4.012)
Figure 9. Equation 4, derived from curve fitting the experimental data, A further analysis was conducted to explore the influence of vegetation on the

defines the relationship between A/H and T - a, ,;,/ a,.

three-dimensionality of dune geometry. This investigation involved the
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Figure 10. Dune geometry classification: (a) Southard and Boguchwal (1990) bedforms stability diagram, for H, ranged

between 0.25 and 0.40 m; (b) example of non-dimensional span estimation for 12e4 and 1eee setups on the basis of the built

digital elevation model (Venditti et al., 2005). Figures S21-S26 in Supporting Information S1 show the DEMs of the other
setups.

examination of available bedform stability diagrams to predict the 3D configuration of bedforms. A particular
focus was set on the phase diagram by Southard and Boguchwal (1990) that delineates the hydraulic conditions
under which three-dimensional (3D) dunes can form instead of two-dimensional (2D) dunes. The diagram ac-
counts for temperature-standardized parameters such as depth d, flow velocity U, and sediment size D, (Text
S4 in Supporting Information S1). The results of this analysis are synthesized in Figure 10. Interestingly, the
diagram predicts a three-dimensional geometry for setups with the lowest vegetation density, specifically the
beeee and eeee sctups. In contrast, configurations characterized by the highest vegetation frontal area are
classified as lower plane conditions. Notably, the corresponding section of the graph is labeled as “gradual,”
implying that the possibility of two-dimensional dunes cannot be entirely ruled out for these leafiest setups.

The assessment of bedform geometry classification, based on the Southard and Boguchwal (1990) diagram, was
further compared with the classification proposed by Venditti et al. (2005), which refers to the non-dimensional
span (NDS) or sinuosity of the dunes. NDS represents the ratio of the actual length of the crestline (depicted in
blue in Figure 10b) to the straight-line distance between the endpoints of the crestline being analyzed (shown in
black in Figure 10b). Values surpassing 1.2 indicate dunes with highly sinuous crestlines, a characteristic of three-
dimensional bedforms (Venditti et al., 2005). To calculate NDS, the DEMs representing the final bed topography
resulting from each experimental run were employed. Based on the NDS classification, only setups 123e, 1200,
and 1eee were classified as two-dimensional, as detailed in Table 4. Particularly, setups initially predicted as 2D
dunes according to the Southard and Boguchwal (1990) phase diagram, but characterized by the presence of the
lowest branch, unexpectedly revealed a three-dimensional structure. This highlighted the considerable impact of
the lowest branch on dune geometries, as the mobile dunes actively enveloped and covered the leaves of the
lowest branch during their movement. In contrast, setups lacking the fourth branch exhibited agreement between
the two classifications.
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5. Conclusions

In conclusion, this work aimed to deepen the understanding of the intricate relationships between flow, sediment
processes and vegetation, particularly focusing on the influence of vegetation on flow dynamics, sediment
transport, and bedform development in fluvial environments. The findings of this study indicate that the presence
of vegetation significantly affects dune geometry and therefore flow resistance. Notably, it is evident that the
average dune wavelength tends to reduce as the plants frontal area increases. Furthermore, the bedform stability
diagram by Southard and Boguchwal (1990) was found inaccurate in predicting the geometry of the observed
bedforms when the lowest (near-bed) leaves are present and thus in direct contact with the bed sediments.

Indeed, the comparison between the measured bed-load transport rate and the outcomes of bed-shear-stress-based
models, originally developed for bare bed conditions, showed that predictions within a ~ 30% percentage error are
achievable for setups with lower vegetation roughness density, particularly with a.H < 0.08. However, significant
deviations occur for setups with vegetation characterized by higher frontal area, indicating the limitations of
classical models in accurately predicting bed-load transport rate in such conditions. Particularly, the presence of
the leafy vegetation seems to enhance sediments resuspension and facilitate bed-load transport. Moreover, the
bed-load measurements were compared with predictions from models for flows with rigid cylinders. The model
by Armanini and Cavedon (2019), which incorporates total shear velocity, grain size and vegetation parameters,
such as mean diameter and areal density, aligns with the previous findings, albeit with around a 30% percentage
error. Specifically, it confirms increased bed-load transport rates in vegetated channels compared to predictions
from bed-shear-stress-based models for bare bed. On the contrary, the model by Duan and Al-Asadi (2022), which
considers grain resistance and vegetation areal density, did not accurately predict bed-load transport rates for
either the leafiest and leafless setups. The results highlight that the bed-load transport rate seems to be enhanced in
the presence of leafiest plants, potentially due to the increased vegetation-generated turbulence, which scales with
the characteristic diameter of the vegetation, a parameter considered in Armanini and Cavedon (2019). While
Armanini and Cavedon (2019) formulation better predicted bed-load rates for the leafiest setups, substantial
deviations were observed for setups with lower frontal areas. These findings suggest that when bedform drag is
predominant over vegetation drag (e.g., in the case of leafless setups with azH < 0.08), the sediment transport is
related to dunes dynamics. On the other hand, when the vegetation drag is higher (e.g., the same order of the
bedforms drag), vegetation controls the sediment transport process.

It is noteworthy that the majority of previous studies on sediment transport in vegetated channels have relied on
simplified vegetation models featuring rigid cylinders, thus overlooking the crucial interactions related to the
presence of leaves and plant flexibility, that is, real-like vegetation. This study highlights the limitations of re-
searches that relies on the simplification of rigid cylinders when modeling riparian vegetation. In this study,
specifically, only the lowest branches were removed. It is worth considering further research to explore the
consequences of removing leaves from the top while preserving those nearer to the bed. Additionally, conducting
further studies under mobile-bed conditions and encompassing a wider range of leafy flexible vegetation den-
sities, would be necessary to either validate or expand on the findings of this study. Such studies would be
fundamental for enhancing the accuracy of models aimed at predicting the morphological evolution of natural
river systems.

Data Availability Statement

Data concerning the characteristics of the plants are available through Jalonen et al. (2013) and Schone-
boom (2011). The data set pertaining to the hydraulic conditions and measurements associated with flume ex-
periments presented in this paper are openly available at the Zenodo repository (Artini, 2024). In the same
repository, side-view videos recorded during the experiments are also included. The authors confirm that the data
supporting the results and conclusions of this study are available within the article, its Supporting Information,
and the repository.
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