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Abstract

Natural riparian vegetation generally presents a complex hydrodynamic behavior governed
by plant morphology and flexibility. By contrast, hydrodynamic processes in partly vegetated channels
are conventionally simulated by using simplified model vegetation, such as arrays of rigid cylinders. The
aim of this study is to investigate the impacts of embedding natural plant features in the experimental
simulation of flow in partly vegetated channels. Unique comparative experiments were carried out with
both reconfiguring vegetation made of natural-like shrubs and grasses, and with rigid cylinders. While the
lateral distributions of flow properties presented a high similarity governed by the shear layer differential
velocity ratio, the bulk vegetative drag, and the presence of large-scale vortices, the flexibility-induced
mechanisms of natural-like vegetation markedly affected the flow at the interface. Differences in plant
morphology and spacing, and the dynamic motion of flexible foliated plants induced deeper vortex
penetration into the vegetation. The normalized shear penetration was 6–10 times greater than observed
for rigid cylinders, resulting in wider zones significantly exchanging momentum with the adjacent
open water. The efficiency of lateral momentum transport for flexible foliated vegetation was up to 40%
greater than the corresponding rigid cylinder case. Overall, the results indicated that improving the
representativeness of model vegetation is a critical step toward the accurate simulation of hydrodynamic
and transport processes in natural settings.

1. Introduction
In a variety of environmental settings, including vegetated channel banks and rivers, and their associated
floodplains and riparian areas, vegetation occurs along river margins, partially obstructing the cross-section. In these systems, referred to as partly vegetated channels, the long regions of finite width of emergent
vegetation laterally interact with the flow, deeply altering the mean and turbulent flow structure with implications on the conveyance capacity of the channel, the water levels, and the mass and momentum exchange
processes (Aberle & Järvelä, 2013; Naot et al., 1996; Nepf, 2012; Rowiński et al., 2018).
Vegetation found along river margins and riparian areas is often composed of woody deciduous trees and
shrubs (Schnitzler et al., 2007), with branches and leaves heterogeneously distributed over the height. Owing to its non-rigid hydrodynamic behavior and the high flexibility associated with plant subparts (Faisal
et al., 2010; Gibson, 2012), natural vegetation exhibits bending and streamlining in response to the flow
forcing. These processes, referred to as reconfiguration (Harder et al., 2004; Vogel, 1989), are associated
with a reduction in drag (Boothroyd et al., 2017), particularly marked for foliated vegetation (Västilä &
Järvelä, 2014; Whittaker et al., 2015; Wilson et al., 2008). Furthermore, the flow field modifications induced by the presence of vegetation are reflected in the dynamic response of vegetation itself (Ackerman
& Okubo, 1993; Okamoto & Nezu, 2009). These two processes have been found to deeply influence the
flow-vegetation interaction, affecting the exchange processes occurring at the interface between vegetation
and the adjacent open water (Abdolahpour et al., 2018; Caroppi, Västilä, Järvelä, et al., 2019; Ghisalberti &
Nepf, 2006) and are expected to markedly impact the flow structure in partly vegetated channels in presence
of non-submerged foliated vegetation.
In partly vegetated channels, owing to the significantly different hydraulic resistance in the two regions
of the channel, the flow in the lateral vegetated area is slower than that in the main channel. As a result,
in analogy to canonical free shear layers, strong velocity gradients develop between the two areas of the
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channel, making the flow susceptible to Kelvin-Helmholtz type instability (Brown & Roshko, 1974; Lesieur, 1995). Thus, the resulting horizontal vegetated shear layer can be effectively described using characteristic velocities defined for plane mixing layers, such as the low speed stream velocity (in the vegetated
area) U1, the high speed stream velocity (in the main channel) U2, the convection velocity Uc = (U1+U2)/2,
the differential velocity ΔU = U2−U1, and the normalized velocity difference or differential velocity ratio
 = ΔU /2Uc (Ho & Huerre, 1984; Pope, 2000). Analogously, the mixing layer width  , defined as the crossflow distance between positions where velocities attain the ambient flow values within 10% of accuracy,
2
 
and the momentum thickness  =   1 / 4    U  y   UC / ΔU   dy, can be used as representative









characteristic lengths.

The presence of vegetation plays a key role in the shear layer dynamics by governing the overall drag faced
by the flow in the lateral vegetated area and, consequently, by setting the total velocity difference. Indeed, in
partly vegetated channels, the onset of large-scale (LS) turbulent coherent structures has been linked to the
differential velocity ratio  (Caroppi, Gualteri et al., 2020; Dupuis et al., 2017; Proust et al., 2017). LS vortices
govern the exchange processes between the vegetated area and the main channel (Ghisalberti & Nepf, 2002;
White & Nepf, 2007), playing a key role in riverine ecosystems by regulating the transport of sediments, nutrients and pollutant (Box et al., 2019; Jirka, 2001; Montakhab et al., 2012), with a variety of biological and
ecological implications (e.g. Garcia et al., 2012; Pavlov et al., 2008; Walling et al., 2003).
Despite the non-rigid and dynamic flow-influencing hydrodynamic behavior of natural vegetation, hydrodynamic processes in partly vegetated channels have been conventionally investigated by simulating
vegetation with morphologically simple elements, such as rigid cylinders (e.g. Dupuis et al., 2017; White
& Nepf, 2008). Existing models of transverse exchange of momentum in lateral shear layers in partly vegetated channels (e.g. Truong & Uijttewaal, 2018; White & Nepf, 2008), velocity prediction models (e.g. Liu
& Shan, 2019; Liu et al., 2020; Yan et al., 2020) and numerical simulations (e.g. Xiao et al., 2020; Xiaohui &
Li, 2002; Xu et al., 2019) have been conceptualized, designed, calibrated and tested with reference to cylinders or rod-like rigid vegetation. The representativeness of rigid cylinders for simulating the presence of natural vegetation of complex morphology has not yet been explored (Caroppi, Västilä, Gualtieri, et al., 2019).
Recent studies have shown that using rigid, cylindrical elements for simulating natural vegetation can bias
the study outcomes, by either hiding or amplifying some of the relevant physical processes found in natural conditions (Tinoco et al., 2020). For example, for vertical shear layers induced by submerged vegetation, significant differences in turbulent flow structure and momentum exchange have been observed
for natural-like vegetation (dynamically scaled vegetation prototypes of aquatic seagrasses, blade-shaped
tensile vegetation) relative to rigid cylinders, both for current- (Ghisalberti & Nepf, 2006; Termini, 2015) and
wave-dominated flows (Abdolahpour et al., 2018).
Flow-vegetation physical interactions and ecologically relevant mass-transfer processes depend on how
characteristic physical scales match biological scales of vegetation (Nikora et al., 2012). The physical scales
of hydrodynamic processes occurring in partly vegetated channels match the scales of plants and plant
patch dimensions. Natural riparian vegetation typically presents a variable cross-sectional area over the
water depth and, due to the presence of leaves, stems and branches, is characterized by multiple characteristic lengths (Albayrak et al., 2014; Västilä & Järvelä, 2018). In addition, the spacing between woody
foliated plants, measured as the distance between plant stems at the bed, is larger than generally assumed
for cylinder arrays, with this parameter being not representative of the spatial distribution of plant material. Such distribution is temporally and spatially variable and is a function of the flow velocity (Tinoco
et al., 2020). Thus, riparian woody foliated vegetation cannot be reduced into arrays of simple cylindrical
shaped elements and cannot be described uniquely by characteristic lengths such as the cylinder diameter
or the cylinder spacing (Aberle & Järvelä, 2015). In addition, the hydrodynamic behavior of vegetation, governed by plant flexibility (Boothroyd et al., 2017; Ghisalberti & Nepf, 2006; Siniscalchi et al., 2012), cannot
be reproduced by rigid cylinders.
The aim of this study is to investigate the hydrodynamic differences associated with two alternative vegetation representations in partly vegetated channels, highlighting benefits and disadvantages of using rigid cylinders and natural-like vegetation. Experiments carried out with complex morphology reconfiguring plants
CAROPPI ET AL.
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Figure 1. View of the experimental flumes with specification of vegetation elements and arrangement, channel width, vegetated area width, and flume
coordinate system, for F (a) and R (b) experimental facility. All dimensions are in millimeters.

at the Environmental Hydraulics Lab of Aalto University and with rigid cylinders at the Laboratory of
Hydraulics of University of Naples Federico II were used for establishing a novel comparative analysis, with
a specific focus on hydrodynamic parameters governing key exchange processes at the vegetative interface.

2. Materials and Methods
Two sets of experiments were established for comparing the horizontal shear layers induced by natural-like
vegetation and rigid cylinders in a partly vegetated channel. The first set, indicated as F experiments, was
carried out at the Environmental Hydraulics Lab of Aalto University, in a flume partly covered by reconfiguring plants standing on a grassy understory (Section 2.1, Figure 1a). The second set, indicated as R
experiments, was performed at the Laboratory of Hydraulics of University of Naples Federico II, where the
presence of vegetation was simulated by using rigid cylinders (Section 2.2, Figure 1b).
For both the experimental setups, the x, y, and z axes of the coordinate system referred to the longitudinal,
lateral, and vertical (normal to the flume bottom) directions, respectively. The coordinate system origin was
defined as x = 0 at the inlet cross-section, positive downstream; y = 0 at the interface of the vegetated region
(the edge of the grassy bed for F tests and the outer cylinders row for the R tests) and positive toward the
main channel; and z = 0 at the top of the flume bed and positive upwards (Figure 1). In this right-handed
Cartesian coordinate system, velocity components were denoted as u, v and w, in the x, y, and z directions,
respectively.
For the two sets of tests, the flow velocity was investigated along transversal middepth transects using acoustic Doppler velocimetry (ADV). The agreement between the middepth measurements and the
depth-averaged velocity was verified by measuring several vertical velocity profiles. For the F tests, an average deviation of 15% was observed for the verticals within the vegetation, with higher values observed at
the outer part of the vegetated region. For rigid cylinders, for which the frontal projected area of vegetation
was uniform over the height, nearly uniform velocity distributions were observed, in agreement with the
observations of White and Nepf (2008) and Kubrak et al. (2008). The investigated transects were located
in the fully developed region of the flow identified by acquiring velocity measurements along the flume at
different longitudinal locations.
The raw ADV data were pre-filtered discarding values with signal-to-noise ratio and correlation lower
than 15 dB and 70%, respectively, and despiked with the Velocity Signal Analyzer software (v1.5.64) (Jesson et al., 2015). Full research data associated to this study are available in a public repository (Caroppi
et al., 2020a), and are described and completed by a data article (Caroppi et al., 2020b). The data used for
the novel comparative analysis described in this study are part of two larger data sets collected in the framework of a broader research project on flow-vegetation interaction in partly vegetated channels (Caroppi,
Gualteri et al., 2020; Caroppi, Västilä, Gualtieri, et al., 2019). Even constituting two independent data sets,
CAROPPI ET AL.
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Figure 2. Top view of experimental flume for F (a) and R (b) tests, with indication of vegetation element spacing. All dimensions are in millimeters unless
otherwise indicated.

the experiments with rigid cylinders were accurately designed to match, according to the criteria described
in Section 2.3, the experiments with natural-like vegetation.
2.1. Experiments With Natural-Like Vegetation: F Cases
Experiments were carried out in a 20 m long, 0.6 m wide, and 0.8 m deep tilting glass-walled recirculating
flume at the Environmental Hydraulics Lab of Aalto University (Figure 2a). The flume bottom from 4 to
14 m from the inlet was covered with a 600 mm wide PVC base plate, onto which the vegetation elements
and the grass lining were installed. The slope of the flume and the position of a downstream tailgate were
adjusted to achieve uniform flow conditions, with a 170 mm water depth for all the examined cases. Water
depths were measured at multiple longitudinal locations with pressure sensors (accuracy ±3 mm). Approximately 40% of the flume width was covered by an array of emergent artificial foliated plant stands. In order
to increase the similarity with natural riparian conditions, where shrubby and woody vegetation stand on
a grassy understory (Berends et al., 2020; Lecerf et al., 2016), a 20 mm tall and 230 mm wide artificial grass
lining was selected as bed roughness in the vegetated area. The presence of bed grasses allowed to reproduce
realistic near-bed flow whereas preliminary tests carried out in absence of bed grasses revealed that longitudinal velocity peaked in the near-bed region owing to the smooth bed and the reduced frontal projected
area of the plants in the first 2–3 cm. The vegetation model was made of four different plants and two low
leaf clusters to form a 0.5 m long repetitive pattern (Figure 2a). Each plant was composed of a vertical stem
(with 3.8 mm average diameter) and 3–4 lateral foliated branches, each with four leaves (Figure S1). Each
low leaf cluster was a single branch with four leaves connected to the bed (Figure S1). The plant stands were
arranged in a staggered pattern with a longitudinal Lx and lateral Ly spacing of 250 and 125 mm, respectively. The number of plant stands per m2 of vegetated bed area m was equal to 35. The bulk solid volume fraction  of the vegetation was equal to 0.12%. Following Västilä et al. (2013), the ratio between the one-sided
frontal leaf area and the stems frontal projected area, AL/AS, was used for describing such woody foliated
vegetation. The vegetation bulk AL/AS, evaluated using image analysis (Text S1), was equal to 32 ± 1, thus
close to the median value of the data compiled by Västilä and Järvelä (2014) for common deciduous riparian
species across a range of plant size from seedlings (AL/AS = 30–70), to saplings (AL/AS = 6–19) and mature
trees (AL/AS = 1–13). Drag force measurements on the isolated plants were used to assess the representativeness of the vegetation hydrodynamic behavior (Text S2 and Figure S2).
In order to take into account the effects of reconfiguration, the same vegetation was tested under three
different cross-section-averaged bulk velocities Um of 0.22, 0.49, and 0.82 m/s, resulting in three test cases
F1, F2, and F3, with progressively increasing plants reconfiguration (Table 1, Text S3 and Figure S3). For
the three investigated conditions, vegetation was emergent with negligible difference in submerged leaf
area. Three dimensional velocity components were measured at 200 Hz with a Nortek Vectrino + ADV with
a 4-beam side-looking probe (accuracy ±1%). A recording time of 120 s (24,000 samples) was found to be
CAROPPI ET AL.
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Table 1
Relevant Shear Layer Quantities for F and R Test Cases
Run

Um(m/s)

h(mm)

U1(m/s)

U2(m/s)

ΔU (m/s)

UC(m/s)

 (−)

CDa(m−1)

 (mm)

 (mm)

 / (−)

1—Slightly reconfigured vegetation (F1) versus dense array of rigid cylinders (R1)
F1

0.22(0.01)

170(3)

R1

0.45(0.02)

84(1)

0.04(0.01)

0.37(0.00)

0.32(0.01)

0.20(0.00)

0.79(0.03)

11.4(6.7)

201(9)

37(1)

5.4(0.4)

0.09(0.00)

0.84(0.01)

0.75(0.01)

0.47(0.00)

0.80(0.01)

10.5(1.7)

121(3)

21(0)

5.6(0.3)

2—Moderately reconfigured vegetation (F2) versus sparse array of rigid cylinders (R2)
F2

0.49(0.03)

170(3)

0.21(0.01)

0.78(0.00)

0.57(0.01)

0.50(0.01)

0.58(0.01)

1.5(0.2)

176(8)

36(1)

4.9(0.4)

R2

0.59(0.03)

135(1)

0.23(0.01)

0.98(0.01)

0.74(0.01)

0.60(0.01)

0.61(0.01)

1.7(0.3)

100(3)

21(0)

4.7(0.3)

3—Strongly reconfigured vegetation (F3) versus very sparse array of rigid cylinders (R3)
F3

0.82(0.04)

170(3)

0.53(0.01)

1.27(0.00)

0.74(0.01)

0.90(0.01)

0.41(0.01)

0.5(0.0)

144(4)

33(0)

4.4(0.3)

R3

0.65(0.03)

122(1)

0.38(0.01)

0.92(0.01)

0.54(0.01)

0.65(0.01)

0.41(0.01)

0.6(0.1)

90(5)

21(0)

4.2(0.4)

Note. Um is the cross-section-averaged velocity, h the water depth, U1 and U2 are the equilibrium velocity in the vegetated area and the main channel, respectively,
ΔU is the differential velocity, UC the convection velocity,  the differential velocity ratio, CDa the bulk vegetative drag-density parameter,  the shear layer
width,  the momentum thickness. Numbers in parentheses indicate the uncertainty resulting from uncertainty in the definition of U1 and U2, and from water
depth measurements (Text S5).

sufficiently large to achieve statistically time-independent averaged velocity and turbulence parameters.
The lateral distributions of flow velocity statistics were obtained by temporally and spatially averaging the
measurements acquired along two transversal middepth transects, as to take into account the flow spatial
variability due to the vegetation heterogeneity in the longitudinal direction. Point velocity measurements
were taken every 5–20 mm, with the densest spacing used in the high gradient region of the velocity profile,
resulting in overall 45 point measurements per transect (see Caroppi et al., 2020b for detailed information).
For all the F tests, plant motion was observed and video-recorded during the experiments. The videos,
showing the plants reconfiguration and dynamic coherent motion, are available in Mendeley Data (Caroppi
et al., 2020a). Experiments with grasses only, in the considered partly vegetated conditions, were also carried out (not described herein).
2.2. Experiments With Rigid Cylinders: R Cases
Experiments were carried out in an 8 m long, 0.4 m wide, and 0.4 m high acrylic-walled recirculating flume,
with 0.48% slope, at the Laboratory of Hydraulics of University of Naples Federico II (Figure 2b). Backwater profiles were experimentally determined along the channel midline using a gauging needle (accuracy
±1 mm). Occurrence of critical flow conditions at the channel outlet and the manifestation of a subcritical
gradually varied flow profile were observed for all runs. All the velocity measurements were performed in
the reach of the flume where uniform flow conditions were present, ∼4.5 m upstream of the channel outlet.
The measuring section was ∼3.5 m downstream of the channel inlet, where the effects of inlet-induced
disturbance were negligible and the flow was fully developed.
The vegetation was simulated by an array of aligned emergent wooden cylinders with diameter d = 4.5 mm
covering ∼40% of the flume width for the entire flume length (Figure 2b). The cylinders spacing was varied
to achieve different vegetation density described by the frontal projected area per unit volume a = md, with
m being the number of cylinders per unit bed area. Three representative test cases R1, R2, and R3 were selected from a larger data set (Caroppi, Gualteri et al., 2020), following the criteria described in Section 2.3.
Specifically, three different cylinder densities representative of dense, sparse and very sparse vegetation,
with a equal to 7.2, 3.6, and 0.9 m−1, respectively, were considered (Table 1). Lx was equal to 25, 25, and
100 mm, while Ly was equal to 25, 50, and 50 mm for R1, R2, and R3, respectively. The position of the main
channel-vegetation interface and the width of the vegetated region BV were kept constant in all runs. The
density reduction was achieved by progressively reducing the number of cylinders.
Three dimensional velocity components were measured at 100 Hz with a Nortek Vectrino II ADV with a
4-beam down-looking probe (accuracy ±1%). A recording time of 240 s (24,000 samples) was used. The fully
CAROPPI ET AL.

5 of 17

Water Resources Research

10.1029/2020WR028243

developed flow was investigated by acquiring one transversal middepth transect, located at Lx/2 between
two successive rows of cylinder within the measurement section. Point velocity measurements were taken
every 5–10 mm, with the densest spacing used in the high gradient region of the velocity profile, resulting
in overall 40 point measurements per transect (see Caroppi et al., 2020b for details). The flow longitudinal
spatial variability within the cylinder array is beyond the scope of this research.
2.3. Vegetated Shear Layer Similarity
The different morphology and hydrodynamic behavior associated to the two vegetation representations
make establishing a direct comparison between natural-like plants and rigid cylinders a challenging task.
Therefore, rather than establishing a geometric comparison, in the light of the large-scale effects that the
presence of vegetation induced on the flow, the similarity between the two configurations was established
in terms of resulting vegetated shear layer hydrodynamic features and overall vegetative drag. Specifically,
the similarity between the two sets of shear layers was achieved by matching two key parameters: the normalized velocity difference , and 〈CDa〉, the overall bulk vegetative drag per unit water volume.  provides
information on the overall strength of the shear layer by measuring the relative magnitude of the total shear
compared to the convection velocity (Ho & Huerre, 1984). 〈CDa〉 depends on both the velocity within the
vegetated region and the vegetation response to the flow forcing, accounting for vegetation morphology,
density, and reconfiguration. 〈CDa〉 was estimated assuming the equilibrium between the bulk vegetative
drag and the pressure gradient and neglecting the contribution of the interface turbulence stress in driving
the flow within the vegetation (Caroppi, Västilä, Järvelä, et al., 2019; White & Nepf, 2008) as:
(1)
0.5C D aU12 
gi,
where U1 is the equilibrium velocity within the vegetation, g is the gravitational acceleration, and i is the
channel slope. In order to enhance the similarity between the two sets of experiments, the percentage of the
cross-section occupied by vegetation BV/B was kept equal to ∼40% for both the experimental configurations,
while keeping comparable the water depth to channel width ratio h/B ≈ 30% among the test runs.
To allow the comparison between natural-like vegetation and rigid cylinders, the test cases with foliated
plants exhibiting increasing reconfiguration (from F1 to F3) were respectively paired with test runs with
progressively decreasing cylinders density (from R1 to R3) (Table 1). Specifically, the reconfiguration-induced vegetative drag reduction of natural-like vegetation was reproduced by reducing the cylinder density.
This resulted in defining three pairings of similar shear layers, 1, 2, and 3, each characterized by analogous  and 〈CDa〉: (1) slightly reconfigured foliated vegetation versus dense array of rigid cylinders; (2)
moderately reconfigured foliated vegetation versus sparse array of rigid cylinders; (3) strongly reconfigured
foliated vegetation versus very sparse array of rigid cylinders. The details of the selected test cases and the
shear layer characteristic parameters are reported in Table 1. The three pairings of test runs were characterized by decreasing velocity ratio , equal to 0.8, 0.6 and 0.4, respectively, and bulk vegetative drag-density
parameter, approximately equal to 10.9, 1.6 and 0.6 m−1, respectively. For all the runs the presence of LS
coherent structures with characteristic Strouhal number approximately equal to 0.032 was observed in the
shear dominated region of the flow (Figure S4 and Text S4). The shear layer characteristic Reynolds number
Re = ΔU /ν (with ν being the water kinematic viscosity) and the main channel characteristic Reynolds
number Reh = U2h/ν ranged between 11,500–24,000 and 60,000–200,000, respectively, indicating that the
shear layers were fully turbulent.
The differences existing in dimensional and geometrical features of the two experimental setups, such as
the flume width (B), the vegetation representation (plants vs. cylinders), the vegetated region width (BV),
and the differences in dimensional characteristic velocities and lengths among the resulting shear layers
(ΔU ,  ,  ), do not hinder the comparability between the two sets of shear layers. Indeed, the similarity of
such flows, enhanced by the presence of LS vortices (Raupach et al., 1996), has been demonstrated across a
wide range of systems and length scales (Ghisalberti, 2009).
For each pairing of shear layers, it should be taken into account that the process inducing the drag and velocity ratio reduction from 1to 3 was different among F and R cases. For the natural-like vegetation, owing
to the increasing cross-section-averaged velocity (from F1 to F3), the vegetation experienced a progressively
CAROPPI ET AL.
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increasing reconfiguration (Figure S3 and videos, Caroppi et al., 2020a), with 〈CDa〉 reduced by a factor
of ∼20. For rigid cylinders, the drag reduction was achieved by decreasing m from 1600 (R1) to 200 (R3)
cylinders/m2, thus presenting a reduction >85%. Foliated reconfiguring plants exhibited coherent motion
(videos, Caroppi et al., 2020a), in analogy with submerged flexible vegetation exhibiting “monami” (Ackerman & Okubo, 1993; Okamoto & Nezu, 2009). The dominant frequency of oscillation of the outermost
plants matched the frequency corresponding to the peak in the velocity spectra (Caroppi, Västilä, Järvelä,
et al., 2019). Due to the lateral motion of the plants, the lateral position of the interface, as evaluated in
Caroppi, Västilä, Järvelä, et al. (2019) and defined by the average position of the outermost plant elements,
varied among F1–F3.
In the following, the comparison between the test cases of Table 1 is conducted in terms of normalized
lateral distributions of velocity statistics. For R cases, the flow properties were laterally averaged within
the vegetated region using a moving average filter of window length Ly (Text S6 and Figures S5–S9). Flow
features were normalized by adopting ΔU and  as characteristic scaling velocity and length, respectively.
The lateral coordinate was normalized as (y-yi)/ , where yi is the position of the inflection point in the lateral distribution of velocity. Differently from plane mixing layers, where the geometrical center of the layer
and the position of the inflection point coincide, for vegetated shear layers this cannot be assumed a priori
(Dupuis et al., 2017; Ghisalberti & Nepf, 2006). Considering that the inflection point is the primary source
of flow instability (Fjørtoft, 1950), we assumed the inflection point position as a reference.

2.4. Turbulence Statistics and Drag Lateral Distribution
The description of the flow structure in the next section is based on temporally averaged velocity statistics.
The mean flow field was described by the longitudinal average velocity U and the Reynolds stress  xy, as described by the lateral-longitudinal fluctuating velocities covariance -covuv. Lateral distributions of Reynolds
stress were used for estimating the shear penetration wp within the vegetation. wp provided information on
the extent of the exchange zone, i.e. the region within the vegetation actively exchanging momentum with
the adjacent open water (Ghisalberti & Nepf, 2005; Murphy et al., 2007; Okamoto & Nezu, 2009). In analogy
with shear penetration in submerged canopies (Caroppi et al., 2018; Nezu & Sanjou, 2008), wp was evaluated
as the distance between the vegetated interface and the lateral position where the Reynolds stress decayed
to 10% of its maximum value.
The turbulent flow structure was described by the turbulent kinetic energy (TKE), providing information
2
2
2
2
2
2
on the total turbulence intensity, and defined as k = 0.5( u + v + w ), with  u ,  v and  w being the
variance of the u, v and w, respectively. The turbulent correlation coefficient, i.e. the Pearson correlation
coefficient between longitudinal and lateral turbulent fluctuations, ruv = covuv/( u v) was used for quantifying the efficiency of the turbulent lateral transport of streamwise momentum (Kaimal & Finnigan, 1994;
Roth & Oke, 1995).

In partly vegetated channels with streamwise uniform flow, the momentum exchange between the main
channel and the vegetated area can be analyzed referring to the time-averaged, spatially averaged, and
depth averaged two-dimensional shallow water equations (Truong & Uijttewaal, 2018; White & Nepf, 2007).
Indicating the depth averaging with the subscript d, the time and spatial horizontal averaging with an overbar and angled brackets, respectively, the simplified momentum exchange equation for a partly vegetated
channel can be written as:
dnh 1 dnTxy  d
(2)
0
g

 D,

dx
dy

where h is the water depth; n is the porosity of the vegetation canopy, n = 1− ; ρ is the water mass density,
and g the gravitational acceleration; Txy  d is the total shear stress averaged over the water depth, in space
and time, composed of viscous, Reynolds, dispersive and secondary circulation contributions; D is the drag
2
force exerted on the fluid in the streamwise direction. Within the vegetated region D = 〈0.5〉ud CD a, in which
CDa is the local value of the drag-density parameter, accounting for vegetation and bed drag, and u  d is
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the time-, space- and depth-averaged velocity. In the main channel D = 〈0.5〉ud c f /h, with cf being the bed
friction coefficient.
2

For shear layers characterized by high Reynolds numbers, the contribution of viscous stress can be neglected. Furthermore, for most conditions, the stress from secondary circulations is negligible (Prooijen
et al., 2005; White & Nepf, 2008) and, in the range of the analyzed densities, the dispersive stresses are
also relatively small compared to the Reynolds stress (Poggi, Katul et al., 2004; Pogii, Porporato et al., 2004;
Truong & Uijttewaal, 2018). In this way, as generally observed for flow in vegetated regions at high Reynolds number, the Reynolds stress is the main shear stress (Truong & Uijttewaal, 2018) and Txy d can be

approximated by −  uv d . Approximating the depth averaged quantities with the corresponding mid-

depth measured values (Ben Meftah & Mossa, 2016; Truong & Uijttewaal, 2018; White & Nepf, 2007), and
considering spatially averaged velocity and Reynolds stress within the vegetated area, Equation 2 can be
rewritten as:
d  cov uv 
(3)
0
ngi  n
 D,
dy
2
2
where D is equal to 0.5U CD a in the vegetated region, accounting for bed and plants drag, and 0.5U c f /h
in the main channel. In uniform flow conditions, the quantity −dh/dx in Equation 2, can be replaced by
i, the channel slope. For the F tests, the solid volume fraction of the canopy was equal to 0.12%. For rigid
cylinders,  was equal to 2.54%, 1.27%, and 0.32% for R1, R2, and R3, respectively. Considering the low solid
volume fraction, n = 1 was used in the calculation of D. In this study, Equation 3 was used to provide rough
estimates of the local drag lateral distributions. For the flow within the vegetated region, with laterally constant velocity, Equation 3 simplifies into Equation 1, used for deducing the 〈CDa〉 values of Table 1.

3. Results and Discussion
3.1. Mean Flow Structure and Shear Penetration
The normalized lateral distributions of mean velocity are shown in Figures 3a, 3b, and 3c. For each pairwise
comparison, the distributions collapsed on the same curve within the shear layer, with greater differences
within the vegetation with increasing plants reconfiguration. Indeed, even though the plant stands spatial
arrangement was unvaried between the F cases, the increasing plant streamlining resulted in a progressively increasing flow spatial variability at the scale of the plants lateral spacing. For R tests, instead, the flow
lateral spatial variability always matched the cylinder lateral distribution (Text S6 and Figures S5–S9). The
similarity between the shear layers of each pairing was confirmed by the ratio  / , a shear layer shape factor
relating two length scales of the same velocity profile.  / decreased with decreasing  and was equal to
∼5.5, ∼4.8, and ∼4.3 for 1, 2, and 3, respectively (Table 1). The position of the inflection point (i.e. (y−yi)/
 = 0) relative to the position of the vegetated interface (dashed and solid black lines in Figure 3) varied
depending on both the vegetation representation (between F and R cases at each ) and the differential
velocity ratio and overall bulk vegetation drag (from 1 to 3). For flexible vegetation, the inflection point
was located within the vegetated area (F1 and F2 cases, Figures 3a and 3b), whereas, for rigid cylinders, the
position of the inflection point and the interface were approximately coincident (R1 and R2 cases, Figures
3a and 3b). For 3 pairing (F3 and R3 test cases, Figure 3c) the inflection point was located on the main
channel side of the interface.
Significant differences in shear penetration within the vegetation were observed, although the lateral distribution of normalized velocity presented a common trend mainly governed by  and 〈CDa〉. In Table 2,
the shear penetration wp normalized by  are reported for each test case, as evaluated from the lateral
distribution of Reynolds stress of Figures 3d, 3e, and 3f. From 1 to 3, the shear penetration progressively
decreased. wp/ was ∼6–10 times higher within the natural-like vegetation compared to rigid cylinders. For
slightly and moderately reconfigured vegetation (F1 and F2), more of the shear layer developed within the
vegetation than for the corresponding rigid cylinder cases (R1 and R2), for which the shear mostly developed into the main channel.
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Figure 3. Lateral distributions of normalized longitudinal velocity for 1 (a), 2 (b), and 3 (c) pairing, and lateral distributions of normalized Reynolds stress
for 1 (d), 2 (e), and 3 (f) pairing. The dashed line indicates the position of the vegetated interface for natural-like vegetation, whereas the solid line indicates
the interface position for rigid cylinders. The point corresponding to the lateral position where the Reynolds stress decayed to 10% of its maximum value is
indicated by a filled marker.

For dense vegetation, i.e. characterized by a non-dimensional flow-blockage factor CD a Bv ≥ 0.1 (Belcher
1
et al., 2003), the shear penetration has been found to scale with C D a (Poggi, Porporato, et al., 2004;
Rominger & Nepf, 2011). Indeed, in previous studies with rigid cylinders, for shear layers induced by dense
cylinder arrays and characterized by  ≥ 0.8, the penetration of the shear was found to increase with decreasing density (White & Nepf, 2008). In the current experiments, vegetation reconfiguration altered the
obstruction flow-blockage factor, that varied from 2.6 of test case F1, consistent with dense canopies values,
down to 0.1 of test case F3, thus consistent with characteristic values of sparse canopies (Table 2). Approximately the same variation was reproduced with rigid cylinders. For each comparison, the drag reduction
Table 2
Shear Penetration and Bulk Drag in the Main Channel and the Vegetated Region for F and R Test Cases

1 = 0.8

Pairing
Run

F1

R1

F2

R2

F3

R3

CDa (m )

11.4(6.7)

10.5(1.7)

1.5(0.2)

1.7(0.3)

0.5(0.0)

0.5(0.1)

CDaBV (−)

2.6(1.5)

1.7(0.3)

0.3(0.1)

0.3(0.0)

0.1(0.0)

0.1(0.0)

wp/ (−)

3.5

0.6

3.1

0.3

1.1

0.1

cf/h/CDa (−)

1%

1%

6%

3%

15%

16%

Lx/  (−)

1.2

0.1

1.4

0.3

1.7

1.1

−1
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Figure 4. Lateral distributions of drag, as expressed by 2D/U2, for 1 (a), 2 (b), and 3 (c) pairing. The dashed line indicates the position of the vegetated
interface for natural-like vegetation, whereas the solid line indicates the interface position for rigid cylinders. The lateral position of the two rows of plants (F
experiments) are indicated by dotted lines.

was associated with a progressive reduction of differential velocity ratio, resulting in a different behavior in
terms of shear penetration and overall shear layer features.
Owing to the drag difference between the vegetated area and the main channel, the normalized lateral
distributions of Reynolds stress peaked at the interface, with the overall trend closely collapsing for F and
R cases (Figures 3d, 3e, and 3f). For both R and F tests, the normalized Reynolds stress at the peak attained
values higher than those observed for canonical plane mixing layers (Rogers & Moser, 1994), in agreement
with the results of Marjoribanks et al. (2017) and Sukhodolov and Sukhodolova (2012) on vegetated shear
layers induced by submerged vegetation. Differently from vertical shear layers induced by submerged vegetation, for which higher peaks have been observed for rigid vegetation relative to highly flexible bladeshaped vegetation (Ghisalberti & Nepf, 2006; Marjoribanks et al., 2017), the maximum normalized Reynolds stress attained comparable values among natural-like vegetation (0.023 ± 0.001) and rigid cylinders
(0.021 ± 0.003). Difference in peak position and Reynolds stress lateral distributions were observed between
F and R tests. For natural-like vegetation, the curve was slightly displaced toward vegetation, with the peak
in Reynolds stress located on the vegetated side of the interface mean position. For cylinders, the Reynolds
stress peaked directly on the main channel side of the interface. Going from 1 to 3, with decreasing velocity ratio, the position of the peak in Reynolds stress progressively moved toward the main channel. Greater
asymmetry of the distribution relative to the peak was observed for rigid cylinders, ascribable to the abrupt
change in drag at the rigid vegetation interface, in contrast with the gradually changing drag in the dynamically moving outer part of the foliated vegetation.
3.2. Lateral Distribution of Vegetative Drag
For each pairing, the bulk drag exerted by the natural-like reconfiguring vegetative obstruction and by
the rigid cylinders array, as described by 〈CDa〉, assumed comparable values (Table 1), decreasing from
∼10.9 m−1 of 1 down to ∼0.6 m−1 of 3. Nevertheless, differences in the local drag lateral distributions were
observed. In Figure 4, the distributions of drag, as described by 2D/U2 and deduced from Equation 3, are
reported. 2D/U2 is equal to the bed friction cf/h in the main channel and to CDa in the vegetated region, with
the latter accounting for the drag exerted by both vegetation and bed.
For natural-like vegetation, the lateral spatial variability in the drag-density parameter decreased with decreasing shear layer strength and bulk mean drag. From F1 to F3, the increasing plants streamlining progressively reduced the effects of plants morphological complexity on the flow. For slightly reconfigured
vegetation, consistently with the observed shear penetration, CDa started increasing within the vegetated region with the greatest values observed between the two rows of plant stands (F1, Figure 4a). With increasing
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reconfiguration, the local effect on drag induced by reconfigured plants increased, with peaks approximately located at plants lateral positions (F2 and F3, Figures 4b and 4c).
For rigid cylinders, the lateral distribution was unaffected by the overall shear layer velocity difference and,
for all the test cases, the drag abruptly peaked at the interface, achieving, on average, an approximately constant value within the array. Nevertheless, all the R cases presented a high variability at the scale of the cylinder lateral spacing, as testified by the lateral distributions reported in the Figure S7. For all the test cases,
the region of high CDa was located within the vegetation consistently with the observed shear penetration
(Table 2) and the Reynolds stress distributions of Figures 3d, 3e, and 3f. The drag exerted by the bed into the
main channel, as described by 〈cf/h〉, the average cf/h value in the constant velocity region within the main
channel, assumed a progressively increasing relative importance on the overall shear layer dynamics, with
the ratio 〈cf/h〉/〈CDa〉 increasing from 1 to 3 (Table 2).

For F tests, the vegetation model was composed of foliated plants standing on a grassy bed. The plants exhibited strong reconfiguration whereas the grasses presented negligible reconfiguration, remaining fairly
erect during the tests (Figure S3). Thus, when considering the decrease in 〈CDa〉 observed from F1 to F3,
it should be taken into account that the relative effect of grasses on the total drag progressively increased.
Therefore, the variation in 〈CDa〉 due to reconfiguration of the plants without grasses can be even higher
than observed in our experiments.
3.3. Turbulent Kinetic Energy and Efficiency of Momentum Exchange at the Interface
The lateral distributions of normalized total TKE shown in Figures 5a, 5b, and 5c allow exploring the effects
of vegetation representation on the turbulent flow structure. For all the investigated flows, the shear at the
interface between the vegetated region and the main channel was the main source of TKE and, thus, all the
profiles presented a peak approximately located at the interface.
For F1 and F2 cases, k peaked on the vegetated side of the interface and gradually decayed moving deeper
into the vegetated region, with a roughly symmetrical distribution. For rigid cylinders, instead, k peaked
at the interface and suddenly decayed within the vegetation, showing a gradual decay into the main channel. Consistently with the differences in shear penetration for natural-like vegetation and rigid cylinders
(Table 2), the shear-related turbulence penetrated deeper into the vegetated region for natural-like vegetation, with a decreasing trend with decreasing . With decreasing 〈CDa〉 and , from 1 to 3, the similitude
between the F and R case increased. The lateral distribution of TKE within the main channel, far from the
interfacial exchange zone, was unaffected by the vegetation representation.

The three fluctuating velocity components contributed differently to the total TKE depending on the vegetation representation. For natural-like vegetation, on average 50% of k was produced by u', with v' and
w' contributing 20% and 30%, respectively. For rigid cylinders, the TKE was equally produced by u and v',
with negligible contribution of w' (∼5%), which agreed with the equal contribution of u' and v' reported
by Tanino and Nepf (2007). Thus, relative to rigid cylinders, lower turbulence intensity of v' was observed
for natural-like vegetation. This difference can be ascribed to the different morphology and hydrodynamic
behavior of natural vegetation. When facing emergent vertical rigid cylinders, the flow is forced to deviate
mainly in the lateral direction. On the contrary, in the presence of flexible vegetation of complex morphology, presenting submerged subparts with different orientation, the flow can deviate in both the vertical and
lateral directions. Furthermore, owing to the vegetation streamlining and dynamic motion induced by the
mean and turbulent flow field, the flow can keep moving forward, bending the plant element, and partly
deviating in the transversal directions. As a consequence, for F tests, despite the lower absolute amount of
turbulence related to v', the turbulence associated with LS coherent structures (observed at the interface for
all the considered test cases, Text S4 and Figure S4) was more efficient in laterally transferring momentum,
as demonstrated by the lateral distributions of the turbulent correlation coefficient ruv (Figures 5d, 5e, and
5f). Even though high efficiency of lateral momentum exchange was observed at the interface for both F
and R tests owing to LS vortices, consistently higher values of ruv were observed for natural-like vegetation.
Specifically, at the interface, ruv was equal to ∼0.6 for natural-like vegetation, ∼0.4 for rigid cylinders. Characteristic values of ruv for canonical mixing layers are equal to ∼0.44 (Raupach et al., 1996), comparable to
those observed in this study for rigid vegetation.
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Figure 5. Lateral distributions of normalized TKE for 1 (a), 2 (b), and 3 (c) pairing, and lateral distributions of turbulent correlation coefficient for 1 (d), 2
(e), and 3 (f) pairing. The dashed line indicates the position of the vegetated interface for natural-like vegetation, whereas the solid line indicates the interface
position for rigid cylinders. TKE, turbulent kinetic energy.

For F1 and F2 cases (Figures 5d and 5e), ruv peaked within the vegetation and progressively decayed deeper
into the vegetated region. For rigid cylinders, instead, ruv peaked immediately at the main channel side of
the interface and quickly dropped to lower values within the array. As a result, the exchange of momentum
for natural-like vegetation took place over a larger portion of the vegetated region, in agreement with the
observed wp. High ruv indicates that a strong correlation exists between the two fluctuating velocity components. Specifically, values higher than 0.32 (the maximum boundary layer value) have been associated to
LS coherent structures (Kaimal & Finnigan, 1994; Raupach et al., 1996). The lateral distributions of ruv of
Figure 5 indicate that differently from rigid cylinders, for foliated dynamically reconfiguring vegetation, LS
coherent structures penetrated deeper into the vegetated region. This key observation provides the physical
explanation to the differences observed at the interface between rigid and flexible vegetation.
3.4. Effects of Vegetation Morphology and Hydrodynamic Behavior

For each comparison, the similarity of 〈CDa〉 and , and the presence of LS vortices resulted in pairwise
similar flow structures. For each pairing, the flow velocity and the derived quantities all shared analogous
normalized lateral distributions, presenting similar trend. The overall shape of the lateral distributions of
flow properties were observed to change with decreasing 〈CDa〉 and , with the inflection point of the velocity profile progressively shifting toward the main channel. Thus indicating that obstructed shear layers
all share global features mainly governed by the magnitude of 〈CDa〉 and , and the presence of LS vortices,
independently from the features of the obstruction inducing the velocity difference. This conclusion is consistent with the observations of Ghisalberti (2009), who demonstrated the similarity of shear layers induced
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by submerged dense obstructions, including packed granular beds, vegetation canopies, coral reefs, and
urban canopies. Our results, obtained on horizontal shear layers, confirm and extend the obstructed flow
similarity to a wider range of systems and flow-blockage factors.
The similarity among F and R shear layers allowed isolating the main differences linked to the specific
vegetation representation and associated with vegetation morphology, flexibility, and spatial arrangement.
The morphological differences between foliated plants and cylinders led to inevitable different spatial distribution of individual elements constituting the canopy, with differences in spacing between elements at the
interface (Figure 2). In, addition, differently from rigid cylinders, the flexible nature and the morphological
complexity of the foliated plants conferred a peculiar hydrodynamic behavior on the vegetation used in the
F tests, exhibiting reconfiguration and dynamic motion. These two processes, following the concept of static
and dynamic reconfiguration by Siniscalchi and Nikora (2013), can be viewed as the effects of the mean
and the turbulent flow field, respectively. In response to the mean flow forcing, the flexible plants adapted
their shape, with a progressive reduction of the average drag exerted on the flow (Figure S3). Moreover,
in response to the turbulent flow field, natural-like vegetation exhibited pronounced dynamic motion, in
analogy with submerged flexible vegetation exhibiting “monami” (Ackerman & Okubo, 1993; Okamoto &
Nezu, 2009). This, was particularly evident at the interface, where the plants exhibited periodic motion,
with marked lateral oscillations, in response to the periodic advection of LS coherent structures (Caroppi
et al., 2020a, 2020b). These aspects, as described in the following, governed the vegetated shear layer dynamics, as emerged from the comparison with rigid cylinders.
The same vegetation arrangement exhibited a substantial drag variation induced by static reconfiguration
(Figure S3), with 〈CDa〉 going from 11.4 m−1 of slightly reconfigured vegetation (F1) down to 0.5 m−1 of
strongly reconfigured vegetation (F3). To reproduce the effects of reconfiguration with rigid cylinders, the
density of the array, as expressed by the frontal area per canopy volume, was modified from 7.2 (R1) to
0.9 m−1 (R3), respectively. The comparable bulk vegetative drag induced analogous velocity difference, with
shear layers all characterized by the presence of LS coherent structures. Nevertheless, relevant differences
in shear penetration, ascribable to the differences in morphology, spacing, and flexibility between foliated
vegetation and cylinders were observed.
Assuming  as a characteristic length of the LS vortices and being L ≈ Lx the average spacing between consecutive elements at the interface, the ratio L/ can provide a measure of the canopy voids at the interface as
compared to the size of the LS vortices. This ratio, in analogy with the argument used by Monti et al. (2020),
can be used to partly explain the differences in vortex penetration. For the pairings with the strongest shear
(1 and 2), L/ was ≥ 1 for foliated plants while, for rigid cylinders, was << 1 (Table 2), i.e. the spacing
between cylinders set a limit for vortex penetration within the array. This observation can also justify the
limited differences in shear penetration observed in this study between shear layers induced by dense arrays
of aligned and staggered cylinders (Text S7, Tables S1 and S2, and Figure S10). Plants lateral periodic motion
further enhanced the LS vortices penetration within the foliated flexible vegetation. By contrast, for rigid
cylinders, as testified by the sudden drop in ruv at the interface (Figures 5d, 5e, and 5f), the structure of the
LS vortices was more effectively broken up by the non-waving rigid interface, diminishing its penetration
within the vegetated region, in agreement with the analysis of Ghisalberti and Nepf (2002) for submerged
vegetation. With decreasing 〈CDa〉 and , the weaker shear layers progressively shifted toward the main
channel leading to reduced penetration both for F and R tests (3). As a consequence, the resulting exchange
zone was notably wider for natural-like vegetation, with the lateral exchange of momentum taking place at
the interface and driven by LS vortices being more efficient in comparison with rigid cylinders, as demonstrated by the higher value of ruv. For F tests, the Reynolds stress penetrated into the vegetated region up to
∼65% of the shear layer width, presenting a decreasing trend with decreasing 〈CDa〉 and . For rigid cylinders, the shear penetration was limited at ∼10% of  , with analogous decreasing trend from 1 to 3 (Table 2).

Vegetation hydrodynamic behavior deeply affected the overall shear layer structure. Increasing vegetation
reconfiguration (from F1 to F3) progressively reduced the effects of vegetation morphological complexity on
the flow. With increasing plants streamlining, side twigs, leaves and stems were progressively less exposed
to the flow. As a result, the similarity with rigid cylinders progressively increased going from 1 to 3, with
both types of vegetation representation inducing progressively greater local effects on the flow. For F tests,
the flow spatial variability was limited and, owing to the variability of lateral distribution of plant material
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Figure 6. Synthesis of key implications of using natural-like vegetation in the simulation of vegetated flows. Schematization of flow in partly vegetated
channel with rigid cylinders (a) and natural-like vegetation (b), example of typical natural setting (c).

with reconfiguration, increased with increasing bulk velocity. For R tests, the flow within the vegetated region patterned the cylinder lateral distribution, and local regions of high shear stress, drag and turbulence
intensity (Figures S6–S8) developed within the array. These flow features, usually associated with staggered
and aligned cylinders arrangement (Tinoco et al., 2020 and reference therein), locally alter the mass and
energy transport processes within the vegetated region.

4. Concluding Remarks
The need to investigate hydrodynamic processes in natural systems (Figure 6c) has led to significant simplifications in representing vegetation in laboratory experiments and numerical simulations (Figure 6a). Even
though such simplified settings have provided a detailed hydromechanical characterization of obstructed
shear layers, their representativeness of natural conditions is still unexplored. In this study, a novel experimental setting closely representing conditions found along river margins was investigated (Figure 6). The
results gained on the shear layer flows induced by natural-like vegetation were used to establish a unique
comparative analysis with dynamically similar flows induced by rigid cylinders.
The use of rigid cylinders resulted in improper description of vegetated shear layers induced by foliated reconfiguring vegetation. The simplified vegetation representation allowed reproducing the main flow
features universally characterizing obstructed shear layer flows presenting LS vortices. Nevertheless, even
carefully matching bulk properties between F and R shear layers (Figures 6a and 6b), with all flows presenting LS coherent vortices, differences in vegetation morphology, spatial arrangement and flexibility induced
systematic differences. For foliated reconfiguring vegetation, the normalized shear penetration wp/ , associated with the penetration of LS vortices within the vegetation, was 6–10 times greater than observed for
rigid cylinders (Figures 6a and 6b). In addition, the efficiency of lateral momentum transport for natural
like vegetation, as described by ruv, was up to 40% greater than the corresponding rigid cylinder case. Thus,
in comparison to rigid cylinders, the exchange processes occurring in natural riparian systems are expected
to engage larger portions of the vegetated area and to be more efficient in transferring momentum across
the interface and within the vegetated region. By analogy, similar differences are expected to affect the processes involving the transport of sediments, nutrients and pollutants.
Our comparison demonstrated that bulk flow properties such as 〈CDa〉 and  are not enough to describe
adequately the shear layer dynamics in presence of foliated reconfiguring vegetation. The use of rigid cylinders for simulating natural-like vegetation was not suitable to catch distinctive hydrodynamic features of
vegetated shear layers. Incorporating natural plant properties in the experimental investigation resulted in
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an improved description of shear penetration and momentum exchange processes associated to large-scale
vortices. In conclusion, we argue that major improvements in the simulation of flow processes in natural
vegetated settings are possible only when truly acknowledging the morphological and biomechanical properties of vegetation. Thus, adopting natural-like vegetation representation in the simulation of vegetated
flows can play a fundamental role in advancing accurate description of hydrodynamic processes occurring
in natural settings.
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