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Abstract

Over the last two decades, the role of vegetation in the environmental and ecological resto-
ration of surface water bodies has received much attention. In this context, the momentum
exchange between the flow through the main channel and the riparian zone is a key mecha-
nism. The primary goal of this study is to investigate the role of bank vegetation density on
flow dynamics across the whole channel. This experimental study presents the major find-
ings from a series of flow measurements across a channel having a sloping bank with veg-
etation at varying densities. The experiments are conducted under the same, uniform flow
and fixed bed conditions, for a range of six linear and rectilinear arrangements of incremen-
tal streambank vegetation densities. A set of ten velocity profiles is obtained across the test
cross-section of the channel, including the riverbank, for each vegetation density. These flow
measurements are analyzed to derive roughness coefficients, which are related to the bulk
flow velocities through the main channel and the riverbank and discuss the redistribution of
flow velocities. An approximate doubling for the estimates of time-averaged boundary shear
stress at the main channel, is observed for the case of no to dense vegetation, which enable
further discussing implications for the stability of bed surface material. It is found that the
vegetation arrangement, in addition to vegetation density, can have a strong impact in modi-
fying the mean flow velocity at the main channel, for low riparian densities (¢ <0.6%).

Highlights e Flow dynamics are measured across the whole channel, including the
vegetated riverbank.

e As stem density increases, mean flow velocity in the main channel increases while
mean flow at the riverbank decreases.

e The arrangement of riparian vegetation can be as important as that of the density, in
modifying the mean flow field of the main channel, for low riparian densities.

e Bed shear stresses at the main channel are estimated to increase with riverbank vegeta-
tion, reducing the stability of the stream’s bed surface.
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Abbreviations

Longitudinal distance, m

Transverse distance, m

Vertical distance, m

Width of the main channel, m

Width of the vegetation section, m

Angle of sloping bank,degree

Density of water,kg/m?

Median size of the sand bed layer,m

Diameter of (rod shaped) individual vegetation element,m

Minimum spacing between individual vegetation elements, for configuration i,m
Total number of vegetation elements along the riverbank

Solid volume fraction

Riverbank vegetation density, m™
Flow depth, m

Flow discharge, m>/s

Bulk flow velocity, m/s

Time average of point streamwise velocity measurements, m/s
Fluctuating component of the instantaneous flow velocity u, m/s

Bed shear stress estimated with the logarithmic profile approximation, Pa
Shields parameter (normalized boundary shear stresses
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1 Introduction

Riparian and aquatic vegetation can affect natural streams and waterways in many ways. It
may alter flow conveyance, control riverbed and bank erosion and subsequently influence
ecological indicators such as water and habitat quality due to contaminant re-suspension
and transport. Re-vegetation of riverbanks is one of the common river restoration activi-
ties, which for the continental United States averaged about 1$ billion annually [1]. A sig-
nificant body of contemporary research studies in the wider research field of vegetation
hydrodynamics has investigated the effects of individual element or patches of vegeta-
tion on flow velocity at various locations across the stream, ranging from the floodplain,
riverbank and main channel [2-4]. Several studies have assessed the effect of vegetation
density such as for emergent aquatic vegetation [5, 6], and for submerged vegetation [7].
Specifically, Nepf [5] used an experimental setup with rectilinear arrays of rods, illustrat-
ing the link between turbulence intensity within vegetation and hydrodynamic drag; Wil-
son et al. [7] conducted a laboratory study to compare the effects of aquatic vegetation on
flow dynamics for the cases where rods with and without front canopy are used to simulate
instream vegetation. However, in these experiments, even though the vegetation density
has been locally changed (e.g., by adding canopy), the rectilinear pattern of vegetation
array remained unaltered.

A series of experimental research studies (i.e. [8, 9]) showed that the time averaged
streamwise velocity along a vegetated area of the stream would locally decrease, with
vegetation density. However, the presence of riparian vegetation along stream banks or
floodplains, may result in increased mean flow velocities as well as bed shear stresses in
the main channel [10, 11]. Many studies assessing the effect of vegetation density on the
hydrodynamics of the main channel, generally show, that the relative turbulence intensity
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near the bed surface increases with the density of vegetation. For instance, Czarnomski
et al. [12], used combinations of sparse and dense vegetation, with or without leaves, yield-
ing four cases they compared to assess the effect on hydrodynamics past the vegetation
elements. Kitsikoudis et al. [13], examined the flow through individual permeable instream
vegetation elements, while Yagci et al. [14] focused on their effect on scouring the bed
surface around them. These studies found that the complex interaction between vegeta-
tion, flow through it and the bed surface is dependent on the plant’s anatomy. Yager and
Schmeeckle [15] conducted a series of experiments focusing on the impact of instream
vegetation on flow properties and sediment transport. They observed that eddies shed past
the individual elements would be responsible for transport of bed material around them,
similar to [16]. Nepf and Vivoni [17] and Liu et al. [18] also examined the effect of height
of the vegetation patch on flow dynamics.

Recent studies show that the presence of vegetation generates an area of increased tur-
bulence levels, which expands immediately downstream the element, separated from the
mean flow by shearing layers [8, 12, 17, 19, 20]. In addition, the increase in turbulence
intensity varies depending on the form and density of vegetation. For example, flexible
riparian vegetation, such as grass and shrubs may generate more turbulence relative to rigid
leafless vegetation [4, 11, 12, 14]. A shear layer comprising of a range of length-scales of
vortices and eddies may be observed to be generated by the riverbank vegetation at the
interface of the vegetated zone with the main channel [12, 21, 22].

As may be seen from the above studies, until recently, research on both aquatic and
riparian vegetation hydrodynamics has mainly focused on refining our fundamental under-
standing of the interaction of vegetation with flow dynamics. As these linked processes and
feedback mechanisms are made clearer, several novel works begin expanding beyond such
observations to investigate the impact on sediment transport. For example, in a relevant
experimental study, Chen et al. [23] simulated emergent instream vegetation at increas-
ing densities across the channel, to link flow dynamics, assessed with a series of velocity
and turbulence intensity profiles, to the transport of sand. Schmeeckle [24] investigated
the transport of sand around instream vegetation, with emphasis on the role of turbulence,
the importance of which Sumer et al. [25] also outlined, for arrays of rigid cylindrical
elements.

However, a thorough study of the body of literature in riparian hydrodynamics, reveals
that a comprehensive investigation of the effects of the density of riverbank vegetation on
the hydrodynamics across the full width of the river cross-section is lacking, thus far. The
objective of this study is to contribute a set of results and findings based on experimental
records of the flow velocity across a measurement grid spanning both the main channel as
well as the vegetated riverbank, for increasing riverbank vegetation densities. Here, vegeta-
tion density is changed by gradually increasing the number of individual vegetation ele-
ments (represented by rigid rods without canopy), along linear and rectilinear arrays, to
cover a range of representative densities found in natural streambanks. The experimental
results are appropriately post-processed and presented in terms of mean streamwise veloc-
ity and mean bed shear stresses, to quantify the effects of different arrangements of increas-
ing vegetation densities.

The focus of this research is to present new and more comprehensive analysis of the
flow data obtained across the channel’s cross-section and showcase that even though
shear stress may be a reasonable parameter to use for unobstructed channel flows, it may
have limited applicability, if any at all, in assessing riverbank stability. Specifically, an
entirely new analysis is presented about the bed shear stresses across the main channel,
for the range of examined stem densities of riverbank configurations, offering an in-depth
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extension of recent empirical observations [26], presented under a practical hydro-geomor-
phological framework. In addition, a generalized non-dimensional presentation on near bed
flow velocity profiles and discussion on the effects on hydraulic roughness (which are of
utility to practitioners), are demonstrated, supplementing the existing literature. Moreo-
ver, the current analysis offers an extended discussion beyond the initial observations on
boundary shear stresses, allowing substantiating further any implications about the stabil-
ity of bed surface at the main channel.

2 Experimental methods
2.1 Description of the flume

The experiment is conducted in a 14 m long by 1.8 m wide glass walled recirculating hori-
zontal flume, with an asymmetrical cross-section, at the Water Engineering laboratory
of the University of Glasgow (Fig. 1). This flume is an in-house modified version of an
extended Armfield © flume with a bottom boundary made of concrete having a permanent
longitudinal surface slope of 0.02%. The streambank is modelled by a series of 0.8 m wide,
inclined (6=17°, Fig. 2b) acrylic panels, running a streamwise length of x=8 m, starting
from a short distance downstream of the inlet section of the flume. Flow into and out of the
modified channel geometry with the riverbank cross-section is smoothly streamlined using
airfoil shaped sections. Starting at about 2 m downstream the inlet, an approximately 1.6 m
long and several centimeters thick layer of coarse gravel (of about 0.025 m median diam-
eter), is placed as a filter layer to prevent loss of the bed material from the main channel,
when the flume is drained. From the beginning of the inclined riverbank and along 8 m, the
1 m wide main channel section (W,,=1 m, Fig. 2a) is layered with coarse nearly uniform
and unisize sand of characteristic median size of about 0.002 m (1.2 mm <D;,<2.3 mm),
up to a height of 0.075 m (Fig. 2b). At the inlet of the flume there is a smooth transition
from the rectangular cross-section of the inlet to the cross-section with the inclined and
vegetated bank (Fig. 1b). The vegetated region starts at a distance of 2.1 m from the flume
inlet and extends for a length of 5 m, while its width is W,=0.32 m (Fig. 2b). Near the
flume outlet a layer of bricks of the same thickness as the sandy bed, extend a false bed to
ensure negligible loss of sediment during the experimental runs.

2.2 Description of the test section and flow conditions

The test area is located 0.5 m from the downstream end of the vegetated region (Fig. 1c,d).
The location for the cross-section is chosen to be sufficiently distant from the inlet of the
flume, so as to ensure that the flow field has been fully developed, as modified by the veg-
etated riverbank at different densities [27]. Specifically, the mean flow velocity profiles at
the centerline of the main channel, at longitudinal distances of the test section and one
meter downstream are found to be almost identical (less than a max 3% difference of the
corresponding local mean flow velocities, across the flow depth). This is ensured by means
of checking the averaged velocity profiles for subsequent cross-sections and assessing any
variability between them. Near uniform flow conditions are established (flow depth meas-
urements had an indiscernible difference of less than~5%, 1 m upstream and downstream
the cross-section of the test area) by appropriately adjusting the tailgate’s height, until no
variability of the flow depth along the flow direction is discernable. The measured flow
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Fig. 1 Upstream view of the
flume from the inlet, showing
the simulated riverbank (inclined
acrylic panel), the channel bank
simulated vegetation (vertically
placed rods supported by the
panels and frame attached to the
flume wall) and the main channel
comprising of a coarse sand bed
surface layer
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Fig.2 a Plan view of the channel setup with a vegetated riverbank, simulated by an array of vegetation
elements (rods) placed at a variable density along the sloping riverbank. A reference coordinate system
is also shown, b Cross-sectional layout of the channel (A-A) showing the of measurement grid locations
(X symbols, more densely spaced near the solid boundary). The width of the main channel and riverbank
are denoted with W, (=1 m) and W, (=0.32 m) respectively

depth values for each riverbank vegetation density did not change more than about+2%
of the flow depth, nor in any consistent way, which is acceptable considering the inherent
uncertainties in the experimental observations. Once the pumps recirculating water in the
flume are set to the target flow conditions, the flow hydraulics are left fixed at that rate, to
stabilize, for about 2 h, allowing to reach steady flow conditions. Thus, the flow at the test
area, located 4.5 m from the start of the vegetated section, is steady and uniform, with a
flow depth of about 0.125 m and a cross-sectional mean flow velocity of about 0.047 m/s.
The mean flow velocity is estimated via two independent techniques returning matching
results. A first range of estimates is derived by means of spatially averaging the measured
flow velocities along the measurement grid at the channel’s cross-section, for each experi-
ment. The second method of estimation employs point measurements of the flow velocity
at the centerline of the water recirculating pipes with electromagnetic current flow meters
(ECMs). Positioning these flow meters perpendicular to the wall of the pipes, and input-
ting pipe characteristics (including pipe’s external diameter, wall thickness, wall material
and lining), allows obtaining the velocity at the centerline of the pipe they are attached to.
Assuming a turbulent flow profile through the pipe and measuring the maximum velocity
(at the pipe’s centerline) allows for obtaining an estimate of the flow through each recircu-
lation pipe and the total discharge through the flume. The flow rate is controlled via two
pump inverters remaining fixed at the target flow rate for all runs, as also validated by
the indications of the electromagnetic flow meters. The flow conditions are chosen appro-
priately, so that the bed surface (reference level, z=0, Fig. 2b) remains stable during the
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experiments, as measured with the aid of two digital height measurement gauges with sub-
millimeter resolution (0.01 mm), mounted on the flume’s transverse platform to ensure the
gravel bed is approximately leveled. Using these measurement gauges and rulers fixed on
the vertical sidewall of the flume, at different locations along the x direction, the water
depth was measured.

2.3 Experimental design and range of vegetation arrangements

A large number of D=0.006 m diameter acrylic dowels (cylindrical rods) of varying and
sufficient height are used to model stiff, emergent riverbank vegetation. The ends of the
rods are appropriately cut (at the same angle 0 as the sloping bank) so as to allow a per-
fect fit when placed appropriately along the inclined bank surface. The rods are spaced
apart at a distance s; from each other (Fig. 3), depending on the desirable layout pattern for
each vegetation density, and are vertically held into position by a series of support panels.
These panels are suspended at a sufficient distance above the water surface and along the
bank and held into position supported with a metal framework bolted to the sidewall of the
flume, offering a versatile configuration (Figs. la—d and 2b). The panels have a repeating

§,;=320mMM—

4=1170mm / T
R §,=226.3mm §~=160mm
=1170mm / i
aumm » [ ] o
»=1090mm ¢ + Jr
—=1010mm |’ 1d )
30mm e X Ly

conf. | (linear)
©=0.06%, A=0.06m"!

conf. 2 (rectilinear)
¢=0.08%, A=0.12m"!

conf. 3 (linear)
©=0.17%, A=0.23m"!

) =80 «
‘/Tll_.xlmm I'\” S \ 56.6mm

. i » [ . . * o a | (]

L] . L]
® ° 'Y [ ] [ ] L] & L ] L3 [ ] [ ] & L ]
AF 4 . . e A
L] L] [ ] L] - . L ] ] L] L] . )
) y y

- L ] L] L]

sl ™ & aXo & .

conf. 6 (rectilinear)
©=0.99%, /=1.88m"!

conf. 5 (linear)
©=0.55%, 2=0.94m"!

conf. 4 (rectilinear)
¢=0.28%, ~=0.47m"!

Fig.3 Illustration of the six configurations of simulated riverbank vegetation (shown with black circles)
used in the experiments for various vegetation densities, 4, and % of solid volume fraction, ¢. The rela-
tive position of the flow measurements within the vegetated section are shown with a thick red “x” symbol
and their spacing relative to the sparsest configuration is shown (top left subplot). The between elements
minimum spacing, s, for each configuration (see also Table 1), is shown, for the linear and rectilinear con-
figurations. Flow direction is along the x-axis. The flow velocimetry measurement grid is set in a way so as
to minimize interference from individual vegetation elements for all of the vegetation densities tried herein
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pattern of drilled holes, replicating the above layout, through which the acrylic rods can be
conveniently placed at certain fixed locations, yielding the linear configurations 1, 3, 5 or
the rectilinear (staggered) configurations 2, 4, 6 (Fig. 3). Following these arrangements, the
rigid rods are put in place in an incremental manner, resulting in between elements mini-
mum spacing (sj), from 5;=0.320 m, 5,=0.226 m, 53=0.160 m, 5,=0.113 m, s5=0.080 m
and s,=0.057 m, so that increased simulated riverbank densities can be achieved (Fig. 3
and Table 1).

Similar to past experimental studies [5, 7], focusing on emergent rigid vegetation simu-
lated with cylindrical elements of constant diameter D, a definition for the vegetation den-
sity (1), may be offered based on the momentum absorbing frontal area of the individual
elements per canopy volume, as the ratio of the projected area to the total volume:

A =DJs] (1)

where s; denoted the spacing between adjacent individual vegetation elements (Fig. 3). Six
configurations (linear and rectilinear) of vegetation density are examined, with the vegeta-
tion density ranging from 1=0.06 m~!, for the linear arrangement of configuration 1, to
4=1.8871, for the rectilinear arrangement of configuration 6 (Table 1). This range of den-
sities is representative of many examples of tall aquatic and riparian emergent vegetation
found in nature and has been employed in many past studies (i.e., see [5, 11, 18] among
others). The vegetation density A, may not suffice alone for describing the effect of ele-
ment’s diameter or arrangement or number of elements. Thus, in addition to the vegetation
density A, the solid volume fraction ¢ ((p=m7tD2/(4LWv), m denotes the total number of
rods along the riverbank section) is also calculated. This is representative of the areal cov-
erage of the vegetation elements, as the portion of unit area covered by vegetation elements
and is reported in Table 1 for the range of vegetation densities assessed herein.

The range of vegetation densities formed by the individual elements (D=0.006 m)
examined here range from very sparse (1=0.06 m~!, 9 =0.06%) to dense arrangements
(4=1.88 m™!, 9 =0.99%), resembling vegetation found in natural marsh (e.g., spartina spe-
cies), meadows or mangrove systems (such as Avicennia and Rhizophora species) [28-32].
There exists a plethora of types of riparian vegetation that are suitably modelled by the
range of vegetation densities simulated herein. The defining characteristic for translat-
ing the results from this research to the distinct types of vegetation as found in nature, is
the individual vegetation element trunk diameter, on the basis of which the channel, bed
surface and flow parameters scale, by applying geometric similarity. Beyond this scaling
parameter, one may be successful in generalising the results presented herein, depending

Table 1 Representation of the

. Con- Rod arrangement Number  s; [cm] Alm™'] @ [%]
relevant geometrical aspects
3 figura- of rods
for each configuration (rod .
RPN tion # (r)
arrangement type; individual
minimum element spacing, s;; 1 Linear 30 2 006  0.06
vegetation density, A; and % of .
solid volume fraction, ¢) 2 Rectilinear 45 324/2/2 0.12 0.08
3 Linear 90 16 0.23 0.17
4 Rectilinear 150 164/2/2 047 0.28
5 Linear 300 8 0.94 0.55
6 Rectilinear 540 8+/2/2 1.88 0.99
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on the degree to which a number of assumptions may apply. Such assumptions can be that
the vegetation is leafless or that its submerged portion does not have submerged canopy
or that any of its canopy does not significantly modify the flow field. The setup presented
herein may be sufficiently descriptive of the hydrodynamics of those natural systems or
appropriately scaled systems (using geometric and dynamic similarity), under the assump-
tion of low degree of deformation (eg of the individual vegetation elements trunk), which
generally holds true, for many of these cases. Thus, this study focuses on using rigid cylin-
drical dowels (e.g., similar to [5, 11, 18]), to simulate the effect of vegetation density on
the flow field, which may find application to a number of practical hydraulic engineering
and ecological restoration cases, where the little or no canopy is seen by the flow and the
vegetation remains unbent by the normal stream flow.

2.4 Experimental protocol

A side looking, acoustic Doppler velocimeter (ADV) from Nortek® is used to record suffi-
ciently long time series of the three components of the instantaneous flow velocity at vari-
ous locations along a measurement grid (denoted along the plane y—z, with the symbols
“x”, in Fig. 2b), at the test cross-section (located about 8§ m downstream from the flume’s
inlet — also see Fig. 1c,d). As shown in Fig. 2a the measurement grid is denser at the near
bed. For the hydrodynamic measurements, the velocimeter probe is mounted on a mov-
able platform, facing upstream, so that it could transverse to any desirable location along
the channel’s cross-section. A cut across one of the panels at the test section, allowed for
traversing the ADV, at specific locations within the riverbank, appropriately chosen so as to
enable obtaining flow measurements unobstructed from the simulated vegetation elements
upstream. The orientation relative to the flow and careful selection of the ADV probe sam-
pling locations within the riverbank, ensure reliable and non-intrusive flow diagnostic
measurements.

The measurement grid used to assess flow dynamics comprised of three velocity profiles
at the main channel (from y=0.225 m to 0.645 m) and three profiles (from y=0.795 m to
0.945 m) at the interface between the main channel and sloping bank, capturing the devel-
opment of the shear velocity layer (Fig. 2a). The exact lateral ADV placement locations are
shown in Fig. 2b. Each profile consisted of 9 measurement points, with elevations ranging
from z=0.009 m to 0.100 m above the bed surface (z=0 m). Another four profiles (each
having 6 to 9 measurement locations, totalling up to 30) recorded the flow dynamics within
the vegetated riverbank (Fig. 2a). For these profiles, the location of measurement points is
varied in a consistent manner, starting from z=0.009 m from the inclined bank surface,
and getting as close to the water surface as possible, while having regularly spaced inter-
vals, beyond a short distance from the solid boundary. Recordings, where taken at a sam-
pling frequency of 25 Hz, over a period of more than four minutes each, resulting in more
than 6000 ADV point velocity measurements per location, which is sufficient for reporting
averaged flow dynamics (max variation of local mean flow velocity measurements are less
than 6%, as calculated for temporal means of 1.5-4 min). Given a sufficient density of
measurements near the riverbed and streambank, the near bed shear stresses can be esti-
mated in addition to mean flow velocity profiles.
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3 Results
3.1 Mean streamwise velocity across the channel

The raw velocity data obtained from the ADV for each vegetation configuration are checked
for sufficient signal quality and are post-processed by means of applying appropriate filter-
ing methods as described in Goring and Nikora [33] to remove any outliers. The measured
instantaneous streamwise velocity signal # comprised of the time-averaged mean velocity
u and fluctuating component u’, according to Reynolds’ decomposition (# = u + u/). The
time-averaged mean velocity component is computed from the collected time series at each
measurement location, according to:

o= B @

where 7 is the number of measurements during the sampling run. Such mean values of the
streamwise velocity are calculated at each point across the measurement grid, throughout
the channel’s cross-section, including the riverbank (Fig. 2b). Using the bulk flow veloc-
ity (estimated via the calculation of total flow discharge measured with the electromag-
netic current meters or independently via spatial averaging of the acquired velocimetry
data across the flume’s cross-section), the point velocity averages can be normalised, to
allow generalisation of the results to different flow discharges. The resulting normalised
time averaged streamwise velocity profiles for all vegetation densities at each of the vari-
ous locations across the main channel, including the main channel region (y=0.245 m to
0.645) and the region at the interface of the main channel with the vegetated riverbank
(y=0.795 m to 0.945 m), are shown in Fig. 4, while the profiles corresponding to the veg-
etated riverbank region are shown in Fig. 5.

3.2 Normalised representation of the mean streamwise velocity across the main
channel

It can be clearly observed that the normalised streamwise velocity profiles at various
locations across the riverbank may be reduced with increasing vegetation density, as
denoted from an increasing solid volume fraction of ¢ =0.06-0.99% or vegetation den-
sity A=0.06 to 1.88 m™! (see Fig. 5a—d). The increase of vegetation density has the
opposite effect for the mean flow velocities at the main channel (Fig. 4a—f). Specifically,
it is worth focusing the discussion of these results at the mid-depth of the flow (z/h=0.5)
to quantify those changes. For example, for the second configuration (¢ =0.08% or
4=0.12 m™!) the flow velocity at the mid-depth of the main channel, when compared to
the mid-depth velocity at y=0.245 m, can change from less than 10% at the centerline
(y=0.445 m, Fig. 4b) to—21% at the interface with the vegetated bank (y=0.945 m,
Fig. 4f). However, for the denser configurations (for example configuration 6 with
©=0.99% or A=1.88 m™!), the relative change for the same locations is+ 5% (Fig. 4b)
and —40% (Fig. 4f) respectively, showcasing the pronounced effect of flow blockage
at the riverbank due to dense vegetation. This “blockage” effect is accompanied with
an increase of the flow through the main channel. For example, the mid-depth mean
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Fig.4 Plots of normalized mean streamwise velocity (ﬁ / ﬁ) profiles for characteristic transverse locations

at the main channel (y=0.245 m to 0.945 m), for different arrangements of increasing vegetation densities
(as denoted from increasing solid volume fractions of ¢ =0.06 to 0.99% or vegetation densities 1=0.06 to
1.88m™)

normalised streamwise flow velocity at the centerline of the main channel (y=0.445 m,
Fig. 4b), increases from 1.2 for configuration 2 (for ¢=0.12% or 1=0.12 m™") to 1.42
for configuration 6 (¢ =0.99% or A=1.88 m™"), recording an increase of about 18% For
the same location (Fig. 4b), the velocity increases from about 26% to only 9% for the
cases of =0 (no vegetation) and ¢=0.55% or 1=0.94 m™! (configuration 5) when
compared to ¢=0.99% (configuration 6), respectively. A decreasing trend for the
mid-depth streamwise velocities is instead observed for the region near the vegetated
bank (e.g., y=0.895 m, Fig. 4e and y =945 mm, Fig. 4f). In particular, the mid-depth
streamwise velocity can be reduced from 16 to 35% for configurations 5 (¢ =0.55%
or 1=0.94 m™") and 2 (9 =0.08% or A=0.12 m~"), when compared to configuration 6
(9=0.99% or A=1.88 m™").

@ Springer



654 Environmental Fluid Mechanics (2021) 21:643-666

y=1010mm =1090mm
0.6 0.6 & } 4 <k
A + O ax %
0.4 04| A + O o <k
= =
2 A + ] % * ]
0.2 PR e, 02! + © € *x
Ay 04 x * + 0 q<1;n<§
A a %D il ;— 4@ S
0 0 0.44 0.89 1.33 0 1) 0.44 0.89 133
(a) /0 (b) /0
y=1170mm y=1250mm
0.6 0.6
A4+ O x L]
04 04} A +0 )
§ A + 0 X %4 S A +0 M
02lAa 4+ O «x < 02l & +O o
A+ Q x # A+ C()) #]
[ o + 09. % (ﬁ % 4-1'0 &
0 0 044 089 1.3 0 0 0.44 089 133
(©) /0 (d) /0
* No vegetation 4 3=0.06m" X \=0.12m" * A=023m™
O A=047m™ + A=0.94m™" A \=1.88m

Fig.5 Plots of mean normalized streamwise velocity (ﬁ / ﬁ) profiles for characteristic transverse locations

at the slopping bank (y=1.010 m to 1.250 m) for different arrangements of increasing vegetation densities
(as denoted from increasing solid volume fractions of ¢ =0.06% to 0.99% or vegetation densities A=0.06 to
1.88m™)

3.3 Normalised representation of the mean streamwise velocity
across the vegetated riverbank

For all assessed densities, the velocities at specific flow depths measured at the region of
sloping bank are relatively lower to those at the main channel, as assessed by qualitatively
comparing the normalized streamwise velocity profiles shown at Fig. 4 and 5. Even though
the normalized velocity profiles within the bare bank (¢ =0) and at the vicinity with the
main channel appear to follow a logarithmic shape, this is not the case as the vegetation
density increases, where they obtain a less standard shape. This is due to the local hydro-
dynamic sheltering past vegetation elements, further to the “blockage” effect due the whole
arrangement. For example, the addition of rigid elements for the linear arrangement of
A=0.06 m™! produced a rather local (but measurable) effect (reduction of ~20% of the local
time-averaged flow velocities) of velocity deficit past the rods (when compared to 4 =0
e.g., see Fig. 5a, for y=1.010 m). This local sheltering effect or “hydrodynamic shadow”
downstream the individual simulated vegetation elements is very distinct. u at the river-
bank region (y=1.010 m to 1.250 m) progressively decreases with increasing riverbank
vegetation densities. However, at this location near the outer edge of the riverbank (e.g.,
y=1.010 m to 1.250 m) this effect is smaller for low vegetation densities (e.g., ~5-10% for
2=0.06-0.23 m~! as opposed to>50% for the higher vegetation densities A>0.47 m™}).
For high vegetation cases (4 =0.47 to 1.88 m™"),  nearly remained almost invariant across
the flow depth. The most pronounced case of local hydrodynamic shadowing is seen for
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the highest density assessed here where some negative velocities are observed at the region
y>1.090 m. This might be representing a local back flow effect generated by the nearest
upstream vegetation element, which can be relatively close to the measuring location (as
small as 14 mm for the denser stem arrangement, configuration 6—see Fig. 3). With the
increase of bank vegetation density, the slow velocity region expands in size while its mag-
nitude is further reduced; from 1=0.47 to 1.88 m~', the normalized flow velocity reduced
50% to more than 90% comparing to its for A=0t0 0.23 m™'.

Careful observation of the velocity profile results suggests that near the vegetated riv-
erbank (for y=895, and 945 mm), the maximum mean streamwise velocity is found at a
lower flow depth, compared to the other cases. The velocity-dip phenomenon occurs for
straight open channel flows at the region near the walls [34—37] and diminishes closer to
the main channel centreline but can be prevalent across the cross-section for relatively shal-
low flows (when the channel width to flow depth ratio is less than 10 and even stronger, if
less than 5, see [38—40]. Here, considering the main channel’s width, the aforementioned
ratio becomes W, /h=1.0/0.125=8(< 10), which explains why a pronounced velocity-dip
phenomenon is not seen at the velocity profiles of the main channel region. As the vegeta-
tion density in the riverbank increases from A=0 to 0.47 m~!, this will be equivalent to an
increased wall roughness at the vicinity of the riverbank region, generating enhanced sec-
ondary currents, which results in the greater velocity-dip seen in Fig. 4, for A=0.47 m~'.
However, it is observed that this phenomenon does not intensify for further increasing
vegetation densities (A>0.47 m™"), possibly because the formation of secondary currents
responsible for momentum exchange between the main channel and the riverbank is dis-
rupted for denser riverbank vegetation arrangements.

Opverall, these results demonstrate that the mean flow is faster at the main channel and
slower at the riverbank. The increase of stem density leads to an alteration of the flow field
hydrodynamics via a redistribution of the flow velocities across the channel, rather than
having a demonstrable effect on the mean flow depth, which is seen to remain constant
(within about 2% error). These results are also qualitatively in agreement with the work of
Blanckaert et al. [41] proposing that an increase of the solid boundary roughness at the riv-
erbank (here the increased stem density represents an increase in the equivalent roughness
at the riverbank), leads to a slowing of the flow at that region.

3.4 Bed shear stresses (T)

As the velocity at the main channel increases with denser riverbank vegetation, the velocity
gradient also becomes steeper, potentially leading to increased near bed shear stresses. At
the main channel all streamwise velocity profiles follow the Law of the Wall for flow over a
completely hydraulically roughened surface, which can be expressed as follows [42]:

30(z' — zl)>

B 3)

s

ﬁ:AUfln<

where A is a constant (A=2.5), U, is the friction velocity, z’- z, is the distance between
the measurement location and the theoretical wall, k, is Nikuradse’s equivalent sand grain
roughness [43]. Linear regression is implemented to fit the experimental measurements of
mean flow velocity to In(z) (only using the points within the logarithmic region of the flow
profile). Bed shear stresses are then estimated by: 7 = pU? However, and similar to past
research [11], using the above method for estimating shear stresses at the riverbank cannot
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be expected to offer reliable estimates, thus the focus of the discussion below is on esti-
mates of mean bed shear stresses at the main channel.

The estimated mean bed shear stresses (z) at the main channel (taking the average of
the estimated values at locations y=0.225 m and 0.445 m, to represent the bed shear at the
main channel), for a range of vegetation densities (¢), are plotted in Fig. 6. Even though
the estimation of bed shear stresses involves some uncertainty (the error bars showcase the
variability of the shear stress estimates for the range of vegetation densities represented
by the plotted mean), these results demonstrate a gradual overall increase of the near bed
shear stresses, with increasing riverbank vegetation densities. For example, 7,,, ranges from
0.021 Pa for the no vegetation case to about 0.025 Pa, 0.028 Pa and 0.031 Pa for the low
(9 =0.06-0.08%), medium (¢ =0.17-0.28%) and high (¢ =0.55-0.99%) range of densities,
an increase of approximately 20, 33 and 50%, respectively. The above results demonstrate
that even though the bulk flow velocity and the mean flow depth remains practically the
same for all experiments, the flow dynamics as assessed from the streamwise velocity pro-
files and boundary shear stresses, are the notably changing with vegetation density, due to
the flow redistribution across the cross-section.

3.5 Hydraulic roughness (k;)

Nikuradse’s equivalent sand grain roughness (k,) can be computed using Eq. 3. Similarly,
there exist past studies reporting hydraulic roughness derived from field data for streams
with vegetated streambanks during growing and non-growing seasons [44]. Even though
such studies are valuable to practitioners, the hydraulic roughness is only linked to qualita-
tive indices of sparse to dense vegetation. Figure 7 shows the estimated roughness values,
k,, for a range of vegetation densities, generally demonstrating a slightly increasing trend.
For example, the mean computed k, values show an increase of up to about 35% com-
paring the cases of high vegetation density to the case of the bare bank. The average value
of k,, increases from 0.014 m to 0.021 m, from low to high vegetation densities, which
is about 7 to 10.5 times the characteristic grain size of the bed surface (Ds,). The range

0.04 T T T T T T T

0.035

0.03

- (Pa)

0.025 1

0.02 %

0.015

No vegetation #=0.06-0.08% @=0.17-0.28% @=0.65-0.99%

Fig.6 Representative bed shear stresses at the main channel (zlog), for various ranges of vegetation densi-
ties
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Fig.7 Estimated values of Nikuradse’s equivalent sand grain roughness (k,)( , for various ranges of vegeta-
tion densities

of computed values is also in good agreement with values of k; reported in the literature
(e.g. Cheng [45] reports values ranging from 5 to 12.9 times the median diameter of bed
material, which is consistent to the current experimental findings). In accordance to [44,
46] the results in Fig. 7 suggest that streambank vegetation can contribute to the hydraulic
roughness, particularly for channels that are relatively free of other obstacles to the flow,
thus leading to a redistribution of the flow velocities (acceleration at the main channel and
retardation at the riverbank with increased stem density), as assessed in Figs. 4 and 5.

4 Discussion
4.1 Bulk velocity and flow conveyance

The above analysis of time averaged velocity profiles demonstrates that a clear trend exists:
streamwise flow velocities are consistently lower across the riverbank with the increase
of riparian vegetation, while the reverse situation holds at the main channel. This implies
that for the same flow rate, the main channel/riverbank has greater/smaller conveyance (a
greater/smaller percentage of the flow passes through the main channel/riverbank) respec-
tively. Of interest is to further discuss such effects by studying the mean flow velocity
across the main channel and quantify its percentage (%) change, estimated with a number
of different ways, as elaborated further below.

First, a reasonably good estimate of the spatiotemporally averaged velocity can be
obtained by using the area weighted point streamwise velocity measurements across sec-
tions of the channel, considering the constant flow depth across the width of the asymmet-
rical cross-section (A=0.125 m, as measured with rulers fixed at the side of the flume wall
and digital depth measurement gauges along the width of the cross-section of the channel,
for the constant flow rate used in the experiments herein). Figure 8 shows the ratios of the
bulk flow velocity for a certain vegetation density to that of the bare bank, = = estimated

considering velocimetry measurements from y=0.245 to 0.645 m (shown w1th triangles)
and y=0.245 m to 1.000 m (shown with crosses). Another estimate of the bulk flow
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Fig.8 Ratios of the bulk velocities through the main channel (;) for different vegetation densities (¢) to
_ o
that of the bare bank (¢=0) ;:’, estimated considering: a velocimetry measurements from y=0.245 m to

0.645 m (shown with open trianngle symbols), b velocimetry measurements from y=0.245 m to 1.000 m
(shown with crosses), and ¢ estimates of bed shear stresses from y=0.245 m to 0.645 m

velocity can be derived from the estimated mean bed shear stresses, considering that they
are linearly related to the square of the mean velocity [47]. Then the ratio of bulk flow

velocities % can be derived from the calculation of the square root of the ratio of mean bed
0

shear stresses for the respective cases <ﬁ / 70 =4/ ?/1_0>U /Ug = T /%0. The above

ratio (g> based on bed shear stresses, 7, from y=0.245 m to 0.645 m, is plotted in Fig. 8,

Uy
with the open circles. This method, according to Wilcock [47], can return reasonable esti-

mates under the assumption of relatively simple cross-sectional geometry, where the flow
field structure follows a regular structure, which holds true for the region from y=0.245 to
0.645 m. It needs be noted that the friction factor relating the above ratios may be changing
with vegetation density, which may imply that increased estimation uncertainties exist, for
the higher stem densities (e.g., see Fig. 8 for ¢ >0.28%,).

It can be observed that for all values of vegetation density (here parameterized by ¢) the
velocity ratios follow the same trend overall. The main finding is that the bulk velocity (U)
at the main channel (y=0.225 to 0.945 m) increases up to 15-20%, from ¢ =0.06% to
0.44% compared to the bare bank case. With increasing riverbank vegetation, the shear
layer and flow “blockage effect” extends well beyond the riverbank and this is the reason
why the bulk velocity ratio Ug calculated from y=0.245 to 0.645 m (shown with triangles)

and y=0.245 to 1.000 m (shg)wn with crosses) is seen to reduce for ¢ =0.99% and from ¢
=0.55%, respectively. The estimate based on the ratio of shear stresses (z/ 7,) is systemati-
cally higher than the other estimates, even though within a notably small error of up to 10%
for ¢ =0.44%. Despite the uncertainties inherited from the methods of estimation the
results are relatively consistent for the low densities, up to ¢ =0.28%, for all methods of
estimation, showing an increase of the bulk flow velocity through the main channel. The
main reason the estimates based on spatial integration of the velocity measurements are
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showing a deviation from the above trend is because for higher stem densities the shearing
layer is pushed towards the main channel, resulting in lower velocities for the region near
the riverbank (e.g., see Fig. 8 for ¢ >0.28%,).

The bulk flow velocity representative of the whole channel is also calculated across the
channel’s cross-section using all available velocimetry measurements (see cross symbols,
in Fig. 9). A slight decrease for this estimate is observed as vegetation density increases,
which corresponds to the overall slowing of the flow due to increasing flow resistance. This
decrease is almost linearly dependent on the riverbank vegetation density (R°=0.99 for
@>0.083, see Fig. 9):

=1-0.143¢ @)

S| =l

This equation (Eq. 4) may be of interest to practitioners and researchers alike, who want
to express in an accessible manner the effect of riparian vegetation density on the mean
flow velocity of the main channel, relevant to the case with bare banks. These results can
be generalised, under the condition of geometric similarity, for flows through channels hav-
ing the same ratios of W,/W,, and h/W,.

Similarly, Fig. 9 shows that the bulk velocity at the riverbank region decreases from the
case of no vegetation to that of dense vegetation configurations (e.g., ¢ =0.55-0.99%). It
can be seen that the ratio of bulk velocities at the riverbank, is most influenced, exhibiting
five times decrease, from ¢ =0 to 0.99%, while the corresponding drop across the whole
channel is about 17%, with an about 15-20% increase for the main channel, which cor-
responds to a change in the equivalent roughness similar to [41], for increasing boundary
roughness. The decrease with the riverbank vegetation density ( ¢), can be shown to follow

1.1 . . r - - . : : -

—£— y=1000 to 1250mm
s 4 y=245 to 1250mm

09r i —

08 f — For the main channel: l =1-0.143¢,R* =099

— For the riverbar — ).82 64¢p, R* 2

- 0.7

~ 06T
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Fig.9 Ratios of the bulk velocities <£ for certain vegetation densities (¢) to that of the bare bank (¢ =0)

U

estimated using velocimetry data: a across the whole channel (from y=0.245 m to 1.250 m, shown with
cross symbols), and b across the riverbank (from y=1.000 m to 1.250 m, shown with open triangle sym-
bols)
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a quadratic decrease with ¢, yet here asimple but practical linear fit can be obtained to a
good approximation (R?=0.92 for ¢ > 0.056, see Fig. 9):

U

=0.82 - 0.664¢ (5)
Uo

It is of good interest to note the effect of the arrangement (linear and rectilinear arrange-
ments, for a given relative increase in vegetation density), to the main channel flow veloci-
ties and bed shear stresses. Specifically, it is seen that the transition from a linear to a recti-
linear arrangement, relatively to the flow direction, will have a relatively greater effect in

increasing the amount of flow through the main channel (Ug >, for the low vegetation densi-
0 —

ties (eg ¢ =0-0.6%). For example, Fig. 8 shows that there is almost no change in Ug for the
0

cases of vegetation density increasing from bare bank to the first configuration (linear),
configuration 2 (rectilinear) to configuration 3 (linear), as well as configuration 4 (rectilin-
ear) to configuration 5 (linear). The opposite holds for increasing vegetation density, while
changing from linear to rectilinear arrangements of the individual vegetation elements
(rods). For example, Fig. 8 shows an increase in Ug for a change from configurations 1 (lin-

ear) to 2 (rectilinear) and 3 (linear) to 4 (rectilineaﬁ). The observed trend that the mean flow
velocity at the main channel, is increasing, when transitioning from a linear to a rectilinear
arrangement, is consistent with the fact that new elements are seen by the flow through the
riverbank. This is so even if the relative change in density is greater (in terms of ¢, Fig. 8),
when transitioning from a rectilinear to a linear arrangement. In the former case the effec-
tive blockage area to the flow through the riverbank is increasing, while in the latter case,
this is not happening (as the vegetation elements added to form the linear arrangement, fall
within the hydrodynamic shadow of the elements forming the rectilinear arrangement).
This observation is consistent with other experimental findings from the literature. For
example, [48] found that staggered (or rectilinear) vegetation arrangements offer a greater
amount of resistance (hydrodynamic drag) compared to the linear vegetation configura-
tions of similar density. Considering that the mean flow velocity deficit relates directly to
the drag force exerted by the vegetation patch, shows that our findings are in agreement
with their observations.

However, there is a reversal of the effect for higher densities (e.g., ¢ >0.6%). Specifi-
cally, there is a reduction of the flow velocity from arrangement 5 (linear) to 6 (rectilinear),
apparently reflecting the slowing of the flow throughout the channel (also explained, by the
substantially increased resistance at the riverbank).

4.2 Implications for the stability of bed surface at the main channel

Shields shear stresses, 7., can be calculated as:
U2
=—" ©6)
g, — Dk

where S is the specific gravity of sediment grains, g is the gravitational acceleration and
k=Ds, considering the bed surface is stable. Shields shear stresses at various locations of
the main channel (y=0.245 to 0.645 m) can be computed (Table 2). Overall, the highest
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Table 2 Shields bed shear stresses, for specific transverse locations y and for various riverbank vegetation
densities (¢ =0-0.99%)

7, X 1073 =0  =0.06% »=0.08% 9=0.17% »=0.28% @=0.55% ©=0.99%

y=0245m 0.95 0.91 1.17 1.15 1.11 1.36 1.27
y=0445m  0.83 1.04 1.06 1.24 1.30 1.48 1.62
y=0.645m  1.00 1.14 1.20 1.39 1.36 1.41 1.35

bed shear stresses are observed at the centerline of the main channel, increasing with river-
bank vegetation density.

It is seen in Table 2 that bed shear stresses at the main channel are generally increas-
ing with vegetation density, which is overall satisfying considering the large uncertainties
(of up to an order of magnitude when comparing bed shear stresses [3]). For example,
an increase of about 90% can be seen when the maximum values of bed shear stress for
the case of no vegetation and ¢ =0.99% are compared. It is also interesting to compare
the increase of bed shear stresses at fixed locations as vegetation density increases. Shear
stresses at the same location (e.g., for y=0.445 m) are observed to double when the cases
of no vegetation and ¢ =0.99% are compared (Table 2).

Comparing each transverse location (y) greater , values are observed at y=0.645 m for
@ =0.00-0.28% and at y=0.445 m for ¢ =0.55-0.99%. This shows a relative shifting of the
highest shear region towards the main channel with the increase of riverbank vegetation,
which is consistent with the expansion of the shear layer towards the main channel, as the
flow “blockage” effect at the riverbank increases.

Even though, in the present experiments the channel bed surface is designed to be
stable, as is also confirmed given that the range of Shields shear stresses range from
0.0008 to 0.0015 which is well below the range of critical Shields values for entrainment
(0.003-0.006), the aforementioned results (Table 2) showcase an increased probability
for bed material transport at the main channel, as vegetation density increases at the slop-
ing riverbank. Similarly, Chen and Chan [49] linked the erosional capacity of the flow to
the increased bed shear stresses around vegetation elements. Such processes would lead
to deepening of the main channel, while the banks may be further reinforced via the root
system preventing their failure [50-55]. Observations of increasing depth and decreasing
width of the main channel with riparian vegetation are replicated in physical models of
open channel flows by Ikeda and Izumi [56], and field observation by Charlton et al. [57]
and Andrews [58].

The current findings allow for a better assessment of how the flow dynamics are affected
by the density and arrangement of vegetation, rendering it useful for enabling more robust
designs of river restoration efforts as well as assessing the effectiveness of re-vegetation
activities, which is much needed [1]. This can be achieved via linking any changes in riv-
erbank stem density to quantifiable effects on flow dynamics (Eq. 4), and the potential for
riverbed destabilization.

However, future research should further aim to assess the stability of the vegetated riv-
erbank, in addition to the main channel. As recent studies have shown [3, 59] bed shear
stresses may not be the most robust criterion for assessing the stability of vegetated river-
banks. Further analysis using novel event-based criteria for sediment transport through or
past vegetation, appropriately accounting for the size and energy content of turbulent flow
structures [60-62, 64] or turbulent kinetic energy [59], may be useful to pursue further

@ Springer



662 Environmental Fluid Mechanics (2021) 21:643-666

in future studies. The importance of utilizing such criteria is perhaps even more apparent
when the variation of the mean bed shear stresses is relatively small (as is the case for the
experiments reported herein) and the uncertainties inherent in its calculation (also highly
depending on the method of estimation) can be quite considerable [3, 63, 64].

5 Conclusions

A series of flume experiments are conducted to assess and quantify the effect of increas-
ing riverbank vegetation densities on flow dynamics, both at the riverbank and at the
main channel. Streamwise flow velocity at the main channel/riverbank may increase/
decrease, with increasing riverbank vegetation density respectively, as assessed with
velocity profile measurements.

It is found that with increasing vegetation density, flow velocity increases at the main
channel, while reducing at the riverbank and these effects are quantified. These flow
measurements are analyzed to derive estimated values for the time-averaged bed shear
stresses at the main channel, which enable further discussing implications for the stabil-
ity of bed surface material. Assessing the flow dynamics at the centerline of the main
channel (y=0.445 m) an increase of about 18% can be observed mid-depth of the flow
(z/h=0.5), from ¢ =0.12% or 2=0.12m ' to ¢=0.99% or 1=1.88 m~"'.

Bulk flow velocity at the riverbank region, progressively decreases from the case
of no vegetation to that of dense vegetation configurations, exhibiting a drop of up to
17% across the whole channel. As vegetation density increases from ¢ =0 to 0.99%, the
mean flow velocity at the riverbank can decrease five-fold (leading to the flow “block-
age” effect), while the corresponding, increase for the main channel is about 15-20%.

Herein, the increase of riverbank vegetation, from ¢ =0 to 0.99%, is seen to lead
to an approximate doubling of mean bed shear stresses at the centerline of the main
channel as well as an increase of the bed roughness as is parameterized by Nikuradse’s
equivalent sand grain roughness (k,).

The role of the riverbank vegetation on the mean flow velocity at the main channel
is also assessed. It is found that the mean flow velocity at the main channel is greater
for the rectilinear configurations, when comparing linear and rectilinear arrangements
of about the same vegetation density. Arrangements with twice the density (in terms of
A), but the same frontal area exposure to the flow will have about the same impact on
modifying the mean flow at the main channel, (effect of the hydrodynamic sheltering).
This effect reduces for denser vegetation patches (¢ >0.6%), reflecting the greater role
of increasing equivalent flow resistance at higher densities. Thus, vegetation arrange-
ment can be of equal importance as the density of vegetation, in modifying the mean
flow velocity, for low riparian densities.

As the assessment of the stability of the main channel and riverbank is critical in
quantifying, modeling and predicting geomorphic processes across the channel, it will
be important to search for robust stability criteria, in addition to mean shear stresses,
such as turbulent kinetic energy [46] and event-based criteria (impulse [47, 48] and
energy [49]).
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