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Impact of Vegetation on Bed Load Transport Rate and
Bedform Characteristics

J. Q. Yang!'®’ and H. M. Nepf!

IDepartment of Civil and Environmental Engineering, Massachusetts Institute of Technology, Cambridge, MA, USA

Abstract The impacts of aquatic vegetation on bed load transport rate and bedform characteristics
were quantified using flume measurements with model emergent vegetation. First, a model for predicting
the turbulent kinetic energy, k,, in vegetated channels from channel average velocity U and vegetation
volume fraction ¢ was validated for mobile sediment beds. Second, using data from several studies, the
predicted k, was shown to be a good predictor of bed load transport rate, Q,, allowing Q, to be predicted
from U and ¢ for vegetated channels. The control of Q; by k, was explained by statistics of individual grain
motion recorded by a camera, which showed that the number of sediment grains in motion per bed area
was correlated with k,. Third, ripples were observed and characterized in channels with and without model
vegetation. For low vegetation solid volume fraction (¢ < 0.012), the ripple wavelength was constrained
by stem spacing. However, at higher vegetation solid volume fraction (¢ = 0.025), distinct ripples were not
observed, suggesting a transition to sheet flow, which is sediment transport over a plane bed without the
formation of bedforms. The fraction of the bed load flux carried by migrating ripples decreased with
increasing ¢, again suggesting that vegetation facilitated the formation of sheet flow.

1. Introduction

Aquatic vegetation provides tens of trillion of dollars worth of ecosystem services annually (Costanza et al.,
1997), such as reducing flood damage (Narayan et al., 2017) and removing contaminants in water (Jenkins
et al., 2010). However, large areas of aquatic vegetation, including half of the world's wetlands (Zedler &
Kercher, 2005), have been lost in the past several decades and continue to be lost globally at rates of 0.7%
to 7% annually (McLeod et al., 2011). One reason for the loss of vegetated landscapes is erosion (Blum &
Roberts, 2009; Fagherazzi et al., 2013). Understanding the impact of vegetation on bed load transport and
bedform migration will improve our ability to predict erosion rates in regions with vegetation.

Current bed load transport models, based on the time-mean bed shear stress 7, were developed for unidirec-
tional flow without obstacles, and these models have been shown to be inaccurate for regions with obstacles,
such as bedforms and vegetation (e.g., Nelson et al., 1995; Yager & Schmeeckle, 2013). The inaccuracy of the
7-based bed load transport models in vegetated channels has been attributed to the following: (1) Bare-bed
models for bed shear stress r are inaccurate in vegetated channels and prone to large errors, and (2) 7 is not
the (main) driver of bed load transport, and the role of vegetation-generated turbulence must also be con-
sidered (e.g., Nepf, 2012a; Yang & Nepf, 2018). It is well recognized that turbulence plays an important role
in bed load transport (e.g., Heathershaw & Thorne, 1985; Mazumder, 2000; Salim et al., 2017; Schmeeckle,
2014; Sumer & Oguz, 1978). Previous studies have described the impact of turbulent structures (e.g., Nelson
et al., 1995), velocity fluctuations (e.g., Sumer et al., 2003), and the duration of the peak velocity (e.g., Diplas
et al., 2008) on bed load transport. Recent studies demonstrated that, in regions with vegetation, sediment
transport is more closely correlated with turbulent kinetic energy, k,, than with the time-mean bed stress (z)
(Tinoco & Coco, 2016, 2018; Yang & Nepf, 2018; Yager & Schmeeckle, 2013; Yang et al., 2016). Specifically,
within a channel of model vegetation, Yager and Schmeeckle (2013) observed that regions of high bed load
transport are correlated with high near-bed turbulence. Yang et al. (2016) showed that k, is a better predic-
tor of the threshold of sediment motion than z and that the critical level of near-bed turbulence is the same
in bare and vegetated channels. Similarly, Tinoco and Coco (2016, 2018) showed that resuspension of sedi-
ment within an array of model vegetation is better predicted by a metric based on k, than 7. Finally, Yang and
Nepf (2018) demonstrated that the bed load transport rate, Q,, was better correlated with k; than 7, and they
attributed the dependence of Q, on k; to the fact that the lift force on the sediment grains, which initiates
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sediment transport (e.g., Nino & Garcia, 1996; Sumer & Oguz, 1978; Vollmer & Kleinhans, 2007; Zanke,
2003), scales with k, (Batchelor, 1951; Dittrich, 1998; Zanke, 2003).

In response to bed load transport, bedforms are often generated (Southard, 1991; Van Rijn, 2007). The bed-
forms can migrate with flow and modify the flow structure (Best, 2005; Julien, 2010; Soulsby et al., 2012).
This study considered ripples, which are small bedforms with wave heights less than a few centimeters
(Julien, 2010). In regions without vegetation, the ripple height and the migration speed have been related
to the water velocity U (Chang, 1939; Damgaard et al., 2003; Poos, 2011; Southard, 1991), and the ripple
wavelength was shown to mainly depend on sediment size (Baas, 1993; Soulsby et al., 2012). The sediment
transport associated with the migration of ripples has been shown to be a good approximation for total bed
load transport in bare channels (Crickmore, 1970; Damgaard et al., 2003). In contrast with bare channel
cases, the presence of vegetation has been observed to reduce and even suppress bedforms in rivers (Nepf,
2012b; Przyborowski et al., 2018). Understanding how vegetation affects bedforms is important because veg-
etation is ubiquitous in nature. However, there is still a lack of quantitative understanding of how vegetation
with different volume fractions affects bedform characteristics and bedform migration rate.

The present study builds on the work of Yang and Nepf (2018), who showed that bed load transport, Q,, is
correlated with measured near-bed turbulence, k,, in both bare and vegetated channels. In this paper, we
extend this result in the following important ways. First, we show that k; in vegetated channels with mobile
beds can be predicted from velocity U and vegetation volume fraction ¢. Second, by using the model for
k,, we show that the bed load transport can be predicted from just U and ¢. Third, statistics of individual
grain motion are used to understand the connection between turbulence and bed load transport. Finally,
this paper quantifies the impact of vegetation on the bedform characteristics and migration rate.

2. Theory

2.1. Prediction of Turbulent Kinetic Energy in Vegetated Channels

Yang et al. (2016) extended the model proposed by Tanino and Nepf (2008) to describe the near-bed turbulent
kinetic energy, k,, as the sum of the bed-generated turbulence and vegetation-generated turbulence

i & 2/3
k, = + 6 |[Cp———| U 1
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Here the bed-generated turbulent kinetic energy, the first term on the right-hand side, is proportional to
the bed shear stress = divided by water density p (Hofland & Battjes, 2006; Stapleton & Huntley, 1995). The
vegetation-generated turbulent kinetic energy is a function of a scaling constant g, , the vegetation drag
coefficient Cp,, the vegetation volume fraction ¢, and pore velocity U. The pore veloclty U= Q/(wh(1 - ¢))
with Q, w, and h representing flow rate, channel width, and water depth, respectively. Yang et al. (2016) val-
idated equation (1) for a fixed bed with glued grains. Here we consider whether equation (1) can be used to
estimate k, for a mobile sand bed. Note that this model assumes the vegetation has a rigid cylindrical mor-
phology with diameter d, such that ¢ = nzd” /4, with n the number of stems per bed area. Some adjustment
is needed to accommodate noncylindrical or flexible morphology (see Zhang et al., 2018).

In this study we consider a model vegetation consisting of rigid, circular cylinders in a square, staggered
array. For this configuration, the drag coefficient C}, can be estimated from the following equation derived
from Large Eddy Simulation (Etminan et al., 2017),

-2/3
Cp=¢° [1+10(§€d> } . ®)

Here v is the kinematic viscosity. The coefficient { =

W represents the ratio of the average velocity at
the point of maximum flow constriction, that is, in between adjacent cylinders, to the pore velocity, U
The bed shear stress 7 in both bare and vegetated channels can be estimated using the linear stress model

proposed by Yang et al. (2015):
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Here H, is the thickness of the viscous layer. For bare channels, H, = CZ—VU , with Cf the bed drag coefficient, so
/ d 2v

3 e
proposed in Yang et al. (2015) to estimate 7. At high stem Reynolds number Re, = Ud/v > 4/Cy, the viscous

layer thickness H, = min(g, szU) = CZ—VU so that the impact of vegetation on bed shear stress is negligible
’ 1

and r = pCy U?. Note that H, = min(g, %}) is areasonable approximation when the stem Reynolds number
Re; > 1,200, which is true for all conditions considered here (based on Figure 14 in Etminan et al., 2018).
For Re; < 600 and vegetation volume fraction ¢ > 0.1, an improved H, approximation model has been
proposed by Etminan et al. (2018). For turbulent flow, C; can be estimated from the sediment size d, and
water depth h using the semiempirical equation (Whiting & Dietrich, 1990; Julien, 2010):

that z = pCy U?. For channels with emergent cylindrical stems, we use the approximation H, = min(

1

€1 = B75T0gRjd T “

2.2. Models for Bed Load Transport Rate
For bare channels, Einstein (1950) and Brown (1950) proposed the following bed shear stress model to
predict bed load transport rate:

(5

2.15¢70F% 7 < 0.18
Qs =

4073, 0.18 < 7, < 0.52.

The dimensionless bed load transport rate, Q, is defined as the ratio of the bed load transport rate Q, to the
product of sediment density, p, the fall velocity of the grains (a)o), and the grain size (d,),

0, = -2 ©)

ps@ dg ’

The particle fall velocity w_ can be approximated from the Rubey's (1933) equation

wo=[\/2+ IS Jm S

37 (py/p—Dgd2 \ (o,/p - Dgd?

The dimensionless bed shear stress, 7., represents the ratio of the horizontal force exerted on the grain,
t(zd?/4), to the submerged weight of the grain, (p; — p)g(xd3/6),

T
= — 8
o (ps — p)gd; ®

In vegetated channels, Yang and Nepf (2018) showed that the bed load transport rate, Q,, is a function of
k, instead of the bed shear stress, 7. They attributed the control of Q; by k, to the fact that bed load trans-
port is initiated by a turbulence-induced lift force (Bagnold, 2012; Nino & Garcia, 1996; Smart & Habersack,
2007; Sumer & Oguz, 1978), which is proportional to the turbulent kinetic energy k, (Dittrich, 1998; Zanke,
2003). Based on this, Yang and Nepf (2018) converted the z-based Einstein-Brown model to a k,-based
model. Specifically, the Einstein-Brown equation is based on measurements in a bare channel, for which
k, = 7/0.19p (Hofland & Battjes, 2006; Stapleton & Huntley, 1995), from which Yang and Nepf (2018)
suggested the following k,-based bed load model:

2.15¢7206/ku | < 0.95
Qs = 3 " C)
0.27k;,, 0.95 < k;, <2.74.
Here the dimensionless turbulent kinetic energy
k
: (10)

k= — L
‘ (ps/p - 1)gds

represents the ratio of the turbulence-induced lift force, which is proportional to pk[(zrdg /4) (Batchelor, 1951;
Dittrich, 1998; Zanke, 2003), to the submerged weight of the grain, (p, — p)g(zrdg /6).
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Figure 1. The sediment-recirculation experiment for measuring bed load transport rate and bedform characteristics.
The brown color indicates the sand bed. The sand was recirculated separately from the water and returned to the flume
slightly above the water surface along a 1-m-long tilted diffusor plate that distributed it uniformly across the width of
the flume. At the beginning of each experiment, the sand bed was flat and level. After an experiment, the sand bed was
sloped (as shown here), and ripples had formed (not shown). The blue-edged inset shows the top view of the velocity
measurement positions (the crosses) relative to cylinder positions (the black circles). The vegetation volume fraction in
the inset represents cases 3.1-3.3 (¢ = 0.012). To quantify ripple characteristics, bed elevation as a function of time was
recorded by the Vectrino profiler at the position marked with a red circle.

3. Methods

Two sets of experiments were conducted in the same horizontal-bed channel, with a 1-m-wide and
10-m-long test section. The sediment-recirculating experiments studied bed load transport and bedform
characteristics with a mobile sand bed. The sediment-tracking experiments quantified the statistics of indi-
vidual grain motion. The model vegetation consisted of rigid cylinders with diameter d = 6.3 mm placed in
a staggered pattern and extending above the water surface. This diameter was consistent with stem diam-
eters found in marsh plants and young floodplain trees (Manners et al., 2015; Nepf, 2012a). When present,
the model vegetation covered the entire flume width. The number of cylinders per unit bed area for the two
sets of experiments presented here was in the range n = 0 to 1,550 stems per square meter, producing a veg-
etation frontal area per unit volume, a = nd, in the range 0 to 9.8 m~! and a vegetation solid volume fraction
¢ = znd* /4 = 0to 0.05, which are typical values for marshes (Nepf, 2012a). The flow rate Q was controlled
by a centrifugal pump and measured by a flow meter with 1 m?/hr accuracy, the channel width w = 1 m,
and the water depth h was measured using a ruler fixed at the flume wall in the streamwise center of the
vegetation patch. The pore velocity in the vegetation test section was calculated as U = Q/(wh(1 — ¢)).

3.1. Setup for the Sediment-Recirculation Experiment

In the sediment-recirculation experiment, water and sand were recirculated separately (Figure 1). The range
of flow rates and vegetation solid volume fractions (¢) are given in Table 1. For cases 2.1-2.4 and 3.1-3.3,
the vegetation covered 3 m in the streamwise direction. For cases 4.1-4.4, the densest cases considered for
mobile beds, the vegetation covered only 2 m in the streamwise direction to minimize the impact of the large
surface slope set up by the high vegetation drag and thus large variation in flow depth (>30%).

Before the start of each experiment, a 4-cm-thick layer of sand with density p; = 2.65 g/cm? and diameter
0.42 to 0.60 mm (median grain size d; = 0.5 mm) was placed on the bed and flattened manually. Once the
flow was initiated, sediment moving along the channel was captured in a sediment trap at the end of the
channel and recirculated back to the upstream end of the test section through a separate line (Figure 1). No
sand was observed in suspension during the experiment. The bed load transport rate, defined as the dry mass
of the sediment passing an unit cross-sectional width per time, was measured by collecting the recirculating
sediment through a bypass valve in the sediment return pipe and measuring its dry weight. More details
about this measurement are presented in Supporting Information S1. Multiple bed load transport rates were
measured, and the flow was assumed to reach equilibrium once the cumulative average of all bed load
measurements varied by less than 10%, which took 6 to 40 hr depending on the flow condition. We note that
in previous studies of very low bed load transport rate (less than 10 grains per (m - s)), temporal fluctuations
were observed over much longer time scales, such that the time needed to reach equilibrium may be much
larger than 40 hr (Ancey et al., 2015; Dhont & Ancey, 2018). The equilibrium bed load transport rate and its
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Table 1
The Measured Bed Load Transport Rate and Flow Characteristics
Case a U h Qs+ %, ki xo,
number (m™1) ¢ (m/s) (m) (g/(m - s)) (cm?/s?)
Bare channels
1.1 0 0 0.42 0.12 0.36 + 0.05 (28) 28 +1(8)
1.2 0 0 0.47 0.12 1.84 +0.08 (10) 46 +1(34)
1.3 0 0 0.65 0.12 24 +1(6) 111 + 11 (8)
14 0 0 0.88 0.12 134 +8(9) 205 +10(8)
Channels with emergent vegetation
2.1 1.1 0.005 0.27 0.12 0.5+0.1(32) 19 +3(24)
2.2 1.1 0.005 0.30 0.12 2.5+0.3(21) 20 + 2 (24)
2.3 1.1 0.005 0.34 0.12 9+1(12) 32+5(24)
2.4 1.1 0.005 0.43 0.12 68 + 17 (10) 65 +8(24)
3.1 2.5 0.012 0.21 0.12 0.15 + 0.02 (32) 17 +2(27)
3.2 2.5 0.012 0.24 0.12 2.6 +0.5(9) 22+2(27)
3.3 2.5 0.012 0.28 0.12 9.4+ 0.6 (15) 45+ 5(27)
4.1 5.1 0.025 0.21 0.10 1.3 +0.1(22) 20 + 2 (23)
42 5.1 0.025 0.23 0.10 2.9 +0.3(36) 42+4(23)
43 5.1 0.025 0.27 0.10 17 +1(25) 46 +4(23)
44 5.1 0.025 0.31 0.10 41 +2(21) 51+ 5(23)

Note. The number in parentheses next to Qg + %o, represents the experimental duration in
hours, which is the time from the beginning of the experiment to when the last bed load
transport measurement was made. The number in parentheses next to k; + o, indicates the
number of spatial positions at which velocity measurements were made.

uncertainty, Q, + o, . were calculated as the average and standard error of all bed load measurements and
are listed in Table 1.

The instantaneous velocity in the streamwise, spanwise, and vertical direction (u, v, and w, respectively)
was measured by a Nortek Vectrino profiler at 100-Hz sampling rate for 3 min at multiple locations in the
middle of the vegetation patch (shown with crosses in the inset of Figure 1). The local turbulent kinetic
energy was defined as (2 + V2 + w'2)/2, with u’, v, and w denoting the instantaneous deviation from the
time-mean velocity and () denoting the time average. The spatially averaged turbulent kinetic energy and
its uncertainty, k; + O were calculated as the average and standard error of the local measurements. The
estimate of near-bed turbulence level was made at 2 cm above the mean bed elevation to avoid high mea-
surement noise near the mobile bed (see details in Yang & Nepf, 2018). For vegetated channels, k, increases
with increasing distance from the bed within a thin viscous layer and is vertically uniform above the viscous
layer, so that measurements at 2 cm are representative of the maximum turbulent kinetic energy (Yang &
Nepf, 2018). For bare channels, k, has a narrow peak close to the bed so that the k, measured at 2 cm can be
up to 30% less than the maximum turbulent kinetic energy (Yang & Nepf, 2018). The measured k, + o, and
the number of velocity measurements included in the spatial average are tabulated in Table 1.

Bedforms with heights up to 2 cm were observed during the experiment, and we classified them as ripples.
To quantify the ripple height and migration period, the instantaneous bed elevation was recorded at 1-Hz
sampling rate by a Vectrino profiler located at the middle of the diagonal between two dowels (the red circle
in the inset of Figure 1). The duration of the measurement, ranging from 30 min to 2 hr, was chosen to be
much longer than the ripple migration period (Table 2). The ripple crest to trough distance was identified
using MATLAB findpeaks function (Figure 2a). The average and the standard deviation of all the identified
crest-trough heights, , + SD(#,), are listed in Table 2. The uncertainty in #, was estimated as the standard
error of the crest-trough heights, that is, o, = SD(n,)/ \/ﬁ , with m; denoting the number of identified
crest-trough heights (Table 2). The ripple migration period (T) was determined from time lag corresponding
to the first positive peak at lag greater than zero in the autocorrelation of the bed elevation (Figure 2b). The

YANG AND NEPF
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Table 2
The Measured Ripple Characteristics
Case U Ato, 1y = SD(n,) 1, £ SD(n) Tto,
number [} (m/s) (m) (mmy; # of ripples) (mm; # of ripples) (s)

Bare channels
1.1 0 0.42 0.25+0.03 6+1(5) 2+1(4) 880 + 160
1.2 0 0.47 0.28 + 0.05 11+2(9) 8+1(2) 660 + 200
1.3 0 0.65 NA 11 +4(16) NA 38+4
1.4 0 0.88 0.29 + 0.09 13 +2(7) 6+5(6) 40 £ 20
Channels with model emergent vegetation

2.1 0.005 0.27 0.21 +0.06 3+1(3) 3+1(6) 2,400 + 300
22 0.005 0.30 0.16 + 0.04 3+1(8) 3+1(7) 630 + 160
2.3 0.005 0.34 0.17 + 0.04 7+3(17) 7+3(4) 110 + 50
2.4 0.005 0.43 0.17 +0.03 12 +5(52) 10 + 3 (6) 42+11
3.1 0.012 0.21 0.10 + 0.02 2+1(4) 3+1(8) 4,600 + 800
3.2 0.012 0.24 0.10 + 0.02 4+1(2) 6+2(8) 2,300 + 500
3.3 0.012 0.28 0.16 + 0.06 6+2(52) 6+3(5) 200 + 110
4.1 0.025 0.21 NA 2+1(12) NA 1,800 + 300
4.2 0.025 0.23 NA 2+1(7) NA 1, 500 + 500
4.3 0.025 0.27 NA 3+1(47) NA 29 + 12
4.4 0.025 0.31 NA 2+1(55) NA 30+ 20

Note. 4 and 7,, measured by the laser sensor, were not reported for case 1.3, because the laser measurement was
contaminated by the reflection of the laser signal from the water surface. “NA” in the table means no measurement
was taken for this case.

uncertainty in T, denoted as o, was estimated as half the range of the first positive lobe (the positive lobe
is indicated by the black color part of the curves in Figure 2b).

At the end of each experiment, the bed topography was scanned using a Keyence laser sensor mounted on
a 2-D moving system (Figure 1). Two bed elevation profiles are shown in Figure 3a. The two profiles were
measured 5 cm apart laterally and covered 50 cm in the streamwise direction. The streamwise center of the
profiles was located at the streamwise center of the vegetation patch. The ripple profiles (Figure 3b) were

(b) 1
5
C
: il
: = 0.5
L [0)
IRYAE:
: 3
§ 2 o
% <
4 5
0 1000 2000 3000 4000 0 1000 2000 3000 4000 5000
t[s] Lag [s]

Figure 2. (a) The instantaneous bed elevation relative to the mean, .4, for case 1.1 measured using the Vectrino for
80 min. The number of identified ripples is 5 for this case, as listed in Table 2 and numbered in the figure. Only
complete ripples were included in the counting, and variations in bed elevation that do not pass through the mean bed
elevation were excluded from the counting. (b) The autocorrelation of bed elevation. The ripple migration period and
its uncertainty, T + o_ = 880 + 160 s, were identified from the time lag corresponding to the first positive peak at lag
greater than zero (highlighted by a black curve above).
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Figure 3. (a) Two bed topography profiles, indicated with different colors, measured 5 cm apart for case 3.1. Note that
the x and z axes are plotted in different scales. (b) The detrended profiles obtained by subtracting the fitted mean bed
slope (the black line in (a)) from the bed topography profiles. (c) The spatial autocorrelation of the ripple profiles with x
axis representing the lag in distance. The first autocorrelation peak at lag greater than zero, indicated by black overlay
curve, was used to estimate the ripple wavelength A. The uncertainty o, Was half the range of the positive lobe.

obtained by subtracting the bed slope (the fitted black line in Figure 3a) from the bed elevation profiles. The
ripple crest to trough distance was identified using MATLAB findpeaks function, and the number of identi-
fied ripples is listed in Table 2. The ripple height and its spatial variation, #, + SD(#,), were estimated as the
average and the standard deviation of the identified crest-trough distances (Table 2). The ripple wavelength,
A, was determined from the distance lag corresponding to the first positive peak with greater than zero lagin
the spatial autocorrelation of the bed elevation (Figure 3c). The uncertainty of the ripple wavelength, o, was
half the range associated with the positive part of the chosen peak, shown with black curve. For cases 4.1-4.4
with the densest vegetation, the laser signal experienced too much interference from the closely spaced dow-
els, so 17, and A could not be determined. During the experiments, no part of the flume bed was exposed, and
the maximum ripple amplitude (1 cm) was less than the sediment layer depth (4 cm). Based on these obser-
vations, we assumed that the availability of sediment was not limiting the formation of ripples. The small
size of the ripples also limited their impact on near-bed turbulence and bed stress. Specifically, the lee-side
angle of the ripples in our study was less than 20°. Previous high-resolution Laser Doppler Velocimeter mea-
surements over bedforms with different shapes (Kwoll et al., 2016) have shown that for low-angle bedforms,
defined as having slopes less than 20°, the bedform-induced flow separation was absent, and the bedforms
increased the bed shear stress 7 by less than 33% compared with flat beds (Kwoll et al., 2016). Because the
lee-side angle of the ripples in our study was less than 20°, the impact of ripples on near-bed turbulence and
bed shear stress were assumed to be negligible. The impact of migrating ripples on the spatially averaged
turbulent kinetic energy k, is discussed in more detail in Supporting Information S1.

3.2. The Sediment-Tracking Experiment

In addition to measuring the channel-scale bed load transport rate Q,, as described in section 3.1, the statis-
tics of individual grain motion were also considered. This gave a different perspective on how turbulence
impacts bed load transport. Specifically, bed load transport can also be estimated from U, the average veloc-
ity of the grains in motion, and y, the volume of moving grains per unit bed area, that is, Q, = Upy (Ancey
et al., 2008; Furbish et al., 2012; Wong et al., 2007). Experiments tracking individual grain motion were used
to estimate U, and y. One layer of sieved light-brown sand with diameter 0.60 to 0.85 mm was glued to the
top of the baseboards. One layer of mobile black sand with the same size distribution was sprayed on top of
the glued brown sand. The motion of the black sand was recorded using a digital camera at 60 frames per
second for 30 s, and the trajectories of each black grain was identified using the particle tracking MatLab
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Figure 4. (a) The measured turbulent kinetic energy (k;) versus the turbulent kinetic energy described by
equations (1)~(4) and (b) the ratio of the vegetation-generated turbulence to the bed-generated turbulence,
ky(veg)/Ki(bed), based on equations (1)-(4). The scaling constant 6k = 0.4 + 0.3 in equation (1) was obtained by least
square fitting of equation (1) to the measurements. The triangles and circles are measurements from the present study
and Yager and Schmeeckle (2013), respectively. The vertical error bars in (a) represent the spatial variation in the
measured k; and also incorporate the additional possible 30% underprediction of bed-generated turbulence for the
present data, as discussed in section 3. The horizontal error bars in (a) represent the uncertainty in the predicted k;
propagated from the uncertainty in the scaling factor (Sk[ = 0.4 +0.3) as well as the uncertainties in Cy and Cp, which
were estimated as 20% and 10% based on velocity measurements in Yang et al. (2016) and Large Eddy Simulation
results in Etminan et al. (2017), respectively. The dashed line represents 1:1 agreement. The vertical error bars in
(b) represent the uncertainty in kyyeg)/kived) due to uncertainties in Cy and Cp.

code written by Crocker and Grier (1996). For each frame, the percentage of pixels occupied by black sand
grains was calculated. The area fraction of black sand occupancy averaged over 30 s was denoted as Pyy,.
In this study, P,y varied between 2% and 10%. The streamwise velocity of individual black sand grains was
calculated from the identified trajectories, and the average of all trajectories identified over 30 s was used
to define the average particle velocity, U,. An example image with superimposed trajectories is shown in
Supporting Information S1. The black sand grains only occupied a fraction of the bed area. To estimate the
total volume of sediment grains in motion per unit bed area, y, we made the following two assumptions.
First, in a fully mobile bed, sediment transport only occurs in the top layer (Houssais et al., 2015). Second,
all grains have equal probability to be moved. With these assumptions, y can be calculated from Ny, the
number of moving black particles observed over the 1,800 frames (30 s), the average volume of one sand
grain (V4 = énds with d; = 0.73 mm), and the percentage of the area occupied by the black sand, Py,
also averaged over 1,800 frames. Specifically, y = Ny Viana/Poic- In this study the particle activity converged
to a stable value within 30 s, so that 30 s was deemed long enough to define the average. However, previous
studies have noted variation in particle activity over time scales of several minutes to hours (Ancey et al.,
2008), but variation over these longer time scales were not considered in this study.

4. Results

4.1. The Turbulent Kinetic Energy in Vegetated Channels

The measured turbulent kinetic energy, k,, is plotted against the predicted k, in Figure 4a, alongside data sets
from Yager and Schmeeckle (2013). The prediction of k, is based on equations (1)-(4), using only the pore
velocity (U), the water depth (h), the grain size (d,), and the model vegetation stem diameter (d) and solid vol-
ume fraction (¢). The scaling constant 5 =04 (with 0.3 the 95% confidence interval) in equation (1) was
obtained by least square fitting equation (1) to the measurements. For randomly distributed emergent cylin-
der arrays, Tanino and Nepf (2008) found 5}([ = 1.2. Note that Tanino and Nepf (2008) defined a form-drag
coefficient, CDMm, whereas here, for convenience, we have used the full drag coefficient, C},. Because the full
drag contains both form and viscous components, C, > Cp,, with the difference absorbed into the scale
coefficient, 6_. Based on this, we expect a lower value of 5, for our study. Consistent with this, King et al.
(2012) suggest 6, = 0.8 based on the calibration of a numerlcal simulation model of flow through real and
model Vegetatlon The good agreement between the measured k, and k, predicted using the fitted scaling
constant (Sk[ = 0.4+0.3, with coefficient of determination R* = 0.88, supported the validity of equation (1) in
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Figure 5. The measured dimensionless bed load transport rate Qg versus (a) Q« predicted by the r-based model
(equation (5)) and (b) the Qy« predicted from U and ¢ using a combination of equations (1) and (9). The vertical error
bars of the triangle symbols represent the uncertainty in the measured bed load transport rate. The dashed lines
represent 1:1 agreement. Note that the x axis of (a) spanned over 20 orders of magnitude.

predicting the near-bed turbulent kinetic energy in vegetated channels with mobile beds. Note that for Yager
and Schmeeckle (2013), the measured k, was calculated as k, = (2u’2 + le) /2 assuming W? ~ v'2, because
only streamwise velocity (u) and vertical velocity (w) were measured in Yager and Schmeeckle (2013). The
approximation, W2 V2, was justified by previous velocity measurements (Tanino & Nepf, 2007).

The ratio of the vegetation-generated turbulent kinetic energy (kyy.g)) to the bed-generated turbulent kinetic
energy (Kypeq)), as defined in equation (1), is shown in Figure 4b. For both the present data and data
from Yager and Schmeeckle (2013), kypeqy is larger than ke, for ¢ < 0.01, and for ¢ > 0.01, the
vegetation-generated turbulence starts to dominate. Recall that, in the present study, the impact of migrat-
ing ripples on k, was negligible (Figure S2), because the ripple height was small (<1 cm) and the lee-side
angles of the ripples were less than 20°. However, bedforms with larger size (height and/or lee-side angle)
can generate additional turbulence, which would require a modification to the k, relationship (equation (1))
and affect sediment transport (Bennett & Best, 1995; Best, 2005; Ma et al., 2017).

4.2. The Bed Load Transport Rate in Vegetated Channels

We next consider whether equations (1) and (9) could be combined to predict bed load transport from
the pore velocity and vegetation solid volume fraction, that is, by first predicting the near-bed k, from
equation (1) and then using the predicted k, in equation (9). In addition, we compared the prediction of
bed load transport based on a classic bed stress model to the prediction by the k;-based model using data
sets from several studies. The measured dimensionless bed load transport rate Q. (equation (6)) was plotted
against the Qg predicted using the z-based model (equation (5)) and the Q. predicted using a combination
of equations (1) and (9) in Figures 5a and 5b, respectively. The triangles are measurements from the present
study. The circles represent measurements from Yager and Schmeeckle (2013) in which Qg was inferred
from digital image analysis of the bed. The squares and the diamonds represent bed load transport rate mea-
surements in vegetated channels estimated from the mass of the sediment leaving a flume (Kothyari et al.,
2009) and the mass of sediment fed into a sediment-feed flume (Jordanova & James, 2003), respectively.
In spite of the differences in the methods used to measure Q, the agreement between the measured Qg
and the Qg predicted using the k;-based model, or equations (1) and (9), was significantly better than the
agreement with the Q. predicted by the r-based model (equation (5)). Note that of all the studies, Kothyari
et al. (2009) had the lowest range of vegetation volume fraction, ¢ < 0.012, which may explain why their
data has relatively good agreement with the r-based model. Specifically, for these low values of solid vol-
ume fraction, the bed was the main contributor to the turbulence (Figure 4b), so that near-bed turbulence
was strongly correlated with bed shear stress. To quantitatively compare the two predictions, we estimated

the root-mean-square deviation, defined as RMSD = \/ YL, Uog(Qy,) — 10g(Qy,))? /m, with m, Q.. and Qg
representing the total number of measurements, the predicted dimensionless bed load transport rate, and the
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measured dimensionless bed load transport rate, respectively. For the k,-based model, equations (1) and (9),
RMSD = 0.9, which was much smaller than RMSD = 3.9 for the r-based model, confirming that k,-model
was better for predicting bed load transport and demonstrating that Q, can be predicted from velocity U and
vegetation volume fraction ¢. We caution that for most of the cases, the measured Q, was slightly higher
than the Q, predicted using the k,-based model. However, this bias was much smaller than the impact of the
vegetation-generated turbulence on Q,. Consistently, our results (Figure 5) showed that the k,-based method
(equations (1) and (9)) was able to predict Q, within 1 order of accuracy in vegetated channels, while the
7-based model underestimated Q, by several orders of magnitude.

It is important to remember that k, was measured 2 cm from the bed, which was above the laminar sublayer
at the bed. In all cases considered here, the laminar sublayer was less than 3 mm. The individual grains
(dy < 1 mm) sit inside the laminar sub-layer. However, the turbulence above the laminar sublayer controls
the pressure fluctuations and thus lift forces acting on the grains. Even though the eddies cannot penetrate
into the boundary layer, the vertical pressure gradient induced by the turbulence outside the boundary layer
can be transmitted to the boundary and affect sediment motion. This is consistent with the observation
that the pressure signal in the outer boundary layer can trigger the turbulent bursting events in the inner
boundary layer (Aubry et al., 1988). Note that the direction, duration, and sequence of turbulent events could
also affect bed load transport (e.g., Diplas et al., 2008; Nelson et al., 1995; Shih et al., 2017). Therefore, more
studies should be conducted to extend the k,-based method developed for the vegetated channels to other
situations.

4.3. The Velocity and Number of Moving Grains

Statistics of individual grain movement were used to explore how vegetation-generated turbulence affected
the average velocity of the grains in motion, Uy, and the volume of moving grains per unit bed area, y, which
together provide another estimate of bed load transport Q, = Upy (Ancey et al., 2008; Furbish et al., 2012;
Wong et al., 2007). Sediment motion can be initiated by turbulence-induced lift forces (e.g., Nino & Garcia,
1996; Sumer & Oguz, 1978; Vollmer & Kleinhans, 2007; Zanke, 2003), which scale with k, (Batchelor, 1951;
Dittrich, 1998; Zanke, 2003). Based on this, we hypothesize that the vegetation-generated turbulence may
affect bed load transport by controlling y. Previous sediment-tracking experiments in bare channels have
noted that U, increases linearly with the velocity U (e.g., Lajeunesse et al., 2010; Roseberry et al., 2012).
Here we consider the dependence of U, on both U and k, in vegetated channels.

The mean grain velocity, U,, normalized by the pore velocity, U, is shown for different solid volume frac-
tions (¢) in Figure 6a. The pore velocity ranges from roughly 10 to 30 cm/s. For bare channels (¢ = 0), U,/U
is roughly a constant with U,/U ~ 0.21 + 0.01, consistent with previous studies suggesting that U, is pro-
portional to U (e.g., Lajeunesse et al., 2010; Roseberry et al., 2012). For vegetated channels, U, /U roughly
increased with increasing solid volume fraction, and specifically, U,/U at ¢ = 0.049 was almost 50% larger
than at ¢ = 0.005, indicating that in vegetated channels, U, was not a simple linear function of U and sug-
gesting that U, may also be a function of k,, which also increased with increasing ¢. The greater turbulence
levels likely lifted individual particles farther from the bed, and, as noted in Nino and Garcia (1996), parti-
cles lifted higher above the bed achieve higher streamwise velocity. As the lift force scales with k, (Batchelor,
1951; Dittrich, 1998; Zanke, 2003), the vertical acceleration of the particle and thus the distance the particle
is lifted up from the bed, Zps should also scale with k,. Close to the bed, the streamwise velocity increases
linearly with increasing distance from the bed, and the rate of increase is proportional to the pore velocity
U. The lifted particle is accelerated by the streamwise velocity to which it is exposed, such that the parti-
cle's streamwise velocity, U, should depend on both U and g, ~ k;. To provide a dimensionally consistent
parameter, U, was assumed to scale with a linear combination of U and \/E namely, U + a\/E.

The value a = 10 resulted in the smallest variation in U, /(U + a\/E) across all ¢, with the corresponding
average and standard deviation of U, /(U + 10\/5) = 0.09 + 0.01, with no dependence of U, /(U + 10k,)
on ¢ (Figure 6b). This suggested that the impact of vegetation volume fraction on U, was captured by the
magnitude of k,.

The dependence of y on U and k, are shown in Figures 6c and 6d. At the same pore velocity U, y increased
significantly with increasing ¢ (Figure 6c). In particular, at U = 0.22 m/s, y increased by over 2 orders of
magnitude as ¢ increased from 0 to 0.012, suggesting that the turbulence generated by the model vegetation
significantly increased the number of sediment grains in motion. To test the hypothesis that k, has a more
important control on y than U, y was plotted against kt1 2 (m/s)in Figure 6d. Note that kt1 /2 was used because
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Figure 6. The colored crosses indicate individual measurements of (a) the mean particle velocity normalized by pore
velocity, Uy, /U, and (b) U, normalized by the linear combination of U and \/E measured at different channel velocities
(U) for each vegetation solid volume fraction ¢. The black circles with error bars in (a) and (b) represent the average
and the standard deviation over all the cases with different U for each ¢. (¢, d) The volume of particles in motion per
bed area, y, versus U and \/k_[ The horizontal error bars in (c) represent the uncertainty in U due to fluctuations in
flow rate, which is less than 10 m3/hr. The horizontal error bars in (d) represent the uncertainty in \/k_, propagated
from uncertainties in 5kz (+75%), Cr (+20%), and Cp (+10%). The legend in (d) applies to all figures.

it has the same unit (m/s) as U so that direct comparison can be made. At the same kt1 / 2, y for different
¢ collapsed to within less than one order of magnitude, and no dependence of y on ¢ was observed. The
coefficient of determination, R?, between log(y) and \/E was 0.23, much larger than the R? between log(y)
and U (R? = 0.02), supporting our hypothesis that k, is a better predictor of y than U. Note that Roseberry
et al. (2012) and Radice et al. (2009) also observed that y fluctuates in space and time in response to the
near-bed turbulent structures, further supporting the hypothesis that k, is a better metric to predict the
number of grains in motion than U. We caution that even though k, was a better predictor of y than U, the
coefficient of determination between log(y) and \/k_t was still low (R? = 0.23), suggesting that other factors
including U may also be important.

Because U, is a function of both U and k, (Figure 6b), the bed load transport rate (Q, = Upy) would also
be expected to be a function of both U and k,. However, studies have shown that Q, is predominantly con-
trolled by the number of particles put in motion or y (e.g., Radice & Ballio, 2008; Roseberry et al., 2012).
Specifically, Radice and Ballio (2008) noted that with varying water velocity, the variation in y is more sig-
nificant than the variation in the sediment velocity, U,. For a 40% increase in velocity, Roseberry et al. (2012)
observed that y increased by an over 2 orders of magnitude, but U, increased by just a 60%. Considering all
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Figure 7. The ripple characteristics. (a) The ripple height (s,) measured by the Vectrino and (b) the ripple wavelength
(4) measured by the laser sensor. For the cases with the densest vegetation (¢ = 0.025), the laser scanner was not
reliable due to the interference from the closely spaced dowels such that A was not estimated. In (b), the dashed
horizontal lines indicate the mean spacing between neighboring dowels aligned in the streamwise direction. (c) The
ripple migration speed Uyjpp1e = 4/T. The red and black dashed lines represent the empirical relationship proposed by
Chang (1939) for d; = 0.40 mm: Uripple JUP = (4.5 +0.6) x 10> (m/s)~*. Note that the x axis was plotted in logarithmic
scale to facilitate comparison of the present measurements with the Chang (1939) model. (d) The ripple migration rate
estimated from equation (13) was normalized by ps®, d,. The legend in (d) applies to all figures.

the variations in U and ¢ in Figure 6, the measured U, varied by less than a factor of 3 (from 2.4 to 7.1 cm/s),
but y varied by two orders of magnitude, from 3.0 X 1078 to 4.3 x 1075 m (Figure 6¢), suggesting that the
variation in Q was dominated by the variation in y rather than U,,, which was consistent with both Radice
and Ballio (2008) and Roseberry et al. (2012).

Because Q, was mainly controlled by y, which was better predicted by k,, it is now clear why Q, (= U,r) can
be predicted by the k,-based bed load model (equation (9)), as shown in Figure 5. However, we caution that
in the experiments described in Figure 6, U varied by less than a factor of 3 (U = 0.11 to 0.30 m/s), which
may not have been enough range to reveal a weaker dependence of Q, on U. For all the flow conditions in
all the experiments compiled in this study (U = 0.11 to 0.95 m/s and ¢ = 0 to 0.049), the k,-based model
provided a reasonable prediction for Q, and significantly improved prediction in regions with vegetation
compared to the existing r-based models (Figure 5).

4.4. The Ripple Characteristics and Migration Rate

During the sediment-recirculation experiment, migrating bedforms were observed in both bare and vege-
tated channels. We classified them as ripples because their height was less than 2 cm (Julien, 2010). The
ripple height sampled at one point over time using the Vectrino, n, + SD(#,), agreed with the ripple height
identified from the scanned topography, #, + SD(#,), within uncertainty (Table 2). Because the number of
ripples sampled by the Vectrino was larger than the number of ripples scanned by the laser sensor (Table 2),
further analyses will focus on #,. For bare channels (¢ = 0), the ripple height (#,) increased between the
velocity 0.42 and 0.47 m/s but was constant within measurement uncertainty for a velocity of 0.47 m/s and
above (blue triangles in Figure 7a). Previous experimental studies over bare beds have shown that ripple
height first increases with increasing U, but at higher velocity, the ripples start to be washed out, and the
ripple height decreases with increasing U, and eventually, at sufficiently high velocity, the ripples wash out
completely, and the bed load transport enters the plane bed regime (Damgaard et al., 2003; Southard, 1991).
For our bare channel cases (¢ = 0), ripples were observed for all cases, up to 0.88 m/s, with no decrease
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in the ripple height, indicating that the critical velocity for bed forms to be washed out, the transition to
plane beds, was larger than U = 0.88 m/s. Previous studies (e.g., Poos, 2011; Southard, 1991) suggest that
the transition to an upper-regime plane bed occurs when Froude number (F = U/ \/g_h) reaches 1, which
would put the transition velocity in this study around 1.2 m/s. Our data gave some suggestion that the pres-
ence of model vegetation had impacted the ripple height and the transition to plane bed conditions. First,
at U =~ 0.4 m/s, the case with vegetation (¢ = 0.005, the cyan triangle) had larger #, than the bare channel
case (the dark blue triangle), and at U ~ 0.3 m/s, the case with ¢ = 0.012 (the green triangle) had larger
n, than the two cases with ¢ = 0.005 (the cyan triangles), suggesting that at the same pore velocity, model
vegetation may have increased ripple height. However, the ripple height decreased for cases with denser
vegetation (¢p = 0.025, the yellow triangles), for which the ripple height was just 2 mm, barely four times
the grain size, indicating that for this stem density, the ripples were nearly washed outat U < 0.2 m/s. This
observation suggested that dense vegetation may reduce the critical velocity at which upper-regime plane
bed was formed. This observation that the model vegetation suppressed the formation of ripples was con-
sistent with the observation that the addition of vegetation eliminated bedforms previously observed on a
point bar in a manmade stream (Nepf, 2012b; Rominger et al., 2010).

The ripple wavelengths of all bare-bed cases agreed within uncertainty (Table 2 and Figure 7b), consistent
with previous studies which indicated that the equilibrium ripple wavelength is only a function of grain size
(Baas, 1993). Soulsby et al. (2012) proposed the following empirical relationship:

A = dy(500 + 1881D; '), (€8Y)

for 1.2 < D. = [g(p,/p — 1)/Vv*1V3d, < 16. In this study, D. = 12.6, predicting A = 0.27 m, which was
consistent with average wavelength across all bare channel measurements (4 = 0.27+0.06 m). For cases with
vegetation, 4 decreased with increasing vegetation solid volume fraction (Figure 7b). The data suggested
that the ripple wavelength may scale with the mean distance between neighboring dowels aligned in the
streamwise direction. Specifically, for ¢ = 0.005 and 0.012, the streamwise dowel spacing was 0.15 and
0.10 m, respectively, shown with blue and cyan dashed lines in Figure 7b. Except for two cases with large
uncertainty (o, ), the ripple wavelength was equal to the streamwise stem spacing. Recall that the wavelength
could not be measured for the highest solid volume fraction, for which the ripples were nearly washed
out. We hypothesize that ripple wavelength scales with vegetation spacing because the physical obstruction
provided by the vegetation breaks the hydrodynamic feedback between ripples and flow structure, so that
only bed features smaller than the stem spacing can exist. The inhibition of larger scales of hydrodynamic
structure by vegetation is similar to the observation that the vegetation breaks apart eddies of a scale much
greater than the stem spacing, leaving only eddies of a size similar to vegetation diameter or spacing (Nepf,
1999).

The ripple migration speed, calculated as Uy, = 4/T, varied by almost three orders of magnitude
(Figure 7¢). U,y increased with increasing U, consistent with previous observations (e.g., Chang, 1939;
Sternberg, 1967). For bare channel cases, the variation in Uy, versus U agreed within uncertainty with
the empirical relationship suggested by Chang (1939) for d; = 0.40 mm, which is

Usippe/U° = (4.5 £ 0.6) X 10(m/s)*, 12)

as indicated by the dashed red lines and black lines in Figure 7c. Compared with bare channel cases, Uy,
was greater with model vegetation (Table 2). Specifically, at U ~ 0.4 m/s, Uy e increased between the
bare bed (¢ = 0) and ¢ = 0.005, and at U ~ 0.3 m/s, Usipple increased between ¢ = 0.005 and 0.012
(Figure 7c). The increase in ripple migration speed with increasing ¢ was consistent with the idea that
the vegetation-generated turbulence increased bed load transport rate, causing the ripples to migrate faster.
However, in most cases, the ripple migration speed with vegetation still agreed within uncertainty with the

empirical relation from Chang (1939) developed for bare bed.

In bare channels with ripples, the total bed load transport can be described by the sediment transport
associated with migrating ripples (e.g., Crickmore, 1970; Damgaard et al., 2003), that is,

Qs = eripple = ﬂ(”]Uripple)COps' (13)

Here C, = 0.6 is a porosity factor, and the coefficient g is the product of the ripple shape factor and the flow
separation factor. The ripple shape factor is the fraction of a rectangle with length and height equal to the
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ripple

p = 0.2 to 0.8 was suggested in previous studies and should be a con-
stant for the same experimental setup (Damgaard et al., 2003; Kuhnle
et al., 2006). For the bare channel measurements in this study, # = 0.43
provided the minimum RMSD between measured bed load transport rate
and the bed load transport rate predicted from equation (13), so we will
use this value in further analyses for both bare and vegetated channels.
The impact of model vegetation on ripple migration rate is considered in
Figure 7d, which shows that ripple migration rate varied by almost three
orders of magnitude, predominantly due to changes in the magnitude of
Usipple (Table 2). Specifically, Uy, e increased with increasing ¢, and this
explained the increase in Qs with increasing vegetation solid volume
fraction.

L

Figure 8. The ripple migration rate Qs
load transport rate Q, as a function of vegetation solid volume fraction ¢.
The vertical error bars were contributed by the uncertainties in #7, 4, and T

(Table 2).
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To examine whether ripple migration was a good estimator of total bed
load transport rate in vegetated channels, we considered the ratio of bed
load transport estimated from ripple migration rate using equation (13)
(eripple) to the measured bed load transport rate Q, (Figure 8). As
expected for the fitted value of g, the average of eripple /Q, for bare
channels was one. However, as the vegetation solid volume fraction ¢
increased, eripple /Q, decreased, indicating that as vegetation volume frac-
tion increased, an increasing fraction of the bed load transport was not
associated with ripple migration, which suggested a transition to sheet flow, in which sediment is trans-
ported over a plane bed without the formation of bedforms. This was supported by the fact that for cases
with ¢ = 0.025, the measured ripple height was significantly smaller than the other vegetated cases and
nearly comparable to the grain size, suggesting an approach to sheet flow in the most densely vegetated
channel at a velocity much smaller than the critical velocity for bare channels (U, > 0.88 m/s as shown
in Figure 7a). Similarly, the addition of vegetation to a point bar in a sand river eliminated the previously
observed migrating dunes (Figure 8 in Nepf (2012b)). In addition, Przyborowski et al. (2018) observed that
the height of migrating bedforms in regions of a channel with vegetation was significantly smaller than in
unvegetated regions. Together, these observations suggest that vegetation may reduce the role of migrating
bedforms in sediment transport.

10 15

¢ x107
. divided by the measured bed

5. Summary

A model for predicting the near-bed turbulent kinetic energy (k,) in vegetated channels with mobile sedi-
ment beds was validated using velocity measurements. This k, model (equation (1)) was combined with the
k,-based bed load transport model proposed by Yang and Nepf (2018) to predict bed load transport rate (Q,)
in vegetated channels based on pore velocity and vegetation volume fraction. The dependence of Q; on k,
was explained using statistics of individual grain motion recorded by a camera, which showed that Q, was
predominantly controlled by the volume of grains in motion per bed area, which correlated more closely
with \/E than U. For the smaller vegetation solid volume fractions (¢ = 0.005,0.012), the ripple wave-
length was set by the stem spacing. For these cases, the presence of model vegetation increased the rate of
ripple migration. However, at the higher vegetation solid volume fraction (¢ = 0.025), the ripple height was
comparable to the grain size, indicating a transition to sheet flow at U < 0.2 m/s, which was much lower
than the transition velocity over bare beds. Finally, the fraction of the total bed load transport carried by the
migrating ripples decreased with increasing ¢, and at the largest vegetation volume fraction (¢ = 0.025),
the ripples made a negligible contribution to bed load transport, suggesting that vegetation facilitated the
transition from bedforms to plane beds with sheet flow.
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