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Abstract 

Vegetation is a vital component of river systems and impacts turbulence intensities, 

velocities, and shear stresses near the bed, which affect local bed topography.  The near-bed 

flow field is influenced directly by vegetation and by vegetation induced topography. The 

relative importance of these two effects on spatial distributions of near-bed velocities, 

Reynolds stresses, and turbulent kinetic energies (TKE) are not well understood. We 

conducted laboratory flume experiments with a single stalk and flat bed, a single stalk with a 

scour hole, and a scour hole with no stalk to isolate the effects of vegetation and topography. 

We also used previously published data to test if equations for the spatially averaged patch 

velocity (U) and TKE (〈𝑇𝐾𝐸〉) in vegetated flat beds provided accurate predictions for 

vegetated natural bed topographies. Lastly, we determined if TKE distributions over 

vegetated natural topography can be simply predicted using mean patch velocity and an 

assumed gamma distribution. Equations designed for flat beds predicted mean patch velocity 

and mean near-bed turbulent kinetic energy well for low measured U and 〈𝑇𝐾𝐸〉 in beds with 

natural topography and vegetation. Not all measured TKE data fit a gamma distribution well, 

however a relation may exist between vegetation density and the shape parameter of a two-

parameter gamma distribution.  
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Introduction 

 

Vegetation provides essential habitat for salmonids, regulates nutrient availability, and alters 

sediment transport regimes (Carpenter & Lodge, 1986, Kaufmann et al. 1999). Furthermore, 

vegetation can increase bank and channel stability, making it an important component of 

river systems (Pollen, 2007; Simon & Collison, 2002). In particular, rigid emergent 

vegetation impacts flow by changing means and distributions of near-bed, time-averaged 

velocities, turbulent kinetic energies (TKE), and Reynolds stresses (Nepf, 1999; Liu et al., 

2008). However, vegetation induced flow changes can have competing potential effects on 

sediment transport and sedimentation within a patch. Vegetation generated turbulence may 

increase sediment transport, however vegetation also exerts drag on the flow, decreasing 

mean flow velocity, which could reduce sediment transport (Yang & Nepf, 2018, Rominger 

et al., 2010, Romdhane et al., 2018, Stoesser et al., 2010, Vargas-Luna et al., 2014).  The 

relative importance of mean flow velocity and turbulence in controlling sediment transport 

may depend on the vegetation density. 

 

Vegetation density or solid volume fraction (𝜙) can alter the shape and scale of the spatial 

distributions of near-bed, time-averaged streamwise velocity (𝑢); near-bed, time-averaged 

Reynolds stress; and near-bed, time-averaged TKE (Nepf, 2012; Wang et al., 2015). 

Vegetation density will also change the spatially averaged values of these parameters. 

Equations exist to predict mean flow parameters in vegetation patches, such as U and the 

time and space averaged near-bed TKE (〈𝑇𝐾𝐸〉), (Yang and Nepf, 2016; Yang and Nepf, 

2018; King et al., 2012) as a function of 𝜙 but none predict the probability distributions for 

these parameters. For example, 〈𝑇𝐾𝐸〉 can increase with greater vegetation density under 

constant patch averaged velocity (U; averaged through flow depth, patch width, patch length, 

and time) (Yager & Schmeeckle, 2013) however, the magnitude of the TKE distribution 

changes with vegetation density is not known. The spatial distribution of near-bed shear 

stresses around each individual stem is similar to what has been observed around cylindrical 

bridge piers (Etminam et al., 2018). Similarly, near-bed velocities spike in the immediate 

wake of stalks for sparse vegetation arrays (Neary, 2012; Rominger et al., 2010; Romdhane 

et al., 2018), which likely contributes to local erosion and deposition within an array 
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(Rominger et al., 2010; Romdhane et al., 2018; Vargas-Luna et al., 2014). Understanding 

how vegetation density impacts the spatial variability of stresses, velocities, and turbulent 

kinetic energies could be helpful to accurately predict local and channel wide sediment 

transport, nutrient mobility, and habitat availability (Neary, 2012; Liu et al., 2008; Stoesser et 

al., 2010; Wang et al., 2015).  

 

Previous studies have demonstrated that sediment transport models based on time and space 

averaged shear stresses are not accurate in vegetation patches because of vegetation-

generated turbulence (Yang & Nepf, 2018). Yang and Nepf (2018) proposed using 〈𝑇𝐾𝐸〉 in 

sediment transport equations because 〈𝑇𝐾𝐸〉 indirectly accounts for turbulence-induced 

sediment motion in vegetated patches. However, using  〈𝑇𝐾𝐸〉 can potentially lead to 

inaccurate sediment transport predictions because of the large spatial variability of 〈𝑇𝐾𝐸〉 in 

vegetation patches (Yager & Schmeeckle, 2013). Predictions of bedload transport through 

roughness fields may require using the distribution of shear stress or TKE rather than a single 

representative value such as the mean or median (Monsalve et al., 2016; Monsalve et al., 

2020; Nicholas, 2000; Recking, 2013). Few studies have applied distributions of shear stress 

or TKE in vegetated channels to model sediment transport. However, using flow distributions 

rather than spatially averaged values can improve sediment transport predictions by capturing 

spatial variability in TKE or shear stress, particularly in vegetation patches, where these 

parameters vary substantially.  

 

In addition to the direct influence of vegetation on flow, vegetation changes bed topography 

via local erosion and deposition around stalks. The presence of these topographic features, 

which are visually similar to bedforms, can increase the width of the velocity, TKE, and 

shear stress distributions and change turbulence and sediment transport regimes (Leary & 

Schmeeckle, 2016; Jerolmack, 2005; Tinoco et al., 2020). Bedforms such as dunes can 

initiate flow separation over their crests, which can cause high instantaneous velocities to 

move downward into the bed and outward in all directions where flow reattachment occurs. 

These splat events cause pressure differences in and near the bed and can result in local 

bedload transport (Leary & Schmeeckle, 2016). Splat events can also move dissolved 

oxygen, nutrients, and organic matter into the hyporheic zone to be used by microbes and 
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invertebrates (Boulton et al., 1998). Because vegetation creates more complex bed 

topography, it could potentially increase local bedload transport and nutrient cycling in a 

similar manner as a dune system without vegetation. Many studies on flow through 

vegetation have a flat bed rather than a naturally formed bed with more complex topography 

(Bennett et al., 2002; Tanino and Nepf, 2007; Liu et al., 2008; Yang et al., 2015) whereas 

other studies have measured the combined direct and indirect (i.e. vegetation induced 

topography) effects of vegetation on flow (Yager and Schmeeckle, 2013; Tinoco and Coco, 

2018). The relative effects of vegetation and vegetation induced topography on flow are 

therefore not well understood. 

 

To address these knowledge gaps, our study focuses on several research questions. How 

important is natural topography around vegetation when assessing the impacts of vegetation 

on the means and distributions of near-bed velocities, Reynolds stresses, and TKE?  How 

well do equations for U and 〈𝑇𝐾𝐸〉 derived from vegetated flat bed conditions perform in for 

flow over naturally complex topography with vegetation? Do the shape and scale of 

distributions of near-bed velocities, Reynolds stresses, and TKE vary with vegetation 

density? We conducted three experiments in a laboratory flume: one experiment with a flat 

bed and a rigid simulated vegetation stalk, one experiment with a scour hole around the 

simulated stalk, and one with a scour hole and no stalk. To eliminate the effects of wake 

interference and isolate the effects of each vegetation stalk, we used a single stalk in these 

experiments. Furthermore, we chose to focus on a scour hole rather than dunes or ridges 

because we found it to be the most prominent bedform present around a single stalk and in a 

vegetation patch. We also used data from experiments by Yager and Schmeeckle (2013) and 

tested mean flow equations from Yang and Nepf (2016), Yang and Nepf (2018), and King et 

al. (2012).  
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Design and Methodology 

 

SPIV Experiments 

We conducted three experiments in the University of Idaho Aquatic Imaging Flume in Boise, 

Idaho to assess the impact of vegetation and vegetation induced topography (scour) on 

various flow parameters and their distributions. One of our goals was to isolate the effects of 

vegetation and topography on near bed flow without the influence of nearby vegetation or 

topography. In order to isolate the impact of the stalk and the scour hole, we chose to conduct 

experiments with a single stalk and a scour hole rather than an array of vegetation to 

eliminate wake interference. The experiments were conducted in a 0.5 m wide x 7 m long 

flume with a slope of 0.001. Water entered the flume through a honeycomb grid to reduce 

bubbles and turbulence and exited the flume over a rectangular weir of height 0.029 m to 

establish uniform flow. A single simulated vegetation stalk was installed in the center of the 

flume and a scour hole was created (see below for details) around the stalk for select 

experiments. The three experiments had the following conditions: single stalk with a flat bed, 

single stalk with a scour hole, and a scour hole with no stalk. These experiments will be 

referred to as flat bed-stalk, scour hole-stalk, and scour hole-no stalk and they will 

collectively be referred to as the single stalk experiments hereinafter.  

 

The flume was filled with glass particles (approximately 0.003 m in diameter) and simulated 

sediment made of THV (0.0029 m in diameter), a polymer composed of tetrafluoroethylene, 

hexafluoropropylene, and vinylidene fluoride. THV was selected for its density, optical 

clarity, and refractive index, which is relatively easy to match to water by adding magnesium 

sulfate (Epsom salt), thus enabling us to see through the bed to obtain images of the flow 

within the scour hole (Rubol et al., 2017). To improve the clarity of the THV particles, we 

heated them in an oven at a temperature of 115°C for 30 minutes, in a process called 

annealing. The particles had to be spread out (not touching each other) on a nonstick surface, 

therefore multiple rounds were required to reach the desired volume of 3.3 L to fill a 0.50 m 

long x 0.22 m wide x 0.03 m deep area located roughly in the center of the flume length 

(Figure 1). To save time, the glass particles were used to fill the remainder of the flume 

outside the experimental area.  
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Prior to each experiment, we filtered the water and matched the refractive index.  by adding 

magnesium sulfate to the water in small quantities until the ideal ratio of water to salt was 

achieved such that the refractive index of the water-salt mixture measured 1.365, the same as 

the THV per manufacturer specifications. We tested possible flow conditions (discharge, 

velocity, depth) to ensure that the THV sediment would not move during the experiments, 

which was necessary because we needed the bed topography to remain stable throughout 

each run. We used a flow discharge of 0.0045 m3/s with a velocity of 0.15 m/s, a depth of 

0.06 m, and a reach averaged shear stress of 0.589 Pa.  

 

For the two experiments with a scour hole, a mold was pressed into the bed around the stalk 

to replicate the shape of a stable scour hole obtained from an experiment in a larger flume. 

The larger flume experiment was completed in a 20.0 m long by 2.0 m wide flume with a 

slope of 1.15% (Budwig & Goodwin, 2012) using an armored gravel bed with a D16 of 9.3 

mm, a D50 of 11.0 mm, and a D84 of 13.0 mm, representing the 16th, 50th, and 84th 

percentiles, respectively, of the grain size distribution. Water was run through the flume for 

12 hours at a discharge of 9000 gpm to transport large grains, then the flow was lowered to 

8000 gpm for an additional 4 hours to move fine sediment either downstream or into the 

subsurface to create the well-developed armor layer. A 0.112 m diameter cylinder was then 

added 15 m downstream from the flume entrance and flow was run for 10 hours at 5600 gpm 

with a shear stress of 19.2 Pa until the cylinder adjacent scour hole was maximized and stable 

at a depth of 0.104 m. Next, structure-from-motion photogrammetry in AgiSoft Metashape 

and ArcGIS was used to obtain a digital elevation model (DEM) of the bed and the scour 

hole. We used 220 photos to obtain the DEM, which had a resolution of 0.16 mm. The scour 

hole depth, cylinder diameter, and DEM from the large flume were scaled down by a factor 

of 0.25 (the ratio of small and large flume widths) and used to print a 3D foam mold to 

replicate the shape and features of the large scour hole in the smaller flume with THV 

particles. We did not replicate these larger flume experimental conditions exactly, but rather 

we used the results to obtain information about the bed topography around the cylinder. 

These large flume experiments only produced a scour hole and no other bedforms were 

present, which further justified our focus on a single scour hole.  
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Figure 1 a) Experimental setup (not to scale) in the laboratory flume. b) Flat bed-stalk 

experimental setup. c) Scour hole-stalk experimental setup. White particles are THV and 

pink particles are glass.  

 

The flat bed-stalk experiment consisted of a single rigid, emergent, hollow vegetation stalk 

made of THV with a diameter of 0.0254 m that was screwed into the bottom of the flume. 

The stalk was filled with water from the bulk flow to maintain the same refractive index 

through the stalk. The experimental area (0.50 m wide by 0.22 m long) was filled with THV 

particles and flattened by gently pressing a metal sheet onto the bed. The scour hole-stalk 

experiment had the same stalk as the flat bed-stalk experiment; however the scour hole mold 

was pressed into the bed around the stalk to create a scour hole modeled from the larger 

flume experiment. For the scour hole-no stalk experiment, the stalk was gently removed and 

the shape of the scour hole from the previous experiment was preserved. In each experiment, 

care was taken to ensure that the boundary between the glass grains and the THV grains was 

smooth and flat to prevent obstructions in the flow.  
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Yager and Schmeeckle (2013) performed an experiment with no vegetation and the 

distribution of all measured near-bed flow variables was very narrow, meaning that there was 

little spatial variation in these flow variables. Because the main goal in this paper is to 

examine flow distributions, comparison with a flat bed without vegetation would simply a 

show widening of flow variable distributions and would not contribute to the depth of our 

results.  

 

In each experiment, we used 3D stereo particle image velocimetry (SPIV) with a dual laser 

system (two laser sheets coming from a single boroscope) that was fixed to a mobile cart 

above the flume, which allowed us to collect data at several streamwise transects across the 

flume. The boroscope was situated 0.5 m downstream from the vegetation stalk and the lasers 

were aimed upstream toward the stalk. The light sheets from the lasers were parallel to the 

walls of the flume and were moved between the right wall and the left wall to different 

transect locations (Figure 1). A computer on the mobile cart controlled the cross-stream 

location of the lasers, which ensured that the location of the light sheets in relation to the 

stalk was accurate and consistent between different experiments.  Cameras were located 

outside of the flume on either side of the flume and were also fixed to the mobile cart. The 

field of view for the cameras was approximately 0.11 m upstream and 0.11 m downstream 

from the stalk and visualized the entire flow depth. The cameras were angled down at an 

angle of approximately 10°, however this angle varied slightly in each experiment and each 

transect because of the calibration process. The cameras were calibrated at each transect to 

maximize data quality. To calibrate the cameras, we focused them on a 3D calibration plate 

provided by LaVision to obtain the desired field of view and then calibrated using LaVision’s 

Davis software.  In each experiment, seeding particles were a mixture of 50 microns and 100 

microns in diameter and were added to the water until they reached a density of 108 

particles/m2. 

 

We measured 27, 27, and 24 transects for the flat bed-stalk, scour hole-stalk, and scour hole-

no stalk experiments respectively. 2000 SPIV images were taken at each transect for each 

experiment over roughly 2 minutes at a rate of 16 frames/s. Transects were spaced 5 mm 

apart in the cross-stream direction to result in the combined transects spanning 10 cm on 



  

 

8 

either side of the vegetation stalk. We used transects within 10 cm of the stalk to focus on 

velocities that were directly influenced by the stalk and/or the scour hole. We identified 

interrogation regions (1x1 mm each) within each transect that were 1 cm above the bed. In 

some transects, the edges of the stalk obstructed the view of the seeding particles, resulting in 

erroneous velocities that were removed from the dataset. For the scour hole-stalk and scour 

hole-no stalk experiments, we had two additional closeup transects through the center of the 

stalk with the cameras adjusted at different angles with respect to the bed to ensure that we 

could see into the scour hole. However, we eliminated the closeup transect through the center 

of the scour hole for the scour hole-no stalk experiment because the image was tilted and 

cropped and because without the stalk, it was difficult to determine the location of the image 

within the field of view of the original transect at that location. In the scour hole-stalk 

experiment, the measurements in the closeup transect replaced those at the same locations in 

the original transect.  

 

The SPIV data were processed to obtain time-average velocities (𝑢, 𝑣, and 𝑤), instantaneous 

velocities, and Reynolds stresses 1 cm above the bed in each transect, where x, y, and z 

represent streamwise, vertical, and cross stream directions respectively. The Reynolds stress 

was calculated as,  

 

𝑅𝑒𝑢𝑣 =  −𝜌𝑢′𝑣′,                                                              (1) 

 

where 𝑢′ = 𝑢 − 𝑢, 𝑣′ = 𝑣 − 𝑣 and 𝑤′ = 𝑤 − 𝑤 and u, v, and w are instantaneous velocities. 

The density of water is represented by 𝜌, which is equal to 1000 for freshwater (experiments 

by Yager and Schmeeckle (2013)) and 1158 for the single stalk experiments due to the 

addition of salt. Turbulent kinetic energies were also calculated at 1 cm above the bed in each 

transect and experiment as, 

 

𝑇𝐾𝐸 =  
1

2
 ((𝑢′)2 + (𝑣′)2 + (𝑤′)2)                                             (2) 
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Flow parameter distributions with vegetation & topography 

We tested the fits of several probability distributions (stable, lognormal, extreme value, and 

gamma) but ultimately decided to pursue a gamma distribution to model the spatial 

distributions of the near-bed (1 cm above the bed) time-averaged velocities, Reynolds 

stresses, and TKE obtained from the SPIV data. We only discuss the results of the TKE 

distribution gamma fits because the velocity and Reynolds stress distributions did not fit a 

gamma distribution well. We selected a gamma distribution because it has been used in 

previous literature to model shear stress distributions (Monsalve et al., 2020; Nicholas, 2000; 

Recking, 2013) and because it is possible to estimate the scale parameter 𝛽 from the shape 

parameter 𝛼. In addition, the other tested distributions did not fit any of the measured flow 

distributions well based on visual inspection. Specifically, we used a two-parameter gamma 

distribution,  

 

𝑓(𝑥) =  
𝛽𝛼𝑥𝛼−1𝑒−𝛽𝑥

Γ(𝛼)
                                                         (3) 

 

where 𝛽 = 𝛼/〈𝑥〉 (Monsalve et al., 2020). We used the Kolmogorov-Smirnov test (KS test) 

to assess the goodness of fit of the gamma distribution with TKE distributions from the 

single stalk experiments. The KS test compares whether the measured TKE are statistically 

from the same continuous distribution as the reference gamma distribution Our goal was to 

determine if the measured TKE distributions exhibited differences in 𝛼 and 𝛽 values with the 

addition or removal of a stalk or a scour hole.  

 

Flow parameter distributions with changing vegetation density 

Our next goal was to determine if 𝛼 and 𝛽 for each near-bed flow variable changed with solid 

volume fraction (𝜙) and U. Given that we did not vary 𝜙 or U in our experiments, we used 

the time-averaged, near-bed velocities (𝑢), Reynolds stresses, and TKE obtained from 

experiments conducted by Yager and Schmeeckle (2013). Again, we tested the fits of several 

probability distributions but selected a two-parameter gamma distribution (equation 3) to 

model these distributions. We also used the KS test to assess the goodness of fit of the 

gamma distribution with measured TKE distributions from Yager and Schmeeckle (2013). 
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Yager and Schmeeckle (2013) conducted 12 flume experiments in an 8.5 m long by 30.4 cm 

wide flume with a 0.5 mm sand bed. Vegetation was simulated with rigid, emergent cylinders 

in staggered arrays with varying densities. The simulated vegetation had a diameter of 1.3 cm 

and densities ranged from 0% to 4% vegetation density by area (𝜙 = 0.006 - 0.031). The 

slope of the bed varied between 0.001-0.006, the flow discharge varied between 7.6E-03 m3/s 

and 1.5E-02 m3/s, and reach averaged shear stresses ranged from 0.23 Pa to 9.8 Pa. In each 

experiment, near bed (0.5 cm above the bed) streamwise and vertical velocities were 

measured using 2D PIV in three streamwise transects located through the center of two 

vegetation stalks and halfway between two vegetation stalks. A camera on the side of the 

flume recorded the laser sheet at 250 frames/s for approximately 19 s at each transect. To 

calculate TKE from measured velocities from Yager and Schmeeckle (2013), we used 

 

𝑇𝐾𝐸 = (2𝑢′2 + 𝑣′2) /2                                                      (4) 

 

(Yang et al., 2016). Equation 4 is a 3D approximation for TKE using only streamwise and 

vertical velocity components (Tanino and Nepf, 2007) for when the cross-stream velocity 

component is not available. See Yager and Schmeeckle (2013) for further details on these 

experiments.  

 

Testing published equations for U and 〈𝑇𝐾𝐸〉 

To assess how well published equations estimate U and 〈𝑇𝐾𝐸〉 in the single stalk 

experiments and in experiments by Yager and Schmeeckle (2013), we tested equations from 

Yang & Nepf (2018) and King et al. (2012). Space and time averaged flow velocity within a 

vegetation array, U, from Yang & Nepf (2018) was calculated as 

  

𝑈 =
𝑔ℎ𝑆

𝐶𝑓+ 𝐶𝐷 𝑎ℎ/2

1

2
                                                           (5) 

 

where g is the acceleration due to gravity, h is the flow depth, S is the bed surface slope, a is 

the volumetric frontal area (a = nd), n is the number of plants per unit area, d is the stem 

diameter, and Cf is the bed friction coefficient calculated from Yang & Nepf (2018) as 
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𝐶𝑓 =  
1

[5.75 log(
2ℎ

𝑑𝑠
)]

2                                                         (6) 

 

where ds is the sediment size and was 2.9 mm in our single stalk experiments and 0.5 mm in 

Yager and Schmeeckle (2013). Finally, the drag coefficient, CD, varied with ad, according to 

Nepf (1999), and ranged from 1.10 to 1.13. We also tested the assumption that CD was fixed 

at 1.0 (Yang & Nepf, 2018). Space and time averaged flow velocity within a vegetation 

array, U, from King et al. (2012) was calculated as  

 

𝑈 = (
2𝑔𝑆 (1−𝜙)

𝐶𝐷 𝑎
)

1

2
                                                            (7) 

 

where 𝜙 = n 𝜋 d2/4. Values of U were calculated using equation 5 and 7 for each of 12 

experimental conditions in Yager and Schmeeckle (2013) and compared to measured values 

of U to determine how well these equations performed with varying vegetation density, 

discharge, and velocity conditions. We also predicted U for the flat bed-stalk and scour hole-

stalk experiments to determine if the scour hole influenced the accuracy of equations 5 and 7. 

Next, we compared calculated and measured values of 〈𝑇𝐾𝐸〉 from Yang and Nepf (2018) 

(modified from Yang and Nepf (2016)) as  

 

〈𝑇𝐾𝐸〉 =  
𝐶𝑓

0.19
 𝑈2 + 0.9 𝐶𝐷

2

3 𝜙
2

3 𝑈2                                          (8) 

 

where three different U values were tested for each experiment in equation 8: that calculated 

with equations 5 or 7, or the measured value. For U and 〈𝑇𝐾𝐸〉 from Yager and Schmeeckle 

(2013) measured and predicted values were compared using the root mean squared error 

(RMSE).  

 

To calculate 𝜙 for our single-stalk experiments, we assumed n = 25 stalks/m2, which is based 

on the assumption that the stalk influences the flow in a surrounding area the size of the 

scour hole. The scour hole extended roughly 10 cm on either side of the stalk; thus, the stalk 

significantly influenced the flow near the bed within 10 cm on either side. Therefore, if the 
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single stalk existed in a vegetation patch, the stalks in the patch would need to be at least 20 

cm apart for each stalk to be relatively isolated as occurred in our experiments. This 

assumption allowed for 25 hypothetical stalks to exist within one square meter without 

influencing the flow around one another. This is the maximum density possible, and this 

assumption was necessary to put our single stalk experiments in context with other 

experiments on vegetation patches.  
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Results 

 

The near bed (1 cm above the bed) time averaged streamwise velocity (𝑢) measurements 

from the single stalk experiments revealed a variable spatial velocity distribution with 

generally higher velocities further from the stalk and lower velocities near the stalk and 

particularly in the wake of the stalk (Figure 2). High 𝑢 values are present in the immediate 

left and right sides of the stalk, which could potentially contribute to scour and turbulence. 

Note that the reflection of the edges of the stalk can be seen in transects that do not go 

through the stalk (top and bottom of Figure 2) and these data were removed from the dataset 

for analysis.  

 

Figure 2 “Birds eye” view of 𝑢 in the experiment area of the single stalk experiments. 

Colorbar indicates velocity (m/s) and flow travelled from right to left.  

 

Testing published equations for U and 〈𝑇𝐾𝐸〉 

Equation 7 (King & Tinoco, 2012) predicted U well (RMSE = 0.041 m/s) for data from 

Yager and Schmeeckle (2013) and all predicted velocities were within a factor of two of the 

measured values (Figure 2). Predicted U had the highest accuracy for vegetation patches with 

𝜙 = 0.013 and 𝜙 = 0.031 but were systematically greater than the measured values for ¾ of 

the experiments with 𝜙 = 0.006. In addition, equation 7 tended to overpredict U for high 

measured velocities and underpredict for low measured velocities. Equation 5 (Yang & Nepf, 

2018) had a similar outcome as equation 7 (King & Tinoco, 2012), however it predicted U 
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from experiments by Yager and Schmeeckle (2013) slightly better overall (RMSE = 0.035 

m/s) . Prediction accuracy for U was similar between the single stalk experiments and from 

data by Yager and Schmeeckle (2013), however equation 5 slightly underpredicted U and 

equation 7 slightly overpredicted U for the single stalk experiments. There did not appear to 

be a significant difference in equation 5 and 7 accuracies between the flat bed-stalk and scour 

hole-stalk experiments.  

 

 

Figure 3 Relation between measured and predicted patch-averaged velocity using a) 

equation 5, b) and equation 7. The shaded region highlights predictions within a factor of two 

of the measured U.  

 

When using the measured U in Yager and Schmeeckle (2013), equation 8 (Yang & Nepf, 

2018) underpredicted 〈𝑇𝐾𝐸〉 for high measured 〈𝑇𝐾𝐸〉 and predicted 〈𝑇𝐾𝐸〉 relatively well 

for low measured 〈𝑇𝐾𝐸〉 (RMSE = 19.2 (cm/s)2 ) (Figure 3a). When applying equation 8 with 

estimated U from equations 5 and 7, the RMSE values declined to 14.5 (cm/s)2 and 14.0 

(cm/s)2, respectively (Figure 3b, 3c), however this could result from inaccurate estimates of 

U (Figure 2). Equation 8 also underpredicted 〈𝑇𝐾𝐸〉 for high measured 〈𝑇𝐾𝐸〉 and predicted 

〈𝑇𝐾𝐸〉 relatively well for low measured 〈𝑇𝐾𝐸〉 when using estimated U from equations 5 and 

7. There did not appear to be a strong connection between vegetation density and accuracy of 

〈𝑇𝐾𝐸〉 predictions in any application of equation 8 (Figure 3 a-c). All predictions of 〈𝑇𝐾𝐸〉 

for experiments by Yager and Schmeeckle (2013) was within a factor of two of the measured 

values (shaded region, Figure 3). Using measured U, equation 8 performed better for the 
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scour hole-stalk experiment than for the flat bed-stalk experiment. The scour hole-stalk 

predicted 〈𝑇𝐾𝐸〉 was within a factor of two of the measured value and the flat bed-stalk 

predicted 〈𝑇𝐾𝐸〉 was outside of this range (Figure 3).  

 
 

Figure 4 Relation between measured 〈𝑇𝐾𝐸〉 and predicted 〈𝑇𝐾𝐸〉 from Eq. 8. Predicted 
〈𝑇𝐾𝐸〉 was calculated with a) measured U, b) estimated U from Eq. 5, and c) estimated U 

from Eq. 7. Error bars represent the standard error and if not visible, they are within the 

symbol size. The shaded region indicates the area within a factor of two of the measured 
〈𝑇𝐾𝐸〉. 

 

Flow parameter distributions with vegetation & topography  

We first compared the spatial averages of the near-bed time-averaged streamwise velocities 

(𝑢), Reynolds stresses, and TKE between each of the three single stalk/scour hole 

experiments. We were focused on the interactions between the scour hole and stalk rather 
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than the individual effects of each compared to a flat bed because both scour holes and stalks 

are present in vegetation patches. In other words, we were interested in the importance of 

topography in the presence of vegetation rather than the influence of topography or 

vegetation alone. The presence of a scour hole slightly lowered the mean 𝑢 from 0.155 m/s 

(flat bed-stalk) to 0.150 m/s (scour hole-stalk) and lowered the mean Reynolds stress from -

0.093 Pa (flat bed-stalk) to -0.110 Pa (scour hole-stalk). 〈𝑇𝐾𝐸〉 increased with the presence 

of a scour hole from 11.133 (cm/s)2 (flat bed-stalk) to 18.485 (cm/s)2 (scour hole-stalk). The 

presence of the stalk increased mean 𝑢 from 0.127 m/s (scour hole-no stalk) to 0.150 m/s 

(scour hole-stalk) and increased mean Reynolds stress from -0.121 Pa (scour hole-no stalk) to 

-0.110 Pa (scour hole-stalk). The presence of the stalk increased 〈𝑇𝐾𝐸〉 from 16.866 (cm/s)2 

in the scour hole-no stalk experiment to 18.485 (cm/s)2 in the scour hole-stalk experiment.  

 

The probability distributions for 𝑢 within 10 cm of the stalk had different shapes between the 

three experiments. The two experiments with a stalk both had a small peak in the proportions 

of velocities that were slightly greater than 𝑢 = 0 m/s, indicating a relatively high proportion 

of very low velocities. The absence of the stalk (scour hole-no stalk experiment) caused this 

feature of the distribution to disappear (Figure 4). In other words, the stalk caused many near 

zero velocities regardless of the presence of the scour hole. The proportion of velocities in 

the experiment without a stalk experiment steadily increased between 0.05 m/s and 0.13 m/s 

until it reached a peak value at moderate-high velocities. In the two experiments with a stalk 

the proportion of velocities did not increase steadily because it had two distinct peaks at 

moderate-high velocities. The scour hole-stalk experiment had a lower probability of low and 

medium velocities (0.05 - 0.12 m/s) than the scour hole-no stalk experiment, thus the 

presence of the stalk increased the proportion of low (except near 0 m/s) and medium 

velocities. The presence of the scour hole changed the shape of the distribution to have a 

sharper increase toward the mode and reduced the proportion of  higher 𝑢 values over 0.18 

m/s.  

 



  

 

17 

 

 

Figure 5 Time averaged near-bed a) velocity (𝑢), b) Reynolds stress, and c) TKE 

distributions as proportions for the single stalk and scour hole experiments. 

 

When comparing the scour hole-stalk and scour hole-no stalk experiments, the presence of 

the stalk significantly narrowed the Reynolds stress distribution by reducing the proportions 

of both high and low Reynolds stresses. However, when comparing the flat bed-stalk and 

scour hole-stalk experiments, the presence of the scour hole only changed the distribution 

shape moderately, by increasing the proportion of stresses near the mode and slightly 

widening the distribution.  

 

The presence of the scour hole in the scour hole-stalk experiment widened the TKE 

distribution and increased the proportion of moderate and high TKE compared to the flat 
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bed-stalk experiment. The presence of the stalk in the scour hole-stalk experiment narrowed 

the TKE distribution and increased the proportion of medium TKE values compared to the 

scour hole-no stalk experiment (Figure 4). Both experiments with stalks had a similar TKE 

distribution shape, with a distinct peak at low TKEs and a small local maximum for moderate 

TKE, unlike the TKE distribution for the scour hole-no stalk experiment, which had an 

overall greater proportion of moderate TKE and only had one peak.  

 

 

Table 1. Summary of the results of the Kolmogorov-Smirnov test on TKE distributions from 

experiments by Yager and Schmeekle (2013) and the single stalk experiments. 

 

Experiment P-value 

Experiments by Yager and 

Schmeeckle (2013) 

𝜙 = 0.013  0.95747 

𝜙 = 0.013  0.98517 

𝜙 = 0.013  0.98517 

𝜙 = 0  0.6974 

𝜙 = 0.006 0.78642 

𝜙 = 0.006 0.98517 

𝜙 = 0.006 0.97479 

𝜙 = 0.006 0.80956 

𝜙 = 0.031 0.048598 

𝜙 = 0.031 0.78642 

𝜙 = 0.031 0.6725 

𝜙 = 0.031 0.023078 

Single stalk/scour hole experiments  Flat bed-stalk 0.010793 

Scour hole-stalk 0.00048593 

Scour hole-no 

stalk 

4.3362e-14 
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The measured probability density distributions of 𝑢, near-bed time-averaged Reynolds 

stresses, and TKE for all three experiments were fit to a two-parameter gamma distribution 

(equation 3, Figure 5b). As mentioned in the methods, 𝑢 and the near-bed time-averaged 

Reynolds stress probability density distributions were not well fit by any tested theoretical 

distribution.  We found that the gamma distributions did not fit the measured TKE 

probability density distributions very well as all three experiments failed the KS test at a 5% 

significance level (p-value = 4.3E-14 - 0.012). However, the scour hole-no stalk experiment 

TKE probability density distribution visually seems to fit a gamma distribution well, except 

that the gamma distribution does not capture the peak density correctly.  

 

 

Figure 6 Distributions of TKE normalized by the spatially averaged value from each 

experiment from a) a representative sample of experiments by Yager and Schmeeckle (2013) 

and b) the single stalk and scour hole experiments. Gamma fits are shown with dotted lines. 

 

Flow parameter distributions with changing vegetation density 

Two parameter gamma distributions fit the TKE probability density distributions from Yager 

and Schmeeckle (2013) well (Figure 5a), with all but two experiments passing the KS test at 

a 5% significance level (p-value = 0.02 - 0.99). TKE probability density distributions from 

these experiments also visually fit gamma distributions well with a few minor exceptions, for 

example the 𝜙 = 0.031 case in Figure 5a did not fit a gamma distribution as well as the 

examples for 𝜙 = 0.006 and 0.013. The shape of the gamma distribution is controlled by 𝛼 

and lower 𝛼 resulted in high probability densities at low TKE and higher 𝛼 resulted in high 

probability densities at medium to high TKE and a more normal distribution shape. The scale 
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of the gamma distribution is controlled by 𝛽 and higher 𝛽 created a wider distribution. We 

expected 𝛼 and 𝛽 to increase with increasing U because higher U should increase TKE, 

which would shift the peak of the distribution toward higher TKE, which corresponds with 

an increase in 𝛼. Increases in both 𝛼 and 𝛽 would result in a more normal looking 

distribution of relatively high TKE with a longer right tail. We expected a similar outcome 

with increasing vegetation density because more stalks should produce higher TKE due to 

the increased flow complexity, however we expected higher vegetation density to correspond 

to a wider TKE distribution. Wider distributions, especially those with long right tails should 

increase sediment transport because of increased proportions of high TKE, which is a driver 

of sediment transport.  

 

Although TKE probability density distributions from experiments by Yager and Schmeeckle 

(2013) were modelled relatively well with a gamma distribution, we did not find a single 

relation between 𝛼 and U for all vegetation densities combined (Figure 6). Recall that we can 

calculate 𝛽 as 𝛽 =  𝛼/〈𝑥〉 so we are only seeking to find a relation between 𝛼 and U because 

we could use that 𝛼 combined with 〈𝑇𝐾𝐸〉 (measured or predicted using equation 8) to obtain 

𝛽. We separated the results by vegetation density, and 𝜙 = 0.006 and 0.031 vegetation 

patches showed a positive relation between the 𝛼 and U, however the 𝜙 = 0.013 vegetation 

patch had a negative relation. We also added data from the single stalk experiments for the 

flat bed-stalk and scour hole-stalk cases and they showed a similar positive relation between 

the 𝛼 and U as the 𝜙 = 0.006 and 0.031 vegetation patches. It is important to note that these 

did not have the same experimental conditions (one had a scour hole and one did not) so it is 

difficult to determine if changes in U or the scour hole or a combination of both is driving 

this result. In addition, for a given U, 𝛼 tends to increase with increasing 𝜙, however the 𝜙 = 

0.013 experiments from Yager and Schmeeckle (2013) were again the exception. We were 

unable to collapse all experiments into one reliable relation to predict 𝛼 and 𝛽 for a gamma 

distribution from U and 𝜙.  
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Figure 7 Relation between U and 𝛼 for varying vegetation densities using data from 

experiments by Yager and Schmeeckle (2013) and data from the single stalk experiments. 
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Discussion 

 

Testing published equations for U and 〈𝑇𝐾𝐸〉  

Equations 5 and 7 predict U well for beds with vegetation and natural topography, however 

the predictions for 〈𝑇𝐾𝐸〉 using equation 8 were not always as accurate. Yang and Nepf 

(2016) used a flat sand bed to develop equation 8, where sand was glued to the bed surface to 

restrict sediment movement to only a thin layer of mobile grains, which ensured that no 

topography could form. Naturally complex topography was present in experiments by Yager 

and Schmeeckle (2013), which could have contributed to often underpredicted 〈𝑇𝐾𝐸〉. 

Equations 5 and 7 also were not specifically developed for beds with natural topography, 

however the results of the single stalk experiments indicated that equations 5 and 7 predicted 

U well for flat beds (flat bed-stalk experiment) and beds with topography (scour hole-stalk 

experiment). Interestingly, Equation 8 predicted 〈𝑇𝐾𝐸〉 better for the scour hole-stalk 

experiment than for the flat bed-stalk experiment, however more data are needed to confirm 

this finding because we assumed the maximum possible 𝜙 of these experiments, which is a 

parameter in equation 8. Decreasing the vegetation density for the single stalk experiments 

from 𝜙 = 0.013 to 𝜙 = 0.005 decreased TKE predictions (equation 8) and increased their 

accuracy when using U from equations 5 and 7. Vegetation density could be responsible for 

differences in accuracy between the flat bed-stalk and scour hole-stalk experiments rather 

than differences in bed topography.  

 

Note that when applying equations 5, 7, and 8 to experiments by Yager and Schmeeckle 

(2013), we could not isolate the effects of topography, so we do not know the relative effects 

of the scour holes and stalks on the predictions of U and 〈𝑇𝐾𝐸〉. Lastly, the single stalk 

experiments had a significantly higher measurement density in the scour hole than did the 

experiments by Yager and Schmeeckle (2013), which had some measurements in scour holes 

but also many measurements on topographic highs and depositional areas. We expected 

higher 〈𝑇𝐾𝐸〉 in the scour hole, so these differences in measurement density and location 

could help to explain why equation 8 tended to underpredict 〈𝑇𝐾𝐸〉 for the single stalk 

experiments and overpredict 〈𝑇𝐾𝐸〉 for experiments by Yager and Schmeeckle (2013). In 

other words, the single stalk experiments had more measurements in the scour hole and a 
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high 〈𝑇𝐾𝐸〉 that equation 8 underpredicted while the experiments by Yager the Schmeeckle 

(2013) had more measurements outside of the scour hole and lower 〈𝑇𝐾𝐸〉 that equation 8 

overpredicted.  

  

Yang and Nepf (2018) used a range of vegetation densities to develop equation 5 (𝜙 = 0.006 

- 0.050), which is a similar range of 𝜙 (𝜙 = 0.006 - 0.031) to what was used in experiments 

by Yager and Schmeeckle (2013). King and Tinoco (2012) used a higher range of vegetation 

densities (𝜙 = 0.010 - 0.079) to develop equation 7.  Equations 5 and 7 were generally more 

accurate for the 𝜙 = 0.013 and 𝜙 = 0.031 vegetation patches than the 𝜙 = 0.006 vegetation 

patch. The smallest prediction accuracy for the lowest density vegetation patch (𝜙 = 0.006) 

could be because this patch had a lower 𝜙 than what was used to develop equation 7 or was 

at the lower limit of 𝜙 used to develop equation 5. Equation 8 was not as affected by 

vegetation density. Yang and Nepf (2016) published a more general version of equation 8 

and tested it for 𝜙 = 0 - 0.050. This equation in Yang and Nepf (2016) predicted 〈𝑇𝐾𝐸〉 well 

for 𝜙 = 0 and 𝜙 = 0.050, however it overpredicted 〈𝑇𝐾𝐸〉 for 𝜙 between 𝜙 = 0 - 0.050. This 

general equation and equation 8 were modified from an equation in Tanino and Nepf (2008) 

for vegetation-generated turbulence, which was developed with 𝜙 = 0.01 - 0.35 vegetation 

patches in flat beds. This range of 𝜙 from Tanino and Nepf (2008) is on the higher end of the 

𝜙 values studied in Yager and Schmeeckle (2013). The high 𝜙 values that equation 8 was 

developed with likely resulted in overlapping wakes within the vegetation patch, which could 

have influenced 〈𝑇𝐾𝐸〉 more than the wake interference in experiments by Yager and 

Schmeeckle (2013). This difference in wake interference was indirectly associated with 

vegetation density and could have contributed to some of the overpredictions in Equation 8 

(Figure 3).  

 

Equations 5, 7, and 8 were more accurate for lower measured values of U and 〈𝑇𝐾𝐸〉 and 

became less accurate for high measured values of U and 〈𝑇𝐾𝐸〉. Therefore, it could also be 

possible that these equations are limited by flow range rather than by the presence of 

topography or vegetation density. Yang and Nepf (2016) tested the more general version of 

equation 8 with measured 〈𝑇𝐾𝐸〉 that were significantly lower (~9-16 (cm/s)2) than the 

〈𝑇𝐾𝐸〉 in the single stalk experiment and in Yager and Schmeeckle (2013) (~18-89 (cm/s)2). 
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Thus, equation 8 was not previously tested or developed for higher 〈𝑇𝐾𝐸〉 by Yang and Nepf 

(2016) or Tanino and Nepf (2008), which is a possible reason why equation 8 underpredicted 

at higher 〈𝑇𝐾𝐸〉 and performed better for lower 〈𝑇𝐾𝐸〉.  

 

Furthermore, there were differences in measurement height above the bed between the single 

stalk experiments, Yang and Nepf (2016), and Yager and Schmeeckle (2013). Yang and Nepf 

(2016) measured velocities 1 mm above the bed, while we measured velocities 1 cm above 

the bed for the single stalk experiments and Yager and Schmeeckle (2013) measured 

velocities 5 mm above the bed. It is possible that discrepancies in the distance above the bed 

where velocities were measured could have contributed to the accuracy of 〈𝑇𝐾𝐸〉 predictions 

from equation 8. We would expect TKE to generally decrease with greater distance from the 

bed, which could explain why equation 8 overpredicted TKE for data collected 5 mm from 

the bed in experiments by Yager and Schmeeckle (2013).  

 

More studies are needed to confirm the accuracy and limitations of U predictions from 

equations 5 and 7 and 〈𝑇𝐾𝐸〉 predictions from equation 8, specifically to confirm or expand 

the range of measured U and 〈𝑇𝐾𝐸〉 that these equations can be applied to (U ≤ 0.19 m/s and 

〈𝑇𝐾𝐸〉 ≤ 55 (cm/s)2), and to further test their applicability in natural topography. The range 

of U and 〈𝑇𝐾𝐸〉 that these equations can be applied to is currently limited to U ≤ 0.19 m/s 

and 〈𝑇𝐾𝐸〉 ≤ 55 (cm/s)2 to ensure accurate results.  

 

 

Flow parameter distributions with vegetation & topography 

Equations 5, 7, and 8 were developed for vegetated flat bed conditions but performed 

reasonably well in predicting U and 〈𝑇𝐾𝐸〉 for experiments with topography. This could 

imply that vegetated flat beds and vegetated natural topography experience similar flow 

conditions and the effects of topography can be neglected in vegetation patches. We instead 

found the distributions of near-bed flow parameters were impacted by both topography and 

vegetation and in many cases, the effects of topography cannot be ignored.  
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The scour hole lowered the proportion of very high 𝑢 values in the scour hole-stalk 

experiment compared to the flat bed-stalk experiment and lowered mean 𝑢. The scour hole 

had fairly minimal effects on the Reynolds stress distribution, however it increased the 

proportion of Reynolds stress near the mode, slightly widened the distribution, and slightly 

lowered the mean Reynolds stress. Lastly, the scour hole increased the proportion of 

moderate and high TKEs in the distribution and increased 〈𝑇𝐾𝐸〉 far more than the presence 

of the stalk did. Although we tend to assume that vegetation stalks are the driver of increased 

TKE, these experiments reveal that vegetation induced topography could be the main driver. 

The presence of the scour hole would likely cause an increase in sediment transport because 

it increased higher TKE and TKE is known to initiate sediment motion. In other words, a bed 

with topography has higher TKE than a flat bed, therefore topography likely changes the rate 

of sediment transport in vegetation.  

 

These results help us understand the relative contributions of vegetation and vegetation 

induced topography and they indicate that vegetation induced topography does change the 

distributions of 𝑢, Reynolds stress, and TKE beyond the impact of vegetation alone. 

Vegetation induced topography had a particularly significant impact on TKE, which 

indicated that it is important to have natural topography around vegetation when measuring 

flow distributions (particularly TKE) to be used to predict sediment transport, nutrient 

transport, and aquatic habitat availability.  

 

Flow parameter distributions with changing vegetation density 

TKE probability density distributions from Yager and Schmeeckle (2013) fit a gamma 

distribution well with only two exceptions, however TKE probability density distributions 

from the single stalk experiments did not fit a gamma distribution as well. This could be 

caused by TKE data only fitting a gamma distribution in a vegetation patch with overlapping 

wakes and not for a bed with a single stalk or no stalk. In other words, it seems like a gamma 

distribution fits are improved by wake interference within vegetation arrays. Another 

possible reason could be that the single stalk experiments had a far greater number of 

datapoints in the distributions compared to experiments by Yager and Schmeeckle (2013) 

and only had data from within the scour hole, while experiments by Yager and Schmeeckle 
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(2013) had data from the scour hole and a depositional zone. Interestingly, it appears that 

TKE data from the scour hole-no stalk experiment fits a gamma distribution better than TKE 

data from the two single stalk experiments so it’s possible that the presence of the scour hole 

improved the gamma distribution fit. Experiments by Yager and Schmeeckle (2013) had 

multiple bedforms including scour holes, ridges, and dune like features unlike the single stalk 

experiments. These differences in bedforms could have produced different TKE distributions 

compared to the TKE distributions from the single stalk experiments, which may be better 

represented by a gamma distribution. 

 

We were only able to fit TKE data to a gamma distribution and more research is needed to 

identify another suitable distribution for near-bed velocities and Reynolds stresses. With the 

exception of 𝜙 = 0.013, the slopes of the best fit lines for the 𝛼 - U relation (Figure 6) for the 

TKE distributions were similar, however the data had significant vertical spread between 

different vegetation densities and did not collapse into one relation because we did not 

incorporate vegetation density into the relation. More data are needed to confirm the relations 

in Figure 6, particularly for 𝜙 = 0.013 experiments of Yager and Schmeeckle, as we are 

relying on three or four points per 𝜙 value to obtain a best fit line. We cannot fully explain 

why the 𝜙 = 0.013 case behaved differently from the other vegetation densities. Adding more 

locations for velocity measurements in experiments by Yager and Schmeeckle (2013) could 

have helped to better quantify 𝛼 because they conducted relatively a limited number of 

transects compared to the single stalk experiments. Perhaps with more data points from each 

vegetation density, more spatial data to improve the gamma distribution fits, and additional 

vegetation densities, we could identify one multiple regression relation between 𝛼, U and 𝜙 

to better predict the distribution of TKE. As the TKE distribution changes with increasing U 

according to the 𝛼 - U relation, the proportion of high TKEs would increase causing higher 

rates of sediment transport than otherwise expected if using 〈𝑇𝐾𝐸〉. 

 

Using the same experiments, Yager and Schmeeckle (2013) already determined that sediment 

transport predictions were more accurate when using the distribution of near-bed Reynolds 

stresses rather than a single representative shear stress. However, recent studies have 

suggested that using 〈𝑇𝐾𝐸〉 may provide better predictions of sediment transport through 
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vegetation than using a representative shear stress (e.g., Yang and Nepf, 2016). A simple 

method that allows researchers to generate TKE distributions to use in sediment transport 

predictions is therefore needed. The 𝛼 - U relation could be critical in expanding the 

accessibility and feasibility of using TKE distributions rather than 〈𝑇𝐾𝐸〉 (ie. Yang and Nepf, 

2016). It can be costly and time consuming to collect enough data to obtain a reliable 

distribution of TKE in the field because of potentially difficult sampling conditions and 

inconsistent flows. Therefore, being able to estimate a TKE distribution from U and 𝜙 could 

to the use of TKE distributions in sediment transport predictions in a similar way to how 

shear stress distributions have previously been used (Monsalve et al., 2016; Monsalve et al., 

2020; Segura and Pitlick, 2015; Mueller and Pitlick, 2014). We outline the steps in this 

proposed simple method below. Furthermore, we know that sediment transport rates vary 

spatially in vegetated flows (Yager and Schmeeckle, 2013; Wu et al., 2021) and using a TKE 

distribution to calculate sediment transport could help to address prediction inaccuracies 

associated with these spatial differences. 

 

Equations 5 and 7 estimate U fairly well (see previous section), particularly for low U, and 

one could use then use this U in equation 8 to obtain 〈𝑇𝐾𝐸〉, which also produced more 

accurate predictions for low 〈𝑇𝐾𝐸〉. Knowing U and 〈𝑇𝐾𝐸〉, the hypothesized 𝛼 - U relation 

could be used to obtain 𝛼 and 𝛽 could be calculated as 𝛽 =  𝛼/〈𝑥〉, where 〈x〉 in this case is 

〈𝑇𝐾𝐸〉. Now, the distribution of TKE from 𝛼 and 𝛽 could be used to obtain a distribution of 

sediment transport rates using a TKE-based sediment transport equation for vegetation (ie. 

Yang and Nepf, 2018). Lastly, the spatially averaged transport rate could be calculated from 

the predicted sediment transport distribution to obtain a single estimate of sediment transport 

in a studied patch. Note that using 〈𝑇𝐾𝐸〉 (ie. from equation 8) in the same sediment 

transport equation would result in a different average sediment transport rate due to the 

nonlinearity of most sediment transport equations. Specifically, the mean sediment transport 

rate using 〈𝑇𝐾𝐸〉, rather than the TKE distribution, might be less than a critical value to 

calculate zero sediment transport when sediment transport could be occurring in some 

locations with locally high TKE. Using a distribution of TKE captures the spatial variation in 

TKE that occurs in river systems and takes high TKEs into effect when calculating a spatially 

averaged transport rate. 
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Conclusion 

 

We tested the accuracy of equations that predict mean velocity (U) and spatially averaged 

near-bed turbulent kinetic energy (〈𝑇𝐾𝐸〉) that were developed for vegetated beds with flat 

bed.  We used experiments with vegetation and natural topography from the single stalk 

experiments and with data from experiments by Yager and Schmeeckle (2013). These 

equations worked well with some data with natural topography, however the accuracy of 

these equations was higher for lower measured U and 〈𝑇𝐾𝐸〉. Furthermore, these equations 

predicted U more accurately for solid volume fraction 𝜙 = 0.013 and 𝜙 = 0.031 and less 

accurately for 𝜙 = 0.006, however prediction accuracy of 〈𝑇𝐾𝐸〉 had no clear relation with 𝜙. 

Overall, these equations for U and 〈𝑇𝐾𝐸〉 had limited applications for beds with natural 

topography because the accuracy of predictions of U and 〈𝑇𝐾𝐸〉 was not consistent 

throughout the range of measured values of U and 〈𝑇𝐾𝐸〉.  

 

We also compared the distributions of time-averaged streamwise velocity (𝑢), Reynolds 

stress, and turbulent kinetic energy (TKE) from the single stalk experiments. The scour hole 

increased the proportion of medium 𝑢 values and changed the shape of the 𝑢 distribution. 

The presence of the scour hole increased moderate and high TKEs and increased the mean 

more than the stalk did. Lastly, we fit a gamma distribution to TKE data from the single stalk 

experiments and from experiments by Yager and Schmeeckle (2013) to find a relation 

between the shape parameter (𝛼) of the gamma distribution and U to easily predict the TKE 

distribution. We found vegetation density-dependent relations between 𝛼 and U, however the 

relation for the 𝜙 = 0.013 experiment was inconsistent with the other relations and more data 

is needed to support our findings. Obtaining a reliable relation between 𝛼 and U is a critical 

step toward incorporating TKE distributions into sediment transport equations. This would 

allow for the use of a TKE distribution without relying on expensive and difficult field work 

and data collection currently required to obtain this distribution. Applications of TKE 

distributions on sediment transport have been explored in fine sediment systems but future 

work is needed to assess the feasibility of expanding the use of TKE distributions to 

suspended or bedload in coarse grain transport.  
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