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vegetation over a range of channel velocity
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Abstract The interaction between flow and vegetation creates feedbacks to deposition that vary with
channel velocity. This experimental study describes how channel velocity and stem-generated turbulence
influence the deposition within and around an emergent patch of model vegetation, with a particular focus
on deposition within the patch. The Reynolds number threshold for stem-scale turbulence generation was
determined using velocity spectra and flow visualization. At high channel velocity resuspension occurred in
the bare regions of the channel and a nonuniform spatial distribution of net deposition was observed
around and within the patch. In contrast, at low channel velocity there was no (or limited) resuspension and
a uniform distribution of net deposition was observed around and within the patch. The deposition inside
the patch was enhanced, relative to a bare-channel control, only when the following two criteria were met:
(1) the absence of stem turbulence, and (2) the presence of sediment resuspension in the bare channel.
Comparison to previous lab and field studies further support these criteria.

1. Introduction

Vegetation acts as an ecosystem engineer by modifying the flow, trapping and stabilizing sediment, and
influencing morphological evolution [e.g., Bennett et al., 2002; Wu et al., 2005; Gurnell et al., 2012; Gurnell,
2014]. Both Cotton et al. [2006] and Sand-Jensen [1998] demonstrated that the presence of macrophytes
alters the spatial distribution of sediment deposition. Specifically, suspended sediment deposits within and
downstream of vegetated regions, where the mean and turbulent velocities are diminished, such as the
fully-developed region within a long patch of vegetation [Zong and Nepf, 2010], the wake behind a finite
patch [Takemura and Tanaka, 2007; Chen et al., 2012], and the secondary deposition zone behind neighbor-
ing patches [Meire et al., 2014]. The deposition of fine sediment, which is rich in organic material and
nutrients, promotes the expansion of the vegetated region [Gurnell, 2014], creating a feedback between
vegetation-flow-deposition and further growth.

The feedback between vegetation and sediment retention varies temporally due to the remobilization of
sediment during die back [Heppell et al., 2009; Sukhodolov and Sukhodolova, 2009]. In addition, variability in
channel velocity produces variations in suspended sediment concentration [Wood and Armitage, 1997]. Dur-
ing floods, the nonvegetated regions of a channel and regions of sparse vegetation suffer erosion, but sedi-
mentation occurs in the regions with dense vegetation [Asaeda et al., 2011]. The seasonal variation in river
discharge and sediment availability produces a complex, shifting mosaic of landforms, which is dependent
upon both the sediment characteristics and the magnitude and duration of the floods [Cotton et al., 2006;
Gurnell and Petts, 2002; Naiman et al., 1993]. Taken together, these field observations indicate that both the
channel velocity and the presence of vegetation can impact the spatial distribution of sedimentation.

In recent years, the impact of vegetation on flow and sediment erosion and deposition has been extensively
investigated. In the field, vegetation often occurs in patches of finite length and width, and the pattern of
flow around these patches has been linked to the pattern of deposition and erosion. For example, the lateral
flow diversion around patches of finite width produces enhanced velocities laterally adjacent to the patch,
where erosion is observed [Bouma et al., 2007; Vandenbruwaene et al., 2011; Balke et al., 2012]. This negative
feedback has been proposed as a constraint that keeps patches from expanding laterally [van Wesenbeeck
et al.,, 2008]. Other studies have linked wake flow structure with patterns of net deposition within the wake
downstream of a patch. Directly downstream from the patch there is a near wake region in which both
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Figure 1. Top view of slide arrangement for (a) the circle patch (64 square slides and 2 rectangular slides); and (b) the capsule patch (64
square slides and 4 rectangular slides). The square slides are 2.5 cm X 2.5 cm, and the rectangular slides are 1.25 cm X 2.5 cm.

velocity and TKE are diminished, promoting deposition of fine material [Takemura and Tanaka, 2007; Chen
et al., 2012]. Patch-scale turbulence, i.e., the von Karman vortex street, forms at a distance L,, downstream
from the patch [e.g., see Chen et al., 2012, Figure 1]. Diminished net deposition, relative to a bare channel,
has been observed in the region of the wake where the von-Karman vortex street is present [Chen et al.,
2012; Ortiz et al., 2013]. Finally, within patches of vegetation both enhanced and diminished net deposition
have been observed [e.g., Bouma et al., 2007; Cotton et al., 2006; Follett and Nepf, 2012; Balke et al., 2012].
While the retention of sediment within vegetation plays an important role in nutrient cycling within rivers
[Clarke, 2002; Jones et al., 2012], and the evolution of coastal marshes [Bouma et al., 2007; Balke et al., 2012],
it remains unclear what physical conditions are needed to promote deposition within a finite patch.

The presence of vegetation reduces the mean velocity, but may increase the turbulence level through the
production of turbulence in the wakes of individual stems and branches [Nepf, 1999]. The presence of stem
turbulence depends on the stem Reynolds number Re, (= ud/v), where u is the velocity within the vegeta-
tion, d is the stem diameter, and v (= 0.01 cm? s ") is the kinematic viscosity. Stem-scale turbulence has
been observed at Re; > 200 within natural river vegetation [Naden et al., 2006] and in many model canopies
[Liu et al., 2008; Ricardo et al., 2014; Zong and Nepf, 2010, 2012] through analysis of velocity spectra and TKE
profiles. In contrast, stem-generated turbulence is absent at low Re, [Tanino and Nepf, 2008a].

Stem turbulence has been related to diminished deposition and erosion within model patches of vegeta-
tion. For example, Follett and Nepf [2012] found a positive correlation between the magnitude of stem-
generated turbulence and the net erosion of sand within a patch of model emergent vegetation. Similarly,
diminished net deposition has been observed within model laboratory patches [Chen et al., 2012; Ortiz
et al,, 2013], and net erosion of sand and mud substrates has been noted in patches of vegetation on interti-
dal flats [Bouma et al., 2007]. These previous studies suggest that stem-turbulence plays an important role
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Table 1. Experimental Parameters and Conditions®

Uo U (u*max) Depmean SD Patch
Case (cms™) @ CpaD Rey Redu—0) (ems™) (mg cm ™) (mg cm ™) Configuration
1 9.1 3.1 16.0 154 220 0.64 (0.80) 1.31 0.67 Circle
2 7.1 34 17.5 121 170 0.50 (0.63) 1.60 0.62 Circle
3 6.2 3.6 184 107 150 0.44 (0.55) 1.85 0.59 Circle
4 5.1 4.0 204 86 120 0.36 (0.45) 2.19 0.40 Circle
5 3.1 55 28.1 49 75 0.22 (0.27) 223 0.11 Circle
6 1.0 11.9 61.4 17 24 0.07 (0.09) 2.24 0.06 Circle
7 0 0 0 0 0 0 1.40 0.10 Circle
8 9.1 3.5 17.8 116 220 0.64 (0.86) 0.97 0.54 Capsule
9 9.1 0.64 145 0.18 None
10 6.2 0.44 2.34 0.08 None
11 3.1 0.22 2.24 0.07 None
12 0 0 1.40 0.13 None
13 9.1 draining 0.64 0.12 0.02 None

only

U, is the channel velocity. Re, is the mean stem Reynolds number inside the patch. Regx—g) is the stem Reynolds number at the lead-
ing edge of the patch (x = 0). Case 9 to 12 were control experiments (no patch). Case 13 evaluated the net deposition during 20-min
draining. Channel shear velocity u,=/cfUp, in which ¢ = 0.005 [White and Nepf, 2007]. Maximum shear velocity u,max=1.25,/cfUp for
Cases 1-7, and = 1.33,/cf U for Case 8. Depmeq, Was the mean of the net deposition over entire channel, and SD was the spatial stand-
ard deviation.

in deposition within a vegetation patch. Because of the role of in-canopy deposition in nutrient cycling
[e.g., Chambers et al., 1989] and landscape evolution [e.g., Bouma et al., 2007] it is important to understand
what flow conditions promote in-canopy deposition. The focus of the present study is to define the condi-
tions for which enhanced deposition may occur within a finite patch of vegetation, and to provide guidance
for making that evaluation in the field.

2. Experiment Methods

Experiments were conducted in a 3.75 m long, 0.4 m wide recirculating Plexiglas flume with a 2.84 m long
test section. The bed of the flume was horizontal. A pump with variable speed motor provided a maximal
discharge of 3.8 L per second. The flow depth was H = 14.0 = 0.1 cm, and the channel velocity (U,) was var-
ied between 0 and 9.1 cm s~ . To explore the influence of patch length, two patch geometries were consid-
ered: circular, with patch diameter D =10 cm, and elongated, with width D and length 2D. The design of
the elongated (or capsule) patch is discussed in the last paragraph of this Experimental Methods section. The
model patch of emergent vegetation was constructed at the center of the channel using smooth wooden,
circular dowels with diameter d = 0.36 cm. The cylinders were fitted into a PVC baseboard with a staggered
array of holes. The stem density was n =1.43 cm 2. The frontal area per volume, a (= nd), was 0.51 cm ™',
and the solid volume fraction, ¢ (= nad/4), was 0.15. For both geometries the patch width was 10 cm, so
that the patch blocked 25% of the channel width. The drag coefficient within the patch, Cp, was estimated
from Tanino and Nepf [2008b, equation (5)]. Based on ¢ and maximum Re,, Cp = 3.1, yielding CpaD = 16,
which corresponded to high flow blockage (CpaD > 4) [Chen et al., 2012]. Experimental parameters for all
cases are shown in Table 1.

Instantaneous measurements of longitudinal velocity, u(t), lateral velocity, v(t), and vertical velocity, w(t),
were measured by a Nortek Vectrino, and the raw data were despiked following the method of Goring and
Nikora [2002]. The threshold velocity above which stem-generated turbulence occurred (i.e., corresponding
to Rey) was determined by analyzing the velocity spectra (S,,) measured at the point closest to the down-
stream edge of the patch (x=11.3 cm). S,, was obtained by processing instantaneous velocities using
Welch's method, as described in the Matlab toolbox. The production of stem-scale turbulence was identified
by a peak in the spectra corresponding to the frequency of vortex shedding from a circular cylinder, which
is described by the Strouhal number, St = fd/U,, in which f is the vortex-shedding frequency, and U, is the
velocity measured at the point used for the spectral analysis (see details given in Zong and Nepf [2012]). For
an isolated cylinder St = 0.12 to 0.21, increasing with Rey over the range Rey = 50 to 1000 [Norberg, 1994].
Similarly, Zong and Nepf [2012] measured St = 0.14 to 0.24 directly behind model patches of vegetation
with different patch diameter and cylinder density and within which Re; = 250 to 470. Based on these
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studies, we expect stem-generated turbulence will manifest as a peak in the S,, spectra at frequency
f = StU./d, with St = 0.1 to 0.2.

The presence of stem-generated turbulence within the model patch was also evaluated by imaging the evo-
lution of a fine line of tracer (fluorescein) within the patch. A UV light was positioned above the flume to
excite the fluorescein, which was injected continuously from a horizontal needle located 1 cm upstream of
the patch (x= —1 cm) and 4 cm below the water surface (z= 10 cm) at a constant rate chosen so that the
tracer velocity at the needle tip was close to or less than the ambient velocity, to avoid producing additional
turbulence during the injection. A Canon 5D Mark Ill camera fixed above the center of the circular patch
(x=5 cm and y =0 cm) captured the tracer motion. To avoid light reflection from the water surface, the
images were taken in a totally dark environment.

The deposition experiments were conducted using a model sediment of glass spheres (d;p=1.5 um,
dso = 5.6 pm and dgo = 13.3 um) from Potters Industry (Valley Forge, PA) with a density of p, =259 cm 3.
The particle settling velocity (w, = 0.002 cm s~ ') was estimated using the following equations from Cheng
[1997], which covers particle diameters d, =1 X 10~ *to 1 cm,

in which d,, is the particle diameter (= ds) and d. is the dimensionless particle parameter
1/3
(Pp—Pw)g
d.= [A} dy )

with p,, the water density, and g the gravitational acceleration. For the model particles d.=0.13. The model
particles were scaled to match the ratio of settling velocity to channel shear velocity (u.) observed for fine
organic matter in streams, for which w;/u. = 0.002 to 0.3. For the model particles w;/u, = 0.003 to 0.029.
The particle size was not scaled. A detailed discussion of particle scaling is provided in Ortiz et al. [2013].

In a bare channel, the critical bed shear stress (z.) describes the initiation of sediment motion, i.e., resuspen-
sion, with u, the critical shear velocity, and 7. the Shields parameter.

Tc:PwU*czzf*c(Pp_Pw)gdp (3)

For d, < 0.3, 7,= %tan 30° = 0.29 [Julien, 1995], so U,.=0.49 cm s~ for the model particles. We defined
two shear velocities to describe the bed stress present in the channel. First, the channel shear velocity (u.)
was estimated from the channel velocity (Uy), specifically u,=./cfUp, with bed friction coefficient ¢s = 0.005,
based on previous experiments using the same baseboards [White and Nepf, 2007]. We note that the flow in
the test section is not fully developed. A vertical profile of streamwise velocity taken 20 cm upstream of the
patch (data not shown) indicated that the bottom boundary layer was roughly 2 cm. This does not limit the
results, because fully developed flow is not always present around vegetation patches in the field. However,
this does introduce some uncertainty in our estimate of u., because the bed-friction coefficient (cf) was
measured for fully developed flow over the same baseboards, for which the boundary layer would be larger.
Therefore, the equation u.=./cfUs may under predict the true local value of u.. In cases with model patches
(Case 1 to 8), we also calculated the maximum shear velocity (U.max=1/CrUmax), Which occurred in the region
adjacent to the patch, where the velocity increased to a local maximum Up,q = 1.25U, and 1.33U, for the
circular and capsule patches, respectively (data not shown).

Table 2. Parameters of Model Patch in our Experiments and the Published Literature®
1

alcm™) @
Source Sparse Dense Sparse Dense D (cm) L (cm) d (mm) Patch Configeration
Our experiments 0.51 0.15 10 36 Circle
Chen et al. [2012] 0.06 0.20 0.03 0.11 42 6.4 Circle
Zong and Nepf[2010] 0.04 0.20 0.02 0.10 40° 800 6.0 Rectangle

“a is the frontal area per volume. ¢ is the solid volume fraction. D is the patch diameter. d is the stem diameter.
PFor the rectangular patch, D was the width and L was the length.
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To measure net deposition, we arranged 64 square glass slides (2.5 cm X 2.5 cm) around the patch, with 2
and 4 rectangular slides (1.25 cm X 2.5 cm) inside the circular and capsule patch, respectively (see Figure
1). A few stems were moved to accommodate the slides, and these were placed elsewhere in the patch, so
that the overall stem density was not changed. Dry slides were initially weighed and then placed on the
channel bed with no flow. The pump speed was slowly increased to the target discharge, after which 93.4 g
of particles was mixed in a large plastic measuring cup. The slurry was gently poured into the downstream
tank and transported to the upstream tank by the pump. The particles were mixed to a uniform concentra-
tion within 15 min. Once mixed, the concentration was 105 g m™~>. The experiment ran for 4 h, which was
much longer than the initial mixing time. This was a closed, recirculating system, so that both the flow and
particles were recirculating during experiment. After 4 h the pump was slowly stopped (over 30 s) to pre-
vent wave generation, and the water was slowly drained, taking 20 min. After draining, the slides were
allowed to dry for 12 h, with four heat lamps placed along the flume to accelerate drying, after which the
slides were placed in an oven at 50°C for 4 h to remove moisture. Finally, the slides were reweighed and
the net deposition at each position was calculated by the difference in weight before and after the experi-
ment. Each condition was repeated at least two times to evaluate the uncertainty. In Case 7 (circular patch)
there was no current (Up=0 cm s '). In this case the pump was run with an initial channel velocity
(Up=3.1 cm s~ ") for 15 min to mix the particles, after which the pump was slowly stopped and the still
water with suspended sediment was left for 4 h. Control experiments with no patch (Case 9, 10, 11, 12)
were conducted with the same flow conditions as Case 1, 3, 5, 7, respectively (see Table 1). The deposition
that occurred during the 20-min draining period was evaluated in Case 13 (no patch) by placing five addi-
tional slides in the flume just before draining.

The elongated capsule patch was designed to create in-patch conditions without stem-generated turbu-
lence at the highest channel velocity (Up = 9.1 cm s~ '). The design method described here can also provide
a framework for evaluating in-patch flow conditions in the field. Previous studies were used to describe the
velocity evolution at the leading edge, from which we found the distance from the leading edge at which
stem-generated turbulence should be eliminated (L;). In the field, the patch length, L, must be greater than
L, to produce conditions with enhanced deposition within the patch. As described below, velocity spectra
and flow visualization determined the critical Reynolds number below which stem-generated turbulence
was absent (Rey. = 120). We designed a patch for which Re; dropped below Re;. = 120. With model stem

diameter d = 0.36 cm, the target velocity for L, was U, = (v/d)Rey = 3.3 cm s,

Figure 2 describes the longitudinal velocity profiles within three patches: circular, elongated capsule and
infinite. We consider high flow-blockage patches (CpaD > 4), for which the velocity decays over the adjust-
ment length-scale X, = 3.5D [Rominger and Nepf, 2011, equation (4.5)], at which point the flow reaches the
fully-developed interior velocity (Uyx,), which can be estimated from Rominger and Nepf [2011, equation
(4.10)],

UXD_ 2¢ (17¢)

4
Uo fCoaD”’ @)

For our patch Xp =35 cm and Uy,/Uy= 0.025. To simplify the analysis, we approximated the observed
exponential velocity decay at the leading edge of a patch [Rominger and Nepf, 2011] as a linear decay from
Uyx=o to Ux,over distance Xp (Figure 2). Importantly, Chen et al. [2013] showed that the velocity decay was
independent of patch length, even for patches shorter than Xp, so this analysis is valid for L; < Xp. Assuming
linear velocity decay, L, was calculated by solving

(Ux=0—Ux,) _ (Ux=0—UL,)

Xp Lt ®

The velocity at the leading edge, Uy—o, was estimated using equation (4) in Chen et al. [2012]

UX:O _
Uo

1
1- 5 oACpaD (6)

in which o and A are parameters estimated by Chen et al. [2012], A=0.04, so that Uy—o/Uo = 0.68.
From equations (5) and (6), L;= 17 cm. The elongated patch was chosen to be longer than L, specif-
ically 20 cm.
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Figure 2. The distributions of normalized velocity, U/U,, (vertical axis) as a function of streamwise distance (horizontal axis) for a circular
patch (diameter D), a capsule patch (width D, length 2D), and a patch of infinite length (width D). The leading edge of all patches is at

x = 0. Xp is the interior adjustment length, which is the same for all three patches [Chen et al., 2013]. L, is the distance from the leading
edge at which the velocity reaches the value for which Re; = Reg,, denoted by horizontal “threshold” dashed line. The velocities Uy~o, Uy,
and Uy, are located at x = 0, L, and X, respectively.

3. Results

3.1. Threshold for Stem-Generated Turbulence

Using the expected Strouhal number, St = fd/U.= 0.1 to 0.2, we examined the velocity spectra for fre-
quency peaks in the range f=[0.1 to 0.2]U./d. The individual cases were classified with the Reynolds num-
ber at the leading edge, Regx—g (= Uy—o d/v), which was the highest value of Rey; within the patch.
A distinct peak was observed at f= 0.8, 0.7 and 0.3 Hz in Cases 1, 2 and 3, respectively, corresponding to
Regx—o0) = 220, 170, 150, respectively. The peak was less obvious in Case 4 (Regx—o) = 120), and was com-
pletely absent in Case 5 (Regx—0) = 75), suggesting that the threshold for stem-generated turbulence was
crossed near Reyy—p= 120. A similar threshold was revealed in the tracer visualization (Figure 3). The
motion of individual stem-scale vortices was visible for Case 1 (Regx—g = 220) and Case 2 (Regx—g = 170),
and for these cases small-scale mixing quickly blended the tracer into a visually smooth field of color. For
example, examine the region within the red dashed circle (region A) and in the wake of the patch in Figure
3a (Case 1, Regx—ogy = 220). The mixing of tracer was similar in Case 3 (Reyx—q = 150) and Case 4
(Regx—0) = 120), but both exhibited less mixing than Case 1 (Figure 3a). For example, in Case 4 (Figure 3b)
while some blurring occurred, edges of individual filaments were still visible both within region A and in
the wake. Finally, for Reyx—g = 75 (Case 5, Figure 3c), distinct filaments of tracers were clearly observed in
region A, consistent with the absence of stem-scale frequency peak in the spectra. Taken together, the
velocity spectra and tracer visualization (Figure 3) suggested a gradual elimination of stem-generated turbu-
lence for Rey—0) < 120. Based on this, we defined Re, = 120.

3.2. Sediment Deposition

From the settling velocity (w, = 0.002 cm s~ ') the settling time-scale was estimated to be H/w; =~ 7000 s or
1.9 h (H=14.0 £ 0.1 cm). Therefore, in the absence of resuspension, we expected most of the particles to
settle within the experiment time (4 h). This was tested in Case 12 with no current. The initial sediment con-
centration was 105 g m > throughout the flume. If all suspended particles in the test section settled to the
bed, the deposition would be 1.47 mg cm™2 (= 0.14 m X 105 g m™ ). After 4 h, the observed net deposi-
tion was 1.40 mg cm™ 2, indicating 95% particles had deposited on the channel, consistent with the
expectation.

The additional deposition that occurred during the 20-min draining process was measured by adding five
new slides just before draining (Case 13 in Table 1). The deposition during draining, 0.12 = 0.02 (SD) mg
cm ™2 (Table 1), was just 5% to 12% of the deposition measured over the full experiment (4 h + 20 min
draining). Importantly, the deposition measured during draining was fairly uniform (SD/Depmean = 16%).
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(a) Red(x=0) =220
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(C) Red(x=0) =175

Figure 3. Flow visualization using UV light and fluorescein in (a) Case 1; (b) Case 4; and (c) Case 5. Flow direction from the left to right.
Injection point directly upstream of patch. The needle tip is visible at left edge of images. Camera positioned above the centre of the
patch. The diameter of this circular patch was D = 10 cm. Region A indicated by a red dashed circle.

Therefore, we were confident that spatial patterns in net deposition observed in the cases with flow were
associated with the conditions imposed during the 4 h experiment and not during the draining process.

With the pump running, the settling time-scale (7000 s) was much larger than the transit time through the
test-section (L/Uy ~ 30 to 290 s, L = 2.84 m). In addition, the sediment was remixed each time it passed
through the pump (every 200 to 500 s), so that the concentration within the test section (C) was assumed
to be uniform, producing a spatially-uniform deposition rate w,C. Therefore, spatial patterns in net deposi-
tion were attributed to differences in resuspension. First, consider the control cases without patches (Case 9
to 12, Table 1). When u, < u., resuspension should be absent. If only deposition occurred, the accumula-
tion of mass at the bed should be independent of the channel velocity, because H and w; were the same
for all cases. Consistent with this, the net deposition in Case 10 (2.34+0.08 mg cm ?) and Case 11
(2.24 = 0.07 mg cm ™) were the same within uncertainty. These were the maximum net deposition for cases
with current, which was higher than the net deposition with no current (Case 12, 1.40 = 0.13 mg cm™2).
This can be explained by the fact that little deposition occurred in the pipes, so that as the water continu-
ously circulated, all of the particles originally added to the flume were available to deposit in the test sec-
tion. In contrast, for the zero channel velocity case, only the particles originally in the test section were
available to deposit in the test section. Finally, in the highest channel velocity control case (Case 9,
Up=9.1cm s "), u. > u, (Table 1), indicating that resuspension should be active. Consistent with this, the
net deposition in Case 9 (1.45 = 0.18 mg cm ™ 2) was diminished, due to the resuspension, relative to the
control cases at lower channel velocity (Case 10 and 11).
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Figure 4. Spatial distribution of net deposition in (a) Case 9 (no-patch control,
Up=9.1cms "), (b) Case 1 (Up=9.1cms "), (c) Case 3 (Up=6.2cms "), and (d)
Case 6 (Up=1.0cm s~ ). Points located at measurement positions. Color indicates
magnitude of net deposition (mg cm™?), according to color bar. When present
the circular patch is denoted by a black solid circle.

The spatial distribution of net deposi-
tion for one no-patch control and
three patch cases are shown in Figure
4. The black circle denotes the patch,
and the color bar indicates the magni-
tude of net deposition in mg cm 2.
First, consistent with the flow symme-
try, the net deposition was symmetric
across the flume and patch centerline.
Second, a distinct spatial pattern in net
deposition was observed in the patch
cases with high channel velocity (Case
1 and 3, Figures 4b and 4c). In the
region adjacent to the patch, where
the velocity was elevated to 1.25U,,
the net deposition was diminished rel-
ative to the wake region downstream
from the patch, where the flow was
reduced to 0.1U, to 0.3U,. For exam-
ple, in Case 1, the net deposition over
the majority of the channel was less
than 1.8 mg cm ™2, but a local maxi-
mum in net deposition (3.12 mg cm™?)
occurred at x/D =2 within the wake,
consistent with low velocity and TKE at
this location (data not shown). Impor-
tantly, the wake deposition was higher
than that observed in the control at
the same channel velocity (Case 9, Fig-
ure 4a, 1.45 mg cm™?), indicating that
the patch wake enhanced the deposi-
tion of the suspended particles. Simi-
larly, in Case 3, net deposition was
diminished adjacent to the patch (blue
dots in Figure 4c), while the net depo-
sition in the wake (orange dots) was
elevated relative to the control (Case
10, see Depean in Table 1). In contrast,
for the lowest channel velocity case,
Up= 1.0 cm s~ ' (Case 6, Figure 4d),
the net deposition was spatially uni-
form. Finally, the net deposition inside

the patch was either diminished relative to the open channel or had the same value as the open channel.
Diminished net deposition within the patch (Case 1 and 3, Figures 4b and 4c) was attributed to stem-
generated turbulence, which was confirmed by velocity spectra and flow visualization, as discussed in sec-
tion 3.1. In Case 6 (Figure 4d) the velocity throughout the patch was low enough to be below the critical
Reynolds number and the net deposition was equal to the deposition in the surrounding open channel.
This was attributed to both the lack of stem-generated turbulence (Reggocay < Reqc), and the lack of resus-
pension in the open channel, i.e., throughout the flume only deposition occurred.

To further investigate the spatial pattern of net deposition, we divided the domain into three regions (see
Figure 5): (1) within the circular patch (triangles), (2) laterally adjacent to the patch (squares), and (3) maxi-
mal deposition in the wake (circles). In Figure 5 the critical shear velocity u,. (= 049 cm s~ ') is denoted by
a vertical dashed line, and a vertical grey bar marks the critical Reynolds number Re,. = 120. First, for low
channel velocity (Upy < 3.1 cm s~ '), the net deposition in the three regions was the same within uncertainty,
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Figure 5. Net deposition as a function of maximum shear velocity

(U.max =1.25,/CrUp) in the open channel and upstream channel velocity (Up) in
three regions: (1) within the circular patch (A); (2) laterally adjacent to the circular
patch (), and (3) the maximal deposition in the wake (O). The vertical, dashed
line indicates the critical shear velocity (u,. = 0.49 cm s~ ). The vertical grey bar
indicates the threshold stem Reynolds number (Re,. = 120).

consistent with the lack of resuspen-
sion implied by U.max < U.. Second,
as U.max surpassed u., the net deposi-
tion adjacent to the patch prog-
ressively decreased, reflecting
resuspension  (squares, Figure 5).
Importantly, as resuspension increased
adjacent to the patch, net deposition
within the wake (circles, Figure 5)
increased (Up>5.1 cm s~ '). That is,
particles inhibited from depositing in
the adjacent region became available
to deposit in the wake. Third, within
the patch (triangles), the net deposi-
tion was the same within uncertainty
for Uy<5.1 cm s~ ', roughly corre-
sponding to  Reyy—o <Reyq. For
Up>51 cm s~ ' (e, Regy—g > Reqd
the patch net deposition (triangles)
decreased, even as the net deposition
in the wake (circles) increased. We
attributed this to the onset of stem-
generated turbulence within the
patch, which inhibits deposition. Given
the trends in Figure 5, we posit the fol-
lowing criteria for enhanced net depo-

sition to occur within a patch: (1) the absence of stem turbulence (Regiocay < Reqc), and (2) resuspension in
the open channel (u, > u.c) to provide suspended load to the patch.
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Figure 6. Longitudinal profile of net deposition along the centerline of capsule
patch (Case 8). The vertical dashed lines indicate the leading (x/D = 0) and trailing
(x/D = 2) edge of the patch. The grey horizontal bar denotes the net deposition in
the control with no patch, and its width represents the spatial standard deviation
in the control. The error bar for each point represents the difference between two
replicate experiments. Values of Reggocqy inside the patch indicated for positions
x/D = 0.25, 0.75, 1.25 and 1.75. Because the ADV could not be placed in the patch,
the variation in velocity, and thus Regocq), inside the patch was estimated using a
linear interpolation of velocity between the leading and trailing edges of the
patch.

To test the above criteria, we exam-
ined an elongated patch (Case 8, U,
=9.1 cm s~ ') designed to produce
Reys < Reyc in the patch with resuspen-
sion in channel (Uimax > Usc). The net
deposition on the centerline of the
elongated patch is presented in Figure
6. The net deposition in the patch was
diminished relative to the control
(marked in Figure 6) near the lead-
ing edge at positions for which
Redqocay > 120 (values marked in fig-
ure), suggesting that stem-scale turbu-
lence inhibited deposition in this
region. Farther from the leading edge
(x’D=1.25 and 1.75), Red(,om,)<Redc
and net deposition was significantly
enhanced above the control. These
points support the dual criteria, that
both Umax > U.c and Reguocay < Redc
must be met to produce enhanced net
deposition within a patch.

To further test these criteria, we com-
bined observations from the present
study with those from sparse and
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r ; dense patches considered by Zong
T — and Nepf [2010] and Chen et al. [2012].
— The critical Reynolds numbers (Rey.)
1.4+ for the patches in Zong and Nepf were
o 0o oo ® . -

12l . inferred from the longitudinal (x) pro-
’ WK KKk * * files of TKE provided in that paper
P 1 ________??%é?“i?__o_d_xf_%ff_’?‘f__%g - ---------------------- [Zong and Nepf, 2010, Figure 4e]. The
3 o8l ° TKE was elevated above the open
' o O channel (TKE,) at the leading edge of
0.6F sparse dense the patch and declined with distance
o4l ©0© O Ourdata from the leading edge. We identified
' i <. ‘Gheneral [2012] the position (x) at which TKE(x) = TKE,

0 X *  Zong and Nepf [2010] L. A
02 #  Sand-Jensen [1998] inside the patch, for which we
8 . ! . ) ) . ) . assumed stem-generated turbulence
0 0.5 1 1.5 2 25 3 3.5 4 was no longer significant. The velocity
R€ yocan/MCac at this x position [Zong and Nepf, 2010,

. / Figures 4a and 4c] was used to define
Figure 7. Parameter space defined by normalized channel shear velocity (u. /u.c) _ + .
versus normalized patch Reynolds number (Reggocan/Reqc). The symbol color indi- Redf =132%£12 in the dense patCh
cates whether net deposition inside the patch was less than (blue), the same as ((b =0.1, comparable to the density in
(green), or more than (red) the open channel control. The grey vertical bar indi- this paper) and Rey. = 210 = 40 in the
cates Regoca/Reqc = 1, with uncertainty. Additional details in Table 2. ' <

sparse patch (¢ =0.02). Chen et al.

[2012] provided deposition data for a
sparse (Case 16) and dense (Case 17) circular patch of the same ¢, so we assume the same Reg. (= 132 =12
dense patch and = 210 = 40 sparse patch). For these studies deposition within the patch was compared to
deposition observed in the bare channel upstream of the patch, and u,=,/cfUy. Categories of net deposi-
tion were plotted in the parameter space of normalized stem Reynolds number, Regyocap/Rede, and normal-
ized channel shear velocity, u, /u.. (Figure 7). The threshold Regyocap/Reqc = 1 is marked by a vertical grey
box which spans the uncertainty transferred from the uncertainty in Reg.. The threshold u,/u.. = 1 is
marked by a horizontal dashed line. The region Regocap/Redc <1 and u./u.. > 1 satisfies both criteria for
enhanced deposition within a patch: the absence of stem turbulence (Reggocap/Reqc < 1) and the presence of
resuspension (sediment supply) in the open channel (u./u.. > 1). 83% of the red points, which indicated
net deposition greater than the open channel control, fell in this parameter space, consistent with the
stated criteria. Some red points fell a bit above Reygocap/Reqc = 1, which may be attributed to the imprecision
in defining Re,.. Blue points indicated deposition less than the open channel control, and 93% of blue
points fell in the region Regpocap/Req. > 1 regardless of u, /u... This indicated that the presence of stem tur-
bulence (Rey(ocay/Reqc > 1) diminished net deposition within the patch.

4, Discussion

Previous studies provide additional examples consistent with the classification given in Figure 7. First, Sand-
Jensen [1998] reported enhanced net deposition within finite patches of natural vegetation. Sufficient data
for Elodea Canadensis was available to add those measurements to Figure 7 (shown as stars). The diameter
(d) of Elodea canadensis stems was given as <7 mm, and the velocity measured at three positions in the
patch was 0.9, 0.7, 0.6 cm s~ ' [Sand-Jensen, 1998, Table 1], so that Rey =40 to 60. Assuming Rey. = 120,
Redqocan/Reqc < 1 within the Elodea, such that stem-turbulence should not be present in the patch. The chan-
nel velocity was U, = 20 to 60 cm s~ ', the water depth was H = 0.4 to 0.8 m, and the grain size in the open
channel (1 m upstream of patch) was dsp = 0.3 mm. The grain size can be used to estimate the bed friction
coefficient [Julien, 1995, equation (6.14) and Table 6.1], yielding u, = 1.3 to 3.2 cm s~ '. The grain size within
the patch was dsy, = 0.2 mm (Figure 4) [Sand-Jensen, 1998]. Since we are interested in the deposition of this
grain size into the patch, we find the critical shear velocity for this grain size following Julien [1995, equation
(74)], u.e =09 cm s~ ', such that U, /u.c = 1.4 10 3.6 (mean value = 2.5). The Sand-Jensen measurements fall
in the quadrant of Reyyocay/Reqc <1 and u, /u,. > 1 in Figure 7 (stars), and consistent with this net deposi-
tion within the patch was enhanced, relative to the adjacent bare bed.

LIU AND NEPF

SEDIMENT DEPOSITION WITHIN AND AROUND A VEGETATION PATCH 609



@AG U Water Resources Research 10.1002/2015WR018249

Second, Follett and Nepf [2012] considered a circular patch of emergent vegetation in a sand bed. For all
flow conditions erosion was observed within the patch, relative to the surrounding bare bed [Follett and
Nepf, 2012, Figure 8], and this was attributed to stem-generated turbulence. Specifically, the magnitude of
net erosion within the patch was positively correlated with estimates of stem-generated TKE. Kim et al.
[2015] also considered a finite region of model vegetation in a sand bed. They compared flow conditions
for which u,/u.c > 1 and u./u.c < 1. When u,/u,. < 1 erosion was observed within the leading edge of
the patch [Kim et al, 2015, Figure 9]. This could be attributed to the presence of stem-scale turbulence
(Redgoca > Reqc) and the lack of sediment supply from the channel (u./u.. < 1).In contrast, when u, /u.. >
1 providing a sediment supply to the patch, both erosion and deposition, relative to the bare channel, was
observed within the patch [Kim et al., 2015, Figure 12]. Erosion was observed near the leading edge, where
higher velocity promoted stem-generated turbulence, and deposition was observed farther from the lead-
ing edge, where reduced velocity precluded stem-generated turbulence.

Balke et al. [2012] described the variation in the morphology of salt marsh tussocks (circular regions of pio-
neer vegetation) as a function of the depositional environment, i.e., whether the surrounding region was
accreting or eroding, and sediment type (sandy versus silty), which they associated with high (sandy) and
low (silty) hydrodynamic energy (waves and currents). For accreting conditions, the tussocks were
depressed relative to the surrounding bed in high energy (sandy) regions, but elevated in a dome relative
to the surrounding bed in low energy (silty) regions. Balke et al. [2012] attributed the difference in morphol-
ogy (depression versus dome) to the level of stem-generated turbulence within the tussock, which was
more likely to be present in high energy environments for which current within the tussock would also be
higher. The two limits of behavior (depression versus dome) are consistent with the classification given in
Figure 7. Specifically, for accreting regions sediment supply to the patch is not limited, which is analogous
to u,/u.c > 1in Figure 7, denoting that a suspended sediment supply was available for the patch. Enhanced
deposition within the patch (dome morphology) occurred in low energy environments, for which Reggocay/
Rege < 1 was likely, and reduced deposition within the patch (depression morphology) occurred in high
energy environments, for which Reggocap/Reqc > 1 was likely. Both of these are consistent with Figure 7. For
eroding environments, the tussock was also raised, relative to the surrounding bed, but the difference in
elevation was not attributed to enhanced deposition within the tussock, but instead to enhanced erosion at
the edge, which was associated with the flow diversion around the tussock and the sediment binding
achieved by the roots. These processes are not captured by the classification in Figure 7. We note this to
emphasize that a variety of biotic and abiotic processes contribute to morphologic evolution (as discussed
in Balke et al. [2012]), and that Figure 7 only captures the abiotic processes of flow modification and sedi-
ment transport.

The classification shown in Figure 7 can be used to evaluate the potential for in-patch particle deposition in
the field. For a given channel velocity, patch width, and stem density, equations (4-6) can be used to esti-
mate the velocity within a patch, and specifically the length-scale (L) for which Re, < Re,.. Patches of length
L > L, produce conditions favorable for in-patch deposition, i.e., absence of stem-generated turbulence. The
channel velocity and grain size would be used to evaluate the potential for sediment supply to the patch
(u./usc > or < 1). The same method could be applied in tidal systems, if the time-scale for tidal variation is
long compare to the flow development time-scale over the patch (L/u), which generally would be true. In
this case, the system could be evaluated as a sequence of quasi-steady flow conditions. For submerged
patches, the height of the patch (h) introduces another length-scale that influences the velocity adjustment
(Xp). For high-flow blockage, channel-spanning, submerged patches, Chen et al. [2013] observed X, ~ 7h.
For submerged patches of finite width, the smaller dimension (D versus h) should control the flow adjust-
ment. Specifically, for high-flow blockage (Cpah and CpaD > 4), equations (4-6) would apply, with Xp = min
(3.5D, 7h). For low-flow blockage patches, turbulent stress penetration into the patch must also be consid-
ered in the estimation of in-patch velocity (see discussion in Rominger and Nepf [2011]).

5. Conclusions

Laboratory experiments identified the threshold for stem-generated turbulence within emergent vegetation
and explored how channel velocity influenced the pattern of net deposition around and within the patch.
The presence of resuspension within the channel (u, > u..) was a necessary condition to produce spatial
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variation in the net deposition around the patch. For u, > u.. resuspension adjacent to the patch both
reduced net deposition adjacent to the patch and enhanced net deposition within the wake behind the
patch, because particles put back into suspension from the adjacent region became available to deposit in
the wake. Two criteria were necessary for enhanced net deposition inside the patch, relative to the bare-
channel: resuspension in the channel (u. > u..), and the absence of stem-scale turbulence (Reqgocay < Reuc)
within the patch. Previous laboratory and field studies observed patterns of net deposition and erosion
within patches that were consistent with these criteria. However, we caution that the physical mechanisms
of flow modification and sediment transport captured by the parameterization of u, and Re; may not repre-
sent all relevant processes that determine the morphology in vegetated landscapes.
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