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Morphological Adaptation of River Channels to
Vegetation Establishment: A Laboratory Study

Andrés Vargas-Luna' ("}, Gonzalo Duré’, Alessandra Crosato™* ("), and Wim Uijttewaal’

'Department of Civil Engineering, Pontificia Universidad Javeriana, Bogot4, Colombia, *Faculty of Civil Engineering and
Geosciences, Delft University of Technology, Delft, The Netherlands, 3Department of Water Science and Engineering, IHE
Delft Institute for Water Education, Delft, The Netherlands

Abstract while the scientific community has long recognized that alluvial rivers are the product of
interactions between flowing water and bed material transport, it is increasingly evident that vegetation
mediates these interactions and influences the stream channel characteristics. In a novel set of mobile bed
laboratory experiments with variable discharge, we demonstrate that vegetation colonization affects bank
erosion rates, channel shape, channel sinuosity, and bar pattern. Our analyses compared the morphological
evolution of channels with initially steady bars considering the following three scenarios: (1) channel
without vegetation, (2) channel with vegetation added to the floodplains, and (3) channel with vegetation
added to both the floodplains and the bar surfaces that emerge at low flows. Absence of vegetation produced
the widest and shallowest channel with the lowest sinuosity. Floodplain vegetation in the second scenario
reduced bank erosion and resulted in a deeper and more sinuous channel with shorter bars. In the third
scenario, vegetation establishment on emerging bar surfaces intensified erosion on the opposing bank,
enlarging the amplitude of bends. Enhanced sedimentation on vegetated bar areas increased both bar
elevation and bar length compared to the second scenario. The results show that the colonization of bar
surfaces by plants creates the conditions for new floodplain and island formation, fostering channel
meandering and anabranching. Finally, our experiments emphasize the role of alternating high and low
flows on the morphological development of streams mediated by vegetation.

1. Introduction

River morphology results from the interaction between flowing water, sediment transport, and vegetation
(Bertagni et al., 2018; Corenblit et al., 2009; Gurnell et al., 2012; Paola, 2011). Different river configurations
might be expected depending on vegetation establishment, which is in turn influenced by river processes.
Plants colonizing floodplains and bar surfaces emerging during low flows act as ecosystem engineers
(Gurnell, 2014; Jones et al., 1994; van de Koppel et al., 2001). By increasing the hydraulic resistance
(Tsujimoto, 1999; Zong & Nepf, 2011), vegetation reduces the local flow velocity (Vargas-Luna et al.,
2015), enhancing fine sediment deposition (Cotton et al., 2006; Meier et al., 2013; Nepf, 2012; Sand-Jensen
& Mebus, 1996; Wu & He, 2009). In turn, the local settling of fine sediment coming from upstream and
organic matter from the plants, rich in nutrients, controls plant survival and growth and promotes the estab-
lishment of new vegetation communities (succession). The settling of fine sediment also promotes soil con-
solidation processes, further increasing resistance against erosion of the vegetated surfaces (Allmendinger
et al., 2005; van de Koppel et al., 2001). Colonization of sediment deposits, such as bars, by pioneer plants
is therefore the first step toward the accretion of riverbanks and the transformation of these deposits into
new islands or floodplains (Asahi et al., 2013; Bertoldi et al., 2014; Wintenberger et al., 2015). As a result,
the riverbed and width change together with the river planform (Millar, 2000, 2005; Murray & Paola,
2003; Perucca et al., 2007; Eaton et al., 2010; Crosato & Samir Saleh, 2011; Gleason, 2015; Iwasaki
et al., 2016).

Since the pioneering work carried out by Hickin (1984), several studies have examined the effects of
vegetation establishment on rivers from field observations (e.g., Serlet et al., 2018 [alternate bars]; Gran
etal., 2015 [braided rivers], Bywater-Reyes et al., 2018 [sinuous channels]). The presence of vegetation favors
the stability of recently formed deposits and banks by deflecting the flow and increasing soil strength due to
the mechanical reinforcement derived from root networks (Bywater-Reyes et al., 2018; Pollen & Simon,
2005; Pollen-Bankhead & Simon, 2010; Polvi et al., 2014). Vegetation furthermore decreases erosion by
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covering and, therefore, protecting the bare soil and reduces the pore water pressure by lowering the soil
moisture content via interception and evapotranspiration (e.g., Terwilliger, 1990). However, it is important
to point out that the presence of vegetation may also decrease bank stability because of increased infiltration
rates during rainfall events (Collison & Anderson, 1996; Simon & Collison, 2002) and the additional weight
on banks (Abernethy & Rutherfurd, 2000).

Vegetation tends to grow on steady or slowly migrating bars, because bar movement tends to rework the soil,
eradicating plants. Vegetation on floodplains reduces bank erosion and the channel width-to-depth ratio,
decreasing the amount of bars forming in unvegetated channels (Jang & Shimizu, 2005, 2007). Therefore,
to understand how vegetation changes river morphology, it is crucial to reveal how the establishment of
vegetation on bars and floodplains affects the morphological evolution of river systems. This is also essential
for assessing the potential impact of human activities, such as floodplain vegetation management, upstream
dam construction, water withdrawal, and the construction of drainage systems that alter the surface and
subsurface flow regimes of a river and affect riparian vegetation (e.g., Egger et al., 2015; van Ruijven &
Berendse, 2005).

The morphology and rigidity of plants influence the flow turbulence, alter the flow resistance of vegetated
beds, and considerably affect banks. Recent research provides some understanding of the interaction
between flow dynamics and plants [see Green, 2005; Nikora, 2010; Folkard, 2011; Nepf, 2012;
Marjoribanks et al., 2014, for a review]. However, the results of these studies are only applicable to a few
plant species (or plant surrogates in most cases) under controlled laboratory conditions, which might differ
from those observed in nature (Vargas-Luna et al., 2016). One of the critical obstacles to applying these
results in the field is the complex distribution of riparian vegetation along river corridors. Riparian vegeta-
tion cover typically combines different species, densities, and developmental stages, which are influenced
by the local geology as well as by the hydrologic regime and climate of the area.

Several mathematical and numerical models simulate the effects of plants on river hydrodynamics, sedi-
ment, and morphodynamic processes, notwithstanding some important limitations, such as treating plants
asrigid cylinders (see Vargas-Luna, Crosato, & Uijttewaal, 2015, Vargas-Luna, 2016, for a review). A few 2-D
models can reproduce river width variations treating bank erosion and accretion separately. However, in
these models the representation of river bank accretion is still highly simplified (Asahi et al., 2013;
Bertoldi et al., 2014; Bywater-Reyes et al., 2018; Jang & Shimizu, 2005, 2007; Kang et al., 2018).

Laboratory experiments that investigate the geomorphic effects of vegetation are less common. Still,
researchers have shown how plants increase the local soil strength, stabilize the floodplain surface, and
deflect the flow toward the center of the main channel, resulting in reduced braiding indices of the alluvial
channel (e.g., Bertoldi et al., 2015; Braudrick et al., 2009; Gran & Paola, 2001; Tal & Paola, 2007; Tal & Paola,
2010). Rominger et al. (2010) described secondary flow alterations and increased bank erosion on the oppos-
ing bank due to the presence of plants. A recent flume investigation with real plants focused on the descrip-
tion of the topographic adjustments of a vegetated bed to different sediment supply conditions (Diehl et al.,
2017), stressing the relevance of clarifying the morphological evolution of river bars with vegetation. Most of
these experiments faced difficulties in measuring bed elevation changes and flow properties, restricting the
quantitative interpretation and the upscaling of the observed responses relative to natural scales of rivers.

The vegetation colonization process varies in nature due to the interactions between vegetation dynamics
and climate. In arid and cold climates, colonization by vegetation is relatively slow and occurs mainly during
low-flow periods, with subsequent high-flow periods potentially eradicating the new fragile plants (Bertoldi
et al., 2014). In these environments, vegetation is more likely to establish itself on floodplains only. In tropi-
cal and humid climates, instead, vegetation proliferates and is more likely to establish itself also on areas of
the riverbed that emerge during low flows, namely bars (Bertoldi et al., 2014; Perucca et al., 2007). However,
the effects of vegetation establishment on emergent bar surfaces also depend on river size. Quantifying these
effects on river morphology is therefore complicated, because if the stream power of the river is large enough
to eradicate young pioneer vegetation with sufficiently high frequency, vegetation might not be able to colo-
nize bar tops even in tropical humid climates (Bankhead et al., 2017; Bywater-Reyes et al., 2015; Edmaier
etal., 2011, 2015; Perona & Crouzy, 2018). Based on the above considerations, three different vegetation con-
figurations might be encountered in natural channels: (1) no vegetation, (2) floodplain vegetation, and (3)
vegetation on both floodplains and bar surfaces.
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Climate change is likely to affect river morphology by altering the flow and sediment regimes (e.g., Lotsari
et al., 2015; Mueller & Pitlick, 2013) and riparian vegetation (Perry et al., 2015). For instance, climate
changes affecting the intensity of extreme events (droughts or floods) can cause abrupt alterations of the
sediment transport rates and plant establishment (e.g., Asselman, 1995). As a consequence, during the last
several decades, an increased frequency of climate-related vegetation mortality events has been observed,
for instance, in forest ecosystems (Allen et al., 2010).

Our experimental investigation studies the role of vegetation establishment on the evolution of riverbed
topography and planform style, analyzing the interaction between vegetation, riverbed, and bank dynamics.
The experiments quantitatively examine the development of initially straight channels shaped by variable
flow over a sandy bed that is subsequently perturbed by vegetation colonization. As accretion processes in
rivers commonly start with colonization by vegetation of the emerging parts of sediment deposits, such as
bars, during low flows, the experiments include: a mobile-bed channel with erodible banks bounded by a
floodplain, variable discharge, quasi-stable alternate bars, and vegetation.

Two types of vegetation establishment are studied; the first considers vegetation colonization on river flood-
plains only, while the second includes vegetation colonization on the floodplains and on the bar surfaces
that emerge during low flows. These two cases are compared to a reference case without vegetation, but with
very similar initial conditions, allowing quantification of the effects of the selected vegetation establishment
types on the morphological development of the modeled stream.

The experiments describe systems in which plants are not easily eradicated and are inspired by the Lunterse
beek, a well-monitored, small stream located in the Netherlands in which the conditions considered here
were observed (see Vargas-Luna et al., 2018, for a complete description). However, the results of our experi-
ments are not intended to be scaled with this or any other specific river.

The results show how channel characteristics and planform style respond to vegetation establishment on
floodplains and emerging bars during low flows. In particular, the work quantitatively assesses the change
of bar characteristics in terms of bar mode, wavelength, and amplitude following vegetation establishment.

2. Materials and Methods
2.1. Bars

Bars can be subdivided into two types: local and periodic. Alternate bars belong to the latter. Periodic bars
form in alluvial channels due to morphodynamic instability (Engelund, 1970). There are two types of peri-
odic bars: free and hybrid (Duré et al., 2016). The former are typically migrating whereas the latter are
steady, fixed by the presence of some geometrical discontinuity of the channel which forces the flow pattern,
such as a groyne, a bridge pile, or a local width variation. The bar mode is a parameter commonly used to
identify the type of bars present in a channel: a mode of 1 corresponds with alternate bars, a mode of 2 cor-
responds with central bars, and modes larger than 2 correspond with multiple bars (Engelund, 1970).
Considering bars as double harmonic waves of the channel bed with longitudinal and transverse wave-
lengths, the bar mode is theoretically represented as the integer of the ratio between two times the channel
width and the transverse bar wavelength. For hybrid bars, that is, those bars that develop due to morphody-
namic instability, but are fixed by forcing (Duro et al., 2016), the theoretical bar mode can be calculated using
the formula derived by Crosato and Mosselman (2009), which is applicable only for width-to-depth ratios
smaller than 100. If the flow can be assumed uniform, the formula becomes
(b-3) B3

VA Dy CQ

in which m is the bar mode (-), g is the acceleration due to gravity (m/ s%), Bis the channel width (m), i is the
longitudinal bed slope (-), A is the submerged relative sediment density (ps-pw)/ps=1.65 (-), where ps and py,
are the sediment and water densities (kg/ m3), respectively, Dsq is the median sediment size (m), C is the flow
resistance in the form of the Chézy coefficient (ml/ 2/s), Q is the flow discharge (m3/s), and b is the degree of
nonlinearity of the sediment transport formula as a function of flow velocity, written as

gy = Mu @)

m? = 0.17g

@

where g, is the volumetric sediment transport rate per unit width (m?/s), M is a coefficient, and u is the flow
velocity (m/s). Crosato and Mosselman (2009) suggest imposing b = 4 for sand-bed rivers and b = 10 for
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Figure 1. Experimental setup of the mobile bed flume: (a) planview, (b) initial configuration of cross-section A-A’ (verti-
cally distorted 1V:2H), and initial (c) and final (d) planforms obtained for Scenario 3. The dashed square indicates the area
used to report the reach-averaged characteristics of the channel. All dimensions in meters.

gravel-bed rivers. Due to the small size of the channel, the well-graded sand used in the experiments is
expected to have mobility that is typical of gravel-bed rivers, that is, close to the conditions of initiation of
motion (e.g., Le et al., 2018). For this reason, we considered both values of b to provide a theoretical range
for the bar mode.

In our experiments, bars are preferably alternate and steady, because low bar dynamics is necessary for vege-
tation establishment. For this reason, the experimental setup needs a transverse plate at the upstream
boundary, fixing the bar position, that is, producing hybrid bars (Crosato et al., 2012; Duro et al., 2016).
The bar wavelength should allow observing several bars. This is obtained by selecting a discharge regime
using the theory developed by Struiksma et al. (1985), described also in Crosato and Mosselman (2009).
The conditions for alternate bar formation are described by equation (1) imposing mode m = 1.
Considering that slope, width and the bed roughness are a result of the morphological adaptation of the sys-
tem and cannot be imposed; determining the discharge regime requires a trial and error procedure (several
preliminary experimental tests).

2.2. Experimental Setup

The experimental stream table was built in the Environmental Fluid Mechanics Laboratory of Delft
University of Technology. It was 5 m wide and 45 m long but due to the inlet and outlet structures, the effec-
tive length became 36 m (Figure 1a). The facility was equipped with a reservoir located at the downstream
end to control the downstream water levels during the experiments. From this reservoir, water and sediment
were recirculated. A special sieve was designed and placed in the outlet structure to collect sediment samples
and to dissipate excess energy of the incoming water (Figure 1a). The inlet structure included a 0.40-m-long
transverse plate (half of the initial channel width) used as an upstream forcing with the aim to quickly obtain
aregular, repeatable sequence of hybrid alternate bars, avoiding bar migration in the downstream part of the
stream table (Crosato et al., 2012; Figure 1a).

A compound channel composed of a 0.80-m-wide and 0.15-m-deep channel, 1-m-wide floodplains, and 1.1-
m-wide high terraces on both sides was excavated in the sediment at the start of every experiment
(Figure 1b). The initial planform of one of the experiments is depicted in Figure 1c.

The sand used in the experiments had a median diameter, D5y, of 0.001 m and was selected based on
experimental work carried out by Byishimo (2014) and Vargas-Luna et al. (2019). This previous research
was focused on studying the effects of sediment properties and discharge variability on channel-width
changes and was vital to select the sediment used in these experiments. Figure 2a shows the grain-size
distribution of this material, which had a sorting index, I, of 2.26 given as
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where D, is the diameter of the grain size exceeding x percentage of the material (Figure 2a).

Plastic plants of a grassy type were used in the experiments to represent the vegetation on the floodplains
and the plants colonizing the emerging bar deposits. Velocity measurements were carried out by collecting
high-quality photos from the ceiling of the laboratory to later apply the Particle Tracking Velocimetry meth-
odology. The vegetation type, density, and placement were determined during preliminary experimental
activities (Vargas-Luna, Crosato, & Uijttewaal, 2015,Vargas-Luna et al., 2015). From the results of testing dif-
ferent types and densities of vegetation (real, leafy plastic, grass-type plastic, and wooden cylinders), it was
found that for the scale of the stream table, the grass-type plastic vegetation, provided with sticks mimicking
roots, better reproduced the effects of the riparian vegetation found in small streams, such as reduction of
bank erosion and deflection of the main flow velocity. An example of the plant units (root and foliage) used
in these experiments is shown in Figure 2b. The medium plant density (112 plants per square meter) was
selected among the three densities considered in the preliminary tests for the plastic grass (Vargas-Luna,
Crosato, & Uijttewaal, 2015,Vargas-Luna, Crosato, Collot, & Uijttewaal, 2015). Wooden sticks were used
as roots considering that they were found to be effective in reinforcing and protecting bare sediment banks
and deposits from erosion in a way comparable to real roots (e.g., Vargas-Luna, 2016). Plants were manually
inserted in the sand with a staggered pattern at the selected density over the area of interest following a light
pattern projected on the sand surface. This vegetation configuration exhibits significant resistance for the
flow intensity of our experimental stream. Similar characteristics were observed in the Lunterse beek in
the Netherlands (e.g., Vargas-Luna et al., 2018).

2.3. Experimental Procedure

Prior to vegetation addition, each scenario started from the straight, excavated, compound channel of
Figure 1 (first stage), which gradually changed in shape due to erosion and deposition processes. During
the second stage, two different vegetation colonization scenarios were applied. The experiments also
included a scenario without vegetation, for comparison.

Several preliminary tests were carried out to select the flow regime, based on its capability of producing the
desired size of alternate bars in the channel. The chosen regime is a sequence of low and high discharges of
22 and 45 L/s, having a duration of 9 and 2 hr, respectively. This corresponds to having low flow for 82% of
the time and high flow for the remaining 18%. To comply with the different flow rates and minimize back-
water effects, a difference of 0.05 m in the water level of the downstream reservoir was imposed between low
and high flow conditions. To guarantee sediment mobility during the experiment and to avoid significant bar
pattern changes between the two discharges, the high-to-low flow ratio defined for this setup is not as high as
that observed in real rivers (the low- and high-flow depths are approximately 50 and 75% of the thalweg
bankfull depth, respectively, at the end of the first stage of each experiment, when the channel morphology
has stabilized). The low and high flows selected for the experiments provided substantial differences in water
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depth, allowing emergence of bar topography and opportunities for vege-
tation colonization. The preliminary experiments allowed us to determine
the duration of each experimental stage: 31 hr for the first stage, a time
long enough for hybrid alternate bar formation, and 55 hr for the second

(Scenarios 2 and 3)
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stage. This resulted in a total duration of 86 hr for each scenario (Figure 3).

After the initial bed conditioning phase (first stage), three scenarios were
investigated: (1) an alluvial river channel without vegetation, (2) a river
channel with vegetation on the floodplains, and (3) a river channel with
vegetation on floodplains and on the bar surfaces emerging during low-
flow stages. In the first scenario, the experiment continued with the same
sequence of low and high discharges with no vegetation added. In the sec-
ond scenario, plastic plants were put on the floodplains after the first 31

20 '

hr. In the third scenario, plants were also put on the floodplains after 31

LA B B B B B T
0 10 20 30 40 50 60 70 80 90 hr, but then more plants at the same density were placed on bar surfaces
t (hOLll’S) that emerged during low flows. Uprooted plants from collapsed banks

were not replaced, but if a vegetated area was entirely covered by trans-

Figure 3. Discharge, Q, as a function of time indicating the scenarios and  ported sediment, more vegetation was added on the top at the same den-

the vegetation establishment moments.

sity. This procedure was repeated at each subsequent hydrograph cycle,
simulating plant colonization and establishment on emerging bars during low flow. The experiments were
terminated when one bank of the laterally migrating channel reached the end of the floodplain (after 86 hr).

2.4. Measurements

The bed surface was scanned at the end of each day to measure the bed topography evolution using a FARO
Focus 3-D laser scanner, allowing for accurate measurements with an error range of +0.002 m. More speci-
fications about this equipment can be found online (http://www.faro.com/). The obtained point clouds were
postprocessed using the Cloud Compare software (http://www.cloudcompare.org). A series of high-
frequency high-resolution photos of floating particles were taken hourly from the ceiling of the laboratory
to infer the surface flow velocity field in localized areas of the channel.

Flow velocity patterns were later reconstructed by using the time-resolved digital Particle Tracking
Velocimetry tool for Matlab, developed by Brevis et al. (2011); (http://ptvlab.blogspot.com). This technique
was selected based on preliminary studies, which demonstrated that for the range of water depths present in
these experiments, the immersion of any element in the water to measure vertical flow velocities (e.g., an
Acoustic Doppler Velocimeter) creates considerable local scour, altering the channel bed. Oblique high-
resolution photos of the entire stream table were taken at 5-min intervals to record the width and the plan-
form evolution of the channel. Corrections were applied to these photos to reduce the distortion due to the
angle of capture by using the ShiftN software (http://www.shiftn.de/). The corrected photos were used to
evaluate the channel planform evolution during the experiment. A net placed at the exit of the stream table
in the reservoir was used to collect the particles released upstream for flow velocity measurements and the
uprooted plastic plants transported by the flow during the experiment.

The flow discharge was measured at the inlet of the stream table by installing an acoustic flow meter in the
recirculating pipe, and sediment samples were taken hourly at the outlet of this conduit using a sieve. The
collected sediment samples were dried and weighed to estimate the sediment transport rates. Hourly water
level profiles were measured with a point gauge installed on the carriage of the stream table. The longitudi-
nal bed slope and the channel sinuosity were derived at the start and the end of each scenario from the ele-
vation and position of the thalweg. All channel characteristics that were derived from the measured data
refer to the central 20 m of the 36 m stream table, avoiding the areas that were affected by the boundaries
(Figure 1). However, the scans of bed topography shown in the results represent a 33 m extent. The following
bar characteristics were measured at the start and the end of each experiment: bar length, bar amplitude, and
bar mode; the last parameter is described in the following section.

2.5. Scaling Considerations

Even if our experiments were not meant to be a scale reproduction of any existing river, scale considerations
are important for understanding the results. For instance, sand-bed rivers are characterized by higher
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Figure 4. Measured bed elevation and planview of the channel after 31 hr for (a) Scenario 1, (b) Scenario 2, and (c)
Scenario 3. Indicated cross sections are shown in Figure 5. Flow from left to right.

sediment mobility than gravel-bed rivers in which the conditions are close to the threshold for sediment
motion (e.g., El Kadi Abderrazzak et al.,, 2014; Kleinhans et al., 2014). Sediment mobility is thus
important for the interpretation of the observed morphodynamic processes at the scale or real rivers.
Mobility depends on sediment diameter and density, flow velocity, and bed roughness, which in turn
depend on channel bed topography and width, presence of vegetation, and bar characteristics (e.g.,
Van Rijn, 1993). In mobile bed experiments sediment mobility can be expected to vary with time. As
an example, Figures 1c and 1d show the initial and final channel configuration of Scenario 3. Due to
different vegetation configurations, in our experiments sediment mobility also depends on the
particular vegetation scenario.

In general, the use of sand does not assure that our experimental scenarios represent the morphodynamic
processes of sand-bed rivers, considering that upscaling of previous laboratory results has rather indicated
that the sediment mobility obtained in laboratory streams with sandy beds is often closer to that of gravel-
bed rivers (e.g., Le et al., 2018). The Shields (1936) parameter, 6,, is commonly used to quantify sediment
mobility, which for our analysis was computed at the start and the end of each scenario, from the values
of the measured variables, as

u2

- 4
C?ADy @

p
where u is the flow velocity (m/s); and D, is the sediment size (m) corresponding to the x percentile of the
sediment distribution.

River channels are characterized also by two-dimensional morphodynamic processes leading to specific
types of bed topography. Upscaling the 2-D morphodynamic behavior of our experiments is equivalent to
reproducing the same bar typology (Kleinhans et al., 2014; section 2.1). The parameters that govern the
bar characteristics are included in equation (1), which was derived from Struiksma et al.'s (1985) theory.
This means that the experiments represent the 2-D morphodynamic behavior of river channels with hybrid
bars having the same mode.

The upscaling of plants from the laboratory scale to the real-river scale is an unsolved problem. For this rea-
son, the model grass was not meant to represent any particular prototype but rather to facilitate a general
investigation of the effects of vegetation.

3. Results

The experimental results of the three scenarios can be compared to one another only if the starting condi-
tions are the same or very similar. The similarity in the starting conditions (i.e., at the time of vegetation pla-
cement at 31 hr) is shown in Figures 4 and 5 that depict the bed elevation and cross sections at a selected
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Initial condition (0 hours) Scenario 2 (31 hours) = Water level for high discharge 3 . . L.

Scenario 1 (31 hours)  ---- Scenario 3 (31 hours) —— Water level for low discharge location and in Table 1 that lists the reach-scale characteristics of the three
425+ channels after 31 hr (prior to vegetation addition). The results of previous
4_205 %\ theoretical and numerical investigations (Dur6 et al., 2016; Struiksma

e i = et al., 1985) indicate that alternate bars develop at the same location if
g 4"5‘; — the flow and sediment conditions, as well as forcing, are the same. Our
- results show, however, that some small differences are present which
= Initial condition could be the result of slight deviations in the experimental operations,
4'05_; rbeten) in particular near the upstream boundary where some small sediment

4,003 : ; : : . T deposit could slightly deviate the water flow.

08 12 16 20 24 28 32 36 40 44

Distance (m) Figure 6 depicts the temporal evolution of the channel characteristics in

the three scenarios starting from the conditions that were present after

Figure 5. Cross-section comparison between the initial condition and bar 31 hr (Figures 4 and 5 and Table 1). The wetted channel width

development after 31 hr, the starting time for the considered scenarios.
Location of the cross sections shown in Figure 4.

(Figure 6a) corresponds to the averaged value of the free-surface width
calculated by means of imagery analysis. As expected, width varies as a
function of discharge. Scenario 1 (without plants) shows a similar widen-
ing rate during the entire experiment, whereas widening is moderately reduced in Scenarios 2 and 3 after the
establishment of vegetation on floodplains. The final averaged width is reduced by approximately 10% in the
scenarios with vegetation.

Figure 6b shows that the water depth in the vegetated cases is slightly larger compared to the nonvegetated
case. This is due to the smaller width, the milder longitudinal slope, and the higher flow resistance of the
vegetated areas in the scenarios with vegetation present (Figure 6d). The width-to-depth ratio increases with
time in all scenarios, but was largest for the nonvegetated case (Scenario 1), while the vegetated cases exhib-
ited smaller values that converged over time (Figure 6c).

Temporal variations of channel width, depth, and thus of the width-to-depth ratio are the smallest in
Scenario 3, producing the most stable channel configuration, in which local bank accretion due to vegetation
establishment is almost counterbalanced by erosion on the opposing side of the channel due to vegetation
push. The slope of the channels increases after each high discharge episode and reduces during the low-flow
periods (Figure 6d). It is particularly noticeable that the lowest values of channel slope correspond to

Table 1

Reach-Averaged Channel and Bar Characteristics at the Time of the Initial Vegetation Placement (After 31 hr)
Characteristic Units Scenario 1 Scenario 2 Scenario 3
Wetted channel width (B) m 1.54 1.49 1.60
Water depth (h) m 0.041 0.049 0.054
Slope® (i) % 0.12 0.11 0.11
Mean flow velocity () m/s 0.35 0.30 0.25
Maximum flow velocity (up1ax) m/s 0.62 0.43 0.36
Chézy coefficient (C) mY/ %/s 49.9 40.9 324
Sinuosity® (Is) = 1.011 1.012 1.012
Mean shields parameter (D16)" (616) — 0.093 0.102 0.113
Mean shields parameter (Dsg)° (850) — 0.030 0.033 0.036
Mean shields parameter (Dg.s)" (6g4) — 0.021 0.023 0.026
Maximum shields parameter (D16)° (6max;6) — 0.292 0.209 0.234
Maximum shields parameter (Dso)° (6maxsg) — 0.094 0.067 0.075
Maximum shields parameter (Dg,)° (6maxss) — 0.067 0.048 0.053
Bar length? m 7.3 7.0 7.7
Bar amplitude® m 0.045 0.043 0.044
Theoretical bar mode' (m) — 0-1 0-1 1
Observed bar mode (m) — 1 1 1
Sediment transport rate® (Qy) kg/hr 0.40 — —

Note. Hydraulic variables refer to the low-flow discharge of 22 L/s.

ACalculated along the thalweg. ~Ig = thalweg length divided by reach length. “Calculated with equation (4). Mean
and maximum flow velocities are used accordingly. “Measured between emergent bar tops.  °Difference in elevation
between the highest and lowest locations on a bar. 'Computed assuming b = 4 and b = 10 in equation (1). SOnly
measured for Scenario 1 during the bar formation stage.
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Figure 6. Temporal evolution of reach averaged: (a) wetted channel width,
B, (b) water depth, h, (c) wet channel width-to-depth ratio, B/h, and (d)
channel slope, i, during the experiments. Discharge variation, Q, is shown in

panel (d).

Scenario 2 (vegetated floodplains), while the unvegetated case exhibits the
highest slopes. Scenario 2 results in the highest sinuosity (Table 2), which
can explain why this scenario presents the lowest slope.

Regarding the final configuration of each channel, Figure 7 shows the
high-flow water depths, whereas Table 2 lists the main characteristics of
the channels and their bars at the end of each scenario at low flow condi-
tions. From the planview presented in Figure 7, it can be seen that three
main (relatively wide) bars formed in the unvegetated case, whereas four
(narrower and shorter) bars formed in the scenarios with vegetation. By
analyzing the values provided in Table 2, we can observe that higher bars
and deeper channels are obtained in the scenario with vegetation estab-
lishment on emerging bars (Scenario 3): the bar amplitude increases from
0.057-0.058 m in Scenarios 1 and 2, respectively, to 0.075 m in Scenario 3.
This phenomenon occurs due to local sediment deposition on bar tops
during high-flow conditions, enhanced by vegetation. Compared to the
unvegetated case, bank erosion is substantially reduced in Scenarios 2
and 3 due to the lower erodibility of the banks, which is reflected in a
reduction of average channel width. However, local bank erosion peaks
are found in Scenario 3 opposite vegetated bars. This is attributed here
to bank push exerted by vegetation on bar tops, resulting in flow concen-
tration near the eroding bank and in a relatively high sediment transport
rate. At the same time, Scenario 3 also presents some local channel nar-
rowing due to the established vegetation, which results in an averaged
width that is slightly smaller than that of Scenario 2. Results of Scenario
2 showed that vegetation on floodplains strongly decreased the bar wave-
length with respect to the unvegetated scenario, that is, 7.5 versus 14 m.

However, a bar wavelength of 10 m is observed in Scenario 3 due to extra sediment deposition upstream
and downstream of vegetated bar tops.

Sediment output measurements show that more sediment was leaving the system at the end of Scenario 3,
attributed here to reach-scale channel incision and flow concentration (Figure 8). This behavior is reflected

Table 2

Reach-Averaged Channel and Bar Characteristics for the Considered Scenarios After 86 hr

Characteristic Units Scenario 1 Scenario 2 Scenario 3
Wetted channel width (B) m 2.15 1.91 1.86
Water depth (h) m 0.024 0.031 0.032
Slope® (i) % 0.2 0.15 0.18
Mean flow velocity (u) m/s 0.42 0.37 0.37
Maximum flow velocity (upgax) m/s 0.6 0.5 0.52
Chézy coefficient (C) m'?/s 60.6 54.3 48.3
Sinuosity® (Is) — 1.028 1.042 1.039
Mean shields parameter (D16)° (616) — 0.091 0.088 0.111
Mean shields parameter (Dso)¢ (650) — 0.029 0.028 0.036
Mean shields parameter (Dg,)° (634) — 0.021 0.020 0.025
Maximum shields parameter (D16)° (6max;e) — 0.186 0.160 0.220
Maximum shields parameter (D) (6maxso) — 0.059 0.051 0.070
Maximum shields parameter (Dg,)° (6maxgs) — 0.042 0.037 0.050
Bar lengthc1 m 14 7.5 10
Bar amplitude® m 0.057 0.058 0.075
Theoretical bar mode (m) — 1-2 1-2 1-2
Observed bar mode (m) — 1-2 1-2 1-2
Sediment transport rate (Qs) kg/hr 0.39 0.3 0.42

Note. Hydraulic variables refer to the low-flow discharge of 22 L/s.

4Calculated along the thalweg.

and maximum flow velocities are used accordingly.
between the highest and lowest locations on a bar.

Is = thalweg length divided by reach length. “Calculated with equation (4). Mean

Measured between emergent bar tops. °Difference in elevation
Computed assuming b = 4 and b = 10 in equation (1).
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Distance downstream (m)

0 002 004 006 0.08 010 012 (a) in the higher water depth obtained for Scenario 3 with respect to the other

two scenarios. The channel slope was higher in Scenario 1 and slightly
smaller in Scenario 2 in comparison to the results obtained for Scenario
3. Another source of extra sediment identified in our experiments was
given by local bank erosion. Figure 8 shows bursts of sediment transport
during high flows but also during low flows. We attribute the latter to
the bank failure events that occurred during the low-flow stages.

The final planforms of the channels obtained at the end of the experi-
ments are presented in Figure 9. In this figure it is possible to observe
the channel width reduction and the changes in bar pattern for the vege-
tated scenarios (i.e., a higher number of bars and wavelength reduction).

Figure 7. Measured water depths of the channel at high flow conditions  The thalweg line for each scenario is shown with a dashed yellow line.
after 86 hr for (a) Scenario 1, (b) Scenario 2, and (c) Scenario 3. The Thalweg lines demonstrate the higher sinuosity obtained for the cases

dashed square indicates the area used to report the reach-averaged charac-
teristics of the channel. Flow from left to right.

Figure 8. Temporal evolution of sediment output (Qg). The values shown in

Scenario | (O,

Scenario 2 (0,

t (hours)

=039 keg/h)
=030 ke/h)

with added vegetation and emphasize that the case with vegetated flood-
plains (Scenario 2) exhibits the higher sinuosity for this investigation.
Small back-bar channels are indicated by the points marked as number
1 in Figure 9c, while number 2 shows that the bar top is higher near the channel centerline, as indicated by
the presence of vegetation.

4. Discussion

Our results agree with the numerical findings of Bywater-Reyes et al. (2018) and the experimental observa-
tions of Rominger et al. (2010) in a curved channel with fixed banks, who found that vegetation establish-
ment on a bar directs the flow toward the opposite bank. At the same time, they found that the
establishment of vegetation increases the rates of bar accretion through velocity reduction upstream and
downstream of vegetated areas, which coincides with our measurements.

Jang and Shimizu (2005) simulated the response of migrating bars to the establishment of riparian vegeta-
tion by increasing the bank strength in a numerical model through variation of the critical angle of repose
of the bank material. Their results show that higher bank strength produced narrower channels and thus
smaller width-to-depth ratios, smaller bar amplitudes, and faster bar migration rates, as well as shorter
bar wavelengths in the channel. This morphological response was explained theoretically by Tubino and
Seminara (1990), who showed that the larger the channel width-to-depth ratio is, the longer bars are and
the slower their movement. The bar dynamics described in the above studies agree with our observations
and the planforms obtained at the end of the experiments (Figure 9).

Our experimental results are also supported by field observations. Erskine et al. (2012) show channel nar-
rowing as a response to vegetation growth on floodplains and bars from the temporal changes of the
Widden Brook (Australia). Loozen (2017) analyzed the morphodynamic processes of the Colorado River
(Arizona) with a numerical model to explain why sandbars tend to stabi-
- Scenario 3 (0, ~0.42 kg/h) lize the soil, causing the channel to become narrower after bar and flood-
— Discharge plain colonization by plants (Birkeland, 1996). Stabilization and
elongation of gravel bars after vegetation establishment were also
observed in the Isére River (France) by Serlet et al. (2018). Other real-case
examples are reported by Gurnell (2014), who also describes how vegeta-
tion growth increases the size of pioneer islands in the Tagliamento
River (Italy).

ox10?
i The highest areas of the bars in our experiments were not attached to the
0.01 TN nnn. 50 floodplain but were located toward the center of the channel. During their
e e L LI I L | 5y evolution from the initial flat bed, bars first formed attached to the banks
0 10 20 30 40 50 60 70 BO 90 (alternate bars). Simultaneous channel widening, caused by progressive

bank erosion, increased the width-to-depth ratio of the flow, increasing
the bar mode as well. As a result, alternate bars tended to become central

the legend correspond to the average for each scenario calculated for the bars, which led to the formation of sediment deposits, increasing the alter-
period between 31 and 86 hr. The discharge, Q, is shown for reference. nate bar elevation near the center of the channel. This resulted in the
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gradual development of an anabranched system, with a small channel
forming between the vegetated areas of bars and the bank to which bars

were initially attached (i.e., the formation of the back-bar channels or
chutes; Figures 7 and 9). The absence of fine suspended sediments, floating
vegetation, and organic matter in our experiments that might otherwise

block and fill in these smaller channels also contributes to the formation
of the incipient anabranched system. However, the flow convergence and
divergence zones and the combination of small channels with varied hier-

0.5 5 10

Distance downstream (m)

Figure 9. Planview photographs of the channels after 86 hr for (a) Scenario

20 25 30 33 archy described by Church (1992) demonstrate that the existence of these
“back-bar channels” is common in gravel-bed streams. The observations
and analyses of Tooth and Nanson (2000) and Huang and Nanson (2007),

1, (b) Scenario 2, and (c) Scenario 3. Small, back bar channels are indicated ~ Who highlight the role of vegetation establishment on bars in channel ana-
by the points marked as number 1, while number 2 shows that the bar topis  branching, support our findings on the effects of vegetation colonization in
higher near the channel centerline, as indicated by the presence of vegeta-  this process. The observed and theoretical bar modes at the end of each sce-

tion. The dashed yellow line corresponds to the thalweg for each scenario.

Flow from left to right.

nario (Table 2) indeed show that the type of bars present in the system fell
between alternate and central bars (Modes 1 and 2).

After the first 31 hr, none of the scenarios showed increasing or decreasing trends in sediment transport rate,
indicating the establishment of morphodynamic equilibrium. Reach-scale equilibrium, however, also
requires negligible changes in longitudinal channel slope. Figure 6 shows that in Scenarios 1 and 3 the slope
reached a dynamic equilibrium after about 55 hr, notwithstanding the evolution trends of water depth and
wetted channel width. The slight increasing trend of longitudinal slope shows that Scenario 2 did not fully
attain a state of reach-scale equilibrium at the end of the experiment. This can be explained by the sediment
transport rates (Table 2). Sediment transport was the smallest in Scenario 2, which increases the duration of
morphological adaptation compared to the other two scenarios.

Based on sediment mobility (determined by calculating the Shields parameter, equation (4)), we find that the
experimental channels exhibit mobility values similar to gravel-bed rivers, characterized by conditions
close to initiation of motion (assuming 0.030 as the threshold for sediment mobility) for the majority of
the time (e.g., Adami et al., 2016). In the experiments, only the smallest sediment fractions are always mobile
(Tables 1 and 2). At low flows, the largest grain sizes move only in the deeper portions of the channel where
the flow concentrates and the maximum velocities are found, whereas they are left behind in areas with low-
flow velocity.

The interpretation of our experimental results at the scale of natural rivers is particularly complicated
because of the difficulty of upscaling vegetation. It is not possible to determine which type of floodplain vege-
tation is represented by the plastic plants that were used in the experiments. This is not due to the use of arti-
ficial vegetation, because the scaling issue also would be similar if we had employed real plants as, for
instance, was done by Tal and Paola (2007, 2010). As such, application of our findings to natural systems
remains imperfect, and although our observations highlight important aspects of the interaction between
vegetation and the flow of water and sediment, they cannot be directly extrapolated to a specific river system.
In addition to the latter, the experiments describe systems in which the discharge did not easily eradicate
plants during high flow stages. Resistance to high-flow uprooting is observed in small streams, like the
Lunterse beek in the Netherlands (Vargas-Luna et al., 2019). However, the experiments cannot be consid-
ered representative of large river systems, where plants have a less dominant role. This relative effect of vege-
tation depending on the size of the river is consistent with previous observations in other large-scale
experiments (e.g., Bertagni et al., 2018) and by means of numerical modeling (e.g., Kui et al., 2014).

5. Conclusions

To visualize and quantify the morphological effects of vegetation establishment on emergent bar tops, we
carried out a series of laboratory experiments. These were carried out in a mobile bed, large-scale, laboratory
stream table with sediment recirculation and variable discharge. We compared the morphological evolution
of the following three scenarios, starting from unvegetated channels with alternate bars: (1) channel without
vegetation, (2) channel with vegetation establishment on floodplains, and (3) channel with vegetation estab-
lishment on floodplains and bar tops during low-flow stages.
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The results show that vegetation establishment on floodplains reduces bank erosion and that vegetation
establishment on bar tops increases bar amplitude and deflects the flow toward the opposite side of the
channel (bank push), increasing local bank erosion. Vegetation establishment strongly modifies the bar
properties and the planform configuration of alluvial channels. By decreasing the bank erosion rates and
the width-to-depth ratio, floodplain vegetation results in reduced alternate bar lengths with respect to
the unvegetated case (46.4% and 28.6% lower for Scenarios 2 and 3, respectively). If vegetation also
establishes itself on bar tops, local sediment supply is trapped, producing bar elongation. This means
that the final bar morphology observed in alluvial rivers is caused by the flow regime and sediment
characteristics of the system and the relative effects of the colonizing vegetation on bars and
river floodplains.

The scenario with vegetation establishment on floodplains and emerging bar tops produces a more stable
morphology over time. Although the channel continues to be dynamic, local bank accretion and erosion
of the opposing bank seem to almost counterbalance each other. This is the typical behavior of meandering
rivers. These rivers are indeed mostly found in areas with relatively fast vegetation growth, in tropical and
humid climates (Ebisemiju, 1994).

Our experimental observations indicate that the major effect of vegetation establishment on bar tops during
low-flow periods is bar accretion and an increase in localized bank erosion. This would enhance river mean-
dering or anabranching depending on channel width-to-depth ratio, which in turn depends on bank erod-
ibility: low width-to-depth ratios resulting in alternate bar formation would lead to river meandering
(relatively low bank erodibility), whereas larger width-to-depth ratios resulting in central (or multiple) bar
formation would lead to river anabranching (relatively high bank erodibility). Compared to the case in
which vegetation establishes itself on river floodplains only, in our experiments the channel width is only
slightly affected by the presence of vegetation on bar tops.
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