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Abstract This study investigates the effects of vegetation patch patterns on the morphological evolution of
alluvial river channels at the reach-scale. For this, a new two-dimensional numerical biomorphodynamic model
has been developed using the Telemac-Mascaret system. Considering the newest development in the topic, the
effects of vegetation on bedload transport are included by extending Einstein's parameters for the sediment
transport formula. The model was subsequently validated by published laboratory experiments reproducing
alternate bar dynamics with different vegetation establishment scenarios. The validated model was then used

to study the influence of vegetation patch patterns on the channel morphological evolution considering the two
most observed ones: (a) the filled pattern with plants well distributed within the patch, and (b) the stripe pattern
with plants established only along the patch edges. 14 scenarios were simulated in total, including sensitivity
analyses on the coefficients of vegetation characteristics. The results indicate that the morphological responses
of an alternate bar system to the stripe pattern consist of channel widening, steeper slope and reduced water
depth, with increased sediment transport rates. The effects of the filled pattern are similar but weaker. The
results also show that with the stripe pattern, the alternate bars tend to migrate toward the centerline forming
center bars. Besides, the scroll bars forming downstream are shorter, corresponding to less visible chute
channels, compared to the filled pattern. Despite much less vegetation coverage, the stripe pattern decreases the
bar elongation rates in a way similar to the filled pattern.

Plain Language Summary Vegetation influences river morphological evolution by reducing the
flow velocity thus the sediment transport capacity of flowing water. Many studies have been carried out to
investigate the influence of physical characteristics of uniformly distributed vegetation such as plant height,
diameter, density, etc. However, the spatial distribution of vegetation in nature is generally presented as patches
(an area of vegetation surrounded by bare soil) due to environmental factors. In this study, we developed a
numerical model to investigate the effects of vegetation patch patterns on the channel morphological evolution
considering the two most observed ones: (a) the filled pattern with plants well distributed within the patch,

and (b) the stripe pattern with plants only aligned on the patch contour. The numerical results show that the
channel morphological responses of two patch patterns present the same evolution tendency but with different
rates. Besides, the stripe patch controls bar (an elevated region of sediment in the river) elongation rates, similar
to the densely vegetated filled patch with the same contour line. This study provides new insights into the
importance of the spatial distribution of vegetation for fluvial morphology evolution and helps to conceive river
restoration management such as vegetation removal scenarios to remobilize vegetated river bars.

1. Introduction

By acting as a passive role (Camporeale et al., 2013), aquatic vegetation increases the local hydraulic roughness
(Baptist, 2005; Tsujimoto, 1999), reduces the flow velocity, the bed shear stress and the sediment transport capac-
ity of flowing water (Bennett et al., 2002; Le Bouteiller & Venditti, 2014). In river systems, riparian and flood-
plain vegetation acts as an ecosystem engineer (Gurnell, 2014; Jones et al., 1997), influencing channel patterns
and river morphodynamic processes in a way that favors the colonization of new plants (Bertoldi et al., 2015;
Hickin, 1984; Tal & Paola, 2010; Vargas-Luna, Durd, et al., 2019). For instance, the pioneer plants that colonize
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the emerging parts of river channels (banks and bar tops) trap fine sediment, rich in nutrients, and decrease the
flow velocity during high-flow stages, reducing local bed erosion and plant removal, promoting thus the estab-
lishment of new plants (Corenblit et al., 2016, 2020). On the other hand, the river dynamics strongly influence
seedling establishment (Caponi et al., 2019; Mahoney & Rood, 1998) and thus the spatial distribution of vegeta-
tion (Zhou et al., 2018), with plant mortality dominated by inundation, desiccation (Johnson, 2000), burial (Kui
& Stella, 2016) and uprooting (Bywater-Reyes et al., 2015; Edmaier et al., 2011; Wintenberger et al., 2019).

Laboratory experiments of vegetated channels have allowed describing the interactions between flow and sedi-
ment transport for various plant characteristics, under emergent or submerged conditions. Based on laboratory
data, algorithms have been formulated to derive, for instance, the local flow resistance and the bed-load rate as
a function of vegetation characteristics (e.g., Armanini & Cavedon, 2019; Bonilla-Porras et al., 2021; Murphy
et al., 2007; Nepf, 1999; Nepf & Vivoni, 2000). However, vegetation distribution in nature is not uniform and
plants are grouped to form patches, that is, high plant density regions surrounded by bare ground. Several studies
(e.g., Kondziolka & Nepf, 2014; Schwarz et al., 2018; Van Dijk et al., 2013) suggest that the spatial distribution
of vegetation strongly affects the morphological evolution and further the landscape patterns of aquatic systems.

Several attempts have been made in the laboratory and in the field to study the flow characteristics (Li et al., 2019;
Zong & Nepf, 2012) and the spatial sedimentation and erosion patterns (Bouma et al., 2007; Euler et al., 2014;
Follett & Nepf, 2012; Zong & Nepf, 2011) within and around vegetation patches. The laboratory experiments
of Bennett et al. (2002) showed that near-bank vegetation patches can deflect the flow toward the opposite
bank, reducing flow velocity near and within the patches. Later, Bennett et al. (2008) studied the morphological
responses to three different forms of near-bank vegetation patches (rectangular, square, and semicircular) placed
in a straight channel with erodible banks for restoration of river meanders. Similarly, Kim et al. (2015, 2019)
investigated the flow pattern and the morphological changes around a rectangular patch along the sidewall of a
flume and in a channel with erodible banks. They found that the spatial erosion and deposition around and within
the vegetation patch can be closely related to the hydraulic conditions and the obstruction ratio, length, density,
and submergence ratio of the patch.

Several three dimensional (3D) numerical studies have been carried out to analyze the flow structure and the sedi-
ment dynamics at stem scale around obstacles, such as bridge piers (Khosronejad et al., 2012; Nagata et al., 2005),
or near vegetation patches (Bouma et al., 2007). The results of these studies show that a strong vortex structure
develops near the bed forming a scour hole around the obstacle. Furthermore, investigations dealing with vege-
tation patches demonstrated the influence of vegetation on wave attenuation and flow velocity reduction within
the patch (Marsooli & Wu, 2014). However, a 3D numerical model requires tremendous computation time for a
larger domain such as at reach-scale. Focusing on larger spatial scales, the two-dimensional hydrodynamic model
of Leu et al. (2008) used five vegetation patch configurations to investigate the effects of vegetation cutting on
water flow. Their results suggest that cutting vegetation along the main channel side is the most effective measure
to reduce water depths and flow velocities. Guan and Liang (2017) developed a 2D hydro-morphological model
including a parameterization of vegetation shear stress to simulate the channel pattern adjustment to vegetation
patches. In their model, the effects of flexible plants (e.g., grass) are represented by increasing hydraulic rough-
ness and the ones of rigid plants (e.g., trees) are represented by adding a drag force. To examine the influence
of geometry and plant density of near-bank vegetation patches on morphological adjustment, Xu et al. (2019)
built and validated a hydro-morphological model based on flume experiments. They found that the increase in
vegetation density, patch length and width leads to stronger flow blockage effects encouraging the growth of the
pool region adjacent to the patch. Bywater-Reyes et al. (2018) built a two-dimensional hydraulic model on a point
bar with a vegetation patch forming in nature, using FaASTMECH, a model contained within the iRIC platform,
downloadable from https://i-ric.org/en/ (Shimizu et al., 2020). Bywater-Reyes et al. (2018) analyzed the impact
of vegetation over a point bar on channel-bend flow dynamics under different discharges, vegetation densities,
and plant morphologies.

In an attempt to better understand naturally occurring vegetation patches, Meron (2019) analyzed the mechanisms
of vegetation patch pattern formation and distinguished five basic patterns: uniform vegetation, gap pattern, stripe
pattern, spot pattern, and bare soil. Many studies (e.g., Caponi et al., 2019; DZubakova et al., 2015; Wintenberger
et al., 2019) have observed that vegetation distribution is uniformly located on bar tops forming a filled patch
pattern. Besides, In-situ observations of Corenblit et al. (2016) on Populus nigra L. on alluvial bars of the Garonne
River in France demonstrated that young cohorts often grow in stripes next to the water. The field surveys of Zhou
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et al. (2018) on the Suzuka River in Japan showed as well that the initial vegetation establishment locations over
bars are along the wet/dry area near the border, forming a stripe pattern. Gurnell and Bertoldi (2020) investigated
the effects of Alnus incana and Populus nigra on islands and floodplain development of the Tagliamento River in
Italy, and they found that A. incana is mainly distributed in lines along the border of channels and bars.

However, there has been no specific, controlled study to investigate the effects of vegetation patch patterns on
fluvial processes. As a result, the role of different vegetation patch patterns on the morphodynamics of alluvial
channels is not yet well understood. Besides, previous studies on near-bank vegetation patches use static, uniform
cylinders as vegetation, where ecological processes and biomorphodynamics interactions are poorly represented.
Vegetation patch patterns are schematized through simple un-realistic shapes, such as circular, semi-circular, and
rectangular configurations, with plants only uniformly distributed within the patches.

The objective of the present study is to provide a general understanding of the role of two common vegetation
patch patterns on fluvial processes (filled and stripe) at the reach-scale. For this purpose, a 2D numerical biomor-
phodynamic model is developed, coupling a hydrodynamics module based on the solution of the shallow water
equations, a sediment mass balance equation for the bed evolution and a vegetation dynamics model (Jourdain
et al., 2020). To include the effects of vegetation on sediment transport, assumed as bedload, extended Einstein's
parameters are applied to the formula of Van Rijn (1984), as recently suggested by Armanini and Cavedon (2019)
and Bonilla-Porras et al. (2020), revised by Bonilla-Porras et al. (2021). The numerical model is calibrated and
validated against the laboratory experiments of Vargas-Luna, Durd, et al. (2019), which were carried out in a
mobile-bed flume with erodible banks, floodplains and high terraces. Using grassy-type plastic plants, Vargas-
Luna, Dur6, et al. (2019) considered three scenarios: without vegetation, with vegetation on floodplains, and with
vegetation on both floodplains and areas emerging at low flows, namely alternate bar tops, to analyze the effects
of vegetation on the morphological evolution of the system. To examine and compare the effects of vegetation
patch patterns, the two most observed patch patterns: filled pattern (with uniformly distributed vegetation within
the patch), and stripe pattern (with vegetation only aligned along the patch contour) are investigated in this study.
The numerical results show that channel morphological responses to those two different vegetation patches pres-
ent similarities in chute channel formation and differences in channel characteristics at the reach-scale. Besides,
this work demonstrates the importance of the spatial distribution of vegetation patches on bar elongation rates.

2. Materials and Methods
2.1. Study Case

The numerical model implemented in this work is based on the large-scale laboratory experiment conducted by
Vargas-Luna, Durd, et al. (2019) at the Environmental Fluid Mechanics Laboratory of the Delft University of
Technology, investigating the effects of vegetation on riverbed evolution and channel planform. The experimental
flume was 45 m long and 5 m wide (Figure 1a). The initial configuration (Figure 1b) corresponded to a chan-
nel (0.80 m wide and 0.15 m deep) excavated through a thick sand layer, with floodplains (1 m wide) and high
terraces (1.1 m wide) on both sides. A reservoir at the end of the flume regulated the downstream water level and
allowed recirculation of the water-sediment mix during the experiments. The upstream inlet structure contained
a 0.4 m long transverse plate (half initial channel width) to generate a sequence of alternate bars. Discounting
the upstream and downstream structures, the effective flume length was 36 m long (see Figure 1b). The sand
composition (Figure 1c) was selected based on the results of previous experiments by Vargas-Luna, Crosato,
etal. (2019), in which the median sediment size D, = 0.001 m and the sorting index I was equal to 2.26, given as:

Dsy  Dso
I=05—+— 1
< Dsy  Dis > M

where D is the diameter of the sediment exceeding x percentage of the material (m).

The artificial plants (Figure 1d) used in the experiment were composed of 0.03 m high plastic tussocks (tufts
of grass) with wooden sticks root of 0.07 m long. The diameters of the tussocks and the roots were 0.022 and
0.002 m, respectively. Plants were planted manually on the floodplains and over the emerging bar tops, with a
density of 112 plants per square meter in a staggered pattern. The plants used in the experiments behaved as rigid
under the experimental flow conditions.
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Figure 1. Experimental setup of Vargas-Luna, Durd, et al. (2019): (a) planview of the flume, (b) initial cross-section a-a’ identified in the planview, with main channel,
floodplains and high terraces, (c) grain size distribution of the non-uniform sediment, (d) artificial tussocks, and (e) discharge hydrograph indicating the vegetation
colonization moments. All measures are shown in meters.

The flow regime (Figure le) consisted of a series of low and high discharges of 22 and 45 /s for 9 and 2 hr,
respectively. The experiments had a total duration of 86 hr, with the first stage for alternate bar formation with-
out vegetation of 31 hr, and a second stage with or without vegetation of 55 hr. Three scenarios were studied
(Figure le): (a) without vegetation for 86 hr; (b) vegetation placed on the floodplains after 31 hr (at the end of
the first stage); (c) vegetation placed on the floodplains after 31 hr and subsequently on emerging bar tops at the

end of each low flow stage.

2.2. Mathematical Model and Numerical Solution

The hydrodynamic module is based on the solution of the horizontal, depth-averaged shallow-water equations
(de Saint-Venant, 1871; Hervouet, 2007), expressed in a Cartesian reference system (x, y, z). The governing equa-
tions for hydrodynamics are completed with closure relationships for the bed resistance and turbulence. For the
former, a squared function dependency on the depth-averaged component of velocity is used, where the friction
coefficient is specified with the Nikuradse formula (1950). For the latter, the Boussinesq model is used, where the
depth-averaged eddy viscosity is computed with the k-eps model. The bed evolution is computed by solving the
conservative law equation for sediment mass (Exner, 1920), with a closure relationship for the sediment transport
rate using the Van Rijn (1984) formula, which is suitable for grain size diameters in the range between 0.2 and
2 mm. To account for non-uniform sediment distribution, the following steps are followed: (a) the sediment is
subdivided into three classes; (b) the bedload transport rate is computed separately for each size class; (c) the
magnitude and the direction of the bedload are corrected to account for local bed slope effects, secondary flow,
and skin friction correction; (d) the Exner equation is applied for each size class of sediment and then the individ-
ual bed evolution of each class is summed to obtain the total bed evolution.

The correction of the direction of bedload transport due to bed slope follows the van Bendegom (1947) relation:
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tang = ————————— 2)

where a is the angle between the bed load direction and the x—axis (o), 8 is the angle between the flow direction
and the x—axis (o), O is the dimensionless shear stress (—), and Z, is the bed elevation (m). The formula of Talmon
et al. (1995) accounting for the deviation of bedload is:

10) = g0 3
where f, (—) is an empirical coefficient to be calibrated (= 0.85 by default).

The correction of the direction of bedload transport due to secondary current effects on the flow direction is taken
into account with the formula of Engelund (1974):

5=tan”" () - tan"! (%h) @)

where u, v are the depth-averaged components along the x—axis and y—axis (m/s), respectively; r, is the local
radius of curvature (m), A is the spiral flow coefficient (—), and 4 is the water depth (m). The secondary currents
alpha coefficient a, is a parameter to be calibrated that allows the modification of the coefficient A and it can be
chosen between 0.75 (rough bottom) to 1.0 (smooth bottom), that is, @, = 1 then A = 7.

The correction of bedload transport magnitude due to bed slope proposed by Koch and Flokstra (1980) is applied
to the bedload transport rate Q, (kg/m/s) by a factor acting as a diffusive term in the bed evolution equation:

02,,)

Q;=Qb<1+ﬂ¥ ©)

where s (—) is the coordinate along the direction of the current and § (—) is an empirical factor accounting for the
streamwise bed slope effect (= 1.3 by default).

By considering the component due to skin friction acting on bedload, the shear stress due to skin friction is deter-
mined as a function of the total shear stress with the relation:

' = ©)

where 7, = O.S/JC}(MZ + v?) is the total bed shear stress (Pa) and y = C} /Cj is the friction factor (-), C; is the
friction coefficient due to form drag and skin friction (—), computed as:

C, =2 [log (30"> /K] _ ™

ek

where k_ is the equivalent roughness height of the bed (m), e is the base of the natural logarithm (—), and « is
the von Kérman coefficient taken equal to 0.4 (—). C} is the friction coefficient due only to skin friction (-),
computed as:

!’

2
K
C 2[log(12h/k§)] ®)

where k| = ay,dso is the roughness height (m) and ax, (—) is a parameter to be calibrated (=3.0 by default).

The influence of vegetation on hydrodynamics is considered as a friction source term in the momentum equations
(Jang & Shimizu, 2007; Tsujimoto, 1999; Wu et al., 2005; Zhang et al., 2013), as follows:

Fy = (Fux, Fay) = =0.5C4 puctomDymin (hy, h) |peg |iives )

where F, and F, correspond to the components of the drag forces F, (N) along the x—axis and y—axis direction
respectively, C,is the drag coefficient (—), p,, is the water density (kg/m?), a, is a shape factor equal to 1 for rigid
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cylinders (=), m is the number of stems per unit area (number/m?), D, is the stem diameter (m), h, is the plant
height. The Vector uy; = (Uveg, Uveg) 18 €qual to the depth-averaged flow velocity u for emergent vegetation. In the
case of submerged vegetation, u,., is computed according to Stone and Shen (2002) to better estimate the stem
layer velocity from the depth-averaged flow velocity u, as follows:

1
ﬁ(min(hv, h)>§ (10)

Upeg = Mol
h

1-Dy\/m
in(hy h :
l7mm(hl,_ ) p, i

where 7, is a dimensionless coefficient and 5, =

The influence of vegetation on sediment transport is computed from the total flow intensity parameters ¥, and
vegetation characteristics (Armanini & Cavedon, 2019; Bonilla-Porras et al., 2020), as follows:

¥, =¥ <1 + KJL-%) an

-0.92 -1.92

he hy
KU—49.38(7> - 10.97(7) (12)
where ¥, is the flow intensity parameter in vegetated beds (—), and Q| is the plant areal density of (-). Equa-
tions 11 and 12 were derived based on the flume experiments by Armanini and Cavedon (2019), with three
different vegetation density areas and one unvegetated area. Previous numerical results (see Li et al., 2020, for
a complete description) show that the formulas can reproduce the abrupt changes in the bottom at the transition
zone between the different density areas, similarly to the observation in Armanini and Cavedon (2019).

The biomorphodynamic model couples the hydrodynamic module TELEMAC-2D, the sediment transport
and morphodynamic module GAIA and the dynamic vegetation module developed by Jourdain et al. (2020)
of the open-source TELEMAC-MASCARET modeling framework (www.opentelemac.com). The solution of
the hydrodynamic equations is based on the finite element method, with an edge-based N scheme for solv-
ing the advective terms in the momentum equations. The numerical scheme used for the solution of the Exner
equation combines an implicit finite element discretization with an edge-based explicit upwind advection scheme
(Hervouet et al., 2011). The computational domain is discretized with a finite element mesh, consisting of
unstructured triangular elements.

The bank failure algorithm derives the bank slope stability factor by comparing the slope ||Vn,|| of each triangular
element with the bed material equilibrium slope tan ¢, where n; is the normal vector of the element i and ¢ is
the threshold slope of stability of the material composing the riverbank. Unstable elements are considered those
with an angle steeper than the angle of repose. Following Nagata et al. (2000), the threshold slope of stability is
adapted to be equal to the angle of repose of the material composing the riverbank, assumed for simplicity to be
identical for submerged and unsubmerged elements. For each unstable element, the bed evolution at each element
node incorporates the bank failure effect as a function of the stability factor, the bed elevation at each node, the
average of element node elevations, and the element area, see El kadi-Abderrezzak et al. (2016). This is equiv-
alent to considering the rotation of an element around a horizontal axis, where a certain volume of sediment in
the upper half of the element (the half which is higher than the axis) is instantaneously transported to the lower
half of the element. When this step is performed, node height discontinuities are produced in nodes shared by
adjacent elements. These discontinuities are then corrected by area-averaging the node height discontinuity of
each element, following a procedure similar to Swartenbroekx et al. (2010).

To mimic the spatial distribution of vegetation as in the experimental tests, the condition for vegetation establish-

ment is defined based on critical water depth /. (m): vegetation is inserted over bars if the computed water depth

is smaller than the critical value (Figure 2a). Thus the critical water depth /. needs to be set and calibrated to

determine the plant establishment areas. Besides, vegetation mortality due to burial (Kui & Stella, 2016) and type
II uprooting (Edmaier et al., 2011) is implemented as well. However, to further calibrate the numerical model,
those processes are simplified to mimic the conditions of the experiments. Plants are uprooted if bed erosion

depth exceeds a critical erosion depth 4, (m) which needs to be calibrated (Figure 2b). Similarly, vegetation

ero
burial occurs if deposition height exceeds a critical deposition height #,,, (m) which is assumed to be the same as
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Figure 2. Modeled vegetation dynamics. (a) Establishment of vegetation: establishment areas have water depth smaller than the critical one (2 < 4,,.). (b) Plant

uprooting condition: local bed erosion exceeding the critical value £,,, to be calibrated. (c) Plant burial condition: local deposition exceeding the critical value £

rec

dep

assumed to be the same as the plant height.

the seedling height (Figure 2c). As in the experiments, also in the numerical model plants are added at the end of
each low-flow stage, that is, every 11 hr.

To numerically represent the filled patch pattern, one critical water depth £, ., (Figure 2a) is used to determine the

outside patch contour of the vegetated area and the condition for the filled patch pattern formationis h < h_,_,, see

recl?
Figure 3a. Instead, two critical water depths h,,,and h,, ,are used to delimit the outside and inside patch contour
of the stripe pattern (Figure 3b). For the second case, the condition to vegetation establishment verifies £, , <
h<h

;- I this work, vegetation growth is not considered, as Vargas-Luna's experiments used artificial plants.

2.3. Numerical Model Set-Up

The computational domain is equal to the full flume length (Figure 1a) of the laboratory experiments by Vargas-
Luna, Durd, et al. (2019). It is discretized with an unstructured mesh composed of 136,374 nodes and 270,502
triangular elements, with an average edge length of 0.03 m. The time step is set to 0.03 s to keep the Courant
number smaller than 1.0 to guarantee numerical stability. The initial channel bed is flat and set to 4.0 m elevation.
The non-uniform sediment is composed of three size classes, of respectively 0.5 mm, 1 and 1.7 mm with initial
fractions equal to 0.3, 0.2 and 0.5, respectively. Hydrodynamic initial conditions are determined from a numerical
simulation considering a fixed bed and a constant flow discharge.

The upstream hydraulic boundary conditions correspond to a series of low and high-flow discharges (Figure 1e)
and the downstream free surface elevations are set to 4.08 and 4.13 m, for low and high discharges, respectively.
Sediment recirculation is implemented in the model to best represent the experimental conditions, while the sedi-
ment transport rate and the bed level at downstream boundaries are left free of conditions. The critical Shields
parameter is set to 0.03, as proposed by Vargas-Luna, Durd, et al. (2019) and the angle of repose of the bank
material is assumed to be equal to 40°.

Considering the plant height (only 0.03 m), the plastic material, and the diameter of the tussock, each tussock is
considered as a short rigid cylinder in the numerical model and its vertical variation can be considered negligible.
Due to the unavailability of measurement, the shape factor a, and the drag coefficient C, are assumed to be 1 by
default. Sensitivity analysis on these coefficients is presented later in this study to discuss the potential impact
of the drag force induced by vegetation on the main results. Accordingly, the vegetation density in Equation 9
is 112 plants per square meter, with a plant diameter of 0.022 m and a height of 0.03 m. The areal density Q
in Equation 11 is equal to 0.0425 based on the calculation from the diameter of the tussock. Different from the
staggered pattern for plants distribution in the laboratory experiments, plants are accounted for at each node by
solving Equations 9 and 11, coupled to the shallow water and sediment transport equations at each time step in
the numerical model. Therefore, sediment transport processes at the stem scale are not represented in this study.
This coupling is not considered when the condition for vegetation mortality is satisfied.

Numerical model calibration and validation are performed on the three scenarios of the experiments of Vargas-
Luna, Durd, et al. (2019). The calibrated value of the bed roughness height k_ is 0.007 m. The calibrated values
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Figure 3. Vegetation establishment conditions for: (a) filled patch and (b) stripe patch patterns.

of the coefficients weighing the effects of bed slope (Equations 2 and 5), secondary flow (Equation 4) and skin
friction correction (Equation 6) on sediment transport are 5,=1.6 and f = 1.3, a,, = 0.95, and «,, = 4.0, respec-

tively. Finally, the calibrated value of the critical erosion depth £

is 0.035 m, corresponding to the half root

ero

length (= 0.07 m in Figure 2b). The calibrated biomorphodynamic model was then validated based on the results

of Scenario (3) of Vargas-Luna, Durd, et al. (2019) with vegetation both on floodplain and emerging bar tops.
More details on the calibration and validation processes are provided in Supporting Information S1.

Table 1

Model Scenarios

Scenario name Ry (M) Rppp (M)
F-ref 0.034 -
S-ref 0.034 0.030
Note. The first letter in the scenario name indicates F = “Filled” or

S = “Stripe” patterns. “Ref” suffix refers to reference scenarios.

2.4. Numerical Scenarios

This study assesses the influence of filled versus stripe vegetation patch
patterns on channel biomorphodynamics. To better compare the numerical
results, the imposed critical water depth #,,., equals 0.034 m for both two
patch patterns, resulting in the same initial outside patch contour (Figure 3).
An additional critical water depth £, ., of 0.03 m is set as well for the stripe
pattern to form the inside patch contour (Table 1). The initial bed topography
is the same for all scenarios and corresponds to the results of the calibra-
tion at 42 hr (with vegetation on both floodplains and emerging bars). The
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Table 2
Sensitivity Analysis Scenarios
Critical water depth for vegetation establishment Scenario name Ry (1)
Brer F-Srec 0.032
S-Srec 0.032
F-Lrec 0.038
S-Lrec 0.038
Critical erosion depth for uprooting 7, Scenario name h,, (m)
F-Sero 0.018
S-Sero 0.018
F-Lero 0.052
S-Lero 0.052
Drag coefficient C, Scenario name C,(-)
F-Scd 0.5
S-Scd 0.5
F-Lcd 1.5
S-Led 1.5

Note. The first letter in the scenario name indicates F = “Filled” or S = “Stripe” patterns. The second capital letter indicates a S = “Small” or L = “Large” value for the

parameters rec = “critical water depth £

" ero = “critical erosion depth /2, and cd = “drag coefficient C,.”

recl®

boundary conditions (upstream water discharges and downstream water depths in Section 2.1) and vegetation
characteristics (introduced in Section 2.3) used in both scenarios are identical.

2.5. Sensitivity Analysis Scenarios

Previous studies (Bertoldi et al., 2014; Jourdain et al., 2020) have shown that different vegetation characteris-
tics can significantly impact the numerical results, since they can act differently on the flow field and sediment
transport (Equations 9-11), and affect the long-term channel evolution. For this, 12 additional scenarios (Table 2)
were carried out to include sensitivity analyses on the impact of the following vegetation coefficients: the critical

water depth for vegetation establishment, /4, ,, to investigate the effects of the vegetated area extension; the crit-

recl?

ical erosion depth, A,,,, to examine the impact of uprooting resistance; and the drag coefficient, C,, to assess the

ero’
effects of the drag force induced by vegetation. The main purpose of the sensitivity analyses is to qualitatively
assess the impact of variations of these coefficients on the main results of channel bed evolution compared with

the reference cases of the filled pattern versus the stripe pattern.

In this work, Srec and Lrec denote a small value of /., (0.032 m) and a large value of £, (0.038 m), correspond-
ing to the initial condition where bars are slightly or fully covered by vegetation, respectively. Scenarios Sero
(h,,,=0.018 m) and Lero (h
ing small and large resistance to uprooting, respectively. Similarly, scenarios Scd (C, = 0.5) and Lcd (C, = 1.5)

= 0.052 m) correspond to one-quarter and three-quarters of root length, represent-

ero

correspond to the two contrast conditions of the drag force.

3. Results
3.1. Channel Biomorphodynamics Evolution at the Reach-Scale

Plan views of bed level and spatial vegetation distribution at different simulation stages are shown in Figure 4 for
the filled (F-ref) and the stripe (S-ref) patterns. The corresponding bed level changes are presented in Figure 5.

For both patch patterns, during high flows, sediment deposition mainly occurs upstream of vegetated bars, as
well as along the main channel near the lateral edge of vegetated bars (e.g., Figures 5al and 5b1). During low
flows, the sediment deposited upstream of bars is eroded and the lateral sediment deposits migrate downstream
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Figure 4. Computed bed elevation and vegetation distribution from 42 to 86 hr for (a) filled pattern F-ref and (b) stripe pattern S-ref. HD and LD indicate the starting
moment of high- and low-flow periods, respectively. The blue arrow indicates the flow direction. Cross-section A-A is indicated with a dashed black line. The plant
symbol indicates the moment of vegetation establishment update.

of vegetated bars, forming scroll bars (curvilinear ridge parallels to the channel) as shown in Figures 5a2 and 5b2.
Local bank erosion occurs at the opposite side of vegetated bars, mainly at low discharge (Figure 5).

At an early stage, the distinction between sedimentation patterns during high and low flows can be explained by
the different flow fields shown in Figure 6. The flow direction at high-flow stages is more uniform and parallel
to the main channel, and the flow velocity within the patch decreases gradually in the downstream direction
(Figures 6a and 6b). Instead, at low-flow stages, the streamlines are more sinuous and the flow follows the vegeta-
tion patch contour (Figures 6¢ and 6d). The highest velocities are located in the pools upstream of bars and along
bar edges, where sediment was deposited during the previous high-flow stage.
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Figure 5. Computed temporal bed level changes from 42 to 86 hr for (a) the filled pattern F-ref and (b) the stripe pattern S-ref. HD and LD indicate the starting
moment of high and low discharge periods, respectively. The blue arrow indicates the flow direction. The plant symbol indicates vegetation establishment update.

Due to local water depth reduction at low-flow stages, the scroll bars forming downstream of vegetated bars
become suitable areas for the establishment of new vegetation (Figures 4a3 and 4b3). This impacts furthermore
both local flow field and sediment transport, leading to new downstream sediment deposits, acting as a positive
feedback system, which favors the growth of the scroll bars and the establishment of new vegetation, as well as
the formation of chute channels. However, shorter scroll bars are found downstream, with less visible chute chan-
nels for the stripe pattern compared to the filled pattern (e.g., Figures 4a9 and 4b9) at the end of the simulation.

For both patch patterns, part of the vegetation disappears due to burial when the deposition over the vegetated bars
exceeds the vegetation height (0.03 m), which occurs mainly during high flows (e.g., Figures 4a2 and 4b2). Those
disappeared plants due to burial can be substituted by new plants at the next vegetation establishment moment for
the filled pattern (e.g., Figures 4a2 and 4a3), but not for the stripe pattern (e.g., Figures 4b2 and 4b3), which can
be explained by different vegetation establishment strategies. At the end of the simulations, the number of plants

LIET AL.

11 of 20



V ad |
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Earth Surface 10.1029/2021JF006529

(a) Str

ge for F-ref (at 43h) (b) Streamline at high discharge for S-ref (at 43h)

Width (m)

e e 0.4 0.12
e ————— 0.11
— B 0.10~
Y =N — : 03 Mo.osE
E=—————e et E foorg
022 0.06 2
(d) Streamline at low discharge for S-ref (at 48.5h) S 0.05 5
T |lo.04%
4 01> 0512
. 0.02%

s
: W et 0.01
= = —— —

%\\-\J’/,.—/—\ 0.00
—— SEE—————— B Vegetation

2 h"\i‘\

26 28 30 32 1’ 20 2 24 26 28 30 2
Distance downstream (m)

Figure 6. Streamlines during high-flow stages for (a) the filled F-ref, and (b) the stripe (S-ref) patch patterns. Streamlines during low-flow stages for (c) the filled and

(d) the stripe patterns.

increased by 20% with the filled pattern, whereas it decreased by 23% with the stripe pattern (more details can be
found in Supporting Information S1). Nonetheless, the bar elongation rates remain similar in the two scenarios.

Differences between the two scenarios are more remarkable at the reach-scale. Figure 7 describes the temporal
evolution of the reach-averaged channel characteristics for scenarios F-ref and S-ref, starting from 42 to 86 hr.
Averaging of channel width, water depth and slope along the thalweg is carried out for the reach between x = 17
and 33 m. For both scenarios, the main channel tends to be wider, shallower and steeper as time passes (Figure 7).
This behavior is more relevant for the stripe pattern than for the filled pattern. At the end of the simulation, the
average channel width is 2.20 m for the stripe pattern, 5.6% larger than the 2.08 m obtained with the filled pattern.
Furthermore, for the filled (stripe) pattern, the water depth is 0.039 m (0.036 m), the slope 0.0025 (0.0033), and
the time-averaged sediment transport rate at the outflow 44.5 kg/hr (50.40 kg/hr). The sediment transport rates
show that more sediment exits the channel with the stripe pattern configuration at low flows, the opposite is
observed at high flows.

3.2. Flow, Sediment and Vegetation Processes at the Cross-Sectional Scale

To better understand the interactions between flow, sediment and vegetation dynamics, the transversal distri-
bution of the sediment transport rates, bed and water levels and vegetation cover is depicted in Figure 8 for the
period between 42 and 86 hr (cross-section A-A location is indicated in Figure 4).

For both the filled and the stripe patch patterns, the sediment transport rate decreases drastically from the non-veg-
etated main channel to the lateral edge of vegetation. During the first high-flow period, from 42 to 44 hr, sediment
is deposited mainly near the edge of the vegetated area (between x = 2.4 to x = 2.6 m, Figures 8a and 8b). Bank
erosion opposite the vegetated bar is observed for both scenarios, but it is reduced for the filled pattern due to
bank protection by vegetation. Besides, the bare area within the stripe patch is slightly eroded.

During the low-flow stage, from 44 to 53 hr, sediment deposits are found mainly within the vegetation patch and
in the main channel, while the sediment deposited along the patch border during the former high-discharge stage
is eroded (compare Figures 8b and 8c). The bed level at 53 hr obtained with the stripe pattern scenario is only
slightly higher (approximately 0.005 m) in comparison to the filled pattern scenario. Under the condition that
water depths are smaller for the stripe pattern (due to larger bank erosion leading to a larger channel), the newly
established vegetation in the stripe pattern scenario shows a larger lateral extension (to x = 2.52 m) than in the
filled pattern scenario (x = 2.46 m).

During the high-flow stage (from 53 to 55 hr), new sediment is deposited at the edge of the vegetated bars result-
ing in local vegetation burial (between x = 2.2 and 2.37 m, Figures 8c and 8d), for both patch patterns. Neverthe-
less, traces of vegetation are still observed nearby the vegetated patch. The width of this vegetated area is about
0.14 m for the stripe pattern, which is much larger than the one for the filled pattern (0.01 m). At the same loca-
tion, the bed level increases for the stripe pattern (around +0.005 m), but is eroded for the filled pattern (around
—0.012 m) during the next low-flow period (from 55 to 64 hr, Figures 8d and 8e). This allows newly added vege-
tation at 64 hr to expand laterally until x = 2.61 m for the stripe pattern. While for the filled pattern, the vegetation
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Figure 7. Temporal evolution of reach-averaged channel width, water depth, bed level slope along the thalweg, solid
discharge at the flume with the indication of water discharge.

remains fixed at approximately x = 2.45 m. Vegetation mortality due to burial occurs again during the following
high-flow stage (Figure 8f) and during the next low-flow stage, vegetation expands laterally to x = 2.7 m for the
stripe pattern, but no expansion occurs for the filled pattern (Figure 8g). Following the outermost plant location,
sediment is deposited during the next high discharge around x = 2.43 m and x = 2.7 m for the filled and the stripe
pattern, respectively (Figure 8h). Meanwhile, the bed is eroded within the stripe patch (x = 1.98-2.4 m) due to a
lack of vegetation, and deposition is found at x = 1.77-1.93 m from the collapsed left bank for the stripe pattern.

Figure 9 presents the bed level profiles of Cross-section A-A (location shown in Figure 4) for the two patch
patterns. For the filled pattern (Figure 9a), the vegetated area near the left bank can be divided into two parts:
the edge (x = 2.0-2.5 m) and the inner area (x < 2.0 m). Bed level increased in the edge area, whereas there is
no sediment input to the inner part. Bed level rises also in the main channel. This is related to slope increase
that results in dominance of deposition in the upstream part of the channel and dominance of bed erosion in the
downstream part which is visible in Figure 4. Note that Cross-section A-A is located in the upstream half of
the channel. Compared to the filled pattern, the stripe pattern shows a slightly larger cross-section with slightly
higher bank erosion mainly occurring at the right side of the channel. After 75 hr, some bed erosion occurs also
at the left bank toe, slightly increasing the bank instability leading to some bank retreat also at the left side of the
channel (Figure 9b). The final configuration shows some bed level rise at the toe of both eroding banks, which is
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Figure 10. Bed level and vegetation distribution at the end of the computations.

due to the accumulation of bank material. The newly added vegetation in the stripe pattern tends to expand later-
ally toward the main channel so that the highest part of the bed gradually moves toward the middle of the channel.

3.3. Sensitivity Analysis

To consider and justify the impact of different vegetation coefficients on the numerical results, 12 sensitivity
and the drag
coefficient C, (introduction in Section 2.6). Figure 10 presents the final bed level and vegetation distribution over

analysis scenarios were computed on: the critical water depth %, the critical erosion depth £

recl? ero®
the bar from x = 17-27 m and Table 3 presents reach-averaged channel characteristics including channel width,
water depth, bed level slope derived from the thalweg, and solid discharge at the exit of the flume at 86 hr.

For the critical water depth &, describing vegetation establishment area, results show that a smaller value of

recl

h,,., (F-Srec and S-Srec) presents longer bars (bar length approx. 6 m, see Figures 10a and 10b) which elongate

zizzz-iveraged Channel Characteristics for Sensitivity Analysis Scenarios After 86 hr
Scenario name Channel width (m) Water depth (m) Slope (%) Temporal averaged solid discharge (kg/h)

Critical water depth for F-Srec 2.13 0.038 0.29 47.7
vegetation establishment S-Srec 208 0.034 0.29 542
e F-Lrec 2.06 0.039 0.26 43.8
S-Lrec 2.13 0.035 0.30 45.6
Critical erosion depth for F-Sero 2.26 0.036 0.39 55.4
uprooting #,,, S-Sero 231 0.034 0.30 55.0
F-Lero 1.95 0.04 0.20 42.0
S-Lero 2.18 0.034 0.31 49.5
Drag coefficient C, F-Scd 2.01 0.039 0.22 41.2
S-Scd 2.18 0.034 0.36 48.8
F-Led 2.13 0.038 0.30 48.0
S-Led 2.21 0.034 0.32 49.8
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faster, compared to a larger value (F-Lrec and S-Lrec) (bar length approx. 4 m, see Figures 10c and 10d). At the
final stage, the channels forming for scenarios Srec are larger, shallower and steeper with more sediments leaving
the flume, compared to the scenarios Lrec (Table 3). These results suggest that a smaller critical water depth £, ,

corresponding to a smaller outside patch contour on bars (see in Figure 3) leads to a faster bar elongation rate,

thus a longer scroll bar, chute channel and larger bank erosion area, in contrast with a larger value of i, ;.

Similarly, for the criterion of uprooting 4, , the difference in channel morphology between the filled and stripe

ero’®

patterns under a smaller critical erosion depth /, (F-Sero and S-Sero) is relatively less marked, compared to

the scenarios with a larger h,,, (F-Lero and S-Lero), see Figures 10e—10h. In particular, for the channel width
(Table 3), F-Sero and S-Sero present similar channel widths by a difference of 0.002 m, which is 0.006 m for
F-Lero and S-Lero. This can be explained by the results found in the previous sub-section 3.1, in which vegetation
uprooting occurs mainly on the banks and only scarcely on the bars. Due to the different vegetation establishment
conditions for the two patterns, there is less vegetation on the banks for the stripe pattern than in the filled pattern.
Therefore, bank erosion occurs more easily with the stripe pattern than with the filled pattern (see F-ref and S-ref
in sub-Section 3.2). However, this difference becomes less significant with a smaller critical erosion depth 4,,,,

indicating the case in which vegetation can be easily uprooted.

For the drag force induced by vegetation represented through the drag coefficient C,, the results show that for
both the filled and stripe patterns, the bar dynamics (location, bar length) are only weakly impacted by this coef-
ficient (Figures 10i—101), in comparison to the previous sensitivity tests. However, bank erosion processes due
to flow deflection caused by vegetation on bars are still impacted by this coefficient. Due to the few vegetation
located on bars in the stripe pattern, the final channel widths (S-Scd and S-Lcd) present only a slight difference
of 0.027 m (Table 3). Conversely, for the filled pattern, a larger C, corresponding to a higher drag force leads to
stronger bank erosion and larger channel width (F-Scd and F-Lcd in Table 3).

4. Discussion

Numerical results obtained with two different patch patterns confirm the results of previous studies, demonstrat-
ing that the vegetation established on the bars can increase the flow deflection toward the opposite bank causing
localized bank erosion (Bennett et al., 2008; Rominger et al., 2010; Vargas-Luna, Durd, et al., 2019). Neverthe-
less, the bank erosion rates are found higher with the stripe pattern than with the filled pattern, which can be
explained by the fact that the filled pattern presents more vegetation on banks than the stripe pattern (Figure 8).

Final channels (Figures 4a9 and 4b9) exhibit a tendency to develop an anabranch system with both patch patterns,
with a gradual development from alternate bars to central bars. This corresponds to the evolution observed in the
experiments of Vargas-Luna, Durd, et al. (2019), which is due to increased bar mode resulting from the increased
width-to-depth ratio. However, the central bar top with the stripe pattern is located closer to the channel centerline
than the one with the filled pattern, due to a larger width-to-depth ratio.

Scroll bars develop downstream of vegetated bars with both patch patterns, with the form of a curvilinear ridge
more or less parallel to the channel. These scroll bars become suitable areas for new vegetation colonization
(Figure 4), which is consistent with the numerical findings of Jourdain et al. (2020) on the morphodynamics
of vegetated alternate bars on a simplified reach of the Isere River in France. In situ observations by Corenblit
et al. (2016) on the P. nigra colonized on two point bars along the channelized Garonne River in France demon-
strate that upstream pioneer cohorts facilitate new vegetation establishment downstream of the point bar.

Vegetated scroll bars contribute to chute channel formation and elongation between the most upstream bar and the
channel bank. Nevertheless, in the end, the chute channels with the stripe pattern are shorter and less pronounced,
compared with the ones with the filled pattern (Figure 4). Two possible explanations are:

1. Due to the different vegetation establishment strategies and the morphological evolution during the first 11 hr,
the newly vegetated areas established on the scroll bars are relatively shorter with the stripe pattern compared
to the filled pattern (Figures 4a3 and 4b3). Subsequently, the non-vegetated areas tend to be eroded during the
next high-flow period (Figures 4a4 and 4b4);

2. Unlike the filled pattern, in which sediment transport is negligible within the vegetation patch, sediment trans-
port is maintained within the stripe patch because of the specific non-vegetated “hollow” structure (Figure 4).
Sediments are therefore transported downstream and fill the chute channels.
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A part of vegetation mortality on bars is observed for both patterns. In the simulations, mortality occurs mainly
due to burial at the lateral edge of the vegetation patch during the high-flow period. The establishment condi-
tion for the filled pattern allows vegetation to recover on bars quickly, whereas this is not the case for the stripe
pattern. Therefore, the final vegetation coverage on bars is significantly less with the stripe pattern than with the
filled pattern (Figure 4). However, surprisingly, bar elongation rates for both patch patterns are similar, despite
the fact that the stripe pattern presents a situation close to the non-vegetated bar condition with only a few plants
forming a curved contour line. For both patch patterns, the sediment transport rates and the flow velocity are
strongly reduced at the outermost plant location, from the main channel toward the inside of the vegetation patch
(Figure 8), in agreement with the experimental observations by Bennett et al. (2002) and Rominger et al. (2010).
These findings suggest that the frontal projected area of the vegetation patch in the streamwise direction (further
explanation in the supporting material) can significantly influence the bar dynamics, while the average vegetation
density within the patch appears to be less impacting.

With the stripe pattern, the final channel is larger, shallower, and steeper with a higher sediment transport rate
than with the filled pattern (Figure 7). By analyzing the biomorphodynamic interactions in chronological order
at the cross-section scale, it appears that the differences in bank erodibility due to the different plant locations on
banks are the initial triggers for deviating the morphological evolution. This hypothesis can be supported by the
results of the sensitivity analysis on the parameter of the critical erosion depth (Figures 10e—10h). The distinction
of channel evolution between two patterns is reduced if plants are more easily uprooted (i.e., with a smaller criti-
cal erosion depth for uprooting &, ), corresponding to the condition in which the two patterns have more similar
vegetation characteristics on banks resulting in more similar bank erodibility. Besides, the sensitivity analysis
shows that the critical water depth for vegetation establishment %, , (Figures 10a—10d) can have an influence on
the vegetated bar elongation rates. The drag force induced by vegetation on water flow (tested by modifying the
drag coefficient C,) seems to only have an impact on the filled pattern by affecting flow deflection, but has a very
limited impact on the stripe pattern with only a few aligned plants present on bars (Figures 10i—101). However, the
differences between the two patch patterns in vegetation coverage and chute channel formation are not impacted
by these three coefficients above.

Limitations arising from the modeling hypotheses need to be mentioned. The study focuses on the channel
morphodynamic evolution with different vegetation patch patterns at the reach-scale. Therefore, the stem-scale
eddies due to individual plants are not considered. Their effects are accounted for as extra energy dissipation
through the value of the roughness coefficient. The numerical model presented in this study is built, calibrated
and validated on the laboratory experiments of Vargas-Luna, Durd, et al. (2019), which were inspired by field
observations on a small stream located in the Netherlands. Therefore, the results presented in our study could be
upscaled to small-scale streams in which the effects of vegetation on morphodynamics have a large influence.
To reproduce the artificial grass used in the laboratory experiments, in which vegetation growth is not consid-
ered, the vegetation dynamics included in the model are also simplified. Therefore, applications of this model to
the long-term evolution of large-scale rivers should include a proper description of vegetation dynamics. Drag
force variations induced by vegetation growth could impact the presented results, which can be confirmed by
the sensitivity analysis performed on the drag coefficient C,. The experiments of Kui and Stella (2016) on long-
term survival following complete burial for seedlings and saplings show that not all plants are killed by complete
burial, suggesting that the vegetation mortality set up in our model should not be applied to certain plant species.
Due to specific boundary conditions, in this study vegetation mainly dies due to burial. However, several studies
(e.g., Bauetal., 2021; Caponi & Siviglia, 2018) point out the importance of belowground vegetation in impacting
river morphodynamics. This suggests that a root distribution model should be further considered, as well as a
physical-based uprooting mechanism for more realistic study cases.

5. Conclusions

The present study aimed at investigating the influence of two realistic vegetation patch patterns, namely defined
as filled and stripe patterns, on channel morphodynamics with alluvial bars. A two-dimensional numerical
biomorphodynamic model was developed and validated against laboratory experiments with vegetation estab-
lishment on floodplain and emergent alternate bar tops. To form the two patch patterns in the numerical model,
different critical water depths were applied to simulate the distinct vegetation establishment conditions. Vegeta-
tion mortality due to burial and uprooting was modeled by respectively setting a critical deposition height and an
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erosion depth. Fourteen scenarios have been simulated, including scenarios of sensitivity analysis on vegetation
coefficients, that is, critical water depth for vegetation establishment, critical erosion depth for vegetation uproot-
ing, and drag coefficient for drag force.

Numerical results show that the channel morphological responses to two different vegetation patch patterns have
similarities and differences. Both vegetation patch patterns on bars reduce the flow velocity (as well the sediment
transport rate) near and within the patch, pushing the flow toward the opposite bank and causing localized bank
erosion. In addition, they both similarly influence the bar elongation rates, presenting scroll bars downstream and
chute channels formation, despite significantly less vegetation coverage on bars with the stripe pattern. However,
the scroll bars forming with the stripe pattern are shorter and less visible due to different vegetation establishment
conditions. At reach-scale, the final channel configurations obtained with the two patch patterns result in a larger,
shallower and steeper channel, with alternate bars transforming toward central bars. Nevertheless, these morpho-
logical responses with the filled pattern are weaker compared to the ones with the stripe pattern.

This study provides new insights into the importance of considering spatial vegetation distribution (especially
the frontal projected area of the vegetation patch in the streamwise direction, see supporting information) for the
morphological evolution of fluvial systems at the bar scale. Numerical results suggest that reducing the frontal
projected area of the vegetation patch could be an efficient solution to remobilize river bars. This finding can help
river managers to conceive effective scenarios for restoration plans. The authors have observed, for example, that
the vegetation removal operation performed on the Iseére River in France consists in cutting most vegetation over
bars but keeping the plants aligned along the bar contour near the channel, creating patches that are similar to
the stripe pattern. However, numerical simulations showed that this operation would be ineffective to remobilize
river bars.
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