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X-2 BARENBOLD ET AL.: ECOMORPHODYNAMICS

Abstract.  In order to shed light on the influence of riverbed vegetation

on river morphodynamics, we perform a linear stability analysis on a min-

imal model of vegetation dynamics coupled with classical one- and two-dimensional
Saint-Venant-Exner equations of morphodynamics. Vegetation is modeled

as a density field of rigid, non-submerged cylinders and affects flow via a rough-
ness change. Furthermore, vegetation is assumed to develop following a lo-
gistic dependence and may be uprooted by flow. First, we perform the sta-
bility analysis of the reduced one-dimensional framework. As a result of the
competitive interaction between vegetation growth and removal through up-
rooting, we find a domain in the parameter space where originally straight
rivers are unstable towards periodic longitudinal patterns. For realistic val-

ues of the sediment transport parameter, the dominant longitudinal wave-
length is determined by the parameters of the vegetation model. Bed topog-
raphy is found to adjust to the spatial pattern fixed by vegetation. Subse-
quently, the stability analysis is repeated for the two-dimensional framework,
where the system may evolve towards alternate or multiple bars. On a fixed
bed, we find instability towards alternate bars due to flow-vegetation inter-
action, but no multiple bars. Both alternate and multiple bars are present

on a movable, vegetated bed. Finally, we find that the addition of vegeta-

tion to a previously unvegetated riverbed favors instability towards alternate

bars and thus the development of a single course rather than braiding.
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BARENBOLD ET AL.: ECOMORPHODYNAMICS X-3

1. Introduction

River planform morphologies, like meandering and braiding, are the result of the inter-
action between flow and sediment transport (see for example Seminara [2010] and refer-
ences therein, or for an illustration Figures 1A and B) as well as of riparian vegetation
dynamics. In particular, it is recognized that riparian vegetation affects river morphology
through modification of the flow field [Nepf, 2012], increased bank strength [Pollen and
Simon, 2005] and changes in erosion/sedimentation processes in the riverbed/floodplain
(see Gurnell et al. [2012] or Camporeale et al. [2013], for a review).
Plant-flow interaction in rivers was favored by the emergence of plant roots in the Pale-
ozoic and promoted new morphodynamic processes and morphological patterns. In turn,
plant adaptation and feedback strengthening tremendously impacted landscape evolution
(Davies and Gibling [2010] and Gibling and Davies [2012]). Today, the interaction dy-
namics between riparian vegetation, flow and sediment is also thought to be crucial for
instance in the formation of multiple bars and anabranching river patterns (see for exam-
ple Jansen and Nanson [2010], or for an illustration Figures 1C and D).
The influence of riparian vegetation on river morphology /planform patterns has tradition-
ally been investigated either by means of numerical simulations or by experiments. Li and
Millar [2011] and Nicholas et al. [2013] modeled riparian vegetation as a parameter influ-
encing bank strength and Murray and Paola [2003] used a rule-based approach to model
vegetation-induced bank strengthening. In addition, Crosato and Saleh [2011] included
vegetation flow resistance in a morphodynamic model. Common among these works is

the conclusion that the presence of riparian vegetation encourages meandering while un-

DRAFT December 29, 2015, 10:40am DRAFT



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

X-4 BARENBOLD ET AL.: ECOMORPHODYNAMICS

vegetated rivers tend to braid. Furthermore, Perucca et al. [2007] modeled vegetation as
a function of distance to the river as well as its impact on bank stability and they ob-
served that meander form and wavelength change with respect to a non-vegetated river.
More recently, Bertoldi et al. [2014] developed a numerical model including vegetation
growth and uprooting dynamics to shed light on the effect of vegetation in the formation
of alternate bars. Experimental works include Federici and Paola [2003] on alternate bar
formation, Coulthard [2005] on sheltering that plants exert as passive porous obstacles,
Tal and Paola [2007] on the active role of vegetation colonization in favoring transition
from braided to single thread streams. Additionally, conceptual models have been used
to analyze the dynamics of specific rivers (see Tooth and Nanson [2000] for the Marshall
River and Gurnell and Petts [2006] for the Tagliamento River) and neural models [Crouzy
et al., 2015] were used to obtain quantitative results.

Theoretical approaches based on linear stability analysis have been shown to predict in-
stability towards alternate or multiple bars on a movable riverbed (Callander [1969],
Engelund and Skovgaard [1973], Parker [1976] and Colombini et al. [1987]). A common
finding of these studies is that the key parameter in the formation of alternate bars or
multiple bars is the river’s aspect ratio (halfwidth-to-depth ratio). Figure 2 shows a typi-
cal result of such a stability analysis. Note the presence of a lower threshold for the aspect
ratio separating stability from instability.

However, due to the very complex nature of the dynamic interactions between riparian
vegetation and sediment transport and flow, vegetation evolution was never taken into
account explicitly in a linear stability analysis. While the omission of vegetation may

be justified when looking at short timescales where riparian vegetation density does not

DRAFT December 29, 2015, 10:40am DRAFT



68

69

70

71

72

73

74

75

76

7

78

79

80

BARENBOLD ET AL.: ECOMORPHODYNAMICS X-5

change much (and thus can be represented by a correction factor), this is not the case
for river pattern formation that occurs over much longer timescales and where vegetation
takes an active role in the process.

Extending the results of Crouzy et al. [2015], which focused on anabranching patterns, we
perform a systematic stability analysis of the model of Perona et al. [2014] modified to
include local positive effects due to the presence of vegetation. We first propose a mini-
mal model for riverbed vegetation dynamics including only logistic growth, local positive
feedback and mortality by means of uprooting and then couple it with a standard two-
dimensional framework for river morphodynamics (see Federici and Seminara [2003] for
example) in Section 2. Linear stability analysis is performed in order to identify regions
in the parameter space where instability towards periodic patterns exist (Section 3) and

the results are discussed in Section 4.
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X-6 BARENBOLD ET AL.: ECOMORPHODYNAMICS
2. Modeling
2.1. Riverbed vegetation dynamics

We develop an analytical model for riverbed vegetation dynamics and discuss its validity
for different conditions. Physical variables (Table 1) are written adopting a tilde (e.g. )
in order to distinguish them from dimensionless ones. Riverbed vegetation is modeled
as rigid, non-submerged cylinders with constant radius and we call q~5(§,ﬁ,t~) its density
defined as number of plants per unit area of riverbed as a function of streamwise coordinate

§, transverse coordinate 7 and time £. Then, we write the rate of change of vegetation

density as

d¢

ot

b (dm — 6) + D'V?6 — ayY || V|[*. (1)
Here, in the right hand side the first term represents logistic growth with o the growth
coefficient and ¢,, the carrying capacity (logistic growth for riparian vegetation was used
in Camporeale and Ridolfi [2006] for example). The second term is a diffusion term with
diffusion coefficient D', which is a substantial novelty compared to the model of Perona
et al. [2014]. This term indeed accounts for the fact that vegetation development is favored
by existing neighboring vegetation (i.e. local positive feedback) by means of increased seed
deposition and resprouting for example. According to D’Odorico et al. [2007] and Crouzy
et al. [2015] such a local positive feedback can in general be represented by a diffusion
term. Finally, the third term models negative feedback between flow and vegetation which
results in vegetation removal by means of uprooting due to flow drag (Type I mechanism
after Edmaier et al. [2011]). In this case, the rate of fluid mass that impacts on vegetation
is proportional to the square of the stream velocity while the vegetation cross-section per

cubic meter of river is proportional to water depth and vegetation density. While it would
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X-8 BARENBOLD ET AL.: ECOMORPHODYNAMICS

seem reasonable to add a threshold below which root resistance prevents uprooting, Perona
et al. [2012] found that there are always a certain number of plants with very shallow root
depth. Assuming a linear relationship between flow drag and biomass removal, this results
in a vegetation mortality rate directly proportional to the square of the stream velocity
vector V, to water depth Y and to vegetation density through a coefficient o).
Typically, large parts of a river’s cross-section are only flooded during a limited amount
of time per year thus allowing vegetation to colonize these surfaces during non-flooded
periods. In contrast, during a flooding period vegetation growth is negligible compared
to uprooting. This means that the different processes of vegetation evolution do not
necessarily happen at the same time and therefore equation (1) needs to be modified
in order to still be applicable for vegetation dynamics in natural streams. In fact, the
difficulty to separate these processes in one single equation is the main reason why many
models do not account for vegetation dynamics.

Assuming that the riverbed morphology and the vegetation cover do not change too much
over a cycle flooding event - low flow interval, we can still use a description of the form
of equation (1). This means that the vegetation cover is dense enough to not allow much
more biomass to be produced and at the same time a large part of the vegetation is robust
enough to outlive the flooding period. According to this assumption, the hydrograph
may be divided into three periods: during the vegetation period ¢, vegetation grows and
spreads, uprooting takes place during the flooding period ff and vegetation density is
assumed to remain constant during the drought period ;. We then assume that this
succession is happening repeatedly with constant ¢, t; and ¢ . In this way, the time from

the start of one flooding event to the next one may be interpreted as a cycle whose length
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BARENBOLD ET AL.: ECOMORPHODYNAMICS X-9

is given by 4+ t, + 1; (see Figure 3 for illustration). As shown by Crouzy et al. [2015],
it is then possible to integrate the growth and diffusion processes into the flooding period

and thus to recover the constant and continuous flow assumption to end up with

0p s~ ~ ~ e T
ﬁ - ag¢(¢_¢m) +Dv2¢_ady||v||2¢7 (2)
where oy = a > +§z T D=1D > +§: ep and ag = agﬁ. We can see that merging

together the different mechanisms results in a relative increase or decrease of the growth
and diffusion coefficients with respect to the uprooting coefficient depending on which
timescale dominates. Note that usually these timescales are very different. In the case of
the Marshall River (see Tooth and Nanson [2004]) and also for bar flooding in the Thur
River (see for example Pasquale et al. [2010]) the flooding period is very small compared
to the vegetation period and consequently, oy is decreased while o, and D are increased

to yield a regime where mutual feedback is possible.
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X-10 BARENBOLD ET AL.: ECOMORPHODYNAMICS

2.2. Coupling with river morphodynamics

In this section, we couple the vegetation model developed in Section 2.1 with a model
for flow and sediment dynamics in a straight, rectangular channel with constant width,
movable bed and non-erodible banks (see Blondeauz and Seminara [1985] for curved chan-
nels). A scheme is depicted in Figure 4 showing the streamwise and transverse coordinates
5 and 7 to which we associate the velocity vector V.= {U,V}. We introduce also uni-
form (perturbed) bed elevation 7, (77) and water depth Yy (V) respectively. Furthermore,
we assume the river bed to consist of non-cohesive, alluvial material of constant grain
size on which vegetation is able to grow and the river width to be considerably larger
than flow depth in order to be able to use a depth-averaged formulation. We then can
write momentum balance, continuity for flow and sediment and vegetation dynamics in

its dimensionless form as

oU ou ou 1 [9Y On Ts
E—‘UE‘V%‘FO?{%_%]_B? ¥
A% oV ov 1 [0Y On Tn

R TR LR R .
Y

S = V-V (5)
877 3 .

S = =7V - (IV][*{cos 3,sin d}) (6)
0o 2 2

T ved(1 — @) +vpV=e —vgY| V|70, (™)

where the physical variables were made dimensionless using the uniform flow conditions
{U,, Yy, 7o, By} with channel width 2B,. In order to recover physical quantities one needs

to take {U,V} = Uy {U,V}, {Vin} = Yy {Y .71}, ¢ = 6,1, {s,n} = B;'{3,7} and

t= UOBE 't. Then, F, = \/UOT with g the gravitational acceleration is the Froude number
gro

and g = % is the aspect ratio at normal flow. We use the Chézy formula as closure relation
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BARENBOLD ET AL.: ECOMORPHODYNAMICS X-11

for the momentum equations with total shear stress as 7 = {7, 7,} = %HVH{U, V}. The
total friction coefficient y is then modified to account for vegetation-induced friction

(following Baptist et al. [2007]) to get

with x; the bed friction coefficient which can be calculated by fixing the Strickler coefficient
ks, cp the vegetation’s Stokes drag coefficient and d the vegetation diameter. We can

rewrite total bed shear stress as

F={fn7} = (o + YO VI{TU,V}, (9)

with ¢, = xii and ¢, = CD‘“%YO

A second closure relation is needed for sediment continuity for which we assume bed load
transport only and thus use a power law in the form of ® = a|V|]> with @ an empirical
parameter as was done by Camporeale and Ridolfi [2009]. Note that this relationship
between sediment transport rate and stream velocity is an approximation to the Meyer-
Peter/Miiller formula used by Colombini et al. [1987] and Federici and Seminara [2003]
where the threshold is removed.

The sediment continuity equation furthermore contains the dimensionless parameter v =

% with Qo the sediment transport rate under normal flow conditions and p the

( UoYo (
bed porosity) and the angle § which measures deviation of sediment transport from the

longitudinal direction. According to Federici and Seminara [2003], we may write

U
COS(é) = m (10)
) V r o on
Sln(é) = M — ﬂ T*%. (11)
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X-12 BARENBOLD ET AL.: ECOMORPHODYNAMICS

where 1 is an empirical parameter between 0.5 and 0.6 (see Colombini et al. [1987] or

Talmon et al. [1995]) and 7, = bU}?U2 is the dimensionless Shields stress (b = !

s~ )
ngso Pepufw

median grain diameter dso, sediment density ps and water density p,,). The first term in
the right hand side of equations (10) and (11) accounts for the effect of fluid shear stress
on particle motion and the second term in equation (11) incorporates gravitational effects
of a weak lateral slope (see Talmon et al. [1995]). Note that this approximation is only
valid in the limit of weak transverse slopes where the effect of gravity is small compared
to sediment entrainment by flow. Finally, the dimensionless coefficients of the vegetation
Uo

. Up = =2— and

equation are related to dimensional variables by the relations v, = To0c

Vg = OédYbQUQ.

2.3. Linear stability analysis

We perform a linear stability analysis [Turing, 1952] to assess the stability of the 2D-
morphodynamic equations coupled with vegetation dynamics (henceforth named ecomor-
phodynamic equations) around the homogeneous solution {Uy, Vo, Yy, 10, ¢}, namely a
straight river with uniform vegetation density whose dynamics is governed by normal flow
conditions. We can then write {Up, Vo, Yo, M0, d0} = {1,0,1, —Jps, ¢o} with equilibrium
streamwise slope under normal flow conditions Jy and equilibrium vegetation density ¢

as

Jo = BF§ ey + cotbo] (12)

Vg — V4

$o1 =

(13)

g

Note that there also exists a trivial solution ¢p2 = 0 for vegetation density which is in-

herently unstable for positive ¢ ;. Theoretically, ¢o; may take negative values, but such
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solutions are not physically valid since vegetation density can not be negative. In this
case, the trivial solution ¢y 2 = 0 becomes stable and is the only physical solution, mean-
ing that vegetation dynamics is switched off and the model represents a river without
riverbed vegetation. Therefore, in order to include vegetation dynamics, parameters have
to be chosen in a way to assure a strictly positive solution for ¢¢ ;. In the following, we will
use the notation ¢ for ¢y ; assuming a strictly positive uniform solution. Additionally, ¢g
needs to be well above zero, meaning that the initial vegetation cover is well-developed,
in order to not reach negative values once it is perturbed. Note that the same assump-
tion of well-developed vegetation cover is needed for using a constant-flow description in
the presence of a non-constant hydrograph (Section 2.1). We then write the perturbed

homogeneous solution as

{170717_J087¢0}+€{U17‘/17}/17?717¢1} (14)

where for a perturbation with harmonic modes we have in the most general case

Uy u(t) cos(knn + 1)
Vi v(t) cos(knn + 1y)
Yi | = | y(t) cos(knn + 1) | exp(ikys) + c.c.. (15)
m h(t) cos(k,n + 1p,)
&) \ () costhn + )

Here, k,, and k, are the wavenumbers of the harmonic modes in the transverse and stream-
wise direction while 1); are the phases in the transverse direction for each variable. We
can further specify the perturbation term by implementing the boundary conditions for
impermeable lateral boundaries V(£1) = 0 which leads to k, = m} with m a positive
integer. Note that it can easily be seen that the case where m = 0 corresponds to k, =0
which means that no lateral patterns occur and the model thus reduces to 1D. Figure 5

shows bed elevation patterns for different values of m. While the transverse wavenumber
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X-14 BARENBOLD ET AL.: ECOMORPHODYNAMICS

k, needs to take discrete values such that the physical transverse half-wavelength :\7" is
a multiple of the actual river width 2B, no such constraint exists in the streamwise di-
rection. However, note that in principle the longitudinal wavelength corresponding to k,
should be large compared to the normal water depth in order to support the use of the
shallow water approximation.

Due to the impermeable lateral boundary, the phase v, in equation (15) can only take

the values of 0 and § which leads us to distinguish the two cases

Vi = o(t) sin(mgn) exp(ikys)  (m odd) (16)

Vi =o(t) cos(mgn) exp(ikss) (m even). (17)

Finally, in order to have a perturbation Ansatz that is technically convenient, we need

the perturbations of the other state variables to be 7 out of phase with respect to the
perturbation of the transverse velocity Vi (see for example Colombini et al. [1987]) and

we get

(U0 VA, Y, m, 60} = {ult), o(t) tan™ (m ). y(6), h(t), £(2) }sin(mZn) exp(ik,s) (18)

(UL VL, Y1, 1) = {u(t), u(t) tan(mgn), y(t), h(t), f(t)} cos(mgn) exp(ikys)  (19)

for m odd and even respectively. By this mean, we transform our ecomorphodynamic
equation system into an eigenvalue problem with the real parts of the eigenvalues deter-
mining the asymptotic fate of the system. Substituting (14), (18) and (19) into equations

(3) to (7) we end up with the following linear system of equations:

o v
zz =A % , (20)
g f
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a2 where A is the following 5 x 5 matrix:

~iks = 20, — 2Dcudo 0 w5+ B T —fey

. _ _1\ym+1 _ _1\ym+1

0 —iks — Bcp — Beyo k"(Fé) k"(FO;) 0

—iks kn(—1)m*t —iks 0 0
—1q 1 _1)ym+l1 __ar 2

ivks 37kn(—1) 0 YN k: 0

_QBVd¢O 0 _6Vd¢0 0 —ﬁyggbo — %ks + %ki
243 (21)

x  Equation (20) defines a system of ordinary, homogeneous differential equations with con-
25 stant coefficients which describes the initial, linear temporal evolution of the perturbed
xs  system. In order to assess stability in the limit of long time ¢ in the linear regime, the real
xr parts of the eigenvalues w; of matrix A may be analyzed [Camporeale and Ridolfi, 2009].
xs  We can say that the system is stable with respect to a perturbation with longitudinal
u  wavenumber ks and bar order m if Max;(Re(w;(ks,m))) < 0, meaning that all perturba-
x tions decay in time. Conversely, the system is unstable if for any given perturbation we
»  have Max;(Re(w(ks, m))) > 0. More importantly, the system is unstable towards periodic
» spatial patterns in the linear regime if the highest growth rate Max;(Re(w;(ks, m))) occurs
= at finite streamwise wavenumber k, with all parameters fixed. In this case, for fixed k.,
= perturbation growth rate as a function of bar order m determines whether the system
s evolves towards alternate (m = 1) or multiple bars (m > 1).

256
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X - 16 BARENBOLD ET AL.: ECOMORPHODYNAMICS
3. Results

3.1. 1-dimensional analysis

We start our analysis with the case of a relatively narrow river where we can safely use
a 1D model. The unstable waves that can develop in such rivers are referred to as long
waves (see also the analysis of Lanzoni et al. [2006]). In principle, the 1D equations can be
obtained as a special case from equation (20) by setting m = 0. However, the conventions
found in the literature differ when considering 1D ([Lanzoni et al., 2006]) or 2D setups
[Federici and Seminara, 2003] due to different choices of dimensionless quantities. In order
to be able to compare our results to the existing literature, we therefore need to rewrite

the model in the following one-dimensional form:

ou ou 1 [9Y On U? 9

EAANENY /SO | e 22

ot 9s 2 [65 * 65} @y ot )

oY ou oYy

S VN § el

ot s u Os %)

on oU

o=V 2

0¢ 0%¢

i vep(l — o) + VD@ — Y U?, (25)
where Fy = \/UE%, =% e = codéuts %, vy = ag%?Yo, Vp = % and

Vg = ozdf/oz(jo. Note that the streamwise coordinate and time are normalized as s = Y

»

and t = UpY ', while U = Uy U, {Y,n} = Yy Y{Y,7} and ¢ = ¢;,'¢ remain unchanged
with respect to the 2D model.

It is well known [Lanzoni et al., 2006] that in the linear regime of the morphodynamic
equations no instability can be detected at finite wavenumber. Instability at the linear
regime can only be found for a fixed bed and Fy > 2 but then the selected wavenumber is
ks = oo (roll waves, see Lanzoni et al. [2006]). This means that the system of equations

(22), (23) and (24) with ¢,, alone can not produce instability towards periodic patterns at
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the linear level. Note that in the long term nonlinear effect could still trigger instabilities
that lead to patterns.

We will now see what happens if we first combine vegetation dynamics with flow dynamics
while assuming fixed bed conditions (equations (22), (23) and (25), putting equal to zero
the sediment parameter ). While vegetation growing on a fixed bed may seem unrealistic
it provides a useful insight into the fundamental effects of flow-vegetation interaction.

In Figure 6A, B and C, different vegetation coefficients are varied and plotted along with
Froude number Fj at fixed water depth. It is clearly visible on all three figures that
the dynamic interaction between flow and vegetation causes instability towards periodic
patterns in certain regions of the parameter space. Furthermore, the domain proves to be
simply connected, meaning that it does not possess any holes. Note that in Figures 6A and
B the domain extends down to the origin. Additionally, the pattern wavenumber increases
with increasing Froude number, carrying capacity and growth rate. Those findings remain
valid if sediment dynamics is added to the equation system by allowing v > 0: we can see
in figure 6D that v only becomes relevant at values greater than 10~!. But, due to the fact
that v represents the ratio of the sediment timescale to the hydrodynamic timescale its
actual value is generally much lower (y ~ O(1073 — 107%), see Parker [1976] for realistic

estimates).

3.2. 2-dimensional analysis

Having seen in the previous section that our simple vegetation model indeed can lead
to periodic patterns, we now focus on the 2D model which is more relevant for natural
rivers. In view of readability, we will use the abbreviations SV for Saint-Venant, SVE

for Saint-Venant-Exner, SVV for Saint-Venant-Vegetation and SVEV for Saint-Venant-
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Exner-Vegetation (see also Table 1).

As shown by Colombini et al. [1987], flow-sediment instability can be found above a cer-
tain threshold for the aspect ratio § (Figure 2) if an appropriate model for transverse
slope effects on sediment transport is chosen (equation (11)). In Figure 7A, we reproduce
the classical result from Colombini et al. [1987] using our 2D model without the vegetation
equation. The color code indicates the maximum growth rate and the black line shows
the selected longitudinal wavenumber k, for a certain aspect ratio 8. Then, in Figure 8A
we can see pattern domains of alternate and multiple bars in the Fj vs. [ space based
on comparing the growth rates for different values of the bar order m. Note that higher
aspect ratio and Froude number correspond to higher bar order m of the most unstable
perturbation. Additionally, a sharp cut-off is visible at about F, = 2, meaning that no
instability towards finite patterns occurs if F{y > 2 independent of the aspect ratio. This
is because above the critical value Fy = 2 modes with unbounded wavenumber experience
a higher growth rate than patterns with finite wavenumber (analogous to the roll waves
in the 1D model).

While the graphs in Figures 7TA and 8A represent a river with movable bed but devoid of
vegetation, 7B and 8B are their equivalents for a vegetated river with fixed bed (i.e. no
erosion). The qualitative similarity between Figures 7A and B is striking (note however
the difference in the value of the Froude number): the pattern domain is ” U-shaped” and
there is an aspect ratio threshold for observing patterns. This means that for certain
parameter values the vegetation equation (coupled with flow) produces instability at a
finite wavelength, which is confirmed by Figure 8B where we can see the characteristic

shape of the vegetation-flow instability domain in the Froude number versus aspect ratio
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space. We observe a left and a right boundary with a sharp cut-off to the right along
with a minimum value for the aspect ratio. In contrast to Figure 8A, the cut-off is due
to the fact that a river’s uprooting capacity is proportional to the Froude number and
thus the stable equilibrium solution of vegetation density ¢g becomes zero above a certain
Froude number (to the right of the black line of Figure 8B). Note that strictly speaking
our assumption of well-developed vegetation cover (¢o well above zero) is not fullfilled
anymore close to the limiting Froude number where ¢, tends to zero.

Interestingly though, only alternate bar patterns are produced by vegetation growing
on a fixed bed (Figure 8B). This means that the growth rate of alternate bars always
exceeds that of multiple bars (of any order), a fact which holds independently of the
Froude number or aspect ratio. This result is related to the fact that when assuming
a reasonable value for vegetation density its induced roughness always exceeds sediment
induced roughness by at least an order of magnitude.

After discussing vegetation- and sediment-related patterns alone, we tackle now the com-
plete problem with a full coupling between sediment and vegetation dynamics. Thus, in
the following we are showing the results of the complete model developed in Section 2.2
which describes 2-dimensional flow on a movable, vegetated river bed. Figure 9 shows
comparisons of SVV and SVEV (alternate bar formation only) in the Fy vs. vegetation
carrying capacity ém and Fj vs. 3 space respectively. Figure 9A indicates that the same
competitive interaction between vegetation growth and death is taking place as was seen
for the 1D model. It then turns out that the inclusion of sediment dynamics does (for a
realistic range of values for 7, see Section 3.1) not deform an existing instability domain

but rather add to it. We can therefore conclude on the influence of sediment dynam-
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ics by simply looking at what is added in the graphs below with respect to the graphs
above in Figure 9. As expected, to the right of the black line where no vegetation occurs
we retrieve the instability domain induced by sediment dynamics alone with a cut-off at
Fy = 2. Additionally, we can see another instability domain at lower Froude number
in Figure 9C which seems to be the result of the interplay of sediment and vegetation
dynamics. While vegetation adds instability domains we can also see that part of the
pattern domain previously present in the SVE-model (Figure 8A) disappeared. Further-
more, Figure 9D indicates that, different to the domains resulting from the 1D analysis,
the pattern domain is no more simply connected. In fact, the domain is divided in two
parts in the Fy vs. [ space with part of the sediment-induced instability detached from
the main domain. Incidentally, this is also visible in Figure 9C for the horizontal line
bm = 10.

The dominating longitudinal wavenumber k, depends heavily on the model parameters and
can also vary drastically in the same graph. For example in Figure 9D, lower wavenumbers
(and thus higher wavelengths) occur on the higher-Froude number half of the vegetation
domain and on the part of the sediment domain that is attached to the vegetation domain
while higher wavenumbers can be seen on the lower-Froude number half of the vegetation
domain and for small Froude numbers.

Figure 10 shows from another viewpoint which part of the instability domain is caused by
sediment dynamics and vegetation dynamics respectively. In fact, the two graphs are ver-
tical profiles of Figure 9D, the upper one for Fy = 0.65 showing contribution of sediment
dynamics (note the similarity to Figure 7A) while the lower one for Fy = 0.75 contains the

influence of both sediment (aspect ratio below 30) and vegetation (aspect ratio above 30,
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see also 7B. We can thus observe that the left part of the instability domain (with lower
longitudinal wavenumbers) to the right in Figure 9D is caused by sediment dynamics.
In contrast, the dark blue part (having higher longitudinal wavenumbers) of the same
instability domain is clearly due to vegetation dynamics, as it can be seen in Figure 10B.
As we already saw the pattern domains for formation of alternate bars in the model
including sediment and vegetation dynamics, we finally want to turn our attention to
the formation of multiple bars. For this aim, we again compare the results of the model
without sediment dynamics (SVV) to the full model (SVEV). Essentially, Figure 11 cor-
responds to the right side of Figure 9 but with a color code indicating bar order instead
of selected longitudinal wavenumber. Again, we can observe how the pattern domains
of sediment dynamics (Figure 7B) and vegetation are merged to yield a different kind
of domain. Note the abrupt change from multiple bar formation with increasing aspect
ratio to only alternate bar formation in the vegetation-induced domain to multiple bar
formation again (left to right). While only part of the sediment-induced instability to-
wards multiple bars is preserved (but interrupted in the middle), the vegetation-induced
part is completely preserved and still leads to alternate bars exclusively. It can be seen
in Figure 12 (A and B are both normalized with respect to the highest growth rate in
A) that the vegetation-induced instability domain of alternate bars (m=1) contains the
domain of multiple bars (m=4) and that its growth rate is always higher. This is true for

multiple bars of any order.
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4. Discussion

We showed that by using stability analysis of our ecomorphodynamic framework we in-
deed can detect instability towards periodic patterns with finite wavelength. The essential
ingredient for such instability to occur in the 1D model is competitive interaction between
vegetation growth and mortality caused by flow drag. In this context, competitive inter-
action means that there is at least one mechanism (i.e., biomass growth in our case) that
increases vegetation density ¢ and another one (i.e., uprooting by flow drag in our mode)
that counteracts it (D’Odorico et al. [2007] and Crouzy et al. [2015]). This competitive
interaction creates opportunities for the presence of patterns meaning that vegetation is
neither present everywhere nor completely missing. In our model uprooting depends on
water depth and velocity. Hence, the balance between such state variables is dynamic,
thus favoring growth of vegetation in some cases and death in others. Eventually, this may
result in vegetation patterns that are either in phase or out-of-phase with hydrodynamic
variables.
While it is well known that the 1D morphodynamic framework without vegetation (SVE)
does not exhibit instability towards regular patterns, it was unknown how sediment dy-
namics can influence vegetation induced river patterns. We found that in the presence of
significant vegetation density sediment dynamics does not contribute actively to pattern
formation, due to vegetation induced roughness dominating sediment induced roughness.
Instead bed topography adapts in a passive manner to vegetation induced patterns. It is
interesting that this was found to be true independent of the values assigned to the veg-
etation coefficients. After fixing the less fundamental parameters (Table 3), we identified

four parameters (three describing vegetation and one describing flow) mostly relevant for
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such competitive interaction: the growth rate o, and the carrying capacity b promote
growth while the mortality rate oy and the Froude number Fj (at constant water depth)
lead to a higher mortality through uprooting.

In contrast to the 1D SVE morphodynamic framework, its extension to two dimensions
was shown to allow for regular patterns once a certain threshold for the aspect ratio
is exceeded (Colombini et al. [1987] and Federici and Seminara [2003]). Moreover, this
threshold seemed to match reasonably well the available empirical data [Colombini et al.,
1987]. An important ingredient of the morphodynamic models of Colombini et al. [1987]
and Federici and Seminara [2003] is a semi-empirical relationship for lateral slope effects
in rivers (see Talmon et al. [1995] for the derivation). This relationship expresses the fact
that sediment transport is not following bottom shear stress exactly in the presence of a
laterally sloped bed, but is slightly deviated due to gravitaional forces along the lateral
slope. Although the previous works did not insist on this, the correction for sediment
transport seems to be an essential element for reproducing the well-known threshold of
the aspect ratio below which no instability towards patterns occurs.

In this work, we extended the well-known 2D SVE morphodynamic framework to account
for riverbed vegetation and we found the same competitive interaction between vegetation
growth and death as in the 1D model to be responsible for instability towards patterns
on a fixed river bed with vegetation. Vegetation density increases local roughness and
locally slows the stream velocity with consequent increase of water depth. In our model,
this mechanisms favors sediment deposition and bed aggradation, and has thus an in-
direct effect on vegetation growth. Although in reality these morphogenic mechanisms

are conjectured to drive vegetation growth, we found that the emergence of vegetated
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patterns can be either in phase or not with hydromorphodynamic variables depending
on how the latter combine to determine uprooting. Remarkably, this vegetation-induced
pattern domain also exhibits a lower threshold for the aspect ratio but the domain gener-
ally occurs at higher longitudinal wavenumber k, than sediment-induced domains. It thus
seems that both kinds of patterns, vegetation-induced and sediment-induced ones, need
a certain minimum lateral length-scale in order to develop and are not freely scalable.

The analysis of the complete 2D framework showed that although the instability towards
multiple bars needs a movable bed to be triggered, the vegetation parameters still affect
the Froude number at which this instability occurs. Thus, even if it is neither a necessary
nor a sufficient condition for pattern formation, riverbed vegetation has to be taken into
account in order to know under which conditions such patterns prevail and to determine

the dominant longitudinal wavelength.

Comparing our work to numerical models for the effect of vegetation on river patterns
(e.g. Murray and Paola [2003] and Crosato and Saleh [2011]), we can see an interesting
agreement to our results. In fact, these studies suggest that a river will typically develop
a braiding pattern in an unvegetated floodplain while the tendency to meander increases
with increasing vegetation density. Similarly, using our analytical framework we found
multiple bars (braiding) to prevail on unvegetated floodplains. Conversely, the addition
of vegetation dynamics clearly produced a region in the parameter domain where only
instability towards alternate bars exists, which can be considered the first step in the
development of meanders [Ikeda et al., 1981]. The coincidence of these results is particu-

larly interesting considering the fact that Murray and Paola [2003] and Crosato and Saleh
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[2011] include riverbed vegetation by means of increased bank strength while in this work
we focus on vegetation-induced roughness change.

Our modeling approach, including a minimal model for vegetation dynamics, allows the
use of a systematic stability analysis to detect parameter domains with periodic river
patterns. However, it leads to the omission of a number of potentially important pro-
cesses. Some of them could be readily added to the present model in a next step. For
instance, flow diversion caused by riverbed vegetation could be taken into account by
adding an appropriate term in the flow-continuity equation (equation (5)). It was not
taken into account in this analysis since vegetation volume is negligibly small compared
to water volume in our model setup. In fact, the volume percentage occupied by vegeta-
tion is around 0.1 percent while vegetation induced roughness is ten times larger than bed
roughness for typical parameters. Furthermore, we could extend our work to submerged
or flexible vegetation (as opposed to the non-submerged, rigid vegetation we assumed in
this analysis). For completely submerged vegetation the surface impacted by flow drag
would be reduced by a factor of };/—” (with h, the vegetation height) in the third term on
the right hand side of equation (7). Meanwhile, non-rigid vegetation would require the
exponent of U to be somewhere between 1 and 2 in the same term.

None of the above-mentioned processes however is expected to significantly alter the gen-
eral results of this work as long as a flow regime allowing a competition between growth
and death is observed. However, the shape of the instability domains in the parameter
space could be modified. In contrast, the vegetation cover would either colonize the whole
riverbed if the floods were too low or too short or get completely destroyed if the floods

were too strong or too long and thus vegetation-induced patterns would not exist any-
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more.
Perhaps the two major effects related to riverbed vegetation that were not considered in
this analysis are related to roots. Firstly, the presence of roots is known to increase bed
stability [Pasquale and Perona, 2014]. Secondly, the erosion of sediment around a plant
can expose the root system which makes the plant more susceptible to uprooting due
to reduced root anchoring (Type II mechanism in Edmaier et al. [2011]). Additionally,
uprooting is not an instantaneous process anymore but a more gradual one where several
floodings can contribute to root exposure until uprooting finally takes place [Edmaier
et al., 2015]. The inclusion of the first of the two aforementioned effects would require the
introduction of an additional term on the right hand side of equation (6). This term would
include a threshold related to root strength and sediment transport would only start once
this threshold is exceeded. Integrating the second effect would require the proportionality
constant v4 in equation (7) to be a function of plant rooting depth and bed elevation in
order to determine the amount of roots exposed at a given time. As opposed to the mod-
ifications mentioned earlier, the latter two are fundamentally different processes which
could potentially alter the pattern forming dynamics. Nevertheless, they introduce sig-
nificant technical complications and are thus not well suited for an analytically tractable
model. Another possibility consists of modeling vegetation mortality as a function of bed
elevation change (%. Positive values of % would mean vegetation burying while negative
values represent roots exposure, both eventually leading to the death of vegetation.

While further terms can readily be added to our ecomorphodynamic equations without im-
plying essential conceptual or technical changes, the assumption of a uniformly-vegetated

state perturbed by flooding events appears to be an intrinsic limitation of our frame-
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work. Linear perturbation analysis performed over a state with regions without vegetation
would indeed directly lead to non-physical solutions with negative vegetation density. This
threshold at zero density introduces in turn a non-linearity probably precluding an ana-
lytical treatment. In this regard, numerical simulations of our ecomorphodynamic model
could shed light on whether the non-linearity yields fundamentally different results. In
rivers, our model is thus fully appropriate to describe regions subject to intermittent flow,
as riverbars where a homogenous cover of pioneer vegetation may develop before the onset
of flooding events, or the inner of meander bends where vegetated stripes are observed
(so-called scroll bars). The importance of flow intermittency lead us to the generaliza-
tion of the ecomorphodynamic model integrating flooding and drought periods. Leaving
classical rivers, tidal marshes could offer an example of vegetation growing while subject
to action of the flow. Note that in order to apply our framework to this case one should
consider flexible vegetation instead of rigid vegetation.

In this work, we analyzed the behavior of our ecomorphodynamic model in the asymptotic
limit in the linear regime and thus all conclusions are restricted to this limit, meaning
that nonlinear effects need to be weak. If the operator A in equation possesses N distinct
eigenvalues (where N is the rank of A) as it is in the present problem we can write the

general solution of (20) as
N

Z c; exp(w;t) vy, (26)

i=1

where w; are the complex eigenvalues of A, v; are the respective eigenvectors and c; are
coefficients. If A were a normal operator (meaning that AA* = A*A), we could find an
orthogonal basis of eigenvectors v;. In the limit of large ¢ then, the system would be

dominated by the exponential with the largest temporal growth rate (maximum of the
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real parts of w;) and thus the solution would decay to zero for a negative maximum growth
rate and grow for a positive maximum growth rate. Note that this is only true in the
linear regime and that nonlinear effects could come into play at some point.

However, in the context of river morphology, A is not a normal operator and therefore
its eigenvectors do not form an orthogonal basis. That is, although the system may be
asymptotically stable, transient growth can still occur [Camporeale and Ridolfi, 2009] at
finite timescales. Therefore, further research needs to be done if the timescale of interest
is finite [Camporeale and Ridolfi, 2009]. But, asymptotically the exponential with the
largest real part of the eigenvalues is still going to dominate and thus describes the be-
havior of the system as t becomes large. This is why we can still safely state that the
initially small perturbations will be amplified in the long-term linear regime if the real
part of any w; is positive. And if the largest growth rate occurs for a finite longitudinal
wavenumber kg (all parameters fixed), this mode will be amplified more strongly than all
other modes contained in a packet of random perturbation waves and thus will dominate
after some time due to the exponential character of perturbation growth.

Finally, since our model is designed to include only the main effects of riverbed vegetation
on river morphology, one could think of using field data to evaluate the accuracy of these
design choices in a realistic scenario (e.g., see Figure 1). However, although ecomorpho-
dynamics is a field which has rapidly been expanding over the last few years, we were
not able to find out a field dataset allowing a comprehensive validation of the results of
our stability analysis (or equivalently also allowing to falsify our theory). Regarding field
studies, one can cite the difficulty of identifying a typical dominant flow essential for a

quantitative comparison with the theory. Flume experiments allow a better control of
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the flow and sediment conditions, however, identifying the perfect lab model for riparian
vegetation is still challenging (7). It is interesting to note that we have used our ecomor-
phodynamic model to interpret the results of a flume experiment in a convergent channel
(1D setup, Perona et al. [2014]). Obtaining comprehensive results on the 2D setup would
be challenging but could constitute a very interesting continuation of our study. We hope

that our results could help motivating and designing such experiments.
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5. Conclusion

In this work, we developed an analytical model for riverbed vegetation dynamics and
coupled it to the classic two-dimensional Saint Venant-Exner framework to obtain a set
of ecomorphodynamic equations. Subsequently, we performed a linear stability analysis
of the ecomorphodynamic equations and assessed its capability to produce periodic river
patterns.
We found that competitive interaction between vegetation growth and mortality indeed
may lead to instability towards longitudinal waves in a one-dimensional framework with
bed elevation following the vegetation pattern. In the two-dimensional framework, alter-
nate bars develop on a fixed bed while both alternate and multiple bars can be found on a
movable bed. While it is known [Engelund and Skovgaard, 1973] that stability analysis of
large, unvegetated rivers predicts instability towards multiple bars which can be seen as a
possible precursor of braiding, the addition of vegetation dynamics in our model tends to
favor meandering instead. Remarkably, this is compatible with the findings of numerical
simulations which include the bank-strengthening effect of riparian vegetation, although

in our work vegetation acts on roughness instead of bank strength.
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Google eafth

Figure 1. Examples of river bed patterns emerging in different environments: A) regular
series of unvegetated alternate bars on the Rhine River (Haag, Switzerland; B) braided
river in absence of vegetation (Waimakariri River, New Zealand); C) moderately vege-
tated multiple bars (Awash River, Ethiopia); D) anabranching patterns in the form of
completely vegetated multiple bars (Awash River, Ethiopia). Map data: Google, Digital-

globe.
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Instability towards alternate bars (m=1) on movable bed without vegetation
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Figure 2. Neutral curve for alternate bar formation (instability towards alternate bars

above the line, no instability below) in the ks vs. 3 space.
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Figure 3. Idealized river hydrograph with non-constant flow: the blue curve represents

water discharge (Q); the red curve represents vegetation density (¢). ¢; the vegetation
density after cycle ¢ and Aq@i the change of vegetation density during cycle i. Flooding

timescale t;, vegetation timescale ¢, and drought timescale ¢; are indicated in black.
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Figure 4. Uniform water height Y and bed profile 7o(8) in black and perturbed water

height Yy(8,n,t) and bed profile 7(3, 7, t) in red.
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Figure 5. Top view of bed elevation for alternate (m = 1) and multiple bars (m > 1),

blue indicates lower elevation.
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Table 2. Fixed parameters of the 1D analysis

DRAFT

Parameter name

Variable Value

Normal water depth Yo
Stokes drag coefficient cp
Vegetation diameter d
Strickler coefficient ko
Vegetation diffusion coefficient D

1.5

0.01

33.33
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Figure 6. 1D instability domains of SVV and SVEV: white means no instability towards

patterns and the color code indicates the most unstable longitudinal wavenumber. Fixed

parameter values are indicated in Table 2. A) Froude number (hy fixed) vs. vegetation

carrying capacity (o, = 1m?s™, ay = 1m™3s, D = 0m?*s~! and v = 107?), B) Froude

number (ho fixed) vs. vegetation growth coefficient (¢,,

=50m 2 oy = lm™3s, D =

Om?s™! and v = 1073), C) Froude number (hg fixed) vs. vegetation uprooting coefficient

vs. sediment parameter (¢, = 50m—2, a, = 1m?*s™! oy =1m s and D = 0m?s™!).
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(6 =50m™2, ay = 1m?*s™ ', D = 0m?s™! and v = 107?), D) Froude number (hq fixed)
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Table 3. Fixed parameters of the 2D analysis
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Parameter name Variable Value Units
Normal water depth Yo 1 m
Stokes drag coefficient cp 1.5 -
Vegetation diameter d 0.01 m
Strickler coefficient kg 33.33 m'/3g!
Median sediment diameter dso 0.005 m
Transverse slope parameter r 0.5 -
Vegetation growth coefficient Qg 1 m?s1
Vegetation uprooting coefficient Qg 1 m3s
Vegetation diffusion coefficient D 100 m?s!
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Figure 7. 2D instability domains of SVE and SVV: white means no instability towards
patterns, the color code indicates the maximum exponential growth coefficient (normalized
to the maximum value occurring in each figure) and the black line marks the selected
longitudinal wavenumber for each aspect ratio. Fixed parameter values are indicated in
Table 3. A) Longitudinal wavenumber vs. aspect ratio for alternate bars on a movable bed
without vegetation (Fy = 0.5 and m = 1), B) Longitudinal wavenumber vs. aspect ratio

for alternate bars on a fixed bed with vegetation (Fy = 1.5, ¢, = 50m~2 and m = 1).
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Figure 8. 2D instability domains of SVE and SVV: white means no instability towards
patterns and the color code indicates bar order m. Light blue is for m = 1 (alternate bars)
and darker blues are for m = 2, 3,4 (multiple bars). No vegetation survives to the right
of the black line. Fixed parameter values are indicated in Table 3. A) Froude number (hq
fixed) vs. aspect ratio for movable bed without vegetation, B) Froude number (hq fixed)

vs. aspect ratio for a fixed bed with vegetation (¢,, = 50 m~?2).
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Figure 9. 2D instability domains of SVV and SVEV: white means no instability towards
patterns and the color code indicates the most unstable longitudinal wavenumber. No
vegetation survives to the right of the black line. Fixed parameter values are indicated
in Table 3. A) Froude number (hy fixed) vs. vegetation carrying capacity on a fixed bed
with vegetation (8 = 50 and m = 1), B) Froude number (hq fixed) vs. aspect ratio on
a fixed bed with vegetation (¢, = 10m~2 and m = 1), C) Froude number (h, fixed) vs.
vegetation carrying capacity on a movable bed with vegetation (8 = 50 and m = 1), D)

Froude number (A fixed) vs. aspect ratio on a movable bed with vegetation (¢, = 10m—2

and m = 1).
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Figure 10. 2D instability domains of SVEV: white means no instability towards pat-

terns, the color code indicates the maximum exponential growth coefficient (normalized to

the maximum value occurring in each figure) and the black line marks the selected longi-

tudinal wavenumber for each aspect ratio. Fixed parameters are indicated in Table 3. A)

Longitudinal wavenumber vs. aspect ratio for alternate bar formation on a movable bed

with vegetation (¢, = 10m~2, Fy = 0.65 and m = 1), B) Longitudinal wavenumber vs.

aspect ratio for multiple bar formation on a movable bed with vegetation (¢,

Fy=0.75 and m = 1).
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Figure 11. 2D instability domains of SVV and SVEV: white means no instability
towards patterns and the color code indicates bar order m. Light blue is for m = 1
(alternate bars) and darker blues are for m = 2,3,4 (multiple bars). No vegetation
survives to the right of the black line. Fixed parameter values are indicated in Table 3. A)

Froude number (hy fixed) vs. aspect ratio for fixed bed with vegetation (¢,, = 10m~2), B)

Froude number (hy fixed) vs. aspect ratio for movable bed with vegetation (¢, = 10m~2).
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Figure 12. 2D instability domains of SVEV: white means no instability towards pat-
terns, the color code indicates the maximum exponential growth coefficient (normalized
to the maximum value occurring in both figures) and the black line marks the selected
longitudinal wavenumber for each aspect ratio. Fixed parameters are indicated in Table
3. A) Longitudinal wavenumber vs. aspect ratio for alternate bar formation on a movable

bed with vegetation (¢, = 50m=2, Fy = 1.5 and m = 1), B) Longitudinal wavenumber vs.

aspect ratio for alternate bar formation on a movable bed with vegetation (¢, = 50 m~2,

Fy=1.5and m = 4).

DRAFT December 29, 2015, 10:40am DRAFT



