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Abstract Riparian ecosystems exhibit complex biotic and abiotic dynamics, where the triad
vegetation-sediments-stream determines the ecogeomorphological features of the river landscape.
Random fluctuations of the water stage are a key trait of this triad, and a number of behaviors of the fluvial
environment can be understood only taking into consideration the role of noise. In order to elucidate how
randomness shape riparian transects, a stochastic model that takes into account the main links between
vegetation, sediments, and the stream is adopted, emphasizing the capability of vegetation to alter the
plot topography. A minimalistic approach is pursued, and the probability density function of vegetation
biomass is analytically evaluated in any transect plot. This probability density function strongly depends on
the vegetation-topography feedback. We demonstrate how the vegetation-induced modifications of the
bed topography create more suitable conditions for the survival of vegetation in a stochastically dominated
environment.

1. Introduction

The riparian zone is a transitional area located between freshwater bodies and upland communities that is
highly affected by the fluvial hydrological regime [Naiman et al., 2005]. It is a fragile environment that hosts
ecomorphological processes with profound environmental and ecological significance. Riparian wetlands are
the habitat of a great variety of animal species [Malanson, 1993] and act as protection for the bankline from
erosion and collapse [Docker and Hubble, 2008]. Furthermore, the alternation between wet and dry conditions
catalyzes a range of biological and chemical reactions, which decrease the availability of nutrients and the
toxicity of contaminants [Craig et al., 2008].

A biogeomorphologic fundamental role is played by the riparian vegetation, i.e., the plant community
that develops near rivers and that is influenced by water table variations and the occurrence of flooding
[Tockner et al., 2000]. Riparian vegetation is an active element which is able to modify river morphology in
order to maximize site colonization and growth, by interacting with sediment transport. Accordingly, riparian
vegetation behaves as a river engineer (in the sense of Jones et al. [1994]). For instance, in the Paleozoic, the
river landscape evolution was impacted tremendously by the development of riparian species, in terms of
braiding-meandering transition [Gibling and Davies, 2012]. Another interesting case has been documented
in Yellowstone Park where the reintroduction of wolves activated a trophic cascade down to the riparian
vegetation which eventually affected the overall physical geography of the park [Beschta and Ripple, 2006].
These phenomena provide the evidence that the riparian ecotone is a dynamic interface, where ecological
and morphological timescales are comparable and the interactions between biotic and abiotic processes are
maximized. An emblematic example is provided by the Tagliamento river (see Figure 1), a braided river in the
northeast Italy that has stimulated a great deal of research, due to its almost pristine conditions. In the 1.5 km
long Flagogna reach, the strong flood of June 2003 reduced the biomass of the riparian vegetation (Figure 1a).
Such biomass loss was partially recovered after 9 years (Figure 1b).

Today, a major challenge is to find realistic but at the same time simple models that account for the most
significant interrelated processes that are involved in this systems [Camporeale et al., 2013]. This is the aim of
the present work.

A number of complex phenomena occur in the interplay between water stream, sediments, and vegetation.
(i) The flow field is affected by the riparian vegetation that, in turn, alters the sediment mobilization, trans-
port, and deposition [Bennett et al., 2008; Ishikawa et al., 2003]. (ii) Large woody debris protect and reinforce
river banks and floodplains, creating landforms on which new vegetation can grow [Gurnell et al., 2005, 2012].
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Figure 1. (a, b) The Flagogna reach in June 2003 and February 2012, respectively. (c) Sketch of a riparian plot. The bed
elevation before any vegetation colonization (thick black line), the sediment deposition induced by the vegetation
(dark grey zone), the plot-specific dimensionless biomass (thin black line), and the plot-specific mean carrying capacity
(dashed line) are shown.

(iii) Roots impact the soil properties (resistance to erosion, moisture content, etc.); (iv) Unsteady river flows

provide water and nutrients to vegetation, convey sediments (building new sites for vegetation), and exert

an hydrological constraint on the root development [Pasquale et al., 2012]. (v) Finally, overflows remove

vegetation by erosion and uprooting.

A fundamental result of the above scenario is that riparian vegetation increases the bed elevation in order

to create favorable conditions to its development [Gurnell, 2014], when forced stochastically by river flows.

This in turn leads to a stabilization of the vegetated landforms, which are protected from further erosions.

Therefore, flow stocasticity drives a cooperative dynamics between vegetation and topography. This sort of

cooperation is not exclusive to riparian vegetation but has been also observed in other biomorphodynamic

contexts, such as salt marshes [Marani et al., 2013].

Basically, river ecomorphodynamics are regulated by a triad of key interrelated processes: vegetation

dynamics, sediment dynamics, and flow unsteadiness. Most of the existing models account no more than

two of these elements, as reviewed in Corenblit et al. [2007]; Camporeale et al. [2013]. Several studies have
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demonstrated that changes of the probabilistic structure of river water stages (by river regulations or climate
changes) may induce catastrophic damage on the vegetation, such as reduction of biomass and changes
of dominant species [Shafroth et al., 2002; Tealdi et al., 2011; Doulatyari et al., 2014]. Past theoretical works
[Camporeale and Ridolfi, 2006; Muneepeerakul et al., 2007] have modeled the key role of stochasticity in gener-
ating complex behaviors in the spatiotemporal dynamics of vegetation on nonevolving topography, such as
noise-induced stability and bimodality [Camporeale and Ridolfi, 2007]. The morphological changes induced
by static vegetation patches (i.e., without considering vegetation dynamics) have been numerically modeled
for gravel bed rivers [Wu et al., 2005; Crosato and Saleh, 2011] and sand rivers [Nicholas et al., 2013]. Recently,
the dynamics of vegetation patches have been also considered [Bertoldi et al., 2014; Crouzy et al., 2015].

Analyses performed so far were based on complex physical experiments or detailed numerical simulations.
A shortcoming of these studies is that considering properly the key role of river stage stochasticity in com-
bination with sediment transport and vegetation dynamics is very demanding from a computational point
of view. This task can more readily be achieved by adopting a minimalistic stochastic model. This model can
describe the essential physical and the biological processes in a simple but realistic way and can be analyti-
cally solved. This approach is particularly efficient for understanding how flow randomness impacts riparian
ecomorphodynamics.

The first stochastic models for riparian vegetation [Camporeale and Ridolfi, 2006; Muneepeerakul et al., 2007;
Camporeale and Ridolfi, 2007; Tealdi et al., 2011] provided key insight about vegetation dynamics but disre-
garded the effect of the vegetation-induced morphological alteration of the river transect (i.e., the transect
was considered fixed). By contrast, in this work the vegetation-topography feedback is considered, in order to
quantify the role of the vegetation on the biomorphology of riparian transects. An assessment is made of how
the vegetation-induced bed elevation affects the total biomass and its distribution along the river transect.
The fundamental feedback between the system variable (i.e., vegetation biomass) and topography is consid-
ered in the formulation, giving rise to an interesting example of a state-dependent stochastic process. This
class of processes is widespread in nature and has been recognized to contribute to the survival of vegetation
in hostile environments [D’Odorico et al., 2007; Ridolfi et al., 2011].

2. Physical Processes and Stochastic Model

A generic riparian plot experiences random sequences of flooding and exposing periods induced by the river
flow variability. As a consequence, vegetation alternates between decay and growth phases. During high
water stages, the submerged vegetation suffers from anoxia, burial, and uprooting, and the plot biomass is
reduced. The decay rate depends on the local water depth in the plot. In fact, it controls the shear stresses
induced by the stream that, in turn, induce vegetation decline. When low water stages occur, the plot is
exposed, and the (phreatophyte) vegetation biomass dynamics is dictated by the depth of the phreatic sur-
face, 𝛿 (see Figure 1c). If 𝛿 falls in a species-specific range, [𝛿1, 𝛿2], plant water uptake occurs in an optimal way,
and the vegetation grows. Differently, when 𝛿 < 𝛿1 (𝛿 > 𝛿2) the root anoxia (weak capillary fringe) prevents
the optimal water uptake. Mathematically speaking, 𝛿1,2 = 𝛿opt ∓

√
1∕a, where 𝛿opt is the phreatic surface

depth that allows the optimal plant growth [Kozlowski, 1984; Naumburg et al., 2005] and a is a parameter that
describes the sensitivity of the vegetation to a departure of the water table depth from 𝛿opt. Riparian soil
permeability is typically high, and the water table position is assumed equal to the river water stage.

In a riparian plot, the durations of flooding and exposing periods, the magnitude of inundation, and the depth
of the phreatic surface are random variables. They depend on the probabilistic structure of the river water
stage (probability density function and autocorrelation function) and on the topographic elevation of the
plot. It follows that the riparian vegetation exhibits a stochastic growth/decay dynamics forced by random
fluctuations of the river water stage. Previous studies [Camporeale and Ridolfi, 2006, 2007; Doulatyari et al.,
2014] demonstrated that the spatiotemporal pattern of vegetation along the river transect is highly depen-
dent on the stochastic variations of the water stage. However, transect topography was assumed fixed, and
the interactions between vegetation and morphology were disregarded. Our purpose is to fill this gap.

Field experiments have demonstrated that the vegetation strongly influences the elevation of riparian plots
[Hickin, 1984]. This influence is induced by a number of mechanisms, such as the trapping of water- and
wind-transported sediment particles, the production of organic soil, and the stabilization of the soil surface
[Abbe and Montgomery, 2003]. As a result, a correlation develops between vegetation biomass and plot
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elevation [Steiger et al., 2001]. This link can be modeled through a phenomenological dimensionless relation-
ship of the form

𝜂 = 𝜂0 + Δ𝜂(v) = 𝜂0 + r ⋅ v, (1)

where the total bed elevation, 𝜂, is given by two terms: the plot elevation, 𝜂0, in bare soil conditions, and the
bed elevation increment, Δ𝜂(v), induced by the riparian vegetation biomass, v. In (1), r > 0 is an empirical
coefficient in the range [0, 0.5]. As the vegetation-induced mechanisms responsible of topographic alterations
are not generally affected by the position along the transect, the coefficient r is assumed constant. The exten-
sion to the case r = r(x) is straightforward. The elevation is made dimensionless as 𝜂 = (𝜂∗− h̄∗)∕h̄∗, where
h̄∗ is the river mean water depth (asterisk denotes dimensional quantities). This scaling is adopted for all the
vertical lengths so that the stochastically varying river free surface position, h, has null average value and
min [h] = −1 (see Figure 1c). The biomass is normalized with the maximum carrying capacity, v∗

max, that is the
species-specific biomass that a riparian plot can sustain, when the phreatic surface is constant at the depth
𝛿opt . It follows that v = [0, 1].

Equation (1) allows an analytical solution of the stochastic dynamics, i.e., the plot-dependent probability
density function of v in a closed form. Nevertheless, this relation is not simplistic. It captures the positive
correlation between vegetation and bed elevation that is not fixed (as in previous analytical models) but
fluctuates, following rigidly the dynamics of v. The topographic alterations are considered instantaneous, as
sedimentation/erosion processes exhibit a hourly timescale, while riparian vegetation and discharge typically
have timescales of order of tens of day. Furthermore, (1) can be interpreted as a first-order approximation
of more general functions Δ𝜂 = f (v). As v ≤ 1, the higher-order terms have a weak effect compared to the
first-order term.

The vegetation-induced bed elevation changes impact strongly on the dynamics of the vegetation. The
decay/growth switching does depend not only on the stochastic water stage fluctuations and on the plot
elevation but also on the vegetation biomass. The vegetation can increase the plot elevation to an extent
proportional to its biomass, thus reducing the risk of being flooded and the magnitude of the flood-related
damages. Therefore, vegetation is no longer considered a passive element with dynamics driven by an
external stochastic forcing. By contrast, it is considered to actively modify the system to its own advantage.

At a generic plot of coordinate x of the river transect (see Figure 1c) the physical processes previously
described can be modeled by the piecewise dimensionless equations

dv
dt

=
⎧⎪⎨⎪⎩
−𝛼1vn h ≥ 𝜂0 + Δ𝜂(v)

vm(Vcc − v)p h < 𝜂0 + Δ𝜂(v),
(2)

where t = t∗ ⋅ 𝛼2 is time (𝛼2 is the species-specific growth rate), 𝛼1 = (K∕𝛼2)(h−𝜂) = k(h−𝜂) is the vegetation
decay rate proportional to the water depth (K is a species-specific coefficient that quantifies the vegetation
tolerance to floods), Vcc is the plot-specific carrying capacity, and m, n, p are exponents that account for possi-
ble nonlinearities in the growth/decay mechanisms. Equation (2a) describes the decay of vegetation biomass
induced by anoxia, uprooting, and burial, occurring when the plot is flooded (i.e., h ≥ 𝜂). By contrast, (2b)
models the vegetation growth occurring when the plot is exposed (i.e., h < 𝜂). Notice that the vegetation
and the vegetation-induced topographic alterations are assumed not to modify the rating curve of the river
section. Moreover, (2) describes the 1-D dynamics of vegetation along a single transect, and the analysis of 2-D
vegetated patterns requires a more sophisticated approach [Crouzy et al., 2015]. The dimensionless carrying
capacity is expressed as Vcc = 1−a(𝛿−𝛿opt)2 if 𝛿1 ≤ 𝛿 ≤ 𝛿2 and zero otherwise, where the depth of the phreatic
surface reads 𝛿 = 𝜂0−h [Camporeale and Ridolfi, 2006]. The two key characteristics of the approach are (i) the
stochasticity of model (2), with the decay rate, the carrying capacity, and the switching between equations
forced by the random variable, h, and (ii) the switching between phases of growth and decay depends on if
𝜂(v) ≷ h; i.e., it is state dependent, as it depends on the system variable, v. This last point makes the present
model mathematically more complex than the original one by Camporeale and Ridolfi [2006], which can be
restored if r = 0. For the sake of simplicity, in the following we will set m = n = p = 1, but any extension is
straightforward.
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3. Analytical Solution

To solve the stochastic model (2), the average rate of vegetation decay, 𝛼, and the mean carrying capacity, 𝛽 ,
are computed [Camporeale and Ridolfi, 2006, 2007]. The first rate is evaluated as

𝛼 = 1
Pf ∫

∞

𝜂

𝛼1p(h)dh = 1
Pf ∫

∞

𝜂0+r⋅v
k[h − (𝜂0 + rv)]p(h)dh, (3)

where Pf = ∫ ∞
𝜂0+r⋅v p(h)dh is the probability of being in flooded conditions (i.e., h>𝜂0+rv). Relation (3) high-

lights the twofold beneficial role of the vegetation-induced morphological changes (i.e., rv > 0). It increases
the threshold water stage above which the vegetation is damaged and reduces the damage inflicted by the
water level, h, that is proportional to (h−𝜂0−rv) and not to (h−𝜂0).

The mean carrying capacity reads

𝛽 = 1
Pe ∫

𝜂

−1
Vccp(h)dh = 1

Pe ∫
𝜂0+rv

−1
1 − a(𝜂0 − h − 𝛿opt)2p(h)dh, (4)

where Pe = ∫ 𝜂0+r⋅v
−1 p(h)dh is the probability of being in exposure conditions.

The average rates, 𝛼 and 𝛽 , replace the functions, 𝛼1 and Vcc, in the model (2) so that two new functions,
ff (v) = −𝛼v and fe(v) = v(𝛽−v), are obtained. These functions describe the vegetation dynamics in flooded and
exposure conditions and determine the overall vegetation dynamics, by switching randomly. This stochastic
problem falls in the class of state-dependent dichotomous Markov noises [Ridolfi et al., 2011]. For this type of
problems the steady state probability density function (pdf) was recently given in the closed form

p(v) = C

[
1

ff (v)
− 1

fe(v)

]
exp

{
−∫v

[
1

Tf (v′)ff (v′)
− 1

Te(v′)fe(v′)

]
dv′

}
, (5)

where C is a normalization constant so that ∫ ∞
0 p(v)dv = 1 and Te(v) and Tf (v) are the average durations of

the flooded and exposure periods at the plot, respectively.

Equations (3)–(5) are valid for any probability distribution of the water stage, p(h). A common choice [Doulat-
yari et al., 2014] is to model water stage time series as a random sequence of exponentially distributed jumps
(i.e., a white shot noise) and exponential decay. In this case, p(h) is the Gamma distribution

p(h) = 𝜆𝜆e−(h+1)𝜆(h + 1)𝜆−1

Γ[𝜆]
, (6)

where 𝜆 = 1∕C2
h (Ch is the coefficient of variation of the water levels) and Γ[⋅] is the Gamma function

[Abramowitz and Stegun, 1964]. Te(v) can be analytically evaluated as the mean first passage time between
two flooding events [Laio et al., 2001], while it can be demonstrated that Tf (v) = Te(v)Pf (v)∕Pe(v). The val-
ues of 𝛼 and 𝛽 can be obtained in closed form through a formal expansion in Taylor series in the parameter r
around 𝜂0. In this way, the integral appearing in (5) reads

p(v) = Cvc0 (TeL)c1 (TeL)c2 (𝛼L)c3 (𝛽L − v)c4 (𝛼L + 𝛽L − v). (7)

The expressions TeL, TfL, 𝛼L, 𝛽L as well as the exponents c0 − c4 are listed in the supporting information.
Equation (7) gives the pdf of the biomass of the riparian vegetation as a function of the vegetation type,
position of the plot in the river transect, and the probability structure of the river water stage.

4. Results About the Cooperative Dynamics
4.1. General Behaviors
In order to explore the interplay between flow-induced stochasticity, vegetation, and morphology, typical
hydrological and biomorphological characteristics are considered. Figures 2a and 2b show the spatial
behavior along the river transect of the mean, 𝜇, and standard deviation, 𝜎, of the vegetation biomass distri-
bution, p(v). Four values of the coupling coefficient, r, appearing in equation (1) are considered. For the sake
of simplicity, the transverse coordinate is made dimensionless so that x = 𝜂.
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Figure 2. (a) The mean value, 𝜇, and (b) the standard deviation, 𝜎, of the riparian vegetation distribution, p(v), along the
transect for different values of r. (c, d) The riparian vegetation distribution, p(v), calculated at x1 = 0.2 and x2 = 0.6,
respectively with {Ch, 𝛿opt , 𝜏, a, k} = {0.5, 0.25, 0.01, 0.2, 5}.

The mean value behaves differently in two distinct regions: for low sites (x≲1.0), 𝜇 increases significantly with
r. For higher sites the interplay between vegetation and morphology is negligible. Close to the river the limit-
ing factor is the occurrence of floods, which periodically damage the vegetation. The flood-induced biomass
loss is proportional to the flood magnitude, as the bed shear stress scales with the water depth of the plot.
Whenever the vegetation biomass increases, the bed elevation rises, the effects of flood is reduced, and an
increment of biomass is promoted. This increment is high at lower plots, where the flood-induced damages are
more severe and the protection offered by an elevation increment is more impacting. For example, Figure 2c
reports p(v) evaluated for different values of r at a point close to the river and shows that the biomass switches
from v ∼ 0.1 for r = 0 to v ∼ 0.5 for r = 0.3. Figure 2d refers to a plot further from the river, and the increment
of biomass appears progressively reduced. In fact, far from the river the limiting factor is the water availability
of the phreatic aquifer. Any sediment deposition protects the vegetation in case of extreme floods but has
no effect on the groundwater tapping. Far from the river mean stage (i.e., x ≫ 1), the average biomass is not
affected by the morphology-mediated mechanism of vegetation self-protection.

Figure 2b depicts two distinct behaviors of 𝜎 along the river transect. For low sites (x ≲ 0.5, in this case), the
coupling between vegetation and morphology induces a strong increment of 𝜎, while for high x a mild reduc-
tion of the biomass standard deviation with respect to the parameter r is observed. The vegetation-induced
bed increments can protect vegetation from weak floods, but intense inundations cause anyway strong
damages. At plots with elevation around the river mean stage (i.e., x = 0) both weak and strong inundations
take place. The vegetation-induced bed increment protects the vegetation against weak floods and is suffi-
cient to induce an increment of the mean biomass. Strong floods that damage the vegetation (i.e., reduce the
biomass) also occur. It follows that an increment in the temporal variability of v is observed, with respect to
the case without the coupling (i.e., r = 0). For example, the pdfs reported in Figure 2c show that the mean
biomass is 𝜇∼ 0.45, for r = 0.3. It is not unlikely to have biomass as low (high) as 0.3 (0.6). Moving away from
the river, the probability of inundation decreases. Sediment aggradation further reduces this probability, and
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Figure 3. (a–h) Sensitivity analysis of the main modeling parameters, where only one parameter at time is changed with
respect to the benchmark set {Ch, 𝜏, a, k, 𝛿opt} = {0.5, 0.01, 0.2, 5, 0.25}. The effects on the increment of mean biomass
along the transect, ΔB, are reported in Figures 3a–3d and the effects on the displacement of the vegetated zone, ΔO,
are in Figures 3e–3h. (i–j) The effects of the coupling coefficient r on ΔB and ΔO, respectively, for three idealized cases:
A, {Ch, k} = {0.6, 6}; B, {Ch, k} = {0.4, 4}; and C, {Ch, k} = {0.2, 2}.

the damages caused by inundations as well. It follows that the biomass tends to the local carrying capacity
(that decreases due to groundwater deepening), and the standard deviation approaches to zero (Figure 2d).

In order to investigate the beneficial impact of the vegetation-morphology feedback on vegetation, the incre-
ment of mean biomass along the transect, ΔB, and the displacement of the vegetated zone, ΔO, are defined.
The first metric is ΔB∶=Br∕B0−1, where B=∫ ∞𝜇(x)dx

0 is the total mean biomass along the river transect and the
subscripts refer to the value of the coupling coefficient, r. The second metric readsΔO∶=Or∕O0−1, where O is
the elevation of the closest point to the river where the mean biomass is larger than 0.01 (here conventionally
assumed as the starting point of the vegetated zone). Figure 3 reports ΔB and ΔO as a function of the most
important hydrological and biological parameters. In order to explore different magnitude of the vegetation
feedback on the topography, three values of the coupling coefficient r = (0.1, 0.2, 0.3) are considered.

Figure 3 shows that the increment of biomass, ΔB, is always significant. It ranges from 4–5% to 15–30%,
depending on the parameter set. The extent of the consequences of the feedback between vegetation and
topography depends on the river and vegetation characteristics. In particular, the consequences are more
pronounced when (i) the vegetation is fragile to inundations, namely high values of k occur (Figure 3a); (ii) the
river stage fluctuations around the mean level are high; i.e., Ch is high (Figure 3b); and (iii) the optimal depth
interval [𝛿1, 𝛿2] of the phreatic surface becomes narrower; i.e., a is high (Figure 3d). Finally, the river stage
correlation time has a negligible effect on the increase in the biomass (Figure 3c) as already pointed out by
Camporeale and Ridolfi [2006].

The plots far from the river can be colonized by vegetation even without the occurrence of the
vegetation-induced bed elevation increment (i.e., the case r = 0). In these plots, the consequence of the feed-
back is to increase the mean value of biomass. Moreover, in some plots close to the river, the feedback allows
also a colonization that would have been impossible otherwise. If the vegetation-induced increment of bed
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elevation had not been occurred, in those plots the vegetation would have been completely removed during
any flood. As a result, those plots would have been bare. The capability of vegetation to increase its plot ele-
vation induces a shifting of the vegetated front, with a planimetric extent that depends on the lateral slope of
the transect. The front shifting is registered by the behavior ofΔO. Figures 3e and 3f show a remarkable stream
narrowing occurring when flood-resistant vegetation (k small) or regular river flows (Ch small) are considered.
In both cases, the vegetation-induced aggradation of plot is decisive for the shifting of the vegetated front.

Although the river stage correlation time has a marginal role on the total biomass, it significantly affects the
quantity Or (Figure 3g). When time correlation, 𝜏 , is high, long periods of plot exposure and inundation alter-
nate. During exposures, the vegetation has enough time to grow and to induce a significant increment of the
plot elevation. As a result, the protection of the plot against successive floods is increased, and the vegetation
can colonize other sites closer to the river.

The impact of the coefficient r on ΔB and ΔO is reported for three emblematic cases in Figures 3i and 3j, in
order to highlight the benefit on vegetation resulting from the coupling between biological and morpholog-
ical processes. In the case A, vegetation is sensitive to inundations, and the river water stage exhibits large
fluctuations ({Ch, k} = {0.6, 6}). In the case B, vegetation is weakly sensitive to inundations and the river
fluctuations are small ({k,Ch} = {2, 0.2}). The case C has intermediate values ({k,Ch} = {4, 0.4}).

In the case A, the vegetation takes advantage from the vegetation-induced morphological alterations. When
the coupling is high (r = 0.5), the biomass increases up to 25%, and the first vegetated plot gets closer to
the river by 70%. Also, if the coupling is weak (e.g., r = 0.2; see Figure 3i) significant benefits are attained
(ΔB∼10%, ΔO∼−20%). A completely different behavior is observed in case B. Although the vegetation can
induce consistent sediment deposition when r = 0.5, the biomass increment and the migration of the first
vegetated plot are less than 1%. The riparian vegetation is so flood resistant, and the water stage variations
are so weak that the rise of elevation induced by vegetation has no consequences on the vegetation. Finally,
the case C shows that for r ∼ 0.4 a threshold value rc occurs, in the case reported in the figure. At r < rc the
increment of biomass is relevant and increases proportionally to the coupling strength (similarly to the case A).
At r > rc, ΔB becomes a constant; i.e., no additional benefits are gained by the vegetation in spite of its ability
to increase further the plot elevation. This behavior suggests that the cooperation between vegetation and
morphology is efficient up to a threshold. The exact value of this threshold depends on the interplay between
the stochastic hydrological features of the river and the vegetation properties. In the cases A and B, this limit
corresponds to very high and low values of r, respectively, while it falls on intermediate values in the case C.

4.2. Field Case
Some field observations about the riparian vegetation dynamics along the Tagliamento river are now dis-
cussed. In particular, the elevation of the lowest vegetated point of some specific reaches of the Tagliamento
braided network can be derived from the data reported by Bertoldi et al. [2011]. For instance, in the Flagogna
reach (Figures 1a and 1b), no vegetation taller than 1 m has been found below 𝜂∗min ∼0.5 m (where the datum
𝜂∗ = 0 corresponds to the lowest point of the reach bed). Moreover, the same authors detected that a Gamma
distribution captures the distribution of the bed elevation in the considered reach.

The water stage time series of the Tagliamento at the Venzone gauging station, 8 km upstream of the Flagogna
reach, is also available (from hydrographic office of Venezia-Giulia). The relationship between the overall width
of the active channels, W∗, and the discharge, Q∗, is given by W∗=23.8Q∗0.52 [Welber et al., 2012]. With this
information and by adopting the hydrogeomorphologic procedure reported in the additional material, one
can obtain the mean (h̄∗=0.35 m), the coefficient of variation (Ch= 0.25), and the integral scale (35 days) of
the water stage time series.

The Flagogna reach mainly hosts Populus nigra and several willow species [Bertoldi et al., 2011]. Therefore, it
is reasonable to assume for the biotic parameters the standard values {a, 𝛿opt, 𝛼2} ≃ {0.22, 2.5m, 10−4d−1}
[Young et al., 1980]. Accordingly, 𝜏 = 𝛼2𝜏

∗ = 0.0035. Finally, k =10 and r = 0.1 are assumed, in order to
consider a moderate feedback between the vegetation and plot elevation. With this setting, the present
stochastic model estimates that the vegetation onset occurs at 𝜂∗= 0.45 m, which is in good agreement
with the field observation by Bertoldi et al. [2011]. A sensitivity analysis with ±20% of model parameters
(parameters were changed one at a time) was used to check the robustness of the obtained result.
The obtained values of 𝜂∗ are in the range [0.43, 0.50] m.
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5. Conclusions

A novel state-dependent stochastic model is proposed for describing the cooperation between vegetation
and topography in environments forced by random water stage fluctuations. This cooperation is based on a
fundamental positive feedback. The vegetation induces bed aggradation; the probability of flooding is there-
fore reduced, and this is a benefit for the vegetation itself. These mechanisms make evident how biotic/abiotic
and deterministic/stochastic processes are closely linked in the river environments, concur to generate
complex dynamical equilibria, and are of paramount importance to understand large-scale man-induced
catastrophic shifts of river systems. The minimalistic stochastic approach can be therefore a suitable method
for obtaining analytical results useful for the management of rive landscapes.

Notation

Ch coefficient of variation of the river stage;
𝜏 correlation time of the river stage;
k vegetation sensitivity to flooding conditions;

𝛿opt phreatic surface depth for the optimal plant growth;
a sensitivity of vegetation to the departure of the phreatic surface from its optimal position;

p(v) plot-specific pdf of the vegetation biomass;
𝜇 plot-specific mean value of p(v);
𝜎 plot-specific standard deviation of p(v);

ΔB relative increment (in percentage) of mean biomass along the transect;
ΔO relative displacement (in percentage) of the vegetated front.
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