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Predicting when riparian vegetation establishes on river bars is crucial to estimate how

morphology and ecology of gravel bed rivers respond to anthropogenic or climatic

changes. However, the characteristic timescale required for vegetation establishment

on gravel bars remains poorly investigated. The Windows of Opportunity (WoO) concept

provides an ideal framework for estimating such timescale by analyzing time series of

disturbance periods following seed dispersal. Here we present the results of a study

conducted in a 41 km long reach of the Alpine Rhine river characterized by the presence

of alternate gravel bars, which show differences in morphological activity and vegetated

areas. We mapped the time evolution of vegetation cover between 1996 and 2017 by

using aerial images and related vegetation occurrence to bar topography. Observations

show that vegetation mainly colonized bar surfaces between 2005 and 2008, enduring

on bars that showed less morphological activity. Only few patches, which were removed

by downstream bar migration, were observed on bars that experienced significant

morphological changes. This allowed us to identify conditions that weremore favorable to

vegetation recruitment and growth. To explain the vegetation pattern observed along the

whole reach, we developed a simple modeling framework based on the WoO concept

including the effects of flow variability on seed dispersal and seedling recruitment and

survival. Model applications demonstrate that vegetation successfully establishes on

bare areas if plants can withstand hydrodynamic disturbances for about 85 days after

seed dispersal. We also identified timing and location of successful recruitment events

and discussed how they are linked to bar morphology, seed dispersal, and riverbed

morphodynamics. This study provides a first attempt to quantify the WoO in a gravel

bed river with alternate bars, representing a step toward the development of quantitative

tools for predicting river morphological trajectories.
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1. INTRODUCTION

Predicting riparian vegetation establishment along river
corridors is crucial to understand the impact of anthropic and
climatic changes on river morphological trajectories. A number
of studies in the last decades has highlighted that vegetation can
easily grow and encroach river channels as a result of changes
in flood frequency and magnitude (Osterkamp et al., 1998;
Merritt and Cooper, 2000; Surian et al., 2015; Kui et al., 2017),
sediment supply regime (Gran et al., 2015), and hydro-climatic
conditions (Räpple et al., 2017). When established, riparian
vegetation displays high resistance to disturbances, leading to
a different biogeomorphic state (Corenblit et al., 2016; Serlet
et al., 2018). The interaction between riparian vegetation and
river morphology is controlled by several interrelated processes
(Gurnell et al., 2012), acting on different timescales, and
represented by the time required by vegetation to colonize bare
sediments and the time required by the geomorphic processes
to rework the riverbed (Paola, 2001). Quantification of these
timescales represents a challenging but essential task to improve
our ability to predict river morphological trajectories.

Factors controlling vegetation establishment have been long

studied. Flow variability affects seed dispersal, germination, and

early plant growth and survival (see Vesipa et al., 2017, for
a recent review). Seeds and vegetative fragments are collected
and transported by water along the river, and deposited over
bare areas and river margins as water level recedes (Cunnings
et al., 2016). On sufficiently moist substrates, seeds can germinate
within a few hours (or days) (Karrenberg et al., 2002), mostly
depending on their abundance, fluctuations in soil moisture
(Guilloy-Froget et al., 2002), and sediment properties (Meier
and Hauer, 2010). Growth and survival of seedlings then
depends on how they respond to, and are adapted to cope with,

flooding (Garssen et al., 2015). Long periods of inundation can
inhibit plant growth limiting plant photosynthetic activity by
submerging plant’s canopy (Politti et al., 2018) and by depleting
oxygen in the root zone (Friedman and Auble, 1999). Droughts
can cause mortality by reducing soil moisture and pore water
availability for root uptake (e.g., Mahoney and Rood, 1998;
Johnson, 2000; Francis et al., 2005). In addition, flow erosion
and sediment deposition during floods can cause uprooting and
burial (e.g., Edmaier et al., 2011; Pasquale et al., 2014; Bywater-
Reyes et al., 2015; Bankhead et al., 2017).

A range of quantitative models were developed to explore
the effect of these processes on vegetation establishment. For
instance, cottonwood recruitment was extensively studied
by using the “box recruitment model” originally proposed
by Mahoney and Rood (1998), which defined a successful
recruitment band as a combination of root growth rate,
water table receding rate, and seed dispersal period. This
was extended to account for multiple species (Dixon and
Turner, 2006), for their effect on population dynamics
(Douhovnikoff et al., 2005), and to study the impact of
flow regime alteration on vegetation population (Braatne
et al., 2007). Transition between vegetated to bare states was
also analyzed by means of a stochastic approach coupling
flow variability, sediment transport, and vegetation dynamics

(Bertagni et al., 2018). More ecologically comprehensive
models (e.g., Benjankar et al., 2011, 2014) including different
plant life stages were developed and used for predicting
vegetation dynamics over decades and among a variety of
environmental conditions (García-Arias et al., 2013). However,
the co-occurrence of numerous processes influencing vegetation
establishment and the wide spatial-temporal scales involved
often hinder the underlying physical and biological thresholds
responsible for successful vegetation establishment, limiting
their quantification.

The Window of Opportunity (WoO) concept proposed
by Balke et al. (2011) provides a valuable and simple
modeling framework to study the timescale needed for early
vegetation establishment in disturbance-driven systems. The
model identifies three fundamental thresholds that vegetation has
to exceed to successfully establish. Each threshold is expressed
as a period of time needed for the vegetation to develop a
specific resistance, as a function of plant’s age. First, seeds need
a sufficiently long time without inundation for germinating
(WoO1; Balke et al., 2014). Second, small seedlings require a
period of time to grow a substantial root system able to anchor
them to the substrate (WoO2) and resist uprooting by flow drag
(Type I uprooting, Edmaier et al., 2011). In this phase, seedlings
also develop the capacity to withstand a period of inundation of
up to tens of days. Then, seedlings require sufficient time to grow
a root system able to withstand sediment transport and substrate
erosion, which is the main cause of uprooting (Type II uprooting,
Edmaier et al., 2011) (WoO3). The length of these three WoOs
has been so far defined by means of laboratory experiments
and field data (Balke et al., 2015) or derived from image-based
observations (Hu et al., 2015). However, these estimates are
limited to salt marshes in tidal systems and, to the best of our
knowledge, analogous studies for riparian vegetation in gravel
bed rivers have not been yet carried out.

In this study, we aim at identifying the physical and biological
processes governing vegetation establishment and quantifying
the timescale, in terms ofWoO, required by plants to successfully
colonize a bare area. We investigated a reach of the Alpine Rhine
river (Figure 1) that displays an alternate sequence of gravel
bars with different morphological activity (Adami et al., 2016).
Observations showed that vegetation successfully established
on the more stable bars, but not on others, providing an ideal
case to quantify the WoO and how it is controlled by riverbed
morphology (Koch, 2017). A series of aerial images covering a
41 km long reach of the Alpine Rhine in the period 1996-2017
were combined with topographical and hydrological data to
provide an accurate database relating vegetation occurrence
to riverbed elevation and flow regime. This allowed to explore
the conditions favorable for vegetation establishment and to
disentangle the role of different disturbances over more than
two decades. To quantify the WoO length that explained the
observed vegetation establishment pattern, we developed a
simple modeling framework that includes the key effects of
the flow regime on seed dispersal, recruitment, and seedling
survival. By training the model on the time period where we
first observed vegetation colonization in bare areas, we were
able to estimate the WoO length and the likely location and
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FIGURE 1 | Map of the Alpine Rhine river and the studied reach between Landquart (Switzerland) and the Ill river confluence. The reach can be divided into two

sub-reaches, A and B, which have different alternate bar morphology. Maps were obtained from d-maps.com and SwissTopo (2018). Distances along the reach are

reported following the official Rhine mileage.

timing of successful vegetation recruitment events. When
hydrodynamic disturbances dominate, the model demonstrated
that vegetation needs to surpass a minimum time period for
successfully colonizing gravel bars, which depends on the balance
between disturbance and resistance factors. In line with previous
studies (e.g., García-Arias et al., 2013; Rivaes et al., 2015), our
modeling approach can help developing predictive tools at
support of river managers in the face of increasing antrophic
pressures (Ward et al., 2002) and weather pattern changes
(Tonkin et al., 2019).

2. STUDY AREA

The Alpine Rhine river is a 90 km long reach of the Rhine River
located on the eastern side of Switzerland, from Reichenau to
Lake Constance (Figure 1). It delineates the boundary between
Switzerland, Liechtenstein, and Austria on about 1/3 of its length.
The catchment area is 6,123 km2 and the main tributaries are
the Plessure, the Landquart, and the Ill rivers. The flow regime
is pluvionival characterized by snow-melt in spring and summer
and with larger floods most likely occurring from August to
October. The Alpine Rhine was channelized into straight reaches
from the mid-nineteenth century to the 1970s. About 29 106

m3 of gravel were mined between 1936 and 1990 (Hunziker,
2015). Four artificial block ramps were constructed after 1972 to
reduce bed erosion. In 1962 a hydropower station was built in
Reichenau. The hydropower production regulates the discharge
and affects the low flow regime (Adami et al., 2016). The analysis
of discharge measurements recorded at Diepoldsau Rietbrucke,
Switzerland, upstream from lake Constance, showed that the

Alpine Rhine river is significantly impacted by hydropeaking
(Carolli et al., 2015), with base flow discharges varying by about
70–80 m3/s (Adami et al., 2016).

We focused our study on the 41.7 km river reach between
Landquart (km 23.3 of the Alpine Rhine, Landquart’s drainage
area: 618 km2) and the Ill river confluence (km 65.0, Ill’s drainage
area: 1,281 km2; see Figure 1). No other relevant tributary
is present along the study reach. The river has a trapezoidal
cross section, with a base width that increases from 85 m in
the upstream part up to 106 m downstream. No floodplain is
present and levees prevent any planform change. Bed material is
primarily composed by gravel, with a median grain size ranging
between 60 mm upstream and 20 mm downstream (Hunziker,
2015). Longitudinal bed slope decreases along the reach, from 2.9
to 1.3 m/km. The morphology is characterized by a series of∼80
alternate bars. Based on the results of a previous study carried
out by Adami et al. (2016), we subdivided the reach into two sub-
reaches: reach A (from km 23.3 to km 40), and reach B (from
km 40 to km 65; see Figure 1). The 24 bars in reach A show a
wavelength ranging between 1,200 and 1,700 m and are mostly
steady (non-migrating), displaying a cumulative bar migration
over the period 1999-2010 smaller than one river width. On
the contrary, the bars (about 50) in reach B are much shorter,
with a wavelength from 700 to 1,000 m showing a significant
downstream migration of up to a whole wavelength in 10 years.
Bar height varies (range between 2.6 to 4.1 m) locally along the
reach due to the presence of ramps and channel bends (Adami
et al., 2016), showing an average decreasing trend from reach A
to reach B.

In our study site, vegetation growing on the alternate bars
is mainly composed by Salicacae species such as Salix alba,
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Salix elaeagnos, and Populus nigra (surveyed in 2015 from
km 35.3 to 38.4 by local authorities, Nemos, 2015), which
are typical species found in gravel-bed rivers in temperate
regions (e.g., Karrenberg et al., 2002; Gurnell et al., 2012;
Politti et al., 2018).

3. MATERIALS AND METHODS

Our analysis is divided into two main parts. First, we
analyzed a series of aerial images from 1996 to 2017
of the whole reach to identify the spatial and temporal
extent of the vegetation cover on the alternate bars.
Second, we developed a simple model based on the
WoO framework with the aim to quantify the length of
the WoO required for vegetation establishment on bar
surfaces and to predict location and timing of successful
recruitment events.

3.1. Vegetation Classification by Aerial
Image Analysis
We mapped the vegetation cover on the bars by using 8 high-
resolution images (Table 1). Five orthoimages were provided
by the project Geodata for Swiss Education (https://geovite.
ethz.ch) and were georeferenced to the Swiss Grid projection
CH1903+. The aerial images of 1996 and 1998 (Hunziker,
2015) and the WorldView satellite image (WorldView-2, 2017)
were adjusted to fit the Swiss Grid projection. Image analysis
was carried out using the software (QGIS, 2016) visualizing
the images at a 1:1,000 scale. Exposed bars were manually
classified into four different classes: (i) bare gravel; (ii) pioneer
vegetation, represented by areas of sparsely growing, patchy
vegetation, mixed with areas of gravel; (iii) dense vegetation,
when vegetation completely covered the bar surface; and (iv)
undefined zones, where it was not possible to assign any of the
previous classes, e.g., areas covered by bridges or shadows. Such
classification did not distinguish between woody, non-woody,
and herbaceous vegetation but it was solely based on plant canopy
density visible from aerial images. Vegetation occupation was
calculated as the ratio between the vegetation area (as pioneer
and dense vegetation classes) and the total bar area. The latter
was quantified choosing the image with the lowest flow, i.e., with
the maximum exposed area (Q = 102 m3/s, orthophoto of 2014)
and was assumed constant over time.

3.2. Bar Topography and Vegetation
Elevation Distribution
Location of vegetated areas were coupled with 3D bed
elevation data obtained from two topographic surveys of cross
sections spacing 200 m, measured in 2005 and 2007 (Meisser
Vermessungenen AG, 2007; Adami et al., 2016), and a digital
elevation model (DEM) with a resolution of 2 m obtained by
a lidar flight in 2014, which surveyed the emergent part of
the bars (https://geovite.ethz.ch). Cross sections were used to
characterize the bed morphology at the time we observed diffuse
vegetation recruitment. On each cross section we identified the
top of the bar surface (ToB) as the highest elevation of the
bar, and we also estimated the minimum elevation of vegetation
(MEV) as the lowest elevation where we observed vegetation.
This point on the cross section represents the vegetated location
most affected by flow disturbances and therefore will be used
as the calibration metric for the model. DEM data were used
to compute bed elevation frequency distributions and the
associated vegetation distributions. DEM data were detrended by
subtracting the average water surface elevation, as measured on
the DEM itself, and corresponding approximately to a discharge
of about 200 m3/s.

3.3. Discharge Time Series
We used hourly data for the period 1996-2018 of the gauging
station Bangs in Voralberg (Austria) (Figure 2), located just
upstream to the confluence with the Ill River (Figure 1).
During the analyzed period the maximum recorded flood peak
occurred on 17/06/2016 (Figure 2), and corresponded to nearly
30 years return period discharge (Qt=30yr = 1825 m3/s).
The reach averaged value of the discharge at which the full
cross section is expected to actively transport bed material
as bed load is QFT = 650 m3/s (Adami et al., 2016).
Discharges showed significant oscillations due to hydropeaking,
as also reported by Carolli et al. (2015) at the gauging station in
Diepoldsau Rietbrucke.

3.4. Water Surface Elevation Time Series
To quantify the time series of flow disturbances for each
cross section, we transformed the discharge record in water
surface elevation (WSE) obtained running fixed bed numerical
simulations with the one-dimensional (1D) model BASEMENT
(Vetsch et al., 2017). This allowed associating a WSE to each

TABLE 1 | List and characteristics of the imagery used in the analysis.

Type Date Resolution [cm] Reach covered

Aerial images 23.07.1996 50 Downstream part of A (11 km)

Aerial images 08.11.1998 50 Downstream part of A (11 km)

Orthophoto 08.07.2002 50 A-B

Orthophoto 21.06.2005 50 A-B

Orthophoto 06.05.2008 25 A-B

Orthophoto 27.06.2011 25 A-B

Orthophoto 12.03.2014 25 A-B

Satellite image 22.08.2017 50 Downstream part of A (11 km)
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FIGURE 2 | Discharge record measured at Bangs station (Austria) between 1996 and 2017. Dashed-dotted horizontal red and orange lines indicate the discharges

with a return period of 30-years (Qt=30yr ) and 100-years (Qt=100yr ), respectively. Black dots represent the acquisition dates of the imagery. The time span in which

cross sections were surveyed and the Lidar flight (for DEM) was conducted is also reported.

discharge given a cross section topography. The model solves
the Saint-Venant equations for fluid and uses the Manning-
Strickler approach for estimating the global flow resistance. We
characterized the main channel and the bar surface with a
roughness coefficient, Ks = 34 m1/3s−1, while a value of 25
m1/3s−1 was attributed to the river banks and the levees (Zarn,
2008). The vegetation growing on the bar surface was not taken
into account for the roughness estimation, as it occupied only a
mimimal fraction of the area when recruitment occurred. Normal
flow was imposed as upstream boundary condition and a step-
wise hydrograph (from Q = 1 to Q = 2, 500 m3/s) was
simulated. The time between consecutive steps in the hydrograph
was long enough to ensure the establishment of steady water
surface elevation along the whole reach. Two different sets of
water surface elevation—discharge (WSE-Q) relationships were
derived, considering the cross sections data surveyed in 2005
and 2007, respectively. Between 2005 and 2007, morphological
changes were considered to be negligible.

3.5. Vegetation Establishment Model
We developed a simple model for predicting vegetation
establishment on (bare) bar surfaces following seed dispersal
based on the WoO framework (Balke et al., 2011). The model
explicitly accounts for the effect of flow variability, in terms
of time series of water surface elevations, on seed dispersal
and vegetation survival. During receding phase of floods, seeds
are deposited on bare substrates and start growing. Young
seedlings survival depends on the rate at which they increase
their resistance to disturbance (flooding) and on the frequency
and magnitude of the disturbance. For each point along a
cross section, we compare the time series of disturbance against

plant resistance. When the disturbance is smaller than the
resistance vegetation can successfully establish, while it dies
off otherwise. Figure 3 shows a schematic representation of
the model processes with examples of successful (P1) and
unsuccessful (P2) recruitment events.

3.5.1. Seeds Dispersal
We considered that seeds dispersal can occur only within a
defined dispersal window (DW), assumed to correspond to the
warmer months, between April and October. We considered that
seeds availability is unlimited, at each elevation above the water
surface and during the whole DW. A seed dispersal event was
defined as a point in time (evaluated at hourly scale) with lower
water surface elevation than the previous point (Balke et al.,
2014). Thus, the elevation at which vegetation can establish was
represented by the water elevation of the previous point in time.

3.5.2. Plant Resistance Definition
In the most simple version of the WoO approach, plants die
as soon as they are inundated in a time window of a fixed
amount of days starting from the seed deposition on the
riverbed (representing the length of theWoO1). Thismeans plant
resistance is 0 during the WoO1 and then suddenly increases
to the maximum value. Here we considered that, as seeds
deposited and germinated, they start increasing their resistance
to disturbance. We assumed that vegetation resistance increases
over time following a logistic law (e.g., Camporeale and Ridolfi,
2006), in the form:

dR(a)

dt
= σR(a)

(

1−
R(a)

Rmax

)

, (1)
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FIGURE 3 | Schematic representation of the vegetation establishment model. P1 and P2 represent seed dispersal events occurring at different elevations. Location

and timing of dispersal determine the disturbance time series that seedlings have to withstand for surviving. (A) Example of a cross section with two potential sites of

vegetation establishment (P1 and P2); (B) Water surface elevation time series and dispersal events of P1 and P2; (C) Example of successful and (D) unsuccessful

vegetation recruitment.

where R [h] represents the resistance of vegetation of age a to
consecutive inundation hours, Rmax [h] (carrying capacity of
the logistic function) is the maximum resistance, and σ [h−1]
is the rate at which vegetation increases its resistance. We
assumed that vegetation can increase its resistance only during
the growing season (GS), from April 1st to October 1st,
when vegetative activity is boosted by warmer temperatures
(Karrenberg et al., 2002). The length of the growing season was
chosen according to previous studies, and it is typical for
Salicacae sp. in temperate environments (Cooper et al., 1999;
Karrenberg et al., 2002; Douhovnikoff et al., 2005). We used
a logistic model because it is interestingly appealing for an
interpretation in WoO terms. The initial low growth rate, typical
of logistic functions, mimics the germination process, when
vegetation has almost no resistance to any disturbance. An
increase in resistance properties is expected after germination
when the plant has successfully anchored to the ground with
roots and has established a connection with the water table
for water supply. The resistance then increases with age up
to a maximum value, represented by the carrying capacity
of the logistic model Rmax, with a rate σ that depends on
various factors and is strongly dependent on plant growth rate
(Francis et al., 2005). The maximum resistance that vegetation
can exhibit may also vary among species, across environments,
and depends as well on specific plant traits. Salicacae sp. are
generally inundation-stress tolerant (Karrenberg et al., 2002).
Adult plants have been reported to even survive inundation
periods of about one growing season (Friedman and Auble,
1999; Glenz et al., 2006). Then, for a defined set of model
parameters, we can interpret the logistic increase of the resistance
as the sum of a WoO1 (the first part with a very low overall
resistance) and a WoO2 (the second part, approaching the
maximum resistance).

3.5.3. Disturbance Definition
Starting from the WSE-Q relationships, for each cross section,
the disturbance time series at a given elevation point (see points
P1 and P2 in Figure 3A) was defined as the sum of the consecutive
hours of submergence (d1 for point P1 and d2,1, d2,2, and d2,3 for
point P2 in Figure 3B) and it is therefore represented by a linear
increase (full triangles in Figures 3C,D). With this approach, we
consider only disturbances related to inundation and uprooting
caused by direct shear stress. The model does not consider
sediment transport and bed adjustment, therefore excluding the
uprooting caused by bed scour or plant burial.

3.5.4. Model Calibration
To calibrate the model we considered the period between
2005 and 2008, which was particularly favorable for vegetation
recruitment. We selected all the bars along reach A and
B that experienced a transition from bare state in 2005 to
vegetated state in 2008 (Table 2). We neglected bars where
vegetation was already present, even sparsely, prior the time
period analyzed. In such cases, plants may influence the overall
vegetation dynamics by altering seed dispersal process, providing
vegetative fragments and favoring clonal spread which are not
included in the model we developed (Dixon and Turner, 2006).
We performed the calibration considering different bar cross
sections subsets. We first used a subset of 8 bar cross
sections, including all bars in reach A, and validated the
model with those of reach B. This allows to test the reliability
of the calibration results and its robustness considering
bars with different morphology and sediment dynamics.
To cross-validate the model calibration, we then calibrated
the model by using 6 subsets, each composed by 4 cross
sections randomly chosen including both cross sections from
reach A and B.
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TABLE 2 | Target bars used for model calibration and validation.

First vegetation

Distance Bar number Reach Observation MEVobser ToB

[km] [–] [–] [year] [m a.s.l.] [m a.s.l.]

24.8 2 A 2008 507.65 508.12

25.6 3 A 2008 505.7 505.92

32.4 13 A 2008 486.64 486.74

33.2 14 A 2008 484.53 485.28

35.0 17 A 2008 477.87 478.46

35.8 18 A 2008 475.65 476

37.6 21 A 2008 471.68 471.87

38.2 22 A 2008 470.35 470.68

41.6 28 B – – 462.86

42.8 30 B – – 460.22

47.2 40 B – – 451.19

50.6 44 B 2008 444.12 444.5

51.2 45 B 2008 443.37 443.85

52.8 48 B – – 440.66

54.6 52 B – – 437.58

55.2 53 B 2008a - 436.46

Distances refer to the location of the cross sections used for each bar. MEVobser is the minimum elevation at which we observed vegetation in 2008. ToB is the top elevation of the bar.
aThe bar showed pioneer vegetation in 2008 but not at the location of the available cross section.

In the proposed model, disturbances are directly related to
the time series of water surface levels. This means that points
at lower bed elevations will be inundated for a longer period,
possibly exceeding plant resistance. Here we hypothesized that
the most limiting factor for vegetation establishment was the
inundation frequency and magnitude. Therefore, the minimum
elevation at which vegetation established (MEV) gives a simple
parameter to calibrate the resistance function (Equation 1), as
it represents the location at which the disturbance is maximum
and below which vegetation cannot survive. In Equation (1), we
fixed the maximum resistance Rmax (i.e., the longest continuous
inundation period that the plant can sustain without dying) to
60 days, following Dixon and Turner (2006). A similar value (85
days) was also proposed by Friedman and Auble (1999) for box
elder (see Glenz et al., 2006 for a review). The initial value of
the resistance (which has to be greater than zero to allow for
numerical integration of Equation 1) was set to 1 h, meaning
that vegetation can resist 1 h of inundation right after dispersal
before dying. The only calibration parameter is then the growth
rate σ , which we varied in the range {0, 0.005} h−1. This range
spans from vegetation that has no resistance (σ = 0 h−1)
to vegetation that reaches the maximum resistance within one
growing season, i.e., about 200 days (σ = 0.005 h−1). Then,
for each value of σ , we compared the MEV observed along the
bar cross section after the recruitment period in 2008 (MEVobser)
with the MEV predicted by the model between 2005 and 2008
(MEVpred). Finally, we computed the average and the standard
deviation among the cross sections analyzed for each growth rate
and chose the optimal as the one which minimized the difference
between MEVobser and MEVpred. To quantify the MEVpred, we

ran the model along each elevation point of the exposed part of

the bar cross section, selecting the minimum elevation at which
the model predicted successful vegetation establishment, which
occurs whether the resistance is greater than the disturbance
during the whole period of time (2005–2008).

Due to lack of data on dispersal phenology in our study site,
we tested two possible DWs: (i) from April 1st to October 1st,
which coincides with the growing season; and (ii) from May
1st to August 1st (typical windows for Salicacae sp. (Guilloy-
Froget et al., 2002; Karrenberg et al., 2002; Merritt and Wohl,
2002). We excluded from the analysis the DW in 2007 and
early 2008, because the image resolution would not allow for the
recognition of small seedlings (less than 1 year of age) that might
have successfully colonized the bar a few months before image
acquisition (in May, 2008, see Table 1).

4. RESULTS

4.1. Observations
4.1.1. Vegetation Time Evolution
During the period 1996-2013, stable vegetation was observed
only in reach A, where bar shape and exposed area did not change
significantly. Therefore, vegetation occupation was calculated
only for reach A where we observed an overall increase of the
bar area covered by vegetation (pioneer and dense classes in
Figure 4). Vegetation recruitment (transition from bare bed to
pioneer vegetation) mainly occurred between 2005 and 2008.
Correspondingly, the bar area occupied by pioneer vegetation
has significantly increased between 2005 and 2011, from 2% to
nearly 13%. Afterwards, the pioneer vegetation has decreased, to
5% in 2017. The dense vegetation class occupied about 4% of the
bar area in 1996 and reached 19% in 2017. As a consequence, the
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total vegetation increased from 8.5% to nearly 23%, between 2005
and 2011, remaining almost constant in 2014 (22.7%) and 2017
(23.4%). The undefined area class ranged between 1 and 3% in
the whole period, depending on the image quality, and therefore
it does not alter significantly the results of the observations.

The decrease of pioneer vegetation from 2011 was
accompanied by an increase of dense vegetation, mostly
because of an increase in vegetation density within the pioneer
areas. Figure 5 shows an example on how the pioneer and dense
vegetation classes have been identified for the bar at km 32.4.
Most of the area classified as pioneer in 2011 developed into
dense vegetated area by 2017.

FIGURE 4 | Temporal evolution of vegetation bar occupation as a proportion

of the total bar area. Three classes are represented: pioneer and dense

vegetation, and undefined zones.

Along reach B vegetation did not established, because of the
larger morphological activity and the substantial downstream bar
migration. The only exceptions are two bars located at km 50.6
and 51.2 (see Figure 6), where pioneer vegetation was observed
in 2008, but subsequently removed by downstream bar migration
between 2008 and 2011.

4.1.2. Vegetation Spatial Evolution
In the whole studied period (1996-2017), reach A showed a
consistent vegetation establishment onmost of the bars, although
with significant variability (Figure 7). Two bars (at km 27.8 and
36.4) showed no vegetation, probably due to artificial removal.
The presence of sharp bends and one ramp affected vegetation
recruitment, modifying bar shape, and dynamics. The bar at
km 29.8 recorded the maximum value of vegetation occupation
reaching almost 65% in 2017. We observed that recruitment
occurred at a similar time along the whole reach. Between 2005
and 2011, the total vegetation occupation increased significantly
in all vegetated bars, with a similar rate of change among all
the bars. This result resembles the aggregated value found in bar
occupation shown in Figure 4, in correspondence of the marked
increase in pioneer vegetation class area.

At the bar scale, we found that vegetation established up to
the top of the bars. This demonstrates that water scarcity is
not a limiting factor in this environment. Disturbance caused
by flooding is the main driver of vegetation recruitment and
establishment success. Figure 8A reports the bed elevation
frequency distribution of the emerged bars in reach A. Vegetation
starts developing for elevations higher than 0 m, i.e. immediately
above the low flow water surface level. However, only for
elevations higher than 1 m vegetation occupies a significant
proportion of the area. The overall distribution shows two
peaks, likely caused by the presence of two different bar forms,
characterized by an elevation of 0.5 and 1 m, respectively. For
comparison, Figure 8B shows the frequency distribution of the

FIGURE 5 | Example of vegetation establishment on bar at km 32.4 in reach A (see location in Figure 1). Pioneer vegetation was mapped for the first time in 2008

(A), gradually expanded in 2011 (B), and was partly transformed in dense vegetation by 2017 (C). Flow direction is from bottom to top.
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FIGURE 6 | Example of vegetation establishment on two bars in reach B. Bar at km 50.60 developed some sparse vegetation in 2008 (A,B), but it was then removed

before 2011 because of large downstream migration (C). Similarly, at km 51.20 the bar developed sparse vegetation from 2005 to 2008 (D,E), which persisted till

2011 despite bar migration (F), but was completely removed in the period 2011-2014 (G). Cross section locations are indicated with red continuous lines. Flow

direction is from bottom to top.

bed elevation for the bars located in the upstream part of
reach B (until km 52.80). Here the frequency distribution of the
emergent bars surface ismuchmore peaked, withmost of the area
characterized by a relatively low bed elevation (≤ 0.5 m) and only
a small fraction at higher elevation.

Figure 9 reports the minimum elevation where we observed
vegetation at the end of the recruitment period (MEVobser) and
the ToB for a selection of bar cross sections (Table 2). The
comparison between MEVobser and ToB gives an indication
about the portion of the bar that was colonized by vegetation.
The results confirm that vegetation was able to colonize the
bars up to the top, and show that the ToB significantly varies
along the reach. Bars that showed vegetation are higher than
those that remained bare, which is particularly clear when
looking at the ToB in reach B (from km 41.6 to 55.2, in

Figure 9). Bars at km 35.8 and 37.6 show a ToB smaller

than the average for the reach A, likely because they are
located right downstream a sharp channel bend (see river
profile in Figure 1). This may support the findings shown
in Figure 8A where we observed the presence of two peaks
of the bed elevation frequency distribution for the bars
along reach A.

4.2. Modeling
4.2.1. Model Calibration
Figure 10A shows the difference between the MEV predicted
by the model (i.e., MEVpred) during the recruitment period
(2005-2008) and the MEV observed in 2008 as a function of
different growth rates, σ (Equation 1), considering a set of 8 bar
cross sections along reach A. The calculation was carried out
for two different dispersal windows. The best model prediction
(MEVpred −MEVobser = 0) was obtained with a σ of about 0.001
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FIGURE 7 | Longitudinal distribution of the total vegetation occupation as

proportion of the total exposed area, for reach A. Distances along the reach

represent the official Alpine Rhine mileage (see Figure 1). The presence of

ramps and channel bends are reported with solid and dashed gray lines,

respectively.

[h−1]. As expected, the MEVpred decreases as the growth rate
increases. Vegetation that increases its resistance faster (higher
value of σ ) is able to resist longer inundation periods during
germination, which are indeed expected at lower elevations.
On the other hand, a growth rate equal to 0 corresponds to
vegetation that cannot withstand any disturbance. Therefore,
the MEVpred for σ = 0 represents the bar elevation that was
inundated only once between 2005 and 2008. The effect of
different DWs length on the optimal growth rate can be observed
by comparing the two thick lines (mean value) in Figure 10A.
Both the DWs tested (April-September and May-July), were
potentially suitable for vegetation to establish during the studied
period. The minimum difference between the MEVpred and
MEVobser was obtained for the same σ value. The standard
deviation (shaded areas in Figure 10A) increases with σ until
σ = 0.0017 [h−1] (standard deviation = 0.2 m) and stays
constant for larger σ .

Model results were also analyzed for vegetation growing
at locations that resulted not suitable during the recruitment
period. Figure 10B shows the empirical cumulative frequency
distribution of the vegetation at the time when the disturbance
exceeded the plant’s resistance. Vegetation died within 85
days (about 2,000 h) from the dispersal (age distribution in
Figure 10B). By comparing the resistance that vegetation
could build up within 85 days (red line in Figure 10B),
calculated with σ = 0.001 h−1, with the inundations
that caused plant mortality (orange line in Figure 10B),
we observe that 90% of the inundation events lasted at
least nearly 20 h. This corresponds to more than double
than the resistance reached by the vegetation. The results
show a similar trend regardless of the choice of the
dispersal window.

4.2.2. Model Validation
Figure 11 shows the difference between MEV and ToB,
considering both the model results (MEVcal) and the observation
(MEVobser). Here, values greater than 0 represent locations that
lie above the top of the bar and thus not available for vegetation
recruitment. The left side of Figure 11 shows the comparison
for the points we used to calibrate the model, with predictions
of the vegetation occurrence reproducing the observations with
an error lower than 0.2 m. Interestingly, MEVcal well matches
MEVobser also for two migrating bars along reach B where
vegetation was observed (Figure 6). Moreover, MEVcal is larger
than 0 for all the other bars in reach B where we did not observed
successful vegetation recruitment, meaning that the exposed bar
area is not sufficiently high to permit vegetation colonization.

The timing and location of successful recruitment events,
according to the calibrated model, are shown in Figure 12. In
2005, only one successful event occurred, during the falling limb
of the flood in August with a peak discharge of 1,100 m3/s.
Only for the bar at 38.2 km such flood resulted not suitable for
recruitment. In 2006, most of the events occurred between May
and July, thus during the shortest DW tested. Interestingly, the
MEVcal (lowest green points in Figure 12) was identified in 2006
in all the bars, meaning that the lowest part of the bar could be
colonized by vegetation only in 2006. On the other hand, the
highest portion of the bars was colonized only during the 2005 for
bars at 24.8, 33.2, 35, and 51.2 km because water level was not able
to completely inundate the bars in 2006. This indicates that the
vegetation pattern observed in 2008 resulted from a combination
of two main dispersal events, one in 2005 and one in 2006.

5. DISCUSSION

5.1. Timescale of Vegetation Establishment
and Windows of Opportunity
The timescale that allows vegetation to successfully establish over
bare areas is hard to estimate owing to presence of multiple inter-
dependencies among biotic and abiotic factors controlling seed
dispersal, germination and seedling growth and survival. The
Window of Opportunity model (Balke et al., 2011) represents a
valuable framework to study characteristics timescales required
by vegetation to colonize a bare substrate. Our study indicates
that vegetation that survived about 85 days from seed dispersal
successfully developed on the more stable bars of the Alpine
Rhine river (Figure 10B). In term of WoO, such time frame can
be interpreted as the period of time that vegetation required
to build a sufficient resistance for surviving inundation. Our
results show that in most cases vegetation needed to develop a
rather small resistance to inundation (only a few hours compared
to the maximum value of 60 days) to survive the disturbance,
while most of the vegetation that was not able to successfully
establish already died within 24 h. This indicates that our estimate
of the WoO length is mostly controlled by the length of the
WoO1, when plants have small or no resistance to inundation.
The chances of successful recruitment significantly increase when
vegetation can cope with submergence up to 7 consecutive
hours, i.e., after about 85 days in our model (Figure 10B). The
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FIGURE 8 | Frequency distribution of the bed elevation for the gravel, pioneer, and dense vegetation classes for vegetated bars in reach A (A) and for bare bars in

reach B (B). A detrended bed elevation of 0 m corresponds to the water surface elevation as in 2014 estimated from the DEM.

FIGURE 9 | Minimum elevation at which vegetation was observed in 2008 (MEV) and top bar elevation (ToB). These values were calculated along the cross sections

and for the selection of bars given in Table 2. Elevations are reported with respect to the average water level of the day when the image was taken in 2008.

FIGURE 10 | Results of the model calibration. (A) Difference between the minimum elevation at which the model predicts vegetation (MEVpred ) and the observed

value (MEVobser ) for different growth rates, σ (Equation 1). Lines (solid and dashed) indicate the mean value of the MEV averaged over the cross sections analyzed

and the light colored shade the standard deviation. (B) Cumulative density distribution of the age and relative resistance (Equation 1) of vegetation that did not

establish (unsuccessful recruitment events). The disturbance (inundation duration) that caused plant mortality is also reported. Here solid lines indicate results obtained

with a dispersal window (DW) between April and September, while dashed lines refer to a DW between May and July.
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FIGURE 11 | Results of the model validation. The minimum elevation at which the calibrated model predicts vegetation establishment (MEVcal ) is compared with the

MEVobser for a series of cross sections along the reach. Bars in the reach A were used for calibrating the model.

consecutive days of submergence, which we used as a measure
for disturbance, can be considered as a proxy of plant mortality
by anoxia, occurring as a result of the disconnection of plant
photosynthetic organs with atmosphere and consequent lack of
oxygen for respiration (Politti et al., 2018), and by the uprooting
by flow drag (Edmaier et al., 2011), where seedlings are dislodged
as root anchoring fails to balance with drag forces exerted by
the flow. A similar approach has been proposed by Hu et al.
(2015) for predicting the establishment of salt marshes, where a
threshold on excess shear stresses was used for the identification
of the WoO instead. A number of studies has indicated that
vegetation after the first growing season is already able to cope
with anoxic conditions (see Politti et al., 2018, for a review about
Salicacae sp.) and hydrodynamic disturbances causing uprooting
(Bywater-Reyes et al., 2015; Bankhead et al., 2017). Our estimate
for successful vegetation establishment indicates even a shorter
time period (85 days) needed for plant to outgrowth and cope
with such disturbances, pointing out the great capability of
pioneer species to colonize heavily disturbed environments such
as gravel bars.

The timescale for vegetation establishment and its related
WoO length is strongly dependent on the disturbance applied
and the specific traits that the plants develop to cope with such
disturbance. Vegetation recruitment and survival during early
growth phases has been largely reported to be threatened by
droughts (e.g., Mahoney and Rood, 1998; Johnson, 2000), which
is not included in our WoO estimate. Their effect on vegetation
distribution is particularly evident along elevation gradients in
river bars (Camporeale and Ridolfi, 2006). Vegetation often
distributes in a relatively narrow range of elevations above the
water table, mainly due to the combined effects of floods, able
to remove plants at low elevation by uprooting, and droughts,
limiting the water available to plant roots at high elevation that
fail to elongate fast enough to keep pace with receding water table
during germination (e.g., Mahoney and Rood, 1998; Johnson,

2000). However, this pattern has not been observed in our study
site, where vegetation has always colonized the highest part of
the bars, with pioneer (less dense) vegetation buffering zones
between adult vegetation and gravel, bare areas (Figure 7). A
similar pattern has been previously observed by Bertoldi et al.
(2011) analyzing vegetation height class distributions along the
Tagliamento river. The presence of vegetation at the top of
the bars suggests that vegetation establishment was most likely
not limited by scarcity of water but rather by the frequency
and the duration of the inundations that followed seed arrival.
The presence of short frequent water level fluctuations (i.e.,
hydropeaking), particularly relevant at low flow, may have
limited vegetation expansion at lower elevations. We found that
vegetation that did not survive during the recruitment period
mostly died within a few hours from seed dispersal, likely related
to frequent water level oscillations. The hydropeaking has been
found to alter vegetation dynamics in rivers at different life stages,
often hampering recruitment and early plant growth (Bejarano
et al., 2018). In addition, seedling mortality by desiccation might
be also hampered in alluvial gravel bars because of the presence
of a thick layer of coarse sediments on the bar surface that help to
retain pore water and to maintain a moist substrate, fundamental
during seed germination and early vegetation growth (Meier and
Hauer, 2010).

The morphodynamic disturbance is one of the most limiting
factor for vegetation establishment in river bars, altering the
timescale required to vegetation for colonizing a bare area
(Gilvear and Willby, 2006). Although we did not include the
WoO3, which explicitly accounts for sediment disturbances such
as burial and substrate erosion, the analysis of bar cross sections
(Figure 13) clearly shows that most of the bars underwent only
little morphological changes (less than 0.1 m) between 2005
and 2007, when vegetation recruitment occurred. The maximum
discharge measured in such time period (Q = 803 m3/s) is lower
than the fully transporting discharge (Q=829 m3/s) estimated
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FIGURE 12 | Timing and location of successful recruitment events calculated by the model. Water level for the recruitment period is shown with blue line for each

cross section. The minimum elevation where we observed vegetation in 2008 (MEVobserv ) is depicted with a solid horizontal line, while the top of the bar (ToB) with a

dashed line.

by Adami et al. (2016) for the same river reach, meaning that
sediment transport likely concentrates in the deepest part of
the channel. This indicates that sediment dynamics might have
played a minor role in vegetation recruitment, and thus in the
quantification of the WoO length.

Seed dispersal timing can be also an important factor in
vegetation establishment and its relative timescale when seeds or
vegetative fragments are transported via water flow (hydrocory)
(Nilsson et al., 2010). Seed dispersal has been hypothesized
to already set the template for vegetation distribution at later
succession stages determining the elevations at which seeds
deposit and germinate (Merritt and Wohl, 2002; Mouw et al.,
2013; Fraaije et al., 2015b). Our results show that within 5 years
(2005-2011) vegetation was able to colonize a large portion of

the bar surface and remained constant in the following years
(Figure 4). This may indicate that the bar surface area possibly
suitable for vegetation growth has been already occupied during
the early phase of succession (geomorphic phase, Corenblit
et al., 2007), which later converted into more mature vegetation
stage. Our results show that the portion of bar colonized by
vegetation depends on the elevation and can occur as a result of
multiple dispersal windows. We have tested different dispersal
windows for the recruitment period 2005-2008 and we found
that a reduction of the DW did not influence the elevation on
the bar at which vegetation established (Figure 10). Different
DWs, however, could be relevant in the identification of the
recruitment year. According to ourmodel, successful recruitment
in 2005 is only possible assuming a DW that extends until August
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FIGURE 13 | Frequency distribution of the bed level change occurred between 2005 and 2007. Erosion and deposition of the bar surfaces were mostly limited in a

range of ±10 cm (gray area). In this analysis, we only accounted for the exposed part of the bar observed in 2008 for the bars listed in Table 2.

(Figure 12). The occurrence of the flood in August hampered
vegetation recruitment that could have occurred before in the
season but also provided fresh moist substrate for vegetation
colonization afterwards. The effect of moderate floods (such as
the one occurred in August) on triggering extensive vegetation
recruitment and encroachment, and the absence of subsequent
big floods in the following years, has been already documented
(e.g., Bertoldi et al., 2011; Räpple et al., 2017). In addition,
riparian species can exhibit strong plasticity in dispersal strategy
(Karrenberg et al., 2002) providing seeds also outside the DW
between May and July (e.g., Guilloy-Froget et al., 2002). The
timing of floods with respect to the dispersal window can
undoubtedly affect vegetation establishment, and it can be
increasingly important in the face of a shift of flood peaks
occurrence because of climate change (Blöschl et al., 2017).

5.2. Bar Morphology Controls on
Vegetation Establishment
Our findings clearly indicate that the bar morphology
significantly influenced vegetation establishment along the
Alpine Rhine river. During 2005 through 2017, vegetation has
constantly increased (Figure 4) along the reach A, occupying

almost 30% of the total bar surface in 2017. Conversely,
along the reach B vegetation was absent and only two bars
displayed vegetation in 2008. Bars along reach A are more
stable, characterized by little migration rate, while bars along
reach B are characterized by larger migration rates estimated
about 1,000 m in the period 1999-2010 (Adami et al., 2016).
Steady bars are often longer and higher than migrating bars
(Jaballah et al., 2015; Adami et al., 2016; Serlet et al., 2018;
Jourdain, C. et al., 2018), even tough Adami et al. (2016) found
that bar height significantly varies along the Alpine Rhine river
depending on local conditions, such as the presence of ramps or
bends. We suggest that there are two degrees of control of bar
morphodynamics on vegetation establishment. First, bar height
controls the elevation at which seeds can be deposited on bar
surface after dispersal, which is fundamental for determining
the disturbance regime that vegetation would undergo in later
succession stages. This can be observed by looking at the ToB
(Figure 9) along the reach that show, on average, a decrease
in the downstream direction and a rather higher value for
bars that develop vegetation than those that remained bare.
In addition, the location suitable for vegetation development
according to our results (Figure 11) on bars that did not show
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vegetation during the recruitment period would lie between
0.2 to 0.5 m above the ToB. Second, bar morphodynamics
set a strong limitation on vegetation survival due to erosion
and deposition process causing plant uprooting and burial.
Our results indicate that more stable (steady) bars are more
prone to vegetation colonization due to higher elevations
(see Figure 8), which favor successful recruitment, and less
morphodynamic activity (Figure 13) reducing the probability
of small seedlings to die by uprooting and burial. This is in line
with the findings of Wintenberger et al. (2015, 2019). Migrating
bars that are high enough to let seeds to settle, germinate and
grow during the first years of development, can still undergo
significant morphodynamic changes that can easily uproot or
bury young seedlings and limit vegetation establishment. A
number of studies has recently demonstrated that after channel
stabilization and a reduction in bar mobility vegetation can
easily colonize barren areas that would have been inaccessible
due to frequent bed reworking (e.g., Corenblit et al., 2016; Serlet
et al., 2018). These two degrees of control can be observed
looking at the images in Figure 6 reporting the evolution of
two migrating bars that showed vegetation at the end of the
recruitment period. Here the bar height seems to be sufficient
for vegetation recruitment and to guarantee a sufficiently long
WoO for vegetation establishment (Figure 11). In both cases,
vegetation is removed during bar migration that imposes an
additional disturbance to the system, which is not included in
our model (WoO3). Interestingly, some plants growing close
to the riverbank remained in 2011 on bar at about km 51.2
(Figure 6B) but they were uprooted by bar migration occurred
between 2011 and 2014. This would suggest that vegetation,
with an age between 1 to 3 years, were not able to initiate
any biogeomorphic feedback (Hortobágyi et al., 2017) able to
stabilize the bar.

5.3. Potential and Limitations of the
Modeling Approach
The modeling framework proposed in this study provided a
valuable tool to quantitatively investigate the timescale needed
for plant establishment in alternate bars in a gravel bed river.
When properly calibrated, the model can be used to predict
fundamental thresholds that vegetation has to surpass to cope
with hydrodynamic disturbances such as waterlogging and type I
of uprooting. Here we focused on early succession phases, namely
seed dispersal, seedling recruitment, early growth and survival,
as they represent the most vulnerable periods for vegetation to
establish (Fraaije et al., 2015a). The model was thus not intended
for simulating stand dynamics in later succession stages where
the effect of co-occurrence of multiple species competing for
resources may be dominant, which calls for more sophisticated
ecological models (e.g., Benjankar et al., 2011).

To better understand the generality of the approach, some
limitations have to be considered. First, we assumed that
vegetation resistance increases with plant age following a
logistic function (Equation 1). Although logistic growth is
widely adopted for describing population dynamics in riverine
environment (e.g., Camporeale and Ridolfi, 2006), the relation

between plant resistance to inundation and plant age shall
be considered in the light of the multiple adaptations and
strategies adopted by riparian plant species to withstand
disturbance (Garssen et al., 2015). Vegetation resistance can be
associated to greater above ground biomass or plant height,
as a mechanism to easily emerge from water, but also to
different tissue properties and dormancy strategies. We also
considered a constant growth rate in the logistic function.
Despite the ability of the model to correctly reproduce the
vegetation pattern observed, our model could be improved
considering a growth rate that varies with species, level
of disturbance, and specific plant traits (Francis et al.,
2005; Hortobágyi et al., 2017). In this study, we mostly
referred to Salicacae sp., as they represent the most abundant
species in our study site, but other species exhibit very
similar survival strategies to flooding and growth performance
(Glenz et al., 2006).

Second, due to the limited number of observations used
for calibrating the model, estimation of the WoO length
could have been bias by the hydro-morphological conditions
specific of our study site. However, the cross-validation of
the model calibration performed with different subset of cross
sections showed a variation in the growth rate estimate (σ )
in the range [0.0008, 0.0016]. We found that such differences
in σ did not change the statistics of the unsuccessful events
(shown in Figure 10B), from which we estimated the length
of the WoO of about 85 days. The subsets used contained
both bar cross sections in reach A and B (see Table 2),
thus including bars with different morphology, disturbance
regime, and sediment dynamics. Furthermore, the data used for
calibration, although limited in number, was specifically retrieved
for disentangling the role of the hydrodynamic disturbance on
the WoO1 and WoO2 estimates. The effects of riverbed changes
(Figure 13) and other forms of recruitment on vegetation
establishment were in fact assumed to be negligible in the
calibration period.

Finally, our approach can be extended to account for
the WoO3, including cases when sediment dynamics became
significant. The effect of the morphodynamic disturbance
can be incorporated by defining a proper resistance (and
growth) function, in addition to Equation (1). As observed
for migrating bars, uprooting can play a major role for
determining vegetation establishment and a correct estimation
of the WoO cannot prevaricate the inclusion of such effect.
The length of the WoO3 is strongly associated to the
plant root growth (Balke et al., 2011) and the ability of
roots to securely anchor the plant to the ground avoiding
uprooting of Type II (Edmaier et al., 2011) in rivers. The
root distribution has been proposed to change the threshold
for vegetation uprooting (Caponi and Siviglia, 2018), that
in turn can strongly alter gravel bed river morphodynamics.
River morphological trajectories should be considered in
combination with both timescales of vegetation establishment
and riverbed changes. Additional disturbances such as mortality
by droughts, which can be an important cause for seedling
mortality (e.g., Johnson, 2000; Braatne et al., 2007), could be
also included.
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6. CONCLUSION

We investigated the vegetation dynamics between 1996 and
2017 along a 41.7 km long reach of the Alpine Rhine
river characterized by an alternate sequence of gravel bars.
By analyzing aerial images, we observed a strong increase
in vegetation cover between 2005 and 2011, with vegetation
covering almost 30% of the total bar surfaces in 2017.
We found that bar height had a fundamental control on
vegetation establishment, both providing suitable areas for
seeds to deposit and determining the disturbance regime that
vegetation will undergo. To interpret the results obtained
from the observations, we developed a model based on the
Window of Opportunity (WoO) concept that searches for the
minimum duration of time needed for vegetation establishment
on (bare) gravel bar. Our results indicate that vegetation has
to surpass a WoO of about 85 days to successfully colonize
bare areas on stable (steady) bars, where morphodynamic
disturbance is limited. Such estimate represents the time required
for plants to withstand hydrodynamic disturbances, which
resulted from the competition between plant growth rate and
inundation frequency and magnitude. To the best of our
knowledge, this represents the first attempt to quantify the
characteristic timescale required for vegetation establishment
in WoO terms in a gravel bed river. However, we found
that bar morphodynamics adds a further control on vegetation
survival that can predominate over disturbance driven by long
submersion periods, especially along migrating bars where
plants are significantly threaten by burial and uprooting. We
were able to identify and predict the timing and location
likely timing and locations of successful recruitment events

and how these can relate with bar morphology, seed dispersal
dynamics, and morphodynamics processes. The present results
can have significant implications on the prediction of the co-
evolution between vegetation and river morphology and on the
development of quantitative tools for the prediction of river
morphological trajectories.
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