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ABSTRACT: Dynamic interaction between river morphodynamics and vegetation affects river channel patterns and populations
of riparian species. A range of numerical models exists to investigate the interaction between vegetation and morphodynamics.
However, many of these models oversimplify either the morphodynamics or the vegetation dynamics, which hampers the develop-
ment of predictive models for river management. We have developed a model coupling advanced morphodynamics and dynamic
vegetation, which is innovative because it includes dynamic ecological processes and progressing vegetation characteristics as
opposed to commonly used static vegetation without growth and mortality. Our objective is to understand and quantify the effects
of vegetation-type dependent settling, growth and mortality on the river pattern and morphodynamics of a meandering river. We
compared several dynamic vegetation scenarios with different functional trait sets to reference scenarios without vegetation and
with static vegetation without growth and mortality. We find distinct differences in morphodynamics and river morphology. The
default dynamic vegetation scenario, based on two Salicaceae species, shows an active meandering behaviour, while the static
vegetation scenario develops into a static, vegetation-dominated state. The diverse vegetation patterns in the dynamic scenario
reduce lateral migration, increase meander migration rate and create a smoother floodplain compared to the static scenario.
Dynamic vegetation results in typical vegetation patterns, vegetation age distribution and river patterns as observed in the field. We
show a quantitative interaction between vegetation and morphodynamics, where increasing vegetation cover decreases sediment
transport rates. Furthermore, differences in vegetation colonization, density and survival create distinct patterns in river morphol-
ogy, showing that vegetation properties and dynamics drive the formation of different river morphologies. Our model demonstrates
the high sensitivity of channel morphodynamics to various species traits, an understanding which is required for floodplain and
stream restoration and more realistic modelling of long-term river development. Copyright © 2015 John Wiley & Sons, Ltd.
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Introduction

Riparian vegetation interacts with morphological processes
to create distinct habitat mosaics (for reviews, see Tock-
ner and Stanford, 2002; Gurnell, 2014) and river pat-
terns (for reviews, see Bertoldi et al.,, 2009; Kleinhans,
2010). Although numerous studies have described the links
between biological and physical characteristics in rivers
(e.g. Bertoldi et al, 2009; Corenblit et al., 2011; Gur-
nell, 2014), these are mainly empirical and the underly-
ing processes are known only in outline. Currently, there
is insufficient quantitative understanding of the dynamic
interactions in these systems to integrate this knowl-
edge in predictive models for river management (Vaughan
etal., 2009).

Riparian vegetation both affects and is affected by morpho-
dynamic processes. Vegetation can increase the strength of
river banks by reinforcing the soil by root development and
by increasing soil cohesion through the addition of organic
material (Simon and Collison, 2002). Conversely, vegetation
can also decrease bank stability by affecting the hydrological
regime in the bank, which can cause mass failure (Rinaldi and
Casagli, 1999). Vegetation can alter the flow field and sub-

sequently the sediment balance through hydraulic resistance,
which is determined by parameters such as plant density,
plant thickness, plant height and flexibility (Jarveld, 2002; Bap-
tist et al., 2007; Zong and Nepf, 2011). This means that the
degree to which vegetation is affected by morphodynamics
depends on the characteristics of the vegetation. Riparian veg-
etation has specialized in withstanding dynamic conditions
by developing life history strategies with traits enabling them
to survive periods of flooding, scour, burial and high flow
velocities (Karrenberg et al., 2002). These species have also
adapted their timing and period of seed dispersal to the flow
regime (Van Splunder et al., 1995; Greet et al., 2011). For
instance, several Salicaceae species such as willows and cot-
tonwoods have different seed dispersal windows, resulting in
a vegetation zonation at different elevations on river bars and
banks (Van Splunder et al., 1995). In turn, such species act as
ecosystem engineers because they colonize and subsequently
stabilize the location where they grow, as well as demobilize
bare substrate around the vegetation patch (Corenblit et al.,
2009). This hydraulic resistance can lead, on the one hand,
to flow diversion into the river channel (Luhar et al., 2008)
and, on the other hand, to deposition of fine sediment and
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organic material within and behind the vegetation patch (Zong
and Nepf, 2011). The interplay between vegetation and mor-
phodynamics creates habitat variation in terms of elevations,
substrate, flow conditions and nutrient availability, which form
new niches for other species and is therefore the first step in
the chain of vegetation succession (Gurnell, 2014).
Meandering rivers are formed by the interplay between ero-
sion of the outer bend and deposition on the point bars in the
inner bend (Roberts, 2003). Highly sinuous rivers are formed
when the point bars are stabilized, i.e. by vegetation develop-
ment, thereby preventing chute cut-offs and promoting lateral
expansion of the meander bends (Schuurman et al., 2015). But
the extent of vegetation stabilization and thereby the formation
of river floodplain strongly depends on the type of vegetation.
Therefore one would expect that vegetation properties and
dynamics play a large role in shaping the river planform.
There are many modelling studies describing the effect
of morphodynamics on vegetation by predicting vegetation
distribution and succession depending on morphodynamic
parameters such as flooding duration and shear stress (Cam-
poreale and Ridolfi, 2010; Rivaes et al., 2014; Garcia-Arias
and Francés, 2015), or solely focusing on the effects of vege-
tation on flow resistance (Aberle and Jarveld, 2013; Luhar and
Nepf, 2013) or mechanical bank dynamics (Pollen-Bankhead
and Simon, 2010). Furthermore, there are analytical modelling
studies including the two-way interaction between vegeta-
tion and morphodynamics that show the effect of vegetation
biomass on meander migration dynamics (Perucca et al.,
2007) and landscape topography (Vesipa et al., 2015).
Experimental research has shown that uniform vegeta-
tion development in floodplains can transform rivers from
multi-thread to single-thread channels (Braudrick et al., 2009;
Tal and Paola, 2010; Van Dijk et al., 2013). Likewise, numeri-
cal modelling with cellular automata (Murray and Paola, 2003;
Coulthard et al., 2007) and higher-complexity, physics-based
modelling studies (Crosato and Saleh, 2011; Nicholas, 2013;
Bertoldi et al., 2014) suggest such pattern-transforming effects
by vegetation in rivers. However, most numerical models to
date are hampered by oversimplification of either the mor-
phodynamics or the vegetation dynamics (Solari et al., 2015).
Most studies with cellular automata included more ecological
processes, such as colonization, growth, resource utilization
and mortality, than studies conducted with physics-based
models. However, the morphodynamic processes in cellu-
lar automata are rather simplistic as they do not reproduce
grid-independent bar dimensions found in nature and pre-
dicted by theory (Schuurman et al., 2013). The results are
mainly qualitative and cannot handle situations with large
parameter fluctuations (Coulthard et al., 2007). More com-
plex models include phenomena on longer length scales, such
as backwater effects, and detailed transverse slope effects on
sediment transport that are essential to reproduce bar patterns
(Schuurman et al., 2013). In such advanced physics-based
models, however, vegetation is often simplified to uniformly
distributed, static cylinders without growth or mortality. None
of the advanced physics-based modelling studies discussed
above have implemented these dynamic vegetation proper-
ties in their models. This results in a predefined dense, static
effect of vegetation on river morphology as opposed to a
heterogeneous natural vegetation cover which is actively inter-
acting with morphodynamics. However, to be able to predict
long-term river and floodplain evolution and coexisting vege-
tation, it is necessary to link dynamic ecological processes to
advanced morphodynamics (Stella et al., 2006, Camporeale et
al., 2013; Curran and Hession, 2013).
Our objective is to understand and quantify effects of
vegetation-type dependent settling, growth and mortality with
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life-stage dependent hydraulic resistance on the river pat-
tern and morphodynamics of a meandering river. To this end
we present a model coupling hydraulic resistance caused by
multiple vegetation types, depending on seed dispersal, col-
onization, growth and mortality, to a two-dimensional model
that solves unsteady flow, sediment transport and morpholog-
ical change at the spatial and temporal resolution appropriate
for river channel-floodplain interactions. We compare river
planform, vegetation pattern and morphodynamics for a sce-
nario containing vegetation with dynamic properties based on
two Salicaceae species to reference scenarios without vegeta-
tion and with commonly used static vegetation. Furthermore,
we quantitatively analyse the interaction between vegetation
and morphodynamics and test the applicability of the model
by evaluating several vegetation types with different properties
and sensitivities for morphodynamic pressures.

Methods
Morphodynamic model description

We modelled morphodynamics with the Delft3D code (ver-
sion 4.00.01) for a river reach with about three meander
wavelengths and we developed a new model for vegetation
dynamics which we coupled to Delft3D. Delft3D was chosen
because it is one of the most comprehensive scientific mor-
phodynamic models to date that has been successfully applied
and validated in a large number of scientific studies (e.g. Lan-
gendoen, 2001; Lesser et al., 2004; Gerritsen et al., 2007) and
engineering studies where accuracy of the order of decime-
tres is important (see Schuurman et al., 2013, for examples).
Here we use the two-dimensional, depth-averaged flow option
for reasons of efficiency, and we calculate sediment transport
and bed-level changes (see Schuurman et al., 2013, for details
on parameters and settings). The hydrodynamic and morpho-
dynamic time steps were chosen to attain feasible calculation
times for the required resolution and were set to respectively
0.2 and 6 min. A constant morphological multiplication factor
of 30 was applied to the bed-level changes per hydrodynamic
time step. The total run time of the model was 300 years.
Detailed parameter settings can be found in Table I. Hydraulic
resistance caused by vegetation was calculated in each grid
cell for flow through vegetation and flow above vegetation
from the Baptist et al. (2007) relation:

C:#q_ﬁ]nﬂ 1M
Canhy K h,

where C is the Chezy value of the vegetation (m%/s), G, is
the Chezy value for the unvegetated parts, cq is the drag coef-
ficient, n is vegetation density (stem diameter x number of
stems per m?), h, is the height of the vegetation (m), h is
water depth (m), « is the Von Karman constant (0.41) and g
is gravitational force (9.81 m/s?). Multiple vegetation types,
here we use two, with different ages and different properties
can occur in one grid cell, so the Chezy value was calcu-
lated separately for each type and age, and subsequently the
total sequential Chezy coefficient was calculated weighted by
fraction coverage.

Vegetation model description

We modelled vegetation in Matlab (R2013b) by retrieving
bed levels, flow velocities and water levels from Delft3D at
the beginning of each ecological time step and restarting it
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Table I. Morphodynamic parameter settings

Parameter Value Unit Reference or motivation
Timespan model run 300 yr At least one life cycle of a riparian tree
Hydrodynamic timestep 0.2 min  Based on grid cell size and flow velocity
Morphological scale factor 30 — Schuurman et al. (2013)
Timestep bed-level change 6 min
Timestep vegetation 21900 min  To capture main ecological processes
Grid size (width x length) 1000 x 3600 m Covering a few meanders
Cell size (width x length) 25 x25 m Compromise between resolution and model efficiency
Chezy value bare substrate 25 mz/s  Van Dijk et al. (2014)
D50 5x1073 m Van Dijk et al. (2014)
Sediment transport predictor  Engelund-Hansen — Schuurman et al. (2013)
Initial sinuosity 1.3870 — Geerling et al. (2006)
Year + 1
Colonization Growing Mortalit
vegetation ¥ Matlab
Hydraulic Flooding/
Water levels resistance Desiccation )
during dispersal |__ Uprooting
Burial/Scour __ (] Elevation
LJ
Sedimentation | Bedlevel Delftsp
& Erosion ¢

Figure 1. Flow diagram of processes and dynamic interactions in the model. This figure is available in colour online at wileyonlinelibrary.com/

journal/espl

with updated information on vegetation characteristics that
were used in Delft3D for hydraulic resistance calculations
(Figure 1). Riparian trees (Salicaceae species) were selected
as the main vegetation types because these are the dominant
ecosystem engineering species that grow on river floodplains
in northwestern Europe (Corenblit et al., 2009; Gurnell, 2014).
The ecological time step was set to approximately 2 weeks to
maintain an adequate interval for ecological processes, lead-
ing to 24 time steps within 1 year. At the beginning of each
ecological time step, the morphodynamic model was paused,
vegetation processes were calculated and updated vegetation
location and characteristics were fed back into the morphody-
namic model. All vegetation processes were handled within 1
year. The general vegetation processes are explained below.

We specified two vegetation types with general characteris-
tics and life stage-specific parameters. General characteristics
are maximum age, initial sizes of shoot, root and stem diam-
eter (for seedlings), growth factors for logarithmic growth of
shoot, root and stem diameter and timing of seed disper-
sal. Life stage-specific parameters are the number of stems
per unit area, the fraction of area covered per grid cell, a
drag coefficient, and mortality rules for flooding, desiccation
and uprooting due to high flow velocity. This means that
we could account for changing characteristics such as plant
shape, which is relevant for interaction with morphodynamics,
throughout the life cycle of a vegetation type.

Colonization of riparian tree seedlings takes place on moist,
bare substrate between the maximum and minimum water
levels during the dispersal window, i.e. the time period of
successful germination of a species. This colonization mecha-
nism was also described in Corenblit et al. (2009) and Gurnell
(2014). Many riparian pioneer tree species also employ asex-
ual reproduction as a means of dispersal (Karrenberg et al.,
2002). However, in our study area along the River Allier, most
adult vegetation stands of Populus nigra originated from seeds,

Copyright © 2015 John Wiley & Sons, Ltd.

confirming our choice for only taking sexual reproduction into
account (Legionnet et al., 1997). Following the dispersal win-
dow, vegetation was assigned to the grid cells. We assumed
that seed supply was unlimited, causing seedlings to fill all
grid cells within the boundaries of the bare substrate. This is a
valid assumption for dominant riparian trees with a large seed
production (Braatne et al., 1996). Seedlings were allowed to
settle in grid cells with a density depending on the degree of
antecedent vegetation cover as follows: if a colonized grid cell
was empty, the grid cell was assigned a fraction of the coloniz-
ing vegetation type according to the predefined initial cover
fraction. A cover fraction of 1 represents a completely filled
grid cell. If a cell was partially covered by other vegetation, the
cell was filled up with seedlings up to a fraction of one. This
means that multiple vegetation types with different ages can
reside in a single grid cell and there is competition for space.

Vegetation growth of shoot, root and stem diameter were
implemented as logarithmic growth functions as a result of age
calculated with the following formula:

G = F, log(a) 2)

where G is the size (i.e. of the shoot, root or stem diame-
ter) in meters, F, is the vegetation-type dependent logarithmic
growth factor and a is the vegetation age in years. The size
of the seedlings was taken from the initial conditions of the
first life stage. When vegetation survived the calendar year, it
increased in age until the maximum age was reached.
Mortality of vegetation is calculated at the end of each cal-
endar year and depends on days of subsequent flooding per
year, days of subsequent desiccation per year, maximum flow
velocities, burial and scour. Subsequent days of flooding or
desiccation were recorded by registering wet and dry cells
at average water levels within two ecological time steps. If a
cell did not change from wet to dry or vice versa between
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100%

Threshold

Mortality Slope

0%

Morphodynamic pressure

Figure 2. Example of the dose—effect relation between vegetation
mortality and morphodynamic pressure. Morphodynamic pressures
are duration of flooding or desiccation (in days) or flow velocity
(m/s). The threshold determines the onset of vegetation mortality and
the slope determines the range of conditions over which mortality
increases. A vertical slope means a sharp threshold. Thresholds and
slopes are specified as input for the three morphodynamic pressures
for all life stages of all vegetation types. This figure is available in
colour online at wileyonlinelibrary.com/journal/espl

ecological time steps, it was recorded and added to the value
already present in the matrix. At the end of the year, the wet-
ting and drying matrices were multiplied by the number of
ecological time steps within that year.

Mortality by flooding, desiccation and high flow velocities
was determined by a dose—effect relation, where the percent-
age of plants not surviving the morphodynamic pressure was
on the y-axis and the morphodynamic pressure was on the
x-axis (Figure 2). The relation contains a threshold value after
which the vegetation started to die, and a mortality fraction of
the vegetation related to the pressure, which was determined
by the slope of the curve. The slope was implemented as a
value between 0 and 1, where 1 is a vertical line representing
immediate mortality after the threshold is exceeded and 0 is
a horizontal line representing no mortality. The threshold and
the slope were user defined and were set for each life stage
per vegetation type. Mortality was implemented by reducing
the fraction of the corresponding vegetation type within a grid
cell. This was done by calculating the mortality percentage
from the mortality curve as a portion of the initial fraction
(mortality fraction = mortality x initial fraction), which was
then subsequently subtracted from the current fraction before
mortality (new fraction = current fraction — mortality fraction).
In this way the cell could become completely empty and no
small fractions would remain if the mortality percentage did
not reach 100% in time. Vegetation dies through burial if the
whole plant was buried. This is the case if the amount of sed-
imentation was higher than the plant shoot height. Vegetation
dies through scour if the scour depth exceeds the plant root
length. Sedimentation and erosion are calculated as bed-level

differences between two ecological time steps, where the max-
imum value in all ecological time steps is stored per year and
subsequently used to calculate burial and scour. When the
maximum vegetation age is reached, vegetation dies due to
senescence.

Model set-up

Model parametrization, initial and boundary conditions were
loosely based on a reach of the River Allier in France (Figure 3).
The River Allier is a rain-fed, gravel-bed river originating from
the Massif Central, with a mean annual flood discharge of 500
m3/s and mean annual minimum discharge of 27 m*/s (Crosato
and Saleh, 2011; Van Dijk et al., 2014). The Allier is one of
the main tributaries of the River Loire. Part of the river val-
ley is a designated natural reserve area without navigation and
flow regulation where the river follows a meandering plan-
form (Geerling et al., 2006). The Allier is highly dynamic, with
active growth of point bars, erosion of outer banks and fre-
quent chute cut-offs (Kleinhans and van den Berg, 2011). The
riparian vegetation consists of pioneer trees, herbaceous vege-
tation, softwood forest, hardwood forest, shrubs and grass. The
vegetation cover is changing dynamically related to changes
in the fluvial morphology (Geerling et al., 2006). This dynamic
interaction is the most interesting for our purpose to critically
test our model concept — more interesting than cases where
either the morphodynamics or the vegetation is dictating
the dynamics.

Boundary and initial conditions were applied as follows.
The upstream discharge was sampled from five generalized
discharge years of the Allier and ranging from 400 m?/s in win-
ter to 50 m3/s in summer (Figure 4C). Downstream water levels
related to discharge were determined iteratively by hydro-
dynamic modelling for static bed levels in the absence of
vegetation. The initial bed level (Figure 4A) featured about
three wavelengths of regular meander bends, because the
aim of our study was to investigate effects of vegetation on
meandering but not the onset of meandering from an initially
straight channel. The latter would have taken a considerably
longer model time and perhaps processes of floodplain forma-
tion by cohesive sediment which are presently not included.
Meander length was based on general channel dimensions of
the River Allier extracted from aerial photos and bar length
theory (Struiksma, 1986; Kleinhans and van den Berg, 2011)
and values reported in the literature (Geerling et al., 2006;
Crosato and Saleh, 2011). Uniform sediment with D50 = 5
mm was used, representing fine gravel. Sediment transport
was calculated in Delft3D using the transport predictor of
Engelund—-Hansen with transverse bed slope settings as in
Schuurman et al. (2013). For the initial conditions this resulted
for high and low flow respectively in typical water depths in
the channel of 3 and 1.2 m, flow velocities of 1 and 0.6 m/s,
channel widths of about 200 and 75 m and Shield numbers

Figure 3. Location of the study site: a meandering reach of the River Allier in France. This figure is available in colour online at wileyonlinelibrary.

com/journal/espl

Copyright © 2015 John Wiley & Sons, Ltd.
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Figure 4. Initial conditions and boundary conditions for the model. (A) Initial bed level detrended with valley gradient. Dashed line is the location
of the cross-section in (B) with maximum and minimum water levels in the initial conditions. (C) Five time series of flow discharge over 1 year,

randomly selected for a time series of 300 years. This figure is available in colour online at wileyonlinelibrary.com/journal/espl

of 0.1 and 0.06 (Figure 4B). Lateral channel erosion due to
bank failure processes was ignored in the present model, as
this requires a much higher grid resolution near the banks,
a deforming curvilinear grid or an immersed boundary (Van
Dijk et al., 2014; Schuurman et al., 2015). Migration of the
meander bends in our model takes place when the banks are
submerged, as caused by the transverse bed slope effect, and
when erosion takes place. Adjacent dry cells are also reduced
in height to simulate bank failure but this is only relevant at
the valley walls in the model. This study focuses on sustained
meandering due to dynamic vegetation rather than initiation
of meandering from a straight channel, where bank erosion
processes would be more important. In our case the processes
on the point-bar are most relevant.

We ran our default dynamic vegetation model and two
control runs: one without vegetation but otherwise the same
conditions (Table 1), and one with static vegetation as com-
monly used until now. The main difference between the static
and dynamic scenarios is that in the static scenario vegetation
is uniformly distributed across the floodplain each year and
does not grow or die, whereas the dynamic scenario explicitly
considers changing spatial distribution and vegetation char-
acteristics associated with colonization, ageing and mortality.
The static vegetation scenario represents the way vegetation
has been modelled until now, while the dynamic method is
an innovative and more realistic way of vegetation representa-
tion. In the dynamic scenario we parametrized two Salicaceae
type species that are typical for rivers in northwestern Europe
(Table II), namely a Salix type and a Populus type, which differ
in seed dispersal timing, maximum age and mortality toler-
ances for flooding and desiccation. Salix disperses its seeds

Copyright © 2015 John Wiley & Sons, Ltd.

in June, has a maximum age of 60 years and is more tolerant
to flooding. Populus disperses its seeds in May, has a max-
imum age of 150 years and is more tolerant to desiccation.
In the static vegetation scenario, vegetation colonized in dry
cells each year with a dispersal timing set between Salix and
Populus and did not grow or die. The static interaction param-
eters for shoot length, stem diameter and number of stems/m?
are set to a 10-year-old bush averaged for Salix and Popu-
lus. The mortality limits for both vegetation types were initially
parametrized to broadly fit the age distribution of pioneer,
bush and forest vegetation deduced by Geerling et al. (2006)
after 10 years and fall within occurrence ranges for softwood
forests reported in the literature (Van Velzen et al., 2003a).

Data analysis

To characterize the patterns and dynamics in morphology and
vegetation, we analysed the model output of each scenario
as follows. All bed-level data were detrended by the val-
ley gradient, so that the cross-sectionally averaged bed level
was zero for the entire reach. Immediate boundary effects
were excluded by clipping 500 m (20 grid cells) off the
upstream and downstream boundaries. We then calculated
bed-level distributions for the entire clipped grid and deter-
mined median, 5% and 95% bed elevations to plot as time
series. To compare hydraulic resistance effects of morphology
and vegetation, water levels were calculated each year as the
maximum in a cross-section in the middle of the reach.
Sinuosity was calculated per year as the length of the path of
cross-sectional maximum flow velocity divided by the length
of the valley. Flow velocity values with large coordinate jumps,
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DISTINCT PATTERNS OF INTERACTION BETWEEN VEGETATION AND MORPHODYNAMICS 797

caused by chute bars temporarily having a higher flow velocity
than the main channel, were filtered out. This was done by
calculating the absolute difference between the y-coordinates
of two subsequent flow velocity values and deleting all values
that exceeded four grid cells, i.e. approximately one channel
width. The flow path was smoothed by a moving average over
three grid cells. Meander migration rate was calculated as the
average minimal shift of the flow path as calculated for the
sinuosity in steps of 10 years.

Total vegetation cover for the static and dynamic scenarios
was calculated as the fraction of cells containing vegetation of
any type at the end of each year, before mortality. Dynamic
vegetation was split into three stages: seedling (1 year old),
bush (2-10 years old) and forest (older than 10 years). If mul-
tiple vegetation types with different ages occurred in one grid
cell, the maximum age was taken to show the succession
in age. Mortality by flooding, desiccation, uprooting, burial
or scour was calculated per vegetation type and for each
life stage.

Bed level (m)

A1000-

Results
River morphology

The reference scenario without vegetation first shows lateral
expansion and longitudinal migration of the meander bends,
followed by an upstream chute cut-off after approximately 100
years (Movie ST, supporting information). This cut-off initiates
a sequence of downstream cut-offs, which eventually lead to
the formation of a mostly straight channel with low sinuos-
ity (Figure 5A and 6C). The median detrended bed level first
decreases rapidly and then settles around 0.2 m (Figure 6A).
However, the 5th percentile of the bed level increases sharply
after the first cut-off (Figure 6B), which indicates that the flood-
plain is generally eroding while the deep parts of the channels
become shallower after each chute cut-off. Maximum water
levels are fluctuating more in the first half of the run as a func-
tion of channel sinuosity and decrease after that as the system
develops towards a low sinuous river in the second part of the
run (Figure 6D).

vegetation

oid Bed level (m)

0

0 500 1000 1500 2000 2500 3000 3500

Figure 5.

0 500 1000 1500 2000 2500 3000 3500

Bed level, vegetation cover and vegetation age after 300 years. (A) Scenario without vegetation. (B) Static vegetation scenario. (C)

Dynamic vegetation scenario. (D) Vegetation age overlain on bed-level map for the static vegetation scenario. Here, vegetation colonizes each
year anew and the age therefore indicates a stability in settlement location instead of actual age. (E) Vegetation age overlain on bed-level map for
the dynamic vegetation scenario. This figure is available in colour online at wileyonlinelibrary.com/journal/espl
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Figure 6.

300

Time series of morphodynamics sampled at the end of each year for the scenarios without vegetation, with static vegetation and with

dynamic vegetation. All values were calculated excluding 500 m from the upstream and downstream boundaries to compensate for boundary
effects. (A) Median bed level. (B) 5th percentile bed level indicative of channel depth. (C) Sinuosity of the main channel. (D) Maximum water levels
during flood cross-sectionally averaged in the centre of the reach. This figure is available in colour online at wileyonlinelibrary.com/journal/espl
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The scenario with static vegetation shows a highly sinu-
ous, meandering river with a lateral expansion (Figure 5B
and Movie S2, supporting information). Initially, distinct mor-
phological features like chute cut-offs and oxbow lakes are
formed, which are similar to those visible on aerial photos
of the River Allier (Figure 7A). Similar to the scenario with-
out vegetation, the median bed level decreases throughout the
run but at the highest rate of all scenarios (Figure 6A). The
5th percentile bed level fluctuates over time, indicating sub-
sequent erosion and aggradation of the channels (Figure 6B).
The sinuosity increases in the first half of the run and becomes
more stable in the second half of the run (Figure 6C), which is
caused by the decreasing dynamics over time. The same trend
is found in the maximum water level (Figure 6D).

The scenario with dynamic vegetation is comparable to the
first half of the scenario with static vegetation, showing a
dynamically meandering system with regular chute cut-offs
(Figure 5C and Movie S3, supporting information). After each
cut-off, meanders laterally increase in size again until the
next cut-off. On average, the meander amplitude stays equal
throughout the whole run. Chute cut- offs occur regularly and
oxbow lakes are formed; these features are visually compa-
rable to the River Allier (Figure 7A). The median bed level
decreases throughout the run and the 5th percentile of the bed
level follows a sinuous shape, although with a higher ampli-
tude than the static scenario (Figure 6A, B). The same accounts
for the maximum water level; a fluctuation over time with the
highest amplitude of all scenarios (Figure 6D). The sinuosity
follows a reversed pattern compared to the static scenario; first
it stays relatively stable, but the fluctuation becomes higher
in the second part of the run (Figure 6C). Contrary to the

Static

static scenario, in the dynamic vegetation scenario the active
meandering behaviour of the river is maintained.

Bed-level distribution

Effects of vegetation on morphological development are sum-
marized in bed-level distributions (Figure 8). The initial distri-
bution is bimodal, with a high bed-level peak for the initial
floodplain and valley and a low bed-level peak for the sinuous
channel carved into the floodplain. All scenarios show a sim-
ilar development in that the floodplains are eroded over time.
Differences arise because of vegetation development.

The dense, static vegetation leads to concentration of flow
in the channels, shown as the highest and narrowest peak in
the distribution relative to the unvegetated scenario (Figure 8,
middle graphs). Furthermore, as the vegetation is reset every
year, lateral channel mobility is high enough to erode the
higher parts of the floodplain, and multiple, anabranching
channels further heighten the peak. The narrow peak of the
dynamic scenario relative to the unvegetated case also shows
the flow-focusing effect, but here the vegetation reduces the
lateral channel mobility by leaving room for chute cut-offs, so
that the higher part of the floodplain is more slowly removed
(Figure 8, bottom graphs). Here, the main morphodynamic
activity takes place on the point bars, leading to a distribu-
tion with more equal modes than in the unvegetated and static
vegetation cases.

The effect of vegetation becomes even more clear when a
cross-section is made of a typical meander bend (Figure 9).
The bed level of the scenario without vegetation develops

Figure 7. Comparison of morphological features, vegetation patterns and age distribution between aerial photos of the River Allier and model

results. (A) River morphology of the static scenario (year 102) on the left and the dynamic scenario (year 109) on the right. Both scenarios show

similar features compared to the River Allier, i.e. chute cut-offs and oxbow lakes. (B) Trends in vegetation age distribution of the dynamic scenario,

with old vegetation on the higher parts of the point bars and younger vegetation closer to the channel. (C) Typical vegetation patterns of the

dynamic scenario compared by considering basic shapes i.e. stripes (C1), areas (C2) and dots (C3). These model results are for Salicaceae species

only, whereas the aerial photograph cannot distinguish between old Salicaceae vegetation and other species. This figure is available in colour

online at wileyonlinelibrary.com/journal/espl
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Figure 8. Distributions of detrended bed level over time for the three basic scenarios. The dashed line indicates the initial bed-level distribution

after 1 year.

into a wide, shallow channel in a relatively smooth floodplain
(Figure 9A), while the other scenarios with vegetation develop
into deeper, tighter channels (Figure 9B, C). This figure also
shows a direct contrast between the static and the dynamic
scenario where the static scenario displays a floodplain with
sharper transitions, while the transitions are more gradual in
the dynamic scenario. Clearly, vegetation has two distinct
effects on morphology that depend sensitively on the vegeta-
tion parameters. In the first place, presence of vegetation leads
to focusing of the flow, resulting in deeper channels. However,
lateral channel dynamics are mostly affected by vegetation
removal, where static vegetation causes high lateral migra-
tion activity and a more stepwise topography compared to a
lower lateral migration and gradual floodplain in the case with
dynamic vegetation.

The clear differences in river morphology between all sce-
narios become tangible when scenario statistics are compared
from 100 years onwards (Table Ill). As shown by previous
results, the unvegetated scenario develops into a straight chan-
nel with a low sinuosity. The river becomes shallower and
wider, increasing the surface on which sediment transport can
take place, eventually developing into a system with a higher
sediment transport rate and a higher median bed level than
in the scenarios with vegetation. Vegetation leads to focus-
ing of flow in the channel causing deeper channels which
are most intense in the static scenario. This scenario con-
tains the highest vegetation density, maximizing the hydraulic
roughness and decreasing flow velocities on the floodplain
and minimizing the area over which sediment transport can
take place, resulting in the lowest sediment transport rate.
Because vegetation cover is high, sinuosity is still higher than
in the dynamic scenario, but the river dynamics are actu-
ally decreasing. This is especially clear in the last part of the
run, which is supported by a lower meander migration rate

Copyright © 2015 John Wiley & Sons, Ltd.

than the dynamic scenario (Table Ill and Movie S2, support-
ing information). In the default dynamic scenario, vegetation
development is less dense and very dynamic, leaving room for
occasional chute cut-offs, leading to a dynamic meandering
system with the highest meander migration rate and still a high
sinuosity (Table Il and Movie S3, supporting information). This
result further supports that dynamic vegetation development is
a prerequisite for modelling a dynamic meandering system.

Vegetation

The static and dynamic vegetation scenarios show large dif-
ferences in vegetation settlement patterns. In the scenario
with static vegetation, the floodplains are immediately densely
vegetated from the start of the simulation and remain so
throughout the run (Figures 5D and 9B). In the scenario with
dynamic vegetation, the floodplains are less densely vegetated
and consist of vegetation with different ages and densities
(Figures 5E and 9C). In some years the number of seedlings
increases rapidly. This shows that colonization success varies
from year to year. However, most seedlings die again the
next year. This is clearly shown in the peaks of the vegeta-
tion cover (Figure 10A). In the static scenario, there are also
peaks in the vegetation cover (Figure 10B). These peaks in the
static scenario are caused by changes in river morphology and
changes in discharge during the time of colonization which
create annual changes in dry areas for vegetation settlement.
The total median vegetation cover of the dynamic scenario is
around 10%, while the total median cover of static vegetation
is about 81% (Figure 10C). Compared to empirical data from
Geerling et al. (2006), showing about 16% cover, the static
vegetation scenario is a factor of 5 higher, while the dynamic
scenario shows a slightly lower vegetation cover with a factor

Earth Surf. Process. Landforms, 41, 791-808 (2016)
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Figure 9. Cross-sections of a typical meander bend with bed level
and vegetation for all scenarios. (A) Scenario without vegetation, year
285. (B) Scenario with static vegetation, year 125. The size of vege-
tation stems is the actual size of the vegetation used in the model.
(C) Scenario with dynamic vegetation, year 205. The size of vegeta-
tion stems is the actual size of the vegetation used in the model. The
thickness of the stems gives an indication of the frontal area (number
of stems x width of the stem). Thicker stems represent a larger frontal
area. This figure is available in colour online at wileyonlinelibrary.
com/journal/espl

of 1.6. However, it should be taken into account that Geer-
ling et al. (2006) did not map Salicaceae species exclusively,
consequently leading to a higher vegetation cover.

The settlement locations of the Salix and Populus seedlings
show that in years with average settlement conditions Salix
seedlings that settle and survive at lower elevation (respec-
tively —1.5 and —2 m) than Populus seedlings (respectively
—1 and —0.5 m) (Figure 11). This corresponds to the higher
tolerance of Salix for wetter conditions and higher tolerance
of Populus for dryer conditions. Eventually this results in an
average settlement of —1 m for Salix and —0.5 m for Pop-
ulus. These results also show that the range of seedlings
survival is smaller than the initial range of settled seedlings,

but in years with high vegetation settlement this range expands
proportionally with suitability for settlement.

The main mortality cause for Salix and Populus seedlings
is desiccation, followed by flooding and uprooting due to
high flow velocities. Scour and burial cause less mortality in
both vegetation types, with an even negligible scour mortality
for Populus. When seedlings survive the first year, mortal-
ity drops drastically to approximately 15% in the bush stage
(2-10 years old) and 5% in the forest stage (>10 years old).
The main causes of mortality in these stages are desiccation
and flooding, while scour is an occasional cause of mortality.

The static and dynamic vegetation scenarios produced quite
different vegetation patterns, which we here compare with pat-
terns on aerial photos of the River Allier (Figure 7). In the static
scenario there is a dense vegetation cover, while the dynamic
scenario creates vegetation patterns with different shapes and
sizes. To be able to compare vegetation patterns from the
model with aerial photos, we considered three simple shapes,
namely spots, stripes and areas. Here we define a spot as one
vegetated grid cell, stripes as areas with vegetation which are
more than twice as long as they are wide and areas as all
other shapes. The position and orientation of these shapes on
a point bar determine the vegetation pattern. The vegetation
patterns in the static scenario contain one dense area shape
(Figure 5D). In contrast, the vegetation pattern in the dynamic
scenario well resembles the pattern from the aerial photos of
the River Allier because all characteristic shapes can be found
and are comparable in size (Figure 7C).

There is also a clear age distribution of vegetation in the
dynamic scenario. The oldest vegetation is generally found
around oxbow lakes and the youngest vegetation on the lower
parts of the point bars, which is consistent with vegetation pat-
terns along the River Allier (Figures 5E, 7B and 9C). Although
Salicaceae species cannot be recognized within the dense
vegetation patches on the aerial photograph, experience from
the field shows that older Salicaceae trees are found in large
quantities along oxbow lakes. In the static scenario there is no
actual age distribution because the vegetation colonizes each
year and therefore represents an annual plant rather of a peren-
nial (Figure 9B). Here the age distribution can be expressed as
a factor for recolonization in the same cell each year. How-
ever, this is more a reflection of the timing of morphological
activity than plant age since plant growth is not taken into
account in this scenario.

Vegetation interaction with morphodynamics

To test the sensitivity of the patterns in morphology and veg-
etation resulting from the model and to further support the
findings of our main scenarios, a range of scenarios were
analysed representing 10 vegetation types with different eco-
logical strategies. This method was chosen as opposed to a
random sampling type of approach, because it gives specific
information on the suitability of the model for representing

Table lll.  Morphological and vegetation statistics of the main scenarios calculated from 100 to 300 years to minimize the

effect of initial conditions

Parameter Unit

No vegetation  Static vegetation ~ Dynamic vegetation

Median sinuosity —

Median bed level m
Median sediment transport rate m3/s/m
Meander migration rate m/y
Median vegetation cover %
Temporal variation in vegetation cover (P95-P5) %o

1.18 1.41 1.38
0.26 —0.01 0.19
1.52x107° 3.83x 1077 7.24x 1077
30 73 98
0.0 81.6 10.0
0.0 5.5 15.8

Copyright © 2015 John Wiley & Sons, Ltd.
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different types of vegetation in different settings rather than a
large range of values for general parameters. The parameter
values for the scenarios are presented in Table IV. The scenar-
ios include vegetation types with a fast initial growth and short
life span (S1), slow initial growth and long life span (S2), sensi-
tive seedlings (S3), resistant seedlings (S4), high drag (S5), low
drag (S6), early dispersal timing (S7), late dispersal timing (S8),
dense vegetation (59) and sparse vegetation (S10).

The results show a broad range in river morphologies and
vegetation cover (Figures 12 and 13). The median vegetation
cover differs between scenarios and all scenarios fluctuate
around field data with an outlier upwards (scenario S4, resis-
tant seedlings) and downwards (scenario S7, early dispersal,
where vegetation does not exceed the age of 1). We find that

increasing vegetation cover decreases median sediment trans-
port and median bed level, which supports the findings of
the main scenarios (Table V). The decreasing effect of dense
vegetation cover on morphodynamics in the static scenario
is further supported in scenario S4 with resistant seedlings
(Figure 13 and Table V). In this scenario, the meander migra-
tion rate is the lowest of all dynamic scenarios.

Changes in temporal vegetation dynamics of all dynamic
scenarios expressed as the difference between the 95th and
the 5th percentile of the vegetation cover for all years, rather
than the median vegetation cover, seem to have a more pro-
nounced decreasing effect on the sediment transport rate.
When the effects of the different life stages of vegetation are
separated, it becomes clear that the bush stage has the largest
decreasing effect on the sediment transport rate.

A B C
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Figure 10. (A) Total median vegetation cover of the dynamic vegetation scenario per year per vegetation class (pioneer = 1-year-old seedlings,
bush = 2-10 years, forest = >10 years). (B) Total cover in the static vegetation scenario per year. (C) Median vegetation cover calculated from year
25 until year 300 to let forest develop first. ‘Data’ is field data from (Geerling et al., 2006), ‘Dyn’ is dynamic scenario and Stat’ is static scenario).
Note that A has a smaller vertical scale compared to B and C. This figure is available in colour online at wileyonlinelibrary.com/journal/espl

Salix high settlement Salix average settlement Salix low settlement

Bed Level (m)

Populus high settlement Populus average settlement Populus low settlement

~

Bed Level (m)

N
N )
»

’ /> b’\/?
v = = = Seedlings
r [ Survival Seedlings

I All ages

Bed level distribution current year
0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04

Fraction covered by vegetation

Figure 11. Vegetation cover of Salix (top) and Populus (bottom) as a function of detrended bed level for years of low (left), average (middle)
and high (right) settlement rates in years 206, 90 and 282, respectively. Dashed green lines show seedling settlement in a year, filled areas show
seedlings that survived in that year and solid lines show survival of all age classes until that year. The grey dashed lines represent the bed-level
distributions of the corresponding years. This figure is available in colour online at wileyonlinelibrary.com/journal/espl
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Figure 12. Vegetation age distribution of all dynamic scenarios compared to field data. Median vegetation cover of three age classes (pioneer =
1 year, bush = 2-10 years and forest = older than 10 years). ‘Data’ is field data from Geerling et al. (2006), ‘Dyn’ is the main dynamic scenario and
S$1-510 are all the dynamic scenarios in the sensitivity analysis. Vegetation cover is calculated from year 25 until year 150.This figure is available

in colour online at wileyonlinelibrary.com/journal/espl

Discussion
Morphodynamics

We find that dynamic vegetation with a range of time-variable
traits, as opposed to static vegetation, causes high chan-
nel sinuosity with repeated chute cut-offs and barfloodplain
conversion that are similar to those in our study area. In gen-
eral, vegetation in our static and dynamic scenario causes
a single-thread river, despite the repeated chute cut-offs, as
opposed to the scenario without vegetation (Figure 5), which
transforms to a rather straight channel. This finding is in gen-
eral agreement with several other modelling studies (Nicholas,
2013; Crosato and Saleh, 2011) and flume experiments (Tal
and Paola, 2010; Van Dijk et al., 2013) where uniformly dis-
tributed vegetation promotes the formation of a single-thread
channel. Our results show a dense vegetation cover causing
the flow to concentrate in the channel, resulting in deeper, nar-
rower channels (Figure 8). The same effect has been reported
by flume experiments with uniform vegetation settlement (Van
Dijk et al., 2013), field data and modelling studies (Temmer-
man et al., 2007; Murray et al., 2008).

The vegetation settlement conditions in the static scenario
results in the most densely vegetated floodplains (Figures 9B
and 5D; Movie S2, supporting information), creating a stronger
flow concentration into channels, leading to sharper mean-
der bends, a higher sinuosity and a floodplain with steeper
bed-level transitions than the scenario with dynamic vegeta-
tion. In the dynamic scenario, chute cut-offs are created more
frequently and gradually, because the vegetation development
on the point bars occurs gradually and is less dense and more
diverse (Figures 9C and 5E; Movie S3, supporting information),
while in the static scenario chute cut-offs are more stepwise
because they are forced by the vegetation settlement condi-
tions. Initially, both scenarios show quite actively meandering
patterns, but in the second half of the static run the dynam-
ics decrease drastically (Movie S2, supporting information).
This indicates that the static vegetation system is develop-
ing towards a static state, perhaps comparable to a river in a
tropical climate where the dense vegetation dominates over
morphodynamic processes in determining river morphology.
So, in the scenario with static vegetation, river morphology is
imposed by vegetation, while in the dynamic scenario there
is a continuous dynamic interaction between morphodynam-
ics and vegetation, leading to active meandering behaviour
throughout the whole run. This behaviour was observed not

Copyright © 2015 John Wiley & Sons, Ltd.

only in our default dynamic scenario but also in the other
dynamic scenarios (Figure 13).

Until now it has been difficult to model natural, dynamically
meandering rivers. Simplistically speaking, meandering is
caused by a combination of outer bank erosion and inner bend
deposition and stabilization in which bar-floodplain conver-
sion, i.e. by vegetation or cohesive material, is required to
sustain high-sinuosity meandering. This bar—floodplain con-
version mechanism observed in the field has rarely been
included in advanced, numerical morphodynamic models.
In the Delft3D model, for instance, there is no actual bar-
floodplain conversion mechanism, while in other advanced
numerical meander models (e.g. Nays2D) the barfloodplain
conversion is implemented as a simplistic threshold value
related to water level (Schuurman et al., 2013). We show that
natural bar-floodplain conversion emerges as a result of our
dynamic vegetation model, and this is sufficient to form a
dynamic meandering system.

Vegetation

We show that natural vegetation patterns emerge from the
modelled interaction between dynamic vegetation and mor-
phodynamics. The modelled patterns are similar to those
observed on aerial photos of our study area (Figure 7C).
We distinguished three basic vegetation shapes on the aerial
photo, i.e. dots, stripes and areas, which are all found on point
bars in the dynamic scenario. Moreover, the age distribution
across the floodplain is similar to the aerial photos; older veg-
etation is found on the higher parts of the point bars near
oxbow lakes and younger vegetation is found on the lower
areas. In hindcast, this is a realistic result considering that
new vegetation settlement takes place on the lower parts of
the point bars and, when the channel continues to migrate,
vegetation can grow older but still needs a certain amount of
water to survive. Also the vegetation age categories agree with
empirical data derived from aerial photos of the River Allier
(Geerling et al., 2006; Figure 10C). The modelled vegetation
age distribution shows slightly younger ages than the empir-
ical vegetation age distribution derived for the River Allier,
but since we only include Salicaceae species while Geerling
et al. (2006) included all vegetation types, we probably over-
estimate the abundance of Salicaceae vegetation. The static
vegetation scenario does neither model diversity nor an age
distribution, but is merely a dense cover with uniform age and
one set of properties. Clearly, dynamic vegetation results in

Earth Surf. Process. Landforms, 41, 791-808 (2016)
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Figure 13. Bed level and vegetation cover after 150 years of the following scenarios for sensitivity analysis. The scenarios are: fast (S1) and slow

(S2) initial growth with short (ST) and long (S2) life span, sensitive seedlings (S3) and resistant seedlings (S4), high (S5) and low (S6) drag coefficient,
earlier (57) and delayed (S8) dispersal timing, densely (i.e. high stem density and cells completely filled with vegetation) (S9) and sparsely (i.e.
low stem density and cells half filled with vegetation) vegetated patches (S10). This figure is available in colour online at wileyonlinelibrary.com/

journal/espl

realistic vegetation patterns and age distribution whereas static
vegetation does not.

Varying dynamic vegetation properties generates a range
of river morphologies with different bed-level distributions,
sediment transport rates, sinuosity and meander migration
rates (Figure 13 and Table V). Vegetation settlement loca-
tion, density and survival are influenced by basic vegetation
parameters. By introducing multiple species we made it pos-
sible to study the effect of different vegetation types with
different morphologies, settling location and behaviour on
the spatial vegetation pattern and river morphology. Further-
more, by including several life stages within a vegetation type,

Copyright © 2015 John Wiley & Sons, Ltd.

the growth of vegetation is represented in a more realistic
way. Rather than using one vegetation type with static prop-
erties, modelled vegetation develops and grows according to
its natural behaviour. In particular, seedlings are very suscep-
tible to morphodynamic pressures, but once they survive the
colonization phase they increase in strength and ability to
withstand more pressure, creating a hysteresis effect which is
also observed in the field (Gurnell, 2014). These changes in
vegetation settlement and vegetation properties create a het-
erogeneous floodplain vegetation, which in turn causes local
differences in flow and subsequently erosion and sedimenta-
tion patterns, leading to a different river morphology. An effect

Earth Surf. Process. Landforms, 41, 791-808 (2016)
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of different vegetation settlement strategies on river morphol-
ogy is also indicated in the modelling study by Nicholas (2013)
where different vegetation colonization rates produce differ-
ent channel pattern dynamics. Moreover, Bertoldi et al. (2011)
show that differences in vegetation settlement and growth
rate alter the shape of the observed bed-level distribution of
reaches in the Tagliamento River.

Vegetation survival determines the vegetation pattern in the
long term. Differences in vegetation survival create distinct
vegetation patterns leading to different river morphology. This
is clearly shown when the patterns in vegetation and river
morphology are compared between scenarios with different
survival characteristics (scenarios S3 and S4 in Figure 13). The
sensitive seedling scenario (S3) shows a low vegetation cover
while the resistant seedling scenario (54) generates a high veg-
etation cover, both resulting in different river morphology and
dynamics (Table V). In the default dynamic scenario there is
a zonation in Populus and Salix settlement, which is created
by a different sensitivity of the two species to flooding and
desiccation combined with different morphological and devel-
opmental properties (Figure 11). The range of morphological
pressures that can cause vegetation mortality, i.e. flooding,
desiccation, uprooting, scour and burial, also led to several
interesting trends. For instance, Populus is less susceptible to
scour because of its larger taproot combined with an earlier
dispersal period, causing the seeds to be deposited at higher
elevations, which are less affected by morphodynamic activ-
ity. The importance of morphological traits and the dynamics
of these traits in vegetation survival are also shown by Kui
etal. (2014) in a large experiment in a meandering flume con-
taining two types of vegetation with different morphological
traits. These vegetation types show differences in sensitivities
for and interaction with morphodynamic parameters. This is
similar to our case with Salix and Populus types containing
distinct morphological traits influencing their settlement and
survival (Figure 11 and Table II). Our multi-species approach
with different dynamic vegetation characteristics addresses a
number of important issues raised by several authors (Kui
et al., 2014; Bertoldi et al., 2014; Camporeale et al., 2013)
concerning the realistic description of riparian ecosystems,
and is therefore a step forward in modelling the interaction
between vegetation and morphodynamics compared to other
advanced physics-based morphodynamic modelling studies
that only included vegetation removal when cells were eroded
(Nicholas, 2013) or Shields forces exceeded a critical value
(Bertoldi et al., 2014).

In this study we have chosen to include only those ripar-
ian species that are the primary eco-engineers that colonize
the bare substrate close to the river channel. Other vegetation
types growing on the higher parts of the floodplain (e.g. hard-
wood forest, bush, herbs and grass) would occasionally affect
the morphodynamics during the highest floods. Ignoring these
in the model means that for the highest floods these areas are
slightly more susceptible to sedimentation and bend cut-offs
than would be the case in nature.

Vegetation and rooting affect bank stability, and hence the
type of vegetation on the outer banks affects the meander
migration rate. This means that our model may overesti-
mate bend migration and overall morphodynamics due to the
absence of hardwood forest on the older, higher parts of the
floodplain. However, as sinuosity increases, the capacity of
the flow reduces and water level increases until chute cut-off
takes place, after which the river moves away from the forest.
We therefore expect this effect to be minor. Future modelling
may resolve the effects of different types of eco-engineers on
channel migration.

Copyright © 2015 John Wiley & Sons, Ltd.

Statistics of vegetation and morphodynamic parameters values for all dynamic scenarios calculated from 25 to 150 years

Table V.

S2 S3 S4 S5 S6 S7 S8 S9 S10

Dyn? S1

unit

Parameter

11.6 20.1 18.5 11.0 61.6 18.4 17.6 6.2 12.5 17.1 24.4
16.2
33

%

Median vegetation cover

21.6
19.2
13.1
7.0
5.2
4.1

22.4
10.3
5.4
2.8

8.2
2.5

18.6
11.0
2.1
2.2
2.8
3.9

3.3
6.2
0.0
4.5
0.0
0.0

24.2
12.5
9.0
3.2
3.6

4.9

17.1
12.8
8.8
3.8

6.3
2.7

32.0
40.6
34.2
10.2
13.2
21.5

5.2
1.3

8.1
0.7

225
13.4
6.0
3.6
3.2

9.2

30.6
12.2
8.6
2.0

6.1
5.1

14.2
10.7
7.2
7.1
2.2
2.1

95P-5P
%
%
%
%
%

Dynamics in vegetation cover

Median Salix cover
Median pioneer cover

Median Populus cover
Median bush cover
Median forest cover
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A comparison of vegetation statistics of all scenarios with
morphodynamic statistics demonstrates a quantitative interac-
tion between dynamic vegetation and median sediment trans-
port rate as representing morphodynamics (Table V): when
vegetation cover increases, sediment transport is reduced.
This is caused by increased hydraulic resistance, leading to
decreased flow velocity on the point bars and more focus-
ing of flow towards the main channel, thereby reducing the
area over which sediment transport can take place. Interest-
ingly, we find that not the median vegetation cover in itself,
but rather the natural changes of vegetation cover over time,
expressed as the difference between the 95th and the 5th per-
centiles, has the largest effect on the sediment transport rate
(Table V). When the vegetation types are split into groups
with different morphological properties, it becomes clear that
the bush stage of the vegetation is the main driver of this
process. This is not surprising, since this vegetation stage con-
tains the largest frontal area and therefore causes the highest
hydraulic resistance (Table 1l). These results confirm a quan-
titative interaction between vegetation and morphodynamics
and show that dynamic vegetation properties influencing set-
tlement, density and survival are the main drivers in creating
different river morphologies.

Our results imply that changes in species distribution with
different life history strategies and morphological traits have
profound effects on river morphology. This can be the case, for
instance, in areas suffering from invasive species where one
species becomes dominant and replaces the native species
(Tickner et al., 2001). Also management strategies such as
grazing affect river morphology when it removes certain palat-
able vegetation types which are not able to survive until the
bush stage because they are eaten before reaching maturity.
This in turn would favour the less palatable species which have
different traits and consequently a different interaction with
morphodynamics. Exciting future research directions would be
to investigate how changing boundary conditions affect the
interaction of vegetation and river morphology and, through
this, the dynamics of other species inhabiting the floodplain,
and how human pressures and river rehabilitation measures
influence these processes in the long term.

Conclusions

Our modelling study shows that dynamic vegetation, as
opposed to static vegetation, produces vegetation patterns and
vegetation age distribution that are similar to patterns observed
from aerial photos of our study area. All characteristic vegeta-
tion shapes occur on the floodplain of the dynamic scenario,
while in the static scenario vegetation develops into one dense
area. Furthermore, the dynamic scenario shows a lateral age
distribution across the floodplain, with older vegetation at
higher elevations near oxbow lakes and young vegetation
closer to the channel.

Dynamic vegetation creates and maintains an active mean-
dering system, whereas the static vegetation reduces the
morphodynamics over time and transforms the river into a
static, vegetation-dominated state. Without vegetation, the
river develops into a straight, broad and shallow channel
with low sinuosity. Vegetation concentrates the flow in the
channel, creating deeper, narrower channels, the effect of
which is most pronounced in the static scenario because of
the higher vegetation cover. A dynamic, heterogeneous veg-
etation cover reduces the lateral migration by increasing the
number of chute cut-offs, increasing the meander migration
rate and creating a smoother floodplain compared to the
static vegetation.

Copyright © 2015 John Wiley & Sons, Ltd.

We show a quantitative interaction between vegetation and
morphodynamics, in that increasing vegetation cover and tem-
poral variation in vegetation cover decreases median sediment
transport rates and median bed levels. Differences in vegeta-
tion settlement conditions, density and survival create distinct
patterns in river morphology, showing that vegetation proper-
ties and dynamics are important drivers in shaping different
river morphologies.

The method presented in this study offers the combina-
tion of a well-verified morphodynamic model and a verifiable
vegetation model, which is essential in long-term pre-
diction of river—floodplain evolution in scientific and
practical applications.
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Supporting Information

Movies of the three basic model simulations can be found in
the online version of this article at the publisher’s web site.
S1: reference scenario without vegetation, S2: static vegetation
scenario, S3: dynamic vegetation scenario.
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