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Multi-scale challenges

Feedbacks at scale of pioneer vegetation patches (few m2)...

complex, so‐called scale‐dependent feedback occurs [Bouma
et al., 2009; Temmerman et al., 2007; van Wesenbeeck et al.,
2008]: at a small scale, within the vegetation patches, flow
velocities and erosion are indeed reduced, and it has been

experimentally demonstrated that this results in improved
plant growth (positive feedback) [van Wesenbeeck et al.,
2008]; but at a larger scale, the water is partly forced to
flow around the vegetation patches, leading there to
increased flow velocities, to erosion [Bouma et al., 2007],
and to inhibition of plant growth just next to the vegetation
patch (negative feedback) [van Wesenbeeck et al., 2008]
(Figure 1a). Although scale‐dependent feedback around
static vegetation patches has been empirically demonstrated
[Bouma et al., 2009; van Wesenbeeck et al., 2008], it is not
known yet how dynamic vegetation patches, which grow in
size and consequently come closer to each other, affect the
strength of the scale‐dependent feedback. In other words, the
effect of patch size and interpatch distance on the flow
acceleration around vegetation patches is not yet understood.
[4] It has been shown that scale‐dependent feedback

between organisms and their environment results in the self‐
organization of regular spatial patterns in a broad range of
ecosystems (see Rietkerk and Van de Koppel [2008] for an
overview). Recently, there have been strong indications that
scale‐dependent feedback is also crucial for the formation of
landscapes that are affected by flowing water and that are
colonized by patchy dynamic vegetation. For example,
aerial photographs and modeling of an intertidal landscape
suggest that colonization of a bare mudflat by laterally ex-
panding vegetation patches results in sediment accretion
within the vegetation patches and at the same time channel
erosion in between the growing vegetation patches (Figure 1b,
ellipse). The model suggests that, through this mechanism, an
initially bare mudflat with few or no channels evolves into a
vegetated marsh platform dissected by a regular pattern of
channels [Temmerman et al., 2007]. Similarly, a scaled flume
study demonstrated that an unvegetated river floodplain with
a braiding pattern of multiple shallow channels may develop
by plant colonization into a vegetated floodplain with a
single deep river channel [Tal and Paola, 2007]. Here we
stress that flow reduction within vegetation patches together
with flow acceleration in between laterally growing vegeta-
tion patches is the key mechanism that is responsible for the
shift between unvegetated and vegetated landscape states.
Therefore, it is crucial to quantify the amount of flow
acceleration around and between growing vegetation patches,

Figure 1. (a) Scale‐dependent feedback around a vegeta-
tion patch in an intertidal landscape (S. anglica patches,
SW Netherlands). The positive feedback within the vegeta-
tion patch leads to flow reduction, sediment accretion, and
improved plant growth. The negative feedback around the
patch results in flow acceleration and erosion, which nega-
tively affects the plant growth conditions. (b) Aerial photo-
graphs showing the evolution of an intertidal landscape in
time (SW Netherlands). The lateral expansion of patches re-
sults in an increase of patch size and a decrease of interpatch
distance (compare 1989 and 1993, patches within ellipse). In
between the growing patches, erosion may occur, resulting
in channel initiation and a stop in the lateral patch expansion
(compare 1993 and 1996, patches within ellipse, arrow
points toward a pool, initiated by erosion in between the
patches). The circle shows the growth of neighboring
patches that merge into a closed vegetation field.
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Positive feedback (⊕)
within vegetation leads to

flow reduction, sediment accretion
and improved plant growth

Negative feedback (	)
around vegetation results in
flow acceleration, erosion

and negative effects on plant growth

... affect landscape-scale (km2) development

Evolution of an intertidal landscape
in SW Netherlands:

1. random establishment of small round
vegetation tussocks on bare flat (1989)

2. lateral expansion of tussocks forms
larger irregular vegetation patches (1993)

3. further establishment and expansion result
in closed vegetation swards

flow concentration between vegetation
swards enhances erosion and channel
formation (1996)

4. further vegetation closing and channel for-
mation between vegetated areas
(1998 & 2001)
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The hydrodynamic model computes fl ow characteristics, such as fl ow 
velocities, turbulence generation and dissipation, and bed shear stress, 
over a three-dimensional fi nite difference grid, based on the shallow-
water equations with a k-ε turbulence closure model (Lesser et al., 2004). 
The model explicitly accounts for the infl uence of rigid cylindrical plant 
structures (stems, leaves) on drag and turbulence. The plant infl uence on 
drag leads in the momentum equations to an extra source term of friction 
force caused by the plants (equation 1; note that all equations herein are 
in Table DR1 [see footnote 1]). The plant infl uence on turbulence leads in 
the k-ε equations to an extra source term of turbulent kinetic energy (equa-
tions 2–4) and turbulent energy dissipation (equations 5–8) caused by the 
plants. This plant-fl ow interaction model has been extensively described 
and validated against fl ume data (Bouma et al., 2007) and fi eld measure-
ments on tidal marshes in the study area (Temmerman et al., 2005).

The morphodynamic model is based on the advection-diffusion 
equation for suspended sediment transport (equation 9). Erosion and sedi-
mentation are modeled as functions of bottom shear stress (equations 10 

and 11) and result in net elevation changes (equation 12). This morpho-
dynamic model was also described and validated against fi eld measure-
ments on tidal marshes in the study area (Temmerman et al., 2005).

The plant growth model simulates spatio-temporal changes in stem 
density of Spartina anglica as the sum of (equation 13): initial plant estab-
lishment in bare grid cells of the model grid, which is modeled stochasti-
cally (equation 14); lateral expansion of plants to neighboring cells, which 
is modeled using a diffusion equation (equation 15); growth of stem den-
sity within a cell up to its maximum carrying capacity, which is modeled 
using a logarithmic growth equation (equation 16; commonly used in eco-
logical models [Yodzis, 1989]); plant mortality caused by tidal fl ow stress, 
which is modeled as proportional to the bed shear stress exerted by the fl ow 
(equation 17); and plant mortality caused by tidal inundation stress, which 
is modeled as proportional to inundation height at high tide (equation 18).

Input values for the model were obtained from published fi eld data and 
model calibration (Temmerman et al., 2005, for the hydrodynamic and mor-
phodynamic model; Van Hulzen et al., 2007, for the plant growth model) 
(Table DR2; see footnote 1). The model was applied to a rectangular grid, 
representing a horizontal domain of 80 × 600 m with a 2 × 2 m horizontal 
resolution and 8 vertical layers (Figs. 2 and 3). Simulations were started 
from a fl at topography (elevation 1.6 m above mean sea level) without any 
plants. In each model iteration, the hydrodynamic model is fi rst solved for 
one average tidal cycle with a time step of 3 s. Tidal action was simulated 
by imposing a sinusoidal water-level fl uctuation at the north and south open 
boundary of the grid (amplitude = 2.4 m; period = 745 min; phase difference 
between both boundaries = 24 s). Second, topographic changes were com-
puted with the morphodynamic model and multiplied by the total number of 
tidal inundations per year to obtain the new topography after a coarse time 
step of one year. Third, the plant growth model was run to compute the new 
spatial stem density distribution after the same year. The calculated topog-
raphy and stem density distribution were used then as input for the next 
hydrodynamic computation. Feedback loops were run until a stable plant 
density distribution (average change <0.1 stems/m2/yr) and stable topogra-
phy (average elevation change < 0.1 mm/yr) were obtained.

RESULTS
The fi rst aerial photo (1989) shows an almost bare tidal fl at, except 

from some small vegetation patches, indicating that Spartina colonization 
just started (Fig. 1A). These patches are all circular, due to lateral clonal 
expansion of Spartina individuals into tussocks. Some small channels are 
visible, which were probably formed when plant colonization had not yet 
started. These channels disappear with ongoing plant colonization on the 
next photos. By 1993, Spartina tussocks have laterally expanded, resulting 
in some places in coalescence of neighboring tussocks to larger, irregu-
larly formed vegetation patches (Fig. 1B, left part). Meanwhile the estab-
lishment of new small tussocks continues (e.g., central part of photo). No 
clear channel patterns are visible. By 1996, further establishment, lateral 
expansion, and coalescence of tussocks resulted in closed Spartina swards 
(Fig. 1C, left part). These swards are dissected by channels that clearly 
developed by that time. Establishment and lateral expansion of tussocks 
continued in the right part of the photo, accompanied by the development 
of scour holes around and between tussocks. The last two photos (1998 
and 2001) show further closing of the vegetation together with channel 
formation between vegetated areas (Figs. 1D, 1E).

Our model reproduces the observed patterns of plant colonization 
and channel formation very well (Fig. 2), suggesting that both patterns are 
the result of plant-fl ow feedbacks. The simulations start from a completely 
homogeneous fl ow fi eld. Once plant establishment starts, simulated fl ow 
velocities and bed shear stresses are reduced within and behind vegeta-
tion patches, due to friction exerted by the vegetation. In addition, vege-
tation patches obstruct the fl ow, resulting in increased fl ow velocity and 
bed shear stress between vegetation patches (Fig. 2A). As the lateral expan-
sion of vegetation patches continues, fl ow becomes increasingly concen-
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Figure 1. Aerial photographs documenting patterns of plant coloni-
zation by Spartina anglica (red color) and channel formation on tidal 
fl at (Plaat van Valkenisse, Scheldt estuary, southwest Netherlands). 
Tidal fl ow alternates from top to bottom of photos, and vice versa. All 
photos are taken at low tide, when area is dry.
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Objective

What we need
For conservation and restoration of intertidal landscapes, we need a bio-geomorphic model that
includes small-scale interactions between vegetation, flow and sediment transport (order of m2) to
forecast long-term (decades) evolution of large intertidal areas (order of km2)

Direct approach (ruled out)
All processes simulated at the same scale lower than 1m
⇒ estimated computation time for 30-year simulation on our supercomputer (4k+ cores): 1 month!

Novel two-grid approach ⇒ see right panels

Two-grid modeling approach

Hydro-geomorphic

Telemac (5m)

Vegetation

Cellular automaton (25cm)

inundation time,
flow velocity

vegetation
distribution

Hydro-geomorphic module
Telemac solves (relatively) expensive partial differential equations (PDEs)
Large-scale geomorphodynamics ⇒ coarse grid resolution (5m)

Vegetation module
Cellular automaton uses a (much) cheaper probabilistic approach to estimate
plant establishment, lateral expansion and die-off
⇒ finer grid resolution (25cm) is allowed

Multi-scale numerical challenges (among others!)
1. How to refine coarse-scale velocity flow fields (5m) to adress fine-scale
interaction (25cm) with vegetation? ⇒ convolution method (box below)

2. How to integrate fine-scale vegetation distribution (25cm) to simulate
feedback to coarse-resolution flow field (5m) without losing all sub-grid
information? ⇒ paper in preparation by J. van Belzen, et al.

Convolution method

In a nutshell
Fine-scale velocity can be approximated by the convolution (∗) of the vegeta-
tion distribution and a scale-dependent feedback function (paper in preparation)

Convolution vs. Telemac
Flow velocity field around two patches of vegetation (Spartina anglica), as com-
puted with the convolution method (left) and simulated by Telemac at the same
25cm grid resolution (right)
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Computation time
Less than a second with the convolution method vs. about 6.5 minutes with
Telemac (tests on a MacBook Pro 15-inch 2016 with 2.6 GHz Intel Core i7)

Potential applications
Finer estimation of plant establishment/die-off probabilities
Estimation of sediment erosion/deposition budget at the sub-grid scale


