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INTRODUCTION

Channels serve as the main fl ow paths for water, sediments, and 

other materials through many landscapes, and hence play a key role in 

landscape evolution. Channel formation is traditionally considered to 

result from feedback between water fl ow and topography. Flowing water 

converges in topographic concavities, locally leading to increased shear 

stress and possibly to erosion of a small initial channel in which the fl ow 

and erosion are further concentrated. Models simulate that this fl ow-

topography feedback produces channels in both fl uvial (e.g.,  Rodriguez-

Iturbe and Rinaldo, 1997) and tidal landscapes (e.g., D’Alpaos et al., 2005, 

2006; Fagherazzi and Furbish, 2001; Marciano et al., 2005).

The channel networks that are observed in tidal marsh landscapes 

are not scale invariant: small and large channels do not correspond to the 

same geometric relationships, e.g., between channel width and corre-

sponding basin area (Fagherazzi et al., 1999; Marani et al., 2003; Rinaldo 

et al., 1999). Scale invariance is, however, a key property of many fl uvial 

channel networks (Rodriguez-Iturbe and Rinaldo, 1997). The absence of 

scale invariance in tidal channel networks indicates that different channel- 

forming mechanisms act at different scales.

In this paper we hypothesize that plant-fl ow feedbacks play a crucial 

role in channel formation, in addition to the classic fl ow-topography feed-

back. Tidal marshes may originate from colonization of bare tidal fl ats by 

plants, especially Spartina (cordgrass) species. Spartina colonization takes 

place by initial establishment of individuals, subsequently lateral growth to 

circular tussocks, which fi nally coalesce to closed Spartina fi elds (Callaway 

and Josselyn, 1992; Hubbard, 1965; Sanchez et al., 2001). We expect that 

this plant colonization pattern affects fl ow and erosion- sedimentation pat-

terns. In reverse order, we also expect that fl ow and erosion-sedimentation  

patterns determine where plant growth will be successful.

The impact of such feedbacks between plants, water fl ow, and 

landform on large-scale landscape evolution is poorly understood (Diet-

rich and Perron, 2006). Feedbacks between plant growth and erosion-

sedimentation  were incorporated in models for fl uvial landscape evolu-

tion (Collins et al., 2004; Istanbulluoglu and Bras, 2005). These models 

are based on the classic view that vegetation protects the soil from water 

erosion: the above-ground canopy reduces the erosive forces of fl owing 

water, while below-ground roots strengthen the soil (e.g., Prosser and 

Slade, 1994; Toy et al., 2002). Hence these models simulate that in fl u-

vial landscapes with a higher vegetation density, channel networks are 

formed with a lower channel density (Istanbulluoglu and Bras, 2005). 

The same erosion-reducing effect of vegetation is also assumed for tidal 

landscapes (e.g., D’Alpaos et al., 2005). In this paper we present fi eld 

and modeling evidence for a contrasting effect of vegetation: it may ini-

tiate concentrated fl ow and channel erosion, in particular in fl at land-

scapes such as a tidal fl at.

METHODS

Aerial photographs from the Westerschelde estuary (southwest Neth-

erlands) were used to document the patterns of Spartina anglica coloniza-

tion and channel formation on a tidal fl at (Fig. 1). The photos were scanned 

and georeferenced to the UTM-WGS84 (zone 31) projection. The studied 

tidal fl at is surrounded by subtidal channels. The local mean tidal range 

is 4.8 m. During a mean high tide, the water depth above the tidal fl at is 

~0.8 m (for more details on the study area, see Van Hulzen et al., 2007).

A coupled hydrodynamic, morphodynamic, and plant growth model 

was used to explain the observed patterns of landscape evolution. The 

model equations are summarized in GSA Data Repository Tables DR1 

and DR2.1 The hydrodynamic and morphodynamic models are based on 

the Delft3D modeling system (e.g., Lesser et al., 2004).

1GSA Data Repository item 2007156, Tables DR1 and DR2, modeling plant-
fl ow-landform feedbacks, is available online at www.geosociety.org/pubs/ft2007.
htm, or on request from editing@geosociety.org or Documents Secretary, GSA, 
P.O. Box 9140, Boulder, CO 80301, USA.
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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-

1989

1993
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1998

2001

4°20’ EL 4°30’ EL

51°23’4’’ NL

51°23’2’’ NL

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.



GEOLOGY, July 2007 633

trated between neighboring vegetation patches, leading at a certain moment 

to bed shear stress levels that are suffi ciently high to initiate channel ero-

sion between vegetation patches (Fig. 2B). The increased fl ow shear stress 

and water depth in the channels prevent the lateral expansion and growth 

of vegetation into the channels. Hence the model area fi nally evolves to a 

vegetated platform dissected by unvegetated channels (Fig. 2D).

Additional simulations were performed to investigate the effect of 

increased vegetation density on channel density. These simulations, using 

vegetations with different maximum stem density (K in equation 16), indi-

cate that channel density increases with vegetation density (Fig. 3). The 

higher the vegetation density is within vegetation patches, the stronger the 

fl ow concentration is between these vegetation patches, so that a denser 

pattern of channels is eroded.

DISCUSSION AND CONCLUSIONS

The present study highlights the role of plant-fl ow feedbacks in 

the formation of channels, in particular in a fl at landscape such as a 

tidal marsh. This fi nding is in strong contrast with the general view that 

vegetation reduces the erosion of fl uvial and tidal channels (e.g.,  Collins 

et al., 2004; D’Alpaos et al., 2005; Istanbulluoglu and Bras, 2005; 

Prosser and Slade, 1994).

Our study showed that reduction of erosion is only a local, on-site effect 

operating within a static vegetation patch. Dynamic vegetation patches, 

which may expand or shrink, have a contrasting larger-scale, off-site effect: 

they obstruct the fl ow, therefore causing fl ow concentration and channel 

erosion between laterally expanding vegetation patches (Figs. 1 and 2). The 

latter mechanism implies that in landscapes, which are colonized by denser 
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Figure 2. Selected time steps during simulation of plant colonization and channel formation on tidal fl at. For each time step, map of plant 
density (top panels), bed shear stress during peak fl ood (middle panels), and bottom elevation (bottom panels) are shown for selected part 
of model grid. Final bottom elevation after 30 yr is shown for complete model grid in Figure 3A. Flood fl ow direction is from top to bottom of 
grid, ebb fl ow direction is from bottom to top.
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vegetation, channels are formed with a higher channel density (Fig. 3). This 

is in contrast with the fi ndings of fl uvial landscape evolution models that 

only incorporate the traditional, erosion-reducing effect of vegetation and 

hence simulate lower channel densities in landscapes covered by denser 

vegetation (Istanbulluoglu and Bras, 2005; Collins et al., 2004).

Our aerial photo observations and model results are in close agree-

ment with early studies on tidal marsh development. In their descriptive 

botanical studies of European salt marshes, Yapp et al. (1917) and Hubbard 

(1965) mentioned the formation of tidal channels between laterally expand-

ing, tussock-forming vegetations of Puccinellia maritima and Spartina 

anglica, respectively: both papers illustrated this with time-series photo-

graphs, comparable to our aerial photos (Fig. 1). Recent work showed that 

local erosion of scour holes may occur around Spartina tussocks (Bouma 

et al., 2007; Van Hulzen et al., 2007). Colonization of tidal fl ats by later-

ally expanding Spartina tussocks is widely reported from other tidal areas 

throughout the world (e.g., Callaway and Josselyn, 1992; Sanchez et al., 

2001). This suggests that the role of plant-fl ow feedbacks in tidal channel 

formation is not restricted to our study area, but probably widespread.

The formation of channels by plant-fl ow feedbacks may explain why 

the geometric properties of channel networks in tidal marshes are not scale 

invariant: analyses showed that large and small tidal marsh channels do 

not correspond to the same geometric relationships between, e.g., channel 

width and basin area (Fagherazzi et al., 1999; Marani et al., 2003; Rinaldo 

et al., 1999). These authors interpreted the absence of scale invariance as 

the result of different channel-forming mechanisms, acting on different 

scales. Flow-topography feedback is one widely accepted mechanism for 

tidal channel formation (e.g., D’Alpaos et al., 2005, 2006; Fagherazzi and 

Furbish, 2001; Marciano et al., 2005). By showing that plant-fl ow feed-

backs also play a crucial role in tidal channel erosion, our study is, to our 

knowledge, the fi rst that hints at the direction where we may fi nd alterna-

tive channel-forming mechanisms.

Our fi ndings may have important implications for the evolution of 

other landscapes than tidal landscapes. We may expect that plant-fl ow 

feedbacks are most important in landscapes, where topographic gradients 

and soil conditions are rather homogeneous in space. For example, chan-

nel formation in alluvial river fl oodplains is likely to interact with coloni-

zation patterns of aquatic and riparian vegetation (Gran and Paola, 2001; 

Murray and Paola, 2003; Coulthard, 2005). On hill slopes, runoff water 

may fl ow around vegetation patches, which may concentrate fl ow and ini-

tiate channel erosion (Emmet, 1978; Bochet et al., 2000). This raises the 

intriguing question to what extent the large-scale formation and evolution 

of many landscapes are controlled by feedbacks between vegetation, fl ow, 

and landform (Dietrich and Perron, 2006). Our modeling study offers 

interesting perspectives to further explore this question.
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