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Abstract Vegetation is ubiquitous in riverine and coastal environments, but the physics governing
morphodynamic interactions modulated by vegetation are still poorly understood. Here we use a simple
experiment to study the impact of a vegetated patch on the morphodynamics of a sand bed. We show that
the vegetation patch reduces the sediment transport capacity of the flow and that the topography responds
to this by an increase of the bed slope to accommodate the upstream sediment supply. Final bed slope and
adjustment time scale depend on the ratio between the grain-related shear stress and the total shear stress.
This demonstrates the mechanisms underlying a direct morphodynamic response to the presence of a
vegetation patch.

1. Introduction

Vegetation is a critical component of the morphodynamic and ecological evolution of coastal and riverine
systems. Yet the physical processes by which it interacts with the flow and sediment beds are poorly
understood. Vegetation is known to increase flow resistance, an effect that has traditionally been accounted
for by an increased roughness coefficient in hydrodynamic models [Fischenich, 1997; Ree and Palmer, 1949;
Wilson, 2007]. Recently, experimental investigations have provided an accurate description of how
submerged vegetation affects velocity and turbulence profiles [Fonseca et al., 1982; Nepf and Vivoni, 2000;
Carollo et al., 2002; Stephan and Gutknecht, 2002; Poggi et al., 2004; Järvelä, 2005; Lefebvre et al., 2010], and
how turbulence is generated within canopies [Raupach and Thom, 1981; Raupach et al., 1996] and at the
interface between the vegetated and non-vegetated portions of the flow [Nezu and Onitsuka, 2001;
Ghisalberti and Nepf, 2002].

The effect of such modifications of the flow on sediment transport has not been widely investigated.
Observations in salt marshes suggest that vegetation increases deposition, a process by which the marsh can
raise its surface [Friedrichs and Perry, 2001; Bos et al., 2007; Bouma et al., 2007] and persist with a rising sea
level. This process has been shown to have a major influence on the long-term evolution of the marsh
[Temmerman et al., 2007; Kirwan and Murray, 2007; D’Alpaos et al., 2007; Marani et al., 2010]. Vegetation can
also damp waves and reduce coastal erosion [Turker et al., 2006]. In riverine environments, riparian vegetation
has been shown to contribute to bank cohesion and exerts a major control on channel geometry [Gran and
Paola, 2001; Tal and Paola, 2007; Braudrick et al., 2009] and overbank deposition patterns [Perignon et al.,
2013], and thus has important implications for flood prevention and management. Vegetation and sediment
transport also interact to create specific ecological habitats characterized by reduced flow velocity and wave
energy [Sanchez-Gonzalez et al., 2011; Kobayashi et al., 1993], increased exchange rates of chemicals and
nutrients due to vegetation-induced turbulence patterns, and a well-defined range of sediment grain size,
geochemical composition, and turbidity values [Madsen et al., 2001; Sand-Jensen, 1998; Koch, 2001]. Recent
investigations also suggest that suspended sediment deposition patterns are governed by the changes in the
velocity and turbulence fields induced by vegetation [Zong and Nepf, 2011; Follett and Nepf, 2012].

Despite recognition of the important role vegetation plays in flow dynamics and how those dynamics affect
sediment transport, there has been little work focused on the direct morphodynamic evolution of sediment
beds in response to vegetation [Yager and Schmeeckle, 2013]. Understanding this morphodynamic evolution
is critical to sound coastal or river restoration projects that involve revegetation with the goal of restoring
habitats [Broome et al., 1988] and water quality [Dosskey et al., 2010] or stabilizing the river channels. It is also
important for flood management where vegetation alters stream and floodplain hydrodynamics and
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responses to flood flows. Finally, as pointed out by Nepf [2012], ocean vegetation and especially seagrasses
store carbon [McLeod et al., 2011; Fourqurean et al., 2012], and the morphodynamic evolution of sediment-
plant systems impacts whether carbon is stored or released in response to changes in sea level and sediment
supply to the ocean.

Here we present a series of experiments designed to investigate how sediment transport and
morphodynamics respond to flexible submerged vegetation. We use a simple configuration of a water flow
carrying sand through a vegetation patch. Vegetation in rivers and tidal environments is patchy by nature,
and it is the distribution of patches and density of plants within those patches that controls the
morphodynamic evolution of vegetated sedimentary environments. Our experiments demonstrate that the
sediment transport capacity is reduced in the plants and that the bed adjusts by increasing its slope to pass
the supply through the plant patch.

2. Methods

We performed experiments in a 12m long, 1m wide tilting flume that recirculates both water and sediment
via two variable speed pumps. The central section of the flume between 5 and 11m was covered with a
simulated eelgrass bed. The eelgrass blades were made of a low-density (920 kgm�2) polyethylene film
(elastic modulus of 2 × 108 Pa), 25.5 cm long, 0.75 cm wide and 0.2mm thick (see supporting information for
photos). This material was chosen to ensure similarity between field and laboratory conditions for the ratio of
the flexural rigidity and buoyancy [Ghisalberti and Nepf, 2002]. The plant density was 800 blades per square
meter of bed, corresponding to a frontal area of 0.06 cm�1, which is a characteristic value for the coastal
eelgrass Zostera marina found on tidal flats in Southwestern Canada (C. Durance, Precision Identification,
personal communication, 2011). Since the patch covers the full width of the flume, flow cannot divert
laterally; therefore, the experiment is representative of wide meadow field conditions.

In addition to the plants, there was a sand bed of thickness ranging from 20 to 30mm in the flume channel
with a median grain size of the sand (D50) of 150μm and a narrow grain-size distribution (the 90th and 10th

percentiles were 230 and 90μm). The sand was transported as both bed load and suspended load. Three
water discharges Q were used in the experiments (Table 1), corresponding to mean depth-averaged
velocities U between 0.20 and 0.33m s�1, which are characteristic of flows on tidal flats where Z. marina are
found (D. Ray, Northwest Hydraulic Consultants Ltd., personal communication, 2012). Water depth h was
held constant in the experiments at approximately 150mm. Flows were fully turbulent and subcritical in
terms of the Froude number.

We monitored water surface elevation and topographic evolution of the sand bed during the experiments
using a cart equipped with 32 echo-sounders and 3 ultrasonic water surface sensors. Bed load transport was
monitored regularly by collecting and weighing sand at the flume outlet. Suspended sediment was
measured using an L-shaped, 6.35mm copper tube attached to an isokinetic pump, at three to four depths
near the flume outlet and averaged over the full depth. Vertical velocity profiles were measured with an
acoustic Doppler velocimeter at 50Hz, approximately 3m into the vegetation patch, on the centerline. At this
location, the profiles are expected to be fully developed [see equation (10) in Chen et al., 2013].

3. Observations

The water surface and bed slopes in the channel increased with discharge (Table 1) and were sub-parallel,
which caused some convective acceleration through the eelgrass. So we calculated a total boundary

Table 1. Flow and Sediment Transport Conditions at Equilibriuma

Q h U Sb Sw Qsb Qss τ

m3/s mm m/s % % g/s/m g/s/m Pa

Flow 1 0.05 136 0.37 0.77 0.26 1.96 2.71 3.78
Flow 2 0.04 142 0.28 0.63 0.21 0.35 0.31 3.23
Flow 3 0.035 153 0.23 0.15 0.11 0.14 0.13 1.58

aQsb and Qss are the bed load and suspended load transport rates.
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shear stress τ in the channel based on the 1-D shallow-water momentum equation (see derivation in the
supporting information):

τ ¼ ρghSw þ ρU2 ∂h
∂x

(1)

where ρ is the density of water, g is the gravitational acceleration, Sw is the water surface slope, U is the
streamwise depth-averaged velocity, h is the water depth, and x is distance along the flume. Shear stress
increased with discharge, even though the flow depth declined slightly (Table 1). Convective acceleration (the
second term on the right in equation (1)) contributes between 2 and 18% to the shear stress (2, 10, and 18%).

Velocity and turbulence profiles obtained in the plants are plotted in Figure 1. The velocity profile shape is
characteristic of a flow within a canopy, as observed in both field and laboratory experiments [Nepf and
Vivoni, 2000; Carollo et al., 2002; Lacy and Wyllie-Echeverria, 2011], for water as well as air flows [Brunet et al.,
1994]. The inflection point corresponds approximately to the location of the top of the canopy [Nezu and
Onitsuka, 2001; Nepf and Vivoni, 2000] where a shear interface triggers Kelvin-Helmoltz instabilities. The
growth of the Kelvin-Helmoltz vortices at the top of the canopy is reflected in the peak in the turbulence
intensity (calculated as root mean square of fluctuating velocity: urms) and Reynolds shear stress profiles [Nepf
and Vivoni, 2000; Raupach et al., 1996]. A smaller peak in the turbulence and Reynolds stress profiles that is
located close to the bottom reflects the influence of bed forms [Nelson et al., 1993].

In each experiment, the sand bed evolved, adopting the same morphology. Figure 2b shows the evolution of
the sand bed for Flow 2, which was characteristic of all the runs. Approaching the plant patch (3–5m), the bed
was relatively flat with ripples. A scour zone formed at the leading edge of the vegetation patch (5.0–5.5m)
eroding all the sand down to the flume bottom. Beyond the initial scour, a sand deposit formed that grew in
elevation (5.5–6.5m), progressively increasing the bed slope through the whole plant patch (6.5–11m),
ultimately reaching the equilibrium morphology shown in Figure 2b at 60 h. This morphodynamic adjustment
occurred at all the flows tested (as shown in Figure 2c), although the adopted slope is dependent on the
channel discharge (Table 1). At the exit of the eelgrass patch, another sand deposit formed (11–11.5m).

4. Discussion
4.1. Reduction of the Sediment Transport Capacity

Comparison of measured bed load (Qsb) and total load (Qs) transport rates to predictions from several total
load and bed load transport formulas, using the shear stress calculated in equation (1), indicates that the
sediment transport is much lower than expected in the plant patch (Figure 3). However, τ incorporates all the
possible sources of drag on the flow including: (1) the skin friction drag on the grain surfaces and form drag

Figure 1. Profiles of (a) mean streamwise velocity u̅, (b) turbulence intensity (urms), and (c) Reynolds shear stress for Flow 2,
in the plant patch. Reynolds shear stress is calculated as�ρu’w’ where u ’ and w ’ are the fluctuations in the streamwise and
vertical velocities relative to their means.
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caused by pressure differentials about individual grains, the combination of which gives the grain-related
shear stress τg responsible for sediment transport, (2) the form drag-related shear stress caused by
accumulations of particles (bedforms) τb, and (3) the form drag-related shear stress borne by the plants τp.
Reasonable sediment flux predictions require separation of these components [Jordanova and James, 2003].
The ratio of the grain-related shear stress to the total shear stress α can be calculated from

α ¼ τg
τ
¼ τ � τb � τp

τ
: (2)

Calculation of τb and τp is not straightforward. We tested a variety of methods for partitioning shear stress
and found that they all produced similarly small values of τg relative to τ. Inversion of bed load transport
equations makes no assumptions about the flow and produces values of τg that increase with the bed load
transport rate, which must inevitably be true (see supporting information). Values of α calculated from bed
load transport equation inversion were nearly constant for all three flows (α= 8± 2% for Flow 1, α= 8± 1% for
Flow 2, and α=11 ± 2% for Flow 3; see supporting information for more details). As such, the vegetation and
bed forms bear most of the total stress as form drag and should have a distinct effect on the sediment
transport capacity in the plants.

Figure 3. Predicted and observed values of (a) total sediment load (Qs) and (b) bed load (Qsb).

a) b) c)

Figure 2. (a) Water level and (b) bed evolution from blue to red lines for Flow 2 over 60 h. Both elevations are measured
with reference to the flume bottom. Note the change in scale between water and bed plots. (c) Final bed morphology
for each of the three flows tested.
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4.2. Local Scour and Deposition Patterns

The scour and deposition patterns that we observed on the vegetation edges are local features that result
from the flow adjustment. Similar scour zones have been observed in the field measurements [e.g., Bouma
et al., 2007]. As the flow first encounters vegetation, it starts decelerating, but the velocity is still high enough
to induce stem-generated turbulence, which has been shown to be associated with scour [Follett and Nepf,
2012]. Although turbulence levels have not been measured in this region, the length scale for the flow
adjustment region can be estimated following Chen et al. [2013]:

L0 ≈
3

Cpa
1þ 2:3Cpahp
� �

(3)

where a is the frontal area of the plants and Cp is the plant drag coefficient. Using Cp = 1 [Nepf and Vivoni,
2000] and with a deflected plant height hp ~ 45mm, equation (3) predicts an adjustment length scale of
0.83m in our experiments, which is slightly higher than the observed length of the scour zone at the leading
edge of the plants (Figure 2b). This suggests that the turbulence level drops as the velocity adjusts to a
low value in the patch, limiting the spatial development of the scour. We observed that the length of the
scour zone is roughly independent of the velocity magnitude. In their experiments, Chen et al. [2012] showed
that Lo varies with the plant density (consistent with equation (3)).

While vegetation is commonly thought to produce a depositional environment, the scour zone indicates that
it also has the ability to locally erode the topography [Bouma et al., 2007; Temmerman et al., 2007]. This
suggests that the spatial arrangement and physical scale of plant patches play an important role in the
morphodynamic response. Plant patches smaller than Lo are likely to induce erosion and be unstable.
Conversely, patches longer than Lo are likely to induce deposition within and behind the patch, creating
conditions favorable to colonization/expansion of the vegetation and colonization in the downstream
direction [Sand-Jensen and Madsen, 1992].

4.3. Morphodynamic Adjustment to Vegetated Patch

The evolution of the bed is a morphodynamic adjustment from a spatially (in the downstream direction) non-
uniform sediment transport field to a uniform transport field with equilibrium topography. The flume is not
covered with plants along its entire length, so flow (water surface slope, velocity profiles), topography, and
the sediment transport rate adjust to the presence of the patch. Flow enters the vegetation patch with a
sediment load that corresponds to upstream transport capacity. After the scour zone, sediment starts
depositing in the plant patch, because the plants carry a portion of the total stress, reducing the stress
exerted on the sediment grains. In order to reach steady-state topography, the sediment transport rate must
be uniform in the alongstream direction. So the transport capacity through the plants must be increased to
pass the load coming from the unvegetated part of the flume. This is accomplished by an increase in the
water surface and bed slopes to increase the total shear stress, and in so doing the grain-related shear stress
in the patch. A similar topographic adjustment was observed in the field by Fonseca et al. [1983]. We can
demonstrate that the evolution of the bed morphology is the result of the non-uniformity of the sediment
flux using the Exner equation:

ρs 1� φð Þ ∂η
∂t

¼ � ∂qs
∂x

(4)

where φ is the porosity of the bed, ρs is the sediment density, and η is the bed elevation, x is distance along
the flume, t is time, and qs is the local sediment flux in the plant patch. Using a series of bed scans taken every
40min over 60 h, qs is computed by integrating equation (7) along the streamwise direction (referred to as x′
inside the integral):

qs x; tð Þ ¼ qs x0; tð Þ þ ∫
x

x0
� ρs 1� φð Þ ∂η

∂t
x’; tð Þdx’ (5)

Using the leading edge of the plant patch x0 as a reference for the integration, the change in sediment flux
from the reference point or relative sediment flux, qs(x, t)� qs(x0 , t) is plotted in Figure 4. Equilibrium
sediment flux is reached when qs(x, t)� qs(x0, t) = 0 along the whole flume.

At the beginning of the run, the sediment flux was lower throughout the plants than at the entrance of the
patch; qs(x)< qs(x0). Then, as the bed built up in the plant patch, the sediment flux in the plants progressively
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adjusted to equal this imposed value (Figure 4). Equilibrium sediment flux was reached at the most upstream
locations first and then propagated through the plant patch. We observed a cyclic process whereby sediment
was temporarily stored at 7–9m, then released as a pulse. This caused some variability in the equilibrium
bed morphology and gave rise to migrating peaks in relative sediment flux in the later stage of the
experiment. The system reaches equilibrium when the bed slope in the plants is high enough for the
sediment transport capacity in the patch to be equal to that of the non-vegetated upstream section.

The bed slope increase is therefore a response to a non-uniform sediment transport field. Given that α is
nearly constant for a given density of plants, maintaining a constant sediment flux qs requires increasing the shear
stress (τ). Although the bed slope Sb and water surface slope Sw do not match in our experiments, they are
positively correlated. So the increase in τ needed tomaintainQs is achieved by increasing Sb and Sw, as observed in
the experiments. The ratio α is therefore the critical parameter that governs the morphodynamic response.
More research is needed to investigate how α varies with other factors, including the plant density.

4.4. Time Scale of Morphodynamic Adjustment

Sediment deposition in the plants is a transitory response. Once the slope has increased enough for the flow
to transport the incoming sediment flux, equilibrium is reached and no more deposition is expected. This has
some important implications for river restoration and soil conservation methods. It is often argued that
adding/restoring vegetation in channels creates a sediment sink that reduces the sediment yield from the
catchment [Rey, 2004;Molina et al., 2009]. Our results suggest that this reduction is a transitory effect until the
slope has increased enough to accommodate the incoming sediment load.

If the bed slope without plants is Snp, and assuming that the bed slope matches the water surface slope on
the long term, maintaining a constant sediment flux Qs when plants are present requires that the grain-
related shear stresses with and without the plants are the same. If we assume that τ = f(ρghS), that h does not
change significantly when the plants are present and that we can neglect the form drag component of the
bed forms, which is relatively small compared to that of the plants (Figure 1) the equilibrium slope with plants
is Se = Snp / α. The time scale te of the response scales with the skin friction coefficient α

te e L2Snp ρs 1� φð Þ 1� αð Þ= 2Qsαð Þ (6)

where L is the patch length (see derivation in the supporting information). Equation (6) yields values of 7, 75,
and 184 h for flows 1, 2, and 3 in our experiments, which are realistic compared to our observations. This

Figure 4. Evolution of the sediment flux qs(x, t) in the plant patch relative to its value at the entrance of the patch qs(x0, t)
over 60 h. The relative sediment flux is calculated using equation (8) with x0 = 5m (the entrance of the plant patch), plotted
every 200min, starting at t= 0 h.
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would also suggest that Flow 3 has not reached equilibrium conditions at the end of the experiment and that
further deposition may be expected. Note that our experiments do not take into account subsidence, nor the
growth of the vegetation. One can expect that if the vegetation grows not only in height but also in density
(side branches, leaves), this could increase the value of α, therefore the time needed for equilibrium. A
subsiding environment would also allow sediment retention on a longer term.

5. Conclusions

Introduction of flexible vegetation to a sediment bed alters the balance of fluid forces. The portion of the total
fluid shear stress exerted on plants reduces the grain-related shear stress applied to the bed. The
morphodynamic response is to increase the local slope to pass the incoming sediment load to maintain
sediment continuity. The rate at which the bed evolves to equilibrium varies with the magnitude of the flow.
However, the proportion of the total shear stress exerted on the sediment grains is nearly invariant with flow,
so the morphologic adjustment is always the same for a given density of plants. As such, understanding the
ratio of the grain-related to total bed shear stress is critical to predicting the morphodynamic response of
sediment beds to vegetation and its time scale.
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Introduction 

This additional information contains both photographs of the experiments described 
in the paper, detailed mathematical derivations for two equations used in the paper 
and detailed results from the bedload transport formula inversion used in the paper. 
Photos were taken during summer 2012 in the Environmental Fluid and Sediment 
Dynamics Laboratory at Simon Fraser University, Burnaby, Canada. 

1. fs01.eps : photographs of the experiment. Flow is from right to left 

2. text01.doc : detailed derivation of Equation 1 

3. text02.doc: results from bedload formula inversion 

4. text03.doc : detailed derivation of Equation 6 

 





Auxiliary Material: Derivation of Equation 1 from the Saint-Venant shallow water 
equations 

Depth-integrated equations for flow momentum and mass balance in a one-dimensional 
framework are: 

  (Equation S1a) 

    (Equation S1b) 

Where U is mean flow velocity, h is mean flow depth, g is gravity, Sb is the bed slope (with a 
positive value when sloping in the downstream direction) and  is the bottom shear stress. 
Assuming a permanent flow, time-derivative are equal to zero. Calling zb the bottom elevation 
and zw the elevation of the water surface, one can write that: 

   (Equation S2) 

Where Sw is the water surface slope. Equation S1a then reduces to: 

    (Equation S3) 

Using Equation S1b in its permanent form, it is finally possible to transform Equation S3 into the 
simple following form: 

    (Equation S4) 

First term on the right side of Equation S4 is the common depth-slope product used to calculate 
the bottom shear stress in uniform flow conditions while the second-term results from the 
convective acceleration generated as the flow section changes. 

Finally, the water depth in the first term of the right-hand side of Equation S4 is corrected 
according to the Vanoni and Brooks’ method in order to account for the friction generated by the 
side walls. As the side walls are much smoother than the vegetated bed, this correction only 
represents a 2 to 4% change in the computed shear stress. 

 



Auxiliary material: Calculation of the grain‐related shear stress by inverting bedload formulas 

Bedload transport is usually assumed to be induced by the grain‐related shear stress (skin friction at 

the grain surfaces and form drag around individual grains). Bedload formulas predict bedload 

transport rate based on the grain‐related shear stress. In order to calculate this grain‐related shear 

stress g, we use the measurements of bedload transport rates (see Table 1) and invert bedload 

formulas. 

While bedload formulas are known to produce reasonable estimates of transport rates in simple 

experimental configurations, they can be more problematic in complex channels, so rather than 

relying on a single bedload transport equation, we calculate the grain‐related shear stress using 6 

bedload equations and use an ensemble average of the results for inversion.  Results of the 

calculation are presented in Table S1 and show that the equations all produce similar values.  

Table S1: Grain‐related shear stress obtained by inverting several bedload formulas. 

  
Nino & 
Garcia 
(1998) 

Ashida & 
Michiue 
(1972) 

Wilson 
(1966) 

Engelund 
& Froedse 
(1976) 

Fernandez 
‐Luque & 
Van Beek 
(1976) 

Van Rijn 
(1984) 

      

  g g g g g g Avg.g  Stdg  Std/Avg 

   (Pa)  (Pa)  (Pa)  (Pa)  (Pa)  (Pa)  (Pa)  (Pa)  (%) 

Flow 1  0.23  0.3  0.3  0.25  0.35  0.39  0.3  0.06  20 

Flow 2  0.18  0.19  0.21  0.16  0.19  0.26  0.2  0.03  15 

Flow 3  0.17  0.17  0.19  0.14  0.16  0.23  0.17  0.03  18 

 

Based on the average values of g , the  ratio is then estimated following equation (2), which yields 

 = 8 ± 2% for Flow 1,  = 8 ± 1% for Flow 2 and  = 11 ± 2% for Flow 3 (the error range is the 
standard deviation of the predictions). 

Le Bouteiller and Venditti (in preparation) also tested a variety of other methods for partitioning 

shear stress including 1) Einstein and Banks (1950), 2) Smith and McLean (1977), modified to account 

for plant drag, 3) near‐bed Reynolds stress, and 4) Shao and Yang (2008), and all produced similarly 

small values of g relative to , so the values produced by inversion of bedload transport equations 
are a reasonable approximation of g . Inversion of bedload transport equations also carries the 
fewest assumptions about the flow.  Furthermore, the bedload transport equation inversion suggests 

that the plant density is a primary control on , which is consistent with Chen et al. (2012) and 
produces values of g that increase with the bedload transport rate, which must inevitably be true. 

 

Einstein, H.A., and Banks, R.B. (1950), Fluid resistance of composite roughness. Transactions, American Geophysical Union 

31 

Smith, J. D., and S. R. McLean (1977), Spatially averaged flow over a wavy surface, J. Geophys. Res. 82(12), 1735–1746 

Shao, Y., and Y. Yang (2008), A theory for drag partition over rough surfaces, J. Geophys. Res. 113, F02S05, 

doi:10.1029/2007JF000791 



Auxiliary Material: Derivation of Equation 6 for Equilibrium Time Scale for 
Morphodynamics Adjustment 

(Variables not defined below are defined in the main text) 

 

The sediment flux without the plants is  

 Qs = f(τ)   

where the total shear stress is calculated as  

 τ = ρgHSnp.   

The skin-related shear stress responsible for driving sediment transport is presumed to be 
proportional to τ for any given condition (plants or no plants).  If we neglect the form drag 
component of the bedforms, which is relatively small compared to that of the plants (Le 
Bouteiller and Venditti, in review), the sediment flux with the plants is  

 Qse = f(ατe)   

and  

 τe = ρgHeSe 

where the subscript e indicates equilibrium conditions with the plants.  In order to pass the 
imposed sediment flux, Qs = Qse. Therefore 

 τ = ατe 

and  

 ρgHSnp = αρgHeSe. 

If we assume that H ≈ He the adjustment in slope required for Qs = Qse is Se = Snp/α .  This 
assumption is consistent with our experiments, in so far as the adjustment in shear stress from a 
condition with no plants to one with plants occurs by adjusting the slope, not depth. 

 

The time scale for adjustment from a bed with no plants to one with plants is based on the 
geometry of the deposit required to build the slope from S to Se.  The per unit width volume of 
sediment needed to fill the space between slope S and slope Se is given by 

 V = Se L
2/2 – Snp L

2/2 = L2Snp (1/α-1)/2  

The sediment mass needed to increase the slope is  



 M = V ρs (1- φ). 

Sediment is supplied at rate Qs, so the time needed to increase the slope (assuming all the 
supplied sediment is stored in the bed while the slope has not reached equilibrium) is  

 te = M / Qs = V ρs (1- φ) / Qs = L2Snp (1/α-1) ρs (1- φ) / 2Qs. 
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