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Abstract

The evolution of the cross section of a salt-marsh channel is explored using a numerical model. Deposition on the marsh platform and erosion
and deposition in the channel affect the tidal prism flowing through the cross section, such that the model captures the evolution of the stagee
discharge relationship as the channel and marsh platform evolve. The model also captures the growth of salt-marsh vegetation on the marsh
platform, and how this vegetation affects flow resistance and the rate of sedimentation. The model is utilized to study the influence of hydro-
period and vegetation encroachment on channel cross section. Numerical results show that a reduction in hydroperiod due to the emergence of
the marsh platform causes an infilling of the channel. Vegetation encroachment on the marsh surface produces an increase in flow resistance and
accretion due to organic and mineral sedimentation, with important consequences for the shape of the channel cross section. Finally, modeling
results indicate that in microtidal marshes with vegetation dominated by Spartina alterniflora, the width-to-depth ratio of the channels decreases
when the tidal flats evolve in salt marshes, whereas the cross-sectional area remains proportional to the tidal peak discharge throughout channel
evolution.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Salt marshes are common in intertidal zones, and are com-
posed of platforms dissected by a network of tidal creeks that
transport both water and sediment onto and away from a veg-
etated surface populated by a limited number of macrophyte
species such as Spartina alterniflora and Juncus roemerianus.
The hydrodynamics of these environments depends on the
structure and density of tidal creeks (e.g., Fagherazzi et al.,
1999; Rinaldo et al., 1999a,b; Marani et al., 2003), while
sedimentation rates vary as a function of the distance from
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the channel, thus linking sediment transport processes to
network morphology and drainage density (e.g., Christiansen
et al., 2000; Leonard et al., 2002; Temmerman et al.,
2003a,b). Similarly, the composition and distribution of salt-
marsh macrophytes depends on the characteristics of the
channel network since they play an important role in several
edaphic factors, such as nutrient fluxes and soil salinity
(Sanderson et al., 2000).

A number of authors have studied the strictly intertwined
nature of salt marshes and tidal channels cutting through
them. Several models have been proposed to investigate the
zero-dimensional growth of salt marshes, where the sedimen-
tation on the marsh platform is a function of sediment supply
and either marsh elevation (e.g., Krone, 1987; French, 1993;
Allen, 1994, 1995, 1997; Temmerman et al., 2003a) or

mailto:adalpaos@idra.unipd.it
http://www.elsevier.com/locate/ecss


312 A. D’Alpaos et al. / Estuarine, Coastal and Shelf Science 69 (2006) 311e324
biomass (Randerson, 1979; Morris et al., 2002). The differen-
tial accretion of the marsh platforms, induced by the spatial
variability of sediment deposition rates, as a function of the
distance from the creek, has also been analyzed (Woolnough
et al., 1995; Mudd et al., 2004; Temmerman et al., 2004).
The development of tidal channels and, more generally, the
morphodynamics of tidal networks, have been explored both
in the field (e.g., Pestrong, 1965; Gardner and Bohn, 1980;
Steel and Pye, 1997) and with conceptual and numerical
models (e.g., Yapp et al., 1916, 1917; Beeftink, 1966; French
and Stoddart, 1992; French, 1993; Allen, 2000; Fagherazzi
and Furbish, 2001; Fagherazzi and Sun, 2004; D’Alpaos
et al., 2005). In general, the evolution of a tidal creek is
enhanced by small perturbations in the topography on an
antecedent surface subject to tidal fluxes, which could be
a mud flat or a terrestrial region that is being encroached by
salt water due to sea-level rise (e.g., Allen, 2000; Gardner
and Porter, 2001). As perturbations grow, water flow concen-
trates within the incipient channel, favoring an increase of
the shear stresses and, therefore, erosion within the channel,
which widens and deepens (Steel and Pye, 1997). However,
a feedback mechanism exists which relates the time evolution
of cross-sectional geometry (Friedrichs, 1995; Fagherazzi and
Furbish, 2001) to the vertical growth of the salt-marsh
platform, which tends to reduce the tidal prism and, as a con-
sequence, enhances channel infilling. The flow velocity and
shear stress distribution within tidal channels are, in fact,
determined in large part by the size of the tidal prism which
flows into and out of the intertidal zone (e.g., Pethick, 1980;
Allen, 2000).

Field investigators have noted that the above evolutionary
scenario is strongly influenced by the presence of vegetation
which affects not only the planimetric evolution of tidal
channels (e.g., Garofalo, 1980; Gabet, 1998) but also flow
characteristics (e.g., Kadlec, 1990; Leonard and Luther,
1995; Nepf, 1999; Mudd et al., 2004) and sedimentation
processes (e.g., Gleason et al., 1979; Randerson, 1979;
Yang, 1998; Leonard et al., 2002; Morris et al., 2002). For
example, the rate at which water can propagate onto and drain
from the platform adjacent to a channel is influenced by the
drag caused by the stems of macrophytes living upon it
(Nepf, 1999), which increases linearly with plant density
(Lopez and Garcia, 2001). As a direct consequence, flow speed
in the marsh canopy is inversely related to stem density so that
the volume of water transported as a sheet flow on the marsh
platform considerably decreases when vegetation is present
(Leonard and Luther, 1995). Vegetation also favors particle
settling and consequent platform accretion by a reduction of
turbulence levels within the canopy (Leonard and Luther,
1995; Christiansen et al., 2000). However, these studies do
not investigate the response of unvegetated tidal channel cross
sections to vegetation encroachment on the marsh platform.

In this paper, we focus on the long-term evolution of the
channel cross section, starting from the initial channel forma-
tion within a tidal flat, with particular emphasis to the role
played by hydroperiod and vegetation. In order to investigate
the driving factors which lead to the observed cross-sectional
geometry, we track the growth of the emergent marsh platform
coupled to the evolving morphology of the tidal channel. To
this end, we extend the analysis of Fagherazzi and Furbish
(2001), by considering water levels and flow discharges vari-
able in time, resulting from a quasi-static propagation of the
tide within a given intertidal area, and accounting for the
reduction of the tidal prism after the emergence of the marsh
surface, and for the effects of vegetation on surface drag and
sediment deposition. Furthermore we assume a constant value
for the suspended sediment concentration across the section
which bears as consequence that the deposition of sediments
at the surface is directly proportional to the hydroperiod.

The new model can then follow the time evolution of tidal
channels, not only on youthful marshes like those studied by
Fagherazzi and Furbish (2001), but also at late stages of marsh
evolution, when the marsh is emergent. In order to quantify the
effects of vegetation encroachment on channel cross section
we consider the case of a particular species of macrophytes,
Spartina alterniflora, using the empirical data gathered from
North Inlet Estuary, South Carolina (Morris and Haskin,
1990; Morris et al., 2002), and the approach of Mudd et al.
(2004) and Palmer et al. (2004) to model the influence of
such a species on tidal flow and sedimentation. The data
will be used to determine the model parameters.

A series of two simulations are presented. The first set of
simulations analyzes the influence that marsh-platform
vertical accretion and channel cross-sectional evolution exert
on each other, and how the hydroperiod and, therefore, the
final cross-sectional configuration are affected by this inter-
twined interaction. Inorganic sediment deposition is modeled
as a linear function of the hydroperiod, following the zero-
dimensional formulation of a number of authors (e.g., Krone,
1987; Woolnough et al., 1995; Allen, 1997). In the second
set of simulations, we take into account the role exerted by
Spartina alterniflora on the sedimentation rate on the
platform as a function of the biomass of the macrophytes
on the marsh following the approach of Mudd et al.
(2004). The influence of vegetation encroachment on channel
cross-sectional shape is therefore analyzed and discussed.

The paper is organized as follows: in Section 2 we describe
the methods used to build the model and its structure, the
assumptions adopted to describe the hydrodynamics, sediment
transport processes, and the effect of vegetation. Section 3
then presents the main results obtained by applying the model
under different scenarios. A discussion section where we
compare significant geomorphic features of the modeled cross
sections to the ones of observed tidal channels and a set of
conclusions close the paper.

2. Methods

2.1. The hydrodynamic model

We analyze the morphodynamic evolution of a generic
cross section composed of a tidal channel and an adjacent
marsh platform (e.g., the transect BeC shown in Fig. 1) which
drains a sub-basin of area A, whose extent can be determined
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through the procedure proposed by Rinaldo et al. (1999a) and
refined by Marani et al. (2003). We assume that the initial
bottom configuration of the sub-basin is characterized by
a nearly flat surface, with an average elevation well below
the minimum low water level (MLWL). For the sake of
simplicity, we also assume that the tidal sub-basin has a rectan-
gular shape, and is characterized by a width B and by an
upstream length L. The bidimensional model proposed by
Fagherazzi and Furbish (2001) simulates the evolution in
time of any tidal-flat or salt-marsh transect for given values
of the water level and of the flow discharge. In the present
contribution we relax such an assumption by considering
time varying water levels and flow discharges, resulting from
a quasi-static propagation of the tide within the area A closed
by the reference cross section under investigation (Fig. 1). At
every instant t of the tidal cycle, the discharge flowing through
the transect BeC is then calculated following the static model
introduced by Boon (1975) and Pethick (1980):

QðtÞ ¼ dV

dt
¼ d

dt
½AðtÞD0ðtÞ� ð1Þ

where A(t) is the time-dependent liquid (horizontal) area of the
intertidal surface drained by the considered cross section, V(t)

Fig. 1. (a) Portion of the tidal basin (in gray) drained by the considered cross

section (BeC ). The tidal watershed of area A and its divide is delineated by

using the procedure proposed by Rinaldo et al. (1999a) and are delineated

by Marani et al. (2003); (b) typical salt-marsh cross-sectional configuration in-

vestigated through the model and notation. The origin of the n,s,z coordinate

system is located at the intersection of channel axis and the mean sea level

(MSL, which is assumed equal to 0). Note that the spacing between normals

to the bottom is greatly exaggerated.
is the instantaneous volume of water over the intertidal
surface, D0(t) is the instantaneous mean water depth over the
cross section, calculated as h(t)� zb(t), with h(t) and zb(t)
the instantaneous water and mean bottom elevations over a ref-
erence datum, respectively. It is important to note that the
drainage area, A(t), is equal to the entire intertidal area (BL)
drained by the considered cross section when the domain is
completely inundated, but it reduces to its submerged portion
(BwetL, where Bwet denotes the width of the wetted portion of
the transect) when part of the intertidal surface emerges. In our
simplified approach, in fact, we do not account for water
volume variations related to either the upstream funneling of
the channel section and the longitudinal gradients of marsh
surface elevation. Such an assumption is justified by the fact
that, usually, the convergence length of tidal creeks tends to
be larger than the length of the tidal sub-basin (Marani
et al., 2002) and that the landward bottom aggradation of
the areas flanking the channel is quite small.

At each time step, the oscillating discharge calculated
through Eq. (1) is used to evaluate the repartition of bottom
shear stresses. Following the procedure introduced by Pizzuto
(1990) in the context of gravel rivers, the local value of the
bottom shear stress, t0, reads:

t0 ¼ rgS
dU

dp
þ d

dp

Z Dz

0

tzsdz ð2Þ

where r is the water density, g is the gravitational acceleration,
S is the energy slope, dU the cross-sectional area between two
normals to the bed, dp is the wetted perimeter related to dU, z

is a local spatial coordinate normal to the bottom, Dz is the
total distance along z from the bed to the water surface, and
tzs is the bottom shear stress acting on planes orthogonal to
z and directed seawards (see Fig. 1b for notation). For details
on how Eq. (2) was derived and utilized to model the cross-
sectional evolution of salt-marsh channels see Pizzuto (1990)
and Fagherazzi and Furbish (2001).

Boundary conditions need to be carefully specified in order
to solve Eq. (2). When the entire cross section is unvegetated,
the velocity profile along the normal, introduced in order
to evaluate tzs, can be assumed to be logarithmic. Two (iden-
tical, for symmetry reasons) boundary conditions are then
imposed at the two ends of the transect, associated with
the watershed divides, delimiting the drainage area, A (see
Fig. 1b), namely:

t0 ¼ rgSD n¼�B=2 ð3Þ

where D is the local water depth. Note that such boundary
conditions have very little effect on the overall stress distribu-
tion over B during the cross-sectional evolution, even though
they influence the stress near n ¼ �B=2.

The assumption of a logarithmic velocity distribution along
the normal to the bottom, z, does not apply when the marsh
surface becomes vegetated. As clearly demonstrated by field
measurements and experiments carried out by Leonard and
Luther (1995) and by Nepf and Vivoni (2000), the velocity
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distribution is strongly affected by the presence of vegetation,
and a logarithmic profile is likely to be attained only above the
canopy.

Therefore, Eq. (2) can be applied only on the unvegetated
portions of the cross-section, which are basically located in
the deeper central part, considering a reduced value of the
flow discharge. We then impose the boundary conditions (3)
on t0, at the edge between the vegetated and unvegetated
area, rather than at the endpoints of the transect. The shear
stresses on the vegetated portion of the cross section, which
are used uniquely to estimate the erosion/deposition rates,
are evaluated by retaining only the first term on the right
hand side of Eq. (2).

Indeed, the second term on the right hand side of Eq. (2),
which is responsible for momentum redistribution, has little
effect on the shear stress spatial distribution when the bed is
nearly horizontal, as on the marsh platform.

In order to account for the discharge redistribution which
occurs as soon as vegetation starts to encroach the marsh sur-
face, the discharges flowing, respectively, through the central
unvegetated part of the transect and through the rougher veg-
etated portions of the cross-section, are calculated by using the
procedure proposed by Engelund (1966). In particular, in the
presence of vegetation, the friction coefficient to be used in
the Darcy-Weisbach flow resistance relationship can be evalu-
ated by considering the results of recent experimental studies
by Nepf (1999), relating the bulk plant drag coefficient to the
product of the projected plant area per unit volume, as, and the
stem diameter, ds, which, as it will be discussed later, can be
easily related to plant biomass (Mudd et al., 2004).

The bulk drag coefficient, cD, can then be written as:

cD ¼ acD
bþ cD0 ð4Þ

where cD0 is the drag coefficient without vegetation, b is the
biomass and acD

is a fitting parameter which links the biomass
to the drag coefficient (Mudd et al., 2004). The one-dimen-
sional balance between gravity and drag forces allows one to
obtain the friction coefficient, f, which has to be used in the
Darcy-Weisbach flow resistance relationship, namely:

f ¼ 4cDasD ð5Þ

where as is the projected plant area per unit volume, and D is
the local water depth.

Finally, we note that, at a given instant, the energy slope S
appearing in Eq. (2), is calculated iteratively, by imposing that
the total discharge flowing through the transect equals Q. We
start with a guessed value of S, compute the shear stress and
flow velocity distributions, we then calculate the correspond-
ing discharge Q, if it is higher (lower) than the actual value
(determined through Eq. (1)) we reduce (increase) S until
convergence (see also Fagherazzi and Furbish, 2001). This is
an approximation because actual velocities, energy slope and
water depth are related together through the continuity and
momentum equations. However, our aim is not to fully
describe the flow field caused by tidal motion within an inter-
tidal cross-sectional area, but rather to provide a simplified
geomorphological model able to capture the main features of
the cross-sectional evolution of tidal channels.

2.2. Sediment erosion and deposition

We assume the bottom sediment to be cohesive, an assump-
tion consistent with field observations. Evolution of bed
topography is governed by the sediment continuity equation
which can be written in the form:

ð1� lÞvzb

vt
¼ Qd �Qe ð6Þ

where zb is the bottom elevation, l is void fraction in the bed,
and Qd and Qe are the deposition and the erosion fluxes,
respectively, representing sediment mass exchange rates, per
unit area, between the water column and the bed.

Many mathematical formulations have been proposed for
Qd and Qe. Here a formulation which can be applied when
the bed properties are relatively uniform over the depth and
the bed is consolidated (Mehta, 1984) is used:

Qe ¼ Qe0

t0� te

te

; t0 > te ð7Þ

where t0 is the local value of the bottom shear stress evaluated
through Eq. (2), te is the cohesive shear stress strength with
respect to erosion, and Qe0 is a constant empirical erosion
rate which depends on sediment properties.

As far as the deposition rate is concerned, various sedimen-
tation mechanisms have to be considered, namely:

Qd ¼ QdsþQdt þQdb ð8Þ

where Qds is the deposition rate due to settling, Qdt is the
sedimentation rate due to the trapping effect of the plant
canopy, and Qdb is the belowground net organic production
due to plant roots and rhizomes. If the marsh is not vegetated,
both sediment trapping and below ground organic production
are identically zero.

The deposition due to particle settling acts even without the
presence of vegetation and is the chief process responsible for
marsh accretion. To estimate Qds, the model uses the formula-
tion of Einstein and Krone (1962):

Qds ¼ wsCb

�
1� t0

td

�
; t0 < td ð9Þ

where ws is the settling velocity that depends on the size of the
estuarine sediment flocs (Gibbs, 1985), td is the shear stress
below which all initially suspended sediment eventually
deposits, Cb is the volumetric sediment concentration at the
bottom, which, following Parker et al. (1987), can be written
as Cb¼ rC0, with r an empiric coefficient (r y 2), and C0

the depth-averaged volumetric concentration of sediments in
the water column.

We consider a bottom composed of fine sediment, which is
transported mainly in suspension. The values typically attained
across the section by the Rouse number (Z ¼ wsk

�1u�1
� , with k
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the von Karman constant, and u� the friction velocity) are
small enough (y0.02 in our simulations) to assume that
the sediment is well mixed across the water column. More-
over, the ratio of the horizontal to the vertical length scale
is quite large, thus ensuring that the horizontal diffusion of
sediment can be neglected with respect to the horizontal
advection.

Mathematical modeling of suspended sediment transport
carried out by Pritchard and Hogg (2003) indicates that,
away from the shoreline, the depth-averaged concentration
of suspended sediment tends to a constant value which, gener-
ally, is a function of the threshold velocities for erosion and
deposition. In our simulations we then assume that the sus-
pended sediment concentration in the water column is constant
across the section and throughout the simulation. Note that this
assumption is widely utilized in zero-dimensional models that
focus on the interplay between salt-marsh accretion and sea-
level rise (Krone, 1987; Allen, 1994). Moreover, with the
assumption of constant sediment concentration, the deposition
of sediments at the surface is directly proportional to the
hydroperiod, so that for mature marshes the rate of marsh
accretion decreases and the marsh elevation tends toward an
asymptotic value that corresponds to mean high tide (Pethick,
1981).

For emergent salt marshes the vegetation encroachment at
the surface increases the amount of sediment deposited due
to the trapping effect of plant stems and leaves and the reduc-
tion of turbulence due to vegetation. Nepf (1999) demon-
strated the reduction in turbulence caused by plant stems
using laboratory experiments. Leonard and Luther (1995)
and Leonard et al. (2002) found that turbulent energy within
vegetated canopies on marsh platforms were much smaller
than the turbulent energies in marsh creeks. Others have found
turbulence to be a primary influence of sediment transport in
intertidal areas (e.g., French et al., 1993).

The above studies suggest that the amount of sediment
trapped is proportional to the concentration of suspended
sediment and to the number of plant stems that can both
reduce the turbulent energy and capture sediment particles.
Following Palmer et al. (2004), we express the trapping rate
as follows:

Qdt ¼ C0uhdsnshs ð10Þ

where u is a typical value of the flow speed through vegetation,
h is the rate at which transported sediment particles are
captured by plant stems, ds is the stem diameter, ns is the
stem density per unit area, and hs is the average height of
the stems. The capture efficiency h reads:

h¼ ah

�
uds

n

�bh
�

dp

ds

�gh

ð11Þ

where dp is particle diameter, n is the kinematic viscosity of
the water, ah, bh, and gh are empirical coefficients obtained
by Palmer et al. (2004).
Finally, the belowground production of organic matter can
be directly linked to the biomass following the work of
Randerson (1979):

Qdb ¼ Qdb0

b

bmax

ð12Þ

where bmax is the maximum value of the biomass, and Qdb0 is
a typical deposition rate which is derived empirically from
field measurements. For example Blum and Christian (2004),
report a maximum organic sediment accretion of about
9 mm/year for a Spartina alterniflora marsh in Virginia. In
reality the belowground storage of organic material in salt
marshes is an extremely complex process that involves root
production, microbial decomposition, as well as edaphic
factors such as nutrients availability and salinity (Blum and
Christian, 2004; Cahoon et al., 2004) which are not considered
in our simplified approach.

2.3. Vegetation parameterization

Eqs. (4), (5), (10)e(12) require the estimate of plant
biomass, b, as well as of several parameters related to it as:
h, ds, ns, hs, Qdb0 and bmax. In the present contribution we
focus on the case of salt marshes characterized by a prevailing
presence of Spartina alterniflora, a species of halophytic
vegetation quite common in tidal environments. Long-term
field studies on the physiology of a S. alterniflora community
at North Inlet estuary, South Carolina, have been carried out
by Morris and Haskin (1990) and Morris et al. (2002). The
observed data show that the biomass of S. alterniflora can
be related (Mudd et al., 2004) to the differences zmax� zb

and zmax� zmin, where zmax is the maximum elevation
withstood by S. alterniflora, zmin is the minimum value at
which vegetation starts to encroach the surface, and zb is the
local marsh elevation. The duration of inundation, in fact,
will decrease as zb increases, thus affecting soil salinity
because evapotranspiration concentrates salts in pore water if
the marsh is not regularly flooded (Morris, 1995). A number
of researchers have shown that increased pore water salinity
caused by evapotranspiration can limit growth or be fatal to
salt-marsh macrophytes (e.g., Phleger, 1971; Webb, 1983;
Morris, 2000). While other biotic and abiotic factors may be
important in determining plant productivity (see Silvestri
and Marani, 2004, and references therein), following the
approach adopted by Mudd et al. (2004), based on the long
record of plant productivity at North Inlet, we relate the
vegetation biomass to the platform elevation zb with respect
to zmax and zmin, namely:

bps ¼

8><
>:

0 zb < zmin
bmax

zmax � zmin

ðzmax � zbÞ zmin � zb � zmax

0 zb > zmax

ð13Þ

where bps is the biomass as a function of marsh elevation in
g/m2, and bmax is the maximum biomass.
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Furthermore, to account for the seasonal variability in
biomass, which usually peaks during the summer months
(Morris and Haskin, 1990), the biomass is corrected using
the equation:

b¼ bpsð1�uÞ
2

�
sin

�
2pm

12
�p

2

�
þ 1

�
þubps ð14Þ

with m¼ 1,12 the month (m¼ 1 corresponds to January) and
u a dimensionless factor that accounts for the reduction in
biomass during the winter months (Mudd et al., 2004).

Finally, the fitting of the data collected by Morris and
Haskin (1990), indicates that the stem density per unit area,
ns, and the average height of the stems, hs, can be expressed
as a function of plant biomass (Mudd et al., 2004):

ns ¼ anbbn ð15Þ

hs ¼ ahbbh ð16Þ

where an, bn, ah and bh are empirical coefficients.
Analogously, the projected plant area per unit volume, as,

and the stem diameter, ds, can be cast as (Mudd et al., 2004):

as ¼ aabba ð17Þ

ds ¼ adbbd ð18Þ

where aa, ba, ad and bd are empirical coefficients.

2.4. Simulation setup

Two distinct sets of simulations have been carried out. The
first series analyzes how the hydroperiod is influenced by the
intertwined interaction between marsh-platform vertical
growth and channel formation, and how such processes affect
channel cross-sectional evolution, without taking into account
for the growth of vegetation on the emerging marshes. The
second series analyzes the effect of vegetation on flow
resistance, sediment trapping, production of organic soil and,
therefore, on channel formation and cross-sectional evolution.
In both cases we assume that the volumetric concentration of
sediments transported in suspension, C0, is constant across the
section and equal to 20 mg/l during the entire tidal cycle.

We consider a tidal sub-basin (see, e.g. Fig. 1), character-
ized by a cross section of width B¼ 200 m, and a landward
length L¼ 1000 m, having therefore a drainage area of
2.0� 105 m2. The initial bottom elevation is zb0¼�1.00 m
below mean sea level (MSL). A forcing semidiurnal sinusoidal
tide characterized by a semiamplitude equal to 0.74 m above
MSL is assumed, so that at the beginning of the simulation,
the bottom is submerged during the entire tidal cycle. This
approach is taken in order to simulate the emergence of
a marsh platform from a tidal mud flat. We consider fine cohe-
sive sediments with characteristics reported in Table 1. In
particular, since we are interested in the long-term morpholog-
ical evolution of the marsh cross section, the critical bottom
shear stresses for erosion, te, and deposition, td, are those
characterizing fully consolidated mud (Pritchard, 2001). Table 1
also shows the values of the parameters necessary to evaluate
the various terms in the sediment continuity equation (i.e., Eq.
(6)). Spartina alterniflora is assumed to be the dominant
vegetation species which colonizes the emerged salt-marsh
surfaces. In all runs we start from a deep, flat, and unchanneled
initial bottom configuration with a small incision (1.0 cm) in
correspondence of the longitudinal axis of the computational
domain, to favor channel initiation at that location.

3. Model results

The main results of the first series of simulations are shown
in Figs. 2e4. Fig. 2 portrays the time evolution of the channel
cross-sectional geometry (Fig. 2a) and of the relative distribu-
tion of bottom shear stresses (Fig. 2b), together with the time
evolution of the bottom elevation in correspondence of the
channel axis and of a point located on the salt marsh
(Fig. 2c). It clearly appears that, during the initial stages of
the morphodynamic evolution, the threshold value for erosion,
te, is nowhere exceeded within the cross section (Fig. 2a,b:
Table 1

Parameters used in the simulations

Parameter Value Ref. Parameter Value Ref.

te 0.4 N/m2 Parchure and Mehta (1985) aa 0.25 Mudd et al. (2004)

td 0.1 N/m2 Parchure and Mehta (1985) ba 0.5 Mudd et al. (2004)

rs 2600 kg/m3 ad 0.0006 Gibbs (1985)

ws 2� 10�4 m/s Gibbs (1985) bd 0.3 Fagherazzi and

Furbish (2001)

D50 50 mm an 250 Mudd et al. (2004)

l 0.4 bn 0.3032 Mudd et al. (2004)

Qe0 3.0� 10�4 kg/m2 s Fagherazzi and

Furbish (2001)

ah 0.0609 Gibbs (1985)

C0 20 mg/l Mudd et al. (2004) bh 0.1876 Fagherazzi and

Furbish (2001)

R 2.0 Mudd et al. (2004) acd 0.224 Mudd et al. (2004)

ah 0.224 Palmer et al. (2004) cd0 0.718 Mudd et al. (2004)

bh 0.718 Palmer et al. (2004) zmin 0.14 m Morris et al. (2002)

gh 2.08 Palmer et al. (2004) zmax 0.72 m Morris et al. (2002)
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initial configuration). However, the progressive increase in
bottom elevation associated to deposition leads to shear stress
values greater than te over a part of the cross section, in
particular at points closer to the channel axis, where the initial
bottom incision is located. A small primary drainage channel
characterized by shelving banks develops (Fig. 2a: t¼ 10
years). Flux begins to concentrate within the channel after

Fig. 2. Evolution in time of (a) cross-sectional bottom elevations and (b) rel-

ative distributions of the maximum bottom shear stresses through a tidal cycle,

in and near the channel, and evolution in time of (c) the elevation of the chan-

nel axis (solid line) and of a point located on the marsh surface (dashed line),

in the unvegetated scenario. Mean high water level (MHWL), mean sea level

(MSL), and mean low water level (MLWL) are also indicated.

Fig. 3. Stageedischarge relationship during the tidal cycle at different stages

of channel development. Mean marsh-platform elevation at t¼ 60 years is also

indicated (dashedot line).
its formation due to its increasing cross-sectional area and
decreasing flow resistance that is the result of an increase in
the depth of flow within the channel. The increased flow veloc-
ity associated to the reduction of the relative bottom roughness
in the channel with respect to the adjacent marsh platform
leads to higher bottom shear stresses and, consequently, to
erosion and deepening of the channel, creating a feedback
mechanism between erosion and channel formation. On the
marsh surface adjacent to the channel, the flow velocity is
everywhere decreasing to maintain the discharge equal to the
one prescribed by Eq. (1) (Fig. 2b: t¼ 10 years). As channel
depth increases, both through bed erosion and by accretion
of the adjoining marsh platform, the shelving slopes of the
channel are transformed into steeper banks (Fig. 2a: t¼ 35
years). As the marsh platform grows above mean sea level,

Fig. 4. Dischargeetime relationship during the tidal cycle at different stages of

channel development. (a) Discharge flowing through the whole cross section;

(b) discharge flowing within the channel; (c) discharge flowing on the marsh

platform.
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a reduction in the maximum discharge is observed as a conse-
quence of the reduction of the tidal prism due to the
emergence of part of the tidal sub-basin. Deposition tends to
prevail over erosion and the channel starts silting thus increas-
ing its average bed elevation and decreasing its width (Fig. 2a:
t> 35 years). The shape of the resulting cross section,
composed of a high level marsh with a well developed chan-
nel, is dictated by the succession of the landscape-forming
discharges that the channel has experienced. At the end of
the simulation, since the marsh surface is close to high tide
level, overbank fluxes are rare and only tidal fluxes confined
within the channel prevent its silting. The final channel geom-
etry (Fig. 2a: t¼ 130 years) stems thus from a delicate balance
between erosion and deposition.

The above evolutionary scenario is clearly confirmed by
Fig. 2c, which shows the time evolution of the bottom eleva-
tion in correspondence of the channel axis (solid line) and
of a point located on the salt marsh, where erosion is negligi-
bly small (dashed line). It appears that the channel axis
deepens as long as the marsh platform lies below mean sea
level. As soon as the marsh platform gets higher than mean
sea level, two combined processes modify the morphological
evolution of the marsh. The reduction in hydroperiod progres-
sively slows deposition over the marsh platform, whose
elevation asymptotically tends to mean high water level, in
accordance with observational evidence put forth by Pethick
(1981). Meanwhile the reduction in tidal prism reduces the
tidal discharges in the channel and the related shear stresses,
favoring the infilling of the channel.

The reduction of the maximum value attained by the flow
discharge during the tidal cycle, when the elevation of the
marsh platform becomes higher than mean sea level, is illus-
trated in Fig. 3, which reports some typical examples of the
stageedischarge relationship at different stages of the morpho-
logical evolution. When the marsh platform is submerged
during the entire tidal cycle, the curve is symmetrical with
respect to the mean water level. The drainage area, A, to the
considered cross section, in fact, does not vary in time
(Bwet¼ B), and maximum flood and ebb discharges occur
when dh/dt is maximum or minimum, respectively (i.e.,
when the water elevation h¼ 0). On the other hand, when
the marsh surface emerges, the maximum value of the
discharge tends to decrease, the reduction being progressively
enhanced as the marsh elevation increases. The maximum
flood and ebb discharges are attained when the time derivative
of the product A(t)D0(t) is maximum. The stageedischarge
relationship provided by the model qualitatively agrees with
observational evidence (e.g., Myrick and Leopold, 1963;
Bayliss-Smith et al., 1978; Healey et al., 1981; French and
Stoddart, 1992), even if the model, when considering a
sinusoidal forcing, cannot capture the asymmetries of such
a relationship which are typically observed in tidal landscapes.
In particular, for basins with marshlands that fully dry during
a tidal cycle, maximum flood discharge occurs after the tide
exceeds bank-full elevation and inundates the marsh surface,
while, on the contrary, maximum ebb discharge occurs below
bank-full elevation (Healey et al., 1981).
Also the shape of the dischargeetime curves is influenced
by the movement of water across the marsh surface, as shown
in Fig. 4 which illustrates dischargeetime curves at different
stages of the process of channel development. The discharges
flowing through the whole cross section (curves in Fig. 4a),
within the channel (curves in Fig. 4b), and on the marsh
edge (curves in Fig. 4c), all exhibit the typical shape observed
in tidal environments (Rinaldo et al., 1999b; Lawrence et al.,
2004). If we impose harmonic changes in water elevation as
seaward boundary condition and we neglect tidal current
asymmetry and distortion, arising from nonlinear effects as
the wave propagates from the inlet towards the inner part of
the basin, the discharge flowing through the whole cross
section (curve relative to the initial configuration in Fig. 4a)
is harmonic as well, as long as the elevation of the marsh plat-
form is lower than the minimum water elevation during a tidal
cycle (see Eq. (1)). When the elevation of the salt-marsh
surface increases due to sedimentation, the bottom topography
becomes important and topographic nonlinearities affect the
dischargeetime relationship, which then loses its harmonic
behavior (curves relative to t¼ 35, 60 and 90 years in
Fig. 4a). At the beginning of the simulation, when the tidal
creek has not yet formed, the discharge flowing through the
whole cross section coincides with the discharge flowing on
the marsh platform (compare curves relative to the initial
configuration in Fig. 4a and c). As the channel develops and
the elevation on the marsh platform increases, the discharge
is mainly conveyed within the channel (Fig. 4b) and only
a small amount of water flows across the marsh platform
(Fig. 4c).

The main results of the second series of simulations, taking
into account the effects of vegetation, are shown in Figs. 5e9.
The evolution in time of the cross-sectional geometry, the
stageedischarge relationship and the dischargeetime curves
are qualitatively similar to those obtained for the unvegetated

Fig. 5. Evolution in time of (a) cross-sectional bottom elevations and (b) rel-

ative distributions of the maximum velocities through a tidal cycle, in and near

the channel, in the vegetated scenario.
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case. Nevertheless, some important differences arise, which
need to be discussed. Fig. 5 portrays an example of the time
evolution of the cross-sectional geometry (Fig. 5a) and of
the relative distribution of maximum flow velocity (Fig. 5b),
in the case of a vegetated marsh. As long as the marsh plat-
form is not encroached by vegetation, not surprisingly,
cross-sectional bottom configurations (Fig. 5a) show exactly
the same behavior as in the unvegetated case (Fig. 2a). How-
ever, as soon as vegetation starts populating the marsh surface,

Fig. 6. (a) Comparison of the time evolution of bottom elevation in correspon-

dence of the channel axis (solid lines) and of a point located on the salt marsh

(dashed lines), in absence (thin lines) or in presence of vegetation (bold lines);

(b,c,d,) channel cross sections at different stages of channel development

(b: t¼ 55 years; c: t¼ 70 years; d: t¼ 90 years), in the absence (solid lines)

or in the presence of vegetation (dashed lines). Mean high water level

(MHWL), mean sea level (MSL), and mean low water level (MLWL) are

also indicated, together with the vegetation parameters zmin and zmax.
it influences both sediment transport processes and flow
dynamics. The vertical growth of the marsh platform is
enhanced by the increased inorganic sediment deposition
due to trapping effects of the canopy and by the deposition
of organic sediment (Fig. 5a, t� 35 years). The velocities on
the marsh platform are strongly reduced (Fig. 5b) as well as
the discharge flowing on the vegetated part of the cross
section. As a consequence, the flow tends to be more concen-
trated within the channel, increasing the amount of water flow-
ing through it, as to maintain an overall discharge equal to the
one prescribed by Eq. (1) (Fig. 5b, t� 35 years). However, our
results suggest that, if vegetation begins to grow when flow
velocities on the marsh surface are already very slow, the
increased flow within the channel might not be strong enough
to modify the section shape (Fig. 5b).

Such an observation is reinforced by Fig. 6. In particular,
Fig. 6a shows a comparison of the time evolution of the
bottom elevation in correspondence of the channel axis and
of a point located on the salt marsh, in the absence or in the
presence of vegetation. It clearly appears that vegetation
growth modifies the evolution of both the channel bottom
and the marsh surface (Fig. 6a). Indeed, the increased deposi-
tion rate associated to vegetation trapping and organic

Fig. 7. (a) Channel width, (b) channel depth, and (c) width-to-depth ratio, b, at

different stages of channel development, in the absence (solid circles) or in the

presence of vegetation (open circles). The channeled portion of the cross sec-

tion has been evaluated by coupling bed elevation and curvature threshold cri-

teria, in analogy with Fagherazzi et al. (1999). Channel points are those in

which jcj> 0.1 m�1 or zmarsh� z< 0.3 m, where c and z are, respectively,

the curvature and the elevation of the considered point, and zmarsh is the aver-

age marsh-platform elevation.
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production leads to a faster growth of the marsh platform than
in the unvegetated case and, accordingly, to a more rapid re-
duction in the maximum discharges (see e.g. Fig. 3) which
counteracts the ‘‘concentration’’ of discharge within the chan-
nel induced by the enhanced resistance on the vegetated areas.
Therefore, the channel starts infilling more rapidly, as shown
also in Fig. 6bed, which portrays a comparison between bot-
tom configurations at corresponding stages (t¼ 55, 70, 90
years, respectively), in the unvegetated and vegetated scenar-
ios. Furthermore, it should be noted that in presence of vege-
tation, the transition between channel banks and adjacent salt-
marsh platform tends to become more abrupt.

A comprehensive view of the evolution in time of channel
width (evaluated by coupling bed elevation and curvature
threshold criteria, in analogy with Fagherazzi et al., 1999),

Fig. 8. (a) Repartition of total tidal prism flowing through the whole cross sec-

tion, Pcs in tidal prism flowing within the channel, Pc, and on the marsh plat-

form, Pmp estimated through the model at different stages of the evolution.

(b) Comparison between Pcs values at different stages of the evolution, in

the presence or in the absence of vegetation. (c) Comparison between the

ratios Pc/Pcs and Pmp/Pcs at different stages of the evolution, in the presence

or in the absence of vegetation.
channel depth, and width-to-depth ratio, b, is depicted in
Fig. 7. Even though the vegetated and unvegetated trends of
the above quantities are similar, nonetheless, it emerges that
soon after vegetation growth the channel experiences a little
widening (Fig. 7a), and, owing to differential accretion,
a more pronounced deepening (Fig. 7b). Such an observation

Fig. 9. (a) Calculated channel width versus depth and field data derived from

measurements of tidal channels in New Jersey, USA (Garofalo, 1980), San

Francisco Bay, USA (Leopold et al., 1993), and in the Venice Lagoon, Italy

(Marani et al., 2002). The evolutionary trend of the model results is also

shown; (b) evolution in time of the width-to-depth ratio, b, as a function of

cross-sectional area, U, computed with reference to MSL; (c) evolution in

time of maximum flow discharge, Qmax, as a function of cross-sectional

area, U, computed with reference to the MSL. Observed data derived from

measurements of tidal channels by Garofalo (1980) (open circles) and Leopold

et al. (1993) (diamonds) are also indicated.
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does not contradict the scenario emerging from Fig. 6aed. In
fact, even if the channel infills more rapidly, its depth relative
to the marsh surface increases as a consequence of the much
faster accretion rate of the adjoining marsh platform (compare
channel depth values for the vegetated and unvegetated case in
Fig. 7b). The width-to-depth ratio, b, varies in time according
to variations in cross-sectional morphology (Fig. 7c). As the
channel starts forming within the tidal-flat surface its cross
section is characterized by b-values close to 23. A relatively
rapid decrease of b characterizes the next stages of channel
evolution: channel width, in fact, maintains nearly constant
(Fig. 7a), while channel depth increases (Fig. 7b) due to pre-
vailing over erosion. Finally, as the marsh platform emerges
and, consequently, the maximum discharges decrease, b tends
to slightly increase as a consequence of channel silting which
prevails on channel narrowing.

4. Discussion

The static hydrodynamic model described in the previous
sections appears to reproduce a geomorphologically relevant
feature of tidal creek hydrodynamics, namely the significant
decrease in maximum discharges within the channels attained
when tide levels are just below the bank-full elevation and the
marsh platform dries (see Figs. 3 and 4) in accordance with the
field observations carried out by Myrick and Leopold (1963),
Bayliss-Smith et al. (1978), Pethick (1980), and Healey et al.
(1981). Moreover, despite its simplifying assumptions, the
proposed model gives a satisfactory estimate of the tidal
discharge for relatively small tidal basins (Lanzoni and
Seminara, 1998; Fagherazzi, 2002; Fagherazzi et al., 2003),
particularly when the three-dimensional structure of the marsh
is unknown. Obviously, some observed features such as the
asymmetry of the velocities in the creeks when the marsh plat-
form is inundated/drained, and the delay in the velocity peak
after marsh inundation, associated to the strong nonlinearities
produced by wetting and drying, cannot be captured by a static
model (Healey et al., 1981), which presupposes a flat water
surface which moves synchronously with the tidal forcing.

The coupling of the simplified hydrodynamic model with
erosion/deposition relationships and a parametrization of veg-
etation effects make it possible to reproduce evolutionary sce-
narios which are in accordance with a number of conceptual
models depicting the intertwined evolution of tidal channels
and the adjoining marsh platform (e.g., Yapp et al., 1916,
1917; Beeftink, 1966; French and Stoddart, 1992; French,
1993; Steel and Pye, 1997). In particular, the different stages
of marsh development envisioned by various conceptual
models (see the review by Allen, 2000) are reflected in the
simulated channel cross-sectional evolution. In the initial
stages the topographic irregularities of tidal flats influence
the morphology of the forming marsh channels, Indeed, we
have shown that even a small perturbation in the tidal-flat bot-
tom triggers the formation of a marsh channel as long as the
flow concentration is enough to produce erosion. Intermediate
stages of channel evolution typical of youthful marshes, are
characterized by a progressive deepening and enlarging of
the channel. During the deepening process the channel cuts
older deposits remobilizing the sediments. The channel width
is established earlier in the evolution, whereas the depth is
more sensitive to discharge variations, as shown in Fig. 7a,b,
indicating that channel depth varies in a wider range than
channel width. In the final stage the emergence of the marsh
platform reduces significantly the tidal discharges in the chan-
nel, so that deposition overcomes erosion. During this phase
the channel tends to be filled, reducing both its width and
depth. At the end of the evolution, when the platform elevation
is close to mean high tide level, the contribution of the marsh
edge to the total discharge is negligibly small, and the tidal
flux is essentially confined to the channel (see e.g., Fig. 4).
The repartition of tidal prism between channel and marsh plat-
form along the cross section BeC estimated through the model
at different stages of evolution is shown in Fig. 8. When the
marsh begins to emerge (t¼ 35 years), most of the discharge
is concentrated within the channel, which accounts for 60%
of the discharge, in agreement with the numerical results of
Lawrence et al. (2004) and the measurements of French and
Stoddart (1992) for a U.K. marsh characterized by a mean
high water level of 0.8 m (Lawrence et al., 2004), above the
marsh platform, i.e., similar to the calculated configuration at-
tained after 35 years. However, Fig. 8a indicates that as the
channel further develops and the marsh platform vertically
grows, the total tidal prism flowing through the whole cross
section decreases and gets more and more concentrated within
the channel, while the tidal prism flowing on the marsh surface
is strongly reduced.

As far as the effects of vegetation on the tidal prism are
concerned, Fig. 8b clearly shows that the reduction in time
of the total tidal prism is enhanced by the vegetation en-
croachment. This is due to the fact that the marsh platform
grows more rapidly because of the increased deposition of
organic and inorganic sediment. The presence of vegetation,
also induces an increase in flow resistance and, therefore,
favors the concentration of discharge within the channel.
However, as shown in Fig. 8c, in our simulations such an in-
crease is experienced ‘‘late’’ in the process of cross-sectional
evolution, i.e., when the maximum discharges shaping the
channel have already been considerably reduced (see also
Figs. 3 and 4a,b).

Vegetation encroachment on the marsh surface is thus
found to produce two competing effects. On the one hand,
the increase in flow resistance on the marsh platform concen-
trates the flow in the channel, leading to a possible channel
overdeepening. On the other hand, vegetation also favors
deposition of both organic and inorganic material, thus
increasing the platform elevation with a reduction in tidal
prism and related discharges, resulting in channel infilling.
Our simulations suggest that the second process is more
important during marsh evolution, because the further concen-
tration of flux within the channel due to vegetation encroach-
ment occurs at a later stage of marsh accretion, when most of
the flow is already confined to the channel. Obviously, the
situation might be different when vegetation colonizes the
surface at lower elevations or when the tidal signal is strong
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enough to move large volumes of water on the marsh surface,
as it happens in the macrotidal U.K. marshes.

The evolutionary trend exhibited by the width-to-depth
ratio, depicted in Fig. 7, suggests that the cross-sectional
geometry tends to evolve from an initial configuration typical
of tidal-flat channels (characterized by larger values of b)
towards a final configuration resembling salt-marsh creeks
(characterized by smaller values of b). This behavior is appar-
ent also in Fig. 9a, reporting calculated channel width versus
depth values, as well as observed data derived from measure-
ments of tidal channels in Spartina marshes in New Jersey
(Garofalo, 1980), San Francisco Bay (Leopold et al., 1993),
and in tidal flats and salt marshes (with a mix of vegetation
species) in the Venice Lagoon, Italy (Marani et al., 2002).
All these three environments are characterized by a tidal
excursion comparable to the one adopted in our model.

The calculated values not only are compatible with
observed features, but also suggest an evolutionary trend
according to which both channel width and depth continuously
reduce as the intertidal areas flanking the channel progres-
sively grow and become vegetated, transforming the tidal
flat into a salt marsh. Such a picture is confirmed by the
time evolution of the relationship between b, and the cross-
sectional area, U, computed with reference to MSL, shown
in Fig. 9b. In the early stages of channel development b rapidly
decreases while U increases until the marsh-platform elevation
becomes greater than the MSL. The subsequent reduction of
the landscape-forming discharges (see e.g., Fig. 3) then leads
to a progressive decrease of the cross-sectional area, which,
however, maintains a nearly constant value of b. It might be
worthwhile to note that the ranges experienced by b and U

during the section evolution resulting from our simulation
are in agreement with the values typical of observed sections
(Garofalo, 1980; Leopold et al., 1993).

Finally, the time evolution of the relationship between peak
discharge and cross-sectional area, shown in Fig. 9c, suggests
that the average channel velocity remains nearly constant
during channel evolution, as long as the marsh platform is
significantly lower that mean high water level. The estimated
average channel velocity turns out to be roughly 0.5 m/s,
a value consistent with field data observations of Garofalo
(1980) and Leopold et al. (1993). We can then infer that during
the transition from tidal flats to salt marshes, although the
channel shape changes in time, reducing its width with respect
to the depth, a nearly linear relationship holds between cross-
sectional area and peak discharge, thus indicating that the cross
section adapts quite rapidly to changes in water discharge.

Further studies are deemed necessary to incorporate
important processes acting on salt marshes: time-dependent
deposition as a function of platform elevation (Temmerman
et al., 2003a); spatial gradient of sedimentation rates that in-
crease the accretion near the channel and produce levees
(Woolnough et al., 1995; Mudd et al., 2004; Temmerman
et al., 2004); vegetation zonation (Silvestri and Marani,
2004); and bank collapse linked to meander evolution and
geotechnical properties of the sediments (Gabet, 1998;
Fagherazzi et al., 2004).
5. Conclusions

The model results presented herein are potentially applicable
only to microtidal marshes with a uniform Spartina canopy.
Nonetheless, they provide insights into tidal channel morphol-
ogy and evolution that are of general interest. The main conclu-
sions of our simulations can be summarized as follows:

� Deposition on tidal flats progressively reduces the water
depth and increases the bottom shear stresses, promoting
erosion. Topographic irregularities enhance flux concen-
tration at given locations, leading to bottom erosion and
the formation of a channel in which the flow further
concentrates, thus increasing channel dimensions in
a self-sustained process.
� A reduction in hydroperiod after the emergence of the

marsh platform causes an infilling of the channel due to
the reduced discharge, and an asymptotic growth of the
marsh elevation, caused by a decreased deposition rate.
� Vegetation encroachment on the marsh surface produces

two competing effects. On the one hand, the increased
flow resistance on the canopy promotes the concentration
of the flow within the channel, leading to channel over-
deepening. On the other hand, enhanced marsh accretion
associated to vegetation reduces the tidal prism and the
hydroperiod, thus resulting in channel infilling. Our simu-
lations indicate that the second process is more important
in microtidal marshes dominated by Spartina alterniflora,
where the vegetation encroachment occurs when most of
the tidal flux is already confined in the channel.
� At the beginning of the simulation the tidal exchanges

with the ocean occur as sheet flow on the tidal-flat surface.
When the tidal flat emerges and becomes a salt marsh,
most of the flow is concentrated within the channel, which
accounts for more than 60% of the tidal prism. Finally, in
a mature salt marsh (elevation higher than 30 cm above
MSL) more than 90% of the tidal prism is confined in
the channel. Furthermore the increase in friction driven
by vegetation encroachment favors the concentration of
flow in the channel.
� The temporal variability of channel depth is higher than the

variability of channel width, suggesting that changes in tidal
prism most likely produce bottom infillingescouring rather
than channel wideningenarrowing. As a consequence, the
aspect ratio changes during channel evolution, and, in par-
ticular, during the transition from tidal flats to salt marshes.
� The ratio between peak discharge and cross-sectional area

(i.e., the maximum average velocity in the channel)
remains nearly constant during channel evolution. There-
fore, although the shape of the cross section depends on
channel history, its area is dictated by the tidal prism
and related discharges.
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