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[1] The long-term morphological evolution of tidal landforms in response to physical and
ecological forcings is a subject of great theoretical and practical importance. Toward the
goal of a comprehensive theoretical framework suitable for large-scale, long-term
applications, we set up a mathematical model of tidal channel network initiation and early
development, which is assumed to act on timescales considerably shorter than those of
other landscape-forming ecomorphodynamical processes of tidal systems. A
hydrodynamic model capable of describing the key landforming features in small tidal
embayments is coupled with a morphodynamic model which retains the description of the
main physical processes responsible for tidal channel initiation and network ontogeny. The
overall model is designed for the further direct inclusion of the chief ecomorphological
mechanisms, e.g., related to vegetation dynamics. We assume that water surface
elevation gradients provide key elements for the description of the processes that drive
incision, in particular the exceedance of a stability (or maintenance) shear stress. The
model describes tidal network initiation and its progressive headward extension within
tidal flats through the carving of incised cross sections, where the local shear stress
exceeds a predefined, possibly site-dependent threshold value. The model proves capable
of providing complex network structures and of reproducing several observed
characteristics of geomorphic relevance. In particular, the synthetic networks generated
through the model meet distinctive network statistics as, among others, unchanneled
length and area probability distributions.

Citation: D’Alpaos, A., S. Lanzoni, M. Marani, S. Fagherazzi, and A. Rinaldo (2005), Tidal network ontogeny: Channel initiation

and early development, J. Geophys. Res., 110, F02001, doi:10.1029/2004JF000182.

1. Introduction

[2] Tidal networks exert a fundamental control on hydro-
dynamic, sediment and nutrient exchanges within tidal
environments, which are characterized by highly heteroge-
neous landscapes and physical and biological properties
[e.g., Adam, 1990; Perillo, 1995; Allen, 2000; Friedrichs
and Perry, 2001] (see, e.g., Figure 1). To address issues of
conservation of tidal environments, exposed to the effects of
climate changes and often to increasing human pressure, it
is therefore of critical importance to improve our under-
standing of the origins of tidal networks and their ontogeny
and evolution.

[3] Tidal embayments can be divided, from a structural
point of view, into three main morphological domains, each
characterized by different hydrodynamics and ecology: the
salt marshes, the tidal flats and the channel network. Salt
marshes, relatively more elevated areas of the tidal basin,
are generally the byproduct of a complex erosional and
depositional history. They are regularly flooded by the tide
and colonized by halophytic vegetation, that is, vegetation
that has adapted, to varying degrees, to salty and oxygen-
poor environments. Salt marshes define the transition be-
tween permanently emerged and submerged environments,
and thus the associated ecological gradients make them the
subject of great ecological interest. Tidal flats are charac-
terized by lower elevations, which do not allow their
colonization by halophytic plants, and generally lie between
the salt marshes and the deeper tidal basin. The third
environment is represented by the channel network that
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cuts through the tidal landscapes transporting flood and ebb
discharges.
[4] A wide literature exists, developed especially in the

last 2 decades, describing the hydrodynamics of tidal
channels and creeks [e.g., Boon, 1975; Pethick, 1980; Speer
and Aubrey, 1985; Friedrichs and Aubrey, 1988; Lanzoni
and Seminara, 1998; Savenije, 2001; Fagherazzi et al.,
2003; Lawrence et al., 2004], the consequences of tidal
currents and asymmetries on sediment dynamics and other
morphological characteristics of tidal channels [e.g., Boon
and Byrne, 1981; French and Stoddart, 1992; Friedrichs,
1995; Friedrichs et al., 1998; Schuttelaars and de Swart,
2000; Lanzoni and Seminara, 2002], morphometric analy-
ses of tidal networks [e.g., Myrick and Leopold, 1963;
Pestrong, 1965, 1972; Leopold et al., 1993; Steel and
Pye, 1997; Fagherazzi et al., 1999; Rinaldo et al., 1999a,
1999b; Marani et al., 2002, 2003; Di Silvio and Dal Monte,
2003], sedimentation and accretion patterns in salt marshes
[e.g., Stoddart et al., 1989; French and Spencer, 1993;
Leonard and Luther, 1995; Ward et al., 1998; Christiansen
et al., 2000], ecological dynamics and patterns in salt
marshes [e.g., Yallop et al., 1994; Marani et al., 2004;
Silvestri and Marani, 2004]. Moreover, simplified models
have also been proposed to simulate the morphological
behavior of tidal basins [e.g., van Dongeren and de Vriend,
1994; Schuttelaars and de Swart, 1996] and to describe
either the vertical movement of a marsh platform relative to
a datum (zero-dimensional model) [e.g., Beeftink, 1966;
Pethick, 1969; Allen, 1990, 1995; French, 1993; Callaway
et al., 1996; Rybczyk et al., 1998], or such movement
combined with the growth of the vertical sequence of
underlying sediments (one-dimensional model) [e.g., Allen,
1995, 1997].
[5] Our efforts aim at using the large body of knowledge

available on tidal environments to develop a model describ-
ing the long-term morphological evolution of a tidal system.
Such a model should describe the planimetric development
of tidal channel networks coupled with the vertical accre-
tion of the adjacent salt marshes and tidal flats as a
consequence of tidal forcings, varying sediment inputs and
relative sea level changes. The mathematical modelling of
tidal environment evolution requires the inclusion of several

ingredients related to the description of the delicate balance
and strong feedbacks characterizing hydrodynamics, mor-
phological and ecological dynamics. The joint actions of
currents generated by tides, density gradients and wind, and
the patterns of resuspension generated by waves govern the
changes in the morphology of the tidal basin. These
changes, in turn, have often a significant feedback on
hydrodynamics and hence on the general tendency of the
tidal embayment to import or export sediment. The evolu-
tion of topography in a tidal environment is the result of the
balance between erosion and deposition of organic and
inorganic soil and the vagaries of relative sea level. Sedi-
ment fluxes are not just controlled by the flow field but are
also strongly influenced by the presence of halophytic
vegetations and of microbial biofilms. Sediment transport
processes may thus be seen as the byproduct of the complex
interplay between hydrodynamics and ecology. External
factors also matter, such as, among others, extreme storm
events and changes in sediment supply associated with
human interference. Thus one can conclude that coastal
wetlands exist in a state resulting from the interaction of
strong counteracting forces acting both in the horizontal and
the vertical planes, leading either to their establishment and
maintenance or to their rapid demolition. Chief landforming
processes in the vertical plane are the combined actions of
wind wave resuspension, compaction, subsidence and sea
level rise, possibly compensated by accretion processes.
Chief landforming processes in the horizontal plane are the
early formation and the subsequent elaboration (e.g., by
meandering) of the tidal channel network and erosion
processes acting on the margins of salt marshes and tidal
flats.
[6] In this paper, as a first step toward a complete model

able to describe the long-term morphological evolution of a
tidal system, we shall address the problem of channel
network ontogeny and initial evolution over an existing
tidal flat. As we shall discuss in section 3, the model
imposes a null along-channel gradient in net sediment
transport, and thereby a net balance of erosional and
depositional processes, resulting in stable channeled shapes
whose proxy is the local tidal prism, i.e., the total volume of
water which is exchanged through the outlet of a channel

Figure 1. Two sample aerial photographs of field sites located in the northern part of the Venice
Lagoon. Note the complexity of the tidal patterns and the variety of landforms characterizing such areas:
(a) lidar image of the San Felice salt marsh; (b) aerial photograph of the Pagliaga salt marsh.
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network between low water slack and the following high
water slack, i.e., during flood or ebb. The model is strictly
valid for relatively short tidal embayments so that a rela-
tively fast propagation and a weak deformation of the tidal
wave are ensured. The model further assumes that tidal
meandering acts on timescales longer than those involved in
network formation and does not include, at present, soil
production processes nor any other morphodynamic inter-
action of physical, chemical and biological nature acting on
timescales longer than those involved in the elaboration of
the early tidal network.
[7] The paper is organized as follows. Section 2 discusses

observational evidence, which will be used to develop and
to test the model. In section 3 we introduce the physical
assumptions and the mathematical structure of the model.
Section 4 then presents and discusses the main results
obtained by applying the model under different initial
conditions. In this section we compare significant geomor-
phic features of the modelled networks to the ones of
observed tidal patterns. Finally, section 5 deals with con-
clusions and some remarks on future developments.

2. Geomorphic Features of Tidal Networks:
The Reference Framework

[8] The lack of scale-invariant landforms, consistently
observed in the tidal environment, and the great diversity
in geometrical and topological forms of tidal networks are
suggested to stem from the strong spatial variability of
landscape-forming flow rates, of sediment characteristics,
of vegetation type and cover, and from competing dynamic
processes acting at overlapping spatial scales.
[9] It should be emphasized here that our interest toward

a synthesis of complex models is justified by the fact that a
fully equipped model, solving the complete momentum and
mass balance equations, could not conceivably be used for
the mathematical description of the evolution of a tidal
environment over morphologically meaningful periods of
time. It has been shown, moreover, that a hydrodynamic
Poisson-like mathematical model obtained by suitably sim-
plifying the classical two-dimensional shallow water equa-
tions proves robust and reliable upon comparison with
complete models in a large spectrum of cases of interest
[Rinaldo et al., 1999a; Marani et al., 2003]. This bears
important consequences, and calls for appropriate morpho-
dynamic counterparts.
[10] One of the simplest geomorphic measures control-

ling tidal channel morphodynamic evolution is arguably the
width-to-depth ratio b = B/D [e.g., Allen, 2000; Solari et al.,
2002]. Variations in b values observed for tidal channels of
different sizes within the Lagoon of Venice [Marani et al.,
2002] are consistent with the characteristics of different
types of cross sections surveyed by Allen [2000] and with
the great variability, and yet the consistent trends, obtained
for the dependence of b on channel order by Lawrence et al.
[2004]. This stems from the great diversity of the basic
processes controlling the section shape. In particular, the
presence on the marshes of halophytic vegetation and of
relatively fine sediments, which are often cohesive, is likely
to strongly affect bank failure mechanisms. As a conse-
quence, salt marsh creeks and tidal flat channels are seen to
respond to different erosional processes resulting in differ-

ent types of incisions. In fact, salt marsh creeks tend to be
more deeply incised (5 < b < 7) than channels in tidal flats
(8 < b < 50), where vegetation and generally sandier
sediments are less likely to play a major role.
[11] The analysis of the geomorphic structure of channels,

marshes and tidal flats allows important tests of geomorphic
relationships relating measurable geometric or dynamic
properties to landscape-forming flow rates. It has long been
recognized that a power law relation between the tidal
prism, P, and inlet minimum cross-sectional area, W, holds
for a large number of tidal systems believed to have
achieved dynamic equilibrium [O’Brien, 1969; Jarrett,
1976]. More recently, Friedrichs [1995], Rinaldo et al.
[1999b] and Lanzoni and Seminara [2002] explored, in
several tidal systems, the relationship between W and spring
(i.e., maximum astronomical) peak discharge, Q. They
found that a near proportionality between W and Q (which
is directly related to the tidal prism) also exists for sheltered
sections. Moreover this is in accordance with observations
[e.g., Myrick and Leopold, 1963; Nichols et al., 1991]
suggesting a proportionality W / Qaq, with the scaling
coefficient aq in the range 0.85–1.20. Friedrichs [1995]
explains the existence of such relationship by relating the
equilibrium cross-sectional geometry to the so-called sta-
bility shear stress, i.e., the total bottom shear stress just
necessary to maintain a null along-channel gradient in net
sediment transport. Well-defined power law relationships
between channel width, cross-sectional area, watershed area
and peak discharges were also documented [van Dongeren
and de Vriend, 1994; Fagherazzi et al., 1999; Rinaldo et al.,
1999a, 1999b], in accordance with morphometric analyses
of tidal networks carried out by Myrick and Leopold [1963],
and in analogy with fluvial networks [e.g., Leopold et al.,
1964]. In particular, it has been shown that an empirical
relationship exists between channel cross-sectional area, W,
and its drainage area, A, i.e., W / AaA, with aA � 1. It is thus
an extension of Jarrett’s ‘‘law’’ [O’Brien, 1969; Jarrett,
1976] in which we consider the cross-sectional area, W, to
be related through a power law to the drainage area, A,
computed according to the procedure outlined by Rinaldo et
al. [1999a], instead of being related to the tidal prism, P, or
the maximum peak discharge, Q. Indeed, substitution of
drainage area for landforming discharge and the ensuing
derivation of thresholds for erosional activities is an as-
sumption usually adopted in landscape evolution theories
[e.g., Rinaldo et al., 1993, 1995; Rigon et al., 1994] since it
much simplifies models while retaining a clear physical link
between morphological and dynamical properties of the
system. We believe this to be relevant to the next generation
of morphodynamic models, providing a simple means to
approach complex spatial organizations of the parts and the
whole.
[12] Comparisons to observed morphologies are per-

formed in the framework of theoretical and observational
analyses of the drainage density of tidal networks carried
out by Marani et al. [2003], who provide the necessary
geomorphic tools to test the reliability of synthetically
generated networks. These analyses emphasize that the
traditional Hortonian morphological description of the
drainage density does not provide a distinctive picture of
the geometry of a tidal network and of its relationship with
the salt marsh it dissects. Indeed, site specific features of
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network development and important morphological differ-
ences may only be captured by introducing measures of the
extent of unchanneled flow lengths ‘, whose determination
requires the definition of suitable drainage directions de-
fined by hydrodynamic, rather than topographic, gradients.
For any unchanneled site defined within a tidal landscape
we used the description of the hydrodynamic flow field and
of its steepest descent directions (section 3.1) to determine
the unchanneled flow path to the nearest tidal channel and
to compute its length ‘ [Marani et al., 2003]. Figure 2
shows the semilog plot of the probability density function of
unchanneled flow lengths in different areas of the Pagliaga
salt marsh, in the Venice lagoon (after Marani et al. [2003]).
A clear tendency to develop watersheds described by
exponential decays of the probability distributions of un-
channeled lengths is observed, and thereby a pointed
absence of scale-free features. Moreover such distributions
are distinctive and allow us to distinguish significant net-
work features such as different aggregation properties,
subbasins shapes, branching and meandering.
[13] We shall also refer to global geomorphic measures

like the distributions of total contributing area at a site,
determined via the flow directions defined in the next
section. As a note, we remark that we refrain from using
topological measures like Strahler’s orders, Horton’s bifur-
cation and length ratios, Tokunaga’s cyclicity for network
comparison, because they are unable to identify differences
between network structures [e.g., Kirchner, 1993; Rinaldo
and Rodrı́guez-Iturbe, 1998].

3. Mathematical Model

[14] A mathematical model able to simulate the initiation
and the early development of channel networks in tidal
embayments, is set up by coupling the Poisson hydrody-
namic model proposed by Rinaldo et al. [1999a] with a new
morphodynamic model expressing channel network instan-
taneous adaptation to the hydrodynamic flow field charac-
terizing the tidal basin at any stage of the evolution.

3.1. Hydrodynamic Field

[15] Before addressing the description of the morpho-
dynamic model it is worthwhile to briefly recall the basic
assumptions on which the simplified Poisson hydrody-
namic model has been derived: (1) the tidal propagation
across the intertidal areas flanking the channels is dom-
inated by friction; (2) the spatial variations of the instan-
taneous water surface within the intertidal areas are
significantly smaller than instantaneous average water
depth, i.e., h1(x, t) � h0(t) � z0, where h1(x, t) is the
local deviation of water surface elevation from the
instantaneous average tidal elevation, h0(t), and z0 is
the average bottom elevation (see Figure 3); (3) the
fluctuations of unchanneled area bottom elevation around
its mean, z1(x) = zb(x) � z0, are significantly smaller than
the instantaneous average water depth h0(t) � z0; (4) the
propagation of a tidal wave within deep channels, where
both inertia and resistance likely matter, is much faster
than across the shallow, friction-dominated marsh plat-
form. Hence we assume instantaneous propagation within
the length of the tidal channels (here denoted by @G00),
resulting in spatially independent local elevations h1 = 0.
This is in principle strictly valid only for relatively short
tidal basins. Under these conditions, Rinaldo et al. [1999a]
showed that, for a given instant t, the field of free surface
elevations can be determined by solving the following
Poisson boundary value problem:

r2h1 ¼ l

h0 � z0½ 	2
@h0
@t

within G;

@h1
@n

¼ 0 on @G0; ð1Þ

h1 ¼ 0 on @G00;

Figure 3. Sketch of water elevation and bottom topogra-
phy of a typical intertidal area. Notation used in the theory
presented here is as follows: h(x, t) = h0(t) + h1(x, t),
instantaneous tidal elevation with respect to the mean sea
level, where h0(t) is the instantaneous average tidal
elevation within the intertidal areas at time t, referenced to
the mean sea level; h1(x, t), local deviation of water surface
elevation from h0(t); D, instantaneous water depth on salt
marsh or tidal flat surface; zb, unchanneled area bottom
elevation referenced to the mean sea level; z0, average
bottom elevation (adapted from Rinaldo et al. [1999a]).

Figure 2. Probability density function of unchanneled
flow length ‘ evaluated for several watersheds within the
Pagliaga salt marsh. Note that an approximately straight
observational trend on the semilog plot suggests an
exponential distribution (adapted from Marani et al.
[2003]).
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where G denotes the flow field domain, @G0 indicates
impermeable boundaries on which we apply the require-
ment of zero flux in the direction n normal to the boundary,
and @G00 denotes the channel network. The friction
coefficient l = (8/3p)(U0/c

2) in equation (1), which
depends on Chèzy’s friction coefficient c and on a
characteristic value of the maximum tidal current U0, is
taken to be constant within the considered intertidal regions,
while the time-dependent forcing term on the right-hand
side of equation (1) has to be assigned. The latter is
estimated at a given time using representative values of h0
and @h0/@t, once a forcing tide with period, amplitude and
phase lag typical of spring conditions is defined [see, e.g.,
Rinaldo et al., 1999b]. On the basis of the resulting time-
independent water surface obtained by solving the Poisson
boundary value problem in equation (1), flow directions can
be obtained at any location on the intertidal areas by
determining its steepest descent direction, i.e., the direction
determined by rh1(x). Watersheds related to any channel
cross section may thus be identified by finding the set of
pixels draining through that cross section. Stringent tests of
the validity of the embedded approximations and of the
robustness of the model were carried out by Marani et al.
[2003] who relaxed assumption 4 and assumed the tidal
elevation varied in space and in time within the channel
network. Suffice it here to say that this procedure makes it
possible to evaluate the time variability of watershed extent
and the migration in time of the divides. In particular the

results of Marani et al. [2003] emphasize that the tendency
toward a constant time-independent value of watershed
areas [Rinaldo et al., 1999a] is enhanced as the flow
resistance over the intertidal regions increases (a common
circumstance, e.g., due to the presence of dense vegetation),
and as the water level is slightly above the average elevation
of the flats, both in the rising and in the falling phases of the
tide, when the maximum flood and ebb discharges are likely
to occur. Moreover, a comparison between the values of the
maximum discharges obtained through the simplified model
and those obtained from a full-fledged finite element
model of the complete equations, showed that the Poisson
model simply coupled with continuity is indeed surprisingly
robust [Marani et al., 2003]. This validation suggests that
the model may be applied to estimate watersheds and
landforming discharges even when the hypothesis of a small
tidal basin is not strictly met.
[16] From a morphological point of view it is worthwhile

to point out that the spatial water surface distribution
resulting from equation (1) makes it possible to evaluate
the bottom shear stress t(x) acting on intertidal areas.
Indeed, assumptions 1, 2 and 3 of section 3.1 imply that a
balance between water surface slope and friction holds in
the momentum equations, which allows one to write

@h1
@x

;
@h1
@y

� �
¼ � 1

gD
tx; ty
� �

; ð2Þ

where (@h1/@x, @h1/@y) denote the water surface slope in
the (x, y) directions, (tx, ty) are the local shear stress in the
(x, y) directions, D(= h0 + h1(x) � zb(x)) is the flow depth
(Figure 3) and g is the specific weight of water. Therefore
the shear stress produced by the tidal flow on the
unchanneled portions of the tidal basin reads

t xð Þ ¼ g h0 þ h1 xð Þ � zb xð Þ½ 	jrh1 xð Þj; ð3Þ

where rh1(x) is the water surface local slope.
[17] Where do tidal channels begin (or end)? To answer

this question, echoing landmarks in fluvial geomorphology
[Montgomery and Dietrich, 1988], we have studied, through
equation (3), the spatial distribution of the shear stress t(x)
in unchanneled areas from our study sites within the Venice
lagoon. These results are valuable in suggesting features of
possibly general interest.
[18] In Figure 4a we show an example of the spatial

distribution of t(x) from the Pagliaga salt marsh (see
Figure 1). We observe that the local maxima of the bottom
shear stress t(x) are located near the tips of the channel
network and near channel bends (Figure 4a). We thus
support the notion that erosional activities can be primarily
expected in those parts of the tidal basin where the local
value of the hydrodynamic shear stress is maximum and
exceeding a threshold value for erosion, tc. Figure 4b
represents the probability density function of t(x) values
computed in the neighborhood of channel tips. Under the
assumption of approximately stable network configura-
tions, the observed probability distributions provide useful
information on the critical shear stress values, which will
be used in numerical simulations.

Figure 4. (a) Shear stress spatial distribution over
unchanneled sites t(x) and (b) probability density function
p(t) of bottom shear stress t(x) computed in the neighbor-
hood of channel tips of the tidal network developed within
the Pagliaga salt marsh.
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[19] Note that the influence of such characteristics as
the heterogeneity of vegetation, sediment sorting, marine
transgressions and regressions on channel network dy-
namics can be tuned to appropriate variations of tc in
space and time.

3.2. Morphodynamic Model

[20] Few systematic observations on rates of change in
tidal channel geometry and network characteristics have so
far been assembled which might be used to develop and test
morphodynamic models [Allen, 2000]. However, observa-
tional evidence, e.g., time evolution of tidal networks
analyzed from aerial photographs and field surveys, points
at a rapid initial network formation. Such a quick initial
network incision is later followed by elaboration that does
not alter its major features and, possibly, by vertical accre-
tion of intertidal areas which usually become vegetated
when a critical bottom elevation is exceeded. Moreover this
is in agreement with a number of conceptual models of salt
marsh growth [e.g., Beeftink, 1966; Pethick, 1969; French
and Stoddart, 1992; French, 1993; Steel and Pye, 1997;
Allen, 1997]. These models support the hypothesis that a
time in the life of a tidal network exists during which it
quickly cuts down the intertidal areas giving them a
permanent imprinting, in analogy with the case of fluvial
settings [e.g., Howard, 1994; Rodrı́guez-Iturbe and
Rinaldo, 1997]. Furthermore the spatial distribution of shear

stresses, computed for several actual networks within the
Venice lagoon (e.g., see Figure 4a), emphasizes that higher
values of t(x) are located near the initial incisions. This fact,
together with the observed dynamics of first-order channels
(documented to grow headward at rates up to many meters
annually [e.g., Pethick, 1969]), strongly suggests that head-
ward erosion is a major process in network development.
Headward growth, driven by the spatial distribution of local
bottom shear stress, and tributary initiation are thus here
considered the main processes of channel network devel-
opment during its earlier stages, leading to increasing
network density and complexity. These considerations
indicate the existence of different timescales governing
the various processes and suggest the validity of the choice
of decoupling the initial rapid incision of a tidal network
from its subsequent slower process-controlled elaboration
(chiefly by meandering) and from ecomorphological evo-
lution of intertidal areas. This latter phase will be dealt with
elsewhere. We do not support, based on the evidence we
have collected and on the literature, the hypothesis of
network formation through coalescence of unconnected
channel ‘‘segments’’ separately originated and then joined
together. Channel segmentation through local infilling
caused by processes like bridging by overhanging vegeta-
tion or obstruction by collapsed silt blocks appears to be
deemed of lesser importance [Pestrong, 1972; Collins et al.,
1987].

Figure 5. (a, c) Vertically exaggerated representation of the final water surface elevation field h1(x) =
h1(x, 1) derived by solving equation (1) and (b, d) resulting carved topography zb(x) = zb(x, 1) for two
experiments carried out in a square domain (to which a 256 � 256 lattice is superimposed) with no-flux
boundary conditions applied on all basins’ boundaries. A breach is opened on the lower boundary
adjacent to the sea. We have obtained both simulations starting from the same initial hydrodynamic
conditions: (1) U0 = 0.5 ms�1; (2) c = 30 m1/2 s�1; (3) h0 = 0.2 m above mean sea level (amsl); @h0/@t =
8 � 10�5 ms�1; and (4) the same initial conditions for the field of bottom elevations zb(x, 0) = z0 + z1(x)
(i.e., z0 = 0 m amsl and the uncorrelated Gaussian noise with mean hz1(x)i = 0 and standard deviation
sz1(x) = 0.02 m). The size of the pixel is assumed to be equal to 1 m. Other values of the parameters
are tc = 0.3 Pa, T = 0.3 m, and aA = 1.0. We have carried out the first experiment (Figures 5a and 5b) by
assuming a constant value of the width-to-depth ratio b = 6 and the second (Figures 5c and 5d) by
assuming b = 20 if the drainage area to the generic channel cross section A is larger or equal to Atot/2,
where Atot is the total catchment area, and b = 6 if A is smaller than Atot/2, to account for observations by
Marani et al. [2002]. See color version of this figure in the HTML.
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[21] Another question which needs to be addressed when
modelling the morphodynamic evolution of tidal networks
is that, contrary to what happens in fluvial settings, tidal
channels have a nonnegligible size with respect to the size
of the system. Indeed, channeled areas make up a substan-
tial part of the total tidal basin area. Moreover, tidal channel
width contains crucial geomorphic information about the
magnitude of landscape-forming flow rates shaping its cross
sections. We therefore introduce a physically based criterion
to assign the width of a tidal incision. To this end, we
assume that the average channel depth, D, is related to the
channel width, B, through the inverse of the width-to-depth
ratio, b, which summarizes the complex morphodynamic
mechanisms leading to an equilibrium cross section (e.g.,
see the review paper by Darby [1998] for alluvial channels
and Fagherazzi and Furbish [2001] for the case of tidal
creeks). In accordance with the observational evidence
emerging from analyses of the geomorphic features of tidal
networks discussed in section 2, we further assume that the
cross-sectional area W(= B2/b) is proportional to the drain-
age area, A, raised to an exponent aA which varies in a
neighborhood of 1. Our set of assumptions allows one to
express Jarrett’s ‘‘law,’’ in the form B /

ffiffiffiffiffiffiffiffiffiffi
bAaA

p
, as a

statement of instantaneous adaptation of the channel net-
work to the hydrodynamic flow field and hence to the
landscape-forming flow rates shaping its cross sections, at
any stage of network evolution. This quite instantaneous
adaptation to the hydrodynamic forcings is indirectly con-
firmed by approximately constant ratios of channel width,

B, to the radii of curvature in tidal meanders, i.e., in contexts
where B changes spatially by orders of magnitude [Marani
et al., 2002]. The general effect of an increase in drainage
area, considered as a surrogate of the landforming dis-
charges, must be that of expanding channel cross-sectional
areas. This postulates, as seen above and analogous to a
number of models of salt marsh development [Pethick,
1969; French and Stoddart, 1992; French, 1993; Allen,
1997; Steel and Pye, 1997], the instantaneous adaptation of
channel cross section, even if a time lag should be expected,
in order to accommodate the swelling discharge shaping the
channels. The effect of a decline in drainage area is
similarly assumed to be a reduction of channel cross
sections. Whether or not a decline should correspondingly
reduce either channel width or depth or both, we leave to
further developments.
[22] Summarizing the evidence and the hypotheses so far

introduced, we assume that the mechanism dominating
channel network development is its headward growth con-
trolled by the exceedances of a critical shear stress, tc,
which we take to coincide with a stability shear stress
required to maintain an incised cross section through
repeated tidal cycles. Whenever the local bottom shear
stress, t(x), exceeds tc anywhere on the border of the
channels we expect erosional activity and network devel-
opment. Channel width is calculated as a function of local
drainage area as a surrogate of local landforming flow,
postulating instantaneous adaptation of channel cross sec-
tion to the hydrodynamic field.

Figure 6. Sample of the effects of different values assigned to T and tc. The initial hydrodynamic
conditions, the dimensions of the square basin, and the initial field of bottom elevations are the same as in
Figure 5. Other values of the parameters are b = 6 and aA = 1.0. (a) tc = 0.3 Pa, T = 0.0001 m; (b) tc =
0.3 Pa, T = 0.1 m; (c) tc = 0.3 Pa, T = 1.0 m; (d) tc = 0.5 Pa, T = 0.0001 m; (e) tc = 0.5 Pa, T = 0.1 m;
(f ) tc = 0.5 Pa, T = 1.0 m.
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[23] We expect heterogeneous geomorphological con-
straints to play a definite role in the development of tidal
networks. Therefore in order to introduce the heterogeneity
necessary to reproduce actual tidal networks, we assign the
initial bottom elevation field, zb(x), as the sum of an average
value, z0, and an uncorrelated Gaussian noise, z1(x), which,
owing to the assumptions embedded in equation (1) is
chosen such that z1(x) � h0 � z0.
[24] Let us then consider a given tidal basin and let S be

the current configuration representing one of the time steps
of the network evolution process. As a consequence of
network development, at a successive time step, the portion
of the basin occupied by the channel network extends in
space eroding the adjacent intertidal areas, GS , which on the
contrary are subject to shrinking. The channels extend
headward and branch in areas where the shear stress
induced by the tidal flow, t(x; S), is greater than the
threshold shear stress, tc. Depending on the spatial hetero-
geneity of sediment, vegetation and microphytobenthos, tc
may be assumed as constant or space-dependent.
[25] To model the selective nature of the forces governing

the evolution of the system, we introduce the analog of a
simulated annealing procedure [Kirkpatrick et al., 1983].
This is an optimization technique which exploits an analogy
with the way metals anneal when they are slowly cooled
and thus atoms are allowed to arrange themselves into a
crystalline structure with minimum free energy. In the
framework of this similarity we choose changes from
configuration S to configuration S0 of the simulated net-
work via a Boltzmann-like probability:

P Sð Þ / e�E Sð Þ=T ; ð4Þ

where T�1 is an analog of the Gibbs’s parameter
representing the inverse of temperature in classic thermo-
dynamic systems and E(S) is a measure of the energy of the
system, which we assume to be represented by the average
value of h1(x; S) over the unchanneled portions of the tidal
basin GS (i.e., E(S) = hh1(x; S)i). We shall use equation (4)
to derive a rule for choosing among sites where thresholds
are exceeded. The parameter T, by no means strictly a
temperature in the thermodynamic sense, is seen as a proxy
of the heterogeneity of the marsh substrate that allows the
developing system to probe the number of possible

configurations of the final network that are characterized
by the same mean potential energy: here the mean depth of
the water surface over the datum surface. As such it controls
the dynamic accessibility of steady state configurations.
[26] The Laplacian in equation (1) is estimated as a L1 �

L2 lattice discretization assuming an eight-neighbor scheme
(four neighbors along the vertical and horizontal directions
and four along the diagonals). For a given configuration S,
the evolution is performed according to the following rules.
[27] 1. Once the water surface h1(x; S) has been deter-

mined by solving the Poisson boundary value problem (1),
drainage directions, contributing areas to each pixel within
the tidal basin, the energy of the system E(S) and the
probability P(S) (equation (4)) are computed.
[28] 2. For each unchanneled site bordering the channel

network the shear stress, t(x; S), is determined through
equation (3). Threshold exceedances possibly scattered
along the border of the channels, representing the sites
where we expect activity, are computed and ranked.
[29] 3. A random value, R, uniformly distributed in (0, 1)

is drawn. If R > P(S), the maximum (i.e., the first) exceed-
ance jt(x; S) � tcjmax is selected and that site becomes a
part of the network, otherwise other random values R(k) are
drawn (with 1 < k � N, where N is the number of sites
above threshold) until a R(k) > P(S) is found. The kth
exceedance jt(x; S) � tcjk is then selected (if k > N, one
of the active sites is randomly chosen).
[30] 4. Once a newly connected pixel is found, the

channel width, B, is computed on the basis of its contrib-
uting area and all the pixels which lie inside a circle
centered on the newly connected pixel with a radius equal
to B/2 become part of the network.
[31] 5. The network axis is outlined and the drainage area

to any cross section is computed. An instantaneous adapta-
tion of the network to the current flux shaping its cross
section is performed. The configuration S0 is therefore
determined.
[32] Steps from 1 to 5 are repeated until no exceedance is

found. Thus erosion processes cutting down the network
come to an end when its structure has lowered the reference
water surface elevations enough in the intertidal regions so

Figure 8. Semilog plot of the exceedance probability of
unchanneled length P(L � ‘) (versus the current value of
length ‘) computed for the final configurations of the
experiments A, B, and C represented in Figure 6. The top
inset shows the double logarithmic plot of the exceedance
probability of unchanneled length P(L � ‘).

Figure 7. Evolution of the mean unchanneled length �‘ as
the network develops for the simulations A, B, and C
represented in Figure 6.
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that the threshold value of the shear stress, derived from the
surface gradients, is nowhere exceeded.

4. Results

[33] We performed many experiments starting from dif-
ferent initial conditions in order to analyze the effects related
to (1) the position of single or multiple inlets; (2) the shape
of the tidal basin; (3) different initial conditions for the
bottom topography zb(x); (4) different values of the width-
to-depth ratio b and of the exponent aA of the relationship
W / AaA; and (5) different values of the critical shear stress
for erosion tc and of the temperature T. In Figures 5 and 6
we show the final network configurations for some of the
experiments carried out with a spatially constant value of
the critical threshold tc. Figure 5 illustrates both the
hydrodynamic potential used to infer flow directions and
the resulting carved topography where channel walls appear
smoothed, rather than vertical, due to the interpolation
effect of the application. This series of results refers to
network development within square, initially undissected
tidal basins. No-flux boundary conditions are applied on
all basins’ boundaries. We assume that the inlet of the
basin, located on the lower boundary representing a
littoral barrier, is the result of a breach, e.g., by sea
surges. This formation of a new opening in a narrow
landmass, such as a barrier island or spit, allowing flows
to be exchanged between a tidal embayment and the sea,
is a common natural occurrence [e.g., Bruun, 1978]. On a
smaller scale this setting may also represent the processes
initiated by artificial breaching of levees in salt marsh
restoration practices. According to our scheme, the pixel
corresponding to the point where the breach occurs, on the
seaward boundary of the domain, becomes a part of the
network and it represents the initial channel network
configuration S0. In particular, the networks of Figures 5
and 6 were obtained starting from the same hydrodynamic
conditions and from the same initial conditions for the
spatial distribution of bottom elevations (which we both

report in the caption of Figure 5). Figure 6 shows the effects
of variations of the critical shear stress value, tc, and of the
temperature, T, on network development. Because the posi-
tion of the basin inlet is the same for all the simulations, the
relevant characteristics of the flow field (i.e., h1(x; S0),
rh1(x; S0) and t(x; S0)) at the first time step are the same.
We observe (Figures 6a, 6b, and 6c) that, for a constant value
of tc, different values of the temperature T lead to quite
different final network configurations, per se an interesting
result. A common behavior for the developing networks can
be traced as follows. As the network moves from configu-
ration S to S0, via the erosion of those portions of the tidal
basin in which exceedances of the threshold tc are found
(and chosen), a general lowering of the water surface
elevation h1(x; S0) occurs. As a consequence, the average
value of h1(x; S0) over the flow field domain GS0 decreases. It
directly follows that the energy of the system, E(S0), that we

Figure 10. Semilog plot of the exceedance probability of
unchanneled length P(L � ‘) (versus the current value of
length ‘) computed for the three channel networks
represented in Figure 9. The top inset shows the double
logarithmic plot of the exceedance probability of unchan-
neled length P(L � ‘).

Figure 9. (a) Watershed delineation and planar configuration of channel networks developed by
applying the model on a square domain G (to which a 256 � 256 lattice is superimposed) surrounded by
channels on which the condition h1 = 0 is applied. The painted areas represent the watersheds related to
the inlets of the three channel networks, and the portion of the domain in white is drained by the
surrounding channels. (b) Vertically exaggerated representation of the water surface elevation field
h1(x) = h1(x, 1) derived by solving equation (1) in G. We have carried out this simulation by
assuming tc = 0.3 Pa, T = 0.1 m, b = 6, and aA = 1.0. The initial hydrodynamic conditions and the initial
field of bottom elevations are the same as in Figure 5. See color version of this figure in the HTML.
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assume to be measured by the average value of the water
surface elevation over the domain (i.e., E(S0) = hh1(x; S0)i),
decreases. As a consequence, the probability P(S0) increases
(equation (4)). According to the simulated annealing proce-
dure, during the initial stages of the evolution process, when
the energy of the system E(S0) is relatively high and the
probability P(S0) relatively low, the first random value R
drawn is likely to be greater than P(S0) and the maximum
exceedance jt(x; S0) � tcjmax is selected. Such being the
case, the direction toward which erosion materializes is the
direction of the greatest excess shear stress, which nearly
coincides with the steepest descent direction for the water
surface (equation (3)). Therefore during these initial stages,
strong forces determined by the local gradient of surface
elevation drive deterministically the erosion process and are
actually responsible for network incision and maintenance.
As the network develops, upon further lowering the field of
free water surface elevations h1(x; S0), the energy of the
system E(S0) decreases and the probability P(S0) approaches
1. Other physical processes start then to contribute to
network development and the direction of the maximum
shear exceedance ceases to be the preferred direction for
network growth. Low temperatures (Figures 6a and 6d) bear
as a consequence very low values for the probability P and
the point characterized by the largest shear stress is system-
atically selected during the process of network development.
As the temperature T increases (Figures 6c and 6f ), the
lowering rate of the water surface h1(x) decreases and P
approaches 1 faster. Figure 6a shows the deterministic
network development resulting from the systematic choice
of the maximum exceedances, which lowers the water
surface h1(x), its gradients rh1(x) and the values attained
by the local shear stresses t(x) in the fastest possible way.
Values of P near to 1 are obtained later in the process of
network development, and the direction toward which the
network cuts down is likely to coincide with the direction
characterized by greater values of the shear stress. As the
temperature T grows, the increasingly stochastic character

of the synthetic networks (e.g., Figures 6c and 6f) mimics
the occurrence of local heterogeneities that may affect
network development.
[34] The number of time steps required to lower the water

surface level until no exceedance of the threshold value, tc,
is found, increases as the temperature, T, increases. In fact,
in this case it becomes increasingly likely that a site with
low exceedance is included in the network and the direction
which would provide the fastest lowering of the free water
surface is seldom selected. As a consequence, an increase in
the degree of network incision is achieved for increasing
temperature values and for a constant value of tc (e.g.,
Figures 6a, 6b, and 6c).
[35] Greater values of the critical threshold, tc, for a

constant value of the temperature, T, (e.g., Figures 6a–6d,
6b–6e, and 6c–6f ) lead to a decrease of the degree of
channelization as a major effect, and possibly to different

Figure 12. Comparison between the semilog plots of the
exceedance probability of unchanneled length P(L � ‘)
(versus the current value of length ‘) computed for the
actual channel network cutting through the Pagliaga salt
marsh and for the synthetic networks represented in
Figure 11.

Figure 11. Comparison between (a) the planar configuration of an actual tidal network cutting through
the Pagliaga salt marsh and (b–d) the planar configurations of synthetic networks obtained by applying
the model on a domain represented by the real catchment for different values of tc and T. The initial
hydrodynamic conditions are the same as in Figure 5. The initial field of bottom elevations zb(x) = z0 +
z1(x) was obtained by assuming z0 = 0 m amsl and the uncorrelated Gaussian noise with mean hz1(x)i = 0
and standard deviation sz1(x) = 0.02 m. Other values of the parameters are b = 6 and aA = 1.0. (b) tc =
0.57 Pa, T = 0.1 m; (c) tc = 0.57 Pa, T = 0.3 m; (d) tc = 0.12 Pa, T = 0.3 m.
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structural organizations of the network. In fact, on one
hand the degree of channelization decreases because greater
values of tc imply that such threshold is nowhere
exceeded earlier during the process of network develop-
ment; on the other hand, network structure may undergo
minor changes, due to the fact that a lower number of
exceedances jt(x) � tcj, in which we expect activity, is
found at any step of network development, and thus the
choice of the pixel where erosion occurs embraces a
smaller number of candidates.
[36] Figures 7 and 8 show the statistical properties of

unchanneled flow lengths, ‘, under different conditions,
thus defining the drainage density of resulting tidal net-
works. Figure 7 shows the time evolution of the mean
unchanneled length, �‘, as the network develops through
different planimetric configurations for the simulations A, B
and C in Figure 6. Jointly with the intuitive result that �‘
decreases as the network develops, it emerges that the
lowering rate of �‘ decreases as the temperature increases.
This is a direct consequence of the fact that a decrease of the
temperature, T, leads to larger lowering rates of the water
surface, h1(x), and of the shear stress distribution, t(x). The
mean value of unchanneled lengths, �‘, of the final config-
urations A, B and C decreases as the temperature increases,
as seen in Figure 8, where semilog (and for comparison log-
log) plots of the entire probability distributions (i.e., the
cumulative probability of exceedance P[L � ‘]) for the
networks in Figure 6 are shown. The approximately linear
semilog trends suggest the type of exponential probability
distributions observed for different tidal environments
[Marani et al., 2003].
[37] Figure 9 shows the result of a numerical experiment

aimed at the study of competition for drainage and separate
inlet formation. We carried out this experiment on a square
domain in which the Poisson equation (1) was solved with
the boundary condition h1 = 0 on the outer boundary of the
square domain, representing an island-like situation where
intertidal areas are surrounded by deep tidal incisions.
The initial inlet on the lower boundary was imposed at
the beginning of the simulation but, quite interestingly, the
other two inlets were automatically selected through the

evolution procedure described in section 3.2, thus under-
lining the capability of the model to capture important
evolving features. In Figure 10 we show the semilog (and
log-log) plots of the probability distributions of unchan-
neled lengths for the main watersheds outlined in Figure 9.
The quite large lengths observed for the distribution
pertaining to the smaller basin are related to the particular
form of the (cusp-like) divides.
[38] We then performed a stringent test of the reliability

of our modeling approach by simulating the development of
a channel network within an actual catchment within one of
our field sites [e.g., Marani et al., 2003]. For this purpose,
we considered a channel network within the Pagliaga salt
marsh (Figure 1), determined its watershed via equation (1),
computed the actual distribution of the shear stresses t(x)
(Figure 4) and imposed the rules of the model (section 3.2).
The main results are shown in Figures 11 and 12. Notice
that, just for visual purposes, we have selected the actual
initial position of the inlet before letting the network cut
down through the actual catchment watershed. In Figure 11
we compare the planimetric configuration of three synthetic
networks (B, C, and D), obtained by varying the tempera-
ture T and tc, to the planimetric configuration of the
observed network (A). Several interesting features emerge.
In the simplest case (B), we have selected the maximum
observed shear stress and imposed it as the threshold value;
indeed, we expect the resulting network to yield a lower
degree of network incision. While the model reproduces the
major features of the actual tidal network, it cannot repro-
duce the complex structure resulting from tidal meandering,
which are not taken into account here. Interestingly, the
analysis of the probability distribution of unchanneled
lengths ‘ (plot B of Figure 12) shows that the synthetic
network exhibits an approximately linear trend in a semilog
plot, suggesting the same type of exponential probability
distribution exhibited by the actual network (Figure 2),
though the mean length (which is the slope of the semilog
plot) is higher as a result of the choice of the maximum
threshold. Plot C of Figure 12 shows the same experiment
run with the same threshold and a higher temperature,
resulting in an increase in the degree of channelization
and overall more realistic appearance. The mean unchan-

Figure 14. Double logarithmic plot of the exceedance
probability of watershed area to any site within the tidal
basin, P(A � a) (versus the current value of area a)
computed for the synthetic networks and their watersheds
shown in Figures 6a, 6b, and 6c.

Figure 13. Double logarithmic plots of the exceedance
probability of watershed area to any cross section of the
network, P(A � a) (versus the current value of area a)
computed for the synthetic networks shown in Figures 6a,
6b, and 6c. The Inset shows a zoom of the upper range of
probability (10�1 � 100).
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neled length matches (reasonably) that of the real marsh
(plot A of Figure 12). Finally, Figure 11d shows the result
of an experiment run using the lower threshold (corre-
sponding to the mean of the observational distribution in
Figure 4b), and the high temperature (as for Figure 11c).
The mean unchanneled length is underestimated in this
case, and the overall degree of channelization excessive.
We thus conclude that the capabilities of the model to
reproduce real-life features are noteworthy.
[39] Further analyses concerned another relevant geomor-

phic measure, namely, the exceedance probability of total
contributing area, A, i.e., the fraction of sites (channeled or
unchanneled) whose total contributing area exceeds a given
value. Figures 13, 14, and 15 illustrate the log-log plots of
the exceedance probability of watershed area, P(A � a),
for some of the networks and their watersheds shown in
Figures 6 and 9. In particular, Figure 13 illustrates the
exceedance probability of watershed area, A, to any cross
section of the networks A, B and C of Figure 6. The
non-power-law and rapidly decaying character of the
exceedance probability emphasizes that the synthetic net-
works exhibit a lack of scale-invariant features in agreement
with previous studies for observed networks developed in
various tidal embayments [Fagherazzi et al., 1999; Rinaldo
et al., 1999a, 1999b]. Figure 14 portrays the exceedance
probability of watershed area, A, to any site within the tidal
basins A, B and C of Figure 6. In this case the exceedance
probability exhibits two distinct regimes, the first related
unchanneled sites, characterized by small values of the
drainage area, the second to channeled sites, with larger
values of a. The non-power-law shape in the first regime
indicates that also unchanneled sites exhibit a lack of scale-
invariant features. Figure 15, which shows the exceedance
probability of watershed area to any cross section of the
three networks in Figure 9, makes it possible to extend the
considerations developed for the networks of Figure 6 also
to the island-like case of Figure 9.
[40] We then addressed the analysis of the spatial distri-

bution of channel width, B(s), as a function of the intrinsic
channel axis coordinate, s, that is assumed to be positive in
the landward direction. Tidal channels, in fact, quite often
exhibit a nearly exponential landward decrease in width

[e.g., Myrick and Leopold, 1963; Lanzoni and Seminara,
2002; Marani et al., 2002]. In order to describe such
decrease, it is reasonable to assume a functional form of
the type B(s)/B0 � exp(�s/LB), where B0 is the initial
channel width at s = 0, and LB is the convergence length
of the channel, estimated by a semilog linear fitting of B
versus s. Figures 16 and 17 show the semilog plots of the
ratio B(s)/B0 versus s/LB for some of our simulations in
which the width-to-depth ratio, b, and the exponent, aA,
of the relationship W = 10�4AaA are varied. Networks
developed within catchments with different boundary
conditions have been analyzed (i.e., no-flux boundary
conditions for Figure 16; h1 = 0 on basins’ boundaries
for Figure 17). It is interesting to note (Figure 16) that
although the seaward growth of B(s) cannot be conclu-
sively linked to an exponential trend as in some field sites
[Lanzoni and Seminara, 2002; Marani et al., 2002], it is
reasonable to assume such a functional relationship. This
is confirmed by the last experiment (Figure 17), where we
have isolated two of the subbasins in Figure 9 which,
differently from the previous case, have been selected by
the internal dynamics of the system.

5. Conclusions

[41] The main conclusions of this paper can be summa-
rized as follows.

Figure 16. Logarithm of the ratio B(s)/B0 versus s/LB,
where B0 is the initial channel width at s = 0 and LB is the
convergence length, for different experiments obtained (in a
square domain, to which a 256 � 256 lattice is super-
imposed) by varying the width-to-depth ratio b and the
exponent aA of the relationship W = 10�4AaA. The width of
the main channel in every experiment is dimensionless with
its initial width. The initial hydrodynamic conditions and
the initial field of bottom elevations are the same as in
Figure 5. Other values of the parameters are tc = 0.3 Pa and
T = 0.03 m. (a) b = 6, aA = 1.0; (b) b = 10, aA = 1.0; (c) b =
20, aA = 1.0; (d) b = 6, aA = 1.2.

Figure 15. Double logarithmic plot of the exceedance
probability of watershed area to any cross section, P(A � a)
(versus the current value of area a), computed for the three
channel networks shown in Figure 9. The inset shows a
zoom of the upper range of probability (10�1 � 100).
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[42] 1. A model of tidal network ontogeny is proposed on
the basis of a suitable hydrodynamic model which provides
both flow directions and the field of shear stresses resulting
from the requirements of channel formation, maintenance
and spatial organization.
[43] 2. Field evidence supports the main assumptions,

chiefly: the landscape-forming role of time-averaged free
surfaces; the existence and consistency of width-to-depth
ratios within channeled portions of the tidal landscape; the
existence of a consistent and deterministic relationship
between any channeled cross-sectional area and its embed-
ded tidal prism (which we identify properly); the existence
of a distribution of shear stresses representative of the
conditions leading to channel formation and maintenance
thereby mimicking the net balance of sediment production
and transport.
[44] 3. The headward growth character of network devel-

opment is supported by the spatial distribution of bottom
shear stress computed via the simplified hydrodynamic
model, displaying local maxima near channel tips.
[45] 4. The model proves reliable in reproducing several

observed characteristics of geomorphic relevance (like
length and area distributions), and capable of providing
complex structures.
[46] 5. The model is designed to directly incorporate

other key mechanisms operating over longer timescales,
which have, in this first work, been neglected. Ecogeo-
morphic processes explicitly not included in the model
presented, may nevertheless be described within the pro-
posed framework in a relatively straightforward way. In
particular, the vertical movement of intertidal areas can be
modelled by introducing a suitable model of sedimentation,
erosion and subsidence. This will also allow us to describe
the evolution of the channel network in response to
changes in the tidal prism due to variations in the elevation
of tidal flats and salt marshes or in relative mean sea level.
The influence of the vegetation distribution as well as of
marine transgressions and regressions on channel network
dynamics may, for example, be accounted for through a
suitably time- and space-dependent tc. Tidal meandering
may also be included, through use of established meander-

ing models, thus indicating that the work presented is a first
step toward a comprehensive ecomorphological model of
tidal environments.
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