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Abstract

We have monitored and analyzed, through remote sensing and ancillary field surveys, the rapid (O(1) year) development of a
tidal network within a newly established artificial salt marsh in the Venice Lagoon. After the construction of the salt marsh, a
network of volunteer creeks established themselves away from an artificially constructed main channel (with mean and maximum
annual headward-growth rates of 11 m/yr and 18 m/yr, respectively). The rapid formation of this system of tidal creeks provides a
unique opportunity to test the reliability of a model of tidal network initiation and development, previously proposed by the
authors. The restored marsh presents the characteristics of a controlled environment analogous to a large-scale field laboratory, as it
allows comparison of the morphologic features of real and simulated network structures under the reasonable assumption of
neglecting accretion and deposition processes over the timescales of observation. Our results compare favorably with observational
evidence, showing that the model proves reasonably capable of reproducing the main features of the actual channel-network
patterns. The model reproduces statistical network characteristics of eco-morphodynamic and hydrodynamic relevance and
captures the dominant modes of the network-incision process.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The importance of long-term morphodynamic mod-
els of tidal environments and landforms, channeled and
unchanneled, can hardly be overestimated because they
host fragile ecosystems of vital biological importance
particularly susceptible to being affected by the effects
of climatic changes like increasing relative sea levels. To
address related issues of conservation, it is of critical

importance to improve our understanding of individual
tidal landforming processes and complex, mutual
interactions (e.g. French and Stoddart, 1992; Friedrichs
and Aubrey, 1994; Allen, 1997; Lanzoni and Seminara,
1998; Fagherazzi et al., 1999; Rinaldo et al., 1999a,
1999b; Allen, 2000; Christiansen et al., 2000; Lanzoni
and Seminara, 2002; Marani et al., 2002; Marani et al.,
2003; D'Alpaos et al., 2005; Feola et al., 2005; Kirwan
and Murray, 2005; Perillo et al., 2005; Temmerman
et al., 2005; D'Alpaos et al., 2006; Fagherazzi et al.,
2006; Marani et al., 2006a,b; D'Alpaos et al., 2007;
Kirwan and Murray, 2007; Defina et al., 2007).
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Indeed the description of the interactions between the
biological and physical processes driving the long-term
evolution of the tidal system requires the formulation of
reliable, though suitably simplified, model components
(e.g., Murray, in press). Such a parsimonious approach
aims at identifying and including the most relevant
morphological processes responsible for shaping the
tidal landscape. The selection of these chief landforming
processes is a challenging task per se. What simplifica-
tions are permissible (as opposed to fatally flawed)
when addressing the processes driving intertidal system
morphogenesis and long-term evolution?

As an example, the morphogenesis of tidal channel
networks has been recently studied through the use of
simplified models (Fagherazzi and Sun, 2004; D'Alpaos
et al., 2005; Kirwan and Murray, 2007), based on the
Poisson hydrodynamic model proposed by Rinaldo et al.
(1999a,b) which condenses the key hydrodynamic
properties of the flow over an intertidal platform.
Fagherazzi and Sun (2004) and D'Alpaos et al. (2005)
recently addressed the problem of initiation and
development of channel networks, deemed of critical
importance because of the strong control exerted by
channel networks on hydrodynamics, sediment and
nutrient dynamics within tidal systems. They assumed
that the process of development of tidal networks, driven
by water-surface gradients and related bottom shear
stresses, acted on timescales considerably shorter than
those involved in other relevant eco-morphodynamic
processes like tidal meandering, marsh accretion/ero-
sion, vegetation dynamics, soil compaction, subsidence
and sea-level rise (e.g., Steers, 1960; Pestrong, 1965;
French and Stoddart, 1992). In agreement with a number
of conceptual models of the growth of salt marshes (e.g.,
Allen, 2000), such a hypothesis is usually supported— a
time in the life of a tidal network exists during which it
quickly cuts down the intertidal areas giving them a
permanent imprinting. This rapid incision process is later
followed by a slower network elaboration – e.g., by
meandering (Gabet, 1998; Marani et al., 2002) – by the
vertical accretion of intertidal areas and slower network
contractions/expansions. When these intertidal areas
reach or exceed a critical elevation, halophytic vegeta-
tion starts colonizing the marsh surface, leading to a
radical change in the morphodynamic behaviour and in
the evolution of tidal channels cutting and meandering
through them (e.g., Garofalo 1980; Gabet, 1998). The
extensive vegetation encroachment enhances the vertical
accretion of the marsh platform and influences the
planimetric evolution of tidal channels because of its
stabilizing effects on surface sediments and channel
banks (e.g., Garofalo, 1980; Marani et al., 2002), thus,

freezing the basic network structure which can, from
then on, only undergo minor changes. Redfield (1965)
reports on changes in tidal channel cross-sectional
geometry, through deepening and narrowing, as a
consequence of the vertical accretion and horizontal
progradation of the adjacent vegetated marsh surface.
Such an observation supports the known concept of
inheritance of the major features of channelized patterns
from a sand- or mud-flat to a salt marsh (e.g., Allen,
2000). Therefore, even if tidal channels control hydro-
dynamics as well as sediment and nutrient fluxes, sedi-
mentation and accretion processes in salt marshes and
the related ecological dynamics are of vital importance
because they influence tidal fluxes within the channels,
thus, controlling erosion, infilling or maintenance. In
essence, these slow morphodynamic processes are large-
ly responsible for dictating the long-term fate of tidal
landforms, ultimately determining whether or not the
ecosystems can self-adjust to changing environmental
conditions like relative sea level. The long-term mor-
phological fate of tidal embayments in general, treating
the intertwined eco-morphodynamic processes govern-
ing the evolution of marsh platforms and of the tidal
channels cutting through them, has recently been ad-
dressed and modelled (e.g., D'Alpaos et al., 2007;
Kirwan and Murray, 2007).

One important issue pertains the meaning of model
validation (or testing) in this context, and the necessity
to carry out stringent comparative network analyses.
Model testing against observed morphologies should be
attempted, and the evaluation of model results should
not be performed just by qualitative visual appraisal but
rather by the use distinctive network statistics (Rinaldo
et al., 1998). Indeed if lenient geomorphic measures
were employed, one might infer a similarity of real and
synthetic landforms that is an artifact of the adopted
tool. This is the case, in particular, for topological mea-
sures that ought to be considered as necessary, rather
than sufficient, comparative network tools. Horton's
laws exist in most of all possible networks, and, thus,
observance does not say much about the processes
controlling network development (Rinaldo et al., 1998).

In contrast, similarity of proper measures of drainage
density defines stringent comparisons (Marani et al.,
2003). These geomorphic tools synthesize the interplay
of the chief processes shaping the channels and the
marsh platform, embedding the topological structure of
tidal networks cutting through platforms and the metrics
of the parts. For example, D'Alpaos et al. (2005) used
the comparison tools developed by Marani et al. (2003)
to test the reliability of synthetically generated net-
works, showing that modelled network structures
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reproduced quite well the observed probability distri-
bution of unchanneled lengths (Marani et al., 2003;
Feola et al., 2005).

To further test models of network formation, in this
paper we use field data from a newly constructed artifi-

cial salt marsh regarding the spontaneous development
of creek networks within low zones subject to flood and
ebb flows. These volunteer channels (Wallace et al.,
2005) cut through the salt marsh very rapidly, in the time-
span of a few years, and developed a sizable network of

Fig. 1. a) Map of the Venice lagoon and location of the artificial marsh. b) Artificial marsh located in the southern lagoon. The lower-lying areas and
the artificial channels are also depicted (courtesy of Ministero delle Infrastrutture e dei Trasporti – Magistrato alle Acque di Venezia – through its
Concessionario Consorzio Venezia Nuova). c) Aerial view of the study site. The high boundary levees surrounding the site are highlighted (courtesy
of Dr. P. Nascimbeni).
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tidal creeks. Suitably tuned remote-sensing techniques
(e.g., Silvestri et al., 2003; Belluco et al., 2006) and field
surveys have created an accurate description of the
channelized patterns.

The interest of a comparison between the results of
natural evolutionary processes and those of mathemat-
ical modelling, lies in the main assumptions that the
theoretical tools imply the decoupling of network
incision from the slower eco-morphodynamical pro-
cesses shaping the system, and the “instantaneous”
adaptation to the current tidal prism, where instanta-
neous obviously means short with respect to the
remaining evolutionary timescales. The actual observa-
tional setting shows that indeed this is the case,
substantiating our assumptions. As we shall see, the
model is capable of reproducing the main statistical
characteristics of the observed network. We argue that
statistical similarity of certain features, like the distri-
bution of unchanneled flow paths and the drainage
density, implies similar hydrodynamic and geomorphic
behaviour (Marani et al., 2003; D'Alpaos et al., 2005).
Rather than a pointwise reproduction of network
features, the model is shown to predict realizations
whose statistical properties are similar to the surveyed
network.

This paper is organized as follows. Section 2 briefly
discusses the field site and the data collection. The
model structure and its main physical and mathematical
assumptions are recalled in Section 3. Section 4 then
presents and discusses the main results obtained by
applying the model under different relevant conditions.
Finally, a set of conclusions closes the paper.

2. Study site

The study site is located within an artificial salt marsh
in the Venice lagoon (Fig. 1a), a microtidal environment
(the tidal regime is semidiurnal with a maximum range
of about ±0.7 m above mean sea level, hereinafter amsl)
of great environmental importance. Because of anthro-
pogenic causes the extent of intertidal morphological
structures has been steadily decreasing during the past
century. The marsh surface, in particular, shrank from
149 km2 in 1912 to just 47 km2 in 1997, and to 37 km2

in 2003 (Cucchini, 1928; Silvestri, 1997; Silvestri et al.,
2003). Such a degradation proved particularly intense in
the southern part of the lagoon, where the artificial marsh
examined here is located (Fig. 1a,b). The “Ministero
delle Infrastrutture –Magistrato alle Acque di Venezia –
through Consorzio Venezia Nuova” (hereinafter MAV–
CVN) started reconstructing the marsh in 1992, and has
monitored it since its completion.

The marsh, which is characterized by a surface of
about 30 ha (Fig. 1b) and an average elevation of 0.60 m
amsl, is constituted by sediment obtained from dredging
the tidal channels in proximity of the Chioggia inlet,
mainly composed of sand (87–97%) and a small part of
silt (3–13%) as determined from a large number of
samples collected in situ (MAV–CVN, 1999). As a
consequence, vertical settling of the sediment column
was initially quite rapid, while subsequent consolidation
effects were negligible. Because of the resulting
relatively high level of the platform, four lower areas
were created by dredging in 1998 together with six tidal
channels connecting them to the rest of the lagoon
(width=2 m; depth=−0.1 m amsl; bank slope 1:1; total
length=1600 m; Fig. 1b). One of these lower-lying
areas is studied here (Fig. 1b,c) and is characterized by a
surface of about 3500 m2, with a nearly constant
elevation of 0.15 m amsl.

The site is almost completely surrounded by high
levees (1 m amsl) and is connected to the rest of the
platform by an artificial tidal channel. The boundary
levees isolate the site from the surrounding marsh,
providing well defined boundary conditions for model-
ling purposes. Moreover, because of the high elevation
of the artificial marsh, water reaches the study area
almost exclusively through the artificial channel con-
necting it downstream (i.e. in the direction of the ebb
tide) to the lagoon and upstream to another low-lying
area (Fig. 1b). Changes in the morphological features of
the site were monitored through remote sensing and
field surveys which provided useful direct observations
and ground ancillary information.

Fig. 2 shows aerial photographs of the study site
acquired in 2000 and 2002 (Fig. 2a,b, respectively)
together with the embedded channel-network structure
in 2002, whose extraction was performed after suitable
processing of the remote-sensing data (see e.g. Silvestri
et al., 2003; Belluco et al., 2006), characterized by a
spatial resolution of about 0.16 m (Fig. 2c). It emerges
that eight creek networks started developing in 2000,
spontaneously branching from the main-artificial chan-
nel (width=2 m; depth=−0.1 m amsl; bank slope 1:1;
total length=95 m; Fig. 1b). These spontaneous creeks
further extended in the following two years, cutting
through the undissected platform. The process of
incision of these small channel networks was surpris-
ingly rapid (O(1) year). The total length reached by the
volunteer creeks in 2002 was about 336 m; the mean
creek length was about 42 m; the length of the longest
creek was about 74 m; the length of the shortest creek
was about 11 m (Table 1). The mean annual rate of
headward growth was of about 11 m/yr, whereas
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maximum and minimum headward-growth rates were of
about 18 m/yr and 3 m/yr, respectively.

Similar mean rates of channel extension by headward
erosion had previously been observed. Steers (1960)
reported a channel headcut migration of up to 5–7 m/yr,
Collins et al. (1987) observed a headward erosion of
more than 200 m in 130 years, and Wallace et al. (2005)
relate a mean extension rate of 6.2 m/yr. In contrast, the
main-artificial channel flowing through the study site
only experienced extremely slight changes in its planar
configuration and cross-sectional geometry, during the
same period. The part of the main channel between the
upstream low marsh and the study site experienced a
slight narrowing as a consequence of the small amount
tidal prism flowing through it. The portion of the chan-
nel incising the study area showed signs of evolution
near bends, by erosion of the outer bank and deposition
of the inner bank, and a smoothing of the cross-sectional
geometry with respect to their initial artificial configu-
ration, induced by bank erosion processes. The channel

also increased in average depth in the portion between
the study site and the lagoon, from −0.1 m amsl in 1998
to −0.3 m in 2002. Immediately downstream of the
study site channel depth is equal to −0.43 m amsl,
whereas at the outlet in the lagoon, channel depth is
equal to −0.54 m amsl, where its width has increased to
7 m (MAV–CVN, 1999, 2002, 2004).

The study site was colonized by vegetation (Fig. 3),
though not completely. The dominant vegetation species
is Salicornia veneta, a pioneer species very common in
the Venice lagoon, which usually develops on very low-
lying areas (Silvestri et al., 2005). The dominant
colonization by Salicornia agrees with the observations
of Silvestri et al. (2005), who find that Salicornia is
mostly confined to the narrow range of elevations
between 5 and 15 cm amsl in the Venice Lagoon. The
second most frequent vegetation species within the
study site is Sarcocornia fruticosa, known to devel-
op at higher elevations, between 22 and 35 cm amsl
(Silvestri et al., 2005). In fact, Sarcocornia has en-
croached the portion of the marsh along creek bends,
where soil elevation is higher than the rest of the inner
marsh.

3. Model of the initiation and development of the
channel network

We briefly review here our model of channel-
network development presenting its more relevant
features, and refer the reader to Rinaldo et al. (1999a,
b), Marani et al. (2003), and D'Alpaos et al. (2005), for a
detailed description of the whole theoretical framework.

The hydrodynamic field on the marsh platform is
modelled through the simplified version of the shallow
water equations proposed by Rinaldo et al. (1999a), who
showed that the basic hydrodynamic features of
frictionally-dominated short tidal basins (e.g., Lanzoni

Table 1
Length of the longest link and relative annual headward-growth rate of
the creeks spontaneously branching from the main-artificial channel,
based on network structured extracted from the aerial photograph
acquired in 2002

Creek # Length (m) Rate (m/yr)

1 74 18
2 50 12
3 11 3
4 36 9
5 37 9
6 44 11
7 26 7
8 60 15

The total length of the volunteer creeks (length of all the links) was of
about 336 m. Creek numbering refers to Fig. 2c.

Fig. 2. Aerial photographs of the study site in the newly restored salt marsh. a) Acquisition performed in 2000; b) acquisition performed in 2002;
c) channel-network extraction on the basis of the 2002 aerial photograph.
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and Seminara, 1998) can be determined by solving the
following Poisson equation

j2g ¼ k
D0

AD0

At
ð1Þ

where η(x,t) is the local deviation of the water surface
from its instantaneous average value, referenced to msl;
D0(t) is the average water depth over the platform, refer-
enced to msl; and λ is a bottom friction coefficient. Field
observations, indicating a much faster propagation of the
tidal wave within the channels than over the shallower
flanking marsh areas, allow one to assume spatially-
independent local elevations (η=0) within the channel
network and determine the field of free surface elevations
over the unchanneled marsh platform, by solving Eq. (1)
at any instant of the tidal cycle (Rinaldo et al., 1999a). The
Poisson model, which has been applied to various tidal
environments characterized by different tidal, geologic,
vegetational and hydrodynamic features, has shown
capable of providing quite robust estimates of drainage
directions, tidal watersheds, and landforming discharges,
as demonstrated in Marani et al. (2003) by comparison to
observations and complete hydrodynamic simulations.

On the basis of the water-surface topography, the
distribution of bottom shear stresses, τ(x,t), from tidal
currents over unchanneled areas, can be determined
through the relationship

s ¼ �g � D �jg ð2Þ

where γ is the specific weight of water; andD is the local
water depth. The spatial distribution of τ(x), computed

for our case study sites in the Venice lagoon, displays
higher values at the tips of the network and near
pronounced channel bends (D'Alpaos et al., 2005; Feola
et al., 2005). This corroborates the speculation that
headward erosion of first order tributaries (e.g. Steers,
1960; Pestrong, 1965; French and Stoddart, 1992) is the
process driving network development. The spatial
distribution of τ(x) is, therefore, used to model the
formation and growth of tidal networks.

To this end we take advantage of observational
evidence, introducing some simplifying assumptions.

(i) In agreement with previous conceptual models and
field observations (e.g. Pestrong, 1965; Beeftink,
1966; Pethick, 1969; Collins et al., 1987; French
and Stoddart, 1992; Allen, 1997) we assume that
during its initial development stage, the tidal net-
work quickly acquires a permanent basic structure,
and, therefore, decouple the early incision from its
subsequent slower elaboration and eco-morpholog-
ical evolution of the adjacent marsh platform.

(ii) We furthermore assume that tidal networks develop
via headward growth, driven by the exceedances of
a critical shear stress, τc, a stability shear stress
required to maintain an incised cross-section
through repeated tidal cycles (Friedrichs, 1995).
Depending on the spatial heterogeneity of sedi-
ment, vegetation and microphytobenthos, which
indeed influences channel-network dynamics, τc
may be assumed as constant or space dependent.
Whenever τ(x) exceeds τc, anywhere on the border
of existing channels, erosional activity and network
development may be expected.

Fig. 3. Vegetation species within the study site. a) Sarcocornia fruticosa encroaching creek bends. Note, on the background, the high levee
surrounding the study site; b) Salicornia veneta colonizing the lower portions of the marsh.
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(iii) Channel cross-sectional geometry is instantaneous-
ly adapted to the local hydrodynamics on the basis
of the consistent and deterministic power-law rela-
tion (e.g., O'Brien, 1969; Jarrett, 1976; Friedrichs,
1995; Rinaldo et al., 1999b; Lanzoni and Seminara,
2002) between cross-sectional area, Ω, and the
flowing tidal prism, P, i.e. the total volume of water
exchanged through the considered section during
flood or ebb phases. The tidal prism,P, is computed
using the flow paths determined on the basis of the
water-surface elevation field and related gradients
(e.g., Eq. (1)). Therefore, we assume Ω=βpP

αp,
with βp=10

−4 and αp=1.1, based on previous nu-
merical modelling in the Venice Lagoon (Rinaldo
et al., 1999b; Lanzoni and Seminara, 2002), thus
enabling the model to describe the evolution of
the channel network in response to changes in P,
possibly from variations in marsh-platform eleva-
tion or in relative msl.

(iv) The consistency of width-to-depth ratios within
channeled portions of the tidal landscape (Marani
et al., 2002; Lawrence et al., 2004) makes it
possible to assign channel width once Ω has been
determined, thus simplifying the complex mor-
phodynamic processes responsible for channel
cross-sectional shape.

Numerical modelling of the cross-sectional evolution
of tidal channels, carried out by D'Alpaos et al. (2006),
support the two latter assumptions. When the marsh plat-
form evolves in the vertical direction, the ratio between
cross-sectional area and peak discharge remains nearly
constant, thus indicating that the cross-section adapts quite
rapidly to changes in water discharge— and, therefore, in
the related tidal prism.Moreover, salt-marsh creeks which
experience a reduction in the landforming fluxes are found
to maintain a constant width-to-depth ratio.

The evolution of the channel network can then be
performed as follows. For a given network configuration,
Eq. (1) is solved and the τ(x)-distribution is computed
from Eq. (2). One of the sites where τ(x) exceeds the fixed
threshold for erosion, τc, is selected to become part of the
network, on the basis of a suitable procedure governed by
the temperature of the system, T (in analogy with the
simulated annealing procedure proposed by Kirkpatrick
et al., 1983). The parameter T is seen as a proxy of the
heterogeneity of the marsh substrate and is used to derive
a rule for choosing among sites where thresholds are
exceeded (we refer the reader to D'Alpaos et al., 2005
for a detailed description of the procedure). We expect
heterogeneous geomorphological constraints to play a
definite role in the development of tidal networks. Lower

values of T allow the model to generate deterministic
networks in which the maximum exceedances of the
bottom shear stresses are always selected, whereas for
higher values of T, a stochastic component drives the
development of the synthetic networks.When a new pixel
is chosen, it is considered to be part of the channel axis,
and network cross-sections are instantaneously adapted to
the local tidal prism, P. Because the flow field has varied
as a consequence of the inclusion in the network structure
of newly channelized pixels, Eq. (1) is then solved again
by using new boundary conditions that reflect the updated
channel configuration. As the channel network extends
into the intertidal area, the reference water surface, its
gradients, and the related bottom shear stresses, are
progressively lowered and the process proceeds iterative-
ly until the critical shear stress is nowhere exceeded.

4. Results and discussion

We carried out many numerical experiments to
analyze the effects related to the values assigned to the
critical shear stress for erosion, τc, to the temperature, T,
and to the initial condition for the bottom topography.
All simulations were performed within a domain
resembling the morphological configuration of the
study site in 1998, as shown in Fig. 4a. We started
from a flat marsh surface characterized by a spatially-
constant value of bottom elevation equal to 0.15 m amsl,
and incised only by the main-artificial channel. No-flux
conditions were applied at all boundaries in the basin,
whereas spatially-independent water-surface elevations
(η=0) were assigned along the artificial channel. Fig. 4b
shows the distribution of bottom shear stress com-
puted via Eq. (2) relative to the initial condition. We

Fig. 4. a) Initial configuration for the model of network development
and related boundary conditions. b) Example of the spatial distribution
of the bottom shear stress τ(x) attained on the intertidal areas adjacent
to the main-artificial channel dissecting the study area. The higher
values of the shear stress are found to occur in correspondence of the
pronounced channel bends.
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observe that higher values of the bottom shear stress are
located near the bends of the artificial channel. At these
sites we, therefore, expect erosional activities and net-
work incision.

Fig. 5 shows some snapshots of the growth and
progressive development of the creek networks and the
dynamics of the related watersheds, determined by

finding the set of marsh points draining through a given
cross-section. Small creeks are initiated at the artificial-
channel bends (Fig. 5a), where high τ(x)-values promote
erosion (Fig. 4b). As soon as breaches are opened on the
edge of the main channel, such incisions further grow as
a consequence of flux concentration and increased
bottom shear stress at the incipient-creek head (Fig. 5b).

Fig. 5. Progressive incision of creek networks (from the very beginning, a, to its end d) in the actual computational domain. Shaded areas represent the
watersheds associated with the emerging creek networks, the portion of the domain in white is drained by themain-artificial channel.We have obtained
the simulation by using the following values for model parameters: i) λ=6.37 10−4 s−1; ii)D0=0.05 m amsl; ∂D0 / ∂ | t=8·10−5m s−1; iii) mean marsh
elevation z0=0.15 m; and iv) τc=0.15 Pa, T=0.05 m. The size of the pixel is assumed to be equal to 0.16 m. Other values of the parameters
are: τc=0.3 Pa, T=0.3 m.

Fig. 6. Synthetic networks obtained for different values assigned to T and τc: a) τc=0.15 Pa; T=0.01 m; b) τc=0.15 Pa; T=0.05 m; c) τc=0.15 Pa;
T=0.1 m; d) τc=0.25 Pa; τc=0.01 m; e) τc=0.25 Pa; T=0.05 m; f ) τc=0.25 Pa; T=0.1 m. Other values of the parameters are the same as in Fig. 5.
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This favors bottom erosion and network development
toward the undissected portion of the platform,
producing a self-sustained mechanism which is respon-
sible for the channel incision. Creeks grow by cutting
through the marsh, dynamically adapting the cross-
sectional geometry to the newly-captured tidal prism,
according to a positive feedback which leads to the
formation and maintenance of the channelized patterns.
A “competition” among developing networks to drain
the marsh surface and capture the available tidal prism
characterizes the dynamics of the system. We observed
migration of watershed divides and variations in
watershed extent: when a creek develops through
head-growth erosion, the newly-captured tidal prism is
subtracted somewhere else (Fig. 5c,d). A comparison of
actual and synthetic network configurations (e.g., Figs.
2c and 5d), shows that the major features of the observed
networks are reproduced by the model. In particular it is
worthwhile noting that four of the synthetic creek
networks are initiated at locations which match those
from where the actual networks breach the artificial-
channel edge, even though a couple of small creeks also
develop in addition to the observed ones. If one does not
consider the actual creeks paralleling the high boundary
levees (which in our view are the consequence of
peculiar local topographic conditions in 1998, as will be
discussed later), four of the five breaching locations are
captured by the model.

Fig. 6 shows some synthetic networks generated for
different values of τc and T. It emerges that for a given
τc-value, increasing temperatures lead to an increase in

the degree of network incision and in the number of
creeks which originate from the main channel (compare
Fig. 6a,b,c for the case of τc=0.15 Pa; and Fig. 6d,e,f for
τc=0.25 Pa). Lower temperatures generate networks
which deterministically follow the maximum shear
stress in excess of the critical value, τc, (Fig. 6a and
Fig. 6d); whereas for higher temperatures (e.g. Fig. 6b,c,
e,f) an increasing stochastic component contributes to
drive the incision of the network, thus, mimicking the
occurrence of local heterogeneities which may indeed
affect network development. Deterministic networks
lower the water surface, its gradients, ▽η(x), and the
values attained by the local shear stress, τ(x) (e.g.,
Eq. (2)), in the most efficient possible way. Because a
positive feedback exists between headward growth and
the concentration of newly-captured tidal fluxes at
channel tips, network branching from the main channel
may be inhibited by the deterministic development,
which is, therefore, characterized by the growth of few
larger channels responsible for draining (in ebb) or
feeding (in flood) the platform. On the contrary, in the
heterogeneous case, when channel growth is determined
by the statistical tracking of shear stress exceedances,
network branching may be promoted and the formation
of smaller creek networks, eroding the marsh surface at
different locations, may be favored.

For a given T-value, a decrease in τc leads to a decrease
in the degree of channelization and in the number of
developing creek networks, as one may expect as a con-
sequence of the higher resistance offered by the marsh
surface to bottom erosion.

Fig. 7. Comparison between the semi-log plots of the exceedance probability of unchanneled length P(L≥ℓ ), versus the current value of ℓ
computed for the actual tidal network cutting through the study site and for three synthetic networks. a) τc=0.15 Pa; T=0.05 m; b) τc=0.20 Pa;
T=0.05 m; c) τc=0.25 Pa; T=0.05 m; d) actual network.
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The synthetic creek networks tend to originate at
locations which reasonably match those of the actual
ones, even when the model parameters (τc, T) are varied,
thus, emphasizing the strong control exerted by the
water-surface elevation gradients, and by the related
bottom shear stresses, in driving the process of channel
incision, and the noteworthy capabilities of the model to
reproduce real-life features.

A further stringent test of the reliability of the proposed
modelling approach was carried out in the framework of
theoretical and observational analyses of the drainage
density in tidal networks, relying on the statistics of
unchanneled flow lengths,ℓ, i.e. unchanneled flow paths
from any unchanneled site to the nearest channel (Marani
et al., 2003). Fig. 7 portrays a comparison of the
probability distributions of unchanneled lengths, com-
puted for the actual network and for three synthetic
networks obtained for a fixed temperature,T=0.05m, and
different values of τc. The selected value of T (among the
experimented ones) was chosen as the one which allowed
us to best reproduce the observed branching structures.
Interesting features emerge. The synthetic networks are
characterized by probability distributions of unchanneled
lengths which exhibit an approximately linear trend in a
semi-log plot, thus, suggesting the same type of
exponential probability distribution displayed by real
tidal networks (Marani et al., 2003). Please note that the
slope of the semi-log plot is the mean of the exponential
distribution, i.e. the mean flow distance from a point on
the marsh to the nearest channel. Lower τc-values
generate network configurations characterized by lower
values of the mean unchanneled length, i.e. by higher
drainage densities, as a consequence of the increased
efficiency of the network in “serving” (i.e., draining or
feeding in ebb and flood) its catchment. Finally, the
probability distribution of unchanneled lengths which
better matches (plot and configuration d in Fig. 7) that of
the observed network (plot and configuration a in Fig. 7),
is computed by using a value of τc equal to 0.25 Pa, in
accordance with experimental (Kamphuis and Kevin,
1983) and field observations (Amos et al., 2004).
Kamphuis and Kevin (1983) show that for a mixture of
sand and clay in the same percentage of that character-
izing the sediment used to build themarsh, the value of the
critical shear stress is about 0.25 Pa; whereas Amos et al.
(2004) found an average critical shear stress of about
0.30 Pa for several samples collected in proximity of our
field site in the Venice lagoon. Moreover, four out of the
five synthetic creek networks originate at locations which
reasonably match those of the actual ones, and that the
additional small creeks shown in Fig. 5d disappeared.
Such a result emphasizes that the model is indeed reliable

in reproducing relevant observed geomorphic network
features. The increase in the drainage density for
decreasing τc-values has been obtained for a wide range
of T-values (ranging from 0.001 m to 0.15 m), while a
smaller range of T-values produces a satisfying match
between the probability distribution of unchanneled
lengths computed for observed and synthetic networks.

We finally carried out an experiment aimed at repro-
ducing the tidal creeks which developed parallel to the
boundary levees, which the above presented simulations
were not able to capture. These channels show unusual
features, at least according to our experience of actual
tidal network patterns. To mimic the development of
such channels, we “artificially” lowered the elevation of
the marsh surface in the areas adjacent to the levees
(a 20 cm lowering was applied), trying to mimic a
situation which might have occurred, for reasons that
can be only conjectured, during the realization of the
low-lying areas in 1998. The final configuration of the
channel network is shown in Fig. 8. A local decrease in
marsh elevation bears, as a consequence, an increase
in the local flow depth and, therefore, in the local value
of the bottom shear stress (e.g., Eq. (2)). Threshold
exceedances, possibly scattered on the border of the
main channel, are found also in proximity to the bor-
dering levees, where erosional activity and network
development start to occur. Three channels extend into
the area adjacent to the surrounding levee, together with
other four creek networks which develop branching
from the bends of the main channel.

Fig. 8. Synthetic networks obtained by lowering the initial marsh
topography along the bordering levees. Inner marsh elevation is equal
to 0.15 m amsl; marsh elevation in the areas adjacent to the levees has
been lowered to −0.5 m amsl. Other values of the parameters are the
same as in Fig. 5.
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5. Conclusions

The results from observations and modelling,
concerning the rapid development of small creek networks
within a newly constructed artificial salt marsh in the
Venice Lagoon, provide insight into the process of tidal
channel morphogenesis and evolution that are of general
interest: (i) The incision of the creeks spontaneously
developing from an existing artificial channel proceeded
quickly. We observed a mean annual headward-growth
rate of 11 m/yr and a maximum headward-growth rate of
18 m/yr, in accordance with previous findings; (ii) the
results of our simulations show that the creeks in the
synthetic networks tend to originate at locations which
reasonably match those of the actual ones, i.e. at the outer
banks of the artificially constructed meandering channel,
where bottom shear stresses attain higher values. This
supports the assumption concerning the strong control
exerted by the water-surface elevation gradients, and by
the related bottom shear stresses, in driving the process of
channel incision; (iii) the locations of the branching creeks
are well captured even when the model parameters (τc, T )
are varied, thus, emphasizing robustness of the model in
describing the dominant geomorphic processes. (iv) The
synthetic networks are characterized by probability
distributions of unchanneled lengths which exhibit an
approximately exponential trend, thus, suggesting the
same type of probability distribution displayed by real
tidal networks; (v) the best match between the modelled
and observed probability distributions of unchanneled
lengths was obtained by imposing a value of the critical
shear stress characteristic of the sediments constituting the
marsh, rather than by calibrating this parameter.
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