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Abstract

The present paper describes observations, analyses and models of salt-marsh channel network and vegetation patterns with the aim of con-
tributing to the development of predictive models of ecological and morphological co-evolution. Existing and new observations are described,
with particular emphasis on remote sensing and ancillary field surveys, which are shown to allow reliable, accurate and repeatable quantitative
characterizations of landform and vegetation properties over the spatial scales of interest. The observed channel network morphological char-
acters are then used as the basis and validation of models describing the emergence of channel network and vegetation spatial patterns. In par-
ticular, with reference to observations performed in the Venice Lagoon, the note describes: (i) new, 2-cm resolution, characterizations of channel
network geometry obtained from ‘‘proximal sensing’’ photographic observations; (ii) the reliable quantitative maps of salt-marsh vegetation
which may be retrieved from hyperspectral remote sensing data and field ancillary observations; (iii) a synthesis of recent and new analyses
of the statistical properties of vegetation and landform spatial organization, that may be inferred from the maps so derived; (iv) recent
and new conceptual and quantitative ecological and geomorphic models developed and validated by remote-sensing and field observations.
A coherent observational and theoretical eco-morphodynamic framework is then proposed.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Tidal marshes are transition zones between marine and ter-
restrial systems playing an important role in the geomorpho-
logical and biological dynamics of intertidal areas. Perhaps
their most notable characteristics lie in their hosting a high bi-
ological diversity (protected under international treaties, such
as the Ramsar Convention). Marshes also attenuate sea action
on the coast and act as sediment trapping zones. Due to their
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ecosystem functions and effects on coastal stabilization,
marshes are crucial structures in tidal environments, both bio-
logically and geomorphologically, and fundamental elements
in wetland restoration or coastal realignment schemes. In spite
of this important role, the understanding of salt-marsh dynam-
ics still lacks a comprehensive and predictive theory, mainly
because many of the linkages between the relevant ecological
and geomorphological processes are poorly understood. Salt-
marsh evolution, in fact, importantly depends on complex
feedbacks between physical and biological components, of
which the interaction between hydrodynamics, subsurface hy-
drology, geomorphology and vegetation is an important exam-
ple. Salt marshes are characterized by the presence of
halophytic vegetation (i.e. macrophytes which have adapted
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to high soil salinity and saturation) and of sediment microbial
assemblages (microphytobenthos), which have an important
role in the dynamic equilibrium of the intertidal system
(Bertness and Pennings, 2000; Sánchez et al., 2001; Morris
et al., 2002; Silvestri and Marani, 2004). The very transforma-
tion of tidal flats (i.e. areas lying below mean sea level and pe-
riodically exposed by tidal fluctuations) into salt marshes is
the result of a local increase of deposition rates (e.g. Allen,
2000; Friedrichs and Perry, 2001) and of the colonization, first
by microbiota (Aspden et al., 2004) and then by pioneer vas-
cular plants (e.g. Silvestri et al., 2005) of the resulting more
elevated area. The establishment of pioneer vegetation, driven
by salinity and soil saturation determined by water flow both
above and below the surface of the salt marsh, increases sed-
iment stability and has a key role in favouring soil accretion,
by enhancing organic deposition and suspended sediment trap-
ping and by damping sediment resuspension induced by wind
waves (e.g. Friedrichs and Perry, 2001). The developing marsh
is subsequently colonized by other vegetation species, which
are possibly favoured by increased oxygen availability due
to the effects of increased evapotranspiration on subsurface
flow (Ursino et al., 2004; Marani et al., 2006). However, its
continued existence depends on the subtle interplay between
vegetation presence, sediment transport processes, hydrody-
namics, subsurface hydrology and subsidence.

The study of this coupled eco-geomorphic dynamics is com-
plicated by the fact that the processes shaping the biological and
geomorphological characters of a salt marsh occur over a wide
range of spatial scales, from few centimetres to several kilo-
metres. While the role of large scale features (e.g. the large tidal
channels through which water, sediment and nutrient exchanges
between a tidal environment and the sea take place) is quite ob-
vious, it is worthwhile to emphasize that also small-scale geo-
morphic features (e.g. within the centimetre to one metre
range) are very important in the morphological and ecological
evolution of the system. For example, the channel network de-
velops or contracts through erosion and deposition processes oc-
curring at the tips of smaller scale channels (e.g. Feola et al.,
2005), which are also responsible for the effective drainage of
salt-marsh soils and thus crucially influence the colonization
of intertidal areas by halophytic vegetation. Observations of
physical and biological features over such a wide range of scales
may be performed using remote sensing data, which are com-
monly characterized by resolutions of the order of a few metres,
associated to suitable ancillary field surveys. Access to smaller
scale features is more difficult and requires the development of
ad hoc ‘‘proximal sensing’’ techniques, e.g. through the use of
tethered balloons.

The present paper discusses, on the basis of previous and
new observations, analyses and models of vegetation and
channel network spatial structure emergence, with the aim of
contributing to the construction of comprehensive dynamical
models of intertidal systems, explicitly incorporating both
physical and ecological processes. In fact, due to the presence
of significant eco-geomorphic feedbacks, predictive models of
an intertidal system cannot separately describe biological and
physical processes and should aim to model the system as
a whole rather than as a collection of parts. To this aim, the
paper discusses recent results on remote sensing observations
of tidal eco-geomorphology and on modelling tidal network
dynamics. New results on the observation and analysis of tidal
network micromorphology through proximal sensing (at scales
of few centimetres) and on modelling tidal vegetation spatial
organization are presented to provide a complete framework
for the development of coupled eco-geomorphic models.

The paper is organized as follows. The following section
describes the quantitative observation of biological and mor-
phological properties of tidal marshes in the lagoon of Venice
(Italy) from remote sensing, proximal sensing and field obser-
vations. Analyses of the spatial distribution of system proper-
ties are then illustrated in the third section and serve as the
basis for two models providing possible descriptions of the
biological and geomorphological pattern dynamics discussed
in the fourth section. A set of conclusions closes the paper.

2. Study site

The observations discussed here regard the lagoon of Ven-
ice, which has a surface of about 550 km2 and is characterized
by a semidiurnal tide with a range of approximately 1.4 m.
The main study site considered in the following is the San Fe-
lice salt marsh, located in the northern part of the Venice la-
goon, which has an average elevation of about 0.26 m above
mean sea level and is mainly colonized by four halophytic spe-
cies: Spartina maritima, Limonium narbonense, Sarcocornia
fruticosa and Juncus spp. (see Marani et al., 2004 for details).
The ground resolution of the data is 1.3 m and their accurate
geocoding was obtained by use of several (more than 240
for the San Felice study site in an area of about 3 km2) ground
control points identified through Differential GPS (DGPS).

3. Approach

3.1. Remote sensing and field observations of
system properties

The presence and characteristics of halophytes over a salt
marsh depend on a number of physiological requirements
(e.g. light, oxygen, nutrients, etc.) and the spatially complex
distribution of these controlling factors induces a high vari-
ability of biota in the intertidal zone. It is a well-known fact
that the spatial distribution of halophytic vegetation in salt
marshes is not spatially uncorrelated but is organized in
‘‘patchy’’ distributions (zonation, e.g. Adam, 1990). Zonation
is typically and generically explained in terms of salt-marsh
flooding periods, but the quantitative description of the phys-
ical mechanisms which determine it is still lacking, even
though it is crucial for the comprehension of the overall
eco-geomorphological evolution of tidal environments (e.g.
Silvestri et al., 2005). The morphology of the intertidal zone
is also very complex in terms, for example, of its topography
and of the geometry of the network of channels dissecting it
(e.g. Marani et al., 2002, 2003, 2004). The accurate and quan-
titative observation of the characteristics of these ecological
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and morphological patterns is necessary for the formulation of
any model of intertidal dynamics and must be performed on
spatial scales ranging from the order of tens of centimetres
to the order of several kilometres. This range of spatial scales
can likely only be accessed by integrating field observations
with remote sensing techniques.

3.1.1. Hyperspectral observations of vegetation and
network morphology

The remote sensing data analysed were acquired by a hyper-
spectral Compact Airborne Spectrographic Imager (CASI)
sensor and are part of a larger dataset from the European re-
search project TIDE (Tidal Inlets Dynamics and Environment,
see Belluco et al., in press and http://www.tideproject.org for
more detailed information). The CASI data considered here
were acquired within 15 spectral bands, 9 of which in the vis-
ible (437.1e697.3 nm) and 6 in the near-infrared part of the
spectrum (705.7e869.7 nm).

The acquisition of remote sensing data was accompanied
by extensive field campaigns to provide adequate ground an-
cillary information and direct observations of ecological vari-
ables. The data acquired in the Venice lagoon include field
measurements of channel network geometry and the identifi-
cation of areas of known vegetation cover, to serve as
references for subsequent analyses of remote sensing observa-
tions. In particular, ancillary field information for vegetation
mapping was collected within a few days from the CASI flight
in about 50 reference areas, whose boundaries were accurately
determined through DGPS observations. Within each region,
vegetation presence and abundance was estimated both by di-
rect inspection and from photographs taken from a 2.5-m-high
pole. The data obtained through this procedure will later be
used to train and validate vegetation mapping algorithms.

3.1.2. High-resolution balloon camera observations
Tidal channels widths range between few centimetres and

several tens of metres. While it is relatively straightforward
to identify the largest channels from conventional aerial pho-
tography or multispectral (i.e. composed by a few spectral
channels) and hyperspectral (composed by tens or hundreds
of spectral channels) imagery, mapping of smaller scale creeks
(of width, say, smaller than 1 m) requires spatial resolutions
higher than standard ones. In order to improve the quantitative
and spatially distributed description of finer scale components
of the network, and thus avoid possible underestimations of
channel density (e.g. Marani et al., 2003), a balloon-mounted
image acquisition system was developed. The system is com-
posed by two digital cameras (panchromatic CCDs, with ef-
fective size of 752 � 582 pixels. The lenses have a focal
length of 6 mm, horizontal and vertical angles of view of
54�350 and 42�190, respectively) with significant sensitivity
in the spectral range 400e900 nm. One of the cameras is
equipped with a filter selecting the infrared range 720e
980 nm (peak at 760 nm) to facilitate mapping of wet areas
and channels (infrared electromagnetic waves are efficiently
absorbed by water, which thus ‘‘looks dark’’ in this part of
the spectrum). The signal acquired by the cameras is
transmitted to a ground acquisition computer by two wireless
video senders (operating at 2.4 GHz). Signal acquisition is
performed simultaneously from the two cameras through an
application developed ad hoc and images are stored with an
8-bit accuracy. The cameras, the transmitters and the battery
pack are fixed to a custom-built aluminium mount, which is
suspended to a helium balloon with diameter of 4.5 m. The bal-
loon is manoeuvred using three cables, usually at altitudes up to
about 20 m, and is manually positioned to acquired previously
identified scenes covering the area of interest. A set of 21 acqui-
sition was performed in San Felice in July 2003 from an altitude
of 15 m, resulting in a ground resolution of 2 cm, covering an
area of about 3000 m2 incised by a small channel network.
The geometry of the image was corrected for possible distor-
tions due to the lenses and to oscillations of the balloon by using
four easily identified reference targets in each image, whose co-
ordinates are known with �1 cm accuracy. Before mosaicking,
each image is geocoded using these markers to obtain a geomet-
ric correction and an accurate spatial positioning.

3.1.3. Processing of remote sensing and field data
A passive remote sensor, such as CASI, acquires the radia-

tion reflected by the earth surface in a number of spectral
channels (15 in this case). After suitable processing of the
data (e.g. corrections for varying flight altitude or for atmo-
spheric absorption and scattering; see Mather (1999) for a gen-
eral introduction and Silvestri et al. (2003) and Belluco et al.
(in press) for applications to tidal environments), these may be
used to spatially map the nature of the earth surface cover.

Each surface type (e.g. halophytic vegetation types or
flooded areas), in fact, exhibits a characteristic spectral signa-
ture, expressing the fraction (reflectance) of the electromag-
netic energy received, which is reflected by that specific
surface type as a function of wavelength. A supervised classi-
fication procedure is an algorithm which, by comparing obser-
vational reflectance spectra to reference spectral signatures,
assigns each pixel to pre-defined classes, or surface types, of
interest. One algorithm of wide applicability, particularly
with hyperspectral data, is the Spectral Angle Mapper scheme
(SAM, Kruse et al., 1993). This method first defines a spectral
space, whose coordinate axes represent each spectral channel.
A reflectance spectrum (be it a reference or an observational
spectrum) is thus represented by a vector in this spectral space
(having, in our case, 15 dimensions) and the similarity be-
tween two spectra may be expressed by the (spectral) angle
between their respective vectors. The more similar the spectra,
the smaller the spectral angle. The classification procedure
based on SAM first defines spectra to represent each class of
interest, usually by averaging observed spectra from pixels
in the image whose surface type is known on the basis of an-
cillary observations. The algorithm then sequentially considers
the spectrum of each pixel in the image and computes the
spectral angle formed with each of the spectra representative
of the classes of interest: the pixel under consideration is as-
signed to the class for which the spectral angle is minimum.
Due to the incompleteness of the classes prescribed (e.g. there
may be plant species other than those initially assumed) or to
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radiometric inaccuracies of the data, even the minimum spec-
tral angle might be quite large, leading to classification errors.
In order to avoid this, critical spectral angles are introduced
for each class: if the spectral angle relative to an unknown
pixel is minimum with the reference spectrum representing
class j and this angle is larger than the threshold value for class
j, the pixel is not assigned to such class but the next candidate
class is considered. If no class can be assigned using this pro-
cedure, the pixel may be left unclassified. The values of the
thresholds can for example be used to tune the classification
to accurately map the pixels belonging to reference areas iden-
tified by field survey.

4. Results

4.1. Vegetation classification

The SAM algorithm has been used to map halophytic veg-
etation species on the basis of CASI data from the Venice la-
goon (Marani et al., 2003). Part of the reference areas
(identified by accurate DGPS delineation), termed training
areas, were identified in the CASI ‘‘images’’ and, by averaging
the spectra across all pixels within such areas, reference spec-
tra for each vegetation species, bare soil and water were de-
fined. The application of the SAM algorithm was then
calibrated (by tuning the threshold spectral angles for vegeta-
tion classes) to accurately classify the remaining reference
pixels from the ground truthing observations: the validation
set. The result of this procedure applied to the San Felice
data is represented in Fig. 1 (Marani et al., 2003).

The vegetation map of Fig. 1 exemplifies the characteristic
patterns of plant zonation typical of tidal marshes. The assess-
ment of the accuracy of the classification was performed using
the validation data set. For this validation set the classification
of the SAM algorithm was compared to the ‘‘ground truth’’,
i.e. to the actual surface type determined through field survey,
and the results are summarized in the confusion matrix shown
in Table 1.

Classes attributed by the SAM algorithm are indicated in
the rows of the matrix, whereas ground-truth classes are indi-
cated in the columns. The element in position (i,j ) indicates
the percentage of the ground-truth pixels from class j, which
has been attributed to class i. Therefore, off-diagonal elements
indicate omission and commission errors, while diagonal

Fig. 1. SAM classification of San Felice 2002 CASI data. The classes are as

follows: Spartina maritima (dark green), Limonium narbonense (purple), Sar-

cocornia fruticosa (yellow), Juncus spp. (light green), soil (brown) and water

(blue). (After Marani et al., 2003.)
elements indicate correctly identified pixels. It may be seen
that classification errors are generally modest and that vegeta-
tion mapping obtained from remote sensing and accurate
ground truthing provides reliable descriptions of vegetation
spatial distribution.

4.2. Tidal network classification

The classification procedure described above may also be
useful to extract the channel network within salt marshes
and tidal flats. An automatic or semi-automatic channel iden-
tification procedure, as opposed to a manual one, is desirable
to avoid the subjectivity involved in the intervention of an op-
erator (different operators likely produce different channel ex-
tractions even when the remote sensing data are the same) and
to allow channel delineation over large areas or in the context
of monitoring observations to be repeated over time. A more
straightforward approach than the one used above may also
be used for this purpose, which does not require the definition
of many different vegetation classes (corresponding to each
species), but only defines reference spectra for channels, veg-
etation (with no distinction of the specie) and bare soil. In all
cases the results are quite similar to Fig. 1 and exhibit a critical
problem due to the fact that the channel network is not entirely
connected, because of relatively minor classification inaccura-
cies which nevertheless break network continuity. This cir-
cumstance has important implications for geomorphic
analyses that may be performed on the data, which usually re-
quire the integrity of the network structure reconstructed. The
lack of connectedness can be corrected for using ‘‘repair’’
algorithms based on spectral properties or e.g. using accurate
LiDar topographic data (Lohani and Mason, 2001).

Simple semi-automatic procedures for the extraction of
a connected structure may be applied to infrared images
acquired by the balloon-mounted digital system previously de-
scribed. Fig. 2a shows the extraction of the channel structure
from the 2-cm resolution infrared data described above, sim-
ply performed by thresholding the grey-scale values of the
images obtained from the balloon-mounted infrared camera,
with very limited operator intervention.

Fig. 2b shows the description of the axis and of the border
of the channels, derived from the observations, which are the
basic elements for the geomorphological analysis of their pla-
nar properties. The extraction of the geometrical elements in
Fig. 2 requires the use of appropriate algorithms, which are

Table 1

Confusion matrix of the SAM classification of San Felice CASI data repre-

sented in Fig. 1

Classification Validation areas

(%)

Limonium Juncus Spartina Sarcocornia Soil

Limonium 98.5 0 0 4.2 0

Juncus 0 75 2.1 0 0

Spartina 0 25 97.9 0 0

Sarcocornia 1.5 0 0 95.8 0

Soil 0 0 0 0 100
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discussed in Marani et al. (2002). The characteristics of tidal
meanders, the spatial variation of channel width and the
‘‘drainage’’ properties of these networks are studied in the fol-
lowing using the methods of Marani et al. (2002, 2003) and
providing geomorphological descriptions at scales (2 cm to
1 m) previously not accessible.

4.3. Morphological and ecological analyses

4.3.1. Vegetation properties
Remote-sensing-based observations are ideally suited to an-

alyse the properties of the spatial organization of vegetation.
The patterns arising as a result of zonation can for example
be studied by analysing the statistics of conspecific connected
vegetation clusters (Marani et al., 2003, 2004). The probability
distribution of cluster size provides a characterization of the
aggregation properties connected to zonation and a description
of the spatial scales across which the vegetation patches are or-
ganized. The observational probabilities of exceedance, shown
in Fig. 3 for the San Felice marsh, exhibit a power-law form
in all cases. Power-law distributions have the property of

Fig. 2. Channel structure extracted from infrared images acquired by a bal-

loon-mounted digital camera system.
preserving their form when their argument is rescaled and
thus are the symptom of a lack of characteristic scales (Marani
et al., 2004). The exponents characterizing the probabilities of
exceedance are smaller than one, which means that the first
and second moments of the distribution are not defined (apart
from finite-size effects). Concepts such as average patch size
or typical cluster size variability are ill defined in this context.
Fig. 3 also shows the statistics of the area of vegetation clus-
ters, defined as connected patches of vegetated areas irrespec-
tive of the species, which again exhibit a power-law form.
These statistics indicate that intertidal vegetation patches
tend to occur in all sizes, regardless of possible geomorpho-
logical constraints related to topographic characteristics or
the presence of the channel network.

4.3.2. Tidal network properties
Two types of morphological characterizations of a channel

network may be given on the basis of spatially distributed de-
scriptions such as those in Fig. 2. One is related to the geomet-
rical properties of the channels and of their meandering
patterns (e.g. Marani et al., 2002), the other to the relations be-
tween the channel network and the surrounding marsh (e.g.
Marani et al., 2003).

The first type of analysis is based on the definition, as
a function of an intrinsic coordinates everywhere tangent to
the axis of the channel, of geometric characteristics such as
channel width, w(s), and axis curvature, c(s) (Fig. 4aed).
The automatic computation of these properties requires the
use of appropriate techniques to avoid spurious fluctuations
linked to the intrinsically discrete nature of the data, which
are described in detail in Marani et al. (2002).

The curvature c(s) is used to locate axis inflection points,
where c(s) ¼ 0, which naturally identify channel meanders.
A meander may in fact be defined as any portion of a channel
beginning and ending at an inflection point and containing
a third, intermediate, inflection point (see insets of Fig. 4a
Fig. 3. Probability of exceedance of cluster size for Limonium narbonense ¼ Lim, Spartina maritima ¼ Spa, Sarcocornia fruticosa ¼ Sar, Juncus spp. ¼ Jun and

for all species in the San Felice marsh.
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and c). Marani et al. (2002) characterize meanders from differ-
ent tidal and non-tidal environments on spatial scales larger
than about 1 m and define several distinctive geometrical prop-
erties. Meander sinuosity is defined as the ratio of meander in-
trinsic length Ls (the distance between the initial and the final
inflection point computed along the channel axis) and its Car-
tesian length Lx (i.e. the Cartesian distance between the initial
and final inflection point). Fig. 4e shows a plot of Ls vs. Lx for
the small-scale meanders of Fig. 2 and indicates that channel
sinuosity at small scales, here estimated at 1.5, is indeed sim-
ilar to the values (1.3e2.2) observed for meanders at scales
larger than 1 m. A similarity of meandering forms thus seem
to exist across all observational scales in tidal channel net-
works. In Marani et al. (2002) the ratio between channel width
and meander Cartesian length has been found to be remark-
ably constant across different tidal environments and very
close to the values observed for fluvial meanders, valley mean-
ders and meanders formed by the Gulf Stream (Leopold et al.,
1964). Fig. 5 shows a revision of the plot of Marani et al.
(2002) with the addition of the data relative to the small-scale
meanders of Fig. 2. Interestingly, the same linear relationship
is found to be valid even when extended to sub-metre scales.
Whether this similarity in such different meandering patterns
over so many spatial scales is the signature of a common un-
derlying process or a geometrical necessity remains to be
ascertained.

The description of the relationships between the channel
network and the surrounding marsh requires the definition of
a dynamical model describing water flow over the marsh itself.
In the context of an eco-geomorphological description of the
system this may be done through a simplified hydrodynamic
model able to capture the features of the flow that are relevant
to the interaction with biological and geomorphological com-
ponents. Such a model was introduced by Rinaldo et al.
(1999a,b), who, by neglecting higher order effects, equate
the gradients of the water surface to the (linearized) friction
terms and reduce the shallow-water equations to:

v2h

vx2
þ v2h

vy2
¼ K ð1Þ

where h(x,y) is the water elevation above a local reference at
the salt-marsh point (x,y) and K is a function of the local
rate of fluctuation of the tidal level and of the friction terms.
The solution of eq. (1) requires the specification of the channel
network, e.g. as in Fig. 2a, where a constant water level is im-
posed (e.g. h ¼ 0; a constant level in the network amounts to
assuming tidal propagation to be much faster in the channels
than over the salt marshes). The solution provides a reference
distribution of water elevation, h(x,y), which may be used to

Fig. 4. Channel width (a and c) and curvature (b and d) as a function of the

intrinsic coordinate for the two tidal creeks of Fig. 2. Solid circles indicate

(in the insets of a and c) the positions of the axis inflection points identified

from the zeroes of the curvature and defining tidal meanders. The intrinsic

length vs. the Cartesian length is plotted in (e) for both the channel reaches

of Fig. 2.
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Fig. 5. Meander Cartesian length vs. channel width for several meanders in

different environments.
compute average flow directions on the basis of the steepest
descent direction (i.e. by implicitly assuming that the energy
surface is coincident with the water surface). Equation (1)
has been shown, by comparison with observations and finite
element modelling results, to accurately predict drainage di-
rections and, through the use of the continuity equation, to
allow a reliable evaluation of the maximum (land-forming)
values of discharge occurring within the network (Marani
et al., 2003). An important type of information that may be ob-
tained from the solution of eq. (1) is the definition of the wa-
tershed of pertinence for an arbitrary channel cross-section in
the network. The watershed is identified by determining all
marsh sites such that the flow line passing through them, de-
fined by following the steepest descent direction of h(x,y),
also eventually passes through the cross-section of interest.
Fig. 6a,c shows, as a grey-scale representation, the h(x,y) sur-
face for a portion of the San Felice salt marsh, in the hypoth-
eses of neglecting or considering the presence of the small-
scale network of Fig. 2. The figure also shows how the config-
uration of some watersheds is changed in the two hypotheses.

The use of the simplified model (1) also provides a means
of characterizing the degree of channelization of a salt-marsh
area seen as a measure of the incision of the tidal network
Fig. 6. San Felice marsh. Reference water surface obtained from eq. (1) and corresponding watersheds in the hypotheses of neglecting (a) or considering (c) the

small-scale channel network. The distribution of the bottom shear stress computed through eq. (2) for a sub-area within the marsh in the presence (b) or absence (d)

of the small-scale channel is also indicated.



ARTICLE IN PRESS

8 M. Marani et al. / Estuarine, Coastal and Shelf Science xx (2006) 1e13

+ MODEL
cutting through the marsh proper. It is, in fact, known that tra-
ditional Hortonian measures of drainage density, developed in
a fluvial framework, are not distinctive of network patterns and
that reliable characterizations may be obtained by studying the
length of the path that water parcels must travel on the marsh
surface to reach the nearest channel site (Marani et al., 2003).
Given the large number of sites within a marsh, this overmarsh
path length may be studied as a random variable, and its sta-
tistics provide a dynamically-based geomorphic description
which proves distinctive of network aggregation as opposed
to simplified geometric characterizations (e.g. geometrically
determined ‘‘divides’’, Novakowski et al., 2004).

Marani et al. (2003) compute the probability of exceedance
of overmarsh path length, P(‘ ), for several study marshes in
the Venice Lagoon, and find them to be approximately
exponential.

Here, we compute the probability distributions of over-
marsh path length for different sub-areas within San Felice
in order to characterize the influence of small-scale networks.
Fig. 7a shows the changes in the probability distribution of
overmarsh path length, computed over areas A þ B þ C,
when the small-scale network incising area B is included in
the computations. It is seen that P(‘ ) changes significantly
and, in particular, that the mean path length is reduced by al-
most 20% when the small scale network is accounted for. The
impact is clearly more important when the statistics are com-
puted within a smaller portion of the marsh, such as in areas B
and C (Fig. 7b). Area B þ C is devoid of any channel if the
small-scale network is neglected, and its mean overmarsh
path length is decreased by about 40% when small-scale fea-
tures are considered. Small-scale channels are thus locally
very important and crucially affect the water flow on the marsh
surface, thus calling for detailed observation techniques.

The shear stress induced by water flow on the marsh sur-
face is another important indicator of the spatial organization
of hydrodynamic patterns. D’Alpaos et al. (2005) use solutions
of eq. (1) to evaluate, at every point x, the bottom shear stress:

tðxÞ ¼ g$DðxÞ$VhðxÞ ð2Þ

where D(x) is the local water depth and Vh(x) the gradient of
the water surface.

The comparison of Fig. 6b and d illustrates the effects of the
presence of the small-scale network on the spatial distribution of
the bottom shear stress, which is seen to change dramatically
due to the rearrangement of flow paths induced by the small-
scale channel. Fig. 7c and d quantitatively summarize the differ-
ences between the spatial distributions of the shear stress values
by plotting their probability distributions computed from differ-
ent portions of the San Felice salt marsh. Fig. 7c shows the
changes induced by the small-scale channels in the probability
density function estimated from shear stress values from areas
A þ B þ C. In particular, it is noticed that, while the mean value
of the shear stress is decreased by the introduction of the small-
scale network, the maximum value remains constant. This is ex-
plained by the circumstance, discussed below, that local maxima
Fig. 7. Probability of exceedance of path length computed in the absence (a) or presence (b) of small-scale features for different portions of the San Felice marsh.

The probability distribution of the bottom shear stress over different sub-areas of the San Felice salt marsh computed in the presence or absence of the small-scale

channel is indicated in panels (c) and (d), respectively.
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of the shear stress tend to occur at the channel tips, in this case
located within the network in area A (see also Fig. 6) and thus
relatively insensitive to the presence of the small-scale features.
Fig. 7d, shows the changes induced by the presence of the small-
scale network in the probability distribution of the shear stresses
in areas B þ C. It is interesting to see that in this area the max-
imum values of the bottom shear stress are increased (though at
a small number of sites in the tail of the probability distribution)
because the small-scale channels concentrate a large part of the
total discharge towards themselves. The marsh sites near the
small-scale network thus tend to be characterized by large
values of the shear stress, whereas the bottom shear stress at
other marsh sites is markedly reduced (see the decreased aver-
age value of the open-diamond distribution in Fig. 7d). These
analyses reinforce the conclusion that small-scale channel fea-
tures indeed have an important effect on the local hydrodynamic
flow field, in terms of drainage patterns and of bottom shear
stress distributions.

5. Discussion

5.1. Mathematical models of tidal system ecology and
morphology

The coupled nature of ecological and morphological pro-
cesses in tidal environments requires the simultaneous descrip-
tion of biological and physical processes. As a contribution to
the development of a truly coupled eco-geomorphic model,
a mathematical model of channel incision processes and a pos-
sible description of salt-marsh vegetation dynamics account-
ing for the observations introduced are discussed.

5.1.1. Channel incision
A brief review of the channel network development model

by D’Alpaos et al. (2005) is relevant in the eco-geomorphic
perspective introduced here, as it provides a description of
geomorphological dynamics, which may be quite naturally
coupled to an ecological model of vegetation (or, later on, of
sediment microbiology).

The model starts by considering the exceedance of the bot-
tom shear stress t(x) with respect to a critical erosional thresh-
old tc, to identify sites subject to erosion. Fig. 6b and
d visually illustrate the results of Feola et al. (2005), who
show that the highest shear stress values tend to occur near
channel tips and, secondarily, where the channel curvature is
high (thereby causing a convergence of flowlines and a steep-
ening of the water surface). This implies that erosional pro-
cesses tend to be much more active at sites near channel tips
than elsewhere in the intertidal area and that channel network
formation proceeds by headward growth (D’Alpaos et al.,
2005). This observation suggests that a model of channel net-
work incision may be based on the evaluation of bottom shear
stress distributions. D’Alpaos et al. (2005) construct such
a model and start by assuming a random configuration of
the topography and by randomly selecting a site from which
the network is initiated (this may e.g. mimic the overtopping
of a barrier island by the sea or a breach in a levee, but is
not essential to the development of the network). Equation
(1) is then solved by imposing the current configuration of
the channel network (a single site at the beginning) and the
distribution of t(x) is then computed from eq. (2). One of
the sites where t(x) exceeds a fixed threshold for erosion,
tc, is selected (e.g. with a probability proportional to the dif-
ference t(x) � tc, but different strategies may be adopted) and
becomes part of the network. The new channel pixel is consid-
ered to be part of the channel axis and it is assigned a channel
width B proportional to the square root of the area, A, of the
watershed draining through the pixel. This square-root depen-
dence is obtained by considering Jarrett’s law (Jarrett, 1976),
linking watershed surface and channel cross-sectional area,
and a fixed value of the width-to-depth ratio (Marani et al.,
2002; Lawrence et al., 2004), and summarizes the complex
processes responsible for channel cross-sectional shape. Be-
cause watershed areas have varied due to the inclusion in the
network structure of newly channelized pixels, channel widths
are at this point everywhere updated according to B f A1/2.
Equation (1) is then solved again by using new boundary con-
ditions reflecting the updated channel configuration. The chan-
nel network extends into the intertidal area, the reference
water surface and its gradients are progressively lowered
(the boundary conditions on the network in fact prescribes
h ¼ 0) and the process proceeds iteratively until the critical
shear stress is nowhere exceeded.

Fig. 8 shows the progressive development of a channel net-
work within a ‘‘square island’’ according to the model by
D’Alpaos et al. (2005). The domain is imagined to be de-
limited by a surrounding channel and the initial incision was
imposed to be in the middle of the lower side of the island.
During the incision process (Fig. 8a) the model selects new
channel outlets in the right and top sides, where new networks
evolve. The successive dynamics (Fig. 8bed) is characterized
by a ‘‘competition’’ among developing networks to capture the
available watershed area and stages of incision and retreat are
observed (not shown here for brevity). The time scale of net-
work development may here be expressed in terms of the num-
ber of spring tidal cycles required to reach the final
configuration in Fig. 8d (about 1600 cycles) and is evaluated
in a few years (consistently with estimates from field investi-
gations, e.g. Williams et al., 2002). Interestingly, D’Alpaos
et al. (2005) show that synthetic networks such as those in
Fig. 8 exhibit probability distributions of overmarsh path
length which are very similar to observational ones.

The influence of biota on the geomorphological evolution
of a channel network as described by D’Alpaos et al. (2005)
can quite naturally be incorporated by assuming a (biologi-
cally) state-dependent value of the critical shear stress tc. Its
dependence from space and time may reflect, for example,
the presence of microphytobenthos, which increases stability
against erosion because of the polymeric substances secreted
particularly by diatoms (Yallop et al., 2000). The variability
of the critical shear stress value may also represent the coloni-
zation of a tidal flat or young salt marsh by halophytic vege-
tation, which has direct (through its roots) and indirect
(through effects on water flow) effects on sediment stability.
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Fig. 8. Progressive incision of a channel network in an idealized island with square shape. The initial outlet is chosen in the middle of the lower side, while the

remaining two outlets are selected by the internal dynamics of the model. (Modified after D’Alpaos, 2004.)
The description of the eco-geomorphic dynamics of intertidal
areas may thus be obtained by specifying models of biological
evolution, which depends on sediment dynamics and topogra-
phy and thus on the current configuration of the network. The
space-time changes of the critical shear stress can then be
made dependent on the state of the biological model, to pre-
scribe the appropriate biological constraints on the incision
of the channel network.

5.1.2. Plant clustering
A decisive step toward a comprehensive model of tidal eco-

geomorphic evolution thus requires the development of math-
ematical descriptions of biotic evolution. A first model of
monospecific vegetation dynamics is here presented, which,
albeit still limited in its direct applicability, provides interest-
ing insights in the mechanisms likely governing the spatial or-
ganization of halophytic vegetation. Halophytic vegetation
reproduces both by seed dispersal and by propagules, the latter
mechanism being the dominant one, particularly for perennial
species (e.g. Adam, 1990). The initial model proposed only
considers a single perennial vegetation reproducing by propa-
gules. Even though of a conceptual value, its results are rele-
vant in relation to the observed all-species cluster size
distributions (Fig. 3) and are quite suggestive even for more
general vegetation assemblies. The model is based on a contact
stochastic process (e.g. Durrett and Levine, 1994), defined by
the following rules: (i) the 2D domain is initialized with a ran-
dom (spatially uncorrelated) distribution of plants; (ii) at each
time step (e.g. annual) each plant dies with probability g;
(iii) empty sites neighbouring surviving plants are colonized
by new propagules with probability l. The process is then re-
peated until the system reaches a state of dynamic equilibrium
(i.e. the number of plants alive at each time step is approxi-
mately constant). Note that each cell may be interpreted as
hosting single plants or as containing multiple plants with uni-
form density, with no consequence for the interpretation of the
results, which are expressed in terms of the spatial distribution
of the vegetated areas. Due to the non-linearity of the model
(stemming from the fact that propagules from a plant can be
born only if neighbouring sites are empty, i.e. depending on
the current state of the system), the probability distributions
for this approximate steady state cannot be expressed analyti-
cally and one must turn to numerical simulations.

The steady-state plant spatial distribution obtained from the
stochastic model described for l ¼ 0.3 and g ¼ 0.4 is shown
in Fig. 9a, where a lattice of size 200 � 200 pixels and
4-cell neighbourhood are considered (i.e. for each pixel,
only the four cells sharing one side are considered to be its
neighbours, whereas the four cells sharing just one corner
are not considered to be connected to it).
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Fig. 9. Plant distribution produced by a contact process with l ¼ 0.3 and g ¼ 0.4 (a) and the corresponding probability of exceedance of cluster area (b). The

shades of grey represent cluster size (lighter shades indicate increasing size), while the line in the log-log plot on the right is a reference representing a power

law. The same model produces vegetation clusters (c) characterized by power-law probability distributions (d) when l ¼ 0.3995 and g ¼ 0.4.
Tests exploring different initial conditions indicate that the
characters of the steady state are independent of the initial
plant distribution, and only depend on the parameters values.
Clusters of vegetated connected pixels are coloured in
Fig. 9a with different shades of grey, representing the area
of each cluster (lighter shades indicating larger clusters). It
is seen that the ‘‘virtual’’ salt marsh is colonized by very small
vegetation clusters and that large clusters are very unlikely to
occur. This is evident in the corresponding probability distri-
bution of cluster area (Fig. 9b) exhibiting a fast-decaying
tail (in this case mean and standard deviation of cluster area
are certainly finite). The form of this probability distribution
is very different from power-law observed ones (e.g. in
Fig. 3), which on the contrary suggest that patches of intertidal
vegetation lack a characteristic size. This observation provides
guide for modelling, as the mathematical description of the
system must be able to reproduce its observed properties. It
is thus interesting to examine Fig. 9c, which represents a steady-
state configuration of the system for l ¼ 0.3995 and g ¼ 0.400
along with the associated cluster area probability of exceed-
ance. Very large clusters are now evident in Fig. 9c and the
probability distribution of cluster area has a power-law form,
as shown by the reference straight line in the log-log plot of
Fig. 9d.

These modelling results show that power-law-distributed
vegetation clusters, such as those observed in real marshes,
may arise from local reproduction strategies (e.g. do not re-
quire seed-dispersal mechanisms) and are not inevitable, but
depend on the rates of plant reproduction. The statistics of
vegetation spatial distributions are therefore distinctive of col-
onization processes at work. The reason for the dependence of
cluster-area probability distribution on the value of the repro-
duction and death rates is likely to be found in the local nature
of plant reproduction by propagules. It should, in fact, be
noted that while plant death occurs everywhere, new plants
may only be born in empty cells neighbouring occupied
ones, i.e. at the boundaries of vegetation clusters. The size
and fragmentation of the clusters thus adjust so that the aver-
age number of newborn plants balances the number of deaths
(proportional, through g, to the number of ‘‘vegetated’’ cells).
A threshold value, say, l0, is found to exist through numerical
experiments for a given value of g. For values of l below l0,
clusters must be small and fragmented to increase the number
of empty sites near vegetated ones where birth may occur. For
l ¼ l0 clusters assume a scale-free power-law distribution,
while for l > l0 the steady state of the system is characterized
by the presence of a few large clusters occupying most of the
lattice. The value of the threshold is observed to increase for
increasing g (e.g. it is l0 ¼ 0.8827 for g ¼ 0.6) but is difficult
to determine theoretically because of the non-linear nature of
the model: the expected number of newborn plants at each
time step (which, in steady state, must equal the expected
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number of deaths) is proportional to the number of vegetated
cells on the boundary of the clusters and to the number of
empty cells neighbouring occupied ones, and thus depends
on the current state of the system.

The proposed vegetation model, though requiring some
generalizations to be applicable to actual systems, provides in-
teresting interpretations for the observed characters of halo-
phyte spatial organization and a framework for the
development of coupled models of the eco-geomorphic evolu-
tion of intertidal systems. In particular, the very narrow ranges
of parameter values giving rise to power-law distributions of
vegetation cluster areas, is suggestive of a quite specific equi-
librium of the vegetation ecosystem, posing a strong observa-
tional constraint to possible vegetation model structures.
Similarly, departures of observed vegetation clusters from
a power-law aggregation (e.g. see the discussion of the case
of Juncus above) indicates differences in the reproductive
strategies of different species and thus provide independent
tests based on known plant ecological characters.

6. Conclusions

An interdisciplinary approach to the eco-geomorphology of
tidal environments based on remote sensing observations and
mathematical modelling has been presented and discussed.
Remote sensing has been shown to be a reliable observation
technique, providing access to the wide range of spatial scales
of interest in tidal environments. A quantitative description of
vegetation spatial distribution from remote sensing data was
obtained through the use of accurately co-ordinated field ob-
servations. From a methodological viewpoint this indicates
the need, in tidal environments as in other applications, of
a combined use of concurrent remote sensing and ground
truthing observations in order to achieve quantitative and spa-
tially distributed descriptions of system characters.

Remote and proximal sensing have been used to provide
suitable characterizations of morphological and vegetational
properties of salt marshes and to define, together with a related
hydrodynamic modelling approach, distinctive measures of
their spatial aggregation to be used in model formulation
and validation. The analysis of small-scale channel network
properties shows the similarity between planar channel charac-
teristics, such as width and sinuosity, to those previously ob-
served for 1 m and higher scales. The examination of the
influence of the small-scale network on salt-marsh drainage
patterns shows the importance of sub-meter channel structures
in determining the water flow field and the associated shear
stresses in incised marsh systems and point at the usefulness
of observation techniques able to resolve them.

The set of observational and conceptual tools introduced
are here assembled to provide a contribution to the develop-
ment of a coupled eco-geomorphic model of intertidal dynam-
ics. The models proposed for vegetation and morphological
dynamics certainly require more detailed descriptions of
some fundamental components (e.g. interspecific competition,
sediment transport and deposition, biogenic accretion, etc.),
but the framework proposed provides the building blocks for
more general models of the coupled eco-geomorphological dy-
namics of intertidal systems which are consistent with obser-
vations and indicates how separate descriptions of the
ecological and physical components may be coupled. Work
on integrating biological and morphological models is re-
quired in particular to determine the relevant plant physiolog-
ical characteristics playing the role of limiting factors in
connection to geomorphic system properties (e.g. soil water
content dynamics related to topography and tidal forcing,
see Marani et al., 2006). On the other hand, a quantitative
characterization of biological constraints on physical pro-
cesses must also be sought in order to obtain a truly coupled
and predictive model of vegetation and geomorphology. We
thus conclude that key to a successful representation of inter-
tidal processes is the identification of simplified formulations
of the relevant biophysical interactions yet retaining their es-
sential dynamics.
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