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Abstract

We review recent advances in the study of tidal landforms and their embedded vegetation patterns within the lagoon of Venice,

aiming at clues on the coevolution of their morphodynamic and ecological features. The observation and analysis of network and

vegetation patterns in a tidal environment, from accurate topographic surveys and remote sensing, provide significant insight

both into the hydrodynamic regimes and the interactions of geomorphic and ecological processes. A dynamically based

procedure for watershed delineation may be introduced which identifies the ‘divides’ for every subnetwork, and allows the

objective study of the parts and the whole, in particular the network. Techniques for the study of channel meandering through the

objective identification of their geometric properties are also reviewed and discussed. Mapping of halophytic vegetation from

remote sensing and analyses of its spatial patterns are also discussed. Links between vegetation patterns and geomorphic features

indicate an important role of vegetation in the dynamics of tidal marshes. We suggest that the great diversity exhibited by the

residual tidal landforms in the Venice lagoon stems from pronounced spatial gradients of landscape-forming hydrodynamics and

from the imprinting of several crossovers related to competing eco-geomorphic processes. We also rationalize the observed

variability, in particular of marsh vegetation patterns, and indicate links with interacting geomorphic processes—and thus we

supposedly provide elements for the prediction of the morphological fate of the Venice lagoon.
D 2004 Elsevier B.V. All rights reserved.
Keywords: Coastal lagoons; Salt marshes; Tidal f lats; Vegetation cover; Geomorphology; Ecology
0924-7963/$ - see front matter D 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.jmarsys.2004.05.012

* Corresponding author. Intl. center for Hydrology, Diparti-

mento IMAGE, Universita di Padova, Via Loredan 20, 35131

Padua, Italy.

E-mail addresses: marani@idra.unipd.it (M. Marani),

lanzo@idra.unipd.it (S. Lanzoni), rinaldo@idra.unipd.it

(A. Rinaldo).
1. Introduction

This paper reviews and integrates recent studies on

the morphology and ecology of the lagoon of Venice,

with a view to indications which may be applicable to

tidal environments in general. The relevance of a

deeper understanding of eco-geomorphological pro-

cesses can hardly be overestimated in the context of

the current schemes of safeguarding the venetian



Fig. 1. Map of the lagoon of Venice. The circled areas indicate the locations of the study sites. For one of the sites, the gray-scale representation

of a LiDar survey (resolution 0.5 m, acquired by Toposys for the TIDE project) performed in October 2002 is shown, together with an extraction

of the channel patterns.

M. Marani et al. / Journal of Marine Systems 51 (2004) 191–210192
environment, for Venice is to be preserved within its

water environment of which the tidal landforms are an

integral part.

The lagoon of Venice (Fig. 1) presently has an area

of roughly 550 km2 and is characterised by a semidi-

urnal tidal regime with a range of about F 0.7 m. Two

barrier islands about 0.5–1.0 km wide separate the

tidal basin from the sea, while communication and

active exchange is granted by three inlets whose

widths approximately range from 400 to 900 m. Like

all intertidal areas, i.e. environments connected to the

sea and subject to flooding by tidal fluctuations, the

lagoon of Venice may be divided into three main

elements: the channel network, the tidal flats and the

salt marshes.

Salt marshes are areas, generally located just above

mean sea level, which are frequently inundated by the

tide (on average twice a day in the lagoon of Venice),

but where flooding periods and root oxygen availabil-

ity are such as to allow the development of halophytic

vegetation, i.e. of plants adapted to living in very salty

soils. The topography of salt marshes is not extremely

variable but the small elevation gradients induce an

important variability in halophytic vegetation species

whose description constitutes a key step in the com-
prehension of tidal system dynamics. Salt-marsh to-

pographic gradients are in fact the result of the

landforming processes active in the vertical plane,

chiefly: organic and inorganic sediment deposition,

soil compaction, subsidence and sea-level rise. The

resulting dynamics is complex and affected by many

factors of physical, chemical and biological nature.

Tidal flats are areas characterized by lower eleva-

tions (i.e. about or below msl), usually located on the

margins of the main channels, which are flooded

during most tidal fluctuations. Tidal flats lie at ele-

vations which do not allow their colonization by

halophytic plants. They play an important hydrody-

namic role and host a diverse marine ecosystem

comprising, in the lagoon of Venice, marine phaner-

ogams (chiefly Zostera marina, Zostera noltii, Cym-

odocea nodosa), algae (mainly Ulva rigida), small

crustaceans and various benthic microbial assemb-

lages. Ecosystem functioning has a significant feed-

back on sediment stability (e.g. through biofilm

excretion), thereby importantly affecting the evolution

of tidal flats (Yallop et al., 2000; Paterson, 2001).

The tidal channel network is constituted by a

connected and branched structure in which water

flows due to tidal oscillations. Tidal flows are con-
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centrated during floods and ebbs and through the

network of channels most water, sediment and nutri-

ent fluxes exchanged between the sea and the inter-

tidal area take place. The links forming the channel

network have different elevations with respect to

mean sea level. The larger links have lower elevations

and are usually flooded throughout the tidal cycle,

while smaller (and farther from the inlets) channel

reaches have higher elevations and thus effectively

participate to tidal flows only when the water level is

relatively high. The development of drainage patterns

on tidal marshes and tidal flats controls the hydrody-

namics and sediment exchanges between the various

compartments of the entire intertidal area (e.g. Pes-

trong, 1965; Boon, 1975; Pethick, 1980; Boon and

Byrne, 1981; Steel and Pye, 1997; Rinaldo et al.,

1999a,b).

Fig. 1 shows the location of our main observational

sites, two well-defined salt marshes in the northern

part of the Venice lagoon, a gray-scale representation

from our LIDAR survey (performed in October 2002

with the Toposys LiDar system, resolution of about

0.5 m) carried out in the area and the extracted

structure of marsh channels. The extraction of the

channel network was performed on (suitably pro-

cessed and contrasted) aerial photographs with spatial

resolution of about 0.8 m. The extracted networks

constitute the basis for the analyses which will be

presented below.

The study sites were chosen to sample systems

with different characteristics. The San Felice salt

marsh is very close to the Lido inlet and hosts

exclusively halophytic vegetation, mainly constituted

by Salicornia veneta, Limonium narbonense and

Sarcocornia fruticosa (Silvestri, 2000). Its elevation

ranges from about 0.0 m a.m.s.l. to 0.34F 0.02 m

a.m.s.l. (Belluco, 2001) and its area has slightly

increased in the past 30 years owing to soil production

in excess of transport processes (from 522,000 m2 in

1968 to 546,000 m2 in 1998) (Belluco, 2001). The

Pagliaga salt marsh is located near the boundary of the

tidal basin, where flow resistance considerably

reduces the amplitude of normal modes of tidal

oscillations (D’Alpaos and Defina, 1995). Pagliaga

hosts wide areas of Fragmithes australis, a glyco-

phytic species, and the halophytic species Juncus

maritimum, Salicornia veneta and Halimione portu-

lacoides (Silvestri, 2000). Its elevation ranges from
0.10F 0.02 to 0.45F 0.02 m a.m.s.l. (Belluco, 2001)

and its total area has remained quite constant in the

past 10 years, while the total length of its channel

network has decreased (from 39,500 m in 1987 to

32,800 m in 1996) (Belluco, 2001). Soil texture and

mechanics varies considerably from one site to the

other, also in view of the strong gradients of mean

sediment size documented along the general direction

from the outlet to the tidal boundary in the Northern

lagoonal basin (e.g. Barillari, 1978). Notice that such

strong gradients are not occurring in the mid-lagoon

nowadays.

The images and the extracted data well exemplify

the variability observed in salt marsh morphology.

Network characteristics, as illustrated below (cf. Sec-

tions 2 and 3), seem in fact to vary not only from one

salt marsh to another nearby (e.g. from Pagliaga to

San Felice) but also within the same salt marsh and

within distances of a few hundred meters. Some

interesting geomorphological questions then arise.

One important issue is the quantitative characteriza-

tion of the degree of diversity of the observed land-

forms, and the related investigation of their variability,

in order to establish whether this is to be ascribed to

natural fluctuations around a general tendency or

rather to the result of space-varying physical proper-

ties and geomorphic processes. This, of course, has

important predictive implications.

Regarding possible historical changes in the char-

acters of the marshes studied, we report on observed

landforms from 1968 to 1998, which reveal indeed

little variation. How can this fact, seemingly suggest-

ing that the landforms are nearly balanced to forcing

factors, be reconciled with the documented reduction

of lagoonal marsh areas from 149 km2 in 1912

(Cucchini, 1928) to 91 km2 in 1939 (Pancini, 1939)

to just 47 km2 in 1997 (Silvestri, 1997)? To answer

this important question, it must be first observed that

the areal reduction has not been uniform within the

lagoon—the marshes in the central and southern

lagoon disappeared at a much faster rate owing to

their exposure to stronger anthropic, wave and tidal

current actions, facing an impoverished production of

sediments largely due to huge freshwater diversions

(14th–18th centuries) and jetty construction at the

inlets (early 20th century). Indeed actual overall

sediment volume budgets estimate a deficit of at least

half a million cubic meters per year (e.g. Silvestri,



Fig. 2. Box-counting analysis applied to the axis of: (a) creek

network within the Pagliaga salt marsh (1�1 m2 grid size); (b)

channel network of the northern part of the Venice Lagoon (adapted

from Fagherazzi et al., 1999). q is the box-counting grid resolution

and N(q) is the number of boxes covering the tree-like structure at
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1997). Second, in the northern lagoon, where our field

sites are located (see Fig. 1), the assumption of

treating observational landforms as point-samples

balancing forcing factors indeed makes sense. In fact,

tidal salt marshes have the potential of responding

very rapidly to changes in forcing (Allen, 1997, 2000;

Friedrichs and Perry, 2001) and this seems the case at

hand (Day et al., 1999). Thus their form and function

represent a short-term dynamic balance between rel-

ative sea level, sediment supply and vegetation

growth. We thus assume that morphologically the

tidal marshes and flats studied are generally near (or

progressing towards) dynamic equilibrium (as some-

what improperly we term a near-steady state), rather

than far out of equilibrium on a slow evolution

towards geologic maturity (Friedrichs and Perry,

2001).

The observations and theoretical results below

summarize the progress recently made on the issues

above, with a view to general morphodynamic impli-

cations. The paper is organized as follows: a section

describes the properties of venetian tidal networks; a

further section describes geomorphological studies on

tidal meanders, aiming at comparative tools for pre-

dicting their evolution; a section of patterns of halo-

phytic vegetations reports on important geomorphic

factors; and a set of conclusions closes then the paper.
 resolution q.
2. The tidal channel networks

The hydrodynamics and morphodynamics of a tidal

basin are strongly related to the morphometric charac-

teristics of the intricate networks of channels and

creeks which develop across tidal flats and salt

marshes. Unlike fluvial rivers (e.g. Rodriguez-Iturbe

and Rinaldo, 1997; Rinaldo et al., 1998), the overall

scaling characteristics of these networks appear to

depend on the particular area considered within a tidal

basin, and are strongly affected by finite size effects

(Fagherazzi et al., 1999). Two examples of a box-

counting analysis of the tidal network skeleton are

reported in Fig. 2. The break exhibited by the scaling

relationship suggests a transition from global to local

fractal dimensions, reflecting a change in the dominant

geomorphic processes.

Outside the channels drainage directions are de-

fined by the steepest descent of water surface topog-
raphy which, however, vary in time and in space

owing to the unsteady character of the flow field

induced by tidal currents. The structure of the flow

both in the channels and in the adjacent intertidal

areas (i.e. tidal flats and salt marshes), given the

shallow depth characterizing tidal basins, can be

described through the two-dimensional momentum

and continuity equations. So far, several mathematical

models have been developed to solve numerically the

complete set of these equations (Bates and Hervouet,

1999; Defina, 2000; D’Alpaos and Defina, 1993)

through finite differences or finite elements techni-

ques. Nevertheless, the computational effort required

by these models still prevents their use to describe the

evolution of a tidal environment over morphologically

meaningful periods of time, as the duration of the

simulation would result unpractical.

This motivates the use of suitably simplified mo-

dels, as the one proposed by Rinaldo et al. (1999a,b)
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to delineate watershed areas to any link of a tidal

environment and to evaluate the maximum water

discharge throughout the tidal network.

For relatively short tidal embayments so as to

ensure a relatively fast propagation and a weak

deformation of the tidal wave within the channels,

Rinaldo et al. (1999a) assumed that tidal propagation

across the intertidal areas flanking the tidal channels

(i.e. salt marshes and tidal flats) is frictionally dom-

inated and that, at any instant t, the water surface

elevation at location x, say g1(x,t), above the instan-

taneous average tidal elevation g0(t) on the shallow

flats is relatively small (i.e. g1bg0). Using a scaling

analysis they showed that, for a nearly horizontal

bottom topography, the free surface over tidal flats

and/or salt marshes can be described by the following

Poisson equation:

r2g1 ¼
k

ðg0 � zbÞ2
Bg0
Bt

ð1Þ

where zb is the average bottom elevation of the

intertidal region, and

k ¼ 8

3p
U0

C2
ð2Þ

with C Chèzy’s friction coefficient, and U0 a charac-

teristic value of the maximum tidal current, taken to be

constant within the intertidal regions considered.

Observing that the tidal wave usually propagates

much faster through the channel network than on the

flanking areas, Rinaldo et al. (1999a) further assumed

that, at each instant, the water level in the tidal

channel network propagates with infinite celerity,

assuming a spatially independent value g0(t), that is
g1 = 0.

This assumption allows one to assume a constant

value of the forcing term on the right-hand side of Eq.

(1), estimated using representative values of g0 and

Bg0/Bt. The boundary value problem given by the

Poisson equation (Eq. (1)), the no-flux condition Bg1/
Bn= 0 on the boundary with the mainland, and the

condition g1 = 0 on the creek network leads to the

determination throughout a given intertidal area of the

spatial distribution of representative water levels, of

water depths, of flow directions (evaluated through

the steepest-descent direction), and of the divides

related to any channel cross-section.
In particular, it turns out that the divides thus

obtained tend to be equidistant from the channel axes,

independently from channel width and depth. This

result is clearly an approximation since, in practice,

the divides are influenced by the geometric character-

istics of the channels and tend to migrate during the

tidal cycle thus inducing a time variability of the

watersheds.

The extent of watershed variations has been re-

cently investigated by Marani et al. (2003), who

relaxed the hypothesis that the tidal wave propagates

instantaneously within the channel network. They

assumed that tidal elevation propagates with finite

celerity in the channels but varying in space and in

time according to the solution of one-dimensional

shallow water equations provided by Dronkers

(1964) and used by Rinaldo et al. (1999b) to evaluate

water surface elevations and peak discharge within the

channel network, namely:

gðx; tÞ ¼
Xm
i¼1

aiðxiÞexp � xirix

c0

� �
cosxi t � bi

c0
x

� �

ð3Þ

ri ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
� 1

2
þ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ K2

x2
i

svuut
; bi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2
þ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ K2

x2
i

svuut
ð4Þ

where: x is the intrinsic coordinate along channel

axis; xi ( = 2p/Ti) and ai are, respectively, the fre-

quency and the amplitude of the ith component of the

tide; K = kg/D0, D0 being the mean channel depth,

and g the gravitational constant; ri and bi are dimen-

sionless coefficients which account for the damping

and the phase lag experienced by the ith component

of the tidal wave as it propagates along the channels,

and c0/bi is the mean frictionless celerity of propaga-

tion of the tidal wave corrected to account for the

storage effect associated to intertidal regions. More-

over, c0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
ðgD0Þ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðgD0Þ � w=B

p
, where B is the

total width of the main channel and of the lateral

flats computed with reference to the channel axis. The

friction coefficient k, though formally equivalent to

the one appearing on the right-hand side of Eq. (1), is

numerically different, owing to the different values

typically attained by C and U0 in the channels.



Fig. 3. Values of peak discharge at different cross-sections in the

northern lagoon of Venice obtained from the Poissonian model of

Rinaldo et al. (1999a) and Marani et al. (2003), compared to

observations and estimates from a finite element model (adapted

from Marani et al., 2003).
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Mathematically, the new boundary value problem

at a given instant t of the tidal cycle consists of Eq. (1)

supplemented by the conditions Bg1/Bt = 0 on imper-

meable boundaries, and g1 = g� g0 along the chan-

nels. Here g is given by Eq. (3), while g0 = hgi denotes
its average value over the tidal embayment consid-

ered. The procedure used to solve iteratively such a

problem is described in detail in Marani et al. (2003).

The results of the application of the finite-celerity

model to the case of a channel network located in

the northern part of the lagoon of Venice indicate

that watershed areas usually change in time, the

deviations from the values obtained by assuming

an instantaneous propagation of the tidal wave in

the channel network depending on the sub basin

considered. Nevertheless, both in the rising and in

the falling phases of the tide, when the water level is

slightly above the average elevation of the salt

marshes, the values of watershed area tend invariably

to the solution given by the infinite-celerity model of

Rinaldo et al. (1999a). Such a tendency is enhanced

as the flow resistance over the intertidal regions

increases, a circumstance which is quite common

in the actual system, e.g. due to the presence of

dense vegetation.

These results are very important from a morpho-

logical point of view since the maximum flood and

ebb discharges occur when levels exceed or are just

below the channel bank-full elevation, respectively

(Bayliss-Smith et al., 1978; Healey et al., 1981;

French and Stoddart, 1992). The analysis of Marani

et al. (2003) then indicates that tidal propagation

within the shallow storage zones adjacent to the

channels is essentially governed by the planimetric

configuration of the channel network, which alone

determines the configuration of the watersheds in the

infinite-celerity scheme.

The robustness of the time-invariant watershed

delineation proposed by Rinaldo et al. (1999a) is also

confirmed by the comparison pursued by Marani et al.

(2003) with both field data and the results obtained

from a full-fledged semi-implicit, Galerkin finite ele-

ment model (Defina, 2000) discretizing the complete

shallow water equations over the whole lagoon of

Venice and including a refined description of wetting/

drying processes. Such a comparison, performed over

both salt marshes and tidal flats, suggests (Fig. 3) that

maximum discharges obtained through the simplified
models described above are consistent with those

determined through a complete hydrodynamic simu-

lation. This has definite relevance for tidal morphody-

namics because indicates that the infinite-celerity

Poisson model can be safely used to investigate both

the scaling properties of the tidal networks and the

possible empirical relationships relating maximum

discharge, channel area (and width), tidal prism,

watershed areas, total channels length and overmarsh

path lengths. The main results of these analyses are

summarized in Figs. 4–11.

In Fig. 4, the watershed area, computed by the

Poisson model with infinite celerity, is plotted as a

function of the channel width w for a salt marsh and

the entire northern Venice lagoon (i.e. a portion

comprising salt marshes as well as tidal flats). Power

law fits were made to the relatively linear portion of

each plot. The lack of scale-invariant power law

distributions, indicated by the site dependence of the

exponents, is confirmed by Fig. 5 which shows the

double logarithmic plot of the exceedence probability

of watershed area, P(A>a), plotted against area a (here

the upper case denotes the random variable and the

lower case denotes the current value in squares

meters) for the Pagliaga salt marsh and the northern

part of the Venice lagoon.



Fig. 4. Watershed area vs. cross-sectional width. (A) Pagliaga salt

marsh; (B) Northern Venice lagoon. Dots represent individual

channel cross-sections; circles represent ensemble means (adapted

from Rinaldo et al., 1999a).

Fig. 5. Log– log plot of the exceedence probability of watershed

area P[A > a] for: (a) the creek network in the Pagliaga salt marsh;

(b) the entire channel network in the northern part of the Venice

Lagoon (adapted from Rinaldo et al., 1999a).

Fig. 6. Cross-sectional area, X, vs. peak flow induced by an

astronomical spring tide. Dots and crosses represent data from

channel cross-sections within different salt marshes; circles

represent ensemble means (adapted from Rinaldo et al., 1999b).
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The relationship between cross-sectional area and

the spring tide peak discharge (as computed through

the model of Rinaldo et al., 1999b) is reported in

Fig. 6 for hundreds of sites along the channel

network of the northern lagoon of Venice. The

trend is perfectly analogous to the one exhibited

by the plot of cross-sectional area X versus water-

shed area A in Fig. 7. In both cases, for channels

with cross-sectional areas greater than 50 m2, a

clear power law relationship emerges with an ex-

ponent close to 1. These results suggest the exis-

tence of the relationships:

X~Qmax; Qmax~A ð5Þ

in accordance with field observations carried out in

other tidal environments (e.g. Myrick and Leopold,

1963). The deviations from a linear relationship and

the progressive increase in the scatter of the data



Fig. 7. Cross-sectional area, V, vs. watershed area for the entire

northern Venice lagoon. Dots represent data from individual channel

cross-sections; circles represent ensemble means (adapted from

Rinaldo et al., 1999b).

Fig. 9. Relationship between total network length and basin area for

several sub-basins in San Felice (S.F.) and Pagliaga (P.) salt marshes

observed in different years (from 1968 to 1998). Marani et al.

(2003) fitted a power law with unit exponent (SLiaA1F 0.05)

finding: a= 0.024 m� 1 for San Felice 1968 (r2 = 0.991); a= 0.022

m� 1 for San Felice 1998 (r2 = 0.978); a= 0.024 m� 1 for Pagliaga

1987 (r2 = 0.911); and a= 0.020 m� 1 for Pagliaga 1996 (r2 = 0.885).

Notice that a= lH
� 1 is equal to the Hortonian drainage density

(adapted from Marani et al., 2003).
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characterizing small cross-sectional areas occur

where there are progressively larger uncertainties in

cross-sectional area determination because of the

small size of the channels. It is worth observing that

the proportionality between maximum discharge and

watershed area implies that the reduction of the tidal

amplitude at locations far from the outlets is not such

as to affect the validity of such a relationship. It is

further interesting to note that the approximate 1:1

relationship between X and Qmax implies that the

peak velocity is spatially constant, thus suggesting

the tendency of the entire channel network towards a

dynamic equilibrium condition exhibiting every-
Fig. 8. Tidal prism vs. peak spring tide discharge computed for

several hundreds of cross-sections in the channel network of the

northern Venice Lagoon (adapted from Rinaldo et al., 1999b).
where a similar erosion capacity (cf. Lanzoni and

Seminara, 2002).

The maximum spring tide discharge values are also

strictly related to the tidal prism, the total volume of

water which is exchanged through the outlet of a

channel network between low water slack and the

following high water slack, i.e. during flood or ebb.

The data in Fig. 8 indicate the existence of a linear

relationship between tidal prism and peak discharge.

Again, the scatter of the data increases for smaller
Fig. 10. Probability density function of overmarsh path length

evaluated for several watersheds within the San Felice salt marsh.

Note that an approximately straight observational trend on the semi-

log plot represents an exponential distribution (adapted from Marani

et al., 2003).



Fig. 11. Mean overmarsh path length vs. basin area for several sub-

basins in San Felice and Pagliaga salt marshes. The planforms of

three watersheds characterized by approximately the same area but

vastly different structures of the channeled and unchanneled

pathways are indicated (adapted from Marani et al., 2003).
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values of the tidal prism likely because of the poor

morphologic resolution of smaller channels.

Observing that the tidal prism takes into account

not only the watershed area but also its topography,

the geometry of the channels, and the maximum

elevation locally attained by the tide, Marani et al.

(2003) studied the relationship between the tidal prism

and the total channel length SL of tidal sub-basins

within a salt marsh. However, even though a linear

regression yields a satisfactory fit, the intercepts of the

curves seem to depend on the specific area consid-

ered. On the contrary, a site independent power law

relationship appear to exist between total channel

length SL and total sub-basin area, as shown in Fig.

9. The data, fitted to a power law, yield roughly unit

values of the exponents for the two salt marshes

analyzed and for all years of observation. These

results agree with the more qualitative observations

carried out by Steel and Pye (1997) from a survey of

13 British salt marshes. They suggest a rather spatially

constant mechanism of network development and a

constant Hortonian drainage density, D =SL/A (the

slope of the relationship plotted in Fig. 9) despite the

rather different shapes, overmarsh paths, branching

and meandering characteristics of the tidal creek net-

works characterizing the various sub-basin analyzed.

The wide variety of morphologic forms exhibited

by different watershed areas clearly appears in Fig.

10, showing the semi-log plot of the probability

distributions of overmarsh path length evaluated in

different areas of Pagliaga salt marsh through the
infinite-celerity Poisson model. Indeed, the mean

overmarsh path length (the slope of the semi-log plot)

appears to fluctuate considerably in space even in

adjacent sites (see Fig. 11). As a consequence, the

mean overmarsh path length is characterized by a

larger scatter than experienced by total length SL (see

Fig. 9), and no clear trend over the interval of areas

spanned by the data is evident.

It then turns out that, since Hortonian drainage

density remains relatively constant and mean over-

marsh path length reflects instead different network

features (though ideally they should be one-to-one

related), there is no similarity of forms from one

location to another in the network structure and in

the way the network dissects the salt marsh. This

indicates that the classical Hortonian measure of

drainage density is not very distinctive of network

structure in tidal environments.
3. Tidal meanders

In order to analyze the geometries of tidal mean-

ders defined by observational data, Marani et al.

(2002) use a curvilinear coordinate system (Leopold

and e Wolman, 1957) to mathematically represent the

channel axis (and/or border sites when needed). This

is based on the use of the curve C(s)={(x(s),y(s)},
where x and y are the Cartesian coordinates of the

arbitrary axis point and s is its intrinsic coordinate.

The radius of curvature, the intrinsic angle (angle

formed by the tangent to the curve and the horizontal

direction) and the channel width may then be defined

as functions of the intrinsic coordinate s (which is

positive in the direction of narrower reaches of the

channels, i.e. away from the channel mouth).

Mathematically, the relationship between the in-

trinsic angle h(s) and the curvature c(s) is defined as

follows:

cðsÞ ¼ � dhðsÞ
ds

¼ ðdx=dsÞðd2y=ds2Þ � ðdy=dsÞðd2x=ds2Þ
½ðdx=dsÞ2 þ ðdy=dsÞ2�3=2

ð6Þ

Marani et al. (2002) define single meanders as any

channel reach containing three inflection points, i.e.



Fig. 12. (A) Channel axis, (B) half-width, (C) curvature, (D)

intrinsic (triangles) and Cartesian (circles) meander lengths, and (E)

product of curvature by half-width for a channel within the Pagliaga

salt marsh: m= 0.10 is the average throughout the channel

considered (adapted from Marani et al., 2002).
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sites si where the curvature of the axis is c(si) = 0.

Important geometric characteristics of a meander may

now be defined. The meander intrinsic wavelength,

Ls, is the distance along the s-coordinate between

initial and end inflection points. The Cartesian wave-

length, Lx, is similarly defined by the Cartesian

distance between the same initial and end sections

of the meander. The planar characterization of a

meandering channel is completed by its half-width

B(s) which contains crucial information also on the

magnitude of landscape-forming flow rates shaping its

cross-sections.

The established framework in fluvial geomorphol-

ogy (e.g. Kinoshita, 1961; Leopold et al., 1964; Ikeda

et al., 1981; Parker et al., 1983; Zolezzi and Seminara,

2001) defines the shape of fluvial meanders in the

idealized form:

cðsÞ ¼ c0 cos
2ps
Ls

� cFcos3
2ps
Ls

� cSsin3
2ps
Ls


 �
ð7Þ

where cF and cS are the fattening and skewness

coefficients, respectively. The lack of even harmonics

(in particular of the second harmonic) in Eq. (7) and

the negligibility of hamonics higher than the third is

justified by a model of the planimetric evolution of

river meanders (Seminara et al., 2001). This model

indicates that the absence of even harmonics is related

to the form of the integro-differential equation which

governs the planimetric evolution of meanders. In

particular, Kinoshita’s curve turns out to be the

second-order approximation of the exact solution of

the above planimetric evolution equation.

The operational study of tidal meanders may be

based on a discretized representation xk = x(sk),

yk= y(sk) (sk= kDs) of the axis x(s), y(s) obtained from

observational data through a ‘skeletonization’ proce-

dure (e.g. Fagherazzi et al., 1999; Zandolin, 1999). To

analyze meander geometry within a framework such

as Eq. (7), the derivatives in Eq. (6) must be numer-

ically determined. This is done, for meanders in the

lagoon of Venice and other tidal environments, by

Marani et al. (2002), who use Fourier transforms in

order to produce accurate estimates of second-order

derivatives. Numerical details are described in the

cited literature and suffice it here to say that the

position of the zeroes of c(s), i.e. of inflection points,



Fig. 13. Fraction of total spectral power contained in each harmonic

of Fourier transforms of c(s) (adapted from Marani et al., 2002).
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may be objectively determined through suitable low-

pass filtering of the signal.

Fig. 12 shows a synthesis of observations for

channels from the Pagliaga salt marsh in the lagoon

of Venice: (A) the planar trace of the centerline of

the meanders, with indications on the sites of the

inflection points; (B) the spatial evolution (i.e. along-

stream) of the half-widths B(s) (computed by deter-

mining the curves delimiting the channelized areas to

the left and to the right of the axis and by deter-

mining the distance between the intersections of such

curves with the line orthogonal to the axis at every

centerline site sk); (C) the spatial evolution of the

curvature c(s); (D) the spatial development of intrin-

sic, Ls, and Cartesian, Lx, meander wavelengths; (E)

the evolution of the dimensionless product of half-

width and curvature.

From the examination of analyses such as those

represented in Fig. 12, Marani et al. (2002) make

several observations.

Both meander width and wavelength increase sub-

stantially seaward, implying an evident non-stationar-

ity in meander geometry. This is also seen in the

curvature (Fig. 12c), which is characterized by a clear

positive trend for increasing s (i.e. landward). Indeed,

from a geometrical point of view, the values which

can be attained by the curvature of the axis are

somewhat related to channel width. In fact, channels

of rather small width may in principle present sharp

‘turns’, but, when the width increases, only smaller

curvatures are possible in order to avoid the creation

of oxbows.

The spatial development of the dimensionless

product m = c(s)B(s) shown in Fig. 12e exhibits fluc-

tuating patterns which, however, maintain a nearly

constant mean value (m̄f 0.2F 0.1). This seems to

substantiate the existence of the relationship between

curvature and width discussed above. Furthermore,

the relatively small value attained by {m} indicates

that tidal channels are not too strongly meandering.

Such circumstance allows an analytical treatment of

the morphodynamic problem in tidal channels as in

Solari et al. (2002).

Marani et al. (2002) further characterize tidal

meanders through comparisons to the ideal fluvial

model of Eq. (7) by Fourier analyzing (i.e. by

discrete Fourier transformation) the curvature c(s)

for each meander. Fig. 13 shows the power spectra,
normalized to the total power density, of all the

meanders considered. The binned average values of

the dimensionless power density corresponding to

each wave number, indicate that the energy associ-

ated to the first four harmonics is dominant. Impor-

tantly, unlike in Kinoshita’s (1961) curve (Eq. (7)),

the power density of the second harmonic is not

negligible, its average value being greater than the

value associated with the third harmonic. The de-

pendence of the first three harmonics of the power

spectrum on the intrinsic coordinate s for all the

channel analyzed (not shown here for brevity) shows

that, despite the presence of fluctuations, the power

density maintains a nearly constant value along any

given channel. This implies that, as the intrinsic

wavelength increases seaward, the corresponding

curvature values proportionally decrease. The ratio

of the energy of the second to the first harmonic (as

well as the ratio of the energy of the third harmonic

to the first) seems independent of the intrinsic

coordinate s, thus suggesting a local adaptation of

meander morphology to changes in hydrodynamic

conditions reflected by the increasing widths and

wavelengths.

The analysis of the spectra computed from the

lagoon of Venice (but analyses performed on other

environments yield similar results) shows that the

framework represented by Eq. (7), is not suitable to

describe tidal meanders as the amplitude associated

with the second harmonic is quite significant.



M. Marani et al. / Journal of Marine Systems 51 (2004) 191–210202
Other characteristics of channels in the lagoon of

Venice are explored by (Marani et al., 2002). They find

that the seaward growth of B(s) is very nearly expo-

nential, i.e. BfB0exp(� s/LB). The values of LB
obtained for the lagoon of Venice vary between about

1000 m and about 5000 m. They also compute intrinsic

lengths Ls for many meanders in the lagoon and find

that the value of LB is much larger than Ls, with Ls/

LBf 0.1. This indicates that the increase in channel

width, which Rinaldo et al. (1999a,b) link to the

increase in the discharge shaping channel cross-sec-

tions, occurs over scales larger than those characteristic

of wall erosion processes shaping meander geometry.

The changes of the intrinsic dimensionless wave-

length, Ls/B̄ (B̄ being the average meander width),

and of sinuosity, Ls/Lx, were also investigated by

Marani et al. (2002). They find that the ratio Ls/B̄

remains confined in the range 20–40 despite the

length scales Ls and B̄ grow significantly. Sinuosity

values fall within the quite narrow interval 1.3 < Ls/

Lx < 2.2, i.e. a range of values smaller than that

typically observed in fluvial meanders. The limited

range exhibited seems to suggest that a similarity of

shapes exists between meanders of different sizes

and that a single property (e.g. the intrinsic wave-

length) is sufficient to describe the ‘longitudinal’

geometric characteristics of tidal meanders.
Fig. 14. Cartesian meander length versus width for rivers (circles),

fluvial valleys (squares), glacial meandering patterns (triangles) and

the gulf stream (crosses) (after Leopold et al., 1964) compared to

tidal meanders. Remarkably, a roughly constant ratio is observed

(adapted from Marani et al., 2002).
An interesting relationship between two of the

parameters introduced above may be obtained by

considering an empirical result known for fluvial

environments, which relates the Cartesian meander

length to the channel width (e.g. Leopold et al., 1964).

Fig. 14 shows observations (after Leopold et al., 1964,

Figs. 7.41a and 7.46) from: (a) different fluvial

environments; (b) valleys left by ancient river courses,

or relics of past wetter climates; (c) glaciers’ mean-

ders; and (d) gulf stream meanders, on which Marani

et al. (2002) have superimposed data from tidal

meanders. Fig. 14 indicates the validity of a linear

relationship Lx~B, as observed by Leopold et al.

(1964). It is relevant that the new data from tidal

meanders do not modify appreciably, within statistical

significance, the linear relationship between Lx and B̄.

The dimensionless parameter Lx/B̄ thus tends to be

constant across very different environments. This

suggests that when the physical mechanisms govern-

ing the spatial development of meanders act at a scale

comparable with their width, the landforms generated

exhibit strong similarities independently of the nature

of the processes that shape them.

The analysis of tidal forms indicates that cross-

sectional dimensions are strongly varying in space in

response to strong discharge gradients. Remarkably,

however, the proportionality of wavelength and width

still applies. On this basis, it may be suggested that a

condition of local equilibrium should hold even in

tidal environments, in which the average width of

each meander and its Cartesian length adjust to the

value of the dominant discharge with no appreciable

(and durable) transient feature moving from one

meander lobe to the next ones.

The geomorphic characterization of tidal meanders

cannot be considered complete if only planar charac-

teristics are considered. The bottom profile of tidal

channels is usually characterized by an upward con-

cavity which increases with channel convergence

(Lanzoni and Seminara, 2002) and it is interesting to

study the width to depth ratio as a function of the

intrinsic coordinate to investigate its possible depen-

dence on the dominant geomorphic factors in different

parts of the tidal network.

Marani et al. (2002) perform field observations of

width-to-depth ratios b = 2B/D in meandering tidal

channels and creeks (e.g. Leopold et al., 1993). Fig.

15 shows, for a large sample of channels within the



Fig. 15. Width vs. depth for a number of directly surveyed tidal

channel sections in the lagoon of Venice. Crosses and dots indicate

two different salt-marsh channels measured along their winding

path. Diamonds, squares and triangles indicate tidal flat channels.

Salt-marsh data fitted with a straight line (whose intercept is forced

to zero) yield a slope bf 6 with R2 = 0.98 (adapted from Marani et

al., 2002).
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Lagoon of Venice, plots of channel depth D versus

width 2B. The data are derived from digitized maps

for the large channels (say, B>10 m), and result from a

direct survey for the smaller ones. It should be pointed

out that the depth D is computed differently in the two

cases. When small channels flanked by marshes

placed about the mean sea level are considered, the

depth D has been measured as the difference between

the elevation of the channel bottom and the bank-full

elevation, rather than the mean sea level. This is

accurate and fast because one does not need to survey

exactly the elevation of the bottom with respect to an

absolute reference framework. For larger channels

extracted from DTMs, where elevations are properly

georeferenced, it is expedient (and produces small

relative inaccuracies) to compute depths D by identi-

fying bank-full level with mean sea level.

The plot in Fig. 15 shows clear differences in b
values. Although important fluctuations occur, salt

marsh creeks and tidal flat channels are seen to

respond to different erosional processes resulting in

different incisions. In salt marshes, the ratio b lies

consistently in the range 5–7, quite differently

from the values typically observed in meandering

rivers (usually 8 < b < 48, e.g. Millar, 2000). In tidal

flats, less incised, river-like patterns are observed
(8 <b < 50). Therefore salt marsh creeks, where the

role of vegetation and of cohesive properties of the

sediment are likely to strongly affect the erosional

processes, tend to be more deeply incised than their

fluvial counterparts. On the contrary, the larger chan-

nels developing in tidal flats (where vegetation is less

likely to play a major role and sediment cohesion could

be less crucial owing to generally increasing sand

fractions) are more similar to fluvial landforms. Thus

it is significant that certain regularities are observed in

the planar properties though facing such different

imprintings of the relevant erosional processes. This

also awaits proper theoretical interpretation.
4. Role and patterns of halophytic vegetation

The topographic features of salt marshes and their

stability are intimately linked to the presence and

distribution of vegetation which therefore becomes a

key study element, both for its intrinsic ecological

importance and as a morphological indicator. Halo-

phytic vegetation, in fact, plays a central role in

determining the stability of a tidal marshes. Vegetation

stabilizes marsh surface sediments, increases friction

to hydrodynamic flow and reduces water sediment

transport capacity, thereby favouring sediment depo-

sition, and inhibits the formation of wind-induced

waves which cause sediment re-suspension. In turn,

vegetation development is strongly linked to the

topographic characteristics of the marsh, creating a

strong link between geomorphic structures and vege-

tation distribution.

The spatial distribution of halophytic vegetation

over salt marshes is not uncorrelated, but it is char-

acterised by the existence of typical vegetation

‘‘patches’’, a phenomenon also known as zonation

(Chapman, 1964; Pignatti, 1966; Silvestri et al.,

2000). The soil appears to be covered by a mosaic

of patches and each of them is formed by a single

vegetation species or by a characteristic association of

a few species. The explanation of this peculiar spatial

organization structure requires objective analyses and

characterizations of observed spatial patterns.

The frequency distribution of species with respect

to the distance from the nearest creek or channel and

the distribution with respect to soil elevation have been

recently studied (Silvestri, 2000; Silvestri et al., 2000).



Fig. 17. Dependence of the frequency distribution of each species

with soil elevation within the San Felice salt marsh.

Fig. 16. Frequency distributions of vegetation species occurrence

within the San Felice salt marsh with respect to the distance from

the nearest creek/channel.
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Those studies used a laser theodolite to determine soil

elevation, z, and the exact geographic location, x, y, of

each sampling point, where the abundance of each

vegetation type was estimated by direct inspection. A

rectified, georeferenced aerial photo (resolution of

about 15 cm) was then used to calculate the distance

d of each sampling spot to the nearest channelized

pixel. The frequency distributions of each species with

respect to d could then be calculated and some sample

results relative to the San Felice salt marsh in the

lagoon of Venice are shown in Fig. 16. Diagrams in the

figure show that some species, like Puccinellia pal-

ustris, Inula crithmoides and Suaeda maritima, almost

exclusively grow along the edges of creeks and chan-

nels, while S. maritima, Limonium narbonense and

Juncus maritimus do not seem to display any prefer-

ential distance from the tidal network. This indicates

that the distance d can only partially explain observed

species assemblages and that the evident zonation in

the inner marsh zones must be explained in terms of

other physical factors as well. It is in particular

interesting to note that the edges of creeks and chan-

nels are often the highest zones in Venetian salt

marshes: the presence of different vegetation types

could thus be influenced not just by the proximity to
the tidal network but also by soil elevation. Fig. 17

shows the strong dependence of the frequency distri-

bution of each species from soil elevation z for the

considered marsh area. The graphs show that Spartina,

Limonium and S. fruticosa have a seemingly normal

distribution, with a maximum of presence within a

specific soil elevation range which tends to coincide

with the mean of the distribution. J. maritimus is the

only species with a flat distribution, indicating that soil

elevation is not a key factor for understanding its

distribution over the salt marsh.

The observed dependence of vegetation patterns on

soil elevation stimulates further analyses concerning

species richness and vegetation density. In particular,

Silvestri et al. (2000) find that the number of species

and the evenness of their frequency distribution in-

crease with soil elevation. Following Odum (1983),

they combine the two characteristics to obtain a mea-

sure of species diversity, using Shannon’s entropy S(z):

SðzÞ ¼ �
XN
i¼1

PiðzÞlnPiðzÞ ð8Þ

where Pi(z) is the probability that the ith species be

present in the elevation range between (z,z +Dz), and N



Fig. 18. Dependence of Shannon’s entropy on soil elevation. The

entropy values are estimated on the basis of about 200 vegetation

observations. Note that the theoretical maximum entropy value for

eight equally probable vegetation types is 3 bit (adapted from

Silvestri et al., 2000).

Fig. 19. Dependence of NDVI on soil elevation. It is seen that

vegetation biomass, of which NDVI is a reliable indicator, increases

with elevation.
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is the total number of species over the marsh. Notice

that the entropy as defined in Eq. (8) is a function of soil

elevation. Fig. 18 shows the function S(z) computed for

the San Felice salt marsh using five elevation ranges

and on the basis of more than 200 observations. S(z)

increases with soil elevation and this commonly hap-

pens also in other parts of the lagoon of Venice.

A relevant ecological parameter is vegetation den-

sity and the study of its spatial distribution is impor-

tant to characterize preferential areas of plant

development. To investigate the distribution of vege-

tation biomass over the San Felice salt marsh we

analyzed data from IKONOS satellite and computed a

vegetation index known as Normalised Difference

Vegetation Index (NDVI). NDVI is known to be well

(and positively) correlated to plant biomass (Mather,

1999). The NDVI is defined as follows:

NDVI ¼ qIR � qR

qIR þ qR

ð9Þ

where: qIR = near-infrared radiance or reflectance;

qR = red radiance or reflectance.

The IKONOS image was geometrically corrected,

georeferenced to the Gauss Boaga reference system

and the NDVI values of each pixel was computed. Fig.

19 shows the dependence of NDVI on soil elevation.

As already noticed for the entropy, the NDVI, and thus

vegetation density, increases with elevation, indicating

that plant biomass has a positive correlation with

elevation. It may thus be concluded that not only

vegetation diversity (as epitomized by entropy), but
also total biomass, increase with soil elevation. This

clearly indicates that more favourable conditions for

plant development are found on higher soils.

A statistical description of vegetation patterns may

be obtained by studying classifications of salt marsh

vegetation obtained from hyperspectral data. The data

used here were collected during a Reflective Optics

System Imaging Spectrometer by DLR-Germany

(ROSIS) overflight of the Venice lagoon on July 8,

2000. A supervised classification of the data using the

Spectral Angle Mapping algorithm (e.g. Mather,

1999) were applied using four vegetation classes (S.

maritima, L. narbonense, S. fruticosa and J. mariti-

mus), one class for water (comprising channels and

creeks) and one for bare soil. Fig. 20 shows the results

of the classification performed over the San Felice salt

marsh and evidences the vegetation patterns charac-

teristic of zonation.

On the basis of this classification, the clusters

formed by connected pixels attributed to each vege-

tation were identified. For each vegetation type, the

probability distribution of the area of the clusters

identified was then computed. Fig. 21 shows the

results of this procedure. While we cannot conclude

that the probability distribution is definitely scale-

invariant (i.e. power law) because of the limited range

of sizes that can be achieved in nature, we clearly

observe heterogeneous distributions suggesting power

law characters, and thus a tendency to self-organize

into patches of all sizes. This is interesting, in partic-

ular when one considers that the probability distribu-

tions of watershed areas (Fig. 5) clearly exhibit an

exponential decay with well-defined characteristic



Fig. 20. Result of a supervised classification of vegetation species in the San Felice salt marsh performed with the Spectral Angle Mapping

algorithm applied to Ikonos data acquired on the Venice lagoon on June 26, 2001.
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scales. The organization of vegetation patterns there-

fore does not seem to be dictated by the spatial

organization of tidal channels and creeks or of the

available marsh area.

The results presented above suggest that in lower

salt marsh areas, flooded frequently and for longer

periods, only some selected, more resistant, species

can survive to prolonged anaerobiosis, usually devel-

oping in monospecific populations. Less frequently

flooded soils are better aerated, and hence a greater

number of species can colonize them. Based on the

above observations, an answer to the problem of

understanding the mechanisms determining vegetation

distribution over marshes thus seems to be at hand.

Vegetation patterns should be linked to a quantity

which summarizes the effects of soil elevation and
Fig. 21. Probability distribution of a cluster area for the vegetation

classes present in the San Felice salt marsh. The values of the

exponent a of the fitted power low and of R2 are as follows Juncus

(diamond): a= 1.0, R2 = 0.99; Spartina (triangle): a= 0.8, R2 = 0.99;

Limonium (open square): a= 0.6, R2 = 0.99; Sarcocornia (closed

circle): a= 0.6, R2 = 0.99.
distance to the nearest channel, often identified in the

hydroperiod (e.g. Kadlec and Knight, 1996). This may

be defined as the ratio between the time interval during

which a given marsh area is submerged to the total

duration of the period of reference (usually 1 year or

the growing season). The spatial distribution of the

hydroperiod is commonly assumed to explain the

observed vegetation patterns.

On the contrary, a more accurate survey contradicts

this hypothesis. Silvestri et al. (2000), in fact, show

that an identical succession of vegetation species with

increasing soil elevation is observed on different salt

marshes within the Venice lagoon, but that a given

species is found at preferential elevations which differ

from one marsh to another: the same plant succession

is shifted vertically at different sites, as may be seen in

Fig. 22. Using a hydrodynamic model to account for

tidal propagation, Silvestri et al. (2000) further show

that no correlation can be established between vege-

tation species and submersion periods, thus question-

ing the traditional idea that halophytic vegetation

simply responds to the hydroperiod (Silvestri et al.,

submitted for publication).

The established influence of the distance d from

creeks and channels, the high correlation of plant

distribution and density with soil elevation z and the

increase of entropy with elevation indicate that other

physical processes involving both d and z should be

considered. To investigate this possibility, Ursino et

al. (2004) develop a model for saturated/unsaturated

flow in a salt marsh, forced by tidal fluctuations, and

explore the conditions which allow for the existence

of a root aeration zone and thus possibly determine

the distribution of vegetation. Studying a schematic



Fig. 22. Mean and standard deviation values of the soil elevation at which different vegetation species are found on various Venetian salt

marshes Li=Limonium narbonense; Sa=Sarcocornia fructicosa; Ju=Juncus maritimus; Pu=Puccinellia palustris; In=Inula crithmoides; Su=Suada

maritima; Ha=Halimione portulacoides; Ar=Artemesia coerulescens. (Adapted from Silvestri et al., 2000).
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marsh system to isolate the main factors controlling

water redistribution within a marsh soil, they show

that the dynamics of the water table in tidal marshes

are not just trivially linked to soil elevation and that

soil properties and evapotranspiration play a crucial

role in determining the persistence of the aeration

zone. In particular, they find that soil conductivity is a

driving factor for plant colonization: when the con-

ductivity is very low (Ks = 10
� 6 m� 1), as it happens

in Venetian salt marshes, an unsaturated zone is

persistently present below the soil surface even after

the water level has risen above the marsh surface. This

is due to the formation of an unsaturated layer which

lasts only in soils with low conductivity and in the

presence of evapotranspiration. The unsaturated layer

allows a prolonged presence of oxygen for roots

respiration that is crucial for the establishment and

development of a population of halophytes (Pezeshki,

2001; Chapman, 1960). A complete and dynamic

model of the water movement within a marsh soil is

currently under construction, incorporating other fac-
tors like marsh topographic characteristics and the

effects of heterogeneities in soil properties and in the

evapotranspiration fluxes. It can for the moment be

inferred that tidal network density and distribution is a

driving factor for vegetation patterns over marsh areas

but that the type of soil, its hydraulic conductivity and

unsaturated characteristics are all important parame-

ters and that their high variability inevitably leads to a

very complex picture.
5. Discussion and conclusions

Our analyses of tidal environments within the

lagoon of Venice allow a number of conclusions

regarding the morphological evolution of salt marshes

and their embedded tidal networks.

The distributions of the flow lengths of unchan-

neled pathways in salt marshes within observational

tidal networks, analyzed and discussed in detail, show

interesting features. The introduction of suitable
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drainage directions, defined by hydrodynamic gra-

dients and their inherent flow paths, is based on a

suitable theoretical model which proves robust and

reliable upon comparison with complete numerical

models in a large spectrum of cases of practical

interest. This bears important consequences for the

prediction of the morphological evolution of lagoons

and coastal wetlands owing to the possibility of

predicting average divides and thus tidal prisms which

in turn define the size of the tidal channel incisions.

Drainage densities, i.e. the extent of tidal channel-

ization, within various salt marshes have been ob-

served in the field and suitably analyzed. A clear

tendency to develop watersheds described by expo-

nential decays of the probability distributions of

unchanneled lengths is found, and thereby a pointed

absence of scale-free distributions. Specifically, the

rate of exponential decay, i.e. the slope of a semi-log

probability plot, is the mean length one has to travel

before encountering a tidal channel (or else a salt pan

generated by excess salt concentrations, the chief

channel initiation mechanism within salt marshes).

Such length correlates with local conditions. Thus

the morphology of salt marshes is site-specific and

adapted to local conditions, which can be observed

and predicted in time, e.g. by suggesting relative sea

level changes.

The total length of the channel network is found

to be uniquely defined by salt marsh area rather

than by its tidal prism, as commonly assumed in the

literature. We suggest that this supports the concept

of inheritance—thus salt marsh area might be a

proxy of the dynamic forcing responsible for the

formation of the network during its history. This

implies that when the tidal landscape reaches an

elevation that allows the colonization by alophytic

vegetation, the configuration of the network freezes

and can, from then on, only undergo minor changes

not altering its basic structure. This has important

predictive implications for the fate of the residual

tidal landforms of the venetian lagoon, since scenar-

ios of relative sea level changes can be foreseen and

their morphological implications predicted.

Deep similarity of forms developing at different

sites is basically not observed, even within neighbor-

ing sites, although common Hortonian geomorphic

measures indicate a robust relationship between total

network length and marsh area. Such relationship is
thus argued to be artificially independent of important

factors such as marsh elevation and vegetation types,

which indeed affect the relevant geomorphology.

Mean unchanneled lengths, computed appropriately,

resolve the lack of distinctiveness of Horton’s drain-

age density. Lenient geomorphic measures may indi-

cate artificial simularity, and thus alter completely the

predictive power of theoretical tools. Given the long

time frames for evolutionary processes, theory can

hardly be overestimated, and thus stringent compari-

son tools for observed natural landforms and mathe-

matical artifacts are quite essential.

As a general note, substantial differences with

fluvial morphologies, and their basic repeatability,

are observed. In particular, the body of observations

presented emphasizes the role of strong spatial gra-

dients of characteristic geometric features, chiefly

wavelength and width, that respond to gradients in

landforming discharges. Remarkably, as the dominant

discharge markedly increases seaward along a tidal

channel, its width adjusts to an exponential growth,

whose rate constant is site-specific. Fluctuations are

observed but they cannot becloud a clear exponential

trend. Spectral models of the parameterized curves

describing the spatial patterns of the centerline of

meandering channels, in particular of the spatial

evolution of local curvature, have also been revealing

in suggesting, e.g. that earlier fluvial models prove

inadequate in the tidal case owing to a strong presence

of even modes, in particular the second one. As the

meanders evolve, furthermore, the (appropriate) me-

ander wavelengths, radii of curvature and width vary

by orders of magnitude (say, we recorded widths

growing from a few meters to 200 m within a few

km alongstream), thus rendering the meandering

forms strongly non stationary in space. Remarkably,

however, the ratio of local width to local radius of

curvature fluctuates about rather constant values quite

different from those observed in meandering rivers.

This and other results obtained, i.e. that in both fluvial

and tidal environments the ratio of meander length to

meander width remains roughly constant, seem to

imply that the adjustment of meander morphology to

varying dominant discharges is local and does not

entail significant transition zones—with many a dy-

namic implication.

Finally, width-to-depth ratios, which bear strong

implications on the erosional and migration mecha-
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nisms that originate and develop the meanders, vary

substantially depending on location and conditions,

thus supporting the significance of the observation

of certain planar regularities independent of tidal,

vegetational, hydrodynamic and sedimentational

conditions.

We thus conclude that the body of empirical and

theoretical evidence collected within the venetian

lagoonal environment allows fair and stringent com-

parative analyses of tidal landforms—thus constrain-

ing any new generation of mathematical models of

morphological evolution. Also, one can infer the fate

of residual tidal landforms from the signatures of past

transgressions and regressions of mean sea level, quite

apparent in the observed landforms, as well as soil

production processes devised from the relative stabil-

ity in time of the observational forms. We thus

produce benchmarking elements for the prediction

of the fate of the Venice lagoon, as seen through its

tidal landforms.
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