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Abstract

We survey the problem of the response of coastal wetlands to sea level rise. Two opposite views have traditionally been
confronted. According to the former, on the geological time scale, coastal lagoons would be ‘ephemeral’ features. The latter
view maintains that marshes would keep pace with relative sea level rise as, increasing the rate of the latter, the sedimenta-
tion rate would also increase. In any case, the timescale of morphodynamic evolution is of the order of centuries, which
makes it not easily perceived. For example, in Venice, the diversion of the rivers debouching into the lagoon undertaken in
the Renaissance has taken centuries to display its consequences (shift from depositional to erosional environment). This pro-
cess accelerated in the last two centuries due to effects of the industrial revolution and of an enhanced sea level rise. Recent
research has employed powerful computational techniques and advanced models of marsh vegetation. Zero-order modeling
suggests that marsh equilibrium is possible, provided the rate of relative sea level rise does not exceed a threshold depending
on the availability of minerogenic sediments, quantified through a loosely defined ambient sediment concentration. Analysis
of the morphological interaction between adjacent morphological units suggests that the ‘equilibrium states’ identified by
zero-order modeling correspond to marshes which either prograde or retreat, i.e., are not in equilibrium. Results suggest
that available techniques, e.g., artificial replenishment of salt marshes or search for more productive halophytic species, will
hardly allow Venice wetlands to keep up with a strong acceleration of sea level rise.
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1 Introduction

This review paper is part of the topical collection: The Intrusion One of the major expressions of climate change is an accel-
of Ecology into Hydrology and Morphodynamics. Such collection erated sea level rise (slr hereafter). Figure 1 shows projec-
is meant to provide a sel.ectlon 9f contributions present.ed at thﬁ: tions reported in the latest IPCC Assessment Report (IPCC
meeting Acqua, vegetazione, clima: I’avvento dell’ecoidrologia, 2021). Th h h h h th
held at the Accademia Nazionale dei Lincei on 22 marzo 2021, to ): ¢y show that we may e%peCt changes n t e. mean
celebrate the 2021 Water Day. The whole set of presentations (in sea level (m.s.1.) by 2100 relative to 1995-2014 in the
Italian) are found at the following websites: https://www.lincei.it/it/ ranges 0.28—1.01 m depending on the adopted Greenhouse
medla.—dlgltah, https://wv.vw.lmc.el.1t/1tjman1festazmm/xx—glornata— Gas (GHG) emission scenario. Quoting Lambeck (2021):
mondiale-dellacqua-manifestazione. « . L . gy e
although “the science of sea-level projections is still in its
DX Nicoletta Tambroni infancy .. we can have confidence in the general directions
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Giovanni Seminara rise for centuries to millennia due to continuing deep ocean
giovanni.seminara@unige.it warming and ice sheet melt, and will remain elevated for
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demographic evolution of the planet, as well as on the
effectiveness of mitigation and adaptation policies which
depend in turn on future technological developments. How-
ever, whatever action will be implemented, it will hardly be
able to stop rapidly a process whose persistence is due to the
enormous inertia of the natural system involved, namely the
Earth hydrosphere, atmosphere and biosphere. Hence, the
issue of how coastal regions will be affected by sea level rise
in this century, is definitely on the table. This is admittedly
an enormous problem as it involves some of the most popu-
lated areas of the world, namely low lying deltas.

Here, the effects of sea level rise are enhanced by fur-
ther simultaneous factors, like natural and anthropogenic
subsidence, combined with a decreased influx of fluvial

Fig.2 The picture shows the
effect that a 0.9 m slr would
have on the coast of the San
Francisco Bay. Left: pre-

sent, right: 0.9 m slr. Green:
marshlands; light blue: drowned
areas; brown: land (NOAA’s
Map Viewer. https://www.clima
te.gov/maps-data/dataset/sea-
level-rise-map-viewer) (color
figure online)
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sediments due to upstream river regulation works. The
size of the threat for coastal communities was estimated
long ago for the Nile and Bangladesh deltas by Milliman
et al. (1989), who pointed out that, at the higher values
of slr, Egypt and Bangladesh could lose 26 and 34% of
their currently habitable land by 2100, respectively, and
this would result in severe loss of their Gross Domestic
Product. Nowadays, sea level rise maps, that allow users
to visualize community-level impacts from coastal flood-
ing or sea level rise, are available in some countries (e.g.,
NOAA'’s maps in USA). An instructive example is given
in Fig. 2, which shows that, in the absence of appropriate
countermeasures, a 0.9 m slr would be sufficient to drown
all the remaining wetlands bordering San Francisco Bay,
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besides affecting a number of important settlements of the
Silicon Valley.

Besides the loss of biodiversity and ecosystem services
associated with wetland drowning, a major impact of slr is
to increase vulnerability to inundation of low lying coastal
areas as a result of deterioration of the natural defense
opposed to coastal storms by barrier islands and wetlands
(Day and Templet 1989). This may be clearly inferred from
Fig. 3, that shows that, unless adaptation measures will be
undertaken, a 0.9 m sea level rise would drown most of the
Mississippi delta and all the barrier islands present along
that reach of the coast of Louisiana.

However, the above pictures, suggestive as they may be,
do not tell the whole story about the future of wetlands, as
they do not account for the morphological variations that
these features may undergo in the time span needed for
sea level rise. Predicting this process poses a rather tough
problem, that has been widely investigated in the last few
decades but cannot be described as fully settled yet. Indeed,
the crucial factor controlling the ‘health’ of wetlands is the
exchange of water and sediments with the inland and the
ocean and, in this respect, a wide spectrum of transitional
environments are observed (Kjerfve 1994). They are sig-
nificantly affected by the various types of hydrodynamic
forcing, marine (tides and waves), fluvial and atmospheric
(wind). The transitional waters may display a widely varying

Fig.3 The picture shows the
effect that a 0.9 m sea level
rise would have on the coast of
Louisiana, near New Orleans.
Top: 0.9 m slr, bottom: present.
Green: marshlands; light blue:
drowned areas; brown: land
(NOAA'’s Map Viewer. https://
www.climate.gov/maps-data/
dataset/sea-level-rise-map-
viewer) (color figure online)

degree of salinity, ranging from brackish to saline. Tidally
dominated environments, which are the subjects of the pre-
sent review, comprise various distinct morphological units
(Seminara et al. 2001): barrier islands, inlets, channels,
shoals (also called sub-tidal flats, bassifondi in Venice),
tidal flats (velme in Venice) and marshes (barene in Venice)
(Fig. 4). The evolution of different morphological units is
controlled by different dominant processes: wave attack and
possibly aeolian transport affect barrier islands; wave resus-
pension in the surf zone, littoral currents and tidal currents
control inlet morphodynamics; tide propagation is dominant
in tidal channels; wind resuspension and tidal circulation
operate in the shoals and tidal flats; the presence of halo-
phytic vegetation, with the variety of biological and physical
processes it determines, is the distinct feature of marshes.
The survival of these complex and delicate environ-
ments, which are sites of great biodiversity and signifi-
cant economic value, is of great concern for the scien-
tific community and poses a fundamental question: can a
coastal lagoon reach an equilibrium state? In the present
paper, we wish to review the available knowledge on this
major issue, devoting special attention to the problem of
ascertaining to what extent coastal lagoons may be able
to survive an accelerated sea level rise. Note that the issue
of morphodynamic equilibrium has enjoyed an increasing
popularity in the last few decades (Zhou et al. 2017) and
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Fig.4 Satellite view of the northern part of Venice lagoon, with indi-
cation of the various morphological features composing the lagoon
environment. Note that in the Venice lagoon, sub-tidal flats and tidal
flats are denoted as bassifondi and velme, respectively, while salt
marshes are called barene

successful attempts have been made to classify and discuss
the variety of definitions employed in the literature (Coco
et al. 2013; Zhou et al. 2017). For these reasons, below
we will not reexamine this aspect and refer the interested
reader to the above contributions. We will limit ourselves
to show that, based on our own research, the answer to
the above question depends on various aspects. Below we
analyze two of them. First, we show that the definition of
equilibrium requires some care and different conclusions
are reached depending on the actual definition employed.
Second, we discuss how anthropogenic effects associated
with social development have altered the natural trajec-
tory followed by the evolution of many coastal lagoons. In
addition, to illustrate the latter issue, we will refer to Ven-
ice lagoon, a very rich environment, containing most of
the ingredients which affect the hydrodynamics and eco-
morphodynamics of coastal wetlands. In addition, Venice
lagoon is probably one of the most carefully monitored
lagoon in the world and, due to the historical and cultural
importance of Venice, ascertaining its fate in response to
possible effects of global warming bears a great relevance.

@ Springer
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Fig.5 Sketch of the sediment balance for each morphological unit of
a lagoon

Our plan for the rest of the paper is to proceed as follows.
First, (Sect. 2) we analyze distinctly the morphodynamic
equilibrium of each of the morphological units composing a
lagoon, namely channels (Sect. 2.1), inlets (Sect. 2.2), sub-tidal
flats (Sect. 2.3) and intertidal features (intertidal flats—salt
marshes) (Sect. 2.4). We then investigate how these distinct
units interact and how this interaction modifies the transient
response of the system to variations of the rate of sea level rise
(Sect. 3). Next (Sect. 4), we discuss the variety of anthropo-
genic effects which may let the evolution of coastal lagoons
deviate from their ‘natural’ trajectory. Finally (Sect. 5), we
return to our original issue to draw some conclusions.

2 Equilibrium of distinct morphological
units

Each morphological unit is an open system which exchanges
mass (water and sediments) with its neighboring units. It may
also contain a source of mass: indeed, marshes produce organic
sediments resulting from the cyclic production, decomposi-
tion and compaction of biomass. In addition, in some sense,
each morphological unit is also a sink for sediments which are
effectively lost by the system as a result of two major natu-
ral processes, namely sea level rise and subsidence (Fig. 5).
Hence, a simple general sediment balance equation for any
morphological unit of a coastal lagoon may be written in the
following form:

Qin + Qorg = Qout +Au0', (1)

Here, Qy,, O, and Q,,, are sediment fluxes averaged over
a sufficiently long time. Q,, is the average flux of inorganic
sediments supplied to the morphological unit by adjacent
units; 0, is the average flux of inorganic sediments lost by
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the morphological unit to adjacent units; Q,,, is the average
flux of organic sediments produced within the unit. Moreo-
ver, A, is the area of the morphological unit and o is the
spatially averaged rate of relative sea level rise due to both
absolute sea level rise and subsidence.

The above simple statement immediately suggests an
obvious observation: the long-term equilibrium of a mor-
phological unit can hardly be considered independent of
the morphological evolution of adjacent units. With this
in mind, let us outline our present understanding of the
morphodynamics of each unit.

2.1 Tidal channels

It proves convenient to start with tidal channels. Nota-
ble investigations of the morphodynamic evolution of
these tidal features proceed from the works of Friedrichs
(1995), Friedrichs and Aubrey (1996) and Schuttelaars and
de Swart (1996), followed by Schuttelaars and de Swart
(2000), Lanzoni and Seminara (2002), Tambroni et al.
(2005), Todeschini et al. (2008), Tambroni and Seminara
(2009), Seminara et al. (2010), D’Alpaos et al. (2010),
Toffolon and Lanzoni (2010) among others (see also the
review paper of de Swart and Zimmermann 2009).

Observations of the channel networks in Venice lagoon
(Marani et al. 2002; Toffolon and Lanzoni 2010) suggest
that lagoon channels are typically characterized by a fun-
nel shape well approximated by an exponential law with
aspect ratios falling in the range 15-35 and longitudinal
bed profiles displaying an upward concavity. Proceeding
landward, the grain size varies from fine sand close to
inlets (mean grain size ds, = 0.2 — 0.3 mm) to very fine
sand-silt (mean grain size ds; = 0.05 mm) (Magistrato alle
Acque di Venezia 2008), with estimated critical bed shear
stress r: of 0.15 = 0.16 N/m?, corresponding to a critical
velocity U varying from 0.17 m/s at depths of the order of
1 m to 0.3 m/s at depths of the order of 10 m (in Sect. 2.1
and 2.2 a star superscript will denote dimensional quanti-
ties). Moreover, Friedrichs (1995) observed that the peak
bottom stress at spring tide (as well as the associated peak
of cross-sectionally averaged speed) keeps approximately
constant along sheltered tidal channels at equilibrium.
Hence, the net sediment flux also keeps constant.

The latter observations prompted a sequence of attempts
to provide some theoretical understanding of the process.
To present the latter developments in a unified framework,
let us briefly introduce the general formulation of the prob-
lem. Following Seminara et al. (2010), let us then con-
sider a straight tidal channel of length [* with rectangular
cross-section and width B* varying exponentially landward
(Fig. 6).

We then set

Fig.6 Sketch of a tidal convergent channel and notations

B* = Bjexp(—x* /1), ()

where [} is the convergence length, Bj is the inlet width and
x*1is a longitudinal coordinate pointing landward with origin
at the inlet.

In the context of a1l — D model, the motion of the fluid
phase is governed by the classical continuity and momen-
tum (de Saint Venant) equations, which in dimensionless
form, read

oD o(UD)
- _ D) =
IS5+ e == — ¢, (UD) =0, (3a)
oUu oU oH U|U|
A— U— + — =0.
d te ox + ox 2D (3b)

Here, independent and dependent variables have been
scaled as follows:

x* H* D* U* C
7t7H7D9U7 = T *t*7_9_’_.7_ 5
(¥ ) <1* T c0> @

where

— t* denotes time and o* is the angular frequency of the
forcing tide;

— D* denotes the cross-sectionally averaged flow depth
and Dy is the inlet depth at mean sea level;

— U* denotes the cross-sectionally averaged flow speed
and U is a characteristic flow speed set equal to the
inviscid velocity scale e4/g D", with g gravitational
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acceleration and € a dimensionless parameter measur-
ing the relative tidal amplitude (e = a;;/Dj)

— H*is the water surface elevation relative to the mean sea
level and a;; is the amplitude of the forcing tide;

— Cis the dimensionless Chezy conductance (defined as
the inverse of the square root of the friction coefficient)
and C,, is its value at the inlet reference conditions.

Further important dimensionless parameters appear in the
governing equations: A is the ratio between channel length
and wavelength of a small amplitude inviscid tidal wave, R
is a dimensionless parameter measuring the importance of
friction relative to gravity in the momentum equation and
A, weighs the relative effect of channel convergence in the
continuity equation. They read

I w* _ I'e _r
T 2 pE b T 4)
ci; I

o3

Note that the above scaling is appropriate everywhere along
the channel, except in the landward region where the bed
emerges during part of the tidal cycle, hence the flow depth
approaches zero. There, the flow depth scales with the tidal
amplitude ag: indeed, if details of the flow in this intertidal
region are sought, the latter must be treated as a boundary
layer where rescaling is necessary (Seminara et al. 2010).
The equations (3a) and (3b) must be supplemented by
appropriate boundary conditions. At the channel mouth, we

set
D|,o=1+e¢HX,D|,og=1+€f(). (6)

The landward boundary condition requires more care: in
fact, the shoreline, located at xjh(t*), is a moving boundary
through which no relative flux may occur, hence,

A
le:x&h = Exsh’ D|

U ™)
where the dot denotes a time derivative. To close the math-
ematical formulation we need to couple hydrodynamics to
morphodynamics through the 1 — D form of the evolution
equation of the bed interface, expressing mass conservation
of the solid phase (Exner 1925) which, in dimensionless
form, reads

on dbg,)
bT,—
05 ¥ Tox

=0. ®)

Here, b is the local channel width scaled by B?, 7 is the local
and instantaneous value of the laterally averaged bed eleva-
tion scaled by D7, g, is the total sediment flux per unit width

scaled by 1/ (p,/p — l)gdgO (with ds, mean grain size, p,

sediment density and p water density) and 7}, is a dimension-
less parameter which accounts for the fact that the time scale

@ Springer

of morphodynamics is typically much larger than the period
of the forcing tide.

We can now define equilibrium more precisely: each
property of the fluid and sediment motions must not exhibit
net variations in a tidal cycle. This applies in particular to
bed elevation. Let us then integrate (8) in a tidal period to
find

2z
/t+2n O(bqs) e ()(b/tH— q dt) o ©
t

ox ox

It follows that, at equilibrium, the net sediment flux in a
tidal cycle must be constant throughout the channel and the
constant must vanish to satisfy the landward boundary con-
dition imposed by the presence of a shoreline. Note that the
above definition is consistent with the definition of dynamic
equilibrium of type I proposed by Zhou et al. (2017).
Schuttelaars and de Swart (1996) considered short
embayments (A — 0) with constant width (4, — 0), neglect-
ing friction and ignoring the landward boundary layer. Under
these conditions, the equilibrium bed profile turned out to be
a straight line and the flow was characterized by a spatially
uniform bed shear stress. However, in the above work as in
the later extension of Schuttelaars and de Swart (2000), the
seaward boundary conditions employed over-constrained
the problem, as the bed elevation at the sea entrance was
fixed. This constraint was relaxed by Lanzoni and Semi-
nara (2002) who solved the transient problem showing that,
for given channel length, starting from an arbitrary initial
bed profile, the flow and bed topography evolve in time and
asymptotically tend to reach an equilibrium state charac-
terized by vanishing net sediment flux in a tidal cycle. At
equilibrium, a shore formed at the landward channel end and
the bed elevation at the sea entrance reached some equilib-
rium value depending on channel length. This process was
later reproduced in the laboratory by Tambroni et al. (2005)
through long-term experiments which led to a very satisfac-
tory agreement with numerical simulations of Lanzoni and
Seminara (2002). Both experiments and numerical simula-
tions showed that the effect of funneling was to induce a
weak concavity of the bed profile. An important extension of
the latter work was pursued by Todeschini et al. (2008) who
showed that, if the initial length of the channel exceeds some
threshold value, then the shore does no longer form at the
landward end of the channel but inside the initial domain.
Hence, provided the latter is sufficiently long, an equilibrium
length of the channel is determined which depends only on
channel convergence, tidal amplitude at the channel mouth
and friction. Moreover, the stronger is the degree of conver-
gence of the channel, the tidal amplitude at the mouth or the
channel friction, the shorter is the equilibrium length. More
recently, Seminara et al. (2010) performed a further step
forward, including in the analysis the presence of tidal flats
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flanking the main channel (treated as storage volumes) and
the role of the intertidal wetting and drying region treated as
an inner boundary layer with the help of a perturbation tech-
nique. A fully analytical solution was thus obtained, albeit
under the constraint of short channel length. This solution,
showed rigorously that, at least under the assumptions of
the analysis, equilibrium was associated with a condition
stronger than the vanishing of the net sediment flux in a tidal
cycle. Rather, sediment transport at each instant of the tidal
cycle had to vanish to achieve equilibrium. This solution was
shown to agree quite well with the laboratory observations
of Tambroni et al. (2005) (Fig. 7).

Moreover, tidal flats were shown to affect the channel
hydrodynamics and cause shortening of the equilibrium
length, the more so as the flats widen. The bed profile deter-
mined in the inner region agreed with the morphology of
tidally dominated intertidal flats, which was determined by
Friedrichs and Aubrey (1996) imposing that the tidal veloc-
ity should never exceed the threshold for sediment motion
throughout the entire tidal cycle.

Finally, the above analytical solution was used by Tam-
broni and Seminara (2009) to provide a theoretical substan-
tiation of the observation that sheltered tidal channels at
equilibrium would satisfy an O’Brien—Jarrett—-Marchi rela-
tionship between tidal prism P and average cross-sectional
area Q" of the type established for tidal inlets (O’Brien 1969;
Jarrett 1976; Marchi 1990), namely P* =~ Q*/7. This sug-
gestion has come from various Authors on the basis of field
observations and numerical simulations (e.g., among others,
Friedrichs 1995; Schuttelaars and de Swart 1996; Lanzoni
and Seminara 2002; Van der Wegen et al. 2008; D’Alpaos
et al. 2010).

Before we move to analyze the next morphological unit,
the reader should be aware of the fact that the equilibrium
configuration obtained so far satisfies Eq. (1) with vanish-
ing values of Q;,, Qyo, Oy and o If sediment supply does
not vanish (Q;, # 0) then the channel eventually silts up
or, alternatively, it may undergo a slow progradation-deg-
radation of the equilibrium profile (Toffolon and Lanzoni
2010). Hence, in the absence of further sediment exchange
with other neighboring units, equilibrium requires that the

channel inlet adjusts to the constraint that the average net
flux of sediments must vanish.

An interesting exercise performed by D’Alpaos et al.
(2006) sheds some light on the effect of a persistent supply
of sediments on the formation and evolution of the cross-
section of a tidal channel consisting of an incision cutting
through a flat-marsh platform which drains a given tidal
watershed. This simplified model ignored longitudinal vari-
ations of the flow field and of the channel morphodynam-
ics. Channel evolution arose from deposition on the marsh
platform and erosion-deposition in the channel, mediated
through their effect on the tidal prism flowing through the
cross-section. The analysis suggests that, as the marsh plat-
form emerges, the consequent reduction of the hydro-period
leads to channel infilling. D’Alpaos et al. (2010) conclude
that an equilibrium condition can only be maintained pro-
vided the rate of sea level rise attains some given value.

2.2 Lagooninlets

Due to its conceptual and practical implications, the equi-
librium of tidal inlets has been widely investigated since
O’Brien (1931) proposed a linear relationship between the
inlet cross-sectional area (below mean sea level) and the
tidal prism, based on observations on inlets located on the
Pacific coast of the United States. The linear relationship
was later corrected by the same author (O’Brien 1969),
using data collected on a large number of tidal inlets located
in North America. The well-known relationship between
the minimum cross-sectional area Q* of the inlet channel
at mean sea level and the tidal prism P* was then proposed:

Q" =KP™, (10)

with K = 2.43 x 107*, m = 0.85 and the quantities Q* and
P* expressed in m? and m?, respectively. The validity of a
power law relationship was confirmed by subsequent studies
(Jarrett 1976; Bruun 1978; Hughes 2002), with m typically
lying in the range 0.85-1.10. In particular, Jarrett (1976)
determined K and m distinguishing among various groups
of inlets located along the North American coast, depending
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on their location (Atlantic, Pacific, or Gulf of Mexico) and
the number of jetties they contained. Note that the variability
of K and m embodies further effects, e.g., the intensity of
littoral drift, the size of sediments, the hydraulic resistance
of the inlet, not accounted explicitly in (10).

Various authors (e.g., Escoffier 1940; Krishnamurthy
1977; Marchi 1990; Hughes 2002; D’Alpaos et al. 2009) have
attempted to provide some theoretical substantiation of the
relationship (10). All these approaches relied on the assump-
tion that, at equilibrium, the maximum bottom shear stress
should attain the threshold value for sediment motion. In par-
ticular, Marchi (1990) was able to prove that, with the above
assumption, the exponent m takes the exact value 6/7 = 0.857.

More recently, Tambroni and Seminara (2009) revisited
the problem following an approach similar to that presented
for tidal channels (Sect. 2.1). They considered a straight tidal
channel of length /*, rectangular cross-section and constant
width B* connecting the open sea with a closed basin with
surface area S* (Fig. 8).

The mathematical formulation of the hydrodynamic prob-
lem does not differ from that presented in Sect. 2.1 (with
A;, = 0) except for the boundary condition at the inner bound-
ary (x = I). Here we may impose flow continuity requiring
that the flow discharge through the landward cross-section of
the inlet channel must balance the rate at which volume is
accumulated into (or subtracted from) the basin. This con-
dition is readily implemented if a static model for the basin
hydrodynamics is employed, assuming that the free surface
keeps horizontal throughout the basin, an assumption valid
when the size of the latter is much smaller than the length of
the tidal wave. In dimensionless form, one finds

_dd y = B*— Ve Dy an
x=1 dt X=]’ :

y[uD] e

With the latter condition, the mathematical problem is read-
ily solved (Tambroni and Seminara 2009). At the leading
order of approximation, one finds

BASIN SURFACE S§*

I sez. AA

3

Fig. 8 Sketch of a tidal inlet and notations
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Let us now examine the issue of equilibrium. The constraint
to be satisfied is that the net sediment flux in a tidal cycle
must be constant throughout the channel as prescribed by
Eq. (9). This requirement is weaker than the assumption
made by the various authors who attempted to provide a
theoretical substantiation of (10), namely that the flux must
vanish identically at any cross-section. Given the form (12)
of the solution for U, the latter condition requires that D*(x)
keeps constant (= DZq) and U™ be a function of time such that
max |U*| = U7, with U7, threshold value of the flow velocity
for the inception of sediment motion. Employing the Strick-
ler relationship for the Chézy flow conductance, Tambroni
and Seminara (2009) then derived the following relationship
for the inlet flow depth at equilibrium:

. 6/7
S*w* a’ )
D:q=< R ) , a3
B ks ecr(ps/p - 1)dSO

with k7 Strickler’s coefficient, 8, critical value of the Shields
parameter (i.e., of the dimensionless bed shear stress) and
a, amplitude of the forcing tide. Moreover, the above solu-
tion leads to a relationship between the tidal prism and the
inlet cross-sectional area at equilibrium, identical with Eq.
(10) with m = 6/7. However, when applied to the inlets
of Venice lagoon, Eq. (13) suggests that inlet equilibrium
would require flow depths much larger than those observed.
In addition, indeed, to fit Venice data, Marchi (1990) was
forced to assume values of the dimensional critical bed shear
stress as large as 4 N/m?, much larger than the values charac-
teristic of fine sand (for dsy = 0.2 mm, ¥ =0.17 N/m?). This
is not surprising if one recognizes that if inlet equilibrium
were associated with the threshold conditions for sediment
motion then the net sediment flux exchanged by the inlet
with the sea should vanish. However, this is not the case, at
least in general. In a tidal inlet, the sediment flux imported
from the sea during the flood phase is not controlled by the
transport capacity of the flood currents, but rather by the
capacity of sea waves to resuspend sediments in the surf
zone. Resuspension overloads the flood currents which then
deposit their load inside the inlet. Indeed, a sand particle
of size 0.2 mm settles over a depth of 10 m in a time of the
order of 500 s, hence at a distance of the order of 500 m from
the entrance. On the contrary, the sediment flux exported
to the sea during the ebb phase is controlled by the trans-
port capacity of the ebb stream which would vanish at equi-
librium. Hence, for an inlet to be in equilibrium, its depth
must adjust such that the sediment transport capacity of the
inlet stream allows it to export the average flux of sediments
imported by the sea during storm events.
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2.3 Sub-tidal and tidal flats

Let us next consider sub-tidal and tidal flats, shallow, fairly
flat or weakly sloping features typically cut through by tidal
channels and bounded by marshes (e.g., Fig. 4). In Venice
lagoon sub-tidal flats lie approximately in a range between 0.6
and 2.0 m below m.s.1., while tidal flats lie in the range 0.6-0
m below m.s.l.. Their evolution is controlled by the sediment
balance (1) where, with reference to the transect of Fig. 9, Q;,
is the average net flux of sediments supplied by the channel
in the flood phase, Q,,, vanishes and Q,,, is the sum of the
average net flux of sediments lost to the channel in the ebb
phase plus the average net flux of sediments lost to the marsh
in the flood phase. Note, that marshes effectively act as sinks
for sediments.

The simplest model one may envisage to describe the mor-
phodynamic evolution of a tidal flat is a zero-order model,
namely a model which ignores the spatial structure of the flat
and simulates the rates of accretion and submergence pro-
cesses only along the vertical direction. These models stem
from the pioneering works of Randerson (1979) and Krone
(1987) developed to investigate the morphodynamic evolution
of salt marshes. The only conservation equation they employ
is a spatially averaged balance of sediment mass which, in
dimensional form, reads (Fig. 9)

dn
E = Amin ~ Ssub — SsIr ~ Stes- (14)

Here, 7 is the spatially averaged elevation of the tidal flat,
dmin 1S the average net accretion rate driven by inorganic

Fig.9 Sketch of a tidal flat
with indication of the various
contributions to the sediment
balance. m.s.l. mean sea level,
m.h.t. mean elevation of high
tides, m.l.t mean elevation of

low tides rise

Submergence
Rate driven
By sea leve/

(minerogenic) sediments supplied by the channel adjacent
to the flat and settling on the flat platform during the flood
phase, s, is the rate of increase of flat submergence arising
from regional soil subsidence, s, is the rate of increase of
flat submergence arising from regional sea level rise and s,
is the rate of increase of flat submergence driven by wind
wave sediment resuspension leading to a loss of sediment
towards the channel (during the ebb) or the salt marsh (dur-
ing the flood). Note that, in Eq. (14), it is implicitly assumed
that tidal currents alone are unable to entrain sediments, i.e.,
entrainment is only driven by the stresses that wind waves
generate on the bottom.

The sediment conservation Eq. (14) immediately sug-
gests a puzzling question: flat equilibrium (d#/dt = 0)
requires that the concentration of suspended sediment in
the adjacent channel be sufficiently high, such that the
sediment flux supplied by the flood currents to the tidal
flat balances the tendency of the latter to increase its sub-
mergence due to subsidence, sea level rise and sediment
resuspension by wind waves. Hence, for a flat to be in
equilibrium, the adjacent channel cannot be also in equi-
librium, at least not in the condition of static equilibrium
that we discussed in Sect. 2.1. But, is a dynamic channel
equilibrium possible? We delay an answer to this question
to Sect. 3.

To make progress with the balance Eq. (14), once the
regional values of subsidence and sea level rise are known,
one needs to quantify a;, and s,.. Estimating the latter
two quantities in the context of a 0 — D model is quite
hard. Marani et al. (2007) write

Submergence
rate
driven by wind
wave
sediment
resuspension

Submergence
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Subsidence
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with C(z, 77) local and instantaneous value of the depth aver-
aged sediment volumetric concentration, depending on the
mean elevation of the tidal flat, W, settling speed of sedi-
ment particles and g, particle density. Note that the value
of the concentration that should appear in (15), namely the
concentration at the flat platform, has been approximated by
the depth-averaged concentration. The function C depends
on the history of past resuspension events, sediment supply
from the channel and sediment loss to the marsh. Its knowl-
edge would require the solution of a full advection diffusion
equation, coupled to the knowledge of external inputs and
of the effects of wind resuspension. However, in the con-
text of 0 — D models this is obviously impossible and some
unavoidably severe approximation is needed. Marani et al.
(2007) derive the function C(t,#) solving an ordinary dif-
ferential equation that, in the absence of sediment trapping
due to macroalgae and/or aquatic fanerogams, reads

d[h(0) - 7] C(t.7)

~ dh
=W, C(t,7j) + Cy = 16

Here, we denote by A(?) the free surface elevation (approxi-
mated as horizontal) and by Co the depth-averaged concen-
tration at the inlet cross-section of the flat. The latter quan-
tity is assumed to take different values in the flood and ebb
phases. More precisely, flood currents are assumed to carry a
fixed concentration C, representing external sediment avail-
ability, while the concentration of outgoing ebb currents is
the instantaneous depth averaged concentration C(z, 7). Note
that the above authors did not include wind resuspension
effects in (16), thus assuming that all the entrained sediments
are lost to the neighboring environments and no sediment
resettles in the flat.

Finally, the quantity s,., was assumed to be proportional to
the tidally averaged value of the excess bottom stress relative
to its threshold value for bottom erosion. The bottom stress
was evaluated as proportional to the square of the amplitude
of the wave flow speed at the bottom and the latter quantity
was associated to the wind speed assuming fully developed
conditions for the wave (no influence of fetch) and adopting
the linear approximation. The critical stress was given two
different values depending on the depth of the flat platform
and the consequent presence or absence of stabilizing poly-
meric bio-films produced by benthic microbes.

The output of the above analysis is plotted in Fig. 10
where R denotes the relative rate of sea level rise
(R = sq, + 54,). The authors consider a 20th-century sce-
nario appropriate to Venice lagoon, characterized by a rate
of sea-level rise of 2 mm/year and a local subsidence of
1.5 mm/year, for a total R = 3.5 mm/year. Moreover, they
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Fig. 10 Trajectory of the morphodynamic evolution leading to a sta-
ble state of the flat, under a scenario of 3.5 mm/year relative sea level
rise and assuming that no biological activity is present (modified
from Marani et al. 2007)

considered a micro-tidal environment (a5 = 0.74 m) and
assumed C, = 20 g/m?, ds, = 50 um and W, = 0.2 mm/s.
Figure 10 shows that, under these conditions and in the
absence of any biological control, the only equilibrium state
is sub-tidal and it is stable. Stability arises from a simple
feedback mechanism: the stress induced by wind waves tends
to vanish as the flow depth tends to infinity. Hence: a small
positive perturbation of the flat depth in a neighborhood of
sub-tidal equilibrium leads to a reduction of sediment resus-
pension by wind waves. Consequently, the erosive effect of
wind waves no longer balances the accretion rate of the flat
platform induced by settling: in other words, this feedback
mechanism tends to reestablish the previous state. A tidal
flat equilibrium does not exists for the above conditions and
is found to be possible only within a narrow range of the rate
of relative sea level rise (0 < R < 1.8 mm/year). The equilib-
rium is stable within a fairly narrow range of values of the
platform elevation (0.27 < #j < 0.74 m a.m.s.l). The ranges
of R and 7 for which a stable tidal flat equilibrium state can
exist widen (3.9 < R < 7.2 mm/year and —0.74 < 7j < 0.74
m a.m.s.l, respectively) when accounting for the stabilizing
action associated with the presence of a polymeric bio-film
produced by microphytobenthos. In any case, for R > 7.2
mm/year also the sub-tidal equilibrium disappears and the
flat platform deepens indefinitely.

The above results are of conceptual interest as they sug-
gest the possibility that a condition of dynamic morpho-
dynamic equilibrium might indeed be reached. The latter
depends crucially on the availability of sediments in the
channels adjacent to the flat parameterized by the input con-
centration C,. Field observations (e.g. Mariotti and Fagh-
erazzi 2012) do support the existence of a basically asym-
metric exchange of sediments between the channel and the
flat whereby flat receives sediments from the channel during
the flood and looses sediments to the channel in the ebb, a
process that the latter authors called spillover mechanism.
However, as mentioned above, this raises the problem of
how the channel equilibrium can be maintained.
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At last, note that a zero-order model, besides its intrinsic
limits, has a major drawback: it assumes that the horizon-
tal domain keeps unchanged throughout the evolution pro-
cess. This is not the case in general: the boundary between
marshes and flats evolves depending on the morphodynamic
evolution of the two environments. This is a major issue
which will deserve attention (Sect. 3). But before we tackle
the latter problem, let us briefly review the available knowl-
edge on the morphodynamics of salt marshes.

2.4 Marshes

Salt marshes are intertidal features: in Venice Lagoon they
lie at an average elevation between 0.1 and 0.5 m above
m.s.l.. Their distinct feature is the presence of halophytic
vegetation (e.g., Cronk and Fennessy 2001), which plays a
major role in marsh evolution. Salt marshes are sites of great
biodiversity and, as such, the major as yet unresolved issue
of whether coastal wetlands will submerge in response to an
acceleration of sea level rise has attracted a great attention
from the scientific community.

Like for flats, most of the modeling efforts until recently
have concentrated on zero-order models, which are thor-
oughly reviewed by Kirwan et al. (2010) and Fagherazzi
et al. (2012). Here, we simply recall their main achieve-
ments. The common characteristics of these models are:
(1) marsh evolution is decoupled from the coevolution of
the adjacent morphological unit (flats) modeled as steady
sources of minerogenic sediments; (2) marsh properties
are spatially averaged. The novel feature to be included
when formulating the mass conservation equation for the
marsh is then the role of vegetation. On one hand, veg-
etation affects the marsh hydrodynamics. Increasing fric-
tion and damping turbulence (Nepf 1999; Leonard and
Luther 1995; Leonard and Croft 2006; Neumeier 2007),
it opposes sediment resuspension and enhances inorganic
sedimentation (Gleason et al. 1979; Morris et al. 2002),
which is driven by natural settling of suspended parti-
cles and by the capture of particles on plant stems (Yang
et al. 2008). As a result, marshes play the role of sinks
for suspended sediments (e.g., Christiansen et al. 2000;
Mudd et al. 2004; Le Hir et al. 2007). Vegetation also
produces organic sediments through the growth, death
and decomposition of above-ground and below-ground
biomass, a process strongly dependent on the flow depth
and, hence, on the inundation period (hydroperiod) char-
acterizing the marsh platform (Morris et al. 2002; Mudd
et al. 2009). This additional feature gives rise to further
feedback effects: sediment supply to the marsh, as well as
sea level rise and subsidence, affect the flow depth on the
marsh, modifying the production of biomass which in turn
influences marsh accretion. Note that, as pointed out by
Fagherazzi et al. (2012), below-ground production may be

quite an important process under certain conditions, such
to account for a relatively large fraction of marsh accretion
(Callaway et al. 1997; Nyman et al. 2006), and reaching
values of annual organic matter accumulation rate as high
as 1.7 kg/m? (Chmura et al. 2003). Finally, organic sedi-
ments undergo compaction, i.e., a progressive reduction
of their void ratio under the action of the upper load which
acts as an effective stress (Gutierrez and Wangen 2005).

Accounting for all the above processes, the continuity
equation (14) has to be modified for marshes as follows
(Krone 1987):

di

a = Ay + Aorg — Scom — Ssir — Ssub> (I7)
where 7, a,,;,, Sq, and s ;, have the same meaning as in Eq.
(14), ay, 1s the accretion rate induced by the production
of organic sediments on the marsh and s, is the rate of
increase of marsh submergence arising from compaction of
sediment deposits (Fig. 11). Note that both a,;, and a,,, are
functions of the biomass density B, namely the mass of veg-
etation present on the marsh per unit surface.

A number of zero-dimensional models have been pro-
posed in the literature. The early models, where the feed-
back of flow depth variations on the production of organic
sediments was absent (Randerson 1979; Krone 1987,
Allen 1990; French 1993) reached the conclusion that the
marsh platform would always keep pace with relative sea
level rise as, increasing the latter, the sedimentation rate
would also increase. Drowning of the marsh would only
arise under the most severe assumptions on the relative sea
level rise (French 1993).

The important investigation of Morris et al. (2002)
modified the latter picture. Based on detailed and sys-
tematic field observations, the latter Authors were able to
clarify the dependence of biomass productivity on marsh
elevation relative to mean sea level (Fig. 12). More pre-
cisely, they showed that both upper and lower limits of
marsh elevation for the productivity of Spartina Alterni-
flora exist and pointed out that the dependence of pro-
ductivity on the flow depth D “......satisfies the ecological
principle that a plant’s distribution will span a range of
tolerance to an abiotic variable, like flooding depth, with
an optimum somewhere in the middle of the range......”.

To determine possible equilibrium states, Morris et al.
(2002) imposed that the net accretion rate of the marsh
platform, driven by minerogenic and organic production
and assumed to be proportional to both flow depth and
biomass productivity, should equal the relative sea level
rise. Feeding the observed dependence of biomass pro-
ductivity on flow depth into the equilibrium statement,
the authors were able to show that, in accordance with
the observations of Allen (1995), marshes situated at less
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Fig. 11 Sketch of a marsh with

indication of the various contri-
butions to the spatially averaged
sediment conservation equation
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Fig. 12 Relationship between the measured productivity of the salt
marsh macrophyte S. Alterniflora and the depth below mean high tide
(MHT) of sites in the high (0) and low marsh (¢). The experimental
points (o) denote stable states, the points (*) denote unstable states
(reproduced from Morris et al. 2002)

than optimum depths are stable against perturbations of
mean sea level. On the contrary, sub-optimal marsh ele-
vations are unstable. More recently, Mudd et al. (2009)
improved upon the previous model developing a quantita-
tive description of the life-cycle of biomass, including its
growth and mortality both below- and above-ground.

A somewhat different description of biomass evolution,
based on the logistic model (Levins 1969), was employed
by Marani et al. (2007). The logistic equation appears to
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be a more powerful and general approach, which is able to
describe both the behavior of Spartina Alterniflora which
exhibits a maximum productivity at an optimal depth and
the behavior of Mediterranean and northern European
marshes, where, according to Silvestri et al. (2005), due to
the competition among numerous halophytic species, bio-
mass is a monotonically increasing function of elevation.
The approach of Marani et al. (2007) was able to detect two
distinct equilibria. The former, associated with tidal flats,
is characterized by the absence of vegetation and has been
discussed in Sect. 2.3.

The latter, including the effect of vegetation, is associ-
ated with marshes. With the data presented in Sect. 2.3, the
second equilibrium appears for 2 < R < 3.9 mm/year and
values of R larger than 3.9 mm/year lead to a transition from
a marsh to a tidal flat equilibrium (Fig. 13).

A different scenario meant to model typical pre-sixteenth
century conditions of Venice lagoon was also analyzed
assuming a basal concentration (C, = 40 g/m?) twice as
large as the one taken to be characteristic of the twentieth
century. The model predicted that at that time “.....deposi-
tion dominated over erosion and the lagoon tended toward
a configuration dominated by high marshes, in which tidal
flats and sub-tidal platforms were disappearing.....”. Saying
this in other terms: the ‘natural’ lagoon was very far from
being in equilibrium.

A number of works of the same group of researchers
(Fagherazzi et al. 2006, 2007; Defina et al. 2007; Marani
et al. 2010) have further developed the previous approach.
Essentially, Fagherazzi et al. (2006) show that “...the
bimodal distribution of equilibrium elevations stems from
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Fig. 13 Dynamics of a Venice-like tidal system in the twentieth-
century scenario according to Marani et al. (2007): the bifurcation
plot shows the ranges of R for which stable states (solid lines) and/
or unstable states (dotted lines) exist. The dash-dot line indicates the
best-estimate R =3.5 mm/year for the Venice lagoon in the twentieth
century (modified from Marani et al. 2007)

the characteristics of wave induced sediment resuspension,
and, in particular, from the reduction of maximum wave
height caused by dissipative processes in shallow waters.....”
and “...areas at intermediate elevations are inherently unsta-
ble and tend to become either tidal flats or salt marshes....”.
These conclusions were later confirmed through numerical
models (Fagherazzi et al. 2007; Defina et al. 2007) where the
effect of tidal currents, ignored in zero-dimensional models,
was included and proved to affect the equilibrium of tidal
flats significantly. The important conclusion of Marani et al.
(2010) was that “.... marshes and tidal flats are not equilib-
rium landforms....”.

Let us finally come to the major issue concerning the
response of marshes to variations of the rate of sea level
rise. Field observations do indeed suggest that, for many
marshes, accretion rates have been tightly connected with
the rate of sea level rise (Cahoon et al. 1997; Friedrichs and
Perry 2001; French 2006). In addition, examples are known
of wetlands which have been able to adjust to relatively slow
sea level rise for a few thousands years (Redfield 1965).
However, in the last two—three centuries the rate of sea level
rise has shown some acceleration: from a fairly constant
value, ranging around 1 mm/year to 2—-3 mm/year (Church
and White 2006; Jevrejeva et al. 2008; Gehrels et al. 2008).
In addition, a number of field observations show that coastal
wetlands are deepening or disappearing in various regions of
the world (e.g., Stevenson et al. 1986; Reed 1995; Swenson
and Swarzenski 1995; Day et al. 1999; Kearney et al. 2002;

van der Wal and Pye 2004). Ascertaining to what extent
this has to be attributed to the limited ability of marshes to
adapt to the new regime of sea level rise is not easy as the
latter effect cannot be isolated from the number of further
anthropogenic effects which may have contributed to per-
turbing the state of the system (Sect. 4). This notwithstand-
ing the exercise of investigating the threshold conditions for
platform submergence as predicted by zero-order models
proves of some interest. Kirwan et al. (2010) performed this
exercise comparing results of five different numerical mod-
els which included different dominant mechanisms. Results
were strongly dependent on tidal range and sediment sup-
ply, low values of the latter quantities being associated with
low thresholds for the rate of sea level rise and vice versa.
Under conditions of high sediment availability marshes are
predicted to be strongly resilient to sea level rise, being able
to survive rates as high as several cm/year (Fig. 14).

3 Morphological interactions

Results discussed in the previous section, besides ignor-
ing horizontal variations of the system, also ignore the
morphological interactions between adjacent environ-
ments. Accounting for the latter effect modifies the picture
significantly.

Tambroni and Seminara (2012) investigated the latter
problem considering a model system including most ingre-
dients which control the morphodynamics of a lagoon sys-
tem. The model was, however, sufficiently simple to allow
long-term numerical simulations. It consisted of a1l — D
configuration including a tidal channel merging intoal — D
flat bounded by a 1 — D marsh. Starting from some initial
configuration of the channel these authors modeled how a
flat-salt marsh system forms at the landward end and deter-
mined the long-term evolution of the system under different
scenarios of relative sea level rise.

Tide propagation in the channel domain was modeled
following the 1 — D approach of Lanzoni and Seminara
(2002). At the channel inlet sea level fluctuations were pre-
scribed, while, at the landward domain end, the boundary
condition changed throughout the simulation. In the initial
phase (bed permanently submerged) the normal component
of the velocity at the land boundary was simply set to van-
ish. As the deposition process led to emergence of the bed
and salt marsh formation, the wet and dry region where the
shoreline oscillates back and forth was modeled following
the approach of Defina (2000). The effect of wind, blowing
either in the seaward or landward direction, was accounted
for assuming some random succession of wind events with
assigned frequency distribution for the wind speed. Wind
generated waves were also modeled. Their amplitude in shal-
low waters is spatially dependent and is mainly controlled
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Fig. 14 Results obtained by Kirwan et al. (2010), comparing thresh-
old rates of sea level rise for marsh submergence obtained by five
different numerical models, as a function of rate of sea level rise

by shoal depth, wind intensity and available fetch. Their
development also depend on energy spreading through non
linear interactions, frictional dissipation, wave breaking and
the presence of obstacles, such as islands. The wave field
was modeled using the empirical relationships derived by
Young and Verhagen (1996) from field observations per-
formed in shallow environments. The sediment flux under
the combined actions of wind waves and tidal currents was
evaluated employing the approach proposed by Fredsoe and
Deigaard (1992). A second independent contribution to the
sediment flux due to the effect of the currents driven by
wind stress and wind setup was also accounted for. Finally,
at the channel inlet, two distinct boundary conditions were
tested: either assuming that sediment transport was deter-
mined by the local transport capacity of the stream at both
flood and ebb, or imposing a given sediment concentration at
flood to investigate the effects of a possible excess or deficit
of sediment supply. At the land boundary, the exchange of
sediments between the channel and the marsh was modeled
assuming different conditions throughout the tidal cycle. In
the flood phase, the sediment flux entering the marsh was
determined by the transport capacity of the stream at the last
channel section. On the other hand, during the ebb phase,
the sediment flux leaving the marsh was determined by the
residual sediment available to the tidal current after settling
and trapping by vegetation.
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for three different values of the tidal range. Squares refer to selected
marshes with different characteristics (reproduced from Kirwan et al.
2010)

In the marsh domain, the model of tide propagation was
modified such to account for the frictional effects of vegeta-
tion which depend on the spatial density of biomass associ-
ated with above-ground halophytic vegetation (Nepf 1999).
Prediction of the growth and decay of both above- and
below-ground vegetation was based on the model by Mudd
et al. (2009) which explicitly accounts for both the labile
and refractory fractions of biomass. The presence of veg-
etation over the marsh prevents the occurrence of bed load
transport as well as of sediment resuspension (Mudd et al.
2010). Hence, to estimate the rate of marsh accretion a,,;,
driven by deposition of minerogenic sediments, Tambroni
and Seminara (2012) solved a pure settling-advection equa-
tion for the mean concentration C averaged over turbulence,
neglecting turbulent diffusion as the presence of vegetation
has a strong damping effect on the turbulence of the stream.
Results of the investigation can be summarized as follows.

3.1 Evolution of the channel-flat system
in the absence of vegetation

We have already discussed in Sect. 2.1 the simplest con-
figuration analyzed by Lanzoni and Seminara (2002) and
Seminara et al. (2010). Provided sediment supply at the inlet
equals transport capacity and in the absence of both wind
and sea level rise, the channel eventually reaches a static
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equilibrium with a shore at the inner end of the channel and
the sediment flux vanishing everywhere (Fig. 7). On the con-
trary, no equilibrium is possible if a non-vanishing sediment
flux is supplied at the inlet. A non-vanishing rate of relative
sea level rise R reestablishes the possibility of equilibrium
which, however, would require that (g,),_, = R/, with [ the
domain length excluding the marsh portion and (g, ) the net
tidally averaged sediment flux per unit width. Nevertheless,
the net tidally averaged sediment flux at the inlet is a quan-
tity which is not controlled by sea level rise hence, again,
exact equilibrium can hardly be established and the channel
will slowly either degrade or fill up.

Illustrating the effects of wind requires some care. As
mentioned above, wind exhibits two main effects: (1) it gen-
erates waves which resuspend sediments through the wave
driven stress in the bottom boundary layer and possibly
through the turbulence generated by wave breaking; (2) it
generates a stress at the surface and consequently a wind set
up which drives a return flow which advects sediments in
the direction opposite to the wind direction. Let us then con-
sider a wind blowing in the seaward direction but neglect the
effect of wind setup. Recall that, using the linear wave the-
ory, the maximum shear stress generated by the wave 7, is
proportional to the square of the significant wave height and
inversely proportional to the square of sinh(kD) with D flow
depth and k£ wavenumber. In the shoaling region of the chan-
nel, close to the marsh boundary, the water depth increases
seaward and the wave develops as the fetch increases. Hence,
proceeding from the marsh seaward, the wave bottom stress
initially increases, reaches a peak at some distance from the
marsh border and then gradually decreases. A similar trend
is exhibited by sediment transport which increases landward
up to a peak and then decreases (Fig. 15a). As a result, in the
region of the shoal located between the border of the unveg-
etated platform and the area close to the stress peak sediment
deposits while erosion occurs when proceeding further sea-
ward. Hence, the platform progrades and its border steepens,
while the channel continuous to erode. No equilibrium was
found after a 1000-year simulation (Fig. 15b). Note that, in a
work which tackles essentially the same problem with partly
different approaches, Mariotti and Fagherazzi (2010) claim
to find equilibrium with a non vanishing sediment concentra-
tion prescribed at the inlet. It is hard to interpret this finding
in the light of the results discussed above.

The above 1 — D models of an unvegetated channel-flat
system assume that the along channel distribution of the
cross-section width is prescribed a priori. This restriction
was relaxed by Lanzoni and D’Alpaos (2015), who inves-
tigated the three-dimensional equilibrium of a rectangular
basin formed by a channel flanked by an intertidal platform.
The degree of channel funneling was not imposed a priori,
but was determined numerically computing the shape and
size of channel cross-sections at equilibrium. The tidal

system was assumed to be short enough that, at any instant
of the tidal cycle, the water surface elevation could be
taken as horizontal and, hence, the tide propagated quasi-
statically. The water surface discharge at a given transect
was then computed straightforwardly as the rate of change
of the volume of water lying upstream of the transect. The
local and instantaneous value of the longitudinal bed shear
stress controlling sediment erosion and deposition, as well
as the cross-section redistribution of the longitudinal com-
ponent of the velocity contributing to the discharge, were
determined by solving a suitably simplified form of the lon-
gitudinal momentum equation, written in curvilinear coor-
dinates and integrated along the normal to the bed (Lund-
gren and Jonsson 1964). Simulations were carried out in the
absence of sea level rise and for a purely erosive scenario,
characterized by a negligible external sediment supply to
the system. Starting from an initially flat bed with a small
incision along the longitudinal axis of the domain a static
equilibrium condition was attained asymptotically by both
the channel and the adjacent intertidal platform, with the
erosive sediment flux vanishing everywhere. The computed
equilibrium channel geometry followed the typical power
law relationship between channel cross-sectional area and
the flowing tidal prism originally developed for tidal inlets
(Eq. 10). The simulated channel bed profiles were quite
similar to those observed in the Venice Lagoon and tended
to collapse on the theoretical relationship derived by Toffo-
lon and Lanzoni (2010) provided that sediment properties,
embedded in the choice of the critical velocity for incipient
erosion, are appropriately prescribed. The simulated chan-
nel funneling was found to be reasonably described by an
exponential relationship, even though, for short channels, a
linear relationship also provided a good approximation, in
accordance with field data from the Venice Lagoon. Low
degree of convergence led to an almost linear channel bed
profile, while profiles exhibiting and upward concavity were
associated with a stronger degree of channel landward con-
vergence. Finally, wider and deeper channels were found to
develop as the width of the tidal basin and the tidal ampli-
tude were increased, or the mean intertidal platform eleva-
tion was decreased. Narrower and shallower channels were
instead generated by increasing the critical shear stress for
erosion or decreasing the flow conductance.

3.2 Therole of vegetation

The response of the system to vegetation growth depends
on the initial conditions, the rate of sea level rise and the
presence of wind.

If the channel is initially at (static) equilibrium, with no
wind and no sea level rise, it is unable to transport sedi-
ments, hence the bed elevation in the channel does not
vary except in the narrow drying/wetting region close to
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Fig. 15 a Spatial distribution of the maximum shear stress associ-
ated with wind waves spatially developing from the marsh border. In
addition, plotted is the associated distribution of the sediment flux per
unit width and the tendency to deposition (erosion) close to (far from)

the marsh margin where the growth of vegetation leads
to organic accretion. Accretion also occurs in the marsh,
which raises towards mean high tide, until the flow depth
has decreased sufficiently to reach the lower limit of bio-
mass productivity such that vegetation disappears. The final
state is indeed an equilibrium state, with a fairly steep scarp
and no marsh (Fig. 16a). If the initial channel configuration
is not in equilibrium, sediments are transported along the
channel and deposited on the tidal flat close to the marsh
margin where vegetation growth leads to flow deceleration

@ Springer

9 101112 13 14 15 16 17 18 19 20

x[km]

the marsh border. b Evolution of a system channel-flat-unvegetated
platform subject to seaward wind (adapted from Tambroni and Semi-
nara 2012)

and reduction of the transport capacity of the stream. The
tidal flat accretes and is eventually colonized by vegetation
such that the marsh region progrades leaving behind a flat
marsh surface which has reached the upper limit for biomass
productivity. At the end of the simulation (i.e., after 1000
years), the channel still transported some sediments, hence
it was not yet in exact equilibrium (Fig. 16b).

Sea level rise generally threatens salt marsh survival. For
a moderate biomass productivity (B,,,, = | kg/m?) the marsh
is unable to keep pace with even a small or moderate rate of
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Fig. 16 Temporal evolution of the elevation of the 1 — D channel-salt
marsh system in the absence of sea level rise and wind for simula-
tions starting from an initial configuration of the channel (dashed
lines) either at equilibrium (a) or out of equilibrium (b). B,,,, is the
maximum value of biomass density. The vertical distance between
green lines and the corresponding bed elevation at a given evolution
time (orange, red, black, light blue and purple lines) is proportional
to the local biomass density (adapted from Tambroni and Seminara
2012) (color figure online)

relative sea level rise (e.g., 2 mm/year), with a consequent
retreat of salt marsh border and disappearance of vegeta-
tion (Fig. 17a). For a sufficiently high biomass productiv-
ity (B, = 3 kg/m?), initially the marsh progrades seaward
(albeit at a rate slower than in the case of vanishing rate of
sea level rise). After roughly 550 years, the salt marsh bor-
der slightly retreats and then keeps fixed up to 1000 years.
The salt marsh platform rises initially until, after roughly
200 years, it stabilizes at an elevation, relative to mean high
tide, lower than that reached in the absence of sea level rise
(Fig. 17b). Finally, note that the marsh rate of relative accre-
tion does not vanish everywhere on the marsh at the end of
the 1000-year simulations.

If the action of wind is allowed for, the picture changes
as a result of the various, previously discussed, processes.
Again, close to the marsh border sediment deposition occurs

| () sg=2 mmiyr, initial -------

- 2 96 yrs
Brmax=1 kg/m 192 yrs

288 yrs .
960 yrs

m.s.l.

| (b) s =2 mm/yr,
B, ..=3 kg/m?

max

m.s.l.

15 16 17 18 19 20
x[km]

Fig. 17 Temporal evolution of the elevation of the 1 — D channel-
saltmarsh system in the presence of sea level rise and in the absence
of wind. Simulation started from a channel configuration in non-
equilibrium (dashed line). a Moderate biomass productivity, B, ., =

max
1 kg/m?; b high biomass productivity, B,,,, = 3 kg/m>. The vertical

distance between green lines and the corresponding bed elevation at a
given evolution time (orange, red, light blue and purple lines) is pro-
portional to the local biomass density (adapted from Tambroni and
Seminara 2012) (color figure online)

while erosion occurs further seaward: as a result, the marsh
progrades. Second, marsh deposition is more intense than in
the tidally dominated case as wind introduces an additional
input of mineral sediments. Hence, the marsh profile is flat-
ter than in the tidally dominated case. In addition, sediments
resuspended in the tidal flat region are advected by tidal
currents over the marsh platform during the flood phase,
causing marsh aggradation and eventually the formation of
sort of levees close to the marsh border, as sediment depo-
sition is maximum at the marsh edge and decays gradually
in the landward direction. Figure 18 shows the results of
simulations performed by Tambroni and Seminara (2012)
assuming moderate biomass productivity (B,,,, = 1 kg/m?)
and two moderate values for the rate of sea level rise (1 mm/
year and 2 mm/year).
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In general, moderately productive marshes are eventually
found to retreat and gradually disappear. The presence of
wind, generating deposition close to the marsh margin, leads
to initial marsh progradation and slows down the subsequent
marsh retreat compared to the no wind case. For a rate of sea
level rise of 2 mm/year, the marsh disappears after 320 years
(Fig. 19a—c). For a rate of sea level rise of 1 mm/year, the
salt marsh manages to survive for 500 years in the no wind
case and for 750 years in the case of a landward blowing
wind (Fig. 19d-f).

But, if the final fate of most marshes is to disappear, how
does the picture emerged from the simulations carried out
by Tambroni and Seminara (2012) compare with the predic-
tion of Kirwan et al. (2010) about the existence of a thresh-
old value of the rate of relative sea level rise below which
marshes would be stable? To answer the latter question,
Tambroni and Seminara (2012) determined the threshold
rate of relative sea level rise above which the marsh platform
is unable to reach an equilibrium elevation, as a function
of the sediment concentration experienced at the channel-
marsh boundary for given characteristics of the forcing tide.
In other words, the concentration of suspended sediment
generated by wind resuspension at the channel-marsh bound-
ary was interpreted as the reference concentration of zero-
order models. A comparison of results of 1 — D simulations
with those of Kirwan et al. (2010) for marshes subject to a
1 m tidal range is fairly satisfactory (Fig. 20a). This appar-
ent contradiction is immediately reconciled observing that
the concept of marsh stability in Kirwan et al. (2010) was

(a) sq,=1 Mm/yr, seaward win

initial -------
192 yrs
315 yrs
719 yrs

depth below m.h.t. [m]

initial -------
48 yrs
96 yrs
192 yrs
288 yrs

depth below m.h.t. [m]

19 20

18 ykm]

Fig. 18 Temporal evolution of the elevation of the 1 — D channel-
marsh platform system in the presence of sea level rise and wind.
Simulation performed assuming moderate biomass productivity
(Bmax = 1 kg/m?) and two moderate values for the rate of sea level
rise. The vertical distance between green lines and the corresponding
bed elevation at a given evolution time (black, red, light blue, yellow,
purple and orange lines) is proportional to the local biomass density.
Simulation started from a channel configuration (dashed line) in non-
equilibrium (adapted from Tambroni and Seminara 2012) (color fig-
ure online)

@ Springer

associated with the ability of the marsh surface to keep pace
with sea level rise, while the concept of marsh equilibrium
put forward by Tambroni and Seminara (2012) requires an
additional constraint, namely that the channel-marsh bound-
ary does neither prograde nor retreat. Figure 20b shows two
examples of 1 — D simulations which led to equilibrium
states in the sense of Kirwan et al. (2010), where however
the marsh boundary did migrate seaward.

It is also worth noting that Mariotti and Fagherazzi
(2010), using a different 1 — D model, found that, for a
given rate of sea level rise and non vanishing sediment con-
centration at the sea boundary, a unique value of the latter
exists such that the marsh boundary does not undergo any
horizontal displacement. The 1 — D numerical simulations
described above show that any possible equilibrium state
would be unstable as small perturbations would invariably
induce migration of the marsh boundary. Further research is
definitely needed to explain this discrepancy.

Recently, the mutual effects of tidal currents, sediment
availability, sea level rise, and vegetation encroachment on
the morphodynamics of a channel-flat system was inves-
tigated also by Sgarabotto et al. (2011) who extended
the model of Lanzoni and D’Alpaos (2015) presented in
Sect. 3.1. The assumption of a quasi-static propagation
of the tide was relaxed and wetting/drying effects were
accounted for following the approach of Defina (2000). An
external sediment supply was introduced within the tidal
basin to model the possible aggradation of the intertidal plat-
form flanking the channel and vegetation was allowed to
grow when the platform elevation exceeded a given thresh-
old. Wind wave effects were not considered. Model simula-
tions showed that vegetation has two counteracting effects.
First, it enhances channel incision and enlargement due to
the increase of flow resistance over vegetated areas adjacent
to the channel. Second, it strengthens channel infilling and
shrinking due to the reduction in tidal prism promoted by
vertical marsh accretion. The balance between sea level rise
and external sediment availability determines which effect
prevails over the other as the system evolves.

Some further information about the eco-morphody-
namic coevolution of tidal channels, tidal flats and salt
marshes was obtained through the 2 — D model developed
by Geng et al. (2021). A rectangular tidal basin was taken
to mimic tidal environments flanking large tidal channels
or tidal rivers. The coevolution was simulated through an
eco-morphodynamic model based on a simplified version
of the two-dimensional, depth-averaged momentum and
mass conservation equations (Van Oyen et al. 2008), on the
advection-dispersion equation for suspended sediment con-
centration and the Exner sediment balance equation. Wind
waves effects were not accounted for. Three different bio-
mass distributions depending on bed elevation were used in
the simulations (Fig. 21).
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Fig. 19 Long-term evolution of the 1 — D marsh profile and vegeta-
tion distribution over the marsh showing that the fate of moderately
productive marshes (B,,,, = | kg/m?) is invariably to disappear. The
vertical distance between green lines and the corresponding bed
elevation at a given evolution time (red, black, blue, light blue, grey,

The tidal system was let evolve starting from a horizontal,
slightly and randomly perturbed bed, subject to the forcing
of the tide and with a sediment concentration prescribed at
the seaward boundary. Model results (Fig. 22) indicate that
vegetation with optimal biomass production at an elevation
close to MSL enhances the formation of tidal channels. As
compared with the bare soil case, channels extend more rap-
idly landward, getting wider and shallower, generating more
branches and, hence, forming more complex networks with
a higher drainage efficiency. Vegetation patches started to
form near the seaward border, owing to the more rapid accre-
tion of the intertidal platform enforced by the externally sup-
plied sediment concentration. Trapping of suspended sedi-
ment by these patches led to a reduction of the amount of
sediment delivered to the seaward and middle portions of the
basin. There, sedimentation weakened and the extension of
salt marsh areas was thus limited. The control of vegetation
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magenta and orange lines) is proportional to the local biomass den-
sity. Simulation started from a channel configuration (dashed line) in
non-equilibrium (adapted from Tambroni and Seminara 2012) (color
figure online)

on channel morphology reduced in the presence of relative
sea level rise. The salt marshes located near the seaward
border of the basin were able to keep pace with relative sea
level rise only when a sufficient amount of sediment was
provided externally. Only a few marshes were able to survive
in the inner portion of the basin, with sediment trapping and
organic soil production compensating for relative sea level
rise. Tidal flats surrounding these isolated marshes were
not able to keep pace with the relative sea level rise and,
eventually, the tidal basin developed a remarkable landward-
decreasing mean bed slope (Fig. 22).
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Fig.20 a Predicted threshold rate of relative sea level rise above
which marshes are replaced by sub-tidal environments. The solid line
represents the mean threshold rate predicted by Kirwan et al. (2010).
Circles denote configurations where the marsh platform was able to
reach an equilibrium elevation, while crosses denote cases where the
marsh proved unable to keep up with sea level rise and disappeared.
b Simulations for the three configurations denoted by A, B and C in
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Fig.21 Biomass distribution as a function of the bed elevation
employed by Geng et al. (2021) to mimic three different types of salt-
marsh vegetation species
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a. Note that simulations for the cases A and B, which are equilibrium
configurations in the sense of Kirwan et al. (2010), show that the
marsh boundary migrates seaward in both cases, with a rate depend-
ing on the concentration experienced at the marsh boundary, hence A
and B are not in equilibrium in the sense of Tambroni and Seminara
(2012)

4 Anthropogenic effects

Results discussed so far refer to transitional environments
undergoing a natural evolution process. However, many
such systems have undergone anthropogenic modifications
originated by the exploitation of river basins, sea and wet-
lands as well as by the effects of human settlements. In the
last century, the consequences of such modifications have
clearly emerged (Seminara et al. 2011). Let us mention some
of them, referring again to Venice lagoon.

4.1 Depleting the fluvial source of sediments
for coastal wetlands

A major modification undergone by several transitional envi-
ronments throughout the world has been a strong cut of the
fluvial supply of sediments. In most cases, this has been
due to the effects of river regulation and the construction of
dammed reservoirs in the upper part of river basins, the most
striking example being the Mississippi river. It has been esti-
mated (Meade and Moody 2010) that the sediment supplied
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to the Mississippi delta has nearly halved from 1800 to 1980.
Venice lagoon has undergone an even more drastic cut in
fluvial supply. All the major rivers debouching into the
lagoon were diverted (a long process pursued mostly dur-
ing the XVI and XVII centuries), to counteract the process
of progressive infilling that several areas of the lagoon had
been experiencing since the XII century. River diversion has
definitely removed the threat of lagoon infilling and reduced
health problems as fresh waters generated an environment
appropriate to host mosquitos and cause malaria. However,
it has also been a major cause of the severe degradation suf-
fered by the lagoon in the following centuries, a slow process
which has undergone a sudden acceleration at the beginning
of the last century (Fig. 23).

4.2 Modifying the sea-lagoon exchange
of sediments

Further anthropogenic modifications were forced to meet
the variety of novel requirements prompted by the industrial
revolution. Let us illustrate this point referring to our notable
example of Venice lagoon.

To allow access of steam ships into the lagoon, jetties
were constructed at the inlets, such to narrow them and pro-
mote their progressive deepening. These works lasted about
one century. Moreover, the decision to locate an industrial
hub in Marghera, a town situated at the border of the lagoon,
in a period (beginning of the XX century) of rapid indus-
trial development, led to the decision to excavate two large
canals, namely the Vittorio Emanuele canal (1920-1925)
and the Malamocco-Marghera canal (1964—1968), connect-
ing the Lido and Malamocco inlets to the hub. In particular,
the construction of the latter canal (aimed at allowing oil
tanks to cross the central lagoon), had a significant impact on
the intensity of tidal currents, leading to enhanced export of
fine sediments from the lagoon and the consequent deepen-
ing of the central lagoon. Finally, land reclamation was pur-
sued (1963-70) to further promote industrial development.

The above interventions influenced the geometry of
the inlets, the littoral transport of sediment and the overall
amount of sediment which the lagoon exchanges with the
sea. In particular, inlets have progressively deepened until
they reached a quasi-equilibrium state (Fig. 24). Sediments
discharged by the Piave river into the Adriatic sea and trans-
ported southward by littoral currents, were intercepted by

Fig.23 Maps of Venice lagoon morphology in 1801. 1901 and 2003. Green areas denote salt marshes (courtesy of L. D’Alpaos) (color figure

online)
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Fig. 24 Evolution of the cross-
sectional area of each inlet of

INLET CROSS SECTIONAL AREA

the Venice Lagoon, starting
from the construction of the
inlet jetties to the end of the last
century (courtesy of Magistrato
alle Acque di Venezia)
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Fig. 25 Sketch illustrating the progradation of the coast north to the
Lido inlet of Venice lagoon and the regression south to the same inlet

the northern jetty of the Lido inlet, letting the coast north
to the inlet prograde and the southern coast erode (Fig. 25).

Jetties have also induced the channelization of the ebb jet
generated at each inlet. As a result, the ebb-flood asymmetry
of the flow field in the near inlet region (Blondeaux et al.
1982) was enhanced. Hence, fine sediments, resuspended in
sub-tidal and tidal flats during strong wind events and con-
veyed to the inlets by ebb currents flowing through the tidal
network, are now dispersed into the sea far enough from the
inlet to be essentially lost for the lagoon. The distance from
the inlet reached by the ebb plume is indeed clearly visible in
Fig. 25. Moreover, sediment supply to the lagoon originating
by resuspension in the surf zone and transported by flood
currents has decreased as the inlets have been moved away
from the shore (Tambroni et al. 2005). These processes per-
sist nowadays, though the progradation of the coast north to
Lido has reestablished a configuration similar to that existing
prior to the construction of jetties. Today, the amount of fine
sediments lost to the sea through the inlets is estimated in
the order of 0.3-0.6 Mm? per year and exceed the volume of
sand annually imported from the sea which is much lower,
roughly 30, 000 m? (Magistrato alle Acque di Venezia -
Technital 2007; Magistrato alle Acque di Venezia - CORILA
2011).

4.3 Disruption of lagoon environments

Several anthropogenic sources of disruption for the delicate
lagoon environment are known. Few examples will suffice.

In Venice lagoon the mechanical devices illegally
employed by clam fishermen to plow the bottom are known
to disrupt the layer of phanerogams which have the major
function to protect the lagoon from wind driven erosion. In
addition, marsh borders are subjected to fatigue effects pos-
sibly leading to bank collapse due to the impact of waves
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generated by ships sailing through the lagoon. Moreover,
marsh vegetation may sometimes be removed by anthropo-
genic perturbations. A striking example has been reported
by Kirwan et al. (2008): marshes located in Westham Island,
British Columbia, that naturally accrete faster than sea level,
have been eroded as a result of geese grazing. Where the
latter has been intense, bed elevations have been lowered
allowing more rapid wave erosion which has driven the con-
version of marshes into mudflats

Anthropogenically induced subsidence is an important
process which has enhanced the natural subsidence phe-
nomenon occurring in deltas and coastal lagoons. Anthro-
pogenic subsidence has a variety of sources. In Venice, mas-
sive extractions of water from the ground occurred when the
Marghera hub was constructed (1950-1970) ( Carbognin
et al. 2005, Fig. 26). Besides its direct effect on the fre-
quency of high waters, tidal flat deepening affects the height
of wind waves and their resuspension capacity. As discussed
above (Sect. 2.3), for moderate deepening, flat erosion is
enhanced. As deepening increases, the wind induced stress
on the flat bottom decreases and tends asymptotically to van-
ish. Similar, more intense, features have been observed in
many coastal areas, most notably along the coast of Loui-
siana severely affected by the consequences of both coastal
and offshore massive extraction of oil (Seminara et al. 2011).

5 Conclusions

Let us summarize our conclusions on the two main issues
that motivated our research and are strongly connected to
each other: the problem of morphological equilibrium of
coastal lagoons and their fate in response to global warming.

Although benefiting from the availability of more pow-
erful computational techniques and an improved quantita-
tive description of the various roles that vegetation plays in
marsh morphodynamics, research has not reached a gener-
ally agreed conclusion on the issue of marsh equilibrium, as
the dichotomy mentioned in our introduction is still some-
what present even in the recent literature. On one hand, the
efforts of various groups of researchers (see Kirwan et al.
2010 and Fig. 14) based on zero-order modeling provide a
picture suggesting that marsh equilibrium is indeed possible,
provided the rate of relative sea level rise does not exceed
a threshold depending on the availability of minerogenic
sediments, quantified through a somewhat loosely defined
sediment concentration C,. On the other hand, if the mor-
phological interaction between adjacent morphological units
is carefully analyzed (Tambroni and Seminara 2012), it turns
out that the equilibrium states identified by Kirwan et al.
(2010) correspond nearly invariably to marshes which either
prograde or retreat, i.e., marshes which are not in equilib-
rium. This is our own viewpoint, supported recently also by
the work of Mariotti and Fagherazzi (2010) and Fagherazzi
(2013): coastal lagoons are complex environments which
are hardly in equilibrium. The timescale of their morphody-
namic evolution is, however, of the order of centuries, which
makes these processes non easily perceived under ordinary
conditions.

In this respect, the case of the Venice Lagoon is para-
digmatic. Indeed, in spite of river diversions and of the
consequent drastic reduction of the amount of sediments
supplied to Venice Lagoon, the process of marsh degrada-
tion has proceeded slowly for centuries. However, Fig. 1 sug-
gests that the acceleration of marsh degradation observed
in the last few decades will likely proceed and possibly be
enhanced as a result of an accelerated sea level rise. Under
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these conditions, the effort required to counteract the clear
tendency of Venice Lagoon to evolve towards a bay, will
soon become prohibitive. The costly measures undertaken so
far, most notably the artificial replenishment of salt marshes,
or the suggestion that existing halophytic vegetation might
be replaced by more productive species such that organic
production may allow wetlands to keep up with sea level
rise, will have to be thoroughly revisited. The fate of Venice
marshes is strictly tied to the future characteristics that the
city of Venice will be forced to attain. But this is another
story that will deserve special attention in the future.
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