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[1] We describe and apply a point model of the joint evolution of tidal landforms and
biota which incorporates the dynamics of intertidal vegetation; benthic microbial
assemblages; erosional, depositional, and sediment exchange processes; wind‐wave
dynamics, and relative sea level change. Alternative stable states and punctuated equilibria
emerge, characterized by possible sudden transitions of the system state, governed by
vegetation type, disturbances of the benthic biofilm, sediment availability, and marine
transgressions or regressions. Multiple stable states are suggested to result from the
interplay of erosion, deposition, and biostabilization, providing a simple explanation for
the ubiquitous presence of the typical landforms observed in tidal environments
worldwide. The main properties of accessible equilibrium states prove robust with respect
to specific modeling assumptions and are thus identified as characteristic dynamical
features of tidal systems. Halophytic vegetation emerges as a key stabilizing factor through
wave dissipation, rather than a major trapping agent, because the total inorganic
deposition flux is found to be largely independent of standing biomass under common
supply‐limited conditions. The organic sediment production associated with halophytic
vegetation represents a major contributor to the overall deposition flux, thus critically
affecting the ability of salt marshes to keep up with high rates of relative sea level rise. The
type and number of available equilibria and the possible shifts among them are jointly
driven and controlled by the available suspended sediment, the rate of relative sea level
change, and vegetation and microphytobenthos colonization. The explicit description of
biotic and abiotic processes thus emerges as a key requirement for realistic and predictive
models of the evolution of a tidal system as a whole. The analysis of such coupled
processes finally indicates that hysteretic switches between stable states arise because of
differences in the threshold values of relative sea level rise inducing transitions from
vegetated to unvegetated equilibria and vice versa.
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1. Introduction

[2] In times of rapid natural and anthropogenic climate
change, tidal landforms and biota are highly exposed to
possibly irreversible transformations with far reaching eco-
logical and socioeconomic implications throughout the
world [e.g., Schneider, 1997; Bohannon, 2005; Day et al.,
2007; Perillo et al., 2009]. It is thus of critical importance
to develop predictive models allowing the determination of

the possible evolutions to dynamically accessible stable
states (i.e., reachable from the system current configuration)
under varying forcings, e.g., including projected climate
change scenarios.
[3] The notion that freshwater and terrestrial ecosystems

may switch abruptly to alternative stable states as a result of
feedbacks between consumers and limiting resources is
widely acknowledged [Holling, 1973; May, 1977; Scheffer
et al., 2001; van de Koppel et al., 2001; Rietkerk et al.,
2004; D’Odorico et al., 2005]. Conversely, theoretical
proofs or observational evidence of the existence of alter-
native equilibrium states in marine or intertidal ecosystems
proved elusive, likely because the mechanisms considered in
previous studies only involve purely ecological processes
[Schröder et al., 2005].
[4] Similarly, geomorphological equilibria of unchanneled

subtidal areas have been recently studied through conceptual
[Fagherazzi et al., 2006] and numerical modeling [Defina et
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al., 2007], while comparatively little work has explored the
coupled dynamics of landforms and biota in the intertidal
zone [van de Koppel et al., 2005; Marani et al., 2007;
Temmerman et al., 2007].
[5] Indeed, intertidal systems are distinctively character-

ized by complex interactions between intertidal vegetation
[Cronk and Fennessy, 2001; Morris et al., 2002; Silvestri et
al., 2005; Marani et al., 2006a, 2006b], benthic microbial
assemblages [e.g., Paterson, 1989; Amos et al., 1998;
Tolhurst et al., 2002; Aspen et al., 2004], erosion and
deposition processes [e.g., Allen, 1990; Day et al., 1999;
D’Alpaos et al., 2005, 2007b; Fagherazzi et al., 2006,
2007], hydrodynamics [e.g., Fagherazzi et al., 1999;
Rinaldo et al., 1999a, 1999b], eustatism and/or relative sea
level change [e.g., Allen, 1990]. However, only few geo-
morphodynamic models attempt to introduce a coupling
between geomorphological and biological processes by
assuming steady state relations among state variables such
as soil elevation and vegetation biomass [Mudd et al., 2004;
D’Alpaos et al., 2007a; Kirwan and Murray, 2007; Mudd et
al., 2009]. We call these “equilibrium‐vegetation models,”
as the dynamics of soil topography is explicitly described,
while vegetation is assumed to be in equilibrium with the
current elevation at all times. Recently, Marani et al. [2007]
tackled the problem of studying the stable equilibrium states
which may arise in tidal environments in a fully dynamical
context, treating topography and vegetation biomass as
separate prognostic variables and describing their evolution
in terms of interacting dynamic equations. We will call this a
“dynamic‐vegetation model,” as vegetation is typically not
in equilibrium with the current forcing and adapts to chan-
ges in elevation according to its own characteristic time-
scales. In the present paper, we extend Marani et al.’s
[2007] point model formulation to highlight the variety of
alternative equilibria, their dynamic accessibility, and the
biological and physical factors controlling the possible
abrupt transitions among them. We focus on the importance
of explicitly accounting for the coupling among physical
and biological processes and on the differences and simi-
larities of equilibria as described by equilibrium‐vegetation

and dynamic‐vegetation models. We suggest that alternative
stable states exist owing to biostabilization effects and we
provide evidence that the sequence of stable states produced
by marine regressions and transgressions may be hysteretic,
echoing fluvial cases [Rinaldo et al., 1995].
[6] The paper is organized as follows. In section 2 we

briefly review the model structure and the main physical and
mathematical assumptions. Section 3 then presents the main
results obtained by applying the model under different
scenarios of sea level rise, vegetation dynamics, and sus-
pended sediment concentration (SSC). Finally, in section 4
we discuss model results and outline forthcoming develop-
ments, while section 5 summarizes the main findings.

2. Model Structure

[7] The model describes the dynamics of the elevation of
a tidal platform, z(t), and of the vegetation biomass, B(t),
possibly colonizing it (see Figure 1). The platform may
also host, depending on its elevation, microphytobenthic
assemblages [MacIntyre et al., 1996]. The model considers a
platform area which is either (1) very large such as to provide
a statistically significant sample of the scales of heteroge-
neity involved (e.g., of topography, vegetational distribu-
tions, sediment characteristics, etc.) or (2) very small with
respect to the correlation scales of such heterogeneous
properties so that these can be assumed to be constant within
the platform. Hence, the model deals with either spatially
averaged or point platform properties and neglects local
spatial gradients.

2.1. Erosion and Deposition

[8] Let us consider a tidal platform, whose elevation is
computed with respect to the local mean sea level, subjected
to a sinusoidal tide, of period T and amplitude H. In the
following we denote by MSL, MHWL, and MLWL the
mean sea level, the mean high water level (here z = H), and
the mean low water level (here z = −H), respectively.
[9] The long‐term evolution of the tidal platform eleva-

tion is described by the annually averaged sediment balance
equation for the marsh surface (see Figure 1 for notation),

dz

dt
¼ QS z;Bð Þ þ QT z;Bð Þ þ QO Bð Þ � E z;B;MPB zð Þ½ � � R ð1Þ

where B is the annually averaged aboveground halophytic
vegetation biomass, whose time evolution is governed by
a separate dynamic equation (see section 2.2); MPB(z)
indicates the dependence of microphytobenthos (and of
the associated sediment stabilizing biofilm) on soil eleva-
tion; QS(z, B) is the annually averaged sediment settling flux
over a tidal cycle; QT(z, B) is the annually averaged depo-
sition rate due to trapping of suspended sediment by the
canopy; QO(B) is the annual production of organic soil due
to the presence of vegetation, which combines above‐ and
below‐ground biomass production [Randerson, 1979]; E[z, B,
MPB(z)] is the annually averaged erosion rate, here assumed
to be due only to wind‐induced waves [Carniello et al.,
2005]; and R is the rate of relative sea level (RSL) change,
i.e., including local subsidence. QS(z, B), QT(z, B), QO(B),
and E[z, B, MPB(z)] have the dimensions of [Length/Time]
and represent sediment volume exchange rates per unit area

Figure 1. Sketch of sediment fluxes at the surface of a tidal
platform and sediment exchanges with its surroundings as
accounted by equation (1). Landscape forming tides are
assumed to be sinusoidal with half‐amplitude H = 0.50 m
and period T = 12 h. The elevation z of the platform is
computed with respect to the local MSL.
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between the water column and the platform surface. It is
important to emphasise that equation (1) is valid at the
annual or multiannual scale, i.e., for timescales typical of
morphological changes, as also clarified by the presence of
yearly averaged sediment fluxes in the right‐hand side. Such
fluxes are determined below by averaging over a tidal cycle
and by multiplying by the number of tidal cycles in a year.
Therefore, for deposition due to settling, QS(z, B), and for the
trapping rate, QT(z, B), one writes

QS z;Bð Þ ¼ ws

�b

nT
T

Z
T
C z;B; tð Þ dt ð2Þ

QT z;Bð Þ ¼ �B�

�b

nT
T

Z
T
C z;B; tð Þ dt ð3Þ

where nT is the number of tidal periods in a year; ws is the
settling velocity which may be estimated on the basis of
measured sediment size distributions (for example, for the
Venice Lagoon d50 = 50 mm, ws = 0.2 mm/s); rb = rs · (1 − l)
is the bulk density, with rs = 2650 kg/m3 and l = porosity =
0.5, which implicitly accounts for the result of compaction
processes; b = 0.382 and a = 1.02 · 106 d50

2 U1.7 m/s (m2/g)b,
where U is an average flow velocity during a tidal cycle
[Mudd et al., 2004; D’Alpaos et al., 2006, 2007a]. In the
following we vary U between 0.01 m/s and 0.10 m/s with
model results displaying little sensitivity to such variations.
We thus assume U = 0.02 m/s as the reference value.
[10] The instantaneous sediment concentration C(z, B, t)

appearing in (2) and (3), associated with a given value of z,
is determined by solving, for a typical tidal cycle, the instan-
taneous sediment balance equation for the water column
forced by the average suspended sediment concentration, C0

characterizing, lagoonal waters [Krone, 1987; Temmerman et
al., 2003; Marani et al., 2007]

d

dt
DCð Þ ¼ �ws C � �B�C þ ~C

dh

dt
ð4Þ

with h(t) the instantaneous tidal elevation with respect to
local MSL, D(t) = h(t) − z the instantaneous water depth,
and

~C z;B; tð Þ ¼
C0 when

dh

dt
> 0

C z;B; tð Þ when
dh

dt
< 0

8>><
>>:

ð5Þ

Note that the first and second terms on the right‐hand side of
equation (4) are the instantaneous settling and trapping
fluxes, respectively, while the third term represents the
exchange of sediment between the platform and its sur-
roundings. When the flow is directed toward the platform it
carries the concentration C0, conceptualizing sediment
availability (e.g., of riverine origin or due to wind re-
suspension) within the lagoon. Conversely, when the flow
is from the platform toward the surroundings, the outgoing
concentration is the instantaneous concentration within the
water column above the platform, C(z, B, t) (see Figure 1).
[11] We again emphasize that equation (4) is valid for

short timescales (i.e., comparable to a single tidal period), at

which it is safe to assume a constant elevation and thus to
discard terms related to dz/dt. This latter contribution is
properly accounted for in equation (1) where average sedi-
ment fluxes computed from (4) are used. Solving separately
equations (4) and (1) thus amounts to decoupling the com-
putation of instantaneous deposition fluxes from their long‐
term effects on the evolution of soil elevation.
[12] The production of organic matter, QO(B), can be

directly linked to the annually averaged aboveground plant
dry biomass, B [Randerson, 1979]. Following Mudd et al.
[2004] and D’Alpaos et al. [2006, 2007a], we express
QO(z, B) as

QO z;Bð Þ ¼ �B ð6Þ

where we assume g = 2.0 · 10−3 m3/yr/kg, incorporating
typical vegetation characteristics and the density of the
organic soil produced. We varied g in the range 1 · 10−3 ÷ 3 ·
10−3 m3/yr/kg, consistently with existing literature [Mudd et
al., 2009], finding no appreciable differences in the model
behavior as discussed in the following.
[13] The erosion flux, E[z, B, MPB(z)], is computed on the

basis of the shear stress induced on the bottom by wind
waves, which generally depends on water depth, wind
velocity, and fetch [Carniello et al., 2005; Fagherazzi et al.,
2006; Defina et al., 2007]. The bed shear stress can be cast
in the general form

� ¼ 1

2
� cf u

2
m ð7Þ

where r is water density, cf a wave friction coefficient, and
um the maximum horizontal orbital velocity associated with
the wave propagation. These two latter quantities, evaluated
on the basis of the empirical relationship proposed by
Soulsby [1997] and of wave linear theory are given by

cf ¼ 1:39
umTw

2�d50=12

� ��0:52

ð8Þ

um ¼ � Hw

Tw sinh kDð Þ ð9Þ

Here Tw is the wave period (e.g., Tw ’ 2 s in the Venice
Lagoon, Carniello et al., [2005]), Hw is the wave height, and
k is the wave number which, for a monochromatic wave, is
determined through the dispersion relationship

2� ¼ Tw gk tanh kDð Þ½ �1=2 ð10Þ

The wave height, Hw, is computed from an equation of wave
energy conservation forced by the shear stress induced by
wind on the water surface (see Carniello et al. [2005] for
details), and turns out to be a function of water depth, wind
velocity, Uw, and fetch. Here we assume the fetch to be large
enough for the waves to be fully developed and in equi-
librium with wind velocity and water depth. According to
the parameterization for wind‐wave induced bed shear stress
above described, and for water depths of 1–1.5 m (typical of
microtidal lagoons), this assumption is justified for fetches
larger than about 2 km. In this hypothesis, the energy
transferred by the wind to the water surface equals the
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energy dissipation (by bottom friction, whitecapping, and
breaking [Carniello et al., 2005]), and the bed shear stress
is a function just of water depth and wind velocity (see
Figure 2a).
[14] The value of t obtained from equation (7) is used to

compute the average erosion over a tidal cycle for a given z,
which reads

Ew z;B;MPB;Uwð Þ ¼ e

�b
I Bð Þ 1

T

Z
T

� D tð Þ;Uw½ � � �c MPB½ �
�c MPB½ � dt

ð11Þ

where we have assumed that instantaneous erosion flux to
be proportional to the normalized exceedance of the
critical shear stress, (t − tc)/tc [e.g., Partheniades, 1965].
The values of the erosion coefficient, e, depend on sediment
properties and have been observed to vary in the range
10−3 – 10−5 kg m−2 s−1 [Sanford and Maa, 2001]. Here we
assume e = 10−4 kg m−2 s−1, as suggested for sand‐mud
mixtures [van Ledden et al., 2004; Le Hir et al., 2007].

The indicator function, I(·), defined as I(B) = 1 if B = 0
and I(B) = 0 if B > 0, accounts for the fact that wind waves
are efficiently dissipated by the presence of vegetation,
which reduces erosion to zero as it encroaches the platform
[Möller et al., 1999].
[15] The threshold bottom shear stress for erosion,

tc(MPB), strongly depends on the presence/absence of
stabilizing polymeric biofilms produced by benthic mi-
crobes [e.g., Paterson, 1989; Amos et al., 1998]. Because
microphytobenthos growth is light limited, we assume that it
colonizes the platform only when elevation ensures a suf-
ficient incoming solar irradiance for microbial photosyn-
thetic activity [MacIntyre et al., 1996]. A precise definition
of the range of values marking the onset of microbial
development (e.g., depending on water turbidity and sedi-
ment properties) is not essential for our purposes, but one
may reasonably assume [MacIntyre et al., 1996] this to
occur close to z = −H, when the bed is freely exposed to
solar radiation for parts of the tidal cycle. We thus assume
[Amos et al., 1998] tc = 0.4 Pa when z < −H and tc = 0.8 Pa
when z > −H (neglecting the possible effect of desiccation of
MPB for long exposure to the atmosphere). We note that,
even though higher values of tc for biostabilized soils are
also reported in the literature [Tolhurst et al., 2002], the
value here adopted (0.8 Pa) is already sufficient to make the
soil virtually nonerodible, such that a further increase in tc
does not induce any change in the response of the system.
The dependence on elevation of the tidally averaged nor-
malized exceedance of the critical shear stress is shown in
Figure 2b.
[16] Finally, because we are here interested in the long‐

term mean erosion flux, we average Ew(z, B, MPB, Uw) over
the probability distribution, f(Uw), of wind velocity (e.g.,
see, in the inset of Figure 2a, the empirical frequency dis-
tribution observed in the Venice Lagoon, used in the fol-
lowing as an illustrative example), obtaining

E z;B;MPBð Þ ¼
Z
Uw

Ew z;B;MPB; uwð Þ f uwð Þ duw ð12Þ

This computation finally yields the average erosion flux,
E(z, B, MPB), as a function of elevation, vegetation biomass,
and MPB.

2.2. Vegetation Model

[17] Halophytic vegetation species, i.e., vegetation adap-
ted to saline and waterlogged environments, colonize a tidal
platform only when its elevation is above MSL [e.g., Morris
and Haskin, 1990; Silvestri et al., 2005]. When the platform
elevation is below MSL we thus assume that vegetation is
absent (B ≡ 0). For tidal platforms above MSL vegetation
the dynamic is described through a logistic model [Levins,
1969]. This model assumes that the time derivative of
vegetation abundance, dp/dt, may be expressed as the sum
of two terms: (1) a positive term proportional, through a
reproduction rate r(z), to the abundance itself and to the
space available for colonization by new plants, (1 − p); and
(2) a negative term proportional, through a mortality rate,
m(z), to the vegetation abundance yielding

dp

dt
¼ r zð Þ p 1� pð Þ � m zð Þ p ð13Þ

Figure 2. (a) Dependence of the bottom shear stress, t, on
water depth computed for different values of wind speed,
Uw. Inset shows observed frequency distribution of wind
speed in the Venice Lagoon. (b) Dependence of the excess
bottom shear stress, averaged over a tidal cycle, on elevation
computed for different values of wind speed, in the absence
(solid lines) or presence (dashed lines) of the polymeric bio-
film due to MPB.
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The elevation‐dependent reproduction and mortality rates,
r(z) and m(z), reflect the physiological responses of halo-
phytic species to the controlling environmental conditions,
chiefly soil water saturation, locally surrogated by eleva-
tion [Silvestri et al., 2005; Marani et al., 2006c].
[18] By expressing biomass, B, as the product of vegeta-

tion fractional cover, p, and the carrying capacity of the
system, Bmax (biomass density of a fully vegetated marsh),
i.e., B = p Bmax, one can transform the previous equation
into an equation for biomass

dB

dt
¼ r zð ÞB 1� B

Bmax

� �
� m zð Þ B ð14Þ

The equilibrium, or steady state, biomass is obtained by
setting dB/dt = 0 in equation (14). A trivial equilibrium
solution is B = 0, which cannot be observed in actual
marshes because the presence of seed banks and the con-
tinuous input of propagules from surrounding marshes
would repopulate a marsh where vegetation had tempo-
rarily disappeared [e.g., Adam, 1990; Ungar, 1991]. This
leaves us with the only remaining steady state solution,

Bs zð Þ ¼ Bmax 1� m zð Þ
r zð Þ

� �
ð15Þ

which we recall to be valid for z ≥ 0, while Bs(z) = 0 when
z < 0.
[19] Clearly, the mortality and reproduction rates depend

on vegetation physiology. We consider here two typical
vegetation cases, characterized by rather contrasting rela-
tions between soil aeration and vegetation biomass. The first
case (which we term “multispecies vegetation”) is charac-
terized by biomass increasing with increasing soil elevation
between MSL, z = 0, and MHWL, z = H, and is typical of
Mediterranean tidal environments, where several species,
adapted to progressively more aerated conditions, compete
[Day et al., 1999; Marani et al., 2004; Silvestri et al., 2005]
or of sites in northern continental Europe, frequently dom-

inated by Spartina anglica. This multispecies vegetation
case is described by assuming a reproduction (mortality)
rate which linearly increases (decreases) with elevation
(Figures 3a and 3b). We also assume each plant to produce at
most one daughter plant per year in the most favorable
conditions, i.e., r(H) = 1 yr−1 and m(H) = 0 yr−1. Moreover,
field observations and remote sensing analyses [Marani et
al., 2004; Silvestri et al., 2005] indicate that biomass is
equal to zero at z = 0 and maximum at z = H, thus implying
that r(0) = m(0) = 0.5 yr−1 (see equation (15)). As a conse-
quence we set

r zð Þ ¼ 0:5
z

H
þ 0:5; m zð Þ ¼ �0:5

z

H
þ 0:5 ð16Þ

The second case considers a Spartina‐dominated environ-
ment, characteristic of some North American sites, in which
biomass is a decreasing function of bed elevation between
MSL and MHWL. This behavior of the biomass, reflecting
the adaptation of Spartina to hypoxic conditions, is mediated
fromMorris and Haskin [1990] andMorris et al. [2002]. We
do not consider here the presence of an optimum at an
intermediate elevation as in Morris et al. [2002], with no
implications for the equilibria derived and discussed later.
We model this Spartina‐dominated case by assuming r(0) =
1 yr−1 and m(0) = 0 yr−1, while r(H) = m(H) = 0.5 yr−1

(Figure 3c) in order for the steady state biomass to be max-
imum at z = 0 and zero at z =H (Figure 3d), according to field
observations [Morris et al., 2002]. The reproduction and
mortality rates then read

r zð Þ ¼ �0:5
z

H
þ 1; m zð Þ ¼ 0:5

z

H
ð17Þ

2.3. External Forcings

[20] The model proposed is general in its ability to account
for different tidal forcings, sediment sources and types, wind
climate, vegetation characteristics. In order to explore the

Figure 3. (a and c) Dependence of the reproduction, r(z), and mortality, m(z), rates. (b and d) Depen-
dence of the steady state vegetation biomass, Bs(z), on platform elevation, in the two vegetated cases
explored.

MARANI ET AL.: IMPORTANCE OF BEING COUPLED F04004F04004

5 of 15



features emerging from the model dynamics we refer to the
forcings typical of the Venice Lagoon [Marani et al., 2007],
as representative of illustrative realistic conditions.
[21] The Venice Lagoon is a microtidal environment

where the tidal forcing is characterized by a first harmonic
with period T = 12 h and tidal range 2H = 1 m. Higher
harmonics, which can be easily incorporated without sig-
nificant burden, are not considered in this application. We
take the observed 20th‐century sea level trends as a refer-
ence and assume a rate of sea level rise of 2 mm/yr [Meehl et
al., 2007; Carbognin et al., 2004], and a local subsidence of
1.5 mm/yr [Carbognin et al., 2004], yielding R = 3.5 mm/yr.
Finally, fluvial sediment inputs into the lagoon are negli-
gible, and most of the suspended sediment comes from
erosion due to wind, navigation, and channel excavation and
maintenance. Based on long series of turbidity observations
we assume C0 = 20 g/m3 as a characteristic suspended
sediment concentration, surrogating sediment availability
within the lagoon [Marani et al., 2007].

2.4. Equilibrium States

[22] When platform elevation is below MSL (z < 0)
vegetation cannot grow (B = 0) and the dynamics of the
system is defined just in terms of the single state variable
z(t), governed by the equation

dz

dt
¼ QS zð Þ � E z;MPB zð Þ½ � � R ð18Þ

The equilibrium states are easily determined by setting dz/
dt = 0 in equation (18).
[23] When platform elevation is between MSL and

MHWL (0 ≤ z ≤ H) the system state is defined in terms of
the two variables z(t) and B(t), whose dynamics are gov-
erned by the two coupled equations

dz

dt
¼ F z;Bð Þ � R

dB

dt
¼ G z;Bð Þ

ð19Þ

where

F z;Bð Þ ¼ QS z;Bð Þ þ QT z;Bð Þ þ QO Bð Þ � E z;B;MPB zð Þ½ �
ð20Þ

and

G z;Bð Þ ¼ r zð ÞB 1� B

Bmax

� �
� m zð Þ B ð21Þ

Equations (19) constitute a dynamic‐vegetation model, as
previously defined, because both elevation and biomass
dynamically vary, in a coupled fashion, according to their
own characteristic timescales. An equilibrium state, (z0,
B0 = Bs(z0)), is determined by requiring that dz/dt = 0
and dB/dt = 0, i.e., by the by the conditions F (z0, B0) −
R = 0 and G(z0, B0) = 0.
[24] The number and location (in the phase space (z, B))

of equilibrium states depend on the form of the functions
involved in the dynamic equations (19). These, in turn,
depend on the characteristics of the forcings, such as the rate
of sea level rise (R), sediment availability (C0), or even wind

climatology, affecting the average erosion rate, or changes
in vegetation species, affecting the dynamical equation for
biomass. In the following we will explore the existence and
dependence of equilibrium states on R and C0, because these
factors are more often of interest in geomorphic and climate
change studies. It is useful to note, however, that the
influence of wind climatology only regards the subtidal
equilibrium (z < −H). This is because the erosion flux is
virtually zero for the intertidal equilibria (−H ≤ z ≤ H) due to
biostabilization processes (see equations (11) and (12)).
[25] Equilibrium states are likely to be observed in nature

only if they persist, that is if the dynamics of the system in
their neighborhood is such as to dissipate perturbations
which may arise in the system state. Linear stability analysis
of equations (19) in the neighborhood of the equilibrium
states shows that their stability can be evaluated by consid-
ering the trace, Tr(J), and the determinant, Det(J), of the
Jacobian matrix of this set of simultaneous equations
[Strogatz, 1994]

Tr Jð Þ
����
0

¼ @F
@z

����
0

þ @G
@B

����
0

ð22Þ

Det Jð Þ
����
0

¼ @F
@z

����
0

� @G
@B

����
0

� @F
@B

����
0

� @G
@z

����
0

ð23Þ

where the suffix 0 indicates quantities calculated at (z0, B0).
When Tr(J)|0 < 0 and Det(J)|0 > 0 both eigenvalues of J have
a negative real part. In this case (z0, B0) is an asymptotically
stable equilibrium and the trajectories representing the evo-
lution of the system in phase space converge toward it
[Strogatz, 1994]. For any other combination of values of
Tr(J) and Det(J) either the equilibrium is unstable or it is
characterized by a limit cycle (i.e., a periodic trajectory in
phase space). In section 3 we will analyze the stability of all
equilibria arising for the two vegetation types previously
described.
[26] A simplified stability analysis may be obtained if the

timescale of biomass adjustments can be assumed to be
significantly shorter than that characterizing elevation
changes. This is typically the case as vegetation adjusts over
timescales of the order of a few years, whereas elevation
changes usually occur over timescales of several years/
decades. Under this assumption, B can be considered in
equilibrium with the changing elevation at all times. The
stability analysis can then be carried out by considering the
equation obtained by substituting Bs(z) in the first of (19),
obtaining the following equilibrium‐vegetation model:

dz

dt
¼ QS z;Bs zð Þ½ � þ QT z;Bs zð Þ½ � þ QO Bs zð Þ½ �

� E z;Bs zð Þ;MPB zð Þ½ � � R ¼ 0 ð24Þ
It should be noted, however, that the hypothesis that B is, at
any time, in equilibrium with the current platform elevation
is only admissible for the purpose of studying the stability of
the equilibria and not to investigate the dynamics of the
system under transient conditions.

3. Results

[27] The dynamics of the system, as a function of different
initial conditions may be visualized through a set of trajec-
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tories in phase space, which is two‐dimensional when the
bed elevation is above MSL (z ≥ 0) (Figure 4), while it
becomes one‐dimensional when z is below MSL (z < 0), thus
preventing the growth of vegetation (B = 0).
[28] In the illustrative 20th‐century example two coex-

isting stable equilibria are possible: a vegetated marsh
(Figures 4a and 4b) and a subtidal (i.e., permanently sub-
merged) platform (in the z < −H range) (Figure 4c). The
arrows in phase space represent the time evolution of the
system out of equilibrium and highlight the stable nature of
its equilibria (solid circles). This conclusion can be reached
more formally by considering the determinant and the trace

of the Jacobian of the system defined by equations (22) and
(23), evaluated at equilibrium. In both the multispecies and
Spartina‐dominated cases the marsh equilibria identifiable
in Figure 4 are confirmed to be stable nodes with real and
negative eigenvalues of the Jacobian matrix [e.g., Strogatz,
1994].
[29] The transient dynamics represented in Figures 4a and

4b are particularly significant. In fact, when the system is
not at equilibrium, that is if elevation z ≠ z0 or biomass B ≠ B0,
the paths followed in phase space to reach the equilibrium
state are characterized by nearly vertical trajectories, until the
steady state biomass curve, Bs(z), is attained. From there on
the system state varies both in biomass and elevation fol-
lowing the steady state biomass curve, Bs(z), until it reaches
equilibrium (Figures 4a and 4b). Such observation confirms
that, as previously discussed, it is in most cases realistic to
assume an instantaneous adaptation of vegetation to the
current platform elevation for the study of the equilibrium
states. Therefore, even though the adaptation of biomass to
the current marsh elevation may indeed be relatively slower
under somewhat particular conditions (e.g., for very low
biomass values, and for peculiar conditions, in which sedi-
ment availability is so large as to yield a characteristic ele-
vation adjustment time comparable to that of biomass
adjustment) in the following we will describe equilibria and
their stability in an equilibrium‐vegetation framework using
equation (24).
[30] Before addressing the features of the stable states

emerging from this analysis, it is worthwhile to compara-
tively evaluate the dependence on elevation of the sediment
fluxes exchanged between the platform and the water
column appearing in equation (24) and depicted in Figure 5.
The settling flux is weakly dependent on z for soil elevations
below the minimum tidal level, z < −H, and approximately
linearly decreases for elevations larger than MLWL, to
vanish at z = H (Figure 5a). This behavior is easily inter-
preted by considering that as elevation is increased the
platform is flooded for decreasing periods of time, thus
leading to a reduction in the settling flux, which vanishes
when the platform is no longer flooded.
[31] The contribution of vegetation to sedimentation

through trapping depends on vegetation properties, flow
velocity, U, and sediment availability, C0 (see equation (3))
as also observed by Mudd et al. [2010]. We have thus
performed a sensitivity analysis of the trapping rate for
1 cm/s < U < 10 cm/s and 20 g/m3 < C0 < 500 g/m3. We
found the trapping rate to be comparable with the settling rate
for the higher values of U in the range explored, while it is
significantly smaller than the settling flux for velocities
commonly observed in tidal marshes (a few centimeters per
second) (see Figure 6 for the case C0 = 20 g/m3). Im-
portantly, for a given elevation of the vegetated platform, the
total inorganic deposition flux (i.e., settling plus trapping)
remains approximately constant irrespective of the over-
marsh flow velocity assumed (compare Figures 6c and 6f).
This is found to occur for all the suspended sediment con-
centration values explored. This has an interesting physical
interpretation. The activation of the trapping flux linked to
the vegetation encroaching the platform at MSL (z = 0)
subtracts sediment from the water column, causing a steep
reduction in the settling flux (Figures 6a and 6d). However,
such a decrease in the settling flux at z = 0 (almost a step

Figure 4. (a) Phase portrait of the dynamics of a multispe-
cies vegetation tidal system. (b) Phase portrait of a Spartina‐
dominated system. (c) System dynamics described by
equation (18) in terms of the single‐state variable z for
platform elevation below MSL (z < 0). The depicted stable
states, calculated for R = 3.5 mm/yr and C0 = 20 g/m3,
correspond to a vegetated marsh with z = 0.31 m (Figure
4a), a vegetated marsh with z = 0.28 m (Figure 4b), and a
subtidal platform with z = −2.0 m (Figure 4c).
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reduction for the Spartina‐dominated case) is very closely
compensated by the sharp increase in the trapping flux
(Figures 6b and 6e), such that the sum of the two fluxes
remains virtually constant. We also found that this strict
complementarity between settling and trapping fluxes is a
distinctive feature: even for high available sediment con-
centrations the marsh platform is in a supply‐limited condi-
tion. It is thus able to capture all the available sediment
throughout a wide range of overmarsh flow velocities and
sediment supply conditions. Because plant structure is ac-
counted for as a factor term in the expression for the trapping
flux (equation (3)), a similar effect is observed when the
characteristics of the plants are varied: Even if a plant may be
more effective in capturing the suspended sediment, the
overall settling plus trapping flux remains unaltered. The
main contribution to soil accretion due to vegetation is thus
through the stabilization of the surface sediment (due to wave
damping), rather than through trapping, and, secondarily,
through organic deposition (Figure 5c). Clearly, this latter
contribution QO (Figure 5c) reflects how biomass varies with

platform elevation and therefore depends on the vegetation
case considered (see Figures 3b and 3d). The organic
deposition fluxes resulting from the parameter values
assumed in the present model are in line with those reported
in the literature [Mudd et al., 2009] and implicitly account for
decomposition processes through the coefficient g, though in
a simplified manner (see equation (6)). We test in the fol-
lowing the sensitivity of the model to the vegetation
parameterization, finding modest differences in the overall
deposition rates and in the resulting equilibria.
[32] Erosion is close to zero for low elevations because

surface waves do not induce an appreciable bed shear stress
in deep waters (Figure 5d). Erosion then increases with z, i.e.,
for decreasing average depth, reaching a maximum for an
intermediate elevation (z = −1.1 m in the illustrative example
in Figure 5). When the platform elevation is further
increased, the erosion rate decreases because of reduced
wind‐driven bed shear stress and, for elevations above
MLWL, because of shorter flooding times. For values of z
higher than MSL, however, biostabilization becomes crucial,

Figure 5. Yearly averaged fluxes versus elevation for the two vegetated cases explored and for the
steady state biomass B = Bs(z). (a) Settling flux, QS(z). The inset shows a detail of the steep reduction
in QS experienced when vegetation encroaches the marsh. (b) Trapping flux, QT(z). (c) Organic deposition
flux, QO(z). (d) Erosion rate, E(z), when MPB and vegetation are both present (solid line); the dashed line
shows the case in which the polymeric biofilm due to MPB is disrupted by human activity or bioturbation
(e.g., invertebrates), and the dotted line shows the case in which no biological activity (i.e., no microphy-
tobenthos and no vegetation) is present. In the latter case the value of the critical shear stress remains
constant throughout the tidal excursion and I(B) = 1.
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and the erosion rate is effectively reduced to zero when either
microphytobenthos (solid curve) or vegetation (dashed line)
are established (Figure 5d).
[33] The sum of the terms depicted in Figure 5 and of RSL

rise yields the time derivative of platform elevation
(equation (24)), plotted in Figure 7 as a function of z for
different forcings and vegetation types. The zeroes in
Figure 7 correspond to the solutions of equation (24),
showing that three accessible equilibrium states exist: the
subtidal, the tidal flat, and the marsh equilibrium. All such
equilibria are stable. In fact, a positive perturbation of ele-

vation starting from equilibrium causes the derivative of z to
become negative, thus leading the system back to equilib-
rium conditions through erosion. Similarly, a negative per-
turbation of elevation causes the derivative of z to become
positive, such that net deposition pushes the system to the
original equilibrium state. This stability analysis is coherent
with the results of the more general stability analysis based
on the dynamic‐vegetation model (19), confirming that
indeed equilibria are stable to perturbations both in z and B. It
is interesting to note that changes in R result in proportional
vertical shifts of the curves in Figure 7 (not shown here),

Figure 6. Lack of sensitivity of the model to large variations in the average flow velocity U. An increase
(decrease) in (b and e) U leads to a compensating decrease (increase) of (a and d) the settling flux such
that (c and f) the sum of settling and trapping remains unchanged.

Figure 7. Stable states under the 20th‐century climatic conditions (R = 3.5 mm/yr), (a) in the multispe-
cies vegetation case and (b) in the Spartina‐dominated case, for two different values of the available sus-
pended sediment concentration, C0. Equilibrium elevations, computed with reference to MSL, are z =
−2.0 m and z = 0.31 m for C0 = 20 g/m3 and z = −2.27 m and z = −0.15 m for C0 = 10 g/m3 for Figure
7a and z = −2.0 m and z = 0.28 m for C0 = 20 g/m3 and z = −2.27 m, z = −0.15 m, and z = 0.15 m for C0 =
10 g/m3 for Figure 7b.
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yielding a variety of possible equilibrium states as a function
of climate forcing and of local subsidence. Likewise, chan-
ges in the available sediment concentration also lead to dif-
ferent equilibria (Figure 7). For example, varying C0 from
10 g/m3 to 20 g/m3 in the multispecies case shifts the acces-
sible intertidal equilibrium from a tidal flat to a vegetated
marsh equilibrium (Figure 7a). In the Spartina‐dominated
case (Figure 7b) both tidal flat and salt marsh equilibrium
states are accessible for C0 = 10 g/m3, while only the marsh
equilibrium is possible for C0 = 20 g/m3. For both vegetation
cases increasing the available sediment concentration increases
the elevation of the subtidal platform equilibrium.
[34] The dependence of accessible equilibria on C0

(Figure 7) and RSL rise (see a detailed discussion of RSL in
the following) thus possibly explains the coexistence of tidal
flat and marsh equilibria, even in neighboring areas within
the same tidal environment, as a consequence of the typical
spatial heterogeneity of local external forcings.
[35] It is important to determine whether equilibrium

types and elevations significantly depend on the specific
vegetation parameterization adopted. We have thus explored
the sensitivity of the model to the parametrization of QO by
varying g (equation (6)) in the range 1 · 10−3 ÷ 3 · 10−3 m3/
yr/kg, consistently with existing literature [Mudd et al., 2009].
Figure 8 displays the changes in the equilibrium states for
the Spartina‐dominated and the multispecies cases resulting
from our sensitivity study. It is seen that there are only minor
changes in the marsh equilibrium elevations and, in the
Spartina‐dominated case, in the threshold rate of RSLR at
which the marsh equilibrium disappears. Such minor chan-
ges do not impact the type of equilibria which are dynam-
ically accessible, nor the new concept of possible sudden
transitions from one equilibrium state to another.
[36] Equilibrium platform elevations plotted as a function

of the rate of RSL change in a bifurcation diagram show
the number and type of equilibria which are possible for a
given value of R (Figure 9). For the sake of clarity we now
discuss in detail the RSL rate thresholds determining the
possible equilibria in the reference conditions described in
section 2.3.

[37] In the multispecies vegetation case (Figure 9a), for
R < −14.9 mm/yr (sea regression) no tidal equilibrium is
possible, suggesting a condition corresponding to a terrestrial
environment. For −14.9 mm/yr < R < 2.0 mm/yr only a
subtidal platform equilibrium exists, whereas intertidal
vegetated areas are not possible as stable features. When
2.0 mm/yr < R < 5.4 mm/yr the subtidal equilibrium coexists
with a marsh equilibrium (as in the 20th‐century case shown
in Figure 7a). Marshes are transformed into stable tidal flats
when 5.4 mm/yr < R < 10.6 mm/yr, suggesting that even
modest increases in the rate of RSL change, indeed well
within the bounds of recent IPCC forecasts [Meehl et al.,
2007], can induce abrupt switches in the observed geomor-
phological structures. Finally, subtidal platforms vanish
for R > 10.1 mm/yr, while all intertidal equilibria disappear
for R > 10.6 mm/yr, marking the transition to a marine
environment.
[38] A similar analysis for a Spartina‐dominated case

(Figure 9b) displays interesting differences with respect to
the previous case. In particular, a stable marsh equilibrium is
possible for 0 < R < 7.2 mm/yr, while stable tidal flats exist
for 5.4 < R < 10.6 mm/yr. Hence, marsh and tidal flat
equilibria (together with the subtidal equilibrium state)
constitute, for 5.4 < R < 7.2 mm/yr, alternative stable
equilibrium states. As noted above, this is in contrast with
the multispecies vegetation case, in which marshes and tidal
flats are equilibrium structures associated to different values
of the rate of RSL change.
[39] Figures 9a and 9b show also the possible equilibria

when one assumes the development of a surface biofilm to
be systematically disrupted (“no MPB” curves) e.g., owing
to the presence of macrobenthos [Hughes and Paramor,
2004; Daborn et al., 1993] or to fishing practices [Aspen
et al., 2004]. A tidal flat equilibrium is not possible in
this case. Furthermore, the interval of values of R for
which intertidal equilibria are possible is reduced, as a
relatively modest changes in R can produce a catastrophic
shift toward a subtidal equilibrium, echoing similar phe-
nomena in other ecosystems [Scheffer et al., 2001; Rietkerk
et al., 2004].

Figure 8. Impact on stable equilibria of different parameterizations of the organic production for the two
vegetation types considered. Equilibrium elevations for (a) the Spartina‐dominated case are z = 0.23 m
for g = 1 · 10−3 m/yr/kg, z = 0.28 m for g = 2 · 10−3 m/yr/kg, and z = 0.31 m for g = 3 · 10−3 m/yr/kg. For
(b) the multivegetated case, equilibrium elevations are z = 0.23 m for g = 1 · 10−3 m/yr/kg, z = 0.32 m for
g = 2 · 10−3 m/yr/kg, and z = 0.42 m for g = 3 · 10−3 m/yr/kg.
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[40] In the hypothetical case in which all biological
activity is suppressed (“no biology” case, Figure 9c), a
(unvegetated) marsh equilibrium is only possible for low
values of R (0 < R < 3.5 mm/yr), while a tidal flat equi-
librium is not possible. This shows that indeed tidal flats and
marshes, as we usually know them, are entirely the results of
biostabilization.
[41] We also explored the sensitivity of the model to

sediment availability by varying C0 between 0 g/m3 and
100 g/m3. In both vegetation cases the elevation of the
marsh equilibrium appears to be relatively sensitive to the
specific value of C0 for low concentrations (indicatively up
to 20 g/m3). For higher suspended sediment concentrations
the dependence of marsh elevation on C0 is significantly
weakened, thus leading to a relatively constant equilibrium
configuration for a wide range of possible C0 (Figure 10). In
all cases, a stable marsh equilibrium is possible throughout a

much wider range of suspended sediment concentration as
compared to the range of C0 allowing for stable tidal flat or
subtidal equilibria.
[42] Figure 10 also suggests that an increase in R (within

the range of IPCC projections for the current century [Meehl
et al., 2007]) produces a shift of all stable equilibria toward
lower elevations. As a consequence, the equilibrium eleva-
tion of existing morphological structures (i.e., marshes, tidal

Figure 9. Bifurcation diagrams showing the ranges of R for
which stable and/or unstable states exist. (a) Multispecies veg-
etation, with (solid black lines) and without (solid red lines)
MPB biostabilization effects. (b) A Spartina‐dominated sys-
tem, with (solid black lines) and without (solid red lines)
MPB biostabilization effects. (c) The hypothetical case in
which no biological activity is present (i.e., no MPB and
no vegetation). The value of R = 3.5 mm/yr is indicated as a
reference to illustrate the available equilibrium states under
the different hypotheses.

Figure 10. Stable equilibrium elevations as a function of
the available suspended sediment concentration C0 for two
different values of R. For R = 3.5 mm/yr, stable tidal flat
equilibria can be obtained for 7 < C0 < 14 g/m3, while stable
subtidal equilibria can be obtained for 8 < C0 < 55 g/m3.
(top) In the Spartina‐dominated case, stable marsh config-
urations can be obtained for C0 > 6 g/m3. (bottom) In the
multispecies case, stable marsh configurations can be ob-
tained for C0 > 14 g/m3. For R = 5.0 mm/yr, stable marsh
equilibria can be obtained for C0 > 12 g/m3 in the Spartina‐
dominated case (Figure 10, top) and for C0 > 19 g/m3 in the
multispecies case (Figure 10, bottom). Tidal flat and subtidal
equilibria can be obtained for 10 <C0 < 18 g/m

3 and 11 <C0 <
56 g/m3, respectively.
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flats, and subtidal platforms) can be preserved upon an
increase in R only if a compensating increase in C0 occurs.
Such an increase is relatively small for subtidal equilibria,
and becomes much larger in the case of the tidal flats and,
especially, high‐marsh equilibria.
[43] A further interesting phenomenon suggested by the

present model is the hysteresis during subsequent phases of
RSL rise acceleration and deceleration due to the disconti-
nuity in net deposition induced by Spartina colonization.
To illustrate this possibility let us consider the possible
evolution of a tidal platform forced by a sinusoidally
varying R with period TR (an idealized representation of
past fluctuations as suggested by paleo‐reconstructions
[Allen, 2000]). The ensuing time dynamics are described
through the sequence of relevant equilibrium states which
can be identified in Figures 11 (top) and 11 (bottom). For
the sake of illustration let us start with a marsh equilibrium
for R = 3.5 mm/yr (state 1). As R increases, the marsh
equilibrium elevation accordingly decreases along the tra-
jectory 1 → 2. This evolution continues until the elevation
z = 0 m above MSL is reached, for R = 7.2 mm/yr. Any
small increase in R beyond this threshold value causes
vegetation to disappear and a shift from a marsh to a tidal
flat equilibrium with a much lower elevation (state 3 in
Figure 11). Further increases in R simply change the eleva-
tion of the tidal flat, but do not affect its stability, provided

R < 10.6 mm/yr. This threshold marks a transition to a
subtidal platform, which is, however, not explored in the
present context. In the illustrative setting considered, R
reaches a maximum value of 9 mm/yr (state 4) and decreases
afterward according to the sinusoidal behavior assumed.
Importantly, in this decreasing phase the transition from the
tidal flat to a marsh equilibrium does not occur at the same
value R = 7.2 mm/yr at which the opposite transition took
place in the increasing R phase. In fact, R must decrease to
the threshold value R = 5.5 mm/yr (state 5 in Figure 11)
before a transition can occur. For R just below the 5.5 mm/yr
threshold (state 6) a transition to a marsh equilibrium finally
takes place. The system then goes back to its original state
(state 7=1) driven by the subsequent further decrease of R.
The overall cycle described above clearly shows the hys-
teretic nature of the transformations, which follow different
trajectories in (B, z) phase space during subsequent phases of
sea level rise accelerations and deceleration.

4. Discussion

[44] The point model described here, which extends and
integrates the model previously presented in Marani et al.
[2007], provides a coupled and fully dynamical descrip-
tion of how tidal landforms arise as alternative, but possibly
coexisting, stable states. The model suggests that subtidal

Figure 11. (top and bottom) Illustration of the emergence of a hysteretic behavior during a RSL
deceleration‐acceleration cycle. Phase‐space representation of the equilibria emerging from the RSL rise
acceleration‐deceleration cycle illustrated in the inset on the right of Figure 11 (top) for a Spartina‐
dominated marsh. The left inset shows the transitions in a bifurcation diagram obtained as an enlargement
of Figure 9b. Labels 1–7 index the stable equilibria (solid circles) with reference to Figure 11 (bottom).
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platforms, tidal flats, and salt marshes, ubiquitous in tidal
areas worldwide, may emerge naturally from the sole
interaction between erosion/deposition and biostabilization
processes. This recognition is relevant in the general
framework set by classical works from the biological liter-
ature, pointing out the crucial role of alternative stable states
in ecosystem dynamics [Lewontin, 1969; Holling, 1973;
May, 1977]. Catastrophic shifts and bistability have more
recently also been observed and explained theoretically in
several coupled ecohydrological systems including forests
[McCune and Allen, 1985], arid ecosystem [Rietkerk et al.,
1997], deserts [Brovkin et al., 1998], lakes [Carpenter et
al., 1999], coral reefs [Hughes, 1994], and oceans [Hare
and Mantua, 2000]. The wide occurrence of alternative
stable states in very diverse settings suggests that this a
dominant dynamical mechanism governing several coupled
biogeophysical systems [Murray et al., 2008]. Such a
mechanism, however, had not been previously identified
in the evolution of tidal biogeophysical structures, even
though the presence of alternative stable states was noted
in microphytobenthos‐sediment dynamics [van de Koppel
et al., 2001].
[45] The point model presented provides a coupled, fully

dynamical, and yet mathematically simple, description of the
key biogeomorphic processes leading to the typical geo-
morphological structures observed in tidal systems and of
their response as a consequence of varying external forcings.
The spatially implicit model developed focuses on the bio-
geomorphodynamic behavior of the system as a whole,
rather than being concerned with spatially distributed prop-
erties (e.g., topography and biological patterns within a tidal
platform), which require a cumbersome numerical treatment
and currently preclude a fully dynamical biogeomorpholo-
gical description [D’Alpaos et al., 2007; Temmerman et al.,
2007].
[46] The model introduced indicates that the characters of

biogeomorphological equilibria in tidal environments are
mainly governed by the availability of suspended sediments
(of fluvial, marine and local origin), by local subsidence and
by the rate of sea level change. Indeed, the use of appro-
priate forcings representative of different historical condi-
tions [Marani et al., 2007], allows one to capture known
features of the past evolution of the Venice lagoon, which
serves as a test and illustrative case. In fact, two alternative
stable states coexist in the reference 20th‐century scenario:
the subtidal equilibrium state, at about z = −2.00 m
above MSL, and the vegetated marsh equilibrium at about
z = 0.31 m above MSL (Figure 7a). This is coherent with
present‐day observations [Day et al., 1999; Marani et al.,
2004; Silvestri et al., 2005] and meets rather nicely the the-
oretical prediction of subtidal stable states [Fagherazzi et al.,
2006; Defina et al., 2007]. Further confirmations of model
predictions are found by comparisons with the evolution of
the Venice lagoon over past centuries in response to human
activities as described in detail by D’Alpaos [2004], Marani
et al. [2007], and Carniello et al. [2009]. Past lagoon con-
figurations, in fact, were characterized by a considerable
fluvial sediment input (represented by a mean value C0 =
40 g/m3) [see Marani et al., 2007], which, consistently with
our model predictions (Figure 10, bottom), led to the absence
of a tidal flat equilibrium and to a widespread presence of
salt marshes. The model can thus be considered to realisti-

cally reproduce the observed tidal biogeomorphological
dynamics in the Venice case.
[47] We have shown that multistability does play a key

role in tidal biomorphodynamics and that catastrophic shifts
between alternative equilibrium states occur as a result of
realistic changes in climatic forcing, which are within the
range of IPCC projections for the rate of sea level rise in the
current century. This implies that transitions from salt marsh
equilibria toward tidal flat or subtidal equilibria are likely to
occur, particularly in the coastal areas for which the pro-
jected rate of sea level rise is highest.
[48] The presence of a hysteretic behavior during suc-

cessive phases of sea level rise acceleration/deceleration
implies that the same value of R may correspond to two
widely different values of equilibrium elevations and a lack
of a one‐to‐one relationship between platform elevation and
rate of sea level rise. This effect further muddles the rela-
tionship between rates of sea level rise and platform ele-
vation, already complicated by the delayed responses of
deposition/erosion processes to changing forcings [Allen,
1995; Kirwan and Murray, 2008]. An interesting develop-
ment of the present theoretical analysis would indeed be the
search of evidences, in synoptic sedimentary and sea level
change records, of transitions from high (and vegetated)
marshes to low tidal flats, and viceversa, for different
threshold values of the rate of sea level rise.
[49] Bioturbation and human‐induced disturbances to

either vegetation or benthic microbial activity may trigger
abrupt shifts in the equilibrium state of a tidal system and
amplify its sensitivity to changes in climatic forcings. As a
consequence of multistability vegetation thus plays a role
which is more crucial than was previously assumed in the
preservation of marsh areas, with implications for conser-
vation policies and coastal management. This is particularly
important in restoration or coastal realignment schemes, in
which new constructed marshes must be able to remain in
equilibrium with the currently accelerating sea level.
[50] Finally, we have here explored the extent of the in-

ferences which may be derived from a coupled, dynamic‐
vegetation model as to the number, type and resilience of
equilibrium states. An important task is now the exploration
of the dynamic response of the system when disturbances, or
rapidly changing forcings, keep it in a transient state far
from equilibrium.
[51] Future work will involve the investigation of the

effects of the dynamics of microphytobenthos, which is
presently assumed to instantaneously and permanently col-
onize the platform at a fixed elevation threshold. More
realistic representations involve the incorporation of the
dynamical evolution of MPB biomass as a result of water
turbidity (which affects the incoming solar radiation flux)
and of desiccation effects at progressively higher elevations.

5. Conclusions

[52] Marshes and tidal flats are not equilibrium landforms
produced by sediment transport processes, colonized, upon
stabilization, by vegetation and benthic microbes. On the
contrary, our model and analyses show that they are the joint
product of biological and physical processes and that they
emerge as alternative, but possibly coexisting, stable states
from the sheer interaction between biotic and abiotic
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processes. Removal of the coupling, i.e., the suppression of
biostabilization processes related to vegetation and benthic
microbes, causes the model to fail to produce tidal flat and
marsh equilibria. This finding emphasizes the importance of
a deeper understanding of coupled biogeophysical processes
in tidal systems and of incorporating biological dynamics in
predictive models of tidal biogeomorphic evolution.
[53] The properties of the equilibrium states corresponding

to ubiquitously observed tidal landforms can equally well
be studied using equilibrium‐vegetation and dynamic‐
vegetation models. The type and number of available equi-
libria and the possible shifts among them are jointly driven
and controlled by the available suspended sediment, the rate
of relative sea level change, and vegetation and micro-
phytobenthos colonization. Transient responses should be
investigated by use of fully interacting dynamic‐vegetation
models of the type firstly implemented here and indeed rep-
resent an important direction for further developments also in
view of the fast (anthropogenic and natural) changes in the
forcings experienced by tidal systems in large parts of the
world.
[54] A hysteretic behavior arises in the Spartina‐dominated

case (in which biomass production is maximum at mean sea
level and decreases to zero at mean high water level), in
which different equilibrium elevations are possible for the
same value of the rate of relative sea level change, with
consequences for the decoding of the sedimentary record in
search for information on past rates of sea level rise.
[55] The sensitivity studies performed show that the

number and type of accessible equilibrium states do not
significantly depend on specific modeling assumptions and
are thus robust dynamical features of the system. Conclu-
sions of somewhat general validity may thus be drawn
regarding the role of the chief biological and physical pro-
cesses shaping tidal ecosystems. Halophytic vegetation
emerges as a key stabilizing factor through wave dissipation,
rather than a major trapping agent, because the total inor-
ganic deposition flux proves largely independent of standing
biomass under common supply‐limited conditions. The
organic sediment production associated with halophytic
vegetation represents a major contributor to the overall
deposition flux, thus critically affecting the ability of salt
marshes to keep up with high rates of relative sea level rise.
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