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Abstract

Salt marshes are among the most common morphological features found in tidal landscapes and provide ecosystem services of primary
ecological and economic importance. However, the continued rise in relative sea level and increasing anthropogenic pressures threaten the
sustainability of these environments. The alarmingly high rates of salt marsh loss observed worldwide, mainly dictated by the lateral erosion of
their margins, call for new insights into the mutual feedbacks among physical, biological, and morphological processes that take place at the
critical interface between salt marshes and the adjoining tidal flats. We combined field measurements, remote sensing data, and numerical
modeling to investigate the interplays between wind waves and the morphology, ecology, and planform evolution of salt marsh margins in the
Venice Lagoon of Italy. Our results confirm the existence of a positive linear relationship between incoming wave power density and rates of salt
marsh lateral retreat. In addition, we show that lateral erosion significantly decreases when halophytic vegetation colonizes the marsh margins,
and that different erosion rates in vegetated margins are associated with different halophytes. High marsh cliffs and smooth shorelines are
expected along rapidly eroding margins, whereas erosion rates are reduced in gently sloped, irregular edges facing shallow tidal flats that are
typically exposed to low wind-energy conditions. By highlighting the relationships between the dynamics and functional forms of salt marsh
margins, our results represent a critical step to address issues related to conservation and restoration of salt marsh ecosystems, especially in the
face of changing environmental forcings.
© 2020 Hohai University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Salt marshes are widespread morphological features in
coastal and estuarine tidal landscapes (Luternauer et al., 1995;
Mitsch and Gosselink, 2000; Rogers and Woodroffe, 2014).
Located in the upper intertidal zone, salt marshes are
ecologically and economically important as they significantly
contribute to coastal primary production, support high biodi-
versity, and provide valuable ecosystem services (Costanza
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et al., 1997; Barbier et al., 2011). In particular, salt marshes
mediate the exchange of water, sediment, and nutrient fluxes
in coastal landscapes (Larsen and Harvey, 2010; Coco et al.,
2013), sequester high rates of organic carbon (Chmura et al.,
2003; Kirwan and Mudd, 2012; Mueller et al., 2018; Yousefi
Lalimi et al., 2018), protect coastal areas from extreme
storms (Howes et al., 2010; Temmerman et al., 2013; Moller
et al., 2014), host a variety of coastal biotas (Perillo et al.,
2018), and display striking biogeomorphic patterns (Adam,
1990; Marani et al., 2013; van de Vijsel et al., 2019). How-
ever, the sustainability of salt marsh ecosystems is severely
threatened by climate changes and increasing anthropogenic
pressures (D'Alpaos et al.,, 2011; Ratliff et al., 2015;
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FitzGerald and Hughes, 2019). As a result, extensive salt
marsh areas are being lost at alarmingly increasing rates (Day
et al., 2000; Delaune and Pezeshki, 2003; Gedan et al., 2009).

The ability of salt marshes to counteract changes in external
forcings depends on the complex dynamic interactions be-
tween physical and biological processes acting at different
spatial and temporal scales (Morris et al., 2002; Mudd et al.,
2004; Marani et al., 2010). In particular, the evolution of
tidal marshes in the vertical direction results from the delicate
balance and feedbacks between organic and inorganic depo-
sition, erosion, and changes in the relative sea level. For
example, colonization of salt marsh platforms by halophytic
vegetation enhances both organic and inorganic deposition due
to increased flow resistance, reduced bottom shear stresses,
capture of sediment particles by plant stems, and direct
biomass accumulation (Temmerman et al., 2005; D'Alpaos
et al., 2007; Mudd et al., 2010). Moreover, halophytes con-
trol soil aeration, which feeds back into vegetation zonation
and the related biogeomorphic interaction typically observed
in tidal marshes (Silvestri et al., 2005; Marani et al., 20006;
Morris et al., 2016). These controlling biological and phys-
ical processes, which ultimately determine whether salt
marshes will aggrade, persist, or drown, have been extensively
studied in past decades, resulting in a rather comprehensive
understanding of the problem at hand (Kirwan and Murray,
2007; Marani et al., 2010; D'Alpaos et al., 2011).

In contrast, much less attention has been devoted to the
processes governing the evolution of salt marshes on the
horizontal plane. Although direct wave attack is known to
chiefly control lateral erosion of tidal wetlands worldwide
(Schwimmer, 2001; Mariotti et al., 2010; Marani et al., 2011),
the effects of wind-wave impinging against salt marsh margins
have only been recently investigated in detail (Bendoni et al.,
2014, 2016; Moller et al., 2014; Tommasini et al., 2019). A
general consensus has now been reached, based on the
fundamental work of Marani et al. (2011), which relates lateral
retreat of salt marsh margins and wind-wave power on the
basis of a positive linear relationship (McLoughlin et al., 2015;
Leonardi et al., 2016a). However, a complete understanding of
the complex, tide-modulated morphodynamic processes
occurring when waves impinge on salt marsh margins is still
far from being achieved (Moller et al., 1999; Tonelli et al.,
2010; Schoutens et al., 2020).

Recent studies have suggested that wind-wave exposure
controls marsh edge evolution only at large spatial scales,
while different extrinsic (e.g., foreshore morphology) and
intrinsic (e.g., soil and vegetation properties) factors govern
the retreat of salt marsh edges at smaller scales (Wang et al.,
2017). Furthermore, it remains unclear whether or not vege-
tation helps to prevent salt marsh erosion (Feagin et al., 2009),
and if the morphology, ecology, and evolution of salt marsh
margins are related to their morphodynamic function (e.g., if
marsh margins absorbing high wave-power are most prefer-
entially cliffed- or ramped-shaped) (Evans et al., 2019;
Schoutens et al., 2020). Addressing these issues can be
crucial from conservation and restoration perspectives,
allowing one to assign specific morphology to marsh margins

based on the morphodynamic and ecological functions they
have to fulfill. This is especially critical in view of the sig-
nificant efforts put in place to provide effective ecosystem-
based coastal protection (Temmerman et al., 2013), as well
as to conserve and restore tidal wetland ecosystems worldwide
(Day et al., 2007).

In this study we addressed these issues by investigating the
recent (1970 to present) evolution of salt marshes in the
microtidal Venice Lagoon of Italy, which were shown to
exemplify the complex interactions and feedbacks between
physical, biological, and morphological processes observed
for other tidal marshes found along the world's coasts
(Kearney and Fagherazzi, 2016; Leonardi et al., 2016a). By
means of an integrated approach, spanning direct field mea-
surements, remote sensing analyses, and numerical modeling,
we analyzed and interpreted the relationships between wind-
wave impinging against salt marsh edges, and the
morphology, ecology, and evolution of the edges themselves.
First, we compared the wind-wave fields of the past (1970) and
present configurations of the Venice Lagoon, computed by
means of a two-dimensional (depth-averaged) numerical
model. Then, we compared results of numerical modeling with
estimates of salt marsh erosion rates derived from remotely-
sensed images and available historical data, as well as with
direct field measurements of the marsh edge topography and
vegetation cover carried out along 83 alongshore transects
located in different salt marshes in the Venice Lagoon (Fig. 1).

2. Geomorphological settings

The Venice Lagoon is a 50-km long, 10-km wide, north-
east-southwest oriented brackish water body located in the
northwestern Adriatic Sea, to which it is connected by the
Lido, Malamocco, and Chioggia inlets (Fig. 1) (Carniello
et al., 2009; D'Alpaos, 2010). Formed during the Holocene
transgression (Zecchin et al., 2009; Tosi et al., 2012), the
Venice Lagoon is nowadays characterized by a mean water
depth of about 1.5 m, and by a semidiurnal microtidal regime
with an average tidal range of about 1.0 m and peak tidal
amplitudes up to 0.75 m (D'Alpaos et al., 2013). Similarly to
most tidal embayments worldwide (Zhou et al., 2014;
Finotello et al., 2019b, 2020), the landscape of the Venice
Lagoon alternates between deeply channelized areas, un-
channeled tidal flat surfaces, and vegetated intertidal salt
marshes (Marani et al., 2004; Carniello et al., 2009). The latter
are typically drained by intricate networks of branching and
meandering tidal channels (Finotello et al., 2018; Ghinassi
et al., 2018a; Cosma et al., 2019), and are colonized by
different halophytes whose spatial distribution depends on
feedbacks between biomass productivity and topographic
elevation (Da Lio et al., 2013; Belliard et al., 2015; D'Alpaos
and Marani, 2016). Salt marshes in the Venice Lagoon are
characterized by a mean elevation of about 0.25 m above mean
sea level (AMSL) and are colonized by a mosaic of halophytic
species, among which are the following: Spartina maritimae,
Limonium narbonensis, Sarcocornia fruticosa, Juncus mar-
itimus, Salicornia veneta, Puccinellia palustris, Inula
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Fig. 1. Venice Lagoon (examples of regular and irregular erosion of salt marsh margins (as defined in section 3.1.2) are shown in upper and lower

insets of Fig. 1(c)).

crithmoides, Halimione portulacoides, Suaeda maritimae,
Arthrocnemum macrostachyum, and Aster tripolium (nomen-
clature follows Caniglia et al. (1997); see also Silvestri et al.
(2005) and Roner et al. (2016)).

Since the 15th century, human interventions aimed at pre-
venting the ongoing infill of the lagoon have caused significant
morphological transformations (Carniello et al.,, 2009;
Ghinassi et al., 2018b), including the dredging of navigable
channels, extensive land reclamation, diversion of the major
freshwater rivers, human-induced subsidence due to ground-
water exploitation for industrial purposes, and, above all, the
construction of jetties to stabilize the inlets, have turned the
Venice Lagoon into a sediment-starved, ebb-dominated system
compared to previous sediment-abundant, frictionally-domi-
nated conditions (Gatto and Carbognin, 1981; Ferrarin et al.,
2015; Finotello et al., 2019a). The combined effects of these
human interventions have led to a negative sediment budget,
whereby sediments exported to the open sea are more than
those being imported in the lagoon (Carniello et al., 2012).
This process has led to a generalized deepening of the Venice
Lagoon, with a net sediment loss between 1927 and 2002
equal to 110 Mm’, Although most of the sediments (73 Mm3,
about 70% of total loss) were lost from 1927 to 1970, mainly
because of direct disposal of dredged sediment outside of the
lagoon, the rate of net sediment loss through the inlets has
continued to increase during the last century, from
0.3 Mm?/year between 1927 and 1970 to 0.8 Mm®/year from
1970 to 2002 (Sarretta et al., 2010).

In more recent times, employment of hydraulic and me-
chanical shellfish dredging techniques, together with waves
generated by increasing motor-boat traffic, have compounded
sediment export to the open sea due to (1) continual sediment
resuspension from the lagoon bottom, (2) frequent destruction
of the microphytobenthos film that stabilizes tidal flat surfaces,
and (3) enhanced erosion of salt marsh borders (D'Alpaos
et al., 2013; Chen et al., 2017; Ghinassi et al., 2019).

The ongoing erosive processes were made especially
evident by the loss of salt marsh area, which was particularly
pronounced during the 20th century. Starting from a surface of
180 km? in 1811, the area occupied by salt marshes remained
approximately constant until 1901 (170 km?) and then
decreased to about 43 km” in the present days (Fig. 1(c))
(Carniello et al., 2009; Tommasini et al., 2019). Notably, the
reduction of total salt marsh area, combined with the ongoing
deepening of tidal flats, enhanced the ability of winds to
generate higher waves thanks to longer fetch distances and
higher water depths. This effect was particularly pronounced
with respect to Bora winds, which are the prevailing winds in
the Venice Lagoon, blowing from the northeast with a speed
that can easily exceed 20 m/s (Fig. 1(b)) (Signell et al., 2010;
Carniello et al., 2016). Increased wind-wave power further
promoted marsh edge erosion due to a positive feedback
mechanism that is still ongoing (D'Alpaos, 2010; Tommasini
et al., 2019).

3. Methods
3.1. Characteristics and evolution of salt marsh margins

We investigated the morphological characteristics and
evolution of 83 alongshore transects located at the edge of
different salt marshes in the Venice Lagoon (Fig. 1(a) and (b))
by means of direct field measurement, numerical modeling,
and analyses of remote sensing and available historical field
data. Specifically, we computed wind-wave fields in the past
(1970) and present (2012) configurations of the Venice Lagoon
by means of a depth-averaged hydrodynamic wind-wave
model. Then, we carried out field measurements of the
height of the marsh edges and monitored vegetation cover at
the study sites between the summers of 2015 and 2016.
Directly measured field data and results of numerical
modeling were then combined with erosion rates estimated
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from remotely-sensed images and available historical topo-
graphic data derived from the 1970 bathymetric survey carried
out by the Venice Water Authority (Magistrato alle Acque di
Venezia, “MAV” hereinafter) (Sarretta et al., 2010). The
transects analyzed were about 100 m long in the alongshore
direction, subject to different wind-wave exposure, and char-
acterized by different rates and trends of lateral erosion. Our
analyses focus only on naturally preserved salt marsh edges.
Therefore, all the transects were located in the northern and
southern portions of the lagoon, since the majority of salt
marshes in the central part of the lagoon were severely
affected by anthropogenic interferences such as land recla-
mation, protection of marsh edges against erosion, excavation
of new ship canals, and extensive marsh restoration (Fig. 1(b)).

3.1.1. Salt marsh edge topography

The current height of the salt marsh edge cliff (d) was
measured directly in the field in the summers of 2015 and
2016 along the study-case transects (the average value was
considered in the analysis). Conversely, the 1970 cliff heights
(dp) were derived from the 1970 MAV bathymetric surveys as
the difference in elevation between the marsh edge (Ami970)
and the adjacent tidal flats (hf1970):

dozhml970 7hf1970 (1)

The MAV estimated the maximum error in tidal-flat
elevation to be of about +10 cm for the 1970 bathymetry.

3.1.2. Salt marsh edge erosion

Erosion rates of the study-case margins were computed by
integrating the freely available map representing the evolution
of salt marsh areas between 1970 and 2002 (http://www.
atlantedellalaguna.it) with marsh areas eroded from 2002 to
2012 (Fig. 1(c)). The latter were computed using georectified,
high-resolution aerial photos representing the Venice Lagoon
in its 2002 and 2012 configurations. The 1970—2002 marsh
erosion map was produced by the MAV and is based on the
same bathymetric data that were used to compute the 1970
topography of marsh edges, thus ensuring data homogeneity.
Based on the eroded salt marsh area (Ag in m2) and on the
alongshore length of the analyzed transect ([, = 100 m), we
computed the linear salt marsh retreat rate (Ey in m/year) as
follows:

A 1

A, (2)

L
where At (year) is the considered time interval. Subsequently,
the volumetric erosion rate per unit length of marsh margins
(Ey in m?/year) was computed by considering the average
between the past (dy, from the 1970 survey) and the present
(d) heights of the marsh cliff:

(do+d)EL

By =% ©)

In addition, we categorized the study salt marsh margins
according to the observed erosion trend. Specifically, margins
that retreated almost uniformly along the analyzed transects
were classified as regular, whereas marsh edges where erosion
rates varied significantly along the transects, forming gullies
and/or leaving behind isolated vegetation patches, were clas-
sified as irregular (Fig. 1(c)).

3.1.3. Salt marsh edge vegetation

Vegetation cover along the study transects was directly
monitored in the field during the 2015 and 2016 summers, near
the end of the growing season, using the square-meter quadrats
technique (Bonham, 1989; Carlisle et al., 2006). Four
1 m x 1 m quadrats were randomly positioned along the
analyzed 100-m alongshore transects, and species composition
and percent cover were estimated from high-resolution pho-
tographs taken within each quadrat using a 225-node grid
(Roner et al., 2016). A maximum of three different dominant
species was then identified for each individual transect,
including bare soil observed along vegetated margins wherein
vegetation dieback occurred. No edges completely devoid of
vegetation were found. In order to filter out possible seasonal
and annual changes in vegetation cover associated with
different dominant species, the collected data were finally
compared with other vegetation cover data available in the
literature for the same study sites (Belluco et al., 2006; Cazzin
et al., 2009; Mion et al., 2010), and showed strong agreement.

3.2. Numerical modeling of hydrodynamics and wind-
wave fields

A two-dimensional (depth-averaged) coupled hydrody-
namic and wind-wave model (WWTM) was employed to
reproduce tide propagation and wind-wave generation in
shallow water environments (Defina, 2000; Carniello et al.,
2005, 2011, 2012). Using a semi-implicit staggered finite
element method based on Galerkin's approach, the model
solves the depth-averaged shallow water equations, suitably
modified in order to account for the wetting and drying pro-
cesses that systematically occur in very shallow and irregular
tidal domains (see Defina (2000) and D'Alpaos and Defina
(2007) for a detailed descriptions of the governing equations
and of the numerical scheme). The hydrodynamic module
provides the wind-wave module with the flow field charac-
teristics needed to describe the processes affecting the gener-
ation and propagation of wind waves. The wind-wave module
is based on the solution of the wave-action conservation
equation, parametrized using the zero-order moment of the
wave action spectrum in the frequency domain (Carniello
et al., 2005, 2011, 2012). The spatial and temporal distribu-
tion of the wave period is determined through an empirical
function relating the peak wave period to the local wind speed
and water depth (Young and Verhagen, 1996; Breugem and
Holthuijsen, 2006). The model has been widely tested by
comparing numerical results to hydrodynamic, wind-wave,
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and sediment transport data collected not only in the Venice
Lagoon (Carniello et al., 2005, 2011; D'Alpaos and Defina,
2007; Mel et al., 2019), but also in other tidal embayments
worldwide (Mariotti et al., 2010; Zarzuelo et al., 2015, 2018).
The reader is referred to Carniello et al. (2005, 2011, 2012) for
a detailed description and further information about the model
calibration.

We used two existing, previously tested and accurately
calibrated models reproducing the whole Venice Lagoon in its
1970 and present (2012) configurations (Tommasini et al.,
2019). The computational grid representing the 1970 lagoon
configuration is based on topographic surveys carried out by
the MAV, which were also employed to compute the elevation
of salt marsh margins and tidal flat surfaces. Conversely, the
computational grid reproducing the present-day (2012)
configuration of the Venice Lagoon was derived from the 2003
MAV bathymetric survey, updated by including the most
recent modifications of the inlets' morphology due to the
installation of mobile gates to prevent the flooding of Venice
City (Mo.S.E. project).

In order to account for the modifications in the hydrody-
namic and wind-wave fields that occurred during the study
period, we carried out one-year-long simulations including a
portion of the Adriatic Sea in front of the Venice Lagoon,
where boundary conditions were imposed. Both the grids were
forced using tidal levels, as well as wind velocities and di-
rections, recorded throughout the entire year 2005 at the
Consiglio Nazionale delle Ricerche (CNR) “Acqua Alta”
Oceanographic Platform and at the Chioggia anemometric
station (Fig. 1(a)). We selected the year 2005 because it
embodied a probability distribution of wind velocities that
made it representative of the typical wind wave fields observed
within the Venice Lagoon over much longer periods (D'Alpaos
et al., 2013; Carniello et al., 2016). Following the approach
proposed by Tommasini et al. (2019), we computed, for each

element of the computational grid, the mean wave power
density by averaging wave power density (Py,) over the time-
length of the whole simulation. The wave power density per
unit length of wavefront was computed as follows:

Py, =H’pgc, /8 (4)

where g is the gravitational acceleration; p is the water density;
and H and c, are the significant wave height and wave group
celerity, respectively (see also Mariotti et al. (2010) and
Marani et al. (2011)). The mean wave power densities
computed for the 1970 and 2012 configurations were then
linearly interpolated in order to obtain the mean wave power
density (Py) at the middle of the considered time interval (i.e.,
1991). The computed Py, was then compared with volumetric
erosion rates, vegetation, and morphologic data of salt marsh
margins in order to unravel the mutual interaction between
incoming wave power and marsh edge morphology.

4. Results and discussion

Results of numerical modeling show a generalized increase
of the mean wave power density from 1970 to 2012, which
was particularly pronounced in the central part of the Venice
Lagoon (Figs. 2 and 3). This finding is in agreement with
previous observations (Carniello et al., 2009; Tommasini et al.,
2019), and depends on a positive feedback mechanism be-
tween deepening of the lagoonal bottom, loss of salt marsh
areas, and enhanced wind-wave power, given that the trend in
external wave forcing over the study period was insignificant.
Specifically, large erosion processes of tidal flats and subtidal
platforms were initially triggered by the construction of the
jetties at the inlets between 1872 and 1934, and by the exca-
vation of the Malamocco-Marghera navigable channel in the
central part of the lagoon in 1969. These interventions strongly
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Fig. 2. Computational grids and results of numerical modeling for 1970.
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Fig. 3. Computational grids and results of numerical modeling for 2012.

modified the lagoon hydrodynamics and promoted net sedi-
ment loss on the order of 0.8 x 10° m*/year between 1970 and
2002 (Sarretta et al., 2010; Carniello et al., 2012). During the
same period, increasing relative sea levels caused further
deepening of the lagoon, thus contributing to the increase of
wave height and wave power. This ultimately resulted in
extensive erosion of tidal-flat bottoms and salt marsh areas,
which in turn enhanced the ability of winds to generate higher
waves thanks to longer fetch distances and higher water depths
(Carniello et al., 2009; Tommasini et al., 2019).

The computed mean wave power density (Py,) correlates
with volumetric erosion rates (Ev) observed in our study sites

This study Marani et al. (2011) Tommasini et al. (2019)
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Fig. 4. Relationship between volumetric erosion rate and mean wave
power density (with slope coefficients of linear regressions calculated
by a standard bootstrap resampling method).

(coefficient of determination R* = 0.96, probability value for
F-test on the regression model p < 0.001; Fig. 4). Therefore,
our data confirm the existence of a linear relationship between
P,, and Ev, that was established on purely theoretical grounds
by Marani et al. (2011) and then empirically verified by a
number of observations from different salt marshes worldwide
(Leonardi et al., 2016a, 2016b). This points to a strong, first-
order control exerted by incoming wind waves on the long-
term evolution of salt marsh landscapes (see also Tommasini
et al. (2019)). Notably, comparisons with published data
show that our results fall within the range of variability typi-
cally observed for salt marshes in the Venice Lagoon (Marani
et al., 2011; Tommasini et al., 2019), as well as in other tidal
environments worldwide (Mariotti et al., 2010; Leonardi et al.,
2016a, 2016b), and highlight the independence of Evy /P, from
the ratio of marsh cliff height (d) to tidal-flat bottom depth (h¢)
(Fig. 5(a)), thus supporting the proportionality Ey x Py, (see
Marani et al. (2011) for further details). Nonetheless, both
d and h¢ exhibit a statistically significant positive correlation
with the observed volumetric erosion rates (Fig. 5(b) and (c)).
These results point to a critical control on the erosion of the
marsh boundary exerted by both the topography of the
boundary itself and the bathymetry of the adjacent tidal flats.
If, on the one hand, a deeper tidal-flat bottom is known to
favor the generation of higher waves, which ultimately pro-
mote stronger erosion of the salt marsh margin, on the other
hand the observed increase in Ey when edge cliffs are higher
suggests that the lateral stability of salt marshes is enhanced
by ramped margins relative to cliffed margins (Allen, 1993;
Evans et al., 2019), possibly providing a valuable insight
from restoration perspectives (Broome et al., 1988; Warren
et al., 2002; Deheyn and Shaffer, 2007). Although previous
researchers have suggested that the formation of a cliffed
margin is not necessarily related to quickly retreating marshes
(Pye and French, 1993), our results support the idea that lateral
marsh erosion caused by wave attack mainly occurs in salt



Alvise Finotello et al. / Water Science and Engineering 2020, 13(1): 45—56 51

051 Ey/ B,= -0.11d/h¢+0.56
0.4+ R*<0
L. p=0.645
iz 031 s :
S 02k L.
0.1 f—a s
B
S8 4 & T A S |
0 1 2 3 4 5 6 7 8 9

d/h[‘
(a) Relationship between Ey/p, and d/h;
20

€ 10 : .
= ) he=1.89/[1 + 1.88 exp(-£)]
0.5F. R*=0.29
e P<0.001

1 1 1 L 1 J
0 05 10 15 20 25 30
Ey (m?year)
(b) Relationship between /i and £y

201 d=14/1+29exp(-1.4E)]

. R=0.28
P<0.001

d(m)

a2 1 1

0 0.5 1.0 1.5 20 25 30
Ey(m?/year)

(c) Relationship between ¢ and Ey

Fig. 5. Relationships between mean wave power density (P,,), salt
marsh cliff height (d), tidal flat depth (h¢), and volumetric erosion rate
(Evy) of salt marsh edges.

marshes characterized by high scarps and surrounded by deep
tidal flats.

These insights are further supported by the analyses of the
erosive trends observed along the study transects (Fig. 6, in

which scatter points represent outlier data) where regular (i.e.,
uniform) erosion occurs along margins exposed to higher wave
energy, thereby promoting more pronounced volumetric erosion
rates (Fig. 6(a)). A two-sample Kolmogorov-Smirnov (KS) test
confirms that the observed differences are statistically signifi-
cant at the o = 5% significance level (p = 0.005 5). Conversely,
no significant difference is observed, in terms of incoming
mean wave power, between smooth and irregular marsh
margins (Fig. 6(b); p = 0.2 for KS test at @« = 5%). Our results
also show that high marsh cliffs are expected along smooth
margins, whereas more jagged boundaries are typically more
gently sloped (Fig. 6(c); p = 0.008 9 for KS test at « = 5%)
(Schwimmer, 2001; Priestas and Fagherazzi, 2011). These
trends are consistent with empirical and numerical pieces of
evidence from Leonardi and Fagherazzi (2014) and Leonardi
et al. (2016b). Previous suggestions that the morphological
changes of salt marsh boundaries can be used to evaluate salt
marsh degradation and infer changes in wave climate (Leonardi
and Fagherazzi, 2014; Leonardi et al., 2016b) support the need
to accurately design marsh restoration schemes in order to ac-
count for the mutual interactions between wave exposure and
the combined marsh-edge/tidal-flat morphology in determining
the planform evolution of salt marshes.

In addition to wave exposure and marsh topography,
different vegetation species found along the marsh edge likely
represent another critical factor controlling salt marsh lateral
retreat. In particular, vegetation is thought to increase the
mechanical properties of the soil by binding it with live roots,
thus reducing wind-wave induced erosion along the marsh
edges (Feagin et al., 2008; Shepard et al., 2011; Rupprecht
et al., 2017). However, previous researchers have challenged
this paradigm and suggested that salt marsh vegetation does
not directly act to prevent erosion of wetland edges (Kerr and
Baird, 2007; Feagin et al., 2009), which should, in turn, be
primarily controlled by soil type.

Our analyses show that different halophytic species are found
along salt marsh boundaries characterized by different eleva-
tions (Fig. 7(a), in which scatter points represent outlier data).
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Fig. 6. Effects of erosion rate, mean wave power density, and height of marsh-edge cliff on mode of salt marsh edge retreat (as defined in

section 3.1.2), and results of two-sample KS test.
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The latter is known to drive vegetation zonation in tidal wetlands
by controlling physical and biological processes such as salinity,
soil aeration, and organic and inorganic sedimentation, which
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Fig. 7. Distribution of observed dominant halophytic vegetation
species (“Su” indicates Suaeda maritimae, “As” indicates Aster tri-
polium, “Sal” indicates Salicornia veneta, “Sp” indicates Spartina
maritimae, “In” indicates Inula crithmoides, “Pu” indicates Pucci-
nellia palustris, “So” indicates bare soil, “Li” indicates Limonium
narbonensis, “Sar” indicates Sarcocornia fruticosa, “Jun” indicates
Juncus maritimus, “Hal” indicates Halimione portulacoides, “Ph”
indicates Phragmites australis, and “(*)” denotes annual species).

feed back into ecomorphodynamics (Marani et al., 2013;
D'Alpaos and Marani, 2016; Xin et al., 2017). The observed
vegetation zonation of the marsh boundaries is consistent with
previous field studies (Silvestri et al., 2005; Belluco et al., 2006;
Roner et al., 2016), showing that lower marsh edges are domi-
nated by Suaeda maritimae, Spartina maritimae, Aster tripo-
lium, and Salicornia veneta (Fig. 7(a)). As the elevation of the
marsh margin increases, Limonium narbonensis, Puccinellia
palustris, Inula crithmoides, and Sarcocornia fruticosa become
more common, together with unvegetated soil, while much
higher salt marsh edges are characterized by the presence of
Halimione portulacoides, Juncus maritimus, and Phragmites
australis, which are less tolerant to prolonged flooding and high
soil salinities (Fig. 7(a)).

Notably, our results highlight reduced salt marsh retreat,
both in terms of linear and volumetric erosion rates, along
vegetated marsh edges compared to margins where bare soil is
one of the three dominant vegetation classes (Figs. 7(b) and
6(c)). This suggests that vegetation actively contributes to
preventing erosion of salt marsh edges due to wave action. Salt
marsh boundaries dominated by annual species, namely Sali-
cornia veneta and Suaeda maritimae, show linear and volu-
metric erosion rates more similar to edges where bare soil is
dominant (Fig. 7(b) and (c)). High erosion rates are also
observed in transects dominated by Phragmites australis,
Halimione portulacoide, and Juncus maritimus, all of which
tend to colonize high-elevated marshes (Fig. 7(a)). Among the
halophytes occupying less elevated marsh edges, reduced
erosion rates are associated only with the presence of Aster
tripolium, while Suaeda maritimae and Salicornia veneta
exhibit erosion rates comparable with those characterizing
species found in high-elevated marshes (i.e., Phragmites
australis, Halimione portulacoide, and Juncus maritimus)
(Fig. 7(b) and (c)). This is likely due to the fact that both
Suaeda maritimae and Salicornia veneta are annual species,
which play an important role in the pioneer colonization of
unvegetated tidal flat areas, but cannot ensure significant
structural stability to the soil. Conversely, root systems of
perennial species that occupy low-to-middle elevated marsh
areas, such as Limonium narbonensis, Puccinellia palustris,
Sarcocornia fruticosa, and Spartina maritimae, are known to
enhance the mechanical properties of the marsh soil, ensuring
enhanced resistance to disaggregating processes such as those
due to the action of waves (Cazzin et al., 2009).

Whether the observed elevation of the marsh edge and the
colonizing vegetation species are in equilibrium with current
external forcings, or are inherited from previously eroded
marsh margins which became exposed to wave action, is still
an open question. In particular, when the marsh edge retreats,
the inner portion of the marsh becomes exposed to wave ac-
tion. While the latter can surely cause more erosion, it can also
enhance the delivery of inorganic sediment over the newly
exposed marsh edges, thus increasing their elevation and
promoting changes in vegetation cover. Two examples can
help to exemplify this point. First, the encroachment of new
vegetation species can occur when the material deposited in
front of the margin as a result of erosive processes is not later



Alvise Finotello et al. / Water Science and Engineering 2020, 13(1): 45—56 53

reworked and removed by the action of waves and/or tides.
This case is especially relevant when the elevation gradients
are mild, i.e., for ramped and weakly cliffed margins, where a
small increase in bottom elevations can critically result in the
encroachment of new colonizing vegetation species. Second,
wind waves can increase the elevation of the marsh edge by
delivering organic and inorganic sediments that are deposited
over the margin, by means of a spillover mechanism similar to
that typically observed along the bank of tidal channels. The
importance of these mechanisms in counteracting the ongoing
erosion of the marsh edges is, of course, dependent on both the
topographic relief they are able to establish and the possibly
available window of opportunity for vegetation establishment
(Hu et al., 2015; Schoutens et al., 2020), but cannot be dis-
regarded a priori.

Monitoring of marsh-edge evolution and vegetation cover
should be repeated periodically and extended over multiannual
periods, in order to verify the possible existence of the positive
feedback mechanisms suggested above and to achieve a better
understanding of the processes governing the lateral evolution
of salt marsh platforms.

5. Conclusions

By means of an integrated approach combining field mea-
surements, remote sensing, numerical modeling, and analysis
of historical data, we have analyzed and interpreted the rela-
tionship between wind waves and the ecomorphodynamic
evolution of salt marsh margins in the Venice Lagoon. The
results presented in this study suggest that, even though wind
waves exert a primary control on the long-term lateral retreat,
rates of salt marsh lateral erosion tend to be reduced in ram-
ped, gently-sloped margins that (1) face shallow tidal flats,
(2) are characterized by jagged planform shapes, and (3) are
located in the mid-low portions of the upper intertidal zone
where the establishment of soil-stabilizing halophytes is
favored. Therefore, our analyses clearly indicate that the
presence of vegetation is a key factor governing marsh retreat
rates, and support early claims that salt marsh vegetation
(1) effectively acts to reduce wave-induced lateral erosion, and
(2) can possibly be used to improve the effectiveness of con-
servation and restoration projects by designing marsh eleva-
tions to favor encroachment of edge-stabilizing species (e.g.,
Donnelly and Bertness, 2001; Wang et al., 2017). Even
though more analyses are required in order to better under-
stand the long-term ecomorphological adaptation of salt marsh
margins to the incoming waves, our empirical observations
might provide valuable guidelines to better design effective,
durable, ecosystem-based salt marsh restoration schemes.
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