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E N V I R O N M E N T A L  S T U D I E S

Loss of geomorphic diversity in shallow tidal 
embayments promoted by storm-surge barriers
Davide Tognin1,2*†, Alvise Finotello2,3*†, Andrea D’Alpaos2,4, Daniele P. Viero1, Mattia Pivato2, 
Riccardo A. Mel5, Andrea Defina1,2, Enrico Bertuzzo3, Marco Marani1,2, Luca Carniello1,2

Coastal flooding prevention measures, such as storm-surge barriers, are being widely adopted globally because 
of the accelerating rise in sea levels. However, their impacts on the morphodynamics of shallow tidal embayments 
remain poorly understood. Here, we combine field data and modeling results from the microtidal Venice Lagoon 
(Italy) to identify short- and long-term consequences of flood regulation on lagoonal landforms. Artificial reduc-
tion of water levels enhances wave-induced sediment resuspension from tidal flats, promoting in-channel deposi-
tion, at the expense of salt marsh vertical accretion. In Venice, we estimate that the first 15 closures of the recently 
installed mobile floodgates operated between October 2020 and January 2021 contributed to a 12% reduction in 
marsh deposition, simultaneously promoting a generalized channel infilling. Therefore, suitable countermeasures 
need to be taken to offset these processes and prevent significant losses of geomorphic diversity due to repeated 
floodgate closures, whose frequency will increase as sea levels rise further.

INTRODUCTION
Low-lying coastal areas worldwide are threatened by the adverse con-
sequences of flooding hazards related to climate change and rising 
sea levels (1–4). To mitigate flooding risk, many coastal cities support-
ing large populations and economies have adopted hard protection 
measures in the form of storm-surge barriers (5, 6). Relevant ex-
amples are the barriers built to protect The Netherlands, the cities of 
London and Hull in the United Kingdom, St. Petersburg in Russia, 
New Orleans in Louisiana, and Venice in Italy. Surge barriers are 
also being proposed to protect Shanghai and New York, as well as 
the Galveston Bay in the United States.

Despite the rapidly increasing number of structures to defend 
coastal cities, the effects of flood regulation measures on the morpho-
dynamic evolution of the tidal areas surrounding them still need to 
be fully understood (7, 8). Storm-surge barriers may deeply affect the 
chief coastal land-forming processes, such as tides, surges, and waves 
(9–11), affecting sediment transport and the possible survival of many 
important transitional coastal environments (12). This is especially 
critical in sediment supply–limited, shallow embayments (13), where 
morphodynamics is intimately related to wind-driven sediment re-
suspension and transport mechanisms and can be deeply affected by 
changes in water levels because of storm-surge barrier operations.

The Venice Lagoon, Italy, is one of the first examples of a sediment- 
starved, shallow back-barrier system protected by storm-surge bar-
riers. The set of barriers, known as the Mo.S.E. system (the Italian 
acronym for Experimental Electromechanical Module), span the 
three inlets—Lido, Malamocco, and Chioggia from north to south—
that connect the Venice Lagoon to the Adriatic Sea (Fig. 1). The 
mobile barriers are closed to avoid the flooding of Venice when the 

water level is predicted to exceed 1.10 m above the local reference 
datum of Punta della Salute (ZPS) (14) (corresponding to about 
0.79 m above the current mean sea level). Each barrier is made by a 
series of flapgates (78 in total; Fig. 1), which are hinged along a com-
mon horizontal axis and rest flush with the seabed under normal 
tidal levels to allow for the exchange of water and sediment fluxes, 
as well as regular ship traffic.

The construction of the Mo.S.E. system began in 2003, and the 
mobile floodgates were operated for the first time in October 2020, 
holding back high-tide waters outside the lagoon for the first time 
in history. Despite the heated public, technical, and scientific debate 
that has surrounded the Mo.S.E. since its conception in the 1970s 
(15, 16), the impacts that repeated closures of the lagoon inlets might 
have on the fate of the characteristic lagoonal landforms—i.e., salt 
marshes, tidal flats, and tidal channels (Fig. 1A)—have not yet re-
ceived the necessary attention. These landforms constitute the mor-
phological backbone on which all the relevant morphodynamic and 
ecological processes rely. For instance, tide propagation and water 
residence time within the lagoon depend on the morphology of the 
tidal channel network as well as on the relative extent and bed eleva-
tion of tidal flat and salt marsh areas (17). Salt marshes are also effec-
tive in limiting wind fetch, thereby reducing both wind-wave height 
and wind setup (18–21), with direct effects on water levels within the 
lagoon (22). In addition, the morphological structure of the lagoon 
plays a key role in regulating the exchange of sediments, nutrients, 
and pollutants with the open sea and provides diverse habitats for 
many plant and animal species, which are also important for local 
economies (23–26).

While there is no doubt that temporarily disconnecting the la-
goon from the sea is key to preventing the flooding of Venice and 
other urban areas during severe storm-surge events (27), it is essen-
tial to fully understand the potentially cascading effects that repeated 
inlet closures might have on long-term lagoon morphodynamics. 
This becomes increasingly critical in view of the rise in the mean sea 
level expected over the next century (1, 2, 4), which will inevitably 
lead to more frequent closures (28).

Here, we use field data and numerical modeling of barrier acti-
vations from October 2020 to January 2021, focusing particularly 
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on the first two closures that occurred on 3 and 15 October 2020, to 
understand the impacts of flood regulation on sediment transport 
within the lagoon and their possible implications for the morpho-
logical evolution of lagoonal landforms. We adopted a custom-built, 
extensively tested two-dimensional (2D) finite-element numeri-
cal model able to reproduce morphodynamic processes within the 
Venice Lagoon (14, 29, 30) (see Materials and Methods). To better 

understand the effects of the Mo.S.E. operations, the results for the 
flood-regulated scenario are compared with those for nonregulated 
conditions, which would have occurred in the absence of the flood-
gate closures. Results of the simulations are then analyzed in terms 
of differences in water levels, bottom shear stresses, suspended sed-
iment concentrations (SSCs), and salt marsh flooding. Long-term 
effects of floodgate closures on the morphodynamics of the whole 
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Fig. 1. Geomorphological setting and floodgates. (A) Bathymetry of the Venice Lagoon located in northeastern Italy (inset). MSL, mean sea level. Salt marshes are 
indicated by the gray contour. Chioggia inlet (360 m wide, 12 m deep, 18 gates) (B), Malamocco inlet (380 m wide, 14 m deep, 19 gates) (C), and Lido inlet (D), divided into 
the San Nicolò barrier (400 m wide, 12 m deep, 20 gates) and the Treporti barrier (420 m wide, 6 m deep, 21 gates; still submerged during the test in the satellite image), 
during the closure test on 9 October 2020, 10:00 UTC (Landsat 8 NASA). (E) Wind rose for the period 2000–2019 measured in Chioggia; arrows highlight the two morpho-
logically significant winds [Bora, northeast (NE); Sirocco, southeast (SE)]. (F) The Mo.S.E. barrier during a closure at the Chioggia inlet [photo position indicated in (B); 
photo credits: www.mosevenezia.eu/].
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lagoon, as well as potential cascading effects due to the degradation 
of lagoonal landforms, are finally discussed together with possible 
mitigation solutions.

RESULTS
Effects on the lagoon hydrodynamics
The Mo.S.E. floodgates were raised to hold water levels within the 
lagoon below the safety threshold of 1.10 m above the local datum 
(ZPS), for both the storm-surge events of 3 and 15 October 2020 
(Fig. 2 and figs. S2 and S3). Maximum measured water levels in the 
lagoon reached 0.80 ± 0.03 m (mean ± SD) above ZPS during the 
storm-surge event of 3 October, characterized by a mild southeasterly 
Sirocco breeze (average and maximum wind speeds vavg = 8.1 m/s and 
vmax = 13.7 m/s, respectively; Fig. 2A and fig. S8A) and a reduced 
wind setup equal to     W  avg    +   = 0.08 m between the western and eastern 
parts of the lagoon (Fig. 2, A and C, and fig. S8A). In contrast, on 
15 October, although the maximum measured water levels in the 
lagoon were limited to 0.69 ± 0.17 m above ZPS, the strong north-
easterly Bora wind (vavg = 14.8 m/s and vmax = 22.8 m/s) blowing 
along the main axis of the lagoon generated a pronounced water setup, 
with an average difference in the maximum observed water levels 

between the northern and southern parts of the lagoon equal to     W  avg    
+   = 

0.45 m (Fig. 2, B and D, and fig. S8B).
Model results, which accurately reproduce observed water levels 

(mean absolute error, 0.016 to 0.043 m; Nash-Sutcliffe efficiency, 
0.94 to 0.99; figs. S2 and S3 and table S1), indicate that water level 
reduction with respect to the levels that would have occurred in the 
absence of the gate closure was not uniform within the lagoon (Fig. 2, 
C and D, and fig. S8). In particular, for the 3 October event, the reduc-
tion in maximum water levels was less pronounced in the northern 
lagoon (0.36 ± 0.05 m, 38%), where the interplay between naturally 
preserved shallow tidal flats, deeply incised channels, and wide-
spread salt marshes promotes natural damping of the tidal wave also 
when the floodgates are open. On the contrary, a larger water level 
reduction, as high as 0.46 ± 0.03 m (45%), was observed in the cen-
tral and southern parts of the lagoon, as well as in the proximity of 
Venice. This is mainly dictated by the less significant dissipation of 
the tidal wave in these portions of the lagoon (31), where marsh areas 
are less widespread and tidal flats are deeper (32). In the case of the 
strong Bora wind, as for the 15 October event, the largest water level 
reduction relative to the nonregulated scenario was again observed 
in the central lagoon (0.69 ± 0.04 m, 57%). Although the northern and 
southern portions show the same value of the absolute reduction 
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Fig. 2. Effect of floodgate closure on the lagoon hydrodynamics. Water level and wind conditions for the 3 October (A) and 15 October 2020 (B) events. Solid circles 
represent water level measurements in three different stations [Punta della Salute (PS), Laguna Nord–Saline (LN-S), and Chioggia Vigo (ChV)] represented in the inset, and 
solid and dashed lines represent water levels modeled in closed and open barrier scenarios, respectively. Wind roses show wind conditions grouped by 6-hour-long in-
tervals and measured in the Laguna Nord–Saline station. Gray background indicates the time span of Mo.S.E. closures. Difference between maximum modeled water 
level in the closed and open barrier scenarios for the 3 October (C) and 15 October 2020 (D) events.
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(0.59 ± 0.05 m), the relative impact is different in the two cases. This 
absolute reduction represents a relative water level attenuation of 
71% in the northern part, where the water level would have been rel-
atively low even with open inlets, because of the enhanced wind setup 
pushing the water in the southeastern direction. In contrast, the rela-
tive water level attenuation in the southern basin, where stormwater 
levels would have been comparatively higher in the absence of flood 
regulation, is about 46%.

Effects on tidal flat and channel morphodynamics
Hydrodynamic changes due to the Mo.S.E. operations can appre-
ciably affect sediment transport in the lower-intertidal and subtidal 
zones by modifying the local bottom shear stress (b ) (33, 34), which 
is primarily responsible for sediment resuspension.

On tidal flats, reduced water levels due to the closure of the inlets 
increase bottom friction and favor wave breaking. Model simulations 
of the open and closed scenario show that, as a result of this process, 
the maximum significant wave height (Hs) was reduced by 8% (mean 
reduction, 0.02 m; maximum, 0.23 m) on 3 October, and by 20% 
(mean reduction, 0.10 m; maximum, 0.45 m) on 15 October (Fig. 3, A 
and B, and fig. S9). Although wave height is reduced, shallower water 
depths imposed by barrier closures determine larger values of b across 
tidal flat areas (33). Hence, the overall result of the reduced water lev-
els during inlet closures is an increase in the maximum value of b of 
about 5% (mean increase, 0.02 Pa; maximum, 0.21 Pa) for the 3 October 
event and of 20% (mean increase, 0.10 Pa; maximum, 0.52 Pa) for the 
15 October event (Fig. 3, C and D, and fig. S10). In contrast, b tends 
to decrease within the main channels close to the inlets, where the 
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Fig. 3. Effect of floodgate closure on sediment resuspension within tidal flats and channels. Difference between maximum modeled significant wave height in the 
closed and open barrier scenarios for the 3 October (A) and 15 October 2020 (B) events. Difference between maximum modeled bottom shear stress in the closed and 
open barrier scenarios for the 3 October (C) and 15 October 2020 (D) events. Difference between maximum modeled SSC in the closed and open barrier scenarios for the 
3 October (E) and 15 October 2020 (F) events. All these maps were obtained by subtracting, for each of the parameters of interest, the maximum values observed in the 
closed and open barrier scenarios over the whole simulation horizon. Salt marshes are highlighted by gray lines.
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tidal currents, and hence the associated bed shear stresses, are large-
ly reduced because of the gate closures (Fig. 3, C and D).

During both closure events, the increase in b over tidal flats 
leads to a generalized increase in the SSC. Measured SSC shows 
peaks of 120 mg liter−1 during the closures (fig. S4). Modeled SSC, 
although not as closely as in the case of water levels, reasonably 
matches measurements, reproducing the magnitude and the modu-
lation induced by tidal levels and wind waves (mean absolute error, 
1.16–8.91 mg liter−1; Nash-Sutcliffe efficiency, 0.49 to 0.64; table S2). 
On 3 October, maximum modeled SSC was, on average, 4.5% higher 
than in the open lagoon scenario (mean increase, 4.4 mg liter−1; max-
imum, 20.3 mg liter−1; Fig. 3E). In contrast, much higher wind speeds 
and, hence, b resulted in an average increase in the SSC maxima of 
21% (mean increase, 25.4 mg liter−1; maximum, 71.6 mg liter−1) on 
15 October, with extensive areas experiencing increments well above 
50 mg liter−1 (Fig. 3F and fig. S11).

Therefore, floodgate closures can significantly enhance the amount 
of sediment resuspended from the lagoon bed, especially if com-
bined with strong winds that typically occur during storm-surge events 
(35). This circumstance might be further exacerbated by the fact that 
barrier closures are more likely in the late fall and winter when the 
biomass of both seagrass and benthic biofilm is reduced because of 
seasonal dynamics, thus offering relatively little protection against 
sediment erosion of the lagoon bottom (36, 37).

Effects on salt marsh morphodynamics
Changes in the hydrodynamic circulation and sediment dynamics due 
to inlet closures also have important effects on the evolution of salt 
marshes, which occupy the upper intertidal frame. First, by limiting 

high tides and storm surges, Mo.S.E. operations significantly reduce 
both the intensity and duration of salt marsh flooding (Fig. 4 and 
figs. S12 and S13). On 3 October 2020, the above-marsh water depth 
was reduced by 0.42 ± 0.05 m (64%; maximum value, 0.52 m; Fig. 4A), 
and the flooding duration was reduced by 1.4 hours (30%) on aver-
age, with a maximum reduction of 6.3 hours (Fig. 4C). Although salt 
marsh areas in the central and southern lagoon suffered slightly more 
pronounced reductions, the above changes were approximately uni-
form in space during this event. In contrast, the stronger winds on 
15 October pushed large amounts of water toward the southern end 
of the lagoon, and almost half of the total salt marsh area (46.5%) 
remained dry as a result, especially in the northern lagoon (Fig. 4D). 
Numerical simulations suggest that all these marshes would have 
been otherwise flooded in the open lagoon scenario (fig. S12). The 
closure determined an average reduction in flooding depth of about 
0.63 ± 0.07 m (73%; maximum, 0.98 m; Fig. 4B), while the flooding 
duration decreased by 2.8 hours (55%) on average (maximum value, 
7.28 hours; Fig. 4D).

The reduction in marsh flooding duration and depth caused by 
gate closures has important implications, as periodic flooding is the 
only mechanism through which the suspended sediment carried 
by high waters can reach the marsh surface and contribute (together 
with organic sediment production by vegetation) to salt marsh verti-
cal accretion and to their ability to keep up with sea level rise (38–41). 
While daily tidal inundations can only marginally contribute to salt 
marsh vertical accretion, because of the reduced flooding duration 
and low SSC, surge-induced marsh flooding is typically in phase with 
peaks of SSC caused by intense wind-wave resuspension from tidal 
flats (36), and it is characterized by larger water depths and longer 
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durations, thus ultimately contributing to the deposition of larger 
sediment volumes (42). Recent field measurements of marsh sedi-
mentation suggest that, although limited in time, flooding reduction 
related to floodgate closures critically influences the sustainability of 
salt marshes (42).

In contrast, floodgate closures only marginally affect marsh 
lateral erosion. Although the power of wind waves per unit length 
of marsh margin can change because of wave height and water-level 
modifications, these variations are typically smaller than 5% (ab-
solute values of 0.01 ± 0.36 W/m for the 3 October event and 0.21 ± 
1.38 W/m for the 15 October event; fig. S14). Given the functional 
linear relationship between incoming mean wave power and marsh 
edge retreat rates (43, 44), these changes are not likely to produce 

significant modifications in the rates at which marsh margins within 
the Venice Lagoon are currently being eroded (20).

Sediment budget at the basin scale
The primary effect of water-level reduction caused by inlet closures 
is to enhance sediment resuspension. In general, the fate of sus-
pended sediments can be manifold, as they may settle on tidal 
flats, accumulate over salt marshes when these are flooded, deposit 
within the channels, or may be transported through the channel 
network and the inlets to the open sea. To quantify each of these 
sediment fluxes, we track the temporal evolution of eroded and 
deposited sediment volumes for each of the different morpholog-
ical units in each closure event (Fig. 5, A to D). We also quantify 
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sediment budget changes on a longer time scale, accounting for 
all the 15 floodgate closures that occurred between October 2020 
and January 2021 (Fig. 5, E and F).

Sediment export to the open sea is temporarily reduced by the 
floodgate closures by 30% (151 m3) on 3 October and by 51% (1740 m3) 
on 15 October. Overall, we estimate that the Mo.S.E. closures have 
led to a 23% reduction (6630 m3) in net sediment export (gray lines, 
Fig. 5, A, C, and E) during the period October 2020–January 2021. 
Floodgate closures only slightly increased erosion of tidal flats by 
+6% (49 m3) and + 1% (45 m3) on 3 and 15 October, respectively 
(Fig. 5, B and D), although such erosion levels out at seasonal time 
scale (Fig. 5F). Sediments reworked from tidal flats during closures 
are partially advected elsewhere by wind-induced secondary circula-
tion and partially settle within the channel network, reducing channel 
erosion by 63% (415 m3) on 3 October or increasing channel infill-
ing by 105% (2399 m3) on 15 October compared to the open lagoon 
scenario. On a seasonal time scale, repeated floodgate closures ulti-
mately promote channel infilling through the deposition of sediment 
resuspended from tidal flats (Fig. 5F). In contrast, water-level re-
duction due to inlet closures contributes to a substantial reduction 
of sediment volumes delivered to salt marsh areas. This reduction 
equals 20% (193 m3) for the 3 October event and 27% (737 m3) for 
the 15 October event (Fig. 5, B and D) and occurs because of reduced 
flooding depths and durations (Fig. 4), despite SSC being much higher 
than in the nonregulated scenario (Fig. 3, E and F). On a seasonal 
time scale, model estimates indicate a reduction of the volume de-
posited on salt marsh surfaces of about 12% (2760 m3) due to the 
15 floodgate closures in October 2020–January 2021.

To better understand the mechanisms that lead to reduced sedi-
mentation on the marshes, the fate of sediment resuspended from 
the lagoon bottom is analyzed using a visualization technique based 
on Lagrangian particle tracking (see Materials and Methods). As an 
example, we have followed the paths of resuspended sediments in 
two different areas of the lagoon during the barrier operations of 
both 3 and 15 October and compared them with the corresponding 
trajectories obtained by keeping the lagoon open to tidal fluxes (Fig. 6). 
In the open lagoon scenario, the amount of resuspended sediment 
that reaches the marsh surface and settles therein is relevant, although 
variable in space depending on the directions of both tidal currents 
and wind waves (Fig. 6). Specifically, on 3 October, about 20% of the 
sediment particles resuspended from the analyzed tidal flats would 
have settled over the adjacent salt marshes in the open lagoon sce-
nario (purple dots, Fig. 6, A and C), while on 15 October, higher 
water levels and stronger winds would have further enhanced sed-
iment settling up to 53%, especially on salt marshes located in the 
southern lagoon and exposed directly to the incoming Bora winds 
(purple dots, Fig. 6D). The same wind setup strongly limits sedimen-
tation over the marshes in the northern lagoon because of the local 
reduction in the water level (purple dots, Fig. 6B). Conversely, when 
the Mo.S.E. is activated, sediments remain confined within tidal 
channels and over tidal flat areas because of reduced water levels 
and are not advected over marshes, where particle deposition is re-
duced by 30 to 100% compared with the nonregulated scenario 
(yellow dots, Fig. 6). This effect can only be partially mitigated by 
the local wind setup. For instance, during the event of 15 October, 
water setup generated by the northeasterly gale allowed for active 
sediment delivery to southern lagoon marshes, although the total 
amount of deposited sediment particles was halved compared with 
the open lagoon scenario (Fig. 6D).

DISCUSSION
The temporary closure of a shallow tidal basin aimed at preventing 
urban flooding can deeply affect its morphodynamics and poses 
a major threat to tidal wetland sustainability, particularly under 
accelerating sea level rise. Repeated floodgate closures promote sed-
iment reworking on tidal flats and channel infilling while hinder-
ing salt marsh vertical accretion. The increased sediment retention 
caused by floodgate closures promotes a less-diverse geomorpho-
logical structure, rather than contributing to the preservation of 
tidal landforms.

Overall, when floodgates are operated, channels tend to be in-
filled by the increased resuspension on tidal flats, reduced sediment 
delivery to marshes, and the additional volume of sediment retained 
within the basin. However, the pattern of channel bed evolution de-
pends on both the temporal scale considered and the local morpho-
dynamic. In channel networks dissecting the inner portions of the 
lagoon, sediments can hardly be remobilized by weak tidal currents. 
The deposited sediments thus actively contribute to permanent 
channel infill and increase dredging costs to maintain the navigabil-
ity of waterways. Conversely, within the major channels and closer 
to the inlets, sediments are temporarily accumulated during barrier 
closures, but, on a longer time scale, they can be remobilized by the 
higher tidal velocities and eventually will be slowly flushed out to 
the open sea because of the general ebb-dominated character of tidal 
currents in the Venice Lagoon (31, 45). Although it might partially 
counterbalance the increased in-channel deposition, the sediment 
export induced by ebb currents represents a net loss for the sediment 
budget at the basin scale. Therefore, both permanent channel infill 
and sediment export by ebb-dominated tidal currents bear negative 
implications for the sediment budget and the maintenance of the 
lagoon geomorphic diversity.

Moreover, artificially lowered water levels reduce the volume of 
suspended sediment advected over salt marshes, thus depriving them 
of a critical sediment source. Although floodgate closures can tem-
porarily increase the volume of sediment available in suspension, 
due to enhanced sediment resuspension from tidal flats, the reduced 
marsh inundation causes a substantial decrease in the volume of 
sediment delivered to salt marshes. This mechanism is confirmed 
by field data, showing that marsh sedimentation increases exponen-
tially with inundation depth (42), with water levels capped by flood-
gate closures determining much lower sediment accumulation. This 
might ultimately lead to extensive marsh drowning, which, together 
with the ongoing lateral erosion, will further accelerate the rate at 
which salt marshes are lost in the Venice Lagoon during the last 
four centuries (20, 32). Additional salt marsh losses might have criti-
cal implications not only from an ecosystem perspective (25, 26), be-
cause of the loss in biodiversity and ecosystem services that it would 
signify, but also for flood-risk mitigation. Further loss of salt marsh 
surfaces can potentially trigger positive morphodynamic feedbacks 
(46), with detrimental cascading effects for the whole lagoon basin. 
Decreasing marsh area favors an inertially dominated tidal propaga-
tion and increases wind fetch, and thus wave height. Stronger tidal 
currents and higher wind waves would further exacerbate the ongo-
ing erosive processes within the lagoon, paving the way to the tran-
sition from a tidal lagoon to a bay environment (32). Moreover, less 
significant dissipation of tides leads to local increases in the mean 
high water level (22), and larger wind fetches can induce more pro-
nounced water-level setups, in this way potentially offsetting, at least 
partially, the benefits of flood protection measures.
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On the one hand, we emphasize that the effect of flood regulation 
on the morphodynamics depends exclusively on the reduced water 
level within the lagoon, and it is not strictly related to the type of 
floodgates adopted. On the other hand, our analysis suggests that 

environmental sustainability should have a high priority for design-
ing and managing storm-surge barriers. Trade-offs between the safe-
guarding of urban areas from flooding and the preservation of tidal 
ecosystem needs will be essential to ensure adequate resilience against 
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climate change to shallow tidal embayments where flood barriers 
operate. In the specific case of the Venice Lagoon, many comple-
mentary solutions could be exploited by coastal managers to mitigate 
the detrimental morphodynamic effects of repeated inlet closures. 
These solutions, none of which suffice on their own to compensate 
for the loss of geomorphic diversity, include (i) the artificial raising 
of sidewalk elevation in the major urban settlements within the la-
goon, aimed to increase the current safety water level and reduce 
the frequency with which floodgates have to be closed; (ii) the re-
introduction of fluvial sediment to compensate for the loss of in-
organic sediment, both over tidal flats and salt marshes; (iii) the 
extensive building and restoration of salt marshes, especially adopt-
ing nature- based techniques (47–49); and (iv) the protection of 
tidal flats and salt marshes against erosion by preserving and im-
proving the ecological conditions that promote the colonization by 
benthic vegetation, seagrasses, and halophytes, and through the re-
alization of eco- engineering solutions to mitigate sediment erosion, 
such as oyster reefs and mussel beds (48, 50), able to limit wind fetch, 
dissipate wave energy, and act as breakwaters for high water levels. 
These interventions, together with careful management of the flood-
gate operations and improved weather forecasting tools, would 
make it possible to ensure flood protection of Venice and other in-
habited lagoonal settlements while preserving the lagoon ecosystem 
as a whole.

MATERIALS AND METHODS
Geomorphological setting
The Venice Lagoon, Italy (Fig. 1A), is the largest brackish tidal basin 
of the Mediterranean Sea, with an area of about 550 km2. It is a 
shallow microtidal basin, characterized by a semidiurnal tidal re-
gime with an average range of 1.0 m and a mean water depth over 
the tidal flats of about 1.5 m. It is connected to the Adriatic Sea 
through three inlets: Lido, Malamocco, and Chioggia from north to 
south (Fig. 1, B to D). The main morphologically significant winds 
are represented by the northeasterly Bora wind and the southeast-
erly Sirocco wind (Fig. 1E). Because of the northeast-southwest 
elongated shape of the Venice Lagoon, the Bora wind can generate 
relatively large waves (~ 1 m), especially in the southern sector of 
the lagoon.

Human interventions have been modifying the Venice Lagoon 
for centuries. To prevent the lagoon from infilling with fluvial sedi-
ment and, therefore, preserve navigability, the Venetian Republic 
diverted all large rivers to the sea. This process began in 1457 and 
changed the sediment balance of the basin, triggering sediment star-
vation and a generalized deepening of the lagoon (32). From the end 
of the 19th century to the mid of the 20th century, sediment export 
toward the sea was further exacerbated by the construction of the 
jetties at the inlets (Lido, 1882–1892; Malamocco, 1813–1872; and 
Chioggia, 1910–1934) (32, 45).

Between 1930 and 1970, intense groundwater exploitation for 
industrial purposes enhanced loss of relative elevation, resulting 
in an overall relative sea level rise equal to 25 cm (51). Because of 
subsidence and eustatic sea level rise, the city of Venice started 
experiencing even more frequent flooding during storm surges. 
The solution proposed after the catastrophic flooding event of 
4 November 1966 (maximum water level of 1.94 m above the local 
Punta della Salute datum) was the Mo.S.E. project (Fig. 1, B to 
D and F).

Hydromorphodynamic model
We adopted a 2D model that consists of three modules, namely, the 
hydrodynamic module coupled with the wind-wave module (WWTM) 
(30) and the sediment transport and bed evolution module (STABEM) 
(29) suitable for reproducing sediment dynamics governing the mor-
phodynamic evolution of shallow microtidal basins.

The hydrodynamic module solves the 2D depth-integrated shal-
low water equations (SWEs), phase averaged over a representative 
elementary area of irregular topography to deal with very shallow 
flows, wetting, and drying (52). Projected on a Cartesian frame (x, y), 
the SWEs read

  ϑ( )   ∂  ─ ∂ t   + ∇ ∙ q = 0  (1)

      D ─ Dt   (     q ─ Y   )   +   1 ─ Y   ∇ ∙ Re +      t   ─ Y   −      s   ─ Y   + g∇h = 0    (2)

where t is time,  is is the free surface elevation over a datum, q = 
(qx, qy) is the depth-integrated velocity (i.e., discharge per unit width), 
and ∇ and ∇∙ denote the 2D gradient and divergence operators. The 
term ϑ is the wet fraction of the computational domain that depends 
on the water depth and on the local topographic unevenness (52). In 
the momentum Eq. 2, D/Dt is the material (or Lagrangian) time de-
rivative; Y is the water volume per unit area (i.e., the equivalent water 
depth); t and s are the shear stresses at the bottom (due to tidal 
currents) and at the free surface (due to wind drag), respectively;  is 
the water density; and g is gravity. The Reynolds stresses are computed 
using a depth-averaged version of Smagorinsky’s model (53). In ten-
sor index notation, they read

   Re =  R  ij   =    e   Y( u  i,j   +  u  j,i  )   (3)

      e   = 2  C S  2    A  e    √ 
___________________________

   2  ( u  x,x  )   2  +  ( u  x,y   +  u  y,x  )   2  + 2  ( u  y,y  )   2      (4)

with i, j in Eq. 3 denoting either the x or y coordinate, and u = 
q/Y. The eddy viscosity, e, is proportional to the strain rate, with Ae 
the area of the computational element and Cs = 0.2 the Smagorinsky 
coefficient.

In the numerical scheme, the material derivative in Eq. 2 is ex-
pressed as the finite difference in time and solved with the method 
of characteristics. This mixed Eulerian-Lagrangian approach allows 
solving the continuity equation (Eq. 1) with a semi-implicit scheme, 
which leads to a self-adjoint spatial operator. It is solved on a 
staggered triangular grid with the finite element method of Galerkin 
(52), and flow rates are obtained by back substitution.

The wind-wave module (30) solves the wave action conservation 
equation using the same computational grid of the hydrodynamic 
module, which provides water depths and depth-averaged flow ve-
locities, used to propagate the wind-wave field. The wave action den-
sity (N0) in the frequency domain evolves according to (30)

     ∂  N  0   ─ ∂ t   +   ∂ ─ ∂ x    c  gx  ′    N  0   +   ∂ ─ ∂ y    c  gy  ′    N  0   =  S  0      (5)

where   c  gx  ′    and   c  gy  ′    are the group celerity components of wave used to 
approximate the propagation speed of N0 (30, 54). The wind-wave 
source terms, grouped in the term S0, account for positive (wind en-
ergy input) and negative (bottom friction, whitecapping, and depth- 
induced breaking) contributions to wave energy. The model computes 
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the spatial and temporal distribution of the wave periods based on 
the relationship between peak-wave period, local wind speed, and 
water depth (55). As the lagoon margins are almost vertical and jagged, 
refraction is neglected and waves are assumed to propagate in the 
wind direction. The horizontal orbital velocity at the bottom, which 
is obtained from the significant wave height through the linear wave 
theory, provides the additional component of the bottom shear 
stress, w, induced by the wind-wave field. The nonlinear interac-
tions between w and the current-induced bottom shear stress (t) 
are accounted for by means of the empirical formulation by Soulsby 
(56), which increases the value of the total bottom shear stress, b, 
beyond the mere sum of t and w.

Using the same computational grid, the STABEM module (29) 
solves the advection-diffusion equation for suspended sediment 
with a conservative, second-order in-space scheme and the Exner’s 
equation

     ∂  C  i   Y ─ ∂ t   + ∇ ∙ (q  C  i   ) − ∇ ∙ ( D  h   ∇  C  i   ) =  E  i   −  D  i    i = s, m    (6)

   (1 − n )   ∂  z  b   ─ ∂ t   =  ∑ i    ( D  i   −  E  i  )   (7)

where C is the depth-averaged sediment concentration; Dh(x, y, t) is 
space- and time-dependent 2D diffusivity tensor, assumed equal to 
the eddy viscosity computed by the hydrodynamic module (57); E 
and D represent the entrainment and deposition of bed sediment; zb 
is the bed elevation; and n is the bed porosity, assumed equal to 0.4. 
The subscript i refers to the noncohesive [sand (s)] and cohesive 
[mud (m)] sediment classes that typically characterize the bed of 
tidal lagoons. The relative content of mud (pm), which represents 
the sum of clay and silt, is assumed to vary both in time and space; 
it determines the cohesive or noncohesive behavior of the mixture 
and the critical value of the bottom shear stress. The threshold value 
of mud content pmc = 10% is assumed to discriminate between non-
cohesive and cohesive behaviors (58). On the basis of measurements 
in the Venice Lagoon, the median diameters D50 adopted in the sim-
ulations to describe cohesive and noncohesive sediments are 20 and 
200 m, respectively (29).

The deposition rate of sand Ds is computed as

    D  s   =  w  s    r  0    C  s     (8)

where ws is the absolute value of the sand settling velocity, and r0 
is the ratio of near-bed to depth-averaged concentration, which is 
here assumed constant and equal to 1.4 (59).

The deposition rate of pure cohesive mud, Dm, is given by Krone’s  
formula

    D  m   =  w  m    C  m   max {0; 1 −    b   /    d  }   (9)

where wm is the absolute value of the mud settling velocity, b is the 
bottom shear stress computed by the hydrodynamic module, and d 
is the critical shear stress for deposition (d = 1.0 Pa). The settling 
velocities, ws and wm, are computed using the Van Rijn formulation 
(60) for solitary particles in clear and still water, thus not incorpo-
rating flocculation effects that are negligible for particle diameter 
larger than 20 m (61).

The erosion rate strongly depends on the degree of cohesion of 
the mixture. For noncohesive mixtures (pm < pmc), the erosion rate 

of sand, Es, is described by the Van Rijn formulation (60), whereas 
the erosion rate of mud, Em, can be computed through the formula-
tion proposed by Van Ledden (58) as follows

    
  E  s   = (1 −  p  m   )  w  s   · 1.5  (      D  50   / Y ─ 

 D *  
0.3 

   )    T   1.5  
    

 E  m   =   
 p  m  
 ─ 1 −  p  m      M  nc   T

   for  p  m   <  p  mc      (10)

For cohesive mixtures (pm > pmc), both sand and mud erosion 
rates can be computed using the Partheniades’ formula

    
 E  s   = (1 −  p  m   ) · M  c   T   

 E  m   =  p  m   ·  M  c   T
   for  p  m   >  p  mc      (11)

In Eqs. 10 and 11, D* is the dimensionless grain size {D* = 
D50[(s − 1)g/2]1/3, s being the sediment-specific density and  the 
water kinematic viscosity}, T is the transport parameter, Mnc and 
Mc are the specific entrainment for noncohesive and cohesive mix-
tures, respectively (58, 60)

    M  nc   =    
 √ 
_

 (s − 1 ) g  D  50    
 ─ 

 D *  
0.9 

  ,  M  c   =   (      M  nc   ─  M  m     ·   
1 ─ 1 −  p  mc  

   )     
  1− p  m   _ 1− p  mc   

  ·  M  m     (12)

where Mm is the specific entrainment for pure mud (Mm = 5 · 10−2g m/s ), 
and  is set equal to 1 · 10−5.

The transport parameter is usually defined as T = max {0; b/c − 1}, 
describing a sharp transition between T = 0 and T = b/c − 1, where 
b is the local bottom shear stress and c is the critical shear stress for 
erosion. However, in real tidal systems, both b and c are not con-
stant in space; thus, we assume that they are both random variables 
following a log-normal distribution (29). The result of this stochas-
tic approach is a smooth transition between T = 0 and T = b/c − 1.

All parameters are within the range of variability of similar depo-
sition and erosion formulations (62, 63). In particular, erosion is set 
equal to zero on salt marshes because vegetation reduces velocity and 
dampens waves, protecting sediment from erosion (21, 62).

The result of erosion and deposition fluxes of sand and mud is a 
variation in bed level through time, which is computed according 
to Eq. 7.

The model has been widely benchmarked against hydrodynam-
ic, wind-wave, and turbidity field and satellite data from the Venice 
Lagoon (Italy) (30, 36), Virginia Coast Reserve lagoons (United States) 
(64), and Cadiz Bay (Spain) (65).

The computational domain representing the Venice Lagoon (fig. 
S1) consists of 51,084 nodes and 96,751 triangular elements. The 
model is forced with water levels measured at the three inlets as well 
as with wind directions and velocities measured in three different 
zones of the lagoon by the Venice Municipality “Centro Previsioni 
e Segnalazioni Maree” monitoring network (fig. S1). The 3 October 
event simulation starts 80 hours before closure of the floodgates and 
ends 32 hours after barrier opening. The 15 October event simula-
tion starts 54 hours before closure of the floodgates and ends 59 hours 
after the subsequent opening. Moreover, to evaluate the effects of 
the barrier closures on the sediment budget at a seasonal time scale, 
we simulated the whole period between 30 September 2020 and 
10 January 2021 to cover all the first 15 barrier operations.

Last, a Lagrangian particle tracking scheme has been set up to 
visualize the fate of sediments that are suspended at a given location 
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and time instant (see Fig. 6), according to the actual sediment dynam-
ics computed by the Eulerian scheme implemented in STABEM. We 
release a large number of noninertial particles at a given location and 
move them according to the velocity field computed by the hydro-
dynamic module adding a stochastic component, with the local eddy 
viscosity to measure the diffusivity, to simulate a random walk pro-
cess (66). To account for deposition, at each time step and for each 
cell of the mesh, we compute the number of particles within the cell, 
nj, and the ratio of deposited to the total suspended material, RD = 
dt ∙ D/(CY), with dt as the time step, and D and C as the total (sand 
plus mud) deposition rate and vertically averaged concentration, re-
spectively. Given that RD expresses the probability of deposition of 
suspended particles in the cell according to STABEM computations, 
in the Lagrangian particle tracking scheme, nstop = RD ∙ nj particles 
are permanently stopped at each time step. To account for the frac-
tional part of nstop, denoted as frac(nstop), we generate a random num-
ber r ∈ [0,1] and stop an additional particle if r < frac(nstop). The 
number of released particles, Np = 10,000, is large enough to make 
the percentages of particles deposited on the marsh (Fig. 6) inde-
pendent of Np.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm8446
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