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Coastal wetlands represent some of the most valuable and vul-
nerable ecosystems globally. They mitigate coastal flooding 
by buffering storm surges, mediate nutrient and pollutant 

fluxes, take up atmospheric carbon and constitute a sanctuary for 
endangered species1–5. Increasing rates of sea-level rise, together 
with reduced fluvial sediment delivery to the coasts6 and increas-
ing anthropogenic pressures, are calling into doubt the very survival 
of coastal wetlands at the global scale7–11, worsening drowning12–14 
and lateral erosion mechanisms15–18. Although these processes 
are mediated by feedbacks between geomorphology and organic 
production9,13,19–22, the key component to both vertical and lateral 
accretion/erosion dynamics is minerogenic sediment supply from 
upland, interior and oceanic sources, driven by wind waves and 
tidal currents and distributed during wetland flooding16,23,24.

Hence, by increasing wave resuspension and promoting flooding 
by sediment-laden waters, storm surges may represent an impor-
tant geomorphic driver of salt-marsh evolution. Although they were 
found to contribute only marginally to marsh lateral erosion in the 
long term25, it is still unclear whether storm surges play a major role 
in vertical accretionary dynamics of salt marshes in extratropical 
areas14,26,27, unaffected by the influence of tropical cyclones mobiliz-
ing large amounts of sediment28–30.

Far less understood are the potential effects of coastal flood-
ing protection infrastructures on the resilience of coastal environ-
ments31–35. The large share of the global population living near the 
coast and the presence of some of the largest and socio-economically 
important cities in many estuaries and deltas are making the 
adoption of storm-surge barriers increasingly more common36. 
Important examples include barriers that have already been com-
pleted, such as those in the river Scheldt Estuary (the Netherlands), 
St. Petersburg (Russia), the River Thames (United Kingdom), 
New Orleans (United States) and Venice (Italy), and others that 
are being proposed or planned, such as those in Shanghai (China) 
and Galveston Bay (United States). The operation of movable gates 
under storm-surge conditions, particularly in view of increased sea 

level in the medium and long term, could lower sediment supply to 
coastal wetlands by reducing wetland flooding duration and water 
depth. An important question that still awaits a quantitative answer 
is whether such a reduction will substantially affect the resilience 
of coastal wetlands and whether the safeguarding of coastal cities 
worldwide is contrary to the preservation of the natural environ-
ments around them.

Here, through observations and modelling in the Venice Lagoon 
(Italy), but with wide implications for similar coastal systems world-
wide, we find that storm surges are essential suppliers of sediment 
to marshes and, consequently, that storm-surge barrier operations 
seriously affect sediment accumulation on marsh platforms. Hence, 
reduction of water levels associated with flood barriers is likely to 
be a leading morphodynamic factor in many coastal transitional 
areas in the present century. Our results point to a fundamental 
divergence of the conservation needs of the built and natural coastal 
environments, which compete for the same ‘short blanket’, thus 
highlighting that ‘engineered’ wetland environments are more frag-
ile than previously thought.

Sedimentation dynamics in the Venice Lagoon
The Venice Lagoon is a shallow tidal basin characterized by negligi-
ble riverine and marine sediment inputs. Therefore, its morphologi-
cal evolution is primarily driven by the redistribution of sediment 
resuspended from within the lagoon (Fig. 1a–c and Methods). In 
October 2020, the storm-surge barriers known as the Mo.S.E. sys-
tem37 (an Italian acronym for Experimental Electromechanical 
Module), designed to stop the increasingly frequent city flooding 
by temporarily closing the lagoon inlets, became operational. By 
reducing water levels within the lagoon, the operation of the flood 
barriers is likely to affect the redistribution of reworked sediment 
which crucially contributes to marsh accretion.

We measured sediment accumulation at three different 
salt-marsh sites with monthly frequency or immediately after major 
storm-surge events for a total of n = 1,446 samples from October 
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2018 to January 2021, thus including both non-regulated conditions 
and 15 closures of the flood barriers that occurred between October 
2020 and January 2021. Site-averaged sediment accumulation  

varied between 0 and 5,500 g m−2, and the maximum observed 
sedimentation rate was 155 g m−2 per day (Fig. 1d–f). The variabil-
ity in sedimentation rate, extending over more than two orders of  
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Fig. 1 | Site location and sedimentation characteristics. a, Location of Venice Lagoon, Italy. b, Location of the three study sites: SF, SE and CO (Copernicus  
Sentinel data 2020, https://scihub.copernicus.eu/). c, Wind statistics for the period 2000–2019 (https://www.comune.venezia.it/content/dati-dalle- 
stazioni-rilevamento), highlighting the two morphologically relevant wind conditions (north-easterly Bora wind and south-easterly Sirocco wind). d–f, Mean 
sediment accumulation, mean sedimentation rate and water level at study site SF (d), SE (e) and CO (f). The thick line (coloured according to observation 
period) represents the daily mean water level, the thin grey line represents the hourly water level referred to local mean sea level, bars indicate site-averaged 
sediment accumulation, solid circles show site-averaged sedimentation rates and the cloud symbol identifies storm-dominated periods. Alternate white and grey 
background indicates different observation periods, and hatched background indicates periods with actual closures of the flood barrier. a.s.l., above sea level.

NATure GeoSCieNCe | www.nature.com/naturegeoscience

https://scihub.copernicus.eu/
https://www.comune.venezia.it/content/dati-dalle-stazioni-rilevamento
https://www.comune.venezia.it/content/dati-dalle-stazioni-rilevamento
http://www.nature.com/naturegeoscience


ArticlesNaTuRE GEoScIENcE

magnitude, signals the importance of pulsing events, such as intense 
storm surges, in conveying sediment over salt marshes. Under 
fair-weather conditions, sedimentation rates barely reach 20 g m−2 
per day and are largely constituted of organic production by halo-
phytes, representing up to 40% by weight of the sediment deposited 
in summer and early autumn9,13,21,38 (Extended Data Fig. 1). During 
storm surges, on the contrary, the organic contribution to overall 
soil accumulation decreases to around 10% (Extended Data Fig. 1).  
This characteristic behaviour confirms that, especially in microtidal 
coastal wetlands, everyday tidal inundation hardly provides the 
sediment necessary for marsh survival and only storm surges can 
mobilize sand and silt from adjacent tidal flats and deliver them 
onto the salt-marsh surface14,28,39. The signature of such severe storm 
surges appears in the sedimentary record as sub-millimetric sandy 
laminae interbedded within muddy deposits, generated by the set-
tling around periodic high-water slack and supported by organic 
production40. Sediment accumulation measured from October 2020 
to January 2021, under flood-regulated conditions, is much lower 
than that observed in the corresponding months of the previous two 
years (Fig. 1d–f).

Based on deposition measurements in non-regulated condi-
tions and concurrent water-level and meteorological observa-
tions (Methods), we find that storm-driven contribution accounts 
for more than 70% of the annual total sediment accumulation on 
the marsh surface (Fig. 2a), even though just 25% of the obser-
vational period is storm dominated (Fig. 2b and Extended Data  
Fig. 2). Hence, sediment accumulation on salt marshes is supplied 
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by intense, episodic storm surges, rather than the mild, rhythmic 
tidal flooding, also in extratropical areas, where extreme meteoro-
logical phenomena such as tropical cyclones are absent.

relationship with geomorphological drivers
Sediment deposition is often related to the duration, intensity or 
frequency of marsh inundation13,41,42. To outline this dependence, we 
explore here a relationship between sedimentation rate and mean 
inundation depth (MID), which is the mean water depth over the 
marsh during the observation period. This relationship is concep-
tually justified, representing MID as a natural proxy for sediment 
contained in the water column during wetland flooding (Methods). 
We find the sedimentation rate to increase exponentially with MID, 
similar to previous findings in macrotidal systems43 (Fig. 3a).

The empirical exponential model captures deposition depen-
dence on MID under both storm and fair-weather conditions, as an 
exponential regression on storm data only negligibly differs from the 
global one (Fig. 3b). Data scatter around the exponential model is 
somewhat more relevant for fair-weather observations, especially for 
summer, when organic sediment accounts for a greater proportion 
of accumulation, which is thus less tightly related to MID (Extended 
Data Fig. 1). However, the contribution to the global accumulation 
of largely organic material associated with fair-weather conditions 
is generally much smaller (by up to two orders of magnitude) than 
that occurring during storm-dominated periods, so that the effect 
of this uncertainty under fair-weather conditions is deemed negli-
gible. Moreover, the empirical model calibrated with data collected 
under non-regulated conditions well represents also sedimentation 
rates measured when the inlets are closed (Fig. 3, yellow dots), con-
firming that the model can be applied to both non-regulated and 
flood-regulated scenarios. Finally, marsh-specific models are also 
fitted to gauge the influence of spatially variable factors and to better 
reproduce local sediment transport processes (Fig. 3c–e). Overall, 
local exponential models show modest deviations from the global 
one (Methods).

The exponential nature of the relationship between sedimen-
tation rate and MID highlights the non-linear effect of intense 
pulsing events, due to the simultaneous increase in both water 
levels and suspended sediment concentrations associated with 
storm-surge conditions44,45. In turn, the non-linearly large contribu-
tion of storm-driven accumulation, in spite of the brief duration of 
storm-dominated versus non-storm conditions, points to their cru-
cial contribution to the ability of marsh to withstand increased rates 
of sea-level rise and the potentially relevant effects of its reduction 
associated with the operation of storm-surge barriers.

effect of storm-surge barrier operations
The operation of storm-surge barriers, by design, aims to reduce 
water levels in a tidal basin below a prescribed safety threshold, 
thereby affecting the wetland flooding (that is, MID value) and, 
hence, sediment accumulation on marshes (Fig. 4a, b).

Here, we quantify the effects of operating the storm-surge bar-
rier system built to protect the City of Venice on the ability of 
marshes to keep up with a rising sea level. The Mo.S.E. system is 
designed to close the three inlets connecting the Venice Lagoon to 
the Adriatic Sea when the level of the latter is expected to exceed 
about 80 cm above current mean sea level (the official activation 
level is 110 cm above the traditional datum of Punta della Salute, 
now approximately 30 cm below mean sea level), to prevent wide-
spread flooding of the city37. We first compute water levels in the 
lagoon together with the corresponding MID as they would have 
been modified by Mo.S.E. operations during the observational 
period using a numerical hydrodynamic model46,47 (Methods and 
Supplementary Information). We then apply the site-specific expo-
nential relationships (Fig. 3c–e) to calculate the modified sediment 
accumulation and vertical accretion rate at our study sites (Fig. 4 
and Extended Data Figs. 3–5). In the flood-regulated scenario, 
high water levels are capped by the closing of the Mo.S.E. system 
for only about 70 hours per year (namely 40 hours between October 
2018 and October 2019 and 100 hours between October 2019 and 
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October 2020): surprisingly, such a temporally limited reduction 
in water levels suffices to reduce the yearly sediment accumulation 
by more than 25% on average (Extended Data Figs. 5 and 6). This 
occurs because MID, and hence sediment delivery to the marshes, 
is much reduced by the barrier operations. The monitored salt 
marshes accreted at a rate of 3.7 mm per year on average (5.1 mm 
per year at San Felice (SF), 2.1 mm per year at Sant’Erasmo (SE) and 
3.9 mm per year at Conche (CO)), and the drop in sediment supply 
due to barrier closures translates, independently of the study area, 
into a 1.1 mm per year reduction (Fig. 4c), which is about 45% of 
the relative sea-level rise rate experienced by the Venice Lagoon in 
the twentieth century (2.5 mm per year)48. The comparable abso-
lute reduction of sedimentation among the study areas suggests that 
flood regulation will have a more severe impact on marshes with 
lower sediment supply (Supplementary Information).

We conclude that storm-surge barriers can heavily hinder sedi-
ment accumulation on coastal wetlands, thus increasing the fragility 
of their already precarious equilibrium and exacerbating the adverse 
effects of sea-level rise on their survival. While this analysis is per-
formed for the specific case of Venice, the results have far-reaching 
implications. In many coastal environments, with small to neg-
ligible sediment supply from inland watersheds6,49, deposition of 
inorganic sediment on marsh is largely controlled by settling of 
sediment resuspended from within the systems, especially by storm 
surges8,14,27 (Fig. 4a). Hence, the reduction of water levels, associ-
ated with conventional engineering solutions planned to protect 
many coastal cities worldwide36, will change the hydrodynamics and 
sediment transport in nearby transitional areas. In particular, flood 
regulation will affect the upper intertidal zone, where only few surge 
events cause flooding and supply the sediment needed for marshes 
to offset increasing sea levels (Fig. 4b).

The objectives of the conservation of the natural environment 
are thus in contrast with those of the protection of the built envi-
ronment, revealing that the blanket is indeed short. The quantifica-
tion of the negative environmental effects of storm-surge barriers 
offers the cue and the tools to reconcile these competing needs. 
This contrast could be mitigated, for example, by (1) coordinating 
complementary, diffuse measures and optimal operation strategies 
that enable barriers to be closed at higher activation thresholds 
(an activation threshold 20 cm higher limits the reduction in sedi-
mentation to 10%, Supplementary Fig. 3), (2) diversifying protec-
tion interventions for each marsh depending on the local impact of 
flood regulation on sedimentation and (3) naturally or artificially 
increasing the sediment supply to coastal systems, for example, in 
the case of Venice, by diverting back the rivers that once flowed into 
the lagoon. In the absence of coastal protection approaches that 
are inclusive of environmental conservation objectives, the reduc-
tion of storm-driven sedimentation associated with the numerous 
storm-surge barriers planned and being built around the world will 
result in an accelerated and more extended demise of global coastal 
wetland areas.
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Methods
Geomorphological setting. The Venice Lagoon, located on the north-eastern coast 
of Italy and connected with the Adriatic Sea through three inlets (Lido, Malamocco 
and Chioggia), is the largest lagoon of the Mediterranean Basin, with an area 
of about 550 km2 (Fig. 1). It is characterized by a mean water depth, excluding 
channels, of about 1.5 m and by a semidiurnal, microtidal regime, with a maximum 
tidal range of about 1.5 m (refs. 44,50). Due to its location, the Venice Lagoon can 
experience severe storm surges, mainly driven by the south-easterly Sirocco wind, 
causing an increased water level at the north end of the Adriatic Sea (Fig. 1b,c). 
Because of its elongated shape in the NE–SW direction, relatively large wind waves 
(>1 m), as well as a relevant wind set-up, can be generated in the central–southern 
basin of the Venice Lagoon by north-easterly Bora winds46,47 (Fig. 1c).

Human interventions have influenced the hydrodynamic and sediment 
transport processes within the Venice Lagoon for centuries. All the major rivers 
flowing into the lagoon were diverted between the fifteenth and seventeenth 
century to prevent channel infilling and preserve navigation. This triggered a 
sediment-starved condition, which was further worsened by the construction 
of jetties at the three inlets between 1872 and 1934, which hindered sediment 
flux from the sea and promoted sediment export18. Hence, nowadays, the 
external fluvial and marine sources of sediment are negligible and hydrodynamic 
processes, such as tidal currents, wind waves and storm surges, mainly rework 
and redistribute intra-lagoonal sediments, as in many coastal transitional areas 
worldwide6,9.

We established 27 permanent measurement stations grouped at three study 
sites at the SF (12 stations), SE (6 stations) and CO (9 stations) salt marshes  
(Fig. 1b). The SF salt marsh is close to the Lido inlet, directly facing one of the 
main channels dissecting the northern lagoon. The SE salt marsh is still in the 
northern lagoon, adjacent to a shallow tidal flat and sheltered from the Lido inlet 
by Sant’Erasmo Island. The CO salt marsh is located in the southern lagoon and  
is, thus, the most exposed to the action of the wind waves produced by Bora  
wind events.

Measurement stations are selected to be representative of the marsh study 
area and to cover its ecogeomorphic variability, considering different elevations, 
distances from the source of sediment, exposure to dominant winds and vegetation 
patterns. Once installed, the position of each station was surveyed using a total 
station Wild T2002 and its elevation was referred to the Italian Geographic Military 
Institute (IGM) reference datum.

Sediment sampling and analysis. Sediment accumulation was sampled at each 
station using two circular plastic sediment traps (diameter 0.18 m) designed to 
measure sediment accumulation with weekly to monthly time resolution43,51,52. 
Sediment traps were fixed to the marsh surface using two steel claws. The sediment 
in the traps was collected with an approximate monthly frequency or immediately 
after a major storm-surge event. From October 2018 to January 2021, we collected 
n = 1,446 samples. Measurement stations were also equipped with a kaolinite 
horizon marker (diameter 0.20 m) cored yearly to measure the vertical accretion 
rate, as an independent check38,51.

Once in the laboratory, sediment was rinsed with deionized water, oven-dried 
at 40 °C for 48 h or to constant weight, and weighed to determine sediment 
accumulation. We estimated the organic matter content using the loss-on-ignition 
procedure by crumbling 2 g of sediment in a ceramic mortar and combusting it in a 
muffle furnace at 375 °C for 16 h (refs. 53,54). The difference in weight between pre- 
and post-treatment provides the organic matter content as a weight percentage.

Dividing the sediment accumulation by bulk density, we can calculate 
the vertical accretion38. Bulk density can be estimated by assuming a porosity 
of p = 0.4, mineral and organic sediment density of ρi = 2,400 kg m−3 and 
ρo = 1,200 kg m−3, respectively54,55, and knowing the inorganic sediment and 
organic matter percentage from LOI analysis. Accretion rates computed from 
sediment accumulation agree with kaolinite marker measurements, confirming 
that the adopted sediment traps offer a reliable measure of sedimentation 
(Supplementary Fig. 1).

Storm-dominated period classification. Water level and weather conditions at 
each study site were measured by three stations of the monitoring network of the 
Italian Institute for Environmental Protection and Research and were used to 
classify the tidal forcing and climatology of each observation period. Storm-surge 
conditions can be detected qualitatively by considering the positive peaks in the 
meteorological contribution, computed by subtracting the astronomical tide 
component from the measured water level (Supplementary Fig. 2a). However, a 
quantitative criterion is adopted herein. First, mean higher high water, defined as 
the arithmetic mean of the higher high water heights of the tide observed over a 
specific 19-year Metonic cycle, is computed. Storm-dominated periods are defined 
as observation periods in which measured water level remains above mean higher 
high water for more time than the average computed over the 19-year climatology 
(Supplementary Fig. 2b,c). Using measured water levels, we implicitly account for 
the effect of wind and barometric pressure on generating storm surges.

The relative importance of sediment accumulation associated with storm 
surges clearly emerges when it is compared with the annual total accumulation, 
and we also considered different 1-year-long periods, to avoid seasonal 

dependency (O18: October 2018 to October 2019; J19: January 2019 to January 
2020; O19: October 2019 to October 2020; Extended Data Fig. 2).

Sedimentation–tide relationship. We investigated the relationship between 
sedimentation rate and water level considering different synthetic features of the 
tidal forcing, such as inundation intensity, time and frequency for each observation 
period. We finally selected MID as the most relevant feature correlating with the 
sedimentation rate. MID is equal to the mean water depth that floods each station 
on the salt marsh and, implicitly, accounts for inundation intensity changes during 
the considered period, inherently related to the combined effect of astronomical 
and meteorological contributions. Sampling campaigns were planned to have 
hydrodynamic and meteorological conditions as uniform as possible within the 
same observation period, thus making MID representative of the water level time 
series. MID is negligibly affected by the different duration of periods when the 
latter is consistent with sediment trap temporal resolution, that is, from weekly to 
monthly duration51,52.

The sedimentation rate increases exponentially with increasing MID. The 
exponential model is validated with a repeated tenfold cross-validation scheme, 
confirming that model validity does not depend on the test set (Supplementary 
Table 1). Parameters are calibrated with a standard bootstrap resampling technique 
(Supplementary Table 2). The intercept of the exponential relationship can be 
interpreted as the typical organic matter accumulations when tidal forcing becomes 
negligible (Extended Data Fig. 1 and parameter (a) in Supplementary Table 2).

Even though the considered marshes are differently exposed to the action of wind 
waves and tide, the marsh-specific exponential models differ only slightly from one 
another (Fig. 3). Wind waves can directly advect sediment onto marshes facing tidal 
flats, where resuspension occurs, or enhance suspended load that is subsequently 
redistributed by tidal currents also in different areas. However, both mechanisms 
result in increasing accumulation only if the marsh is flooded. Enhanced water levels 
are typically associated with high wind velocities, especially during storm surges. 
Therefore, relating sedimentation rate to MID, that is, to measured water levels, 
and not just to the astronomical tide, implicitly encompasses the combined effect of 
wind-wave resuspension during storm surges and tidal-current redistribution.

Numerical simulations for flood-regulated and non-regulated scenarios. 
Water levels for regulated and non-regulated scenarios are computed with a 
two-dimensional finite-element model able to reproduce hydrodynamic processes 
in shallow-water estuaries and lagoons46,56 (Supplementary Information). In 
the flood-regulated scenario, the barriers at the inlets are raised whenever the 
maximum water level exceeds the safety threshold of 80 cm above mean sea 
level, to preserve all the urban settlements in the lagoon from flooding47. The 
non-regulated scenario is obtained by simulating the free propagation of the tide 
within the lagoon, that is, not closing the inlets. Both simulations are run imposing 
as boundary conditions water levels measured 12 km offshore in the Adriatic Sea 
at the Italian Research National Council platform and wind velocities measured 
within the lagoon (Supplementary Information).

Data availability
All data are available at http://researchdata.cab.unipd.it/id/eprint/416. 
Meteorological data are also available at https://www.comune.venezia.it/content/
dati-dalle-stazioni-rilevamento and https://www.venezia.isprambiente.it/
rete-meteo-mareografica.

Code availability
We used the program MATLAB (R2020b) to generate all the results. Analysis 
scripts are available at http://researchdata.cab.unipd.it/id/eprint/416.
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Extended Data Fig. 1 | organic matter content. (a-c-e) organic matter accumulation (bars) and organic matter accumulation rate (solid circles); (b-d-f) 
organic matter as percentage of weight. The cloud symbol indicates storm periods. Data are grouped for study area: SF (a-b), SE (c-d) and CO (e-f). 
Alternate white and grey background indicates different observation periods.
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Extended Data Fig. 2 | Storm-related sedimentation. Percentage of sedimentation (a) and percentage of time (b) related to storm events and to 
fair-weather conditions. Categories refer to the study areas (SF, SE and CO) and their mean (darker colour); subscripts indicate the beginning of the 
grouping period: O18, from October 2018 to October 2019, J19 from January 2019 to January 2020 and O19 from October 2019 to October 2020.
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Extended Data Fig. 3 | Sediment accumulation changes in the flood regulated scenario. Comparison between measured data (grey bars), sediment 
accumulation modelled in the non-regulated (teal bars) and regulated scenario (yellow bars) for each study area: SF (a), SE (b) and CO (c). Alternate 
white and grey background indicates different observation periods, hatched background indicates periods with actual closures of flood barriers. The cloud 
symbol indicates storm-dominated periods.
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Extended Data Fig. 4 | Vertical accretion changes in the flood regulated scenario. Comparison between measured data (grey bars), vertical accretion 
modelled in the non-regulated (teal bars) and regulated scenario (yellow bars) for each study area: SF (a), SE (b) and CO (c). Lines represent cumulative 
accretion rates and black solid circles are yearly horizon marker measurements. Alternate white and grey background indicates different observation 
periods, hatched background indicates periods with actual closures of flood barriers. The cloud symbol indicates storm-dominated periods.
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Extended Data Fig. 5 | Sediment accumulation changes in the flood-regulated scenario at yearly time scale. Change in sediment accumulation between 
the non-regulated (teal bars) and regulated scenario (yellow bars). Categories refer to the study areas (SF, SE and CO) or their mean. Subscripts indicate 
the beginning of the grouping period: O18, from October 2018 to October 2019, O19, from October 2019 to October 2020. Percentages indicate the 
relative change in the flood-regulated scenario with respect to the non-regulated one (see also Supplementary Tables 3 and 4).
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Extended Data Fig. 6 | Sedimentation changes due to flood-regulation during autumn. Comparison between measured data (grey bars), modelled data 
in the non-regulated (teal bars) and regulated scenario (yellow bars) summed for autumnal months (October, November and December) for each study 
area: SF (a), SE (b), CO (c) and their mean (d). In autumn 2020 the flood barriers were used, so measurements refer to the flood-regulated condition.
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