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In-situ loading experiments reveal how the
subsurface affects coastal marsh survival
Claudia Zoccarato 1,2, Philip S. J. Minderhoud1,3,4, Paolo Zorzan1, Luigi Tosi 5, Alessandro Bergamasco 6,

Veronica Girardi1, Paolo Simonini1, Chiara Cavallina5, Marta Cosma 5, Cristina Da Lio5, Sandra Donnici5 &

Pietro Teatini 1,2✉

Over the past decades coastal marshes around the world have declined dramatically. Their

deterioration is controlled by scarcity of sediments, erosion and accelerated rise of relative

sea-level. The feedbacks between these processes control marsh evolution and determine

their long-term survivability. Aggradation of a marsh to keep pace with relative sea-level rise

mainly depends on the interplay between sedimentation and autocompaction, but their

interactions are severely understudied. Here we present an in-situ loading experiment applied

in the Venice Lagoon, Italy, to assess long-term autocompaction, with subsurface displace-

ments and pressure monitored during loading cycles, up to ∼40 kN applied on a ∼4m2

surface. Two identical experiments carried out in inorganic and organic soil-dominated

marshes provided unique insights on the spatio-temporal subsurface dynamics. The large

differences in behavior and maximum compaction (6 vs 32 mm) underscore the crucial role

of autocompaction and soil heterogeneity when predicting the fate of coastal marshes

worldwide.
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Coastal marshes are the highest elevated, vegetated land-
forms within tidal environments. They provide relevant
ecosystem functions as carbon sinks1,2, breakers of tidal

currents and waves3–5, sediment trapping6,7, buffering of nutrient
fluxes from land to the sea8,9, nursery and favorable habitats for a
variety of coastal biota, plant and benthic communities10.

Coastal marshes have declined considerably in area at a global
scale over the last decades, with an estimated loss of about 35%
between 1970 and 201511,12. Apart from the unlikely possibility of
migrating inland by converting terrestrial uplands to wetlands13,
long-term survivability of coastal marshes is largely dependent on
their capability to gain elevation and keep up with relative sea-
level (RSL) rise, thus maintaining their position within the
intertidal zone14. There is wide consensus that vertical accretion
of coastal marshes is controlled by physical (e.g., sediment
deposition during high tides), biological (e.g., plant productivity),
and chemical (e.g., decomposition) processes15–18. Since these
processes depend on the relative elevation between the marsh
platform and the mean sea-level, they are inherently coupled with
the rate of RSL rise19. Recent coupled biomorpho-geomechanical
modeling of long-term marsh evolution highlights how RSL rise is
the main factor driving vertical growth in coastal marshes20.

Natural compaction (also referred to as autocompaction) of
shallow, recently deposited, unconsolidated sediments, of which the
marsh bodies consist of, is one of the components contributing to the
total RSL rise. Natural compaction exacerbates the vulnerability of
these ecosystems, by reducing elevation gains from accretion.
However, after the pioneering works by Cahoon et al.21,22 aimed at
unraveling compaction and sedimentation from accretion records by
means of surface-elevation table (SET) devices, only recently studies
started to demonstrate that subsurface processes exert important
influence on platform elevation in many wetland systems. Mon-
itoring records of coastal marsh accretion and autocompaction over
yearly to decadal periods have been carried out in the Mississippi
Delta23, the Venice Lagoon24,25, and the Ganges-Brahmaputra
Delta26 using integrated instrumentation such as SET, feldspar
horizons, multiple-depth leveling benchmarks, and persistent scat-
terer interferometry. Compaction estimates of swamp and marsh
sediments (typically mud and peat) over centennial to millennial
time-scales have been derived in North Carolina27, Connecticut28,
and in the Mississippi Delta29 using geotechnical models empirically
calibrated on surface sediments from modern depositional envir-
onments analogous to those encountered at depth and on Holocene
RSL curves.

However, these approaches are intrinsically characterized by
large uncertainties, for example in terms of (i) the loads forcing
marsh autocompaction (i.e., what is the actual load exerted by the
shallowest few centimeters of soil on the underlying deposits?);
(ii) the role played by soil heterogeneity (i.e., how much of the
variability in compaction recorded for example in the Mississippi
Delta23,30 depends on the heterogeneous distribution of the
subsoil mechanical properties?); (iii) the nonlinear feedbacks
between the various processes driving coastal marsh evolution
over mid-to-long time scale. Here, we present a novel in situ
loading experiment aimed to characterize the hydro-
geomechanical processes governing marsh autocompaction. The
experiment was carried out at two marshes located in different
depositional environments within the Venice Lagoon, Italy. For
the first time, marsh compaction was monitored in undisturbed
field conditions under a controlled force of stress (similar to a lab
test). The large meter-scale of the experiment suffices to address
local lateral and vertical heterogeneities (e.g., those related to
plant roots), and enables to simulate long-term natural loading
following sediment accretion by a test of few days.

While this experimental approach is challenging to be executed
because of the environmental characteristics (e.g., the marshes are

flooded twice a day) and the amount of instrumentation to be
transported and established, it offers unique information to
anticipate how autocompaction will impact marsh survival in the
long term and to evaluate the effectiveness of marsh restoration
efforts by means of artificial sediment reintroduction30.

Results
Design of the coastal marsh loading experiment. The presented
meter-scale loading experiment, designed following desk studies
and preliminary field tests, aims to characterize the hydro-
geomechanical response of shallow marsh deposits. The depth
interval of interest ranges from surface to 1 m as most auto-
compaction occurs in this shallow domain30. Autocompaction
develops almost exclusively in vertical direction, as horizontal
deformation is prevented by symmetrical conditions31,32.
Therefore the experiment was designed to resemble a lab oedo-
metric test33, which is commonly used to characterize vertical soil
compressibility while preventing lateral deformation.

The marsh surface is loaded with eight 500-l polyethylene
tanks arranged in two rows of four tanks each, filled during
loading cycles with seawater pumped from the nearest lagoon
creek. The tanks rest on a reinforced geotextile and four wooden
pallets to guarantee a uniform load distribution on the marsh
surface and eliminate/reduce buoyancy forces on the tanks in
high tide conditions (Fig. 1a). The maximum cumulative load,
which is reached when all the tanks are filled, amounts to ∼40 kN
and is distributed on a ∼4.0 m2 area. The designed configuration
allows us to transfer the load on a sufficiently large area, thus i)
the assumption of nearly vertical one-dimensional (i.e., oedo-
metric) deformation is acceptable, at least below the central
portion of the system, and ii) the response accounts for and
averages local-scale heterogeneities of the marsh deposits, for
example those due to halophytic vegetation16,34, that cannot be
smoothed when few-cm size samples are tested in the lab. Indeed,
the experiment is set up on the pristine marsh surface without
applying any plants cut off to capture their influence on the soil
strength. The field experiment, where the water-filled tanks
provide the load, allows us to carry out a compression test at low
vertical effective stresses, from 1 to 2 kPa up to a maximum
∼10 kPa. Two to four loading and unloading phases, with an
increasing percentage of tank filling, are carried out to
characterize the marsh soil response in elastic and plastic
conditions. By maintaining the load for a sufficiently long time
(e.g., more than ∼20–24 h in the applications carried out in the
Venice Lagoon) the viscous behavior (also called secondary
deformation or creep) can be also characterized.

The experiment is equipped with an appropriate monitoring
system to measure vertical displacements and groundwater pore-
pressure at various depths and locations below the loaded area. The
sensors are placed within the ∼0.2m space left from the tank
columns (Fig. 1a). In the planned configuration, we use five sensors
measuring vertical displacements (Fig. 1a). Three of them are
located in correspondence of the load center at the marsh surface
(C0) and at 0.1 (C10) and 0.5m (C50) below the marsh surface, the
other two at the edge of the loaded area (E10) and in an
intermediate position (M10) at 0.1m depth. The sensor locations
are designed to capture the shape of the soil deformation occurring
below the tanks with maximum values occurring at the center of
load and decreasing as the edge is approached (Fig. 1b). Moreover,
the maximum depth of the sensor (0.5m below surface) is chosen to
capture the main part of the expected deformation. This occurs
within a soil depth less than 1m according to the stress dissipation
contours of Fig. 1b. A local benchmark network can be also put in
place for an independent check of surface movements during the
experiment ongoing.
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Five water-pressure loggers are deployed in the subsurface
along the direction orthogonal to the displacement transducers
(Fig. 1a) to measure the evolution vs time of the overpressure
caused by the surface load. The planned deployment depths are
0.2 (P20A and P20B), 0.5 (P50A and P50B) and 1.0 m (P100).
Similarly to displacements, groundwater pressure is measured in
correspondence of the load center, at the side of the loaded area
and in an intermediate position. Notice in Fig. 1a that a further
water-pressure logger must be placed a few meters far from the
experimental apparatus to record the pressure behavior caused by
natural factors, such as the tidal regime.

The loading experiment was carried out at Lazzaretto Nuovo
(LN) and La Grisa (LG) marshes in the northern and southern
basin of the Venice Lagoon, respectively (Fig. 2). The elevations of
the two marshes at the experimental site are ∼0.55 (LN) and
∼0.5 m (LG) above msl. Notice that the displacements were
logged manually in LN and automatically in LG. More
specifications about the experimental set-up and the individual
instrumentation employed during the LN and LG tests are
reported in Materials and methods.

Displacements and pore-water pressure. The two in situ loading
experiments carried out in the Venice Lagoon provide a unique
dataset of vertical displacement and pore-water pressure in marsh
landforms (Fig. 3). The displacement and pressure values depend
on the field site (LN or LG), the depth and location of the
deployed sensors, and the (un)loading phase.

At LN, two severe meteorological events (i.e., thunderstorms)
occurred in July 2019 interrupting the manual measurements
during the experiment and splitting the vertical displacement
observations in three disconnected stages. An initial load of
∼2.8 kPa was applied from 3:00 PM of July 8 and lasted for ∼5 h
(Fig. 3a). The maximum settlement recorded by C10, M10, and
E10 amounts to ∼1 mm, whereas C0 measures 0.4 mm (Fig. 3c).
Almost no displacement is recorded by sensor C50. Subsequently,
the tanks were emptied and immediately after refilled with a load
of ∼5.6 kPa. The observation interval of 10–15 min implemented
during these phases did not allow to record a clear displacement

signal, with the exception of C10 whose displacement reduced
from 1.0 to 0.4 mm at the unloading completion and subse-
quently increased to 2.1 mm at the completion of the second
loading phase. Unfortunately, a severe thunderstorm with hail hit
the area at 09:20 PM of July 8, soon after the completion of the
tank filling, causing a partial destruction of the experimental set-
up. The system was rebuild the day after, resetting the
displacement sensors. The ∼5.6 kPa load was reestablished at
12:30 PM of July 9 and maintained for about 6 h (stage 2). In
anticipation of another thunderstorm, the displacement sensors
were deinstalled at 18:00 PM out of precaution. The maximum
displacements are ∼1 mm for C0, C10, and M10 and almost zero
for C50 and E10. Notice that this phase characterizes the elastic
response of the marsh soil since the same ∼5.6 kPa load was
applied the day before. The nearly elastic settlement witnessed
during stage 2 was confirmed by the similar (relative) uplift values
recorded during the first unloading phase in stage 3 on July 10
(Fig. 3c). After the initial unloading, all eight tanks were fully
filled, with the load that peaked at ∼11.3 kPa after ∼90 min of
filling. This load was sustained for approximately 22 h. A
temporary (slight) decrease of load occurred on late July 10
(Fig. 3a) due to high tide, reaching a value of +0.88 m above msl
(Fig. 3e) and submerging the marsh platform with a water level
0.1 m higher than the tank bottom (Fig. 2c). The maximum
settlement amounts to ∼6–7 mm for the most superficial sensors
(C0, C10, M10), about 2.5 and 0.7 mm for C50 and E10,
respectively (Fig. 3c). Notice the sparse measurements available
during the night. The rebound following the final load release is
equal to about 3–4 mm for C0, C10 and M10. C50 and E10 show
a rebound of 1.6 and 0.4 mm. respectively. The rebound amounts
to about 50-60% of the maximum settlement. Optical leveling,
using benchmarks unaffected by the thunderstorms, provides a
continuous picture of the movements of the marsh landform
during the entire loading experiment (Supplementary Fig. 1).

The pore-water pressure observed at LN below the marsh
surface is depicted in Fig. 3e together with the tidal water level.
After the initiation period of several hours, when water pressure
adjusts from atmospheric to field conditions, the behavior
measured by each pressure probe is characterized by a plateau.

Fig. 1 Design of the loading experiment. a Plan view with dimensions, equipment (tanks, pallet, reference steel structure), location of the sensors to
measure vertical displacements (bullets) and pore-water pressure (triangles). The sensor coding is representative of the deployment depth (in cm).
b Qualitative contours of effective stress distribution under a square area loaded by q according to the linear theory of elasticity50. In a homogeneous soil
the effective stress propagates to a depth twice the square side. The value 80%q propagates to a depth less than one third of the width, that is ∼0.6 m for
the specific case.
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The values correspond well to the deployment depth and show
that the marsh is practically always experiencing saturated
conditions. The water pressure has three (or two for P100) major
peaks and a number of smaller and shorter (in time) fluctuations.
The former are evidently due to the submersion of the marsh
platform by seawater during high tides. The latter are caused by
the filling/emptying operations of the loading experiment, with
pressure that temporarily rises during filling and decreases during
emptying. The pressure fluctuations during the (un)loading
operations are presented in more detail in Supplementary Fig. 2a.
The maximum pore-pressure change range from 0.05 to 0.06 m
for P20 to ∼0.02 m for P100 and vanish shortly after the
operation, i.e., in 1 h for P20 and 3–4 h for P100. The above
described pore-water pressure fluctuations recorded at various
depths contribute to a comprehensive characterization of the
marsh body from a hydro-geomechanical points of view. Note for
example that the shift of the pore-pressure peaks with respect to
forcing factors (tide or experimental operation) increases with
depth. Vice versa, the maximum pressure and the speed of
pressure decline after the peak decrease with depth. These

behaviors are clearly regulated by the hydraulic conductivity and
compressibility of the marsh soil35.

Based on the experience acquired during the LN experiment, a
slightly different experimental set-up was implemented in LG,
with two loading and two unloading phases that lasted longer to
better capture the long-term effect of the prescribed (un)load.
Taking advantage of the favorable weather conditions encoun-
tered in Fall 2020, we were able to complete the experiment as
planned (i.e., the monitoring sensors worked continuously from
October 27 to November 2). The first loading phase reached
∼5.6 kPa (Fig. 3b), i.e., the four bottom tanks were filled, and the
load was kept constant over 24 h. The maximum settlement of the
marsh surface (sensor C0) equals ∼10.2 mm (Fig. 3d). C10 and
M10 measure ∼4.4 and ∼3.4 mm, respectively (approximately 40
and 30% of C0). Settlement at C40 (in LG we were able to reach a
maximum 0.4 m deployment depth due to the presence of a stiff
silty-sand layer, see Fig. 2f) and E10 amounts to ∼1.1 and
∼0.5 mm, respectively (approximately 10 and 5% of C0). The
displacement transducers show a clear rebound following the
tank emptying operated on October 28 at 4:00 PM. The load

Fig. 2 The loading experiments in the Venice Lagoon (Italy). a Map of the Venice Lagoon with the locations of the LN and LG marshes where the loading
experiment was carried out in July 2019 and October 2020, respectively. b Sketch of the experimental set-up showing the position of the monitoring
instruments and the H-shaped structure used as stable reference for the displacement transducers and anchored on the Pleistocene sediments.
c, d Satellite images of the LN and LG marshes and photos taken during the ongoing experiments. At LN (c) the photos show the experimental area loaded
with 4 tanks and 8 tanks, in this latter case with the marsh platform submerged during high tide, and a detail of the instruments used to monitor vertical
displacements. At LG (d) the photos show the experimental area with the 8 tanks (drone photo by Rodrigo Gomila), a detail of the tanks during an
emptying (unloading) phase, and the displacement transducers. e, f Stratigraphic profiles of the upper 1 m subsoil at LN and LG, respectively. Manual
augering equipment was used to characterize the subsurface stratigraphy and collect undisturbed soil samples and cores of the marsh at the two sites in
the close vicinity of the loading experiments. The two stratigraphic columns are accomplished with the position of the sensors, which are represented using
the same symbols adopted in Fig. 1a.
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remained null for about 24 h. A maximum rebound of ∼50%,
40%, 60%, –7%, 67% of the maximum settlement was measured
for C0, C10, M10, C40, and E10, respectively.

Consecutively, the load was increased to about ∼11.3 kPa and
maintained for about 72 h. A further settlement was recorded by all
the displacement transducers (Fig. 3d). C0 collects a final settlement
of about 32mm relative to the onset of the experiment. C10 and
M10 measure a settlement up to ∼18 and ∼15mm. Much smaller
are the settlement at C40 and E10, amounting to 1 and 2mm,
respectively. Finally, all eight tanks were emptied and the consequent
rebound was recorded for about 24 h. At the end of the experiment,
the sensors accumulated a permanent displacement of about 22, 13,
10, 2, and 2mm for C0, C10, M10, C40 and E10, respectively,
corresponding to a settlement equal to ∼60–70% for C0, C10, M10
and E10, and ∼80% for C40, of the maximum displacement.

The automatic logging of marsh displacements (with a 1 min
sampling frequency, much higher than in LN) revealed additional
insights in the displacement behavior. Small perturbations were
observed in correspondence with the tide peaks, even though the
water level on the marsh platform did not reach the tanks, with
the exception of that occurred on October 29th at 11:00 AM
(0.82 m above msl). Moreover, the curves show clear creep
deformation (i.e., secondary, viscous deformation) following the
load application after the overpressure dissipation. Notice how
the deformation rate (i.e., the slope of the displacement vs time
curve) decreases with the monitoring depth.

The behavior of the pore-water pressure for the LG experiment
is depicted in Fig. 3f together with the tidal water level fluctuation.
They show similar dynamics as seen at LN, e.g., the pore-water
pressure followed the tidal level when the marsh was submerged

Fig. 3 Datasets collected during the loading experiments at Lazzaretto Nuovo (NL, left panels) and La Grisa (LG, right panels) in the Venice Lagoon.
a, b Load applied on the marsh surface following the various loading and unloading phases with the filling and emptying of the tanks. The filling and
emptying last approximately 30–45min. The loading experiments lasted from July 8 to July 11 in 2019 at LN and from October 27 to November 2 in 2020
at LG. c, d Vertical displacement registered by each sensor versus time measured during loading and unloading phases. Negative values mean settlement,
positive values mean uplift. C0, C10 and C50 (C40 in LG) are located directly below the load center and refer to the marsh surface, and 0.1 and 0.5 m
(0.5 m) depth. E10 and M10 refer to a 0.1 m depth at the edge of the loaded area and in an intermediate position respectively (see also Fig. 1a). e, f Pore-
water pressure (left axis) and tidal water level (right axis) measured during the loading and unloading phases at various depths. P20, P50, and P100 refer
to deployment depth equal to 0.2, 0.5 and 1.0 m below the marsh surface. Letters A and B identify sensors located on the two sides of the experiment, as
indicated in Fig. 1a.
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and the perturbation caused by the (un)loading operations
amounts to a few centimeters (up to ∼0.04 m) and dissipated in
about 2–3 h (Supplementary Fig. 2b). However, some peculiarities
are worth highlighting: (i) the dissipation of the pore-water
pressure after the tide peaks followed the tidal evolution in P20A
and P100, but dissipation considerably lagged in P20B, P50A, and
P50B; (ii) the sensors deployed at same depth (i.e., P20A and
P20B, and P50A and P50B) are characterized by a quite different
pressure behavior. The highly heterogeneous lithology distribu-
tion (along the vertical direction and, possibly, in horizontal
direction as well, Supplementary Fig. 3) is likely responsible of
these particular behavior of pore-water pressure evolution.

Environmental, sedimentological and laboratory characteriza-
tion. Figure 3 shows how LN and LG marshes respond differently
to similar loading conditions. To understand their different
behavior and correctly interpret the loading experiment out-
comes, we combine them with sedimentological and geotechnical
investigations with particular focus on the first meter of
subsurface.

A number of 1- to 5-m deep cores were sampled along a 200-
and 300-m-long transect for the LN and LG salt marshes,
respectively. Sedimentological analyses along the transects
(Supplementary Fig. 3) revealed the geological evolution of the
two sites. The LN salt marsh originally formed on top of a
submerged natural levee system supplied by sediments from a
lagoon channel connected to a tidal inlet, while the LG marsh
developed on top of a mouth bar build by sediments from a
former Brenta river mouth that created a delta-like feature inside
the lagoon36.

The sedimentological analyses furthermore highlighted the
strong vertical and lateral variability characterizing both sites. At
LN, the upper 1 m of the deposits consist, from bottom to top, of
0.8 m greyish brown homogeneous silty clay followed by 0.2 m of
silty clay, gradually fining upwards to clay with sporadic plant
remains (Fig. 2e). The lower homogeneous silty clay layer

represents the deposition of sediments in a tidal flat environment
under low energy conditions, while the upper layer, containing
plant remains, is associated to the present-day salt marsh
environment. The paucity of plant remains and abundance of
inorganic sediments reveal that the salt marsh accretion in this
area is mainly due to inorganic sediment input, coming from the
nearby tidal channel (Fig. 2a).

The 1-m-thick subsoil of the LG experiment site (Fig. 2f), from
bottom to top, consists of 0.45 m of laminated very-fine sand to
silty clay with a fining upward trend. These latter sediments relate
to clastic sediment inputs of the Brenta river when it flowed into
the lagoon37–39. Above these deposits, the transition from the
deltaic to the lagoonal environment, following the human
diversion of the Brenta river away from the site to the sea37, is
testified by 0.25 and 0.10 m of silty-sand and silty deposits with
plant remains. The uppermost 0.2 m consists of organic clay rich
in roots and other plant remains and represents the present salt
marsh environment. The abundance of plant remains in the
upper layer shows that salt marsh accretion in this area is mainly
due to organic matter production, with only little inorganic
sediment influx.

In addition to the in situ loading experiment, samples collected
at both field sites were subjected to geotechnical laboratory tests.
Figure 4 shows the comparison between the field experiments and
geotechnical laboratory tests. The latter provided organic matter
(based on loss-on-ignition, LOI, tests) and sand percentage
(Fig. 4b), and one-dimensional compression curves for samples
collected in the upper 1-m depth (see Fig. 4d). For details on the
lab methodologies, see Materials and Methods. The full results of
laboratory geotechnical investigations are reported in the Supple-
mentary Material in terms of granulometric curves (Supplemen-
tary Fig. 4a), hydraulic conductivity (Supplementary Fig. 4b), and
one-dimensional oedometric modulus from lab tests (Supple-
mentary Fig. 4c). The sediments at LN are characterized by a high
silt fraction and a small sand fraction, showing a slight coarsening
in upwards direction (Supplementary Fig. 4a). The organic matter
content varies from 10 to 15% in the upper 0.2 m, and reduces to

Fig. 4 Comparison between field measurements and geotechnical laboratory test results for Lazzaretto Nuovo (LN) and La Grisa (LG). a, c Position of
the displacement transducers and oedometer samples in the 1-m stratigraphic profiles of Fig. 2e, f. b Organic content obtained through LOI tests and sand
percentage derived from the granulometric curves (Supplementary Fig. 4a). The sand percentage allows us to easily recognize the stiff layer between 0.3
and 0.5 m where the C40 sensor was positioned at LG. d Results of the classical oedometric tests (void index versus effective stress). Undisturbed samples
were collected at 0.2, 0.3 and 0.45m at LN (Fig. 4a) and 0.16, 0.65 and 0.8m at LG (Fig. 4c). e Comparison of field and lab deformations at ∼5 and
∼10 kPa. Field data provide an average value over the depth intervals between 0.0 and 0.1 m depth and from 0.1 to 0.5 m (0.4m at LG) depth, while lab
data provides point estimates at the respective sample depths.
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few percent at larger depth (Supplementary Fig. 4b). Oedometric
tests were performed on samples at 0.2, 0.3 and 0.45 m depth and
provide values for the compression index, Cc, and the
recompression index, Cr. The Cc, i.e., the slope of the virgin
compression line, is equal to 0.4 at 0.2 m depth and ∼0.1 at 0.3
and 0.45 m depth. The Cr, i.e., the slope of the reloading part of
the curve, amounts to 0.043, 0.002 and 0.006 at 0.20, 0.30 and
0.45 m depths, respectively (Fig. 4d). Permeability tests were
performed during the 1D compression, providing a hydraulic
conductivity ranging between 7 × 10−9 and 2 × 10−8 m s−1 at a
stress level of 20 kPa (Supplementary Fig. 4b). This value is
coherent with the silty nature of these soils. At LG, the
granulometric distribution shows a strong dominance of sand
in the central portion of the soil, i.e., between 0.2 and 0.6 m,
reaching values in the range 60-85% (Fig. 4b). In the shallower
and deeper parts, the silt fraction is dominant and sand
percentages drop to the range 12–20% (Supplementary Fig. 4a).
LOI is particularly high in the shallow part, in the first 0.2 m
averaging 20% with peaks of 25% (Fig. 4b), agreeing well with the
abundance of plant remains in the top portion of the analyzed
sequence. Below this depth, LOI rapidly decreases to ∼3%, with
values similar to those quantified at LN. Oedometric tests were
performed on samples at 0.16, 0.65 and 0.8 m depth (Fig. 4d). The
Cc is ∼0.2 at 0.65 and 0.8 m depth. Cc could not be computed at
0.16 m due to a non-distinguishable single slope of the void index
- effective stress curve. The Cr values amount to 0.07 and 0.01 at
0.16 and 0.65 m depth, respectively. At 0.8 m depth Cr assumes a
negative value, which is non-physical. The hydraulic conductivity
varies with depth from 5 × 10−10 m s−1 at 0.16 m to ∼10−8 m s−1

at 0.65 m and ∼8 ⋅ 10−9 m s−1 at 0.8 m (Supplementary Fig. 4b).
Notice that this parameter is not largely influenced by the
effective stress in the range from 3 to 20 kPa. The smallest
hydraulic conductivity corresponds to the shallowest soils,
coherently with the clayey nature of these layers, while the
higher values in the mid-depth levels are in agreement with a high
percentage of sand (Fig. 4b).

The oedometric or tangent modulus M (Supplementary
Fig. 4c), representing the soil stiffness, usually varies with stress
(or load). For the shallowest (0.20 m) and deepest (0.45 m)
samples at LN, M ranges from 0.26 to 1.05MPa and between 1.36
and 2.60MPa, respectively. At LG, M varies from 0.05 to
0.87MPa and between 2.27 and 9.14 MPa for 0.16 and 0.80 m
depth, respectively. The testing stress ranged from ∼3 and
∼100 kPa.

Discussion and implications
One of the main determining factors for coastal marsh survival
under RSL rise is their ability to carry the load exerted on their
surface by new (natural or artificial) sediments25,30,40. Evidence
from the field41 and model computations42 suggested that this is
not a given thing. Our results demonstrate that, within the same
coastal system, autocompaction can spatially be highly variable
and largely depends on the characteristics of the soil that com-
poses the marsh landform, i.e., on the specific depositional
environments where a marsh grows and thickens.

The stratigraphic analyses carried out in the two marshes in the
Venice Lagoon reveal that deposition of inorganic sediments is
dominant at LN, whereas organic production is primarily
responsible for accretion of the LG marsh. These observations are
consistent with the present geomorphological characteristics of
the two sites. The LG site is located in the inner margin of the
lagoon, far from direct sources of inorganic sediments43, whereas
the LN site is located at the edge of a tidal channel near the Lido
inlet, where inorganic sedimentary input is abundant. Based on
these considerations and the outcome of the loading experiments

we can anticipate that surface-elevation change with a similar
amount of accretion can strongly differ between LN and LG
marshes, with a ratio of 5 to 1. Oedometric laboratory experi-
ments with samples collected from marshes around the world
with similar geologic settings (Table 1) confirms that organogenic
marshes (high LOI values) are always positively correlated with
compression indices and void ratios, leading to higher con-
solidation rates compared to minerogenic marshes. LOI values in
the range 30–50% leads to Cc ∼2–4 and Cr ∼0.1–0.5. Low LOI
percentages drop the indices to Cc ∼0.02–0.2 and Cr ∼0.002–0.1,
respectively. LOI is also correlated with preconsolidation stress σp,
where more organic content reflects lower σp values and a higher
tendency to consolidate. However, we stress that the in situ
experiment supplies different information on geomechanical
properties compared to lab data, providing average estimates over
decimeter depth intervals instead of point estimates at sample
depths.

These findings question the reliability of recent model prediction
of the long-term response of coastal wetlands to future RSL rise, at
specific locations44 or globally13, as they neglect the role played by
autocompaction and/or the inherent heterogeneous nature of the
marsh subsurface. Indeed, high variability rates of shallow sub-
sidence are available for several coastal marshlands and deltaic
areas worldwide (Table 2). For example, shallow subsidence at San
Felice marsh (Table 2), a silty-sand marsh located nearby the LN
site, shows rates in the range of 0.0–2.0 mm year−1. Rates of few
mm/year are also reported by other authors21,45,46. However, in
different subsurface setting, rates might be ten times higher with
values up to ∼50mm year−147,48. Note that measurements refer to
different sediment thicknesses. A comparison with SLR values
measured by remote sensing in front of this areas shows that
shallow subsidence and SLR are generally comparable with some
exceptions where SLR is about five times higher than subsidence45

or, conversely, subsidence is one order of magnitude larger than
SLR47,48.

Properly accounting for autocompaction will provide reliable
quantifications of deposition rates required for a marsh to keep
pace with RSL rise, including the consideration that auto-
compaction varies following the lithological characteristics of
both the existing marsh soil and the new deposits. Moreover, the
need to couple surface and subsurface processes in high-resolu-
tion, physics-based numerical modeling of coastal marsh evolu-
tion has been recently pointed out19,20,49.

The results from the in situ loading experiments provide new
insights that progress our understanding of the hydro-
geomechanical behavior of coastal marshes, likely valid for
similar landforms worldwide. Firstly, cross-comparison of results
from laboratory tests and the loading experiments in the field
(Fig. 4e) allows us to evaluate the pros and cons of the in situ
testing approach. Displacements recorded in the marshes at the
center of the loading area were converted to deformation
(Fig. 4e) and validated against values obtained in the lab from
oedometric tests (Fig. 4d). We can compare two loading stages
(at LN only one due to the instrumentation problems caused by
the thunderstorm), i.e., four and eight tanks filled by seawater,
respectively amounting to ∼5.6 and ∼11.3 kPa, and two depth
intervals, between the marsh surface and 0.1 m and from 0.1 to
0.5 m (0.4 m at LG) depth using records provided by sensors C0,
C10, and C50 (C40 at LG). At LN, field deformation averages
0.9% in the shallow and 0.8% for the deep interval. Deformation
measured in the lab under similar loading conditions ranged
from 0.4 to 1.7% and 0.9 to 3.5% for 5.6 and 11.3 kPa. These data
refer to samples collected at 0.2 and 0.45 m depth, i.e., the layer
between sensors C10 and C50 (Fig. 4e). At LG field deformations
of the top 0.1-m interval were 5.5% and 13% for the half and full
load, respectively. The values decreased respectively to 0.9% and
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5.3% in the deeper interval (0.1-0.4 m). Oedometric lab tests
provide 7.9% and 12% at 0.16 m, 0.8% and 1.8% at 0.65 m, 0.3%
and 0.4% at 0.8 m depth for 5.6 and 11.3 kPa, respectively
(Fig. 4e). The general consistency between field and lab quanti-
fications demonstrates that the loading test design ensures
the validity of the oedometric assumption, i.e., vertical defor-
mation with precluded lateral expansion. This is important
because the uniaxial vertical compressibility controls the long-
term evolution of marsh elevation, playing a key role for survival
or drowning of coastal marshes20. Notice that classical geo-
technical solutions50 do not represent the behavior of these
landforms well. At LN the ratio (displacementC0) over (dis-
placementC50) amounts to ∼2.4, and at LG (displacementC0) over
(displacementC40) is equal to ∼15. These values are far from the
value ∼1.2 that you might expect from Fig. 1b, especially at LG
where the soil is characterized by a large vertical heterogeneity in
sediments.

A second interesting outcome is related to marsh behavior
during the unloading phase when the water tanks were being
emptied. Soil is more deformable during loading than during
unloading, as only part of the deformation is reversible. The ratio
s of compressibility during loading (i.e., partially irreversible
deformation) and unloading (i.e., only reversible deformation) is
reported to decrease with depth51 from s= 20− 100 at depth less
than 100 m down to s= 1.5− 3 in deep reservoirs. Tests carried
out at the Treporti littoral strip of the Venice Lagoon52,53 to
support the design of the MoSE mobile gates54 at lagoon inlets
revealed that compressibility of shallow soils in unloading con-
dition is ∼15 times smaller than in the loading phase55,56.

Our results achieved by the LN and LG experiments are sur-
prising in this respect as they provide s ∼2 only (Fig. 3c, d). Such
a highly recoverable response of the shallowest marsh soil is
unexpected, also compared with the Cc and Cr values provided by
the lab oedometric tests carried out on the samples collected in
the two sites (Fig. 4d) suggesting s ∼10. We believe that this effect
is mainly associated to the presence of the in situ root structure of
the living vegetation cover present in the upper 0.20–0.25 m. This
is in agreement with recent reports on the beneficial effects
exerted by halophytes roots and rhizomes on marsh shear and
compressibility strength18,57.

For the first time to our knowledge, creep behavior was wit-
nessed and measured in marsh soils. Creep is the long-term
viscous deformation caused by rearrangement of the sediment
skeleton by the force of gravity under constant effective stress58.
Notice that we refer here to a different process then the creep
investigated by Mariotti et al.59, where the term is used to
describe movements of sediments along channel bank slopes
causing lateral marsh erosion. Creep is generally associated to
loading of soft fine sediments with large structures60. It develops
as secondary compression, after the dissipation of pore over-
pressure (causing primary compression) following an increase in
loading. In a marsh under natural conditions loading is caused by
sediment accretion. However, as sedimentation develops con-
tinuously and slowly over time, (primary) compaction and creep
have never been distinguished in marsh autocompaction before.
The application of a constant load over a time interval much
longer (i.e., days) than that required to dissipate the tank filling-
related overpressure (i.e., hours) (Fig. 2), allows us to disentangle
creep from the cumulative deformation and quantify the creep
coefficient Cα, which is the slope of the curve vertical deformation
vs log time. Referring to LG, we compute Cα= 2.5 × 10−2 and
Cα= 1.3 × 10−2 for the shallow (surface to 0.1 m) and deeper
depth intervals (0.1–0.4 m), respectively (Fig. 3d). Interpretation
of the displacement records at the trial embankment in Treporti61

provided Cα= 10−3− 4 × 10−3, one order of magnitude less than
the values from the loading experiment.T
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Long-term projections of coastal marsh resilience to RSL rise
should not neglect the importance of subsurface processes and
the effects of autocompaction. To do so, the complex interactions
of processes happening at the surface and within the subsurface
of a marsh need to be recognized and quantified. The novel
in situ loading experiment presented here is a promising cost-
effective methodology to characterize the hydro-geomechanical
properties of marsh soils. It can be viewed as an anticipation of
the long-term natural autocompaction, squeezed in a test of
several days.

Materials and methods
Set-up of the field experiments in the Venice Lagoon. The execution of the
loading experiment in the marshes of the Venice Lagoon was challenging from
several points of view. The marshes are difficult to reach, the material transpor-
tation is not easy, the setting up of the specific instrumentation required to track
the evolution of the hydro-geomechanical parameters is not straightforward
without disturbing the marsh soil, thus affecting the potential test results. In
addition, the marshes are flooded twice a day during high tides.

The tank dimensions we used are 0.78 × 0.69 × 1.04 m3. Each tank can contain
up to 500 l and its empty weight is approximately 0.1 kN. The tanks were placed
with a 0.1–0.2 m gap between them, allowing for an optimal positioning of the
monitoring instrumentation. Consequently, the whole loading area became
2.25 × 1.75 m2. The tanks were interconnected at the bottom through plastic tubes
to guarantee the same water levels during filling and, consequently, a uniform
distribution of the load (Fig. 1).

The five displacement transducers installed to measure marsh compaction were
attached at one end to a H-shaped steel structure anchored on two steel piles with a
foundation at ∼6 m depth where an over-consolidated layer was located. The other
end was fixed to the prescribed soil depth (i.e., from the surface to 0.5 m) through
an aluminum anchor specifically designed to account for two main constraints:
(i) minimize the disturbance to the soil during the insertion of the anchor to its
reference depth; and (ii) guarantee that it remains anchored to the depth of interest
given the loose nature of the shallow marsh deposits. The anchor was constituted
by a 0.05 m radius helicoidal disk with a 0.5 m long and 0.005 m diameter wire in
the center. The anchor was inserted into the soil by rotational force only with no
vertical force.

The displacements of the reference H-shaped steel structure and the four
external corners of wooden pallets carrying the tanks were monitored during the
whole test by means of very-high precision spirit leveling. A reference
benchmark was established 50 m far from the load using a steel pole inserted
into the soil at about 6 m depth. The tidal water level was measured in the
channel in front of the experiment and the gauge equipment was also reference
to the benchmark.

A wooden boardwalk was place around the experiment on the marsh surface to
minimize disturbance of the marsh and loading induced by the people during the
construction and duration of the experiment.

Monitoring equipment
Lab characterization—grain size, compressibility and hydraulic conductivity. Grain
size analyses were carried out in a conventional manner using sieves for the par-
ticles ranging from 0.075 to 100 mm, and the hydrometer method for the particles
smaller than 0.075 mm. The procedure for the sieve grain size analysis was based
on the standard ASTM D6913 while the use of the hydrometer method was based
on the standard ASTM D792862,63. Loss-on-ignition was measured by comparing
weight measures of a soil sample before and after introducing the sample in an
oven at 440° C for 33 h. The procedure follows the standard of ASTM D734864.
Oedometric tests were performed with a conventional apparatus, considering
samples of 2 cm thickness by 5–7 cm diameter. The load sequence and entity
were specifically designed accordingly to the typical loads acting on a marshland:
tidal loads, inducing cycles of load and unloads of few kPa on the shallow
portion of the marshland; but also processes of sedimentation and erosion.
During the test, the sample was fully saturated, with top and bottom drainage
ensuring the excess pore-pressure dissipation during each load step. The defor-
mation of the sample was continuously monitored with a LVDT sensor. In this
manner it was possible to retrieve the deformation history associated to the loads/
unloads applied, compressibility coefficients, preconsolidation pressure and pre-
consolidation stress. The determination of permeability coefficients was carried out
during the oedometric tests at different stress levels. Accordingly to the fine texture
of the soils, the falling head technique was used to evaluate the permeability
coefficients.

Data availability
Source information from the figures can be found at https://doi.org/10.25430/
RESEARCHDATA.CAB.UNIPD.IT.0000071565.
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