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A B S T R A C T   

Salt marshes are ecosystems with significant economic and environmental value. However, the accelerating rate 
of sea-level rise is a significant threat to these ecosystems. Storms significantly contribute to the sediment budget 
of salt marshes, playing a critical role in salt marsh survival to sea-level rise. There are, however, uncertainties on 
the extent to which storms contribute sediments to different areas of marsh platforms (e.g., outer marsh vs marsh 
interior) and on the sediment sources that storms draw on (e.g., offshore vs nearshore). This study uses field 
analyses from an eight-month field campaign in the Ribble Estuary, North-West England, to understand storms’ 
influence on the sediment supply to different marsh areas and whether storms can deliver new material onto the 
salt marsh platform which would otherwise not be sourced in fair-weather conditions. Field data from sediment 
traps indicate that storm activity caused an increase in inorganic sediment supply to the whole salt marsh 
platform, especially benefitting the marsh interior. Geochemistry and particle size distribution analysis indicate 
that the majority of the sediment supplied to the salt marsh platform during the stormy periods was generated by 
an increase in erosion and resuspension of mudflat and tidal creek sediments, while only a minimal contribution 
was given by the sediments transported from outside the intertidal system. This suggests that, in the long term, 
storms will promote salt marsh vertical accretion but might simultaneously reduce the overall larger-scale 
sediment availability with implications for the marsh lateral retreat.   

1. Introduction 

Salt marshes are environments of significant value, as they provide 
numerous ecosystem services (Zedler and Kercher, 2005; Barbier et al., 
2011). Salt marshes are also effective nature-based solutions for coastal 
protection against flooding and erosion (Temmerman et al., 2013), as 
they can buffer storm waves and stabilise sediments (e.g., Möller et al., 
1999; Feagin et al., 2009). However, increasing rates of salt marsh loss 
have been recorded worldwide (e.g., Bakker et al., 1993; Environment 
Agency, 2011), despite the global effort in creating new vegetated 
intertidal areas and/or restoring wetlands previously reclaimed for 
anthropogenic purposes (Temmerman et al., 2013). Understanding the 
geomorphic processes that promote salt marsh resilience is, therefore, 
necessary for the effective management of these ecosystems. 

Salt marshes form when the input of sediments from rivers and the 
sea to estuarine accommodation space allows tidal flats to reach a 
threshold elevation relative to sea level that permits vegetation growth 
(Morris et al., 2002). Encroachment and survival of salt marshes are 
possible if vertical accretion and lateral expansion of the salt marsh can 

keep pace with sea-level rise (Ma et al., 2014; Mariotti and Carr, 2014; 
Mitchell et al., 2017). Increasing rates of sea-level rise can lead to marsh 
drowning and lateral retreat, as sea-level rise creates new accommo
dation space, increasing the amount of sediment input required to 
guarantee marsh stability (FitzGerald et al., 2008; Kirwan et al., 2010; 
Ganju et al., 2017; Fagherazzi et al., 2020; Leonardi et al., 2018), and 
promotes near-shore ebb dominance, enhancing sediment export from 
the intertidal system (Carrasco et al., 2018; Zhang et al., 2020; Pannozzo 
et al., 2021b). Vertical accretion and lateral expansion are determined 
by sediment supply and organogenic production (Kirwan et al., 2010, 
2016; Donatelli et al., 2020). However, the ongoing decrease in sedi
ment supply to the coastlines, caused seawards by river dredging and 
damming and landwards by the enhanced sediment export, is currently 
exacerbating the vulnerability of salt marshes to increasing sea levels 
(Ganju et al., 2017; Donatelli et al., 2018). 

Field and numerical investigations have shown that storms play a 
significant role in salt marsh accretion, as overwash by storm surges 
delivers a considerable amount of sediment to marsh platforms sup
porting marsh growth (Turner et al., 2006; Castagno et al., 2018; Tognin 
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et al., 2021). Further studies have shown that the contribution of storm 
sedimentation to the salt marsh sediment budget allows salt marshes to 
keep pace with sea-level rise and is therefore critical for marsh survival 
(Schuerch et al., 2013; Pannozzo et al., 2021b). Despite the numerous 
studies that have investigated the roles of storm surges in salt marsh 
resilience, there are still uncertainties on the degree to which storms 
enhance the accretion of salt marsh platforms – i.e., to what extent storm 
sediment supply benefits different areas of marsh platforms (e.g., outer 
marsh vs marsh interior) and what are the sediment sources that storms 
draw on (e.g., offshore vs nearshore). 

Sediment supply to the marsh platform depends on the hydroperiod 
(duration and frequency of tidal inundation), which decreases with 
distance from the water sources (i.e., sea and tidal creeks) (Reed, 1990). 
Therefore, while the outer marsh experiences marine sediment inputs 
regularly, the inner marsh areas only experience marine sediment inputs 
when they are inundated by high spring tides and/or storm surges 
(Roberts and Plater, 2005). Determining how storm sediment supply 
affects different areas of the marsh platform is, therefore, crucial for 
understanding to what extent salt marsh vertical accretion can benefit 
from storm activity. Nonetheless, vertical accretion must be compen
sated by lateral expansion to avoid the collapse of the platform edge 
(Fagherazzi et al., 2013; Mariotti and Fagherazzi, 2013). Marine sedi
ments delivered to marsh platforms, however, originate mostly from the 
erosion of the adjacent intertidal areas, thus promoting vertical accre
tion but enhancing the lateral retreat of the salt marsh (Roner et al., 
2021). Hence, understanding if storms can deliver to the marsh platform 
sediments from outside the intertidal system allows for determining 
whether these sediments can also benefit marsh lateral expansion. 

This study uses field analyses conducted during the 2021–2022 
storm season in the Ribble Estuary, North-West England, to understand: 
i) how storm activity affects sediment supply to different areas of the 
marsh platform; and ii) whether storm sediment supply has a different 
origin than sediment delivered to the marsh platform in fair-weather 
conditions. The Ribble Estuary was chosen as a case study due to its 
ecological and economic value (Tovey et al., 2009) and because of the 
critical role that storm deposits have on the survival of its salt marshes 
and intertidal flats (Lyons, 1997; Pannozzo et al., 2021a, 2021b). The 
concentration of suspended sediments collected from Hesketh Out 
Marsh after stormy and non-stormy periods was analysed to assess how 
storm activity changes the spatial variability of sediment supply across 
the marsh platform. The geochemistry and particle size distributions of 
the salt marsh sediments collected after stormy and non-stormy periods 
were then compared with each other and to the geochemistry and par
ticle size distributions of surface sediments collected onshore, near
shore, and offshore to determine the sources of sediment supply in 
stormy and fair-weather conditions. 

2. Study site 

The Ribble Estuary is located on the Lancashire coast of North-West 
England (Fig. 2a). It is a funnel-shaped, tidally dominated and macro- 
tidal estuary (Wakefield et al., 2011) with an ordinary tidal range of 
8.0 m at spring tide and 4.4 m at neap tide (UKHO, 2001). It only ex
periences moderate wave energy, owing to waves generated in the Irish 
Sea basin predominantly by southerly and westerly winds (Pye and Neal, 
1994). The average marsh platform elevation is approximately 3.5 m 
above mean sea level at Ordinance Datum. The formation of the 
extensive intertidal sand-silt flats and salt marshes lying along the riv
erbanks (Fig. 2b) resulted from the combination of infilling of sandy 
sediments from the bed of the Irish Sea and the deposition of silt and 
clay-sized sediments coming from the River Ribble (van der Wal et al., 
2002). The accretion of the intertidal flat and salt marsh platform might 
have been further aided by the moderate wave climate characterising 
the estuary, which is insufficient to cause significant lateral erosion (van 
der Wal et al., 2002). The majority of the sediment supplied to the marsh 
platform is marine in provenance (Wright et al., 1971; Pannozzo et al., 

2022b), with tidal pumping being the main process introducing sedi
ments into the estuary (Lyons, 1997). Sediment supplied by storm surges 
has a crucial role in the accretion and expansion of the salt marsh and 
tidal flats, increasing the sediment budget of the system with increasing 
storm surge intensity and duration (Pannozzo et al., 2021a, 2021b). 
Between 2007 and 2017, a two-phase scheme was implemented to 
restore the intertidal habitat, previously reclaimed for agricultural 
purposes, to enhance the protection of coastal infrastructures against 
flooding (Tovey et al., 2009). 

3. Methods 

3.1. Detection of storm activity 

Sediments were collected approximately every 30 days from Hesketh 
Out Marsh from 15th November 2021 to 5th July 2022, with the same 
frequency both during stormy and non-stormy periods, with the 
exception of the first period (15th November 2021 to 12th January 2022) 
as sediments were collected after approximately 60 days for logistics 
reasons. For the identification of storm events, water level and signifi
cant wave height records, measured respectively at the Liverpool 
Gladstone Dock tide gauge station (Fig. 1a; BODC, 2022) and at the 
Liverpool Bay WaveNet Site wave buoy (Fig. 1c; Cefas, 2022), were 
collected for the period studied. BODC and Cefas perform regular checks 
on the performance of the gauges and data are routinely processed and 
quality controlled. The water level data has been adjusted to Ordinance 
Datum (OD) using the conversion parameters provided by the National 
Tidal and Sea Level Facility and the values flagged as unreliable by 
BODC were removed from the time series. The residual water level 
(Fig. 1b) was calculated by subtracting the predicted tide for the period 
studied from the total water level, and the predicted tide was calculated 
by combining the tidal constituents derived from the total water level of 
the period studied, using the MATLAB package T-Tide (Pawlowicz et al., 
2002). Stormy periods were identified as periods in which residual 
water level and significant wave height increased above the 95th 

percentile (Fig. 1). This is a threshold commonly associated with storm 
activity (e.g., Matulla et al., 2008; Lyddon et al., 2018). Only periods in 
which both residual water level and significant wave height increased 
above the 95th percentile were associated with storm activity. 

3.2. Sediment supply 

There is evidence that sediment supply to salt marshes is strongly 
controlled by the concentration of suspended sediment in the source 
water (Temmerman et al., 2004; Willemsen et al., 2021). Hence, to 
assess how storm activity affects sediment supply over the marsh plat
form, suspended sediments were collected across Hesketh Out Marsh 
(Fig. 2e) during stormy and non-stormy periods, using sediment traps. 
Two transects 100 m in length were set up on the salt marsh with traps 
placed at 15 m intervals, one orthogonal to the marsh edge and one 
orthogonal to the bank of one of the biggest tidal creeks (Fig. 2f). To 
ensure that there were no significant topographic constraints on the 
sediment supply to the sediment traps, transects profiles were produced 
using a TOPCON HIPER II RTK GPS with ~10 mm + 1 ppm horizontal 
accuracy and ~ 15 mm + 1 ppm vertical accuracy. The overall transects 
elevation has been adjusted to Ordnance Datum (OD) using the LiDAR- 
derived Digital Elevation Model (DEM) relative to the RTK base-station 
position as the reference point (Fig. 2g). The traps consisted of 50 mL 
plastic tubes which were placed at ground level and at 30 cm from the 
ground to capture the SSC vertical profile and to compare the trends at 
different levels to ensure internal consistency (Fig. 2h). Multiple stormy 
and non-stormy periods were assessed to further ensure consistency 
between trends relative to periods with similar hydrodynamic condi
tions (Figs. 3 and S3). The samples were centrifuged to remove excess 
water and freeze-dried to remove any moisture before being weighed. 

The availability of suspended sediment in the water column is 
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controlled by current velocities and wave energy, responsible for sedi
ment resuspension and transport (Rose and Thorne, 2001; Zhang et al., 
2019). Storms cause an increase in water level and wave height, 
enhancing current velocities and wave energy (Bertin et al., 2017), thus 
increasing the availability of suspended sediment within the system 
(Duvall et al., 2019). As the storm period increases, the availability of 
suspended sediment also increases (Pannozzo et al., 2021a, 2021b). 
Hence, to assess how storms control the sediment delivery to different 
areas of the marsh platform, a linear regression analysis was performed 
between the suspended sediment concentration measured across both 
transects over stormy and non-stormy periods and the hydrodynamic 
variables estimated for the same periods – i.e., mean residual water level 
and significant wave height above the 95th percentile (representative of 
storm intensity) and total period during which residual water level and 
significant wave height are above the 95th percentile (representative of 
the total period of storminess). To facilitate comparison between all 
stormy and non-stormy periods, the total suspended sediment concen
tration measured at the end of each period was normalized to daily rates 
and the total period of storminess was measured in days per month with 
one month being defined as 30 days. The linear regression was then used 
to calculate coefficients of determination (R2) to investigate how the 
control of each hydrodynamic parameter on the SSC varies spatially 
across the marsh platform. 

3.3. Sediment composition and provenance 

Pannozzo et al. (2022b) showed that the inorganic sediment input to 
Hesketh Out Marsh is predominantly marine in provenance, while the 
riverine influence is minimal. As the marine provenance of the inorganic 
sediments was ascertained, to assess the spatial extent of the marine 
sediment supply to the marsh platform during stormy and fair-weather 
conditions, the geochemical composition of the sediments collected 
from the salt marsh after stormy and non-stormy periods and the 
geochemical composition of the sediments collected from the potential 
marine sources were determined using X-Ray Fluorescence (XRF) anal
ysis and compared. Geochemistry is, indeed, widely used as a proxy to 
reconstruct the composition of marshland sediments (e.g., Kolditz et al., 

2012; Hazermoshar et al., 2016). 
As the estuary is infilled with marine sediments, the nearshore and 

offshore areas of the estuary are expected to be similar in sediment 
composition; thus, geochemical analysis is insufficient to discern which 
marine source the inorganic sediments are transported from. Particle 
size distributions (PSDs) analysis, on the other hand, can detect differ
ential modes of sediment deposition, indicative of different levels of 
energy that characterise the salt marsh in different hydrodynamic con
ditions, and can be used to speculate on the distance travelled by sedi
ments before deposition (Rahman and Plater, 2014; Pannozzo et al., 
2023). Fine-skewed to near-symmetrical distributions characterised by 
well-sorted, sand-sized sediment are typical of traction load delivered by 
the fast tidal flow velocities (i.e., during the flood phase) and are found 
in substrates with low elevation and high energy levels (e.g., sandflats). 
Near-symmetrical distributions characterised by fine to very fine, poorly 
sorted silts are typical of the suspension load that settles during the turn 
of the tide (i.e., during the ebb phase) and are found in substrates with 
high elevation and low energy levels (e.g., salt marsh platforms). Mud
flats, which are transitional environments, typically have a mixed dis
tribution. As salt marshes are low energy environments, the suspension 
load that dominates their PSDs is mostly eroded and transported by tidal 
currents and waves from adjacent mudflats and tidal creeks (Zhang 
et al., 2019; Roner et al., 2021). If storm flooding significantly enhances 
the energy levels over the marsh platform, the PSD of the salt marsh 
sediments are expected to change and resemble the PSD of the mudflat 
sediments, as higher energy levels allow sediment supply to the marsh 
platform through infilling as well as settling. A significant increase in 
energy levels would further imply that sediments can be transported 
over longer distances, thus suggesting that storms could transport sig
nificant amount of sediments from further marine sources (i.e., sandflat, 
sand dunes and offshore region) in addition to eroding the adjacent 
mudflat areas and tidal creeks (Cahoon et al., 1995). On the contrary, if 
storm flooding does not cause a significant increase in the energy level 
over the marsh platform, it would be unlikely that sediments are 
transported from sources further than the adjacent mudflat and tidal 
creeks, and the PSD of the sediments supplied to the salt marsh by storms 
are expected to be similar to the PSD of the sediments supplied in fair- 

Fig. 1. Total water level (WL) (a), residual water level (ΔWL) (b) and significant wave height (Hs) (c) measured from 15th November 2021 to 5th July 2022. The red 
bands highlight periods in which both residual water level and significant wave height are higher than the 95th percentile (i.e., stormy periods). The water level data 
has been adjusted to Ordnance Datum (OD). 
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Fig. 2. Location of the Ribble Estuary (a); location of Hesketh Out Marsh (HOM), the Irish Sea coring sites (VC153, VC154, VC152), and the sand dunes and sandflat 
sampling sites (© Google Earth Pro, 2022) (b); high-resolution view of the sand dunes (c) and sandflat (d) sampling sites (© Google Earth Pro, 2022); high-resolution 
view of Hesketh Out Marsh and location of the study site (© Google Earth Pro, 2022) (e); high-resolution view of the mudflat and creek sampling sites and transects 
location (© Google Earth Pro, 2022) (f); transects profiles and location of the sediment traps (g); panoramic of the starting points of the transects HOM-1 (marsh edge) 
and HOM-2 (creek bank) obtained with a FARO 3D laser scanner Focus X330 and photos displaying the locations of the sediment traps along each transect (h). 
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weather conditions. 
To show how PSDs can detect differential modes of sediment depo

sition, PSD analysis was first performed on the sediments collected from 
the potential onshore, nearshore and offshore sources, to characterise 
the landward change in energy levels. The same analysis was then 
performed on the sediments collected from the salt marsh platform 
during stormy and non-stormy periods to assess any change in energy 
levels caused by storm activity and relative change in sediment transport 
pathways. To characterise the onshore sediments, three samples were 
collected from the coastal aeolian dunes near Southport (Fig. 2c). To 
characterise the nearshore sediments, a set of nine samples (three per 
location) were collected from the mudflat and tidal creek adjacent to the 
marsh platform (Fig. 2f), and the sandflat at the south of the Ribble 
Estuary (Fig. 2d). The offshore sediments were characterised by ana
lysing three sediment cores collected at 2 km spacing across the Irish Sea 
~20 km offshore in 28–30 m water depths (Pearce et al., 2011); only the 
top 1 m of the cores (originally 6 m long) was subsampled (at 0.1 m 
intervals, resulting in 30 samples in total), with these depths charac
terising the more mobile surface sediments of the eastern Irish Sea 
(Fig. 2b). 

3.3.1. Sediment composition 
The geochemical composition of the sediments collected from 

Hesketh Out Marsh and potential marine sediment sources was 
measured by X-Ray fluorescence (XRF) using a XEPOS 3 Energy- 
dispersive XRF. All samples were hand ground, pressed and then 
measured under a He atmosphere under combined Pd and Co excitation 
radiation and using a high resolution, low spectral interference silicon 
drift detector. The XEPOS 3 undergoes daily standardisation procedure 
and has accuracies verified routinely using 18 certified reference ma
terials (Boyle et al., 2015). Light elements were corrected for organic 
content, using loss-on-ignition (LOI) values measured by heating the 
samples at 105 ◦C overnight to evaporate all moisture content and then 
igniting them in a furnace at 450 ◦C for 4.5 h to combust all organic 
matter (Boyle, 2000). 

Principal component analysis was performed using PAST3 (Hammer, 
2019) to explore the geochemical compositions of the samples and to 
assess any association between the salt marsh sediments and the po
tential marine sources. The parameters selected for this PCA were: 
coarse mineral (Si (mg/g), Zr (μg/g)) and shell content (Ca (mg/g), Sr 
(μg/g)) indicators, salt water (Na (mg/g)) and organic content (LOI (%), 
S (mg/g), Br (μg/g)) indicators, fine mineral indicators (K (mg/g), Al 
(mg/g), Ti (μg/g), Rb (μg/g), Nb (μg/g)), post-depositional diagenesis 
indicators (Fe (mg/g), Mn (μg/g)), pollutants (Mg (mg/g), P (mg/g), As 
(μg/g), Pb (μg/g), Zn (μg/g), Ni (μg/g), Cu (μg/g), V (μg/g), Cr (μg/g), 

Ga (μg/g), Ge (μg/g), Ba (μg/g), I (μg/g)) and the rare elements (Y (μg/ 
g), La (μg/g), Ce (μg/g)) (Boyle, 2000; Plater et al., 2000). 

3.3.2. Particle size distribution analysis 
Particle size distributions (PSDs) were measured for the sediments 

collected at the marsh edge and from the potential sources using a 
Coulter LS 13320 Single-Wavelength Laser Diffraction Particle Size 
Analyser that determines the dimensions of individual particles 
0.375–2000 μm. Only the sediments trapped at marsh edge at ground 
level were used for the PSD analysis, as they are the most likely to show a 
mixed distribution if any infilling has occurred (Rahman and Plater, 
2014). Subsamples were digested in 6 % concentrated H2O2 (50 mL of 
H2O2 per 10 mL of sample) to remove any organic component, with the 
samples then dispersed and sonicated in Na6O18P6 and analysed under 
sonicating measurement conditions. The resulting PSDs are the average 
of three repeats after the elimination of outliers. The Coulter LS 13320 
undergoes regular calibration checks using samples with known size 
distributions. End-member modelling analysis (EMMA) was conducted 
using the EMMAgeo R package to statistically derive the dominant 
modes in the PSDs of the marsh and potential marine source sediments 
(Dietze et al., 2012). The maximum number of end-members that the 
model could detect was set as seven, as identified by Clarke et al. (2013) 
and Clarke et al. (2014). Particle size categories with several zero values 
were combined to enable an end-member analysis of the entire data set. 
A robustness test was performed to check on each end-member 
(Fig. S2a). The model showed that 85 % of the variance in the PSDs 
could be explained by two PSD end-members (Fig. S2b). The loading of 
the end-members explaining most of the variance was plotted to char
acterise the dominant modes in the PSDs of the marsh edge and potential 
marine source sediments. The end-members scores relative to the salt 
marsh and potential sources were then plotted to observe any similar
ities between the modes characterising the salt marsh sediments during 
stormy and non-stormy periods and the modes characterising the po
tential marine sources. 

4. Results 

4.1. Sediment supply 

Both at ground level and at 30 cm from the ground, suspended 
sediment concentration (SSC) decayed non-linearly with distance from 
the marsh edge and the creek bank, similarly during stormy and fair- 
weather periods, but was overall higher across both transects during 
stormy periods (Figs. 3 and S3). 

Close to the marsh edge, SSC reached up to 0.2 g/day at ground level 

Fig. 3. SSC (g/day) profile with distance from the marsh edge (a) and the creek bank (b), at ground level and at 30 cm from the ground, relative to a stormy and a 
non-stormy period (see Fig. S3 for the profiles relative to the other periods studied). 
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and up to 0.04 g/day at 30 cm from the ground in fair-weather condi
tions, while it reached up to 0.7 g/day at ground level and up to 0.2 g/ 
day at 30 cm from the ground in stormy conditions (Fig. 4 c, d). Close to 
the creek bank and at 30 m from the marsh edge and creek bank, SSC 
was consistently lower than 0.01 g/day in fair-weather conditions, both 
at ground level and at 30 cm from the ground, while it reached up to 
0.07 g/day at ground level and up to 0.04 g/day at 30 cm from the 
ground in stormy conditions (Fig. 4 c, d, e, f). Thus, in stormy periods, 
SSC at the marsh edge increased by up to 250 % at ground level and by 
up to 400 % at 30 cm from the ground; in the marsh interior, however, it 
increased up to 600 % at ground level and up to 300 % at 30 cm from the 
ground. Hence, in relative terms, the increase in SSC caused by storm 
activity was more significant for the interior of the marsh than it was for 
the marsh edge. 

The increase in SSC during stormy periods corresponds to an increase 
in the residual water level and significant wave height, both of which 
consistently increased above the 95th percentile; the mean residual 

water level above the 95th percentile ranged between 0.35 m and 0.53 
m, while the significant wave height above the 95th percentile ranged 
between 2.8 m and 3.2 m (Fig. 4a, b). Overall, across both transects, SSC 
shows a positive correlation with all three hydrodynamic variables, 
increasing with an increase in storm intensity (i.e., mean residual water 
level and significant wave height above the 95th percentile) and storm 
duration (i.e., total period during which residual water level and sig
nificant wave height are above the 95th percentile), similarly at ground 
level and at 30 cm from the ground (Fig. 5). The control of the hydro
dynamic variables on the SSC, however, is not uniform across the salt 
marsh platform (Fig. 6). Results show that variations in water level and 
wave height cause the greatest changes in SSC at the marsh edge, while 
their influence decreases with distance from marsh edge and creek bank. 
Nevertheless, wave height has a stronger control on SSC compared to 
water level. Storm duration, on the other hand, is more influential over 
the marsh interior and has, overall, the strongest control on the total 
sediment availability above the marsh platform. 

Fig. 4. Mean residual water level (ΔWL) (m) and significant wave height (Hs) (m) above the 95th percentile (a); total period (T) during which residual water level 
(ΔWL) and significant wave height (Hs) are above the 95th percentile (b); SSC (g/day) at ground level, at the marsh edge and at 30 m from the marsh edge (c); SSC (g/ 
day) at 30 cm from the ground, at the marsh edge and at 30 m from the marsh edge (d); SSC (g/day) at ground level, at the creek bank and at 30 m from the creek 
bank (e); SSC (g/day) at 30 cm from the ground, at the creek bank and at 30 m from the creek bank (f); for each period studied between 15th November 2021 and 5th 

July 2022. The cloud symbols indicate the periods characterised by storm activity. 
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4.2. Sediment composition and provenance 

The first two components of the PCA performed on the XRF mea
surements of the sediments collected from Hesketh Out Marsh, the Irish 
Sea floor, Southport sand dunes, and the intertidal areas summarise 76 
% of the variance in the data, respectively 43 % and 33 % (Fig. 7). 
Component 2 separates samples rich in shells (Ca and Sr) and silt-sand 
sized minerals (Si and Zr) from those rich in organic content (LOI, S 
and Br). Component 1 separates samples rich in organic content from 
those rich in minerals and pollutants. The marsh sediments collected 
after stormy periods are mostly characterised by shells and silt-sand 
sized minerals, with some contribution from finer minerals, and have 
similar composition to some of the marine samples. The sediments 
collected after non-stormy periods are mostly characterised by organic 
content with minimal contribution from finer minerals, with the 
exception of the sediments collected at the edge of the marsh platform, 
which are richer in shells and silt-sand sized minerals and have stronger 
association with the stormy sediments and some of the marine samples. 

The EMMA analysis (Fig. 8) shows two dominant end-members 
characterising the PSDs variance: EM1 is characterised by a mixed 
near-symmetrical to fine-skewed distribution of silt to fine sand with a 
secondary near-symmetrical mode dominantly clay to silt and EM2 is 
characterised by a fine-skewed to near-symmetrical distribution of fine 
to coarse sand. The Irish Sea, sand dunes and sandflat sediments have 
PSDs dominated by EM2, with only minimal contribution (up to 30 %) 
from EM1. Progressing landwards, however, the EM1 mode becomes 

Fig. 5. Linear regression analysis performed between SSC (g/day), mean residual water level (ΔWL) (m) and significant wave height (Hs) (m) above the 95th 

percentile, and the total period (T) during which residual water level (ΔWL) and significant wave height (Hs) are above the 95th percentile (days/month); at ground 
level at the marsh edge and at 30 m from the marsh edge (a, e, i), at 30 cm from the ground at the marsh edge and at 30 m from the marsh edge (b, f, j), at ground 
level at the creek bank and at 30 m from the creek bank (c, g, k), and at 30 cm from the ground at the creek bank and at 30 m from the creek bank (d, h, l). 

Fig. 6. Coefficients of determination (R2) relative to the regression analysis 
performed between SSC (g/day), mean residual water level (ΔWL) (m) and 
significant wave height (Hs) (m) above the 95th percentile, and the total period 
(T) during which residual water level (ΔWL) and significant wave height (Hs) 
are above the 95th percentile (days/month); at ground level at the marsh edge 
and at 30 m from the marsh edge, at 30 cm from the ground at the marsh edge 
and at 30 m from the marsh edge, at ground level at the creek bank and at 30 m 
from the creek bank, and at 30 cm from the ground at the creek bank and at 30 
m from the creek bank. 
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dominant, characterising between 40 % and 100 % of the mudflat and 
creek PSDs. The samples collected from the salt marsh edge after the 
stormy periods do not differ statistically from the samples collected after 
non-stormy periods; their PSDs are both dominated by the EM1 mode. 

5. Discussion 

5.1. Sediment supply 

Sediment supply decreased with distance from the marsh edge and 
the creek bank, similarly during stormy and fair-weather periods (Figs. 3 
and S3). This non-linear decrease resembles trends already showed for 
other sites by modelling (Zhang et al., 2019; Zhu and Wiberg, 2022) and 
field (Temmerman et al., 2003; Duvall et al., 2019) studies. Sediments 

Fig. 7. Principal component analysis between samples collected from Hesketh Out Marsh, sand dunes and sandflat, mudflat and creek adjacent to the salt marsh, and 
the Irish Sea cores. Component 1 and component 2 summarise 76 % of the variance in the data, respectively 43 % and 33 %. The figure shows the parameters used by 
each component to separate the samples and the clusters formed by the samples that correlate with each other. The red circles highlight the samples collected at the 
marsh edge. 

Fig. 8. PSDs of sediments from Irish Sea (a), sand dunes and sandflat (b), mudflat and creek (c) and Hesketh Out Marsh (d); end-member loading for EM1 (e) and 
EM2 (f); end-member scores for salt marsh and potential sediment sources (g). 
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are resuspended from the tidal creeks and the mudflats and transported 
over the marsh platform by flood currents and waves (Zhang et al., 2019; 
Roner et al., 2021). Therefore, the areas closest to tidal water (i.e., marsh 
edge and creek bank), which are flooded first and experience more 
frequent inundations, are supplied with most of the sediments present in 
the source water, while the inner marsh areas, which are flooded later 
and experience less frequent inundations, are only reached by minimum 
amounts of sediment. 

Sediment supply over the marsh platform, however, was overall 
higher across both transects during stormy periods (Figs. 3 and S3). 
Storms cause an increase in both water level and wave height (Fig. 4a; 
Bertin et al., 2017). When a storm causes an increase in water level (i.e., 
positive surge), the water depth increases and enhances the propagation 
speed of the tidal wave, leading to an increase in the speed of the flood 
currents (Bertin et al., 2017). Simultaneously, storms also cause an in
crease in wave height, which is responsible for an increase in wave 
energy (Bertin et al., 2017). This increase in current velocities and wave 
energy contributes to higher bottom shear stress resulting in higher 
sediment resuspension and enhances sediment transport within the 
system (Mariotti et al., 2010; Carniello et al., 2012), also affecting areas 
of the inner marsh platform which are not flooded in fair-weather con
ditions (D’Alpaos et al., 2007; Kirwan and Murray, 2007). As showed by 
the regression analysis (Fig. 5), this resulted in a positive correlation 
between SSC and the hydrodynamic parameters, with SSC increasing 
with increasing storm intensity (i.e., mean residual water level and 
significant wave height above the 95th percentile) and storm duration (i. 
e., period during which mean residual water level and significant wave 
height are above the 95th percentile). The uneven influence of the hy
drodynamic parameters on the spatial distribution of sediment supply 
across the salt marsh platform observed in Fig. 6 is due partially to the 
increase of vegetation and topographic constraints with increasing dis
tance from marsh edge (Neumeier and Ciavola, 2004; Mudd et al., 2010; 
Yang et al., 2012) and partially to the differential increase in settling 
time over different marsh areas (Temmerman et al., 2003; Duvall et al., 
2019; Zhang et al., 2019). Water level and wave height cause the 
greatest changes at the marsh edge, while their influence decreases with 
distance from marsh edge and creek bank. While above the outer marsh 
an increase in water level and wave height directly corresponds to an 
increase in tidal current velocities and wave energy, with increasing 
distance from the marsh edge and creek bank, the increased friction 
caused by vegetation and topographic variations buffers tidal currents 
and waves, hence inhibiting their influence above the inner marsh areas 
(Neumeier and Ciavola, 2004; Mudd et al., 2010; Yang et al., 2012). 
Wave height, however, seems to have a stronger control on sediment 
supply than water level, in agreement with results from other field 
(Duvall et al., 2019) and modelling (Zhu and Wiberg, 2022) studies. 
Duvall et al. (2019) observed that water level is responsible for the 
regulation of marsh inundation, which influences sediment delivery, 
while waves are responsible for most of the sediment resuspension on 
tidal flats, which controls sediment availability; hence, waves are ulti
mately responsible for the amount of sediments that can be transported 
from the mudflat to the salt marsh platform. Storm duration, on the 
other hand, is more influential over the marsh interior and has, overall, 
the strongest control on the total sediment availability above the marsh 
platform. Although an increase in storm duration is responsible for 
longer inundation of the marsh platform and consequent higher overall 
sediment supply (Pannozzo et al., 2021a, 2021b), close to the marsh 
edge, where water depths are already high, the increase in settling time 
caused by increased water levels is higher than in the marsh interior 
(Temmerman et al., 2003; Duvall et al., 2019; Zhang et al., 2019); hence, 
an increase in storm duration has lower control on the sediment depo
sition closer to the water sources. The higher settling time (due to 
increased water depth) at the marsh edge compared to the marsh inte
rior is also responsible for the lower rates of change in sediment supply 
that characterise the outer marsh, as observed in Fig. 4. Indeed, although 
sediment supply was overall higher at the marsh edge than it was in the 

marsh interior, the increase in sediment supply at ground level during 
stormy periods was more significant for the inner marsh (up to 600 %) 
than it was for the marsh edge (up to 400 %). This differential increase in 
settling time was also detected by the SSC vertical profile. At the marsh 
edge, the storm-driven increase in SSC at ground level was lower than 
the increase at 30 cm from the ground; however, over the marsh interior, 
the increase at ground level was higher than the increase at 30 cm from 
the ground (Fig. 4). 

Overall, results showed that storm activity causes an increase in 
sediment supply to the whole salt marsh platform, and that this increase 
is especially significant for the marsh interior. 

5.2. Sediment composition and provenance 

The PCA analysis (Fig. 7) suggests that, in fair-weather conditions, 
inorganic sediments transported from marine sources only reach the 
outer portion of the marsh platform up to 30 m from the marsh edge; 
most of the sediment supply beyond that point was characterised by 
locally resuspended organic sediment, produced through in-situ orga
nogenic processes (Boyle, 2000; Plater et al., 2000), as those areas of the 
marsh are flooded with less frequency (D’Alpaos et al., 2007; Kirwan 
and Murray, 2007). During storm events, on the other hand, as water 
level and wave height increase (Bertin et al., 2017) and further inland 
portions of the salt marsh experience flooding (D’Alpaos et al., 2007; 
Kirwan and Murray, 2007), marine sediments reach both outer and 
inner marsh areas covering, in the majority of the cases, the whole 
extent of the transects (Boyle, 2000; Plater et al., 2000). Similar trends 
have been observed in other sites (Stumpf, 1983; Marani et al., 2013; 
Morris et al., 2016; Tognin et al., 2021). 

The EMMA analysis (Fig. 8) shows, as expected (Rahman and Plater, 
2014; Pannozzo et al., 2023), that the particle size distributions (PSDs) 
of the sediments collected from the Irish Sea basin, sand dunes and 
sandflat are dominated by the EM2 mode (fine-skewed to near- 
symmetrical distribution of fine to coarse sand typical of energetic en
vironments where sedimentation occurs through infilling), with only 
minimal contribution from EM1, while the mudflat and tidal creeks have 
PSDs which progressively become dominated by the EM1 mode (mixed 
near-symmetrical to fine-skewed distribution of silt to fine sand with a 
secondary near-symmetrical mode dominantly clay to silt typical of low 
energy environments where sedimentation occurs through settling). 
Interestingly, the EMMA analysis also shows that the PSDs of the sedi
ments collected from the salt marsh edge after the stormy periods do not 
differ statistically from the PSDs of the sediments collected after non- 
stormy periods, as they are both dominated by the EM1 mode. The 
sediment supplied to salt marshes is mostly suspension load that is 
transported by flood tides from adjacent mudflats and tidal creeks and 
settles on the marsh platforms during the turn of the tide (Rahman and 
Plater, 2014; Zhang et al., 2019; Roner et al., 2021; Pannozzo et al., 
2023). The lack of significant change in the PSDs of the salt marsh 
sediments between fair-weather and stormy periods suggests that the 
increase in energy levels caused by the storms was not high enough to 
change the mode of sediment deposition (Rahman and Plater, 2014); 
hence, even in stormy conditions, the majority of the sediments supplied 
to the salt marsh platform are likely to be resuspended from the tidal 
creeks and the mudflats adjacent to the marsh (Zhang et al., 2019; Roner 
et al., 2021). It is indeed reasonable that, since sediment availability is 
strongly dependent on resuspension (Fig. 6; Duvall et al., 2019), the 
majority of the sediments are transported from shallow areas, where 
waves and currents can generate shear stresses (Mariotti et al., 2010; 
Carniello et al., 2012). This interpretation also agrees with the trends 
observed by Pannozzo et al. (2021b), which modelled the effects of 
increasing storm intensity on the sediment budget of the Ribble Estuary. 
The model showed that even the most intense storms (surges up to 4 m) 
would increase the sediment budget of the salt marsh platform by up to 
67 % but would only contribute to an increase in the sediment budget of 
the inner estuary by up to 7 %. Such a difference in rates suggests that, 
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although a minimal contribution from further sources is probable, the 
majority of the sediments transported by storms onto the salt marsh 
platform must come from within the inner estuary, thus confirming our 
interpretation of the PSDs results. 

5.3. Implications 

With the ongoing decrease in sediment supply to the coastlines 
(Darby et al., 2020; Tamura et al., 2020; Wei et al., 2020), the contri
bution of storm sedimentation to the salt marsh sediment budget is 
thought to be critical for marsh survival to sea-level rise (Schuerch et al., 
2013; Pannozzo et al., 2021b). Salt marsh resilience to sea-level rise 
depends on their ability to accrete vertically and expand laterally (Ma 
et al., 2014; Mariotti and Carr, 2014; Mitchell et al., 2017). While ver
tical accretion prevents salt marshes from drowning, lateral expansion is 
crucial to avoid collapse of the platform edge (Fagherazzi et al., 2013; 
Mariotti and Fagherazzi, 2013). 

Results showed that storm activity causes an overall increase in 
inorganic sediment supply to the salt marsh platform, and that this in
crease is especially significant for the marsh interior. This suggests that 
storms are especially beneficial to the vertical accretion of the inner 
marsh areas, which rarely experience minerogenic supply (Stumpf, 
1983; Marani et al., 2013; Morris et al., 2016; Tognin et al., 2021). 
Nonetheless, results also showed that the majority of the sediment 
supplied to the salt marsh platform by storms is likely generated by an 
increase in erosion and resuspension of mudflat and tidal creek sedi
ments (Zhang et al., 2019; Roner et al., 2021), while only a minimal 
contribution is given by sediment transported from outside the system 
(Cahoon et al., 1995). This suggests that, in the long-term, storms will 
promote salt marsh vertical accretion, but might simultaneously reduce 
the overall larger-scale sediment availability with implications for the 
lateral retreat of the marsh platform (Roner et al., 2021). 

6. Conclusions 

This study aimed at understanding how storm activity affects sedi
ment supply to different marsh areas and whether storm sediment 
supply has different origin to the marine sediment delivered to marsh 
platforms during fair-weather conditions. Suspended sediment concen
trations were analysed across Hesketh Out Marsh, North-West England, 
during the 2021–2022 storm season, during stormy and non-stormy 
periods to assess how storm activity changes the spatial variability of 
sediment supply across the marsh platform. Geochemical and particle 
size distribution analyses were then conducted on sediments from the 
salt marsh and potential onshore, nearshore and offshore sources of 
sediments to determine whether storms deliver any new material onto 
the salt marsh platform which would not be delivered in fair-weather 
conditions. Results showed that storm activity causes an increase in 
inorganic sediment supply to the whole salt marsh platform and that this 
increase is especially significant for the marsh interior. However, the 
majority of the sediment supplied to the salt marsh platform by storms is 
produced by an increase in erosion and resuspension of mudflat and 
tidal creek sediments, while the sediments transported from outside the 
intertidal system only contribute minimally. This suggests that, in the 
long-term, storms will promote salt marsh vertical accretion but might 
simultaneously reduce the overall larger-scale sediment availability 
with implications for the marsh lateral retreat. 
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