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Some of the world’s coastal saltmarshes experience loss in area due to environmental 
changes, such as relative sea level rise and limited sediment supply. We use satellite 
remote sensing to assess changes in inundation (flooding) frequency in tidal basins and 
investigate the bio-physical interactions with saltmarshes. We apply a simple automated 
method to retrieve time series of inundation frequency change and seaward habitat 
change of saltmarshes and tidal flats from Landsat-5 TM satellite imagery between 
1985 and 2011, for a number of contrasting tidal basins (estuaries, deltas) globally. We 
evaluated the satellite-derived information on inundation frequency with such information 
obtained from elevation and tide gauge data for the Western Scheldt estuary, showing 
good agreement. Application of the method on all study sites reveal which tidal basins 
are stable or net emerging and which tidal basins are net drowning, but also show large 
spatial variation in the changes in inundation frequency within each basin. Tidal basins 
experiencing an overall significant increase in inundation frequency (Mississippi Delta and 
Venice Lagoon) were associated with an overall loss of saltmarsh area. Satellite-derived 
temporal and spatial information on inundation frequency helps to assess the fate of 
saltmarshes in light of sea level change, changes in sediment supply and subsidence.

Keywords: inundation frequency, saltmarsh, Landsat, intertidal, relative SLR

1 INTRODUCTION

Saltmarshes are the transition zone between land and sea and are regularly flooded due to tides 
(Adam, 1990) and waves. These highly productive ecosystems provide crucial functions for flora, 
fauna, and humankind (Costanza et al., 1997; Barbier et al., 2011). They provide many organisms 
with a place for resting, breeding, feeding, and hiding from predators. Furthermore, saltmarshes 
provide many ecosystem services, such as carbon sequestration, improvement of water quality, and 
coastal protection (Barbier et al., 2011).

Saltmarshes have the ability to increase in elevation with rising sea levels by trapping sediments, 
provided sufficient sediments are available (Reed, 1990; Kirwan and Murray, 2007; Day et al., 2011). 
Nevertheless, some studies raise concerns that saltmarshes may experience habitat loss due to high 
rates of sea level rise (SLR) in combination with decreasing sediment availability [(for example due 
to damming of rivers; see Grill et al. (2019)], so that vertical sediment accretion may not be sufficient 
to keep pace with global SLR (Reed, 1995; Weston, 2014). In some areas, subsidence caused by 
water, oil, or gas extraction adds to drowning of the saltmarsh (Turner and Mo, 2020). On the other 
hand, Kirwan et  al. (2016) showed in their meta-analysis that saltmarshes are more resilient to 
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SLR than widely assumed. This has been predicted by models of 
marsh response to SLR when considering biophysical feedback 
effects, which enhance accretion of sediment with SLR, as well 
as the possibility of landward marsh migration (Schuerch et al., 
2018). The ability to survive a specific rate of sea level rise may 
also vary within a saltmarsh (Bartholdy et  al., 2010). Overall, 
severe saltmarsh habitat loss mostly occurs where human activity 
has altered sediment and nutrient fluxes or caused relative SLR 
through subsidence (Kirwan et al., 2016).

Besides vertical accretion of saltmarshes to keep up with 
relative SLR, it is important to also consider lateral saltmarsh 
development at the saltmarsh–tidal flat boundary (Allen, 2000; 
van der Wal et al., 2008; Balke et al., 2016; Kirwan et al., 2016). 
Like vertical drowning, the combination of rising sea levels and 
reduced sediment availability leads to rapid lateral saltmarsh 
retreat at the seaward saltmarsh–tidal flat boundary in several 
places in the world (Ladd et  al., 2019) and may differ from 
internal habitat changes (Burns et  al., 2021). This may have 
major impacts on saltmarshes, especially when seawalls or dikes 
are present, which prohibits landward migration (Doody, 2004).

Indicators to reveal the fate of saltmarshes are needed, such 
as the flood/ebb suspended sediment concentration (SSC) 
differential, the organic–inorganic suspended sediment ratio 
(Ganju et  al., 2015), or the unvegetated/vegetated marsh ratio 
(UVVR) (Ganju et al., 2017). In particular, there is a need to assess 
how saltmarshes develop relative to the tidal frame at the basin 
scale. Inundation frequencies in coastal wetlands are changing 
caused by changes in tidal range due to relative SLR and coastal 
engineering (Pickering et al., 2012), which may impact vertical 
and lateral saltmarsh development. Inundation frequency change 
in coastal areas indicates elevation change relative to the sea level, 
with consequences for the amount and habitat characteristics of 
intertidal areas (van der Wal et al., 2010; Laengner et al., 2019; 
Fitton et al., 2021).

Spatial data of elevation in the intertidal zone have been 
generated using UAV-borne or airborne LiDAR techniques [e.g., 
Gesch (2009); Rogers et al. (2018); Lin et al. (2019); Shaker et al. 
(2019); Pinton et  al. (2020)]. These techniques are suitable for 
local studies for which very-high-resolution data are needed 
(resolution ca 1  m), as their acquisition is costly and time 
consuming compared to acquisition of satellite data. National 
precise elevation maps generated from airborne LiDAR exist as 
well (e.g., USGS 3DEP National Seamless DEM), but these data 
are merged from data acquired in different years to cover large 
areas. Such data sets are not available globally. Several approaches 
are applied to retrieve elevation in the intertidal zone over larger 
areas in a consistent manner, e.g., using the waterline method 
from SAR satellite remote sensing [e.g., Mason et  al. (1995); 
Horritt et al. (2003); Zhang et al. (2022)] or optical satellite data 
(e.g., Zhao et al. (2008); Tong et al. (2020); Castelle et al. (2021)]. 
van der Wal et al. (2010) generated maps of emersion percentages 
for several tidal basins in the Netherlands and the UK using a 
large set of freely available MODIS 250 images from NASA’s 
Aqua satellite.

With the release of browser-based developer platforms for geo-
spatial and remote sensing analysis, such as Google Earth Engine 
(GEE), the development of automated remote sensing methods to 

investigate coastal areas has been growing [e.g., Luijendijk et al. 
(2018); Laengner et al. (2019); Murray et al. (2019); Campbell and 
Wang (2020); Fitton et al. (2021); Li et al. (2021); Haarpaintner 
and Davids, (2021)]. Automated techniques enable to easily 
analyze changes in inundation (flooding) frequency on time 
scales of years to decades using satellite data from e.g., Landsat, 
Sentinel, or MODIS, e.g., globally for surface waters in rivers, 
lakes, and wetlands (Donchyts et al., 2016; Pekel et al., 2016). for 
intertidal zones in Australia (Sagar et al., 2017), and locally, e.g., 
in the Mekong Delta (Park et  al., 2020). Recently, Fitton et  al. 
(2021) presented an automated method in GEE to retrieve the 
intertidal zone of the UK by calculating water occurrence from 
Sentinel-2 imagery over 5 years (2015–2020) combined with a 
national tidal model.

Here we apply a simple automated method to derive maps 
of yearly inundation frequency change and time series of mean 
inundation frequency over a respective basin, as well as habitat 
development using GEE based on the method by Laengner et al. 
(2019). We retrieved inundation frequency for eight contrasting 
tidal basins around the world using the entire Landsat 5 TM 
surface reflectance data set and generated time series between 
1986 and 2010 in 3-year bins to investigate whether saltmarshes 
can keep up with relative sea level change. This study aims (1) to 
retrieve time series over 27 years of inundation frequency change 
along with saltmarsh habitat change; (2) to analyze trends in 
inundation frequency change in a spatial context; (3) to analyze 
the relationship between basin-wide inundation frequency 
change and changes in saltmarsh habitat.

2 MATERIALS AND METHODS

2.1 Study Sites
We selected eight tidal basins across the world (Figure 1) based 
on their contrasting physiographic setting, such as tidal regime, 
sediment input, and human activity.

The Western Scheldt and the Eastern Scheldt, Netherlands, 
are tide-dominated estuaries (meso- to macrotidal) bordering 
the North Sea. The Western Scheldt receives (limited) discharge 
from the River Scheldt, while the neighboring Eastern Scheldt 
estuary does not receive river inflow since the construction of 
compartment dams in the 1980s (De Vet et al., 2017).

The Venice Lagoon, Italy, and the Ebro Delta, Spain, are 
microtidal study sites in the Mediterranean Sea. Prolonged 
saltmarsh habitat loss in the Venice Lagoon is attributed to a 
reduction of sediment inputs from rivers and the sea into the 
lagoon, as well as subsidence, both through human activity 
(Day et al., 1999). The Ebro receives river discharge, but riverine 
sediment transport to the delta has reduced with the construction 
of large dams upstream in the 1960s (Jiménez et al., 1997).

The Aveiro Lagoon, Portugal, and Cádiz Bay, Spain, are 
mesotidal and located in the North Atlantic. The Aveiro Lagoon 
is a dynamic lagoon with many channels, with main fluvial input 
delivered from the Vouga and Antuã rivers (Picado et al., 2010). 
Cádiz Bay is a shallow bay. The construction of ports and the 
dredging and deepening of navigation channels influence the 
ecology and hydrodynamics in this area (Zarzuelo et al., 2015).
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The Mississippi Delta, Louisiana, US, and Blackwater 
Marshes, Maryland, US, are microtidal areas in the North 
Atlantic on the US East Coast. For the Mississippi Delta, 
riverine input is very important for vertical accretion through 
direct deposition and nutrient transport to enhance organic 
soil formation. Subsidence and reduction of sediment input, 
caused by various human activities, are the main factors 
associated with wetland loss in this area (Cahoon et  al., 
1995; Day et  al., 2000; Syvitski et  al., 2009). The Blackwater 
Marshes experiences subsidence from postglacial rebound, 
and reduction of riverine sediment transport to the study 
site further contributes to ongoing saltmarsh loss in this area 
(Kearney et al., 2002; Kearney and Turner, 2016).

2.2 Estimating Inundation Frequency 
Change From Landsat 5 TM Imagery
Inundation frequency (IF) change was calculated in Google 
Earth Engine (GEE), using the entire atmospherically corrected 
Landsat 5 TM surface reflectance data set (provided by the 
U.S. Geological Survey) from the GEE-catalogue. Landsat 5 is 
a sun-synchronous satellite (NASA/USGS), with an equator 
crossing time between 10h00 and 10h15 a.m. in descending 
orbit (Chander et al., 2004). Landsat 5 TM data cover a long time 
period, the spatial resolution is 30 m, the revisit time is 16 days, 
and the spatial coverage is 185 km by 185 km (Adam et al., 2010; 
Gómez et al., 2016).

We delineated the eight tidal basins using a polygon drawn 
by hand roughly around the respective basin. Land areas 
included in this polygon were masked using a global land 
mask, proposed by Laengner et  al. (2019). Furthermore, we 
masked unusable pixels (e.g., clouds, cloud shadow, snow, data 
insufficiency), following Laengner et al. (2019). We calculated 
the Normalized Difference Water Index (NDWI) (McFeeters, 
1996) for each unmasked pixel of all images by applying  
the equation

 NDWI =
−
+

R R
R R

GREEN NIR

GREEN NIR

,  (1)

and assigned a pixel to water with NDWI > 0, and built binaries 
(maps with classes water and no water). The available images were 
split in 3-year bins, that is, each 3-year image collection consisted 
of all images available within that specific 3-year period, as part 
of a time series between 1986 (i.e., first time step generated from 
images of 1985, 1986, and 1987) and 2010 (i.e., last time step 
generated from images of 2009, 2010, and 2011) (Laengner et al., 
2019). We assume that with all available satellite images over 3 
years, the whole range of tidal stages are represented well in each 
time step. If the amount of usable data within a 3-year image 
collection is too small (mean number of unmasked images per 
pixel < 10), we mask this 3-year bin in the generated time series, 
following Laengner et al. (2019).

For each pixel in each 3-year image collection, we calculated 
how often a pixel was inundated (i.e., assigned to class water) 
and expressed this as percentage, i.e., inundation frequency 
percentage. From these time series maps (1986–2010) of 
inundation frequency, we calculated the mean inundation 
frequency over the total area of the respective basin.

We used GEE to create a time series of inundation frequency 
between 1986 and 2010 for each pixel. From the time steps, we 
calculate the slope for each pixel using a non-parametric method 
called Sen’s estimator (Sen, 1968) and from this determined 
the yearly change in IF (slope/3) for each pixel and tested its 
significance using the non-parametric Mann–Kendall trend test 
(Mann, 1945) with a significance level of 0.05. From this, we 
generated maps showing the yearly change in IF for those pixels 
for which a significant trend could be detected. We used Inkscape 
0.91 to combine the inundation maps to one figure with panels 
(Figure 5 and Figure S5–S12).1

2.3 Evaluating Estimated Inundation 
Frequencies From Landsat 5 TM Imagery
To evaluate the generated inundation frequency (IF) results, 
we compared our results to spatial emersion frequency [%] 
data of the Western Scheldt obtained from Rijkswaterstaat, the 

1https://maps.rijkswaterstaat.nl/dataregister

FIGURE 1 |    World background made with Natural Earth.
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Dutch Ministry of Infrastructure and Water Management 1. 
Furthermore, Rijkswaterstaat provides the underlying elevation 
data [m + NAP, i.e., above Dutch Ordnance Datum]. Both data 
sets were available from Rijkswaterstaat for the years 1996, 2001, 
2004, 2008, and 2010 (Walburg and De Jong, 2016a; Walburg 
and De Jong, 2016b; Walburg and De Jong 2016c; Walburg 
and De Jong 2016d; Walburg and De Jong 2016e), as well as for 
2015 (Buiks, 2016), 2018 (Paree, 2019), and 2020 (Paree, 2021). 
The elevation maps were produced by Rijkswaterstaat from a 
combination of airborne laser altimetry data, single-beam echo 
sounding data, and multibeam echo sounding data, gridded 
to rasters with a 20 by 20  m spatial resolution. For each year, 
Rijkswaterstaat combined the elevation data with a 4-year period 
of actual water level data at tide gauge stations, to construct the 
map of emersion frequency (Kers et al., 2013; Walburg and De 
Jong, 2016c). For example, for the emersion frequency map of 
2004, the elevation map of 2004 and time series of water level 
data from 2001, 2002, 2003, and 2004 were used (Walburg and 
De Jong, 2016c).

We converted the emersion frequency data of the years 
available within the investigated time period (1996, 2001, 
2004, 2008, 2010) to inundation frequency [%] (100−
emersionfrequency) and correlated the data with our IF data 
generated from Landsat 5 TM pixel by pixel. The years 1996 
and 2008 do not match the 3-year time steps in our generated 
time series of inundation frequency. In order to compare 
all available data within the investigated time period by 
Rijkswaterstaat to our results, we additionally generated IF 
maps for the years 1996 (based on a Landsat 5 TM image 
collection between 1995 and 1997) and 2008 (based on a 
Landsat 5 TM image collection between 2007 and 2009). 
We also correlated the Rijkswaterstaat elevation data with 
matching IF data generated from the Landsat 5 TM time series. 
To provide a perspective for the use of other satellite sensors, 
the comparison was also tested for inundation frequency 
retrieved from Sentinel-2 MSI, level-2A data (provided 
by EU/ESA/Copernicus), and atmospherically corrected 
surface reflectance data from the Landsat 8 OLI/TIRS sensors 
(provided by the U.S. Geological Survey), both obtained from 
the GEE catalogue. For these sensors, we used 1-year image 
collections rather than 3-year image collections because more 
usable data were available for the Western Scheldt.

2.4 Assessing Habitat Change From 
Landsat 5 TM Imagery
We applied an unsupervised decision tree (DT) classification 
procedure in Google Earth Engine (GEE), developed by Laengner 
et al. (2019) to the eight selected basins. We used the same data 
set of satellite images as used to retrieve inundation frequency 
time series (see Section 2.2). The DT method classifies images 
into the classes vegetated saltmarsh, unvegetated tidal flat, and 
open water automatically. For example, it considers intertidal 
areas with presence or absence of vegetation, respectively based 
on a fixed NDVI threshold of 0.3 Laengner et al. (2019). Each 
classification result is based on an image collection containing all 
available images over 3 years, thus at different seasons, tidal and 

wave conditions rather than only one satellite image. Frequency 
thresholds were set as in Laengner et al. (2019) to decide how a 
pixel in an image collection is classified. For example, the NDVI 
of a saltmarsh changes throughout the seasons or can be negative 
due to inundation during high tides, which is why a threshold 
of how often a pixel must have a NDVI value of 0.3 or higher to 
be classified as saltmarsh was set to 20%. Likewise, thresholds 
for the other land cover classes were applied (see Laengner 
et al. (2019) for procedure). Laengner et al. (2019) evaluated the 
classification results using spatial data of vegetation presence 
provided by Rijkswaterstaat for the Western Scheldt and found 
that the method was robust, and the outcome was not sensitive 
to the chosen thresholds. With this classification principle, local 
information on tides, waves, and seasonality is not needed. 
For the eight investigated study sites in the present paper, we 
generated time series of net habitat change over a respective 
basin from 1986 (generated from images between 1985 and 
1987) to 2010 (generated from images between 2009 and 2011). 
If the amount of usable data within a 3-year image collection is 
too small (mean number of unmasked images per pixel < 10), 
we mask this 3-year bin in the generated time series, following 
Laengner et al. (2019).

We further revealed transitions between the land cover 
classes saltmarsh, tidal flat, and water in GEE. Between each bin 
of 3 years, we revealed the number of pixels of each land cover 
class becoming another land cover class. Then, we averaged 
these transitions over the time period to calculate the mean area 
[km2] transitioning from one land cover class to another one 
between two time steps in Python 3.7 and expressed them as 
relative area [%], i.e., area relative to the size of the respective 
basin. Transitions were visualized using Inkscape 0.91 (i.e., for 
Figure S4).

2.5 Comparing Inundation Frequency 
Change and Habitat Change
From the generated time series of habitat change and 
inundation frequency change, we calculated the yearly change 
for each defined land cover class (saltmarsh, tidal flat, water), 
as well as mean inundation frequency over a respective basin. 
We masked time steps with sparse usable data using the 
threshold for data availability (mean value of usable images 
per pixel over the whole basin smaller than 10), defined by 
Laengner et al. (2019). Yearly change was calculated in Python 
3.7 using the Python module mkt which computes the Mann–
Kendall trend test Mann (1945) for trends in time-series 
data, with slope as one of the outputs. We chose this non-
parametric method as it does not require normally distributed 
data and is robust against missing data and outlier values, e.g., 
due to remaining clouds (Laengner et al., 2019). We defined 
a significance level of 0.05 to detect significant trends in the 
time series.

We compared the trends of habitat change with trends 
in inundation frequency change to investigate the fate of 
saltmarshes. The relationship between basin-wide inundation 
frequency change and saltmarsh habitat change was tested 
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calculating a linear least square regression in Python 3.7 
(scipy.stats.linregress) using a significance level of 0.05.

3 RESULTS

3.1 Evaluating Estimated Inundation 
Frequency From Landsat 5 TM Imagery
The Western Scheldt estuary was used as a test case to evaluate 
the retrieval of inundation frequency from Landsat 5 imagery. 
Figure  2 shows a strong correlation (R ≤ 0.96) between 
inundation frequency (IF) provided by Rijkswaterstaat and 
IF estimated from the Landsat 5 TM time series. The strong 
fits are also highlighted by the density points around the 1:1 
line, although scattering around the 1:1 line can be observed. 

Scattering and stripes can especially be observed for the year 
2001 (Figure 2B), which was not included in the time-series 
analysis because of insufficient usable data. The 2008 bin 
(Figure 2D) also shows some scattering and stripes, but the 
point density around the 1:1 line is much higher compared 
to the scattered points. Limited data were available for the 
2001 and the 2008 bins (see gray bars in Figure  3); if IF is 
calculated from few data, not all frequency values would 
occur, e.g., with only two images, we would only obtain 
frequencies of 0%, 50%, or 100%. In the supplementary 
(Figure S2), we show additional plots with strong correlations  
(R = 0.98) between IF provided by Rijkswaterstaat and IF 
generated using Landsat 8 OLI imagery (2015, 2018, 2020) or 
Sentinel-2 MSI data (2018, 2020). This provides a perspective 
for the use of the method not only for Landsat 5 TM but also 
for other sensors, such as Landsat 8 OLI and Sentinel-2 MSI.

A B

D

E

C

FIGURE 2 | Correlation between inundation frequency [%] provided by Rijkswaterstaat (x-axis) and generated from Landsat 5 TM imagery (y-axis). The color shows 
the plot density on a logarithmic scale, with darker colors indicating higher densities of points.
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3.2 Temporal Inundation Frequency and 
Habitat Change
Half of the investigated sites experienced basin-wide 
significant saltmarsh habitat gain (Western Scheldt, Eastern 
Scheldt, Ebro Delta, Cádiz Bay), and the other half of the basins 
experienced significant saltmarsh habitat loss (Venice Lagoon, 
Aveiro Lagoon, Mississippi Delta, Blackwater Marshes) over 
the study period (Figure  3. The trends in saltmarsh habitat 
change were significant for both relative change (Figure  3) 
and absolute change (Supplementary Figure S1). Changes in 
saltmarsh area, tidal flat area, and water, as well as changes 
in mean inundation frequency differed among the study sites, 
but some systems (e.g., the Blackwater and Aveiro Lagoon) 
show similarities (Figure 3).

In the Western Scheldt, the overall increase in saltmarsh 
area was accompanied by a significant increase in area of 
tidal flats, while the inundation frequency (IF) did not 
change over time. In the Ebro Delta and Cádiz Bay, tidal flats 
decreased with increasing saltmarsh area, and IF in the Ebro 
Delta decreased significantly. In the Eastern Scheldt, only 
saltmarsh expansion was significant. In Venice Lagoon and 
the Mississippi Delta, a significant decrease in saltmarsh area 
coincided with a significant increase in water area and IF. The 
Venice Lagoon further lost tidal flats. In the Aveiro Lagoon 
and the Blackwater Marshes, substantial tidal flat expansion 
with retreating saltmarshes was observed.

Mean data availability per pixel differ among the basins, as 
some areas are more influenced by clouds. For Venice Lagoon 
and the Blackwater Marshes, more unmasked images were 
available compared to the Western Scheldt and the Eastern 
Scheldt (cf gray bars, Figure 3).

A relationship could be detected between yearly change 
in saltmarsh habitat and yearly change in mean inundation 
frequency (Figure 4). In all basins experiencing net saltmarsh 
loss, mean IF either increased or did not change significantly, 
while in those basins with expanding saltmarsh habitat IF 
either decreased or did not change significantly (Figures 3, 4).

3.3 Spatial Patterns of Inundation  
Frequency Change
Maps of significant yearly inundation frequency (IF) change 
(Figure  5) indicate that basins with expanding saltmarshes (left 
column in Figure 5) experience an IF decrease in most parts of the 
basin or almost no change. In the Western Scheldt, it seems that 
tidal flats grew and moved over time with IF decreasing on parts of 
the tidal flats and increasing at the edges. In the Cádiz Bay, an area 
in the North-East showed a strong increase in IF, while other areas 
experienced overall less frequent inundation. Basins with retreating 
saltmarshes (right column in Figure  5) became more frequently 
inundated over time in most places. Especially Venice Lagoon and 
the Mississippi Delta showed a strong increase in IF throughout the 
basin. While mean basin-wide IF changes in the retreating Blackwater 
Marshes and Aveiro Lagoon were not significant (Figures 3F, H), IF 

A B

D

E F

G H

C

FIGURE 3 | Time series of saltmarsh (SM), tidal flat (TF), and water (WAT) area [%] for each study site (left y-axis) and of inundation frequency [%] (right y-axis). 
Mean number of unmasked images per pixel of each 3-year bin is shown by the gray bars in the background (second right hand y-axis). Study sites with expanding 
saltmarshes are shown in the left column, and those with retreating saltmarshes in the right column. Significant trends are given with a solid line, non-significant 
trends are indicated by a dashed line. The slope, i.e., yearly change, is indicated in the legend.
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maps showed similar patterns of significant increase throughout the 
basins as the Mississippi Delta and the Venice Lagoon. Likewise, no 
significant overall IF decrease was shown for the Western Scheldt and 
the Eastern Scheldt (Figures 3A,C) but maps revealed large areas of 
significant IF decrease (as well as some significant IF increase near 
the edges of the tidal flats). Detailed maps of yearly IF change can be 
found in the supplementary (Supplementary Figures S5–S12), 
including habitat classification results from 1986 and 2010.

4 DISCUSSION

4.1 Assessing Estimated Inundation 
Frequency From Landsat 5 TM Imagery
Our methods allow an assessment of how saltmarshes and tidal 
flats develop relative to their inundation frequency. In order 
to analyze changes in inundation frequency (IF), we used the 
NDWI to retrieve water occurrence (Laengner et al., 2019) from 
3-year Landsat 5 TM image collections to ensure a sufficient 
amount of usable satellite data across all basins. Other sensors 
than Landsat 5 TM may allow smaller bins, for example Landsat 
8 OLI and Sentinel-2 show good results with only 1-year bins 
(Supplementary Figure S2), but long time series of these sensors 
are not available yet. We assumed that the whole range of tidal 
stages is represented well within a 3-year bin. Data availability 
differed among the basins and limited data in some 3-year 
bins may have influenced the results. In addition, Landsat and 
Sentinel-2 follow a sun-synchronous orbit, which may result 
in a bias relative to the tides (e.g., only specific combinations 
of the semidiurnal and fortnightly tidal stage may be captured 
by the satellite) (Eleveld et al., 2014). Nevertheless, the method 
allowed to assess trends over almost 30 years. The comparison 
between generated IF with local data of the Western Scheldt 
confirms that inundation frequency is captured well; here we 
assessed five bins of the basin with the least amount of usable 
data compared to the other investigated basins and still observed 
a very good agreement with local data. Scattering around the 1:1 
line can partly be explained by the limitations discussed above 
and partly because the local inundation maps (obtained from 
the combination of elevation and tide gauge data) also contain 
errors, while morphodynamics may further add variations, 
particularly at the lower edge of the tidal flat (with potentially 
large temporal variations in elevation as slopes are steeper and, 
e.g., channels migrate). Further evaluation in other tidal basins 
is recommended to test whether the method performs well 
under a range of conditions, for example under different water  
clarity conditions.

FIGURE 4 | Relationship between yearly change in saltmarsh area [%] and inundation frequency [%] between 1986 and 2010.

FIGURE 5 | Maps of significant yearly change in inundation frequency [%] 
for each of the eight selected study sites. The background of each map is 
grayscale Landsat 8 OLI imagery (background images courtesy of the U.S. 
Geological Survey).
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Fitton et  al. (2021) applied a similar method to derive 
inundation frequency using Sentinel-2 data to map the intertidal 
zone. They calculated water occurrence [%] and generated a 5-year 
mosaic. From this, they further generated a pseudo DEM [m] 
for the intertidal area for the UK. They calibrated the Sentinel-2 
data set with a national tide model to make sure that all tidal 
stages are represented well, but simultaneously assume that this is 
not necessarily needed, which facilitates a global application. As 
we are primarily interested in whether saltmarshes can keep up 
with relative sea level rise, rather than in absolute height, we did 
not apply a tidal calibration to our 3-year image collections and 
assume that the different tidal stages are represented well.

For the time series and corresponding trends, we do not 
retrieve IF separately for each land cover class but as a mean over 
the whole basin for each 3-year bin. This is because the definition 
of the saltmarsh–tidal flat boundary as well as the tidal flat–water 
boundary is highly dynamic and difficult to define. By considering 
the mean over the whole basin, resulting trends from the time 
series imply changes in IF over both saltmarshes and tidal flats. 
Furthermore, inundated saltmarshes can only be detected by 
optical satellite remote sensing when vegetation is largely covered 
by water, as the sensor cannot detect water underneath vegetation 
cover. Attempts to solve this with Sentinel-1 C-band satellite data 
failed, possibly because backscatter characteristics of flooded and 
not flooded, but still wet sediments below the vegetation cover 
are too similar for an accurate discrimination. Consequently, we 
only used optical satellite data, meaning only highest tidal stages 
and storm events are detected as inundated on the high marsh, 
depending on vegetation height. Changes in IF on saltmarshes are 
still implied in the calculated trends of the means over the basins 
and evident from the trends per pixel shown in the generated 
maps of significant yearly IF change. Similar limitations and 
advantages regarding data availability as discussed above hold for 
estimated time series and trends of habitat change and have been 
assessed and discussed by Laengner et al. (2019).

4.2 Inundation Frequency Change and  
Habitat Development
Time series of long-term (27 years), basin-wide habitat and 
inundation frequency (IF) development indicate that prevailing 
processes may be similar among some of the systems. In the 
Western Scheldt, both saltmarsh and tidal flat area increased 
and maps show large areas of significant IF decrease on the tidal 
flats. The formation of saltmarsh habitat on tidal flats may also be 
assumed for the Eastern Scheldt, Ebro Delta, and Cádiz Bay. In 
a previous research of the Eastern Scheldt, tidal flats were found 
to have decreased in height (De Vet et al., 2017) following the 
completion of the open storm surge barrier and compartment 
dams in 1986 and associated changes, such as a decrease in 
tidal range and reduction of sediment supply (Louters et  al., 
1998). The reduced tides also had consequences for saltmarsh 
vegetation (De Leeuw et al., 1994). Our data confirm an increase 
in permanently flooded area in the dammed eastern part of 
the Eastern Scheldt since our first bin of 1985–1987. However, 
our data do not show significant overall long-term changes in 
tidal flat area or mean IF for the still open part of the basin. 

Instead1, strong fluctuations can be observed over time, which 
may be due to the limited amount of usable data for some bins 
in this area. The same may apply for some bins in the Western 
Scheldt. In the Ebro Delta and Cádiz Bay, saltmarsh habitat gain 
coincided with loss of tidal flat area, indicating that little new 
tidal flat habitat was formed. Sediment availability for new tidal 
flat habitat formation seems to be low in these basins or may 
originate from sources within the basin, which may lead to a 
negative sediment budget on a longer term (Ganju et al., 2015). 
In the Ebro Delta, overall IF decrease indicates that habitats 
are able to keep up with relative SLR. Strong changes of mean 
IF increase in Cádiz Bay may partly be explained by the newly 
flooded area in the North-East, i.e., the restored Balbanera 
saltmarshes and Salinas2.

Despite overall expanding saltmarsh habitat in the basins 
named above, periods of saltmarsh habitat loss occurred as 
well within the time series. This fluctuation may be biased 
due to data insufficiency as discussed above, but fluctuations 
also occur in basins with ample data. Fluctuations may point 
to a dynamic system but may also be associated with cyclic 
saltmarsh dynamics (Allen, 2000; van de Koppel et al., 2005). 
When saltmarsh erodes, tidal flats may increase in elevation 
through the deposition of the eroded saltmarsh sediments 
on the adjacent tidal flat. The more elevated tidal flat lowers 
wave energy, thus slowing down saltmarsh erosion so that 
new vegetation can establish in front of the eroding cliff, given 
adequate boundary conditions for saltmarsh growth, as also 
found from aerial photos and in situ data in the Western Scheldt 
by van der Wal et  al. (2008). This pioneer vegetation further 
reduces wave energy, and with this slows down lateral retreat 
of saltmarsh habitat. However, when sediment availability is 
not sufficient, tidal flats in front of the saltmarshes may become 
too steep, and hence vulnerable to waves, and conditions may 
not be suitable for establishment of pioneer vegetation, the 
saltmarsh may continue to erode (van de Koppel et  al., 2005; 
van der Wal et  al., 2008). This emphasizes the importance of 
sediment inputs from external sources (van der Wal et al., 2008; 
Ganju et al., 2015).

Our results additionally reveal different processes among 
those basins that experience saltmarsh habitat loss over time. 
Time series of habitat and IF change imply similar processes 
prevailing in Venice Lagoon and the Mississippi Delta. 
Saltmarsh habitat loss in these areas coincided with increasing 
water area and strong IF increase, indicating that the Mississippi 
Delta and the Venice Lagoon cannot keep up with relative SLR. 
Inundation frequency change maps show a significant increase 
throughout the whole basins, hinting at interior drowning of 
habitat. Interior drowning and formation of pools have been 
discovered in earlier studies in the Mississippi Delta and the 
Venice Lagoon (Day et  al., 1999; Rizzetto and Tosi, 2011), as 
well as in the Blackwater Marshes (Schepers et  al., 2017), 
although in the latter area, also changes along the marsh edge 
are apparent. Interior pools grow until they provide a large fetch 
area to generate wind, triggering wave erosion at the saltmarsh 

2https://seo.org/2022/02/17/un-nuevo-proyecto-para-restaurar-salinas-en-la-bahia-de-cadiz/
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edges (Mariotti and Fagherazzi, 2013). Consequently, pool 
formation can lead to further saltmarsh habitat loss through 
wave erosion, rather than drowning (Mariotti, 2020a). Our 
results of the Blackwater Marshes and the Aveiro Lagoon indeed 
suggest both that saltmarsh habitat converts to tidal flat, as tidal 
flat area expanded with decreasing saltmarsh area. Transitions 
between the land cover classes saltmarshes and tidal flats also 
seem to be highest in these two basins (Supplementary Figure 
S4). However, when pools are drained, especially when located 
close to channels, they can experience higher accretion rates 
of inorganic material, mainly due to lower relative elevation 
locally. Vegetation can reestablish and pools can recover within 
a few decades (Wilson et al., 2014; Schepers et al., 2017; Spivak 
et  al., 2017). Nevertheless, these high accretion rates through 
sediments from edge erosion may be local. For basin-wide 
saltmarsh development, the sediment budget of the whole basin 
has to be taken into account (Ganju et al., 2015; Mariotti, 2020a; 
Mariotti et al., 2020b).

The comparison between our IF time series and habitat maps 
also show that local change in IF can differ from basin-wide 
changes (e.g., Western Scheldt, Aveiro Lagoon, Blackwater 
Marshes), which may point to local driving forces (e.g., wave 
exposure) or biophysical feedbacks. Local spatial variation in IF 
may also result from sediment transport (e.g., moving channels 
and tidal flats, see for example Western Scheldt).

4.3 Relationship Between Inundation 
Frequency Change and Saltmarsh 
Development
Basin-wide saltmarsh development was associated with basin-
wide inundation frequency (IF) change. IF increase seemingly can 
induce saltmarsh habitat loss, as observed in the Mississippi Delta 
and the Venice Lagoon. Likewise, IF decrease can be associated 
with saltmarsh habitat gain as detected in the Ebro Delta. These 
associations can also result from positive feedbacks of plants 
trapping sediments during inundation, thereby increasing 
the elevation of the saltmarsh and decreasing the inundation 
frequency (van de Koppel et  al., 2005; Cahoon et  al., 2021). 
Even though saltmarshes can benefit from inundation delivering 
sediments for vertical accretion (Pethick, 1981; Temmerman 
et  al., 2003), they also need sufficient inundation free periods 
to recover from inundation stress, i.e., to allow reestablishment 
of vegetation after disturbance (van Belzen et  al., 2017). When 
exceeding a certain threshold of disturbance so that recovery is 
not possible, ecosystems may undergo a sudden shift (Scheffer 
et al., 2001) leading to plant disappearance in coastal saltmarshes. 
This recovery time can lengthen with increasing IF (van Belzen 
et  al., 2017). Thresholds of IF tolerance vary among sites, for 
example due to varying plant species with specific inundation 
stress tolerance (Olff et  al., 1988), or varying tidal or wave 
regimes. Thus, IF governs species compositions to a large extent 
(Bockelmann et  al., 2002). Furthermore, stable bed levels may 
raise the tolerance of plants to withstand higher inundation stress 
(Willemsen et al., 2018).

4.4 Revealing the Fate of Saltmarshes
In conclusion, our methods allow an assessment of how 
saltmarshes and tidal flats develop in area, and if their relative 
position within the hydrodynamic frame is changing, either 
passively or actively through biophysical feedbacks. Such an 
assessment is valuable to assess the vulnerability and fate of 
saltmarshes. In general, we found that basins with a significant 
increase in inundation frequency (Mississippi Delta and Venice 
Lagoon) were associated with saltmarsh loss. In contrast, basins 
with saltmarsh loss may not necessarily also experience loss of 
tidal flats, and vice versa. We have also shown how our methods 
can be used to evaluate the effect of artificial constructions 
(e.g., dam building) and restoration measures, such as managed 
realignment schemes and conversion of salt pans into wetlands 
(Boorman and Hazelden, 2017).
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