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Abstract
The relation between salt marsh accretion and flooding regime was quantified by statistical analysis of a unique dataset of 
accretion measurements using sedimentation-erosion bars, on three barrier islands in the Dutch Wadden Sea over a period 
of c. 15 years. On one of the islands, natural gas extraction caused deep soil subsidence, which resulted in gradually increas-
ing flooding frequency, duration, and depth, and can thus be seen as a proxy for sea-level rise. Special attention was paid to 
effects of small-scale variation e.g., in distance to tidal creeks or marsh edges, elevation of the marsh surface, and presence 
of livestock. Overall mean accretion rate was 0.44 ± 0.0005 cm  year−1, which significantly exceeded the local rate of sea-level 
rise of 0.25 ± 0.009 cm  year−1. A multiple regression approach was used to detect the combined effect of flooding regime 
and the local environment. The most important flooding-related factors that enhance accretion are mean water depth during 
flooding and overall mean water depth, but local accretion strongly decreases with increasing distance to the nearest creek or 
to the salt marsh edge. Mean water depth during flooding can be seen as an indicator for storm intensity, while overall mean 
water depth is a better indicator for storm frequency. The regression parameters were used to run a simple model simulating 
the effect of various sea-level scenarios on accretion and show that, even under extreme scenarios of sea-level rise, these 
salt marshes can probably persist for the next 100 years, although the higher parts may experience more frequent inundation.

Keywords Deep subsidence · Elevation change · Suspended sediment concentration · Storm · Autocompaction · 
Netherlands · Wadden Sea · Terschelling · Ameland · Schiermonnikoog

Introduction

Salt marshes are among the ecosystems that are most vul-
nerable to climate change. Regional to global studies have 
estimated that sea-level rise (SLR) over the twenty-first cen-
tury could induce the loss of 30–80% of coastal wetlands, 
including salt marshes and mangroves (Lovelock et al. 2015; 
Spencer et al. 2016; Schuerch et al. 2018; Thiéblemont et al. 

2019). This would imply the loss of habitat for unique flora 
and fauna, and the loss of valuable ecosystem services (e.g., 
Brown et al. 2006; Barbier et al. 2011), such as carbon seques-
tration (e.g., Mcleod et al. 2011) and protection of the hinter-
land against flooding and shoreline erosion (e.g., Gedan et al. 
2011; Shepard et al. 2011; Temmerman et al. 2013). Since 
salt marshes occur just above mean sea level, their capac-
ity to persist under SLR depends on accretion (Fagherazzi 
et al. 2020), which we here define as the vertical rise in marsh 
surface elevation resulting from the sum of sedimentation, 
erosion, compaction, swelling, and shrinkage of mineral and 
organic sediments. If sea level rises rapidly, accretion may 
not be sufficient to keep pace with SLR, which may lead to 
increasing flooding and ultimately to marsh vegetation die-off 
and “drowning” of a marsh (e.g., Cooper et al. 2001; Morris 
et al. 2002; Kirwan and Megonigal 2013; Blankespoor et al. 
2014; Schepers et al. 2017).

The factors that govern accretion in salt marshes have 
been studied extensively (e.g., Townend et al. 2011; Wiberg 
et al. 2020). Most important are sediment supply (depending 
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on suspended sediment concentration (SSC) of the incom-
ing water and supply routes, i.e., distance to the creeks and 
marsh edge (Van Wijnen and Bakker 2001; Temmerman 
et al. 2003a; French 2006; Bartholdy et al. 2010a), frequency, 
depth and duration of inundations (depending on surface 
elevation, tidal range, and storm frequency and intensity; 
Temmerman et al. 2003b; Kirwan et al. 2010; Balke et al. 
2016), hydrodynamic conditions (Townend et al. 2011; Sassi 
et al. 2015), the presence of vegetation (Mudd et al. 2010), 
accumulation of organic matter (Roner et al. 2016), and com-
paction of the sediment (autonomous but also enhanced by 
the presence of livestock; Bartholdy et al. 2010b; Elschot 
et al. 2013).

Present views on salt marsh accretion in response to pro-
jected rates of SLR due to climate change are generally based 
on two approaches. First, they can be based on observed 
accretion for periods or sites that experienced local SLR 
rates that can be considered comparable to projected rates 
of future global SLR. Today, global mean SLR rate is about 
0.25 cm  year−1 (Nicholls et al. 2021), and it is projected that 
this can accelerate to values of 1 to 2 cm  year−1 by 2100 
(Rahmstorf 2007; Church et al. 2013). Over recent years, 
several meta-analyses have compiled published accretion 
data for salt marshes and mangroves (e.g., Lovelock et al. 
2015; Kirwan et al. 2016; Crosby et al. 2016; Jankowski et al. 
2017). These studies summarize observations from many 
sites (typically > 100) subject to a wide range of historic rates 
of local SLR, from a few mm  year−1 to > 1 cm  year−1. How-
ever, these analyses were based on datasets of relatively short 
time series (mostly < 10 years; or e.g., single storm events) 
and for sites across large regions (typically 10 to 1000 s km 
apart). Short-term data have the disadvantage of not incor-
porating long-term processes, such as compaction of sedi-
ments (e.g., Bartholdy et al. 2010b; Parkinson et al. 2017) 
and weather extremes such as storms (e.g., Schuerch et al. 
2013; Leonardi et al. 2018). Furthermore, in studies com-
paring accretion data across large regional scales, explana-
tory variables (such as SLR rate, tidal range, SSC, vegetation 
type) tend to co-vary between sites. This makes it difficult to 
isolate the response to SLR rate from the response to other 
variables. While the short-term data disadvantage may be 
compensated by using meta-analyses on long-term (century 
to millennial scale) sedimentary salt marsh records (e.g., 
Horton et al. 2018), still such meta-analyses are typically for 
sites across large regional scales (Wiberg et al. 2020).

Secondly, several numerical models have been developed 
to assess the response of salt marshes to future SLR sce-
narios (e.g., see Fagherazzi et al. 2012 for a review, or more 
recently Schuerch et al. 2018). Such models predict that 
marsh accretion rate increases with increasing rate of SLR, 
through increased tidal flooding and, hence, increased sup-
ply and deposition of mineral and organic sediments (e.g., 
Temmerman et al. 2003a; French 2006; Kirwan et al. 2010). 

This feedback mechanism allows marshes to accrete faster as 
SLR accelerates, until a critical SLR rate is exceeded, above 
which drowning of a marsh is predicted. The critical SLR 
rate is predicted to vary between sites depending on SSC and 
tidal range (Kirwan et al. 2010). As a consequence, a more 
rapid loss of coastal marshes is predicted by models that 
assume a constant accretion rate, whereas models that incor-
porate a feedback between the rate of SLR and accretion 
rate are less pessimistic (Kirwan et al. 2016). Again, data 
to calibrate or validate such accretion models either come 
from a single site with a specific SLR history (e.g., Morris 
et al. 2002) or from multiple sites at distant locations with 
different SLR histories but also different in other controlling 
factors such as SSC, vegetation type, and tidal range (e.g., 
Temmerman et al. 2004; Schuerch et al. 2018). Therefore, 
studies comparing salt marsh accretion in nearby sites, with 
similar environmental conditions such as tidal range, SSC, 
and vegetation type, but subject to different historic rates of 
SLR, could close a gap in present insights, but are lacking 
so far.

Studies on salt marsh accretion with accelerating rates of 
SLR, both from meta-analyses of empirical data and from 
numerical model assessments, mostly neglect small-scale 
variation in accretion rate within a marsh. Short-term sedi-
ment accretion rates (measured over single tides to one or a 
few years) can vary at short distances (~ 10–100 m) within 
marshes, e.g., as a result of progressive sediment trapping 
along supply routes from marsh edges towards the marsh 
platform (e.g., Christiansen et al. 2000; Leonard et al. 2002; 
Temmerman et al. 2003b). However, meta-analyses aiming 
to increase insights in marsh accretion in response to differ-
ent SLR rates typically consider regional-scale variations 
between distant sites but neglect the small-scale within-site 
variability (e.g., Lovelock et al. 2015; Kirwan et al. 2016; 
Crosby et al. 2016; Jankowski et al. 2017; Rodrígues et al. 
2017). Also, model assessments of long-term (decades) 
marsh response to SLR scenarios do not consider such 
small-scale gradients (e.g., Fagherazzi et al. 2012; Wiberg 
et al. 2020). Consequently, poor knowledge exists on the 
importance of small-scale within-site variability in control-
ling the capacity of salt marsh accretion rates to keep up 
with accelerated SLR.

In the present paper, we bring together data from three 
adjacent barrier islands in the Dutch Wadden Sea, collected 
in several studies that differed in aim and background but 
had accretion measurements by “sedimentation-erosion  
Bars” (SEB; Nolte et al. 2013a) as a common feature (see 
Supplementary Material). Beneath one of these islands 
(Ameland), deep (c. 2 km) extraction of natural gas has been 
going on since 1986, causing subsidence of the surface layers 
at a rate of c. 0.7 cm  year−1. Together with the background 
SRL rate of c. 0.25 cm  year−1, this results in a relative SLR 
rate in the order of 1 cm  year−1, i.e., comparable to projected  
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rates of global mean SLR towards the end of the twenty-first 
century. The two neighboring islands did not experience gas 
extraction and associated deep subsidence and were subject to 
the background SLR only. Because of their proximity (within 
a range of c. 60 km), our plots have comparable vegetation, 
SSC, and tidal range. This creates the unique opportunity to 
compare salt marsh accretion with and without accelerated 
SLR, but under otherwise comparable conditions. Our plots 
have different positions relative to creeks or the salt marsh 
edge, and, hence, capture small-scale within-marsh variabil-
ity in response to accelerated SLR. In addition, some plots 
are grazed by livestock and some are not.

Our aims are the following: (1) to quantify the relation 
between salt marsh accretion rate and flooding regime, and 
more specifically, the dependence of this relation on small-
scale, within-site variation in environmental factors such 
as distance to tidal creeks or marsh edges, elevation of the 
marsh surface, and presence of livestock; (2) to determine 
the effect of different SLR rates on accretion by comparing 
nearby sites with and without artificially accelerated SLR 
(through deep subsidence); and (3) to use the found relations 
to assess the ability of the studied salt marsh sites to survive 
under various SLR scenarios, with rates between 0.2 and 
0.8 cm  year−1 over a 100-year period.

Methods

Study Sites

Our study focuses on the adjacent Dutch islands of Ter-
schelling, Ameland, and Schiermonnikoog (Fig. 1). They 
are part of the Wadden Sea islands (or West-Frisian Islands), 

a chain of barrier islands located along the North Sea coasts 
of the Netherlands, Germany, and Denmark (Esselink 
et al. 2017). Many of these islands have sand-drift dikes or 
dunes that shelter extensive areas of back-barrier salt marsh 
from the North Sea (Ehlers 1988; Oost et al. 2012). The 
western sides of these islands are inhabited and their salt 
marshes have mostly been developed into polders, but the 
salt marshes on the eastern (downdrift) sides have a high 
degree of naturalness. Large areas of salt marsh spontane-
ously developed after the construction of sand-drift dikes 
in the period 1850–1950. There are no ditches or groins 
to enhance sedimentation, and only local stone revetments 
have been constructed to combat edge erosion (Dijkema and 
Wolff 1983; De Groot et al. 2017).

Sedimentation is predominantly minerogenic and the 
marshes are characterized by a relatively thin layer (mostly 
10–60 cm) of silty sediments overlying the sandy subsoil 
(De Groot et  al. 2011). Deposited clay minerals in the 
Wadden Sea are mostly illite and kaolinite (Van Straaten 
1954; He et  al. 2012). Mean tidal ranges are 223, 203, 
and 228 cm, respectively, in the stations Nes, Wierumer-
gronden en Schiermonnikoog (Fig. 1). Mean background 
rate of SLR during the period 1994–2012 in our stations 
was 0.25 ± 0.009 cm  year−1 (derived by regression of all 
10 min gauge readings on time; mean value reported for 
The Netherlands is 0.13–0.27 cm  year−1; Baart et al. 2012; 
Klein Tank et al. 2015; Vermeersen et al. 2018). Water levels 
are strongly influenced by atmospheric conditions, notably 
storms. Suspended sediment concentrations are also strongly 
influenced by storms, mean value at the water surface in our 
basins is 10–50 g  m−3 (Sassi et al. 2015). However, mean 
SSC is probably not a good predictor for salt marsh accre-
tion because most sediment originates from resuspension 

Fig. 1  Location of islands (names in white), tidal basins (names and boundaries in green), tidal gauges (asterisks, white), and weather stations 
(plusses, yellow) used in our study
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during storms of material deposited earlier on intertidal flats 
(Schuerch et al. 2014).

The vegetation of our marshes is described by Esselink 
et  al. (2017), and, in more detail, by Leendertse et  al.  
(1997) for Terschelling, Dijkema et al. (2011) for Ameland  
and Olff et al. (1997) for Schiermonnikoog. The first plant 
species that establish on intertidal flats are Salicornia spp. 
and Spartina anglica. When marshes become higher by 
vertical accretion, they develop into suitable habitat for 
late-successional species, such as the dwarf shrub Atriplex 
portulacoides and the herbs Limonium vulgare, Artemisia 
maritima, and Suaeda maritima on the low marsh, and  
the tall grass Elytrigia atherica on the high marsh. During 
succession, vegetation height increases up to 80 cm, and 
clay content of the upper layer up to 40% (Schrama et al. 
2012), whereas above-ground biomass increases from 200 
to 800 g  m−2 (dry weight), and below-ground biomass from 
800 to 1600 g  m−2 (Van Wijnen and Bakker 1999).

On each island, between 5 and 45 plots were equipped 
with SEBs; these plots were located in clusters that will fur-
ther be referred to as sites. Differences between the sites in 
the numbers and locations of the plots and the number of 
holes per SEB are a consequence of the heterogeneous ori-
gin of our data (see Supplementary Material). On Ameland, 
the sites have the form of transects from low to high marsh 
(Fig. 2). Two sites were studied here: Neerlands Reid (AME_
NLR; Table 1; Fig. 2) where a salt marsh developed after 
the construction of a sand-drift dike around 1890, and De 
Hon (AME_HON) that developed spontaneously after 1960 
behind a naturally formed row of dunes (Slim et al. 2011). 
Neerlands Reid is grazed by cattle and horses, whereas De 
Hon is not grazed by livestock. Natural gas extraction has 
resulted in continuous deep subsidence since 1986 (Piening 
et al. 2017). The subsidence rate at the soil surface varies 
throughout the affected marshes and has a decreasing tem-
poral trend, with an overall mean of 0.71 cm  year−1 (range 
0.3-1.4 cm  year−1) at our plots (Table 1). The sum of that 
rate and local SLR rate is 0.96 cm  year−1, which is com-
parable to the rate of SLR currently expected in the IPPC 
scenarios for The Netherlands (0.2-0.8 cm  year−1, Van den 
Hurk et al. 2014), and the deep subsidence can therefore be 
considered an experimentally induced additional SLR (Van 
Dobben and Slim 2012).

On Terschelling, the salt marsh developed after the con-
struction of a large sand-drift dike between 1931 and 1938 
(Roozen and Westhoff 1985). It is not grazed by livestock 
(Van Wijnen and Bakker 2001). Two sites were studied here 
(TER_T3 and TER_T4; Table 1; Fig. 2) that mainly differed 
in distance to the nearest creek. The salt marsh of Schier-
monnikoog has continuously expanded eastward over the 
past 200 years, leading to spontaneously formed marshes 
whose age increases from east to west (for details see De 
Groot et al. 2011). Six sites were studied here, all located in 

the lower salt marsh (from east to west: SCH_T0, SCH_T1, 
SCH_T2, SCH_T3, SCH_T5, and SCH_OBK; Table 1; 
Fig. 2); of these, SCH_T5 lies behind a sand-drift dike since 
the 1960s, and SCH_OBK is grazed by cattle.

Measurements

Accretion and Surface Elevation Change

A SEB plot (Fig. 3) consists of two or three PVC poles of 
7.5 cm in diameter and 100–180 cm in length that are driven 
into the soil 2 m apart, to a depth of at least 1 m (Nolte et al. 
2013a). The poles are driven into the sandy subsoil, and the 
SEBs, therefore, only measure changes in thickness of the 
surface layer and not deep subsidence. The poles protrude 
10–50 cm above the soil surface and are made level to each 
other. The elevation of the poles relative to NAP (Amster-
dam ordnance datum, approximately mean sea level) was 
determined by relating them to local government bench-
marks using geodetic methods, on Ameland (with subsid-
ence) also by spatial and temporal interpolation between 
3-yearly precision leveling of benchmarks using a geostatis-
tical model; details are given in Supplementary Material. For 
measuring, an aluminum bar with 17 holes that are 10 cm 
apart is placed over the poles, and elevation of the marsh 
surface relative to the top of the poles is measured by low-
ering a measuring stick through each hole. Accretion (cm 
 year−1) is calculated as the difference in average readings 
per SEB between subsequent measurements. It is the sum of 
sedimentation, erosion, compaction, and swelling or shrink-
age, which may result in both positive or negative values 
over 1-year intervals (Van Duin et al. 1997). We assume that 
sedimentation is strongly dominant over vertical erosion in 
our marshes (Friedrichs and Perry 2001; Wang et al. 2018). 
We will use the term subsidence for the deep subsidence 
caused by gas extraction (not measured by the SEBs), com-
paction for a permanent decrease in thickness of the clay 
layer (measured by the SEBs), accretion for the year-to-year 
changes in SEB readings, and elevation change when the 
change in SEB readings was corrected for deep subsidence 
by relating the elevation of the SEB pole heads to ordnance 
datum (Fig. 3). In plots without subsidence, the latter two are 
essentially the same. We did not measure shallow subsidence 
in the sense of Lynch et al. (2015), i.e., compaction of the 
sand layer between the pole bottom and the upper surface of 
the sand layer, as we consider it to be negligible on our time 
scale (cf. Nolte et al. 2013a). In contrast to studies using 
marker horizons (Nolte et al. 2013a; Lynch et al. 2015), our 
accretion includes the compaction, shrinkage, and swell-
ing that take place over the full thickness of the clay layer 
(see Fig. 3). In total, we used 85 plots divided over 10 sites, 
where yearly measurements were taken over time spans that 
varied per plot (range 10–20 years, Table 1), which yielded 
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Fig. 2  Location of plots (circles) on the three islands, with their site IDs (see Table 1) (note the difference in scale between the lowermost figure 
and the two above)
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1116 useable measurements of accretion over ~ 1-year peri-
ods. Further details are given in Supplementary Material.

Explanatory Variables

Water levels relative to NAP were obtained from the Dutch 
Water Authority (RWS), in 10-min intervals from automated 
tidal gauges at the stations Nes, Wierumergronden, and Schier-
monnikoog which we consider representative for the tidal  
basins where our plots were located (see Table 1 and Fig. 1). 
Precipitation and evaporation were obtained from The Royal 
Netherlands Meteorological Institute (KNMI), using daily 
values from the weather station Hoorn (Terschelling; Fig. 1); 
occasional missing values were replaced by values from 
the weather station Lauwersoog (on the mainland, close to 
Schier-monnikoog; Fig. 1). Daily net precipitation was com-
puted by subtracting evaporation from precipitation.

The locations of creeks and the marsh edges were digi-
tized from aerial photographs. Following Temmerman et al. 
(2003b), we determined the shortest distance of each SEB 
plot to the nearest creek (or to the marsh edge if that is 
shorter), and the distance along the creek between the point 
nearest to each plot and the marsh edge (further referred to 
as “creek length”) (set to zero for plots closer to the marsh 
edge than to a creek). We estimated the age (i.e., the num-
ber of years since it became vegetated) of each SEB plot by 
using a combination of historical records and aerial pho-
tographs from various sources (Olff et al. 1997; De Groot 
et al. 2011; Dijkema et al. 2011; Slim et al. 2011; Elschot 

et al. 2017). We measured the thickness of the clay layer on 
a subset of the plots in 2005 or 2006 using a soil auger (see 
Table 1, for details).

Analysis

Explanatory Variables

We used regression analysis to model accretion rate as the 
sum of (1) vertical sedimentation and erosion, (2) swelling 
and shrinkage of the clay layer as a result of differences in 
water content between subsequent measurements, and (3) 
gradual compaction of the clay layer, that may be enhanced 
as a result of trampling by livestock. We assumed sedimen-
tation to be dependent upon flooding regime and sediment 
settling from the incoming water, which in turn depends 
on the distance to the marsh edge or to the nearest creek 
and the length of that creek (cf. Temmerman et al. 2003b;  
Bartholdy et al. 2010a). The full regression model is given in  
Supplementary Material; its variables will be explained below.

We characterized flooding regime by means of four indi-
cators: flooding frequency, fraction of time that a plot is 
flooded, overall mean water depth, and mean water depth 
during flooding periods (see Supplementary Material for 
details). These indicators were computed for all time inter-
vals at all plots, on the basis of the dates of each pair of 
subsequent measurements at a given plot and the average of 
the surface elevations at these dates, using the water levels 
measured in the tidal basin where that plot is located.

Fig. 3  Diagram of SEB plot. After the measurements the SEB is removed, the poles are permanent. Names of variables in italics. Accretion rate 
and elevation change follow from repeated SEB measurements. After Dijkema et al. (2011), adapted
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Water levels at the plots are not necessarily equal to 
those at the tidal gauges as local hydrodynamics may cause 
either attenuation or amplification of the recorded tide 
(Bockelmann et al. 2002; Stark et al. 2015). We tested two 
procedures to correct for these differences: (a) using fixed 
differences in water level (gauge minus plot) of −5, 0, 5, 
10, and 15 cm; and (b) using a location-dependent differ-
ence in water level, taking account of tidal attenuation or 
amplification in the creek and on the salt marsh platform. 
Based on data in Stark et al. (2015), we assumed 4 cm  km−1 
amplification of the tide in creeks, and 35 cm  km−1 attenu-
ation of the tide on the platform. As a result, 4 (for the 
flooding regime indicators) × 6 (for the level correction 
terms) = 24 terms for flooding regime are available. For the 
sake of simplicity, only terms with the same correction for 
attenuation or amplification were tested simultaneously. In 
practice, only one or two of these terms are included in a 
regression model because they are strongly intercorrelated 
(Table S4) and precautions were taken against the inclusion 
of collinear predictors.

We assumed suspended sediment concentration on the 
marsh platform to decrease with distance to the creek fol-
lowing a negative exponential decay function with a decay 
constant of −0.069 (on a natural-log basis), i.e., 50% of the 
sediment is lost per 10 m (see Supplementary Material for 
further explanation). In the creeks, where the sediment loss 
is much lower than on the marsh platform, we assumed a 
linear decrease of sediment concentration with distance.

We assumed the (irreversible) autocompaction of the clay 
layer between subsequent observations to be proportional 
to the time interval between these observations, at a rate 
dependent on the clay layer thickness. However, measure-
ments of this thickness were not available for all plots and 
only at a single point in time (Table 1), and we, therefore, 
used the age of the salt marsh as a proxy (Olff et al. 1997; 
De Groot et al. 2011). We ran a separate regression to check 
whether this is a plausible assumption (see Supplementary 
Material).

The compaction of the clay layer may be enhanced by 
trampling in the presence of livestock. Besides, grazing 
changes the vegetation structure which may affect sedimen-
tation rate (Nolte et al. 2013b, 2015). We accounted for these 
effects by assuming an extra compaction in the presence of 
livestock (we did not take account of stocking density which 
is usually unknown) (see Supplementary Material).

Changes in water content lead to (reversible) swelling or 
shrinkage of the clay layer, and consequently to differences in 
measured surface elevation (Van Wijnen and Bakker 2001). 
We estimated the apparent effect of differences in water con-
tent of the clay layer on accretion between subsequent meas-
urements on the basis of the difference in total net precipita-
tion during the two 10-day periods before both observation 
dates, assuming a linear effect of this variable on accretion 

(see Supplementary Material). As the absolute amount of 
swelling or shrinkage may depend on the thickness of the 
clay layer, we also tested the effect of the interaction term (dif-
ference in net precipitation) × (marsh age) (the latter variable 
again as a proxy for the thickness of the clay layer).

Although we considered many factors that determine 
accretion rate, it may still be influenced by other, unknown 
factors. For example, there may be differences between the 
sites that are not accounted for; in particular, this is the case 
with subsidence on Ameland. Such differences will lead to 
an apparent effect of the sites themselves, and these were 
therefore also included in the analysis as a set of indicator 
variables, one for each site with value 1 for plots in that site 
and else 0.

Model Selection

The flooding regime indicators had a highly skewed distri-
bution and were normalized by applying a ln(X + 1) trans-
formation. As explained above, the sediment concentra-
tion is assumed to exponentially decrease with distance to 
a creek, and therefore, the distance between each plot and 
the nearest creek was exp(-0.069.X) transformed. All other 
variables were more or less normally distributed and ana-
lyzed untransformed. Table S3 gives basic statistics for all 
numerical explanatory variables, and Table S4 their mutual 
correlations.

A selection procedure was used to arrive at a set of sta-
tistical models that are the best approximations of the “true” 
relation between accretion rate and its predictors. For this 
procedure, two a priori considerations were made: (1) there 
are strong correlations among the (transformed) candidate 
predictors (Table S4), and (2) there is a certain amount of 
pseudo-replication in the data; both between subsequent 
observations at each plot, and among the plots in each site. 
We attempted to deal with these restrictions by using a two-
step procedure. In the first step, the most promising candi-
date models were selected using multiple linear regression. 
This was done by testing all possible models with one term, 
with two terms, etc., until a single model with all terms was  
reached (12,288 models in total; see Supplementary Material  
for details). For each term, in each model, the variance 
inflation factor (VIF, as a measure for the mutual correla-
tion between explanatory variables; see Montgomery and 
Peck (1982: Sect. 8.4.2) was determined. Subsequently, all 
models were discarded that contained one or more terms 
whose regression coefficient was not significantly (P < 0.05) 
different from zero, or one or more terms whose VIF was 
larger than 2. Of the remaining 1297 models, a subset of 100 
with the highest percentage explained variance (R2

adjusted) 
was considered suitable candidates for further selection. 
All these models have percentages of explained variance 
(R2

adjusted) in the order of 35%.
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In the second step, the selected candidate models were 
compared in a residual maximum likelihood (REML) pro-
cedure using three variance components: the sites, the SEB 
plots within each site, and the subsequent observations within 
each SEB plot. We used Akaike’s Information Criterion as a 
measure for goodness-of-fit. For each model, we determined 
the Akaike weight (w; Symonds and Moussalli 2011), and 
we considered the models with the highest w up to a summed 
w of 0.96 (i.e., the smallest set of models with a 96% prob-
ability that the “true” model is among these). We also deter-
mined the Akaike weight for each predictor as the sum of 
the weights of all models in which it occurs. This weight 
can be seen as the probability that this predictor is a com-
ponent of the “true” model (Symonds and Moussalli 2011). 
Further computational details are given in Supplementary  
Material.

Prediction Model

To estimate salt marsh behavior under SLR, we calculated 
accretion over a 100-year period using the parameter values 
of a subset of the regression models with the highest prob-
ability in the previous step, i.e., the best models up to a 
cumulative Akaike weight of 0.96. The most probable rate 
of SLR for the Netherlands up to 2100 according to IPCC 
AR5 climate scenarios is between 0.2 and 0.8 cm  year−1 
(cf. Van den Hurk et al. 2014). On that basis, we consid-
ered four scenarios, viz. a rise in mean level of 0.2, 0.4, and 
0.8 cm  year−1, and a rise that linearly increases from 0.2 to 
0.8 cm  year−1 over a 100-year period. For the other vari-
ables, we used the (initial) values for various locations on a 
hypothetical marsh given in Table 2. We used a time step of 
one year, and in each year, we calculated the expected accre-
tion on the basis of the initial values in Table 2, the number 
of years since the start of the run, and the expected values 
for the flooding characteristics in that year. We generated a 
baseline scenario of flooding regime by calculating values 
for each of its four characteristics, for a range of surface 
elevations 0.1 cm apart, between 70 and 190 cm + NAP (see 
Supplementary Material for details). In each time step, the 
simulated accretion was added to the absolute elevation, 

from which the SLR was subtracted to give a sea-level cor-
rected elevation, which was used as input in the next time 
step. No elevation change was calculated when the sea-level 
corrected elevation was outside the range of the training set 
(i.e., 70–190 cm). This procedure was applied to each of the 
models in our subset so that a range of simulated elevation 
changes is formed. As this subset had a cumulative Akaike 
weight of 0.96 and hence a 96% probability to contain the 
“true” model, this range can be seen as a 96% confidence 
interval.

Results

Observed Accretion

On average, there was a steady accretion in all sites; how-
ever, on Ameland, the surface elevation decreased due 
to deep subsidence (Fig.  4). Significant (P < 0.05) dif-
ferences in mean accretion rate were recorded between 
the sites (Fig.  5) and between the islands, with Ter-
schelling (mean 0.11  cm   year−1) < Schiermonnikoog 
(0.40 cm  year−1) < Ameland (0.53 cm  year−1). The decrease 
in accretion rate with increasing marsh age on Schiermon-
nikoog, i.e., from east (SCH_T0) to west (SCH_T5) is also 
clearly visible in Fig. 5 (cf. Van Wijnen and Bakker 1997; 
De Groot et al. 2011). The larger range of accretion rates 
on Ameland compared to the other two islands (Fig. 5) is a 
direct consequence of the wider spatial range of the Ame-
land sites (cf. Fig. 2). Although the mean accretion rate over 
all plots and all time intervals was 0.44 ± 0.0005 cm  year−1 
and thus significantly exceeded the locally measured SLR 
rate of 0.25 ± 0.009 cm  year−1, the mean accretion rate of 
the Terschelling sites was significantly lower than SLR rate. 
This is probably a consequence of a low sediment deposition 
caused by either a long distance to the nearest creek (site 
TER_T3) or a long transport distance through that creek 
(site TER_T4) (cf. Fig. 2), in combination with a high sur-
face elevation and thus a low flooding frequency. However, 
the elevation of these plots (mean 126 ± 0.3 cm + NAP) is 
far above the lower limit for the occurrence of salt marsh 

Table 2  Combinations of 
(initial) values used for the 
model runs (precipitation 
change was set to zero in all 
runs)

Location Initial elevation 
(cm + NAP)

Initial age 
(year)

Distance to creek 
(m)

Creek length (m)

Marsh edge 75 0 1 0
Levee (low) 100 20 1 200
Levee (high) 140 60 1 500
Marsh platform,  

increasing elevation
70 0 250 0
100 20 250 200
140 60 250 500
180 100 250 1000

1570 Estuaries and Coasts  (2022) 45:1562–1582



vegetation (c. 70 cm + NAP; Dijkema et al. 2011), so these 
plots have little risk of drowning.

Predictors for Accretion

The Akaike weights for all tested predictors, based on 
the 100 best-fitting models selected by linear regression, 
revealed that the terms for flooding had a very high prob-
ability to be in the “true” model (Table 3a). This is also the 
case for the intercept, distance to the nearest creek, distance 
to the salt marsh edge through that creek, and the interaction 
term precipitation × age (Table 3b). This probability was far 
lower for both age-dependent compaction terms (autono-
mous, or through trampling) and the main effect of precipi-
tation, although these terms had a significant effect in some 
of the models. Terms for the individual sites did not appear 
in any of the 100 best-fitting models. The regression coef-
ficients of the 13 best-fitting models (with a summed Akaike 
weight of 0.96) are given in Table S5.

The overall sum of the Akaike weights for the flooding 
characteristics (1.986 i.e., nearly two; Table 3a) indicates 

that the “true” model most probably contains two of these 
terms. Both mean flooding depth and overall mean water 
depth have a high probability to be in the “true” model; for 
the other two characteristics, this probability is far lower (cf. 
sum column of Table 3a). The effect of the correction terms 
for attenuation or amplification is less clear. A location-
dependent amplification or attenuation has a higher prob-
ability than a constant value, but low and constant values 
(−5 and 0 cm, i.e., a slight or no amplification) also have 
a reasonably high probability. The highest values (10 and 
15 cm, i.e., a strong attenuation) have low probabilities (cf. 
sum row of Table 3a).

The Akaike weights together with the signs of the regres-
sion coefficients (Table 3) show that the conditions that 
mostly enhance measured accretion are (1) a short distance 
to a creek at a point that is at a short distance from the marsh 
edge, (2) a high precipitation just before data collection (the 
latter especially on older marshes), (3) a high mean flooding 
depth (both overall and during flooding periods), and—to 
a lesser extent—(4) a long flooding duration. The “true” 
model most probably also contains a negative constant term, 
which is the extrapolated accretion rate (i.e., subsidence) 

Fig. 4  Average surface elevation over time relative to NAP per site (x), and for the sites at Ameland also the accretion (= surface elevation minus 
deep subsidence) (o). Averages per site are based on a selection of plots with observations in all years; see Table 1 for their numbers
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in the absence of flooding, zero creek length, and infinite 
distance to the nearest creek. We consider this, together with 
the low Akaike weights of both compaction terms, as an 
indication that there is considerable autocompaction which 
is however independent of salt marsh age or the presence 
of livestock.

Accretion Under Sea‑Level Rise Scenarios

A number of “typical” situations that differed in age and 
position on the marsh, given in Table 2, were used as start-
ing points to simulate accretion under four scenarios, viz. 
a mean rate of SLR of 0.2, 0.4, and 0.8 cm  year−1, and 
a rate that linearly increases from 0.2 to 0.8 cm  year−1, 
over a 100-year period. Simulated accretion over the 100-
year period, both “absolute” (i.e., relative to NAP; black 
lines) and corrected for SLR (i.e., relative to NAP + SLR; 
red lines) strongly differed between the situations given 
in Table 2 (Fig. 6). The model uncertainty (apparent from 
the range of black or red lines which can be seen as the 
96% confidence interval) appeared to be small compared to 
the differences in accretion under different scenarios, and 

there was a large effect of distance to the nearest creek or 
to the marsh edge. Parts of the salt marsh that are close to 
the marsh edge (top row in Fig. 6) or to a creek (rows 2 and 
3) are expected to survive even the highest rate SLR used 
in our scenarios, i.e., a constant value of 0.8 cm  year−1 
(Fig. 6). For the marsh platform (the four bottom rows), 
the expectations are less favorable. Only at the lowest 
surface elevation (70 cm + NAP), we expect a positive or 
near-zero accretion relative to SLR, and in all other situa-
tions, the rate of SLR is expected to exceed accretion rate. 
At the highest elevation of 180 cm + NAP, the accretion 
even became negative because autocompaction is expected 
to exceed sediment deposition. However, in none of the 
simulated situations, “drowning” of the salt marsh took 
place within 100 years, i.e., the sea-level corrected eleva-
tion always remained > 70 cm + NAP (the lower limit for 
the occurrence of salt marsh vegetation in the Netherlands, 
i.e., the boundary between salt marsh and intertidal flat; 
Dijkema et al. 2011).

In the long run, a salt marsh will survive if accretion equals 
or exceeds SLR, i.e., if there is a positive accretion surplus 
(Fig. 7). At plots that are farthest removed from creeks, the 

Fig. 5  Boxplot of accretion 
rates per site. The boxes span 
the interquartile range of the 
values per site, so that the 
middle 50% of the data lie 
within the box, with a horizon-
tal line indicating the median. 
The vertical lines enclose the 
full range of values per site. 
Sites are ordered to decreas-
ing median. Letters indicate 
significant (P < 0.05) differences 
of the mean; see Table 1 for the 
numbers of observations
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accretion surplus is zero or positive at the present rate of 
SLR (0.2 cm  year−1) below an initial surface elevation of 
120 cm + NAP, which is about the average of our plots. At 
this elevation, it decreases to −30 − −40 cm when SLR rate 
increases to 0.8 cm  year−1. At an elevation of < 120 cm + NAP 
and a shorter distance to a creek (20 m), the accretion surplus 
remains positive up to a SLR rate of c. 0.5 cm  year−1, while at 
a very short distance to a creek (1 m, on the levee), it remains 
positive up to an elevation of 170 cm + NAP and the highest 
tested SLR rate (0.8 cm  year−1).

The feedback between SLR and accretion appears to be 
non-linear (Fig. 7). If accretion were to increase propor-
tional to the rate of SLR, the lines in the diagram would be 
horizontal, each line intersecting the corresponding line in 
Fig. 7 at the left (i.e., at the present rate of SLR). On the 
other hand, if there were no feedback at all, the lines in the 
diagram would be vertical with a value equal to -100 × (SLR 
rate + compaction). However, the lines run at an angle with 
the horizontal axis. In practice, this means that an increase 

in the rate of SLR is to some extent, but not completely, 
compensated by an increase in accretion rate.

Discussion

Deep Subsidence as a Proxy for Sea‑Level Rise

We found accretion rates in minerogenic back-barrier salt 
marshes in the order of 0.1–0.5 cm  year−1, with an overall 
mean of c. 0.44 cm  year−1, which exceeds the local rate 
of SLR (c. 0.25 cm  year−1). The presence of deep subsid-
ence in part of our plots enabled us to build a regression 
model of accretion rate covering a wide range of flooding 
regimes, and thus to simulate the effect of hitherto untested 
SLR scenarios. Our model runs did not yield indications for 
a strong reduction in surface area of our salt marshes area 
with SLR, not even under rather pessimistic scenarios of c. 
0.8 cm  year−1 SLR over a 100-year period.

Table 3  Akaike weights per predictor, based on the 100 best-fitting 
models: a, flooding characteristics; b, other predictors. Weights for 
the flooding characteristics are given for different values of the correc-
tion term for amplification (negative) or attenuation (positive) of water 

levels (loc.dep = location-dependent value, see text for explanation). 
All 100 best-fitting models have equal signs for their regression coef-
ficients, and these are also given in Table b; all flooding characteristics 
in Table a have positive regression coefficients (N = 1116)

a Negative after exponentiation

a 
Predictor
Amplification/
attenuation  
correction (cm)

Akaike weight

− 5 0 5 10 15 loc.dep SUM

Flooding  
frequency

0.003 0.002 0.001 0 0 0.001 0.007

Flooding  
duration

0.104 0.045 0.017 0.003 0 0.133 0.302

Overall mean 
water depth

0.151 0.115 0.077 0.031 0.025 0.29 0.69

Mean water 
depth during 
flooding

0.258 0.162 0.095 0.034 0.016 0.421 0.986

SUM 0.516 0.325 0.19 0.069 0.042 0.845 1.986
b
Predictor

Akaike 
weight

Sign of regr coeff

Constant 1  − 
Distance to 

creek
1  + a

Creek length 1  − 
Precipitation  

× age
0.994  + 

Autocompaction 0.015  − 
Compaction by 

trampling
0.008  − 

Precipitation 0.006  + 
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Indicator variables for the sites were included in the 
pre-selection procedure, but none of them appeared in 
the selected models. Apparently, there are no important, 
location-dependent predictors for accretion that we did not 
consider as explanatory variables. Specifically, this is the 
case with the deep subsidence that only occurs in both 
Ameland sites. For example, if the effect of subsidence 
would come about with a large time-lag, this would lead 
to a significant, location-dependent effect of these sites. 
We, therefore, conclude that the variables we considered 
(flooding regime, position on the marsh, age of the marsh, 
precipitation difference between subsequent observations) 
are indeed the master variables that govern the observed 
accretion, and, consequently, can be used to estimate accre-
tion under future scenarios up to a rate of SLR equal to the 
sum of the present rates of SLR and subsidence.

The above conclusion is reached in a rather indirect way, 
and it is tempting to propose an analysis in which accretion 
rate is directly modeled as a combined effect of rates of soil 
subsidence and SLR. However, such an analysis is not fea-
sible, mainly because—unlike surface elevation—sea level 
has a very large temporal variability, even its annual mean. 
Therefore, SLR rate itself can only be directly used in a statis-
tical model with a low temporal resolution, which in practice 
would mean using only the first and last observation of our 
time-series (average SLR rate over the three stations we used, 
and the period 1994–2012 equals 0.25 cm  year−1; however, 
average year-to-year differences per station vary between − 12 
and + 9 cm). This leads to a loss in discriminative power 
which prevents the detection of the additional effect of sub-
sidence over the effect of SLR (analysis not shown).

The Ameland sites appeared to have a significantly higher 
accretion rate than most of the other sites (Fig. 5). This is 
partly due to deep subsidence but also to the position of 
the plots. Figure 2 shows that many plots on Ameland are 
located close to creeks or on their levees. In fact, about one-
third of the plots on Ameland are within 10 m from creeks, 
and slightly more than half within 20 m. Out of the plots on 
the other islands, none is within 20 m from a creek, and only 
three are within 50 m from a creek (data not shown but see 
Fig. 2). These differences are a consequence of the combina-
tion of data sets from different sources (see Supplementary 
Material). Likewise, the accretion rate in the Terschelling 
plots was significantly lower than in many of the other plots 
(Fig. 5), but also, this difference can be sufficiently explained 
from the position of these plots. Although strictly speaking, 
our mean value of 0.44 cm  year−1 is only true for the sam-
pled sites, the wide range in position of the plots (high, low, 
far from, or close to creeks, etc.) makes a strong bias due to 
uneven positioning unlikely. We are therefore confident that 
our mean value is a good estimate for the overall accretion 
rate in back-barrier salt marshes in the Dutch Wadden Sea.

Factors Affecting Accretion Rate

The factors that mostly affect accretion rate over periods of 
approximately 1 year in our plots are (in order of decreasing 
importance as testified by their Akaike weights) flooding 
regime, distance to the nearest creek, distance to the marsh 
edge through the nearest creek, and precipitation in relation 
to age of the marsh (Table 3). Furthermore, the negative 
value for the intercept, present in all tested models, is an 
indication for a substantial amount of autocompaction. Age-
dependent compaction (possibly enhanced by trampling if 
livestock is present) is unimportant although it has a signifi-
cant effect in some of the tested models. These factors will 
be discussed below.

Flooding Regime

As stated before, the overall sum of flooding regime-related 
Akaike weights (Table 3a) shows that the “true” model most 
probably contains two flooding regime indicators. Of the 
tested indicators, the overall mean water depth and the mean 
depth during flooding have the highest probability to be in 
the “true” model (with probabilities of c. 0.7 and c. 1.0, 
respectively). The mean water depth during flooding is an 
indicator for storm intensity: a single storm tide with a high 
water level on parts of the marsh that are not flooded during 
normal tides results in a high value of this indicator, while 
the overall mean depth is less influenced. This indicator is 
not sensitive to storm frequency: any number of consecu-
tive, identical storms results in the same value. On the other 
hand, the overall mean water depth is an indicator for storm 
frequency (and to some extent also for their intensity), but 
also for the position on the marsh: its value increases with 
decreasing surface elevation. However, on the basis of our 
data, it is most plausible that the effect of overall mean water 
depth comes about through storm frequency and not through 
surface elevation. If position on the marsh were dominant, 
flooding frequency would appear in a substantial number of 
models, because this variable is directly related to surface 
elevation. However, the number of models containing this 
variable is extremely low (cf. sum column of Table 3a). We 
conclude that accretion rate is strongly positively related to 
the combination of storm intensity and storm frequency, and 
hence, that sediment deposition mostly takes place during 
storm tides. This agrees with conclusions of Schuerch et al. 
(2013), Goodwin and Mudd (2019), and Bakker et al. (2016) 
although the latter authors also conclude that extreme storms 
contribute less to accretion than more frequent minor storms.

Our results suggest only a small amount of attenua-
tion or amplification of the water level between the tidal 
gauges and the plots on the salt marsh (cf. the bottom row of 
Table 3a). Near-zero values of the correction term for attenu-
ation or amplification have high probabilities, and there are 
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no indications for a strong attenuation. These low values 
agree with our finding that sedimentation mostly takes place 
during storm tides. During such tides, friction between the 
incoming water and the marsh platform is low, and there 
is a longer time interval for the water level on the platform 
to reach equilibrium with the incoming level, resulting in 
a low or zero attenuation (Temmerman et al. 2005; Stark 
et al. 2015).

Distance to the Nearest Creek and to the Marsh Edge

Many authors (e.g., Stumpf 1983; French and Spencer 
1993; Leonard et al. 1995; Temmerman et al. 2004) found a 
strongly decreasing SSC and hence, deposition, at increas-
ing distance to the creeks where water is discharged over the 
marsh platform during high tide. This phenomenon results 
in the typical levee—platform morphology of salt marshes 
(Allen 2000; Temmerman et al. 2004). Our analysis con-
firmed the large effect of distance to the sediment source, 
with an estimated sediment loss of 50% over a distance of 
10 m. As this value was derived by calibration (details given 
in Supplementary Material), its uncertainty is rather large, 
but the results of our regression analyses are not very sen-
sitive to this value. However, changing the negative expo-
nential loss into a linear decrease strongly reduces the fit 
of the model, from c. 35% explained variance to c. 26%. In 
contrast, for creek length, a linear decrease performs just as 
well as a negative exponential loss (data not shown).

Precipitation, Swelling, Shrinkage, and Compaction

Over a full drying and rewetting cycle, clay may undergo 
volume changes in the order of 10–15% (Basma et al. 1996). 
Even if changing weather conditions were to influence the 
wetness of salt marsh soil to a depth of only 10 cm, result-
ing in only half of the maximum amount of volume change, 
the resulting change in surface elevation would still be in 
the order of 0.5 cm. Therefore, the wetness of the soil at 
the time of SEB measurements has to be taken into account 
(Nolte et al. 2013a). Even our rough approximation (using 
recent net precipitation as a measure for wetness, and marsh 
age as a measure for clay layer thickness) leads to a variable 

(net precipitation difference between subsequent measure-
ments times marsh age) that has a very high probability to be 
in the “true” model. The size of the regression coefficients 
(Table S5) shows that a marsh age of 66 years (the over-
all mean) and precipitation difference between subsequent 
measurements of 1000 mm  year−1 (the overall mean of the 
absolute values) results in a difference in surface elevation 
of 0.1 cm, i.e., in the order of the overall mean accretion 
rate of 0.44 cm  year−1. The strong effect of precipitation is 
surprising because soil wetness is also governed by inunda-
tion by seawater. However, average inundation frequency 
is relatively low in our plots which are typical back-barrier 
marshes that develop on a sandy slope from dunes to inter-
tidal area. Fifty percent of our plots are inundated less than 
once per day (Fig. S2). Moreover, our SEB measurements 
are mostly taken during the period August–October (see 
Supplementary Material) which is a relatively storm-free 
period in the North Sea basin (Clemmensen et al. 2014). To 
our knowledge, this correction has not been used in earlier 
studies, although Erchinger et al. (1996) and Van Wijnen and 
Bakker (2001) found that surface elevation measurements 
in spring tend to yield higher values than those in autumn, 
which these authors ascribe to a combination of autocom-
paction (see below) and shrinkage during summer. This 
observation has led to the general recommendation to com-
pare only SEB measurements taken in the same period of 
the year (Dijkema et al. 2011; Nolte et al. 2013a), which was 
also followed in our study (see Supplementary Material).

Differences in surface elevation may not only result 
from swelling or shrinkage, which is a reversible process, 
but also from compaction, which is irreversible (Bartholdy 
et  al. 2010b). In autocompaction, the lower part of the 
clay layer is gradually compressed under the weight of the 
newly deposited sediment. The magnitude of autocompac-
tion may be considerable, Bartholdy et al. (2010b) found a 
logarithmic increase of bulk density with depth, and they 
estimate a doubling of bulk density over the first 20 cm 
depth. The general effect of autocompaction is that older 
marshes, that have a thick clay layer, show a lower accretion 
rate than young marshes, irrespective of surface elevation 
(Cahoon et al. 1995; Van Wijnen and Bakker 2001). Com-
paction may be further enhanced by trampling of livestock 
(Elschot et al. 2013; Marin-Diaz et al. 2021). We included 
terms for compaction that is dependent on both marsh-age 
(as a proxy for clay layer thickness) and the presence of 
livestock, but we also considered the intercepts of our mod-
els as estimates for age-independent autocompaction (see 
Supplementary Material). The mean of the intercepts in 
Table S5 is 0.78 cm  year−1, which is quite high compared to 
Bartholdy et al. (2010a) who estimate c. 0.2 cm  year−1 auto-
compaction for a 75-year-old marsh (recalculated from their 
Fig. 9). Some of the candidate models (however, only a few 
of them and not the best-fitting ones) also have a term for 

Fig. 6  Projection of salt marsh surface elevation over a 100-year 
period, relative to NAP (black lines) and relative to NAP + SLR (i.e., 
corrected for SLR; red lines). Columns represent SLR scenarios, the 
rightmost one a linearly increasing SLR from 0.2 to 0.8  cm   year−1 
over a 100-year period and the others a constant SLR. Rows (from top 
to bottom) represent initial elevations of 70 cm + NAP for the marsh 
edge, 100 and 140  cm + NAP for the levees, and 70, 100, 140, and 
180  cm + NAP for the marsh platform, respectively; further details 
are given in the corresponding rows of Table 2. Each line represents 
one of the 13 best-fitting models (with a cumulative Akaike weight 
of 0.96). The range of the Y-axis spans the elevation range where salt 
marshes occur (70–200 cm + NAP; Dijkema et al. 2011)

◂
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age-dependent autocompaction, whether or not dependent on 
livestock, but the effect of these terms (an increase in com-
paction by c. 0.13 cm  year−1) appears to be smaller than the 
age-independent autocompaction estimated from the inter-
cepts (c. 0.78 cm  year−1). These findings are at variance with 

Elschot et al. (2013) and Marin-Diaz et al. (2021) who found 
a strong effect of trampling. Also, Nolte et al. (2015) found 
a significant effect of livestock, at least under certain con-
ditions (high precipitation, high inundation frequency). A 
more detailed study e.g., using exclosures over a prolonged 

Fig. 7  Contour plots of predicted accretion surplus (= surface eleva-
tion change in cm relative to sea level) after 100 years as a function of 
initial elevation (Z) and rate of SLR, at various distances to the near-
est creek. Simulated values resulting from the model with the highest 

Akaike weight have been smoothed by a 2nd-order polynomial. Val-
ues of initial age and creek length co-vary with initial Z according to 
Table 2. Distances to creek of > 50 m are not plotted because, above 
this value, the effect of distance is hardly noticeable
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period of time would be needed to unequivocally elucidate 
the effect of livestock on salt marsh compaction and to sepa-
rate it from autocompaction (Nolte et al. 2013b).

Accumulation of Organic Matter

In contrast to some North American salt marshes, accretion 
in salt marshes in the North Sea is mainly due to sedimen-
tation of allochthonous mineral material and not to in situ 
organic matter production by the vegetation (Friedrichs and 
Perry 2001; De Groot et al. 2011; French and Spencer 1993; 
French et al. 1995; Reef et al. 2017). Soil carbon content of 
the Schiermonnikoog salt marsh is only c. 5–10% (Elschot 
et al. 2015). We therefore assumed accumulation of autoch-
thonous organic matter to be negligible. If there would be 
substantial autochthonous accretion, it is expected to increase 
with surface elevation (Roner et al. 2016). However, in our 
data accretion strongly decreases with decreasing flooding, 
i.e., at higher elevations (Table 3), which adds to the plausi-
bility of the above assumption. However, as both autochtho-
nous and allochthonous accretion correlate with flooding, our 
regression analysis is not able to discriminate between these 
sources. Therefore, we cannot exclude a certain amount of 
accretion by autochthonous organic matter, whose increase 
at a higher elevation is offset by the concomitant decrease 
in allochthonous sedimentation. If this is the case, it would 
increase the resilience of salt marshes to drowning under cli-
mate change (Ratliff et al. 2015; Reef et al. 2017).

Impact of Future Sea‑Level Rise

If we assume 0.4–0.8 cm  year−1 as the most probable range 
for SLR for the next 100 year (Van den Hurk et al. 2014), 
our simulations show that the seafront, the levees, and the 
lower and pioneer salt marsh (in the sense of Dijkema et al. 
(2011), i.e., below 140 cm + NAP) will be able to keep pace 
with SLR, but that higher parts (the middle and higher salt 
marsh) will experience more flooding, and hence, its veg-
etation composition may change into the direction of that 
of the lower salt marsh. However, real “drowning” in the 
sense that the surface elevation relative to sea level drops 
below 70 cm + NAP (where vegetation would disappear, cf. 
Dijkema et al. 2011) does not occur in our scenarios (but 
it could occur at SLR values slightly above 0.8 cm  year−1, 
cf. Fig. 6, or over longer timespans). The inclusion of plots 
in the statistical analysis with a subsidence (and thus an 
additional SLR) in the order of 0.8 cm  year−1 adds to the 
credibility of this conclusion. It should however be noted 
that our scenarios are based on Van den Hurk et al. (2014), 
which in turn is based on the fifth IPCC Assessment Report 
(Church et al. 2013), and that recently new scenarios have 
become available in the sixth IPCC Assessment Report 
(IPCC 2021). We compared our scenarios to the new 

“medium confidence” predictions and conclude that ours 
can still be considered realistic. Only pessimistic “low con-
fidence” predictions, entailing e.g., a massive loss of Ant-
arctic ice, produce SLR rates that far exceed our maximum 
of 0.8 cm  year−1 (Table S7).

Although SLR up to 80 cm over 100 years will not lead 
to a loss of marsh area, it may lead to a loss of variation 
because the higher parts of the salt marsh become lower 
and the lower parts do not change or become higher relative 
to sea level. One should also be aware that our scenarios 
assume a completely static landscape without the formation 
of new marshes from the intertidal area nor old marshes 
becoming covered with over-wash or aeolian sand from out-
side the tidal frame. In a dynamic situation, the formation 
of new marshes is still possible because the area around the 
marsh edge has an accretion surplus even under our highest 
SLR scenario (cf. Kirwan et al. 2016).

Many authors (e.g., French 2006; Kirwan et al. 2010; 
Schuerch et al. 2013) have attempted to derive “critical val-
ues” for SLR, below which drowning of salt marshes would 
not occur. However, such critical rates strongly depend on 
tidal range, SSC, and position on the salt marsh (Friedrichs 
and Perry 2001; Temmerman et al. 2004). Also, as explained 
by Schuerch et al. (2012), the definition of “marsh survival” 
may be (1) the ability to stay above the minimum surface 
elevation that allows characteristic plant growth over a given 
period (usually 100 years, or up to 2100) (French and Spencer 
1993; Bartholdy et al. 2010a; Schuerch et al. 2013), or (2) the 
ability to maintain an accretion rate at least equal to SLR at 
the minimum elevation that allows plant growth (e.g., Kirwan 
et al. 2010; D'Alpaos et al. 2011). One could even adhere to a 
stricter definition (3): the ability to maintain an accretion rate 
at least equal to SLR over the entire elevation range.

Kirwan et  al. (2010) arrive at a critical SLR of c. 
1 cm  year−1 for SSCs and tidal ranges typical for Western 
Europe, based on an evaluation of five process-driven mod-
els and using definition (2). Schuerch et al. (2012) arrive 
at a critical value of c. 0.2 cm  year−1 for the German Wad-
den Sea island of Sylt, using definition (1) and a process-
driven model. On the basis of our data-driven model and 
definition (1), the critical SLR would be slightly above 
0.8 cm  year−1 (cf. Fig. 6, 3rd col., red lines: in the most 
unfavorable situations the red lines just touch the X-axis 
which is at 70 cm + NAP). Also, in definition (2), our criti-
cal SLR would be above the maximum value that we tested 
(0.8 cm  year−1) (cf. Fig. 7: the accretion surplus is always 
positive at 70 cm + NAP, which is about the lower surface 
elevation limit for plant growth; Dijkema et al. 2011). How-
ever, if the strictest definition (3) is used the critical SLR 
would be around the present-day value of 0.2 cm  year−1 
for the average conditions in our back-barrier salt marshes 
(elevation 120 cm + NAP, distance to the nearest creek 
100 m). We conclude that our critical SLR is in the same 

1578 Estuaries and Coasts  (2022) 45:1562–1582



order as Kirwan et al.’s (2010), but considerably higher than 
Schuerch et al.’s (2012). However, the latter authors argue 
that an increase in frequency or intensity of storms would 
substantially increase their critical value because sedi-
ment deposition predominantly takes place during storms 
(Schuerch et al. 2013). Also, our model would arrive at a 
higher critical value if storms increase, because this would 
lead to a higher mean water depth, both overall and (if storm 
intensity increases) during flooding. We did not explore such 
scenarios in detail because, currently, local climate scenarios 
do not expect an increase in storms from a direction that 
would lead to higher floods (Van den Hurk et al. 2014).

Conclusions

In this paper, we present a unique dataset of salt marsh accre-
tion in the Dutch Wadden Sea area, collected by yearly meas-
urements in 85 plots using Sedimentation-Erosion Bars. Our 
data span a geographical range of c. 60 km divided over three 
islands, a temporal range of c. 15 years, and contain 1116 
measurements of accretion over periods of c. 1 year. In one 
of the islands, natural gas extraction causes deep soil subsid-
ence at a rate of c. 0.7 cm  year−1 at the soil surface, resulting 
in a gradually increasing flooding frequency, duration, and 
depth. Thus, deep subsidence can be seen as a proxy for sea-
level rise. We conducted a statistical analysis to quantify the 
relation between salt marsh accretion and flooding regime 
(whether or not influenced by deep subsidence), with spe-
cial attention for its dependence on small-scale variation e.g., 
in distance to tidal creeks or marsh edges, elevation of the 
marsh surface, and presence of livestock. Our conclusions 
can be summarized as follows:

• Average accretion rate of back-barrier salt marshes meas-
ured by the SEB method over a period of 1–2 decades in 
three Dutch Wadden Sea islands is 0.44 ± 0.0005 cm  year−1 
which significantly exceeds the present local rate of sea-
level rise of 0.25 ± 0.009 cm  year−1. Because our plots 
cover a range of nearly all possible positions within a salt 
marsh we are confident that this is a good estimate of the 
overall accretion rate of back-barrier salt marshes in the 
Dutch Wadden Sea.

• Statistical analysis of the full data set, i.e., including plots 
with and without deep soil subsidence shows that the dom-
inant factors governing accretion rate on the decadal scale 
are flooding regime and position within the salt marsh. 
Accretion strongly increases with both storm frequency 
and storm intensity, and strongly decreases with increasing 
distance to the nearest creek or to the salt marsh edge.

• There is a significant amount of autocompaction, independ-
ent of the age of the marsh. We did not find strong indica-
tions for enhanced compaction in the presence of livestock.

• When comparing year-to-year SEB measurements, swell-
ing and shrinkage of the clay layer due to differences in 
precipitation just before each measurement have to be 
taken into account.

• Tidal amplification in creeks and attenuation on the 
marsh platform is of limited importance, probably 
because accretion mostly takes place during storm tides 
where friction between the incoming water and the marsh 
platform is low.

• On the basis of our model results, we expect that our 
back-barrier salt marshes will not be drowned in the next 
100 years under the present (medium confidence) IPCC 
climate scenarios and local SLR scenarios; accretion at 
the marsh edge and along creeks is sufficient to keep 
pace with a constant SLR of 0.8 cm  year−1 over the next 
100 year. However, in the inner marsh, the accretion may 
be insufficient to keep pace with SLR. Also, less realistic 
IPCC scenarios entailing e.g., massive ice sheet loss in 
the Antarctic produce SLR rates that may lead to a large-
scale loss of salt marsh area.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12237- 021- 01034-w.
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