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Biocompacting livestock
accelerate drowning of tidal salt
marshes with sea level rise

Kelly Elschot1*, Martin J. Baptist1,2

and Marinka E. B. van Puijenbroek1

1Wageningen Marine Research, Wageningen University & Research, Den Helder, Netherlands,
2Aquatic Ecology and Water Quality Management Group, Wageningen University & Research,
Wageningen, Netherlands
A global concern for coastal ecosystems is the predicted rise in sea-level for

which salt marshes must keep pace by increasing in surface elevation sufficiently.

Variables that control this elevation change need to be identified to predict the

adaptability of marshes to future sea-level rise. Many European marshes are

grazed by livestock and these heavy grazers can biocompact the soil, a process

often underestimated in studies assessing the long-term survival of marshes. We

measured elevation changes for thirteen years in the field in grazed and non-

grazed marshes. With a statistical model the most important factors controlling

rates of surface elevation change were identified and provided the input for a

mathematical model to study future elevation change of grazed and non-grazed

salt marshes up to 2100 under three Sea Level Rise and sediment supply

scenarios. We found that trampling by grazing cattle significantly reduced the

annual rates of elevation gain from 11.9 mm yr-1 in the non-grazed marsh to

3.6 mm yr-1 in the grazed marsh. Next to biocompaction by livestock,

precipitation deficit and extreme drought resulted in extra compaction. Our

model results showed that cattle presence had a negative impact on the future

adaptability of salt marshes to grow vertically for rising sea levels. Biocompaction

reduced the total elevation change by 42% if the current linear SLR does not

accelerate. For an accelerating and high SLR to 109 cm +NAP in 2100,

biocompaction reduced elevation changes by 12% and the grazed marsh can

no longer outcompete the rise in sea level from around 2050 onwards,

compared to the non-grazed marsh. The grazed marsh will slowly drown but

this will not lead to a significant change in vegetation composition yet. For an

extreme SLR to 195 cm +NAP in 2100 the elevation changes in both the grazed

and non-grazed marshes cannot keep pace with the rise in sea level and the

marsh vegetation is expected to show regression to plants typical for a low

marsh. A reduction in sediment supply will aggravate the effects of SLR and may

result in highly increasing inundation frequencies and subsequent disappearance

of the marsh vegetation.
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1 Introduction

Sea level rise (SLR) is a global concern for coastal ecosystems

and human habitats worldwide (Warren et al., 2011). Global Mean

Sea Level (GMSL) is rising 3.6 mm yr-1 over the period 2006-2015

and will accelerate. GMSL will rise between 0.43 m (0.29–0.59 m,

likely range; RCP2.6) and 0.84 m (0.61–1.10 m, likely range;

RCP8.5) by 2100 relative to 1986–2005 (IPCC, 2022). Coastal

ecosystems are most vulnerable to accelerated sea-level rise, but

provide several important ecosystem services such as biodiversity,

as breeding and staging grounds for migratory birds, carbon

sequestration, and coastal protection (Chmura et al., 2003;

Barbier et al., 2011; Temmerman et al., 2013; Leonardi et al.,

2018; Zhu et al., 2020). With enhanced sea level rise, salt marshes

may drown, important ecosystem services could get lost and coastal

protection compromised (Schuerch et al., 2018; Fitzgerald and

Hughes, 2019). It is thus imperative that coastal systems, such as

salt marshes, can keep pace with local sea level rise.

Salt marshes are highly dynamic ecosystems where an interplay

between vegetation and tidal introduced sediment determine the

morphology of the marsh platform (Doody, 2008; Baptist et al.,

2016). Sediment moves through the water column during

inundations and settles on the marsh platform, i.e. the

sedimentation rate (Allen, 2000b; Yang et al., 2008). This enables

the marsh to increase in elevation. The marsh surface elevation

change is the net result of sedimentation during flooding, organic

matter accumulation form the local vegetation, erosion and

compaction of the marsh soil (Allen, 2000b; Day et al., 2011). For

marshes to withstand the predicted enhanced sea-level rise, rates of

marsh elevation change need to be equal or higher than the increase

in sea level to maintain the current marsh area. The elevation

change varies annually (Yang et al., 2008), across marshes (de Groot

et al., 2011; van Dobben et al., 2022) and with age of the system

(Elschot et al., 2015; Best et al., 2018). Local marsh elevation

changes depend on many biotic and abiotic factors, such as the

suspended sediment concentration, vegetation structure, distance to

sediment source (i.e. nearest creek and/or mudflat), inundation

frequency and/or storm activity (Leonardi et al., 2018; van Dobben

et al., 2022). Next to tidal-driven sediment deposition, organic

matter accumulation from the local vegetation positively effects

vertical marsh growth (Day et al., 2011). Factors negatively affecting

marsh growth are erosion due to high bed shear stress from tidal

velocities and waves (Allen, 2000b), autocompaction (natural

compaction) of the soil due to self-weight or periods of drought

(Cahoon et al., 1995; Allen, 2000a) and biocompaction due to large

grazers (Elschot et al., 2013; Schrama et al., 2013; Keshta et al., 2020;

Marin-Diaz et al., 2021). Additionally, salt marshes shrink and swell

depending on the moisture content of the saltmarsh soil (Cahoon

et al., 2011).

The marsh elevation and therefore the number of inundations

determines for a large part which salt marsh plants can successfully

establish (Erchinger, 1985; Davy et al., 2011). Marshes are present in

the upper tidal frame above Mean high Tide (MHT) and can be

divided in low marsh and high marsh, each with their own

characteristic halophytes (Petersen et al., 2014). Low marsh

vegetation is generally limited between 120 and 400 inundations
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yr-1. High marsh vegetation is present between ca. 120 inundations

yr-1 and extreme high water levels that are reached only a few times

per year (Erchinger, 1985). Below MHT only a few pioneer species

can establish, with generally lower cover, aboveground and

belowground biomass and higher erosion rates (Bass et al., 2022).

When marshes cannot keep pace with an increasing sea level, the

number of inundations will increase resulting in regression of the

vegetation, for example high marsh vegetation will be replaced by

vegetation typical of a low marsh. Ultimately, low marsh vegetation

could regress to pioneer zone or bare mudflat. At this point the salt

marsh area will be reduced unless the marsh can migrate landwards

(Kirwan et al., 2016a). In Europe most mainland marshes are

backed up by dikes and are unable to migrate landwards, a

process also referred to as coastal squeeze (French, 1997).

Globally, a well-used management practice on tidal marshes is

grazing by livestock to maintain plant diversity (Bakker et al., 2002;

Davidson et al., 2017; Esselink et al., 2017). Several studies tried to

determine the impact of livestock on vertical marsh growth, but

results have shown positive (Suchrow et al., 2012), neutral

(Davidson et al., 2017) as well as a negative effects (Neuhaus

et al., 1999; Schulze et al., 2021; Koppenaal et al., 2022). The

impact of livestock grazing also differs between grazer type and

intensity (Nolte et al., 2015; Davidson et al., 2017). Livestock can

alter marsh elevation changes directly, by trampling the marsh soil,

as well as indirectly, by removing aboveground biomass which can

hamper the settlement of suspended sediment. Previous studies

have shown that the presence of a high dense canopy on the marsh

platform reduces the velocity of the inundating water thereby

allowing the suspended sediment to settle on the marsh platform

(Temmerman et al., 2005; Mudd et al., 2010). Grazers generally alter

the vegetation composition, reduce cover, structure, canopy height

and litter (Davidson et al., 2017). This could negatively affect local

sedimentation rates (Mudd et al., 2010; Bass et al., 2022).

In the past few decades a multitude of models have been

developed to predict the ability of marshes to keep up with an

increase in sea level (e.g. Morris et al., 2002; Kirwan et al., 2016b; van

Dobben et al., 2022). Some conclude that large marsh areas will be

lost (FitzGerald et al., 2008; Kirwan and Megonigal, 2013) whereas

others state that marshes will be relatively resilient to an accelerated

sea-level rise and their vulnerability is overestimated (Kirwan et al.,

2016a; Mariotti, 2020; van Dobben et al., 2022). Despite decades of

research the dynamic nature of salt marshes with their complex

feedbacks between sediment supply, hydrodynamic conditions, local

geomorphology and vegetation characteristics has prohibit a clear

answer to the question posed whether tidal marshes can keep pace

with an enhanced sea-level rise (Fagherazzi et al., 2020). Positive or

negative outcomes depend on the local marsh elevation change (e.g.

van Dobben et al., 2022), sediment supply (Temmerman et al., 2003;

Fagherazzi et al., 2020), the ability of marshes to migrate inland

(Kirwan et al., 2016a) as well as which sea level rise scenarios are

considered in the model (Kirwan et al., 2010; Mariotti, 2020). Often

shallow subsidence and compaction of the marsh soil are neglected

(Webb et al., 2013). This becomes increasingly important when

marshes are grazed by heavy livestock, which is biocompacting the

soil. Therefore, models could overestimate elevation changes and the

ability for salt marshes to survive sea level rise.
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This study had the unique opportunity to analyse a monitoring

data set in which the marsh elevation was measured twice annually

over a period of almost twenty years (2001-2020). These type of data

sets are key to study long-term changes including mechanisms of

succession in dynamic systems such as marshes (Bakker et al.,

1996). In 2005, extensive grazing by livestock was introduced to part

of the study area, overlapping partially with our long-term

monitoring data set. The aims of this study were: 1) determine

the impact of grazing by cattle on the rates of marsh elevation

change, 2) determine which variables control the elevation changes

in grazed and non-grazed marshes in winter and summer and 3)

predict future elevation change under grazed and non-grazed

management regimes.
2 Material and methods

2.1 Study area

The salt marshes near Holwerd (Figure 1) are located along the

mainland coast in the northern part of the Netherlands bordering

the Wadden Sea (53°23’7 N, 5°54’11 E). The mainland coast has

mesotidal minerogenic salt marshes with a tidal amplitude of 2.3 m

(Esselink et al., 2015). They are part of the Wadden Sea area, which

is a Nature 2000 conservation area and a UNESCOWorld Heritage

Site. Within the Wadden Sea area there are about 31,000 ha of salt

marshes and 7,800 ha of salt marsh pioneer vegetation stretching

along the mainland coasts of the Netherlands, Germany and

Denmark and on a stretch of back-barrier islands forming the

North-Western border of theWadden Sea (Baptist et al., 2019). Like

most Wadden Sea mainland marshes, the salt marshes near

Holwerd originate from former reclamation works that started in

the first half of the 20th century (Bakker et al., 2002; Esselink et al.,

2017). Sedimentation fields delineated by brushwood groynes were

used to dampen the hydrodynamic energy of the water allowing

sediment to settle within the fields, and a dense drainage system of

primary and secondary ditches was used to speed-up the
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development of vegetation suitable for grazing (Bakker et al.,

1997; Hartmann and Stock, 2019). Due to socio-economic

developments in the 1990s, mainland salt marshes, including

Holwerd, became less popular for commercial livestock grazing

and became important nature conservation areas. Efforts were made

to increase their naturalness by reducing the maintenance of the

dense drainage system (Esselink et al., 2017). Natural marshes now

develop in front of the semi-natural marshes (Hartmann and

Stock, 2019).
2.2 Experimental set-up and data selection

A monitoring study was initiated in 1998 consisting of 74

permanent plots spread over 2.15 km2 of salt marsh (van Duin

and Dijkema, 2003; Elschot et al., 2020). Plots were situated within

the pioneer zone, low and high marshes based on the vegetation

composition (Petersen et al., 2014). In 2005, grazing was introduced

to a part of this marsh.18 plots were subjected to grazing from 2005

onwards which increased to 20 plots from 2007 onwards. Grazing

only takes place in summer, generally from June till September/

October, with low stocking densities of approximately 20-25 cattle

per km2, an intensity that varies slightly each year. Due to nature

conservation management decisions 18 from the initial 74 plots

were lost during construction work and by relocating the cattle

grazed fence several times during this study period. Ultimately, 56

plots were left that could be included in this study that were

measured twice a year for the entire study period and had a

consistent grazed or non-grazed treatment, of which 36 non-

grazed and 20 grazed plots from 2008 till 2020 (Figure 1).
2.3 Marsh elevation change and vegetation
measurements

At each plot the change in marsh surface elevation was

measured twice per year in spring (March) and summer (August
FIGURE 1

Study area showing all 56 plots included in the statistical and mathematical models (background images ©Google Earth and © Stamen Design CC BY
3.0 license). Symbols show grazed (green circles) and non-grazed permanent plots (orange triangles).
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or September) and vegetation composition once per year during the

summer measurements. Marsh elevation changes are estimated

using sedimentation erosion bars (SEBs), see also van Wijnen and

Bakker (2001). SEBs are similar the Sedimentation Erosion Tables

(SET) further explained by Boumans and Day (1993) and Cahoon

et al. (2002). Both SEBs and SETs can be used to measure changes in

surface elevation over months to decades with high precision (Nolte

et al., 2013a). A SEB consists of two horizontally aligned poles that

are placed permanently in the marsh soil at least 1.5 m deep and

into the underlying sand layer to ensure stability in time. During

measurements a 2 m long alumium bar is placed on top of these two

permanent poles. A ruler is placed through 17 holes in the

aluminium bar to measure the distance to the marsh platform

with a 1.5 mm accuracy (Nolte et al., 2013a). Holes 1 and 17 were

removed from the analyses as these are closest to the SEB poles with

highest chance of disturbances. Holes 2 – 16 are averaged to get one

value for each plot for each measurement moment. The difference

between two consecutive measurements is the surface elevation

change over that period.

After establishing the SEB poles in 1998 the absolute height of

the poles was measured in meters above the Dutch Ordnance Level

(m + NAP) by the Dutch Authority of Waterways (Rijkswaterstaat)

using an optical levelling device (van Duin and Dijkema, 2003). In

2022 the SEB poles were measured again using a trimble RTK

DGPS, with a few centimetres level of accuracy, to estimate their

stability for the duration of this study. Between 1998 and 2022 the

permanent SEB poles subsided 3.5 ± 1.7 cm (average ± SD) which is

partially explained by tectonic subsidence (Kooi et al., 1998; Hijma

and Kooi, 2017) and by the errors of the equipment used.

Next to each SEB a permanent plot was present (2 x 2 m or 1 x

2 m) to map plant species composition and their abundance using

either the Tansley method (Tansley, 1946) or the Londo scale

(Londo, 1976). All plant species present within the plot get

identified and their cover (%) estimated. In 1998 and 1999 the

vegetation composition was not mapped and therefore excluded

from further analyses. Vegetation height was estimated by placing a

ruler within each vegetation plot and estimating the height by eye.

Since vegetation presence can affect the wave attenuation and thus

sedimentation (Bouma et al., 2007; Mudd et al., 2010; Möller et al.,

2014) a measure for vegetation index was calculated by multiplying

the total vegetation cover (%) with the average vegetation height

(cm) per plot.
2.4 Environmental variables

Distance to the sediment source was measured as the distance to

the mudflat edge and the distance to the primary ditch. The

geographic position of all plots was logged using a hand-held

GPS. For each year the distance for each plot to the saltmarsh

edge was determined by using the outer edge of the pioneer zone

from vegetation maps of 2002, 2008 and 2014 (Reitsma et al., 2016).

The distance to the nearest primary ditch was estimated in the field

as close by (<1 m) or further away (> 1 m).

Difference in flooding regime over time was accounted for by

including the inundation frequency and the average water column
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height above the marsh platform during inundation. A time series

for water levels was obtained from the InterTides model (Rappoldt

et al., 2020). InterTides is a model for interpolation between water

levels measured at the tidal gauge stations from Rijkswaterstaat in

the Wadden Sea (https://waterinfo.rws.nl). Water levels for the

location of the Holwerd salt marsh were obtained from InterTides

every 10 minutes for the time interval 18-03-2008 to 31-12-2020.

The inundation frequency and water column height during

inundation were calculated with the R-package Tides (Cox and

Schepers, 2018).

Shrink and swell of the salt marsh soil will result in extra

variation in marsh elevation change both seasonally and annually

(Cahoon et al., 2011), depending whether the measurement

followed a period of either a precipitation deficit or a surplus. To

account for this variation, the precipitation deficit (mm) was

calculated for one week before the measurement. The

precipitation and evaporation are measured at the nearest

weather station in Lauwersoog (data available at https://

www.knmi.nl/nederland-nu/klimatologie/daggegevens). The

precipitation deficit is calculated by subtracting the evaporation

from the precipitation.
2.5 Statistical model

To determine which environmental factors explain the

measured surface elevation change in the field between 2008 and

2020, three general additive mixed models (GAMs) were performed

for annual, winter (1 October – 1 April) and summer (1 April – 1

October) rates of elevation change (mm/month). All three models

included grazing (Yes or No), distance from a primary ditch (<1 or

>1 m), vegetation index, inundation frequency (tides/year), average

water column height during inundation (cm), and precipitation

deficit from one week until measurement (mm) as explanatory

variables. Marsh elevation (m + NAP) was excluded from the

analysis as it was highly correlated with inundation frequency

(tides/month). The explanatory variables that showed a non-

linear relationship were analysed using a smoothing term, which

can capture a non-linear relationship. To analyse annual and winter

elevation change, inundation frequency and average water column

height during inundation were analysed with a smoothing term. For

the summer period precipitation deficit was analysed with a

smoothing term. To analyse the summer elevation change, the

elevation change measured in the previous winter was included as

an explanatory variable, because a higher sedimentation rate in

winter could explain a higher compaction rate in the following

summer. To account for spatial correlation the plot identity was

included in the models with a random intercept. The normality and

homogeneity of variance was graphically checked. All data was

analysed using R (R Core Team, 2018).
2.6 Mathematical model equations

Sediment deposition on the salt marsh was modelled with a

simple zero-dimensional mass-balance model (French and Spencer,
frontiersin.org
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1993; Allen, 2000b; Temmerman et al., 2003; Marijnissen et al.,

2020). The rate of change of sediment deposition is modelled by the

settling of the suspended sediment in the water column above the

marsh divided by the dry bulk density of the inorganic sediment to

obtain sediment thickness:

dSmin

dt
=
wsC(t)

r

Where Smin is the mineral sediment deposition height (m), ws is

the settling velocity (m/s), C(t) is the depth-averaged suspended

sediment concentration (kg/m3) and r is the dry bulk density (kg/

m3). Organic deposition was omitted in this study because the

Holwerd salt marsh is a minerogenic marsh.

At storm conditions the water level h(t) is set-up to a height at

which the salt marsh at bed elevation z(t) is inundated with a

water column h(t)-z(t). During the flood tide (when dh/dt > 0)

suspended sediments are added to the water column above the

marsh. Simultaneously the sediments settle towards the bed,

lowering the sediment concentration. The rate of change in the

suspended sediment concentration above the marsh at flood tide is

modelled as the removal of sediment by vertical settling from the

overlying water column and addition of sediment from the lateral

influx of water with a suspended sediment concentration C(0).

During the ebb tide (when dh/dt ≤ 0) the receding water is

assumed to contain the instantaneous sediment concentration C

(t). This leads to the following mass balance equations for flood

and ebb tides:

½h(t) − z(t)� dC
dt

=
−wsC(t) + C(0) dhdt     for 

dh
dt > 0

−wsC(t) + C(t) dhdt      for 
dh
dt ≤ 0

(

When the salt marsh is not inundated an exponentially

decreasing autocompaction is modelled. The starting value for the

exponential decrease P(0) is the sediment thickness s (m) deposited

in the previous year. Each time the salt marsh is flooded we reset to

the starting value P(0) by applying a fast-approaching logistic

function, safeguarding numerical stability of the model:

dP
dt

=
kP         for hðtÞ ≤ 0

P(1 − P
s )  for hðtÞ > 0

(

where P is the autocompaction height of the sediment (m), k is

the autocompaction decay factor (s-1) and s (m) is the thickness of

the sediment deposited in the previous year.

Finally, in our study we model an additional biocompaction

induced by trampling, which is modelled as a linear compaction

rate. The rate of change in marsh surface elevation z (in m

relative to Dutch Ordnance Datum NAP) at a unit area is

de termined by the ba lance between depos i t ion and

compaction, and is written as:

dz
dt

=
dSmin

dt
−
dP
dt

− p

where p is the biocompaction rate by trampling (m/s).

The model consists of the above set of ordinary differential

equations that were solved in R with the package “deSolve”

(Soetaert et al., 2010) at 10-minute time steps.
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2.7 Mathematical model parameter values

Settling velocities of mud (particles< 63 μm) are dependent on

salinity and sediment concentration (van Rijn et al., 2007). The

settling velocity of suspended mud at Holwerd was assessed by van

Rijn (2020). Suspended samples were taken by a sampler bottle in

February and September 2019 and mainly consisted of fine silt of 30

to 40 μm. In February 2019 the median settling velocity was relatively

low (0.1 mm/s) for low concentrations of about 0.2 kg/m3, increasing

to 1 mm/s for concentrations of around 3 kg/m3 and to 2 mm/s for

concentrations of around 9 kg/m3. In September 2019 the measured

mud concentrations were significantly smaller (0.5 to 1 kg/m3 in the

summer period) than in February (up to 8.9 kg/m3 in the winter

period with more wave activity) and thus the median settling

velocities were much lower in the range of 0.1 to 0.25 mm/s. In

our model we applied suspended sediment concentrations of around

1 kg/m3 for which we applied a settling velocity of 0.5 mm/s. For the

dry bulk density we applied the empirical relation for sand-mud

mixtures in Wadden Sea sediments reported by (Flemming and

Delafontaine, 2000). We assume settling of suspended muds only,

so the deposited layer contains 100% mud content having a dry bulk

density of 282 kg/m3, which agrees with measurements of the top

layer in a nearby mainland salt marsh (Nolte et al., 2013b). The water

level h(t) is a forcing function to the model. A time series for h(t) was

obtained from the InterTides model (Rappoldt et al., 2020). Fine

sediments on a salt marsh consolidate with time, which affects the

deposit’s thickness. The compaction of soft muddy deposits can be

described by the Gibson equation (Gibson et al., 1967), which is the

state of the art for engineering applications (Zhou et al., 2016;

Winterwerp et al., 2018). The compaction time is determined

mainly by the diffusion term in the Gibson equation, for which a

general solution shows that the compaction rate can be approximated

by exponential decay. A simplified, semi-empirical model for

autocompaction by Allen (2000a) also shows an exponentially

decreasing thickness of the sediment layer, as does the Koppejan

compression model (Koppejan, 1948). Empirical data on

autocompaction of shallow silty salt marsh clay indeed showed that

the bulk dry density in the top soil varied as a logarithmic function of

depth below the surface (Bartholdy et al., 2010b). We model

compaction of dewatered sediment with an exponential decay rate.

Three model parameters were calibrated, i.e., the suspended sediment

concentration influxC(0), the autocompaction decay factor k, and the

biocompaction by trampling p, see result section 3.3.
2.8 Modelling long-term marsh elevation
changes until 2100

To model the long-term change in marsh surface elevation, the

time evolution in water level of an individual flood event as well as

the probability of occurrence of flood events needs to be modelled

for the years 2008 – 2100. A standardised time evolution of the

water height for a flood event was designed based on the tool

“Waterstandsverloop”, which is used to assess the safety standards

of Dutch flood defences (Botterhuis et al., 2017) and derived from

location Holwerd 900240. The time evolution of a storm surge at
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this location can be modelled as a trapezoidal shape (Chbab, 2015).

The rising and falling of the surge level has a total duration of 45

hours. In the two-hour interval around the top, the water level rises

for one hour and drops for one hour with 0.1 m. This results in a top

shape with a slightly steeper slope for lower surge heights and a

milder slope for higher surge heights. Based on an analysis of

measured water levels during storm surges a phase lag of 5.5 hours

between the occurrence of the storm surge maximum and the

astronomic tide maximum was found representative for storms

along the Wadden Sea coast (Chbab, 2015). The trapezium-shape

flood event was added with a phase lag of 5.5 hours to a standard

tidal signal with amplitude 1 m and equilibrium 0 m +NAP. A water

level evolution for a single flood event has a total duration of four

tidal periods.

The probability of occurrence of flood events was derived from

water level data. A twenty-year time series for water level at 10-

minute intervals for the period 01-01-2001 to 31-12-2020 was

obtained for the Holwerd salt marsh from the InterTides model

(Rappoldt et al., 2020). The time series were divided into winter

water levels (1 October to 1 April) and summer water levels (1 April

to 1 October) to distinguish between winter flood frequencies and

summer flood frequencies. Flood extremes above mean high tide

(1.0 m +NAP) were obtained in R with the package “Tides” (Cox

and Schepers, 2018). The probability for the recurrence times of

flood events were fitted to various models for extreme distributions

including the Gumbel distribution, generalised extreme value

distribution, log Pearson type 3, lognormal, gamma, Weibull and

generalised normal distribution. Model fitting was done in R using

package “lmom” (Hosking, 2019). Best fits for the probability of

winter flood events and summer flood events were found for a

three-parameter lognormal distribution with parameters: location z
(zeta), scale μ (mu), and shape s (sigma) for values z_winter =

0.88221011, μ_winter = -0.9838063, s_winter = 0.6228740 and

z_summer = 0.9028377, μ_summer = -1.3670181, s_summer =

0.5438813. For each model year 88 random samples were obtained

from the summer distribution and 88 random samples from the

winter distribution to generate flood heights. Each sample was

applied into the standard trapezium-shaped flood event in a series

of four tidal periods, totalling 704 tidal periods a year in 10-minute

intervals. This was repeated 93 times for the years 2008 to 2100.

To predict the long-term consequences of saltmarsh trampling

by cattle on the vertical elevation changes under sea level rise, time

series for three scenarios for sea level rise until the year 2100 were

added to the tidal signal. A scenario ‘low’ assumes a linear

extrapolation of the current Dutch sea level rise of 2.4 mm/y,

resulting in 25.2 cm rise in 2100, relative to the base year 1995.

High-end projections for sea level rise that include rapid Antarctic

ice sheet mass loss were specified for the Dutch coast by the Royal

Dutch Meteorological Society based on Le Bars et al. (2017) and

applied for the Netherlands’ Delta Commission (Haasnoot et al.,

2018). In the scenario ‘high’ an accelerating sea level rise for RCP4.5

reaches a height of 108.1 cm in 2100, and in the scenario ‘extreme’

an accelerating rise for RCP8.5 reaches a height of 194.4 cm in 2100

relative to the base year 1995.

The Holwerd salt marshes are located at the mainland of the

Netherlands close to the tidal divide to Ameland and is
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characterised by relatively high suspended matter concentrations

(Colina Alonso et al., 2022). Other salt marshes, particularly those

on the Wadden islands, have lower suspended matter

concentrations (Sassi et al., 2015; Colina Alonso et al., 2022).

Furthermore, human interventions may lead to a lowering of

sediment concentrations and sediment import may become

insufficient with accelerated sea level rise (Wang et al., 2015). To

model the possible effects of lowered suspended sediment

concentrations on the long-term vertical elevation change of

grazed and non-grazed salt marshes three different boundary

concentrations for suspended sediment were used. The base

scenario applies the concentration derived from model

calibration, whereas the ‘50%’ and ‘25%’ scenarios multiply this

by 0.5 and 0.25 respectively.

Three SLR scenarios for three suspended sediment

concentrations yield nine model runs for grazed and non-grazed

plots. Each stochastic model run was repeated ten times to account

for the probability of flood events. Model output consists of two

surface heights, for the non-grazed and grazed plots (m +NAP), and

the water height (m +NAP), for which the median as well the 10%

and 90% percentiles were calculated. Inundation frequencies of the

salt marsh (y-1) were derived for tidal and flood water heights

exceeding the marsh surface elevation applying R with the package

“Tides” (Cox and Schepers, 2018).
3 Results

3.1 Effects of livestock presence on marsh
elevation changes

The elevation changes between August/September andMarch were

predominantly positive, meaning that sedimentation dominated over

compaction during the winter months (Figure 2). The surface elevation

changes between March and August/September were predominantly

negative, meaning that compaction dominated during the summer

months. The marsh elevation change differed between years and

livestock presence consistently increased the compaction rate during

summer months (Figure 2). The first two years after introduction of

livestock the impact was highest, increasing the compaction rates with

approximately 167% (Figure 2). After two years the difference in

autocompaction vs. biocompaction stabilized at an additional

contribution by trampling of approximately 67% (from 2.1 ± 0.1

mm/month to 3.5 ± 0.2 mm/month in non-grazed and grazed

marsh respectively, Table 1). The year 2018 showed extreme high

compaction rates for both grazed and non-grazed marsh, most likely

due to the extreme dry weather conditions in summer.

The winter surface elevation change was not significantly

affected by livestock presence (Table 1). The summer surface

elevation change was negative and compaction effects were

significantly higher when cattle was present. On average, we

found that trampling by livestock reduced rates of elevation

change from 0.99 mm/month to 0.30 mm/month (Table 1). This

translates to a reduced rate of annual elevation change of 8.3 mm/y,

from 11.9 mm/y for non-grazed marshes to 3.6 mm/y for

grazed marshes.
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TABLE 1 Variables included in this study showing averages (± SE) for grazed and non-grazed marsh.

Variables grazed marsh non-grazed marsh

Number of plots (2020) 20 36

Winter sedimentation (mm/month) 3.01 + 0.2a 3.13 + 0.2a

Summer compaction (mm/month) -3.52 + 0.2a -2.08 + 0.1b

Annual marsh elevation change (mm/month) 0.30 + 0.1a 0.99 + 0.2b

Avg. vegetation height (cm) 22.4 ± 0.6a 33.5 ± 0.8b

Avg. vegetation cover (%) 87.5 ± 1.5a 99.5 ± 0.1b

Avg. vegetation index 2034 ± 66.7a 3332 ± 78.9b

Plots >1 m from primary ditch (Y/N) 6/12 14/22

Avg. distance to mudflat (m) 458 ± 5.6a 254 ± 7.3b

Marsh elevation 2008 (m +NAP) 1.60 ± 0.02a 1.55 ± 0.02a

Marsh elevation 2020 (m +NAP) 1.62 ± 0.01a 1.65 ± 0.01a

Winter inundation frequency(tides/winter month) 50.3 ± 1.4a 51.6 ± 1.2a

Summer inundation frequency (tides/summer month) 6.9 ± 0.5a 7.5 ± 0.5a

Avg. height water column in winter (cm) 28.0 ± 0.5a 28.1 ± 0.4a

Avg. height water column in summer (cm) 11.8 ± 0.6a 12.0 ± 0.5a

Winter precipitation deficit (mm) -5.8 ± 0.6

Summer precipitation deficit (mm) 3.7 ± 0.7
F
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Different letters indicate significant differences between grazed and non-grazed marsh for each variable separately based on t-tests.
FIGURE 2

Marsh surface elevation changes in winter months (October to April) and summer months (April to October) from 2001 till 2020 shown for grazed
and non-grazed marsh separately. Grazing by livestock was introduced in 2005 (18 plots) and 2007 (2 additional plots).
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The grazed and non-grazed marsh differed significantly in

vegetation characteristics. Average vegetation height, cover and

index were all significantly higher in the non-grazed marsh

(Table 1). Average marsh elevations in 2008 and 2020, inundation

frequencies and average water column height did not differ

significantly (Table 1). The distance to the mudflat was

significantly higher in the grazed marsh. Inundations mostly

occurred during winter, whereas the precipitation deficit was

largest in summer.
3.2 Variables that explain elevation
changes in grazed and non-grazed marsh

The three general additive mixed models (GAMM’s) explained

between 49 and 53% of the variation found (Table 2). Rates in

elevation change (mm/month) were significantly affected by grazing

treatment, precipitation deficit, distance to the mudflat, inundation

frequency and average height of the water column above the marsh

platform during inundation (Table 2). In winter, when

sedimentation rates dominate (Figure 2), inundation frequency

and average water column height were significantly enhancing

marsh growth (Table 2 and Figure 3). An increase in inundations

resulted in an increasing marsh surface elevation change up to

about 100 inundations after which the data scarcity results in a high
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model uncertainty (Figure 3). Furthermore, elevation changes were

highest closest to the mudflat. Precipitation deficit had a small but

positive effect in winter. Meanwhile, in summer, when compaction

processes dominate, the compaction depended on the thickness of

the new sediment layer deposited during the previous winter

months and grazing (Figure 4). Distance to the mudflat also had

a significant but small positive impact in summer (Table 2).

Precipitation deficit resulted in more compaction once the deficit

was more than 20 mm in the week prior to measurement (Figure 4).

The vegetation index did not affect the marsh surface elevation

change significantly.
3.3 Future salt marsh elevation change –
Model calibration

Before predicting future marsh elevation change first model

calibrations were performed on two time series of averaged bed

elevations, one for plots that were grazed and one for plots that were

non-grazed. Three model parameters were changed in model

calibration, i.e., the suspended sediment concentration influx C

(0), the autocompaction decay factor k, and the biocompaction by

trampling p. We started model calibration on the sedimentation

rates without compaction by calibrating the sediment concentration

influx. We subsequently calibrated the autocompaction rate using
TABLE 2 General additive mixed model results for three datasets: The average annual marsh elevation change, elevation changes during winter
months and during summer months for the period 2008 - 2020.

Parametric coefficients Annual marsh elevation change
(mm/month)

Winter elevation change
(mm/month)

Summer elevation change
(mm/month)

Intercept 1.53 12.26*** -16.0***

Grazing (Y/N) -6.11*** 0.85 -9.11***

1m dist. from primary ditch (Y/N) -0.08 -0.068 -1.15

Vegetation index 0.88 0.39 1.19

Distance to mudflat (m) -2.68** -4.75*** 3.71***

Precipitation deficit (mm) -8.20*** 3.76*** –

Sedimentation in winter (mm/
month)

– – -12.14***

Inundation frequency (tides/
summer months)

– – 1.68•

Avg. water column height (cm) – – 0.50

Smooth terms

s(Inundation frequency (tides/
winter months)

5.04** 6.77*** –

s(Avg. water column height (cm)) 19.83*** 20.37*** –

s(Precipitation deficit (mm)) – – 36.61***

s(Plot identity) 2.48*** 3.63*** 0.23

Observations 712 714 695

Deviance explained 48.9% 52.7% 52.0%
For the parametric coefficients the estimate and p-value are shown. For the smooth terms the F-value and the p-value are shown.
Note: •p< 0.01; *p< 0.05; **p< 0.01; ***p< 0.001, – not included in the model.
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the non-grazed plots and lastly, we calibrated the biocompaction by

trampling using the grazed plots. Calibrating the model on the

measured time series for sedimentation rates obtained a C(0) of 0.9

kg/m3. van Rijn (2020) measured a suspended sediment

concentration at the water surface in the flood current at

Holwerd in February 2019 of 0.8 kg/m3, which is representative

for flooding of the salt marsh. Sediment concentrations generally

build-up during a storm and tend to lag behind after the storm has

faded (Temmerman et al., 2003), as shown by a suspended sediment

concentration at the surface in the ebb current of 0.19 kg/m3 (van

Rijn, 2020). Our model captures these dynamics above the salt

marsh, having modelled suspended sediment concentrations

between 0.1 and 0.3 kg/m3 in retreating flows.

A second calibration factor is the autocompaction decay factor k

(s-1). Following winter flood events with sedimentation of mineral

sediments, prolonged summer autocompaction leads to lowering of

the bed level. Model calibration on the non-grazed time series

resulted in an exponential autocompaction decay factor of 2.1x10-8

s-1 matching the slopes of the declining bed level in the data

(Figure 5). This rate corresponds to a half-life of 382 days.

Without compaction, the modelled sedimentation rate on the

non-grazed salt marsh over the 12.5-year measurement period is

26.0 mm/y. Under the assumption that sedimentation occurs in

autumn and winter, this equals to 4.3 mm/winter month between

October and April. This is about 1.2 mm higher than the field

measurements show (Table 1), but the field measurements do not

include the compaction that also takes place during inundation-free
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periods in winter. The modelled net elevation change over the

measurement period is 12.9 mm/y. The contribution of compaction

equals to 13.0 mm/y and autocompaction halved the gross

sedimentation on the salt marsh. Under the assumption that

autocompaction occurs in spring and summer, this equals to 2.2

mm/summer month between April and October This compares

well with the field measurements that showed an autocompaction of

2.1 mm/summer month (Table 1). The high compaction that

occurred in the extremely dry summer of 2018 was not captured

in this generic model, which results in a measured net elevation

change that is 4.6 cm lower than the modelled net elevation change

in 2020 (Figure 5).

Finally, the linear biocompaction rate by trampling of cattle was

calibrated on the data of the grazed plots applying the same

autocompaction rate as for the non-grazed plots. The additional

biocompaction by grazers yielded a value of 3.0x10-10 m/s, equalling

9.5 mm/y. This compares well with the 8.3 mm/y for biocompaction

derived from the measurements (Table 1).
3.4 Long-term vertical marsh growth until
2100

We modelled the surface elevation and the inundation

frequency of the grazed and non-grazed plots for three scenarios

of sea level rise and three suspended particulate matter (SPM)

concentrations until the year 2100 (Figures 6, 7).
B

C D

A

FIGURE 3

Most important variables explaining marsh surface elevation changes in winter: (A) Inundation frequency, (B) Average water height in the marsh
platform, (C) Distance from the salt marsh edge and (D) precipitation deficit. All measurements are shown with bullets and a prediction is plotted
with confidence interval (95%) based on the GAMM (Table 2).
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3.5 The effect of livestock presence on
changes in salt marsh elevation for three
sea level rise scenarios

The Holwerd salt marshes are characterized by a suspended

sediments concentration during storm events of 0.90 kg m-3. At this

concentration and for the scenario of a linearly increasing sea level of

2.4 mm y-1, the surface elevation of the salt marsh over time follows a

concave down increasing curve (Figure 6A). The shape is explained

by frequent flooding and subsequent sedimentation of mud, making

the rates of marsh elevation change faster than the sea level rise,

which is counterbalanced by a decreasing inundation frequency and,

therefore, decreasing rate in elevation change over time (Figures 6A,

7A). The height of the non-grazed plots reached 2.27 m +NAP

(median value of ten repetitive model runs) and the inundation

frequency levelled out to 13 y-1, whereas the grazed plots reached a

height of 2.02 m and an inundation frequency of 30 y-1 (Figure 7A

and Table 3). The total sea level rise between 2008 and 2100 was

0.22 m, while the total vertical elevation change of the non-grazed

plots was 0.71 m. The grazed plots showed a smaller vertical elevation

change of 0.41 m due to the additional biocompaction by trampling
B

C

A

FIGURE 4

Most important variables explaining marsh surface elevation changes in summer: (A) distance from marsh edge, (B) previous winter sedimentation
and (C) precipitation deficit, shown for non-grazed (left) and grazed marsh (right). All measurements are shown with bullets and a prediction is
plotted with confidence interval (95%) based on the GAMM (Table 2).
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FIGURE 5

Model outputs and measurements for surface elevation in non-
grazed plots and grazed plots. The average bed elevation of the
non-grazed plots at the beginning of the measurement interval was
1.56 m +NAP, whereas the grazed plots started at 1.61 m +NAP.
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of cattle. For the linear sea level rise scenario, in combination with the

current high sediment load, the ability of the marsh to grow with sea

level rise until 2100 is reduced by grazing cattle with 42% (Table 3),

but the marsh elevation change still outcompetes the rise in sea level.

In the scenario for High SLR the curve for the surface elevation

over time is a concave down increasing curve until around 2050,

and then changes to a concave up increasing curve (Figure 6A). The

shape is explained by the curve for sea level rise, which is almost

linear and relatively mild with 0.20 m rise until 2050, after which the
Frontiers in Marine Science 11
acceleration kicks in and a total rise of 1.04 m is reached in 2100

(Figure 6D). In 2050 the vertical elevation change of the marsh is

still larger than the sea level rise of 0.20 m, i.e., 0.47 m for

non-grazed plots and 0.28 m for grazed plots. However, in 2100

the vertical elevation change of grazed plots could not keep up with

the rise in sea level, so the marsh was slowly drowning (Figure 7B).

The inundation frequency of grazed plots was around 100 y-1

compared to 78 y-1 for non-grazed plots (Table 3). More frequent

flooding and higher water depths resulted in an increasing
B

C D

A

FIGURE 6

(A–C) Development of grazed and non-grazed salt marsh surface elevation for three scenarios of sea level rise combined with three suspended
particulate matter (SPM) scenarios. Presented are the median values and 10% and 90% percentile intervals of ten stochastic model runs. (D) shows
three scenarios for sea level rise until the year 2100 used to predict the long-term consequences of management by grazing on the future
vulnerability of salt marshes.
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sedimentation rate of mud and a concave up increasing surface

height of the marsh. The total elevation change of non-grazed plots

equalled SLR with 1.05 m, while grazed plots lagged behind with

0.92 m. For the high SLR scenario, in combination with the current

high sediment load, the ability of the marsh to grow with sea level

rise until 2100 is reduced by grazing cattle with 12% (Table 3), and

the marsh elevation change in grazed plots cannot outcompete the

rise in sea level from around 2050 onwards (Figure 7B).

In the scenario for extreme SLR, the curve for the surface

elevation over time is like that for high sea level rise until 2050

(Figures 6A, D). In 2050 the vertical elevation change of the marsh is

larger than the sea level rise of 0.25 cm, i.e., 0.46 m for non-grazed

plots and 0.29 m for grazed plots, and the inundation frequency

decreased. From 2050 onwards the sea level rise accelerated strongly,

and the vertical elevation change could not keep up with the rise in

sea level. As a result, the flooding frequencies increased to 242 y-1 for

non-grazed plots and around 250 y-1 for grazed plots (Figure 7 and

Table 3). This implies that the salt marsh vegetation composition will

show regression from plant species typical for high marshes to plant

species typical for low marshes. The total elevation change reached

1.67m for non-grazed plots and 1.60 m for grazed plots (Table 3). For

the extreme SLR scenario, in combination with the current high

sediment load, the ability of the marsh to grow with sea level rise until
Frontiers in Marine Science 12
2100 is reduced by grazing cattle with 4% (Table 3), and the marsh

surface elevation change cannot outcompete the rise in sea level from

around 2050 onwards (Figure 7C).
3.6 The effect of livestock presence in
combination with a reduction in SPM
concentration

In the scenario for a linearly increasing sea level of 2.4 mm/y in

combination with a 50% reduction in suspended particulate matter

(SPM) concentration during flooding, the curve for surface

elevation over time of non-grazed plots is a concave down

increasing curve (Figure 6B). Due to the lower sediment load the

total elevation change in 2100 reduced by 33% to 0.48 m compared

to the case with 100% SPM concentration (Table 3). This is enough

to outcompete the total sea level rise of 0.22 m, which is also shown

by the steadily decreasing inundation frequency to a dynamic

equilibrium of about 30 y1. In combination with a 75% reduction

of the base SPM concentration (Figure 6C) the curve for the surface

height over time is approaching linearity. Due to the 75% reduced

sediment load the total elevation change in 2100 reduced by 56% to

0.31 m (Table 3). This is slightly more than the sea level rise, which
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Development of the number of yearly inundations for grazed and non-grazed salt marsh for in total nine scenarios (A–I) combining three scenarios
of sea level rise (left to right) and three scenarios of suspended particulate matter (SPM, top to bottom). Presented are the median values of ten
stochastic model runs. The shaded areas indicate the inundation frequencies in which the different salt marsh zones occur.
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is reflected by a small decrease in inundation frequency to 55 y-1

(Figure 7 and Table 3). The effect of grazers on marsh elevation at

50% sediment reduction is shown by an initial lowering of about

0.035 m until 2025 after which the marsh started to accrete more or

less linearly. The trampling resulted in a lowering of the salt marsh,

which was then counterbalanced by an increasing inundation

frequency and subsequent mud sedimentation, following into a

steadily increasing marsh height and about 65 inundations per year.

The total elevation changes for grazed plots in 2100 reduced by 52%

to 0.20 m, which is slightly lower than the sea level rise. For a

linearly increasing sea level of 2.4 mm/y in combination with a 50%

reduction in SPM, the ability of the marsh to grow with sea level rise

until 2100 is reduced by grazing cattle with 52%, making the annual

rate of elevation gain lower than the rise in sea level compared to a

non-grazed marsh. In case of a 75% reduction in suspended

sediments the effects of grazers are severe at this scenario for sea

level rise. The surface height showed a lowering of 0.23 m until 2070

and a steadily increasing inundation frequency to over 200 y-1 until

a new dynamic equilibrium was reached in which the marsh could

accrete. The total elevation change is reduced by 134% to -0.14 m,

which is clearly not compensating sea level rise. For a linearly

increasing sea level of 2.4 mm/y in combination with a 75%

reduction in SPM, the ability of the marsh to grow with sea level

rise until 2100 is reduced by grazing cattle with 134%, leading to a

decreased marsh height, drowning of the marsh and regression to a

low marsh vegetation (Figure 7G).

In the scenario for a high sea level rise in combination with a

50% reduction in SPM during flooding, the curve for surface

elevation over time of non-grazed plots is a concave down

increasing curve until around 2050, implying that the marsh

elevation change exceeds SLR, but then changes to a concave up

increasing curve implying drowning. Due to the 50% lower

sediment load the total elevation change in 2100 is reduced by
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19% to 0.85 m. The inundation frequency initially lowered, but

eventually increased to around 160 y-1 in 2100. In combination with

a 75% reduction in SPM the total elevation change in 2100 is

reduced by 34% to 0.69 m. The inundation frequency increased to

around 330 y-1 in 2100. The effect of grazers on marsh elevation at

50% sediment reduction is shown by an initial lowering of about

0.025 m until 2020 after which the marsh started to accrete concave

up to a total elevation change of 0.74 m and an inundation

frequency of 210 y-1. For the high sea level rise scenario in

combination with a 50% reduction in SPM, the ability of the

marsh to grow with sea level rise until 2100 is reduced by grazing

cattle with 13%. In case of a 75% reduction in suspended sediments

the surface height showed an initial lowering of 0.15 m until 2045,

followed by an increase in surface elevation to a total of 0.58 m, and

a steadily increasing inundation frequency to 400 y-1 in 2100. This

inundation frequency implies that the vegetation composition has

to change to a pioneer vegetation. For the high sea level rise scenario

in combination with a 75% reduction in SPM, the ability of the

marsh to grow with sea level rise until 2100 is reduced by grazing

cattle with 15%, leading to drowning of the marsh and regression to

a pioneer vegetation.

In the scenario for an extreme sea level rise in combination with

a 50% reduction in SPM during flooding, the curve for surface

elevation over time of non-grazed plots is almost linear until around

2060, implying that the annual rate in elevation change is in pace

with SLR. This is also reflected in a dynamic equilibrium for the

inundation frequency of around 50 y-1. From 2060 onwards the

curve is concave up increasing, implying drowning of the marsh.

The flooding increased to over 400 y-1. Due to the 50% lower

sediment load the total elevation change in 2100 is reduced by 9% to

1.52 m. In combination with a 75% reduction the total elevation

change in 2100 is reduced by 17% to 1.39 m. However, the

inundation frequency increased to 700 y-1 in 2100. This means
TABLE 3 Total elevation change S (m), inundation frequency F (y-1), rate in elevation change vs. SLR in 2100 distinguished between non-grazed plots
and grazed plots and percent change for grazed compared to non-grazed plots for nine model scenarios.

SLR scenario

non-grazed plots grazed plots grazed vs non-grazed

S (m) F (y-1) accr: SLR S (m) F (y-1) accr: SLR S(m) F (y-1)

SPM 0.90 kg/m3

Linear (+0.22 m) 0.71 13 accr > SLR 0.41 30 accr > SLR -42% 63%

High (+1.04 m) 1.05 78 accr = SLR 0.92 100 accr < SLR -12% 33%

Extreme (+1.90 m) 1.67 242 accr < SLR 1.6 250 accr < SLR -4% 6%

SPM 0.45 kg/m3

Linear (+0.22 m) 0.48 30 accr > SLR 0.2 65 accr = SLR -52% 117%

High (+1.04 m) 0.85 160 accr < SLR 0.74 210 accr < SLR -13% 25%

Extreme (+1.90 m) 1.52 400 accr < SLR 1.46 420 accr < SLR -4% 5%

SPM 0.225 kg/m3

Linear (+0.22 m) 0.31 55 accr > SLR -0.14 200 accr < SLR -134% 264%

High (+1.04 m) 0.69 330 accr < SLR 0.58 400 accr < SLR -15% 21%

Extreme (+1.90 m) 1.39 700 accr < SLR 1.33 700 accr < SLR -4% 0%
f
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that the salt marsh is no longer vegetated but has drowned

completely and turned into a mudflat. The effect of livestock on

marsh elevation at 50% sediment reduction is shown by an initial

lowering of about 0.015 m until 2020 after which the marsh started

to accrete concave up to a total elevation change of 1.46 m and a

inundation frequency of 420 y-1. For the extreme sea level rise

scenario in combination with a 50% reduction in SPM, the ability of

the marsh to grow with sea level rise until 2100 is reduced by

trampling livestock with 4%. In case of a 75% reduction in

suspended sediments the surface height of grazed plots showed an

initial lowering of 0.13 m until 2045, followed by an increase in

surface elevation to a total of 1.33 m, and a steadily increasing

inundation frequency to 700 y-1 in 2100, drowning the salt marsh

completely into a mudflat. For the extreme sea level rise scenario in

combination with a 75% reduction in SPM, the ability of the marsh

to grow with sea level rise until 2100 is reduced by trampling

livestock with 4% (Table 3).
4 Discussion

4.1 Effects of livestock on marsh elevation
change

The first aim of this paper was to determine the impact of

livestock presence on current rates of vertical elevation change.

Field measurements showed that the rates of surface elevation

change in the winter months were not significantly different in the

grazed versus the non-grazed salt marsh. In summer the elevation

changes were negative, and the compaction rate was significantly

higher when livestock was present. Cattle most importantly affected

the rate of soil compaction in summer, reducing the annual rates of

surface elevation change significantly from 11.9 mm yr-1 in the non-

grazed marsh to 3.6 mm yr-1 in the grazed marsh. Other studies show

similar results with higher compaction rates and bulk densities in

grazed marshes (Elschot et al., 2013; Koppenaal et al., 2022).

Koppenaal et al. (2022) did find a small but significantly higher

elevation change in winter in non-grazed marsh, although it was of a

similar magnitude as the grazed marsh. Belowground effects of cattle

have been neglected for a long time, although it has received a bit

more attention in the last decade. Generally, a higher soil compaction

is found in grazed marsh than non-grazed marsh (Davidson et al.,

2017), which is in line with results found in this study.

Cover and height of the vegetation were significantly reduced in

the grazedmarsh in this study, but this had no significant effect on the

winter elevation change and will be discussed in detail in the next

section. The grazed and non-grazed marshes were similar in

geomorphology, except that the distance to the mudflat was

significantly higher in the grazed marsh. This did not have a large

impact on the results or conclusions drawn in this study, as the winter

elevation changes between both sites were not significantly different.
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4.2 Variables explaining marsh elevation
change

The second aim of this study was to identify the most important

variables explaining the marsh surface elevation changes during

winter and summer.

In winter, when sedimentation rates dominate, distance to

mudflat, inundation frequency and average water column height

were significantly enhancing the rates of marsh elevation change.

The elevation gain slowly increased with inundation frequency up

to about 100 inundations per year, which is in line with results

found in previous studies (e.g. Koppenaal et al., 2022). It reduced

again above 100 inundations per year although this trend became

unclear due to scarcity of data. Vertical marsh growth generally

reduces with increasing distance to the mudflat and where

inundation frequencies are lower (e.g. van Dobben et al., 2022).

Highest inundation frequencies occur low in the tidal frame at low

marshes and pioneer zones, where higher erosion rates can be

expected due to lower root biomass reducing the annual elevation

change (Ford et al., 2016; Bass et al., 2022; Marin-Diaz et al., 2022).

In summer compaction processes dominated. Next to

biocompaction by heavy grazers, precipitation deficit resulted in

more compaction once the deficit was over 20 mm week-1 prior to

measurement. Field measurements showed an extreme compaction

in both grazed and non-grazed marshes in 2018 most likely due to

an extreme drought event (Cahoon et al., 1995). The precipitation

deficit in 2018 between April and September was 309 mm, placing it

in the top 3 years with highest deficit in the past 100 years (https://

www.knmi.nl/klimaatdashboard). With global climate change

extreme droughts should become more common (Attema et al.,

2014), which implies that coastal marshes on a global scale could

have a much harder time to keep up with increasing sea levels until

compaction of the soil reached its maximum. Effects of extreme

drought events is often not included in studies estimating the future

survival of coastal habitats in a changing climate (e.g. Kirwan et al.,

2016a), but may have a large impact on the adaptability of marshes

to keep up with a rising sea level and should receive more attention.

The vegetation did not affect the change in marsh elevation

significantly in this study, which is in line with the results found in

some studies (e.g. Elschot et al., 2013; Reef et al., 2018), but in

contrast with others that show a positive effect (e.g. Mudd et al.,

2010; Bass et al., 2022). The effect by the vegetation on vertical

marsh growth has shown to depend on plant species, root and leaf

biomass, shoot stiffness, canopy height and is density dependent

(Peralta et al., 2008; Bass et al., 2022). This study is based on a long-

term monitoring dataset and specific plant traits were not included,

but they may explain part of the unexplained variance present in the

statistical models. The Holwerd salt marsh does not have a high

stocking density, therefore differences in vegetation cover and

height between the plots may not be large enough to significantly

affect vertical marsh growth.
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4.3 Future adaptability of salt marshes for
three sea-level rise and three suspended
sediment concentration scenarios

The third aim of this study was to predict future elevation

change under grazed and non-grazed management regimes, for

three sea-level scenarios combined with three suspended sediment

concentration scenarios.

Sediment availability is a key factor controlling vertical marsh

growth and ultimately marsh survival. Quantifying the sediment

supply to marshes is one of the main challenges in salt marsh

modelling (Fagherazzi et al., 2020). In calibrating our model, we

reproduced measured sedimentation rates for an initial suspended

sediment concentration in the flood water of 0.9 kg/m3.

Temmerman et al. (2003) measured suspended sediment

concentrations in a Western Scheldt salt marsh. They found a

linearly increasing suspended sediment concentration as function of

the inundation height with a value of 0.04 kg/m3 at a median

inundation height of 0.30 m and up to a maximum of c. 0.2 kg/m3 at

1 m inundation height. Marijnissen et al. (2020) applied a constant

value of 0.19 kg/m3 for a salt marsh in the Ems-Dollard estuary. Our

calibrated concentration is relatively high but is supported by field

measurements at Holwerd by van Rijn (2020). An explanation is

that the Holwerd salt marsh lies in a region of the Wadden Sea that

is sediment rich (Winterwerp et al., 2012; Colina Alonso

et al., 2022).

The marsh platform is only inundated at storm conditions so a

time-averaged concentration in the seawater in front of the marsh is

not representative. Instead, the SPM concentration results from

resuspension of bed sediment by wave action leading to enhanced

concentrations at storms. This implies a relation between SPM

concentration of the overlying water and the inundation frequency

and/or inundation height (Temmerman et al., 2003). When

modelling a drowning marsh, inundation of the lowered marsh

platform becomes less dependent on extreme storms and more

dependent on milder storms. The initial value for suspended

sediment in the flood water then needs adjustment to lower

values for increasing inundation frequencies. This might even

lead to an optimum inundation frequency for which the

sedimentation rate is maximum, but this should be further

studied. Lacking field data for a range of (non-)storm conditions,

we did not model this dynamic feedback. However, our model runs

for 50% and 25% of current SPM concentrations show that lower

concentrations lead to a positive feedback loop of lower

sedimentation rates, leading to acceleration of salt marsh drowning.

Our model results further show that for non-grazed marshes

under current conditions for suspended sediments the surface

elevation of the salt marsh over time follows a concave down

increasing curve for the linear SLR scenario. This means that the

rate of elevation gain is slowing down, and the inundation

frequency of the marsh is decreasing. For the scenarios with

accelerating sea level rise the curve for surface elevation over time

starts as a concave down increasing curve but shows an inflection
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point towards a concave up increasing curve around the year 2050.

This means that once the inflection point is reached the rate of

elevation change increases in response to the increasing sea level

rise and the inundation frequency is increasing. This inflection

point thus gives the critical SLR for the onset of drowning of the

marsh. The critical rate for drowning is not the maximum rate in

surface elevation gain the marsh can reach. For the high and

extreme SLR scenarios the Holwerd marsh showed maximum

rates of vertical elevation change of 22 mm yr-1 and 62 mm yr-1

respectively at the end of the century. However, the rate of change of

SLR at the end of the century is 36 mm yr-1 and 73 mm yr-1

respectively. So, in response to an accelerating SLR the marsh

elevation change accelerates as well, but it cannot keep pace and

thus drowns gradually. At the Holwerd salt marsh the inflection

point is reached in 2055 at a critical SLR of 8 mm yr-1 for the High

SLR scenario at current levels of SPM. Applying a similar

interpretation on the curves shown for the elevation change of a

salt marsh at Ameland in van Dobben et al. (2022), we find a critical

rate of 8 mm yr-1 for the lowest marsh platform at 70 cm +NAP,

2 mm yr-1 for the 100 cm +NAP platform and drowning of marsh

platforms higher than 120 cm +NAP. In comparing the Ameland

marsh with the Holwerd marsh that lies at 170 cm +NAP we thus

find that the Holwerd marsh can withstand higher rates of SLR. The

Ameland marsh lies opposite of the Holwerd marsh in the Wadden

Sea but is an island marsh with lower SPM concentrations than the

mainland marsh at Holwerd, which can explain the difference.

It should be understood that effects of an accelerating SLR on

the vegetation composition lag tens of years for a drowning marsh.

This implies that the definition of drowning can be seen differently

(also see van Dobben et al., 2022) if drowning means the

disappearance of all marsh vegetation. Additionally, marshes can

change in different ways when they cannot keep pace with sea level.

For example the formation of ponds at the inner marsh (Mariotti,

2016; Schepers et al., 2020), changes in creek dimension (Deegan

et al., 2012; Mariotti, 2020) and horizontal wind-induced erosion

(Mariotti and Fagherazzi, 2010). Here, we simply state that when

the inundation frequency increases the marsh cannot keep up with

sea level rise and starts to drown. An increase in the number of

inundations leads to a regression of the salt marsh vegetation to an

earlier successional stage. A high marsh will change into a low

marsh, then into a pioneer vegetation and lastly into a bare mudflat.

Only in the latter case, is a salt marsh completely drowned and has

disappeared. In evaluating the transitions to different vegetation

zones we applied the salt marsh inundation zoning of Erchinger

(1985). However, the class boundaries for inundation frequencies

are based on research for the succession from mudflat to salt marsh

(Beeftink, 1977; Erchinger, 1985; Dijkema, 1987). Because plants are

most sensitive to environmental conditions during germination and

seedling stage (Heerdt et al., 1996), established plants might be able

to survive under much higher inundation frequencies, leading to a

hysteresis loop. Preliminary results for the Ameland salt marsh

vegetation development during soil subsidence point at this

(Elschot et al., 2017) but still requires further study.
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Our model results showed that for the high SLR scenario with a

maximum rate of SLR of 36 mm yr-1 did the Holwerd site still

remain a high marsh at the end of this century. When the SLR rate

increases to over 50 mm yr-1 then the marsh will still exist, but

vegetation shifts from high marsh into a lowmarsh vegetation. High

values for the critical rate of SLR for drowning fall in the range of

10-50 mm yr-1 were also reported by Kirwan et al. (2016a). Only in

combination with reduced SPM concentrations will the Holwerd

marsh regress towards pioneer vegetation. In this case, vegetation

cover and root biomass are reduced, and erosion is expected to

occur (Bass et al., 2022), reducing the adaptability of marshes to SLR

further. Only at an extreme SLR may the marsh vegetation

disappear completely and turn into a bare mudflat. Using the

definition for marsh drowning as the tipping point towards a bare

mudflat, the Holwerd marsh shows to be very resistant to an

accelerated sea level rise.

Grazing livestock on marshes trample the soil and induce

additional (bio)compaction. Our measurements and models

showed an additional compaction of 9 mm yr-1. This

biocompaction inhibited a salt marsh in growing vertically and

increased the number of yearly inundations. In case the present SLR

continues linearly, the trampling even results in a lowering of the

marsh elevation by 3.8 mm yr-1. Such compaction rates are not

uncommon for silty marsh clay, as shown by an autocompaction of

7.8 mm yr-1 at Ameland (van Dobben et al., 2022), and 2 mm yr –1

for a 75-year-old Danish salt marsh (Bartholdy et al., 2010a).

For marshes to survive sea level rise, their horizontal migration

rate is just as important. Marin-Diaz et al. (2021) showed that the

erosion resistance of muddy marshes increased with the presence of

large grazers that compacted the soil by trampling, so there is a

trade-off. Our model results showed that for increasing rates of SLR

the relative influence of biocompaction by cattle is decreasing, but

only when there is sufficient suspended sediment, which

corroborates the recommendation of Marin-Diaz et al. (2021) to

avoid high intensity grazing in sediment-poor salt marshes.

Another factor that showed to be of importance for salt marsh

compaction is extreme drought. An extremely high compaction was

measured following the extremely dry summer of 2018. Although

subsequent summers of 2019 and 2020 were also a lot drier than

usual, the compaction was not as extreme. Once soil is compacted it

cannot easily compact any further. Climate change leads to more

frequent droughts so this adds to the effects of marsh drowning but

it is unknown after how many years another extreme drought can

result in another extreme compaction. Because the measured

compaction resulted from an extreme event and future effects are

not known, this was not included in our model and requires

further study.

Our results further highlight the importance of implementing

autocompaction when modelling changes in salt marsh elevation.

For the Holwerd salt marshes, disregarding the autocompaction in

the model while leaving all else unchanged leads to an elevation

change of 25.5 cm compared to 16.2 cm including auto-

compaction. Disregarding auto-compaction leads to a smaller

accommodation space for sedimentation because of the faster
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increase in surface height that decreases the number of

inundations. Studies on long-term elevation change in salt

marshes or transitional polders in which compaction is not

included, such as from (Gourgue et al., 2022; Weisscher et al.,

2022) should be evaluated with care. And when marshes are

grazed by heavy livestock, as are most European marshes,

biocompaction becomes another key factor to consider.
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