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Abstract

Existing numerical models simulating the vertical growth of tidal marshes have only, to a very limited degree,
been validated using observed data. In this study, we describe a refined zero-dimensional time-stepping model, which
is based on the mass balance approach of Krone [in: Coastal Sediments ’87, 1987, pp. 316^323], Allen [Mar. Geol. 95
(1990) 77^96] and French [Earth Surf. Process. Landforms 18 (1993) 63^81]. The model is applied and evaluated,
using field data on suspended sediment and tidal regime as input and the historical growth of a specific minerogenic
tidal marsh in the Scheldt estuary (Belgium) as independent data for model testing. First, the historical rise of the
marsh surface during the past 55 years is reconstructed based on land use and vegetation cover changes, which are
dated using aerial photographs and which are recognised in sediment cores. After marsh formation, the marsh surface
builds up very quickly and asymptotically to an equilibrium level relative to the tidal frame. Second, temporal
variations in suspended sediment concentration (SSC) were measured above the actual marsh surface during a 1-year
period. These measurements show that the SSC, in the water that floods the marsh surface at the beginning of an
inundation, increases linearly with maximum inundation height. The application of existing models, which assume a
constant incoming SSC, leads to an underestimation of the observed historical growth and to biased predictions under
scenarios of future sea-level rise. However, after incorporation of the relationship between SSC and inundation height,
the observed vertical growth is successfully simulated. This leads to the conclusion that not only the decrease in tidal
inundation, but also the decrease in SSC with decreasing marsh inundation height, is of great importance to fully
explain and successfully simulate the long-term vertical morphodynamics of tidal marshes.
? 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Tidal marshes are widely recognised as net
sinks of sediment, which leads, in the long term,
to vertical rise or growth of tidal marsh platforms
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and which is the major factor that controls
changes in the ecological and economic functions
of tidal marshes (Allen and Pye, 1992; Reed,
1993). Numerous ¢eld studies have been con-
ducted on sediment accretion in tidal marshes
on time-scales of less then 100 years, using a
wide range of measuring techniques (see Allen
(1990), French and Spencer (1993) and Allen
(2000) for an overview). An important insight in
the growth pattern of tidal marshes on time-scales
of the order of 102^103 years comes from the
study of Pethick (1981). He observed an asymp-
totic relationship between marsh surface elevation
and age for the salt marshes of north Norfolk
(UK), from which he concluded that young tidal
marshes are rapidly built up. As the marsh surface
rises higher within the tidal frame and is conse-
quently less £ooded, the growth rate decreases
and the marsh surface ¢nally tends to an equili-
brium level high in the tidal frame (Pethick, 1981).
This negative feedback mechanism between eleva-
tion and growth rate is widely assumed to be the
most important mechanism controlling the long-
term vertical growth of tidal marshes (e.g. Letzsch
and Frey, 1980; Allen, 1990; 2000; French, 1993).
When the marsh surface is in equilibrium with the
tidal frame and continues to aggrade under rising
sea level, the growth rate is assumed to be equal
to the rate of sea-level rise (e.g. Allen, 1990; Shi,
1993; Orson et al., 1998). In many places, how-
ever, it was found that tidal marshes are not able
to keep up with rising sea level (Reed, 1995;
Ward et al., 1998), resulting in submergence and
major losses of tidal marsh areas (Baumann et al.,
1984; Walker et al., 1987; Kearny and Stevenson,
1991).

A relatively small number of physically based
numerical models were developed to simulate and
to help understand long-term (50^103 years) ver-
tical marsh dynamics. These models are based on
a zero-dimensional time-stepping modelling ap-
proach, to simulate the vertical growth of marsh
platforms with time at one point that is consid-
ered representative for the whole platform
(Krone, 1987; Allen, 1990; 1995; 1997; French,
1993). On shorter time-scales (1 year) spatial var-
iations in sedimentation rate within a marsh are
signi¢cant (French and Spencer, 1993; French et

al., 1995; Leonard, 1997) and a one- or two-di-
mensional spatially distributed modelling ap-
proach has to be used (Allen, 1994; Woolnough
et al., 1995). For longer time-scales (50^103

years), however, the general £at topography of
marsh platforms suggests that the zero-dimension-
al approach is acceptable. The existing models of
Krone (1987), Allen (1990), and French (1993) are
all based on the same basic principle of a negative
feedback between marsh surface elevation and fre-
quency of tidal inundation. A simple mass-bal-
ance approach is used, since the complex £ow
structure in and over the marsh vegetation and
complex variations in suspended sediment supply
and settling velocity are still poorly understood
(e.g. Pethick et al., 1990; Leonard and Luther,
1995; Shi et al., 2000). Krone (1987) proposed a
zero-dimensional mass-balance model, which was
used to simulate the response of tidal marshes in
San Francisco Bay to historical sea-level change.
These simulations showed that marsh surfaces
only attain a relative equilibrium level after the
rate of sea-level rise becomes constant. French
(1993) followed a similar modelling approach to
simulate marsh response to regional subsidence
and to several scenarios of future sea-level rise
along the barrier-coast of north Norfolk (UK).
Allen (1990) conducted a series of numerical ex-
periments on the long-term vertical growth of Ho-
locene salt marshes in the Severn estuary (UK),
under di¡erent rates of sea-level change and of
organic sediment deposition. With a similar mod-
elling scheme Allen (1995, 1997) also simulated
the succession of minerogenic to organogenic
marshes and the expansion and shrinkage of
marsh creek networks, when sea level £uctuates
about an underlying upward trend.

However, as indicated by Allen (1997), the
model applications described above are rather ex-
ploratory and were especially conducted to inves-
tigate the general long-term behaviour of tidal
marshes. They were only validated to a very lim-
ited degree using observed data, so that the results
are only qualitatively valid. This paper aims to
evaluate a re¢ned zero-dimensional time-stepping
model for vertical marsh growth. First, the histor-
ical growth at two locations within a speci¢c min-
erogenic tidal marsh is reconstructed using ¢eld
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data and is used as an independent data set for
model testing. Second, the input parameters for
the model are obtained by extensive short-term
¢eld measurements of the suspended sediment re-
gime at the actual marsh surface. The implemen-
tation and evaluation of the model shows that an
important modi¢cation of the existing models is
necessary to obtain model predictions that are in
good agreement with long-term ¢eld observations.

2. The study area

The Scheldt estuary is situated in the southwest
of the Netherlands and the northwest of Belgium
and reaches over 160 km from the mouth in the
southern North Sea up to Ghent (Fig. 1; see
Meire et al. (1992), Baeyens et al. (1998) and
Van Damme et al. (2001) for a more detailed
description of the Scheldt estuary). The Dutch
and Belgian parts of the estuary are called the
Western Scheldt and the Sea Scheldt, respectively.

The hydraulic regime of the estuary is character-
ised by a semidiurnal meso- to macrotidal regime.
During spring and neap tides, the mean tidal
range at the mouth is 4.46 and 2.97 m, respec-
tively. As the tides enter the estuary, these mean
tidal ranges increase to 5.93 and 4.49 m near Ru-
pelmonde and then decrease farther inland to 2.24
and 1.84 m in Ghent. The most extreme high-
water levels are caused by storm surges coming
from the North Sea during periods of strong
northwesterly winds and can be 2^3 m higher
than mean high-water levels (Claessens and Mey-
vis, 1994).

The suspended sediment in the Scheldt estuary
mainly consists of ¢ne sand and mud, with con-
centrations typically showing large spatial and
temporal variations. The time-averaged longitudi-
nal concentration pro¢le is characterised by low
concentrations in the Western Scheldt (30^60 mg/
l) and a turbidity maximum situated between the
Dutch^Belgian border and Temse, with mean
concentrations of 100^200 mg/l (e.g. Van Damme
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Fig. 1. The Scheldt estuary. (A) Location within Western Europe. (B) Location of salt, brackish and freshwater tidal marshes
(areas separated by heavy dashed lines) together with the study area, the Notelaar marsh, and places named in the text. A more
detailed map of the Notelaar marsh is shown in Fig. 3d.
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et al., 2001; Van Eck et al., 1991). Farther up-
stream the suspended sediment concentrations
again slightly decrease to 50^100 mg/l (Van
Damme et al., 2001). There are also large tempo-
ral variations in sediment concentration and in
the position of the turbidity maximum, depending
on the tides and the freshwater discharge, which
vary over semidiurnal, spring^neap and seasonal
time-scales (Fettweis et al., 1998).

The tidal marshes of the Scheldt estuary can be
classi¢ed into salt, brackish and freshwater tidal
marshes, according to the salinity gradient, which
exists along the estuary (Fig. 1b). The study area,
the Notelaar marsh, is located in the most sea-
ward part of the freshwater zone, nearly 4 km
downstream from Temse. The Notelaar marsh
has a total area of 27 ha and covers a length of
2 km along the stream channel of the Scheldt
estuary. It typically consists of a vegetated marsh
platform, with elevation di¡erences never greater
than 0.30^0.40 m, and is dissected by tidal creeks
that branch, narrow and shallow inland. The
marsh is situated in the zone where the tidal range
and suspended sediment concentrations attain
their largest values along the Scheldt estuary. Lo-
cal tidal water levels are represented in Fig. 2, in
relation to the marsh surface elevation. The vege-
tated marsh platform is only £ooded during
spring tides, while the unvegetated tidal mud
£at, which borders the marsh, is £ooded during
every high tide. The Notelaar marsh vegetation
consists of typical freshwater tidal marsh plants,

consisting of Phragmites australis in the lower el-
evations of the marsh and a community of Salix
sp. in the higher elevations (Fig. 3d). Both plant
communities are abundant, producing a very
dense vegetation cover. In these freshwater tidal
marshes, Phragmites australis reaches exceptional
heights of up to 4 m.

3. Materials and methods

3.1. Assessment of historical long-term
morphodynamics

The morphodynamics at the Notelaar marsh
during the past ¢ve decades was reconstructed
using a combination of two methods: (1) the in-
terpretation of aerial photographs of di¡erent
ages, and (2) sampling and analysis of undis-
turbed sediment cores.

The Notelaar marsh is covered by 10 aerial
photograph series, which date from 1944 to
1998. These photos of successive age clearly illus-
trate how the geomorphology, land use, and veg-
etation cover changed during the past ¢ve de-
cades. Four maps were made, based on four
aerial photograph series (1944, scale 1:16 800;
1951, 1:18 000; 1965, 1:10 000; and 1998,
1:10 000) that illustrate all changes in land use
or vegetation cover that occurred at the Notelaar
marsh over this time period (Fig. 3).

Based on vegetative changes observed from aer-
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ial photographs, two marsh sections can be dis-
tinguished, which are further referred to as the
young and old marsh. From both marsh sections
undisturbed sediment cores were collected with a
‘Beeker-sampler’, a piston corer with thin-walled
tubes of 5.7 cm in diameter and 150 cm in length
and an in£atable valve at the bottom that pre-
vents sediment loss while raising the corer to the
surface. Both at the young and old marsh, a series
of ¢ve replicate cores was collected within a small
boring area of no more than 8 by 8 m (Fig. 3d).
The marsh surface elevation at both boring loca-
tions was measured, relative to the ¢xed datum of
the Belgian levelling network (T.A.W. or Tweede
Algemene Waterpassing). All sediment cores were
analysed in 1 cm sections to identify the plant
debris that was preserved within the deposited
sediment. Only plant debris of above-ground ori-
gin was considered (i.e. no roots, but only leaves
and stems), and this debris was assumed to be
deposited in situ. The £oating-in of debris origi-

nating from distant marsh sections with a di¡er-
ent vegetation cover is very unlikely, because the
dense and 2^4 m high vegetation cover prevents
large displacement of plant detritus during tidal
inundations, which are only exceptionally higher
than 1.5 m. In this way, we identi¢ed for each
boring location sediment layers containing di¡er-
ent plant debris, which could be related to the
di¡erent land use or vegetation cover types that
succeeded each other in time at the speci¢c boring
location.

The contact elevation between sediment layers
with di¡erent plant debris corresponds in time to
the historic marsh surface elevation at the mo-
ment of land use/vegetation cover change. This
change was then dated using the aerial photo-
graphs. In this way, a series of time^elevation
points was determined. The error on the contact
elevations was estimated by the standard devia-
tion, as determined from the ¢ve replicate cores,
and was found to be low (between 3.3 and 6.4

marsh surface elevation at moment of LUCC determined from

changes in plant debris in sediment cores (means and stddev.

are calculated from series of 5 replicate cores)

(e.g. in young marsh cores transition from Scirpus to Phragmites
australis deposits at a depth of 72.3 ±  6.4 cm; see Fig. 6)

mean + 1 stddev.
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Fig. 4. Observed vertical growth of the old and young marsh of the Notelaar. Construction of time-elevation points is based on
land use or vegetation cover changes (LUCC), which could be dated using aerial photos (see Fig. 3) and the marsh surface eleva-
tion at that moment was derived from sediment cores (see Fig. 6). The construction of error bars is explained in the lower part
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cm). The error on the dating of the historic land
use/vegetation cover change, with which a contact
elevation is associated, is determined by the time
interval between successive aerial photos before
and after the land use or vegetation cover change
(see also Fig. 4). Finally, from these time^eleva-
tion points a long-term historical growth rate of
the marsh surface was calculated.

For comparison, recent accumulation rates
were measured at four locations (two close to
each of both boring locations) using white feld-
spar marker horizons of 60 by 60 cm, placed on
the marsh surface on 30/03/2000. Thickness of
sediment deposits was estimated after 2 years by
the mean and standard deviation of six measure-
ments above each marker horizon, using a small
gauge (diameter = 1.5 cm).

3.2. Measurement of actual sediment dynamics

During a 1-year period (April 2000^April
2001), temporal variations of suspended sediment
concentration in the £ooding water were mea-
sured, using an automatic sampling station, lo-
cated at the boring location on the young marsh
(see Fig. 3d). For every tidal inundation during
the year, the water level above the marsh surface
was measured automatically every 5 min with an
ISCO £owmeter 4220 and saved as digital time^
inundation height data. At the same time, samples
from the £ooding water were automatically
pumped up from a sampling point, located at
0.15 m above the marsh surface, and stored in
1 litre bottles with an ISCO sampler 6700. The
sampler and £owmeter were programmed in
such a way that, once the inundation height was
higher than 0.15 m, a ¢rst sample was taken. Sub-
sequent samples were collected every 30 min, until
the water level was again below 0.15 m above the
marsh surface. This sampling routine was re-
peated for each inundation cycle during the
1-year measuring period. Every 15 days (after
each neap^spring^neap tidal cycle) the ¢lled bot-
tles were collected and replaced by empty ones. In
the laboratory, water samples were ¢ltered with
¢lter papers (pore diameter = 0.45 Wm) to deter-
mine the suspended sediment concentration (SSC
in g/l). In order to reduce the laboratory work,

samples of only four or ¢ve tidal inundation
events were analysed for each spring^neap cycle
so that the full range of low to maximum inunda-
tion events during that spring^neap cycle was cov-
ered. In all, 194 samples were analysed, covering
102 tidal inundations spread over 25 spring^neap
cycles or 27% of the total number of inundation
events during the 1-year measuring period.

3.3. Description of the numerical model

Following the zero-dimensional time-stepping
models of Allen (1990, 1995, 1997) and French
(1993), the rate of change in marsh surface eleva-
tion E (in m relative to a ¢xed datum) at a certain
point may be written as:

dE=dt ¼ dSmin=dtþ dSorg=dt3dP=dt ð1Þ

where dSmin/dt is the rate of mineral sediment de-
position, dSorg/dt the rate of organic sediment de-
position and dP/dt is the rate of compaction of
the deposited sediment, after dewatering, under
younger sediment load. All terms are in m/yr.

The yearly rate of mineral sediment deposition
dSmin/dt is further speci¢ed as (after Krone,
1987):

dSmin

dt
¼

Z
year

Z
T

wsCðtÞdt
b

ð2Þ

Sediment deposition is here classically modelled
as the product of a characteristic settling velocity
ws (in m/s) and the depth-averaged concentration
C (in g/l or kg/m3) of the suspended sediment
above the marsh surface. During one tidal inun-
dation, C varies with time t. In order to obtain
the thickness of the deposited sediment layer, this
product is divided by the dry bulk density b (in
kg/m3) of the inorganic surface sediment, after
dewatering over spring^neap and seasonal time-
scales. This deposition term is ¢rst integrated
over the total duration T of one tidal inundation
and then over all inundations during a year. Eq. 2
ignores the existence of a vertical sediment con-
centration gradient in the water column overlying
the marsh surface, and assumes that there is no
resuspension of sediment, once it has settled to
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the marsh surface. These assumptions are accept-
able, because the inundation heights and £ow ve-
locities above the marsh surface are typically low,
due to the very £at topography and hydraulic re-
sistance by the dense and high marsh vegetation.

The temporal variation C(t) during one inunda-
tion is modelled using the following mass balance
equation:

d½hðtÞ3E�CðtÞ
dt

¼ 3wsCðtÞ þ Cð0Þdh
dt

ð3Þ

where h(t) is the time-dependent water surface el-
evation, E is the elevation of the marsh surface
for a given year and C(0) is the sediment concen-
tration (in kg/m3) in the £ooding water. h(t) and
E are expressed in m relative to a ¢xed datum.
Eq. 3 describes the change in suspended sediment
mass above a unit area of the marsh surface (¢rst
term), as a result of the vertical settling of sus-
pended sediment (second term) and lateral £ux of
water with a suspended sediment concentration
C(0) (third term). C(0) will have a speci¢c value
during the £ood tide (when dh/dts 0), while dur-
ing the ebb tide (when dh/dt6 0) C(0) is set to
equal C(t). This equation also assumes that there
is no resuspension after sediment deposition. Fur-
ther derivation of Eq. 3 leads to the mass balance
equation that was proposed by Krone (1987) and
also used by French (1993):

½hðtÞ3E�dC
dt

¼ 3wsCðtÞ þ ½Cð0Þ3CðtÞ�dh
dt

ð4Þ

The function h(t), describing the temporal var-
iation of the water level within one semidiurnal
tidal cycle, is modelled using the average tidal
curve at Temse (Fig. 5a), where the nearest tide-
gauge station of the Waterways and Maritime Af-
fairs Administration is located (nearly 4 km up-
stream from the Notelaar marsh). We suppose
that this mean tidal curve simply moves up or
down as the high-water level is higher or lower.
This simpli¢cation is acceptable because only the
uppermost portion of the tidal curve £oods the
marsh surface. h(t) can then be calculated for
any tidal inundation with a high-water level
h(tHW) as:

hðtÞ ¼ a
1

1þ t3x0
b

� �2 þ hðtHWÞ3hðtMHWÞ ð5Þ

where a, b and x0 are constants (a=5.3787;
b=10837.0147; x0 = 220.2821) and h(tMHW)=
the mean high-water level ( = 5.44 m T.A.W. at
Temse; Claessens and Meyvis, 1994).

From Eqs. 5, 3 and 2, dSmin/dt can now be
computed for single tidal inundations with a cer-
tain high-water level h(tHW). To calculate the total
sedimentation rate dSmin/dt for every year in the
simulation period, the frequency distribution of
high-water levels has to be simulated for every
year. To do this we used the observed evolution
of yearly mean high-water level (MHWL) at
Temse and the yearly-averaged frequency distri-
bution of high-water levels around MHWL at
Antwerp, which is the nearest tide-gauge station

2

.

Positive plasmid

+pHybLex/Zeo-Lamin

. . . . .

2

Fig. 5. (a) Observed (dots) and modelled (line) mean tidal curve at Temse for the period 1981^1990. (b) Observed (dots) and
modelled (line) high-water frequency distribution at Antwerp for the period 1981^1990 (all observed data are supplied by the
Waterways and Maritime A¡airs Administration of the Flemish Community).
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where these data are available (Claessens and
Meyvis, 1994). This frequency distribution is
modelled as (Fig. 5b):

PðHWLrelsXÞ ¼ y0 þ
a

1þ e3ðX3x0Þ=bð Þc ð6Þ

where HWLrel is the high-water level relative to
mean high-water level (in m) and a, b, c, x0 and y0
are constants (here a=100.5877, b=30.3160,
c=1.7014, x0 = 0.2414 and y0 =30.0017). P is ex-
pressed in percent.

The above-described simulation model was pro-
grammed as a routine in Matlab, solving Eqs. 5, 3
and 2 in time-steps of 300 s and Eq. 1 in time-
steps of 1 year. In this modelling study, the ob-
served long-term vertical growth of the Notelaar
marsh was simulated in order to test the model.
The assessment of representative values for the
model input parameters was based on the results
of the short-term ¢eld measurements.

4. Results

4.1. Observed long-term morphodynamics

The aerial photographs of the Notelaar marsh
show that the present-day marsh consists of two
sections: an old marsh, which is already present
on the photographs of 1944, and a young marsh,
which started to form between 1944 and 1951
(Fig. 3). As the old marsh is already shown on
the topographic maps of De Ferraris (1774^1777)
and Vandermaelen (1846^1854), it must have
formed before the end of the 18th century. These
maps indicate that the old marsh was then used as
a pasture. The aerial photographs of 1944 and
1951 show that the old marsh surface was then
divided into lots and covered by low grassy veg-
etation, which leads to the conclusion that the old
marsh was still used as a pasture (Fig. 3a,b). By
1965, the pasture had disappeared and was re-
placed by trees, mainly Salix and possibly also
Populus sp. (Fig. 3c). The rectilinear growing pat-
tern of these trees indicates that they were planted
for the cultivation of willow withes, which was
very common along the Sea Scheldt until the
end of the 1960s (Durinck, 1981). Since then an

abandoned Salix and Populus vegetation cover
developed at the old marsh (Fig. 3d).

In contrast, the young marsh has a di¡erent
history. Comparison of aerial photos shows that
the young marsh was not yet formed in 1944, and
instead, an unvegetated tidal £at existed (Fig.
3a,d). By 1951, a large part of this tidal £at was
colonised by Scirpus sp., typically growing in con-
centric patterns (Fig. 3b), which forms the initial
stage of the natural vegetation succession of fresh-
water tidal marshes within the Scheldt estuary
(Ho¡mann, 1993). By 1965, almost all of the Scir-
pus plants were replaced by a dense, closed Phrag-
mites australis cover, the next phase of the natural
vegetation succession (Fig. 3c). Between 1965 and
1998, some Salix trees expanded from the old
marsh to the young marsh, especially on the nat-
ural levees which developed along the streamside
border of the young marsh and along the main
tidal creeks. However, at present, Phragmites aus-
tralis remains the dominant plant species over a
large portion of the young marsh (Fig. 3d).

Both at the young and old marsh, ¢ve undis-
turbed sediment cores were collected, and the
macroscopic plant debris in the cores was identi-
¢ed (Fig. 6). For the old marsh, the upper sedi-
ment layer (to a depth of 49.8 Q 3.3 cm) contains
woody plant debris and oblong leaves as a con-
sequence of accumulation under the Salix vegeta-
tion. Deposits below this level contain no woody
plant debris but only small remains of grasses
(Fig. 6), indicating that these sediments were de-
posited while the old marsh was still under pas-
ture. For the young marsh, the recent Phragmites
australis phase is characterised by remains of cy-
lindrical hollow stems (Fig. 6). Below 72.3 Q 6.4
cm, the macroscopic plant debris is totally di¡er-
ent and consists of large amounts of dark-
coloured tubers and remains of three-cornered
stems, typical for Scirpus maritimus. This sharp
boundary between Phragmites australis and Scir-
pus deposits is also observed at the same elevation
in the cli¡s that border the young marsh plat-
form. Finally, below 122.4 Q 5.8 cm depth no
plant remains are found anymore, indicating
that this sediment was deposited when the young
marsh was not yet formed, and instead, an unveg-
etated tidal £at existed.
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Each contact level between these sediment
layers was dated using the aerial photographs,
resulting in a set of time^elevation points for
the young and old marsh (Fig. 4). One
additional point was added to Fig. 4: extensive
vegetation surveys on the freshwater marshes
of the Sea Scheldt showed that Phragmites aus-
tralis occurs at MHWLQ0.2 m (meanQ standard
deviation of 50 observations; Criel et al.,
1999). On the young marsh of the Notelaar,
Phragmites australis was ¢rst observed on the
aerial photographs of 1965. This allows us to
construct an additional time^elevation point on
Fig. 4.

Fig. 4 shows that the young marsh started to
grow between 1944 and 1951 at an elevation
clearly below that of the old marsh. The ¢rst col-
onisation of the bare tidal mud £at by Scirpus sp.
was situated at a level of 68.4 Q 5.8 cm below
mean high-water level at that time (MHWL in
black line in Fig. 4). This is in agreement with
the present-day observed appearance of Scirpus
along the freshwater zone of the Scheldt estuary
at a level of 0.6^1.7 m below MHWL (Ho¡mann
et al., 1997). After this Scirpus colonisation, the
young marsh quickly accumulated to a level only
about 0.3 m below MHWL, at a mean accumu-
lation rate of 4.6Q 3.2 cm/yr between 1947 and
1958. During the period 1958^2002, the young
marsh aggraded slower (1.8 Q 0.3 cm/yr), at a
rate only slightly higher than that of the old
marsh (1.2 Q 0.2 cm/yr), which is in equilibrium
with MHWL rise (on average 1.0 cm/yr; Fig. 4).
The actual accumulation rates, as measured with
feldspar marker horizons, are 1.6 Q 0.1 and
1.6 Q 0.2 cm/yr for the young marsh and
1.5 Q 0.4 and 1.3 Q 0.2 cm/yr for the old marsh.
Although these accumulation rates were measured
over only 2 years, they are in good agreement
with the above-mentioned long-term accumula-
tion rates.

4.2. Short-term temporal variations in suspended
sediment concentration

Field measurements of the temporal variation
in suspended sediment concentration (SSC) above
the marsh surface show that the SSC generally
decreases with time during a tidal inundation
cycle (Fig. 7), which is a consequence of settling
of the suspended sediment. The initial SSC (i.e.
the SSC at the beginning of an inundation cycle
at the moment that the inundation height exceeds
0.15 m) varies, however, from one tide to another.
Fig. 8 shows this variation of the initial SSC
(ISSC) as a function of the maximum inundation
height at high water for every inundation cycle
that was sampled. A positive linear relationship
is observed between ISSC and maximum inunda-
tion height: as the marsh is submerged by higher
tides, the £ooding water apparently has a higher
capacity to transport suspended sediment, so that
the ISSC is higher.

In addition, this increase of ISSC with maxi-
mum inundation height is much greater during
the winter (Oct.^Mar.) than during the summer
period (Apr.^Sept.). This observation appears to
be consistent with observed seasonal variations in
SSC in the stream channel of the Scheldt estuary,
which are generally attributed to seasonal varia-
tions in freshwater discharge, biological activity,
wind regime, and terrestrial erosion (e.g. Fettweis
et al., 1998). Allen (2000) also indicates that sea-
sonal changes in water viscosity, due to changes
in water temperature, can partly explain seasonal
variations in SSC in British estuaries. The ob-
served seasonal pattern can also be attributed to
sediment transport processes acting within the
marsh. Seasonal variations in the growing density
and in hydraulic resistance of tidal marsh plants,
for example, can play an additional role in reduc-
ing suspended sediment input to the centre of the
tidal marsh.

Fig. 6. Schematic core logs, presenting the plant debris found in sediment cores taken at the Notelaar marsh: Sa = remains of
Salix sp. (oblong leaves and wooden debris); Pa = pasture (remains of grasses); Ph = Phragmites australis (hollow stems); Sc=
Scirpus sp. (three-cornered stems and tubers); no = no plant remains (unvegetated tidal £at deposits). The contact elevations be-
tween sediment layers containing di¡erent plant debris are presented here as the arithmetic meanQ the standard deviation
(stddev.) of two series of ¢ve cores, one series taken at the old marsh and one at the young marsh. The scale bar on the photo-
graphs is subdivided into cm.
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4.3. Model implementation using empirical input
data

The numerical model was applied to the young
and old marsh of the Notelaar, using empirical
¢eld data as input values for the model parame-
ters (Table 1: model runs 1^4). For both the
young and old marsh, the simulation started
from the earliest time^elevation point that was
reconstructed from the aerial photos and sediment
cores: an initial marsh surface elevation E(0) of
4.35 m T.A.W. in 1947 was taken for the young
marsh, and 5.20 m T.A.W. in 1958 for the old
marsh. In order to solve the model equations,
we further needed input values for the rate of
organic sediment deposition dSorg/dt, the compac-
tion rate dP/dt and the sediment parameters ws,
C(0) and b.

dSorg/dt incorporates the deposition of organic
matter from below-ground roots as well as from
above-ground litter. dSorg/dt varies in response to
the succession of tidal marsh plant communities
and to complex variations in their biomass pro-
ductivity and decay processes, so that at present
dSorg/dt cannot be modelled in a simple way (Al-
len, 2000). Following the model applications of
Allen (1990) and French (1993) we assume as a
¢rst approximation that dSorg/dt is constant,
which is acceptable for mineral-dominated
marshes like the Notelaar marsh. Based on a
mean organic matter content of nearly 6%, mea-
sured in the sediment cores, and based on the
estimated actual growth rate of 0.015 m/yr (aver-
aged for the old and young marsh), dSorg/dt is set
to 9.1034 m/yr. Because the value of dSorg/dt is
very low, compared to values of dSmin/dt, dSorg/dt
will not have an important in£uence on the verti-
cal growth rate dE/dt.

The compaction dP/dt is simulated on a yearly
basis, so that compaction of recently deposited
sediment, primarily due to sediment dewatering
over spring^neap and seasonal cycles, is not in-
cluded. This e¡ect is in fact already included in
the value for the dry bulk density b in Eq. 2,
which is estimated at 350 kg/m3, based on ¢eld
measurements at the boring locations. The com-
paction term dP/dt only includes the compaction
of the deposited sediment, after dewatering, under

younger sediment load. Both Allen (1990) and
French (1993) assume in their model applications
that the compaction rate dP/dt after dewatering
can be set to zero. For the Notelaar marsh, no
signi¢cant increase in dry bulk density was ob-
served with increasing depth beneath the marsh
surface, indicating that compaction is not an im-
portant process. Therefore dP/dt is here set to
zero. Cahoon et al. (2000) also showed a close
correspondence between sediment accretion and
actual elevation change for UK marshes, con¢rm-
ing that compaction in such minerogenic marsh
types is not signi¢cant. However, on longer
time-scales and in more organogenic marsh types
compaction can play an important role (Pizzuto
and Schwendt, 1997; Allen, 1999, 2000).

To determine the settling velocity ws of the sus-
pended sediment, we did not carry out direct mea-
surements on the collected suspended sediment
samples, partly because of the low sediment con-
centrations, which would lead to unreliable mea-
surements of ws. Furthermore, such measure-
ments are very di⁄cult for ¢ne-grained estuarine
sediments as a consequence of aggregation and
formation of £ocs, which easily break up when
sampled (e.g. Eisma et al., 1997). However, from
our measurements, we made an estimation of the
in situ settling velocity by inverse modelling. For
44 inundation events, the temporal evolution of
the inundation height ([h(t)3E] in Eq. 3) and of
the suspended sediment concentration (C(0) and
C(t) in Eq. 3) were measured, so that the equiv-
alent ws can be calculated from Eq. 3 as:

ws ¼
Cð0Þ
CðtÞ31

� �
W
dh
dt
3
½hðtÞ3E�
CðtÞ W

dC
dt

ð7Þ

For all these inundation events ws was com-
puted in time-steps of 300 s and averaged over
the whole inundation period. The settling velocity
of suspended sediment in estuaries is generally
found to increase exponentially with suspended
sediment concentration, as a consequence of in-
creased interparticle collisions and £occulation
processes (e.g. Krone, 1962; Van Leussen, 1988;
Eisma et al., 1997). Krone (1987) also uses this
exponential relationship between ws and C(t) in
his salt marsh growth model. However, Fig. 9
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shows that there is no clear relationship between
the calculated ws and the initial SSC at the Note-
laar marsh. Teeter (2001) also indicates that this
relationship disappears for sediment concentra-
tions smaller than 0.100 g/l. Allen (1990) and
French (1993) indicate that complex variations
in ws exist in the ¢eld, but since the knowledge
is at present rather limited, they do not model
these variations and instead use a constant me-
dian settling velocity ws. Because no detailed
data for the Notelaar marsh are available and
this study focusses only on long-term suspended
sediment modelling, ws is treated here also as a
constant, and is estimated from Fig. 9 to be 1034

m/s.
In Eqs. 3 and 4, the suspended sediment con-

centration C(0) in the £ooding water is set to
equal C(t) during the ebb tide. During the £ood
tide, Krone (1987) and French (1993) assume that
C(0) has a constant value for all inundation
cycles. They both derive a value for C(0) by cal-
ibrating their model against an observed record of
long-term salt marsh growth. The obtained C(0)
value is then used as a constant in all subsequent
simulations. Allen (1990) does not model the tem-
poral variation of C(t) during a tidal cycle, like in
Eqs. 3 and 4, but only uses Eq. 2 with a sediment
concentration C, which is assumed to be constant
during a tidal cycle. Our ¢eld data, however,
clearly indicate that C(t), as well as C(0), are
not time-independent. C(t) decreases with time
during a tidal inundation (Fig. 7) and the initial
SSC, at the beginning of marsh inundation, varies
linearly with maximum inundation height (Fig. 8).
Therefore, C(0) cannot be considered as a con-
stant, but has to be speci¢ed as:

Cð0Þ ¼ k½hðtHWÞ3E� ð8Þ

where k is a constant, E is the marsh surface
elevation and h(tHW) is the water level at high
tide (both relative to a ¢xed datum). In order to
evaluate the in£uence of a linear increase of C(0)
with inundation height on the modelling results,
the model simulations were carried out twice.
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Fig. 7. Example of the temporal variation of the water level
above the marsh surface (solid line) and suspended sediment
concentration (SSC; broken line) during one tidal inundation
of the Notelaar marsh.

Fig. 8. Linear relationship between initial suspended sediment concentration (ISSC) and inundation height observed for 102 tidal
inundations at the Notelaar marsh during a 1-year period (Apr. 2000 to Apr. 2001). Note the di¡erence between summer (Apr.^
Sept.) and winter (Oct.^Mar.) observations.
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First a constant value for C(0) was used, follow-
ing Krone (1987) and French (1993). Based on the
¢eld measurements, a constant time-averaged C(0)
value of 0.040 g/l was chosen, which corresponds
with an observed median inundation height of
0.30 m above the surface of the Notelaar marsh
(Fig. 8). Secondly, Eq. 8 was incorporated in the
model by substitution in Eqs. 3 and 4. Since the
deposition rate dSmin/dt is calculated by the model
on a yearly basis, the observed seasonal variation
of k is not modelled but a constant value, aver-
aged over the year, of 0.1345 was derived from
the ¢eld data (Fig. 8).

4.4. Model results and evaluation

For individual inundation events, a continuous
decrease of SSC is predicted, which is in good
agreement with the ¢eld observations (compare
Fig. 10a with Fig. 7). Furthermore, the simulated
sedimentation rate dSmin/dt, summed over the
whole period of an inundation cycle, increases lin-
early with maximum inundation height when C(0)
is treated as a constant, while an exponential in-
crease is observed when C(0) is de¢ned as a func-
tion of inundation height (Fig. 10b). In the latter
case, much greater sedimentation rates are pre-
dicted, especially for tidal cycles that result in
high inundations.

The ¢nal modelling results for the young and
old marsh of the Notelaar are shown in Fig. 11.
The implementation of Krone’s model, using a
constant C(0) value, results in an important
underestimation of the observed growth at the

Notelaar marsh, both for the young and for the
old marsh. However, when the relationship be-
tween C(0) and inundation height is incorporated
in the model, the observed vertical growth is very
well predicted. The original model of Krone
(1987) strongly underestimates the sedimentation
rate dSmin/dt, especially for young marsh surfaces,
which have a lower elevation and which are con-
sequently £ooded by more and higher tidal inun-
dations (Figs. 10b and 11). His model produces
somewhat better results with a constant C(0)
value which is about twice the measured mean
value of 0.040 g/l, but in this case also his model
does not simulate well the strongly asymptotic
decrease of the vertical growth rate of the young
marsh. This leads to the conclusion that the use of
a constant C(0) value results in biased predictions
and that the relationship between C(0) and inun-
dation height has to be incorporated in the exist-
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Fig. 9. Variation of settling velocity ws at the Notelaar
marsh as a function of initial suspended sediment concentra-
tion (ISSC).

Fig. 10. Comparison of modelling results using a constant
C(0) (of 0.040 g/l) (black dots) or C(0) = k[h(tHW)3E)
(k=0.1345) (grey dots): (a) example of predicted tidal curve
(triangles) and temporal evolution of suspended sediment
concentration SSC (dots) during one tidal inundation with
maximum inundation height = 0.55 m; (b) predicted sedimen-
tation rate as a function of inundation height for individual
tidal inundations of the marsh surface.
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ing simulation models to predict successfully the
vertical growth rate of tidal marshes.

5. Discussion

The observed vertical growth of the Notelaar
freshwater tidal marsh corresponds very well
with the widely expressed idea that low, young
salt marshes are characterised by a higher growth
rate than high, old marshes. As the marsh surface
rises, the growth rate will progressively decrease
as a consequence of decreasing frequency and pe-

riod of tidal inundation (e.g. Steers, 1977; Letzsch
and Frey, 1980; Pethick, 1981; Allen and Rae,
1988). The old marsh of the Notelaar has reached
an equilibrium level relative to the tidal frame, at
an average elevation of 0.1^0.2 m above MHWL,
and accumulates as fast as MHWL rises. The
young marsh started to grow at a lower elevation.
Since then it accumulated very quickly and
asymptotically almost up to the equilibrium level
of the old marsh (Fig. 11). This is in accordance
with the ¢ndings of Pethick (1981), who showed
that a strongly asymptotic relationship exists be-
tween age and elevation of salt marshes in north

Table 1
Summary of model runs and input parameter values

Model run E(0) (m T.A.W.) Period MHWL change

Model evaluation
Old marsh observed time series (see Fig. 11)
(1) C(0) = constant= 0.040 g/l 5.20 1958^2000
(2) C(0) = k[h(tHW)3E) (k=0.1345) 5.20 1958^2000
Young marsh
(3) C(0) = constant= 0.040 g/l 4.35 1947^2000
(4) C(0) = k[h(tHW)3E) (k=0.1345) 4.35 1947^2000
Simulations under future sea-level rise
Young marsh exponential increase (see Fig. 12)
(5) C(0) = constant= 0.040 g/l 5.60 2000^2100
(6) C(0) = k[h(tHW)3E) (k=0.1345) 5.60 2000^2100

For every model run: ws = 1034 m/s; Cs = 350 kg/m3 ; dSorg/dt=6U1034 m/yr; dP/dt=0 m/yr.
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Fig. 11. Observed (symbols) and predicted (lines) vertical growth of the young marsh (in grey) and old marsh (in black) of the
Notelaar. Model predictions, with C(0) = constant ( = 0.040 g/l) are indicated with broken lines, while predictions with
C(0) = k[h(tHW)3E) (k=0.1345) are indicated with solid lines.
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Norfolk (UK). Also, a negative correlation be-
tween marsh elevation and sedimentation rate
was found in other salt marshes, both from
long-term observations (e.g. Allen, 1990; French,
1996) and from short-term measurements (e.g.
French, 1993; Allen and Du¡y, 1998).

The very fast growth of young freshwater tidal
marshes in the Scheldt estuary implies that the
inundation frequency and height quickly decrease,
and that the initial phase in the vegetation succes-
sion with Scirpus sp. is consequently rapidly fol-
lowed by the next phase with Phragmites australis.
The Scirpus phase at the young marsh of the
Notelaar had already come to an end at most
15 years after the marsh was formed (Fig. 3).
The fast growth of young marshes is one possible
explanation why the area of freshwater Scirpus
marshes is at present so small along the Sea
Scheldt, while the older phases with Phragmites
australis and Salix are very common.

The implementation of the model, using
Krone’s (1987) original mass balance equation
with a constant C(0) value, resulted in a clear
underestimation of the observed growth of both
the young and old marsh of the Notelaar (Fig.
11). We found that the use of a constant value
for C(0) is responsible for the failure of the model.
Reed (1995), for example, noticed that not only
long-term changes in marsh inundation but also
changes in suspended sediment concentrations
will have an important in£uence on the long-
term response of tidal marsh surfaces. Until
now, however, it was found to be very di⁄cult
to predict the long-term response of over-marsh
suspended sediment concentrations to any
changes in marsh inundation height and fre-
quency (Reed, 1995). However, we observed an
increase of ISSC with inundation height from
short-term ¢eld measurements and considered
this increase to be the main mechanism control-
ling long-term changes in ISSC when tidal marsh
inundation is changing.

A similar positive linear relationship between
ISSC and inundation height was observed by
Christiansen et al. (2000) on a coastal salt marsh
in Virginia (USA), indicating that this modelling
approach is possibly also applicable to other tidal
marshes in the world. Furthermore, as discussed

above, the long-term asymptotic growth of the
Notelaar marsh corresponds very well with long-
term accretionary mechanisms reported from oth-
er, more marine salt marshes (e.g. Pethick, 1981;
Allen, 1990; French, 1996), which further sup-
ports the applicability of the model. However,
further research is needed to test the possibilities
of the presented model structure, to predict ob-
served tidal marsh growth rates at other marsh
locations, and to come to a more thorough vali-
dation of the model.

For the Notelaar marsh, the main processes
that caused changes in tidal marsh inundation,
and consequently in suspended sediment supply
and deposition, are the vertical rise of the marsh
surface and the rising mean high-water level. Oth-
er processes, like subsidence or tectonic uplift,
were not incorporated in the model, since they
are negligible compared with the above-men-
tioned processes, at least for the Notelaar marsh.
However, in other marsh areas in the world, sub-
sidence or tectonic uplift may impact tidal marsh
growth (e.g. Sherrod, 2001) as a consequence of
increased or decreased marsh inundation, sedi-
ment supply, and deposition.

The incorporation of the positive relationship
between ISSC and inundation height has impor-
tant consequences for the existing simulation
models and the conclusions resulting from their
implementation. The existing models of Krone
(1987), Allen (1990, 1995, 1997) and French
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Fig. 12. Simulation of vertical marsh growth for the next
century, starting from the observed 2000 elevation of the
young marsh of the Notelaar, under a scenario of exponen-
tial rise of mean high-water level (thin black line), and using
a constant C(0) ( = 0.040 g/l) (thin grey line) or
C(0) = k[h(tHW)3E) (k=0.1345) (solid grey line).
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(1993) were speci¢cally used to study the long-
term vertical rise of tidal marshes when sea level
is rising. Fig. 12 illustrates how the long-term
simulation of tidal marsh growth under a future
scenario of accelerated sea-level rise is in£uenced
by the use of a constant C(0) or a C(0) as a func-
tion of inundation height (see also Table 1, model
runs 5 and 6). Several studies, like the modelling
study of French (1993) for the salt marshes along
the coast of north Norfolk (UK), indicate that
marsh vertical growth rates may not be enough
to keep pace with future accelerated sea-level rise.
The simulations of French (1993) showed that,
under the most extreme sea-level rise scenarios,
this will result in ‘drowning’ of tidal marsh vege-
tation and degradation to bare tidal mud £ats.
Our simulation model, however, illustrates that,
even under an extremely accelerated exponential
MHWL rise, degradation of tidal marsh vegeta-
tion at the Notelaar marsh will be much longer
delayed when the positive correlation between
C(0) and inundation height is taken into account
(Fig. 12). This correlation is responsible for a
strong feedback mechanism through which higher
and more frequent marsh inundation results in
much higher sedimentation rates. Model simula-
tions, which are based on a constant C(0), result
in underestimated sedimentation rates and predic-
tions of exaggeratedly fast tidal marsh degrada-
tion. It can therefore be concluded that the long-
term over-marsh suspended sediment regime has
an important in£uence on long-term vertical
marsh growth and that it is extremely important
to incorporate the positive correlation between
SSC and marsh inundation to model successfully
the long-term behaviour of tidal marsh platforms.

6. Conclusions

(1) The long-term vertical growth of fresh-water
tidal marshes in the Scheldt estuary is character-
ised by an asymptotic growth curve. Once a bare
tidal mud £at is colonised by plants, the sediment
surface rises rapidly due to sedimentation, until a
certain level is attained, which is nearly equal to
mean high-water level. After that, the growth rate
quickly decreases and the marsh surface is slowly

built up to an equilibrium level, which is only 10^
20 cm higher than mean high-water level. This
growth pattern is in accordance with long-term
accretionary mechanisms, reported from more
marine salt marsh environments.

(2) Intensive short-term ¢eld measurements
showed that the initial suspended sediment con-
centration, in the water that £oods the marsh sur-
face at the beginning of an inundation, increases
linearly with maximum inundation height, at high
tide. In addition, this increase is much greater
during the winter than during the summer period.

(3) A zero-dimensional time-stepping model
successfully simulates the observed long-term his-
torical growth of the Notelaar marsh, using short-
term empirical values for the input parameters
and incorporating the above-mentioned relation-
ship between sediment concentration and inunda-
tion height. Application of the existing models of
Krone (1987) and French (1993), without consid-
ering this relationship, leads to a strong underes-
timation of the observed historical growth and
leads to biased predictions of vertical marsh
growth under future scenarios of sea-level rise.
Therefore the observed relationship between sedi-
ment concentration and inundation height has to
be incorporated to fully explain and successfully
simulate the long-term vertical growth of tidal
marshes.
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