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Spatial patterns in accretion
on barrier-island salt marshes

Alma V. de Groot, Jan P. Bakker, Dries P.J. Kuijper, Roos M. Veeneklaas

Chapter 7 

Abstract
On barrier-island salt marshes, sedimentation is generally spatially heterogeneous. In

this chapter, we studied the size of spatial accretionary patterns and the spatial varia-

tion in accretion associated with these patterns. For this, variograms (geostatistics) of

long-term accretion in the form of top-layer thickness on the barrier island of

Schiermonnikoog (NL) were calculated. We related the detected patterns to marsh age,

topography of the underlying sand surface and soil elevation.

Patterns in top-layer thickness are of various spatial sizes, ranging from 3 to 900 m and

nested into each other. The structure and size of the patterns often change with marsh

age. Although the elevation of the underlying sand surface is an important large-scale

control on accretion, during marsh development independent spatial patterns are

superimposed. The evolution of such patterns on the high and middle marsh is

described in more detail. Patterns in accretion are generally not related to those in soil

elevation.

The variance in top-layer thickness increases with increasing pattern size. Combined

with the complexity of the patterns, this means that the variation in accretion is not

spatially constant. When scaling up accretion data, the uncertainty in derived accretion

values is therefore not straightforward to quantify.

Upper photo: Jos, Niek, Jan, Yzaak, Mariska and Roos
measuring top-layer thickness and soil elevation
(and vegetation composition) on one of the permanent
transects on Terschelling.
Lower photo: taking measurements of top-layer thickness
with a small soil corer.



7.1 Introduction

Sedimentation on tidal salt marshes varies spatially. There are many studies that
describe actual and modelled sedimentation rates on various types of tidal marsh, for
minerogenic marshes (i.e. dominated by mineral sedimentation) summarised in for
instance the reviews of Allen (2000), French (2006) and Friedrichs and Perry (2001).
The most important parameters governing sedimentation within such marshes are the
local elevation of the marsh platform relative to sea level (determining inundation
frequency and duration) and the distance to the nearest sediment source, i.e. the
marsh creeks and/or the intertidal flats. Elevation and distance to the nearest source
are not constant in space, giving rise to spatial patterns (i.e. patchiness) in marsh
accretion1 on various spatial scales.

The presence of variously-sized spatial patterns in sedimentation has implications
for making reliable predictions of accretion, for example in relation to sea-level rise
(French et al., 1995; Temmerman et al., 2005a). Although the uncertainty in accretion
rates is in the first place given by the measurement error, if the measurements are used
to represent a certain area, a second component of the uncertainty is introduced. This
is the (natural) spatial variation in accretion within that area.

Geostatistics are developed for the description of spatial variations in geographical
variables such as marsh accretion (e.g. Burrough and McDonnel, 1998; Armstrong,
1998). Of these, variograms express variation as a function of geographical distance.
French et al. (1995) used variograms to detect spatial patterns in short-term marsh
accretion. They found that on the two investigated marshes, horizontal pattern size
(i.e. patch size) depended on the age of the marsh. The dominant pattern size on the
younger marsh was smaller (20 m) than that on the older marsh (200 m). They attrib-
uted this to the development of the marsh and in particular that of the creek systems.
In that case, spatial pattern sizes derived from accretion data can be used to identify
geomorphological processes. Van Proosdij et al. (2006) did the same for single-tide
accretion on a macro-tidal marsh and found spatial patterns with horizontal sizes of
30 – 35 m.

The previously mentioned studies (French et al., 1995; Temmerman et al., 2005a;
Van Proosdij et al., 2006) were all based on short-term measurements of accretion,
ranging from a single tide to spring-neap cycles. Such data may not always be represen-
tative for long-term (net) accretion. The main aim of this chapter is therefore to iden-
tify spatial patterns in long-term accretion, specifically for barrier-island salt marshes.

Based on the geomorphology of barrier-island salt marshes, we expect the accre-
tionary patterns to be hierarchical (Allen, 2000). There may be patterns associated
with the elevation gradient from dunes to intertidal flats (Van Wijnen and Bakker,
2001), creek networks (French et al., 1995) and micro-topography (Langlois et al.,
2003; Qual, 2003). Therefore we did measurements on various scales, zooming in from
the largest hierarchical scale of the entire marsh to the catchment scale (i.e. the area
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1 Accretion and sedimentation are used interchangeably in this text.



connected to one creek and its branches) and ending at the sub-catchment scale. After
identifying the patterns, we will investigate whether the patterns are related to marsh
age and actual and inherited topography.

The second aim is to identify the variation in accretion values within the spatial
patterns. This variation is an indication of the uncertainty that is introduced by
scaling up small-scale measurements.

7.2 Methods

7.2.1 Study sites
The main study area is the Dutch barrier island of Schiermonnikoog. To allow more
general interpretation within the Wadden Sea, we present additional data from
Terschelling (NL) and Skallingen (DK). A description of the sites is given in Chapter 2.

7.2.2 Measurements
Net accretion is defined as total top-layer thickness (where the top layer consists of
fine-grained and interspersed sand layers) on top of a continuous base layer of sand2.
It was measured using a small soil corer, as described in Chapter 2. The estimated
uncertainty in top-layer thickness is between 0.5 and 2.0 cm, caused by compaction of
the core and the occurrence of unclear transitions between base and top layer (see
Chapter 2).

Soil elevation (see Chapter 2) is used to describe the present-day topography. Soil
elevation minus top-layer thickness gives the elevation of the underlying sand surface,
referred to as the base elevation. This is the expression of the pre-marsh topography.
Marsh age and the geographical coordinates at the measurement locations were deter-
mined as described in Chapter 2.

7.2.3 Measurement layout
The analysis was carried out on three landscape levels, using data from several aggre-
gated measurement layouts. Data from these layouts were already partly reported in
Chapter 6 and various other publications (e.g. Olff et al., 1997; Van Wijnen and
Bakker, 2001; Kuijper and Bakker, 2003). The main measurements were carried out
between 2002 and 2007, amounting to a total number of 10 449 cores. To outline the
salt-marsh deposits, the measurements included parts of the dunes and intertidal flats
(Figure 7.1). Which of the data were actually used in a specific calculation, depends on
the size of the area under consideration. This was done to avoid unbalanced datasets
that could potentially lead to artefacts in the calculated variograms (Hengl, 2007).

Salt-marsh landscape
The first scale considers that of the entire marsh, with a size of several kilometres. The
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2 In some of the older measurements, only the fine-grained layers were recorded while omitting
sand layers.



dataset consists of a large grid east of the 3rd creek, already described in Chapter 6. For
this chapter, all recordings are used individually, giving a total of 801 cores.

Catchment
The second scale under consideration is that of the catchment. We delineated five areas
covering between one and five catchments: 9th – 13th creek, 11th – 12th creek (overlap-
ping with the young catchment in Chapter 6), 6th – 10th creek, 5th – 8th creek and 3rd –
4th creek (Figure 7.1). The shore-parallel length of the areas is 2 km and shore-normal
width between 250 m and 2 km. The ages of the marsh of these areas range from 0 to
100 years, so that the relation with marsh age can be studied. The calculations consid-
ered parts of the grid and, if included in the area, measurements from a smaller grid
close to ‘SCH_T2’, on which every 20 m the thickness of only the fine-grained layers
was recorded. In the eastern areas, six transects with measurement spacing of 5 m were
included.

Sub-catchment
The third scale considers the sub-catchment level. For this scale, various measurement
layouts were used.
1) On Schiermonnikoog, transects were located perpendicular to the salt-marsh edge
and creek levees of the older marsh, with measurement spacing between 0.25 and 10
m (E1 – E12 in Figure 7.1). Three recordings were taken at each measurement point.
2) On the low-middle marsh of Schiermonnikoog, four blocks were laid out in appar-
ently homogeneous areas on salt marshes that formed between 1964 and 1993. Block
T0 was 25 m x 25 m, the other blocks (block T1 – T3) had sides between 50 and 150
m. The blocks were all close to a high-middle marsh transect (described next), but
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Figure 7.1. The layout of the measurements on Schiermonnikoog. See text for the explanation
of the names.



then at a lower marsh elevation. Measurement spacing in the blocks ranged between
0.25 and 5 m.
3) On the high-middle marsh, including part of the dune foot, transects of 10 m wide
and 40 to 68 m were laid out, consisting of a 1 m x 1 m grid. Eight transects are located
along the chronosequence of Schiermonnikoog (SCH_T0 – T3 and SCH_T5 – T8),
four on Terschelling (TERS_T1 – T4) and three on Skallingen (SKAL_T1 – T3). The
locations are given in Figure 7.1 and Figure 6.2. From Terschelling and Skallingen,
these transects provide the only data. At TERS_T1, TERS_T2, SKAL_T1 and
SKAL_T3, top-layer thickness was only measured on the two outer columns and soil
elevation was omitted. Transects SCH_T7 and SCH_T8 are located adjacently and
were therefore analysed together.

Pattern development
The development of accretionary patterns through time will be derived in two ways.
Firstly, we use space-for-time substitution. As the marsh on Schiermonnikoog exhibits
a chronosequence and the age of the marsh at all sites is known, the patterns on sites
with various age can be compared. Secondly, we use additional data from 1992, 1997
and 2001 from several of the high-middle marsh transects. In contrast to the more
recent measurements, these data do not include interspersed sand layers in the top
layer. This will not lead to large effects, as on most of these sites the difference between
top-layer thickness and the thickness of the fine-grained layers is small (Chapter 6).

7.3. Geostatistical analysis

The spatial patterns of top-layer thickness, soil elevation and base elevation were
described using variograms. Geostatistics and more specifically, variograms, are used
for representing the spatial variation of geographic variables that are too complex to
be modelled by a deterministic function (e.g. Burrough and McDonnel, 1998;
Armstrong, 1998). Top-layer thickness and base and soil elevation are examples of
such spatially dependent variables. The spatial distribution of such variables generally
consists of three components: 1) a structural component called drift or trend, 2) irreg-
ular but spatially correlated variation and 3) random, uncorrelated local variation.

The spatially correlated variation (component 2) is expressed in a variogram
(Figure 7.2). This graph plots the average difference between the values of a measured
variable at two points (semivariance γ) as a function of geographical distance between
these points (lag h):

γ^(h) =      
1 ∑

i=1

n(h)
{z(xi) – z(xi + h)}2, (7.1)

2n(h)

where z(xi) is the value of the measured variable at point xi, z(xi + h) is the value at a
point with distance lag h from xi, and n(h) the number of observations with lag h.
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In a landscape, the difference in value between two points generally increases with
distance between them. Hence the semivariance increases with increasing lag distance.
However, after a certain distance called the range (A), the semivariance often levels off.
This is the distance at which points become uncorrelated, giving the average geograph-
ical size of the spatial patterns.

The value of the semivariance at which the variogram levels off is called the sill.
Within a spatial pattern, the standard deviation of the parameter for which the vari-
ogram is calculated can be found from the value of the sill:

s = √(C0 + C) , (7.2)

where C is the scale of the variogram3 and C0 the nugget variance (Figure 7.2). The
nugget variance is the intercept with the vertical axis and represents measurement
error and short-range spatial variation (component 3). The ratio between sill and
nugget is an indication for how well the pattern is structured (i.e. how pronounced the
pattern is), where high ratios stand for strong structuring.

An underlying trend (component 1) may obscure spatial patterns in a variogram
and is therefore preferably removed before a variogram is calculated.

A variogram calculated from observed data is called an experimental variogram. A
variogram model is a mathematical function that is subsequently fitted to the experi-
mental variogram. There are several standard variogram models available, for which
the equations can be found in textbooks on geostatistics. A fitted variogram model
provides a set of spatial weights that are used when the data are interpolated using the
method of kriging, which is generally one of the preferred methods for interpolating
spatial data.
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3 In the rest of the text we will use the word ‘scale’ in a different sense, namely the size of the
area under consideration.



The shape of the fitted variogram model is an indication of the type of spatial
pattern (see Table 7.1). Unbounded variograms form a special category of variogram,
in which the semivariance does not level off. This indicates the presence of a trend
and/or a spatial pattern that is larger than the measurement area. Linear and quadratic
models are examples of unbounded variograms.

We calculated and fitted variograms using the GIS package Surfer (version 8.00,
Golden Software, 1999). Following Armstrong (1998), outliers were removed and the
data were detrended. The detrending reduces the associated standard deviations.
Finally, an appropriate variogram model was fitted to each experimental variogram,
from which sill, range and nugget could be determined.

In this chapter, the ranges A of the variograms will be used to compare the sizes of
the spatial patterns. For the case of the Gaussian and exponential models, the practical
range is used, i.e. the distance at which the semivariance reaches 95 % of the value of
the sill. This is 1.73·A for the Gaussian model and 3·A for the exponential model
(Armstrong, 1998).

The variograms were inspected for the presence of anisotropy. This is the case
where the range and/or sill (i.e. pattern size and variance) are directionally dependent.
Anisotropy may for instance be caused by dominant transport patterns that determine
the distribution of the variable. It is identified by inspecting so-called directional vari-
ograms that only compare points in certain directions, as opposed to omnidirectional
variograms that consider all data points.

In this chapter we will use scale for the size of the study area that is considered, for
example the entire marsh, a catchment or a unit within the catchment. Range is the
horizontal lag distance at which a variogram levels off (A), giving the horizontal size of
the spatial pattern. The calculated standard deviations are a measure for the vertical
dimension of the patterns.
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variogram model pattern type

spherical normal; most common
exponential less structured
Gaussian smooth
wave/hole (dip in semivariance periodicity
after reaching the sill)
linear trend and/or a spatial pattern that is larger 

than the measurement area
nugget (flat) absence of structure

Table 7.1. Variogram models and their corresponding spatial patterns (Burrough and
McDonnel, 1998; Armstrong, 1998).



7.4. Results

7.4.1 Spatial patterns on several spatial scales
Variation at the scale of the entire salt marsh
On the scale of the entire salt marsh of Schiermonnikoog, the variograms of top-layer
thickness were calculated using data from the large grid. The omnidirectional vari-
ogram with the fitted variogram model indicate the presence of two nested patterns
(Figure 7.3 and Table 7.2). The smallest pattern has a range of 175 m (given by the
change in slope in the variogram at a lag distance of 175 m) and the larger one a range
of 900 m (where the variogram levels off). It is possible that the 175 m range is related
to the measurement spacing of 200 m in the shore-parallel direction. The directional
variograms indicate the presence of anisotropy where both sill and range vary with
direction. Following the method of Wackernagel (1995), the WNW-ESE direction is
modelled with an isotropic spherical variogram with a range of 600 m; the unbounded
NNE-SSW direction is accounted for by adding a strongly anisotropic spherical vari-
ogram with a very large range (Table 7.2). These anisotropy directions do not coincide
with marsh topography (creeks or salt-marsh edge) and are therefore most likely not
related to transport patterns.

Using the spatial weights from the directional variograms, the spatial pattern of
top-layer thickness on the scale of the entire marsh was interpolated using kriging
(Figure 7.4). We chose the directional variograms because the resulting standard devi-
ations are lower than for the omnidirectional variogram. The map shows the expected
increase in top-layer thickness from east to west and from north to south (upper panel
of Figure 7.4). Thickest layers are found next to the largest creeks, covering only a
small part of the total marsh surface. Small dune complexes within the marsh are
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Figure 7.3. Experimental (i.e. calculated, dots) and fitted (line) variograms for the entire salt
marsh on Schiermonnikoog. Left panel: omnidirectional variogram; right panel: directional
variograms (N = 2184).



visible as patches without top layer. The standard deviation of the predicted top-layer
thickness, calculated in the kriging procedure, depends strongly on the density of data
points and is for the majority of the area 2 – 5 cm (lower panel of Figure 7.4).

Catchment-scale variation
In the areas on the catchment scale, the omnidirectional variograms of top-layer thick-
ness can all be described with spherical variogram models (Table 7.2 and Figure 7.5).
In the areas of the 9th – 13th and 3rd – 4th creek, the patterns are nested (i.e. a smaller
pattern inside a larger pattern), whereas in the other areas only one pattern is identi-
fied. Pattern size ranges from 75 – 100 m for the smaller nested patterns (including
that from sub-area 11th – 12th creek which is too small to capture larger patterns) to
600 m between the 3rd – 4th creek. Pattern structure (ratio between sill and nugget)

Spatial patterns in accretion

155

kr inging standard deviat ion

0

2

4

6

8

10

0

20

10

30

40

50

60

N

2 km

cm

cm
top- layer th ickness

Figure 7.4. Upper panel: interpolated top-layer thickness on the salt marsh on Schiermonnik-
oog using kriging. Lower panel: standard deviations of the interpolated values of top-layer
thickness. The dots represent measurements.



and variance (the level of the sill) increase with increasing marsh age, but pattern size
does not show a relation with age.

Although the omnidirectional variograms fit well to variogram models, in most
areas there is indication for anisotropy. The anisotropy axes are mostly oriented in the
shore-parallel (WSW – ENE) and shore-normal (NNW – SSE) directions. However,
this coincides with the data layout, having small data spacing in the shore-normal
direction and large spacing in the shore-parallel direction. Therefore, it is not clear
whether the found anisotropy is an artefact or a true characteristic of the patterns.

Sub-catchment scale variation
On the sub-catchments scale, the spatial sizes of the observed patterns in accretion
vary between 3 m and 145 m (Figure 7.6, Figure 7.7 and Figure 7.8). In a few cases
(e.g. E12), the variogram is unbounded and thus the spatial pattern is larger than can
be described with the particular measurement set-up. Anisotropy was not tested for
this scale, as the measurement layouts are not suited for that.

Across the salt-marsh edge of the older marshes, there is always a form of spatial
structure present (E1 – E7 in Figure 7.6). Ranges vary between 25 and 145 m and are
not related to marsh age. Perpendicular to the levee of the 3rd creek spatial structure is
absent (E11) or the pattern is larger than the transect could describe (E12).
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Of the blocks on the low-middle marsh, block T0 has a pattern with a range of 3 m
(Figure 7.7), which is of the same size as the micro-topography that was observed in
the field. The measurement spacing in the other blocks (5 m) is too large to detect
such patterns. In the youngest large block (block T1) there is only pure nugget varia-
tion, which means the absence of spatial correlation. The amount of structure and
pattern size increases with marsh age: 31 m in block T2 and 75 m in block T3.

The size and shape of the spatial patterns on the high-middle marsh on
Schiermonnikoog change with marsh age (Figure 7.8). Pattern size on the younger salt
marshes (SCH_T0 – SCH_T1) is in the order of 8 m. The ranges on the slightly older
locations (SCH_T2 – SCH_T3) are larger: in the order of 25 m. The marshes older
than 100 year (SCH_T5 – SCH_T8) have patterns that are larger than the transects are
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ogram models in Table 7.2.



able to capture. However, in SCH_T5 and SCH_T7&8 smaller patterns of 3 and 16 m
respectively are superimposed on the larger pattern. There is always nugget variance
(i.e. small-scale variation), which is of the same order of magnitude on all locations.
When compared to the blocks that are situated close by the transects but on lower
elevations, the patterns on the high marsh are more pronounced than those on the
low-middle marsh, visible in the higher sill-to-nugget ratio.

On Terschelling and Skallingen, the size of the accretionary patterns on the high-
middle marsh is of the same order of magnitude as those on Schiermonnikoog.
Terschelling has patterns with sizes between 17 and 25 m and spherical variograms for
TERS_T1, T2 and T3, and a linear variogram for TERS_T4 (located along a large
creek). Nugget (small-scale) variance is on average higher than on Schiermonnikoog.
On Skallingen, ranges are between 13 and 17 m, associated with spherical and
Gaussian variograms. Nugget variance is comparable to that on Schiermonnikoog.

In some of the variograms (for instance E5 and block T2), the semivariance drops
some distance after reaching the sill. This is an indication for some sort of periodicity
in the patterning, but not the true periodicity which would exhibit a shape fitting a
wave/hole model.
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location year of N model a) nugget scale range slope anisotropy standard
development C0 C A deviation

(cm2) (cm2) (m) (cm)

entire marsh 1913–present 2184 S+S 12 23 175 NNE-SSW 5.9
29 950 8.0

entire marsh, S+S 3 60 600 ratio 1 7.9
anisotropic 55 4000 ratio 0.1, 10.9

NNE-SSW
catchment scale
9th – 13th creek 1985–present 1123 S+S 2 8 80 ENE-WSW 3.2

12 350 4.7
11th – 12th creek 1974–present 1205 S 3 6.5 75 N-S 3.1
6th – 10th creek 1964–1993 915 S 14 27 225 - 6.4
5th – 8th creek 1964–1993 1123 S 12 43 275 ENE-WSW 7.4
3rd – 4th creek 1913–present 1121 S+S 10 50 100 E-W 7.7

50 600 10.5
sub-catchment scale, salt-marsh edge
E7 1964–1993 72 S 10 130 80 11.8
E6 1964–1993 73 S 5 43 29 6.9
E5 1939–1993 78 S 8 87 42 9.7
E4 1974–1993 75 S 20 59 25 8.9
E3 1874 62 S 10 119 33 11.4
E2 1874–1894 108 S 10 215 145 15.0
E1 1848–1874 86 E 22 59             19 (57) 9.0
E11 1913–1993 55 N 65 - - 8.1
E12 1894–1913 578 S+L 5 10 35 0.06 3.9

sub-catchment scale, low-middle salt marsh
block T0 1986 196 S 0.4 4.5            2.5 2.3
block T1 1980 443 N 4.2 - - 2.0
block T2 1969 554 G 10 3.7          18 (31) 3.7
block T3 1964 565 S 2.9 3.2 75 2.5

sub-catchment scale, high-middle salt marsh
SCH_T0 1995 602 G 1.5 4.2            9.5 (16.4) 2.4
SCH_T1 1984 656 S 3.5 8.5 7.5 3.5
SCH_T2 1974 647 S 2.1 4.3 25 2.5
SCH_T3 1957 639 S 1.3 8.9          23.5 3.2
SCH_T5 1900 649 S+L 2.2 0.95 3 0.061 1.8
SCH_T6 1894 500 L 1.32 0.137 -
SCH_T7&8 1850 987 S+L 4.5 11.5 16 0.135 4.0

TERS_T1 1925 – 1940 87 S 7.5 20 17 5.2
TERS_T2 1925 – 1940 80 S 4 30 25 5.8
TERS_T3 1925 – 1940 400 S 1 44 17 6.7
TERS_T4 1920 400 L 10 1.25 -

SKAL_T1 1900 – 1930 100 G 2.1 8.7 13 (22.5)
SKAL_T2 1900 – 1930 400 S 2.85 3 16 2.4
SKAL_T3 1900 – 1930 100 S 2.7 1.6 17 2.1

a) E = exponential; G = Gaussian; L = linear; N = nugget; S = spherical.

Table 7.2. Parameters of the variogram models that were fitted to the experimental variograms
for top-layer thickness. Locations can be found in Figure 7.1. Within the groups formed by
measurement layouts, the areas are ranked from young to old. In case there was indication for
anisotropy, the orientation of the axis with the largest range or the unbounded variogram is
given. For exponential and Gaussian variograms, the practical ranges are given between brackets.



7.4.2 Relations with topography and age
Topography
The relation between top-layer thickness and topography (base elevation giving past
topography and soil elevation present-day topography) is given in Figure 7.9. Top-
layer thickness increases non-linearly with decreasing base elevation and marsh age. In
contrast, the relation between top-layer thickness and soil elevation has the form of a
bell-shaped curve, with maximum top-layer thickness at middle marsh elevations.
Elevation and age are therefore the main factors determining the large-scale trend in
top-layer thickness.

To determine whether base elevation not only sets the general trend, but also deter-
mines spatial patterns on all scales, we calculated and fitted variograms of base and
soil elevation identical to those of top-layer thickness (Appendix 7A). The variograms
of soil elevation are generally similar to those of base elevation in model and range. As
with top-layer thickness, patterns occur on all landscape scales and their sizes vary.
Compared to the variograms of top-layer thickness, however, the majority of the
patterns are of different size and/or model, and there is also often a difference in the
presence of anisotropy and/or its direction. The difference in size amounts to a factor
seven. Therefore, when the large-scale trend imposed by elevation is removed, the
further relation between spatial patterns of top-layer thickness and elevation is poor.

Marsh age
The effect of marsh age on the catchment scale is an increase in the degree of struc-
turing of the spatial patterns in accretion (variograms of Figure 7.5). There is however
no relation between the size of the patterns and marsh age on this scale.

The size of the spatial patterns on the sub-catchment scale (variogram range A) is
plotted as a function of marsh age along the chronosequence in Figure 7.10. The size
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Figure 7.9. Relations between top-layer thickness and base elevation (left panel) and soil eleva-
tion (right panel) for five marsh age classes (years indicate the time of first vegetation develop-
ment). Top-layer thickness was averaged per elevation class of 5 cm (N = 9707).



of the accretionary patterns initially increases with salt-marsh age. Pattern sizes in the
order of metres are consequently absent on marshes of intermediate age. On older
marshes, developed around and before 1900, the size of the patterns increases further
and small-scale patterns develop inside the larger ones (because the variograms were
unbounded, these ranges are unknown and given in the graph by the vertical dashed
lines, with as minimum value the maximum lag of the variograms). On the high-
middle marsh, patterns with sizes of around 20 m are most common.

The short-term evolution of the spatial patterns on the high-middle marsh, based
on observations from 1992 to 2005, is given in Figure 7.11. In the transects on young
marshes (SCH_T0, T1 and T2), the degree of structure of the patterns increases as the
marsh develops. In SCH_T0 and SCH_T1, pattern size remains constant, whereas in
SCH_T2 the size increases with time4. In SCH_T3, SCH_T5 and SCH_T7, located at
marshes of intermediate and mature age, the degree of structuring decreases in time, in
SCH_T3 after an initial increase in structuring. Pattern size in SCH_T3 increases with
time, that of SCH_T5 cannot be determined and that of SCH_T7 decreases. On
Terschelling, in TERS_T3 the degree of structuring increases with time whereas pattern
size remains constant. On TERS_T4 something similar happens but probably the inclu-
sion of sand layers in the data of 2005 leads to a change in variogram. On Skallingen,
the pattern in SKAL_T2 becomes more pronounced over time, whereas that in
SKAL_T3 diminishes. In both Skallingen transects, the size of the patterns is not stable.

Chapter 7

162

0

20

40

60

80

ra
ng

e 
(m

)

20001840
year of development

SCH low-middle marsh

1860 1880 1900 1920 1940 1960 1980

SCH high-middle marsh
TERS high-middle marsh
SKAL high-middle marsh
unbounded

Figure 7.10. Variogram range of spatial patterns in top-layer thickness at the sub-catchment
scale, as a function of salt-marsh age. Only locations with approximate uniform age are shown:
high-middle marsh and low-middle marsh. If necessary the practical range is given. For the
locations where the age was not exactly known, the ranges are given as a horizontal line instead
of a single dot. Vertical dashed lines represent the unbounded variograms, with the minimum
expected range indicated by the symbol.

4 The strong increase in semivariance in SCH_T1 in 2005 is probably caused by the inclusion of
interspersed sand layers. At this location sand layers constitute 15 % of the top-layer thickness
but were omitted in 1992, 1997 and 2001.



7.4.3 Spatial patterns and measurement uncertainty
The standard deviation of top-layer thickness within the spatial patterns was deter-
mined from the sills of the variograms and equation 7.2 (Table 7.2 and Figure 7.12).
This gives the uncertainty in the area-wide value in case small-scale data are extrapo-
lated. It was necessary to detrend the data before calculating the variograms, as most
are otherwise obscured by a large-scale trend. Consequently, in the majority of the
calculations the standard deviation of the dataset is reduced by a few percent.
Exceptions are the salt-marsh edge where the standard deviation was reduced by
around 50 % and the locations on Terschelling with reduction of about 25 %. The sites
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Figure 7.11. Experimental variograms as a function of time for the high-middle marsh tran-
sects for which repeated measurements were available.



that are most affected by the detrending still have the largest standard deviations, so
that the general trend of Figure 7.12 is still valid.

The standard deviations are between 2 and 15 cm and increase with increasing size
of the spatial pattern. This increase is less steep and less clear on the catchment scale
than on the sub-catchment scale. This is probably due to the larger spacing of the
measurement points on the catchment scale, so that small-scale variations are not
observed. On the catchment scale, the standard deviation additionally increases with
marsh age (Table 7.2). This coincides with the average increase in top-layer thickness
with increasing marsh age (Figure 7.9). On the sub-catchment scale, the minimum
standard deviation is 2 cm, related to patterns up to 25 m. Standard deviations on
Terschelling are larger than those associated with similar scales on Schiermonnikoog
and Skallingen, even though the detrending affected the Terschelling data more.
Largest standard deviations occur perpendicular to the salt-marsh edge on
Schiermonnikoog.

7.5 Discussion

7.5.1 Spatial patterns
The first aim of this chapter was to identify spatial patterns in long-term accretion and
relate these to marsh topography and age. As general trend, top-layer thickness
increases non-linearly with decreasing base elevation and marsh age, which is consis-
tent with earlier observations and is visible in the zonation from dunes to intertidal
flats (Olff et al., 1997; Van Wijnen and Bakker, 2001). Long-term accretion gives rise to
nested patterns ranging in size from a few metres to 900 m with indication for
anisotropy, reflecting the general complexity of marsh accretion (e.g. Allen, 2000; Van
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Proosdij et al., 2006). The patterns occur on all investigated landscape levels. Based on
the various measurement layouts used in this chapter, we estimate that there are at
least three nested levels. This means that which pattern size is detected, depends on
measurement spacing and size of the measurement area. This explains for instance
why the patterns from the sub-catchment scale were not detected with the datasets of
the catchment scale, of which the measurement spacing is larger than these patterns.

The nested patterns indicate that large-scale processes determine overall accretion
and that small-scale processes modify accretion patterns locally, creating superim-
posed patterns. Although base and soil elevation also exhibit nested patterns, the
spatial accretionary patterns are, except for the large-scale trend, largely independent
from those in base and soil elevation.

During marsh development, the accretionary patterns are not stable in size and
shape. On the middle and high marsh of Schiermonnikoog, pattern evolution has
three stages (Figure 7.13):
● On young marshes up to 20 years old, the accretionary patterns start to form and

increase in structure, whereas pattern size is stable.
● As the marsh develops into intermediate age, the patterns become more

pronounced and their size increases (around 40 years old).
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● On mature marshes, the degree of pattern structure decreases whereas the develop-
ment of the size varies. In some cases new small-scale patterns emerge (maturity is
reached after around 100 years, Van Wijnen and Bakker, 2001; Van Proosdij et al.,
2006).

The available data indicate that the patterns develop faster on the high-middle marsh
than on the low-middle marsh. Based on the sparser data of the other islands, the
development on Terschelling seems to go at a slower pace than on Schiermonnikoog.
On Skallingen the direction of the development is not clear. Perpendicular to the salt-
marsh edge there is no trend in pattern size, probably caused by the variable degree of
lateral accretion at these sites.

Because creek networks generally consist of creeks of various order, the influence of
creeks may act on several spatial scales and vary between creek order (Stoddart et al.,
1989). From our data, the link between creek network development and pattern size,
suggested by French et al. (1995), is not directly clear for the catchment scale. Only the
anisotropy may be related to the orientation of the major creeks. On the local scale of
high-middle marsh, there is a clear effect of major creeks on accretionary patterns: the
variograms from sites close to creeks differ from sites without creeks, whereas the
patterns in base elevation are mostly comparable. For further relations with creek
development, however, analysis including data on creek density would be necessary.

7.5.2 Uncertainty in accretion measurements
The second aim of this chapter was to quantify the uncertainty in values of accretion
introduced by spatial variations in accretion inherent to the salt marsh. This is the
uncertainty in the prediction that is introduced when measurements from a small
scale are extrapolated to a larger area. This uncertainty was derived from the vari-
ograms (equation 7.2). It should be noted that the necessary detrending removed
some of the variation, so that the uncertainty values are indicative only.

The measurement error and variation on a scale smaller than the measurement
spacing can be derived by taking the square root of the nugget variance in the vari-
ogram, leading to values mostly between 1 and 2 cm. This is in agreement with the
initially estimated measurement error.

The spatial component of the uncertainty is reflected in the sill of the variogram.
The standard deviation derived from the sill gives the standard deviation that is
expected if the total spatial extent of that pattern is intensively sampled. The patterns
in salt-marsh accretion are nested and there is no characteristic pattern size outside
certain marsh zones (e.g. patterns around 20 m occur frequently on the high-middle
marsh but not elsewhere). Consequently, the spatial variation is a function of location
and landscape scale under consideration and is not straightforward to quantify. Most
reliable estimations of accretion are therefore derived from measurements that are
distributed over the entire area of interest. The trend associated with the base elevation
as well as shore-parallel variations are then automatically covered.

Care should be taken with the extrapolation of accretion values from a small scale
to be representative for a larger marsh area, if part of the spatial pattern is not
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sampled, because the resulting values may not be representative for the larger salt-
marsh area. This should be taken into consideration when using data that are very
detailed on a small scale but may not cover larger scales, such as marker plots,
Sedimentation-Erosion Tables (SET, Cahoon et al., 1999) and Sedimentation- Erosion
Bars (SEB, Van Duin et al., 1997). It also applies to cores taken for radiometric dating
of salt-marsh deposits, using for instance the radionuclides of 137Cs or 210Pb.

A way to gain insight into the spatial component of accretion uncertainty is to use
kriging for data interpolation. The kriging standard deviation gives the uncertainty at
unsampled sites (see Figure 7.4). This standard deviation depends on the values from
the variogram calculated from the data and the proximity of measurement locations.

The spatial prediction of a variable can be improved when it is linearly correlated
to another variable of which denser spatial data are available. This method of using
extra information in the kriging process is called co-kriging or regression-kriging
(Burrough and McDonnel, 1998; Hengl, 2007). For our study area, detailed elevation
data from laser-altimetry are available. However, the relation between top-layer thick-
ness and soil elevation was bell-shaped rather than linear (Figure 7.9, linear regression
gave R2 = 0.05, N = 9707). Consequently it is not possible to use co-kriging to improve
the spatial prediction of top-layer thickness by using detailed elevation data. In case
also suspended sediment concentrations would be available, spatial patterns in accre-
tion may be predicted with a calibrated regression model (Temmerman et al., 2005a).

7.6 Summary and conclusions

Measuring salt-marsh accretion is in general labour-intensive, so that often a trade-off
has to be made between accuracy and spatial covering. The spatial dimension of accre-
tion is consequently not always taken into account. This study integrated datasets of
net long-term accretion from several spatial scales, to gain more understanding on the
spatial dimensions of marsh accretion, geomorphology and the uncertainties in accre-
tion values.

Long-term accretion on barrier-island salt marshes gives rise to complex hierar-
chical patterns. We found patterns with sizes ranging from 3 m on sites with micro-
topography to 900 m at the scale of the entire marsh. The overall trend in accretion is
related to the slope of the underlying sand surface, but marsh development gives rise
to independent spatial patterns on all scales. The patterns change in structure and size
during marsh growth, which we described in a conceptual model for the middle and
high marsh.

Because the accretionary patterns are complex in space and time, and spatial varia-
tion is related to local pattern size, the uncertainty associated with scaling up small-
scale values to a larger area is not straightforward to quantify. To obtain representative
values for marsh accretion, measurement layouts should encompass the gradient in
base elevation and take into account the existence of spatial patterns on all scales and
directions.
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base elevation soil elevation
location model nugget scale range slope anisotropy model nugget scale range slope anisotropy

a) C0 C A b) a) C0 C A b)

(cm2) (cm2) (m) (cm2) (cm2) (m)

entire marsh S+S 125 475 500 ENE – WSW S+S 75 420 350 NW-SE
175 2000 200 2000

catchment scale
9th – 13th creek S 0 750 715 - S 0 900 650 -
11th – 12th creek N 275 - - NNE – SSW N 250 - - -
6th – 10th creek S 225 850 250 N – S S 0 575 250 -
5th – 8th creek S+S 150 425 150 NNE – SSW E 0 450 185

275 350 (555) -
3rd – 4th creek S 93 550 335 - S 100 385 300 -

sub-catchment scale, salt-marsh edge
E7 S 9 92 90 S 5 35 40
E6 S 5 50 35 S 5 90 35
E5 S 18 195 63 S 0 160 55
E4 W 50 150 10 W 20 150 10
E3 L 0 - - 26 L 41
E2 S 30 250 75 S 15 105 60
E1 N 43 - - E 0 250 36
E11 L 109 - - 6.5 L 5 - - 4.5
E12 S 0 130 32 S 5 70 27

sub-catchment scale, low-middle salt marsh
block T0 S 1 6.5 2.1 S 8.5 4
block T1 S 43 28 20 S 45 32 17
block T2 S 5 24 4 S 4 23 5
block T3 S 4.5 21 10 S 4 18 10

sub-catchment scale, high-middle salt marsh
SCH_T0 S+S 1 3 4 G+L 2 140 11 6.5

20 28 (19)
SCH_T1 W+L 15 75 1.9 1.55 W+L 0 62 2.35 2.7
SCH_T2 W+L 5 15 2 1.2 G+L 0 75 9 6.5

(16)
SCH_T3 S+L 3.5 15 20 0.25 G+L 0 65 8 7

(14)
SCH_T5 S 2.6 7.5 11 S 0 18 12
SCH_T6 S 0 124 28 S 0 85 26
SCH_T7&8 S 0 350 18 S 0 305 17

TERS_T1 - - - - - - - -
TERS_T2 - - - - - - - -
TERS_T3 G 20 465 10 G 18 300 11.5

(17.3) (20)
TERS_T4 G 10 540 12 G 0 340 11.5

(20.8) (20)
SKAL_T1 - - - - - - - -
SKAL_T2 W 2 25 2.7 W 1.5 14.5 2.5
SKAL_T3 - - - - - - - -

a) E = exponential; G = Gaussian; L = linear; S = spherical; N = nugget; W = wave/hole.
b) The layout of the datasets made the determination of anisotropy uncertain. Therefore the model values are given for the
omnidirectional variograms and only the direction of the anisotropy is given.

Appendix 7A. Variogram models fitted to the variograms for base elevation and soil elevation.
For exponential and Gaussian variograms, the practical ranges are given between brackets. In
case there was indication for anisotropy, the orientation of the axis with the longest range is
given.
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