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abstract: Complexity theory predicts that local feedback pro-
cesses may strongly affect the organization of ecosystems on larger
spatial scales. Whether complexity leads to increased resilience and
stability or to increased vulnerability and criticality remains one
of the dominant questions in ecology. We present a combined
theoretical and empirical study of complex dynamics in mineral-
ogenic salt marsh ecosystems that emerge from a positive feedback
between clay accumulation and plant growth. Positive feedback
induces self-organizing within the ecosystem, which buffers for the
strong physical gradient that characterizes the marine-terrestrial
boundary, and improves plant growth along the gradient. However,
as a consequence of these self-organizing properties, salt marshes
approach a critical state as the edge of the salt marsh and the
adjacent intertidal flat becomes increasingly steep and vulnerable
to wave attack. Disturbance caused, for instance, by a storm may
induce a cascade of vegetation collapse and severe erosion on the
cliff edge, leading to salt marsh destruction. Our study shows that
on short timescales, self-organization improves the functioning of
salt marsh ecosystems. On long timescales, however, self-organi-
zation may lead to destruction of salt marsh vegetation.
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The study of complexity in ecosystems has been recognized
as one of the frontiers of ecology (Thompson et al. 2001).
Many ecosystems exhibit remarkable complexity in both
structure and dynamics, which has repeatedly frustrated
attempts to predict the response of ecosystems to human
interference (Scheffer et al. 2001). Complexity within eco-
systems, however, has also been recognized as the basis
for the adaptive capacity of ecosystems to future changes
on both regional and global scales (Levin 1998, 1999,
2002). A key property of complex systems is emergence,
where properties of the ecosystem at large spatial scales
result from feedback interactions between components oc-
curring at smaller scales (Holland 1995; Levin 1998). These
emergent properties result from the capacity of systems to
self-organize (Ulanowicz 1979; Levin 1998; Rietkerk et al.
2002).

Complexity theory has successfully been applied to di-
verse and structurally complex ecosystems such as coral
reefs, rainforests, and rocky shore communities (Wootton
2001; Plotkin et al. 2002; Mistr and Bercovici 2003). The
application of complexity principles to relatively simple
ecosystems has been limited. In this article, we apply
complexity concepts to salt marsh ecosystems. Salt
marshes typically have low plant diversity and a simple
trophic structure relative to coral reefs or rainforests (Olff
et al. 1997). However, unlike many other ecosystems,
many mineralogenic salt marshes do not develop toward
homeostasis. Early developmental stages, characterized
by accumulation of clay (Olff et al. 1997; van Wijnen
and Bakker 2001; Temmerman et al. 2003), are followed
by a degenerative phase in which erosion at the edge, in
the form of retreating cliffs, removes both the vegetation
and the accumulated sediment (Gray 1972; Van Eerdt
1985; Pringle 1995; Olff et al. 1997; Allen 2000). Cliff
erosion has been described for a wide range of European
and North American salt marshes and has been attributed
to sea level rise, changes in position of estuarine channels,
or increased shipping (Gray 1972; Dijkema 1987; Allen
1989, 2000; Shaw et al. 1993; Pringle 1995; Kirchner and
Ehlers 1998; Adam 2002). Other studies regard marsh
erosion as an intrinsic characteristic of salt marshes, in-
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evitably occurring once the marsh has built up suffi-
ciently (Yapp et al. 1917; Dijkema 1997; Allen 2000). On
some locations, pioneer vegetation reestablished on the
exposed sediment, leading to cyclic dynamics in salt
marshes (Yapp et al. 1917; Gray 1972; Pringle 1995), and
on several locations, a multitude of cliff remnants have
been found (see Allen 2000 for a review on salt marsh
morphodynamics).

Salt marshes develop at the boundary of the terrestrial
and marine biome and are characterized by a strong gra-
dient in physical stresses imposed by the sea water (Olff
et al. 1997). As a consequence, plant growth in salt marshes
is characterized by positive, facilitative interaction, both
among individuals (Bertness and Hacker 1994) and among
species (Bertness and Shumway 1993; Bertness and Yeh
1994; Shumway and Bertness 1994). Many salt marsh
plants strongly increase the deposition of clay, prevent sed-
iment erosion by both waves and water currents (Yapp et
al. 1917; Castellanos et al. 1994; Esselink et al. 1998; San-
chez et al. 2001), and ameliorate salinity levels (Bertness
and Hacker 1994; Hacker and Bertness 1995; Srivastava
and Jefferies 1995b). This in turn benefits the growth of
the vegetation because salt stress and tidal currents are
reduced by the increased elevation of the sediment relative
to the average water level (Bertness et al. 1992; Srivastava
and Jefferies 1995a). Hence, salt marsh plants typically
experience positive feedback between increased plant
growth and improved edaphic conditions (Srivastava and
Jefferies 1996).

Recent studies emphasize that positive feedback can
strongly affect the functioning of ecosystems (Rietkerk
and Van de Koppel 1997; Van de Koppel et al. 1997;
Scheffer et al. 2001). Positive feedback may induce com-
plex behavioral responses in which small changes in en-
vironmental conditions may lead to a dramatic response
of the ecosystem (May 1977; Scheffer et al. 1993, 2001).
In this article, we show by means of a combined theo-
retical and empirical investigation that the complex tem-
poral dynamics of mineralogenic salt marshes may
emerge from a positive feedback between clay accumu-
lation and plant growth. We investigate the consequences
of this feedback for the functioning of salt marsh eco-
systems and relate our findings to current concepts on
the relation between organization, complexity, and crit-
icality in ecosystems.

A Model of Salt Marsh Development

Model Description

Salt marshes are found at the boundary of the terrestrial
and marine biomes. The physical habitat in which salt
marshes occur is characterized by a gradient of tidal in-

undation by sea water. At the landward side, tidal cur-
rents are low, and a thick sediment layer is formed even
in the absence of vegetation. At the seaward side, tidal
currents are more severe, and there is a high exposure
to wind-driven waves. As a consequence, the sediment
is typically found at greater depth relative to the average
water level. To study the effect of plant-sediment feed-
back on salt marsh development along this boundary, we
made a one-dimensional model describing the changes
in the thickness of the sediment layer Sx and in plant
standing crop Px along a gradient in current-induced
shear stress that characterizes the salt marsh environ-
ment. Net sedimentation is determined by the balance
of deposition and erosion by water flow and wave action.
Changes in plant standing crop are determined by
growth; mortality caused by, for instance, senescence or
grazing; and damage from the waves. For simplicity, we
assume that water flow has little effect on plant growth
or mortality. A model that satisfies the above description
would follow the general structure

dSx p deposition � f low erosion � wave erosion,
dt

dPx p growth � mortality � wave damage. (1)
dt

Deposition, flow erosion, plant growth, and mortality are
dependent on the thickness of the sediment layer and plant
standing crop. Wave-induced sediment erosion and plant
losses, however, are also influenced by the slope of the
sediment layer because wave action is focused when the
slope increases (Riis and Hawes 2003).

In this article, we use a specific example of system (1)
that includes the interactive effects of vegetation on sed-
iment dynamics and vice versa. The balance of sedimen-
tation and erosion is described as

�S S ax xp I 1 � � e t(x)Smax max x( )�t K a � PS x

b �S
� d S . (2a)S xb � P �xx

In this model, net deposition decreases from the maximal
deposition rate Imax at to zero at , whereS p 0 S p Kx x S

KS is the maximal sediment elevation, set by the mean
high water level (Temmerman et al. 2003). Sediment ero-
sion by water flow has its maximal value emax at low plant
density, and it decreases with plant density as determined
by constant a. The effects of water flow are given by the
standardized bottom shear stress t(x), which is 1 at the
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seaward edge and 0 at the landward edge of the salt
marsh. Sediment erosion by waves is a function of the
slope of the sediment , multiplied by a conversion�S/�x
coefficient dS. Again, erosion is a decreasing function of
plant density, determined by constant b. The model for-
mulations used for sediment deposition and erosion are
qualitatively in accordance with empirical formulas de-
scribing a decrease of deposition rate with sediment
height and with distance from the marsh edge (Tem-
merman et al. 2003; references herein). An overview of
model parameters is given in table A1 in the appendix.

The dynamics of the vegetation are described by the
following equation:

�P P S �Sx x xp r 1 � P � dP � d P . (2b)x x P x( )�t K c � S �xP x

Here, density dependence of plant growth is described
by the logistic equation, where r is the intrinsic growth
rate and KP is maximal plant standing crop. Logistic
growth is multiplied by the term to includeS /(c � S )x x

the effects of sediment elevation on plant growth, where
c is a half-saturation constant. The constant d represents
plant mortality due to senescence. Specific plant mor-
tality due to wave damage is assumed to be a linear
function of the slope in sediment elevation �S/�x and
the conversion constant dP.

Model Predictions

We used the model to analyze the consequences of the
positive feedback between plant growth and sediment
accumulation on the spatial development of the salt
marsh. The model predicts a rapid development of the
salt marsh in the first years after establishment of the
vegetation (fig. 1A). No development is predicted at the
exposed side of the transect because conditions are too
adverse for plant growth. Below a threshold bottom shear
stress, vegetation can establish and sediment elevation
increases due to the positive effect of vegetation on sed-
iment accumulation. Deposition is predicted to be high-
est at the exposed side of the salt marsh due to the low
initial sediment height, and therefore a salt marsh plat-
form develops, which in part compensates for the more
steep sediment profile that exists in the absence of veg-
etation (fig. 1A, dotted line).

As a consequence of the formation of the platform, the
model develops toward an equilibrium characterized by
strongly sloping sediment at the edge of the vegetated and
unvegetated part of the gradient. This edge is sensitive to
disturbances that remove vegetation and/or sediment at
the lower section of the salt marsh. The disturbance may

instigate local vegetation collapse due to focused wave ac-
tion, in turn leading to severe erosion of exposed sediment,
and a salt marsh cliff develops (fig. 1B). Instead of re-
turning to equilibrium, the edge retreats landward in a
cascade of local vegetation collapse and strong erosion of
sediment, maintaining a steep cliff. In front of the cliff,
vegetation is predicted to recover. When the newly estab-
lished vegetation approaches the cliff, cliff retreat is
arrested.

The complex dynamics predicted by the model can be
understood if we analyze a slightly simplified version of
equation (2a), in which . This model allows ford p 0S

analytical investigation of threshold behavior while still
predicting qualitatively similar dynamics compared with
the full model. An important assumption in the model
is that wave damage on plants increases with the slope
of the sediment because of higher and longer exposure.
However, because of the nonlinear feedback relation be-
tween plant growth and sediment accumulation, equilib-
rium plant standing crop does not decrease monotoni-
cally with increasing sediment slope (fig. 2A). Instead, a
foldlike relation is found. The shape of this curve implies
that above a threshold slope, no vegetation can persist,
and an irreversible vegetation collapse is predicted once
the sediment slope is increased beyond this threshold
(May 1973; Scheffer et al. 1993, 2001). The threshold
slope is a function of the erosive stress imposed by the
currents. As a consequence, the value of this threshold
depends on the position along the gradient (fig. 2B, dotted
line), increasing from the seaward to the landward end
of the gradient. At the start of the simulated develop-
mental sequence, sediment slope is highest near the land-
ward edge of the simulated transect. As sediment accu-
mulates, the maximum slope moves toward the seaward
side of the gradient and approaches the critical threshold
as was predicted analytically from equations (2a) and
(2b). Disturbances that cause the sediment slope to ex-
ceed the threshold will lead to local vegetation collapse.
Vegetation collapse in turn leads to strong erosion of
accumulated sediment maintaining a steep slope, and
leading to continued retreat of the salt marsh cliff.

We assessed the sensitivity of the model predictions to
changes in key environmental variables: sediment avail-
ability and wave energy input. In figure 3, a parameter
plane is presented that depicts the qualitative effect of
the maximal deposition rate (Imax) and wave erosion (dS)
constants on salt marsh dynamics. The analysis revealed
three zones with principally different transient behavior.
Cliff erosion occurred only at high deposition rate and
low wave action. In this region of the parameter plane,
a steep salt marsh edge develops that is vulnerable to
disturbances. As a consequence, disturbances may invoke
a spatial runaway reaction, which destroys part of the
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Figure 1: Predicted temporal development of the salt marsh by a model of a positive plant-sediment feedback, along a transect from the land to
the seaward edge of the salt marsh. Graphs depict sediment elevation as a function of the distance along the transect. A represents the initial
development of a salt marsh from an unvegetated tidal flat. B represents the development following a disturbance (at years in A) that hasT p 200
created a gap in the vegetation, as indicated by the thin arrow. Note the retreat of the marsh and the simultaneous recovery in front of the cliff.
Thick black arrows indicate direction of change. The thick black line in A represents the range where vegetation establishes. Parameter values:

; ; ; along the transect; ; ; ; ; ; ; ; .I p 0.01 K p 1 e p 0.05 t p 1–0 a p 50 d p 2 b p 20 r p 4 K p 1,000 d p 0.6 c p 1 d p 30max S max S P

salt marsh. If wave energy levels are high, no steep sed-
iment slope develops, and the effects of disturbances re-
main local. The distinction between the two types of
transients remains arbitrary, and in between the two
regions, a zone can be identified where disturbances lead
to small, short-duration cliffs (fig. 3, gray area). If both
the sediment input is low and wave energy levels are
high, no vegetation can survive.

Interpretation of Model Results

The results of our analysis reveals conceptually important
aspects in salt marsh development. Positive feedback be-
tween plant growth and sediment accumulation leads to

self-organization in salt marshes, in which elevational
differences and the accompanying differences in salt
stress and erosional loss are greatly reduced. Hence, pos-
itive feedback allows the ecosystem to buffer the effects
of variation in physical conditions, and they underlie its
ability to function as a complex adaptive system (Levin
1998). As an inevitable consequence, however, a strong
gradient in sediment elevation develops over a short
range at the edge of the salt marsh and the adjacent
intertidal flat. Wave action, which spreads out over a long
distance in an unvegetated tidal flat, is focused at this
boundary. As the system develops, it approaches a critical
threshold. The closer the marsh gets to this threshold,
the more vulnerable it becomes to disturbances, which
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Figure 2: A, Relation between equilibrium plant standing crop and the slope of the sediment at a particular point along the gradient. The curve
shows that, at that particular point, vegetation is not able to withstand a slope that exceeds ∼0.028 m/m, as depicted by the dotted line. As a
consequence, a collapse of vegetation is expected once the slope of the sediment exceeds this threshold value. B, Slope of the salt marsh along the
salt marsh transect, during salt marsh development (fig. 1A). The upper dotted line represents the threshold slope, above which vegetation cannot
persist. The slope of the vegetation is found to increase in time at the seaward edge of the salt marsh, approaching the threshold slope value.
Parameters as in figure 1, apart from in A and B and in A.d p 0 t p 0.5S

may result in cascading vegetation losses and collapse of
the salt marsh ecosystem.

Empirical Support

Our model analysis makes a number of predictions with
regard to the development of salt marsh ecosystems. These
predictions can be verified in field studies. Salt marsh dy-
namics occur at large spatial and temporal scales and are
determined by a multitude of causal factors. For these
reasons, direct experimental testing of predictions using
strong inference methods is difficult. We follow the adap-
tive inference methodology, which aims to produce a body
of indirect evidence to support a particular line of argu-

ments (Holling and Allen 2002). As a consequence, our
study will not produce definitive evidence that verifies our
model, and more research will be required to demonstrate
the validity of our model in mineralogenic salt marsh
ecosystems.

First, the model predicts that during early salt marsh
morphogenesis, the interaction between sedimentation
and plant growth decreases the initial slope of the sed-
iment, creating a salt marsh plateau. As a consequence,
the edge of the plateau with the tidal flat becomes in-
creasingly steep. Second, the model predicts that cliff
erosion and regrowth of vegetation in front of a salt
marsh cliff may occur simultaneously, indicating that the
continuing retreat of this salt marsh cliff is an autono-
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Figure 3: Parameter plane portraying the effects of sediment deposition rate and average wave energy on the transient dynamics of the salt marsh
model. The three zones depict parameter combinations with a similar transient behavior. The gray zone depicts a range in between the cliff erosion
and no cliff erosion zones, where the classification in either category is difficult because it depends on arbitrary threshold values. The inlay figures
represent the general shape of the marsh, similar to figure 1.

mous process and not solely the consequence of external
conditions. We investigated these predictions using da-
tabases on salt marsh development on the back-barrier
salt marsh of Schiermonnikoog and on the foreland salt
marshes in the Westerschelde estuary, both in the
Netherlands.

Increasing Slope of the Salt Marsh Edge

We analyzed an extensive database on sediment elevation
of a chronosequence reflecting 100 years of salt marsh
development on the barrier island of Schiermonnikoog,
the Netherlands (53�29�N, 6�17�E). Salt marsh develops
to the south of a dune ridge that forms the northern
edge of the island (Olff et al. 1997). Because the island
is slowly extending eastward, a chronosequence of
marshes of different age was created, covering more than
100 years of marsh development. During salt marsh de-
velopment, silty sediment is deposited on top of the sand
bank that was present before marsh development started.
A sharp boundary is found between the original sand
layer and the deposited clay (hereafter referred to as base
elevation), enabling quick measurement of the amount
of sediment deposited during salt marsh development
(van Wijnen and Bakker 2001). The elevation of the sed-

iment and the base elevation of the clay-sand edge was
measured along 33 transects in north to south direction,
covering about 80 years of salt marsh development. The
age of the sediment layer was estimated using aerial pho-
tographs. We used only transects on sediment younger
than 60 years because sediments older than 60 years were
too fragmented. Transects were pooled in classes of 10
years to avoid artifacts due to uncertainty in age esti-
mation. We fitted a nonlinear “breakpoint” model con-
sisting of two linear submodels to the data. The first
section of the curve was dubbed the edge slope, whereas
the second section reflects the decrease in thickness of
the clay layer on the salt marsh plateau.

In all transects, the clay layer was found to increase
strongly when moving from the seaward edge inland and
then to decrease toward zero near the dunes (fig. 4). Fur-
thermore, the average thickness of the clay layer increased
with age of the salt marsh (multiple regression: 2r p

, ; not shown in figure). In agreement with0.43 P ! .001
model predictions, the slope of the clay layer at the seaward
edge was found to increase with age (linear regression:

, ; figs. 4 [dashed line], 5A), whereas it2r p 0.83 P p .012
decreased on the plateau (linear regression: ,2r p 0.90

; figs. 4 [dotted line], 5B). The increasingly neg-P p .004
ative slope of the plateau compensates for the positive



Figure 4: Thickness of the clay layer versus the distance along transects from the seaward (left) to the landward edge (right) of the salt marsh, along
a 60-year chronosequence on the island of Schiermonnikoog, the Netherlands. Lines represent a fit of a linear breakpoint model. The dashed line
represents the slope of the clay layer at the seaward edge; the dotted line represents the slope of the clay layer on the plateau.
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Figure 5: Relation between the slope of the clay layer on the seaward edge (A; the left side of the model fits in fig. 3) and on the plateau (B; the
right side of the model fits in fig. 3) and the age of the salt marsh.

slope of the underlying sand base, which is about 75 cm/
km. Hence, in agreement with the model, we found that
during salt marsh development, the elevational gradient
that characterizes the salt marsh is buffered by sedimen-
tation on the plateau, while the seaward edge of the plateau
becomes increasingly steep.

Simultaneous Cliff Erosion and Regrowth

We investigated a database of remote sensing images of
the Paulinapolder (51�21�N, 3�43�E) and Hellegatpolder
(51�21�N, 3�57�E) foreland salt marshes in the Wester-
schelde estuary in the southwest of the Netherlands. The
salt marsh edge in both systems is dominated to a large
extent by pioneer Spartina anglica stands but also exhibits
actively eroding cliffs. We investigated the model predic-

tion that cliff erosion may occur simultaneously with veg-
etation establishment and expansion in front of the cliff.
We studied changes in the cover of vegetation using false-
color aerial photographs of 1982 and 1998. In both salt
marshes (fig. 6), we found that patches of pioneer vege-
tation were expanding while, at the same time, erosion at
the cliff continued behind these patches. Field observations
revealed that the cliffs depicted in figure 6B and 6C are
continuing to erode, which falsifies the alternative expla-
nation that erosion and regrowth of vegetation had oc-
curred in sequence (J. van de Koppel, personal observa-
tion; fig. 6D). Hence, cliff erosion and regrowth of
vegetation occurred simultaneously in both salt marshes,
suggesting that internal processes rather than external forc-
ing such as increased exposure or currents causes the con-
tinued retreat of salt marsh edge. This is in agreement with
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Figure 6: GIS analysis of vegetation changes between 1982 and 1998 in two sections of the salt marsh of Paulinapolder (P) and Hellegatpolder (H)
in the Westerschelde, the Netherlands. A, Position of both salt marshes in the Westerschelde. B, C, Vegetation changes at the marsh edge of the
Paulinapolder and Hellgatpolder, respectively. Green depicts vegetation that remained stable between 1982 and 1998; red depicts vegetation that
disappeared; yellow depicts new vegetation appearing between 1982 and 1998. Note that cliff erosion (horizontal red band in B and C) occurs
simultaneously with regrowth. D, Photograph of the cliff at the right part of B, taken in 2002. E, Elevational changes measured along a government-
monitored transect at Paulinapolder near B (included solely for illustration). Note that cliff erosion occurs at 40 m from the start of the transect,
while sedimentation occurs in front of the cliff.

the model prediction that cliff erosion can be an auton-
omous process intrinsic to salt marsh ecosystems.

Discussion

The model analysis presented in this article suggests that
the general developmental pattern of mineralogenic salt

marshes can be explained by a simple positive feedback
between plant growth and sedimentation. This feedback
invokes self-organization in which the variation in physical
stress that underlies the marine-terrestrial boundary is
buffered by the formation of a salt marsh plateau with
lush vegetation. However, self-organization also leads to
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focusing of wave energy and hence to increased physical
stress on the edge of the salt marsh. The model suggests
that salt marshes may develop toward a critical state due
to accumulation of sediment at the seaward edge. Near
this critical state, disturbances may invoke a cascade of
vegetation collapse, followed by strong erosion and the
formation of a cliff, in turn leading to more vegetation
collapse. Hence, continuing retreat of salt marsh cliffs,
commonly observed in mature salt marshes, may result
from autonomous processes within the salt marsh. Our
model predictions are in agreement with empirical obser-
vations of salt marshes on the island of Schiermonnikoog
and in the Westerschelde estuary.

Previous studies on salt marsh erosion relate the oc-
currence of retreating cliffs to sea level rise, changes in the
positions of nearby channels, and increased shipping ac-
tivity (Gray 1972; Pringle 1995; Adam 2002). Others view
cliff erosion as an intrinsic characteristic of salt marshes,
an inevitable consequence of differential rates of sedi-
mentation on the marsh and the adjacent intertidal flat
(Yapp et al. 1917; Dijkema 1997; Allen 2000). Our model
analysis shows that both views may hold merit because a
disturbance at the lower marsh (e.g., a storm or sea level
rise) is required in our model to initiate the formation of
eroding cliffs. Once erosion at the edge occurs, our model
predicts a runaway reaction of ongoing vegetation collapse
and the formation of a cliff, which may retreat inland even
without further disturbance or hydrodynamic stress. This
is evident in our Westerschelde study, where regrowth is
occurring in front of actively eroding cliffs. Moreover, it
concurs with several case studies described in the literature
(Yapp et al. 1917; Allen 1989, 2000). If erosion was the
sole consequence of changed hydrodynamic forcing, no
regrowth of vegetation would be expected in front of ac-
tively eroding cliffs. Our observations point at an intrinsic
origin of erosion, which causes ongoing degradation of
the marsh even in places where disturbances have little
effect.

The model analysis only touches upon the true mor-
phological complexity of salt marsh ecosystems (Allen
2000). Despite its lack of detail, our model captures the
broad pattern of salt marsh development. Hence, our re-
sults emphasize that complex dynamics in ecosystems may
emerge from simple nonlinear feedback interactions
(Levin 1998), which stresses the importance of emergence

in the development of ecosystems, even those that are
relatively simple in ecological terms. The sensitivity anal-
ysis furthermore predicts that autogenous cliff erosion is
most prevalent in systems with high sediment availability,
which concurs with the absence of cliff erosion as a dom-
inant force in organic salt marshes with very low sedi-
mentation rates.

The question of whether self-organization induces sta-
bility in ecosystems or pushes ecosystems toward the edge
of collapse has been a dominant topic in the study of
ecological complexity (May 1973; Ulanowicz 1979; Levin
1992, 1998; Sole et al. 2002). A number of studies of self-
organized complexity, in terms of species interaction pat-
terns (De Ruiter et al. 1995; Neutel et al. 2002) or in terms
of spatial complexity (Klausmeier 1999; Von Hardenberg
et al. 2001; Rietkerk et al. 2002; Van de Koppel and Riet-
kerk 2004), indicate that ecosystem stability and func-
tioning is improved by self-organization. This study shows
the opposite: salt marsh ecosystems, as a consequence of
local interaction of plants and sediment, develop to a crit-
ical state, becoming more vulnerable to disturbances as
more clay accumulates. Salt marshes share this property
with disturbance-dominated systems such as, for instance,
mussel beds (Bak 1996; Jensen 1998; Sole et al. 1999;
Guichard et al. 2003). The dynamics of disturbance-
dominated systems are governed by avalanche-like col-
lapses in species abundances, species numbers, or ecosys-
tem organization. Salt marshes provide a clear mechanistic
example of an important underlying assumption of this
theory, that self-organization in ecosystems may lead to
ecosystem collapse and induce avalanche-like dynamics
that may in part determine the spatial organization of
natural systems.
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APPENDIX

Table A1: Description of the variables and parameters used in the model

Values Units Descriptions References

Variables:
Sx m Depth of the sediment layer (sediment elevation)
Px g/m2 Plant standing crop

Parameters:
Imax .01 m/year Maximal sediment accumulation rate van Wijnen and Bakker 2001
KS 1 m Maximal depth of the sediment layer Allen 2000
emax .05 year�1 Maximal rate of erosion on horizontal surface
a 50 g/m2 Level of P at which flow erosion is reduced by 50% Widdows and Brinsley 2002
t(x) 0–1 Standardized bottom shear stress, as a function of dis-

tance, ranging from 1 (estuarine edge) to 0 (landward
edge)

dS 2 year�1 Wave erosion constant for sediment
b 20 g/m2 Level of P at which wave erosion is reduced by 50% Widdows and Brinsley 2002
r 4 year�1 Intrinsic growth rate of vegetation Groenendijk 1984
K 1,000 g/m2 Maximum standing crop of vegetation Groenendijk 1984; Van de Kop-

pel et al. 1996
d .6 year�1 Loss rate of plants due to senescence Groenendijk 1984
c 1 m Parameter determining the effect of sediment

elevation on plant growth
dP 30 year�1 Wave erosion constant for plants

Note: Some of the parameters have values that were given realistic parameter values based (in a loose manner) on the references shown. As no information

was found in literature on the remaining parameters, their values were estimated based on general ecological insight. Note that the model is used in the article

as a conceptual formulation of a hypothesis rather than an accurate description of salt marsh development. The model omits many important processes, and

the parameter values may therefore deviate from realistic figures.

Literature Cited

Adam, P. 2002. Saltmarshes in a time of change. Environmental
Conservation 29:39–61.

Allen, J. R. L. 1989. Evolution of salt-marsh cliffs in muddy and
sandy systems: a qualitative comparison of British west-coast es-
tuaries. Earth Surface Processes and Landforms 14:85–92.

———. 2000. Morphodynamics of Holocene salt marshes: a review
sketch from the Atlantic and southern North Sea coasts of Europe.
Quaternary Science Reviews 19:1155–1231.

Bak, P. 1996. How nature works. Springer, New York.
Bertness, M. D., and S. D. Hacker. 1994. Physical stress and positive

associations among marsh plants. American Naturalist 144:363–
372.

Bertness, M. D., and S. W. Shumway. 1993. Competition and facil-
itation in marsh plants. American Naturalist 142:718–724.

Bertness, M. D., and S. M. Yeh. 1994. Cooperative and competitive
interactions in the recruitment of marsh elders. Ecology 75:2416–
2429.

Bertness, M. D., L. Gough, and S. W. Shumway. 1992. Salt tolerance
and the distribution of fugitive salt marsh plants. Ecology 73:1842–
1851.

Castellanos, E. M., M. E. Figueroa, and A. J. Davy. 1994. Nucleation
and facilitation in salt marsh succession: interactions between
Spartina maritima and Arthrocnemum prenne. Journal of Ecology
82:239–248.

de Ruiter, P. C., A. M. Neutel, and J. C. Moore. 1995. Energetics,
patterns of interaction strengths, and stability in real ecosystems.
Science 269:1257–1260.

Dijkema, K. S. 1987. Geography of salt marshes in Europe. Zeitschrift
für Geomorphologie 31:489–499.

———. 1997. Impact prognosis for salt marshes from subsidence
by gas extraction in the Wadden Sea. Journal of Coastal Research
13:1294–1304.

Esselink, P., K. S. Dijkema, S. Reents, and G. Hageman. 1998. Vertical
accretion and profile changes in abandoned man-made tidal
marshes in the Dollard estuary, the Netherlands. Journal of Coastal
Research 14:570–582.

Gray, A. J. 1972. The ecology of Morecambe Bay. V. The salt marshes
of Morecambe Bay. Journal of Applied Ecology 9:207–220.

Groenendijk, A. M. 1984. Primary production of four dominant salt
marsh angiosperms in the SW Netherlands. Vegetatio 57:143–152.

Guichard, F., P. M. Halpin, G. W. Allison, J. Lubchenco, and B. A.
Menge. 2003. Mussel disturbance dynamics: signatures of ocean-
ographic forcing from local interactions. American Naturalist 161:
889–904.

Hacker, S. D., and M. D. Bertness. 1995. Morphological and phys-
iological consequences of a positive plant interaction. Ecology 76:
2165–2175.

Holland, J. H. 1995. Hidden order: how adaptation builds complexity.
Helix, Reading, MA.

Holling, C. S., and C. R. Allen. 2002. Adaptive inference for distin-



E12 The American Naturalist

guishing credible from incredible patterns in nature. Ecosystems
5:319–328.

Jensen, H. J. 1998. Self-organized criticality: emergent complex be-
havior in physical and biological systems. Cambridge University
Press, Cambridge.

Kirchner, G., and H. Ehlers. 1998. Sediment geochronology in chang-
ing coastal environments: potentials and limitations of the Cs-137
and Pb-210 methods. Journal of Coastal Research 14:483–492.

Klausmeier, C. A. 1999. Regular and irregular patterns in semiarid
vegetation. Science 284:1826–1828.

Levin, S. A. 1992. The problem of pattern and scale in ecology.
Ecology 73:1943–1967.

———. 1998. Ecosystems and the biosphere as complex adaptive
systems. Ecosystems 1:431–436.

———. 1999. Fragile dominion: complexity and the commons. He-
lix, Cambridge, MA.

———. 2002. Complex adaptive systems: exploring the known, the
unknown and the unknowable. Bulletin of the American Math-
ematical Society 40:3–19.

May, R. M. 1973. Stability and complexity in model ecosystems.
Princeton University Press, Princeton, NJ.

———. 1977. Thresholds and breakpoints in ecosystems with a mul-
tiplicity of stable states. Nature 269:471–477.

Mistr, S., and D. Bercovici. 2003. A theoretical model of pattern
formation in coral reefs. Ecosystems 6:61–74.

Neutel, A. M., J. A. P. Heesterbeek, and P. C. de Ruiter. 2002. Stability
in real food webs: weak links in long loops. Science 296:1120–
1123.

Olff, H., J. De Leeuw, J. P. Bakker, R. J. Platerink, H. J. Van Wijnen,
and W. De Munck. 1997. Vegetation succession and herbivory in
a salt marsh: changes induced by sea level rise and silt deposition
along an elevational gradient. Journal of Ecology 85:799–814.

Plotkin, J. B., J. M. Chave, and P. S. Ashton. 2002. Cluster analysis
of spatial patterns in Malaysian tree species. American Naturalist
160:629–644.

Pringle, A. W. 1995. Erosion of a cyclic salt marsh in Morecambe
Bay, northwest England. Earth Surface Processes and Landforms
20:387–405.

Rietkerk, M., and J. van de Koppel. 1997. Alternate stable states and
threshold effects in semi-arid grazing systems. Oikos 79:69–76.

Rietkerk, M., M. C. Boerlijst, F. Van Langevelde, R. HilleRisLambers,
J. Van de Koppel, L. Kumar, C. A. Klausmeier, et al. 2002. Self-
organization of vegetation in arid ecosystems. American Naturalist
160:524–530.

Riis, T., and I. Hawes. 2003. Effect of wave exposure on vegetation
abundance, richness and depth distribution of shallow water plants
in a New Zealand lake. Freshwater Biology 48:75–87.

Sanchez, J. M., D. G. SanLeon, and J. Izco. 2001. Primary colonisation
of mudflat estuaries by Spartina maritima (Curtis) Fernald in
northwest Spain: vegetation structure and sediment accretion.
Aquatic Botany 69:15–25.

Scheffer, M., S. H. Hosper, M. L. Meijer, B. Moss, and E. Jeppesen.
1993. Alternative equilibria in shallow lakes. Trends in Ecology &
Evolution 8:275–279.

Scheffer, M., S. Carpenter, J. A. Foley, C. Folke, and B. Walker. 2001.
Catastrophic shifts in ecosystems. Nature 413:591–596.

Shaw, J., R. B. Taylor, and D. L. Forbes. 1993. Impact of the holocene

transgression on the Atlantic coastline of Nova Scotia. Geographie
Physique et Quaternaire 47:221–238.

Shumway, S. W., and M. D. Bertness. 1994. Patch size effects on
marsh plant secondary succession mechanisms. Ecology 75:564–
568.

Sole, R. V., S. C. Manrubia, M. Benton, S. Kauffman, and P. Bak.
1999. Criticality and scaling in evolutionary ecology. Trends in
Ecology & Evolution 14:156–160.

Sole, R. V., D. Alonso, and A. McKane. 2002. Self-
organized instability in complex ecosystems. Philosophical Trans-
actions of the Royal Society of London B 357:667–681.

Srivastava, D. S., and R. L. Jefferies. 1995a. The effect of salinity on
the leaf and shoot demography of two arctic forage species. Journal
of Ecology 83:421–430.

———. 1995b. Mosaics of vegetation and soil salinity: a consequence
of goose foraging in an arctic salt marsh. Canadian Journal of
Botany 73:75–83.

———. 1996. A positive feedback: herbivory, plant growth, salinity,
and the desertification of an arctic salt marsh. Journal of Ecology
84:31–42.

Temmerman, S., G. Govers, P. Meire, and S. Wartel. 2003. Modelling
long-term tidal marsh growth under changing tidal conditions and
suspended sediment concentrations, Scheldt estuary, Belgium. Ma-
rine Geology 193:151–169.

Thompson, J. N., O. J. Reichman, P. J. Morin, G. A. Polis, M. E.
Power, R. W. Sterner, C. A. Couch, et al. 2001. Frontiers of ecology.
BioScience 51:15–24.

Ulanowicz, R. E. 1979. Complexity, stability and self-
organisation in natural communities. Oecologia (Berlin) 43:295–
298.

van de Koppel, J., and M. Rietkerk. 2004. Spatial interactions and
resilience in arid ecosystems. American Naturalist 163:113–121.

van de Koppel, J., J. Huisman, R. Van der Wal, and H. Olff. 1996.
Patterns of herbivory along a productivity gradient: an empirical
and theoretical investigation. Ecology 77:736–745.

van de Koppel, J., M. Rietkerk, and F. J. Weissing. 1997. Catastrophic
vegetation shifts and soil degradation in terrestrial grazing systems.
Trends in Ecology & Evolution 12:352–356.

Van Eerdt, M. M. 1985. The influence of vegetation on erosion and
accretion in salt marshes of the Oosterschelde, the Netherlands.
Vegetatio 62:367–373.

van Wijnen, H. J., and J. P. Bakker. 2001. Long-term surface elevation
change in salt marshes: a prediction of marsh response to future
sea-level rise. Estuarine Coastal and Shelf Science 52:381–390.

Von Hardenberg, J., E. Meron, M. Shachak, and Y. Zarmi. 2001.
Diversity of vegetation patterns and desertification. Physical Re-
view Letters 87:198,101.

Widdows, J., and M. Brinsley. 2002. Impact of biotic and abiotic
processes on sediment dynamics and the consequences to the
structure and functioning of the intertidal zone. Journal of Sea
Research 48:143–156.

Wootton, J. T. 2001. Local interactions predict large-scale pattern in
empirically derived cellular automata. Nature 413:841–844.

Yapp, R. H., D. Johns, and O. T. Jones. 1917. The salt marshes of
the dovey estaury. II. The salt marshes. Journal of Ecology 5:65–
103.

Associate Editor: William F. Fagan


