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Chapter 7

Organisms changing their environment, also called ecosystem engineering, can be a
potentially important process in structuring salt-marsh pioneer zones. In this thesis,
I examined this hypothesis by studying the consequences of ecosystem engineering
by Spartina anglica, on species interactions, ecosystem dynamics, and spatial struc-
ture. My aims were twofold: first, I tried to explain the patchy distribution of
Spartina anglica in salt-marsh pioneer zones, and to provide insight in how ecosys-
tem engineering affects the dynamics of this zone. Second, I generalized these find-
ings for developing a more common knowledge of implications of ecosystem engi-
neering on species, community, ecosystem and landscape scales. 

On species scales, Spartina is known to develop an intricate feedback with its abi-
otic environment by reducing current velocities, resulting in increased sedimenta-
tion within Spartina tussocks (Ranwell 1964, Castellanos et al. 1994, Cahoon et al.
1996). This improves growth conditions for Spartina, constituting a positive feed-
back. On larger scales, this positive effect within vegetation, results in increased cur-
rent velocities and gully erosion, which inhibits tussock expansion, just outside tus-
socks (Chapter 2 and Figure 7.1A). This feedback can influence the development of
pioneer zones by retarding patch development, thus generating a heterogeneous
landscape. Other research has shown that this feedback can generate the complex
structure that is typical of  fully-developed marshes, by fixating water run-off routes,
which finally develop into channels that dissect high marshes (Temmerman et al.
2007).

In many intertidal landscapes, patches of Spartina anglica are found to alternate
with open areas dominated by Arenicola marina. Strikingly, both species are hardly
ever found together in the same patch, suggesting a negative interaction between
them. Our research revealed that both species transform sediment properties in
opposite ways, in the patches that they occupy: Spartina increases the accumulation
of silt, while Arenicola maintains more sandy sediment by increasing silt transport
out of the system. This way, both species negatively affect the persistence of the
other species. These negative interactions by ecosystem engineering emerged as an
important structuring mechanism (Chapter 3, Figure 7.1B), explaining the patchy
occurrence of these species. Ecological theory emphasizes facilitation as an impor-
tant structuring interaction in stressful environments (Bruno et al. 2003). However,
the research in this thesis reveals that negative interactions by ecosystem engineer-
ing can play an equally important role under stressful conditions (Chapter 3).
Moreover, a literature survey revealed that these negative effects of ecosystem engi-
neering can be an important mechanism underlying successful biological invasions,
if only one species is a strong ecosystem engineer. If ecosystem engineering effects
are counteracted by an organism exhibiting an opposite feedback with environmen-
tal properties, they can possibly explain patchiness in ecosystems (Chapter 4). 

Heterogeneity in the form of strongly contrasting patches is considered an indica-
tor for the presence of thresholds and alternative stable states (Wilson and Agnew
1992, Petraitis and Latham 1999, Handa et al. 2002, Konar and Estes 2003, Rietkerk
et al. 2004, van Nes and Scheffer 2005). In salt-marsh pioneer zones, ecosystem engi-

96



Synthesis

neering by Spartina anglica, resulting in a positive feedback, induces a threshold in
vegetation response to environmental conditions. This threshold makes it possible
for Spartina patches to persist, while existing conditions do not support the estab-
lishment of Spartina seedlings on bare sediment (Chapter 5), suggesting the presence
of alternative stable states. Although our experiments confirmed the presence of
alternative stable states on local, within-patch scales, a study of long-term vegetation
development did not support the idea of alternative stable states, as patches were
found to extent and contract simultaneously on longer time scales (Chapter 5).
However, the presence of thresholds and non-linear response implies that salt
marshes may still show sudden state changes, despite the absence of alternative sta-
ble states (Chapter 5 and Figure 7.1C).

Positive feedbacks

The research in this thesis links the frequently-used principles of ecosystem engi-
neering and positive feedback switches. Although these concepts were both
launched in the early 1990s, only a limited number of studies establishes a link
between the species-oriented engineering concept and system-oriented positive feed-
back theory  (Chapter 4, Wilson and Agnew 1992, Jones et al. 1994). Ecosystem engi-

97

decreased current velocities

increased current velocities

A B

C

silt input

silt output

biomass thresholds and shifts

Figure 7.1. Schematic representation of expected processes, induced by ecosystem engineering,
that play a role in structuring salt-marsh pioneer zones, such as A. Decrease and increase of cur-
rent velocities, B. Mutual exclusion by changing sediment properties (stabilization and destabi-
lization), C. Biomass thresholds and shifts
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neering can induce positive feedbacks, if the engineered property promotes growth
of the engineer.  Although positive feedbacks were initially considered to be a mech-
anism that specifically concerned vegetation (Wilson and Agnew 1992, Rietkerk and
van de Koppel 1997), feedback processes were found to be similarly strong in sessile
and slow-moving animals that are ecosystem engineers (Chapter 3, van de Koppel et
al. 2005a). Hence, the concept of positive feedbacks offers a good framework for the
potential effects of ecosystem engineers on community and ecosystem dynamics. 

The enormous effect that positive feedbacks have on the dynamics of the com-
plete salt-marsh pioneer zone is striking. A null model of our system would predict
gradual development of the salt-marsh pioneer zone, where vegetation density and
species composition gradually change from the salt-marsh edge towards higher ele-
vations. However, in natural salt-marsh pioneer zones transitions from vegetation to
bare sediment are abrupt. If vegetation is present above a certain biomass, entrap-
ment of silt is increased, resulting in a positive feedback that greatly affects plant
growth and species interactions. In this thesis, we showed that early vegetation
dynamics are strongly influenced by these positive feedbacks. They may propagate
vegetation growth, but can also induce strong thresholds for vegetation settlement
and disappearance, generating a patchy landscape (Chapter 5). Thresholds provide a
potential explanation for the observation that Spartina patches do exist in areas
where Spartina settlement is practically impossible (Chapter 5, Scheffer and
Carpenter 2003). Moreover, they can retard vegetation development by gully forma-
tion (Chapter 2). The effects of engineering by Spartina may be expressed at multiple
scales, affecting landscape-level processes and, thus, be of importance for adequate
salt-marsh management and conservation. This I will discuss below. 

Landscape-scale effects

In addition to positive feedbacks within patches, and negative feedbacks next to
patches, feedbacks on a landscape scale may also occur. In salt-marsh pioneer vege-
tation, processes at local and landscape-scales seem to be coupled. Small-scale
changes in tussock configuration will influence hydrodynamics on larger scales. The
presence of more biomass is likely to result in a reduction of the amount of water
that can enter the pioneer zone (Temmerman et al. 2005). This implies that with an
increase in total path area, hydrodynamic forces on most tussock edges become
smaller creating better opportunities for expansion of individual patches. However,
on some tussocks hydrodynamics are expected to increase, as the presence of more
vegetation will result in a concentration of flow through certain gullies. These gul-
lies will form the template for future creeks in high marshes (Temmerman et al.
2007). This process constitutes a positive feedback between vegetation and decreas-
ing hydrodynamics on landscape scales, which destabilizes patch borders. Overall,
landscape-scale feedbacks might destabilize patchy ecosystems, causing patches to
expand and merge, or disappear. In salt-marsh pioneer zones patchiness is explained
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by within patch-dynamics on short temporal scales, whereas landscape-scale forcing
is approximately independent of the state of each patch (Chapters 2 and 5).
However, it seems that on longer timescales, landscape-level processes that integrate
the effects of many small-scale patches, determine the external conditions that any
individual patch experiences. These landscape-level effects may, in the long run,
influence the persistence of alternate attractors, and cause instability (Chapter 5). 

Patchy systems have been shown to exhibit complete ecosystem switches as well.
A nice example of this originates from studies on shallow lakes (van Nes and
Scheffer 2005). Although most examples of regime shifts in shallow lakes show a
sudden and abrupt shift from a clear to a turbid state (Scheffer et al. 1993), in Lake
Veluwe clear patches developed while the lake was in a turbid state (van den Berg et
al. 1998). These patches expanded gradually until rather abruptly the complete lake
shifted into a clear state again (van Nes and Scheffer 2005). Notably, patches of clear
and turbid water are able to coexist within the same lake (Scheffer et al. 1994).
Development of patchiness with sharp transitions in such a well-mixed system is
remarkable and, as patches are able to expand, patchiness only precedes a later shift
of the complete ecosystem. Studies in the present thesis and the shallow lake exam-
ple point at the possibility that local feedbacks inducing patchiness, could also set
off cascading effects, resulting in complete ecosystem shifts.

Engineering effects differ with scale and background stresses

Intraspecific and interspecific engineering effects differ considerably depending on
which scale they are examined (Hastings et al. 2007). In chapter 2 feedbacks
between Spartina and current velocities changed from positive to negative to neutral
with increasing scale. Inside vegetation feedbacks were positive implying that cur-
rent velocities were reduced and sedimentation increased. Just next to vegetation
increased current velocities, resulting in erosion, constituted a negative feedback.
This study demonstrates that intraspecific effects of the engineer on the environ-
ment vary with scale.

Interspecific effects of ecosystem engineering, for example effects of engineering
on biodiversity, also are scale dependent. In many cases ecosystem engineering
results in patchiness on landscape scales (Hastings et al. 2007). On the scale of these
patches effects of engineering on biodiversity can be positive (Wright et al. 2006) or
negative (Chapter 3, Crooks 2002, Levine et al. 2003). However, it is predicted that
on ecosystem or landscape scales ecosystem engineering, will result in higher
species diversity, due to an increase in habitat heterogeneity (Jones et al. 1997,
Wright et al. 2002, Wright et al. 2006). Hence, investigating effects of ecosystem engi-
neers on their environment and on biodiversity can yield rather distinct results
depending on the scale on which these effects are examined.

Both intraspecific and interspecific consequences of engineering are likely to
depend on the environmental context as well (Hastings et al. 2007). In chapter 2,
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flume studies showed that effects of Spartina on sedimentation and erosion became
more pronounced with high current velocities and were almost absent with low
water currents. This implicates that intraspecific engineering effects of a species on
the environment subside with decreasing stress, confirming the idea that engineer-
ing is more important with high stress conditions (Jones et al. 1997). Interestingly,
this suggests that engineering effects of a species on the environment may not exist
in the absence of stress. 

Similarly, engineering effects on biodiversity are found to change under different
stresses. We examined the main structuring processes, facilitation or competition, in
communities facilitated by Spartina under different stress conditions (Chapter 6).
Under intermediate to high stress conditions facilitation by the ecosystem engineer
Spartina alterniflora supported a diverse community of plant species. However,
under low stress conditions most plants of this community were excluded by a com-
petitive dominant grass species. As a result, Spartina facilitated a monoculture
under low stress conditions. Understanding how ecosystem engineering activities
and effects of ecosystem engineering differ with changing environmental contexts
will enhance our understanding of the influence of ecosystem engineers on species
distribution and ecosystem development (Crain and Bertness 2006, Wright and Jones
2006, Hastings et al. 2007). Summarizing, these studies illustrate the need for proper
and specific setting of spatial scales and environmental background conditions
when examining ecosystem engineering consequences.

Implications for salt-marsh conservation and management

Coastal habitats, such as salt marshes, are threatened by sea-level rise and anthro-
pogenic development of coastlines. Many of these habitats are subject to physically
stressful conditions, mostly related to flooding by seawater. For organisms living
under such stressful conditions, modifying their abiotic surroundings can be a use-
ful strategy, and thus ecosystem engineering is expected to be an important shaping
force in coastal habitats. Here, I discuss implications for management of salt marsh-
es, resulting from effects of ecosystem engineering on the system. 

The positive feedback between Spartina and sedimentation forms the basis for
salt-marsh formation. Under ideal conditions, Spartina can rapidly invade a bare
intertidal flat and form a homogeneous vegetation cover. Capturing of fine-grained
sediment by Spartina stands, raises soil elevation and makes the habitat suitable for
invasion of other salt-marsh plants. However, many salt marshes in the Netherlands
are eroding and Spartina, if present at all, is found in scattered patches on the inter-
tidal flat. Several processes that could limit expansion of present Spartina tussocks
and prevent recruitment with new seedlings were demonstrated in this thesis.

Recruitment of Spartina by seedlings does not happen easily in natural systems.
Processes of recruitment were demonstrated to be very episodic, implying that in
some years massive recruitment events take place, while in other years seedlings are
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almost absent (Chapter 5). From the established seedlings few are able to survive.
Especially in areas that are occupied by the lugworm Arenicola marina, seedling sur-
vival is low. Lugworms tend to rework the soil intensively, thereby burying and
destroying Spartina seedlings (Chapter 3). Other studies show Nereis, another benth-
ic invertebrate, to inhibit settlement and survival of pioneer vegetation as well
(Hughes and Paramor 2004, Paramor and Hughes 2004). However, it is doubted
whether these small-scale processes can influence complete salt-marshes (Wolters et
al. 2005). From our transplanting experiments, where we transplanted different sizes
of Spartina (seedlings, 1-2 stems and 20 stems), it became clear that in many areas
with Spartina tussocks settlement by seedlings on bare sediment was unsuccessful
(Chapter 5). Transplanted higher biomasses of Spartina, small plugs of about 20
stems, almost always survived (Chapter 5). These results underline that the presence
of Spartina tussocks in salt-marsh pioneer zones does not indicate the potential of
Spartina to settle by seedlings. This implies that thresholds for Spartina disappear-
ance and settlement are present. 

The presence of thresholds for vegetation settlement, points at non-linear vegeta-
tion dynamics. This implies that vegetation will not respond in a gradual or linear
way, to gradual and linear changes in environmental parameters. For example, field
observations confirmed the presence of Spartina tussocks on an intertidal flat in the
Westerschelde estuary in the Netherlands that experienced little growth and erosion
for over 15 years. Suddenly these tussocks disappeared completely in one year (pers.
obs.). These observations confirm the potential of salt marshes to exhibit sudden
shifts between states in response to small changes in external conditions. However,
previous studies have shown that processes of salt-marsh formation and erosion may
be cyclic (van de Koppel et al. 2005b).

Next to problems with settlement, Spartina also experiences problems with
expansion. It was demonstrated that reduction of current velocities inside tussocks
could result in increased current velocities at the borders of tussocks. Increased cur-
rent velocities lead to enhanced erosion and gully formation at tussock edges, retard-
ing vegetation development (Chapter 2). These effects are extremely important with
high current velocities and are not detected if current velocities are low (Chapter 2).
Long-term observations of tussock expansion and erosion in salt-marsh pioneer
zones revealed that both processes can occur simultaneously (Chapter 5). This com-
plicates prediction of future directions of salt-marsh development from present ero-
sion and expansion data. 

Opposed to applied research that is often used in conservation to answer specific
questions, we used a rather fundamental approach to explain processes in salt-
marsh pioneer zones. Although this approach does not yield direct answers to more
applied questions, a more general understanding of processes that structure salt-
marsh pioneer zones is gained. In our view, this makes fundamental research a use-
ful tool for understanding ecosystem processes, which will facilitate successful man-
agement and conservation of natural systems. For successful restoration and conser-
vation of salt-marsh systems it should be kept in mind that in mind that vegetation
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development often is a slow process. It might be a profitable strategy to create
benign physical conditions for vegetation settlement and growth, on a temporary
basis, for example by using groins. Once vegetation is actually present with high bio-
mass it is expected to be rather resilient to changes. Still, our results suggest that
salt-marsh pioneer zones have the capacity to suddenly shift from a vegetated to an
unvegetated state in response to environmental changes. Although salt-marsh ero-
sion and re-growth might be natural cyclic processes, one can wonder whether sud-
den disappearance of salt marshes is natural and desirable in systems that are
strongly influenced be humans. 

Conclusions and recommendations for future research

This thesis highlights several consequences of ecosystem engineering in intertidal
habitats. Ecosystem engineering effects were examined on different scales, to deter-
mine effects on species interactions, ecosystem dynamics, and spatial structure.
Most of this research was driven by the aim to understand the patchy nature of salt-
marsh pioneer zones. Therefore, processes that may explain this patchiness were
examined, on species, community and landscape scales. Summarizing, it was con-
cluded that small-scale ecosystem engineering could cause positive feedbacks, nega-
tive species interactions via the environment, non-linear ecosystem behavior, land-
scape complexity, and development of distinct habitats along stress gradients. 

Ecosystem engineering can induce positive feedbacks on local, within-patch
scales, with resultant negative feedbacks on larger, between-patch scales. These
feedbacks can give rise to more complex structures on ecosystem or landscape
scales. Furthermore, ecosystem engineering can be a mechanism for negative species
interactions, resulting in exclusion and patchy species distributions in ecosystems.
Also, habitat modification can give rise to thresholds in ecosystems, resulting in
unpredictable and irreversible ecosystem changes in response to environmental
change. Finally, ecosystem engineering can generate the development of strong con-
trasting habitats along gradients of stress. For all these effects it should be kept in
mind though that they vary considerably depending on environmental background
conditions and spatial scale. 

Future research should extend on the conceptual framework that we developed
for negative species interactions via the environment, including both empirical and
modeling studies. There is a need for development of multi-species models that dis-
tinguish between biotic interactions and engineering effects (Hastings et al. 2007).
Furthermore, it will be interesting to examine whether engineering effects of a
species on the environment, can only be detected under high stress conditions and
are absent when conditions are benign. Then, it can be valuable to investigate
whether negative interactions by ecosystem engineering are common to stressful
environments and whether this should be incorporated in general models of com-
munity organization. These models assume that resources are not limiting with high
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stresses. However, it is not definite that a causal relationship between stress and
resources exists. 

Another line of research that is worth pursuing is investigating the implications of
patchiness in ecosystems and, specifically, in transition zones between different sys-
tems. Possibly effects on transition zones can cascade through a system and affect
both ecosystems that border the transition zone. A more thorough understanding of
dynamics in transition zones could benefit successful management and conservation
of complete ecosystems. Hypotheses should aim to examine if patchiness is a char-
acteristic of transition zones and whether these zones are in general maintained by
positive feedbacks. This will give insight into the vulnerability of transition zones to
changes and help to estimate response of transition zones to climate change. This
line of research will also allow us to predict response of salt marshes, and specifical-
ly salt-marsh pioneer zones, to future sea-level rise. 
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