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Chapter 1

Interactions between species and their environment

Species distribution can reflect underlying abiotic variability (Clements 1916), but in
turn, abiotic variability can actively be influenced by species themselves (Darwin
1881). Presently, interactions between species and their environment are a major
theme in ecological research, with a focus on the influence that organisms can exert
on their surroundings (e.g. Dawkins 1982, Wilson and Agnew 1992, Bertness and
Callaway 1994, Jones et al. 1994, OdlingSmee et al. 1996, Jones et al. 1997). Despite
this overwhelming attention for the potential of organisms to transform and con-
struct their habitats, implications of this aspect for ecosystem dynamics, species
interactions and spatial structure, have received relatively little attention. 

Currently several terms dealing with interactions between organisms and abiotics
are circulating: the extended phenotype (Dawkins 1982), positive feedback (switch-
es) (Wilson and Agnew 1992), ecosystem engineering (Jones et al. 1994) and niche
construction (OdlingSmee et al. 1996). Of these terms, the extended phenotype and
niche construction are usually used in an evolutionary context, dealing with evolu-
tionary implications of habitat modification by species (Dawkins 1982, OdlingSmee
et al. 1996). The ecosystem engineering concept is by far the most widely applicable
as ecosystem engineers are described as “organisms that change biotic or abiotic
materials, thereby controlling availability of resources to other organisms” (Jones et
al. 1994). The most well-known example of an ecosystem engineer is the beaver that
slashes trees and causes them to barricade rivers, thereby creating ponds of stagnant
water (Jones et al. 1997). However, practically any organism in any system can func-
tion as an ecosystem engineer (Jones et al. 1997). 

The generality and ubiquity of ecosystem engineering constitutes the main criti-
cism on the concept. Critics state that all species affect their surroundings in one
way or another (Lawton 1994), and that only very few of these impacts will signifi-
cantly alter or contribute to ecological processes, which is taken as a measure for rel-
evance of engineering (Reichman and Seabloom 2002). In fact, engineering can be an
accidental by-product of the mere presence of an organism in an ecosystem (Jones et
al. 1994, Reichman and Seabloom 2002), not encompassing further consequences on
the species itself or on ecological processes. Another point of concern is the sugges-
tion that ecosystem engineering is a very context-dependent principle (Wright and
Jones 2006). Whereas, principles, such as positive feedback and facilitation, have
resulted in the development of general assumptions of their effects (Wilson and
Agnew 1992, Bruno et al. 2003), there seems to be little consensus, however, on the
common effects of ecosystem engineering. Here I distinguish between intraspecific
and interspecific consequences of ecosystem engineering on species, community
and landscape scales. 

By changing environmental circumstances an ecosystem engineer can ameliorate
conditions for itself (positive feedback loop) and for others (facilitation). The concept
of positive feedback switches establishes a link between ecosystem engineering and
other ecological processes. This link is extremely useful for describing intraspecific
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effects of ecosystem engineering and for understanding implications on ecosystems.
First, effects of ecosystem engineering are expected to magnify, if the transformed
property induces a positive feedback loop with the ecosystem engineer. In this case
ecosystem engineering constitutes a relevant influence on ecosystem processes and
functioning, thereby effectively eliminating the main point of criticism on the
ecosystem engineering concept. Second, positive feedbacks connect ecosystem engi-
neering with evolutionary principles, such as niche construction, when the trans-
formed property increases the fitness of the engineer. Third, implications of positive
feedback on ecosystem dynamics are well-studied and ecosystem engineering might
bring about similar effects. For example, positive feedbacks are generally limited by
some factor, such as a negative feedback on larger scales (scale-dependent feedbacks)
(Lejeune et al. 1999, van de Koppel et al. 2005a), or by reaching another equilibrium
(alternative stable states) (Rietkerk and van de Koppel 1997, van de Koppel et al.
2001). It will be important for understanding and predicting ecosystem dynamics of
systems dominated by ecosystem engineers, to detect whether these consequences
also arise in relation with ecosystem engineers. 

Habitat modification can strongly affect community structure (e.g. Rhoads and
Young 1970, Bertness and Callaway 1994, Jones et al. 1997, Crooks 2002). The most
well-known interspecific effect of ecosystem engineering is facilitation, a process
that already was recognized before ecosystem engineering became in vogue (e.g.
Chandler and Fleeger 1987, Bertness 1989, Callaway et al. 1991, Bertness and
Shumway 1993). Facilitation deals with positive species interactions, and is often
mediated by alleviation of environmental stress (Bruno et al. 2003). Accordingly,
facilitation has been shown to play an important structuring role under conditions of
high physical stress (Bruno et al. 2003). Previously, physical forces were assumed to
structure communities under stressful conditions, while species interactions, such
as predation and competition, were thought to be the main structuring force under
benign conditions (Menge and Sutherland 1976). In the light of ecosystem engineer-
ing, facilitation is one of the few consequences of habitat modification that is
known, to a certain extent predictable, and well-documented. 

Several small attempts to generalize interspecific consequences of ecosystem
engineering on spatial structure of ecosystems have already been made. Ecosystem
engineering is often suggested to induce habitat heterogeneity by creating patches
that differ from the surroundings (Hui et al. 2004, Gutierrez and Jones 2006, Wright
et al. 2006). On landscape scales, encompassing both modified and unmodified
patches, an increase in biodiversity will be observed (Wright et al. 2002, Castilla et
al. 2004, Wright et al. 2006). Conclusively, patchiness and heterogeneity seems to be
one of the possible effects of ecosystem engineering. Landscape-scale patchiness
might point at other ecosystem engineering effects, such as thresholds and alterna-
tive stable states (e.g. Walker et al. 1981, Peterson 1984, Rietkerk and van de Koppel
1997, van de Koppel et al. 2001, Scheffer and Carpenter 2003, D'Odorico et al. 2005).
This can probably even link ecosystem engineers with catastrophic shifts (Rietkerk
et al. 2004) but this has not been developed any further. Finally, it has been suggested
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frequently that ecosystem engineers should be a target for successful conservation
and restoration of ecosystems (Boogert et al. 2006, Byers et al. 2006, Crain and
Bertness 2006). A more thorough knowledge of effects of ecosystem engineering on
community structure, landscape scale patterns and species interactions, will
enhance our understanding of the consequences of ecosystem engineering, and ben-
efit conservation and restoration of natural systems with the use of ecosystem engi-
neers. 

Aim of this thesis

The main aim of this thesis is to enhance our mechanistic understanding of the
structuring role of ecosystem engineers on different scales. Therefore, I evaluate the
mechanisms by which habitat modification affects species interactions, community
composition, the development of spatial patterns, and the potential for catastrophic
shifts, using the salt-marsh pioneer zone as a model system. 

What are salt marshes and why are they important?

Salt marshes are coastal grasslands that are situated on the interface of land and sea,
and are flooded periodically with seawater during high tides. They are considered to
belong to the most productive systems in the world and are characterized by a gradi-
ent in elevation that determines inundation duration and vegetation presence. Salt
marshes are home to plant species that are only found in areas with high levels of
salinity. Additionally, salt marshes and adjacent intertidal flats are popular breeding
and feeding grounds for different bird species. 

Conservation of salt-marsh landscapes is not only important from a biological
point of view, but salt marshes also play an important role in coastal protection and
defense, implying there are important economic reasons to protect salt marshes.
Evidence is increasing that presence of large marsh areas in front of the seawall dis-
sipates wave energy, thereby reducing hydrodynamic forces on the seawalls (Möller
et al. 1996, Möller et al. 1999). Seawalls that are protected by salt marshes can be
considerable lower and smaller than dikes without marshes in front (King and Lester
1995). Hence, presence of salt marshes can substantially reduce costs for coastal
defense. 

Studies confirm severe losses of salt-marsh area all over the world (Schwimmer
2001, Bromberg and Bertness 2005, Wolters et al. 2005). In many areas salt marshes
are squeezed in between shipping channels on the front and fixed coastlines at the
back (Figure 1A). This so-called ‘coastal squeeze’ (Winn et al. 2003) might form a
large problem for salt marshes adapting to sea-level rise, as they can not retreat more
inland. This illustrates the importance of scrutinizing salt-marsh response to
changes in environmental variables.
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Salt-marsh pioneer zones

A salt marsh is the result of interactions between physical and biological processes
(Dijkema et al. 2001). Salt-marsh formation starts in the pioneer zone, where the first
vascular plants invade the intertidal flat (Figure 1.1B). These plants mostly are
Spartina spp. and Salicornia spp. However, of these plants only the perennial
Spartina (see Box 1) induces salt-marsh formation by trapping sediment and increas-
ing soil elevation. The lower level of Spartina occurrence is set by immersion time,
which limits light availability (Hubbard 1969). 

Pioneer salt-marsh vegetation consisting of Spartina anglica is generally charac-
terized by a patchy vegetation structure. Spartina forms round shaped tussocks that
are found scattered over the mudflat (Figure 1.1B). These patches are considered to
expand, forming a homogeneous vegetation cover dissected by drainage structures
(Olff et al. 1997, Allen 2000, van de Koppel et al. 2005b, Temmerman et al. 2007).
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Figure 1.1. A. Typical Dutch salt marsh bordering the seawall. B. Salt-marsh pioneer zone with
scattered Spartina anglica tussocks. Photographs by: J. van Soelen
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Nevertheless in reality salt-marsh pioneer zones can be dominated by Spartina
patches that seem fairly stable for decades. Considering this, several scenarios are
possible once Spartina patches are present in a salt-marsh pioneer zone. Patches can
expand gradually, patches can expand suddenly or patches can erode gradually and
patches can erode suddenly, or patches can both expand and erode simultaneously
either gradually or abrupt. 

The importance of positive feedback and facilitation
for salt-marsh formation

Salt marshes are merely created by a positive feedback between vegetation and sedi-
ment deposition and retention (Yapp et al. 1917, Allen 2000, van de Koppel et al.
2005b). This process is generally starts in the pioneer zone by plants of the genus
Spartina (see Box 1 and Figure B1.1). This grass exhibits a positive feedback loop
with sedimentation. Aboveground stems and leaves reduce current velocities inside
the vegetation, thereby decreasing erosion and increasing sedimentation of small
particles from the water column  (Ranwell 1964, Castellanos et al. 1994, Cahoon et
al. 1996). This process results in higher elevations within vegetation, which has a
positive effect on Spartina growth by a reduction in submersion times, thus enhanc-
ing light availability for photosynthesis (Hubbard 1969). 

Similar to most salt-marsh plants, the lower level of occurrence for Spartina is set
by stress and the higher level by competition. By increasing elevation, Spartina facil-
itates the community of salt-marsh plants that live in the higher marsh areas. Once
elevation inside vegetation becomes higher other species, that can not tolerate stress-
es in the pioneer zone, invade Spartina vegetation. These species are generally better
competitors for light and resources and ultimately replace Spartina (Bertness and
Ellison 1987). Although Spartina also prefers the less stressful conditions of the high
marsh, it is competitively excluded from these more benign areas (Bertness 1991). 

Salt marshes: a model system

Salt-marsh pioneer zones are generally situated between the vegetated platform of a
high marsh and the bare intertidal flat that is mainly inhabited by benthic inverte-
brates. This zone is a good model system as it is a transition between these two dis-
tinct habitats, resulting in stressful conditions for organisms that are characteristic of
both habitats. Further, the zone is characterized by strong physical forcing and vari-
ability on landscape scales, but does not show strong underlying abiotic heterogene-
ity on smaller scales. It is occupied by a limited number of plant and animal species
from which the most prominent are strong ecosystem engineers. Benthic fauna,
characteristic of the intertidal flat is known for the large influences they impose on
their surroundings, mostly by bioturbation (Meysman et al. 2006) and the main
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plant species, from the genus of Spartina, is a famous ecosystem engineer, increasing
soil elevation by sediment input (Wilson and Agnew 1992, Chung 1993). Although
no large differences in abiotic conditions are expected to be found within the pio-
neer zone initially, the zone is usually characterized by patchy configurations, which
are expected to be caused by ecosystem engineering effects. 

Outline of this thesis

In this thesis I try to enhance the understanding of implications of ecosystem engi-
neering for ecosystem dynamics, species interactions and spatial structure.
Therefore, intraspecific consequences of ecosystem engineering on different scales
are studied, by examining implications of positive feedbacks in Spartina patches
characteristic of salt-marsh pioneer zones. It is tested whether possible factors, such
as negative effects on larger scales, or alternative stable states can limit these posi-
tive feedbacks. Interspecific consequences of habitat modification are examined by
investigating if opposite positive feedbacks can counteract each other. This process
can be seen as the negative alternative of facilitation, affecting other species nega-
tively via the environment. Finally, the effects of stress and facilitation on species
interactions are investigated. 

First, it is investigated if habitat modification results in scale-dependent effects
that explain the occurrence of Spartina patches, and have a structuring potential on
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Figure 1.2. Schematic representation of expected consequences of ecosystem engineering that
play a role in structuring salt-marsh pioneer zones, such as A. Scale-dependent feedbacks, B.
Negative species interactions by habitat modification, C. Alternative stable states. 
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landscape scales (Figure 1.2A). Positive feedback effects within patches may result
in negative effects just outside patches, which might function as a stabilizing force
on patch borders (Chapter 2). These small-scale effects can possibly explain large-
scale complexity of salt-marsh systems (Chapter 2). Second, it is examined whether
ecosystem engineering might be a mechanism for negative species interactions,
besides positive effects of habitat modification by facilitating other species (Chapter
3, Figure 1.2B). These negative interactions via the environment inhibit invasion of
one species in patches occupied by the other, offering a possible explanation for the
patchy structure of the salt-marsh pioneer zone (Chapter 3). In the appendix by
chapter 3, species interactions via habitat modification are modeled, trying to
explain the potential for exclusion and coexistence compared to other forms of com-
petition, such as competition for resources. This is further explored in a literature
study, in which recent studies on ecosystem engineering are reviewed (Chapter 4).
Here, ecosystem engineering by one species is considered as a mechanism underly-
ing ecological invasions, and ecosystem engineering in opposite directions by multi-
ple species, creates habitat heterogeneity through patchiness. Patchiness often points
at the presence of thresholds and alternative stable states in a system. So, in chapter
5 the presence of biomass thresholds for settlement is tested and stability of patches
is studied over decades (Chapter 5, Figure 1.2C) to asses the potential for sudden
shifts in salt-marsh pioneer zones. Finally, a landscape-scale approach is taken, eval-
uating effects of changing environmental stresses on competition and facilitation in
distinct coastal habitats (Chapter 6). Positive and negative species interactions in a
community facilitated by Spartina are examined along a gradient of hydrodynamic
stress to measure which processes determine community structure with differing
stresses.
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Box 1
Spartina anglica

The dominant plant species in salt-marsh pioneer zones in Europe is the com-
mon cordgrass, Spartina anglica (Figure B1.1A + B1.1B). Spartina anglica is a
cross between the smooth cord-grass Spartina alterniflora, which was intro-
duced from the North East coast of the US at the end of the nineteenth century,
and Europe’s native cordgrass Spartina maritima (Lacambra et al. 2004). This
cross first resulted in a sterile hybrid (S. x townsendii), which gave rise to the
fertile allopolyploid Spartina anglica (Ayres and Strong 2001).  Nowadays
Spartina maritima is mostly out-competed by Spartina anglica, which is a fierce
grower and has high fecundity (Lacambra et al. 2004). The rapid colonization
potential of Spartina anglica and its ability to increase soil elevation by captur-
ing sediment have often been used by man for salt-marsh protection, creation of
new salt marshes and for stabilization of coastlines (Dijkema et al. 2001, Chung
2006).

A B

Figure B1.1. A/ Spartina anglica stand (canopy height approximately 50 cm), B/ Spartina
anglica getting submerged. Photographs by: I.E. Hendriks






