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The concept of species as Ecosystem Engineers

A substantial part of ecological theory concerns the role of interactions between
organisms in determining species abundance and distribution (e.g. Andrewartha
1961; Begon et al. 1996). Among these interactions, biotic processes such as preda-
tion and competition, received most attention, as they are believed to be crucial in
structuring natural communities (e.g. Paine 1966; Schoener 1983; Chase et al. 2002).
However, organisms can also affect each other indirectly by way of abiotic
processes. Darwin (1881) already noted that certain species are able to modify the
abiotic environment and Dayton (1972) coined the term “foundation species”: organ-
isms that moderate abiotic conditions to other species through their own physical
structure. In the 1990s, the role of species in modifying habitats became more
systematically defined when Jones et al. (1994, 1997) introduced the concept of
“ecosystem engineers”: organisms that directly or indirectly alter the availability of
resources to other organisms by modifying the abiotic environment. 

Jones et al. (1994) classified ecosystem engineers as ‘allogenic’ and ‘autogenic’.
Allogenic engineers change their abiotic environment by transforming living or non-
living materials from one physical state to another through their behavior and
activity. A classic example of such an engineer is the beaver. By building dams,
beavers create extensive wetlands that support species not found in the surrounding
unmodified area (Naiman et al. 1988; Wright et al. 2002). In contrast, autogenic
engineers or foundation species change their abiotic environment through their own
physical structure. In many coastal marine ecosystems, habitats are created by the
presence of these autogenic engineers, such as kelp, corals, seagrasses and reef-
building bivalves (Fig. 1.1)(e.g. Orth 1977; Goreau et al. 1979; Foster and Schiel
1985; Bruno and Bertness 2001; Gutierrez et al. 2003). By providing structure, these
species can form habitats to sessile organisms and provide a refuge to environ-
mental stress and/or predation (e.g. Orth et al. 1984; Foster and Schiel 1985;
Gutierrez et al. 2003; Idjadi and Edmunds 2006). 

The concept of ecosystem engineering explicitly includes the relationship
between organisms and their abiotic environment, separately from biotic processes
such as predation and competition (Jones et al. 1994; Jones et al. 1997). In addition,
although all organisms can affect their abiotic environment to a certain extent,
ecosystem engineers are regarded as species that have disproportionally strong
effects on their habitat and their modifications typically persist on time scales
longer than their own lifespan (Hastings et al. 2007 and references therein). The
classic example of such a modification is the beaver dam. Beavers can be active at a
site for approximately 5 years and when the dam is abandoned, ponds typically
drain and form beaver meadows (Wright et al. 2004). These meadows can persist for
over 70 years and rarely convert back into the original riparian zone (Remillard et
al. 1987). In addition to the effects on long time scales, ecosystem engineers can also
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have strong effects at both small and large spatial scales, where scale is defined rela-
tive to the dimension of the engineer. An example of an effect on a much larger
spatial scale than the organism itself, are mounds built by termites. These mounds
or nests can be 4 meters high, cover an area of up to 50 m2 and the abundance of
multiple colonies creates mosaics at a landscape scale (Dangerfield et al. 1998 and
references therein). In general, ecosystem engineering results in community compo-
sition shifts at a local scale, because the modified abiotic conditions can either facil-
itate or inhibit species (Jones et al. 1997). However, at a landscape scale, a mosaic of
engineered and unengineered habitats enhances species diversity by increasing
habitat heterogeneity (e.g. Jones et al. 1997; Wright et al. 2002). 

The role of ecosystem engineers in complex ecological networks

Ecosystems often contain a wide variety of species that interact with each other in
multiple ways, forming complex ecological networks of various types of interactions
such as predation, competition, mutualism and ecosystem engineering (reviewed by
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Figure 1.1 Examples of marine habitats created by ecosystem engineers: kelp forest (A), coral reef
(B), seagrass meadow (C), and mussel reef (D). Photographs reproduced with permission from S.
Maruch (A), S. Donadi (B), M. Christianen (C) and E. Weerman (D). 



Olff et al. 2009). Ecosystem engineering effects within these networks can be highly
complex, since ecosystem engineers are able to affect other species in multiple ways
(e.g. Sanders et al. 2013).

By modifying the abiotic environment, ecosystem engineers can alter resource
availability (e.g. Stephens and Bertness 1991; Badano et al. 2006; Norling and
Kautsky 2007). By doing so, they affect their own distribution and abundance and
that of other species (e.g. Wright et al. 2002; van de Koppel et al. 2005; Norling and
Kautsky 2007; van der Heide et al. 2007), which can influence the structure of
ecological interaction networks (Fig. 1.2. A). Next, by affecting the abiotic environ-
ment, ecosystem engineers can directly affect the number and strength of biotic
interactions among species (Fig. 1.2.B: green links). Structural heterogeneity
provided by floating macrophytes for instance, reduces predation efficiency (Padial
et al. 2009), while termite-induced habitat heterogeneity can facilitate competitive
coexistence when species differ in their ability to exploit resource-rich vs. resource-
poor conditions (Palmer 2003). By affecting species abundance and distribution,
ecosystem engineers can also indirectly affect the number and strength of biotic
interactions among species (e.g. Aguiar and Sala 1994; Arkema et al. 2009)(Fig. 1.2.B:
orange links). In addition, as being a member of the interaction web itself, ecosystem
engineers can interact with other species as ecosystem engineers and as, for
instance, predators or competitors simultaneously (e.g. Wilby et al. 2001; Sanders
and van Veen 2011). Finally, besides influencing one or more species within or across
trophic levels, ecosystem engineers can also affect food web-compartments or entire
food webs by creating new types of habitats within an ecosystem (Fig. 1.2. C & D).
However, it is unlikely that food webs in newly created habitats are completely
isolated. For instance, juveniles of coral reef fish can migrate between corals and
nearby habitats such as mangroves or seagrass meadows to feed (Nagelkerken et al.
2000).

Previous studies revealed that ecosystem engineers can affect multiple trophic
levels up to whole-communities (e.g. Graham 2004; Silliman et al. 2011; Angelini
and Silliman 2014), suggesting that they can strongly affect food web dynamics.
However, the multi-trophic structure of natural food webs is often studied in igno-
rance of non-trophic interactions such as ecosystem engineering (as emphasized by
Berlow 2004; Ings et al. 2009; Olff et al. 2009). Although integration of trophic and
non-trophic interactions into a single framework has recently been gaining atten-
tion, the studies addressing this issue have remained of a theoretical nature (Arditi
et al. 2005; Goudard and Loreau 2008; Kefi et al. 2012; Sanders et al. 2013). Further-
more, it is increasingly recognized that understanding the assembly of food webs or
ecological networks requires the inclusion of temporal dynamics (e.g. Blonder et al.
2012), since food web structure is often not static, but changes over time due to for
instance succession (Schoenly and Cohen 1991; Neutel et al. 2007; Schrama et al.
2012). Besides succession, ecosystem engineering also has the potential to affect
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food web structure over time by altering abiotic conditions (Hastings et al. 2007),
especially when multiple habitat modifying species act hierarchical over time in the
form of a facilitation cascade (Altieri et al. 2007; Thomsen et al. 2010; Angelini and
Silliman 2014). Despite the potential importance of both ecosystem engineering and
temporal dynamics in structuring food webs, empirical studies that integrated food
web assembly with ecosystem engineering in a temporally explicit manner are
lacking to my knowledge.  

Ecosystem engineers in intertidal soft-bottom systems –
study systems and species

Organisms in intertidal soft-bottom ecosystems live in sandy environments between
the low and high water level, which means that they are emerged during low tide
and submerged during high tide. Consequently, organisms living in this area have to
cope with highly dynamic and hostile environmental conditions, such as drought,
high temperatures and sediment erosion (e.g. Waugh 1975; Leuschner et al. 1998;
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Figure 1.2 Schematic overview of the impacts of ecosystem engineering on the structure and
dynamics of interaction webs. The ecosystem engineer in each web is indicated by a green circle and
the green shaded areas represent its engineering effect. They can affect the interaction web by
affecting species abundance at different trophic levels (A), by directly (green link) and indirectly
(orange link; via species abundance) affecting the interplay of biotic interactions among species (B)
and by affecting food web-subsets (C) or the entire food web (D) through the creation of new habi-
tats within an ecosystems. Nodes (red-yellow gradient as resource-consumer gradient) represent
species and grey lines represent their interactions within the network. Images are partly based on
Sanders et al. (2013) and made with Network3D (Yoon et al. 2004; Williams 2010). 



Widdows and Brinsley 2002). Especially in these systems, the group of ecosystem
engineers that provide structure such as reef-building bivalves and seagrasses (e.g.
Orth et al. 1984; Gutierrez et al. 2003), can have a significant impact on the associ-
ated community, since natural ‘hard’ substrate and structure are almost exclusively
provided by these species in the otherwise sandy environment. 

In this thesis, I investigated the role of ecosystem engineers in structuring the
intertidal soft-bottom community of the Wadden Sea (The Netherlands) and the
Banc d’Arguin (Mauritania). The Wadden Sea is an intense by humans disturbed
system and it is proposed that overexploitation and habitat destruction caused a
shift from a historical state where the community was structured by abiotic condi-
tions, structure-providing and sediment-stabilizing ecosystem engineers and top-
predators, to a modern state where only abiotic conditions structure the community
(see section below; Eriksson et al. 2010). In contrast, the Banc d’Arguin is still rela-
tively pristine and the presence of extensive seagrass meadows (out of 491 km2 of
intertidal flats, 412 km2 are covered by seagrasses; see section below) suggests that
the community in this system is still strongly structured by structure-providing and
sediment-stabilizing species. In order to get a better understanding of how impor-
tant ecosystem engineers are in structuring intertidal communities and how impor-
tant they are to conservation management, I investigated their effects in both
systems by focusing on reef-building bivalves and seagrasses, relatively common
structure-providing and sediment-stabilizing species in the Wadden Sea and Banc
d’Arguin, respectively (van Zweeden et al. 2010; Brummelhuis et al. 2012; Folmer et
al. 2012).

Study system – The Wadden Sea
The Wadden Sea is a coastal ecosystem, situated in the Southeastern part of the
North Sea (Fig. 1.3.A). It is characterized by highly dynamic and productive tidal
flats (Herman et al. 1999) and is considered as one of the largest (8000 km2) and
most important intertidal ecosystems in the world (Wolff 1983; Reise 2005).  Due to
its productivity, the Wadden Sea support large numbers of invertebrates, fish and
shorebirds (Zijlstra 1972; Beukema 1976; Wolff 1983; van de Kam et al. 2004). The
main ecosystem engineers that interrupt and shape the extensive sandy intertidal
flats are structure-providing and sediment-stabilizing reef-building bivalves and
seagrasses, together with sediment-reworking lugworms (Cadée 1976; Dankers and
Zuidema 1995; van der Heide et al. 2007; Reise and Kohlus 2008; Markert et al.
2009). 

Nowadays, the Wadden Sea is under protection by international agreements such
as the Ramsar Convention on Wetlands (1971), the joined Declaration of the protec-
tion of the Wadden Sea (1982) and Natura 2000 (2003). Recently, the Wadden Sea
became one of the UNESCO Natural World Heritage sites (2009). However, despite
these conservation frameworks, the Wadden Sea has a history of destructive human
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impacts (Lotze 2005; Lotze et al. 2006; Boere and Piersma 2012).  At the moment,
the Wadden Sea is ranked among the most degraded coastal seas worldwide (Lotze et
al. 2006) due to overexploitation and habitat destruction (Wolff 2000; Lotze et al.
2005; Wolff 2005; Lotze et al. 2006). Coinciding with the overall degradation, struc-
ture-providing and sediment-stabilizing ecosystem engineers have strongly declined
as well. First, European oyster reefs (Ostrea edulis) completely disappeared around
the 1900s due to overfishing (Lotze 2005). Second, seagrass abundance (Zostera
marina and Z. noltii) was severely reduced in the 1930s by a combination of the
wasting disease (den Hartog 1987; Vergeer and den Hartog 1994) and changes in
hydrodynamics caused by altered water flow (e.g. due to the construction of a large
dams)(Giesen et al. 1990). Third, mussel reefs (Mytilus edulis) have strongly declined
since the 1970s, largely due to overfishing by mechanical dredging (Beukema and
Cadee 1996; Lotze 2005). European oysters and subtidal seagrass beds never
reestablished, intertidal seagrass beds occur nowadays in sparse densities and,
despite several bans on mechanical dredging for bivalves, it took over a decade for
mussels to start re-establishing in substantial densities in some areas (reviewed by
Lotze 2005).

Study species  – Reef-building bivalves
Blue mussels (Mytilus edulis) and Pacific oysters (Crassostrea gigas) are suspension-
feeding reef-building bivalves that form dense aggregations in the intertidal to
subtidal littoral zone (Fig. 1.3.B). 
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Figure 1.3 The Wadden Sea area, covering the estuaries and the coastal waters inside the barrier
islands in the Southeastern part of the North Sea (A) and a blue mussel bed during low tide (B)
(Photo credits: E.J. Weerman).    



The structure of living bivalves and dead shells provide hard substrate for the
settlement of epibenthic species and form refuges for many different invertebrates
(Gutierrez et al. 2003; Norling and Kautsky 2007; Commito et al. 2008). By forming
reefs, reef-building bivalves reduce the near-bed hydrodynamic stress (Widdows et
al. 1998; Gutierrez et al. 2003), thereby enhancing the accumulation of fine, organic
matter rich sediments. Reef-building bivalves further increase the sediment organic
and silt content by depositing large amounts of faeces and pseudofaeces (Kröncke
1996; Graf and Rosenberg 1997). Besides serving as a food source to deposit feeders
(Norkko et al. 2001), biodeposition can inhibit surrounding infaunal species by
resulting in low oxygen and high sulfide and ammonia levels (Hartstein and Rowden
2004; Norling and Kautsky 2008). 
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Figure 1.4 The Banc d’Arguin (A) and a Dwarf eelgrass meadow during low tide (B). Photo credits:
L. Govers).    



Study system – the Banc d’ Arguin
The Banc d' Arguin is located on the Atlantic coast of Mauritania (West-Africa) and
covers and area of more than 10,000 km2 of intertidal flats and shallow inshore
waters, stretched from Nouamghar in the south to Nouadhibou in the north (Fig.
1.4.A)(Wolff et al. 1993). The area borders the Sahara and the intertidal flats consist
mainly of soft sediments. In general, the intertidal flats are characterized by exten-
sive areas covered with seagrasses and muddy sediments (Fig. 1.4), alternated with
sandy unvegetated areas. Approximately, 412 km2 of the 491 km2 of intertidal flats
are covered by seagrasses (Altenburg et al. 1982; Wolff and Smit 1990). Consequen-
tially, the main ecosystem engineers that shape the intertidal flats of the Banc d’Ar-
guin are seagrasses (see section below; Fig. 1.4.B). Dwarf eelgrass (Zostera noltii) is
the most dominant species although other species such as shoalgrass (Halodule
wrightii) and little Neptune seagrass (Cymodocea nodosa) are also observed (Wolff et
al. 1993 and references therein). Furthermore, the Banc d' Arguin provides a habitat
to extreme high numbers of birds, despite relatively low biomasses of the macroben-
thos (Altenburg et al. 1982; Engelmoer et al. 1984; Wolff and Smit 1990). It is the
most important wintering site for shorebirds migrating along the eastern coastal
zone of the Atlantic Ocean by sustaining over 2 million of waders (Altenburg et al.
1982; Engelmoer et al. 1984; Smit and Piersma 1989). In 1976, 12,000 km2 of
shallow water, tidal flats and adjacent desert were assigned as the Parc National du
Banc d'Arguin (PNBA). This national park was established to protect both the
natural resources and the valuable fisheries (Hoffmann 1988). In 1989, the Banc
d'Arguin became one of the UNESCO Natural World Heritage sites. Although the
establishment of the national park and the World Heritage site were used in order to
protect this unique and pristine area, overfishing by international fleets in the
offshore waters just outside Parc National du Banc d'Arguin is depleting fish
resources (ter Hofstede and Dickey-Collas 2006; Nagel and Gray 2012) and may
cause strong biodiversity losses within the park in the near future.

Study species – Seagrasses
Seagrasses are aquatic flowering plants that can form extensive meadows in the
intertidal to subtidal littoral zone and are widely distributed along temperate and
tropical coastal areas (den Hartog 1970; Green and Short 2003). They are important
ecological components of coastal zones worldwide that serve as key-habitats for
many different species including large numbers of bivalves, gastropods, shrimp, fish
and waterbirds (Beck et al. 2001; Orth 2006). Seagrasses are ecosystem engineers in
the sense that they modify the abiotic environment by providing structure and
reducing flow velocities with their shoots. By forming extensive meadows,
seagrasses can strongly attenuate currents and waves, thereby reducing hydrody-
namic stress (Gambi et al. 1990; Fonseca and Cahalan 1992; Hemminga and Duarte
2000). Consequentially, they trap suspended sediments and organic particles that
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results in increased sediment accretion, sediment silt content and water trans-
parency (e.g. Ward et al. 1984; Gacia and Duarte 2001; Bos et al. 2007; van der Heide
et al. 2007).

In addition to the structural component of seagrass, nutrient uptake by
seagrasses can lower nutrient levels in the water column (Moore 2004), thereby
reducing growth of epiphytes, macroalgae and phytoplankton and increasing water
transparency even more (Nielsen et al. 2002; Kemp et al. 2005). The presence of
seagrass meadows is known to enhance biodiversity and faunal abundance
compared to unvegetated areas (e.g. Orth et al. 1984; Edgar et al. 1994; Hemminga
and Duarte 2000; Honkoop et al. 2008) and the main mechanisms behind this are: i)
decreased predation efficiency due to habitat complexity (Orth et al. 1984; Farina et
al. 2009), ii) habitat preference of species as refuge from predation (Orth et al. 1984;
Nagelkerken et al. 2000), iii) stabilization of sediments (Orth 1977; Fonseca and
Fisher 1986) and iv) alterations of the food supply to associated species (Brun et al.
2009; Fredriksen et al. 2010).

Objective and outline of this thesis

The main objective of this thesis is to investigate how and to what extent ecosystem
engineers can affect the (trophic) structure of intertidal soft-bottom communities.
Questions that arose during this investigating where: At what temporal and spatial
scales are ecosystem engineering effects still visible? What happens to species rich-
ness and food web structure if engineers are removed or added? Which part of the
effects of an ecosystem engineer on the associated community is due to its engi-
neering versus its trophic effects? And how does ecosystem engineering interact
with other ecological interactions such as competition and predation? By answering
these questions, I tried to contribute to a better understanding of the role of
ecosystem engineers in structuring communities and ecological networks and to
determine their importance for conservation management.

First, the effects of spatially extended engineering by reef-building bivalves on
the intertidal community of the Wadden Sea were examined. Cross-habitat interac-
tions between reef-building bivalves and benthic organisms are discussed in chapter
2, where it is hypothesized that reef-building bivalves can enhance the abundances
of cockles along a spatial gradient from the reefs. This was investigated by using data
from transects across three intertidal mussel reefs and three nearby areas without
reefs, in combination with data from field experiments. Additionally, in chapter 3, I
investigated the importance of spatial extended engineering by reef-builders in
explaining the distribution of four avian predators and their benthic prey in the
Wadden Sea. Structural Equation Modeling (SEM) was applied to identify important
direct and indirect interactions between the different components of the system.
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Results from these two chapters were then used to develop an experiment to
investigate the role of multiple interactions types in structuring an intertidal
bivalve population in the Wadden Sea. In chapter 4, I tested the hypothesis that
ecosystem engineering by mussels can strongly interfere with predation and compe-
tition by modifying the quality of the environment. The interactive effects of
ecosystem engineering, predation and competition on common cockle (Cerasto-
derma edule) recruitment, growth and survival were tested by manipulating cockle
densities within a predator-exclosure experiment at a site engineered by a blue
mussel bed (Mytilus edulis) and at a sandy control site.

In chapter 5, I empirically tested the hypothesis that recovery of stable sedi-
ments and aboveground structure provided by ecosystem engineers such as mussels
and tube worms will increase species and trophic diversity of the benthic commu-
nity by facilitating both infaunal and epifaunal species in the Wadden Sea. In a
large-scale experiment, we applied anti-erosion mats to simulate sediment stabiliza-
tion and added adult mussels to test for the effects of habitat modification. The
experiment was carried out at two different sites in order to generalize the treat-
ment effects. One site was located in the western part of the Dutch Wadden Sea,
south of the island Terschelling, and one in the eastern part of the Dutch Wadden
Sea, south of the island Schiermonnikoog. 

Additionally, in chapter 6 it was hypothesized that bivalve recruitment failure in
intertidal soft-bottom ecosystems is due to (anthropogenically-) increased predation
and loss of facilitation mechanisms. On top of the large-scale experiment described
in chapter 5, the interactive effects of predation and habitat modification on bivalve
recruitment were investigated. Within this experiment, shrimp and crab predation
were manipulated using exclosures on the anti-erosion mats and mussels treat-
ments.

Furthermore, since ecosystem engineers might strongly affect food web
dynamics, the effects of ecosystem engineering on food web assembly were investi-
gated in a temporally explicit manner in chapter 7. Using a unique combination of
remote sensing, field surveys, and stable isotopes, the effects of hierarchical habitat
modification by seagrasses and burrowing crabs over long timescales were explored.
Finally, the main results are synthesized in Chapter 8. I discuss the findings and
implications from earlier chapters in relation to the existing literature and provide
ideas for conservation and management strategies.
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