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The importance of facilitative interactions and organismal ecosystem engineering for establishing the structure of
communities is increasingly being recognised for many different ecosystems. For example, soft-bottom tidal flats
host a wide range of ecosystem engineers, probably because the harsh physico-chemical environmental conditions
render these species of particular importance for community structure and function. These environments are there-
fore interesting when focusing on how ecosystem engineers interact and the consequences of these interactions on
community dynamics. In this review, we initially detail the influence on benthic systems of two kinds of ecosystem
engineers that are particularly common in tidal flats. Firstly, we examine species providing biogenic structures,
which are often the only source of habitat complexity in these environments. Secondly, we focus on species
whose activities alter sediment stability, which is a crucial feature structuring the dynamics of communities in
tidal flats. The impacts of these engineers on both environment and communities were assessed but in addition
the interaction between ecosystem engineers was examined. Habitat cascades occur when one engineer favours
the development of another, which in turn creates or modifies and improves habitat for other species. Non-
hierarchical interactions have often been shown to display non-additive effects, so that the effects of the association
cannot be predicted from the effects of individual organisms. Here we propose the term of “cooperative ecosystem
engineering”when two species interact in a way which enhances habitat suitability as a result of a combined engi-
neering effect. Finally, we conclude by describing the potential threats for ecosystem engineers in intertidal areas,
potential effects on their interactions and their influence on communities and ecosystem function.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Interspecific competition has long been considered as the main pro-
cess in structuring communities. Yet, in the last decades, the potential
role of positive interactions between species has been increasingly
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recognised. Positive interactions involve at least two organisms, and
benefit one or more organisms without negatively affecting any other
organism (Bertness and Leonard, 1997). Positive interactions can be
direct or indirect, obligatory or facultative and may be trophic or not.
Among them, facilitative interactions describe non-trophic interactions
where organisms promote, through their presence or activity, the set-
tlement or development of other species. Facilitation and competition
often occur simultaneously in communities, and the nature of the inter-
action between two individuals can even change according to growth
stage or environmental conditions (Callaway and Walker, 1997). Also,
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indirect facilitation of a species by another can offset the negative effects
of competition between these organisms.

In this context, species contributing to the creation, modification or
maintenance of habitats, and therefore having a crucial effect on other
species, have been defined as ecosystem engineers by Jones et al.
(1994). Ecosystem engineers can be found in terrestrial and aquatic
ecosystems: for instance, earthworms that alter the composition of
soils, beavers that create dams and seagrasses that modify local hy-
drodynamics (Fonseca et al., 1982), stabilise sediment (Gacia and
Duarte, 2001), and provide a substratum for epibionts, are often re-
ferred to as ecosystem engineers. These can either transform living or
non-living material in the environment from one physical state to
another, or modify, through their physical presence and activity, the ac-
cess to resources for other organisms. For instance, benthic macrofauna
change the physical, chemical and biological properties of sediment
through bioturbation (Braeckman et al., 2010), and thus are defined
as allogenic ecosystem engineers. In contrast, submerged macrophytes,
through their own structure, attenuate the light available for benthic
organisms (Lee et al., 2001) and are therefore defined as autogenic eco-
system engineers.

The engineering effectmay vary according to the considered species,
and is therefore not always positive for the community in terms of
diversity or abundance. For example, the exclusion of the lugworm
Arenicola marina from intertidal sediment facilitates the development
of tube-building worms, but hinders the settlement and growth of sub-
surface deposit feeders (Volkenborn and Reise, 2007). However, at large
spatial and temporal scales, the overall impact of ecosystem engineers
on ecosystems is generally positive (Jones et al., 1997). The global effect
of an ecosystem engineer will mainly depend on 6 factors: the spatial
distribution of its population; its density; the time period over which
a population has been present at a site; the durability of impacts in
the absence of the original engineer; the per capita activity of individual
organisms and its lifetime; and, finally, the number and type of resources
modulated by the engineer, and the number of species depending on
these flows (Jones et al., 1994, 1997). Most engineers modify their envi-
ronment with small-scale processes, which ultimately affect ecosystem
functioning; yet, there are still questions about the links between effects
at small or large spatial scales.

When considering the importance on these non-trophic interactions,
it might be appropriate to replace the well-known food web by a more
complete interaction web (Kéfi et al., 2012; Lawton and Jones, 1995).
For instance, the influence of bioturbatingworms onmicrophytobenthos
cannot be easily predicted without considering non-trophic interactions
(Fig. 1, Passarelli et al., 2012a). These authors demonstrated that while
worms consume microphytobenthos, they also stimulate microalgal
Bacteria
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Fig. 1. Trophic web (in black) and interaction web (whole diagram) in
Results from Passarelli et al. (2012a).
growth through indirect facilitation, including mechanisms such as bio-
turbation redistributing nutrients.

Habitat creation, modification, and facilitation processes are crucial
in some specific ecosystems. Indeed, biogenic habitat alterations can
increase local diversity by allowing immigration of less well-adapted
species by moderating harsh conditions (Bertness and Leonard, 1997;
Hacker and Gaines, 1997). Therefore, ecosystem engineers play critical
roles in intertidal areas, where species are subject to a large range of
physical stresses: desiccation, variations of salinity and temperature
(Little and Kitching, 1996). Also, numerous studies have shown the im-
portance of facilitation and ecosystem engineering in these environ-
ments (Bertness and Leonard, 1997). The presence or absence of a
single critical species can completely alter the structure of the whole
community. For instance, the long-term exclusion of the bioturbating
worm, A. marina, from a tidal flat modifies sediment properties, micro-
bial and macrofaunal communities, by stimulating the development of
sediment-stabilising organisms which are naturally excluded where
A. marina is dominant (Volkenborn and Reise, 2007; Volkenborn et al.,
2007, 2009). Such transitions between two stable ecosystem states are
often prompted by positive feedbackmechanisms,where organisms be-
longing to each community stimulate the development of its own com-
munity (Wilson and Agnew, 1992). For instance, the development of
diatom biofilms on tidal flats will contribute to sediment stabilisation,
therefore limiting the erosion of their own habitat, and stimulating
their own population growth (van der Heide et al., 2007).

The common occurrence of ecosystem engineers in intertidal flats
makes it an interesting system to study such interactions. These species
are likely to interact in amannerwhichmakes it difficult to differentiate
the overall engineering effect of the association from the contribution of
the individual species. This review focuses on soft-bottom intertidal
areas in temperate waters, where numerous ecosystem engineers have
been studied and described (Table 1). In this short review, we do not
try to address every possible example but concentrate on systems that,
in our experience, serve to highlight the co-engineering concept. Once in-
troduced, this approach should be relevant to many other systems not
considered in detail here, such as coral reef (Bozec et al., 2013), mussel
and oyster beds (Grant et al., 2012; Lejart and Hily, 2011) among others.
In addition, there is no reason to limit the approach to marine systems
and expect terrestrial examples to emerge. Therefore, the role of some
biogenic structures, which provide habitat complexity, is described first
as spatial complexity that is important in maintaining local diversity
(Bouma et al., 2009; Zühlke et al., 1998). The second part of the review
will then focus on the ecosystem engineers which promote sediment
stabilisation or destabilisation, and affect the settlement and growth of
a large range of other species. Finally, the interaction of the engineers
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a simplified benthic system with ragworms, diatoms and bacteria.



Table 1
Some examples of ecosystem engineers in tidal flats and their impact on their environment. Associated references.

Engineer Activity Impact References

Polychaete Lanice conchilega Tube building
Piston pumping of O2 into sediment

Modification of hydrodynamics
Modification of O2 repartition in sediment

Rabaut et al. (2007)
Forster and Graf (1995)

Meiofauna Bioturbation Increase of nutrient fluxes in sediment Aller and Aller (1992)
Macrofauna Bioturbation Increase in OM remineralisation and nutrient turnover Braeckman et al. (2010)
Polychaete Nereis diversicolor Burrow construction Increase in O2 concentrations in sediment

Increase of nutrients fluxes towards water column
Scaps (2002)

Kelp macroalgae Presence Modification of wave and current dynamics Eckman et al. (2003)
Zostera sp. Presence Modification of hydrodynamics Lee et al. (2001), van der Heide et al. (2007)
Bacteria Biofilm production Sediment stabilisation Gerbersdorf et al. (2008)
Microphytobenthos Biofilm production Sediment stabilisation Holland et al. (1974)

Lubarsky et al. (2010)
Polychaete Arenicola marina Bioturbation and bioirrigation

Formation of coiled faecal casts
Modification of physico-chemical properties of sediment
Modification of hydrodynamics

Volkenborn et al. (2007)
Friedrichs and Graf (2009)

Salt marsh plants Presence Increase of habitat complexity
Buffer of salinity and temperature
Modification of hydrodynamics

van der Wal and Herman (2012)

Polychaete Diopatra cuprea Tube building Supply of substrata
Predation refugia

Berke (2012)

Oyster Crassostrea giga Reef formation Increase of substratum complexity
Supply of substrata

Lejart and Hily (2011)

94 C. Passarelli et al. / Journal of Sea Research 92 (2014) 92–101
and the consequences that can be expected at a community level will be
discussed. In each of the first two sections, diversity of engineers will be
quickly addressed butmost attentionwill be given to commonengineers,
whose interactions with other species are numerous, and this will be
discussed in the third section. Specifically, the influence of annelid tubes
and biofilms as ecosystem engineers will be thoroughly investigated,
and their possible cooperative engineering effect will be demonstrated.

2. Ecosystem engineers providing biogenic structures

For numerous benthic organisms, access to oxygen, nutrients or food
resources is highly dependent on fluid dynamics at the sediment–water
interface. Any organism capable of locally modifying the pattern of ben-
thic boundary layer (BBL) flows by its presence or activity is therefore
likely to act as an ecosystem engineer in an intertidal system. For
instance, blades of the seagrass Zostera marina are able to modify
the BBL dynamics within the seagrass bed affecting a large range of
macrofaunal organisms (Lee et al., 2001). For tube-building species,
such as the polychaete Owenia fusiformis, tube density will control
characteristics of BBL flows in intertidal areas (Eckman et al., 1981); poly-
chaete tubes are often themain structuring elements of soft-bottom tidal
flats and have therefore been extensively studied in the past decades
(Luckenbach, 1986; Zühlke et al., 1998). More recently the importance
of maerl beds, created by the branching of calcareous algae, has been
recognised as important on a European scale (Wilson et al., 2004). Like
tube-fields these habitats enhance local biodiversity (Jackson et al.,
2004) and often provide protection for commercially important species
(Kamenos et al., 2004;Nelson, 2009). It should be noted that in some in-
stances it is not necessary for the structuring organism to be alive to
have the effect. Relict tube-fields still influence hydrodynamics while
the calcareous remains of coralline algae from the maerl beds still pro-
tect benthic habitat although no longer active. The structures built by
organisms have been defined as biogenic structures; polychaete tubes
are a well-known example but illustrations are much more diverse, in-
cluding mollusc shells, coiled faecal casts, maerl and furrows (Fig. 2).

Some of these engineers have a dual effect on benthic ecosystems:
one is related to their impact on the surface roughness element, which
modifies water flow at the BBL; while the second is related to the
organism's biological activity. For instance, kelp macroalgae produce
large quantities of exudates (Abdullah and Fredriksen, 2004) which can
be consumed by other organisms and Lanice conchilega pumps water
into the sediment thus affecting O2 distribution and the turnover of or-
ganic matter (Braeckman et al., 2011; Forster and Graf, 1995). However,
most studies comparing the net effect of the whole organism with the
influence of the roughness elements alone showed that the effect of
these engineers was mainly due to the physical structure (Callaway,
2003; Thistle et al., 1984). Therefore, the influence of different artificial
structures, or roughness elements, on water flow has been extensively
used as model system to characterise the nature of such effects in flume
experiments (Eckman et al., 1981; Friedrichs et al., 2000; Luckenbach,
1986; Nowell and Jumars, 1984; Wilkie et al., 2012). Three distinct pat-
terns have been demonstrated to occur, depending ultimately on the
density of roughness elements. At very low densities, the overall effect
of a given cluster of biogenic structures (individual elements) can be con-
sidered as the sum of individual effects: every structure modifies the
near-bed flow dynamics but these perturbations do not interact with
each other; however the individual local effect on the sediment (scour)
can be severe. When densities increase, interactive flow is established
within the group of elements. When this becomes significant, which in-
duces turbulence, an overall destabilisation of the substratum occurs. At
higher element densities, most of the flow passes above the biogenic
structures, andwater velocity at the sediment surface is reduced, the tur-
bulence being induced above the structure of the element (Paterson and
Black, 1999). This “skimming flow” regime promotes both particle depo-
sition and protection of the sediment. The threshold density of elements
for reaching skimming flow will vary with the ambient velocity: for in-
stance, Friedrichs et al. (2000) demonstrated that, for a current velocity
of 5 cm · s−1, skimming flow will develop as soon as roughness ele-
ments cover 2% of the surface of sediment. Yet, further studies showed
that effects on water flow may vary according to the shape of the struc-
tures, as well as their stiffness (Friedrichs and Graf, 2009; Peralta et al.,
2008) making absolute prediction problematic.

Because of their effect on hydrodynamics, sediment stability and nu-
trient availability, biogenic structures affect both recruitment and growth
of benthic organisms. The effects of these structures onmacrofaunal com-
munities have been extensively characterised, with special attention to
annelid tubes. These structures modulate the recruitment of benthic
macrofauna, mostly by facilitating their settlements (Gallagher et al.,
1983). Yet, the effect is species-specific, and inhibitory interactions have
also been demonstrated (Bolam and Fernandes, 2002; Whitlatch and
Zajac, 1985). The abundance and diversity of macrofaunal assemblages
increase within and upon biogenic structures, both in the short and
long-term (Callaway, 2003, 2006; Rabaut et al., 2007). There are species
specific variations, so that the structure of the community also changes
when tubes are present (Callaway, 2003; Zühlke, 2001). Similar effects
on macrofauna have been demonstrated for other engineers, such as
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Fig. 2. Diversity of biogenic structures. a. Mollusc shell. b. Macroalgal fragment. c. Tube of Lanice conchilega. d. Zostera marina.
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Z. marina (Lee et al., 2001; Thistle et al., 1984). Other assemblages, partic-
ularlymeiofauna, are also affected by polychaete tubes, but a general pat-
tern is difficult to interpret as the effect of tubes on a species may vary
according to its specific requirements regarding current velocity and or-
ganic matter content (Eckman, 1983). For instance, Zühlke et al. (1998)
demonstrated that the abundance of a specific group of nematodes in-
creases when tubes are present, while Passarelli et al. (2012b) showed
a reverse tendency for most meiofaunal groups excepting the foraminif-
eral assemblages. Finally, biogenic structures were shown to prompt
a short-term increase of bacterial abundances in flume experiments
(Eckman, 1985), while no effect of these structures was demonstrated
in situ at a longer temporal scale (Passarelli et al., 2012b). Nevertheless,
polychaete tubes were shown to stimulate the development of
microalgal biofilms (Passarelli et al., 2012b).

The effects of roughness elements on hydrodynamics can explain
most of their influence on communities; however, these general patterns
can becomemore intricate as some biogenic structures may also act as a
refuge (Woodin, 1978), and the associated species richnessmay increase
when biogenic structures becomes more complex (Bell, 1985). Also,
many studies demonstrated that the engineering effects on communities
may vary according to seasons: similar experiments that run at different
times of the year generated different results, but patterns of variations
were difficult to decipher (Bolam and Fernandes, 2002; Eckman, 1983).
Differential effects on recruitments and development may explain why
the influence of the engineers on both abundance and composition
vary seasonally (Callaway, 2006). In addition, temporal effects may be
accentuated, as the ecosystem engineer itself is likely to show seasonal
development or variations in growth. For instance, L. conchilega tubes
may be destroyed by waves, storms or freezing events and this may
have an impact even when tubes are often rebuilt in the following 24 h
(Zühlke, 2001). The seasonal and interannual dynamics of the engineer
itself is likely to influence the composition and structure of benthic com-
munities. For example, kelp forests damagedbywinter storms takemuch
longer to recover, and this can be affected by climatic conditions such as
El Niño events (Dayton and Tegner, 1984).
3. Sediment stability in coastal sediments: a combination of
physico-chemical factors and engineering effects

In coastal habitats, sediment erodibility depends ultimately on the
balance between multiple erosive and resistive forces. Though it is
well known that hydrodynamics is the major erosive driver in coastal
habitats as flow generates shear stress on surface sediment layers; sed-
iment also displays various physical, geochemical and biological charac-
teristics that promote resistance to erosion (Black et al., 2002; Dade
et al., 1992; Grabowski et al., 2011). Assessing which factors are the
major resistive forces is not straightforward as they have complex and
sometimes antagonistic effects on sediment stability. In addition, how
the different factors may interact to promote resistance to sediment
erosion has seldom been studied.

Average particle grain size and particle size distribution (i.e., percent-
ages of clay, silt and sand) are important physical variables in the sedi-
ment that reflect mostly the exposure to water movements due to
wave action and currents (Raffaelli and Hawkins, 1996). Notably, sedi-
ment cohesion increaseswith the amount of clays because fine particles
with a high surface to volume ratio are subject to hydrogen bonding and
this inter-particle attraction is important in bed cohesion (Grabowski
et al., 2011). The extent of the attraction varies with packing and
physico-chemical conditions so pore-water content (which is correlat-
ed to bulk density and porosity of the sediment, Avnimelech et al.,
2001) and salinity are crucial.

Furthermore, microbial secretions of extracellular polymeric
substances (EPS: a general term for polymers secreted from cells)
have been increasingly recognised as a major stabilising factor in
coastal sediments (Decho, 1990). In intertidal ecosystems, earlier
studies have shown that persistent diatoms' vertical-migration
rhythms within the sediment (Fauvel and Bohn, 1907; Palmer and
Round, 1967) produce a mucilage that is responsible for the observed
increased sediment stability (Paterson, 1989). This secretion induces
the formation of an extensive matrix throughout the sediment surface
as well as fine strands that attach grains together (Fig. 3). Coastal
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Fig. 3. LTSEM images of amicrophytobenthic biofilm on sediment, showing the links between sediment particles through EPS. a. Surface of the biofilm.White bar: 100 μm. b. Fracture face;
the sediment surface is at the top. White bar: 10 μm.
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ecosystems are indeed characterised by strong physical and geochemical
gradients under varied geomorphological settings, which create a
multitude of habitats and niches (Raffaelli and Hawkins, 1996). In
response to these environmental stresses, microbes have developed
different strategies. In this context, EPS secretion can be seen as a pro-
tectionmechanism against resuspension but has many other important
roles (Decho, 1990). The demonstration of this hitherto unrecognised
capacity of microorganisms to promote resistance to erosion (and par-
ticularly of diatoms in tidal ecosystems and estuaries), gave rise to nu-
merous studies and the general acceptance that microbial EPS are a
major stabilising force in coastal ecosystems (Gerbersdorf et al., 2008;
Lubarsky et al., 2010; Raffaelli andHawkins, 1996; Stal, 2010); therefore
organisms responsible for these secretions are now considered as cru-
cial ecosystem engineers in tidal environments.

Extracellular polymeric substances (EPS) have multiple roles in
aquatic systems: attachment to substrata, feeding sources, protection
against desiccation/UV/pollution, adhesion of microbes to surfaces, de-
velopment of biofilms, cell to cell communication (Decho, 1990; Hori
and Matsumoto, 2010; Leppard, 1995; Underwood and Paterson,
2003; Wotton, 2004). In the Arctic Ocean, it is suggested that EPS play
an important buffering and cryoprotectant role for diatoms, against
harsh winter conditions of high salinity and potential ice-crystal dam-
age (Krembs et al., 2002). EPS are primarily composed of polysaccha-
rides, proteins, various glycoconjugates and other macromolecules
such as nucleic acids and humic acids. EPS are classified into bound
EPS (including tightly bound EPS such as capsular polymer or loosely
bound EPS such as mucilage) and soluble EPS or colloidal fractions re-
leased into bulk water. Thus EPS display a great molecular complexity
and diversity, and have a multitude of forms, size, and activities (Decho,
1990). Nevertheless, regardless of the diversity of specific structure, spe-
cies diversity and chemistry of coastal biofilms, EPS are a unifying biofilm
component onwhich the integrity of the assemblages depends. In coastal
ecosystems, EPS that enhance mineral inter-particle cohesion consist
mainly of colloidal high-molecular weight compounds and also of tightly
wound capsules at the microbial cell surface (Decho, 1990). Other mole-
cules such as exoenzymes (e.g., beta-D-glycosidase, amino-peptidase) or
signalling molecules (e.g., N-Acyl homoserine lactone which enables the
coordination of group-based behaviour based on bacterial population
density) are also secreted outside the cell wall and thereby indirectly in-
fluence sediment stability (Decho, 2000).

Microorganisms are not the only engineers capable of altering sedi-
ment stability. Meiofauna are small benthic invertebrates that live in
both marine and fresh water environments (Higgins and Thiel, 1988;
McIntyre, 1969). The term was first introduced in 1942 by Mare
and refers to a size class of organisms (between c.a. 45/63 μm and
500 μm/1 mm) rather than to a taxonomic group (Mare, 1942). They
are classically divided into twomain categories (Giere, 2009): the perma-
nent (which corresponds to organisms that spent their entire life cycle in
this size category) and temporary meiofauna (which corresponds to
juvenile stages of larger organisms: i.e., macrofauna). Macrofauna
refers therefore to larger organisms (i.e., retained on a mesh of
500 μm/1 mm) that live on or in sediment. These benthic organisms
have contrasting effects on sediment biofilms; depending on their
size, abundance and behaviour they can cause a destabilisation of
the sediment and therefore of the associated biofilms.

Bioturbation refers to the biological reworking of sediments. Faunal
activities, such as burrowing, ingestion and egestion of sediment parti-
cles (e.g., such as by the lugworm A. marina), construction and mainte-
nance of galleries and burrows, alter bed topography and are highly
destructive for biofilms and therefore increase erodibility (Andersen,
2001; de Deckere et al., 2001). But any attempt to classify macrofaunal
organisms as net destabilisers would be spurious. It has been proved
that, despite an intense burrowing activity and a strong trophic pres-
sure, the common ragwormHediste diversicolorwas able to enhancemi-
crobial activity and biofilm surface adhesion (Passarelli et al., 2012a).
Indeed, bioturbators have strong implications for the biogeochemistry
of sediments as they induce a modification of sediment texture, sedi-
ment compaction and porosity which in turn affect diffusion of solutes
(Gerino et al., 2003; Meysman et al., 2006; Rhoads and Young, 1970).
Bioturbation is therefore a major factor for molecular diffusion and sol-
ute transport in cohesive sediments, so that bioturbators have long been
considered as engineers (Levinton, 1995). However, bioturbatory ef-
fects are likely to be less important in permeable sediments where
wind, wave and tide driven currents are believed to be major drivers
(Huettel andWebster, 2001). High levels of bioturbationmay, in addition,
make it difficult for juvenile macrofauna to remain in sediments or may
otherwise mediate the immigration of new settlers (Olivier et al., 1996).
Due to their small size, meiofauna organisms are generally not referred
to as bioturbators but there is evidence that they also change sediment
texture, induce a bio-irrigation and displacement of microorganisms
and sediment particles. Nematodes, for instance, may improve oxygen
and nutrient distribution in sediments by microbioturbation (Alkemade
et al., 1992) and Harpacticoid copepods have been shown to be signifi-
cant bioturbators (Hicks and Coull, 1983). These irrigation activities
by meiofauna organisms generally promote microbial remineralisation
of organic matter (Aller, 1994).
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Another modifying effect of macrofauna and meiofauna on biofilm
may result fromgrazing onmicrobes and egestion of faeces andnutrients.
For instance, nematodes affect bacterial activity and organic matter deg-
radation. Even at relatively low densities, they can significantly impact
bacterial community composition in a very species-specific way (De
Mesel et al., 2004). In addition, modifications of microbial assemblages
by macrofauna grazing pressure have also been recorded by Hydrobia
ulvae and Corophium arenarium (Hagerthey et al., 2002). This can have
important implications for food–web interactions and ecosystem func-
tions such as sediment stability (Orvain et al., 2004), and may result
from differential food preferences or from more indirect interactions
(Moens et al., 2005). However, grazing by meiofauna organisms on mi-
crobes is generally not considered sufficient to hamper biofilm develop-
ment (Montagna, 1984). In contrast, grazing can significantly enhance
microbial development and EPS secretions (Hubas et al., 2010), by
fragmentation of organic matter particles, by preventing bacterial
assemblages from rapidly reaching carrying capacity, and, most
probably, by excretion of N-rich compounds which stimulate micro-
bial growth (Ferris et al., 1998; Ingham et al., 1985), particularly by
diatoms.

During locomotion and/or feeding, many meiofauna and macrofauna
species secrete significant amounts of mucus, which, depending on their
diverse properties such as their solubility,may bind sediment particles to-
gether and thus improve cohesion (e.g., mucus-net feeding polychaetes:
Jørgensen et al., 1984; or nematode mucus secretion: Riemann and
Schrage, 1978). It was suggested that nematode mucus tracks contain a
substantial amount of polysaccharides which facilitate the development
of specific strains ofmicrobes (Moens et al., 2005), which are then grazed
upon by the nematodes (i.e., mucus-trap hypothesis). Riemann and
Helmke (2002) also suggested that several mucus secreting nematodes
invest in a common enzyme pool with their “gardened” bacteria to en-
hance organic matter decomposition and therefore maximise nutrition
and growth of both parties.

The complex interactions between different sediment physical, chem-
ical and biological properties, which finally determine sediment stability,
have been summarised (Fig. 4). It should be noted that the diverse organ-
isms affecting sediment stability are likely to display seasonal variations,
so that their effects and interactions might be temporally varied. Yet, if
effects are strong enough, they will affect sediment stability on a yearly
average basis. Stability is a critical factor for tidal flats because it modifies
in depth the composition anddepthof benthic communities (Reise, 2002)
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Fig. 4. Interplay between sediment stability and benthic communities in int
and the stability of surface biogeochemical gradients which dominate the
microbial ecology of benthic systems. First, sediment stabilisation is
often associated with an increase of the fine particle fraction, and
grain size is a key factor determining the composition of meiofaunal as-
semblages (Giere, 1993), which can in turn affect macrofaunal recruit-
ment (Watzin, 1983). Also, stabilising and destabilising species tend
to exclude each other (Volkenborn et al., 2009; Woodin and Jackson,
1979), so that communities are highly dependent on the stabilisation
state of the sediment, and therefore on the ecosystem engineers
which determine this state.

4. Associations of ecosystem engineers

The importance of ecosystem engineers for ecosystem functioning is
now recognised, but data are missing on the potential interactions be-
tween two or more species of ecosystem engineers. The presence of
one engineer may depend on the presence of others, forming what is
called a “habitat cascade” (Altieri et al., 2007; Thomsen et al., 2010): a
species promotes, through the modification of habitats, the develop-
ment of another that in turn creates living space for different organisms.
For instance, Altieri et al. (2007) demonstrated that cordgrass, by
stabilising sediment with their roots, baffling wave impact and provid-
ing shade, promotes the development of a large assemblage of benthic
organisms, including ribbed mussels. Those, in turn, provide a hard
substratum and physical space for organisms like barnacles and amphi-
pods. Such cascades are likely to have a crucial role for the development
of benthic communities and examples are numerous. In the 1980s,
Eckman et al. (1981) proposed that annelid tubes, bymodifying the set-
tlement of bacteria, may alter the recruitment of benthic organisms, as
bacterial secretions often provide settlement cues. Invasive species
may also drive large changes in benthic communities, by influencing
the development or behaviour of a native ecosystem engineer, thereby
transforming its influence on benthic assemblages (Gribben et al.,
2009).

Non-hierarchical interactions between ecosystem engineers have also
been demonstrated in the past years and studies show non-additive ef-
fects when two engineers impact the same habitat or resource (Crowe
et al., 2011). For instance, Boyer and Fong (2005) studied the combined
effects of the snail Cerithidea californica and the crab Pachygraspus
crassipes on macroalgal cover and functional properties of a salt marsh.
These authors demonstrated that crabs alone decrease macroalgal
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cover, while snails tend to increase it when macroalgae are at low
density. Surprisingly, macroalgal cover was completely removed
when both engineers were together. The authors pointed out that ef-
fects of both engineers together were not possible to predict from
the knowledge of individual effects. These non-additive influences
on benthic assemblage properties (over and under yielding) and
ecosystem functions are difficult to assess and yet, are likely to occur
commonly in natural systems (Emmerson et al., 2001). Also, these
non-additive effects have been demonstrated to vary according to envi-
ronmental conditions and context (Bulling et al., 2008; Caliman et al.,
2011): for instance, the interactions between three different bioturbators
changewith the available sediment volume. Temporal variations of these
interactions have also been demonstrated (Berkenbusch and Rowden,
2007; Berkenbusch et al., 2007).

No authors have, to the best of our knowledge, tried to formally
characterise the different kinds of interactions between ecosystem
engineers and their potential effects on community composition
and ecosystem functioning. However, Passarelli et al. (2012b) de-
scribe an association between two ecosystem engineers, whose en-
gineering effect has been assessed through an in situ experimental
study. These authors tested the influence of artificial mimics of poly-
chaete tubes on diatom development and sediment stability. When
tubes reached a skimming flow density, they promoted the develop-
ment of microphytobenthic biofilms in terms of both diatom and EPS
content. Also, sediment adhesive capacity, which has been demon-
strated to be a proxy for sediment stability (Lubarsky et al., 2010),
was higher when these tubes were present.

These results show two different processes (Fig. 5.a). First, biogenic
structures produced by benthic macrofauna facilitate the development
of biofilms,which in turn stabilise the sediment. This stabilisation then fa-
cilitates the development of a specific benthic community, which differs
from the assemblages present in non-stable sediments (Volkenborn and
Reise, 2007; Volkenborn et al., 2009). The macrofauna and the biofilm
are thus integral parts of a habitat cascade: an ecosystem engineer
(infaunal worms) promotes, through the modification of habitats,
the development of another one (diatom assemblages) that in turn
creates niche capacity for different organisms (Altieri et al., 2007;
Thomsen et al., 2010). Secondly, it is interesting to consider that sed-
iment stability is affected by the hydrodynamic pattern at sediment
surface and by the adhesion of sediment particles (Madsen et al.,
1993). In this experiment, tubes modified near bed flow dynamics,
and microbial communities produced EPS which coated sand grains
and increased their cohesion. This association resulted in an overall
a
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Fig. 5. a. Habitat cascade (red arrows) and cooperative ecosystem engineering (black arrows) a
2012b); b. potential threats on these species and process due to habitat change.
increase of sediment stability within the biogenic structure bed but
also in an enhanced capture of water born particles by the bed.
These two groups of ecosystem engineers, although very different by
size, organisation, and phylogeny, thus act cooperatively in a way which
increases the engineering effect. Here we propose these groups to be
called “cooperative ecosystem engineers”, and hypothesise that other
similar interactions are common in marine ecosystems.

5. Conclusion, and possible threats on ecosystem engineers

Ecosystem engineers, while modifying habitat for other organisms,
may also provide what has been called “ecosystem services” for human
populations (Millenium Ecosystem Assessment, 2005). Purification of
water, stabilisation of soils and protection against natural catastrophes
are some examples of ecosystem services provided by assemblages
governed by ecosystem engineers. In this context, Odling-Smee (2005)
highlighted that the limited resources available for nature conservation
might be better invested in preserving species because of their functional
value for the community or for humans. Ecosystem engineers are there-
fore potentially interesting conservation targets (Crain and Bertness,
2006; Godet et al., 2008b). For instance, erosions of soils and sediments
are increasingly recognised as an environmental hazard for human de-
velopment and well-being. The development of intensive agriculture
for land and rising sea levels for coasts are some of the main drivers
whereby erosion may increase in the next decades. An estimate of
1500 houses, and the land on which they stand, are lost due to coast-
al erosion in the U.S. each year; a loss of approximately $530 million
per year for owners (Heinz Centre for Science Economics and the
Environment, 2000).

Threats for ecosystem engineers are diverse (for examples, see
Fig 5.b). First, natural catastrophes may destroy populations of engi-
neers, and effects on community will then depend on the ability of these
engineers to recover from such events. Also, long-term processes, such as
global climate changes, will durably influence the functioning of systems.
For instance, rising sea level will increase coastal erosion; this physical
process could be enhanced by a diminished capacity for biofilms to sta-
bilise sediment in response to antibiotics discharge in coastal waters
(Lubarsky et al., 2012). Moreover, some biological invasions have been
shown to produce great effects on the composition and functioning of
some systems (see Boogert et al., 2006 for examples). These effects are
not necessarily negative for biodiversity per se, but some alter either
the development of the ecosystem engineer itself, or its ability to modu-
late resources fluxes and habitat for other organisms. A final example is
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s illustrated by the interactions between biogenic structures and biofilms (Passarelli et al.,
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the direct destruction of ecosystem engineers; for instance, the develop-
ment of Manila clam aquaculture leads to the destruction of the bed of
L. conchilega, which is known to have amajor structuring role in intertid-
al flats (Toupoint et al., 2008).

Loss of local diversity, change in ecosystem functioning and decrease
in ecosystem services are among the main potential consequences of
such threats.More durable and dramatic effectsmay occur if the pertur-
bation of the ecosystem engineer is sufficient to prompt a switch to an-
other stable state of the system (Eklöf et al., 2011). For instance, van der
Heide et al. (2007) studied the non-recovery of Z. marina after the
wasting disease in the 1930s. When present, these marine angiosperms
decreased the nutrient concentration in seawater and limited the
erosion of sediment by waves, thereby limiting the development of
phytoplankton and epiphytes and reducing the amount of suspended
sediment. After the disease, due to the destruction of the plants, turbid-
ity dramatically increased in coastal waters. In turn, this increase in tur-
bidity hindered the settlement and development of Z. marina, which
prevent any recovery of these populations. This catastrophic switch is
a good example of what might happen to current crucial ecosystem en-
gineers due to environmental hazard combined with changes in their
environmental conditions. In other conditions, Z. marina recovered
well since the disease (Godet et al., 2008a), pointing out the complexity
of interactions at stake.

Predicting howmultiple changes in environmental conditions influ-
ence diverse ecosystem engineers and their interactions is an ongoing
challenge for ecologists. A good understanding of how ecosystem engi-
neers interact and, for instance, cooperate is therefore crucial in deter-
mining the key processes for ecosystem functioning and their future
in changing conditions.
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