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GENERAL DISCUSSION
In this 21st century, the far-reaching effects of anthropogenically induced global
changes are undeniable. Biodiversity and species loss are highly discussed topics
(Barnosky et al., 2011; Hoffmann et al., 2010) as we become aware of our impact on
nature and search for measures to ‘(con)serve and protect’ what still remains. In order
to do this, understanding the networks of interactions that structure communities and
populations of species is vital. Research on habitat-forming species and facilitation
cascades has gained momentum in the last decade as habitat-forming species and the
networks they form represent compelling targets for the conservation of biodiversity
and species abundances. However, while research on facilitative interactions has
come a long way, knowledge of the mechanisms and species traits that drive
facilitation remain limited. Additionally, a profound understanding of the factors that
determine the spatial scale and strength of facilitative interactions is still lacking.
This thesis aimed to address these knowledge gaps and found that:
a. At large spatial scales, habitat-forming species facilitate other habitat-formers by
ameliorating environmental stressors, making habitats more benign, while at
small spatial scales they facilitate associated organisms by providing physical
structure for attachment.
b. The ecological function and species traits of primary and secondary habitatforming species are important drivers of community structure.
c. A single habitat-forming species can simultaneously generate facilitation
cascades that span both local and cross-habitat scales, increasing habitat
connectivity.
d. Primary habitat-forming species can result in secondary habitat-forming species
interactions that are relatively insensitive to environmental gradients.
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MECHANISMS OF FACILITATION
Though once largely overlooked by ecological theories (Huston, 1979; Menge and
Sutherland, 1987), there is a growing recognition of the important role positive
interactions play in regulating ecosystem function and shaping community ecology
(Bruno et al., 2003; Stachowicz, 2001). Due to anthropogenic activities, species
habitats are being modified and lost at growing rates (Giam et al., 2010; Pimm,
2008). Habitat-forming species have been increasingly utilized in conservation and
restoration efforts as they can support high levels of biodiversity (Byers et al., 2006;
Halpern et al., 2007), but the mechanisms by which facilitation takes place remain
poorly understood. Prior to the implementation of habitat-forming species in
management strategies, understanding how exactly habitat-forming species exert
facilitative effects is a critical first step.
A limited number of studies have focused on the mechanisms of facilitation. Studies
in this thesis investigated the mechanisms through which different habitat-forming
species exerted facilitative interactions in intertidal ecosystems (Chapters 2, 4 and
5).
Amelioration of stressors
Studies in this thesis support that facilitation on large spatial scales, reaching over
hundreds of meters, occurs via the mechanism of stress amelioration (Chapter 5). My
results confirm earlier findings that water motion and sediment erosion are mediated
by mussel reefs, facilitating organisms in their wake (Donadi et al., 2013a).
Primary habitat-forming blue mussels Mytilus edulis form stable biogenic mussel
reefs that consist of live mussels, (pseudo)faeces, shell debris and coarse materials
on otherwise sedimentary intertidal flats. Mussels attach to neighbouring
conspecifics by means of byssus threads and construct strong reefs that can last for
multiple years and extend over many hectares (Nehls and Thiel, 1993; Suchanek,
1978). The reefs protrude from the flat surroundings and create biological hotspots
for organisms (Chapter 3; Commito et al., 2008; Norling and Kautsky, 2008; Saier,
2002). In the wake of the mussel reef water motion and erosive power are mediated
by the presence of the mussel reef (Donadi et al., 2013a, 2013b; Engel et al., 2017).
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A manipulative experiment based on the addition or removal of common cockles
Cerastoderma edule (Chapter 5) found that cockle survival rates were high at the
leeward side of the mussel reef, hundreds of meters away, presumably due to the
amelioration of environmental stressors, creating more benign conditions that
improve cockle settlement, survival and recruitment. This long distance interaction
facilitated the formation of cockle banks (Donadi et al., 2014) and increased infaunal
abundances (Chapter 5). In contrast, around 93% fewer cockles were found on the
bare surrounding tidal flat that remained uninfluenced by the mussel reef. Here
cockles were most likely dislodged as a result of the relatively high sediment erosion
rates (Donadi et al., 2013b; Gutierrez et al., 2003; Widdows and Brinsley, 2002),
highlighting the importance of the mussel reef’s stress mediation for cockle survival.
This study adds to a growing body of literature demonstrating how amelioration of
environmental stressors by habitat-forming species facilitates other habitat-forming
species (Gribben et al., 2019; Van de Koppel et al., 2015). Like mussel reefs, habitatforming mangroves facilitate other organisms on large spatial scales (Meynecke et
al., 2008; Mumby and Hastings, 2008). On tropical coasts, mangrove trees absorb
excess nutrients and trap sediments, thereby facilitating seagrass beds and corals
hundreds of meters away by reducing the risk of smothering and burial (Gillis et al.,
2014; Van de Koppel et al., 2015). Subtidal oyster reefs can alter water flow and
influence food resources and oxygen fluxes, thereby affecting surrounding
suspension feeders (Lenihan, 1999).
This thesis also suggests the importance of the density and size of structures created
by habitat-forming species. An ostensible size reduction of these structures could
possibly result in impoverishment of species richness and abundances hundreds of
meters away. For example, considering the findings in this thesis, a reduction of
mussel reef size might negatively affect the reef’s ameliorating effect on
hydrodynamic conditions, decreasing the surface area of the more benign habitat
created in the reef’s wake. Studies are needed to unravel the threshold of habitatforming species densities needed for amelioration of environmental stressors to take
place. By increasing our knowledge on indirect interactions that reach over large
spatial scales, the mechanisms that drive community structure and habitat formation
can be further elucidated.
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Provision of physical structure
Studies in this thesis found that habitat-forming species facilitate associated
organisms on small spatial scales of several centimeters by providing physical
structures for attachment (Chapters 2 and 4). Both mussels and mangrove trees
facilitate macroalgae through entanglement in their physical structure.
Intertidal flats generally are sedimentary ecosystems with a limited amount of hard
substrate available for attachment and growth (Kristensen et al., 2015; Norling and
Kautsky, 2008; Wright et al., 2014). The protruding biogenic mussel reefs facilitated
brown macroalgae Fucus vesiculosus f. mytili development through the
entanglement of thalli in byssus threads produced by the mussels (Chapter 2). As F.
vesiculosus lacks a holdfast and reproduces vegetatively via fractioned thalli
(Albrecht and Reise, 1994), this macroalgae is found in low abundances on the open
tidal flat area. Once it establishes on mussel reefs, however, it can form dense
meadows that can cover entire mussel reefs (Albrecht and Reise, 1994; Andriana et
al., 2020). In this study the physical structure provided by the mussel reef facilitated
attachment and further development of this macroalgae, which in its turn promoted
high abundances of epifauna (Chapter 5).
The same mechanism of facilitation – provision of physical structure – was found to
take place in mangrove forests. Here, macroalgae Hormosira banksii were trapped
in the protruding aerial roots (i.e. pneumatophores) of the mangrove trees (Chapter
4). H. banksii is a fucalean macroalga with free-floating fragments that can float into
mangrove forests with the incoming high tide, subsequently getting trapped in
protruding physical structure of the roots where it survives and sometimes
reproduces via detached fragments (McKenzie and Bellgrove, 2008). The results of
this study found facilitation of H. banksii by entanglement to be density-dependent;
higher densities of aerial roots entangled more algae and subsequently facilitated
greater abundances of invertebrates. These findings match with existing literature
that has reported a greater retention of H. banksii with higher pneumatophore
densities (Bishop et al., 2012). When associated organisms require a minimum
density threshold of the habitat-forming species to be present, restoration efforts will
not attain their full potential without taking these interactions into account. This
knowledge gap should be addressed in future studies, as the positive effect of
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additional physical structures on associated organisms has been reported in multiple
habitats (Thomsen et al., 2018) and can be of great value for the success of restoration
and conservations measures. However, the effects of added physical structures on
associated organisms are not necessarily ubiquitously positive. H. banksii had a net
positive effect on biodiversity, but certain invertebrate species were negatively
affected. It is possible that the presence of H. banksii reduced opportunities for
invertebrates to graze on the sediment surface below, but further research is needed
to test this.
Nevertheless, other studies have found that the physical structures of habitat-forming
species can facilitate associated organisms in more ways than offering space for
attachment alone. For example, large Pacific oysters provide refugia for blue mussels
from predation by crabs and overgrowth by barnacles, as mussels actively move
downwards in the oyster reef (Buschbaum et al., 2012, 2016). This way, Pacific
oyster reefs can also protect mussels from extreme hydrodynamic conditions
(Andriana et al., 2020). Other examples include nursery functions provided by
mangrove tree structures (Mumby et al., 2004) and increased niche space provided
by coral structures (Messmer et al., 2011).
The abovementioned findings reinforce the idea that the positive effects of physical
structures provided by habitat-formers are many-fold. Effects of habitat-forming
species are expected to increase with increasing difference between the ‘engineered’
and the ‘baseline/structurally unmodified’ state of an ecosystem, irrespective of the
ecosystem studied (Jones et al., 2010). For example, patches of mussels harbour
higher species richness than the surrounding bare sediment (Chapter 3; Norling and
Kautsky, 2008) and the presence of oyster reefs increases fish and crustacean
abundances (Peterson et al., 2003). Mussel reefs and mangroves add hard structure
to otherwise sedimentary environments, such that the extent to which they modify
habitat structure compared to the baseline is large, as are their effects on community
structure and biodiversity.
Collectively the results of this thesis contribute to the growing realization that
habitat-forming species exert large influences on community structure, both through
positive direct and indirect interactions at a range of spatial scales. To successfully
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capture all interactions at play, future studies should span multiple spatial scales so
as to capture any long distance indirect interactions. Documenting both direct and
indirect mechanisms of facilitation is important to gain a better understanding of
ecosystem function at different spatial scales.

EFFECTS OF SPECIES TRAITS ON FACILITATION
To further elucidate the ways in which habitat-forming species facilitate other
organisms, this thesis investigated the sensitivity of positive interactions to the traits
of the habitat-forming species involved. At small spatial scales, where species were
directly in contact with each other or overlapped in distribution, inter- and
intraspecific trait variations were found to have strong effects on facilitative
interactions and hence biodiversity and ecosystem function.
Interspecific interactions
This thesis found that two structurally similar primary habitat-forming species
facilitated different associated species, due to differences in their attachment
mechanism (i.e. basic ecological function). Habitat-forming blue mussels and Pacific
oysters Magallana gigas (syn. Crassostrea gigas) can coexist and form mixed
intertidal reefs (Andriana et al., 2020; Reise et al., 2017). Differences in ecological
function between the two filter-feeding bivalves were investigated with a biomanipulation experiment (Chapter 2) with which the development of seaweeds on
the primary habitat-formers was monitored on manually constructed small-scale
reefs, dominated by either blue mussels or Pacific oysters. The results highlighted
the interspecific trait differences in basic ecological function between blue mussels
and Pacific oysters, as the shellfish facilitated different seaweed species. Pacific
oysters promoted communities of green algae Ulva sp., while blue mussels facilitated
the development of habitat-forming brown seaweeds Fucus vesiculosus f. mytili. F.
vesiculosus thalli were attached via entanglement in the mussels’ byssus threads and
supported high abundances of epifauna (Chapter 5). Pacific oysters do not produce
byssus threads and therefore did not entangle F. vesiculosus thalli.
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The results presented here are among the first to compare the facilitative effects of
native and non-native primary habitat-forming species on facilitation cascades. The
Pacific oyster originated in Japan and was first introduced into the Wadden Sea in
1986 by a sea-based oyster farm near Sylt, Germany. Within 5 years the oysters had
spread beyond the farm and were found on nearby mussel reefs (Reise et al., 2017).
Studies have reported on the impacts of the Pacific oyster invasion in the Wadden
Sea, describing both negative, neutral and positive effects: Kochmann et al. (2008)
reported Pacific oysters and native blue mussels to differentially alter sediment
characteristics and to facilitate different native infaunal and epifaunal species; certain
bird species that feed on mussels experience negative influences of oyster presence
on the mussel reefs while the mussels escaped predation (Buschbaum et al., 2016;
Waser et al., 2016).
The research in this study found a negative effect of non-native Pacific oysters on
community structure resulting from their ecological function (Chapter 2). The green
algae of the genus Ulva that were facilitated by the Pacific oysters are bloom-forming
algae with a low structural complexity. F. vesiculosus on the other hand is a habitatforming species with a high structural complexity that promotes marine biodiversity,
has an important nursery function and regulates the production of associated species
(Eriksson et al., 2006a, 2006b, 2007). On intertidal flats it is a secondary habitatformer that bolsters epifauna abundances on shellfish reefs (Chapter 5; Albrecht and
Reise, 1994). These results show that non-native primary habitat-forming species can
directly (e.g. via loss of F. vesiculosus) and indirectly (e.g. cascading effects on
epifauna associated with F. vesiculosus) affect community structure and species
abundances.
These findings expand our current knowledge on the role of facilitative effects
exerted by non-native species. Previous studies have investigated how native and
non-native species, as secondary habitat-forming species, differentially exploit
facilitative interactions with primary habitat-formers (Altieri et al., 2010). For
example, non-native secondary habitat-forming seaweeds can invade primary
habitat-forming seagrass beds or kelp forests, and subsequently benefit native
invertebrate abundances via increased habitat complexity and/or food availability
(Dijkstra et al., 2017; Thomsen, 2010). Noticeably, few if any studies have examined
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the effects of non-native primary habitat-formers on native secondary habitatformers in the marine environment, as reported here in Chapter 2. These findings
suggest that as our climate continues to change and introduction of alien species
through human activities continue to increase (Naylor et al., 2001; Ruiz et al., 2000),
invasive primary habitat-forming species can drastically change community
structure and ecosystem function. It is trivial to note that introducing physical
structures of any form will influence marine biodiversity compared to no physical
structures at all, especially in a soft bottom system (e.g. Borst et al., 2018; Ramus et
al., 2017). However, the studies in this thesis highlight that it is important to realise
that differences in traits between habitat-forming species will promote different
communities and functions (Chapter 2). Thus, more research is needed to determine
species-specific ecological functions of primary habitat-forming species per habitat,
with a particular emphasis on the role of non-native primary habitat-formers. In
addition, it would be instructive if future studies would build on the above-presented
results and increase the generality and implications of the study, e.g. by repeating it
at other intertidal areas around the globe.
Intraspecific interactions
Just like trait variation between species, intraspecific trait variation can have strong
effects on community structure and species interactions (Bishop et al., 2013; Bolnick
et al., 2011; Des Roches et al., 2018). The research reported in Chapters 3 and 4
investigated the effects of intraspecific trait variations in primary and secondary
habitat-forming species and found habitat heterogeneity and niche availability to be
increased.
Intraspecific interactions between blue mussels can increase the number of available
niches via spatial self-organization (Chapter 3). Scale-dependent facilitation (e.g.
preventing dislodgement and predation) and competition (e.g. food depletion)
between individual mussels results in patches with high or low densities of mussels
(Van de Koppel et al., 2008). Findings in this thesis found that microhabitats on the
mussel reef increased habitat heterogeneity on the reef as they harboured distinct
hydrodynamic conditions and sediment characteristics, thereby increasing the
number of available niches. The mussel reef, consequently, supported a higher
infauna community diversity than the surrounding tidal flat (Chapter 3). This study
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did not investigate whether the existing pools on the mussel reef were the direct result
of spatial self-organization by the blue mussels or formed by environmental
disturbances (e.g. wave impact). However, pools and inlets were slowly filled by
mussels over a 3-year time period while new pools had formed elsewhere on the
mussel reef (pers. observations), suggesting spatial self-organization as the driving
mechanism of microhabitat formation on the reef. Previous studies have mainly
focused on how intraspecific interactions can cause niche expansion for the species
in question (Bolnick, 2001; Bolnick et al., 2011). However, the findings presented
here suggest an indirect effect of intraspecific interactions on other associated
organisms (e.g. niche creation/expansion for other species). Intraspecific interactions
between individual mussels resulted in niche creation for diverse infaunal
communities. These findings suggest that intraspecific interactions can indirectly
affect biodiversity, calling for future studies to unravel these interactions further, e.g.
in other habitat-forming species.
This thesis also found intraspecific trait variation in both primary and secondary
habitat-forming species to influence community structure. Variation in
morphological traits led to increased niche space and facilitation cascade strength in
mangrove forests (Chapter 4), where mangroves are primary habitat-forming species
that facilitate a secondary habitat-forming species, the macroalga Hormosira banksii,
which in turn promotes a focal community. Variation in the height of
pneumatophores of mangrove trees affected the amount of Hormosira banksii
biomass that was trapped. H. banksii biomass was found to increase with
pneumatophore height, and the density of tall pneumatophores was a better predictor
of trapped H. banksii biomass than pneumatophore density per se. The trapped H.
banksii biomass added to the habitat complexity by providing additional physical
structure. Subsequently, intraspecific differences in the structure provided by H.
banksii affected biodiversity and species richness, with longer thalli and larger
vesicles promoting invertebrate assemblages (Chapter 4), most likely via increased
niche availability and the introduction of additional surface area for attachment and
grazing (Bishop et al., 2012, 2013). These findings are consistent with previous
documentations of the interactions between the primary and secondary habitatforming species in this ecosystem (Bishop et al., 2012, 2013; Hughes et al., 2014),
and add to the understanding of the effects trait variations in primary and secondary
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habitat-forming species have on biodiversity and facilitation cascade strength. The
results in this thesis also show that intraspecific trait variation can have implications
for restoration efforts that are based on the (re)introduction of primary or secondary
habitat-forming species, or artificial mimics thereof. Without taking intraspecific
trait variation into account, facilitation of secondary habitat-formers and associated
species may fail because certain necessary habitat characteristics are not met. To
further unravel the effects of trait variation future studies should focus on the effect
of different age classes of primary and secondary habitat-forming species on
associated organisms. Developing organisms are more likely to benefit from
facilitation than adults as they may be more susceptible to environmental stressors,
and usually developing organisms have underdeveloped traits that are yet to grow
(e.g. pneumatophore and thalli length); therefore distinct age classes may facilitate
different associated species or community compositions compared to their adult
counterparts.
Conservation efforts generally focus on maintaining or enhancing biodiversity, with
little consideration of effects of intraspecific interactions and species traits. The
results of this thesis clearly underline the relevance of intraspecific interactions and
trait variations on community structure.

SPATIAL SCALES OF FACILITATION
When facilitative interactions between habitat-forming species overlap in space and
time, a facilitation cascade can be formed where a primary habitat-forming species
facilitates a secondary habitat-former, which promotes associated organisms (Altieri
et al., 2007; Gribben et al., 2019). These interactions can occur on different spatial
scales, reaching over short distances (Angelini and Silliman, 2014; Bishop et al.,
2009; Gribben et al., 2017; Zhang and Silliman, 2019) and long distances (Donadi et
al., 2013a; Van de Koppel et al., 2015). Existing literature has mostly investigated
small-scale, nested facilitation cascades, while studies on large-scale facilitation
remain few. Studies in this thesis added to the growing recognition of the ubiquity
of facilitation cascades by describing a network of facilitation cascades spanning
multiple spatial scales (Fig. 1).
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Fig. 1. Schematic (not to scale) overview of two spatially distinct facilitation
cascades generated by a blue mussels. At small spatial scales, spanning centimeters
(vertical arrows), mussel reefs facilitate F. vesiculosus which promotes epifaunal
abundances. At large spatial scales, spanning hundreds of meters (horizontal
arrows) mussel reefs ameliorate environmental conditions and facilitate cockles
which in turn promote infauna abundances. Dashed lines represent indirect
interactions.

At small ‘within-habitat’ spatial, facilitative interactions between the primary
habitat-forming species and secondary habitat-forming species occurred via direct
contact between the different species (i.e. nested). Mussels and mangroves facilitated
macroalgae by providing substrate for attachment and/or entanglement. The
macroalgae, in their turn, served as additional substrate and increased habitat
complexity and niche space, thereby promoting associated invertebrates (Fig. 1;
Chapters 4 and 5). The effect of inter- and intraspecific trait variations on facilitative
interactions between the studied habitat-formers underlined the importance of
ecological function and morphology on the function of the facilitation cascades,
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confirming the findings of previous studies (Albrecht and Reise, 1994; Bishop et al.,
2013; Wall et al., 2008).
On the large ‘cross-habitat’ spatial scale studied in this thesis, the primary and
secondary habitat-forming species did not overlap in their distribution, but were
spaced hundreds of meters apart. Here facilitative interactions occurred via
amelioration of harsh environmental conditions by the primary habitat-former.
Mussel reefs mediated hydrodynamic stressors, indirectly creating a more benign
habitat in their wake. Cockles had higher survival rates in the wake of the reef and
formed high density cockle banks that, subsequently, facilitated infaunal abundances
presumably by stabilizing the sediment and modifying resource conditions (Fig. 1).
The long distance interaction between mussel reefs and cockles has been examined
before (Donadi et al., 2013a, 2013b), however by expanding these studies to include
possible facilitative effects of cockles on infauna richness and abundance a yet
undocumented facilitation cascade was exposed.
Furthermore, when looking at the facilitative effects of mussels, results in this thesis
showed that a single primary habitat-forming species can simultaneously generate a
multitude of facilitative interactions on different spatial scales, linking nested and
long-distance facilitation cascades. These multi-spatial scale interactions suggest a
higher degree of habitat connectivity on the intertidal flat than currently recognized.
The notion of habitat connectivity generated by a single habitat-forming species is
an interesting direction for future studies. The spatial scale of a study can determine
whether the observed effects of a particular habitat-forming species are considered
positive or negative. Mussel reefs negatively influence cockles in their close
surroundings by competing for food resources (Donadi et al., 2013a; Kamermans,
1993), but at larger spatial scales cockles are facilitated by the mediation of
environmental conditions by the mussel reefs presence. To disentangle all
interactions generated by habitat-forming species, studies have to look across habitat
boundaries and incorporate multiple spatial scales. Comparing and connecting
existing research on the effects of the same habitat-forming species studied on
different spatial scales may also help to uncover habitat connectivity in other
ecosystems.
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ENVIRONMENTAL EFFECTS ON FACILITATION
Despite the ubiquitous occurrence of facilitation cascades, few studies have
quantified how the strength of facilitation cascades varies across environmental
gradients (Crotty and Angelini, 2020; Gribben et al., 2019; McAfee et al., 2016).
According to the Stress Gradient Hypothesis the role of facilitative interactions
increases when the environment becomes more stressful (e.g. temperature, erosion,
salinity), suggesting a shift from predominant negative biotic interactions under
benign conditions to more facilitative interactions under harsh abiotic conditions
(Bertness and Callaway, 1994; Menge and Sutherland, 1987). Numerous studies on
positive interactions between species have tested this theory over the years
(especially in terrestrial ecosystems, He et al., 2013) with contrasting results
(Callaway, 2007; Lortie and Callaway, 2006; Maestre et al., 2005; Michalet et al.,
2014; but see Bulleri et al., 2011). For example: different model-based studies
proposed a collapse of the effect of facilitative interactions in extremely stressful
environmental conditions (Michalet, 2006; Verwijmeren et al., 2013); suggested that
the theory is not applicable to resource gradients (e.g. water availability or nutrients)
(Maestre et al., 2005; Michalet, 2007); or stated that facilitation is more prominent
under moderately stressful conditions (Holmgren and Scheffer, 2010). Additionally,
Bulleri et al. (2011) demonstrated that interaction strength between benefactor and
beneficiary depended on complex interactions between different abiotic and biotic
pressures, making it difficult to detect linear relations between facilitation intensity
and single abiotic stressors in the field. Despite these controversies, the Stress
Gradient Hypothesis remains a standing paradigm in community ecology.
Findings in Chapter 4 of this thesis found that facilitative interactions within the
mangrove ecosystem were relatively unaffected by the broader scale environmental
context of the mangrove forest, suggesting that interactions involving secondary
habitat-formers may be less sensitive to environmental variation than those involving
primary habitat-formers. Hence these findings conclude that the Stress Gradient
Hypothesis may not be directly applicable to facilitation cascades. When external
conditions were ameliorated by the mangrove trees, the macroalgae became
relatively insensitive to environmental gradients. It was expected that the macroalgae
would further ameliorate conditions such as temperature and erosion, but sizeable
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effects of the algae on these environmental variables were not detected. Invertebrate
species richness, however, was greatly facilitated by the presence of the macroalgae.
Both thalli length and vesicle size were found to affect invertebrate communities,
suggesting that the macroalgae’s traits determined the strength of the facilitation
cascade. These findings highlighted the importance of species traits in contrast to
external environmental conditions when it comes to determining the strength of a
facilitation cascade. This questions the predictive value and applicability of the
Stress Gradient Hypothesis for facilitation cascade strength and occurrence. Certain
habitat-forming species traits may vary predictably across environmental gradients
and yield different predictions of facilitation cascade strength than the Stress
Gradient Hypothesis would suggest (He et al., 2013). Additionally, it would be
interesting to see whether the same results apply when the primary habitat-former
does not play a major role in the amelioration of environmental stressors. Although
not directly tested, the findings in this study (Chapter 4) suggest that the primary
habitat-forming species (i.e. the mangrove trees) were ameliorating most of the
temperature stress by providing shade, buffering the secondary habitat-forming
species from high temperatures.
Due to logistics, the research in this thesis did not consider multiple types of
environmental gradients and focused on a relatively small latitudinal range. Future
studies should consider larger and different environmental gradients in order to
confirm current findings and to better understand how facilitation cascades might
fare under global change. Additionally, whether the abovementioned results also
apply to other facilitation cascades remains an open question. Thus, further research
is needed on the interplay between environmental stressors and facilitation cascades
across different systems and organism groups, to inform managers about the
relevance of facilitation cascades in conservation; a not-so-trivial endeavour in the
current times of global environmental changes.

IMPLICATIONS FOR MANAGEMENT
Understanding species interactions in our time of global environmental change is
fundamental for the development of adequate conservation and restoration efforts at
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their relevant spatial scales (Harley, 2011; Harmon et al., 2009; He et al., 2013). The
growing recognition of the importance of positive species interactions on community
structure and biodiversity has far-reaching implications for management strategies
(Bruno et al., 2003; Halpern et al., 2007). The findings in this thesis emphasize the
importance of taking into account the different mechanisms that are behind
facilitative interactions, and the spatial scales over which facilitative interactions
reach.
The implications of the findings in this thesis for conservation and restoration
management are three-fold. First, facilitative interactions and facilitation cascades
were found to be highly sensitive to the inter- and intraspecific variation in the traits
of primary habitat-forming species (Chapters 2, 3, 4 and 5). Especially the basic
ecological function of species and the effects thereof on habitat heterogeneity and
niche availability were highlighted. Therefore, it is critical that conservation and
restoration projects that utilize facilitation processes understand which specific
species traits influence interaction strength in order to assure that these are wellprovided and to optimize conservation strategies’ design.
Second, facilitation cascades were found to simultaneously operate within and across
habitat boundaries (Chapters 4 and 5). The connectivity between sea and coastal
ecosystems found in this thesis, resulting from cross-habitat interactions on the
intertidal flat, emphasizes that habitats are highly connected in a network of
facilitation cascades. This poses challenging implications for conservation programs
that will have to move beyond habitat-by-habitat protective measures and start
incorporating a land- or seascape approach. A better understanding of habitat
connectivity is needed to guarantee the preservation of these synergistic effects and
ecosystem function by conservation management (Barbier et al., 2011). As
conservation managers become more aware of the connectivity between habitats,
restoration and conservation measures will become more complex and will have to
reach over large spatial scales, encompassing whole seascapes, to include the
positive interactions that are at play. For example, anthropogenic activities will have
to be excluded from larger areas in order to protect the long distance interactions at
play. Furthermore, the results in this thesis underlined the spatial effects of primary
habitat-forming species on community structure, and suggest further empirical
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research on long distance effects generated by habitat-forming species. This would
lead to better spatial placement and use of habitat-forming species as conservation
and restoration target-species.
Third, facilitation cascades were found to operate across environmental gradients
(Chapter 4), and varied little in magnitude across these, supporting the suggestions
that positive interactions are effective management tools for buffering the effects of
environmental change on biodiversity and community structure (Bulleri et al., 2018).
Primary habitat-forming species can buffer secondary habitat-forming species and
associated organisms from stressful conditions, but this will dependent on the
facilitation cascade in question, thereby stressing the need for species-specific
approaches. Also, intraspecific variation in morphological structure of both primary
and secondary habitat-formers has to be taken into account when considering
facilitation cascades as potential conservation or restoration tools, as intraspecific
trait variations were found to determine the strength of facilitation cascades. The
existing data paucity on the factors that determine facilitation cascade strength has
to be complemented in order to use positive interactions to their full potential in
conservation and restoration measures.
In conclusion, the results from this thesis highlighted the importance of facilitative
interactions and habitat connectivity on biodiversity and ecosystem function. In order
to appropriately consider facilitative interactions in management, conservation and
restoration initiatives need to take a seascape approach that extends beyond habitat
boundaries. This calls for more collaboration between separate institutions and
government departments as these will have to look beyond their own ‘habitat
boundaries’ of expertise and work together to develop holistic management plans.
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SUMMARY
Positive interactions between species play an important yet underappreciated role in
shaping community composition. Habitat-forming species can facilitate associated
organisms directly, or indirectly via facilitation cascades where facilitative
interactions between multiple habitat-forming species result in large indirect effects
on biodiversity and species abundances. The strong influence of habitat-forming
species on biodiversity make them compelling targets for conservation and
restoration efforts. However, in order to use habitat-forming species to their full
potential it is crucial to ascertain how and where facilitative interactions occur.
Despite a growing body of literature, the mechanisms that underpin facilitation
cascades remain largely unexplored. Additionally, a considerable data gap exists
regarding those factors that influence the spatial extent and strength of facilitation
cascades.
In this thesis I addressed these knowledge gaps by examining the facilitative
interactions exerted by habitat-forming blue mussels Mytilus edulis L. in The
Netherlands and mangroves Avicennia marina in south eastern Australia.
Specifically, I investigated (1) the spatial scales across which facilitation cascades
affect biodiversity, (2) the effects of inter- and intraspecific variation in species traits
on facilitation, and (3) the effects of environmental changes on the strength of
facilitation cascades.
My experiment provided evidence for simultaneous large- (cross-habitat) and small(nested) scale effects of blue mussels on invertebrate communities. At large spatial
scales, dampening of wave energy by the habitat-former facilitated cockle banks,
which in turn facilitated infauna. At a small spatial scale, the mussels trapped Fucus
with its byssus threads, which in turn enhanced epifauna.
Both inter- and intraspecific variation in traits were found to affect facilitative
interactions at the small spatial scale. While Pacific oysters and blue mussels appear
structurally and functionally similar, I demonstrated large differences in the
facilitation cascades they support due to fundamental differences in their method of
aggregation. Without byssus threads, oyster reefs were unable to capture Fucus and
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instead served as a substrate for development of green algae of the genus Ulva.
Subsequently I showed the complexity of Fucus to support diverse epifaunal
communities. Furthermore, habitat heterogeneity generated by self-organization in
blue mussels resulted in enhanced biodiversity on the mussel reef through
microhabitat creation. Within temperate Australian mangroves, variation in
morphological traits of the secondary habitat-forming macroalga Hormosira banksii
affected community structure, presumably by determining the type and amount of
niches available for invertebrates.
Finally, I revealed that the strength of facilitation cascades in mangroves varied little
across environmental gradients. This result was counter to predictions of the Stress
Gradient Hypothesis, and presumably reflects the primary role of the mangroves in
reducing environmental stresses experienced by inhabitants.
Overall, this thesis has increased the understanding of how facilitation cascades can
shape biodiversity across a range of spatial scales and ecosystems, and the sensitivity
of positive interactions to trait variation. These results have ramifications for
management initiatives that seek to enhance biodiversity through conservation or
restoration of habitat-forming species, and their positive interactions.
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Positieve interacties tussen soorten spelen een belangrijke maar ondergewaardeerde
rol in het structureren van soortengemeenschappen. Habitatvormende soorten
kunnen geassocieerde organismen direct of indirect faciliteren door cascades van
facilitatie, waarbij interacties tussen meerdere habitatvormende soorten resulteren in
verreikende indirecte effecten op biodiversiteit en soortenabundantie. De sterke
invloed van habitatvormende soorten op biodiversiteit maakt deze soorten duidelijke
doelen voor natuurbehoud en -herstel. Echter, om habitatvormende soorten tot hun
volle potentie hiervoor te kunnen gebruiken is het cruciaal om vast te stellen hoe en
waar faciliterende interacties voorkomen. Ondanks het toenemende aantal studies
blijven de mechanismen die facilitatie-cascades onderbouwen nog grotendeels
onbekend. Tevens is het nog onbekend welke factoren invloed hebben op het
ruimtelijk voorkomen en de sterkte van facilitatie-cascades.
In deze thesis deed ik onderzoek naar de faciliterende interacties die uitgeoefend
worden door de habitatvormende gewone mossel Mytilus edulis L. in Nederland en
door de mangrove, Avicennia marina, in mangrovebossen in Zuidoost-Australië. Ik
onderzocht (1) de ruimtelijke afstanden waarover facilitatie-cascades biodiversiteit
beïnvloeden, (2) de effecten van inter- en intraspecifieke variatie in
soorteigenschappen op facilitatie, en (3) de effecten van klimaatgradiënten op de
sterkte van facilitatie-cascades.
Mijn experimenten lieten zien dat mosselen tegelijkertijd over lange en korte
afstanden effect hebben op gemeenschappen van invertebrata. Door de golfkracht te
verminderen achter het mosselbed faciliteerden de habitatvormende mosselen
kokkelbedden over lange afstanden, die vervolgens infauna faciliteerden. Over korte
afstanden faciliteerden mosselen met hun byssusdraden Fucus, een bruinwier, dat
vervolgens de epifauna op het mosselbed faciliteerde.
Zowel inter- en intraspecifieke variatie in soorteigenschappen beïnvloedt de
faciliterende interacties over kleine afstanden. Terwijl de Japanse oester en de
gewone mossel hetzelfde lijken in structuur en functie, liet ik zien dat er grote
verschillen zijn in de facilitatie-cascades die zij teweegbrengen door de verschillen
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in hun manier van aggregatie. Zonder de byssusdraden waren oesterriffen niet in staat
om Fucus te verstrengelen en dienden ze in plaats daarvan als substraat voor de
ontwikkeling van groene algen van het genus Ulva.
Daarna toonde ik aan dat de complexiteit van Fucus diverse gemeenschappen van
epifauna ondersteunt. Bovendien resulteerde habitatheterogeniteit, gegenereerd door
de zelforganisatie van de mosselen, in verhoogde biodiversiteit op het mosselbed
door de vorming van microhabitats. In de Australische mangroven beïnvloedde de
variatie in morfologische eigenschappen van de secundaire habitatvormende
macroalg Hormosira banksii de soortengemeenschappen, waarschijnlijk door het
bepalen van het type en de hoeveelheid niches dat aanwezig is voor de invertebrata.
Als laatste liet ik zien dat de sterkte van facilitatie-cascades in de mangroven weinig
varieerde tussen de klimaatgradiënten. Dit resultaat gaat in tegen de voorspellingen
van de Stress Gradiënt Hypothese en reflecteert waarschijnlijk de primaire rol van
de mangroven in het reduceren van klimaatstressoren die ervaren worden door de
geassocieerde soorten.
Deze thesis draagt bij aan de kennis over hoe facilitatie-cascades biodiversiteit
kunnen vormgeven over verschillende ruimtelijke afstanden en in verschillende
ecosystemen en de gevoeligheid van positieve interacties voor variatie in
soorteigenschappen. Deze resultaten hebben gevolgen voor managementinitiatieven
die als doel hebben de biodiversiteit te vergroten door beheer en herstel van
habitatvormende soorten en hun positieve interacties.
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