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ECOLOGICAL THEORY  

 

Understanding the processes that drive community composition and biodiversity is 

a fundamental pursuit of ecologists. To this end, a variety of theories have been put 

forward to explain biodiversity, species co-existence, and the distribution and 

abundance of individual species. Historically, the focus of these theories was on 

‘negative’ species interactions (Connell, 1978; Huston, 1979; Menge and Sutherland, 

1987) with many based on the idea that (1) competition limits diversity by preventing 

coexistence, (2) processes that disrupt competitive interactions maximise diversity, 

and (3) disturbance and/or predation are the key processes that disrupt competition. 

For example, the plant-based Resource-Ratio (R*) hypothesis (Tilman, 1985) 

suggests that competing species can coexist because of their different abilities to 

compete for limited resources, thereby determining community structure as certain 

species will outcompete others and become more dominant under particular resource 

distributions. Another example: the Intermediate disturbance hypothesis posits that 

species diversity is maximised at intermediate frequencies of disturbance, that reduce 

space occupancy by dominant species allowing others to colonise (Connell, 1978). 

Similarly, the Dynamic equilibrium theory, which builds on the Intermediate 

Disturbance Hypothesis by also considering the productivity of the system, is based 

on disturbance disrupting competitive dominance (Huston, 1979). Keystone 

predation describes the process by which predators exert a disproportionately large 

influence on biodiversity relative to their biomass by consuming competitively 

dominant species (Paine, 1966, 1969). 

 

Positive interactions between species, however, often play an important but 

underappreciated role in the shaping of communities through direct and indirect 

effects. Although the idea that facilitation might shape community composition is 

not new, it is only since the mid-1980s that it started to receive attention and was 

slowly integrated in ecological theory (Bruno et al., 2003). Subsequently, there has 

been growing recognition of the important role positive interactions between species 

can have in regulating ecosystem function and shaping community ecology (Bertness 

et al., 1999; Bertness and Callaway, 1994; Bertness and Leonard, 1997; Gillis et al., 

2014; Halpern et al., 2007; Rodriguez-Cabal et al., 2012; Silliman et al., 2015; 

Stachowicz, 2001, 2012; Tirado and Pugnaire, 2005).  
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Nevertheless, development of ecological theory around positive species interactions 

still lags that of negative species interactions, and the majority of empirical studies 

on facilitation theory remain limited to terrestrial vegetation communities (Brooker 

et al., 2008; Callaway, 2007). Expanding our knowledge of the effects of facilitative 

species interactions is critical for understanding those factors that maintain 

biodiversity and important ecosystem services. In order to develop effective 

approaches that work at the cross-habitat and ecosystem scale to conserve and restore 

biodiversity, a deeper understanding of facilitation theory is highly relevant. 

 

 

SHARING IS CARING 

 

Facilitation and ecosystem engineers 

In general terms, facilitative interactions are defined as positive interactions between 

species that benefit at least one of the participants while not doing any harm to either 

(Bronstein, 2009; Bruno et al., 2003; Stachowicz, 2001). Positive interactions are 

omnipresent and may go back as far as the formation of eukaryotic cells. Positive 

interactions can be found in a multitude of habitats and ecosystems and are important 

drivers of community structure (Bruno and Bertness, 2001; Mcintire and Fajardo, 

2014).  

A wide diversity of species may have positive influences on others, but habitat-

forming species have received particular attention as drivers of positive species 

interactions (Bertness and Leonard, 1997; Lilley and Schiel, 2006). This group of 

species is defined by their physical structure, which sufficiently modifies 

environmental conditions to make them more habitable for others (Koivisto and 

Westerbom, 2010; Marzinelli et al., 2016). For example, corals form complex reefs 

that support a diversity of niches (Komyakova et al., 2013), and trees increase 

moisture availability for species in their understorey by casting shadows (Abdallah 

and Chaieb, 2012). Although at local scales the effects of habitat-forming species on 

individual species may be positive or negative, at land- and seascape scales habitat-

forming species enhance biodiversity by creating habitat heterogeneity (e.g. Donadi 

et al., 2013; Engel et al., 2017). 
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Positive interactions such as those supported by habitat-forming species can occur 

either directly (e.g. by providing substrate for attachment or food resources) or 

indirectly (e.g. through ameliorating environmental stressors and negative biotic 

interactions such as predation and competition). Jones et al. (1994, 1997) called the 

process of habitat modification by species ‘ecosystem engineering’ and the species 

that did the modifying ‘ecosystem engineers’ or ‘bioengineers’. They termed species 

such as habitat-forming species that alter habitat conditions simply through their 

presence and are part of the new ecosystem state as “autogenic ecosystem engineers”. 

Species that substantially affect their habitat by mechanically changing living and 

non-living materials from one form to another, without becoming a part of the new 

ecosystem state were termed “allogenic ecosystem engineers” (Jones et al., 1994, 

1997).  

 

Non-trophic interactions like facilitation can structure ecological networks, 

particularly through the amelioration of harsh environmental conditions (Olff et al., 

2009). By dampening stressful conditions, positive interactions can expand the 

realized niches of species (Bruno et al., 2003). For example, arrowgrasses increase 

plant diversity on saltmarshes by reducing waterlogging and salinity stress via soil 

elevation (Fogel et al., 2004), and blue mussel reefs facilitate the settlement and 

survival of common cockles on the tidal flat by ameliorating wave action (Donadi et 

al., 2013a). As habitat-forming species exert great influence on available resources 

and hence community structure these species are often considered important 

conservation targets, yet a deeper understanding of the multitude of simultaneous 

interactions they can generate is still lacking. 

 

Habitat heterogeneity 

Another aspect of ecosystem engineers is that they can provide stable physical 

structures that increase habitat heterogeneity, and thereby add available niches for 

associated species. The positive relationship between habitat heterogeneity and 

biodiversity is well-recognized; the greater the habitat heterogeneity, the higher the 

biodiversity in that habitat as more species can co-exist (MacArthur and MacArthur, 

1961; Pianka, 1966; but see Luo et al., 2012; Tews et al., 2004). This is explained by 

the idea that differences in local environmental conditions within a habitat provide 

increased numbers of partitionable niches (Báldi, 2008; Cramer and Willig, 2005).  
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Habitat heterogeneity can affect biodiversity in two ways: species adaptation and an 

increase of habitat quality (Cramer and Willig, 2005). First, adaptation by species to 

a certain habitat may result in competitive inferiority in another which can result in 

differences in community compositions and species abundances between habitats 

(i.e. increased β-diversity). In landscapes with diverse habitat types specialists with 

distinct preferences for particular habitats will enhance the biodiversity in the 

landscape. More homogeneous landscapes may have lower biodiversity because of 

competition among generalists and the absence of specialized species. Second, 

microhabitats can increase the quality of a habitat by, for example, offering refuge 

space from predators or supplying limited resources (Cramer and Willig, 2005). A 

multitude of microhabitats will allow more (specialized) species to co-exist within a 

habitat as more niches are available for colonization (Davidowitz and Rosenzweig, 

1998; Pianka, 1966b).  

 

Effects of habitat heterogeneity on species diversity can shift from positive to 

negative if key biological processes are disrupted through habitat fragmentation. Not 

all species will be equally affected by habitat heterogeneity, as this will depend on 

the scale at which a species operates (Saunders et al., 1999; Tews et al., 2004). For 

example, habitat heterogeneity resulting from gaps caused by illegal logging in a 

montane forest increased the diversity of butterfly species (Spitzer et al., 1997) but 

at the same time fragmented the ground habitat used by beetles (Rainio and Niemelä, 

2003). As the effects of habitat heterogeneity are species-specific, experimental 

studies are needed to better understand the role of habitat heterogeneity on 

biodiversity. 

 

Stress Gradient Hypothesis 

To determine where certain types of species interactions (e.g. competition and 

predation) would be most important relative to environmental stressors, Menge and 

Sutherland (1987) looked at a multitude of environmental and experimental studies 

in different ecosystems to develop a model that would predict the occurrence of these 

interactions over a gradient of low to high environmental stress (Menge and 

Sutherland, 1987). The resulting model predicted that under conditions of high 

abiotic stress, communities would be driven most strongly by abiotic stressors. By 

contrast, under conditions of low abiotic stress, species interactions such as 
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competition and predation were predicted to drive community structure. Years later, 

this Stress Gradient Hypothesis (SGH) was expanded to include positive interactions 

(Bruno et al., 2003; Bruno and Bertness, 2001). The ‘updated’ model predicted that 

positive species interactions would be most prevalent in disturbed or 

environmentally stressful habitats because species would benefit from neighbours 

that ameliorate harsh environmental conditions (Bertness and Callaway, 1994). By 

contrast, negative species interactions were predicted to dominate in more benign 

conditions. Under the most benign environmental conditions where competition and 

predation is intense, positive species interactions may instead arise when the 

structure of one species provides refuges from competitors and predators, and/or 

enhances the availability of limiting resources (Crain and Bertness, 2006).   

 

Much empirical support for the Stress Gradient Hypothesis has been provided by 

field studies over the years (Bulleri et al., 2011; Kawai and Tokeshi, 2007; Liancourt 

et al., 2017; Lortie and Callaway, 2006) and it remains a central paradigm in ecology. 

However, whether this theory can be applied to predict the occurrence and strength 

of cascading positive interactions such as those provided by facilitation cascades 

remains untested. 

 

 

DOMINO EFFECTS 

 

Indirect interactions and trophic cascades 

Indirect interactions between species have long been recognized as important drivers 

of community structure and dynamics (Menge, 1995). Indirect interactions are 

broadly defined as interactions where ‘one species alters the effects that another 

species has on a third’ (Strauss, 1991) though precise definitions vary (Abrams, 

1995). Indirect interactions are broadly divided into two classes: density-mediated 

and trait-mediated (Abrams, 1995; Okuyama and Bolker, 2007; Werner and Peacor, 

2003). These may occur simultaneously or independently (Okuyama and Bolker, 

2007; Werner and Peacor, 2003).  

 

Density-mediated indirect interactions occur when species X indirectly affects 

species Z by changing abundance of an intermediate species Y that interacts with 
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both species X and Z (Abrams, 1995; Schmitz and Suttle, 2001). For example, 

trophic interactions such as predator-prey relations can cascade through the food 

web, where a predator limits herbivore abundance, thereby indirectly mediating 

predation pressure on producers by herbivores (e.g. Silliman and Bertness, 2002). 

Trait-mediated indirect interactions arise when species X affects the interactions 

between intermediate species Y and species Z by causing behavioural or 

phenotypical changes, or by changing life history traits in species Y (Abrams, 1995; 

Peacor and Werner, 1997; Schmitz and Suttle, 2001; Werner and Peacor, 2003). For 

example, the presence of tiger sharks caused changes in foraging activity by dugongs 

and sea turtles, resulting in increased seagrass productivity (Burkholder et al., 2013). 

Competition can also lead to trait-mediated indirect interactions by changing food 

resource availability. A study by Peacor and Werner (1997) showed that the presence 

of large bullfrogs, leading to fewer resources available to smaller tadpoles, resulted 

in higher mortality of small tadpoles as they moved more often and suffered 

predation by dragonfly larvae (Anholt and Werner, 1995; Peacor and Werner, 1997). 

This also suggests that trait-mediated indirect indirections can influence density-

mediated effects and vice versa. 

 

Arguably the most studied form of indirect interaction is the trophic cascade, arising 

through top-down control. Hairston et al. (1960) were among the first to point 

towards the importance of top-down control by wondering why herbivore 

populations do not grow to the point that herbivores eat all the producers/plants in a 

system. Plants were abundant and intact, suggesting that the herbivores were not 

limited by their resources (bottom-up control) and must be controlled from above 

(top-down) (Hairston et al., 1960). This Green World Hypothesis demonstrated that 

the regulatory action of predators prevents herbivores from depleting their resource, 

illustrating a terrestrial three-level trophic cascade (Hairston et al., 1960; Terborgh 

et al., 2006).  

 

Following the idea of the Green World Hypothesis, fundamental research executed 

by Paine, Estes and colleagues (Estes and Palmisano, 1974; Estes et al., 1978; Paine, 

1966, 1974) laid the foundation for the concept of trophic cascades, focussing on the 

role of top-down control by predators. Trophic cascades are top-down indirect 

species interactions that start with density changes at one trophic level that seep 
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downward through the different trophic levels of a food web, invoking opposite 

changes in densities at the next trophic level (Paine, 1980; Ripple et al., 2016). 

Trophic cascades usually consist of three or more trophic levels: producers, 

consumers, (mesopredators), and predators. For example, sea otters consume urchins 

that consume kelp. Removal of sea otters from the system resulted in monocultures 

of urchins that overconsumed kelp resulting in decreased species diversity (Estes and 

Palmisano, 1974; Estes et al., 1978). Another example from saltmarsh ecosystems is 

suppression of periwinkle grazing of cordgrass by blue crabs. Without blue crabs to 

control the abundance of periwinkles, these snails overconsume the cordgrass 

(Silliman and Bertness, 2002). Both examples show the effect of density-mediated 

indirect interactions on community structure and species abundance within an 

ecosystem. However, trait-mediated indirect interactions can occur at the same time 

within the trophic cascade when consumers/herbivores change their behaviour or life 

history traits in response to the perception of predation risk (Olff et al., 2009; Peacor 

and Werner, 1997; Werner and Anholt, 1996). The complex networks of interactions 

that form trophic cascades implicitly assume negative indirect interactions to be the 

most important drivers of community structure. However, indirect effects may also 

arise through positive, facilitative, interactions (Altieri et al., 2007; Angelini et al., 

2011; Bruno et al., 2003). Recent reviews indicate these are present in many 

ecosystems (Gribben et al., 2019; Thomsen et al., 2018) and may exert stronger 

influences on biodiversity than trophic cascades. 

 

Facilitation cascades 

Positive indirect interactions between habitat-formers that overlap in space and time 

can result in a facilitation cascade, where a primary habitat-former (also referred to 

as basal habitat-former or ‘foundation species’ sensu Dayton, 1972) facilitates a 

secondary habitat-former which in turn promotes a focal community. When multiple 

habitat-forming species are linked together through short or long distance 

interactions resulting synergistic effects can enhance resource availability, 

ameliorate harsh conditions and favour biodiversity (Angelini et al., 2011; Thomsen 

et al., 2018). Facilitation cascades have been documented in a broad range of 

terrestrial and aquatic ecosystems (Gribben et al., 2019; Thomsen et al., 2018). In 

the marine realm, these include but are not limited to kelp forests (Bell et al., 2014), 

seagrass meadows (Zhang and Silliman, 2019), mangrove forests (Bishop et al., 
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2012), and tidal flats (Donadi et al., 2013a; Eriksson et al., 2017). Despite their 

ubiquity, facilitation cascades are in need of more representation. 

 

The mechanism by which the primary habitat-forming species (often an autogenic 

ecosystem engineer) facilitates the secondary habitat-former can vary. For example, 

they can provide or stabilize substrate (Altieri et al., 2007; Bishop et al., 2012), exert 

a nursery function (Nagelkerken et al., 2002) or provide refugia from environmental 

stressors or predation (Lanham et al., 2020). Secondary habitat-forming species 

facilitated by the primary habitat-former can further alter the abundance and diversity 

of species by reducing abiotic and biotic stressors, enhance complexity and/or by 

enhancing substrate area (Angelini and Silliman, 2014; Thomsen et al., 2018; Vozzo 

and Bishop, 2019).  

 

Facilitation cascades may be nested, where the secondary habitat-forming species is 

attached to, entangled in or embedded within the primary habitat-forming species, or 

may involve habitat-forming species that are not in direct contact (e.g. Angelini et 

al., 2011; Angelini and Silliman, 2014). They may be short distance where the 

primary and secondary habitat-formers overlap in distribution (e.g. Gribben et al., 

2017), or long distance where the primary and secondary habitat-forming species 

have non-overlapping distributions and the cascade operates by the primary habitat-

forming species modifying environmental conditions and/or resource supply across 

habitat boundaries (e.g. Crotty and Bertness, 2015).   

 

Thus far, most studies on facilitation cascades have investigated patch-scale 

influences of short distance, nested facilitation cascades on biodiversity and 

community structure (e.g. Bishop et al., 2009; Gribben et al., 2017). By contrast, 

studies on long distance facilitation cascades are few and in need of more 

representation (e.g. Van de Koppel et al., 2015). Despite the wide occurrence of 

facilitation cascades, few studies have quantified how the strength and importance 

of these positive interactions vary across environmental gradients (Crotty and 

Angelini, 2020; Gribben et al., 2019; McAfee et al., 2016; Thomsen et al., 2010). 

Furthermore, studies examining spatial networks of facilitation cascades that may 

arise simultaneously from the same primary habitat-forming species and occur at a 

range of spatial scales have not been conducted. More experimental studies are 
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necessary to elucidate the potential reach of facilitation cascades, as these cascades 

can be helpful assets for conservation (Bulleri et al., 2018). 

 

Relevance of facilitation cascades to conservation and restoration 

Conservation and restoration are often focused on the goals of preserving or restoring 

biodiversity, community structure and ecosystem function. Historically, 

conservation and restoration efforts involved removing or reducing threats, such as 

pollutants, harvest pressure, and non-native species, through management strategies 

such as licencing of waste discharges, establishment of protected zones, and harvest 

quotas (Halpern et al., 2007; Young et al., 2005). However, in many instances threat 

removal alone was insufficient to allow full or quick recovery of ecological function, 

highlighting the importance of reinstating linked abiotic and biotic processes. 

 

The mitigation of environmental stressors by ecosystem engineers and their positive 

effects on biodiversity make them obvious target-species for restoration and 

conservation efforts (Bulleri et al., 2018). By managing one habitat-forming species 

whole communities can be influenced. Determining which ecosystem engineering 

species to target will depend on the ecosystem functions that are of interest. For 

example: alleviation of abiotic stressors or consumer pressure, controlling resource 

flows, addition of refugia, nursery functions or increased habitat complexity (Byers 

et al., 2006; Crain and Bertness, 2006). By protecting particular ecosystem engineers, 

certain ecosystem functions and properties can be maintained. Consequently, 

ecosystem engineers have become the focus of conservation and restoration efforts 

in recent decades (Byers et al., 2006).  

 

Primary habitat-forming species are frequently profiled as suitable candidates for 

ecosystem restoration and conservation as their presence generally has large positive 

influences on biodiversity and its key ecosystem services (Gillis et al., 2017). 

However, sole focus on these species ignores the facilitative interactions at play 

between different species and overlooks the synergistic effects of facilitation 

cascades on biodiversity and community structure. Where primary habitat-forming 

species facilitate secondary habitat-forming species through nested or long distance 

facilitation cascades, the presence of secondary habitat-forming species can 

significantly bolster the richness and abundance of inhabitants (Thomsen et al., 
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2018). By protecting areas that harbour both primary and secondary habitat-forming 

species a greater biodiversity can be conserved, maximising ecosystem functionality 

(Gribben et al., 2019; Thomsen et al., 2018). 

 

Projects focused on conservation or restoration of primary habitat-forming species 

typically focus on attaining environmental conditions that are adequate to sustain that 

target species alone (Van der Heide et al., 2007). However, if projects are to also 

conserve and reinstate interactions with secondary habitat-forming species, 

knowledge is also needed of the range of conditions across which the secondary 

habitat-former is sustained. In some cases the secondary habitat-forming species may 

be more sensitive to environmental stressors than the primary habitat-former, or be 

dependent on critical densities or biomasses of the primary habitat-former being 

reached for its survival (Bishop et al., 2013; Hughes et al., 2014). Knowledge of the 

range of conditions across which a secondary habitat-forming species is sustained 

will help in setting targets for stressor mitigation, and rehabilitation of primary 

habitat-former structure and function (Thomsen et al., 2018). In instances where 

ecological or environmental conditions required by the secondary habitat-forming 

species cannot be met, structural and/or functional mimics may in some cases be 

used to recreate aspects of the facilitation cascade (Gribben et al., 2019; Thomsen et 

al., 2018). However, this also requires knowledge of the mechanisms by which the 

primary habitat-former facilitates the secondary habitat-former, and by which the 

secondary habitat-former facilitates biodiversity (Gribben et al., 2019). Structural 

mimics may not be of use when the mechanisms through which facilitation takes 

place involve ecological functions such as sediment resuspension, filtration and 

production of byssus threads by mussels (Andriana et al., 2020; Cozzoli et al., 2020; 

Wall et al., 2008). A better understanding of the ecological function of habitat-

forming species and the effects thereof on associated organisms is critical for the 

development of successful restoration and conservation efforts. 

 

To maximise their benefits, restoration and conservation efforts should also take into 

consideration the spatial scale of any interactions between the primary and secondary 

habitat-forming species. A growing number of studies demonstrate that facilitation 

cascades can span habitat boundaries (Donadi et al., 2013a; Gillis et al., 2017; Van 

de Koppel et al., 2015) but such cross-ecosystem connectivity is only sparsely 
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incorporated in management plans (Arkema et al., 2006). Most management 

strategies do not target habitat or ecosystem connectivity nor the species that generate 

these interactions but focus on a single habitat or ecosystem. This may be the direct 

result of the yet limited understanding of these diverse and sometimes complex 

connections (Gillis et al., 2017; Van de Koppel et al., 2015). Further research on the 

effects of habitat-forming species and facilitation cascades on habitat and ecosystem 

connectivity is necessary to develop appropriate ecosystem management actions and 

biodiversity conservation. By gathering more empirical data on the effects of positive 

indirect interactions, and by communicating and sharing these findings directly with 

natural resource managers, more holistic conservation plans can be constructed. 

 

 

STUDY SYSTEMS 

 

This thesis reports on the effects of facilitative interactions on biodiversity and 

community structure, focusing on mussel reefs in the Wadden Sea, The Netherlands, 

and mangrove forests along the coast of New South Wales, Australia. 

 

The Wadden Sea 

The Wadden Sea is one of the world’s largest intertidal coastlines, spanning 500 km 

along the coastlines of The Netherlands, Germany and Denmark. During low tide the 

Wadden Sea encompasses an area of 4700 km2 between the barrier islands and 

mainland: the intertidal flat. It is an ever changing environment that established 

around 7500 years ago (Lotze et al., 2005). Due to its open connection with the North 

Sea, sediment is deposited and eroded with every tide. Around 90% of the sediment 

is sand (grain size of 0.05-2 mm), 9% categorizes as silt (grain size of 0.002-0.05 

mm) and only 1% of the sediment has a grain size of less than 0.05 mm (Abrahamse 

et al., 1976). Both autogenic and allogenic ecosystem engineers structure the tidal 

flat ecosystem, including reef-forming blue mussels, Pacific oysters, common 

cockles, and sediment-destabilizing lugworms (Andriana et al., 2020; Donadi et al., 

2013b). 

 

The blue mussel Mytilus edulis L. is a suspension feeding bivalve that feeds on 

plankton and free-floating detritus. Blue mussels form stable intertidal reefs 
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(consisting of live mussels, (pseudo)faeces, shell debris and coarse materials) by 

attaching to neighbouring conspecifics with their byssus threads (Nehls and Thiel, 

1993). These reefs can extend over numerous hectares and persist for multiple years, 

exerting great influences on the surrounding tidal flat area (Suchanek, 1978). The 

reefs generate about 25% of the microbenthic production and biomass (Nehls and 

Thiel, 1993), fulfil a nursery function for crabs and periwinkles (Saier, 2002), 

ameliorate hydrodynamic conditions (Donadi et al., 2013a), increase the local 

biomass of benthic diatoms (Engel et al., 2017), and increase epifauna diversity on 

the reef itself (Norling and Kautsky, 2008; Commito et al., 2008). Blue mussels are 

semi-sessile organisms that exhibit spatial self-organization. Scale-dependent 

facilitation (e.g. preventing dislodgement and predation) and competition between 

individuals (e.g. food depletion) result in patches with high or low mussel densities 

on the reef (Van de Koppel et al., 2008). While mussel beds have been demonstrated 

to facilitate other habitat-forming species, the net effect of these species interactions 

on biodiversity have not been ascertained. Additionally, the mechanisms by which 

such associations are maintained are poorly understood. 

 

In 1978, all three Wadden countries joined their (scientific) forces in the Trilateral 

Wadden Sea Cooperation to protect the Wadden Sea as an ecological system (CWSS, 

2010). The entire Wadden Sea is under the protection of the Bird and Habitat 

Directives of the European Commission and is designated as a Particular Sensitive 

Sea Area by the International Maritime Organization (UN) (Kraan et al., 2007). As 

a result of its rich benthic flora and fauna, and its role as a pitstop for many migrating 

bird species (Eichhorn et al., 2006; Kraan et al., 2009; Piersma, 2007) and fish 

(swimway.nl), the Dutch-German Wadden Sea was appointed the status of World 

Heritage Site by UNESCO in 2009 (CWSS, 2010).  

 

Mangrove forests 

Mangrove forests are found worldwide, predominantly as intertidal habitats on 

(sub)tropical shores between 30°N and 37°S and can sustain themselves for millennia 

(Feller et al., 2010). The forests consist of ca. 70 plant species from 28 genera and 

are dominated by Avicennia spp. and Rhizophoraceae trees, and shrubs that are 

adapted to the harsh environmental conditions in the mangrove habitat such as tidal 

fluctuations in sediment salinity and anoxia (Duke et al., 1998). The species richness 
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in a mangrove forest is generally stated to be low compared to other tropical habitats 

as the understorey is sparse and stratification of the canopy is limited (Burrows, 

2003) but species abundance levels are usually comparable. Soil salinity is variable 

within the habitat as it depends on the in- and efflux of freshwater (diluting the salt 

concentrations) and water evaporation (increasing the salt concentrations), ground 

water seepage and runoff water (Duke et al., 1998). Floral species that thrive in the 

mangrove forests are often halophytes that are adapted to the harsh environmental 

conditions of the intertidal zone. These halophytes have developed specialized 

adaptations to cope with regular tidal inundation and high salinity soils: protruding 

aerial roots to grow in anaerobic sediments and to assist with anchorage, buoyant 

propagules that promote dispersal, salt glands to excrete excess salt, and mechanisms 

to maintain sufficient freshwater within their tissue to maintain metabolic function 

(Duke et al., 1998; Feller et al., 2010; Flowers and Colmer, 2008). The aerial roots 

provide substrata for attachment by other species and are often found covered by 

epibionts such as bivalves, sponges, tunicates and algae. The roots also influence 

water flow rates and determine sediment retention in the forest (Feller et al., 2010 

and references therein). Mangroves are home to a diversity of species that includes 

(but is not limited to) amphibians, reptiles, birds, insects and fish (Nagelkerken et 

al., 2008). The mangroves serve as an (intermediate) nursery stage for a multitude of 

different species (e.g. fish, crabs and prawns) due to low predation pressure and 

plentiful food resources and shelter, hereby also supporting species populations in 

connected habitats (Laegdsgaard and Johnson, 1995; Mumby et al., 2004; 

Nagelkerken et al., 2002, 2008).  

 

In the coastal environments of south eastern Australia the mangrove forests are 

dominated by the grey mangrove Avicennia marina, with Aegiceras corniculatum 

sometimes also present (Burrows, 2003; Clarke, 1993). A. marina is a primary 

habitat-forming species that provides shading and structure in an otherwise 

sedimentary intertidal zone (Cocheret De La Morinière et al., 2004) and its 

protruding aerial roots support secondary habitat-forming species, such as oysters 

and algae, which in turn support diverse invertebrate communities (Bishop et al., 

2009; Hughes et al., 2014; Vozzo and Bishop, 2019). Although the capacity of 

mangroves to support facilitation cascades is well established (Bishop et al., 2009, 
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2012, 2013; Gribben et al., 2019; Hughes et al., 2014), the range of environmental 

conditions across which such interactions bolster biodiversity is not known. 

 

While mangrove forests face the threat of sea-level rise, direct human activities also 

degrade or destroy the forests as these are exploited for timber, fuel and aquaculture. 

Services provided by the forests are of direct (e.g. fisheries) and indirect (e.g. coastal 

protection and carbon sequestration) importance to human activities and reach 

beyond the mangrove ecosystem (Das and Crépin, 2013; Gilman et al., 2008; 

Manson et al., 2005; Zhang et al., 2012). The same holds for mussel reefs on the 

intertidal flat, where mussel reefs provide coastal protection and water filtration 

(Fitzsimons et al., 2020). Both mussels and mangroves are primary habitat-forming 

species that fulfil important ecosystem functions at the intertidal zone, and are in 

need of proper conservation. 

 

 

THESIS OUTLINE 

 

Given the current rates of biodiversity loss around the globe (Barnosky et al., 2011; 

Hoffmann et al., 2010), quantifying the networks of interactions that affect species 

diversity and abundances is critical. By exerting positive indirect interactions, 

habitat-forming species play important roles in the structuring of habitats and their 

associated communities. The aim of this thesis is to determine the mechanisms 

behind facilitation and to determine the spatial scales over which positive 

interactions take place. 

 

The four data chapters in this thesis can be divided into two sections: one focusing 

on facilitation between pairs of habitat-forming species (Chapters 2 and 3) and the 

other addressing how facilitative interactions between habitat-forming species give 

rise to facilitation cascades (Chapters 4 and 5). In the first section, I demonstrate how 

facilitation between habitat-forming species can affect habitat heterogeneity and 

community structure. In the second section, I study the net effect of facilitation 

cascades on biodiversity. This latter section revolves around two important aspects 

of a facilitation cascades: their strength under different environmental/climatic 

conditions and their simultaneous effects on different spatial scales.  
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Chapter 2 “A Pacific oyster invasion transforms shellfish reef structure by changing 

the development of associated seaweeds” addresses why two reef-forming shellfish 

species that co-occur within the same reef structure differ in their capacity to support 

seaweed growth. By constructing small experimental shellfish reefs on the tidal flat 

effects of blue mussels and Pacific oysters on habitat-forming macroalgae were 

investigated. A field study was included to translate the results of this small scale 

experiment to the scale of natural reefs. Differences in the basic ecological function 

on the shellfish species caused facilitation of different macroalgae with varying 

structural complexity. 

 

Chapter 3 “Bioengineering promotes habitat heterogeneity and biodiversity on 

mussel reefs” studies the role of a bioengineer on habitat heterogeneity by testing the 

hypothesis that within a mussel reef distinct microhabitats can be defined that support 

divergent communities of invertebrates. Biotic and abiotic conditions were studied 

in pools and inlets on a mussel reef  ̶  resulting from self-organization by the mussels ̶ 

and on the surrounding tidal flat. Habitat heterogeneity was increased on the mussel 

reef, exemplifying that bioengineers can increase habitat heterogeneity not only at 

seascape scales but also at smaller scales through processes such as spatial self-

organization. 

 

Chapter 4 “Morphology of a secondary habitat-forming species determines 

facilitation cascade strength in Australian mangrove forests” tests the hypothesis that 

environmental factors will be more important in driving spatial variation in the 

strength of a mangrove-algae-invertebrate facilitation cascade than spatial variation 

in structural traits of habitat-forming species. This study investigated the hypothesis 

by comparing patches with and without the secondary habitat-former present at 

different sites located along a latitudinal gradient. Despite the predictions of the 

Stress Gradient Hypothesis  ̶  that positive interactions should be more important 

under stressful conditions  ̶  the strength of algae-invertebrate associations did not 

vary predictably across the latitudinal gradient. Instead, spatial variation in algal 

traits were more important in driving spatial variation in associations.  

 

Chapter 5 “Mussel reefs generate positive interactions on small and large spatial 

scales” tests the hypothesis that a single habitat-forming species can simultaneously 
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underpin multiple facilitation cascades on different spatial scales, spanning 

centimeters to hundreds of meters. Mussel reefs were found to simultaneously 

support nested and long distance facilitations cascades. At the seascape scale mussel 

reefs facilitated cockles which in turn influenced infaunal community composition, 

and at the small-scale mussel byssus threads entangled algae that in turn facilitated 

epifauna. 

 

The final chapter, Chapter 6, gives a discussion and summary of the main findings 

of this thesis in a broader context. 
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