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General introduction

Andreas M. Waser

Chapter 1

Coastal areas are amongst the most productive ecosystems in the world. They provide diverse
habitats (e.g., open waters, subtidal gullies, and intertidal flats) that support a variety of
different bird species and large numbers of aquatic secondary consumers such as shrimps, crabs
and fishes (Pihl & Rosenberg 1982, Zwarts & Wanink 1993, van de Kam et al. 2004). Important
components of these coastal areas are habitats rich in three-dimensional structure. These
structures often provide key services through nutrient cycling, processing pollutants, and
stabilizing land in the face of changing sea levels by trapping sediments and buffering land from
storms. Moreover, they are very diverse habitats that provide substratum, shelter or food for
many associated organisms, such as various fish and invertebrates. These structures are widely
distributed and can be found throughout the globe. Typical examples for complex structures
in tropical waters are coral reefs and mangrove forests, and vegetated habitats (seagrasses,
salt marshes) or aggregations of reef building filter feeders (tube worms, mussels, oysters) for
temperate systems.

Habitat-forming species in the Wadden Sea
In the course of human settlement and intensified urbanization coastal areas often
have experienced profound ecosystem changes (Jackson et al. 2001, Lotze et al. 2005; 2006,
Airoldi & Beck 2007). Particularly in temperate coastal areas, anthropogenic stressors, including
habitat destruction and overexploitation, caused severe changes and led to declines of
many coastal species (Wolff 2000a, Jackson et al. 2001, Lotze et al. 2006). One of these
anthropogenically influenced coastal areas is the European Wadden Sea (Lotze et al. 2006). It is
the largest temperate coastal ecosystem worldwide, bordering the Danish, Dutch and German
North Sea coast. Over the last centuries, this area experienced intense human impact that caused
dramatic losses of large predators and habitat-forming species (Reise 1982, Reise et al. 1989,
Wolff 2000a;b, Lotze et al. 2005). Historically, several complex three-dimensional structures
were common throughout the Wadden Sea. These were beds of blue mussels (Mytilus edulis)
in the lower intertidal to upper subtidal zone, inter- and subtidal seagrass meadows (Zostera
marina) and beds of European flat oysters (Ostrea edulis) and reefs of colonial tube worms
(Sabellaria spinulosa) in the shallow subtidal and along deep channels (Riesen & Reise 1982,
Reise 1982, Reise & Schubert 1987, Reise et al. 1989, Figure 1.1). These structures diversified
the Wadden Sea landscape and provided diverse habitats for a variety of species depending
on hard substratum, protection or food supply. During the late 19th and early 20th century,
most of these habitat-building species were heavily exploited or destroyed directly or indirectly
by fisheries and eventually disappeared (Reise 1982, Reise & Schubert 1987, Reise et al. 1989).
After the disappearance of the Ostrea- and Sabellaria-reefs, mussel beds expanded both in
the intertidal and subtidal down to 20 m depth and became the last complex-habitat left in
many parts of the Wadden Sea (Riesen & Reise 1982, Reise 1982, Reise et al. 1989). Mussels
remained the only common habitat-forming species in the Wadden Sea for many decades,
until the non-native Pacific oyster (Crassostrea gigas) was introduced into the area. In the
1970s, the Pacific oyster was repeatedly imported for aquaculture purposes and soon after feral
oyster populations established in the Wadden Sea. In the late 1990s and early 2000s, C. gigas
proliferated extensively and became a common habitat-structure throughout the entire Wadden
Sea (Reise 1998, Wehrmann et al. 2000, Troost 2010, Figure 1.1, Box 1.2).

Mussel fisheries in the Wadden Sea
In the 1950s, commercial mussel culture and mussel fisheries were introduced and proliferated
throughout the Dutch and German Wadden Sea (Dijkema 1997, Seaman & Ruth 1997). Mussel
beds were intensively harvested, and seed mussels (2–3 cm in shell length) of intertidal beds
were fished for relaying to subtidal culture plots (Dijkema 1997, Seaman & Ruth 1997). These
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Figure 1.1: Schematic cross section through a tidal area including common habitat-forming structures
in the pristine (left) and the present Wadden Sea (right). In the pristine Wadden Sea, common habitatforming structures were short seagrasses: intertidal Zostera noltii and Z. marina, mussels: Mytilus edulis,
tall seagrass: subtidal Z. marina, flat oysters: Ostrea edulis and reef-forming tube worms: Sabellaria
spinulosa. Over the years, most of these structures disappeared and in the present day only mussels
and short seagrass remain. A novel habitat structure is formed by the recently introduced Pacific oyster
(Crassostrea gigas), which occupies similar intertidal habitats as the mussel. H and L indicate high and
low tide level, respectively. Scheme after Reise (2005).

fisheries flourished for several decades and spatfall regularly replenished the inter- and subtidal
mussel stocks (Beukema et al. 2015). In absence of recruitment events, however, essential
rejuvenation of the mussel population failed and mussel beds were at risk to decrease in area.
For instance, recruitment failures in Lower Saxony contributed to sharp declines in mussel bed
area during the late 1980s and early 1990s (Obert & Michaelis 1991, Herlyn & Millat 2000). In
the Dutch Wadden Sea, several successive years with low recruitment and ongoing fisheries
resulted in the loss of nearly all intertidal mussel beds in the early 1990s (Dankers et al. 2001,
Ens 2006, Figure 1.2). The disappearance of the beds and the consequential food shortages
for molluscivorous birds (Oystercatcher and Eider; Beukema 1993, Beukema & Cadée 1996,
Camphuysen et al. 1996; 2002, Smit et al. 1998) gave rise to intense public and political concern.
In order to promote the recovery of intertidal mussel beds in the Dutch Wadden Sea, fishing
quotas were introduced and some areas were closed for fisheries in 1993. Thereafter, bed area
slowly increased in some areas (Dankers et al. 2001), but remained fairly low until good spatfall
occurred in the early 2000s (Ens et al. 2004). Since then intertidal beds approximated a surface
area of around 2000 hectares (Figure 1.2). However, mussel bed area in the western Dutch
Wadden Sea remained low (Folmer et al. 2014) and many beds experienced important changes
through the invasion of the Pacific oyster (Crassostrea gigas). After the introduction of C. gigas
into the Wadden Sea, many intertidal mussel beds transformed into mixed bivalve beds or even
into oyster dominated beds (Figure 1.2, Box 1.2).

Measures to increase surface area of intertidal mussel beds
Although the mussel bed area has recovered, bed area was still below the desired aim of an
surface area of 2000–4000 hectares (e.g., CBS et al. 2017), which was based on aerial pictures
taken from mussel beds in the late 1960s and 1970s (Dijkema et al. 1989, Dijkema 1991). In order
to further increase the area of intertidal mussel beds, restoration measures were considered
(Eriksson et al. 2010). However, the restoration of mussel beds is complicated and the creation
of artificial mussel beds often proved unsuccessful (Ens & Alting 1996, Capelle et al. 2014,
Dankers & Fey-Hofstede 2015, de Paoli et al. 2015). Many artificial mussel beds disappeared
shortly after they had been created. The low survival of newly settled beds is also known
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Figure 1.2: Development of the surface area (ha) of intertidal bivalves beds in the Dutch Wadden Sea
between 1990 and 2016. For the period 1990–1994, mussel bed area was determined based on estimates
of annual mussel stocks on intertidal flats during spring (see Bult et al. 2004, for detailed information on
intertidal mussel stocks in the Dutch Wadden Sea). Surveys for the distribution and extent of intertidal
bivalve beds in the period 1995–2016 were carried out each year during spring. Based on mussel and
oyster coverage, beds were classified as either mussel bed (mussel > 5%; oyster < 5% cover), oyster bed
(mussel < 5%; oyster > 5% cover) or mixed bed (mussel > 5%; oyster > 5% cover). Data: 1990–1994 from
Ens et al. (2004); 1995–2016 from van den Ende et al. (2016b).

from naturally occurring mussel beds (Dankers et al. 2004). Mussel beds frequently disappear
a few months after they are established, due to natural causes, such as storms, ice scouring
or predation (Nehls & Thiel 1993, Zwarts & Ens 1999, Strasser et al. 2001). In order to increase
the chances of successful mussel bed restoration, it is essential to gain more insights in the
various environmental and ecological processes affecting the survival of mussel beds. The work
presented in this thesis formed part of the ’Mosselwad’ project, which was launched in 2010
to increase knowledge on several factors that play an important role in the survival and the
stability of mussel beds. In this thesis I focus on crucial biotic factors that act upon the survival
of intertidal mussel beds. In particular, I will focus on the predation on the intertidal mussels
and the impact of the recent introduction of the Pacific oyster into the Wadden Sea.

Predation on intertidal mussels
In the Wadden Sea, mussels of various sizes (see Figure B1.2 in Box 1.1) are subject to predation
by a suite of predators, including many invertebrates, fish and birds. Shortly after settlement,
young mussels face predation particularly by shrimps (Crangon crangon), juvenile shore crabs
(Carcinus maenas) and bottom living fish species (Reise 1977, van der Veer et al. 1998). Mussels
in subtidal areas are preyed upon by C. maenas, starfish (Asterias rubens) and the Common Eider
(Somateria mollissima) (Kamermans et al. 2009, Cervencl et al. 2015). In this thesis, I focus on
the predation on intertidal mussels that have overcome the period of post-settlement predation
(∼ 5 mm in shell length). Therefore, predators preying solely on subtidal mussels (starfish) are
not considered in this thesis.
Intertidal mussel beds provide food for several shorebird species, including molluscivorous
Oystercatcher (Haematopus ostralegus), Red Knot (Calidris canutus), and Herring Gull (Larus
argentatus) that feed on the mussels during low tide (Zwarts & Drent 1981, van de Kam et al.
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2004). When the beds are submerged during high tide, intertidal mussels are also subject to
predation by the shore crab and Common Eider (Dare et al. 1983, Nehls et al. 1997). Of these
predators, Common Eider and Oystercatcher consume preferably larger mussels, whereas
shore crabs, Herring Gull and Red Knot prey upon smaller sized specimen. Except for the Red
Knot, which prefers thin shelled molluscs, like Macoma balthica, and only occasionally feeds
on mussels (Zwarts & Blomert 1992, Piersma et al. 1993), bivalve eating birds are important
mussel predators that can have substantial impact on intertidal mussel beds (Zwarts & Drent
1981, Goss-Custard et al. 1982, Nehls et al. 1997, Zwarts & Ens 1999). Regarding C. maenas little
is known about its potential impact on intertidal mussel beds (but see McGrorty et al. 1990,
Nehls et al. 1997). However, this species is a voracious predator, with a preference for molluscan
prey (Ropes 1968, Elner 1981, Raffaelli et al. 1989). It has increased considerably in the Dutch
Wadden Sea during the last 20 years, as revealed by annual sampling in the tidal channels
(Tulp et al. 2012). Therefore, C. maenas is expected to have noticeable impacts on intertidal
mussel beds (e.g., de Paoli et al. 2015). Assuming that the predation on post-settling mussels
by juvenile shore crabs may play important roles in the rejuvenation of the intertidal mussel
population and hence the bivalve bed persistence, the predation by juvenile crabs on mussels is
also briefly discussed, although not of primary importance in this thesis.
Predation pressure on a given intertidal mussel bed, i.e. the amount of mussels taken by
the different predators, depends on the one hand on predator specific energy requirements
that determine their food demands and on the other hand on local predator abundances.
Birds can be found foraging on mussel beds all year round and often peak in numbers during
autumn and winter (Goss-Custard et al. 1982, Zwarts et al. 1996, Nehls et al. 1997). Shore crabs,
in contrast, avoid intertidal areas during winter, spending cold periods in deeper waters (Naylor
1962, Thiel & Dernedde 1994). With increasing water temperatures in spring, crabs remigrate to
shallower waters and exploit intertidal areas during high tide periods. Aside from regulating the
crabs seasonal migration patterns, water temperature also acts on the activity of the crabs. As
shore crabs are ectothermic animals, low temperatures result in reduced activity and suppressed
feeding of C. maenas (Ropes 1968, Dries & Adelung 1982). Another factor potentially influencing
feeding rates of shore crabs is the infection with parasites. Parasites are increasingly recognized
for the important roles they play in natural food webs (Wood et al. 2007, Lafferty et al. 2008)
and several studies have shown that parasites can have significant effects on the feeding rates
of crustacean hosts (Dick et al. 2010, Haddaway et al. 2012, Toscano et al. 2014). For example,
acanthocephalan infection resulted in an increased feeding of up to 30% in the gammarid hosts
(Dick et al. 2010), while infection with rhizocephalan parasites caused a reduction in feeding
rates of up to 75% in brachyuran crabs (Toscano et al. 2014). A wide range of parasites is known
to infest C. maenas (Torchin et al. 2001, Zetlmeisl et al. 2011), but the extent and effect of parasite
infection in this species in the Dutch Wadden Sea is largely unknown.
Finally, predation on mussels might be also influenced by the introduction of the Pacific
oyster into the Wadden Sea and the accompanied change in habitat complexity of many mussel
beds (Box 1.2). Previous work suggests that mussel beds showing high occurrences of Pacific
oysters are less attractive for species preying on mussels. For instance, mussel-feeding birds may
be negatively affected by the invasion of the oysters (Scheiffarth et al. 2007, Markert et al. 2013),
since mussels may exhibit a reduced body condition resulting in a reduced prey profitability for
the birds. Moreover, the increase in habitat complexity may additionally hamper access to the
mussels (Eschweiler & Christensen 2011).
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Chapter 1

Study outline
This thesis is concerned with the predation on intertidal mussel beds in the Dutch Wadden Sea.
More specifically, this thesis focuses on the impact of shore crabs and mussel-feeding birds on
the stability of these biogenic structures. Attention will also be given to the recent introduction of
the Pacific oyster, which led to a transformation of many mussel beds and is assumed to affect the
predation on mussels considerably. In Chapter 2, we set out to explore the potential differences
in waterbird distributions between different regions of the Wadden Sea. Specifically, waterbird
numbers for the period 1999–2013 are compared in relation to the surface area of several foraging
habitats among the tidal basins of the Dutch and German Wadden Sea. The habitat areas were
characterized by data on abiotic characteristics (tidal exposure and sediment structure) and
on distributions of epibenthic bivalve beds. Linear regressions are used to explore bird-habitat
associations, where the regression coefficients reflect bird densities in the various habitats. We
further use the model residuals to compare shorebird densities among the different Wadden
Sea tidal basins corrected for the area of the different foraging habitats. In the subsequent
chapters, we zoom in on the Dutch Wadden Sea. Chapter 3 describes the fate of bivalve beds
within the Dutch Wadden Sea for the period 1999–2013. Bed survival is analysed in relation to
several covariates such as orbital speed, inundation time, bed size and bed type. In this respect,
attention is also given to the recently introduced Pacific oyster. This species has invaded many
intertidal mussel beds, which often led to the transformation into oyster dominated bivalve beds.
The effect of oysters on the species community was furthermore explored in Chapter 4 and
Chapter 5. Whereas Chapter 4 focusses on the impact of the oysters on the coastal bird fauna,
Chapter 5 explores methods to quantify the abundance of the shore crab (Carcinus maenas) on
epibenthic bivalve beds with varying degrees of Pacific oyster occurrence. The studies described
in these two chapters were based on surveys of several intertidal bivalve beds throughout the
Dutch Wadden Sea and therefore also give valuable information on areawide abundances of
mussel predators (Oystercatcher, Eider, Herring Gull and the shore crab). In Chapter 6 we focus
on the impact of oysters on the survival of different sized mussels while being exposed to shore
crab predation. Mussel survival is documented in short-term experiments in presence and
absence of Pacific oysters. In Chapter 7 and Chapter 8, the potential importance of parasitism
in relation to predation on mussels is explored. In these two chapters, we close knowledge gaps
in parasite prevalences in brachyuran crabs in the Dutch Wadden Sea. Chapter 7 describes an
extensive field survey for the rhizocephalan parasite Sacculina carcini infecting shore crabs
(Carcinus maenas) throughout the Dutch Wadden Sea. Specifically, the distribution of C. maenas
infected with S. carcini is investigated at 12 locations and in 3 adjacent habitats (intertidal
mussel beds, intertidal bare sand flats and subtidal gullies) along a tidal elevation gradient in the
Dutch Wadden Sea. In Chapter 8 we concentrated our sampling activities on the Western Dutch
Wadden Sea and compared macroparasite richness, prevalence, and intensity among three
brachyuran crab species. Next to C. maenas, the two invasive crabs Hemigrapsus sanguineus and
H. takanoi were also screened for potential parasite infection. Chapter 9 synthesizes the main
findings and implications of this thesis in relation to existing literature. This chapter further
illustrates the extent of predation pressure on mussels exerted by the different mussel-predators
and provides ideas for future restoration measures.

14

Biology of the blue mussel (Mytilus edulis)

Box 1.1

Biology of the blue mussel (Mytilus edulis)

The blue mussel (Mytilus edulis) is a sessile epifaunal bivalve, that attaches itself to hard
surfaces using strong thread-like structures called byssal threads. Like most other bivalves, it
is a suspension feeder that actively filters the surrounding water (e.g., Riisgård et al. 2011).
It is widely distributed in the northern hemisphere, occurring in European waters from
Spitsbergen to western France, and on the North American Atlantic coast from the Canadian
Maritimes southward to North Carolina (Gosling 2015, and references therein). It occupies a
broad variety of habitats, extending from high intertidal to subtidal regions, from fully marine
to estuarine conditions as low as as 4–5 psu and from sheltered to extremely wave-exposed
shores (e.g., Gosling 2015).
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Figure B1.1: Scheme of the external and internal features of the blue mussel (Mytilus edulis); a:
anterior, b: concentric rings, c: dorsal, d: posterior, e: ventral, f: anterior adductor muscle, g: labial
palps, h: anterior retractor muscle, i: stomach, j: intestine, k: heart, l: digestive gland, m: posterior
adductor muscle, n: anus, o: gills, p: mantle edge, q: byssal threads, r: foot. Arrows indicate direction
of water flow. Modified from Dankers & Fey-Hofstede (2015).

Morphology
The two shell valves are similar in size, and are roughly triangular in shape, elongating with
rounded edges (Figure B1.1). The shell is smooth with a sculpturing of fine concentric growth
rings. At the posterior of the animal are the inhalant and exhalant openings. Incoming water
is filtered by the gills (ctenidium), which also function as respiratory organs. During the
filtration process, lateral mantle cilia create a current, the latero-frontal cilia collect and
the frontal cilia transport the captured particles towards the palps, where food particles are
ingested. Faeces, together with rejected particles (pseudofaeces), are ejected through the
exhalant opening.
M. edulis is semi-sessile and is able to reposition itself with the help of a muscular foot.
The foot possesses glands that are able to secrete byssal threads. These byssal threads emerge
through the ventral part of the shell and serve as mooring lines for attachment of the mussel
to the substratum. They are composed of four distinct regions: root, stem, thread and plaque.
The root is embedded in the muscular tissue at the base of the foot. The stem divides into
several sections that each merge into a separate thread. Each thread, in turn, ends in a
plaque, that attaches to the substratum. For details on the composition of the byssus and
the procedure of byssal attachment see Carrington et al. (2015).
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Box 1.1

Life cycle
Like most marine invertebrates, M. edulis has planktonic larvae, that hatch from small
eggs with little yolk. The larval phase of the life cycle of M. edulis (Figure B1.2) is generally
comparatively short and lasts about 3–5 weeks (Bayne 1976, De Vooys 1999). Mussels are
dioecious, and once gonads are ripe (in females typically orange; in males creamy-white)
eggs and sperms are released into the water column for fertilization. Spawning occurs
between spring and autumn (Bayne 1976, Pulfrich 1996, De Vooys 1999). Eggs are produced
in huge quantities (up to 8 106 eggs per female), and develop rapidly after fertilisation. A few
hours after fertilisation, a single egg has divided multiple times into a ball of cells that begins
to swim once cilia appear. About 24 hours after fertilization, a ciliated trochophore stage is
reached. At this stage the larvae are still reliant on the yolk for nutrients. Within a few days,
trochophore larvae develop into veliger larvae. The veliger larvae possess a velum, a circular
lobe of tissue bearing a ring of cilia, which serves as a swimming and feeding organ. After a
few weeks, the larvae develop into pediveliger larvae (development of a foot) and are ready
for settlement and subsequent metamorphosis. When a swimming pediveliger encounters a
surface, the velum is retracted and the specific surface is explored by means of the foot.
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Figure B1.2: Generalized life cycle of the blue mussel (Mytilus edulis). Modified from Stewart (1994).

Once a suitable substrate has been located, the larva stops crawling and begins attaching
itself by means of byssal threads and metamorphoses into the juvenile form, now called a
post-settled larva or plantigrade (Bayne 1964; 1976). During this metamorphosis, the larva
loses its velum and develops gills. Settlement occurs on a wide variety of substrates, such as
rocks, filamentous macroalgae, protruding tubes of Lanice conchilega, or onto shells of other
bivalves including adult mussels (Pulfrich 1996, Callaway 2003, wa Kangeri et al. 2014). This
addition of young individuals into an existing population surviving to a practical moment in
time is called recruitment, determined days to months after settlement (Seed & Suchanek
1992).
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Box 1.2

The Pacific oyster in the Wadden Sea

The Pacific oyster (Crassostrea gigas) is a large (up to 30 cm in shell length) epifaunal bivalve,
that is permanently attached to hard surfaces. It is a suspension feeder, filtering large
amounts of planktonic organisms and detritus from the surrounding water. The Pacific
oyster originates from coastal areas of the north-western Pacific and the Sea of Japan (Troost
2010) and nowadays has successfully invaded all temperate coastal ecosystems around the
world (Ruesink et al. 2005). It is an estuarine species, generally attached to firm bottom
substrates, rocks, debris and shells from the lower intertidal to subtidal zones. It is able to
reproduce in salinities of 14–32 psu and in temperatures of 20–35 °C (Korringa 1976, Quayle
1988, Mann et al. 1991). Due to aquaculture purposes, C. gigas was deliberately introduced
to several locations along the European North Sea coast during the 1960s and 1970s in the
belief that water temperatures were too cold to allow proliferation of the oysters (Troost
2010). This assumption proved to be wrong and feral Pacific oyster populations established
along much of the European shoreline (Reise 1998, Drinkwaard 1999, Wehrmann et al. 2000,
Troost 2010, Wrange et al. 2010, Lejart & Hily 2011, Herbert et al. 2016). In Europe today, C.
gigas can be found in the Mediterranean and along the North Atlantic coast, including the
British Isles, up to Scandinavia.
Like M. edulis, the Pacific oyster has planktonic larvae. It has a high reproductive
output and produces up to 200 106 eggs per female (Kang et al. 2003). In the northern
hemisphere gametes are mainly released into the water in July to early September, when
water temperatures are highest. After a pelagic phase of about 3–4 weeks (Figure B1.3), the
larvae settle onto hard surface, such as rock or bivalve shells, and their lower cupped valve
becomes cemented to the substratum.
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pediveliger

tlement
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adult
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shell

Figure B1.3: Life cycle of the Pacific oyster (Crassostrea gigas). Adults release gametes into the water
column where fertilisation takes place. Fertilised eggs develop via the trochophore stage and the
veliger stage into the pediveliger larvae within 3–4 weeks. Pediveliger larvae settle on suitable hard substrata and metamorphose into benthic juvenile stages. The oyster spat grows and after a period of 1–2
years they become mature and start reproducing themselves. Modified from Goldsborough & Meritt
(2001).
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Box 1.2

The creation of novel habitats in the Wadden Sea
Feral Pacific oysters were first recorded in the Wadden Sea near the Dutch island Texel
in 1983 (Fey et al. 2010, Troost 2010). Since then, C. gigas has proliferated all over the
Wadden Sea (Reise 1998, Wehrmann et al. 2000, Troost 2010). The colonization of tidal
flats generally starts with few oyster larvae settling on pieces of hard substratum (shell
fragments) or on mussel beds (Reise 1998, Diederich 2005, Troost 2010). Continuous
oyster settlement eventually leads to increased oyster densities. High oyster densities,
in turn, facilitate settlement of new oyster cohorts, as C. gigas larvae preferably settle
on conspecifics (Diederich 2005). When oysters settle onto mussel beds, the beds may
ultimately transform into an oyster dominated habitat (Figure B1.4), raising conservation
concerns over competition with the native mussels.

Figure B1.4: Different types of epibenthic intertidal bivalve beds in the Wadden Sea. A) A bed
dominated by blue mussels (Mytilus edulis). B) A mixture of M. edulis and the non-native Pacific
oyster (Crassostrea gigas). C) An oyster dominated bed.

Although mussels and oysters similarly provide hard substrata for sessile species
(Kochmann et al. 2008), they differ in their size, three-dimensional structure, heterogeneity
and formed micro-habitats (Gutierrez et al. 2003). As Pacific oysters reach maximum sizes
that are up to 4-times larger than of native mussels, habitats formed by the invader show a
high habitat heterogeneity and provide ample surface area for attachment and crevices for
refuge of other organisms. Since both species also differ in their attachment mechanisms,
aggregations of multiple specimens differ considerably in structural complexity. Mussels
are adhered to the substratum via temporary byssus threads (Bell & Gosline 1996) and the
continuous process of generating new threads leads to flexible and dynamic meshworks
of individual mussels (van de Koppel et al. 2005). In contrast, Pacific oysters remain
permanently attached to each other via an organic-inorganic adhesive (Burkett et al. 2010)
and continuous larval settlement onto conspecifics leads to the creation of rigid and
persisting structures (Walles et al. 2015a).
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