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Increases in human populations and associated pressures on the 
ecosystems are leading to a worldwide decline of keystone species, of 
biodiversity and of ecosystem services (Balmford and Bond 2005, Duarte et 
al. 2008). Global climate change (Peters and Lovejoy 1992, Blaustein et al. 
1994), pollution (Colborn et al. 1993, Schindler 1998), introduction of exotic 
species (Lövei 1997), overuse of resources (Botsford et al. 1997, Pauly et al. 
1998, Pauly et al. 2005), expanding land use (Elliott and Hemingway 2008), 
and fragmentation of habitats (Pimm and Raven 2000, Fahrig 2003) are 
threatening biological diversity, particularly in species-rich ecosystems, 
such as coral reefs or tropical forests. Nowadays, species numbers are 
decreasing so fast that 25% or more of all species currently alive are 
predicted to become extinct during the next 50 years (Ehrlich 1991, Chivian 
2001, Baillie et al. 2004). 

Human populations tend to concentrate in the Earth’s coastal 
zones. These areas host more than 40% of the global human population, 
and 70% of the world’s megacities (Nicholls and Small 2002, Martínez et al. 
2007). Moreover, this proportion is increasing, as a result of population 
growth and migration toward the coasts (Curran et al. 2002). Coastal 
ecosystems offer a plethora of economic and ecological services (Orth et al. 
2006, Barbier et al. 2008). Habitats created by coastal ecosystem engineers, 
such as mangrove roots, shellfish beds, seagrass beds, saltmarshes or coral 
reefs are used as nursery by many fish species, and play an essential role in 
fish stock renewal (Primavera 1998, Nagelkerken et al. 2000, Beck et al. 
2001). Moreover, by attenuating wind and waves, these ecosystem engineers 
do not only protect the associated organisms from strong hydrodynamics, 
but also protect human populations along the coast during extreme 
weather events (Fonseca and Cahalan 1992, Möller et al. 1996, Möller and 
Spencer 2002, Adger et al. 2005, Donadi et al. 2013). A dramatic illustration 
of this was provided in 2004, when a tsunami hit the coast of Southeast 
Asia, and villages that were not protected by mangroves were much more 
severely impacted than villages in the shelter of mangrove forests 
(Kathiresan and Rajendran 2005). 
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Anthropogenic pressures have led to high loss of coastal ecosystem 
engineers worldwide (Valiela et al. 2001, Lotze et al. 2006, Orth et al. 2006). 
These pressures are multiple, and include land reclamation, coastal 
development, sediment resuspension, overfishing, invasion by exotic 
species, intensive aquaculture, and global warming. These impacts have 
led to coral reef declines, degradation of seagrass meadows, major losses of 
salt-marshes and epibenthic shellfish reefs such as mussel and oyster beds, 
as well as a major decrease of biodiversity associated to these habitats 
(Ellison and Stoddart 1991, Jackson 2001, Adam 2002, Duarte 2002, 
Bellwood et al. 2004, Lotze et al. 2006, Orth et al. 2006). At present, the 
global loss of ecosystem engineers is so high that if loss rates remain the 
same for another 50 years, only 15% of the surface covered by engineers 
within coastal ecosystems as was present in the 1950’s will remain (Duarte 
et al. 2008).  

Growing concerns about declines of coastal ecosystems, and about 
the consequences of these losses have recently spawned two major 
initiatives in ecosystem protection and restoration (Costanza et al. 1992, 
Ehrenfeld and Toth 1997, Young 2000, Mitsch and Jørgensen 2004, 
Aronson and Alexander 2013). The number of marine reserves and marine 
protected areas has greatly increased for the broad purpose of conservation 
and sustainable use (Agardy 1994, Edgar et al. 2007). By limiting most of 
the anthropogenic activities, ecosystems may in some cases recover 
naturally. Some examples show a clear gain of biodiversity after the 
creation of protected areas (Babcock et al. 1999, Castilla 1999, Mumby et al. 
2006, Edgar et al. 2009, Babcock et al. 2010). However, in many other cases, 
these simple protection measures are insufficient to facilitate ecosystem 
recovery (Rius and Zabala 2008, Christianen et al. 2014), and more active 
measures, such as ecosystem restoration, thus need to be considered. 
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Coastal ecosystem restoration 

At present, restoration projects of coastal ecosystems are carried 
out all around the world. For each management program that includes 
active restoration, one of the first steps is to identify and quantify the 
stressors underlying ecosystem degradation, and prevent recovery (Poiani 
et al. 1998, Salafsky et al. 2002). In coastal zones, loss of suitable habitat, 
eutrophication, and barriers (e.g. dams, dikes) that cause dispersal 
limitation of recruits are common limitations that should be overcome 
prior to any restoration measure. As a second step, habitats that have 
priority for restoration need to be identified. Coastal ecosystem engineers 
such as coral reefs, seagrass meadows, salt-marshes or shellfish beds are 
often considered as a priority species in restoration programs because they 
provide refuge or suitable settlement substrate for many species of marine 
plants and animal (Fortes 1991, Carls et al. 2004, Byers et al. 2006, Crain 
and Bertness 2006, McLeod et al. 2012). Because of this pivotal role in the 
functioning of healthy coastal zones, many restoration programs aim to 
restore engineering species using a wide variety of techniques, including 
active transplantation of the organisms. 

Strategies to address recruitment limitation 

An important potential limitation hampering natural recovery of 
marine species is a lack of recruits due to dispersal limitation or limitation 
in establishment or survival of recruits. When populations disappear from 
an area or drop to very low numbers, they may reach a point where 
recruitment of offspring does not overcome the mortality of adults in the 
population (Allee effect, Gascoigne and Lipcius (2004)). To assess 
recruitment limitation, a potential solution is to add adults to increase the 
production or survival of offspring. This strategy has been used for many 
different species including both coral and bivalve reefs. However, numbers 
of potentially limiting factors should be considered prior to engaging in 
transplantation efforts, ranging from predation on transplanted organisms 
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(Bisker and Castagna 1989, Eggleston 1990), to genetic constraints (Knapp 
and Dyer 1998). 

Nevertheless, transplantation is a technique widely used in coastal 
restoration projects (Clark and Edwards 1999, Hashim et al. 2010). 
Although some of these projects have been successful (Green and Short 
2003, Schulte et al. 2009), many others proved unsuccessful, often due to 
low transplant survival (Fonseca et al. 1998). In such cases, scale is often 
suggested as a major factor determining restoration project success, but 
other factors, such as sufficiently high density or spatial organization can 
also be important (Bos et al. 2007, Cunha et al. 2012, Silliman et al. 2015). In 
addition, phenotypic plasticity and behavior can also play a role in 
transplant survival (Snell-Rood 2012, 2013). 

Strategies to address habitat loss 

Habitat loss has been pointed as one of the major limitations for 
ecosystem recovery, as this typically results in recruits/seedling not being 
able to establish due to lack of suitable habitat (Beukema and Cadée 1996, 
Lenihan and Peterson 1998, Duarte 2002, Green and Short 2003). A 
technique widely used to overcome this issue in the marine environment is 
to add substrate to which recruits or seedlings can establish (Bartol and 
Mann 1997, Fonseca et al. 1998, Clark and Edwards 1999). Although the use 
of natural substrate should of course be prioritized above artificial forms, 
various artificial materials are also applied for this purpose. In coral reefs, 
for instance, artificial structures such as concrete reef balls and iron rebar 
have been applied as settlement substrate (Sherman et al. 2002, Harris 
2009). In oyster reef restoration, plastic screening is often applied in 
concert with natural oyster shell fragments (O'Beirn et al. 2000), whereas 
in salt marshes, application of coir netting is an often-used substrate 
stabilization measure (Koenig 2001, Moore and Erdmann 2002, Goreau and 
Trench 2012). Regardless of the material used, the goal of all of these 
structures is to stabilize and restore topographic complexities in areas in 
order to stimulate new settlement of recruits or enhance survival of 
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transplanted organisms. For many ecosystem engineers, both recruitment 
and availability of suitable habitats are limiting factors. In that case, 
transplanting adults can not only improve recruitment rates, but also 
provide a suitable habitat for recruits settlement (van der Heide et al. 2014). 

The role of spatial organization in restoration 

Many coastal ecosystems display a striking degree of patchiness or 
even coherent patterns. Here, organisms do not occur dispersed through 
the potential habitat, but aggregate into concentrated patches. For a 
number of estuarine ecosystems, studies suggest that the patches and 
patterns are self-organized, i.e. result from the interaction between 
organisms and physical and chemical processed, and are not per-se 
imposed by underlying landscape features. Estuarine examples of such 
self-organized patterns are mussel beds (van de Koppel et al. 2005, van de 
Koppel et al. 2008), diatom- covered mudflats (Weerman et al. 2010), salt-
marshes (Temmerman et al. 2003), and seagrass beds (van der Heide et al. 
2010). Many other examples are found semi-arid ecosystems (Klausmeier 
1999, Rietkerk et al. 2002), boreal peat lands (Rietkerk 2004, Eppinga et al. 
2009), savanna ecosystems (Scanlon et al. 2007, Pringle et al. 2010), ribbon 
forest (Bekker and Malanson 2008), or freshwater marshes (Koppel and 
Crain 2006). Self-organized spatial patterns seem to be a global 
phenomenon, and represents a universal way for organisms to engineer 
their environment. 

So how do these patterns affect the functioning of estuarine 
ecosystems? Theoretical models (Rietkerk et al. 2004, Van de Koppel et al. 
2005) and a small number of comparative studies (Van de Koppel et al. 
2008, Pringle et al. 2010) point at important emergent effects of pattern 
formation on ecosystem functioning, in terms of increased productivity 
(van de Koppel et al. 2005, Weerman et al. 2010), resource capture (Van de 
Koppel et al. 2001), sedimentation (Buschbaum et al. 2009), and higher 
resilience (Liu et al. 2014). Self-organized ecosystems were shown to be 
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able to recover better when they are perturbed or affected by diverse 
external factors, compare to beds that lacked any of patterning. As spatial 
patterns may improve species resilience and persistence, they could form 
the basis for more successful restoration and conservation practices that 
harness the natural spatial structure of ecosystems. However, experimental 
evidence for the emergent effects of spatial pattern formation for 
ecosystem functioning is rare (van de Koppel et al. 2008, Lamošová et al. 
2010), limiting their integration into the management of real-world 
ecosystems. 

Is it important to take self-organized spatial patterning into account 
in the restoration of degraded ecosystems? A recent paper on salt marsh 
restoration highlighted that aggregation of transplanted Spartina anglica 
plants improved the survival and spatial spread of the transplants, thereby 
improving restoration success (Silliman et al. 2015). However, the spatial 
planting schemes in that study do not resemble a natural self-organized 
pattern. To what extent the mimicking of the natural patterns in 
ecosystems improves restoration success needs to be further investigated. 

Study system: Mussel beds in the Wadden Sea 

The Wadden Sea is the largest uninterrupted system of intertidal 
sand and mudflats in the world. It covers a coastal area of about 6000 km2, 
from Den Helder, in the Netherlands, to Esbjerg in Denmark (Reise 2005). 
It is a relatively flat coastal wetland system, formed by the interactions 
between physical and biological factors that have built a multitude of 
different habitats, including tidal channels, sandy shoals, mudflats, and 
salt marshes (Postma 1961, Cadée and Hegeman 1974, Wang et al. 1995, 
Tindahl Madsen et al. 2007). With its tidal system, the Wadden Sea is a 
natural area of exceptional value which in part results from the presence of 
coastal ecosystem engineers, such as seagrass meadows, mussel and oyster 
beds, and salt marshes (Reise 2005) that sustain a large number of 
associated species including a wide variety bird and fish species (Beukema 
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1976). For instance, over the course of the year, the Wadden Sea is visited 
by an unparalleled 10-12 million migratory birds for resting and foraging on 
their flyway as food resources in the form of intertidal benthic macrofauna 
is 10-20 times higher than in adjacent deeper waters (Beukema 1976). 

Today’s Wadden Sea is a heavily human-altered ecosystem (Lotze et 
al. 2005, Lotze et al. 2006). Since its origin about 7500 years ago, humans 
have increasingly influenced ecosystem structure and functioning. Large-
scale habitat transformation of the coastline has altered the dynamics of 
fresh-water input and reduced terrestrial linkages (Wolff 2000, Lotze et al. 
2005, Wolff 2005, Lotze et al. 2006). Overexploitation of resources has led 
to depletion of many species, including habitat building species and large 
predators. In the last century, species invasion, eutrophication, pollution 
and climate change have deeply impacted the Wadden Sea flora and fauna, 
leading to a loss of biodiversity, filter and storage capacity, and a 
simplification of the food web structure (Knottnerus 2005, Lotze et al. 
2005, Reise 2005, van Beusekom 2005). Depletion and collapse of species 
and environmental degradation have recently led to intensified 
conservation, protection and restoration efforts (Lotze et al. 2005). 

Mussel beds: a valuable habitat 

In the Wadden Sea, extensive beds of blue mussels (Mytilus edulis) 
used to form one of the most important components of the benthic 
ecosystem (Dekker 1989). By building reefs, mussels dramatically alter 
abiotic conditions and enhance biodiversity. They provide habitat and 
refuge for many species of marine plants and animals (Norling and Kautsky 
2008, Bouma et al. 2009). Moreover, though their feeding activity, they 
increase water clarity, and facilitating other habitat modifying species such 
as seagrasses (Pohle et al. 1991, Newell 2004). In addition, due to their 
attenuating effect on currents and waves. mussel beds also provide 
shoreline protection. In a country like the Netherlands, where about 30% 
of the country is situated below sea-level, this ecosystem service can be 
considered very important. Finally, high numbers of resident and 
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migrating birds feed on mussel beds, either on the associated community 
or in mussels directly, thus increasing the biodiversity of the Wadden Sea 
ecosystem (Brinkman et al. 2002). 

Building a landscape 

Mussel beds are highly engineered, reef-like structures. In the 
Wadden Sea, young beds are developing banded patterns that are aligned 
perpendicular to the incoming tidal current. These bands have a wave-
length of 6-10 meters, and show a high density of mussels (van de Koppel 
et al. 2005, van Leeuwen 2008) alternating with bare sediment. These 
patterned landscapes are surrounded by homogeneous sand flat, indicating 
that their formation is driven by self-organized processes (Van de Koppel 
et al 2005). Prior work has suggested that the patterns likely result from a 
scale-dependent interaction that encompasses facilitation between 
individual mussels at a local scale and competition for algae at a large scale 
(Van de Koppel et al. 2005). At a smaller scale, another type of self-
organization can be observed in mussel beds. Mussels actively aggregate to 
form clumps or strings of about 5-10cm wide. These small-scale clump-
shaped patterns result from behavioral aggregation by mussels. This 
pattern development is extremely fast, as mussels aggregate into patterns 
within a few hours (Van de Koppel et al. 2008). Both theoretical models 
and comparative studies highlight the importance of pattern formation for 
mussel survival (van de Koppel et al. 2008) and the persistence of mussel 
beds on tidal flats that are regularly exposed to intense wave action and 
and predation (Liu et al. 2014, van der Heide et al. 2014). 

In the 80’s, 23% of the Wadden Sea’s intertidal benthic fauna 
consisted of mussels (Dankers and Koelemaij 1989, Dankers and Zuidema 
1995). However, by the end of the 80’s, virtually all intertidal mussel beds 
disappeared due to a combination of overfishing by mechanical dredging, a 
number of severe storms and poor recruitment (Higler et al. 1998, 
Brinkman et al. 2002). As a consequence, fishing restrictions have been 
implemented in 1993 and dredging activities in the intertidal have been 
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banned in 2004. However, despite these protection measures, mussel beds 
showed a limited recovery. Nowadays, about half of the mussel population 
recovered. As a consequence, the food web of the Wadden Sea is 
considered to be significantly impoverished, as an important habitat-
forming species, which is also an important link in the intertidal food 
chain, has been lost. 

Mussel bed restoration 

Bivalve shellfish restoration projects are becoming increasingly 
common all over the world. However, whereas oyster reef restoration has 
been wildely documented (Brumbaugh et al. 2006, Beck et al. 2011, 
Brumbaugh and Coen 2009), only few studies have been published on 
mussel bed restoration efforts (Fariñas-Franco and Roberts 2014). 
Limitation of mussel bed recovery can be caused by the loss of suitable 
habitat for mussel settlement due to the destructive nature of mussel 
fishing techniques (Eriksson et al. 2010). In 2010, two projects, Mosselwad 
and Waddensleutels, started in the Dutch Wadden Sea with the objective 
to investigate what the processes limiting mussel bed recovery were, and 
how to restore intertidal mussel beds.  

Outline of the thesis: How can we restore mussel beds? 

As mussel bed restoration has been poorly documented, it is 
important to (1) understand the mechanisms underlying mussel bed 
persistence and resilience in a natural bed, and (2) investigate different 
methods to restore intertidal mussel beds in the Wadden Sea. 
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Part 1: Mechanisms underlying intertidal mussel bed persistence 
and resilience 

Large-scale and small-scale aggregation 

Theoretical models (Rietkerk 2004, Van de Koppel et al. 2005) and a 
small number of comparative studies (Pringle et al. 2010) point at important 
emergent effects of pattern formation on ecosystem functioning, in terms 
of higher resilience (Liu et al. 2014). By improving mussel persistence after 
transplantation, regular spatial patterns could be used as a basis for 
restoration and management projects. However, experimental evidence for 
the emergent effects of spatial pattern formation for ecosystem functioning 
is rare (Van de Koppel et al. 2008, Lamošová et al. 2010), limiting their 
application for conservation and restoration of natural ecosystems. In this 
thesis, I experimentally tested the effect of large-scale and small-scale 
aggregation on mussel bed resilience and persistence. 

Research question 1: What is the influence of small-scale and large-
scale spatial patterns for the persistence of transplanted mussels in 
restored mussel beds? (Chapter 2) 

Hummock formation 

By increasing local mussel density through aggregation, faeces and 
pseudo-faeces accumulate underneath the mussels (Buschbaum et al. 
2009). A model study showed that by their structure, hummocks increase 
water velocity (Liu et al. 2012). As a result, mussels on the top of hummocks 
should have more food available. However, experimental evidence of 
effects of hummock formation on the growth and persistence of mussels 
on hummocks is still lacking. I experimentally studied the influence of 
hummocks on the growth and survival of both natural and transplanted 
mussels. 
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Research question 2: What is the influence of hummocks on mussel 
growth and persistence? (Chapter 3) 

Part 2: Transplantation of subtidal mussels to restore intertidal 
beds  

The use of artificial substrate for mussel bed restoration 

In the Wadden Sea, intertidal mussel beds are found on sandy tidal 
flats that are often subject to strong hydrodynamic forces (Friedland and 
Denny 1995). To survive on such an unstable substrate, blue mussels attach 
themselves to various hard structures, such as shell-fragments, or each 
other through the use byssal threads (Seed 1969, Bairati and Zuccarello 
1976, Suchanek 1978, Dankers and Zuidema 1995, Bell and Gosline 1996, 
Albrecht 1998, Carrington et al. 2008). As the byssal threads allow mussels 
to detach and re-attach, individual mussels can reposition themselves to 
maintain an optimal position on the substrate where attachment and 
access to planktonic food in the water column are both sufficient. The 
byssal structure consists of multiple collagenous fibers that are attached to 
the substrate via a plaque (Waite et al. 1998). In this thesis, I tested 
whether the use of a stable artificial attachment substrate, such as coir net, 
could improve restoration of intertidal mussel beds using transplanted 
subtidal mussels. 

Research question 3: Can an artificial substrate improve mussel bed 
transplantation? (Chapter 4 & 5) 

Limiting environmental factors for survival of transplanted mussels  

Survival of both naturally occurring and transplanted mussels is 
determined by a combination of abiotic and biotic factors. Mudflat are 
typically exposed to intense hydrodynamic conditions, especially in the 
intertidal zone where both currents and wave activity can be severe during 
storms (Bell and Denny 1994, Gaylord et al. 2003). Moreover, intertidal 
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mussels are heavily predated by birds during low tide and crabs during 
high tide. For mussel bed transplantation efforts to be successful, 
identification of the main factors that limit long-term persistence of mussel 
beds is of crucial importance. 

Research question 4: Are predation and/or wave exposure limiting 
factors for mussel bed transplantation? (Chapter 4) 

The use of subtidal mussel transplantation to restore intertidal 
mussel beds 

Transplantation is a technique widely used in restoration projects 
(Clark and Edwards 1995, Hashmi et al. 2010). Although there are many 
examples of successful projects (Green and Short 2003, Schulte et al. 
2009), many coastal transplantation programs have remained unsuccessful 
– often due to low transplant survival (Fonseca et al. 1998). In the Wadden 
Sea, blue mussels are found in both subtidal and intertidal habitats, with 
subtidal mussel beds being much more prevalent. In this thesis, I therefore 
transplanted subtidal mussels to the intertidal mudflat with the aim of 
restoring intertidal beds. To study whether or not subtidal mussels can 
actually survive in the intertidal environment and are thus suitable for 
restoration, I compared the survival of sub- and intertidal mussels on 
intertidal mudflats and studied morphological and behavioral differences 
between both populations. 

Research question 5: Is transplantation of subtidal mussels a viable 
approach for the restoration of intertidal mussel beds? (Chapter 4 & 5) 
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Abstract 

Self-organized spatial patterns have been found in many terrestrial, 
aquatic, and marine ecosystems. Theoretical models and observational 
studies point to the importance of emergent effects of self-organization for 
ecosystem functioning. Yet, experimental tests of this cross-ecosystem 
theory are lacking. In this study, we experimentally tested the hypothesis 
that self-organized pattern formation improves the persistence of mussel 
beds (Mytilus edulis) on intertidal flats. In natural beds, mussels generate 
self-organized patterns at two different spatial scales: regularly-spaced 
clusters of mussels at centimeter scales (driven by behavioral aggregation) 
and large-scale regularly-spaced bands at meter scales (driven by ecological 
feedback mechanisms). To test the relative effects of these two spatial 
scales of self-organization on mussel bed persistence, we conducted field 
manipulations in which we factorially removed small- and/or large-scale 
patterns. Our results revealed that both forms of self-organization 
enhanced the stability of mussel beds after settlement, relative to non-
organized beds. Small-scale, behaviorally driven cluster patterns were 
found to be most crucial for persistence, while large-scale patterns 
facilitated reformation of small-scale patterns if mussels were dislodged. 
Hence, our experiments provide clear-cut evidence for the emergent, 
interactive effects of ecological and behavioral self-organization and 
highlight the potential of harnessing spatial self-organization in the 
management and restoration of endangered ecosystems. 
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Introduction 

Formation of regular spatial patterns by habitat-forming organisms 
has been observed in many different ecosystems, from forests (Bekker and 
Malanson 2008) to savannahs (Scanlon et al. 2007, Pringle et al. 2010), 
peatlands (Foster et al. 1983, Rietkerk et al. 2004, Eppinga et al. 2009) and 
intertidal ecosystems (van de Koppel and Crain 2006, van de Koppel et al. 
2008, van der Heide et al. 2010, Weerman et al. 2011) (Figure 2.1). 
Theoretical studies have highlighted that local ecological interactions can 
explain the formation of large-scale spatial patterns through a process 
called spatial self-organization (Klausmeier 1999, Reichenbach et al. 2007, 
van de Koppel et al. 2008). In this process, regular patterns can emerge 
when organisms improve their growth conditions locally through habitat 
modification, while inhibiting conspecifics at a larger scale due to 
competition for resources or other growth restricting interactions (Rietkerk 
et al. 2002, Sherratt et al. 2002, van de Koppel et al. 2005, van de Koppel 
and Crain 2006, van de Koppel et al. 2008, Eppinga et al. 2009, van der 
Heide et al. 2010, Weerman et al. 2010, Liu et al. 2011, Anderson et al. 2012). 
The theoretical work (Rietkerk et al. 2004, van de Koppel et al. 2005) and a 
small number of comparative studies (van de Koppel et al. 2008, Pringle et 
al. 2010) imply that formation of self-organized patterns enhances 
ecosystem persistence and stability (van de Koppel et al. 2001, Buschbaum 
et al. 2009, Weerman et al. 2010, Liu et al. 2014). The ubiquity of self-
organized spatial patterns across ecosystems worldwide (Rietkerk and van 
de Koppel 2008) suggests that self-organization could be of universal 
importance in shaping ecosystem functioning and their resistance to 
increasing anthropogenic stressors (Silliman et al. 2015).  
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Figure 2.1: Observations of self-organization in different ecosystems. A: Spotted 
pattern of in coral reefs in Australia (© Google Earth). B: Labyrinth pattern of bushy 
vegetation in Niger (© Google Earth). C: Banded patterns in seagrasses in Australia 
(Picture : Marjolijn Christianen), D: Small-scale self-organization in mussel bed in the 
Netherlands (Picture: Hélène de Paoli). Mussels organize in strings (5-10cm wide). E: 
Large-scale self-organization in mussel beds in the Netherlands (Picture: Hélène de 
Paoli). Mussels organize in bands (5-7m wide). 

 

Despite the plethora of theoretical and observational studies 
pointing at possible emergent effects of self-organization on ecosystem 
functioning, there is currently no experimental evidence supporting this 
idea in any real world situation. This lack of experimental support does not 
only hold back further theoretical advancements, but also hampers its real-
world application, explaining why self-organization theory has so far had 
very limited impact in conservation or restoration practices. For instance, 
the practice of dune restoration still applies an even spread of Ammophila 
arenaria plant propagules, disregarding the strongly patchy to patterned 
distribution of Ammophila in many naturally emerging dune systems. 
Similarly, Spartina alterniflora propagules are typically planted at a 
constant and dispersed distance in salt marsh restoration projects, 
eliminating facilitation between outplants and reducing overall yield 
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(Halpern et al. 2007, Silliman et al. 2015). To further both fundamental, and 
conservation and restoration science regarding self-organization, there is 
thus an urgent need for experimental tests of the emergent effects of 
spatial self-organization on ecosystems stability and persistence, using 
manipulative techniques. 

In this paper, we investigated the importance of spatial self-
organization on the persistence of mussel bed in sandy intertidal 
ecosystems. Mussel in soft-sediment ecosystems form very large (1 to >10 
ha), highly patterned beds, where self-organization occurs at two different 
scales (van de Koppel et al. 2005, Halpern et al. 2007, van de Koppel et al. 
2008, de Jager et al. 2011, Liu et al. 2013, de Jager et al. 2014, Liu et al. 2014, 
Silliman et al. 2015). At a small scale, mussels make string-shaped clusters 
that form reticulate patterns (5-10cm wide, Figure 2.1C) as a result of 
behavioral aggregation, a process equivalent to the physical process of 
phase separation (Liu et al. 2013). At larger scales, mussels organize in 
regularly-spaced bands (5-10m wavelength, Figure 2.1D) perpendicular to 
water flow as a consequence of local facilitation and larger-scale 
competition for pelagic algae (van de Koppel et al. 2005). Comparative 
studies and theoretical models highlight the potential importance of 
pattern formation for mussel persistence (van de Koppel et al. 2008) and 
the resilience of mussel beds on tidal flats that are regularly exposed to 
intense wave action and predation (Liu et al. 2014, van der Heide et al. 
2014). Mussel beds are thus a highly tractable system in which to test the 
general idea that self-organization can enhance ecosystem resilience. In 
addition, if this prediction holds in mussels beds, it also has direct 
implications for the management and restoration of mussel beds, which act 
as keystone habitats for provisioning of biodiversity and food source for 
humans.  

Using manipulative experiments, we tested whether spatial self-
organization affects the persistence of mussel beds in the face of wave 
action and predation. In the summer and in autumn of 2012, we artificially 
created mussel beds with small-scale and large-scale spatial patterns in a 
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only hold back further theoretical advancements, but also hampers its real-
world application, explaining why self-organization theory has so far had 
very limited impact in conservation or restoration practices. For instance, 
the practice of dune restoration still applies an even spread of Ammophila 
arenaria plant propagules, disregarding the strongly patchy to patterned 
distribution of Ammophila in many naturally emerging dune systems. 
Similarly, Spartina alterniflora propagules are typically planted at a 
constant and dispersed distance in salt marsh restoration projects, 
eliminating facilitation between outplants and reducing overall yield 
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(Halpern et al. 2007, Silliman et al. 2015). To further both fundamental, and 
conservation and restoration science regarding self-organization, there is 
thus an urgent need for experimental tests of the emergent effects of 
spatial self-organization on ecosystems stability and persistence, using 
manipulative techniques. 

In this paper, we investigated the importance of spatial self-
organization on the persistence of mussel bed in sandy intertidal 
ecosystems. Mussel in soft-sediment ecosystems form very large (1 to >10 
ha), highly patterned beds, where self-organization occurs at two different 
scales (van de Koppel et al. 2005, Halpern et al. 2007, van de Koppel et al. 
2008, de Jager et al. 2011, Liu et al. 2013, de Jager et al. 2014, Liu et al. 2014, 
Silliman et al. 2015). At a small scale, mussels make string-shaped clusters 
that form reticulate patterns (5-10cm wide, Figure 2.1C) as a result of 
behavioral aggregation, a process equivalent to the physical process of 
phase separation (Liu et al. 2013). At larger scales, mussels organize in 
regularly-spaced bands (5-10m wavelength, Figure 2.1D) perpendicular to 
water flow as a consequence of local facilitation and larger-scale 
competition for pelagic algae (van de Koppel et al. 2005). Comparative 
studies and theoretical models highlight the potential importance of 
pattern formation for mussel persistence (van de Koppel et al. 2008) and 
the resilience of mussel beds on tidal flats that are regularly exposed to 
intense wave action and predation (Liu et al. 2014, van der Heide et al. 
2014). Mussel beds are thus a highly tractable system in which to test the 
general idea that self-organization can enhance ecosystem resilience. In 
addition, if this prediction holds in mussels beds, it also has direct 
implications for the management and restoration of mussel beds, which act 
as keystone habitats for provisioning of biodiversity and food source for 
humans.  

Using manipulative experiments, we tested whether spatial self-
organization affects the persistence of mussel beds in the face of wave 
action and predation. In the summer and in autumn of 2012, we artificially 
created mussel beds with small-scale and large-scale spatial patterns in a 
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facultative manor, similar to the patterns found in natural conditions, and 
measured the persistence of the mussels. To identify the mechanistic 
processes behind the results of our ecological experiment, we performed a 
number of behavioral analyses in both the laboratory and the field. First, 
we analyzed how mussel movement on sandy substrates was affected by 
mussel density in both the laboratory and the field. Finally, we also 
compared mussel behavior on sandy and rocky substrate in the laboratory. 
Our results provide important novel insights into how spatial self-
organization underlies ecosystem stability and how it can be used to 
improve the restoration and conservation of natural ecosystems. 

Materials and Methods 

Ecological field experiment 

To study the effect of self-organization on mussel bed persistence, 
we set up an experiment in which we tested the importance of pattern 
formation on the persistence of transplanted mussels in artificial beds. We 
tested for the effect of large-scale self-organization (bands) and small-scale 
self-organization (clusters) in a full-factorial design and then measured 
how treatments affected the persistence of the bed in the weeks after 
transplantation.  

We set up the experimental beds 
(3x5m) on the tidal flats near 
Schiermonnikoog, the eastern island of the 
Dutch Wadden Sea (Figure 2.2) in an area 
at the same elevation as natural beds (-0.5m, 
coordinates: 53°27’9.91”N,6°8’50.07”E).  

Figure 2.2: Map of the Netherlands showing the 
location of Schiermonnikoog; the island where the 
experiments were set up (53°27’6.95”N – 6°9’6.13”E). 

 27 

Using mussels from a nearby intertidal mussel bed, 12 plots were 
constructed using an overall density of 2,7 kg/m2 (40kg in total), which is 
similar to densities found in natural mussel beds (van de Koppel et al. 
2008). We applied four different spatial treatments in these experimental 
beds. The large-scale self-organization was represented by 2 bands of 1 by 
3m. Within these bands, mussels were aggregated by hand in string and 
cluster patterns to reflect small-scale self-organization. In the first 
treatment (control, Figure 2.3A), all scales of self-organization were 
present. In the second treatment (Figure 2.3B), only clusters were made, 
and no large-scale, banded patterns were used. In the third treatment 
(Figure 2.3C), only bands were made, within which the mussels were fully 
dislodged. Finally, in the control treatment (Figure 2.3D), neither large- 
and small-scale self-organization was implemented, and mussels were 
randomly dispersed on the plot. Plots were positioned along the low-water 
line, and the bands were orientated perpendicular to the dominant flow 
direction.  

The entire experiment was replicated 4 times in space yielding 16 
beds in total. To test for generality over time, the experiment was 
conducted twice, once in summer (June 2012), and once in autumn 
(October 2012). To measure the change of mussel cover in time, we took 
aerial pictures at a daily basis during the first 6 days, and once every 12 
days after that, using a camera mounted on a telescopic pole. Pictures were 
transformed in black (mussels) and white (bare sand) images using Image J 
software. The proportion of black pixels was determined using image J, to 
provide us with an estimate of mussel cover for each plot. The 
development of cover over time was used as a measure of mussel 
persistence. 
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Figure 2.3: Experimental set up to study the effect of spatial self-organization on 
persistence of mussel beds. Artificial beds were set up using a full factorial design, using 
four treatments: A: Both bands and clusters, B: Clusters but no bands, C: Bands but no 
clusters, D: Mussels fully dispersed (control). Note that for each experimental plot, each 
treatment was repeated, making a 3 by 5 plot. 
 

Behavioral experiments  

To investigate to what extent mussel movement behavior 
contributes to the observed differences in self-organization and 
subsequent persistence, we studied how mussel aggregative movement 
varied with the various densities of conspecifics in the different treatments. 
We first studied mussel aggregation both under natural and controlled 
conditions. In a second experiment, we analyzed aggregative movement in 
controlled laboratory conditions. 

Mesocosm experiment 

In a mesocosm, small artificial beds (40x40cm) were set up in two 
polyester tanks (120x80cm). As in the previous experiment, 4 spatial 
treatments were used with 4 replicates per treatment. To reflect the 
conditions within the bands of the large-scale self-organization treatment 
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used in the field, we used a high density of 5.6 kg/m2. To reflect conditions 
without bands, we lowered the density to 2.5 kg/m2. Both densities are 
within the range of densities found in natural mussel beds. In both 
densities, we mimicked small-scale self-organization by aggregating 
mussels by hand in clumps in half of the units. In the other half, small-
scale self-organization was removed by manually detaching the mussels 
and placing them randomly on the bed.  

Early observations suggested that mussels appeared more restricted 
in their movement on sediment compared to the stone surfaces that had 
been used in prior experiments (van de Koppel et al 2008, de Jager et al 
2011). For this reason, we replicated the entire experiments on both solid 
and sandy substrates. The experiments were carried out in 80x120x10 cm 
tanks with a constant supply of fresh seawater. Each 100 L tank was 
divided in 2 equal areas on which treatment was randomly applied to 
create 4 small artificial mussel beds were created. The bottom of the tanks 
was covered with either a 5-cm layer of sand or a 50x50cm stone tile. 
Mussels were collected from wooden poles at the beach near Vlissingen 
(The Netherlands) a few days prior to the start of the experiment. Before 
the start of the experiments, the mussels were dislodged and added to one 
of the treatments. Each experiment was repeated 3 times. 

Field experiment 

Finally, to test whether laboratory results were accurately reflecting 
natural conditions, we repeated the part of laboratory experiment that 
concerned manipulation of mussels on sandy substrate. Pilot experiments 
revealed that visibility nearby the artificial beds on Schiermonnikoog was 
too limited to allow for reliable underwater camera observations. The 
experiment was therefore moved to a tidal flat in the Eastern Scheldt, in 
the South of the Netherlands (51°27’44.85”N,4°4’51.75”E, Figure 2.2), where 
water clarity was much higher. We used the same plot size (~40x40-cm 
clumps within 50x50-cm plots) and aggregation treatments as in the 
laboratory and collected the mussels from the same site a few days prior to 
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the start of the experiment. The experiment was set up in November 2013 
and replicated 2 times.  

Data collection 

We tracked mussel aggregation and movement in the laboratory 
using Canon powershot D10 cameras that were mounted over each tank. 
For the field, we used Canon powershot S90 cameras within a Ikelite 
6242.95 underwater housing (www.ikelite.com). The cameras took pictures 
every minute for 180 minutes. For each picture, we applied a pixel to cm 
conversion coefficient based on the distance of the camera from the bed 
and its angle. To analyze the effect of the treatments on the level of 
aggregation we counted the number of clumps, the number of mussels 
within the clumps, and the number of isolated mussels after 24 hours. In 
the lab, mussel movement velocity was quantified for 10 random mussels in 
each experimental unit. Images were processed in Image J and Matlab to 
determine the change in position (x,y coordinates) of the mussels, from 
which the distance travelled per unit of time was calculated. 

Statistical Analyses 

Ecological field experiment 

All of statistical tests were run in R version 3.2.2. Loss of mussels in 
the ecological experiment was separated for the first 6 days of experiment 
and during the 6 last days of experiment. We used analysis of variance 
(ANOVA) with the two self-organization treatments as fixed factors, and 
sampling month as random factor. 

Mussel aggregation analyses 

Differences in clump size (i.e. the number of mussels in a clump) 
were analyzed using a Generalized Linear Model with a negative binomial 
distribution, using banding, clustering and location (field or mesocosm) as 
fixed factors. The percentage of single, detached mussels was analyzed 
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using ANOVA with banding, clustering and location (field or mesocosm) as 
fixed factors. The percentage of loose mussels was square root-transformed 
in order to obtain a normal distribution of the model residuals. 

Aggregative movement analyses 

Differences in movement on sandy versus rocky substrate were 
tested using an ANOVA, with the aggregation treatments and substrate as 
fixed factors. The data were square root-transformed in order to obtain 
normality of the model residuals.  

Results 

Ecological field experiment 

We tested the importance of small-scale and large-scale pattern 
formation using four different treatments: small-scale clusters, large-scale 
bands, bands and clusters combined and a control treatment consisting of 
randomly scattered mussels (Figure 2.3). Our experiment revealed strong 
positive effects of the patterns on mussel bed persistence. During the first 
six days, the cover in the control beds without any self-organized patterns 
decreased twice as fast (9.92 ± 0.36% per day) relative to the plots with any 
form of patterning (3.54± 0.11% per day, Figure 2.4A and 2.4B), with 
significant effects of both banding (F2,218=20.96; p<0.001) and clustering of 
mussels (F1,218=45.18; p<0.001). Moreover, we found a strong interaction 
between the two scales of patterning (F2,218=18.77; p<0.001), indicating that 
bands facilitated the formation of clusters. The experiment that was carried 
out in summer and repeated in the autumn proved consistent with each 
other,  
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Figure 2.4: Persistence of experimental mussel beds in the field over time. A and B: 
Average cover decrease (% per day) over the course of the experiment for June and 
October.  C: Decrease in cover (% per day) over the first 6 days, and D: in the remaining 
experimental period. N=28, Mean +/- S.E. 

with no significant seasonal effect (F1,218=1.72; p=0.19). Furthermore, 
we found that the loss rate of mussels decreased strongly over time 
(F1,218=94.21; p<0.001), most likely because the remaining mussels in the 
control treatments had also organized in clusters after the first few days. 
This is also clearly illustrated by comparing the calculated loss rate per day 
in the first 6 days with the loss rate in the remainder of the experimental 
period (Fig. 2.4C and D).  
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Behavioral experiments 

The behavioral experiments in the field and in the lab revealed that 
the ability of mussels to move and aggregate on sand was a crucial process 
in determining clump size, which in turn was an important determinant of 
their persistence in the bed. The number of mussels in clumps was 
significantly enhanced by both the simulated clustering and banding 
treatments (χ2=78.44; p<0.001 and χ2=106.59, p<0.001, respectively) 
compared to the controls where clump size were up to 3 times smaller. 
Moreover, we found a significant interaction between both treatments 
(χ2=38.28, p<0.001), as both banding and clustering treatments similarly 
facilitated aggregation (Figure. 2.5A).  

 

Figure 2.5: Effect of experimental self-organization treatments on clump formation in 
laboratory and field conditions. A: Average number of mussels per clump (Mean +/- SE). 
B: Average number of loose, individual mussels (Mean +/-SE). 

In addition, we also identified a significant interaction between the 
clustering treatment and the location (χ2=11.10, p<0.001), because the effect 
of clustering was marginally lower in the field compared to laboratory 
conditions. Apart from forming smaller clumps, we also found about 6 
times more individual mussel outside of the clumps in the controls relative 
to the other treatments as illustrated by significant effect of the clustering 
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times more individual mussel outside of the clumps in the controls relative 
to the other treatments as illustrated by significant effect of the clustering 

35



 34 

and banding treatments, as well as their interaction (F1,32=34.96, p<0.001; 
F1,32=43.93, p<0.001; F1,32=16.88, p<0.001, respectively; Figure 2.5B). Similar 
to clump size, we also found a significant interaction between bands, 
clusters and the location (F1,32=7.65, p=0.009), because effects of self-
organization were comparable but slightly lower in the field.  

When comparing mussel movement on sand and rock in the 
laboratory, results show that the inability of individual mussel to move and 
aggregate on sand is the key limitation explaining the low persistence of 
mussels in the control treatments where patterns were absent. The 
clustering and banding treatments had no significant main effect on 
movement velocity, but the effect of substrate was significant (F1,609=109.23, 
p<0.001; Figure 2.6). Furthermore, we found significant two-way 
interactions between banding and substrate, and clusters and substrate 
(F1,609=16.91, p<0.001; F1,609=29.57, p<0.0001, respectively), as well as a three-
way interaction between banding, clustering and substrate (F1,609=15.12, 
p<0.0001).  

 

Figure 2.6: Average movement velocity of an individual mussels under laboratory 
conditions (Mean +/- SE). Isolated individual mussle on a rocky surface increase their 
velocity, whereas movement on sand under these consitions is hampered. 
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Overall, these results indicate that when isolated, individual 
mussels on a rocky substrate double their movement velocity, pointing to a 
fast behavioral response to isolation, which is in agreement to observations 
in prior studies (van de Koppel et al. 2008, Liu et al. 2013). In contrast, 
movement of isolated mussels on sand is lowered by 26 % to 39 %. This 
highlights that when alone on sand, mussels experience significant 
restrictions in their movement, keeping them from aggregating into clumps 
that are essential for survival, explaining the low persistence within the 
unpatterned mussel treatment in the field experiment. 

Discussion 

Theoretical models highlight that self-organized spatial patterns 
may have important emergent effects on the functioning of ecosystems 
(Gilad et al. 2004, Rietkerk et al. 2004, van de Koppel et al. 2005, Kéfi et al. 
2007, Rietkerk and van de Koppel 2008, Pringle et al. 2010, Liu et al. 2014) . 
However, experimental validation of these emergent effects is lacking, 
restricting advancement and refinement of this cross-ecosystem theory, as 
well as the application of self-organization concepts in the management 
and restoration of degraded ecosystems (Silliman et al. 2015). In this paper, 
we verified experimentally that in mussel beds, self-organization processes 
enhance mussel persistence and that this occurs because of a synergistic 
interaction between spatial patterns at two separate spatial scales. Without 
any form of self-organization, field experiments demonstrate that mussel 
losses from the bed are 2.5 to 5 times higher compared to beds where 
mussels were aggregated in patterns. Moreover, our combined results from 
our ecological and behavioural experiments clearly identify fast behavioral 
self-organization as the determining factor for the persistence of mussels 
on the beds. Inability to move and aggregate into clumps on sandy 
substrate at low densities provides a clear mechanistic explanation for high 
losses in beds that lacked any self-organization. Hence, our results provide 
unambiguous experimental support for the emergent effects of spatial self-
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Figure 2.6: Average movement velocity of an individual mussels under laboratory 
conditions (Mean +/- SE). Isolated individual mussle on a rocky surface increase their 
velocity, whereas movement on sand under these consitions is hampered. 
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Overall, these results indicate that when isolated, individual 
mussels on a rocky substrate double their movement velocity, pointing to a 
fast behavioral response to isolation, which is in agreement to observations 
in prior studies (van de Koppel et al. 2008, Liu et al. 2013). In contrast, 
movement of isolated mussels on sand is lowered by 26 % to 39 %. This 
highlights that when alone on sand, mussels experience significant 
restrictions in their movement, keeping them from aggregating into clumps 
that are essential for survival, explaining the low persistence within the 
unpatterned mussel treatment in the field experiment. 

Discussion 
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(Gilad et al. 2004, Rietkerk et al. 2004, van de Koppel et al. 2005, Kéfi et al. 
2007, Rietkerk and van de Koppel 2008, Pringle et al. 2010, Liu et al. 2014) . 
However, experimental validation of these emergent effects is lacking, 
restricting advancement and refinement of this cross-ecosystem theory, as 
well as the application of self-organization concepts in the management 
and restoration of degraded ecosystems (Silliman et al. 2015). In this paper, 
we verified experimentally that in mussel beds, self-organization processes 
enhance mussel persistence and that this occurs because of a synergistic 
interaction between spatial patterns at two separate spatial scales. Without 
any form of self-organization, field experiments demonstrate that mussel 
losses from the bed are 2.5 to 5 times higher compared to beds where 
mussels were aggregated in patterns. Moreover, our combined results from 
our ecological and behavioural experiments clearly identify fast behavioral 
self-organization as the determining factor for the persistence of mussels 
on the beds. Inability to move and aggregate into clumps on sandy 
substrate at low densities provides a clear mechanistic explanation for high 
losses in beds that lacked any self-organization. Hence, our results provide 
unambiguous experimental support for the emergent effects of spatial self-
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organization in mussel bed ecosystem, and of the mechanisms that are 
behind this phenomenon. 

Biological complexity at different spatial scales, driven by a 
multitude of behavioral, population-level or ecosystem-level processes, is a 
defining characteristic of natural ecosystems. A recent theoretical study 
highlighted that the interplay between two different self-organization 
processes created patterns at two different scales in mussel beds (Liu et al. 
2014). These nested patterns were predicted to be a key factor defining the 
persistence of mussel beds. Our experimental results provide strong 
mechanistic validation of this prediction. The formation of small-scale self-
organized patterns proved to be crucial for mussel persistence, as clumps 
clearly provide security against dislodgement and predation (van de Koppel 
et al. 2008). Even though our results are based on short time data (19 to 26 
days), modeling results over much longer time periods support our 
findings (Liu et al. 2014). Our experiment uncovered the crucial importance 
of the interplay of self-organization occurring at different scales of 
organization: without the large-scale banded patterns being present, small-
scale clump formation was hampered, leading to excessive mussel losses. 
When aggregated into bands, mussels could aggregate and form the cluster 
patterns by using each other as a foothold, a behavior that becomes 
impossible when fully dispersed due to the low overall density. Hence, we 
observed a clear interaction between two scales of pattern formation in 
driving mussel bed persistence. 

A surprising result from our experiments is the importance of 
behavioral self-organization in determining the persistence of mussel bed. 
Most studies of regular patterns in ecosystems suggest a scale-dependent 
interplay of facilitation and competition as the underlying process (van de 
Koppel et al. 2005, van de Koppel and Crain 2006, Eppinga et al. 2009, van 
der Heide et al. 2010, Weerman et al. 2010). In mussels, however, the 
formation of small-scale patterns results from a behavioral process that is 
similar to the physical process of phase separation (Liu et al. 2013). Phase 
separation occurs for instance during the formation of alloys, where 
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separation between different types of molecules creates spatial patterns at 
sub-millimeter scale, which boosts the material strength of alloys such as 
steel and bronze (Cahn and Hilliard 1958). Our results highlight that the 
patterns resulting from the behavioral self-organization in mussels 
primarily determine the stability of the beds to wave action, emphasizing 
the importance of behavioral self-organization, driven by fast movement 
processes, as an underappreciated and understudied driver of ecosystem 
persistence. 

The inability of mussels to move and aggregate when fully 
dispersed provides a central explanation for the differences in persistence 
between the self-organized and non-self-organized treatments found in our 
ecological experiment. When mussels were placed on a hard substrate, 
their movement was greatly increased when they were isolated, similar to 
what we observed in previous experiments (van de Koppel et al. 2005, Liu 
et al. 2013). However, when mussels were placed on a sandy surface, the 
opposite was found: mussels moved less when alone, and were only found 
to move efficiently when they could reach out and come in direct contact 
with one another. As pulling with their foot – a specialized tongue-shaped 
muscular organ with muscle fibers running in all directions – is the 
primary means of movement, the ability to attach proved crucial for cluster 
formation to occur. Hence, our work highlights that a density threshold 
exists below which self-organization does not occur, limiting the recovery 
of mussel beds when disturbance such as storms would destroy the spatial 
patterns.  

There has been a recent global surge in promoting habitat 
restoration as a critical conservation approach to deal with both climate 
change and habitat degradation. At the 2014 United Nations Climate 
Summit, all nations present pledged to restore 350 million acres of 
degraded ecosystems by 2030. Critical to the success of this global pledge 
will be (1) the facilitation of regrowth of ecosystems over this area, and (2) 
the continued persistence of those systems once they are initially 
established. Although restoration of habitats dominated by ecosystem 
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engineers has been prioritized (Fortes 1991, Carls et al. 2004, Byers et al. 
2006, Crain and Bertness 2006, McLeod et al. 2012), large-scale restoration 
attempts of ecosystems such as coral reefs, shellfish reefs, seagrasses, is 
currently very costly and of limited success (Lenihan and Peterson 1998, 
Piersma et al. 2001, Hiddink 2003, Badalamenti et al. 2006, Bouma et al. 
2009). As many of these ecosystems are characterized by self-organized 
spatial patterns generated by habitat forming species, we argue that 
harnessing spatial patterns and positive interactions in general may pave 
the way to more successful restoration and conservation practices 
(Emanuel et al. 2008, Knutson et al. 2010, Dai 2011). Our paper provides a 
strong empirical basis for such a new premise by experimentally 
demonstrating the importance of self-organization in mussel bed 
restoration. Moreover, it highlights the importance of the interplay of 
behavioral and ecological processes in driving ecosystem resilience. This 
points at the need for an integrated perspective on ecosystem restoration 
that not only addresses limitation in organism establishment, but 
integrates the impact of animal behavior in terms of their effect on 
ecosystem resilience (Liu et al. 2014).  

Validation of the emergent effects of spatial self-organization 
provides an important experimental foundation for the use of self-
organized patterns in the restoration of ecosystems. In many - if not most - 
human-modified ecosystems, the natural spatial structure is altered or lost 
to mowing, drainage, dredging and other forms of interference. Moreover, 
in the coming decades, many ecosystems are expected to face further 
increases in disturbance as a result of global change (Emanuel et al. 2008, 
Knutson et al. 2010). Our results highlight that restoration of natural 
communities in these human-altered ecosystems could be facilitated if 1) 
the original spatial structure is restored or conserved, or 2) the self-
organization processes that generate these spatial patterns are restored to 
their former functioning. This requires a change in management 
perspectives and restoration approaches. It is insufficient to only focus on 
improving abiotic conditions and removing dispersal barriers, as these do 
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not recover the facilitative processes that are characteristic to foundation 
species such as mussels, cordgrasses or marram grass (Halpern et al. 2007, 
Silliman et al. 2015). Instead, restoration approaches should also aim to 
restore the functioning of internal ecological feedback interactions to 
facilitate the persistence of the involved species. This can be done by 
recovering or approximating the self-organized spatial configuration of the 
ecosystem that has to be restored. Our study suggests that harnessing the 
emergent effects of spatial self-organization can make an important 
difference in the restoration of many marine and non-marine ecosystems, 
such salt marshes (Silliman et al. 2015), seagrass beds (Hughes et al. 2008) 
or arid bushlands (Rochefort et al. 2003).  
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Abstract 

Mussels are ecosystem engineers that self-organize and aggregate in 
bands  of 3-5 m wide, in which hummocks of accumulated faeces and 
pseudo-faeces develop. Theoretical studies suggested that hummock 
formation may have positive effects on mussel bed production and 
stability. In this paper, we used field measurements on natural mussel beds 
and experimental plots to test whether hummocks indeed increase mussel 
production, condition, and persistence on tidal flats as predicted. 
Observations on natural mussel beds revealed that mussels on the top of 
the hummock were not any larger, but were in better condition and 
occurred in higher density, suggesting that improved growth conditions. 
Experiments on the short-term persistence of mussels on artificial beds 
demonstrated that mussel cover decreases faster on hummocks than on flat 
bands indicating that hummocks are unfavourable for the persistence of 
individual mussels. Measurements on natural and artificial mussel beds in 
the field, combined with flume experiments showed that current velocity, 
substrate erosion and bottom shear stress were significantly higher on the 
top than on the front or on the back of the hummocks, explaining 
differences in persistence. We conclude that within our experiments, 
where mussels were dislodged, negative effects of hummocks on mussel 
persistence prevailed. In contrast, mussels are more firmly attached on real 
beds, where they establish prior to hummock formation, and are thus less 
vulnerable to the effects of increased hydrodynamic exposure. This 
suggests that on natural mussel beds, the positive effects of increased food 
availability may prevail over the negative effects of increased hydrodynamic 
exposure. 
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Introduction 

Negative interactions, such as predation and intra and inter-specific 
competition, were once considered as the main biotic drivers of species 
abundance and distribution (Paine 1966, Begon et al. 1996, Chase et al. 
2002). However, positive interactions among species (i.e. facilitation) have 
more recently been found to also strongly influence community dynamics 
and biodiversity in ecosystems (Matuszek and Beggs 1988, Dunson and 
Travis 1991, Jones et al. 1994, Stachowicz 2001, Bruno et al. 2003). 
Ecosystem engineering – active habitat modification by organisms – is a 
process that in many cases not results in a positive effects on the engineer 
itself, but often also facilitates many associated species (Naiman et al. 1988, 
Jones et al. 1994, Barnes and Mallik 2001, Margolis et al. 2001). In soft-
sediment ecosystems, foundation species such as seagrasses, corals, 
mangroves and epibenthic bivalves are often considered ecosystem 
engineers as they modify create aboveground structure, modify the 
sediment composition, and attenuate currents and waves (Madsen et al. 
2001, Reise 2001, van de Koppel et al. 2005, van der Heide et al. 2007, 
Bouma et al. 2009). 

Although, by creating new habitat, ecosystem engineers often 
positively affect other species (Seed 1996, France 1997, Borthagaray and 
Carranza 2007), their modifications can also have a negative effect on 
themselves or other species. For instance, by trapping and stabilizing 
sediment, seagrasses and salt marsh plants also accumulate large amounts 
of organic matter, which can lead to anoxic conditions and high sulfide 
levels, that in turn significantly hamper plant growth and can reduce 
endobenthic biodiversity (van der Heide et al. 2012). Although the effect of 
engineering on biodiversity has been extensively studied, the effect of 
engineering on ecosystems engineers themselves has received much less 
attention (Chapter 2, Liu et al. (2013)). Knowledge about how species, by 
their engineering activities, improve or reduce the quality of their own 
habitat is still limited. 
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Found mostly in coastal environments, mussels are reef-building 
ecosystem engineers that create habitat and shelter for both themselves 
and many other species (Gutiérrez et al. 2003, Donadi et al. 2013, van der 
Heide et al. 2014). Within reefs, mussels self-organize at two different 
spatial scales, increasing habitat complexity (van de Koppel et al. 2005, van 
de Koppel et al. 2008). At a larger spatial scale, they aggregate in bands of 
3-5m wide, perpendicular to the flow of the water. At a smaller scale, they 
aggregate in strings of 10-15cm wide that form reticular networks. 
Theoretical work investigating this two-scale aggregation suggests that the 
self-organized patterns emerging from this process may enhance mussel 
bed persistence (Chapter 2, Liu et al. (2013)). However, by increasing their 
local density, mussels not only increase their own density – they also 
locally accumulate faeces and pseudo-faeces, creating hummocks of mud 
on top of which the mussels themselves are situated (Buschbaum et al. 
2009). Such hummock formation may lead to increased water velocity (Liu 
et al. 2012), which in turn can lead to improved feeding conditions for the 
mussels, as both food supply and water mixing is improved on top of the 
hummock. However, experimental evidence of effects of hummock 
formation on the growth and persistence of mussels in mussel beds is still 
lacking. 

In this paper, we used observations in a natural mussel bed 
combined with field and flume experiments, to test the hypothesis that 
mussel growth and overall mussel bed persistence is enhanced by 
hummock formation. We first investigated how hummocks influence food 
availability for mussels, by looking at mussel density, condition and growth 
on natural mussel beds. Second, we experimentally investigated the 
influence of hummocks on persistence and growth of newly settled mussel 
beds, using flume and field experiments.  
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Material and Methods 

Studied Area 

The Wadden Sea is located in between barrier islands and the 
mainland coast of Denmark, Germany and Netherlands (Figure 3.1). The 
Dutch part of the Wadden Sea covers an area about 2,500 km2, half of it 
being tidal flats. The Wadden Sea is generally recognized as a natural area 
of primary importance for migrating birds and as a nursing area for 
juvenile marine fish (Brinkman et al. 2002). Within the Wadden Sea, 
intertidal mussel beds are an important habitat that combines high 
biomass with high species richness (Flemming and Delafontaine 1994, 
Seed 1996). Our study area was located on a mudflat near 
Schiermonnikoog, one of the most Eastern islands of the Dutch Wadden 
Sea. We selected an area with large intertidal mussel beds (several hectares 

per bed) at the southwest edge of the island 
(53°27’6.95”N – 6°9’6.13”E). The mussel beds 
are typified by spatial patterns that are 
oriented perpendicular to the tidal current, 
and were located ~0.5 m under mean sea level 
with a low tide exposure time of ~30%.  

Figure 3.1: Map of the Netherlands showing 
the location of Schiermonnikoog; the island where the 
experiments were set up (53°27’6.95”N – 6°9’6.13”E). 

Experimental set-up 

To study the effects of hummocks on the growth and persistence of 
mussels within mussel beds, we set up a field experiment. Twelve artificial 
beds (3x5m) were set up on the mudflat in our study area about 150m from 
a natural mussel bed. Also, their elevation (-51.3 ± 0.5cm) was similar to the 
elevation of the natural mussel bed. On half of the beds, we constructed 2 
artificial hummocks (1.0 x 2.5m) separated by 1.5m. Care was taken to orient 
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the experimental beds in the same way as the nearest natural bed in order 
to obtain the same exposure to incoming waves. The foundation of each 
hummock consisted of ten 50x60-cm sandbags. To stabilize the hummocks, 
coir mat was placed over the bags and fixed 20-cm deep in the sediment 
around the bags. The other half of the plots served as controls. To obtain 
the same substrate conditions, we also added 2 bands (1.0 x 2.5m) of coir 
net to these control plots. The experiment was replicated 6 times (yielding 
12 beds in total) in a block design, with each block containing one bed with 
hummocks, and one flat control bed. The artificial plots were allowed to 
stabilize for a full month after which we added 16 kg of mussels, obtained 
from the nearest natural intertidal mussel bed, to each plot. 

The effect of hummocks on food availability 

To study how hummocks affect food availability, we estimated the 
density, growth and the condition index of the mussels on different 
locations within natural mussel hummocks, and also studied growth on the 
artificial beds. 

Mussel density on natural hummocks 

The density was estimated on three locations (front, top and back, 
Figure 3.2) across 3 different hummocks with aerial pictures taken at each 
hummock. Surface cover (in %) of mussels used as a proxy for density, and 
was determined from the pictures using Matlab to resize the pictures, and 
Image J to calculate the cover of mussels on the plots, respectively. The 
calculation was replicated 3 times for each location (i.e. front, top, back) on 
each picture.  

Condition index in a natural mussel bed 

As a measure of the condition of individual mussels, we used 
condition index which is based on the ratio between dry flesh and dry shell 
weight (Lucas and Beninger 1985). In a natural mussel bed, we collected on 
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3 different hummocks. On each hummock, we sampled 16 mussels at the 
front, the top and the back of a hummock (yielding 144 mussels sampled, of 
which 138 mussels were analyzed). After collection, mussels were cleaned 
and frozen until further analyses. 

 

Figure 3.2: Schematic representation of band-shaped hummocks in a mussel 
beds. The colored dots designate the different locations on the hummocks that were used 

in our sampling and measurement schemes. 

For each mussel, length, height and width were measured using a 
caliper. Mussel volume (cm3) was subsequently estimated assuming an 
ellipsoid shape: 

  Length  Height  Width 

The soft tissue was separated from the shell, dried independently 
for 24h at 70°C, and subsequently weighed. Both dry weight of the soft 
tissue and the shell were used to compare treatments.  

Mussel growth on natural and artificial mussel beds 

To study how hummocks affect mussel growth, mussel length 
increase was measured on both natural mussel beds and on artificial beds. 
Mussels were collected on natural mussel beds and processed in the lab. 
Only young mussels were selected (3,14cm ± 0,03cm). The length of each 
mussel was measured and it was subsequently labelled with a hallprint 
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shellfish tag (Hallprint Pty Ltd, South Australia) glued to the shell with 
cyanoacrylate glue. Mussels were then were glued to a rope and attached in 
groups of 8 on a tent peg, which was then placed in the field at the end of 
April 2013. 

On natural beds, we placed 16 mussels per location (i.e. front, top, 
back) on two different hummocks and the GPS coordinates of each 
locations were recorded. The change in length of each mussel was 
measured in the field at the end of July 2013. In October 2012, mussels 
were collected and re-measured. We were able to retrieve 51% of the 
mussels at the end of the experiment. Mussel growth was estimated as the 
percentage of increase in length per day. 

On the artificial beds, we placed 16 mussels in the middle of each 
mussel band (hummocks and flat controls) at the end of April 2013. Mussels 
were collected, and measured in the lab at the end of July 2013. The 
differences of growth between flat bands and hummocked bands, and 
between exposed (bands at the gully-side) and protected (bands in the 
wake of gully-side bands) bands were studied (Figure 3.2). 

The effect of hummocks on mussel bed persistence 

The effect of hummocks on mussel persistence was studied using 
the aforementioned experimental beds. On the first day of the experiment, 
the length and width of each mussel band was measured with a 
measurement tape (± 1cm). Subsequently, all plots were surveyed for the 
next 30 days. Aerial pictures of the artificial beds were taken daily for the 
first 4 days, and additionally after 11 days of experiment using a time-lapse 
camera (Canon D10; 5s interval) mounted on a 4m telescopic pole. Every 
picture was resized with Matlab using the initial band dimensions 
measured in the field. On these pictures, the cover of mussels was 
quantified using ImageJ. The change in mussel cover was used as a proxy 
for the persistence of the artificial mussel beds over time. Apart from 
comparing mussel cover between flat controls and plots with hummocks, 
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we also assessed the difference in persistence between the hummock at the 
gully-side, which is directly exposed to waves, and the second hummock 
which was situated in the wake of the gully-side hummock (Figure 3.2). 

Hydrodynamic measurements 

As hummocks are elevated compared to their direct surrounding, 
hummock form a barrier for current and waves and thus affect 
hydrodynamic conditions. We therefore investigated how and to what 
extend the hydrodynamics were modified by the hummocks using a range 
of methodologies outlined below.  

Plaster sticks 

Plaster sticks were used to estimate the relative hydrodynamic 
intensity on three different hummocks at the different locations (front, 
top/middle, back) within a natural bed (Figure 3.2). Relative weight loss by 
dissolution of plaster is considered a proxy for hydrodynamic forcing and 
integrates effects from tidal currents and waves (Porter et al. 2000, Eklof et 
al. 2011). Plaster sticks were molded using 40 ml of model plaster (8cm) 
attached to a 60-ml syringe plunger of which the ends had been removed. 
The sticks were weighed before and after placement in the field, after 
drying to constant weight. 

On each location, 2 plaster sticks were placed and left over the 
course of 4 tides (wind max: 4bft, time under water ~32h). After collection, 
the plaster sticks were dried at 50°C during 24h, and weighed. As 4 out of 
24 plaster sticks broke during the outplacement, we used the remaining 20 
in the statistical analyses. The difference in weight before and after being 
placed in the field gave us an indication of the intensity of hydrodynamic 
energy for each location. Using the same procedure as outlined above, 
plaster sticks were also placed in the artificial beds, on the top of the 
hummocks, and on flat control beds.  
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Pressure sensors 

In addition to the plaster stick, which are only able to measure 
relative differences between treatments, we also placed pressure sensors 
(Sensus Ultra Dive logging device) on the sediment surface of natural 
mussel hummocks. Measurements were taken at the front, the top and the 
back of a hummock. Water depth was measured every second over the 
course of 4 tides (Wind max: 5Bft, time under water= 7.5h). Water level 
fluctuations (h, meters) were calculated as the difference between the 
instant water height and the mean water height over 30s (h30, m) around the 
measurement time. Using the water level fluctuations, we calculated the 
significant wave height (Hs, meters) as (Tucker and Pitt 2001): 

 

Because the influence of waves on the hummock depends on water 
orbital velocity (Uw, m/s) and wave-related bottom shear stress ( b, Pascal) 
these were calculated as (van Rijn et al. 1990, Friedrichs and Aubrey 1996, 
Kleinhans and Grasmeijer 2006): 

 

 

in which g (m/s) is the gravitational acceleration,  is the water 
density and f2.5 is the grain roughness friction factor. 

Flume measurement on artificial hummocks 

In addition to the field measurements, we carried a flume 
experiment to study water velocity over hummocks in more detail. The 
NIOZ flume in Yerseke is a racetrack shaped channel with a straight 
channel portion of 10.8m. The channel is 60 cm wide and the water depth 
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during the experiment was 40cm. The test section used for the experiment 
consists of a 4.45m section located at the end of a 10.8m straight part of the 
flume. In this section, we placed 2 plastic hummocks consisting of 2 
sloping sections (17cm high on 35cm long) with, a flat section (50cm long, 
60cm wide, elevation: 17cm) in between. The angle of the slope and overall 
height of the hummocks was similar to the ones we studied on natural 
hummocks. The first hummock was placed on the front of the test section, 
and the second one was placed 1.20m away from the first one, end to front. 
The water speed was set at 0.3 m/s, which represents average water velocity 
conditions on mudflats in the Wadden Sea (Pejrup 1988). 

A Nortek Acoustic Doppler Velocimeter (ADV) with a sampling 
volume of 9mm high and 6mm in diameter located below the sensor head, 
was used to measure water velocity over the hummocks. A computer with 
control positioning software was connected to the ADV, which permitted it 
to take measurements at different locations across the test section. Velocity 
was measured for 5 min at 20htz, at 318 locations over the sampling section 
along a vertical axis with a step size of 5 cm. Measurements were taken 
across the middle of the sampling section to avoid potential artefacts 
created by the sides of the flume. Over the slope section and on the top of 
the hummock, the 40 cm vertical axis was reduced to 20 cm in order to 
avoid collisions between the device and the hummock. On a horizontal 
axis, measurements been taken every 10cm over the 4.45m test section. Near 
bed flow velocities were calculated by averaging the two velocity 
observations that were nearest to the bottom (at 5 and 7.5 cm above the 
bed) over the flat sections. 

Statistics 

Residuals of all models based on a Gaussian distribution were 
tested for normality using the Shapiro test, and the data were transformed 
to obtain a normal distribution if necessary. Plaster stick dissolution, 
density (square root-transformed) growth in natural mussel bed and 
absolute flow velocity measured in the flume were analyzed using an 
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Analysis of Variance (ANOVA), with location on the hummock as fixed 
factor. We used Tukey HSD post-hoc (p<0.05) to check for differences 
between the three locations. Even after data transformation, we could not 
obtain normality of the model residuals for bottom shear stress and shell 
and flesh dry flesh. Therefore, we analyzed these variables with a non-
parametric Kruskall-Wallis test, followed by Mann-Whitney U tests with a 
Bonferroni correction of the significance level (0.05/3=0.017) to test for 
differences between locations (front, top/middle, back). On the 
experimental beds, plaster stick dissolution, mussel cover and (squared 
root transformed) daily growth were tested with an ANOVA, using 
treatment (hummock or flat band) and exposition as fixed factor.  

Results 

The effect of hummocks on food availability 

Mussel density on natural mussel bed 

We observed clear differences in density between the different 
locations on the hummocks. Mussel density was found to be higher on the 
top of the hummock than on the front and the back of the hummock (F2, 

27=51.3, p=0.001 Figure 3.3A). On the top of the hummock, mussels covered 
69.8 ± 1.8% of the substrate, while on the front and the back of the 
hummock, mussels were only covering 42.3 ± 2.8% and 47.8 ± 3.3%, 
respectively. 

Condition index on natural mussel bed 

Mussels on the top of the hummock had significantly heavier shells 
(Kruskall-Wallis, p = 0.013, Figure 3.3B), but their flesh weight did not 
differ from the other locations (ANOVA, F2,139= 1.273, p=0.283). On the top 
of the hummock, shell weight was 0.61 ± 0.02g/cm3, whereas on the front 
and back weight equaled 0.56 ± 0.02 g/cm3 and 0.55 ± 0.01g/cm3, 
respectively. 
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Figure 3.3: Effect of position in front, on top, and in the back of natural mussel 
hummocks on (A) mussel cover (a proxy for density, N= 27), (B) mussel specific shell 

weight (expressed per mussel volume, N= 138). Letters on top of the bars denote 
significant differences among the treatments. 

Mussel growth on natural bed and artificial beds 

The mussels position on the hummock was not influencing their 
growth at estimated by the increase in length per day (F2,84=0.285, p=0.75). 
On average, mussels grew 0.15 ± 0.002% per day.  

On the transplanted beds, results showed that flat bands were more 
favorable for growth than hummocks. Mussels were found to grow better 
on flat bands than on hummocky bands (ANOVA, F1,295=4.23, p = 0.041, 
Figure 3.4A). On the flat bands, mussels grew 0.10 ± 0.008% per day, while 
on the hummocks, mussels grew 0.8 ± 0.006% per day. No differences were 
found between growth of mussels located on the first band and on the 
second band (ANOVA, F1,295=-0.629, p =0.43). 
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Figure 3.4: Experimental evidence of the effects of hummocks on mussel beds. A: Daily 
mussel growth on artificial bed. Mussel grew during 63 days. N=295, Mean +/- SE. B: 
Mussel bed persistence on mussel bed. Remaining cover on the artificial beds after 11 
days. Mean +/-SE. C: Hydrodynamic stress on hummocks and mudflat. Dissolution of 

plaster sticks over 4 tides. N=20, Mean +/-SE. 

The effect of hummocks on mussel bed persistence 

The hummocks at the gully-side were exposed to stronger 
hydrodynamics compared to the hummocks situated in the wake of the 
first row. Mussel bed persistence was found to be higher on flat bands than 
on hummocks (ANOVA, F1,24=71.18, p <0.001; Figure 3.4B). On the top of 
the hummock, only 53.3 ± 3.9% of the mussels survived after 11 days, while 
on flat bands 89.9 ± 2.2% of the mussels survived. Mussel persistence on 
the exposed band not significantly different than on the protected band 
(ANOVA,F1,24=1.36, p=0.26).  

Hydrodynamic measurements 

On the natural bed, plaster dissolution revealed that hydrodynamic 
intensity was higher on the top of a hummock compared to the front or the 
back (Figure 3.5-A) as estimated by the relative weight loss of plaster sticks 
(ANOVA, F2,18=9.1, p=0.003). On the top of the hummock, 35 ± 0.9% of the 
plaster stick weight was lost, while on the front and on the back of the 
hummock, 30.9 ± 0.9% (p=0.006) and 30.8± 0.8% (p=0.005) of the plaster 
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sticks dissolved. These measurements were supported by the wave sensors. 
Wave induced bottom shear stress as calculated from the loggers pressure 
data was significantly higher on the top of the hummock compared to the 
other two locations (Kruskall-Wallis, p <0.001, Figure 3.5B). On top of the 
hummock, bottom shear stress was twice as high (0.31 ± 0.002 Pa) 
compared to the front of the hummock and three times as high compared 
to the back (0.094 ± 0.0004 Pa). 

In agreement with the results on the natural bed, hydrodynamic 
intensity on the experimental bed was found to be higher on hummocks 
than on flat bands (Figure 3.4C). On the top of the hummock, 40 ± 1.2% of 
the stick had dissolved, while this was only 33.4 ± 2.3% on the flat bands 
(ANOVA, F1,20=6.75, p=0.019). Furthermore, we were not able to detect an 
influence of exposure on the hydrodynamic intensity (ANOVA, 
F1,20=0.095, p=0.76).  

 

Figure 5: Dissolution of plaster sticks (A) and bottom shear stress (B) in front, on top, and 
in the back of natural hummocks. The error bar expresses the standard error around the 

mean. Letters on top of the bars denote significant differences among the treatments. 

In the flume, near-bed flow velocities were found to be higher on top of 
the hummocks than in front, in between the hummocks and behind them. 
The absolute flow velocity near the bed on top of the hummocks was 0.22 ± 
0.07 ms-1. Flow velocities measured in front of the hummock (0.13 ± 0.01 
ms-1) where larger than those measured between the hummocks (0.04 ± 
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The effect of hummocks on mussel bed persistence 

The hummocks at the gully-side were exposed to stronger 
hydrodynamics compared to the hummocks situated in the wake of the 
first row. Mussel bed persistence was found to be higher on flat bands than 
on hummocks (ANOVA, F1,24=71.18, p <0.001; Figure 3.4B). On the top of 
the hummock, only 53.3 ± 3.9% of the mussels survived after 11 days, while 
on flat bands 89.9 ± 2.2% of the mussels survived. Mussel persistence on 
the exposed band not significantly different than on the protected band 
(ANOVA,F1,24=1.36, p=0.26).  

Hydrodynamic measurements 

On the natural bed, plaster dissolution revealed that hydrodynamic 
intensity was higher on the top of a hummock compared to the front or the 
back (Figure 3.5-A) as estimated by the relative weight loss of plaster sticks 
(ANOVA, F2,18=9.1, p=0.003). On the top of the hummock, 35 ± 0.9% of the 
plaster stick weight was lost, while on the front and on the back of the 
hummock, 30.9 ± 0.9% (p=0.006) and 30.8± 0.8% (p=0.005) of the plaster 
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sticks dissolved. These measurements were supported by the wave sensors. 
Wave induced bottom shear stress as calculated from the loggers pressure 
data was significantly higher on the top of the hummock compared to the 
other two locations (Kruskall-Wallis, p <0.001, Figure 3.5B). On top of the 
hummock, bottom shear stress was twice as high (0.31 ± 0.002 Pa) 
compared to the front of the hummock and three times as high compared 
to the back (0.094 ± 0.0004 Pa). 

In agreement with the results on the natural bed, hydrodynamic 
intensity on the experimental bed was found to be higher on hummocks 
than on flat bands (Figure 3.4C). On the top of the hummock, 40 ± 1.2% of 
the stick had dissolved, while this was only 33.4 ± 2.3% on the flat bands 
(ANOVA, F1,20=6.75, p=0.019). Furthermore, we were not able to detect an 
influence of exposure on the hydrodynamic intensity (ANOVA, 
F1,20=0.095, p=0.76).  

 

Figure 5: Dissolution of plaster sticks (A) and bottom shear stress (B) in front, on top, and 
in the back of natural hummocks. The error bar expresses the standard error around the 

mean. Letters on top of the bars denote significant differences among the treatments. 

In the flume, near-bed flow velocities were found to be higher on top of 
the hummocks than in front, in between the hummocks and behind them. 
The absolute flow velocity near the bed on top of the hummocks was 0.22 ± 
0.07 ms-1. Flow velocities measured in front of the hummock (0.13 ± 0.01 
ms-1) where larger than those measured between the hummocks (0.04 ± 
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0.02 ms-1) and behind the second hummock (0.07 ± 0.01 ms-1). There was no 
difference in the absolute flow velocity on top of first and second 
hummock (t.test, tg=-1.6, p=1.2). Velocity vectors, shown in Figure 6, 
indicate that when flow is forced over the first hummock, it increases 
vertical velocities. The effect of this hydraulic jump is less obvious on the 
second hummock. In between the two hummocks the presence of velocity 
vortexes indicates strong turbulence. Due to the rapid changes in velocity 
over the hummock, the vertical structure of turbulence is not fully 
developed (i.e. no logarithmic velocity profile is formed), and therefore 
standard methods to determine bed shear stress from velocity 
measurements away from the bed cannot be applied. 

 

 Figure 4.6: Flow velocities energy measured over two artificial hummocks within a flume 
experiment. Velocity measurements along center cross-section of the flume. Black arrows 
indicate the flow direction in the x-z direction. Colors indicate the absolute flow velocity. 

Discussion 

Self-organization by ecosystem engineering species, ranging from 
mussels, corals and seagrasses to trees and desert plants, has been widely 
studied in the last decades (Klausmeier 1999, Bekker and Malanson 2008, 
Rietkerk and van de Koppel 2008, Weerman et al. 2011). Both theoretical 
and experimental studies have shown important emergent effects of self-
organization, in term of increased persistence and improved availability of 
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resources (Rietkerk and Van de Koppel 2008). In mussel beds, an 
important consequence of the self-organization process is that faeces and 
pseudofaeces accumulate to form hummocks of mud underneath the 
mussel patches (van de Koppel et al. 2008, Buschbaum et al. 2009, Liu et 
al. 2014). These structures have been predicted by theoretical studies to 
improve food availability for mussels (Liu et al. 2012), but could at the same 
time also increase physical stress due to enhanced hydrodynamics. Our 
results reveal that, in well-developed, older mussel beds, higher biomass 
was found on the top of the hummock, indeed suggesting higher food 
availability. However, our experimental results, that were more focused on 
short-term effects, reveal little differences in growth, but demonstrate 
decreased persistence due to enhanced hydrodynamic intensity on top of 
artificial hummocks. Measurements in the field and in the flume indeed 
revealed flow acceleration on the top of the hummock, which increases 
food supply, but also increases chances for dislodgement if mussels are 
insufficiently anchored. Hence, our results reveal that the effects of 
hummocks represent a trade-off in which the hummocks increase the risk 
of being dislodged, while simultaneously enhancing growth by increasing 
the availability of algae. 

Field observations presented here suggests that the increased 
elevation resulting from hummock formation leads to improved food 
availability for mussel as more mussels were found on top of the 
hummocks than on the sides. Even though hummocks did not directly 
impact individual mussel biomass, total biomass found on the top of the 
hummock was higher than on the front and on the back of the hummock, 
indicating improved growth conditions. Moreover, mussels were found to 
be in better condition – as indicated by a stronger shell – on the top of the 
hummock, suggesting beneficial effects of hummocks on food availability 
in old mussel beds. As we found no significant differences in flesh 
biomass, we suggest that it is likely that increased food availability to 
individual mussels is at least in part balanced by increased competition by 
higher mussel numbers, following the ideal free distribution (Fretwell and 
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availability for mussel as more mussels were found on top of the 
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indicating improved growth conditions. Moreover, mussels were found to 
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hummock, suggesting beneficial effects of hummocks on food availability 
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individual mussels is at least in part balanced by increased competition by 
higher mussel numbers, following the ideal free distribution (Fretwell and 
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Calver 1969). This is a remarkable observation, as the hummock is not an 
external feature creating variability in potential fitness over the landscape 
as proposed by the ideal free distribution, but it is created by the mussels 
themselves. Our study highlights that while the concept of spatial self-
organization contradicts the ideal free distribution at the population scale – 
positive interactions generate heterogeneity in animal numbers in habitats 
despite the absence of underlying heterogeneity in growth conditions – on 
the individual level, animals still redistributed in such a way that growth 
differences are evened out over the landscape, in agreement with the ideal 
free distribution. 

In contrast to the observational results, hummocks were not found 
to improve mussel persistence in artificially created mussel beds. Mussels 
on the top of the hummocks were easily dislodged and flushed away by 
waves and currents within the first days after settlement, indicating that 
hydrodynamic stress on the top of the hummock was too high for mussels 
to survive. These results highlight that abiotic conditions are not improved 
on top of the hummocks compared to unmodified mudflat conditions on 
the short term, when mussels are transplanted and have to adapt quickly to 
their new environment. Obviously, hummock formation in natural 
ecosystems occurs as mussels aggregate and actively accumulate faeces and 
pseudofaeces, a process that takes weeks to months to occur. In contrast to 
our experiment, this much slower, interactive process allows mussels to 
adapt, enabling them to attach more firmly and survive the enhanced 
hydrodynamic stress (Donker 2015).  

For transplanted mussel beds, our results suggest that experimental 
hummock building may have a clear negative effect on local mussel 
persistence, as hydrodynamic stress generated by waves and currents did 
not allow the mussels to maintain themselves on the artificial elevations. 
More surprisingly, mussels were growing faster on flat artificial beds, than 
to the artificial beds with hummocks. This suggests that the improved food 
supply on the top of the hummock may have been lost on investments into 
and attachment rather than in shell development, explaining our 
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experimental results. However, as conditions stabilize over time, the 
balance between the positive and negative effect of hummocks may be 
reversed when the beds become established. Then, growth advantages may 
predominate over the increased wave and flow stresses, explaining the 
prevalence of the mussels on top of the hummocks in our observations. 

Our experimental mussel bed transplantations highlight the 
difficulty that can be encountered when one attempts to recreate the 
physical environment characteristic for a target species that one aims to 
reintroduce for the purpose of ecosystem restoration. Clearly, in case of 
natural mussel beds, the physical environment is not just the result of the 
basic underlying abiotic conditions, but it generated in interaction with the 
engineering activities of the mussels themselves. As a result, active 
recreation of the hummocks that characterize intertidal mussel bed habitat 
for restoration purposes is ineffective. Our experimental reconstruction of 
the hummock only partially provided the environment of natural beds, as 
transplanted mussels could not attach sufficiently fast to prevent 
dislodgement by waves. Our study therefore highlights the importance of 
natural development of mussel beds, where natural self-organization 
processes build a tightly knit community, rather than artificial engineering, 
as the most optimal approach to restore mussel beds communities. 
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experimental results. However, as conditions stabilize over time, the 
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reversed when the beds become established. Then, growth advantages may 
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prevalence of the mussels on top of the hummocks in our observations. 
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natural mussel beds, the physical environment is not just the result of the 
basic underlying abiotic conditions, but it generated in interaction with the 
engineering activities of the mussels themselves. As a result, active 
recreation of the hummocks that characterize intertidal mussel bed habitat 
for restoration purposes is ineffective. Our experimental reconstruction of 
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Abstract 

This paper reports on experimental restoration of mussel beds in 
the Wadden Sea and the processes that might limit successful restoration 
of this foundation species (i.e. substrate, predation, hydrodynamics). The 
importance of substrate, predation, hydrodynamic conditions and location 
on mussel restoration success were studied using artificially created mussel 
beds. Experimental beds established on a stable substrate (coir net) were 
compared with control beds established on sand, at three locations in the 
Wadden Sea. Their persistence was followed over time. The results 
revealed a near disappearance of all experimental beds in just over 7 
months. Providing a stable substrate did not improve mussel survival. 
Predation could not explain the disappearance of the beds, as the maximal 
predation rate by birds was found to be insufficient to have a significant 
effect on mussel cover. Differences in wave conditions alone could also not 
explain the variation in decline of mussel cover between the locations. 
However, the gradual disappearance of mussels from the seaward side of 
the bed strongly suggested that hydrodynamic conditions (i.e. combined 
effects of waves and current) played an important role in the poor 
persistence of the artificial beds. Our results highlight the fact that 
restoration of mussel beds in dynamic areas cannot simply be implemented 
by mussel transplantation, particularly if additional measures to prevent 
wave losses are not taken, even when artificial substrate is provided to 

facilitate mussel adhesion.  
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Introduction 

Estuarine ecosystems are threatened by both natural events and 
ever-increasing human pressure (Lotze et al. 2006, Durant et al. 2007, 
Halpern et al. 2008, Brierley and Kingsford 2009). In many coastal 
environments, ecosystem integrity is strongly linked to the presence of 
ecosystem engineers (Dankers and Koelemaij 1989, Eriksson et al. 2010, 
Christianen et al. 2014). The decline of several foundation species has 
resulted in a decrease of the ecosystem services provided by estuarine 
systems (Halpern et al. 2008). Bivalve beds, coral reefs, mangrove forests 
and seagrass meadows provide structured habitats for other species and 
protect the shoreline from erosion by stabilizing sediment and dampening 
waves (Cocito 2004, Bouma et al. 2009). Historically, ecosystem engineers 
have been an important component of benthic communities in coastal 
areas (Beukema 1976, Dijkema 1991, Dame and Prins 1997). Once 
considered seemingly inexhaustible, many coastal ecosystem engineer 
populations around the world have declined over the past two hundred 
years (Gross and Smyth 1946, Jackson et al. 2001, Edgar and Samson 2004, 
Eriksson et al. 2010). Because of the great economic and ecological value of 
the ecosystem services they provide by shaping their environment, 
restoring populations of foundation species can be a powerful way to 
restore the integrity and resilience of estuarine ecosystems (Peterson et al. 
2003, Crain and Bertness 2006, Halpern et al. 2007, Borsje et al. 2011, Eklof 
et al. 2011). 

Restoration of habitats dominated by marine foundation species, 
such as seagrass meadows, mussel beds, oyster reefs or coral reefs, has 
been prioritized in many management policies aiming to improve estuarine 
ecosystems function (Fortes 1991, Carls et al. 2004, Byers et al. 2006, Crain 
and Bertness 2006, McLeod et al. 2012). However, the restoration of 
foundation species, such as; seagrasses, mussels and oysters, remains a 
challenge in many estuarine systems, since there are often thresholds that 
prevent establishment of these species in low numbers (Suding 2011, 
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Geraldi et al. 2013). Although a few projects have been successful (Green 
and Short 2003, Schulte et al. 2009), Fonseca et al. (1998) highlighted that 
about 70% of seagrass transplantation trials have failed. A number of 
studies highlight that degradation of environmental conditions, such as 
turbidity, can limit reef establishment and influence restoration success 
(Lenihan and Peterson 1998, Piersma et al. 2001, Hiddink 2003, 
Badalamenti et al. 2006, Bouma et al. 2009). In order to set up a successful 
restoration project, it is important to identify and ameliorate these limiting 
factors. The use of artificial or alternative natural substrate has been put 
forward to reduce the effect of substrate instability and improve restoration 
success of ecosystem engineers (Bartol and Mann 1997, Fonseca et al. 1998, 
Clark and Edwards 1999). Yet, the majority of restoration projects have still 
failed, suggesting that other factors such as hydrodynamic stress or 
predation may be hindering restoration efforts (Clark and Edwards 1999, 
Luckenbach et al. 2005, Christianen et al. 2014, van der Heide et al. 2014). It 
is therefore likely that restoration of ecosystem engineers may require a 
multifaceted approach that addresses the interplay between several 
limiting factors. 

The Wadden Sea is one of the largest intertidal areas in the world 
and has been included in the UNESCO’s World Heritage list since 2009. It 
is recognized as a natural area of primary importance (Brinkman et al. 
2002), characterized by high densities of various species of migrating birds 
that feed on the extensive stock of bivalves, worms, and crustaceans 
(Beukema 1976, 1993). At the beginning of the 1980’s, 23% of the biomass of 
benthic fauna living on intertidal flats of the Wadden Sea consisted of 
mussels (Dankers and Zuidema 1995). However, by the end of the 1980’s, 
almost all intertidal mussel beds had disappeared, probably due to a 
cumulative effect of mechanical dredging for mussels and cockles, poor 
recruitment on wild beds and cold winters (Higler et al. 1998, Brinkman et 
al. 2002). Since 1993, fishing restrictions have been imposed and from 2004 
onwards-dredging activities have been banned from intertidal areas. Yet, 
despite these restrictions, mussel beds show slow recovery. Currently, only 
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half of the mussel population has recovered, with recovery seemingly faster 
in the Eastern Dutch Wadden Sea than in the Western Dutch Wadden 
Sea. The limited recovery of intertidal mussel beds in the Wadden Sea can 
be caused by several factors. Firstly, disturbance of sediment resulting 
from past dredging activities may have caused degradation of habitats 
necessary for mussel settlement (Eriksson et al. 2010). Secondly, absence of 
sheltering structures such as older beds may have resulted in greater wave 
exposure limiting the opportunities for mussel larvae settlement. Thirdly, 
young newly settled mussel beds might be less resilient to wave 
disturbance than old stable beds, further slowing long term recovery. For 
mussel bed restoration efforts in the Wadden Sea to be successful, 
identification of the factors that limit mussel bed establishment and 
persistence is of crucial importance. 

To test the feasibility of mussel bed restoration in the Wadden Sea 
and to assess the importance of limiting factors such as predation or 
hydrodynamic stress, artificial mussel beds were built near 3 islands in the 
Dutch Wadden Sea. In this experiment, we tested for the effect of 
providing substrate for attachment on mussel persistence in the form of 
coir nets. The cover of the artificial beds was followed over time as well as 
mussel attachment. The role of other factors such as predation (by birds 
and/or crabs) and wave conditions was also addressed. Finally, the relative 
importance of these factors for mussel bed persistence was discussed. 

Materials and Methods 

Experimental set up: 

Between March and May 2011, artificial beds were set up near three 
islands of the Dutch Wadden Sea (Terschelling (53°19”7.00”N, 
5°18”39.11”E), Ameland (53°25”59.69”N, 5°48”10.57”E), and 
Schiermonnikoog (53°28’3.43”N, 6°14’13.40”E) along an east-west line, 
(Figure 4.1.A). At each of these sites, the presence of natural mussel beds 
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providing substrate for attachment on mussel persistence in the form of 
coir nets. The cover of the artificial beds was followed over time as well as 
mussel attachment. The role of other factors such as predation (by birds 
and/or crabs) and wave conditions was also addressed. Finally, the relative 
importance of these factors for mussel bed persistence was discussed. 

Materials and Methods 

Experimental set up: 

Between March and May 2011, artificial beds were set up near three 
islands of the Dutch Wadden Sea (Terschelling (53°19”7.00”N, 
5°18”39.11”E), Ameland (53°25”59.69”N, 5°48”10.57”E), and 
Schiermonnikoog (53°28’3.43”N, 6°14’13.40”E) along an east-west line, 
(Figure 4.1.A). At each of these sites, the presence of natural mussel beds 
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evidenced habitat suitability. To ensure viable sites were chosen, the 
elevation of the existing natural mussel beds was measured using a 
Differential GPS (DGPS) and an experimental site within 1 km of this bed 
was chosen with an elevation equal to that of natural beds. This elevation 
varied between islands (Terschelling: elevation = -0.831m ± 0.029m, 
inundation time ≈ 85%, Ameland: Elevation = -0.663m ± 0.032m, 
inundation time ≈ 75%, Schiermonnikoog: elevation = -0.56m ± 0.065m, 
inundation time ≈ 70%).  

 

Figure 4.1: Overview of the field site and the experiment. A: Map of the Dutch Wadden Sea showing 
the locations of the experiment (Terschelling, Ameland and Schiermonnikoog). B: Schematic view of 
the experiment on one island (Schiermonnikoog). Each block contains 2 artificial beds (experimental 
units). Bed treatments are randomly distributed inside the blocks. C: Picture of the experiment at 
day 1 on Schiermonnikoog. On each artificial bed, mussels were homogenously spread in 25 circles 
(2.5m diameter). 

At each of the 3 selected areas, 6 artificial mussel beds (20x20m), 
parallel to the shoreline, were established. Beds were oriented to ensure 
similar wave exposure and were equally spaced with 40m between each 
bed. Each of the groups of 6 beds consisted of 3 replicates built in a block 
design (3 blocks by island, 18 beds in total, Figure 4.1.B). Each block 
consisted of a control and a treatment bed. In each block, one of the two 
beds was allocated a substrate treatment consisting of an artificial stable 
substrate made of coir net (coconut fiber net), and the second served as a 
control with bare sediment. The coir net substrate served to mimic mason 
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worm beds, which often provide a natural substrate for mussel spat to 
attach to (Brinkman et al. 2002, Bolam and Fernandes 2003). A pilot set up 
of 3x2m in a sheltered area with intertidal mussels showed that coir net 
was stable and that mussels were able to attach to it. To build the artificial 
beds with a coir net substrate, strips of coir net (3x20m or 3x10m) of a mesh 
size of 2 cm were used. The edges of each strip were dug 20 cm into the 
sediment for anchorage. As no motorized engines were allowed in the 
experimental locations, some of the work was done using horses and 
ploughs. To help prevent the coir net from being buried under sediment, 
128 knotted burlap balls (10 cm diameter) were placed underneath the nets 
of each treatment plot.  

After one week, 36000 kg of adult mussels (size: 5.4 cm ± 6cm) were 
obtained by mechanical dredging from a two-year-old natural subtidal 
mussel bed near Terschelling. Even though subtidal and intertidal mussel 
beds are considered as being the same habitat in the EU Habitats Directive 
(Directive 1992), subtidal mussels were chosen for transplantation because 
their population is more important than the population of intertidal 
mussels. Mussels were manually placed on the earlier established test plots 
within 2 days of collection. Each artificial bed consisted in 25 circular 
mussel patches, with a diameter of about 2.5m. Patches were regularly 
spaced (≈ 2m), allowing the water (and food) to circulate between each 
patch (Figure 4.1.C). Within each artificial bed, the total cover of mussels 
was about 37%, with a local density of 16kg/m2 (about 6.4 million mussels) 
similar to that found on natural beds in the Wadden Sea. 

Mussel bed persistence 

To study the effect of coir net on mussel bed persistence, mussel 
cover on the artificial beds was surveyed over time. Mussel coverage was 
monitored after each storm (average wind > 6Bft) during 7 months after 
setting up the experiment. The initial cover of the beds was estimated 
using 3D scans (Riegl VZ-400) of the plots during the first days of the 
experiment. Aerial pictures of the beds were taken after each storm (6 
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times) with a time-lapse camera mounted underneath a kite. Pictures were 
analyzed using ArcGIS 10.2. The outline of each mussel clump was 
delimited by hand on the image. Using this, a percentage of cover 
(persistence) could be estimated for each period and followed over time. 

To test whether the coir net was used by the mussels, substrate use 
and attachment force were measured. The strength of attachment 
(attachment force, sensu Witman and Suchanek (1984) and Bell and 
Gosline (1996)) of a mussel was measured as the perpendicular force 
needed to dislodge a mussel from the bed structure. Mussels were fixed 
within a metal clamp attached to a Wagner Force Dial™ FDK/FDN with 
peak force meter (WAGNER INSTRUMENTS, Greenwich, CT, USA). On 
Schiermonnikoog, 25 mussels were sampled at random over each 
treatment block. No more than 5 individuals were sampled on any circular 
mussel patch within the blocks. Substrate use, as defined in (wa Kangeri et 
al. 2014) was measured in situ for an additional 2 individuals whereby 
substrate to which the mussel byssus were attached (shell material, other 
mussels, coir net, or other material) was recorded. 

Predation survey 

Oystercatchers (Haematopus ostralegus) and crabs (Carcinus maenas) 
were found to be the main predators on the experimental mussel beds, in 
agreement with observations by (Elner 1978, Hilgerloh et al. 1997, 
Smallegange et al. 2009, van der Zee et al. 2012). To estimate their 
predation effect, oystercatchers were counted and their feeding behavior 
studied on the artificial beds every two weeks over the course of 108 days 
after the experimental beds were created. Each of these survey sessions 
was done over the course of 5 tidal cycles during which the average 
number of birds on the plots and average individual food intake (mussels 
eaten/min/oystercatchers) were measured. Bird numbers on each plot were 
counted every 15 minutes during low tide and feeding behavior of a 
randomly selected bird was observed during 5 minutes in-between the 
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counts. Based on these observations, the average food intake (mussel/day) 
was calculated using the following equation: 

 

On Ameland, the survey was stopped after 60 days because all the 
mussels had disappeared. On the other locations, the survey continued 
over the entire 108 days. 

To estimate predation pressure by crabs (Carcinus maenas), pitfall 
traps were placed on the artificial beds at the end of July and beginning of 
August. These traps consisted of PVC tubes (30 cm diameter, 25cm deep), 
and closed at the bottom. These were dug into the sediment within the 
artificial beds. After two tides, crabs trapped in the tubes were collected 
and counted. The experiment was replicated two times on Terschelling 
and Schiermonnikoog. On Ameland, no data were collected since all 
mussels had already gone by the end of June. 

Hydrodynamic effects 

To study the impact of wave action on the artificial beds, wave 
sensors (Wave Gauge, Ocean Sensor Systems, Coral Springs, USA) were 
simultaneously placed on each location for 15 days (3 sensors on 
Terschelling and Schiermonnikoog and 2 sensors on Ameland). The height 
of each of the pressure loggers above the sediment was recorded (10-20cm). 
Bursts of pressure were collected at a sampling rate of 10Hz for 5min with a 
5min interval. Wave records were then processed to obtain significant 
wave height (mean wave height of the highest third of the waves) for each 
location. Data were processed in Matlab as per Christianen et al. (2013). 
Hourly weather condition data were provided by the Royal Netherlands 
Meteorology Institute (KNMI). During the deployment, wind conditions (2-
6Bft) and atmospheric pressure (1009-1027hPa) were recorded. To quantify 
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local and large scale hydrodynamic differences between the beds, 
significant wave heights were compared between islands. 

Statistics 

For each statistical test, normality and homogeneity of data or 
residuals and interaction between factors were tested beforehand. The 
development of mussel cover over time was fitted to two different models 
by minimizing the sum of squared residuals ( ) enabling an analysis of 
mussel loss over time (t) and its proportionality to A -Normalized area- (1) 
or P -Normalized perimeter- (2) of the mussel clusters.  

 (1) 

 (2) 

The model best describing the mussel cover development over time 
was assessed using Akaike’s Information Criterion (AIC) and performing a 
log likelihood ratio test (Johnson and Omland, 2004). A Generalized Linear 
Mixed Model (GLMM) was then performed on the fitted loss rates, or  
of the best fitting models, using island and substrate as fixed factors, bird 
predation and waves height as covariates and block as random effect. To 
fulfill requirements of normality, residuals were log transformed. Tukey 
posthoc tests were used to test for differences between islands. The effects 
of location on bird numbers and wave height were tested in a Generalized 
Linear Model (GLM), with the factor island and the variables bird number 
and wave height. Differences in attachment force were analyzed using an 
Analyses of Variance (ANOVA) with time and substrate as factors and 
attachment force as dependent variable. Attachment force data were log10 

transformed for homogeneity and normality. As data for crab predation 
were only available on Terschelling and Schiermonnikoog, a student T-test 
was utilized. All statistical tests were run in SPSS 22. 
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Results 

Mussel bed persistence 

All the artificial beds disappeared within 200 days (Figure 4.2.A). 
Local conditions were found to have a significant effect on mussel bed 
persistence (Table 4.1, p<0,001). On Ameland, a fast and close-to-constant 
decrease (-1.105 ± 0.06% per day) could be observed until the beds 
disappeared after 108 days. The decline of the experimental beds on this 
island was significantly faster than of the beds on the two other islands 
(Tukey, p < 0.001). The survival trends on Schiermonnikoog (-0.63 ± 0.04% 
per day) and Terschelling (-0.495 ± 0.03% per day) were similar (Tukey, p= 
0.22). However, on Schiermonnikoog, a sudden disappearance of the beds 
occurred after 120 days. On all locations, the loss of mussels was 
proportional to the perimeter of the transplanted patches (area: AIC = -
490.5, perimeter: AIC = -649.38, = 317.84, p < 0.001), suggesting that the 
mussels were dislodged from the edges of the patches. 

Figure 
4.2: Persistence of the artificial mussel beds over time. A: Average persistence over time 
per island (N= 18, Mean ± SE). B: Persistence over time on the different substrates (N= 
18, Mean ± SE) 
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Comparison of the loss of bed cover did not reveal any significant 
effect of substrate on the persistence of the beds (Figure 4.2.B). The 
decreasing trend (slope) was not significantly different for the beds built on 
coir net compared to the control beds (Table 4.1, p= 0.06). However, after 
208 days, the remaining cover of mussels on the control beds was on 
average 1.3 ± 0.9%, while on the beds with coir fiber net an average cover 
of 2.9 ± 2.4% remained. 

After 2 months, only 5.1 ± 2% of byssal threads were attached to the 
coir net, showing that this substrate was poorly used by mussels. Mussels 
were mainly attached to conspecifics (26.6 - 29.4% ± 3.5 - 3%) or to shell 
material (59.8 - 53.5% ± 3.9 - 3.2%). No differences were found in 
attachment force between treatments (Table 4.1, p= 0.09). However, 
attachment force was found to decrease significantly over time (Table 4.1, 
p= 0.02, Figure 4.3). Mussels present on coir net showed a mean 
attachment force of 12.09 ± 0.6N after 36 days and 9.6 ± 0.4N after 88 days. 
Mussels on the control beds showed a mean attachment force of 13.1 ± 0.7N 
after 36 days of experiment and 10.04 ± 0.4N after 88 days. 

 

Figure 4.3: Average attachment force of mussels on coir net and on bare mudflat 
(Control) after 36 and 88 days of the experiment (N= 300, Mean ± S.E). 
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Predation survey 

Significant between island differences in oystercatcher numbers 
were found, with Terschelling having the highest number of oystercatchers 
(28.1 ± 1.30) compared to the other islands (Figure 4.4.A). On 
Schiermonnikoog, the number of oystercatchers was the lowest (2.5 ± 0.23) 
and on Ameland, the situation was intermediate (16.15 ± 1.14). However, this 
trend was reversed in terms of feeding efficiency. On Schiermonnikoog, 
the individual food intake (0.39 mussel/bird/min ± 0.09) was significantly 
higher than the food intake on Terschelling (0.11 mussel/bird/min ± 0.02), 
with Ameland having an intermediate position (0.19 mussel/bird/min ± 
0.05). On Schiermonnikoog, the number of oystercatchers was low but 
constant with in average 2.5 ± 0.23 individuals present on the experiment. 
On Terschelling and Ameland, however, the number of oystercatchers 
present decreased over time. The number of mussels eaten by birds over 
the entire experiment was about 2185 mussels/day. Bird predation was not 
found to be an explanatory variable for the rapid disappearance of the 
mussels (Table 4.1, p= 0.35). 

 

Figure 4.4: Estimation of predation on the experiment. A: Number of oystercatcher on 
the experiment. The counts were made every 5min during a tide. (N= 18, Mean ± SE). B: 
Number of crabs on the experiment. The counts were made on each artificial bed after 2 
tides. (N= 12, Mean ± SE) 
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No significant differences in crab densities (Figure 4.4.B, table 4.1, 
p=0.11) were found. On Schiermonnikoog, 19 ± 3 crabs were trapped 
around each artificial bed after 2 tides. On Terschelling, 13.3 ± 1.7 crabs 
were trapped. As previously mentioned in section 2.3, no data was 
collected on Ameland, as the mussel beds had already disappeared before 
crab traps were deployed.  

 

Table 4.1: Summary table of the results of the different test used in this study. 

Test Factor Variable Df N F/t p.value 

GLMM Island Cover decrease 2 18 49,15 0,00 

GLMM Substrate Cover decrease 1 18 4,55 0,06 

GLMM Block Cover decrease 2 18 0,56 0,6 

GLMM Wave height Cover decrease 1 18 3,21 0,10 

GLMM Bird Number Cover decrease 1 18 0,92 0,35 

GLM Island Bird 2 18 24,2 0,00 

GLM Island Waves 2 18 28,16 0,00 

ANOVA Substrate Attachment force 1 300 2,9 0,09 

ANOVA Time Attachment force 1 300 5,2 0,02 

Student test Island Crab number 1 23 1,7 0,11 

 
Hydrodynamic effects 

Measurements of wave forcing could not explain variation in 
persistence between islands. Wave data clearly showed a significant 
decrease of wave height along the West-East gradient (Figure 4.5). These 
differences did not, however, coincide with differences in persistence 
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between islands. Terschelling was significantly more exposed than 
Ameland and Schiermonnikoog (Table 4.1, p <0.001). The average 
significant wave height was greatest on the western most island, 
Terschelling (15.6 cm ± 0.1), decreasing eastwards with intermediate 
heights on Ameland (14.1 cm ± 0.1 cm), and the lowest on the Eastern most 
island, Schiermonnikoog (12.3 cm ± 0.1 cm). Despite the obvious 
importance of wave action in the decline of the mussel beds, differences in 
wave forcing cannot explain why mussels disappeared faster on Ameland 
compared to the other islands (Table 4.1, p= 0.1). 

Figure 
4: Estimation of predation on the experiment. A: Number of oystercatcher on the 
experiment. The counts were made every 5min during a tide. (N= 18, Mean ± SE). B: 
Number of crabs on the experiment. The counts were made on each artificial bed after 2 
tides. (N= 12, Mean ± SE) 

Discussion 

The results of the mussel bed restoration experiment highlighted 
the difficulty of restoration of mussel beds by means of mussel 
transplantation. They show that mussels transplanted into the intertidal 
mudflats were not able to persist for longer than a few months on the 
experimental plots. Even when mussels were provided with an artificial 
substrate for attachment, none of the beds persisted for more than a few 
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No significant differences in crab densities (Figure 4.4.B, table 4.1, 
p=0.11) were found. On Schiermonnikoog, 19 ± 3 crabs were trapped 
around each artificial bed after 2 tides. On Terschelling, 13.3 ± 1.7 crabs 
were trapped. As previously mentioned in section 2.3, no data was 
collected on Ameland, as the mussel beds had already disappeared before 
crab traps were deployed.  
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ANOVA Time Attachment force 1 300 5,2 0,02 

Student test Island Crab number 1 23 1,7 0,11 
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months. Clear differences in persistence were found between the 
experimental locations (islands). However, we were unable to provide a 
clear explanation of the factors limiting the persistence of the mussel beds 
on the intertidal mudflats. The rapid disappearance of the experimental 
mussel beds was neither explained by either bird or crab predation, nor by 
overall predation. Even though the importance of wave action on mussel 
bed persistence has been pointed out frequently in literature (Capelle et al. 
2014), the wave measurements on the plots could not explain mussel bed 
disappearance. 

Over all locations mussel loss was proportional to the perimeter of 
the transplanted clusters. This suggests that hydrodynamic forces acting 
on the bed edges gradually eroded individual mussels from the patches. 
Upon reaching a critical minimum size, erosion caused   a complete 
collapse of the patches. These observations are further supported by data 
from the aerial images. These showed a gradual disappearance of mussels 
from the seaward edge (Figure 6). Hence, it is most likely that extensive 
wave action, possibly in interaction with currents, was the main cause of 
the loss of the mussel beds. On Schiermonnikoog, the disappearance of 
the beds was sudden and could not be related to any storm events. Even 
though these areas were closed for boat activity, the sudden disappearance 
can only be explained by human activity. 

The results revealed that coir nets, provided as an artificial 
substrate, had little effect on mussel persistence. Mussels made little use of 
the substrate and no difference in attachment force or persistence of 
mussel patches was found between beds built on the net or on bare 
sediment. This could potentially be explained by the rapid burial of the 
coir net underneath 2-3 cm of sediment prior to placement of mussels on 
the plot. This burial was likely the result of the combined effect of 
lugworm activity and sedimentation. The consequence of this burial was 
the inaccessibility of the net for the epibyssal mussels that tend to interact 
with materials directly accessible at the surface, particularly when 
generating new byssus attachment, as was the case here. Although artificial 
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substrates, such as coir net, concrete mats were successfully used in 
mangrove and coral restoration, (Clark and Edwards 1995, Hashim et al. 
2010), using coir net as an artificial substrate for mussel bed restoration on 
sediment proved to be of little use. During our experiment, the coir 
substrate was vulnerable to burial by sediment as a result of water current, 
wave action and/or bioturbation. These effects could be avoided by placing 
the mussels on the bed immediately after placement of the net. In this 
case, mussels would have had the opportunity to become attached to the 
coir before burial in sediment allowing more secure anchorage to be 
achieved. 

Although many studies have pointed to bird and crab predation as a 
result of major limitation on mussel bed persistence (Hilgerloh et al. 1997, 
Nehls et al. 1997), predation rate in the present study was low and did not 
seem to be the main cause of rapid collapse of the experimental beds. The 
predation pressure by oystercatchers (around 0.03 % / day over the entire 
experiment) was low compared to the total amount of mussels present on 
the experimental beds. This low predation pressure might be explained by 
the size of mussels used in the experiment. On natural mussel beds, small 
mussels are usually more vulnerable to predation. Most of the mussels that 
were used to create the restoration plots were larger than 5cm potentially 
making them more difficult pray to handle than those the birds are 
accustomed to on natural intertidal beds where mussels are on average 
under 5 cm (Hilgerloh et al. 1997, Smallegange et al. 2009).  

Although the survey of crab densities did not allow us to quantify 
predation, comparison between two islands was possible. The results of 
the survey showed no differences between the number of crabs present on 
Schiermonnikoog and Terschelling. The role of crab predation is likely to 
have been low, since the size of mussels used in our artificial beds (5.4 cm 
± 6cm). This is greater than the size mussels require to achieve refuge from 
crab predation (4cm) (Leonard et al. 1999, Kraeuter and Castagna 2001). 
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Differences in wave forcing could not sufficiently explain 
differences in mussel persistence either. The mussel beds persisted longer 
at Terschelling (West) and at Schiermonnikoog (East) compared to 
Ameland (Middle). However, the hydrodynamic measurements suggest a 
West-East gradient in intensity of wave action, being strongest at 
Terschelling and weakest at Schiermonnikoog. Since both the number of 
birds and wave heights were highest on Terschelling and lowest on 
Schiermonnikoog, the lower mussel bed persistence on Ameland cannot 
be explained by predation or the general wave conditions. It is likely that 
other parameters not taken into account here, like current velocity, or food 
availability may provide insight into the losses. Importantly, while no 
storms were recorded during the experimental period, extreme events, like 
localized storms, were not taken into account. Since waves in the Wadden 
Sea are locally generated (Donker et al. 2013), and since the specific 
conditions with regard to wave orientation can play a determinant role in 
erosion, the transplantation failure may not necessarily be linearly related 
to the average conditions. In the past, other studies have suggested that in 
the Wadden Sea, mussels seem to recover better in the East than in the 
West (Brinkman et al. 2002, Folmer et al. 2014). These papers suggest the 
gradient of recovery was influenced by both higher hydrodynamic stress 
and by a higher number of birds in the Western Wadden Sea, neither of 
which were found to be significant in this study. However, the 
hydrodynamic measurements, done under average weather conditions 
(wind force 2-6Bft), did not provide information about wave forcing during 
more severe wind conditions. Extended monitoring periods capturing local 
storms might have been key to understanding the relationship between 
wave forcing and bed persistence.  

While external factors did not provide us with a satisfactory 
explanation for the limited success of the experiment, intrinsic factors, 
such as the use of subtidal mussels for transplantation likely played an 
important part. A previous pilot study showed that mussels sourced from 
an intertidal site quickly attached to the coir net. Moreover, three other 

 78 

one m2 pilot plots again using intertidal mussels, close to the bed of 
Schiermonnikoog, persisted for over 2 years before disappearing. As it 
makes little sense to restore one intertidal mussel bed by destroying 
another, the mussels used for this experiment were sourced from a 
subtidal bed. Such translocation of organisms has been extensively used in 
restoration projects (Bolden and Brown 2002, Bajomi et al. 2010, Fariñas-
Franco et al. 2013, Fariñas-Franco and Roberts 2014). However, mussels 
exhibit extensive phenotypic variation, which can limit restoration success 
(Seed 1968, Fariñas-Franco and Roberts 2014, Fariñas‐Franco et al. 2016). 
Subtidal mussels are less adapted to intertidal conditions.  In intertidal 
areas, mussels experience extensive wave action directly after settlement, 
while in subtidal ecosystems, predation by starfish is the most important 
cause of mortality (Saier 2001). Consequently, subtidal mussels might have 
morphological and behavioral adaptations that are disadvantageous to 
survival in intertidal environments. These differences may explain why the 
mussels did not successfully attach to coir net on the plots. The presence 
of natural mussel beds in the proximity of the experiments on each island, 
suggests that the failure of mussel restoration was, at least in part due to 
maladaptation of subtidal mussels to the conditions they face on intertidal 
flats. 

While the density used on the plots was similar to the density 
found on natural mussel beds in the Wadden Sea, the beds faced 
significant losses already at the start of the experiment. Thus the remaining 
density on the experimental plots would be lower than what might be 
found in a natural bed and might have been too low to allow persistence of 
the bed. The use of a higher initial density of mussels (allowing for initial 
losses) might increase the chances of success of such an experiment. In 
addition to local patch density, the relatively low coverage used, (in part 
due to logistical limitations) meant that the surface area to edge ratio was 
relatively low. Since erosion of mussels occurred primarily along patch 
edges, the high rate of loss may have been exacerbated by a greater 
number of mussels being located on patch edges. 
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Although restoration of coastal communities by transplantation 
proves challenging, the use of recruits to rebuild a new population could 
be considered as a fruitful alternative. In the Wadden Sea, a recent study 
showed that predation and lack of suitable substrate are limiting mussel-
spat establishment (van der Heide et al. 2014). The use of artificial 
biodegradable structures, which could be used by mussel recruits both as 
settlement substrate and for protection from predation, may provide a 
more promising avenue for restoration. However, further investigations 
and pilot studies are needed to test how to implement such a strategy to 
restore mussel beds in a dynamic coastal system. Our study may provide 
interesting prospects for successful restoration of mussel beds in the 
future, both in the Wadden Sea and in other intertidal systems. Moreover, 
guidelines have been recently published on bivalve restoration that can be 
helpful in designing new techniques of mussel bed restoration (Baine 2001, 
Pérez et al. 2012). Hence, there may still be interesting prospects for 
success restoration of mussel beds in the future, both in the Wadden Sea 
and in other intertidal systems. This viewpoint corroborated with recently 
published guidelines on bivalve restoration that can be helpful in 
designing new techniques of mussel bed restoration (Baine 2001, Pérez et 
al. 2012).  
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Introduction 

Reintroduction or transplantation of species into a habitat that it 
formally occupied is a common tool in the conservation and restoration of 
natural systems, in particular for large, charismatic animals such as wolves 
and beavers (Bangs and Fritts 1996, Nolet and Rosell 1998, Ripple and 
Beschta 2003, 2012). Such restoration measures are often used to overcome 
establishment barriers and thresholds that either prevent the target 
organisms to reach their new habitat, or when establishment thresholds 
imposed by degraded environmental conditions or high chances of 
predation limit the success of the first arriving settlers (Peterson et al. 
2003, Crain and Bertness 2006, Halpern et al. 2007, Borsje et al. 2011, Eklof 
et al. 2011). Especially when the organisms involved are ecosystem 
engineers or foundations species on which many other organisms depend, 
reintroduction or transplantation success is crucial to the restoration of 
ecosystems that have been degraded by human activity. For that reason, 
many millions of dollars have been spent in the past decades to 
reintroduces keystone species to their formally native habitat (Zedler 2000, 
Groot et al. 2013, Lamers et al. 2015, Silliman et al. 2015) 

Reintroduction of a species can be difficult, as the individuals from 
the source population may not be well-adapted to the new conditions they 
will encounter. Organisms can face problems in overcoming and adapting 
to new environmental conditions, in finding food, or intense predation 
(Angert and Schemske 2005, Geber and Eckhart 2005, Sexton et al. 2009). 
Transplantation of engineering organisms (e.g., seagrass, freshwater and 
salt marsh plants, corals, oysters) is a technique widely used to restore 
ecosystems where protection from human activity has proved unsuccessful 
for reaching the conservation goals (Clark and Edwards 1995, Hashim et al. 
2010). However, despite some successful cases (Green and Short 2003, 
Schulte et al. 2009), such transplantation programs all too often have 
limited success  (Harriott and Fisk 1988, Fonseca et al. 1998, Henn et al. 
2014). An important potential explanation for the lack of success is a 
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Abstract 

In this paper, we show that maladaptation of the blue mussel 
(Mytilus edulis) – an important engineering species that provides crucial 
habitats for many intertidal species – explains the failure of mussel bed 
restoration attempts in the Wadden sea. In this area, extensive restoration 
efforts were undertaken to restore mussel beds through transplantation of 
mussels from subtidal areas into artificially created intertidal beds, an 
effort that failed within six-month time. We tested the hypothesis that 
maladaptation of the subtidal mussels to wave-exposed intertidal 
conditions could explain the swift failure of mussel bed restoration 
projects. Transplantation experiments with intertidal, subtidal, and 
acclimatized subtidal mussels clearly showed that subtidal mussels are not 
able to persist in the intertidal area, irrespective of the acclimatization. To 
explain these differences, both the phenotypic and genotypic 
characteristics of mussels from subtidal environments were compared to 
mussels living in an intertidal system. Subtidal mussels were shown to 
have a lighter shell and exhibited weaker attachment, both characteristics 
that would decrease their chances to persist hydrodynamic stress. We 
found no evidence for genetically distinct ecotypes between the subtidal 
and intertidal mussel populations, suggesting strong phenotypic and 
behavioral adaptation to the prior habitat as underlying causes. These 
results suggest that, similar to what is found for more developed vertebrate 
animals, transplantation of invertebrates can be hampered by phenotypic 
adaptations that reduce survival in the new habitat. 
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we related differences in survival to genetic, morphological and behavioral 
differences. Finally, we discuss how our results can be used as a baseline 
for restoration programs.  

Material and Methods 

To investigate the importance of mussel adaptation to specific 
habitat conditions for their persistence within restoration plots, we 
obtained and compared mussels from waves and wind-exposed intertidal 
beds and wave-protected subtidal beds. We obtained the intertidal mussels 
from an intertidal mussel bed located on the South of Schiermonnikoog, 
and subtidal mussels were collected from a mussel bed, nearby 
Terschelling (Figure 5.1). All of the field experiment took place on mudflats 
situated at the south of Schiermonnikoog (53°28’3.43”N, 6°14’13.40”E). 

Influence of provenance and acclimation on transplantation 
success 

One month prior to the experiment, subtidal mussels (3.8 ± 0.06 
cm) were obtained from a low-dynamic area, and transported to the 
experimental mudflat, where they were transferred to netted bags (mesh: 
0.8cm, 25kg mussels per bag), and fixed in the middle of an intertidal 
mussel bed adjacent to the experimental site (within ~200 m). To test for 
treatment effects, we exposed intertidal mussels (4.8 ± 0.12 cm), coming 
from the same mussel bed, to the same treatment.  
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limited behavioral and phenotypic plasticity of the transplanted organisms 
to their new environment (Snell-Rood 2012, 2013). In coastal areas, for 
instance, where high predation pressure is one of the most determinant 
stressors for recruiting organisms, bivalves or gastropods grow thicker 
shells to avoid predation (Appleton and Palmer 1988, Palmer 1990, Trussell 
1996, Leonard et al. 1999), and in more hydrodynamically exposed 
conditions marine and freshwater mussels produce more byssal threads for 
attachment (Young 1985, Rajagopal et al. 1996). To what extend 
maladaptation of transplanted organisms limit the effectiveness of 
restoration projects is poorly understood, especially in coastal areas. 

In the Wadden Sea, extensive restoration efforts have been 
undertaken to restore mussel beds, key habitats for many intertidal 
species, by transplanting mussels (Mytilus Edulis) from subtidal areas into 
artificially created intertidal beds, an effort that failed within six months 
time (de Paoli et al. 2015). In the Wadden Sea, mussels are found in both 
subtidal and intertidal habitats, where they experience widely differing 
conditions. In the intertidal area, mussels are living under a high degree of 
hydrodynamic stress (Janssen-Stelder 2000). In addition, predation on 
adult mussels by birds and crabs, which are breaking the shell of the 
mussel to eat the flesh, can be high (Elner 1978, Reise 1985, Hilgerloh et al. 
1997, Smallegange et al. 2009, van der Zee et al. 2012). In subtidal areas, 
wave exposure and the resulting hydrodynamic stress is much lower, 
whereas predation is driven by starfish who, rather than cracking the shell, 
inject their stomach into the mussel to digest the flesh inside the shell 
(Saier 2001). At present, knowledge is still lacking as to what extent mussels 
from subtidal areas are suitable as a source population for restoration of 
intertidal beds. 

In this project, we tested for the consequences of adaptive 
differences of mussel originating from intertidal versus subtidal habitats 
for restoration of mussel beds. We first experimentally compared the 
persistence following transplantation of intertidal and subtidal mussels, 
and mussels that were acclimatized to the dynamic intertidal habitat. Then, 
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Influence of habitat and acclimation on morphology 

To understand differences in survival between subtidal and 
intertidal mussels, their morphological characteristics were measured and 
compared. Subtidal (N=37) and intertidal mussels (N=40) were collected in 
June 2013. In addition, to test for any effects of the acclimation treatment, 
mussels were also sampled and measured before and after acclimation. For 
each mussel, length, depth and width were measured using a caliper. 
Mussel volume (cm3) was estimated assuming an ellipsoid shape: 

 . Length . Depth . Width 

The soft tissue was separated from the shell, dried independently 
for 24h at 70°C, and subsequently weighted. Both dry weight of the soft 
tissue and the shell were used to compare treatments.  

Genetic differences 

To test whether any differences found in the transplantation 
experiment could be explained by genetic differences, we collected 
subtidal and intertidal mussels at 8 different locations (4 subtidal; 4 
intertidal) in the Wadden Sea (Figure 5.1). Mussels were frozen (-20°C) and 
stored immediately after collection. Prior to processing, mussels were 
thawed, and rinsed in autoclaved demineralized water.  

Nucleic Acid Extraction 

For DNA extraction, approximately 100 mg of thawed mussel 
muscle tissue was rinsed in sterile milliQ water to remove residual salts 
and debris. DNA was extracted using the MO-BIO UltraClean Soil DNA 
Isolation Kit (MO BIO Laboratories, Inc., Carlsbad, CA, USA). Although 
this kit is initially developed for soil bacteria, it gave good results for 
mussel tissue with respect to yield and purity. The bead-beating step was 
performed for 10 minutes. The DNA concentration and purity was 
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Figure 5.1: Sampling sites where we collected mussels for the laboratory and 
field experiments, the genetic analyses.  

Next, we created small artificial beds (50 x 50cm) using subtidal and 
intertidal mussels, crossed with two acclimated mussel treatments, yielding 
a total of 4 treatments. First, non-acclimated subtidal mussels (3.9 ± 0.1cm) 
were collected and transported by boat to the experimental site on the 
same day. Intertidal mussels (4.4 ± 0.2cm) were collected within the same 
mussel bed used for acclimation. Artificial beds were built using 375 (+/-
5%) individual mussels (cover = 35%). As subtidal mussels and intertidal 
mussels do not weigh the same, the weight of mussels used to build the 
beds was different (4.5kg of intertidal mussels or 2.5kg of subtidal mussels) 
to end up with the same density. The experiment was set up in June 2013 
and replicated 6 times, yielding 24 beds in total. Pictures of the plots were 
taken every day during 6 days to follow the evolution of mussel cover 
during the first days of experiment. After 20 days, remaining mussels on 
each plot were collected and weighed to measure the percentage of 
mussels surviving the transplantation procedure. 
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Sequence analysis 

DNA sequence analyses were performed using Geneious version 
6.1.8 by Biomatters. (http://www.geneious.com/). After ClustalW-based 
alignment and cluster analysis, phylogenetic trees were constructed using 
the maximum likelihood algorithm with 1000 bootstrap iterations. 

Behavioral differences 

To test for any behavioral differences between sub- and intertidal 
mussels, their movement was studied in a laboratory experiment, at the 
NIOZ in Yerseke. Subtidal and intertidal mussels were collected in June 
2013. Small subtidal and intertidal mussel beds consisting of 250 mussels 
were set up in 120x80-cm tanks, supplied by fresh seawater pumped 
directly from the Eastern Scheldt, and continuously oxygenated with an air 
diffuser. Mussels were randomly placed on a hard substrate (stone tiles), 
and pictures were taken at the start of the experiment and after 5 hours, 
using a camera (canon powershot D10) mounted over the tanks. Using 
Matlab, we noted the starting position (X,Y) of a mussel, and its position 
after 5h, with which we calculated the total distance travelled by individual 
mussels within that period. The experiment was replicated 4 times (N=40).  

To analyze organization time, we tracked the movement of 2 
subtidal and 2 intertidal mussels over 15h in a single experiment. Pictures 
were taken every minute using a time lapse camera (canon powershot D10) 
located over the tanks. If mussels moved less than 2 cm within an hour, we 
considered the movement involuntary. The time mussels stopped doing 
voluntary movement was estimated as organization time. This experiment 
was replicated 4 times (N=8).  

Potential differences between sub- and intertidal mussels regarding 
attachment to substrate were studied in separate laboratory experiments. 
Small artificial beds (50x50 cm) made from sub- and intertidal mussels 
were set up in 2 tanks (van de Koppel et al. 2008). Mussels were randomly 
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determined spectrophotometrically using the NanoDropTM ND-1000 
spectrophotometer (NanoDrop products, Wilmington, DE, USA).  

Table 5.1: Primers used for ecotyping 

Primer name Primer sequence Reference 

EFbis_F    5’ ACAAGATGGACAATACCGAACCACC  3’ 
Bierne et al 2003 

EFbis_R2 5’ CCTTCTGGATTTCCATGAATCGG 3’ 
mac1a_F 5’ GCTGTATTTCCATCAATTGTTGG 3’ 

Bierne et al 2003 
mac-1b_R 5’ CGAAAATTGTAGTCTAGTTTTGTG 3’ 

PLIIa_F 5’ GAGCCCAAGTAGGAAATCCCG 3’ 
Heath et al., 1995 

PLIIa_R 5’ CCTTCGCATTGTTAGATTTATT 3’ 
MAL-1_JH2_F 5’ GCGCAGTGCTTATTGTAGACG  3’ 

Rawson et al., 1996 
MAL-1_PR9_R 5’ CTTCATGGCTTTGACTTTTGCTC  3’ 

 

Ecotyping 

To determine whether individual mussels belonged to the same or 
different ecotypes, four different nuclear loci (EFbis, mac-1, MAL-1 and 
PLIIa) were sequenced (Table 5.1), each of which are present as a single 
gene, and each of which were used in previous ecotyping studies (Heath et 
al. 1995, Ramon et al. 1996, Bierne et al. 2003).Primers for EFbis amplify 
the non–coding intron of elongation factor 1  (Bierne et al. 2003), primers 
for MAC-1 amplify the non-coding first intron of the actin gene (Bierne et 
al. 2003), MAL-1 primers amplify the coding part of the so called Mytilus 
anonymous locus 1 (a locus with unknown function) (Ramon et al. 1996) 
and the PLIIa primer set amplifies the coding part of the y-protamine-like 
sperm packaging protein (Heath et al. 1995). Primer generation and Sanger 
DNA sequencing was performed at BaseClear BV, Leiden, the 
Netherlands. A total of 42 samples were submitted for sequencing of the 4 
different gene fragments. Heterozygous nucleotide differences were visible 
in the electropherograms as two overlapping fluorescent traces and were 
ignored for ecotyping analysis. 
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Moreover, acclimation did not increase chances of persistence (Figure 5.2). 
After 20 days of experiment, only 1.6 ± 1.6% of the subtidal mussels 
persisted, while 66.9 ± 6.1% of the intertidal mussels persisted (F1,24=168.3 , 
p<0.001). We did not find any significant effect of the acclimation 
treatment (F1,24=2.45 , p=0.133), suggesting that acclimation of subtidal 
mussels to the intertidal environment is not relevant at the timescale of the 
experiment. 

 

Figure 5.2: Remaining mussel biomass after 20 days of experiment. Intertidal 
mussels exhibited much higher survival than subtidal mussels. We found no significant 
effect of the acclimation treatment. Mean +/- SE 

Influence of habitat and acclimation on morphology 

Morphological parameters revealed clear differences between sub- 
and intertidal mussels. The flesh/shell ratio of intertidal mussels (0.09 ± 
0.008, Figure 5.3A) was found to be lower than for subtidal mussels (0.19 ± 
0.008, t37=9.054, p<0,001). The shell of intertidal mussels (595.6 ± 
2.8mg/cm3) was about 2 times heavier (Figure 5.3B) than the shell of 
subtidal mussels (299.3 ± 6mg/cm3, t37=-8,1 p<0,001). Moreover, our 
measurements showed that intertidal mussels have less flesh (47.8 ± 
2.8mg/cm3, Figure 5.3C) than subtidal mussels, (56.5 ± 2.8mg/cm3 t37=2.05, 
p=0.03). Even though the shell weight of intertidal mussels stayed constant 
over acclimation time, the flesh weight of acclimated intertidal mussels was 
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placed on a hard substrate (tile) and were allowed to aggregate for 24h. 
After this time, attachment to substrate was measured for 15 individual 
mussels using a Wagner Force DialTM FDK/FDN with peak force meter 
(WAGNER  INSTRUMENTS, Greenwich, CT, USA). Each mussel was 
pulled up vertically, and the maximum force used to detach the mussel 
from the bed was measured as attachment force. The experiment was 
replicated 4 times resulting in 60 replicate measurements. 

Statistical analyses 

All statistical tests were run in SPSS 22. For each test, normality 
and homogeneity of data or residuals were tested. Differences in survival 
were studied using Analysis of Variance (ANOVA), with biomass as 
response variable and habitat (subtidal or intertidal) and acclimation 
(acclimated or non-acclimated) as factors. The data were square root 
transformed to improve the normality of the residuals. Influence of habitat 
on shell height was studied with a Wilcoxon test, using shell weight as 
variable and habitat as factor. The effect of habitat on flesh weight was 
tested with a student t-test, and the effect of acclimation on shell weight 
was studied using a Wilcoxon signed-rank test, using acclimation as factor. 
Effect of acclimation on flesh weight was studied in a student t-test, using 
acclimation as factor. Differences in attachment strength, movement 
between subtidal and intertidal mussels were also tested using a t-test with 
square root transformed data to improve data normality. Differences in 
organization time, were tested using a t-test. 

Results 

Influence of habitat and acclimation on transplantation 
success 

The results of the field experiment clearly showed that subtidal 
mussels are not able to persist in the dynamic intertidal environment. 

96



 90 

Moreover, acclimation did not increase chances of persistence (Figure 5.2). 
After 20 days of experiment, only 1.6 ± 1.6% of the subtidal mussels 
persisted, while 66.9 ± 6.1% of the intertidal mussels persisted (F1,24=168.3 , 
p<0.001). We did not find any significant effect of the acclimation 
treatment (F1,24=2.45 , p=0.133), suggesting that acclimation of subtidal 
mussels to the intertidal environment is not relevant at the timescale of the 
experiment. 

 

Figure 5.2: Remaining mussel biomass after 20 days of experiment. Intertidal 
mussels exhibited much higher survival than subtidal mussels. We found no significant 
effect of the acclimation treatment. Mean +/- SE 

Influence of habitat and acclimation on morphology 

Morphological parameters revealed clear differences between sub- 
and intertidal mussels. The flesh/shell ratio of intertidal mussels (0.09 ± 
0.008, Figure 5.3A) was found to be lower than for subtidal mussels (0.19 ± 
0.008, t37=9.054, p<0,001). The shell of intertidal mussels (595.6 ± 
2.8mg/cm3) was about 2 times heavier (Figure 5.3B) than the shell of 
subtidal mussels (299.3 ± 6mg/cm3, t37=-8,1 p<0,001). Moreover, our 
measurements showed that intertidal mussels have less flesh (47.8 ± 
2.8mg/cm3, Figure 5.3C) than subtidal mussels, (56.5 ± 2.8mg/cm3 t37=2.05, 
p=0.03). Even though the shell weight of intertidal mussels stayed constant 
over acclimation time, the flesh weight of acclimated intertidal mussels was 

 89 

placed on a hard substrate (tile) and were allowed to aggregate for 24h. 
After this time, attachment to substrate was measured for 15 individual 
mussels using a Wagner Force DialTM FDK/FDN with peak force meter 
(WAGNER  INSTRUMENTS, Greenwich, CT, USA). Each mussel was 
pulled up vertically, and the maximum force used to detach the mussel 
from the bed was measured as attachment force. The experiment was 
replicated 4 times resulting in 60 replicate measurements. 

Statistical analyses 

All statistical tests were run in SPSS 22. For each test, normality 
and homogeneity of data or residuals were tested. Differences in survival 
were studied using Analysis of Variance (ANOVA), with biomass as 
response variable and habitat (subtidal or intertidal) and acclimation 
(acclimated or non-acclimated) as factors. The data were square root 
transformed to improve the normality of the residuals. Influence of habitat 
on shell height was studied with a Wilcoxon test, using shell weight as 
variable and habitat as factor. The effect of habitat on flesh weight was 
tested with a student t-test, and the effect of acclimation on shell weight 
was studied using a Wilcoxon signed-rank test, using acclimation as factor. 
Effect of acclimation on flesh weight was studied in a student t-test, using 
acclimation as factor. Differences in attachment strength, movement 
between subtidal and intertidal mussels were also tested using a t-test with 
square root transformed data to improve data normality. Differences in 
organization time, were tested using a t-test. 

Results 

Influence of habitat and acclimation on transplantation 
success 

The results of the field experiment clearly showed that subtidal 
mussels are not able to persist in the dynamic intertidal environment. 

97



 92 

and 0.46 ± 0.04N respectively, t268=9.53, p<0.001). The distance travelled by 
individual mussels within 5h did not differ between sub- and intertidal 
mussels (Figure 5.4B, 2,99 ± 0,03 cm, t78=0.83, p=0.41), indicating that the 
tendency to aggregate was similar for both groups. However, organization 
time (Figure 5.4C) was higher for intertidal mussels (9.2 ± 1,4h) than for 
subtidal mussels (4.6 ± 0,98h, t14=2,65, p=0,019). 

 

Figure 5.4: Behavioral differences between sub- and intertidal mussels in our laboratory 
experiment. A: Attachment force (N) after 24h. B: Distance travelled by individual 
mussels (cm) within 5h. C: Organization time (h). Mean +/- SE 

Discussion 

Restoration of populations and habitats is a priority in the 
management of endangered ecosystems all over the word (Lotze et al. 2006, 
Durant et al. 2007, Halpern et al. 2008, Brierley and Kingsford 2009). 
Especially in areas dominated by habitat modifying species, 
transplantation of engineering organisms from healthy source areas is a 
widely applied restoration technique (Clark and Edwards 1995, Hashim et 
al. 2010, Silliman et al. 2015). Although a number for these transplantation 
projects have been successful (Green and Short 2003, Schulte et al. 2009), 
many have shown limited success (Harriott and Fisk 1988, Fonseca et al. 
1998, Henn et al. 2014). The present study clearly shows that restoration of 
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reduced by 0.7 times compared to the control (33.46± 3.22 mg/cm3 and 47.8 
± 2.82 mg/cm3 respectively, t37=-3.3, p=0,002), but this treatment did not 
affect the flesh and shell of subtidal mussels. 

 

Figure 5.3: Morphological differences between sub- and intertidal mussels. A: Flesh/Shell 
ratio. B: Flesh weight. C: Shell weight. Mean +/- SE 

Genetic analysis 

Not all DNA sequences gave a readable electropherogram, 
potentially due to multiple copies of the locus on the genome, and re-
sequencing these samples did not improve the result. Nevertheless, the 
dataset was sufficiently large and covered most sampling sites with a good 
distribution of mussels sampled from the sub- and intertidal zones. 
Although a few mutations were observed at the four loci, we could not 
detect divergence in the DNA sequences of those for loci between mussels 
from sub- and intertidal locations.  

Behavioral differences 

We found strong behavioral differences between sub- and intertidal 
mussels in the laboratory experiment. Intertidal mussels attached more 
than 2 times stronger than subtidal mussels (Figure 5.4A, 1.08N ± 0.06N 
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mussels (Figure 5.4B, 2,99 ± 0,03 cm, t78=0.83, p=0.41), indicating that the 
tendency to aggregate was similar for both groups. However, organization 
time (Figure 5.4C) was higher for intertidal mussels (9.2 ± 1,4h) than for 
subtidal mussels (4.6 ± 0,98h, t14=2,65, p=0,019). 

 

Figure 5.4: Behavioral differences between sub- and intertidal mussels in our laboratory 
experiment. A: Attachment force (N) after 24h. B: Distance travelled by individual 
mussels (cm) within 5h. C: Organization time (h). Mean +/- SE 

Discussion 
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1998, Henn et al. 2014). The present study clearly shows that restoration of 
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reduced by 0.7 times compared to the control (33.46± 3.22 mg/cm3 and 47.8 
± 2.82 mg/cm3 respectively, t37=-3.3, p=0,002), but this treatment did not 
affect the flesh and shell of subtidal mussels. 

 

Figure 5.3: Morphological differences between sub- and intertidal mussels. A: Flesh/Shell 
ratio. B: Flesh weight. C: Shell weight. Mean +/- SE 
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detect divergence in the DNA sequences of those for loci between mussels 
from sub- and intertidal locations.  

Behavioral differences 

We found strong behavioral differences between sub- and intertidal 
mussels in the laboratory experiment. Intertidal mussels attached more 
than 2 times stronger than subtidal mussels (Figure 5.4A, 1.08N ± 0.06N 

99



 94 

times heavier and attached twice as strong compared to subtidal mussels. 
The weak shells of subtidal mussels might be a limiting factor for their 
survival in intertidal areas, because mussels are heavily predated by birds 
(oystercatchers and gulls) and crabs that both crack the shell to reach the 
flesh (Elner 1978, Hilgerloh et al. 1997, Smallegange et al. 2009, van der 
Zee et al. 2012). In subtidal conditions, starfish pose the most prominent 
predatory threat to mussels, and their method of opening mussels by 
extruding their gut content into the mussels leads to little benefit of having 
a thick shell. In addition to shell strength, weak attachment to the 
sediment and conspecifics may lead to low survival due to higher losses as 
a result of dislodgement by waves and currents. In subtidal areas, where 
hydrodynamic stress (especially waves) is typically much lower, the 
required attachment strength in order to survive is lower. Hence, it 
appears that the traits that mussels adopt in subtidal habitat pose a 
disadvantage when they are transplanted to the intertidal. 

The observed differences in morphology, behavior and resilience to 
the stress/force of water and susceptibility to predation of sub- and 
intertidal mussel populations could in principle have resulted from 
genetic, epigenetic or physiological adaptation to the extant environmental 
conditions. Genetic adaptation could have led to two genetically distinct 
populations (eco-types) that affect surface adhesion and self-clustering. 
When such genetic ecotypes exist, one would expect genetic diversification 
throughout the genome. We found, however, no evidence for such 
differences as genetic ecotyping did not link any of the variation found to 
the source being sub- or intertidal. This implies that the morphological 
and behavioral differences between intertidal and subtidal mussels in the 
Dutch Wadden Sea are most likely phenotypic (i.e. differences in gene 
expression developed in their native habitats), or result from selection on 
random, phenotypic variation in characteristics. Moreover, we did not find 
any adaptation of subtidal mussels when they were allowed to adjust to the 
intertidal environment, suggesting that phenotypic adaptation is either 
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intertidal mussel beds by transplanting mussels from subtidal source areas 
(de Paoli et al. 2015) has – at least in part – failed due to maladaptation of 
subtidal mussels to the conditions that prevail on intertidal flats. The 
persistence of subtidal mussels in our field experiment was very low, while 
the majority of intertidal mussels persisted. More detailed comparisons of 
sub- and intertidal mussels revealed clear morphological and behavioral 
differences, where subtidal mussels had a lighter shell than intertidal 
mussels, and also showed weaker attachment to the abiotic substrate. Both 
of these factors are likely important for their persistence on intertidal flats, 
where mussels face high wave exposure and intense predation by birds and 
crabs. Hence, similar to what is observed in reintroductions with iconic 
vertebrate species, such as wolves or bears (Weaver 1978, Smith et al. 2003, 
Dax 2015), we observed that the restoration success of invertebrate mussels 
was limited by low adaptation of the source organisms to the conditions 
they are facing in their new habitat. 

Restoration of intertidal mussel through transplantation of subtidal 
mussels has been attempted multiple times in the Wadden Sea, over 
decades, but without any success (Ens and Alting 1997, Pelt et al. 2003, Ens 
et al. 2004, de Paoli et al. 2015). Our results show that this failure can be 
explained by maladaptation of subtidal mussels to the harsher conditions 
in the intertidal environment. Similar to our findings, a study carried on 
horse mussels showed that transplantation success for this species can also 
be limited by different shell morphology (Fariñas‐Franco et al. 2016), 
whereas attachment strength has similarly been shown to be important for 
zebra mussels (Rajagopal et al. 1996). Moreover, for blue mussels, 
aggregative behavior has been shown to be an important factor in mussel 
survival (van de Koppel et al. 2005). Hence differences in attachment 
strength, aggregative behavior, and shell thickness may provide a potential 
explanation for the limited success of bivalve transplantation in a wide 
range of restoration experiments. 

Subtidal and intertidal mussels showed clear differences in 
morphology and behavior. The shell of intertidal mussels was about two 
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transferred over generations or happens early in development, and 
persisting afterwards.  

The results of this study can be used as a baseline for future 
restoration projects. Our results show that direct transplantation of adult 
subtidal mussels to the intertidal has little chance of success. 
Transplantation of young mussels could potentially yield higher success 
rate, as they may acclimatize faster to a new environment (Smith and 
Jennings 2000). However, in any restoration program that encompasses the 
transplantation of organism in a different environment, we suggest it is 
useful to determine the potential success rate in pilot transplantations 
before scaling up. As restoration of intertidal mussel beds using subtidal 
mussels is, nowadays, not conceivable, it might be more important to (1) 
focus on protecting the remaining beds, by improving local conditions 
(limiting dredging or fishery activities) and (2) in case of restoration 
develop techniques to facilitate natural settlement by limiting predation 
and providing suitable settlement substrate (Van der Heide et al., 2014).
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during the re-establishment phase, the habitat modifier density often 
remains below a critical threshold required to induce the extent of habitat 
modification needed to generate a sufficiently strong positive feedback. In 
such cases, active re-introduction may be needed for successful ecosystem 
recovery.  

Because most of habitat-modifying coastal foundation species are 
typically not only facilitating their own growth and survival, but also 
provide a refuge and hard substrate for many associated species, they are 
increasingly considered as priority species in restoration program (Fortes 
1991, Clark and Edwards 1995, Peterson et al. 1996, Southworth and Mann 
1998, Carls et al. 2004, Brumbaugh et al. 2006, Byers et al. 2006, Crain and 
Bertness 2006, Brumbaugh and Coen 2009, Hashim et al. 2010, McLeod et 
al. 2012). For instance, active restoration has been attempted to facilitate 
recovery of coral reefs, meadows, saltmarshes, mangroves and shellfish 
beds, using an array of different techniques. Transplantation of adult 
organisms and introduction of offspring or seedling are widely used 
techniques. In addition, provision of natural substrate for establishment, 
growth or survival can be used, and if this is not sufficient, the use of 
artificial material, such as concrete or coir mat can be considered (Bartol 
and Mann 1997, Fonseca et al. 1998, Clark and Edwards 1999). Moreover, 
harnessing positive interactions among species may also greatly improve 
restoration success (Halpern et al. 2007, Silliman et al. 2015, de Fouw et al. 
2016).  

In this thesis, I have focused on the restoration of beds of the Blue 
Mussels (Mytilus edulis) as a key species in intertidal soft-sediment coastal 
ecosystems. By building large epi-benthic reefs, they attenuate currents 
and waves, provide solid substrate for attachment in an otherwise sandy 
environment, and provide refuge for associated many species (Norling and 
Kautsky 2008, Bouma et al. 2009). In addition, by their filtering activities, 
they are able to filter and clarify the water, and increase local sediment 
nutrient levels through the deposition of pseudofaeces (Pohle et al. 1991, 
Newell 2004, van der Zee et al. 2012, Donadi et al. 2013). Despite their 
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Nowadays, about 40% of the human population lives near or along the 
shore (Nicholls and Small 2002, Martínez et al. 2007), and their increasing 
numbers and activities have dramatically intensified anthropogenic 
pressure on coastal ecosystems (Valiela et al. 2001, Lotze et al. 2006, Orth 
et al. 2006). Pollution, habitat destruction and fragmentation, introduction 
of exotic species, and overexploitation of resources have all contributed to 
severe declines of habitat-structuring foundation species, such as reef-
building bivalves, seagrass meadows, coral reefs and mangrove forests 
(Ellison and Stoddart 1991, Jackson et al. 2001, Adam 2002, Duarte 2002, 
Bellwood et al. 2004, Lotze et al. 2006, Orth et al. 2006). This decline in 
turn has resulted in ecosystem degradation of the loss of ecosystem 
services such as flood protection, nutrient cycling, carbon storage, water 
quality and biodiversity enhancement. To conserve and restore coastal 
ecosystems and their services, both protection and active ecosystem 
restoration are increasingly attempted to halt and reverse coastal ecosystem 
degradation (Costanza et al. 1992, Ehrenfeld and Toth 1997, Young 2000, 
Mitsch and Jørgensen 2004, Aronson and Alexander 2013). 

The establishment of Marine Protected Areas (MPA’s) have recently 
become a popular measure to limit anthropogenic activities in threatened 
areas and protect important and/or iconic species (Agardy 1994, Edgar et al. 
2007). Although MPA’s are successful in many areas (Babcock et al. 1999, 
Castilla 1999, Mumby et al. 2006, Edgar et al. 2009, Babcock et al. 2010), 
protection measures have proven insufficient to allow the ecosystem to 
recover in other areas because the internal dynamics of the system are 
insufficiently understood and thus not taken into account  (Rius and 
Zabala 2008, Christianen et al. 2014). For instance, Christianen et al (2014) 
demonstrated that protection of green turtles in Indonesian MPA’s was 
initially very successful, but became endangered because overpopulation of 
turtles within the MPA lead to overgrazing of the seagrass meadows in the 
area. Furthermore, the mere implementation of MPA’s may be insufficient 
if re-establishment of habitat-modifying foundation species with strong 
self-facilitating density-dependent feedbacks is required. This is because 
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much stronger, thicker shell compared to subtidal mussels (chapter 5) The 
relatively thick shell of intertidal mussels is likely important to survive 
predation by birds and crabs that typically predate on mussels by cracking 
the shell (Elner 1978). Moreover, the heavier shell also decreases buoyancy 
and might reduce the risk for the mussels to be flushed away by waves and 
currents. Compared to intertidal mussels, subtidal mussels have more flesh 
than intertidal mussels (chapter 5). Most likely, this results in a stronger 
adductor muscle which may increase resistance against star fish predation. 

 
Figure 1: Morphological differences between a subtidal (A) and an intertidal mussel (B). 
The shell of intertidal mussels was found to be 3 times thicker than the shell of subtidal 

mussels. 

Compared to endo-benthic bivalves such as cockles (Cerastoderma 
edulis), American razor clams (Ensis americanus) or Baltic tellins (Macoma 
baltica), mussels have developed a unique adaption to survive strong 
currents and waves. Rather than seeking refuge from by burying 
themselves in the sediment (Drew 1907, Richardson et al. 1993), mussels 
remain epibenthic and use byssal threads – a protein filament – to attach to 
solid surfaces in order to resist strong hydrodynamics and predation (Bell 
and Gosline 1996, Brenner and Buck 2010). On rocky shores, solid surfaces 
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ecological and societal importance, this key component of coastal 
ecosystems is under threat worldwide (Higler et al. 1998, Brinkman et al. 
2002, Smith et al. 2008, Fariñas‐Franco et al. 2016). Although many 
protection measures have been attempted to aid mussel beds recovery, 
restoration techniques are often unsuccessful, and the reasons for this 
have been poorly documented (Carls et al. 2004, van der Heide et al. 2014, 
Fariñas‐Franco et al. 2016). The objectives of this study was to identify the 
mechanisms underlying mussel bed persistence and resilience, and to find 
novel techniques for mussel bed restoration on intertidal mudflats. 

Mechanisms underlying intertidal mussel bed 
persistence and resilience 

Mussels morphology and behavior 

In the Wadden Sea, large beds of blue mussels can be found in 
both subtidal and intertidal areas. Sub- and intertidal mussels are of the 
same species, and likely also of the same population, as both gametes, eggs 
and larvae are mixed in the water column before the mussels find a place 
to settle. After settlement, however, conditions for sub- and intertidal 
mussels are very different. In the intertidal area, low-tide exposure and 
wave exposure during high tide are important abiotic stressors for mussels 
(Porter et al. 2000, Eklof et al. 2011), whereas subtidal areas mussels are 
continuously under water and wind-driven waves typically do not reach the 
bottom. In addition, predation in both habitats is also very different. In the 
intertidal area, birds and crabs are considered as being the main predators 
of mussels (Elner 1978, Hilgerloh et al. 1997, Smallegange et al. 2009, van 
der Zee et al. 2012), while predation by starfish is most important in the 
subtidal (Saier 2001). 

Mussels from sub- and intertidal mudflats develop a number of 
contrasting adaptations regarding their behavior and morphological 
features (Figure S.1). First of all, I found that intertidal mussels have a 
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mussels on artificial beds. Mussels that were experimentally organized in 
small-scale aggregations displayed much higher survival than mussels that 
were in plots where they were randomly added. Moreover, I found survival 
in plots with large-scale aggregations to be similar to plots with small-scale 
aggregations and with both small- and large-scale aggregations. An 
important consequence of the large-scale bands was that they increase 
local density. By increasing density, the average distance between mussels 
is reduced, which in turn improves the possibility for mussels to form 
small-scale clumps. If mussels are too far apart, my experiments revealed 
that their movement on soft substrate is limited by the lack of anchoring 
points around them. In accordance with my experimental findings, earlier 
theoretical and experimental studies have suggested that mussels in 
clumps show a better survival than mussels that are unattached (van de 
Koppel et al. 2008, Liu et al. 2014). Hence, as large-scale aggregation 
improves the formation of small-scale clumps, and small-scale clumps in 
turn increase resistance to hydrodynamics, I conclude that pattern 
formation indeed increases resilience of natural and artificial mussel beds 
as suggested in earlier theoretical work. 

Hummocks 

Both the experiments that I presented in chapter 3, as well as 
earlier theoretical work, have demonstrated that self-organization by 
mussels facilitates mussel beds resistance to hydrodynamic stress. and 
predation. An important consequence, however, is that underneath 
aggregations of mussels faeces and pseudofaeces, as well as external 
materials such as shells tend to accumulate. To prevent being buried, and 
to be able to survive and feed, mussels continuously improve their position 
by crawling on the top of the accumulated sediment (Brumbaugh and Coen 
2009). In the Wadden Sea, this organizational process leads to the 
formation of hummocks, from 15 to 40 cm when sufficient sediment is 
available, provided that the beds are sufficiently stable, and tidal 
amplitudes are sufficiently high (Donker 2015). 
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are amply provided by the rocks, and conspecifics provide only a 
secondary opportunity for attachment. In soft-sediment systems, where 
rocky surfaces are absent, mussels mainly attach to shells of conspecifics 
and other dead or live bivalves such as cockles. In this thesis (chapter 5), I 
found that subtidal mussels primarily attach to each other. On the other 
hand, in my laboratory experiments, intertidal mussels demonstrated much 
stronger attachment to abiotic substrate, resulting in a stronger resistance 
against hydrodynamics. 

Spatial pattern formation 

The movement of mussels leads to the formation of clumps and 
spatial patterns. Spatial patterns can be found in many different 
ecosystems, ranging from terrestrial ecosystems (Foster et al. 1983, Rietkerk 
et al. 2004, Scanlon et al. 2007, Bekker and Malanson 2008, Eppinga et al. 
2009, Pringle et al. 2010) to coastal ecosystems (van de Koppel and Crain 
2006, van de Koppel et al. 2008, Weerman et al. 2011). In blue mussel beds, 
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hummock as a result of scale-dependent feedback. At the local scale, 
aggregation is stimulated as this reduces losses from predation and 
hydrodynamics, whereas mussels are driven apart at a longer range due to 
competition for the suspended algae that they feed on (Van de Koppel et 
al, 2005). At a smaller-scale, they aggregate in clumps and strings (5-10cm). 
Recent model studies from various ecosystems including mussel beds have 
shown that spatial patterns have beneficial effects in terms of resilience, 
productivity and food availability (van de Koppel et al. 2005, van de Koppel 
et al. 2008, Liu et al. 2014). However, a lack of experimental studies thus far 
limited the application of self-organization in restoration projects. 

Aggregation 

Experiments presented in chapter 2 revealed that self-organization 
in the form of both small- and large-scale patterns improves survival of 
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mussels on artificial beds. Mussels that were experimentally organized in 
small-scale aggregations displayed much higher survival than mussels that 
were in plots where they were randomly added. Moreover, I found survival 
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2009). In the Wadden Sea, this organizational process leads to the 
formation of hummocks, from 15 to 40 cm when sufficient sediment is 
available, provided that the beds are sufficiently stable, and tidal 
amplitudes are sufficiently high (Donker 2015). 
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Chapter 2, combined with earlier theoretical work (van de Koppel et 
al. 2008), clearly shows that aggregation of mussels into spatial patterns 
improves their survival as they reduce loss by strong hydrodynamics and 
predation. Hence, when aiming to restore mussel beds through 
transplantation, it is important to choose a sufficiently high density of 
mussels in order to allow them to aggregate. If the density is too low, it will 
be difficult for mussels to find conspecific and form clumps (Chapter 2). 
Although a high density increases the survival of mussels under 
hydrodynamic stress and high predation pressure, it also increases 
competition between mussels for food. Therefore, an excessively high 
density may lower mussel condition and survival on the longer term. Thus, 
in mussel restoration, it is important to find balance between the positive 
effects of aggregation on survival, and the negative effect of aggregation on 
food competition. 

Natural mussel beds do not have a homogenous spatial cover, but 
are characterized by  a mosaic of mussel hummocks alternating with bare 
hollows. These patterns develop as a consequence of the aggregative 
behavior of individual mussels in interaction with local accumulation of 
faeces and pseudofaeces (see previous section “Spatial patterns - 
Hummocks”). Although I observed that mussels on the hummocks were of 
better condition, mussels that I transplanted on artificial hummocks 
actually showed lower survival due to increased hydrodynamic stress. 
Therefore, when restoring intertidal mussels beds, I suggest to do this on a 
flat, unmodified intertidal flat, rather then on artificial hummocks. If 
successful, the developing mussel bed will develop those hummocks itself, 
similar to what has been observed in naturally established beds. 

In 2011, I set up a large mussel bed restoration experiment on three 
islands (Terschelling, Ameland, Schiermonnikoog) in the Dutch Wadden 
Sea (Chapter 4, Figure S2). Similar to earlier restoration attempts of 
intertidal mussel beds in this area, I transplanted subtidal mussels onto 
intertidal mudflat, South of the islands. A major difference, however, was 
that within individual 20x20 m2 plots, I clustered mussels into 25 circular 5-
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By forming a large elevated and solid structure, mussel hummocks 
typically attenuate waves and alter water current patterns (Liu et al. 2012, 
Donker 2015). Field and flume studies have shown that flow velocity and 
wave attack is higher on the top of the hummock (Chapter 3). This increase 
in hydrodynamic forcing can enhance physical stress, but also food 
availability on the hummock. The experiments presented in chapter 3 
showed that on a newly established mussel bed, hummocks negatively 
affect mussel survival. Experimental mussel beds built on artificial 
hummocks had a lower persistence than beds built on a flat surface, 
probably as a result of enhanced mussel dislodgements due to an increase 
in flow velocity. In contrast to newly established beds, hummock formation 
was found to be beneficial for mussel growth on older, natural mussel 
beds, as expressed in both mussel condition and in their density. Most 
likely, this is because the increased current velocity increases food 
availability for the mussels. As a result, mussels on the top of the 
hummock can grow in higher density and their shell is also stronger. Thus, 
I conclude that depending on the life stage and local environmental 
conditions, hummock formation can have either negative or positive effects 
on mussel growth and survival. In my experiments, the negative effects 
obviously prevailed, as the mussels were placed in unstable conditions. In 
existing hummocks, where mussels are closely packed and well protected 
against wave action, the positive effects likely predominate, leading to high 
density of mussels, particularly on the top of the beds. 

Implications for mussel bed restoration 

Transplantation or reintroduction of organisms into degraded areas 
is an often-applied mitigation and restoration method, applied to restore 
natural populations  across many ecosystems worldwide (Griffith et al. 
1989, Kleiman 1989, Clark et al. 2002, Ripple and Beschta 2012, Hinton et 
al. 2013). The results presented in this thesis, however, illustrate that it is 
key to first understand the processes that control the population dynamics 
of the organisms to be restored.  
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The rapid collapse of the transplanted beds turned out to be caused 
by my use of subtidal mussels (Chapter 2). Although I could not find any 
genetic distinction between sub- and intertidal mussels, both populations 
display major morphological and behavioral differences. Because subtidal 
mussels have a much weaker shell, and attach much less strongly to the 
substrate, their losses in the intertidal due to both predation by birds and 
strong hydrodynamics are much higher compared to transplanted 
intertidal mussels. In my transplantation experiment, the rapid collapse 
could not be explained by predation only (Chapter 4). Compared to 
intertidal mussels, subtidal mussels have a much weaker anchoring 
(Chapters 4 and 5). Although, they still form clumps by attaching to each 
other, subtidal mussels hardly attach to the underlying substrate, and are 
therefore easily flushed away by waves and current (Chapter 5). In my large 
transplant experiment, the mussels were primarily lost from patches on the 
outside borders of the plots, suggesting that waves and current were the 
dominant factors driving the high losses in my case.  Overall, my results 
combined with the results of earlier failed transplantation experiments 
(Ens and Alting 1997, Pelt et al. 2003, Ens et al. 2004) strongly suggest that 
subtidal mussels do not form a suitable source population for the 
restoration of intertidal mussel beds by means of transplantation.  

General conclusion 

In this thesis, I showed that even with a good understanding of the 
mechanisms controlling the settlement and survival of intertidal mussel 
beds, their restoration remains a challenge (see summary table and figure 
S.3). Transplantation of subtidal mussel to an intertidal mudflat is not a 
feasible approach for restoration purposes . Therefore, the only suitable 
way to restore intertidal mussel beds by means of transplantation would be 
to use intertidal mussels. Of course this would mean that one has to 
damage or destroy an intact intertidal mussel bed to restore a bed in a 
nearby area, which at best seems inefficient. 
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m2 patches. This approach differed from earlier experiments, which 
scattered mussels randomly in the experimental areas (Ens and Alting 1997, 
Pelt et al. 2003, Ens et al. 2004). Although the general setup – clustered, 
but not on hummocks – should be optimal considering my later 
experiments, the transplanted mussel bed nevertheless persisted only a few 
months. Moreover, the additional measure of stabilizing the sediment and 
provision of attachment substrate by coir mats did not yield any clear 
effect. 

 
 
Figure S.2: Picture of subtidal mussels transplanted to an intertidal bed on 
Schiermonnikoog (Netherlands). Mussels were set up in clustered circles to allow mussels 
to aggregate while limiting competition for food. 
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harnessing spatial self-organization in mussels enhances the persistence of 
transplanted mussel beds, indicating that, next to simpler positive 
interactions, this principle should be broader integrated into conservation 

and restoration practices.  

 107 

Assuming that transplantation of mussels is not a viable approach 
for future restoration projects, the next step should perhaps be to focus on 
increasing natural recruitment of mussels on intertidal flats. Recent work 
demonstrated that mussel recruitment is largely controlled by an 
interaction between substrate stability and predation pressure. 
Recruitment is successful only when stable settlement substrate is 
provided and predation by shrimp and crab is limited – a process that 
naturally occurs in beds where settling larvae can attach to the adults and 
escape from predation between their byssal threads (van der Heide et al. 
2014). A possible technique would consist in a structure that may indeed 
successfully simulate natural mussel bed conditions by serving as 
attachment substrate and predation shelter for recruits. 

From a more general perspective, the results from this thesis 
illustrate that success transplantation projects first of all depends on the 
ability of the transplanted organism to survive and adapt to its new 
environment. Similar to reintroductions of iconic vertebrate species, such 
as wolves or bears (Weaver 1978, Smith et al. 2003, Dax 2015), I observed 
that lack of adaptation by subtidal mussels to their new intertidal habitat 
severely limits restoration success. Hence, I suggest that for any restoration 
program that encompasses the transplantation of organisms into a 
different environment, it is pivotal to first determine the potential success 
rate in pilot transplantations before scaling up. 

A second general conclusion that emerges from this thesis is that 
habitat-modifying organisms such as mussels, seagrasses, salt marsh plants 
and mangroves can be enhanced when positive interactions are effectively 
harnessed. This principle was only recently demonstrated for restoration 
of salt marshes. By applying a simple design change – planting cordgrass 
transplants in a clustered configuration rather than a dispersed one – the 
yield of the transplantation was enhanced by over 100% (Silliman et al, 
PNAS, 2015). Moreover, earlier work suggests that similar results may be 
obtained when increasing the planting density of intertidal annual 
seagrasses (Bos and Van Katwijk, 2007). By extension, my work shows that 
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Figure S.3: Implications or our findings on mussel bed restoration. 
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Figure S.3: Implications or our findings on mussel bed restoration. 
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English Summary 

Many coastal ecosystems worldwide have become severely degraded 
because of loss of habitat-modifying ecosystem engineers including salt 
marshes, seagrass meadows, mangroves, and coral and shellfish reefs, 
resulting in a concomitant loss of ecosystem functioning and services. 
Reef-building shellfish such as mussels and oysters are particularly 
important on intertidal flats, where they facilitate many species by creating 
complex and solid structures in an otherwise sandy environment. Yet, 
similar to many other coastal ecosystems, both oyster and mussel reefs 
have severely declined over the last decades. In the Wadden Sea, mussel 
beds covered about 4100 ha of the intertidal mudflats in the 1970s, but 
around 1990 this area was reduced to a near 100 ha due to overfishing 
combined with natural causes. At present, mussels have only partly 
recovered.  

In this thesis, I have investigated the mechanisms underlying 
persistence of natural intertidal mussel beds in the Wadden Sea and the 
processes that limit restoration attempts of this important habitat. First, I 
have investigated the importance of the spatial organization of mussel beds 
for their resilience. On natural mussel beds, mussels form complex, nested 
patterns consisting of small 5 to 10-cm strings that in turn make up larger 3 
to 5-m bands, a pattern that results from the interplay of facilitation 
between the mussels, competition for food, and aggregation into small 
clumps. Underneath the large banded aggregations of mussels, faeces and 
pseudofaeces accumulate, leading to elevated hummocks of organic 
matter-rich silt with mussels on top. The effects of mussels bed 
organization and of the development of hummocks on the persistence of 
mussel beds were studied in two separate experiments, on which I report 
in chapter 2 and 3. Second, I have tested whether transplantation of 
mussels from subtidal into the intertidal areas could be a feasible approach 
to restore intertidal mussel beds in the Wadden Sea, on which I report in 
chapter 4. Finally, I studied in chapter 5 the morphological and behavioral 
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differences between subtidal and intertidal mussels in order to understand 
difficulty that we encountered in restoring intertidal mussel beds using 
subtidal mussels. 

Mechanisms underlying mussel bed resilience. 

To understand how aggregation by mussels at the two spatial scales 
affected their persistence on the intertidal mudflat, I tested how small- and 
large-scale aggregation affected mussel cover over time (Chapter 2) in a 
fully factorial mussel transplantation experiment where we designed 
artificial mussel beds to have no, any or all types of patterns. This 
experiment showed that any form of aggregation greatly improved mussel 
bed persistence. Clump formation appeared crucial for perseverance, and 
aggregation in banded patterns facilitated clump formation; the mussels 
then formed clumps themselves. Without any form of aggregation, the 
density of mussels is too low, and they have difficulty moving when alone 
on sand. As a consequence, they cannot form the clumps that are essential 
to maintain themselves in the habitat. Large-scale bands increase the local 
density to a level that allows mussels to latch on to each other to form 
clumps that are essential for mussels to survive in this dynamic 
environment.  

An important consequence of the mussels aggregating in banded 
patches is the formation of hummocks. In chapter 3, I observed that this 
increases water across the top of the hummock in middle of the mussel 
bands. In existing mussel beds, where dislodgment is minimal because the 
mussels are attached to each other by byssus threads, mussel condition 
and density was highest on top of the hummocks, most likely because food 
availability increases under the enhanced water flow. In contrast, mussels 
that were experimentally transplanted on top of artificial hummocks had 
much lower survival compared to mussels on flat controls, because the 
transplanted mussels were not able to attach sufficiently fast and were 
dislodged. The effects of hummocks for the mussels appeared a two-edge 
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knife, where the positive effects of mussel dominated on the hummocks, 
but the negative effect dominated in the transplantation experiment, 
severely reducing survival. 

Restoration of mussel beds using subtidal mussels 

Even after understanding the mechanisms and importance of self-
organization for the persistence of mussel beds, their restoration remained 
a significant challenge. In chapter 4, I conducted, in an extensive 
collaborative effort, an experimental transplantation of subtidal mussels, 
creating 36 25x25-m plots on the islands of Terschelling, Ameland and 
Schiermonnikoog. According to the principles outlined above, the beds 
were built on a flat substrate with a density that allowed mussels to form 
clumps. In addition, the potential importance of sediment stabilizing 
substrate was tested by adding coconut fiber net to half of the plots. I then 
followed the persistence of these artificial mussel beds for a number of 
months, expecting them to survive at least for a few years. Surprisingly, 
however, all the beds disappeared between 3 (on Ameland) and 7 months 
(on Terschelling) time. Neither predation by birds and crabs, nor 
disturbance by waves stress could not explain differences in survival 
between islands. However, the fact that the beds started to disappear from 
the edge strongly suggest that waves are the most important factor driving 
the rapid disappearance of the experimental mussel beds. 

Next, I investigated whether the fast collapse of the transplanted 
beds was due to the use of mussels from subtidal areas, hypothesizing that 
these mussels could not adapt to their new intertidal environment 
(Chapter 5). To this end, I first compared the survival of sub- and intertidal 
mussels in a smaller field experiment near Schiermonnikoog. The 
comparison revealed that intertidal mussels were much better adapted to 
the intertidal habitat then subtidal mussels; after 20 days, 70% of all 
intertidal mussels survived, while only 2% of subtidal mussels survived. 
Furthermore, a comparison of morphological characteristics revealed that 
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the shells of subtidal mussels were 3 times lighter than those of intertidal 
mussels, making subtidal mussels more vulnerable to predation by birds 
and crabs. Finally, laboratory experiments demonstrated that attachment 
to substrate by intertidal mussels was 3 times higher compared to subtidal 
mussels, making the latter more vulnerable to hydrodynamic stress as well.  

From the comparison of the intertidal and the subtidal mussels, I 
conclude that subtidal mussels were not well adapted to the intertidal 
environment to which they were exposed in the transplantation 
experiments. I then investigated whether these striking difference could be 
explained by genetic differences between sub- and intertidal mussels. 
However, genetic analysis showed that despite their differences in 
morphology and behavior, subtidal and intertidal mussels did not appear 
to differ much genetically, suggesting that phenotypic adaptation as a likely 
driving mechanism for the observed differences. This highlights an issue 
that is of broad relevance to restoration science: is it always possible to 
restore a specific habitat or species by transplanting organisms from other 
areas, or can maladaptation of the transplanted organisms then limit 
restoration success? 

Conclusion 

My thesis highlighted that mussel do shape their own environment 
enhancing their survival and access to resources. This finding has 
important implications for future restoration projects. At first sight, mussel 
transplantation may appear a good restoration technique, as it would allow 
mussels to quickly (re) built their environment. However, mussel do not 
only shape their own environment, but their environment also shapes 
them. Intertidal mussels have a morphology and a behavior that allow 
them to survive in a dynamic area. Subtidal mussels are not adapted to 
intertidal conditions and cannot survive on an intertidal mudflat, making 
transplantation not suitable to restore intertidal beds. A possible technique 
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to restore mussel beds would consist in simulating natural mussel bed 
conditions to increase recruitment. 
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Dutch Summary 

Wereldwijd zijn kustecosystemen die belangrijke 
ecosysteemdiensten leveren, zoals  kwelders, zeegrasvelden, mangroven en 
koraal- en schelpdierriffen, ernstig aangetast door van het verlies van 
habitat-modificerende organismen – ook wel biobouwers genoemd. Rif-
bouwende schelpdieren zoals mosselen en oesters zijn bijzonder belangrijk 
voor droogvallende platen, waar ze een habitat bieden aan veel andere 
soorten doordat ze complexe, solide structuren creëren op de doorgaans 
zanderige wadbodem. Toch zijn, net als vele andere kustecosystemen, 
zowel oester- en mosselbanken sterk in aantal afgenomen in de afgelopen 
decennia. In de Waddenzee bedekten mosselbanken in de jaren 1970 
ongeveer 4100 ha van de wadplaten, maar rond 1990 was dit gebied 
gereduceerd tot ongeveer 100 ha, als gevolg van overbevissing in 
combinatie met natuurlijke oorzaken. Zelfs op dit moment zijn de 
mosselbanken slechts gedeeltelijk hersteld. 

In dit proefschrift heb ik de mechanismen onderzocht die ten 
grondslag liggen aan het voortbestaan van natuurlijke mosselbanken in de 
Waddenzee, en aan de processen die het herstel van dit belangrijke 
getijdehabitat beperken. In de eerste plaats heb ik het belang van de 
ruimtelijke organisatie van mosselbanken voor hun veerkracht onderzocht. 
In natuurlijke mosselbanken vormen mosselen complexe patronen die 
bestaan uit kleine, 5 tot 10 cm grote strengen, die op hun beurt weer deel 
uit maken van grotere banden van 3-5 m doorsnee. Dit patroon is het 
gevolg van het samenspel van onderlinge bescherming door mosselen 
tegen predatie en golfslag, concurrentie om voedsel, en actieve aggregatie 
in kleine groepjes. Onder de grote bandpatronen hopen zich feces (i.e. 
mosselpoep) en pseudofaeces (voedsel-kliekjes) op, wat leidt tot een 
glooiend landschap van verhogingen van organische stof-rijk slib met daar 
bovenop de mosselen. De effecten van zelf-organisatie in mosselbanken en 
van de vorming van het glooiende landschap op het voortbestaan van 
mosselbanken werd onderzocht in twee afzonderlijke experimenten, die ik 
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beschrijf in hoofdstukken 2 en 3. Ten tweede heb ik getest of 
transplantatie van mosselen uit diepere delen van de Waddenzee naar de 
getijdenplaten een haalbare aanpak zou zijn om mosselbanken te 
herstellen. De resultaten hiervan beschrijf ik in hoofdstuk 4. Tenslotte, 
bestudeerde ik in hoofdstuk 5 de verschillen in morfologie en gedrag 
tussen subtidale en intertidale mosselen, om moeilijkheden die we 
tegenkwamen bij het herstellen van droogvallende mosselbanken te 
kunnen verklaren. 

Herstel van mosselbanken door middel van mossels uit 
dieper water. 
 

Om te begrijpen hoe patroonvorming het voortbestaan van 
mosselen op getijdeplaten beïnvloed, heb ik getest hoe klein- en 
grootschalige aggregatie de overleving van de mossels beïnvloedt 
(hoofdstuk 2). In een “full-factorial” mossel-transplantatie-experiment 
maakten we kunstmatige banken met geen, alle, of een van de twee soorten 
patronen. Dit experiment toonde dat aggregatie (samenklontering) de 
overleving van mossels sterk verbeterd. De vorming van kleinschalige 
mosselklompjes en strengen bleek cruciaal voor de overleving, terwijl de 
bandvormige patronen de klompvorming vergemakkelijkte. Zonder enige 
vorm van aggregatie blijft de dichtheid van mosselen laag, en omdat 
mossels moeite hebben om te bewegen op kaal zand kunnen ze in die 
situatie in klompen of strengen vormen. Grootschalige banden verhogen 
de lokale dichtheid tot een niveau waarbij de mosselen wel de clusters 
kunnen vormen die essentieel zijn voor mosselen om zich te handhaven op 
de dynamische wadplaten. 

Een belangrijk gevolg van de ontwikkeling van de bandenpatronen 
in mosselbanken is de vorming van slib-bulten onder de mossels. In 
hoofdstuk 3 observeerde ik dat deze bulten de waterstromingen boven de 
mossels verhogen, met name in het middelste en hooggelegen deel van de 
mosselbanden. In bestaande mosselbanken, waar losslaan van mossels 
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door golfslag beperkt is doordat de mosselen door byssusdraden stevig aan 
elkaar zitten, was de conditie van de mosselen en dichtheid aan individuen 
het hoogst bovenop de bulten, waarschijnlijk doordat de hogere 
stroomsnelheid de beschikbaarheid van voedsel doet toenemen. 
Daarentegen hadden mosselen die werden geplaatst op de top van 
kunstmatige bulten een veel lagere overleving dan mosselen op vlak 
sediment, omdat de getransplanteerde mosselen op de bulten niet in staat 
waren zich voldoende snel te bevestigen. De effecten van bultvorming voor 
de mosselen bleken tweeledig te zijn, waarbij de positieve effecten van 
mossel domineerde op de natuurlijke bulten, maar het negatieve effect 
overheerst in de experimenten, wat de overleving sterk verminderd. 

De mechanisms achter de veerkracht van mosselbanken 
 

Zelfs met het verbeterde inzicht in de mechanismen en het belang 
van zelforganisatie voor het voortbestaan van mosselbanken, bleef het 
herstel van mosselbanken een belangrijke uitdaging. In hoofdstuk 4, 
voerde ik een grootschalige experimentele transplantatie uit waarbij 
premanent onderwater levend mosselen uit wadgeulen werden uitgezaaid 
op de getijdeplaten. Dit werd gedaan door het creëren van 36 25x25-m 
proefvlakken op de eilanden Terschelling, Ameland en Schiermonnikoog. 
Geïnspireerd door de principes die ik hierboven heb uitgewerkt zijn de 
bedden gecreëerd op vlak sediment met een dichtheid die voldoende zou 
moeten zijn voor de mossels op de clustervormige aggregaties te maken. 
Daarnaast, werd het potentiële belang van sediment stabiliserend substraat 
getest door de plaatsing van kokosnetten op het sediment. Ik volgde de 
ontwikkeling van deze kunstmatige mosselbanken gedurende een aantal 
maanden, waarbij verwacht werd dat deze het voor tenminste enkele jaren 
zouden volhouden. Verrassend genoeg verdwenen echter alle bedden in 3 
(op Ameland) tot 7 maanden (op Terschelling) tijd. Noch predatie door 
vogels en krabben, noch verstoring door golven kon de dramatisch slechte  
overleving verklaren. Het feit dat de bedden het eerste aan de rand 
begonnen te verdwijnen suggereert sterk dat golven toch de belangrijkste 
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factor zijn die het snelle verdwijnen van de experimentele mosselbanken 
verklaard. 

Vervolgens heb ik onderzocht of het snelle uiteenvallen van de 
getransplanteerde bedden het gevolg was van het gebruik van mosselen uit 
de wadgeulen, waarbij we de hypothese hadden dat deze mosselen zich 
niet kunnen aanpassen aan hun nieuwe omgeving (de wadplaten) die elk 
getij meerdere uren droogvalt (hoofdstuk 5). Hiertoe vergeleek ik eerst de 
overleving van mosselen uit sub- en intergetijdengebied in een kleinere 
veldexperiment in de buurt van Schiermonnikoog. Uit de vergelijking 
bleek dat droogvallende (intertidale) mosselen veel beter waren aangepast 
aan het getijde-leefgebied dan de (subtidale) mosselen uit de geulen; na 20 
dagen waren 70% van de intertidale mosselen nog aanwezig, terwijl slechts 
2% van de subtidale mosselen terug gevonden werd. Bovendien bleek uit 
een vergelijking van morfologische kenmerken dat de schalen van 
subtidale mosselen 3 maal lichter waren dan die van intertidale mosselen, 
waardoor subtidale mosselen kwetsbaarder zijn voor predatie door vogels 
en krabben. Tot slot, laboratoriumexperimenten toonden aan dat de 
hechting aan substraat door intergetijdengebied mosselen 3 maal hoger 
was dan die van sublitorale mosselen, waardoor deze laatste ook 
kwetsbaarder zijn voor hydrodynamische stress. 

Uit de vergelijking van de intertidale en de subtidale mosselen 
concludeer ik dat subtidale mosselen niet goed aangepast waren aan het 
intertidale leefgebied waaraan ze werden blootgesteld in de transplantatie-
experimenten. Vervolgens heb ik onderzocht of deze opvallende 
verschillen kunnen worden verklaard door genetische verschillen tussen 
sub- en intertidale mosselen. Echter, genetische analyse toonden dat 
ondanks hun verschillen in morfologie en gedrag, subtidale en intertidale 
mosselen genetisch niet veel verschillen, wat suggereert dat fenotypische 
aanpassing een waarschijnlijker mechanisme zijn voor de waargenomen 
verschillen in de eerdere experimenten. Dit wijst op een probleem dat van 
een brede relevantie is voor de restauratie natuurlijke populaties: is het 
altijd mogelijk om een bepaald habitat of bepaalde soort te herstellen door 
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het transplanteren van organismen uit andere gebieden, of kan 
misadaptatie van de getransplanteerde organismen potentieel leiden tot 
mislukking van zulke herstelprojecten? 

Conclusie 

Mijn proefschrift benadrukt dat mosselen hun omgeving op zo’n 
manier weten vorm te geven dat ze hun overleving en toegang tot voedsel 
verbeteren. Deze bevinding heeft belangrijke implicaties voor toekomstige 
herstelprojecten. Op het eerste gezicht lijkt mosseltransplantatie een goede 
methode voor het herstel van mosselbedden, omdat het een snelle 
methode lijkt voor mossels om hun habitat opnieuw op te bouwen. Echter, 
mosselen vormen niet alleen hun eigen omgeving, maar hun omgeving 
vormt ook de mosselen. Intertidale mosselen beschikken over 
morfologische en gedragsmatige adaptaties die hen in staat stellen om te 
overleven in een dynamische omgeving. Subtidale mosselen zijn niet 
aangepast aan de omstandigheden op getijdenplaten, en kunnen daardoor 
moeilijk overleven onder deze condities. Mijn conclusie is daarom dat 
transplantatie niet de meest geschikte methode is om intertidale 
mosselbedden te herstellen. Mijn werk suggereert dat het simuleren van de 
natuurlijke omstandigheden op getijdeplaten een betere methode zou zijn 
om de natuurlijke rekrutering te verhogen. 
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This book is the record of this 6 years of research. Working on marine 
ecology was a dream, and -even if as a teenager, I was picturing myself 
studying sharks, or dolphin - mussel bed restoration turned out the be a 
really interesting toping to be investigated! This PhD was a real adventure 
for me, crawling on the mudflats (and sometimes, almost flying over it), 
petting bivalves and of course, drowning into data and manuscripts. All of 
this work would not have been possible without the help of many, many 
people. 
First, I would like to thanks my promotor, Prof. Johan van de Koppel. 
Johan, you have been an amazing supervisor during all this time in 
Yerseke. You were always here, next door, when I needed you. You helped 
me to adapt (I wanted to write “to evolve”, but it would not have been an 
accurate word here, right?) to become a scientist. Your comments and your 
advices have been really inspiring, for in both experimental and writing 
fields. Although, carryings bricks on the mudflat was probably not the best 
idea ever! Anyway, I cannot imagine having a better supervision than the 
one you gave me. 
I also want to thanks my co-promoter (and co-supervisor) Dr. Tjisse van 
der Heide. For my first “mussel bed experience” to the last final point of 
the manuscript, you have been there, to help me and push me! I do not 
want to imagine what would have been my first year, setting up this large-
scale (insane) experiment without you. Even if this field work has been 
rough, even if we were tired, we (almost) always worked smiling, a laughing 
about all the bad luck we had… Your scientific support was truly 
appreciated during all these years. I also want to thank you for starting up 
this “writing factory”, together with Johan, and to have giving me the 
opportunity for coming back and finish my thesis (and correcting all my 
Frenchglish mistakes). More than a supervisor, you became a friend. And 
think there is a Dutch saying telling “If you sweep a mudflat together, 
you’ll be friends forever”. Or maybe I just imagined it… 
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And all this work would not have been possible without the help of Aniek 
van den Berg. Working side by side with you during all the field work, 
sharing good times and bad times, has made my PhD a lot more enjoyable 
than it would have been without you. I cannot remember one time you, 
saying “no” when I was asking you for help. You are an amazing research 
assistant, and a really good friend too (of, course, we sweeped the mudflat 
together as well). 
The first year of field work, setting up this large-scale experiment was a 
real team work. I would like to thanks Sander Holthuijsen for all his 
scientific and work force help. And of course, thanks to you, I now know 
how to recognize a “good fork”, from a “bad fork”! Marjolijn Christianen 
joined the project in 2013, and also did an amazing job helping me. All the 
scientific support was really appreciated, especially during field work, 
while setting up few experiments. Working as a team was probably what 
made the projet a success, and nothing would have been possible 
otherwise. So, to all the Waddensleutels crew, houra!! 
Of course, digging 4 km of ditch and carrying 32 000 kg of mussels over 
mudflats would not have been possible with only our 4 people. So I would 
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