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Summary 

Natural hard bottom ecosystems worldwide provide unique ecological functions and services 

within their respective environments. They protect coastlines by dampening large waves, 

reducing flooding, and preventing erosion. They act as nursery grounds for the associated fauna 

and play an important role in benthic-pelagic coupling, nutrient cycling and water purification. 

The rapid growth of the coastal infrastructure due to an ever-increasing population in coastal 

regions, as well as the growing challenge of global climate change (sea level rise, ocean 

acidification), are a serious threat to these ecosystems. The management focus on supporting 

local biodiversity in order to maintain natural ecosystem functioning and services is essential 

to safeguard a sustainable coastal development. Hence, while there is a strong need in protecting 

the still remaining natural hard bottom ecosystems, there is also an upcoming demand for 

reconsidering the way new coastal infrastructure is to be built. Engineering solutions need to 

focus on the objective to maintain local species richness, while also reducing the demand for 

natural resources in the production process of new building materials.  

The main objective of this doctoral project was to define drivers, which influence benthic 

community establishment in marine natural and artificial hard bottom systems. The influence 

of different physical environmental conditions and substrate characteristics in the settlement 

processes and community establishment was evaluated. Risks of invasion by neobiota in natural 

and artificial structures and options to implement natural ecosystem services in artificial 

environments as protection against invasion were discussed.  

The first part of this dissertation focusses on habitat characteristics of natural hard bottom 

systems of the southern North Sea, Germany. The southern North Sea is a marine environment 

with relatively low proportion of natural hard bottom ecosystems. Observation and monitoring 

of these protected grounds is often difficult due to the heterogeneous habitats and overall low 

visibility. Chapter 2 shows how video sampling methods in combination with environmental 

distribution maps on sediments, currents, and depth can help to model the status quo of biotic 

and abiotic conditions within a German nature conservation area, the “Helgoländer Steingrund” 

(HSG; 54°14.00N and 8°03.00W). Within this study, a new approach using species distribution 

models was tested on presence/absence data of nine benthic species (Echinus esculentus, 

Metridium senile, Cancer pagurus, Phymatolithon spp., Axinella polypoides, Homarus 

gammarus, Flustra foliacea, Alcyonidium diaphanum, Alcyonium digitatum). The species 

distribution models revealed good evaluation measures (true skill statistic >0.7; area under the 
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receiver operation characteristic curve >0.90), implying that the model shows a good predictive 

performance. The outcome of this study is a clear recommendation on SDM application in 

further environmental monitoring programs on the HSG and other protected hard ground areas. 

Chapter 3 compares different hydroacoustic and hydrodynamic measurement tools to improve 

the assessments of the environmental conditions in the study area. Sonar systems, underwater 

videos, and bottom samples were used for mapping and classifying the abiotic and biotic 

components of the habitat. Based on acoustic backscatter data three main seabed types (sand, 

gravel, and hard substrate) were identified. The additional information from underwater videos 

and sediment samples lead to an expansion to six seabed types with different abiotic and biotic 

components. The flanks of the ridge of the HSG and their transition to the surrounding soft-

ground areas were characterized by a distinct dominance of the bryozoa Flustra foliacea and 

Alcyonidium diaphanum. Acoustic Doppler Current Profiler data showed a uniform flow 

pattern across the ridge, and even resolved the local variability of current patterns, dependent 

of the tidal stage and bottom relief. Flow patterns are likely responsible for the zonation of the 

two benthic species.  

The second part of this dissertation focusses on habitat characteristics and succession on 

artificial substrates and environments. Those were in the focus of one-year succession studies 

presented in chapter 4 and chapter 5. The experiments described the establishment of benthic 

communities on concrete cubes (15 x 15 x 15 cm) made from five different concrete mixtures. 

The concrete mixtures contained various cements (Portland cement and blast furnace cements) 

and aggregates (sand, gravel, iron ore and blast furnace slag). Depending on their mixture, 

natural resources were saved, and CO2-emissions were reduced. This makes the materials 

“environmentally friendly”. All cubes were deployed in April 2017. After 12 months, they were 

examined regarding species composition and coverage, followed by statistical analysis 

(PERMANOVA, SIMPER, DIVERSE). One succession study was carried out in a natural hard 

bottom ecosystem near the island of Helgoland (chapter 4). The second study was conducted at 

the JadeWeserPort, Wilhelmshaven, as an example of a recently erected artificial habitat with 

high anthropogenic impact (chapter 5).  

Chapter 4 showed differences in settlement communities for different surface orientation of the 

cubes. Significant differences in settlement communities of the Front/Back side were present 

depending on the used concrete mixtures. Chapter 5 indicated marked differences in settled 

communities at the Port site compared to the natural environments of Helgoland. At the Port 

site community composition did not differ between the concrete mixtures. However, surface 
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orientation of the cubes again revealed significant differences in species abundances and 

compositions. Cubes hold more neobiota in the Port site than in natural hard ground 

environments. Recommendations for the usage of “environmentally friendly” produced 

concrete mixtures are given.  

Regarding new coastal constructions, a sustainable production process of the required building 

materials should always be considered. As long as no significant difference in succession 

patterns and establishment of benthic communities between the “environmentally friendly” 

produced concrete mixtures and those that are commonly provided is present, “environmentally 

friendly” produced mixtures should be used. Anyhow, this is not sufficient to help maintaining 

ecosystem services under future scenarios of climate change. On the one hand, a protection of 

natural hard bottom systems is essential to maintain natural ecosystem service and functioning. 

On the other hand, the potential of artificial structures in restoring ecosystem services should 

not be underestimated. Artificial structures, if they fulfill certain criteria, as the use of 

environmentally friendly produced materials and combine those for instance with an enhanced 

habitat complexity, can, to certain extent compensate for natural habitat losses. If they host high 

biodiversity of native species, they can also be used to protect natural coasts from invasion by 

neobiota. 

 



Zusammenfassung 

 

IV 
 

Zusammenfassung 

Marine Hartbodenökosysteme erbringen einzigartige Ökosystemfunktionen und Dienstleistun-

gen. Sie bieten einen natürlichen Schutz für Küstensysteme weltweit, indem sie große Wellen 

brechen, Überschwemmungen abfangen und Erosionen vermindern. Hartbodenökosysteme 

sind die Kinderstube zahlreicher Organismen und spielen eine wichtige Rolle bei benthisch-

pelagischen Kopplungsprozessen, Nährstoffkreisläufen und bei der natürlichen Reinigung von 

Meereswasser. Der starke Bevölkerungsanstieg in Küstenregionen und das damit einherge-

hende schnelle Wachstum der Küsteninfrastruktur, zusammen mit den Herausforderungen des 

globalen Klimawandels (Meeresspiegelanstieg, Ozeanversauerung), sind eine Bedrohung für 

diese einzigartigen Ökosysteme. Um eine nachhaltige Küstenentwicklung zu fördern und 

natürliche Ökosystemfunktionen und Dienstleistungen zu gewährleisten, ist es wichtig einen 

Fokus auf die Unterstützung und den Erhalt lokaler Biodiversität zu legen. Während auf der 

einen Seite ein dringender Bedarf besteht, die noch verbliebenen natürlichen Hartboden-

ökosysteme zu schützen, ist andererseits ein Umdenken der Art und Weise wie neue Küsten-

infrastrukturen gebaut werden sollten unumgänglich. Technische Lösungen sollten den Erhalt 

des lokalen Artenreichtums zum Ziel haben, während gleichzeitig eine Ressourcen schonende 

Produktion neuer Baustoffe angestrebt werden muss.  

Das Hauptziel der vorliegenden Arbeit lag darin, Einflüsse für die Etablierung benthischer 

Gemeinschaften in natürlichen und künstlichen Hartbodensystemen zu definieren. Es wurde 

der Einfluss unterschiedlicher physikalischer Umweltbedingungen und Substrateigenschaften 

auf die Besiedlungsprozesse und die Gründung von Artgemeinschaften untersucht. Darüber 

hinaus wurden die Risiken der Etablierung invasiver Arten auf natürlichen und künstlichen 

Strukturen sowie die Möglichkeit, natürliche Ökosystemleistungen als Invasionsschutz in 

künstliche Umgebungen zu implementieren, diskutiert. 

Der erste Teil der vorliegenden Dissertation beschäftigt sich mit den Habitateigenschaften 

natürlicher Hartbodenökosysteme der deutschen Bucht. Im diesem Teil der Nordsee kommen 

natürliche Hartbodenökosysteme nur zu einem sehr geringen Anteil vor. Die Beobachtung und 

das Monitoring in diesen Gebieten gestaltet sich aufgrund der Heterogenität und schlechten 

Sichtverhältnisse am Meeresgrund oft schwierig.  

Kapitel 2 zeigt, wie durch die Messung abiotischer Parameter (Tiefe, Sediment, Strömung) und 

biotischer Daten aus Videotransektfahrten Artverbreitungskarten im Naturschutzgebiet 

„Helgoländer Steingrund“ (45°14.00 N; 8°03.00 W) modelliert wurden. Es wurde ein neuer 
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Ansatz der Verwendung von Artverbreitungsmodellen durch die Analyse der An-/ 

Abwesenheitsdaten von neun benthischen Arten getestet (Echinus esculentus, Metridium senile, 

Cancer pagurus, Phymatolithon spp., Axinella polypoides, Homarus gammarus, Flustra 

foliacea, Alcyonidium diaphanum, Alcyonium digitatum). Die Artverbreitungsmodelle zeigten 

gute Bewertungsmaße (true skill statistic >0.7; area under the receiver operation characteristic 

curve >0.90). Dies bedeutet, dass die Modelle eine gute Vorhersageleistung zeigten. Daraus 

ergibt sich eine klare Empfehlung zur Anwendung von Artverbreitungsmodellen im weiteren 

Monitoring des „Helgoländer Steingrund“ und anderer geschützter Hartbodengebiete der 

deutschen Bucht. 

Kapitel 3 vergleicht verschiedene hydroakustische und hydrodynamische Messmethoden, um 

die Aufnahme von Umweltbedingungen im Untersuchungsgebiet zu verbessern. Sonarsysteme, 

Unterwasservideos und Bodenproben wurden zur Kartierung und Klassifizierung der 

abiotischen und biotischen Komponenten des Habitats verwendet. Basierend auf akustischen 

Rückstreudaten wurden drei Meeresbodentypen (Sand, Kies und hartes Substrat) identifiziert. 

Die zusätzlichen Informationen aus Unterwasservideos und Sedimentbodenproben führten zu 

einer Erweiterung auf sechs Meeresbodentypen mit verschiedenen abiotischen und biotischen 

Komponenten. Der Übergang zwischen Hartsubstrat und Sand in den Randbereichen des 

„Helgoländer Steingrund“ zeigte eine deutliche Dominanz der Bryozoen Flustra foliacea und 

Alcyonidium diaphanum. Die Dominanz dieser Arten wurde durch Strömungsmuster erklärt, 

die durch die Auswertung der Daten eines akustischen Doppler-Strömungsprofilers identifiziert 

wurden. Die Daten des Profilers zeigten ein gleichmäßiges Strömungsmuster über den Kamm 

des Steingrunds, sowie eine lokale Variabilität in Abhängigkeit der Gezeitenphase. 

Der zweite Teil dieser Dissertation beschäftigt sich mit Habitateigenschaften und Sukzession 

auf künstlichen Substraten und in anthropogenen Umgebungen. Künstliche Substrate standen 

im Fokus von einjährigen Besiedlungsstudien, die in Kapitel 4 und Kapitel 5 vorgestellt werden. 

Die Experimente beschreiben die Etablierung benthischer Gemeinschaften auf Betonwürfeln 

(15 x 15 x 15 cm) aus fünf verschiedenen Betonmischungen. Die Mischungen enthielten 

verschiedene Zemente (Portlandzement und Hochofenzemente) und Zuschlagstoffe (Sand, 

Kies, Eisenerz und Hochofenschlacke). Je nach Herstellungsart wurden natürliche Ressourcen 

eingespart und der CO2-Ausstoß im Herstellungsprozess der Materialien verringert. Dies macht 

die Baustoffe „umweltfreundlicher“. Alle Würfel wurden im April 2017 im Meer ausgebracht. 

Nach 12 Monaten wurden sie auf Artenzusammensetzung und -bedeckung untersucht und 

anschließend statistisch ausgewertet (PERMANOVA, SIMPER, DIVERSE). Eine Besied-
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lungsstudie wurde in einem natürlichen Hartbodenökosystem in der Nähe der Insel Helgoland 

durchgeführt (Kapitel 4). Die zweite Studie wurde am JadeWeserPort, Wilhelmshaven, einem 

Raum mit hohem anthropogenen Einfluss durchgeführt (Kapitel 5). 

In Kapitel 4 wurden Unterschiede in den Artgemeinschaften für die unterschiedlichen 

Oberflächenorientierungen der Würfel aufgezeigt. Zusätzlich wurden signifikante Unterschiede 

in den Artgemeinschaften der Vorder- und Rückseiten, jeweils abhängig von den verwendeten 

Betonbeimischungen, nachgewiesen. In Kapitel 5 wurden deutliche Unterschiede zwischen den 

Artgemeinschaften des Hafenstandorts JadeWeserPort im Vergleich zur natürlichen Umgebung 

vor Helgoland gezeigt. Während die Oberflächenorientierung der Würfel signifikante 

Unterschiede in der Häufigkeit und Zusammensetzung der Arten aufwies, zeigten sich keine 

Unterschiede in Abhängigkeit der Betonbeimischungen. Im JadeWeserPort fanden sich mehr 

Neobiota auf den Betonwürfeln, als vor Helgoland. Das Kapitel schließt mit Empfehlungen für 

den Einsatz von „umweltfreundlich“ hergestellten Betonmischungen. 

Wird in Küstenregionen neu gebaut, sollte immer auf eine nachhaltige Herstellung der 

benötigten Baustoffe geachtet werden. Solange kein signifikanter Unterschied in der 

Sukzession und Etablierung benthischer Artgemeinschaften zwischen den „umweltfreundlich“ 

hergestellten Betonmischungen und den üblicherweise bereitgestellten Mischungen besteht, 

sollte auf die „umweltfreundlich“ hergestellten Mischungen zurück gegriffen werden. Dies 

allein wird jedoch nicht ausreichen, um in zukünftigen Szenarien des Klimawandels zur 

Erhaltung der Ökosystemdienstleistungen von Hartbodenhabitaten beizutragen. Einerseits ist 

der Schutz natürlicher Hartbodensysteme unerlässlich, um die natürlichen Ökosystem-

dienstleistungen und -funktionen aufrechtzuerhalten, andererseits ist das Potenzial künstlicher 

Strukturen zur Wiederherstellung von Ökosystemdienstleistungen nicht zu unterschätzen. 

Künstliche Strukturen können, durch die Erfüllung bestimmter Kriterien wie beispielsweise die 

Verwendung von „umweltfreundlich“ hergestellter Materialien, kombiniert mit einer erhöhten 

Habitatkomplexität, natürliche Habitatverluste bis zu einem gewissen Grad kompensieren. 

Wenn anthropogene Lebensräume beispielsweise eine hohe Artenvielfalt einheimischer Arten 

beherbergen, können sie so zum natürlichen Schutz der Küsten vor invasiven Arten beitragen. 
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1.1. Marine hard bottom communities 

Marine hard bottom ecosystems represent an evolutionary heritage. Species richness of these 

systems is comparable to tropical rainforests, but its functional diversity is superior (Wahl 

2009). Thus, hard bottoms belong to the most productive and diverse ecosystems on our planet. 

Through their taxonomical and functional diversity as well as their internal dynamics, 

communities in hard bottom systems provide irreplaceable ecosystem services such as nutrient 

cycling, water purification, benthic-pelagic coupling, or nursery grounds for juveniles (Little 

and Kitching 1996; Wahl 2009).  

Since a large proportion of hard bottom communities worldwide is located in shallow and near-

shore regions (Little and Kitching 1996; Halpern et al. 2008; Wahl 2009) they are particularly 

prone to impacts of human activities (Firth et al. 2014). With ongoing climate change, and 

anthropogenic pressures like over-fishing, eutrophication, invasions or restructuring of 

coastlines, marine hard bottom ecosystems will structurally reorganize over the coming decades 

as well (Thompson et al. 2002; Airoldi et al. 2008, 2021; Wahl 2009). Consequences will be 

shifts in ecosystem services and functions (Thompson et al. 2002; Branch et al. 2008; Wahl 

2009; Firth et al. 2014; Bishop et al. 2017).  

Mobile forms are not exclusively restricted to one substratum type, therefore most studies on 

species of hard bottom communities concentrate on sessile taxa (Witman and Dayton 2001; 

Bonnici et al. 2018). Sessile taxa include all major macroalgal groups, sponges, most cnidarians, 

few bivalves and sessile gastropods, most bryozoans and phoronids, few boring urchins, tube 

building annelids, and all ascidians (Wahl 2009). 

Hard bottom systems can be subdivided into three different types of substratum: (1) Natural 

substrate – mineral substrata: natural rock surfaces or surfaces of organic origin e.g. valves or 

dead clams; (2) Artificial substrate – all of anthropogenic origin; (3) Biogenic (living) surfaces 

(Davis 2009). This dissertation focuses on the first and second type of substratum. 

 

1.2. Establishment and stability of benthic communities 

Community establishment is a continuous succession process which is characterized by both 

physical and biological interactions (Noël et al. 2009). Succession as such is defined as 

replacement of species during recolonization following a disturbance or the creation of new 

substrata (Noël et al. 2009; Sousa and Connell 1992). The colonization of completely new 

substrate, occurring naturally after an earthquake or by volcanic action, or artificially by the 
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building of new constructions, creating new space for species to settle is called primary 

succession. Secondary succession follows physical disturbances e.g. waves, ice or sediment 

scouring, or follows the relaxation of grazing pressure and is defined as the colonization of 

substrate which may still be partly occupied (Noël et al. 2009). 

In marine benthic communities, primary succession starts with physiochemical events, 

occurring on a very small spatial scale and is followed by biological colonization by bacteria 

and diatoms (Wahl 1989). The observation of species communities after one year of deployment 

is often described or seen as a temporary “final stage” of succession as most of the substrata 

should be covered by macrofauna organisms >1 cm, and subsequently only small changes in 

community structure should occur (Noël et al. 2009) (Fig 1). However, succession time vary 

within different regions, and is highly dependent on material and substrate (Sousa and Connell 

1992; Benedetti-Cecchi 2000a, b; Lukens and Selberg 2004).  

 

 

Fig. 1 Generalized schematic model of the succession process (fouling sequence) leading to community 

establishment (modified from Wahl 1989). Macromolecules were nearly instantaneously adsorbed 

followed by prokaryote fouling. Diatoms typically settle from the first to second day onward. Larvae 

and algal spores follow with a lag of one to several weeks (Noël et al. 2009) 

 

Three different succession models describe the interaction between different species during 

their settlement on open space: facilitation, tolerance, and inhibition (Connell and Slatyer 

1977).  

Facilitation describes the importance of early settlers. The settlement of propagules of species 

is necessary for subsequent development of other species. Tolerance suggests that succession 

is independent of interspecific interaction effect between early and late colonizers. However, a 

more efficient resource use might exclude early colonizers by their competitors. Inhibition 

means that early settlers block the colonization of later stages. This is due to an increased 
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biodiversity in early succession stages. Here, superior competitors dominate over the 

colonization of new species.  

Even though the models of Connell and Slatyer (1977) are criticized for their oversimplification 

of nature, and for offering little predictive power (Benedetti-Cecchi 2000a), they have given a 

useful classification on succession processes and have had an enormous influence on 

subsequent experimental studies (Noël et al. 2009). 

 

1.3. Natural hard bottom habitats in marine coastal environments 

Natural stony and coarse-grained habitats, also often referred to as rocky reefs (Taylor 1998), 

provide important ecological functions for the marine environment. The complexity of seabed 

characteristics and their surface structures provide different microhabitats leading to a high 

biodiversity compared to surrounding soft bottom areas (Wenner et al. 1983; de Kluijver 1991; 

Kühne 1992; Kühne and Rachor 1996; Kostylev et al. 2005; Diesing et al. 2009). Diversity and 

community structure can differ among regions, but hard bottom habitats worldwide show broad 

similarities in their distribution patterns of subtidal species (Little and Kitching 1996). Habitats 

of temperate-boreal rocky coastlines tend to be dominated by macroalgae at shallow depth, 

giving way to sessile invertebrates as light levels diminish or grazing increases (Witman and 

Dayton 2001). Macroalgae, which are structuring rocky coastlines and hard grounds in 

temperate regions, are far less dominant in tropical regions. Here, habitats are rather fringed 

with coral reefs or dominated by sessile invertebrates such as sponges, gorgonians, anemones, 

bryozoans, and ascidians (Santileces et al. 2009). Marine subtidal hard substrates provide 

essential functions in marine ecosystems (Taylor 1998; Firth et al. 2016). They act as settling 

grounds, shelter, feeding and nursery grounds for diverse sessile and mobile marine animal 

communities. The scattered occurrence of such habitats represent stepping stones for the 

dispersal and potential biogeographical range shifts of organisms, e.g. in response to 

environmental change (Firth et al. 2016; Airoldi et al. 2021). 

 

1.3.1. Natural hard bottom habitats in the German Bight, southern North Sea 

The southern North Sea is a marine environment with relatively low proportion of natural hard 

bottom habitats (Pratje 1951; Bartholomä et al. 2019; Michaelis et al. 2019a). The majority is 

regarded as residues of the end moraines of the Saalian and Weichselian stages of the last 
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Glacial Period (Pratje 1951). Coarse-grained areas with very coarse boulders are rare in the 

German North Sea (Fig 2). 

Strong geomorphological gradients have been described for hard substrates in the closer vicinity 

of Helgoland Island, located 50 km from the nearest mainland (Eidersterdt) in the German Bight 

(Mielck et al. 2014; Hass et al. 2016; Holler et al. 2017). Grain size up to boulders, and a 

smoother topographic relief occur in the “Sylter Außenriff” area (Feldens et al. 2018; 

Papenmeier and Hass 2018). An even smoother relief characterizes the “Helgoländer 

Steingrund”, which is known as one of the rare hard substrates consisting of cobblestone-size 

to small boulders deposits. In contrast to the widespread and spatially distributed deposits of 

the “Sylter Außenriff”, the “Helgoländer Steingrund” is shaped as a half-moon hard substrate 

ridge, with different hydrodynamic regimes characterizing the western and the eastern flanks.  

 

 

Fig. 2 Hard ground areas in the German Bight (Michaelis et al. 2019a): Areas containing gravel and 

stones (black areas) in the German Bight. Colored dots indicate the presence of substrate sizes in the 

range of cobbles to large boulders. White dots show stations with sand only. Bathymetric data were 

provided by the German Federal Maritime and Hydrographic Agency (BSH, 2018).  
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Hard substrates located in the southern North Sea hold important ecological habitat functions, 

as they are nursery and feeding grounds for various fishes, and provide substrate for sessile taxa 

to settle. The consequences of anthropogenic disturbances, due to an increase in oil and gas 

exploitation, sand extraction, stone extraction, fisheries, and by the installation of offshore wind 

farms, are still unclear (Gray 1997; Crowe et al. 2000; Airoldi and Beck 2007; Wahl 2009). 

Investigations on epibenthic reef communities in the German Bight (SE North Sea), are to date 

mostly performed in intertidal zones and in sites dominated by macroalgae around the island of 

Helgoland (e.g. Schultze et al. 1990; Bartsch and Tittley 2004; Franke and Gutow 2004; 

Reichert et al. 2008). Studies on subtidal hard substrates are rare (de Kluijver 1991; Kühne and 

Rachor 1996; Coolen et al. 2015; Michaelis et al. 2019a, b). Settlement of macrofauna 

communities is influenced by the availability of solar radiation for photosynthesis of 

macroalgae and by the exposition to water currents (de Kluijver 1991). Kühne and Rachor 1996 

and Coolen et al. 2015 highlight the importance of different substrates for the establishment of 

benthic communities. The latter studies provide extensive species lists including e.g. 

anthozoans, bryozoans and polychaetes, but mapping of species distribution in heterogeneous 

habitats has not occurred. Recently, the distance to shore lines as well as the importance of the 

size of the colonized hard substrate was discussed by non-destructive video sampling methods 

(Michaelis et al. 2019b).  

 

1.3.2. Natural hard bottom study site – Helgoland Island 

Helgoland represents a geologically and ecologically unique location in the south-eastern part 

of the North Sea (Fig. 2) with a rocky intertidal and subtidal area covering about 35 km2, 

designated as a nature reserve since 1981 (Franke and Gutow 2004). Helgoland is 

geographically and ecologically isolated from similar areas in Norway and Britain by some 

hundred kilometers of sandy or muddy soft bottoms (Franke and Gutow 2004). The marine 

environment displays an offshore character, influenced by the North Sea water body (Martens 

1978). The area is considered relatively unpolluted, compared to more inshore localities in the 

southern North Sea (de Kluijver 1991). 

While the intertidal areas of Helgoland have been subject to many studies on the composition 

and interaction of benthic macrofauna and algal communities, relatively little is known from its 

subtidal areas (Kühne and Rachor 1996; Bartholomä et al. 2019; Becker et al. 2019; Michaelis 

et al. 2019a). A long-term study on the benthic macrofauna was carried out for the years 1900-

2004 for monitoring purposes. Here, 402 taxa were found in all tidal and subtidal regions around 
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Helgoland between 1950-2004 (Boos et al. 2004). However, only one study was capturing 

macrofauna and algal communities with subtidal sampling points in close proximity to 

Helgoland Island (de Kluijver 1991). Since then, no comparable studies have been carried out 

in these regions (Bartsch and Tittley 2004; Boos et al. 2004). As significant changes were found 

within the distribution and composition of algal species as result of increasing water 

transparency since 1975 (Pehlke and Bartsch 2008), it is likely that changes due to the changing 

environments have also occurred in macrofauna communities. 

 

1.3.3. Natural hard bottom study site – “Helgoländer Steingrund” 

The “Helgoländer Steingrund” (HSG; 54°14.00N and 8°03.00W, Fig. 3), an area of ~159 ha, is 

located approx. 11 km east-northeast of the Helgoland main island in the German Bight, North 

Sea (Fig. 3) (Stocks 1955; Schulz 1983; Kühne 1992; Kühne and Rachor 1996; Dederer and 

Schneider 2015). It is included in the Flora-Fauna-Habitat guidelines established in 1992 and 

is part of BFN nature conservation areas (Schleswig-Holstein Ministerium für Energiewende 

2016; BFNReport477 2018). Geologically, the HSG is part of a crescent-shaped end moraine, 

dated back to the Warthe and partly to the Vistula stages of the Saale glaciation (Pratje 1951; 

Schulz 1983). The sediment is composed of medium to coarse sands, locally mixed with 

boulders and pebbles; shallower parts are mainly covered by boulders (Schulz 1983; Kühne 

1992). The HSG is formed by several smaller elevations and ground depressions (Schulz 1983). 

Its shallowest parts lie at depth around 9 m, while surrounding areas are 15-18 m deep (Stocks 

1955; Schulz 1983; Kühne 1992; Dederer et al. 2015). Semi-diurnal tide occurs with a range of 

~1.5 m. The tidal current model of the Federal Maritime and Hydrographic Agency (Bundesamt 

für Seeschifffahrt und Hydrographie, BSH) shows surface currents velocities between 

decimeters and more than 1 m/s. 

The fauna and flora of the HSG is clearly separated from other areas of the German Bight. The 

heterogeneity and complexity of the habitat and the otherwise limited availability of natural 

hard grounds in the German Bight has led to its high biodiversity (Kühne 1992; Kühne and 

Rachor 1996; Dederer et al. 2015). Dederer et al. 2015 have published a detailed taxa list. A 

total of 128 hard ground associated taxa have been identified by scuba diving methods, for 

instance in situ sampling with counting frames, and usage of different photo and video systems 

(Dederer et al. 2015). Earlier studies with taxonomic background were published by de Kluijver 

(1991) and Kühne and Rachor (1996). Communities are dominated by the keelworm 

Spirobranchus triqueter (Polychaeta), dead man’s fingers Alcyonium digitatum (Anthozoa), 
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encrusting red algae Phymatolithon spp., and hornwrack Flustra foliacea (Bryozoa) (de 

Kluijver 1991; Kühne and Rachor 1996; Dederer et al. 2015).  

 

 

Fig. 3 Study site “Helgoländer Steingrund”, North Sea, Germany. a) The red star marks the location of 

the study site (54° 14.00 N and 8° 03.00 W) within the German North Sea; b) Location of the 

“Helgoländer Steingrund”, about 11 km east-northeast of Helgoland; (Bathymetry data: Sievers et al. 

2020) c) Topography of the study area “Helgoländer Steingrund”, shown by backscatter mosaic data 

retrieved from Sidescan Sonar backscatter measurements. 

 

1.4. Artificial substrates in marine coastal environments 

Coastal development is a burning issue worldwide (Firth et al. 2020; O’Shaughnessy et al. 2020; 

Airoldi et al. 2021; Strain et al. 2021). The exponential growth of human populations as well 

as global changes, such as sea-level rise and an increased frequency of extreme meteorological 
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events (e.g. storms), will further accelerate the transformation of coastal habitats (McGranahan 

et al. 2007; Halpern et al. 2008; Bulleri and Chapman 2010; Tessler et al. 2015; Firth et al. 

2020; Airoldi et al. 2021; Strain et al. 2021). Coastlines globally have been transformed to 

sustain human activity, with the consequence of irreversible modification of natural systems 

(Halpern et al. 2008; Knights et al. 2016; O’Shaughnessy et al. 2020). Human activities include 

shipping and transportation, residential and commercial development, as well as the creation of 

artificial defense structures to protect urban infrastructure (i.e. seawalls, breakwaters, groynes). 

The term “ocean sprawl” describes the proliferation of artificial structures in marine and coastal 

environments, and the subsequent modification and loss of natural substrata (Duarte et al. 2013; 

Firth et al. 2016; Bishop et al. 2017; Heery et al. 2017).  

In most cases artificial structures directly replace natural habitats (Airoldi and Beck 2007). In 

urbanized centers, artificial structures even form their own intertidal and subtidal habitats 

(Russel et al. 1983; Davis et al. 2002; Chapman and Bulleri 2003; Airoldi et al. 2005; Airoldi 

and Beck 2007; Bulleri and Chapman 2010). The result of a replacement of natural habitats by 

artificial structures is habitat fragmentation (Krauss et al. 2010) and a disruption of natural 

ecological connectivity (Firth et al. 2016; Bishop et al. 2017). Changes in the geomorphology 

and hydrodynamics of the surrounding habitats are known consequences of ocean sprawl 

(Dugan et al. 2008; Nordstrom 2014). In sandy bottom habitat for instance, the morphology of 

coastlines in close proximity to artificial structures can be modified by a change in longshore 

sediment transport though changes in wave activity by artificial structures (Dugan et al. 2008; 

Nordstrom 2014). Runoff from roads and buildings facilitate an increased input of nutrients and 

pollutants in adjacent water bodies (Barnes et al. 2002; Arnold and Gibbons 2007; Wicke et al. 

2012) The loss of natural ecosystem functions and services is highly controversial (Bulleri and 

Chapman 2010; Todd et al. 2019; Airoldi et al. 2021). 

Studies on ecological issues connected to the introduction of artificial structures have to date 

received relatively little attention (Southward and Orton 1954; Glasby and Connell 1999; 

Hawkins et al. 2002; Chapman 2003; Bulleri 2006; Bulleri and Chapman 2010; Assi et al. 2018; 

Bonnici et al. 2018). Bulleri and Chapman (2010) explained: “Compared to artificial reefs, 

coastal infrastructure has never been built with the objective to enhance populations of certain 

marine species or particular taxa.” Thus, changes caused to biota have long time been 

considered a side effect. However, present coastal infrastructures do not function as surrogate 

for natural marine habitats. In contrast to natural hard ground environments, artificial substrata 

support species typical to hard bottoms but are not analogues of natural rocky or biogenic 
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habitats (Glasby and Connell 1999; Bulleri 2005a). Ecological impacts of coastal infrastructure 

vary according to the nature of surrounding habitats (Bulleri 2005b). 

Impacts of artificial surfaces in natural hard ground environments are considered not to alter 

the fundamental nature of the natural habitat, especially when surfaces consist of natural stones 

(Southward and Orton 1954; Hawkins et al. 1983; Thompson et al. 2002; Branch et al. 2008). 

But there is mounting evidence that structure and functioning of communities associated with 

artificial structures differ from natural habitats (Glasby and Connell 1999; Rilov and Benayahu 

2000; Perkol-Finkel and Benayahu 2004; Moschella et al. 2005; Clynick et al. 2009; Lam et al. 

2009; Perkol-Finkel and Sella 2015; Sella and Perkol Finkel 2015). While natural habitats slope 

gently or have heterogeneous topography, artificial constructions frequently provide vertical 

habitat (Chapman 2003; Perkol-Finkel and Benayahu 2004; Moschella et al. 2005; Lam et al. 

2009). This can lead to highly increased densities of certain species and to an increased strength 

of interspecific interactions (Moreira et al. 2006; Bulleri and Chapman 2010). 

In the case of coastal infrastructure being built in areas which otherwise are characterized as 

soft bottom habitats, artificial substrate create strong changes in species composition, 

abundance and diversity (Bacchiocchi and Airoldi 2003). Here, especially the proximity to 

natural rocky coastlines or reefs influence community characteristics (Airoldi et al. 2009; 

Clynick et al. 2009). Coastal constructions within ecosystems dominated by soft bottoms 

typically show a high biomass but consist of few non-specialist macrofauna species. 

Communities on artificial structures adjacent to areas where natural hard grounds and reefs are 

present are much more diverse. However, they still never reach the diversity of its surrounding 

natural hard ground habitats (Airoldi et al. 2008). 

 

1.4.1. Neobiota in artificial construction sites 

It is known that especially artificial structures seem to be susceptible to invasion (Bulleri and 

Airoldi 2005; Glasby et al. 2007; Neves et al. 2007; Tyrrell and Byers 2007). Especially 

globalization and extended marine traffic together with an increasing infrastructure on coasts 

worldwide increase the risk of introducing non-indigenous species, so-called neobiota (Bulleri 

and Chapman 2010). Artificial structures in big ports, which are connected to shipping routes 

worldwide, hold potential risks for the introduction of neobiota. They appear in greater 

proportions on artificial structures than in adjacent natural habitats (Glasby et al. 2007). 

Reasons might entail a higher tolerance to environmental stressors (Dafforn et al. 2009), 
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reduced competitive interaction with extant species, or lower mortality because of predation 

(Elton 1958; Keane and Crawley 2002). 

Closely connected systems of artificial structures, for instance along the European coastlines, 

provide additional dispersal routes for neobiota, causing drastic changes also to natural 

environments close by (Glasby and Connell 1999; Glasby et al. 2007). Environmental agencies 

worldwide closely monitor species causing such changes to the natural marine environment, 

particularly under the European Water Framework Directive (Mostert 2003) and the Marine 

Strategy Framework Directive (Olenin et al. 2010).  

 

1.4.2. Impact of material types – The example of concrete 

Coastal constructions often consist of “unnatural material”. Concrete, plastic, or metal are 

expected to influence settlement and recruitment of benthic species by differences in their 

physical properties compared to natural materials (Svane and Petersen 2001; Perkol-Finkel and 

Benayahu 2004; Chapman and Clynick 2006; Bulleri and Chapman 2010).  

Material structure plays an important role for species settlement and diversity. Small 

microhabitats, like those formed by natural rock pools or overhangs are mostly missing in 

artificial structures. However, these structures are important for post-settlement survival of 

plant or animal propagules. Adding microhabitat complexity to an otherwise smooth vertical 

wall enhances biodiversity and raises the ecological value of artificial structures (Dyson and 

Yocom 2015). The awareness of the positive effects of so-called “ecological designs” in urban 

environments is just starting off (Dyson and Yocom 2015; Perkol-Finkel and Sella 2019). 

However, over the past decades several new approaches were tested with the goal to recover 

neglected ecosystem services by integrating knowledge of ecosystem processes and functions 

into urban design practices (Firth et al. 2014; Perkol-Finkel and Sella 2014; Dyson and Yocom 

2015; Sella and Perkol Finkel 2015). The process to successfully integrate human society into 

the natural environment for the benefit of both is labelled “ecological engineering” 

(O’Shaughnessy et al. 2020). Ecological engineering techniques combine the fixed 

environmental context of artificial structures (e.g. tidal position, geographic position), their 

associated biodiversity (i.e., the variety of living organisms) and their role in ecological 

functioning (O’Shaughnessy et al. 2020). A catalogue for ecological engineering of coastal 

artificial structures suggesting a multifunctional approach for stakeholders and end-users has 

been published recently (O’Shaughnessy et al. 2020). 
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Concrete has been used in seawater-exposed artificial structures (e.g. harbors, causeways, 

dikes, piers, locks and breakwaters) for decades and is one of the most common materials in 

coastal constructions worldwide (Bijen 1996; Kosmatka et al. 2008). Due to its availability, 

durability (50-100 years), formability, and low price, concrete has become one of the most 

common construction materials worldwide (Jensen and Glavind 2002).  

Concrete is a mixture of cement, aggregates, water and small quantities of additives. The 

cement-water paste "glues" the aggregates into a rocklike mass as the paste hardens because of 

the hydration process forming Calcium-Silicate-Hydrates (Locher 2006). The quality of the 

hardened concrete (strength, durability for 50-100 years) depends upon the quality of its 

constituents, mainly upon cement and aggregates, as well as the quality of the execution of 

construction work. 

The present concrete manufacturing industry is under pressure. Cement production makes up 

5-8% of the total anthropogenic CO2-emissions worldwide, due to the calcination process of 

limestone and the thermal energy demand for Portland cement clinker production (Humphreys 

and Mahasenan 2002; Crow 2008; Assi et al. 2018). Portland-cement clinker is a solid material 

produced in the manufacture as an intermediary product in cement production (Kosmatka et al. 

2008). Due to an exploding demand and non-acceptance of additional mining activities, the 

availability of natural resources commonly used for the aggregates (usually sand and gravel or 

crushed stone) is limited (Crow 2008; Assi et al. 2018; United Nations Envionment Programme 

2019). This makes the reduction of Portland cement production and the increase of 

supplementary cementitious materials, like granulated blast furnace slags, a byproduct of pig 

iron production, a dominant topic in the cement industry (Schneider et al. 2011; Ehrenberg 

2015; bbs 2016). It is increasingly important to substitute natural aggregates by industrial by-

products, also for the concrete producers (bbs 2016). 

Within the construction industry, the term “environmentally friendly concrete” refers mainly to 

the production process (raw materials demand, CO2 emission) and technical aspects (long term 

durability). Promising is the use of slags from metal production (e.g. steel, copper). These offer 

technical advantages due to their mineral properties and have been used in road construction 

and armor stones for decades (EC 1988). For that purpose, technical and environmental 

requirements are defined in standards and delivery terms. However, for the aquatic 

environments, their usage is controversially discussed as there might be unforeseen problems 

due to uncontrolled leaching of heavy metals out of pure slag stones (BfG 2008).  

Regarding environmental aspects, the leaching behavior of concrete has been analyzed in order 

to protect mainly the groundwater (Dijkstra and van der Sloot 2013). However, due to the 
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binding capacity of the Calcium-Silicate-Hydrates and a very dense pore structure, the leaching 

of heavy metals should be negligible. In general, and also to protect the marine environment, 

the usage of alternative materials is regulated depending on the place of its usage, because the 

European concrete standard EN 206 is not universally aligned. While e.g. the Netherlands allow 

the use of slags as concrete aggregates, in Germany their use is linked to strong requirements 

regarding the solid content of heavy metals, in particular Chromium.  

Hitherto, little is known on how marine species react to differences in the composition of 

concrete materials. Species composition and settlement processes might still provide important 

information on the appropriateness of the use of alternative concrete materials. The few existing 

international studies show that species react and respond to differences in concrete mixtures 

(Perkol-Finkel et al. 2008; Perkol-Finkel and Sella 2015; Sella and Perkol Finkel 2015). 

Encrusting species, e.g. barnacles or tube building Polychaeta can even improve the strength of 

concrete materials (Perkol-Finkel and Sella 2015). 

Positive experiences exist in Japan and Korea for using pure (unbound) steel slags for the 

construction of artificial seaweed beds (Nakagawa et al. 2010). Some investigations were 

conducted related to a potential impact of pure electric arc furnace slag being used as armor 

stones in the Elbe river (Karbe and Ringelband 1995). The results indicate that heavy metal 

content of algae growing on the slags might increase. However, for some elements like 

Vanadium this was only observed for the first algal generation. After removing the plants and 

during a new storing period of the slag samples under water, there was no difference detected 

in the Vanadium content of algae growing on slags and on natural stones. A report from the 

German Federal Institute for Hydrology (BfG 2008) reviewed further studies on pure armor 

stones made from different types of metallurgical slags in German rivers, indicating an 

accumulation of heavy metals in macrofauna. However, more systematic investigations are 

required. In contrast, investigations in the Netherlands on the use of steel slags in mesocosm 

experiments and in the field revealed that heavy metal concentrations increased in short term 

but, under the condition of fresh water exchange, no negative impact of heavy metals on the 

ecosystems became apparent (Oosterschelde region; (Foekema et al. 2016). 

The experiments from the Netherlands also indicate that the leaching behavior of pure by-

products can have different impacts depending on the surrounding environment (Foekema et 

al. 2016). Under conditions of low turbulence, like in a channel, the water exchange and thus 

the water/slag ratio is much lower than in a river or the open ocean. Therefore, the impact on 

the environment will be more drastic in a small channel than in a bigger floating system. 
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1.4.3. Study site for artificial materials – The JadeWeserPort 

 

Fig. 4 Study site – JadeWeserPort, Wilhelmshaven, southern North Sea, Germany a) Location of the 

Port b) Overview on the port facilities c) deployment site, service port (Photographs are used with 

permission of the JadeWeserPort)  

 

The JadeWeserPort is the easternmost deep-water port from the Nordrange, meaning a list of 

the most important continental European Ports of the North Sea. It is tide-independent till 18 m 

water depth (Fig 4) (JWP 2020a). Port construction started in 2008. In April 2012 its trial 

operation started and the port has been running official business since September 2012 (JWP 

2020a). It holds 130 hectares of Container Terminals out of 340 hectares total area. It has a 

turnover capacity of 2.7 million TEU/year (JWP 2020b). In 2019, transfers of 29.29 million t 

were documented which is +7 % compared to 2018 (Jahrespressekonferenz Niedersächsiche 

Seehäfen 2020). 

The neobiota report of the German coast lines 2014 (Rhode et al. 2015) reports a total of 116 

taxa for the JadeWeserPort, of which 17 were neobiota to the German North Sea coastline. 

Swimming pontoons, located in the so-called service port, were reported as the species richest 

habitat of the harbor (Rhode et al. 2015). Here, a total of 63 Taxa were found; 14 of them were 

neobiota (Rhode et al. 2015).   
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1.5. Objectives of the thesis  

Multitudes of environmental aspects influence the ecology of natural and artificial hard bottom 

systems in marine coastal environments. Substrate characteristics influence for instance 

settlement and community stability. This dissertation will specifically address the following 

objectives: 

a. define key roles of natural and artificial substrates with regard to production and 

ecosystem services 

b. characterise how natural and artificial substrates affect the establishment of benthic 

communities 

c. analyse the significance of artificial substrates as stepping stones for biological 

invaders 

For this, the following questions were addressed: 

1. What kind of ecosystem services are provided by natural coastal systems and how can 

they be implemented into marine artificial environments? 

2. What are the main drivers in benthic community establishment of natural and artificial 

habitats? 

3. What is an “environmentally friendly” artificial material? 

4. What are the risks of natural and artificial structures regarding invasion by neobiota 

and which measures can be taken to protect natural and artificial grounds? 

 

1.6. Thesis outline 

All studies presented in this dissertation were conducted in the southern North Sea areas of the 

German Bight. The target of Chapter 2 and Chapter 3 was to observe and combine biotic and 

abiotic environmental conditions of a natural hard bottom system of the German Bight. Two 

interdisciplinary studies were conducted in the “Helgoländer Steingrund”, a subtidal natural 

hard bottom area off Helgoland Island. In the field, different tools of hydroacoustic (Side Scan 

Sonar, sediment sampling), and hydrodynamic systems (ADCP), as well as the relatively new 

tool of non-destructive video analysis were applied to provide a comprehensive understanding 

of environmental conditions in an area with low visibility and high habitat complexity. 

Chapter 2 describes the use of presence/absence data of species, generated by ground truth 

video sampling as the basis for modeling high quality small-scale distribution maps of benthic 
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species. Since available datasets on the distribution of sediments and local current conditions 

were not up-to-date, hydroacoustic grids on sediments, depth and velocities needed to be 

generated in advance. Challenging was the heterogeneity and low visibility of the “Helgoländer 

Steingrund”. 

Chapter 3 further adds and discusses information on hydrodynamic and hydroacoustic 

measurements in the area of the “Helgoländer Steingrund”. Special focus was laid on the 

comparison of different hydroacoustic and hydrodynamic measurement tools adding  

information to peculiarities of the environmental conditions in the study area. The difficulties 

and limitations of hydrodynamic and hydroacoustic tools in gaining precise information while 

working in an area with high habitat complexity and low visibility are discussed. 

Chapter 4 and Chapter 5 describe the establishment of benthic communities on cubes (15 x 

15 x 15 cm) made of five different concrete mixtures, containing different cements (Portland 

cement and blast furnace cements) and aggregates (sand, gravel, iron ore and metallurgical 

slags) after one year of deployment. The emphasis here was to find out whether there are 

differences in established community composition, depending on differences in concrete 

constitutes. Consequences for the usability of alternative concrete constituents in marine 

constructions are discussed.  

Chapter 4 describes the outcome of the settlement experiment conducted in a natural hard 

ground experimental field near to Helgoland Island (German Bight).  

Chapter 5 focuses on the outcome of succession experiments conducted in the JadeWeserPort, 

Wilhelmshaven, Germany, as an example of a recently erected artificial habitat with high 

anthropogenic impact. Results are compared to the natural study site of Helgoland. In addition, 

the influence of artificial materials on the introduction of neobiota are the focal point of this 

chapter. 
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CHAPTER 6 - Synoptic discussion 

Substrate characteristics in natural and artificial marine environments play an important role as 

facilitators for settlement and community stability. Understanding of settlement processes, 

especially in marine artificial environments, is and will remain one of the most challenging 

tasks to forecast future impacts of climate change such as rising temperature, sea level rise or 

ocean acidification (Firth et al. 2020; O’Shaughnessy et al. 2020; Airoldi et al. 2021; Strain et 

al. 2021).  

With more than 3 billion people worldwide living in coastal areas, urbanization already has 

profound impacts on ocean ecosystems (Airoldi and Beck 2007; Bulleri and Chapman 2010; 

Todd et al. 2019; Airoldi et al. 2021). Regarding a sustainable development in coastal 

environments worldwide, demands of economy, society and environment need to be taken into 

account (Airoldi et al. 2021).  

Studies conducted within this PhD project can help to improve conservation and protection of 

natural hard bottom systems and underline the importance to study alternative concrete mixtures 

and properties for marine artificial constructions. Results will be discussed regarding ecosystem 

services, settlement processes, material properties, and risk assessments of natural and artificial 

grounds.  

 

6.1. What kind of ecosystem services are provided by natural coastal systems and how can 

they be implemented to marine artificial environments? 

Nature has an irreplaceable value to humanity, yet it is difficult to define. The concept to grade 

ecosystems by their services is disputed (Loft and Lux 2010). Services are defined as the 

ecological characteristics, functions, or processes that directly or indirectly contribute to human 

wellbeing, that is, the benefits that people derive from functioning ecosystems (Costanza et al. 

1998, 2017; MilleniumEcosystemAssesment 2005). Still, the concept of “ecosystem services” 

contributes to a comprehensive understanding and view of society, economy, ecology, and 

policy makers on the necessity of the protection of ecosystems.  

Costanza et al. (1998) firstly defined ecosystem services as a global perspective. They include 

gas regulation, climate regulation, disturbance regulation, water regulation, water supply, 

erosion control and sediment retention, soil formation, nutrient cycling, waste treatment, 

pollination, biological control, refugia, food production, raw materials, genetic resources, 
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recreation, and cultural services. Coastal ecosystems here contribute to 77% of all global 

ecosystem services (Costanza et al. 1998). 

Human pressures on coastal ecosystems are high; 41% of world global population live within 

the coastal limit of 100 km of the coastline. Twenty-one of the 33 megacities are found on the 

coast (Martínez et al. 2007). With the main focus on economic profit environmental 

consequences on coastal environments have long time been ignored (Lakshmi and Rajagopalan 

2000; Obura 2001; Airoldi et al. 2016). Natural habitat loss by a replacement with artificial 

infrastructure, e.g. concrete armoring has led to chemical, physical, and biotic pollution, as well 

as extraction of biotic and abiotic functioning (reviewed in: Bulleri and Chapman 2010; Heery 

et al. 2017; Todd et al. 2019). Studies on the ecological functioning, and impacts of artificial 

systems have been of minor interest and have received relatively little attention (Southward and 

Orton 1954; Glasby and Connell 1999; Hawkins et al. 2002; Chapman 2003; Bulleri 2006; 

Bulleri and Chapman 2010; Assi et al. 2018; Bonnici et al. 2018). However, the present 

development and degradation of coastal environments, as well as the increased pressures on 

coastal systems by ongoing climate change (e.g. sea-level rise, ocean acidification) raise the 

demand for sustainable developments of coastal environments (Firth et al. 2020; 

O’Shaughnessy et al. 2020; Airoldi et al. 2021; Strain et al. 2021). The awareness of the 

necessity to protect natural coastal habitats to maintain natural ecosystem services, such as 

nutrient cycling, water purification and benthic-pelagic coupling (Little and Kitching 1996; 

Wahl 2009) is increasing. Simultaneously, the idea to copy natural ecosystem services by 

modifying artificial grounds to “environmentally friendly” habitats can be found in projects 

worldwide.  

One example here is the “billion oyster project”. The overall goal of this project is to restore 

oyster reefs to New York Harbor through public education initiatives (McCann 2019). Oyster 

reefs provide habitat for hundreds of species, and can to a certain extent protect the city from 

storm damage by dampening large waves, reducing flooding, and preventing erosion along the 

shorelines (Burmester and McCann 2019; McCann 2019). This phenomenon is known for 

intertidal and shallow subtidal habitats e.g. coral reefs that attenuate local currents, dampen 

wave energy, and accrete and stabilize sediments (Ferrario et al. 2014; Beck et al. 2018).  

Nature-based protection projects have many advantages, especially regarding the multi-use of 

natural habitats services. One habitat can provide for several ecosystem services including 

nursery grounds for commercial and recreationally valued species, filtration of sediment and 

pollutants, and carbon storage and sequestration (Airoldi et al. 2021). The social values of these 
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services are broad and include those reflected in markets, avoided damage costs, maintenance 

of human health and livelihoods, and cultural and aesthetic sustenance (Airoldi et al. 2021).  

In Australia (Sydney Harbor, George River and Sydney coastline, New South Wales) urban 

waterfront regeneration projects have led to restauration of 1.4 km of intertidal habitats. They 

were restored by using natural sandstone substrates, rock pool microhabitats, large scale 

sediment remediation, and establishment of self-sustaining populations of restored crayweed 

with spread of up to 300 m of linear coastline at various sites (Rhodes and Brinckerhoff 2002; 

Campbell et al. 2014; Grobman et al. 2017; Strain et al. 2018; Layton et al. 2020). 

The potential of implementing natural ecosystem services in artificial grounds is and will be 

one of the most critical challenges of this century (Airoldi et al. 2021).  

 

6.2. What are the main drivers in benthic community establishment of natural and 

artificial habitats? 

Within this dissertation, two studies (chapter 2, 3) were conducted in the natural protected hard 

ground environment of the “Helgoländer Steingrund”. They show how non-destructive video 

sampling methods can help to model the status quo of heterogeneous natural hard ground 

habitats with low visibility, which is important for the protection of natural grounds. Such 

models are fundamental for recognizing changes and forecasting the same in future scenarios, 

especially with regard to environmental or climate change (Guisan and Thuiller 2005; Reiss et 

al. 2011).  

As described, several aspects influence the establishment of benthic communities in natural 

hard bottom systems. These can be abiotic factors like for instance light conditions, nutrient 

availability, substrate characteristics, availability of open space, and habitat structure (Little and 

Kitching 1996; Witman and Dayton 2001; Pehlke and Bartsch 2008; Wahl 2009), but also biotic 

factors like inter- and intraspecific interaction, larval dispersal and the release of propagules 

(Benedetti-Cecchi and Cinelli 1996; Bulleri 2005a; Wahl 2009). This already implies that 

settlement within hard ground habitats is highly dependent on local conditions.  

We found that benthic species of the “Helgoländer Steingrund” react especially sensitive to 

sediment distribution and depth (chapter 2). However, a consideration of environmental 

parameters by hydrodynamic and hydroacoustic mapping of the “Helgoländer Steindgrund” 

showed that bryozoan species of Flustra foliacea and Alcyonidium diaphanum in addition to 

the sediments also react strongly to current directions (chapter 3). Both chapters show the 

importance of the interaction between all factors. Depth for instance can also represent a proxy 
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for light availability (Häder et al. 1998). Sediment distributions can reflect the influence of 

currents (Bartholomä et al. 2019), which, in turn, are important regarding transport of e.g. 

nutrients but also larvae within the system and in- and export processes (Benedetti-Cecchi and 

Cinelli 1996; Bulleri 2005a; Wahl 2009).  

A comprehensive understanding of all these factors is a basic requirement concerning 

differences in artificially influenced environments and habitats. The global increase of coastal 

infrastructure stands in strong contrast to the protection of natural grounds. This is mainly for 

the reason that the ecological value of artificial structures have been ignored for long time 

(Southward and Orton 1954; Glasby and Connell 1999; Hawkins et al. 2002; Chapman 2003; 

Bulleri 2006; Bulleri and Chapman 2010; Assi et al. 2018; Bonnici et al. 2018). However, there 

is a growing consensus that artificial systems are different to natural systems in a lot of aspects 

(Glasby and Connell 1999; Chapman and Bulleri 2003; Gacia et al. 2007; Vaselli et al. 2008; 

Firth et al. 2014). Nowadays, there is a raise of interest on effects of ocean sprawl as well as on 

engineering solutions in the marine coastal environment (Perkol-Finkel and Sella 2019; 

O’Shaughnessy et al. 2020). The question if, and how artificial building material can take 

influence on settlement and community stability and support local species is still in its infancy. 

However, settlement of species in artificial grounds is significantly influenced by two main 

factors, which are also known from settlement in natural grounds: Habitat structure and the 

chemical composition of the substrate (Firth et al. 2014).  

Habitat structure, such as crevices, pits and rock pools not only increase diversity in natural 

grounds but also urbanized areas can profit from an increase in habitat structure (Cartwright 

and Williams 2012; Bracewell et al. 2013; Firth et al. 2016; Strain et al. 2021). New approaches 

that integrate ecological research into the design of consolidated infrastructure provide 

opportunities to mitigate the environmental impacts of urbanization and recover ecosystem 

function in waterfronts (Perkol-Finkel and Benayahu 2004; Firth et al. 2014; Dyson and Yocom 

2015; Perkol-Finkel and Sella 2015, 2019). Interventions to support local biodiversity can 

include creating artificial rock pools, pits, and crevices on breakwaters. Projects with so called 

“habitat enhancement units” in coastal defense schemes, mixtures of stone sizes in gabion 

baskets, and active gardening of native habitat-forming species, such as threatened canopy-

forming algae on coastal defense structures are just some examples of approaches to ecological 

enhancement  in artificial infrastructure (described in Firth et al. 2014).  

Results of such experiments are not always clear. The outcome of a current experiment by Strain 

et al. (2021) challenge the paradigm from Huston (1979) that environmental complexity has 
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universally positive effects on biodiversity. Strain et al. (2021) did a global analysis of complex 

biodiversity relationships on marine artificial structures. They therefore compared the results 

of deployment experiments with concrete tiles of different complexity on coastal defense 

structures at 27 locations all over the globe. Results showed that after 12 months, patch-scale 

relationships between biodiversity and habitat complexity were not universally positive. 

Instead, the relationship varied among functional groups and according to local abiotic and 

biotic conditions. This is just one example, but it shows that the new trend for eco-engineering 

solutions has many gaps in knowledge and other limitations. Still, the rapid growth of marine 

infrastructure increases the pressure for quick solutions in marine engineering which results in 

a high risk of misinterpretation and misuse of the findings of ongoing studies (Firth et al. 2020). 

Without in-depth studies on the implementation of marine infrastructure such as “habitat 

enhancement units” and newly built structures, interactions and consequences for adjacent 

habitats can hardly be foreseen (Firth et al. 2020; Vozzo et al. 2021).  

The influence of the chemical composition of building materials is even more difficult to study 

than artificial habitat complexity and is an additional challenge to the already complex 

interactions in settlement processes of artificial structures (Coombes et al. 2011; Green et al. 

2012). Species settlement and survival differ when the material ingredients differ from their 

natural habitat origin (Davis et al. 2002; Moreira et al. 2006; Coombes et al. 2011; Green et al. 

2012). Local species seem to prefer materials which are similar to their naturally occurring 

substrate (Perkol-Finkel and Benayahu 2004; Perkol-Finkel and Sella 2014; McCann 2019). To 

support local species richness, it seems obvious to go for materials, which are closer to natural 

substrates. However, natural resources are often limited. On top, it takes years to study if static 

requirements in coastal constructions are still guaranteed with such “natural materials”. With 

concrete, it is a known fact that it might perform differently than expected when exposed to 

ocean environments, even if static requirements are calculated in advance (Kosmatka et al. 

2008). With respect to the operational life of concrete, which can be 50 to 100 years, reliable 

exposition experiments take up to ten years (Crow 2008; Kosmatka et al. 2008). 

It makes sense, from an ecological perspective, to promote a high biodiversity and support 

native species in artificially influenced environments. However, a higher biodiversity and 

settlement also brings higher costs in the prevention and elimination of unwanted succession, 

or so called biofouling, in areas with a high need of operational infrastructure, i.e. port facilities. 

Away from marine buildings, problems of biofouling are especially known from the global 
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shipping industry (Howell and Behrends 2006) and from underwater technical devices (Hole 

1952; Morales Cruz et al. 2019). 

 

6.3. What is an “environmentally friendly” artificial material? 

In the context of a sustainable development in the sea, first attempts were made to create 

“environmentally friendly” building materials. On the one hand, the term “environmentally 

friendly”, refers to the production process of the material, on the other hand side it implies a 

positive or at least no negative impact on nature. 

One of the most important building material in marine constructions worldwide is concrete 

(Bijen 1996; Jensen and Glavind 2002; Airoldi and Beck 2007; Kosmatka et al. 2008; Perkol-

Finkel and Sella 2019). Concrete accounts for about 70% of coastal and marine construction 

(Sharma 2009). European coastlines are covered by concrete or asphalt by 22.000 km2 and 

artificial surfaces have increased by nearly 1.900 km2 between 1990 and 2000 alone (Bijen 

1996; Airoldi and Beck 2007; Kosmatka et al. 2008; Airoldi et al. 2009). Similar examples exist 

in other parts of the world – e.g. California (Davis et al. 2002), Australia (Chapman and Bulleri 

2003) and Japan (Koike 1996) where hundreds of kilometers have been covered in concrete to 

variable extents (Airoldi et al. 2009). Concrete coastlines provide poor substrate for marine 

flora and fauna due to its chemical properties, thus were often referred to as grey environments 

(Perkol-Finkel and Sella 2019; Airoldi et al. 2021). Ecological enhancement of coastal 

infrastructure is gaining importance during the last decade (Perkol-Finkel and Sella 2019), 

especially with regard to consequences of climate change. The phrase “Greening or rather 

bluing the grey” describes the need of bringing back nature into strongly artificially influenced 

environments (Perkol-Finkel and Sella 2019; Airoldi et al. 2021). There are several solutions 

to this task. One is the use of bio-improved materials. Commercial solutions offer “low pH” 

concrete that potentially support the development of improved marine life (Perkol-Finkel and 

Sella 2019). However, to date most bio-improved concrete mixes do not comply or fulfill the 

strict requirements for marine and coastal constructions by the construction industry and 

policies (Perkol-Finkel and Sella 2019).  

A solution for an ecological uplift in urban waterfronts can only be achieved by implantations 

on marine constructions, that are simple and cost-effective without affecting the operational 

need of the infrastructure (Perkol-Finkel and Sella 2019). Implementations can be high-

performance bio-enhancing concrete elements that significantly enhance the biodiversity, 

species richness, and life cover (Perkol-Finkel and Sella 2014, 2015; Sella and Perkol Finkel 
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2015). In this context, the Seattle seawall project needs to be mentioned as the largest eco-

engineering project installed to date. It has the goal to yield an improved passage for juvenile 

salmon and an overall ecological enhancement of the waterfront (Cordell et al. 2017). 

Microhabitats by textured seawall panels, increased natural daylight illumination by light-

penetrating features at the upper boardwalk, and provided additional habitat by marine 

mattresses at the base of the wall were integrated into the seawall structure (Cordell et al. 2017; 

Perkol-Finkel and Sella 2019).  

However, there is one crucial point missing in almost all studies on bio-enhancing concrete, 

which is its production process. As already intensively described and discussed in Chapter 3 

and 4 concrete production has a high carbon footprint, which results from the calcination 

process of limestone and the thermal energy demand for Portland cement clinker production 

(Humphreys and Mahasenan 2002; Crow 2008; Assi et al. 2018). Concrete production is 

additionally limited by the availability of natural resources commonly used for its aggregates 

(i.e. sand, gravel, and crushed stones; Crow 2008; bbs 2016; Assi et al. 2018). Chapter 4 and 5 

of this dissertation evaluated the use of waste material from steel and copper production, so 

called iron-slags, in concrete for marine coastal constructions (Schneider et al. 2011; Ehrenberg 

2015; bbs 2016). The use of such slags is to date discussed with controversy, as there might be 

unforeseen problems due to uncontrolled leaching of heavy metals out of pure slag stone (BfG 

2008). However, the leaching of heavy metals should be negligible due to the binding capacity 

of calcium-silicate-hydrates and the very dense pore structure of concrete. Such concrete 

mixtures do not enhance local biodiversity, but they can be used as alternative building 

materials in areas with a high need in operational infrastructure.  

Within our studies, differences concerning settlement on concrete mixtures with iron-slags were 

only present at the natural deployment site (chapter 4). Differences in concrete materials 

showed no negative impact on settlement communities. For the deployment at the 

anthropogenically influenced harbor site, no such differences were found (chapter 5). Leading 

to the conclusion that new mixtures should be used in marine artificial constructions. However, 

there should be no significant difference in succession patterns and establishment of benthic 

communities between the new concrete mixtures and those which are commonly provided, and 

notable leakage of environmental pollutants must be excluded. Such alternative concrete 

mixtures should not negatively influence especially port sites, with an already high impact of 

environmental pollutants (Hall et al. 1998; Piola and Johnston 2009; Canning-Clode et al. 2011; 
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Ferrario et al. 2020). This way, at least a more environmentally friendly production would be 

guaranteed. 

 

6.4. What are the risks of natural and artificial structures regarding invasion by neobiota 

and which steps can be taken to protect natural and artificial grounds? 

Another aspect that has been left out of the discussion so far are the risks of natural and artificial 

structures regarding biological invasion e.g. by neobiota. Biological invasion occurs when a 

species enters and spreads into areas beyond its natural range of distribution (Vermeij 1996). 

The species needs to be transferred to a new region. Invasion can result from natural dispersal, 

but human-mediated transfers appear to be the prevalent pathway (Ruiz et al. 1997); e.g. 

shipping, aquaculture, aquarium trade and scientific research are main dispersal mechanisms 

(Ruiz et al. 2000; Streftaris et al. 2005; Minchin 2007). A literature review on 372 introductions 

of 271 hard ground species found a prevalence of aquaculture-related introduction in the case 

of macroalgae, while shipping was the major introduction vector for animals (McQuaid and 

Arenas 2009). The ecological effects of invasion range from local to global impacts. However, 

there is no clear link between the invasiveness of a species and its impact (McQuaid and Arenas 

2009). The most extreme effects are the extinction of indigenous species leading to a loss of 

biodiversity, and the reverse, the facilitation of indigenous species, especially through habitat 

engineering (Ricciardi and Cohen 2007). 

Benthic communities in natural hard ground habitats often host large, long-lived sessile species 

that create stable biogenic habitats for other organisms. Together with stable environmental 

conditions like in the “Helgoländer Steingrund”, benthic communities of natural hard ground 

environments establish their own environmental niches over years (de Kluijver 1991; Kühne 

and Rachor 1996). This can increase the tolerance against invasive competitors. The biotic 

resistance of natural divers and healthy hard ground communities is usually higher and less 

susceptible to invasion (Elton 1958). This is an argument for the more complete utilization of 

available resources, i.e. complementary use of resources by different species (Levine and 

D’Antonio 1999), referring to the ecological niche concept, especially the resource utilization 

niche (MacArthur and Levins 1967; Schoener 2009). The resource utilization niche is a 

precisely formulated description of the natural history of a species: e.g. its habitat, food type, 

and activity time. Other concepts argue that diverse communities host a higher proportion of 

suppressive or facilitative species against invasion (Wardle 2001). Meanwhile, the so-called 

invasion paradox (Fridley et al. 2007) refers to conflicting results in observational surveys and 
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experimental manipulations to both concepts: Large-scale observational studies have reported 

a positive relationship between native diversity and invader diversity (Stohlgren et al. 1999); in 

contrast, most of the smaller-scale experimental work support the biotic resistance hypotheses 

(McQuaid and Arenas 2009). The “Helgoländer Steingrund” does not show any present 

impairment by neobiota on the natural established communities (Dederer et al. 2015). Neobiota 

occurring in the “Helgoländer Steingrund” are currently of minor ecological importance. 

Natural and artificial disturbances affect to the natural resistance of communities in natural 

grounds (Mack et al. 2000). Classical ecological theory predict the highest levels of diversity 

for intermediate frequencies and intensities of disturbance on competing species (intermediate 

disturbance hypotheses; Connell 1978). However, theoretical as well as empirical studies 

challenge the predicted diversity disturbance relationship (Fox 2013). Nonetheless, individuals 

which are removed or distinguished by a disturbance free resources and decrease competition 

from resident species, which is beneficial for invaders (Shea and Chesson 2002). High levels 

of disturbance lead to impoverished systems comprising relatively few early successional or 

opportunistic taxa (Pulsford et al. 2014). 

Artificial marine infrastructure are particularly vulnerable to invasion (Glasby et al. 2007). 

Indications for this are a low diversity of native species, as well as reduced competitive 

interaction and predation risk on newly raised structures (biotic resistance theory: Elton 1958; 

enemy release hypotheses: Keane and Crawley 2002). Neobiota often show a higher tolerance 

to environmental stressors (Dafforn et al. 2009). Filter-feeding invaders, which are often 

transported on ship hulls, take advantage of being adapted to high shear stress by colonizing 

open space on moving substrata, for instance floating docks (Dafforn et al. 2009). The raise and 

rapid growth in coastal infrastructure not only cause drastic changes to natural environments 

but also provide additional dispersal routes for invasive species, a risk which is hard to 

calculate. Presently, neobiota can not be excluded from the introduction on artificially raised 

marine infrastructure, but studies on the biotic resistance of natural habitats against invasion 

might help to solve this problem. In natural hard ground environments, a healthy habitat seems 

to be the best protection against invasion. The complete utilization of available resources by a 

diverse community leads to a natural biotic resistance against invasion of these grounds (Levine 

and D’Antonio 1999). Local marine hard bottom systems thus need to be protected as a first 

step. This is important for the preservation of their natural characteristics and biodiversity as 

well as their biotic resistance. Furthermore, a protection facilitates the opportunity to study 

these grounds to improve solutions for artificially influenced coastal environments.  
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Artificial structures, wherever possible should at best mimic local natural habitats. Seawalls, 

causeways, dikes, piers, locks and breakwaters should be modified with habitat enhancement 

units, which support native over invasive species, but still maintain the functioning of these 

structures. “Designing with nature”, a concept known from terrestrial bias, originally coined by 

Ian McHarg (1992), describes that the way the nature is occupied and modified is best when it 

is planned and designed with careful regard to both the ecology and the character of the 

landscape (McHarg 1992, 2017). This concept needs to be adopted into coastal environments 

by innovative projects, especially in marine coastal infrastructure (Morris et al. 2019; Perkol-

Finkel and Sella 2019; Schoonees et al. 2019).  

Habitat restoration is an emerging field. Climate-related risks as well as the rising demand for 

ocean resources enhance pressure on all sectors: ecology, economy and society. Solutions and 

examples on infrastructural approaches with the goal to actively reverse the degradation and 

loss of natural ecosystems to reduce pressure are gaining further importance (Airoldi et al. 

2021).  

 

6.5. Conclusions and future perspectives  

Coastlines globally have already been transformed to sustain human activity for centuries, with 

consequence of irreversible modification of natural ecosystems and services (Halpern et al. 

2008; Knights et al. 2016; O’Shaughnessy et al. 2020). From this perspective, the modification 

of natural coastlines and hard bottom habitats have existed for decades.  

However, a sustainable development in coastal environments, takes into account the growing 

challenges of climate change, demands for interdisciplinary cooperation. It is high time to 

rethink the basic understanding of anthropogenic environments not only by ecologists but also 

by economists and social scientists.  

Concluding, the main implications resulting from this PhD-project are 

- that natural hard bottom ecosystems need to be protected to conserve their natural 

ecosystem services wherever possible 

- that the design of newly build artificial structures should ideally mimic natural habitats 

- that nature-based protection projects on existing structures should be supported if they 

do not affect the functionality of the structure 
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- and that aggregates (e.g. iron ore or metallurgical slags) that can be used to lower CO2-

emissons during the production process of concrete and save natural resources should 

be considered as alternative building materials in marine coastal constructions. 

The idea to shape marine constructions and infrastructure by implementing natural ecosystem 

services to artificial grounds and thereby improve them in an ecological and economic sense is 

essential to a sustainable development of the coasts. Sustainable management of urban marine 

environments across the world is becoming an increasingly important issue (Perkol-Finkel and 

Sella 2019; Todd et al. 2019; Firth et al. 2020; O’Shaughnessy et al. 2020; Airoldi et al. 2021). 

The preservation and protection of natural habitats is inevitable. However, a changed 

perspective on artificial structures to see their potential in restoring ecosystem services as well 

as remaining their functionality is an exciting and interesting view to future research. In addition 

to research on the impact of complexity on settlement processes in anthropogenic environments, 

the improvement of material mixtures towards an “environmentally friendly” production 

process should be the focus of future research. To make sure that materials fulfill the strict 

requirements given for coastal buildings, and, that innovative ideas are feasible, a close 

cooperation with the construction industry is advisable 
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