
 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

  

Characterization of Natural and 

Anthropogenic Seabed Features in 

the Southwestern Baltic Sea 

 

DISSERTATION  

 

in fulfillment of the requirements for the degree of  

Doctor of Natural Sciences (Dr. rer. nat.) 

of the Faculty of Mathematics and Natural Sciences 

at Kiel University 

 

 

submitted by 

Giuliana Andrea Díaz-Mendoza 

from Medellín, Colombia 

 

 

Kiel, 2025 

 



Characterization of Natural and Anthropogenic Seabed Features in the Southwestern Baltic Sea 

 



Characterization of Natural and Anthropogenic Seabed Features in the Southwestern Baltic Sea 

iii 

First examiner: Prof. Dr. Christian Winter 

Second examiner: Prof. Dr. Sebastian Krastel-Gudegast 

Date of the oral examination: 10.11.2025 

  



Characterization of Natural and Anthropogenic Seabed Features in the Southwestern Baltic Sea 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Third-party content is not part of the license of this thesis and remains under the original copyright terms.  



Characterization of Natural and Anthropogenic Seabed Features in the Southwestern Baltic Sea 

v 

Declaration of Originality 

I hereby confirm that I am the sole author of this work and prepared my dissertation following 

the Rules of Good Scientific Practice of the German Research Foundation (DFG), using the 

resources specified. I clearly marked any ideas borrowed from other sources as not my own and 

documented their sources. Neither this dissertation nor any similar work has been published or 

submitted for examination as part of a doctoral degree at any other department or university. I 

further declare that no academic degree has ever been withdrawn from me. 

 

 

Giuliana Andrea Díaz-Mendoza 

Kiel, 11.08.2025 

  



Characterization of Natural and Anthropogenic Seabed Features in the Southwestern Baltic Sea 

vi 

  



Characterization of Natural and Anthropogenic Seabed Features in the Southwestern Baltic Sea 

vii 

Acknowledgments 

I want to express my deepest gratitude to everyone who has supported and contributed to my 

research journey. First and foremost, I am deeply thankful to my whole family, especially my 

parents, Fernando and Maria Helena, for teaching me a positive mindset and perseverance. My 

motherõs unwavering encouragement and responsibility, and my fatherõs optimistic example, have 

shown me that love, hard work, determination, and a daily smile can make anything possible. I'm 

also grateful to my sisters, Natalia and Carolina, who, regardless of the distance between us, have 

always supported me, motivated me, and reminded me to find joy in life. 

My sincere thanks go to my partner, Jannis, for standing by my side throughout my PhD 

journey. Thanks for always making me smile and for enduring my moods, especially on difficult 

days and sharing my happiness when things went well. I also thank his family for believing in me, 

for cheering me up, and for celebrating with me; their presence made all the difference. 

I am especially grateful to my supervisor, Christian Winter, for his unwavering support, 

guidance, feedback, and motivation throughout all stages of this journey. Also, special thanks to 

Knut Krämer, Gitta Ann von Rönn, Christoph Heinrich and Klaus Schwarzer for their valuable 

input and discussions throughout the research process. 

I gratefully acknowledge the State Agency for the Environment (LfU) of Schleswig-Holstein, 

Germany, for the financial support for this research. I also sincerely thank Klaus, Christian, and 

Hans-Christian Reimers for securing the funding. My thanks also go to Christoph for his support 

during these projects, and to everyone involved in the collaborative mapping efforts carried out 

at Kiel University. I also appreciate the reviewers of the publications for their insightful feedback, 

and I acknowledge the financial support for the publication from the state of Schleswig-Holsteinõs 

Open Access Publication Fund. I am also deeply thankful to the crews of the research vessels 

Alkor and Littorina for their essential assistance in the field. I sincerely thank Knut, Jannis, Óscar 

Álvarez, and Arne Knies for taking the time to read my thesis and giving me valuable advice. 

I want to express my sincere gratitude to the working group on Coastal Geology and 

Sedimentology at Kiel University. From the moment I joined, I felt warmly welcomed and have 

been truly happy to live this experience with so many wonderful people over the years. Special 

thanks to Klaus Schwarzer for his continuous support, guidance and encouragement since I 

joined. Also, to Daniel Unverricht for his support at the beginning of this path. I am grateful to 

have been in a collaborative team, thanks to Eric and Gabriel for their support in the workshop 

and in preparing for the expeditions. Especially, thanks to Gabriel, Gianna, Gitta, and Knut for 

their work during the research cruises. I am also grateful to Daniel and Kai for their support as 

student assistants. 

  



Acknowledgments  

viii 

Thanks to Gianna, Jairo, and Arne for always being there to listen to me! Special thanks to the 

òKüstenmädelsó, especially Anna, Gitta, Tanita, Gianna, Rachel and Lena for their friendship and 

cheerful conversations. I am also grateful to have met such nice people on this journey, David, 

Tim, Estefany, Clayton, Amin, Franklin, Rafa, Carolina, Filipe, Marius, Robert, Julián, Fauzan, 

and Yamirka. Thanks for the shared laughs, the meaningful and deep conversations at the Mensa, 

and your invaluable company. I am thankful for the long-distance support and friendship of 

friends like Andy, Nati, Nela, Anny, Eric, Natasha, Sam, Doro, Gonzalo, the ITI team, and many 

others who uplifted me throughout this experience. 

Finally, to everyone I met along the way during my PhD ñ thank you. Your presence made 

this journey truly memorable. 

  



Characterization of Natural and Anthropogenic Seabed Features in the Southwestern Baltic Sea 

ix 

 

 

 

 

 

 

 

 

 

 

òNecesito del mar porque me enseñaó 

  

 

 

 

 

 

 

 

 

 

 

 

 

òI need of the sea because it teaches meó 

 

ñPablo Neruda. 
òEl maró,  El mar y las campanas 
© Pablo Neruda, 1973 and Fundación Pablo Neruda 

 

 

  

 
 

 

_______________________________________________________________________________ 
*In Neruda, Pablo (2001) "El Mar," Forces: Vol. 2001, Article 39. Translated, by Sean M. Brinkman & 
Patrick Sanchez. DigitalCommons@Collin. Available at: 
https://digitalcommons.collin.edu/forces/vol2001/iss1/39 

  



Characterization of Natural and Anthropogenic Seabed Features in the Southwestern Baltic Sea 

x 

  



Characterization of Natural and Anthropogenic Seabed Features in the Southwestern Baltic Sea 

xi 

Abstract 

The marine environment, which provides numerous essential services to humans, faces threats 

from human activities that can disturb the seabed and may threaten the proper functioning of 

marine ecosystems. A sustainable balance between human uses and seabed integrity requires 

knowledge of the seabed's physical characteristics, the distribution of benthic habitats, and the 

extent of human impacts. The various regulatory frameworks require this knowledge to assess, 

protect and sustainably manage the marine environment. Assessments of seabed pressures 

typically rely on large-scale proxy data, overlooking actual impacts and the long-term effects of 

human activities on the seafloor. Furthermore, while habitat mapping provides the basis for 

characterizing seafloor conditions, identifying the nature of features can be challenging, 

particularly for circular features. 

The southwestern Baltic Sea, particularly the Baltic Sea of Schleswig-Holstein (BS-SH), is an 

excellent example of a region with a very heterogeneous seafloor, where intense human pressures 

converge in a shallow, confined marine setting. This thesis examines the seabed characteristics of 

the SW Baltic Sea, explores links to the distribution of habitat types and identifies and quantifies 

the extent of disturbances on the seafloor using different types of data and sources. Additionally, 

it provides comparisons of seabed pressure estimations derived from hydroacoustic data vs large-

scale assessments.  

Over several years, Kiel University, in cooperation with the Schleswig-Holstein State Agency 

for the Environment (LfU), conducted seabed mapping and investigations using side-scan sonar, 

sub-bottom profiling, and in situ observations, resulting in a dataset covering more than 1,500 

km2 of the BS-SH. This thesis integrates the findings of these multiple studies to characterize the 

seafloor and explore relationships between substrate properties and habitat distribution by 

identifying seabed attributes and adapting and applying the marine habitat classification system 

proposed by Greene et al. (1999, 2005, 2007, 2008) to the BS-SH. This approach enables the 

systematic identification of essential parameters at various scales that reflect seabed characteristics 

relevant to marine spatial planning and conservation.  

The datasets combined with bathymetric data were used to classify circular structures of natural 

and anthropogenic origin. Six distinct classes were defined based on sedimentology, morphology, 

and acoustic signatures of a selected subset, enabling the extrapolation of the classification to 

thousands of features across the region. This thesis identifies anthropogenic traces linked to 

physical pressures, such as abrasion, scouring, removal, deposition, and sealing, on 36% of the 

mapped area. The seabed is impacted by activities such as bottom trawling, propeller scouring, 

anchoring, and dumping, with trawl marks accounting for over 91% of the footprint, primarily 

on muddy substrates. Seabed pressures were compared with other spatial data types, such as 

satellite-based Vessel Monitoring System-derived fishing pressure data, to highlight the value of 
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hydroacoustic data for physical seabed pressure assessments. 

This thesis advances the understanding of natural seafloor characteristics and human seafloor 

footprints in a shallow marine environment through harmonized habitat mapping, a refined 

classification scheme, and the mapping of anthropogenic features. The results highlight the 

importance of detailed characterization through multi-method approaches for comprehensive 

environmental assessment and provide a foundation for future monitoring and management 

strategies, with particular attention to the longevity of anthropogenic seabed features and their 

implications for seafloor integrity. 
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Zusammenfassung  

Die Meeresumwelt, bieten dem Menschen zahlreiche wichtige Nutzleistungen. Menschliche 

Aktivitäten können eine Bedrohung darstellen, indem sie die Intaktheit des Meeresbodens stören 

bzw. verändern und somit das natürliche Funktionieren der marinen Ökosysteme beeinträchtigen. 

Ein nachhaltiges Gleichgewicht zwischen menschlicher Nutzung und der Integrität des 

Meeresbodens erfordert ein umfassendes Verständnis seiner physikalischen Eigenschaften, der 

Verteilung benthischer Lebensräume und des Ausmaßes menschlicher Einflüsse. Die 

verschiedenen regulatorischen Rahmenbedingungen erfordern dieses Wissen, um die 

Meeresumwelt nachhaltig zu schützen und zu bewirtschaften. Bewertungen der Belastungen des 

Meeresbodens stützen sich in der Regel auf großskalige Proxy-Daten, wobei die tatsächlichen 

Auswirkungen und die langfristigen Folgen menschlicher Aktivitäten übersehen werden. Die 

Kartierung von Lebensräumen liefern die Grundlage für die Charakterisierung der 

Meeresbodenbedingungen, doch kann die Identifizierung der Art der Merkmale eine 

Herausforderung darstellen, insbesondere bei kreisförmigen Merkmalen.  

Die südwestliche Ostsee, insbesondere die Ostsee von Schleswig-Holstein (BS-SH), ist ein 

hervorragendes Beispiel für eine Region mit einem sehr heterogenen Meeresboden, in der 

intensive menschliche Einflüsse in einer flachen, räumlich begrenzten Meeresumgebung 

zusammenkommen. Diese Arbeit untersucht die Eigenschaften des Meeresbodens der 

südwestlichen Ostsee, betrachtet die Zusammenhänge mit der Verteilung von Lebensraumtypen 

und identifiziert und quantifiziert das Ausmaß der Eingriffe auf dem Meeresboden unter 

Verwendung verschiedener Arten von Datenquellen. Darüber hinaus werden die aus 

hydroakustischen Daten abgeleiteten Schätzungen der Belastungen des Meeresbodens mit 

großmaßstäblichen Bewertungen verglichen.  

Über mehrere Jahre hinweg hat die Christian-Albrechts-Universität zu Kiel, unter anderem in 

Zusammenarbeit mit dem Landesamt für Umwelt Schleswig-Holstein (LfU), Kartierungen und 

Untersuchungen des Meeresbodens mithilfe von Seitensichtsonar, Sedimentecholot und in-situ-

Beobachtungen durchgeführt, wodurch ein Datensatz entstand, der mehr als 1.500 km² der BS-

SH abdeckt. Die vorliegende Arbeit integriert die Ergebnisse dieser Projekte, um den 

Meeresboden zu charakterisieren und die Beziehungen zwischen den Eigenschaften des Substrats 

und der Verteilung von Lebensräumen zu untersuchen. Hierzu wurden die Eigenschaften des 

Meeresbodens identifiziert und das von Greene et al. (1999, 2005, 2007, 2008) vorgeschlagene 

Klassifizierungssystem für marine Lebensräume auf die BS-SH angepasst und angewendet wird. 

Dieser Ansatz ermöglicht die systematische Identifizierung wesentlicher Parameter, welche die 

für die marine Raumplanung und den Naturschutz relevanten Eigenschaften des Meeresbodens 

widerspiegeln. 
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Die Datensätze wurden in Kombination mit bathymetrischen Daten verwendet, um 

kreisförmige Strukturen natürlichen und anthropogenen Ursprungs zu klassifizieren. Auf der 

Grundlage der Sedimentologie, Morphologie und akustischer Signaturen einer ausgewählten 

Teilmenge wurden sechs verschiedene Klassen definiert, wodurch die Klassifizierung auf 

Tausende von Merkmalen in der gesamten Region extrapoliert werden konnte. Im Rahmen dieser 

Arbeit wurden auf 36% der kartierten Fläche anthropogene Spuren identifiziert, die mit 

physikalischen Einflüssen wie Abrasion, Auskolkung, Entnahme, Umlagerung und Überlagerung 

in Verbindung stehen. Der Meeresboden ist durch Aktivitäten wie Grundschleppnetzfischerei, 

Auskolkung durch Schiffsschrauben, Ankern und Verklappung beeinflusst, wobei 

Schleppnetzfischerei über 91% der Spuren ausmachen, vor allem auf schlammigen Substraten. 

Um die Bedeutung hydroakustischer Daten für die Bewertung der physikalischen Belastungen des 

Meeresbodens hervorzuheben, wurden die identifizierten Einflüsse mit anderen räumlichen 

Datentypen verglichen, wie z. B. aus einem satellitenbasierten Schiffsüberwachungssystem (VMS) 

abgeleiteten Daten zur Belastung durch die Fischerei.  

Durch harmonisierte Kartierung von Lebensräumen, ein verfeinertes Klassifizierungsschema 

und die Kartierung anthropogener Merkmale kann diese Arbeit dazu beitragen das Verständnis 

der natürlichen Eigenschaften des Meeresbodens und der menschlichen Einflüsse auf jenen in 

einer flachen Meeresumgebung zu verbessern. Die Ergebnisse unterstreichen die Bedeutung einer 

detaillierten Charakterisierung durch multimethodische Ansätze für eine umfassende 

Umweltbewertung und bilden eine Grundlage für zukünftige Überwachungs- und 

Managementstrategien, wobei besonderes Augenmerk auf die Langlebigkeit anthropogener 

Strukturen und ihre Auswirkungen auf die Integrität des Meeresbodens gelegt wird.  
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òéthe ocean reminds me that Iõm human. I have had some of the greatest adventures of my life at sea, made 

enduring friendships, been scared and exhilarated and bored and tired and more content than Iõve ever been on 

landé 

éScientific knowledge is essential, but this is a cultural decision. Traditional knowledge about and attitudes 

to the ocean will be necessary to help us with the big decision we face. How do we reconcile our many competing 

interests and attitudes with our increasing awareness of whatõs at stake?ó  

ñ Czerski, H. (2023). Blue Machine: How the Ocean Shapes Our World. Penguin Random House. 
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Chapter 1 

Introduction  

The ocean is recognized as an expanding economic horizon due to its commercial value for 

supplying food, resources (e.g., hydrocarbons, minerals), and space (e.g., shipping, spoil grounds, 

tourism) (Jouffray et al., 2020). This is directly related to the rapid growth of the human population 

in coastal regions, even outpacing growth in inland areas (Cosby et al., 2024). The blue economy 

involves the sustainable exploitation of marine resources to promote economic development 

while maintaining the integrity of marine ecosystems (Youssef, 2023). The rapidly growing interest 

in exploiting these marine resources, referred to as òthe blue accelerationó (Jouffray et al., 2020), 

raises concerns because with increasing population, demands, human pressures and impacts on 

the marine environment will intensify (Airoldi and Beck, 2007; Brander et al., 2010). 

The seabed, especially in coastal and shelf environments, is increasingly influenced by human 

activities (Fogarin et al., 2019; Harris, 2020a; Watson et al., 2020; Budillon et al., 2022; 

Prishchepenko et al., 2023; Krämer et al., 2025). The cumulative impacts can degrade ecosystems, 

transform habitats and thereby cause irreversible changes in the marine environment (Airoldi and 

Beck, 2007). These changes weaken the resilience of marine ecosystems, thereby reducing their 

capacity to provide goods and services that are important for human well-being and survival 

(Cardinale et al., 2012). Therefore, a comprehensive knowledge of the physical structure of the 

seafloor, the distribution of benthic habitats and impacts of anthropogenic pressures is required 

for an efficient ecosystem-based management (EBM) (Cogan et al., 2009) such as the 

establishment of conservation areas or Marine Protected Areas (MPAs) to mitigate habitat loss 

and degradation (McDonald et al., 2020).  

Although more than 8% of the ocean is protected globally, less than 3% falls under strict 

protection (Fox et al., 2024). Initiatives like ò30 by 30ó aim to safeguard at least 30% of nature, 

including marine and coastal areas, by 2030 (Dinerstein et al., 2019; Convention on Biological 

Diversity, 2022; Stephens, 2023; Rechberger et al., 2024)ña goal mirrored in EU policies such as 

the Biodiversity Strategy 2030 (European Commission, 2020), and the Nature Restoration Law 

(European Union, 2024), which among the marine targets includes establishing protected areas 

for at least 30% of the sea in Europe, and to strictly protect at least 10% of the EUõs protected 

areas (European Commission, 2020). Achieving these targets requires a science-based approach 

to policy-making (Grorud-Colvert et al., 2021). Effective marine management depends on reliable 

data regarding habitats, species, human activities, and their associated impacts. In Europe, the 

Habitats Directive (HD) (Council Directive, 1992; 92/43/EEC) aims to maintain and restore 

natural habitats by conserving wild fauna and flora and habitats (FFH) of community interest. 

These natural habitats, considered priorities for conservation, are listed in Annex I of the HD and 



Chapter 1: Introduction  

2 

require the designation of Special Areas of Conservation (SACs) for their protection. EU Member 

States are required to report every six years on the conservation status of these habitats, as required 

under Article 17 of the HD. 

In addition, the Marine Strategic Framework Directive (MSFD, European Commission, 2008, 

2008/56/EC), aiming to achieve Good Environmental Status (GES) in EU marine waters, has 

defined 11 descriptors for biodiversity conservation and safeguarding ecosystem integrity. The 

definitions, criteria and methodological standards for assessing GES are established in the 

Commission Decision (EU) 2017/848 (European Commission, 2017). Descriptor 6 deals with 

the òseafloor integrityó and aims to assess the degree to which human activities negatively affect 

the seabed. Within this descriptor, five criteria are defined. The criteria 1 and 2 are related to the 

spatial extent and distribution of physical loss (irreversible changes, more than 12 years) and 

physical disturbances (temporary changes) of the seabed, while descriptors 3, 4 and 5 deal with 

the spatial extent of habitats which are adversely affected and the extent of loss of the different 

habitat types. Hence, not only knowledge of the characteristics and distribution of habitats, but 

also human impacts on the marine environment, is a prerequisite for reporting the status under 

European regulations. 

Comprehensive habitat mapping serves as the basis for environmental assessments, supporting 

the designation of MPAs or SACs, and marine planning. There are different marine habitat 

classification schemes worldwide tailored to specific interests (Strong et al., 2019), leading to 

difficulties in correlation and interoperability across different frameworks. Habitat maps typically 

adhere to classification schemes, based on abiotic components and, often, incorporating the 

biological communities that inhabit them (e.g., EUNIS, European Nature Information System 

classification scheme (Davies et al., 2004; EUNIS, 2019)). Rather than mapping the diversity of 

species or communities that may occupy overlapping niches, a common approach in habitat 

mapping involves surveying the marine landscape and determining different physical surrogates 

that define or characterize habitats (Baker and Harris, 2012). These so-called òpotential marine 

benthic habitatsó (Greene et al., 2005) describe òthe physical, geological, chemical, and biological conditions 

at the seafloor that are associated with the species or population of interestó (Greene et al., 2008). A ògeological 

bottom-upó approach refers to the characterization of potential marine habitats associated with 

the geological substrate using geophysical imaging (Greene et al., 2007). These geological 

attributes can, in turn, be associated with specific types of species (Kloser et al., 2010). 

The hierarchical habitat classification scheme developed by Greene et al. (1999, 2005, 2007, 

2008), also known as Potential Habitat Classification (Strong et al., 2019), ñhereafter referred to 

as the òGreene Classificationóñ is based on seabed geomorphological properties as well as 

biology and uses a Geographic Information System (GIS) attribute code to characterize habitat 

conditions at different scales. The alphanumeric attribute code represents substrate properties and 

comprises information on physiography, depth, sediment type, seafloor roughness and slope, 
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substrate composition, and benthic biology. The approach has been applied in different 

environments due to its flexibility for characterizing benthic habitats with varying data availability 

(Greene et al., 2013; Niyazi et al., 2024). 

Seabed properties are efficiently analyzed by combining hydroacoustic techniques with 

ground-truthing information, including targeted sampling and underwater video. Hydroacoustic 

systems such as side-scan sonars (SSS) and multibeam echosounders (MBES) enable the 

collection of fine-resolved temporal and spatial data and are widely used to map not only natural 

(Kostylev et al., 2001; Brown et al., 2011; Markert et al., 2013; Fogarin et al., 2019; Marx et al., 

2024) but also anthropogenically modified habitats (Madricardo et al., 2019; Budillon et al., 2022; 

Rizzo et al., 2022; Krämer et al., 2025; Schulze et al., 2025). Furthermore, acoustic sub-bottom 

profiling (SBP) techniques can generate geophysical profiles that provide information about the 

seabed and the subsurface structure. The integration of such information into the characterization 

of the marine substrate offers more complete and detailed information for mapping marine 

benthic habitats (e.g., Brown et al., 2020; Papenmeier et al., 2020; Hamouda et al., 2024).  

To understand natural seafloor processes and quantify the effects of human pressures on the 

seafloor, it is essential to distinguish between the origins of seabed features. Relying on a single 

hydroacoustic method can be insufficient, as similar acoustic signatures may mask different 

formation processes, particularly for circular features such as dredge pits, pockmarks, or dumping 

mounds. Circular features on the seabed can form through processes occurring above the 

seafloor, such as anthropogenic activities (Tauber, 2009; Manso et al., 2010; Garlan et al., 2018; 

Madricardo et al., 2019; Kampmeier et al., 2020; Papenmeier et al., 2022), slope failure and bottom 

currents (Wenau et al., 2021), or foraging by marine mammals (Marsh et al., 2018; Schneider von 

Deimling et al., 2023). Similar-looking features can also be formed by forces from below the 

seafloor, such as the seepage of fluids and gases, which leads to the formation of pockmarks 

(Hovland and Judd, 1988; Judd and Hovland, 2007). As a result, considerable research has focused 

on investigating these features, particularly because pockmarks are associated with methane 

release, which contributes to the global organic carbon cycle (Schneider von Deimling et al., 2011; 

Weber et al., 2019). Due to the similarity in hydroacoustic data of circular features, the origin of 

the features is not always easily distinguished. 

Furthermore, while hydroacoustic mapping provides detailed, high-resolution data for the 

assessments of seabed pressures at the local scale, large-scale maps of human impacts on the 

marine environment typically rely on data from satellite imagery (e.g., for fishing or shipping 

activities) or local authority records (e.g., dredging licenses or spoil disposal sites) (Halpern et al., 

2015; Korpinen et al., 2018, 2019; HELCOM, 2023c). Although regional assessments are cost-

effective and efficient, they rely on these indirect datasets, which often lack the spatial resolution 

and accuracy needed to precisely capture the extent and longevity of impacts on the seafloor. 
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The Baltic Sea, a semi-enclosed intracontinental sea connected to the North Sea through 

Kattegat and Skagerrak, has undergone complex development since the last glacial period 

(Schwarzer et al., 2019). Since the onset of postglacial development, the advance and retreat of 

the ice sheet, driven by temperature fluctuations and accompanied by glacial-isostatic adjustments, 

triggered transgressions and regressions that influenced the marine and coastal environment of 

the Baltic Sea (Björck, 1995, 2008). The area is underlain by Pleistocene glacial deposits, locally 

covered by Holocene sediments and occasionally by meltwater deposits. Erosion, deposition, and 

sediment reworking processes have shaped the present-day diverse morphology and sediment 

patterns of the Baltic Sea seabed (Niedermeyer et al., 2011). The SW Baltic Sea is very patchy 

(Seibold et al., 1971; Tauber, 2012) with a variable range of sediment sizes, from clay to boulders, 

providing habitats for various benthic communities. The region is particularly affected by human 

activities (Korpinen et al., 2019; HELCOM, 2023c), exerting physical pressures on benthic marine 

habitats (HELCOM, 2023a), resulting in degradation (Lotze et al., 2006; Reusch et al., 2018) and 

a poor ecological condition (HELCOM, 2023a; BMUV, 2024). Plans have been adopted to restore 

and protect the Baltic Sea, such as the HELCOM Baltic Sea Action Plan (HELCOM, 2021) or in 

Germany, the Baltic Sea Protection Action Plan 2030 (Aktionsplan Ostseeschutz 2030) 

(Landesregierung Schleswig-Holstein, 2024), which dictates the strict protection of 12.5% of the 

Baltic Sea of Schleswig-Holstein, aligning with EU targets. Furthermore, the implementation is 

crucial for understanding seabed conditions and individual seabed features for identifying habitats 

that require protection and restoration. With all of this, the SW Baltic Sea serves as an ideal natural 

laboratory for studying the parameters and features that characterize potential habitats formed by 

natural processes and influenced by anthropogenic activities in a shallow and confined 

environment. 

This work is the result of research conducted within the framework of two projects funded by 

the State Agency for the Environment in Schleswig-Holstein (LfU - Landesamt für Umwelt). 

Within the òLebensraumtypen Ostsee Syntheseó (Habitat Types Baltic Sea Synthesis) project, 

results of seabed mapping conducted since 2008 were compiled and analyzed. A subsequent 

project, òMenschliche Einflüsse auf den Meeresboden der westlichen Ostseeó (Human Impacts 

on the Seafloor of the Southwestern Baltic Sea), investigated the influences of anthropogenic 

activities on the seafloor, using the information from the synthesis as a baseline. Within this 

project, additional information was collected during two dedicated cruises in specific areas in Kiel 

Bight and Mecklenburg Bight.  

This thesis integrates insights from previous seabed mapping research to characterize physical 

seafloor properties that govern the distribution of potential habitats in the Baltic Sea of Schleswig-

Holstein (BS-SH). Furthermore, it evaluates the applicability of the Greene Classification utilizing 

selected physical parameters to identify potential habitats. By analyzing different hydroacoustic 

datasets supported by in situ observations, this work provides a classification of seabed features 

that addresses the challenges of differentiating between natural and human-made circular 
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structures. Ultimately, this thesis offers an overview of the spatial extent of physical anthropogenic 

pressures on the seafloor and examines how hydroacoustic data can enhance large-scale regional 

assessments by comparing different spatial data types. Integrating these high-resolution data may 

provide more effective tools for marine spatial planning and environmental management. 

1.1. Thesis Structure 

This thesis is structured into eight chapters that integrate and discuss the results of 

characterizing seabed conditions of the SW Baltic Sea, in the context of seafloor integrity. Chapter 

2 presents three main hypotheses and related objectives of this research. Subsequent chapters 

(Chapters 3-6) include four complementary case studies that primarily use hydroacoustic data 

from SSS, MBES and SBP to characterize and classify natural and/or anthropogenic structures. 

To characterize the natural seabed, Chapter 3 integrates results from earlier mapping works in the 

BS-SH and examines the distribution of sediment and habitat types, as well as their relationships 

with geomorphological features and subsurface geology. In addition, this manuscript identifies 

physical attributes of the seafloor to support the adaptation of the Greene Classification, enabling 

flexible classification and effective identification of potential habitats. 

Díaz-Mendoza, G.A., Schwarzer, K., von Rönn, G.A., et al. (2025). Sedimentological and 

Geomorphological Characterization of the Seafloor of the SW Baltic Sea ð Habitats, 

Sandy Deposits and the Greene Classification. Manuscript draft.  

Continuing with a closer look at seabed structures and to highlight the potential of using 

available SSS datasets to explore seabed disturbances, Chapter 4 provides an initial overview and 

introduction to seabed structures observed in SSS images, cataloguing different examples of 

seabed features in a shallow marine environment under the influence of human activities. 

Díaz-Mendoza, G.A. and Schwarzer, K. (2019). Seabed features in Mecklenburg Bight based on 

side-scan sonar imagery. Marine and River Dune Dynamics Conference, Bremen, 

Germany, 77ð82. Available 

at: https://www.marum.de/Binaries/Binary18516/MARIDVI-Diaz-Giuliana.pdf. 

Given that the SSS images showed many circular structures on the seabed whose origin was 

often unclear, Chapter 5 employs a multi-method approach to distinguish these features more 

effectively. This third study differentiates between circular features of natural and anthropogenic 

origin. 

Díaz-Mendoza, G. A., Krämer, K., von Rönn, G. A., Schwarzer, K., Heinrich, C., Reimers, H.-

C., Winter, C. (2023). Circular structures on the seabed: differentiating between natural 

and anthropogenic originsñExamples from the Southwestern Baltic Sea. Front. Earth 

Sci. 11. https://doi.org/10.3389/feart.2023.1170787. 



Chapter 1: Introduction  

6 

Focusing now on a detailed examination of human physical pressures on the seafloor, Chapter 

6 investigates the distribution, quantification, and identification of anthropogenic features using 

hydroacoustic datasets. In this study, the results are compared with regional quantifications of 

seabed physical disturbances. 

Díaz-Mendoza, G. A., Krämer, K., von Rönn, G. A., Heinrich, C., Schwarzer, K., Reimers, H.-

C., Winter, C. (2025). Hotspots of human impact on the seafloor in the Southwestern 

Baltic Sea. Cont. Shelf Res. 285, 105362. https://doi.org/10.1016/j.csr.2024.105362. 

All these studies analyze seafloor conditions, characterizing both the natural features that 

provide potential habitats and the human impacts that cause disturbance, loss, and potential 

threats to these habitats. Chapter 7 presents a discussion and conclusion of this thesis, addressing 

the hypotheses and synthesizing the findings from the detailed studies. Chapter 8 discusses the 

implications, future perspectives, and potential paths for further research. 
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Chapter 2 

Hypotheses and Aims 

A comprehensive understanding of the parameters that control the structure and distribution 

of marine habitats, along with an evaluation of marine uses and impacts, is necessary as a basis 

for ecosystem management in the formulation of effective conservation strategies and policy 

frameworks. Considerable research has been conducted regarding the distribution of sediments 

(Seibold et al., 1971; Hermansen and Jensen, 2000, from Reimers, 2008 in Zeiler et al., 2008; 

Tauber, 2012) and marine habitat types in the Southwestern Baltic Sea (e.g., Schiele et al., 2015; 

Marx et al., 2024) along with specific anthropogenic impacts on the seafloor (Krost et al., 1990; 

Tauber, 2009; Bunke et al., 2019; Kampmeier et al., 2020; Schönke et al., 2022; Krämer et al., 

2025; Schulze et al., 2025). However, significant gaps remain in comprehensively characterizing 

the seafloor at a hierarchical level, particularly in integrating seabed and shallow subsurface 

properties and human impacts. Thus, to enhance understanding of natural seafloor conditions 

and the effects of human activities on the seabed, this thesis addresses the following hypotheses 

and corresponding aims: 

Hypothesis 1: 

The adaptation and application of the Greene Classification to the BS-SH enables a 

comprehensive and detailed characterization of the seafloor that reflects relationships 

between the shallow subsurface structure, the morphology, the seabed heterogeneity and 

the distribution of potential habitats, while maintaining flexibility to align with different 

classification frameworks. 

While seafloor morphology and composition provide fundamental parameters for 

characterizing benthic habitats (Borland et al., 2021), knowledge of the underlying geological 

structure is equally important (Todd and Kostylev, 2011), which influences seafloor heterogeneity. 

Such heterogeneity varies on a small spatial scale and supports diverse communities (Gallucci et 

al., 2020; Girard et al., 2025). Variations in subsurface geology, morphology, and hydrodynamic 

forces contribute to the heterogeneity of the seabed in the Southwestern Baltic Sea (Zeiler et al., 

2008). By understanding the structure and composition of the subseafloor, relationships can be 

established with sediment distribution and seafloor morphology, contributing to a better 

understanding of habitat distribution. 

Hard substrates and sandbanks are recognized under Annex I of the EU Habitats Directive 

(HD; Council Directive, 1992) as òreefsó (1170) and òsandbanks slightly covered by seawater all 

the timeó (1110), hereafter referred to as òsandbanksó, due to their ecological importance. 
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However, other sandy features that also support biodiversity often fall outside these definitions. 

The habitat classification system developed by Greene et al. (1999, 2005, 2007, 2008) offers a 

geologically grounded òbottom-upó approach through the definition of substrate parameters, at 

various scales, while maintaining flexibility to align with different frameworks (e.g., EUNIS 

(Davies et al., 2004), HD (Council Directive, 1992), HELCOM HUB (HELCOM, 2013b)). 

Applying this system to the SW Baltic Sea can enhance the mapping of diverse habitat types, 

including sandy substrates with ecological significance that may be underrepresented. 

Aims: 

¶ To discuss relationships between subsurface geology, geomorphology, sediment and 

habitat distribution patterns across the BS-SH region. 

¶ To harmonize the distribution of sediments and the potential habitat types òreefsó 

(Nature 2000 code: 1170) and òsandbanks which are slightly covered by sea water all the 

timeó (Nature 2000 code: 1110) according to the EU HD. 

¶ To determine different geomorphological structures representing sandy bodies. 

¶ To propose an approach for characterizing the seafloor using the Greene Classification 

and to discuss its potential and its applicability for the BS-SH. 

Hypothesis 2: 

The differentiation of seafloor features of natural and anthropogenic origin requires a 

multi -method approach, as many of these features exhibit similar characteristics in 

hydroacoustic imagery. 

The differentiation between the origins of seabed features is crucial for understanding natural 

seafloor processes and quantifying the effects of human pressures on the seafloor. Hydroacoustic 

data from SSS, MBES and SBP effectively identify seabed features, but interpreting these features 

is complicated by human-induced changes that obscure natural signatures (Rivera et al., 2017). 

The challenge is even greater when using existing data collected over many years with different 

devices, often for broad mapping rather than targeted investigations. Due to the various possible 

origins of circular features on the seafloor, determining their exact cause is often challenging. 

Combining different geomorphometric and textural analytical techniques has proven efficient 

for characterizing the seafloor (Micallef et al., 2013) alongside validation through optical 

observations or sampling (Brown et al., 2011; Pergent et al., 2017). The integration of existing SSS 

data from the SW Baltic Sea into a multi-method framework, incorporating MBES and SBP 

information as well as sediment analyses, has the potential to enable large-scale mapping and 

characterization of seabed structures. 
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Aims: 

¶ To identify seabed features in the existing SSS data.  

¶ To develop an inventory and characterization of circular structures based on data from 

additional hydroacoustic data (MBES, SBP) supported by sediment sampling and in situ 

optical observations of the seafloor. 

¶ To define geophysical, geomorphological and sedimentological parameters for a 

systematic and standardized detection, description and differentiation of circular seabed 

structures using classification schemes. 

Hypothesis 3: 

High -resolution hydroacoustic data provide a more direct, accurate, and detailed 

representation of human-induced physical pressures on the seafloor than other spatial 

data types, such as VMS-based fishing abrasion, used in regional HELCOM assessments. 

Comparisons of seabed pressure estimations are key for bridging gaps in resolution, 

accuracy, as well as spatial and temporal coverage of seabed impacts. 

Regional assessments of physical pressures on the seafloor rely on proxy-based spatial data 

(e.g., vessel tracking and fishing effort models) and reported local information (Korpinen et al., 

2018, 2019; Paramana et al., 2024); however, this broad coverage data may not fully capture the 

fine-scale spatial variability caused by anthropogenic activities, potentially resulting in under- or 

overestimated impacts. High-resolution hydroacoustic techniques offer detailed seafloor imagery, 

enabling the precise detection and calculation of anthropogenic features (Schönke et al., 2022; 

Durán et al., 2023; Packmor et al., 2025). Based on this, comparisons of estimates of seafloor 

physical pressures derived from hydroacoustics and spatial data, such as those from the 

HELCOM regional assessments, are believed to be crucial for improving the accuracy and 

characterization of seafloor impacts in regional models. Furthermore, the persistence and stability 

of seabed features have implications for assessing seabed integrity. According to the European 

Commission (2017), physical loss is òa permanent change to the seabed which has lasted or is expected to last 

for a period of two reporting cycles (12 years) or moreó, while physical disturbance refers to òa change to the 

seabed from which it can recover if the activity causing the disturbance pressure ceasesó (European Commission, 

2017). Data from repetitive hydroacoustic measurements aid in evaluating the longevity of seabed 

features, whereas data used in regional assessments, such as time-resolving ôindirect dataõ (e.g., 

fishing intensity), are limited or cannot be used for precise evaluations of seabed pressures.  

Aims: 

¶ To identify and classify seafloor pressures by explaining different anthropogenic features 

and their associated formation processes in the SW Baltic Sea using hydroacoustic data. 
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¶ To compare and analyze the potential differences for characterization of seabed impact 

between high-resolution hydroacoustic data and spatial data types considered in 

HELCOM regional assessments of physical loss and seafloor disturbance in human 

impact hotspots. 

¶ To discuss the implications of the physical lasting effects of anthropogenic features on 

the seabed. 

¶ To identify hotspots of anthropogenic seafloor structures from available data and 

quantify the human footprint in those hotspots. 
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Chapter 3 
Sedimentological and Geomorphological Characterization 

of the Seafloor of the SW Baltic Sea ð Habitats, Sandy 

Deposits and the Greene Classification 
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Kiel University, Institute of Geosciences, Coastal Geology and Sedimentology, Kiel, Germany 

 

Manuscript draft  

*The authors listed above are preliminary. The final, official list of co-authors will be published in the peer-reviewed 

journal. 

Abstract 

Understanding the abiotic and biotic properties of marine habitats, as well as their variability 

in response to external influences, is essential for effectively managing marine ecosystems and 

their resources. International directives, such as the Marine Strategy Framework Directive 

(MSFD) and the EU Habitats Directive (HD), as well as national legal frameworks like the §30 

Federal Nature Conservation Act (BNatSchG), require monitoring and investigations to assess 

their conditions and to restore and maintain a òGood Environmental Status.ó  

Over several years, more than 1,500 km² of the seafloor in Schleswig-Holstein's Baltic Sea 

territorial waters have been investigated using hydroacoustic devices, sediment sampling, and 

optical ground-truthing methods. The compilation and synthesis of individual mapping projects 

serve as a basis for assessing the environmental characteristics of the marine environment. The 

heterogeneous distribution of seabed sediments reflects interactions between the underlying 

geological strata, geomorphological features, and ongoing hydrodynamic processes. Thus, 

geological and geomorphological prerequisites have a strong influence on the distribution and 

persistence of potential marine habitat types. òReefsó (NATURA 2000 code: 1170) and 

òsandbanks which are slightly covered by sea water all the timeó (NATURA 2000 code: 1110) are 

discussed, as well as different forms of sand deposits. Furthermore, the habitat classification 

scheme proposed by Greene et al. (1999, 2005, 2007, 2008), which has proven to be a versatile 

geological òbottom-upó approach for characterizing potential benthic habitats, is adapted to the 

southwestern Baltic Sea. This approach was tailored to the distinctive geomorphological and 

sedimentological characteristics of the region, particularly for various forms of sand accumulation. 

Keywords: marine habitat mapping, seabed sediment distribution, habitat classification, Greene Classification  
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3.1. Introduction  

The marine environment provides essential 

ecosystem services to humans. Therefore, it is 

crucial to maintain a balance between marine 

habitats and human activities to preserve a 

healthy and functional marine ecosystem. The 

awareness that intensive use of coastal waters 

often causes severe impacts on vulnerable 

habitats led to the establishment of policies 

demanding monitoring, assessment, and 

development of measures to improve and 

preserve the marine environment. Different 

directives and regulations have been adopted 

by the European Union, such as the Habitats 

Directive (HD) (Council Directive, 1992; 

92/43/EEC), the Marine Strategic Framework 

Directive (MSFD, European Commission, 

2008, 2008/56/EC) and the EU Nature 

Restoration Law (European Union, 2024). 

Another legal framework for the Baltic Sea 

region to protect habitats and maintain 

biodiversity is the intergovernmental 

organization for protecting the Baltic Marine 

Environment, known as the Helsinki 

Commission (HELCOM). At the national 

level, Section 30 of the German Federal Nature 

Conservation Act (BNatSchG) defines the legal 

protection of biotopes in Germany.  

EU Directives require each Member State to 

report on the status of habitats and to restore 

and/or maintain a òGood Environmental 

Statusó (GES) (2008/56/EC, 2017/848 

European Commission, 2008, 2017). To meet 

the specific requirements of each Directive, it 

is necessary to understand many different 

aspects of the marine environment. Monitoring 

concepts should consider habitatsñtheir 

occurrence, development, and variabilityñon 

time scales longer than seasonal cycles, 

spanning decades, while also addressing 

interactions with anthropogenic impacts 

(Cogan et al., 2009; Harris and Baker, 2020). 

Several marine habitat classifications exist, each 

designed for a specific area of application 

(Strong et al., 2019; Harris, 2020b). However, 

to ensure a consistent approach for classifying 

potential benthic habitats, it is necessary to 

identify measurable parameters that can be 

used to describe and characterize the abiotic 

conditions of the seabed. In the Baltic Sea, 

some approaches for the identification, 

conservation assessment and protection of 

marine habitats have been specified and are in 

use: 

¶ EUNIS (European Nature Information 

System) habitat classification (Davies et 

al., 2004; EUNIS, 2019). 

¶ HELCOM Classification for 

Underwater Biotopes (HELCOM 

HUB) (HELCOM, 2013a). 

In the MSFD, GES assessments should be 

conducted in Broad Habitat Types (BHTs) and 

Other Habitat Types (OHTs) (Evans et al., 

2016; European Commission, 2017): 

¶ BHTs, according to EU Commission 

Decision (2017/848; European 

Commission, 2017), are derived from 

the EUNIS Habitat Classification 

(Davies et al., 2004; EUNIS, 2019). 

¶ OHTs are selected by the respective EU 

member state. In the German Baltic Sea, 

the OHTs include habitats listed in  

Annex I of the EU HD (Council 

Directive, 1992; 92/43/EEC), in the 

legally protected biotopes (§30 Federal 

Nature Conservation Act), and the 
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HELCOM Red List (HELCOM, 

2013b). 

The first compilation of knowledge on 

habitat types in the territorial waters of the 

Baltic Sea off the coast of Schleswig-Holstein 

(BS-SH) was presented by Schwarzer et al. 

(2008), which primarily focused on geological 

and sedimentological background information. 

Under the HD, the most widely recognized 

habitat types are òreefsó (NATURA 2000 code 

1170; hereafter referred to as reefs") and 

'sandbanks, slightly covered by sea water all the 

time' (NATURA 2000 code 1110; hereafter 

referred to as òsandbanksó). Definitions and 

mapping notes for these habitat types were 

developed over the years of application and 

technical/scientific opportunities (e.g., 

Boedeker et al. 2006; LANU, 2007; European 

Commission 2013; Boedeker and Heinicke 

2018; BiotopV SH 2019, 2019; Heinicke et al. 

2021; Ssymank et al. 2021).  

Schwarzer et al. (2008) assigned potential 

habitat types based on the level of knowledge 

obtained from various types of maps, scientific 

reports, PhD and MSc theses, publications, and 

unpublished reports, all with a regional focus 

on the BS-SH (Table 3.1). A status category (Ið

III) was developed, involving the knowledge of 

all abiotic components for status I-II, which 

implies spatial dimensions, substrate 

information and hydrological boundary 

conditions. Status III was assigned to areas 

where knowledge about fauna and flora exists. 

Schiele et al. (2015) presented an application of 

HELCOM HUB for the southwestern Baltic 

Sea to identify habitats, using sedimentological 

information from Tauber (2012) and 

supported by biological analyses of 

macrozoobenthos. 

Areas with well-founded suspicion of HD 

habitat types in the BS-SH were identified 

within the framework of many years of seafloor 

mapping by the Institute of Geosciences (IfG) 

of Kiel University in collaboration with the 

State Agency for Agriculture and Environment 

and Rural Areas of Schleswig-Holstein (LLUR, 

now known as the State Agency for the 

Environment, LfU). This mapping was 

primarily conducted using side-scan sonars 

(SSS) and sub-bottom profilers (SBP), 

supplemented by sediment sampling and visual 

observations with underwater cameras and/or 

video systems (Schwarzer et al., 2022).  

In some reports, the sedimentological and 

geomorphological criteria for potential habitat 

types were presented (Schwarzer et al., 2014b, 

2014c; Schwarzer and Heinrich, 2016, 2017; 

Schwarzer and Unverricht, 2020, 2021). 

However, the information from the 

sedimentological analyses was not always 

transferred into consolidated maps of sediment 

and habitat distribution. Consolidating and 

integrating all these data into harmonized high-

resolution maps of substrate type distribution 

and deriving habitat types constitutes a crucial 

step in ecosystem-based management. Thus, 

relevant information from earlier mappings 

was combined within the project 

òLebensraumtypen Ostsee Syntheseó 

(Schwarzer and Díaz-Mendoza, 2020), which 

serves as the foundation of this article. The LfU 

further complemented the dataset and 

compiled the information for Schleswig-

Holstein's contribution to the e-reporting 

under the HD. LANISH-SH (2021) has made 

available online those occurrences of 

sandbanks (1110) and reefs (1170) from Annex 

I of the Habitats Directive.  
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Marx et al. (2024) developed full-coverage 

maps of habitat distribution for the entire 

German Baltic Sea, based on the classification 

of the BHT, HELCOM HUB, and OHTs, 

including reefs and sandbanks. Their maps are 

based on data collected in five focus areas, 

three of which are located in the territorial 

waters of Mecklenburg-Vorpommern and two 

in the Exclusive Economic Zone (EEZ). The 

compilation includes habitats and their benthic 

communities at a resolution of 1 km and on a 

50 m grid only in the focus areas. 

The IfG consistently executed seafloor 

mapping in BS-SH, with a resolution ranging 

from 0.25 to 2 m, resulting in more detailed 

maps, especially regarding geomorphological 

and sedimentological characteristics. These 

maps include seismic information, as the 

geological architecture of the subsurface plays 

a crucial role in the distribution of reefs and 

sandy deposits. These higher-resolution maps 

are crucial, where geomorphological, 

sedimentological, and marine substrate 

conditions are heterogeneous on a small spatial 

scale, and the environment is vulnerable to 

multiple pressures.  

Geomorphological and sedimentological 

parameters can be categorized using a 

geological òbottom-upó classification by 

applying Geographic Information Systems 

(GIS). Greene et al. (1999, 2005, 2007, 2008) 

developed a habitat classification based on 

geomorphological criteria, including the 

variability of geological and biological 

parameters to describe different scales and 

criteria of marine habitats, ranging from micro- 

to megahabitats. Due to its versatility, ease of 

application and potential transferability to 

other marine areas, this classification scheme 

and its continuous extension have become 

widespread (Jordan et al., 2005; Intelmann and 

Cochrane, 2006; Greene et al., 2013; Niyazi et 

al., 2024), commonly referred to as the 

òGreene et al. (1999) Classification Schemeó 

(Harris, 2020b) or the òPotential Habitat 

Characterization Scheme (PHCS)ó (Strong et 

al., 2019). It is hereafter referred to as the 

òGreene Classificationó. Its application to the 

Baltic Sea database is helpful for marine 

management in the context of interoperability 

and implementation of various directives and 

recommendations. We applied the Greene 

Classification for the first time for the BS-SH. 

The objectives of this study are: 

¶ To discuss relationships between 

subsurface geology, geomorphology, and 

sediment and habitat distribution patterns 

across the BS-SH region. 

¶ To harmonize the distribution of 

sediments and the habitat types, reefs and 

sandbanks, according to the EU HD. 

¶ To determine different 

geomorphological structures representing 

sandy bodies.  

¶ To propose an approach for 

characterizing the seafloor using the Greene 

Classification and to discuss its potential 

and its applicability for the BS-SH.  

3.2. Study Area 

The research area is located in the BS-SH in 

water depths up to -31 m NHN 

(Normalhöhennull; German reference datum) 

(Figure 3.1). It is divided into 22 zones based 

on various investigations conducted since 2000 

(Figure 3.1; Table 3.1). 
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3.3. Regional Setting 

The BS-SH covers 3,117 km², comprising 

the Kiel Bight and partly the Mecklenburg 

Bight (Figure 3.1), which are connected by the 

Fehmarn Belt, a narrow passage where 

approximately 70% of the water exchange 

between the Baltic Sea and the North Sea 

happens (Lemke, 1988).  The exchange of full 

marine North Sea water with brackish water of 

the Baltic Sea, indispensable for its ecology, is 

driven on the one hand by rivers draining into 

the Baltic Sea, inducing a surplus of fresh water, 

and by wind conditions. On the other hand, 

westerly storms cause inflow conditions of 

North Sea water and a lowering of the water 

level along the Baltic Sea's western coast, while 

storms from easterly directions lead to a rising 

water level and support the outflow of Baltic 

Sea water (Siegel et al., 2005). Extreme storms 

from westerly or easterly directions can cause 

significant fluctuations in water levels. In Kiel 

Bight, variations can reach up to 5.26 m (+2.97 

m during storms from the northeast; -2.29 m 

NHN during westerly storms), while in 

Travemünde, fluctuations of up to 5.32 m have 

been observed (+3.30 m and -2.02 m NHN) 

(Seibold et al., 1971; BSH, 2023b). A tidal 

amplitude does not even reach 20 cm in the 

Belt Sea (Seibold et al., 1971). It is, therefore, 

negligible for habitat development and 

sediment dynamics (Niedermeyer et al., 2011). 

The postglacial formation of the Baltic Sea 

began with the onset of the glacier's retreat, 

leaving characteristic sedimentary sequences 

including till, meltwater deposits, and fine-

grained basin sediments behind. The melting 

ice caused isostatic adjustment, which, 

combined with the eustatic sea-level changes 

due to climate conditions, influenced the paleo-

marine landscape around the Baltic Sea. Results 

are transgression in the southern, sinking part 

and regression in the northern, uplifting part. 

Opening and closing a connection between the 

Baltic Sea and the full marine North Sea caused 

an alteration of freshwater (Baltic Ice Lake: 

16,000 ð 11,600 cal yr BP; Ancylus Lake: 

10,700 to 10,200 cal yr BP) and brackish water 

conditions (Yoldia Sea - 11,600 to 10,700 cal yr 

BP) (Schwarzer et al., 2019; Andrén et al., 2011; 

Björck, 2008). In Kiel Bight, these former 

Baltic Sea stages are only developed in the 

deeper channels.  

As a result of the global sea level rise and the 

waning of the isostatic uplift, a permanent 

connection between the Baltic Sea and the 

North Sea via Skagerrak and Kattegat was 

established with the onset of the Littorina 

transgression at 8,570 years BP (Stattegger and 

Leszczyżska, 2023). In the first phase, until 

approximately 8,000 BP, the relative sea level 

(RSL) rose at rates of up to 31.5 mm/year, 

from -28 m NHN to -10 m NHN (Stattegger 

and Leszczyżska, 2023), inducing intense 

transgression and flooding in the southern part 

of the Baltic Sea region. Here, RSL decreased 

from approximately 7-8 mm/year to about 4 

mm/year until about 7,200 years BP. Over the 

last 7,000 years, RSL has slowed from 

approximately 1.7 mm/year to 0.2 mm/year 

(Stattegger and Leszczyżska, 2023). While 

during a fast RSL, the coast mainly drowned, 

the low rate of RSL caused erosion of the 

seafloor and at the coastline and redeposition 

of sediments (Schwarzer et al., 2019).  
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Figure 3.1. Research area in the Schleswig-Holstein's Baltic Sea territorial waters, showing 22 areas in which various seafloor investigations were carried out. Data 

from all sites contributed to the overall synthesis. Some mapped areas are labeled with the names of nearby coastal cities or landmarks, indicating their corresponding 

offshore zones. Bathymetry S-H: GeoSeaPortal BSH (2019). Bathymetry Europe: EMODnet Bathymetry Consortium (2024). Terrain model: GEBCO Compilation 

Group (2024).
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Table 3.1. Data sources. (*) Data from habitat mapping projects funded by LfU, (+) other projects funded 

by LfU and (°) other sources available. 

 Region Project/Type  Reference 

1 Flensburg Fjord*  LRT V, mapping of the Flensburg Fjord Schwarzer and Heinrich (2016) 

2 Gelting Bay*+ 
GeoHab - BALDESH/Data Schwarzer and Heinrich (2016) 

Schwarzer and von Rönn (2021) 

3 
Schleimünde* LRT IV /Schleimünde Schwarzer and Heinrich (2017) 

Schleimünde North Master thesis Höft (2015) 

4 Schönhagen+ GeoHab - BALDESH Schwarzer and von Rönn (2021)    

5 Boknis Eck+ ° 
Regeneration of subaqueous boulder fields in the 
western Baltic Sea;  
Diploma thesis  

Schwarzer and Bohling (2008)  
 
May (2008) 

6 Stollergrund+ ° 

Regeneration of subaqueous rock fields in the 
western Baltic Sea;  
Diploma thesis; 
Additional Information 

Schwarzer and Bohling (2008) 
 
Mosch (2008) 
LANISH-SH (2021), AL523-1 

7 Kiel Fjord°  Diploma thesis  Themann (2002) 

8 Kiel Outer Fjord°  Sediment classification (JEDI) Schwarzer and Themann (2009) 

9 Probstei° Diploma mapping project, short thesis  Pansegrau (2008) 

10 Hohwacht Bay+° GeoHab - BALDESH/Data Schwarzer and von Rönn (2021)    

11 Heiligenhafen°  GeoHab - BALDESH/Data Schwarzer and von Rönn (2021)    

12 Fehmarn west* ° 

LRT II - Identification of marine habitat types in 
Kiel Bight west of Fehmarn;  
Diploma mapping project, short thesis 
Teaching: practical activities by using research 
vessels 

Schwarzer et al. (2014b) 
 
König (2010), Lübben (2010) 
Measuring Techniques in Shallow 
Water (2012) 

13 
Western Fehmarn Belt+ 
° 

LRT II - Identification of marine habitat types in 
Kiel Bight west of Fehmarn;  
Diploma mapping project, short thesis 

Schwarzer et al. (2014b) 
 
Szczygielski (2010)  

14 
Fehmarn Belt° Diploma thesis Feldens (2008) 

Fehmarn Belt East Master thesis Anders (2015) 

15 Fehmarn East* LRT VI: Fehmarn East Schwarzer and Unverricht (2020) 

16 
Fehmarn Southeast/ 
Großenbrode*° 

GeoHab - BALDESH 
Bachelor thesis 

Schwarzer and von Rönn (2021) 
Steinfeld (2017) 

17 Sagasbank*° 

LRT III: Identification of marine habitat types in 
the Mecklenburg Bight (mapping of the 
Sagasbank); 
Master thesis  

Schwarzer et al. (2014c) 
 
 
Kampmeier (2014) 

18 
Fehmarn South / 
Dahmeshöved*° 

LRT VIII: FFH - LRT mapping in the Fehmarn 
South area;  
Bachelor thesis 
Habitat types  

 
Schwarzer and Unverricht (2021) 
Rossius (2020) 
LANISH-SH (2021)  

19 Walkyriengrund° 
Teaching: practical activities by using research 
vessels 

Measuring Techniques in Shallow 
Water (AL-443)  

20 
Lübeck Bay° 
 

Flood protection Timmendorfer Strand; 
Diploma mapping project, short thesis 

Schwarzer and Krause (2008) 
(Langenbacher (2007); Riethdorf 
(2007); Rohde (2007) 

Diploma thesis Harders (2004) 

Diploma thesis Dehde (2000) 

21 Lübeck Bay Steinriff+ ° 

RADOST (Regional Adaptation Strategies for 
the German Baltic Sea Coast) 
Teaching: practical activities by using research 
vessels 

Schwarzer and Feldens, 2010 
 
Measuring Techniques in Shallow 
Water (AL-443) 
AL-523-1  

22 Travemünde°  Diploma mapping project, short thesis Jesussek (2008); Strutz (2008) 

Explanation of abbreviations: 
RADOST: Regionale Anpassungsstrategien für die deutsche Ostseeküste / Regional adaption strategies for the German 
Baltic Sea coast. 
GeoHab BALDESH: Geohabitate Baltic Sea Deutschland Schleswig-Holstein /Geohabitats in the Baltic Sea region of 
Schleswig-Holstein 
LRT: Lebensraumtypen / habitat types 
FFH: Fauna, Flora Habitat/fauna, flora, habitats 
JEDI: Auswertung von Sedimentklassifizierungsdaten der Nord- und Ostsee Schleswig-Holsteins / Analysis of data from the 
North- and Baltic Sea of Schleswig-Holstein for sediment classification  
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The present marine landscape is the result 

of various processes of erosion, transport, and 

deposition that have occurred since the end of 

the last glaciation (Björck, 2008; Harff and 

Meyer, 2011; Niedermeyer et al., 2011; 

Schwarzer et al., 2019). Organic-rich lacustrine 

sediments, such as gyttja and peat, initially 

deposited onshore in wetlands when the RSL 

was lower, are now observed outcropping in 

shallow water due to the retreating coast 

(Kreuzburg et al., 2018; von Rönn et al., 2021). 

The present coastline is characterized by the 

alternation of lowlands and active cliffs, mainly 

composed of Pleistocene deposits, and 

corresponding to approximately 20% of the 

coastline of BS-SH (Averes et al., 2021). Due 

to glacial overthrust, fine-grained marine 

Tertiary sediments and interglacial deposits are 

included in some cliff sections of Fehmarn 

Island and Heiligenhafen (Köster, 1958; 

Stephan, 2003; Niedermeyer et al., 2011). Parts 

of the active cliffs along Flensburg Fjord 

contain layers of interglacial Eemian Cyprin 

clay (Stephan, 2003). These older deposits 

partly continue to crop out offshore. 

Many parts of the coast of BS-SH are 

directly exposed to the east and northeast. Due 

to the long fetch from these directions, waves 

can reach maximum heights of up to 5.5 m in 

Mecklenburg Bight (Dette and Stephan, 1979). 

Those conditions play a crucial role in the 

distribution and rearrangement of seafloor 

sediments, as they rework and sort material 

originating from cliff retreat and the abrasion 

of submarine platforms (Schrottke et al., 2006; 

Averes et al., 2021). The varying intensity of 

erosion, transport, and deposition processes 

results in a highly variable seabed in terms of its 

geomorphological and sedimentological 

formation (Seibold et al., 1971; Tauber, 2012).  

For the southwestern Baltic Sea, the 

granulometric composition of the seafloor 

sediments and their distribution have been 

mapped at various resolutions (Seibold et al., 

1971; Hermansen and Jensen, 2000, from 

Reimers, 2008 in Zeiler et al., 2008; Tauber, 

2012). Generally, the sediment becomes finer 

offshore with increasing water depth (Seibold 

et al., 1971; Niedermeyer et al., 2011). Overall, 

the sedimentological composition of the 

seabed is highly heterogeneous and variable 

even at small spatial scales, with grain sizes 

ranging from clay to boulders. This variability 

reflects the region's young geological history, as 

the seafloor sediment distribution has not yet 

reached equilibrium. 

Pleistocene deposits building up cliffs 

extend partly several kilometers offshore, 

forming plateaus and abrasion platforms where 

sediment redeposition occurs. Coarse sand, 

gravel, and boulders typically remain as residual 

or lag deposits, reaching a thickness of up to 

several decimeters in shallow coastal regions 

(Schwarzer, 1989). Well-sorted medium and 

fine sands are often common at the distal 

margins of submarine abrasion platforms. 

Their thickness can reach several meters, like 

on the flanks of the abrasion platform 

òSteinriffó in Lübeck Bay offshore Brodten 

cliff (Schwarzer and Krause, 2008) or 

Hohwacht Bay (Niedermeyer-Lange and 

Werner, 1988). Other well-sorted sands are 

found in offshore lowlands, as nearshore bars, 

which develop close to the coastline 

(Schwarzer, 1989). Various other bedforms 

composed of sand are sand ribbons and 

submarine dunes (Schwarzer and Feldens, 
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2010; Feldens et al., 2015). Fine-grained 

fractions (clay, silt) are transported toward the 

deeper basins and are usually deposited below 

the wave base, of which the maximum depth is 

about -22 m NHN (Seibold et al., 1971). 

3.4. Materials and Methods  

3.4.1. SSS and SBP information  

SSS information was collected with a Klein 

595 (100 kHz and 384 kHz), a Benthos C3D 

TTV-298 (200 kHz), a Benthos 1624 (100 kHz 

and 400 kHz), an Imagenex Yellowfin (330 

kHz) and a StarFish 452F (450 kHz) side-scan 

sonars. Due to the use of different sonar 

systems, various digital data acquisition and 

processing programs were employed, including 

Triton Acquisition and Imaging software 

(Triton Imaging Systems), StarFish software, 

and Sonar Wiz software (Chesapeake 

Technology). The resolution of the resulting 

mosaics ranges from ~0.25 to 2 m. Further 

analysis of the SSS mosaics was conducted 

primarily using ArcGIS 10.6 and QGIS 3.32.1-

Lima software, which enables the identification 

of differences in backscatter intensities, 

represented by varying grey colors, reflecting 

the seafloor properties. 

Information about the subsurface structure 

was obtained with sub-bottom profilers (SBP): 

an EG&G boomer system, an SBP (Chirp-

Compressed High-Intensity Radar Pulse) 

included in a Benthos C3D TTV-298, and a 

parametric SBP (Innomar SES-2000 standard). 

Selected seismic profiles were visualized with 

the ISE post-processing software. 

3.4.2. Maps  

In the former projects, thematic maps were 

created by analyzing and segmenting SSS 

imagery, allowing for the classification of 

specific sediment and habitat types. The 

segmentation and classification of the SSS data 

consisted of delineating zones (polygons) with 

similar backscatter intensity and spatial 

patterns. Based on these data, positions for 

sediment sampling and video observation were 

selected. In the next step, polygons were 

assigned to specific sediment or habitat types 

based on seafloor characteristics, as determined 

by available data from grain size analysis, 

bottom roughness, geomorphology, and 

substrate composition. Those maps were not 

always created in those projects, and sediment 

distribution maps did not always follow a 

specific classification scheme. Thus, individual 

maps differed from area to area due to the 

different objectives of the projects. 

òOffsetsó occurred in overlapping regions 

and at interfaces between project areas. These 

offsets may result from temporal differences 

and seasonal variations due to the different data 

acquisition times in the projects, as sediment is 

mobile and shifting. Additionally, variations in 

the SSS backscatter properties of the mosaics 

can occur when different devices, recording 

settings, or processing adjustments are applied. 

Therefore, the grey-scale values of the SSS 

mosaics do not always match between areas of 

the same sediment type. However, areas 

between different mosaics of approximately 

equal characteristics can be correlated. For 

example, the relatively low retrospectivity and 

smooth, homogeneous texture of one SSS 

mosaic can correlate with an adjacent SSS 

mosaic of relatively similar physical 

characteristics but with different grayscale 

values. 
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3.4.3. Harmonization 

3.4.3.1. Morphological derivatives 

We used the bathymetry data from 

Geoseaportal of the Federal Maritime Agency 

(BSH, 2019), with a resolution of 50 x 50 m, to 

identify prominent geomorphological features 

and calculate morphological derivatives. At this 

scale, plateaus and channels can be identified, 

ranging from tens of meters to a few 

kilometers, which are mesohabitats according 

to Greene et al. (2007). Terrain attribute 

parameters, such as slope and rugosity (defined 

as the ratio between surface area to planar area), 

were calculated based on the bathymetric data 

using a Python toolbox for ArcGIS 10.6, the 

Benthic Terrain Modeler (BTM) (Wright et al., 

2005). 

3.4.3.2. Harmonization of the seabed 

sediment distribution 

Throughout the projects, more than 800 

grab samples were collected, described directly 

after sampling and analyzed in the laboratory. 

Grain size distribution was determined by dry 

sieving and, in cases with a high amount of silt 

and clay, by optical methods using a LS 13 320 

Particle Size Laser. 

Approximately 1,404 km² of the seafloor 

was classified during the projects, following 

different sediment classification schemes. To 

compile harmonized sediment distribution 

maps based on Folk's classification (Folk, 1954; 

Table 3.2), a reclassification of the substrate 

information was necessary in some cases, based 

on the analysis of available sediment samples 

and the backscatter characteristics of the SSS 

mosaic. At the boundaries of the SSS mosaics, 

differences in sediment classes appeared 

occasionally. In those cases, polygons were 

manually resegmented, and the sediment 

designation was based on the most recent and 

comprehensive information available on 

sediment types. 

To assign the respective sediment type to 

the polygons, we followed the national 

guidelines for seafloor mapping (BSH, 2016). 

Based on sedimentological characteristics, the 

surface sediments were classified into the 

following main classes (Table 3.2): 1. Fine 

sediments (FSed) in which mud dominates 

(particles <0.0625 mm; silt and clay); 2. Sand 

(S); 3. Mixed sediments contain gravel and 

sand, but silt and clay are also present (MxSed); 

4. Coarse sediments consisting of gravel and 

sand (CSed). This categorization corresponds 

to level A (BSH, 2016), a simplified sediment 

classification based on Folk (1954). Level B is 

the subdivision of the clastic sediment types of 

Level A, following Folk's classification. Level C 

refers to the sand classification system 

developed by Figge (1981), initially designed 

for North Sea sediments to provide a detailed 

classification of sand. This system is also partly 

applied to the sandy sediments of the Baltic 

Sea. 

Combinations of the different classes were 

included in cases where the mosaic showed 

smaller-scale heterogeneous textures (e.g., sand 

and coarse sediments, with sand as the 

predominant component) or when different 

sediment types in the SSS mosaics could not be 

differentiated (e.g., fine sediments to sand) 

(Table 3.2). 

In the GIS attribute table of the segmented 

polygons, this information was further 

supplemented with data regarding the presence 

of boulders (diameter > 0.5 m), which can be 

identified in SSS mosaics with a resolution of 
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0.25 m (Boedeker and Heinicke, 2018; 

Heinicke et al., 2021). 

3.4.3.3. Habitats Directive harmonization 

Many of the habitat types, reefs (1170), and 

sandbanks (1110) occurring in the BS-SH have 

already been identified and mapped, following 

the Interpretation Manual of European Union 

habitats (European Commission, 2013) and 

additional mapping notes. For the compilation 

presented here, the results of the synthesis were 

adapted and complemented with different 

sources of information: LfU / IfG projects 

(Table 3.1) and LANISH-SH (2021). 

 

Table 3.2. Classification of sediments adapted from BSH (2016). *Combinations of sediment types are 

indicated. òNot specifiedó denotes a lack of information or insufficient knowledge for precise classification. 

òNot classifiedó indicates that further classification is not possible at this level. The symbol (°) denotes 

sand as the predominant component.

Classes Level A ð 
Sonar Sediment Type 

Classes Level B ð 
Folk (1954) 

Classes Level C ð 
Figge (1981) 

Fine Sediment (FSed) not specified not classified 

Mud (M) 

sandy Mud (sM) 

muddy Sand (mS) 

Sand (S) Sand (S) fine Sand (fSa) 

medium Sand (mSa) 

mixed Sand (mxSa) 

coarse Sand (cSa) 

Coarse Sediments (CSed) not specified not classified 

gravelly Sand (gS) 

sandy Gravel (sG) 

Gravel (G) 

Mixed Sediments (MxSed) not specified not classified 

gravelly Mud (gM) 

gravelly muddy Sand (gmS) 

muddy sandy Gravel (msG) 

muddy Gravel (mG) 

Peat not classified not classified 

*Coarse and Mixed Sediments (CSed+ MxSed) gS, sG, G, + gM, gmS, msG, mG  

*Sand and Coarse sediments (S+CSed)° S + gS, sG, G    

*Coarse and Fine sediments (CSed+ FSed)  gS, sG, G + M, sM, mS  

*Fine sediments to Sand (FSed-S) M, sM, mS - S  

 

Key criteria for designating sandbanks 

(1110) include a morphological elevation with 

a minimum thickness of 0.3 m (Tschiche et al., 

2025) to 0.4 m (Boedeker et al., 2006; Ssymank 

et al., 2021), covering an area exceeding 10,000 

m² (LfU, 2024). The sediment can include 

some admixture of silt, clay, cobbles, and 

boulders (European Commission, 2013; Finck 

et al., 2017). 

Reefs are designated based on the nature of 

their hard substrateñwhether geogenic or 

biogenicñtheir morphology as features rising 

from the seafloor (a minimum size of 1,000 m² 

(LfU, 2024)) and the appearance of mussels, 

algae or other benthic species (Finck et al., 

2017; BiotopV SH 2019, 2019; Ssymank et al., 

2021). Geogenic hard substrates consist of 

boulders and cobbles (>64 mm) (European 

Commission, 2013; Heinicke et al., 2021; 

Ssymank et al., 2021). In areas where no habitat 

classification was performed, the identification 

of potential geogenic reef structures was 
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primarily based on evaluating sedimentological 

and geological/geomorphological data, 

supported by optical in situ observations when 

available. Otherwise, morphological elevations 

and areas of high backscatter intensity in SSS 

images associated with coarse sediments were 

identified as potential reefs. 

3.4.4. Application of the Greene 

Classification 

We applied the Greene Classification 

scheme to characterize seafloor properties and 

potential marine habitats in the BS-SH. This 

classification is based on an alphanumeric 

character code of GIS attributes (see Figure 

3.2). The coding consists of seven main 

parameters, each with a string of alphanumeric 

characters. The parameters are: 1. Megahabitat 

(1-10 km), 2. Bottom Induration, 3. 

Meso/macrohabitat (10-1000 m /1-10 m), 4. 

Modifier, 5. Slope, 6. Rugosity, and 7. Direct 

observations. Mega, meso and macrohabitats 

are usually interpreted from seafloor images or 

geological data. Micro- (<1m) and 

macrohabitats are interpreted based on direct 

observations. Whenever this information is 

available, it is followed by an asterisk (Figure 

3.2). The level of detail or the number of 

parameters used depends on the user, offering 

a wide range of freedom. Applying the Greene 

Classification code in the highly heterogeneous 

shallow water environment of the BS-SH 

requires identifying the different properties 

that characterize the seabed. For this purpose, 

the analysis of all available information 

supports the selection of appropriate 

parameters for adapting the Greene 

Classification. Bottom induration was adjusted 

to match the substrate types found in our study 

area, categorizing them as hard (e.g., exposed 

till), mixed (till partially covered by mobile 

sediments), or soft (composed of fine 

sediments).  

 

 

Figure 3.2. Example of the alphanumeric code of the Greene Classification. It contains seven main 

parameters: 1. Megahabitat (I: Inland seas, fjords, narrow inlets). 2. Bottom Induration (m: mixed bottom; 

msgb: mud, sand, gravel, boulders); 3. Meso/macrohabitat (i: ice-formed feature, morraine; v: vegetative 

sediment cover); 4. Modifier (b: mixed: u: unconsolidated), 5. Slope (1: flat: (0-5°)); 6. Rugosity (A: very 

low (1.00 to 1.25)); 7. Direct observations: s/g/b: sand/gravel/mud/boulder (the component appearing 

before the slash is the significant fraction relative to the other components); a-r: red algae; o: other sessile 

organisms. For a detailed explanation of the code parameters, see Greene et al. (1999, 2005, 2007, 2008). 
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The specific sediment type is indicated in 

parentheses following the induration category. 

For sediment classification regarding grain 

sizes, we use the scheme proposed by Blott and 

Pye (2001).  

In the study area, slopes range from 0 to 

10.5° (Figure 3.3A). According to the Greene 

Classification, seafloor gradients are classified 

into five classes: flat (0-5°), sloping (5-30°), 

steeply sloping (30-60°), vertical (60-90°) and 

overhang (>90°). The slope values of the BS-

SH belong to the classes òflató and òsloping.ó 

To provide a more detailed differentiation, a 

further subdivision of the first class is proposed 

using the ArcGIS data classification methods. 

Based on the Natural Breaks method in 

ArcGIS, four slope subclasses are suggested: 

very flat (0°-0.2°), flat (0.3°-0.8°), moderately 

flat (0.8°-2.1°) and slightly flat (2.1- 5.0°). 

Values > 5° correspond to the second 

category, òslopingó. Similarly, results for 

roughness range from 1 to ~1.0251 (Figure 

3.3B), which would correspond to the first 

roughness classification, òVery low roughness 

(1.00 to 1.25)ó (Greene et al., 2008, 2007). 

Consequently, this class is also subdivided into 

four subclasses (A.A, A.B, A.C and A.D) based 

on quantile statistics. 

The Greene Classification parameters were 

incorporated into the GIS attribute table of the 

sediment-type polygons (Table 3.2). Thus, the 

attribute information of the polygons was 

supplemented with data on the parameters 

from the adapted Greene Classification code 

presented here. 

Figure 3.3. Morphological parameters slope (A) and rugosity (B). Bathymetry: GeoSeaPortal (BSH, 2019). 
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3.5. Results  

3.5.1. Morphology 

The morphology of the study area is 

characterized by bathymetric elevations and 

lows, incised channels and relatively flat areas 

(Figure 3.4A). 

Bathymetric elevations: Morphological 

features with a positive relief are predominantly 

associated with abrasive areas adjacent to the 

coast, like the abrasion platforms offshore 

Angeln, Fehmarn West, Sagasbank or Steinriff 

offshore Brodtener Ufer, all extending from 

the coastline to water depths of -20 m NHN 

(Figure 3.4A).  These platforms are 

characterized by an uneven seafloor and 

seaward boundaries with slope gradients 

steeper than 5° (Figure 3.3A), combined with 

relatively high rugosity (Figure 3.3B).

Figure 3.4. Morphological features in the study area. (A) Bathymetry of the study area. (B) Profiles 

showing bathymetry and rugosity. Bathymetry data for Germany is from BSH (2019); for Denmark, from 

the EMODnet Bathymetry Consortium (2024).
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Also, isolated elevations exist, like Jürgens 

Schott in Gelting Bay (Figure 3.4; Profile 1), 

Mittelgrund in Eckernförde Bay, Stollergrund 

between Eckernförde Bay and Kiel Fjord, 

Gabelsflach in Kiel Bight, and Walkyriengrund 

in Lübeck Bay (Figure 3.4A). 

Bathymetric lows: These areas are often 

associated with channels of variable widths, 

extending up to approximately 1 km in length 

and reaching depths of about -13 m NHN. The 

steepest gradients are observed along channels 

with slopes that are partly steeper than 5°. They 

are the Wattenberg Channel, the Vindsgrav 

Channel in the Fehmarn Belt, the Flügge 

Channel, and the channel on Sagasbank (Figure 

3.4). Partially, these channels are cut into the 

abrasion platforms, such as the Wattenberg 

Channel, which is approximately 6 km long and 

1 km wide, separating the abrasion platform 

offshore Angeln into two parts (Figure 3.4B; 

Profile 2). 

Basins or flat areas: Areas with slopes 

<0.25° and relatively low rugosity values are 

generally found below -20 m NHN in the 

central parts of Flensburg Fjord, Eckernförde 

Bay, Kiel Bight and Mecklenburg Bight. 

3.5.2. SSS backscatter 

The SSS mosaics provide detailed 

information from a wide range of backscatter 

patterns of the seafloor (Figure 3.5). Three 

main facies, SSS1, SSS2, and SSS3, can be 

distinguished at the mega-, meso-, and 

macrohabitat scales, while three additional 

facies, SSS4, SSS5, and SSS6, are identified at 

the meso- and microhabitat scales. 

Acoustic Facies SSS1 exhibits high 

backscatter intensities (dark colors) with rough 

and mottled textures (Figure 3.6A-C), which 

relate it to abrasion platforms characterized by 

mainly coarse sediments, lag deposits, and 

boulders. These areas are prominent in the SSS 

mosaics due to the contrast in backscatter 

intensity compared to the low-backscatter 

surrounding areas. They extend from the coast, 

which is often bordered by a cliff, far into the 

sea (Figure 3.5), such as the offshore Angeln, 

Schönhagen cliff, Boknis Eck, Stohl, 

Todendorf, Heiligenhafen cliff, around 

Fehmarn Island, as well as the offshore 

Brodten cliff.  However, extensive areas of 

high backscatter intensity do not necessarily 

coincide with adjacent abrasion platforms. 

They are also associated with isolated 

elevations, such as Mittelgrund in Gelting Bay 

(Figure 3.4C) and Stollergrund, as well as areas 

offshore in lowlands, including Probstei and 

Walkyriengrund in Mecklenburg Bight. 

Acoustic Facies SSS2 corresponds to 

bright zones exhibiting low to medium 

backscatter, occurring within SSS1 (Figure 

3.6F). They are associated with sand veneers 

(German term: òSandschleieró). These features 

are observed offshore Angeln, on abrasion 

platforms to the west and south of Fehmarn 

Island, and Sagasbank. The main difference 

between these bright zones is their orientation. 

They are aligned in the E-W direction on 

Sagasbank (Figure 3.6D), NNE-SSW on the 

abrasion surface offshore Angeln (Figure 3.6F) 

(Schwarzer and Heinrich, 2017) and west of 

Fehmarn (Figure 3.6E) (Schwarzer et al., 

2014b); south of Fehmarn, they show an E-W 

alignment. Also, NNE-SSW and NNW-SSE-

oriented bands, consisting mainly of medium 

sand, are observed on Steinriff in Lübeck Bay 

(Schwarzer and Feldens, 2010). 
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Figure 3.5. Side-scan sonar mosaics displaying the locations of 12 examples showing different acoustic patterns (Figure 3.6, AðL). Bathymetry data for Germany is 

from BSH (2019); for Denmark, from the EMODnet Bathymetry Consortium (2024).
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Figure 3.6. Side-scan sonar snips of acoustic backscatter patterns. (A-B) Abrasion platforms characterized 

by relatively high backscatter and grainy texture (SSS1) and related to sandy to gravelly sediments with 

boulders. (C) A ridge exhibiting high backscatter. (D-F) Sand veneers, sand patches (òSandschleieró) on top 

of abrasion platforms (SSS2), (G) transition zones between high- and low backscatter areas, often showing 

scattered grainy texture related to the presence of protruding boulders (SSS4). (H)  Bedforms observed in 

muddy sand (SSS5); (I)  Ripples observed on top of an abrasion platform. (J) Low and medium backscatter 

areas (SSS3) associated with sandy sediments. Other micro-habitat scale SSS facies: (K) circular features 

(SSS6) and (L)  anthropogenic features (SSS7). 

Acoustic Facies SSS3 exhibits broad areas 

of low to medium backscatter intensities (light 

colors) with a relatively homogeneous texture. 

They are linked to a soft substrate and occur in 

muddy to sandy sediments (Figure 3.6C, G, H, 

J), found in the deeper parts of channels and 

basins, as well as in shallow, sheltered areas. 

Vast areas with low backscatter also appear 

near the coast, representing well-sorted sandy 

sediment (Figure 3.6J). 

Other acoustic backscatter facies exhibit 

heterogeneous, homogeneous, spotted, and 

banded textures from the micro- to the 

mesohabitat scale, throughout the study area. 
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In transition zones between the abrasion 

platforms and muddy sediments, isolated 

erratic boulders, also named òprotruding 

bouldersó, are common (Acoustic Facies 

SSS4). Also, different bedforms (Acoustic 

Facies SSS5) ranging from ripples (Figure 

3.6I) to larger submarine dunes, like in the 

Fehmarn Belt (Feldens et al., 2009, 2015), 

occur. 

In addition, circular features (Acoustic 

Facies SSS6) in the range of meters and 

anthropogenic features such as trawl marks 

(Krost et al., 1990) and anchor marks, trenches, 

mooring scouring features, and craters, are 

widespread in the study area (Díaz-Mendoza et 

al., 2025). 

3.5.3. SBP information 

Knowledge of the geological build-up of the 

seafloor is essential for understanding the 

spatial distribution of seafloor sediments and 

marine habitats. Four SBP profiles were 

selected to illustrate seven main seismic facies 

(SBP1-SBP7), building up the seabed 

architecture (Figure 3.7). We only describe 

general patterns observed in the SBP data, but 

do not associate them with chronostratigraphic 

geological subdivisions of the late Pleistocene 

and early Holocene, as postglacial brackish 

water and limnic phases did not develop 

uniformly across the entire area. 

SBP1 refers to the acoustic basement in all 

profiles. It is characterized by diffuse internal 

reflections and a sharp, irregular upper 

boundary. Near the coast, this unit partly crops 

out or is found at very shallow depths, but also 

crops out offshore, forming ridges or raised 

platforms, with a rough seafloor morphology 

(Figure 3.7, Profiles 3 and 4). SBP1 is 

associated with till deposits originating mainly 

from the last glaciation. 

SBP2 has a chaotic texture that overlies the 

acoustic basement but does not appear 

everywhere. When it crops up on the seafloor, 

it builds an uneven surface like SBP1 (Figure 

3.5, Profile 3), with some boulders on the 

seafloor (northwestern part of Profile 3). This 

unit is also associated with till deposits. As it 

does not appear everywhere, we assign it 

stratigraphically to the very last ice advance, 

which left only patchy deposits in the 

Schleswig-Holstein area (Niedermeyer et al., 

2011). 

SBP3 overlies units SBP1 and SBP2 and has 

a strong and irregular upper strong reflection 

boundary. It partly exhibits subparallel internal 

reflections (Figure 3.7C-D). SBP3 is not 

present throughout the study area, but is found 

in the deepest parts of Mecklenburg Bight 

(Jensen et al., 1997), as well as in Fehmarn Belt 

and Kiel Bight, as infill deposits in drowned 

channels (Feldens and Schwarzer, 2012). 

SBP4 is characterized by internally parallel, 

continuous and high-amplitude reflections, 

often levelling the seafloor. It is found almost 

everywhere overlying SBP1, SBP2 and SBP3. 

Where SBP4 increases in thickness, acoustic 

turbidity is very common (Whiticar and 

Werner, 1981). This unit is combined with 

deposits from freshwater lakes (Jensen et al., 

1997), which were deposited before the 

Littorina transgression. Partly, it is challenging 

to differentiate between the different 

sequences with a clear boundary.  
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Figure 3.7. SBP profiles illustrating the main seismic units identified in the study area. All data were acquired using an SES sub-bottom profiler. See text for further 

details. Bathymetry data for Germany is from BSH (2019); for Denmark, from the EMODnet Bathymetry Consortium (2024). 
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SBP5 is related to positive relief structures, 

forming partly ridges or building sheets. It 

shows acoustic transparency; however, the 

structures sometimes show internal dipping 

reflections (Figure 3.7A, D). SBP5 is found 

everywhere in the investigation area (Profile A-

D), adjacent to and on SBP1, mainly at the edge 

of abrasion platforms around Fehmarn Island, 

around the abrasion platform òSteinriffó, and 

offshore Angeln. SBP5 also corresponds to 

sandy bodies that have been formerly 

deposited, such as those found offshore 

Angeln (Figure 3.7A). 

SBP6 partly has a chaotic reflection 

configuration and variable amplitude 

reflections. It fills depressions on abrasion 

platforms (Figure 3.7B). 

SBP7 appears as mounds or domes (Figure 

3.7D) and exhibits no internal structure or 

chaotic internal reflections. It is related to 

anthropogenic features, such as sediment 

dumping mounds (Díaz-Mendoza et al., 2025) 

(Figure 3.7D). 

3.5.4. Geomorphological units composed 

of sand 

Distinct zones of sand accumulation are 

found along the flanks of abrasion platforms, 

at the margins and bottoms of incised channels, 

and across extensive areas of the seafloor 

(Figure 3.8B). Many of these sand bodies 

exhibit internal stratification and are associated 

with seismic units SBP5 and SBP6 (Figure 3.7). 

Sandbanks are submerged sandy bodies 

elevated above the surrounding seafloor. 

Defined by their morphological characteristics, 

they are typical of the habitat type sandbank 

(1110) (HD; Council Directive, 1992; 

92/43/EEC; European Commission, 2013). 

Sandbanks contain silt and gravel fractions and 

vary considerably in size. Their widths and 

lengths range from hundreds to thousands of 

meters, and their heights can exceed 2 m. The 

internal structures reflect migration patterns 

(Figure 3.7A, D). These structures are located 

in Flensburg Fjord, Gelting Bay, northeast of 

Angeln, Fehmarn Belt, and in the Mecklenburg 

Bight. Sandbanks have also been reported from 

Stollergrund (Schwarzer et al., 2008; LANISH-

SH, 2021; Marx et al., 2024). 

Sand veneers, longitudinal sand patches 

and sand ribbons are associated with the 

German term òSandschleieró, which is 

commonly used to describe an elongated, 

patchy, mobile layer of sand typically just a few 

decimeters thick. These structures are usually 

found on abrasion platforms, overlaying lag 

deposits (Figure 3.8B1). The sand is often 

poorly sorted and found together with gravel 

(Schwarzer et al., 2014b). Boulders frequently 

protrude through the sand layer, indicating only 

a thin cover over the underlying hard substrate. 

These features are present offshore 

Lotseninsel (Schwarzer and Heinrich, 2017), 

offshore Probstei lowland (Pansegrau, 

2008)(Figure 3.8B), offshore West of  Fehmarn 

Island (Szczygielski, 2010; Schwarzer et al., 

2014b; Feldens et al., 2015), Sagasbank 

(Schwarzer et al., 2014c), offshore 

Dahmeshöved (Rossius, 2020; Schwarzer and 

Unverricht, 2021), and on Steinriff (Schwarzer 

and Feldens, 2010) (Figure 3.6E). 

Depending on wave and current conditions 

and sediment availability, these features are 

aligned parallel to the direction of sediment 

transport (McLean, 1981). Although elongated 

sand patches and sand ribbons are related, sand 

ribbons develop under stronger current 

velocities. Sand ribbons tend to be more 

narrowly defined, elongated, and have well-
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delineated, parallel or semi-parallel rims 

compared to elongated sand patches 

(Belderson et al., 1982). 

This study does not distinguish between 

sand veneers, patches, or sand ribbons, as 

additional research is necessary to differentiate 

them. However, in the study area, south of the 

Fehmarn dune field, geomorphological 

structures have been described by Feldens et al. 

(2015) as gradually transitioning from sandy 

patches to sand ribbons. Feldens et al. (2015) 

defined these sand ribbons as fan-shaped sand 

ridges with heights of up to 1 m and widths 

ranging from 60 m to several hundred meters. 

The structures are interpreted as extensions of 

the dunes, serving as pathways for sediment 

transport, with dunes developing at the ends of 

the ribbons.  

Sand covers or sand sheets are low-relief 

sand deposits, occurring, e.g., in the coastal area 

offshore Probstei (Pansegrau, 2008). Extensive 

sand areas are found in Hohwacht Bay (Figure 

3.8C) and south of the abrasion area west of 

Fehmarn known as Flüggesand (Szczygielski, 

2010; Schwarzer et al., 2014b). 

These deposits typically exhibit poor 

vertical elevation, appearing either as flat layers 

(Figure 3.8C1) or conforming to the underlying 

morphology (Figure 3.8C2). Determining the 

exact thickness of sand blankets using seismic 

profiles can be challenging (Figure 3.8C1) 

because it is often difficult to distinguish them 

from underlying sediments. 

Sand structures at the marginal areas of 

platforms are commonly observed on the 

flanks of abrasion platforms and within incised 

channels. Such types of sediment bodies, 

typically consisting of fine sands, are found 

along the entire Baltic Sea coast of Schleswig-

Holstein (Schwarzer and Krause, 2008). They 

can have a thickness of several meters (Figure 

3.8D). Partly, internal stratification with 

downlapping clinoforms is observed, 

characterizing them as formally mobile sand 

bodies (Figure 3.6A, C, and 3.8D). However, 

no data are available to determine whether they 

remain actively accreting. While they exhibit 

internal structures similar to sandbanks, they 

are generally not morphologically elevated 

from the seafloor but develop along the 

margins of elevated hard substrates. Abrasion 

platforms, such as those west of Fehmarn, 

form the morphological slope toward the 

Flügge Channel (see Figure 3.4). 

Infilling sand deposits are found at the 

bottom of channels, where a sand layer, with 

unknown thickness, is occasionally observed 

(Figure 3.8E). These sand bodies might have 

formed during the postglacial transgression. 

However, without age control from sediment 

cores, nothing is known about their time of 

deposition. 

3.5.5. Sediment distribution 

Approximately 44.5% of the total BS-SH 

was sedimentologically categorized into eight 

main classes (Figure 3.9; Table 3.2, Level A).  

Coarse sediments (gS, sG, G) are found 

in nearshore areas and abrasion platforms 

where lag sediments and boulders are 

prevalent. They range from coarse sand to 

gravel (Figure 3.9; Table 3.2). 

Coarse and mixed sediments (gS, sG, G, 

S + gmS) are present across the extensive 

abrasion platform west of Fehmarn, where lag 

deposits composed of gravel and sand, and 

boulders occur. Some grab samples show a 

significant fine-particle content (silt and clay 

fractions) (Schwarzer et al., 2014b). 
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Figure 3.8. Examples of different types of sand bodies observed in the SBP data. Sand bodies are indicated in yellow. Only Type A has been regarded as 

potential òsandbanksó under the EU Habitats Directive Annex I. Bathymetry data for Germany are from BSH (2019); for Denmark, from the EMODnet 

Bathymetry Consortium (2024). 
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Figure 3.9. Sediment distribution in selected areas of the BS-SH based on the simplified ternary system from Folk's (1954) classification. Abbreviations: Coarse 

sediments gS = gravelly sand, sG = sandy gravel, G = gravel. Mixed sediments: gM = gravelly mud, gmS = gravelly muddy sand, msG = muddy sandy gravel, mG = 

muddy gravel. S = sand. Fine sediments: M = mud, sM = sandy mud, mS = muddy sand. Bathymetry data for Germany is from BSH (2019); for Denmark, from the 

EMODnet Bathymetry Consortium (2024).
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Due to the absence of clear boundaries 

between coarse and fine sediments, this area is 

classified as a combination of both types. 

Sand and coarse sediments (S + gS, sG, 

G) are commonly found on abrasion 

platforms, especially in areas with sand bodies 

such as sandbanks, sand ribbons, sand bands, 

sand dunes, or sand patches (e.g., offshore 

Angeln and Schönhagen, Stollergrund, west 

and south of Fehmarn, Sagasbank, and 

Steinriff). These deposits are poorly sorted, 

with sand as the dominant fraction, but also 

contain gravel, and frequently boulders. The 

sand originates from the winnowing of residual 

sediments, and protruding boulders are 

commonly observed due to the thin sand cover 

on till. 

Sands (S) are typically found in nearshore 

zones and on top and edges of abrasion 

platforms, often associated with coarse 

sediments. Sand is also present along the edges 

and at the bottoms of channels, cut into the 

Pleistocene basement. They cover vast areas in 

Hohwacht Bay and offshore Probstei. Boulders 

appear sporadically and are unevenly 

distributed on sandy deposits. 

Fine sediments to sand (sM, mSñS) 

consist of sands and sand-mud mixtures, 

covering extensive areas north of Fehmarn. 

These sediments also appear as patches in 

bathymetric lows adjacent to abrasion 

platforms, such as in Gelting Bay and south of 

the abrasion platform offshore Dahmeshöved. 

Fine sediments (M, sM, mS) are found in 

deeper, relatively flat areas, in Kiel Bight and 

Mecklenburg Bight. These sediments cover the 

bottom of channels partially or entirely (e.g., 

the Wattenberg Channel), and in shallow, 

sheltered waters, such as Flensburg Fjord. They 

also border abrasion platforms, where they are 

often associated with protruding boulders. 

Peat and gyttja have also been identified in 

some nearshore areas offshore lowlands where 

the coast is retreating. Examples are at 

Geltinger Birk (Reisch and Schmoll, 1997), 

Schönhagen (Schwarzer and von Rönn, 2021),  

Boknis Eck (May, 2008), Hohwacht Bay 

(Schwarzer et al., 1993) and, at several positions 

in Lübeck Bay (Schwarzer et al., 2000; Harders 

et al., 2005); however, due to scale limitations, 

these are not shown on the map. 

3.5.6. Compilation of potential habitat 

types according to the HD 

A compilation of Annex I habitats of the 

HD, including potential sandbanks (1110) and 

potential reefs (1170), is presented in Figure 

3.10, which is partly based on information from 

previous habitat mapping projects, 

supplemented by data from other studies 

(Table 3.1). The results differ slightly from 

those of LANISH-SH (2021) and Schwarzer 

and Díaz-Mendoza (2020) because this study 

updates the synthesis report by incorporating 

additional mapping data (e.g., Fehmarn South 

/Dahmeshöved). Sediment classes have also 

been expanded to ensure harmonization. 

Furthermore, selected SBP were examined, 

revealing characteristics of different sandy 

bodies, including sandbanks. Additionally, the 

data used in LANISH-SH (2021) was 

continuously updated with new information. 

Approximately 743 km² of the seafloor were 

classified as potential habitat types, reefs (1170) 

and sandbanks (1110) (Table 3.3). 

Potential reefs (1170) are linked to 

sporadically occurring ridges and abrasion 

platforms, often representing the seaward 

continuation of sediments building coastal 
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cliffs. Approximately 48.8% of the mapped 

area meets the criteria for this habitat type 

(Table 3.3). These areas are covered with mixed 

or coarse sediments and boulders, but can 

occasionally contain muddy fractions. 

Furthermore, some areas with dense mussel 

occurrence have also been designated as reefs 

of biogenic substrates, such as the mussel beds 

in Flensburg Fjord (Schwarzer and Heinrich, 

2016). 

Potential sandbanks (1110) cover only 4.2% 

of the mapped area (Table 3.3). They appear at 

the top and on the margins of elevated hard 

substrate (Figure 3.8). It is common to find 

sandbanks associated with reefs (Figure 3.10). 

In some areas, such as Lübeck Bight, sand 

accumulation at the edges of the abrasion 

platform, Steinriff, can reach a thickness of 

several meters (Figure 3.8D). Although 

classified as sandbanks (Schwarzer et al., 2008; 

Schwarzer and Díaz-Mendoza, 2020; 

LANISH-SH, 2021), in the SBP data, these 

sand structures do not show morphological 

elevations (Figure 3.8D), as required by the 

HD. Therefore, in this work, they are instead 

classified as òsandy deposits at the marginal 

areas of abrasion platformsó. On the other 

hand, on Sagasbank, some sand bodies meet 

the criteria of a sandbank, as they are 

morphologically elevated (thickness > 0.4 m). 

However, this sand body is wedged towards the 

abrasion surface, making it difficult to follow 

the thickness of the sand body and thus clearly 

distinguish the extent of the sandbanks in the 

strict sense (Figure 3.8A. Sandbank, 2. Seismic 

profile). 

 

Table 3.3. Distribution of the potential habitat types òreefsó (1170) and òsandbanksó (1110) in the 

individual study sites of the BS-SH according to the Habitats Directive. 

Project 

Total 
mapped 

area 
[km²]  

Reef 
(1170) 
area 

[km 2]  

Reef 
(1170) 
area 
[%]  

Sandbank 
(1110) area 

[km 2]  

Sandbank 
(1110) area 

[%]  

LRT II - Identification of marine habitat types in Kiel 
Bight west of Fehmarn (12 ð 13 in Figure 3.1)  

189.12 175.34 92.72   

LRT III - Identification of marine habitat types in 
Mecklenburg Bight (mapping of the Sagasbank) (17 in 
Figure 3.1)  

87.87 60.10 68.39 1.65 1.87 

LRT IV - Mapping the area offshore Angeln (3 in 
Figure 3.1) 

172.49 113.54 65.82 2.87 1.67 

LRT V - Mapping of Flensburg Fjord (1 in Figure 3.1) 66.83 11.99 17.94 4.29 6.42 

LRT VI - FFH - Habitat mapping Fehmarn East (15 
in Figure 3.1) 

212.28 52.08 24.53 13.78 6.49 

LRT VIII - FFH - Habitat mapping / Fehmarn South 
/ Dahmeshöved (18 in Figure 3.1) 

164.18 58.80 35.81 5.92 3.61 

Total area of all Habitat mapping projects 
(LLUR/CAU) (1, 3, 12, 13, 15, 17, 18) 

892.77 471.84 52.85 28.51 3.19 

Additional areas (LLUR/CAU and CAU) (2, 4-11, 19-
22 in Figure 3.1) 

510.97 212.97 41.68 29.84 5.84 

Total area  
Harmonization  

1403.74 684.81 48.78 58.35 4.16 
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Figure 3.10. Occurrence of potential types of sandbanks and reefs listed in Annex I of the Habitats Directive in the BS-SH, based on information from seafloor 

mapping projects and additional information from the IfG of Kiel University. Bathymetry data for Germany is from BSH (2019); for Denmark, from the 

EMODnet Bathymetry Consortium (2024).
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3.5.7. Application of the Greene 

Classification 

Applying the Greene Classification to the 

shallow-water environment of the BS-SH 

requires selecting and adapting a range of 

measurable and observable seafloor 

characteristics specific to the study area. The 

attribute table with chosen parameters of the 

Greene Classification (Greene et al., 1999, 

2005, 2007, 2008) and its adaptation are 

shown in Table 3.4. New parameters have 

been integrated into the Greene Classification 

code at the meso-habitat scale to account for 

various sand body types (w), including sand 

ribbons, sand veneers, and longitudinal sand 

patches (w-r), sandbanks (w-b), and sand 

structures located along the slopes of 

abrasion platforms (w-e). Slope and rugosity 

values, derived from the 50 m grid 

bathymetry, predominantly fall into the flat 

and very low roughness categories. 

Consequently, further subdivision was 

necessary to capture finer-scale variations. 

Additional modifiers, such as anthropogenic 

marks (e.g., anchor marks, craters) and 

protruding boulders (pb), were introduced to 

enhance the habitat characterization. 

Biological attributes such as echinoderms (e-

d) and other mobile benthic invertebrates (m) 

observed in underwater videos were also 

included. An example of the application of 

the Greene Classification code is shown in 

Figure 3.11. Each GIS shapefile polygon is 

characterized by these parameters, which 

describe the habitat based on available data. 

While the level of detail in the information 

may vary from project to project, the data can 

always be supplemented or updated as 

needed. 

A complete cartographic representation of 

the application of the Greene Classification 

code for the BS-SH becomes highly complex 

at such a scale and, therefore, will be 

challenging to interpret. However, the code's 

flexibility allows users to adapt maps to their 

specific objectives by selectively displaying 

relevant parameters. For instance, if the focus 

is on sand bodies, an element categorized 

under the third code level, these features can 

be selected, resulting in a more refined and 

purpose-driven map (Figure 3.12). This 

adaptability ensures that not only maps, but 

also the information within the attribute code 

of each polygon, remains informative and 

accessible, regardless of the availability or 

complexity of the underlying data. 

3.6. Discussion 

3.6.1. Spatial characteristics of sediment 

distribution - linking geology to 

marine habitats 

Besides the oceanographic and 

anthropogenic factors, the distribution of 

benthic habitats is strongly influenced by 

geology and geomorphology (Tecchiato et al., 

2015; Castañeda et al., 2020), and sediment 

composition and type influence the type of 

benthic communities (Etter and Grassle, 

1992; Wright et al., 2000; Gilek et al., 2001; 

Henriksen et al., 2024) and the richness and 

diversity of species (Franz et al., 2021). 

According to previous works (Seibold et 

al., 1971; Zeiler et al., 2008), the patchiness of 

the sediment distribution map (Figure 3.9) 

reflects a heterogeneity typical for seafloors 

built up by glacial deposits and the 

distribution of potential habitat types is 

directly linked to those conditions. 
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Table 3.4. Selected attributes and new adapted parameters (bold) for applying the Greene Classification code (Greene et al., 2008, 2007) in the BS-SH. 

1. 
Megahabitat 

2. Bottom Induration 3. Mesohabitat 4. Modifier 5. Slope 6. Rugosity 

7. Direct 
Observations 

Geologic and 
biologic attributes 

S = Shelf, 
continental (0-
200 m) 
 
I = Inland seas, 
fjords and 
narrow bays 
or passages (0-
200 m). 

h= hard bottom (exposed 
till)   
 
m= mixed bottom 
(till partially covered by 
local sediments, which 
may be mobile) 
 
s = soft bottom, sediment 
cover. 
(fine sediments) 
 
 
Sediment types  
(b) = boulder (>64mm) 
(g) = gravel (2-64 mm) 
(s) = sand (0.063-2 mm) 
(m) = mud, silt, clay (<0.063 
mm) 
(oc)=peat, gyttja 

1. [pb]= protruding boulders  
 
2. b = beach, relic: paleobarchan 
dunes 
  
3. f = flats, floors 
4. I = glacial deposits (abrasion 

platform /hard substrate) 
5. m = hill; ridge 
6. v = vegetative sediment or 

rock (grass- or algae-covered) 
7. g = gully, channel 
8. w(s) = sand deposits 
w(r)= sand ribbons, sand 
bands, longitudinal sand 
patches 
w(b)= sandbank  
w(e)=sand deposits at the 
marginal areas of abrasion 
platforms 
w(c)=infilling sand  
 
 
 

1.    a = anthropogenic  
a-c = cable 
a-cr = craters 
a-dd = Dredging marks 
(excavator disturbances), 
towing grooves 
a-dm= Dumping of sediment 
a-dm= Homogeneous 
linear tracks 

¶ a-f = ferry or other vessel, 
prop wash, scour or scar 
a-tdo = Trawl marks / 
Otter boards 
a-tdd = Fishing marks / 
Dredges 
a-m= Mooring buoy scour 
features 
a-p= Pipeline trench 
a-am=Anchor marks 
a-w= wreck 
 
2. b = bimodal 
(conglomerate, mixed, 
includes gravel, boulders) 
3.  h = irregular relief 
4. r=ripple 
5.  u = unconsolidated 
sediment 

1. flat (0-5°)  
 
1.1 Very flat  
0°-0.3° 
  
1.2 Flat: 0.3°-0.8°  
 
1.3 Moderately 
flat: 0.8°-2.1°  
 
1.4 Slightly flat 
2.1°- 5.0° 
 
2. Sloping  
(5°-30°)  
Here, up to 10.5° 
 

A. Very low 
roughness  
 
A.A. 
1 
 
A.B.  
1.0000 ð 1.0001 
 
A.C. 
1.0001 ð 1.0004 
 
A.D.  
1.0004 ð 1.0251 
 
 

*Sediment types  
 
(u) =undulating surface 
(u-r) = ripple  
 
[a] = algae 
[a-r] = red algae 
[a-g] = green algae  
[a-r] = red algae 
[d] = shell fragments 
[n] = anemones 
[s] = sponges 
[o] = other sessile organisms  
(Mytilus edulis) 
 
[e-d] = echinoderms 
(starfish) 
 
[m] = other mobile benthic 
invertebrates (crabs) 
 
[t] = Traces, trails or trace fossils 
(bioturbation) 
 
[w] = traces of bioturbation, 
infaunal benthic invertebrates 
(Artica Islandica) 
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Where till crops out, forming shoals, ridges 

and local platforms, sand and coarser 

sediments and partly boulders predominate 

(Figure 3.9). This enhances structural 

complexity, creating favorable conditions 

preferred by sessile organisms, such as mussels, 

which use it as a settling ground (Dankers et al., 

2001). Likewise, benthic organisms further 

enhance seabed roughness (Schönke et al., 

2019), promoting structural complexity and 

thus biodiversity (Brzana et al., 2024). 

Moreover, hard-bottom substrates are 

considered to contain highly diverse 

communities of sessile organisms and mobile 

invertebrates, serving as feeding, refuge, and 

nursery areas for fish and marine mammals 

(Boedeker et al., 2006). 

Generally, this hard substrate is associated 

with geogenic reefs (1170) as outlined in the 

Interpretation Manual of European Union 

Habitats (European Commission, 2013). In 

their general pattern, these areas correlate well 

with already existing sediment distribution 

maps (Seibold et al., 1971; Hermansen and 

Jensen, 2000, from Reimers, 2008 in Zeiler et 

al., 2008; Tauber, 2012).  According to the 

BHT map of Marx et al. (2024), these areas are 

classified as òinfralittoral (photic) and 

circalittoral (aphotic) mixed and coarse 

sedimentsó benthic habitats where mixed 

sediment is a combination of hard substrate 

(rock, boulder, stone) and soft substrate 

(muddy sediment, sand, coarse sediment). 

On the abrasion platforms, lag sediments 

and sand deposits form as a result of the 

abrasion process of the glacial deposits (Wefer 

and Flemming, 1976; Niedermeyer-Lange and 

Werner, 1988; Schrottke, 2001; Schwarzer and 

Krause, 2008). Although extensive sand areas 

are depicted in previous maps (Seibold et al., 

1971; Hermansen and Jensen, 2000, from 

Reimers, 2008 in Zeiler et al., 2008; Tauber, 

2012), a classification of these sand bodies by 

their geomorphological appearance is not 

shown or described in those maps. 

Additionally, the sediment distribution map 

presented here is an updated version compared 

to the synthesis report (Schwarzer and Díaz-

Mendoza, 2020). In this updated map, the 

additional number of classes represents an 

increased level of detail in the information. For 

example, òcoarse sedimentsó have been 

separated from òsand and coarse sedimentsó 

(Figure 3.9). These sediments are associated 

with the presence of deposits where sand 

predominates over the coarser sediments 

(Table 3.2), such as those areas on abrasion 

platforms characterized by sand veneers. 

According to the EU interpretation manual, 

these mobile thin sand layers covering hard 

substrate are classified as reefs if the associated 

biota depends on the hard substrate (European 

Commission, 2013; Ssymank et al., 2021). They 

represent geomorphological elements 

associated with the occurrence of the habitat 

type reefs (1170) and are nourished by the 

eroding abrasion platforms. Furthermore, sand 

bodies, even those representing substantial 

accumulations, often lack significant 

morphological elevation above the seafloor 

(Figure 3.8C-E), like sandbanks. However, 

even without an elevation of 0.3 to 0.4 m 

(Boedeker et al., 2006; Ssymank et al., 2021; 

Tschiche et al., 2025), they could provide 

suitable living conditions for benthic organisms 

such as those characteristic of the habitat type 

sandbanks (1110). Also, sand habitats have 

been shown to support a diverse range of 

invertebrate species adapted to dynamic 

conditions and provide a rich diversity of fish, 
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as they serve as essential feeding grounds for 

many fish species (Henseler et al., 2019). 

While fine sediments cover the deeper areas 

of the BS-SH, and although a depth-dependent 

zonation of surface sediments (Seibold et al., 

1971; Zeiler et al., 2008)  has been suggested, 

this general trend is not present everywhere but 

depends on the geographical exposure. Gravel 

and boulders are present even down to -20 m 

NHN in areas exposed to long fetch 

conditions. The glacial deposits as source 

material, the geomorphological structure with 

steep slopes, and the exposure to strong wind 

and wave conditions are the causes of this 

heterogeneity. This is the case on the western 

coast of Kiel Bight, which is exposed to a long 

fetch (Dissanayake et al., 2024) and a high 

energy input by waves approaching from 

easterly to northeasterly direction, and in 

Mecklenburg Bight on the eastern flank of 

Sagasbank and the flanks of Steinriff (Dette 

and Stephan, 1979; Schwarzer et al., 2014c).  

From Lotseninsel towards the coast, the 

seafloor presents a sediment gradation that 

varies with depth and distance from the shore. 

Near the coast, coarse sediments are found, 

which, further offshore, transition to sandier 

sediments, where sandy patches (sand and 

coarse sediments) occur. Continuing offshore, 

about -20 m NHN, muddy areas are found 

along with coarse sediments and boulders 

(Figure 3.9). The increased level of detail 

showing these transitions was not present in 

previous works (e.g., Schwarzer and Díaz-

Mendoza, 2020). 

Protruding or individual boulders occur not 

only in thin sand deposits, but can also be 

observed in transition zones from abrasion 

platforms to deeper areas (Figure 3.5G). 

In large areas of Flensburg Fjord, sediment 

distribution patterns occur on a much smaller 

scale. Here, the seafloor is predominantly 

covered by fine sediment (Schwarzer and 

Heinrich, 2016). The fine-grained nature of 

these sediments can be explained by the 

sheltered configuration of the area against 

waves and currents and the erosion of cliffs 

along Flensburg Fjord, which partly inherit 

fine-grained Tertiary and Pleistocene deposits 

(Köster, 1958; Niedermeyer et al., 2011) 

serving as a sediment source. 

3.6.2. Habitat mapping in the BS-SH: 

implementing a geological bottom-

up approach for habitat 

classification 

The more refined the spatial classification of 

sediments and the physical properties of the 

surface and subsurface, the more attributes are 

available to help predict the distribution of 

potential habitat types for benthic organisms, 

since substrate characteristics strongly 

influence biological communities (Wright et al., 

2000; Greene et al., 2020; Henriksen et al., 

2024). However, insufficient spatial resolution 

in sediment mapping may lead to the 

overestimation of habitats in heterogeneous 

environments (Wanless et al., 1997). Therefore, 

the seafloor heterogeneity of the BS-SH cannot 

be resolved through large-scale mapping 

approaches. 

Figure 3.9 shows a finer spatial resolution of 

sediment types compared to previous 

mappings (Seibold et al., 1971; Hermansen and 

Jensen, 2000, from Reimers, 2008 in Zeiler et 

al., 2008; Tauber, 2012). For example, more 

refined polygons, such as those representing 

sandy areas, are now depicted. These sandy 

areas are also visible on the map where the 
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Greene Classification was applied (Figure 

3.12). These differences in sediment 

distribution and habitat maps between the 

different studies arise from variations in 

objectives, knowledge, classifications and 

methodologies. 

The presented habitat map of reefs and 

sandbanks, according to Annex I of the HD 

(Figure 3.10), partially correlates with the BS-

SH habitat types listed in Marx et al. (2024) 

(under Other Habitat Types) and LANISH-SH 

(2021). However, differences are observed 

mainly in the presence or extension of 

sandbanks (1110) in the Sagasbank, Flüggesand 

and Steinriff area. The results of Marx et al. 

(2024) encompass various sources of 

information, including LANISH-SH (2021)  

for BS-SH. In part, LANISH-SH (2021) results 

are based on previous collaborative projects 

with the IfG, which were also considered for 

the compilation in this work. Discrepancies 

between datasets arise during the review, 

compilation, interpretation and harmonization 

of the mapping data. Our results aim to present 

potential habitat types according to the HD 

that may benefit from further examination and 

discussion. 

High-resolution mapping, serving as the 

basis for a more detailed analysis and 

description of the physical parameters of the 

seafloor, is crucial for an accurate 

characterization of seabed habitats. The 

combination of several GIS layers representing 

various essential parameters (e.g., sediment 

type, slope) supports the analysis of the seabed 

and, consequently, the identification of 

potential habitats. 

It is often difficult to correlate habitat types 

across various typologies and classification 

systems (Strong et al., 2019; Chytrý et al., 2020; 

Harris, 2020b) due to differences in 

classification purposes and overlapping 

definitions. Overlaps may occur not only 

between classification systems but also 

between habitat types themselves (Evans et al., 

2014; Condé et al., 2018). Efforts have been 

made to establish a common language or so-

called òcrosswalksó between these systems 

(Evans et al., 2014; Finck et al., 2017; Condé et 

al., 2018; EUNIS, 2019), aiming to create 

connections that support transitions between 

different habitat classifications. The approach 

developed by Greene et al. (1999, 2005, 2007, 

2008, 2013) is adaptable. It can be linked to 

various other classification systems, facilitating 

these connections, as the attribute code 

contains parameters that describe the 

characteristics of a potential habitat type (e.g., 

sediment type, depth, morphological features, 

slope, rugosity, and biology). Applying this 

classification to the BS-SH enables better 

comparisons between different marine habitat 

typologies such as the EUNIS, HELCOM 

(HELCOM, 2013b) and the Annex I of the HD 

(Council Directive, 1992; 92/43/EEC). 

Similar to reefs,  sandbanks provide 

important ecological functions (Boedeker et al., 

2006; Beermann et al., 2023). These habitats are 

qualified for the designation of Special Areas of 

Conservation (SACs) for their protection 

under the HD criteria. For sandbanks (1110), 

this designation applies only to features 

elevated above the surrounding seafloor by at 

least 0.3 m (Boedeker et al., 2006; Ssymank et 

al., 2021; Tschiche et al., 2025). However, other 

sandy features, such as sand accumulation at 

the edges of abrasion platforms, inherit the 

same ecological value as sandbanks, although 

they do not meet the HD criteria (European 

Commission, 2013). 
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Figure 3.11. Example of the application of the Greene Classification code (Greene et al., 2008 and 

references therein) to the area east of Fehmarn (Schwarzer and Unverricht, 2020). The left panels display 

in situ seafloor observations obtained through grab sampling or underwater camera imagery. For a full 

explanation of attribute codes, see Table 3.4.
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Figure 3.12. Example of using selected parameters from the Greene Classification code (Greene et al., 2008 and references therein) to identify different sand deposits. 

Bathymetry data for Germany is from BSH (2019); for Denmark, from the EMODnet Bathymetry Consortium (2024).
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These habitats often support essential 

biodiversity and ecosystem functions, yet lack 

formal recognition within the HD's 

conservation framework. The Greene 

Classification system offers valuable guidance 

for identifying and characterizing these sandy 

features by selecting relevant parameters (e.g., 

sediment type: sand, mesohabitat: sandy 

deposits w(s)) (Figure 3.12). This approach 

promotes the recognition and better 

understanding of all habitats, including those 

with potential ecological value, regardless of 

whether they are part of a classification system. 

Additionally, it enables the identification of 

areas impacted by human activities or 

particularly vulnerable habitats, supporting an 

effective management of the marine 

environment. 

Furthermore, the Greene Classification has 

demonstrated the potential for characterizing 

the BS-SH using selected parameters at 

multiple levels. Although the type, amount, and 

level of detail of the information differ from 

project to project, this framework enables the 

consistent identification of potential habitats 

through its standardized coding of seafloor 

characteristics (Table 3.4), based on available 

data. 

Because the adaptation of the Greene 

Classification code has been applied to the GIS 

attribute table for sediment-type polygons, 

there is an opportunity to further refine these 

polygons by incorporating additional 

characteristics. This would result in a more 

detailed and accurate representation of the 

seabed. For example, a polygon classified as 

sandy mud may contain anchor marks, but the 

current mapping only indicates their presence 

within the polygon, not their density or precise 

locations. By subdividing and refining the 

polygon to reflect updated information about 

anchor mark distribution and density, users can 

achieve a higher level of detail for the 

parameters of interest. 

3.7. Conclusions 

Mapping of about 44.5% of the BS-SH has 

shown that sediment distribution patterns and 

habitat types are strongly related to the 

configuration and lithological composition of 

the underlying substrate. Coarse and mixed 

sediments are found on rough abrasion 

surfaces, where glacial deposits appear close to 

or build up the seafloor. They are designed as 

reefs (1170) and constitute more than 48.8% of 

the mapped area. 

Sand is transported and deposited in various 

geomorphological forms, such as sand patches, 

sandbanks, channel infillings, sand covers, or 

progradational structures on the slopes of 

abrasion surfaces. Only sand bodies elevated 

from the seafloor above 0.3 m are classified as 

sandbanks (1110). They constitute only 4.2% 

of the mapped area. Furthermore, muddy 

sediments are typically found in sheltered 

environments and deeper areas. However, at -

20 m NHN, boulders can also be found due to 

the coast's exposure and the geological 

prerequisites. 

Due to the Baltic Sea's relatively young 

history, habitat development is still an ongoing 

process. Boundaries of habitats can change 

over years, which requires monitoring at 

specific time intervals, especially in the highly 

dynamic areas of the abrasion platforms, 

including their rims, which consist of partly 

accumulating sand bodies. 
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The heterogeneous seafloor of the BS-SH 

can be hierarchically characterized by applying 

the Greene Classification (Greene et al., 2008 

and references therein). Its flexible applicability 

has been demonstrated in the context of a 

bottom-up approach to classify the BS-SH 

seafloor from the megahabitat to the 

microhabitat scale. By allowing users to expand 

parameters (e.g., sediment dynamics, 

anthropogenic pressures) and refine spatial 

polygons, this classification approach serves as 

a tool to identify potential marine habitats and 

vulnerable areas. This classification approach 

supports interoperability and compatibility 

between different habitat classification 

typologies. In this way, the use of the Greene 

Classification can help identify and prioritize 

ecologically important marine habitats, 

supporting better planning and the protection 

of the marine environment in the face of 

increasing human impact. 
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The following chapter is based on a conference article (Lefebvre et al., 2019). òMarine and River Dune Dynamics ð 

MARID VI,ó held in Bremen, Germany. 

 

Abstract 

Mecklenburg Bight (Baltic Sea) has various natural, geomorphological and sedimentological 

features reflecting hydrodynamic processes, sediment dynamics, biological activities and coastal 

development. This area is also strongly influenced by human activities such as military exercises, 

professional fishing, dumping of dredged material and touristic activities. Bedforms such as small 

subaquatic dunes, sediment transport patterns, and features resulting from seafloor anthropogenic 

disturbances have been identified using hydroacoustic mapping techniques. A catalog was 

prepared, showing different disturbances of natural seafloor conditions due to anthropogenic 

pressure. The sustainability of these features will be discussed. 

 

Keywords: anthropogenic footprint, seaÿoor morphology, multibeam echosounder, pockmarks, hydroacoustics, 

Baltic Sea, seaÿoor circular features 

 

4.1. Introduction  

Nowadays, coastal areas are used in many 

different ways. They can be under natural 

protection, allowing no anthropogenic activity, 

or they can be heavily used by different types 

of industries. This use often has an impact on 

seafloor conditions. The inner Mecklenburg 

Bight (SW Baltic Sea, Germany, Figure 4.1) is a 

confined area where all these different activities 

are archived in the seafloor conditions. Here, 

anthropogenic activities such as trawling, 

anchoring due to military and touristic 

activities, dumping of dredged material and 

other activities can be observed in the seabed 

environment. Side-Scan Sonars (SSS) are 

hydroacoustic devices that are suitable tools for 

mapping seafloor properties. They emit and 

collect high-frequency acoustic pulses, which 

are scattered back from the seafloor. The 

intensity of sound scattered from obstacles on 

the seafloor, from the sediment due to its 

properties, from benthic organisms, or other 

features gives a picture of the characteristics of 

the seabed. The backscatter is affected by the 

local geometry of ensonification, the physical 

seabed characteristics and the intrinsic 
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properties of the seafloor (Blondel, 2009). 

Therefore, the compilation of numerous 

backscatter measurements results in an image 

of backscatter intensities, providing 

information on the substrate characteristics. 

Furthermore, the characterization of SSS 

imagery may be used to identify dynamical 

processes controlling seabed morphology by 

observing bedforms and surface sediment 

distribution patterns. 

This work aims to provide a catalog of SSS 

images of the seafloor in the area of the inner 

Mecklenburg Bight and identify distinctive 

features in a shallow water environment under 

the influence of human activities. 

4.2. Study Area 

The hydroacoustic surveys are distributed in 

an area in the Mecklenburg Bight (Figure 4.1), 

located in the southwestern Baltic Sea, with a 

maximum depth of -28 m NHN. Lübeck Bay 

and Neustadt Bay are part of Mecklenburg 

Bight, and the present morphology results 

from various depositional processes occurring 

since the late Pleistocene deglaciation 

(Schwarzer et al., 2003). Wide areas of the 

seafloor are built up of Pleistocene deposits, 

mainly glacial till (Niedermeyer et al., 2011). 

Common features in the area are active cliffs 

alternating with lowlands, which are fronted by 

nearshore bars. Additional morphological 

features include abrasion platforms in front of 

cliffs, submarine channels, detached abrasion 

platforms and the Trave River, which empties 

into Lübeck Bay. All abrasion platforms are 

predominantly composed of soft boulder clay 

of Pleistocene origin, sometimes with 

intermediary meltwater deposits (Schrottke et 

al., 2006). On these platforms, stones are 

occurring. Active cliffs and abrasion platforms 

support the nearshore environment with 

sediment. The surface sediment distribution in 

Mecklenburg Bight is a function of geological 

prerequisites, water depth, and energy input 

due to waves and resulting currents. Significant 

wave height can reach 3.12 m between a 10-

year return period (Institut für Wasserbau, 

Wismar, 2000) or a maximum height of 5.5 m 

during storms from NE (Dette and Stephan, 

1979). In deeper areas, muddy material 

predominates, while the shallower areas on 

detached shoals and along the coast are 

dominated by coarse sediment, including 

boulders. Also, lag deposits cover large areas of 

the seafloor, especially in areas close to the 

coast and down to water depths of about -20 m 

NHN, like NE of Sagasbank or NW of 

Steingrund (Figure 4.1). They result from the 

abrasion of the underlying till and mainly 

consist of gravel, stones and boulders, often 

surrounded by well-sorted fine to medium sand 

(Zeiler et al., 2008). 

Walkyriengrund is a protected natural 

marine structure with typical communities of 

reefs and sandbanks (according to HD 

regulations) located in the central Lübeck 

Bight. It is a shoal rising to about -5 m NHN 

water depths. This shoal is densely covered by 

boulders, benthic macrophytes such as 

Laminaria saccharina and the seagrass Zostera 

marina, and mussel beds of Mytilus edulis, which 

provide a marine invertebrate habitat and 

substrate (Christiansen and Körner, 2013). 

In addition, Lübeck Bay is a busy area due 

to harbours and marinas, a shipyard, the mouth 

of the Trave River and the multiple activities 

developed in the region, which include 

dredging, anchoring, dumping of material, 
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fishing and testing military devices.  

Figure 4.1. Location of the study area and SSS survey lines. Bathymetry source: BSH 

(www.geoseaportal.de).

4.3. Methods 

Mosaic generation is based on SSS raw data 

obtained from different cruises carried out 

during student exercises since 2001 (Figure 

4.1). The acoustic devices employed are the 

Teledyne Benthos Dual Frequency 1624 (100 

and 400 kHz), the Side-Scan Sonar Benthos 

C3D (200 kHz) and the Klein 595 Dual 

Frequency (100 kHz and 500 kHz). All systems 

were towed behind the ship at a vessel speed of 

4-5 knots, with altitudes equal to 10% of the 

range applied. However, the altitude was 

sometimes only 3 m above the seafloor in 

shallow areas. The SSS towfish was fixed 

underneath a larger buoyancy to maintain the 

system in a stable position, minimizing the 

effect of ship motion (Schwarzer et al., 1996). 

Mostly, the survey profiles were recorded with 

a range between 50 and 100 m on each side. 

Data was recorded in digital form employing 

the software package ISIS (Triton Elics Int.). 

This allowed the generation of georeferenced 

mosaics of the investigated seafloor. 
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Corrections due to the distance of the fish to 

the seabed (the slant range) and layback/offset 

were settled according to survey characteristics. 

The raw data in extended Triton Format (.xtf) 

was processed in Sonar Wiz 7.0. Due to the 

complexity of compiling data with different 

frequencies and gain settings obtained from 

various devices, individual files for each cruise 

were exported as GeoTIFF files with a 0.25 m 

resolution and subsequently assembled and 

characterized in ArcGIS 10.1. 

4.4. Results 

The seabed features observed in the SSS 

images in Mecklenburg Bight include bedforms 

and human-induced seabed structures, which 

are generated on various seafloor types ranging 

from mud to boulder fields (i-Supplementary 

Material). Bedforms such as small subaqueous 

dunes ñaccording to Ashley (1990) ñ were 

found at the end of the abrasion platform, 

offshore of the Trave River mouth. They are 

found in depths of about 20 m and have 

sinuous to tongue-shaped (linguoid) crestlines, 

with variable wavelengths ranging from 1 m to 

3.5 m. In sandy areas offshore Dahme (Figure 

4.2a) between -15 m and -20 m NHN, small 

subaqueous dunes are asymmetrical and 

present straight crests partly showing 

bifurcation with wavelengths up to 1.5 m. Also, 

on the Walkyriengrund, a ripple field showed 

small subaqueous dunes, straight to sinuous-

crested with wavelengths between 0.5 and 1.1 

m. Other features recognized in the SSS images 

in Lübeck Bay include high backscatter, 

elongated, sinuous structures composed of 

coarse material (Figure 4.2b). These structures 

are probably related to the bends of the mussel 

beds of Mytilus edulis observed in video profiles. 

The source of the coarser material forming the 

elongated bends might be associated with the 

higher backscattering area of the nearby region 

(see Figure 4.2b). Thus, the elongated bends 

likely result from the deposition of shells and 

shell fragments transported from elevated areas 

during storm conditions.  They are building a 

settlement of new and active communities on 

the surficial sediment layer and providing a new 

hard ground for other species.  On the other 

hand, anthropogenic activities such as trawling 

or anchoring also influence the interaction 

between water flow and seabed surface by 

sediment reworking and redistribution, furrow 

formation, and sometimes scouring, affecting 

the seafloor severely. Particularly in Lübeck 

Bay, sonographs demonstrate strong seabed 

sediment disturbance (Figure 4.2c-e). Fishing 

activities using bottom-contact gears, such as 

otter trawlers, demersal seiners, beam trawlers, 

and dredgers, significantly impact the seafloor. 

During the trawling operation, a trawl is towed 

behind the ship over long distances. It is 

weighed down on the seafloor by heavy steel 

doors, and the resulting erosion creates linear 

parallel features or furrows (Figure 4.2c). 

The seafloor vulnerability to the trawling 

impact depends on sedimentological 

conditions and consolidation, 

geomorphological gradient, benthic fauna, 

sedimentation rates, and the degree of 

reworking of sediments.  Consequently, seabed 

disturbance encompasses scouring, furrow 

formation, increased roughness and surface 

relief, flattening of ripples, sediment 

mobilization, seabed smoothing, boulder 

displacement, and sediment penetration 

(Eigaard et al., 2016).
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Figure 4.2. Examples of seabed features in high-resolution side-scan sonar images. (a) Bedforms. Ripple 

mark block diagram taken from Baas (2003) after Reineck and Singh (1980). (b) Narrow, sinuous strips of 

coarse material. (c) Trawl marks. (d) Anchor scars. (e) Dumping spots.
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Similarly, anchoring creates furrows, 

reworks, and strongly redistributes the 

sediment (Figure 4.2d). The purpose of 

anchoring is to attach a ship to the seabed at a 

specific location, thereby avoiding vessel 

drifting due to wind, waves, or currents, which 

often occurs in the military exercise area. The 

operation involves dropping the anchor, which 

is attached to the anchor chain. When the 

anchor hits the bottom, it is embedded into the 

seabed. As the ship moves due to currents, the 

anchor also moves, dragging all the sediment 

around it. Thus, anchoring affects the seabed 

morphology, creating depressions and 

redistributing sediment. Additionally, the SSS 

images show distinctive conical and elliptical 

geometries that have been related to dumping 

sites in Lübeck Bay, east of Neustadt and 

Grömitz, and south of Walkyriengrund in 

water depths of approximately -22 m NHN 

(Figure 4.2e). These features are the result of 

dumping, and their morphology depends on 

multiple factors, such as the ship's velocity, 

currents, the type of material, and water depths. 

Dumping areas can include dredged or 

excavated soil from sea or land, mainly from 

the dredging of harbors or harbor entrances. 

Old dumping sites might contain weapons, 

munitions, and warfare agents. Today, dumped 

munitions and warfare agents are in different 

stages of decomposition, which is a risk to the 

marine ecosystem due to corrosion (BeĠdowski 

et al., 2016; Brenner et al., 2017). 

4.5. Conclusions 

The SSS technique has a high potential to 

identify natural and anthropogenic features on 

the seabed. The SSS constitutes a useful tool to 

image the seafloor, letting us recognize the 

spatial distribution and character of different 

sediment types, bedforms, and objects. Small 

subaqueous dunes were found in depths 

between -10 and -25 m NHN with variable 

wavelengths and with straight to tongue-

shaped crestlines. Furthermore, the acoustic 

imagery showed traces of intense human 

activity in the study area. Trawling marks, 

anchor scars, and distinct conical to elliptical 

features were recognized in the acoustic 

images, suggesting that anthropogenic activities 

strongly modify the seabed. As trawling marks 

cross fine-grained cohesive material and 

coarse-grained sediment, it can be easily 

observed that the disturbance lasts for a much 

longer time in the muddy deposits. With the 

growing demand for maritime traffic, tourist 

use, and economic development, these 

disturbances might increase.  
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Abstract 

Hydroacoustic observations of shallow marine environments reveal a variety of seaÿoor 

structuresðboth of natural and anthropogenic origin. Natural processes can result in features with 

circular geometries on the seaÿoor, such as kettles, sinkholes or iceberg pits, but human activities 

such as dredging, dumping, or detonating explosives can also cause similar shapes. Explaining the 

origin of these features is difþcult if there are only few observations or if competing natural and 

anthropogenic processes have acted in the same area. Even though the location of dredging and 

dumping operations and munition blasting may be well documented in many parts of the global 

coastal ocean today, little information might be available about human practices in the past. In 

this study, more than 3,000 circular features were identiþed in side-scan sonar (SSS) datasets 

covering 1,549 km2 of shallow waters in the southwestern Baltic Sea. Additional data obtained by 

multibeam echosounder (MBES), sub-bottom proþler (SBP), and different SSS were considered 

in the analysis of 205 circular features that were characterized based on their sedimentology, 

morphology, SSS and SBP acoustic signatures. Characteristic differences between the structures 

allow their classiþcation into six classes, which provide insight into their formation mechanisms. 

The obtained parameters (morphology, MBES and SSS acoustic backscatter, SBP characteristics 

and spatial distribution) allow the classiþcation to be applied to the entire SSS dataset, resulting 

in the classiþcation of 2,903 features. The mapped circular features have diameters between 6 and 

77 m and correspond to pockmarks, dumping spots and explosion craters in water depths ranging 

from -8 m up to -25 m. Despite this rather multi-methodological approach, the origin of some 

observed features still cannot be explained with certainty, leaving room for further investigations 

of natural processes and human impacts on the seaÿoor. 

Keywords: anthropogenic footprint, seaÿoor morphology, multibeam echosounder, pockmarks, hydroacoustics, 

Baltic Sea, seaÿoor circular features
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5.1. Introduction  

Over the last decades, the increased spatial 

resolution and accurate positioning of 

hydroacoustic instruments for seaÿoor 

measurements, i.e., MBES, SSS and SBP, have 

led to the discovery of many different 

characteristics of this rather complex and 

constantly changing environment. These 

include the distribution of substrates and 

habitats, sediment distribution patterns and 

structures caused by both natural processes 

(Hovland et al., 2010; Brown et al., 2017; 

Krämer et al., 2017; Marsh et al., 2018) and 

human activities (Manso et al., 2010; Bruns et 

al., 2020; Watson et al., 2022). Despite the 

availability of ever more high-resolution 

information on seaÿoor reÿectivity (from 

MBES or SSS backscatter), and its 

morphological structural and textural 

characteristics such as roughness, slope, 

curvature, bathymetric position index (BPI) 

(Walbridge et al., 2018), uncertainties may 

remain, particularly where ground truthing 

observations are limited by scale or visibility 

(for optical ground truthing), or are not 

available at all. 

Many typical features observed in 

bathymetric or SSS images, such as submarine 

glacial landforms (Batchelor et al., 2018), 

current-induced bedforms (Ernstsen et al., 

2006; Lefebvre et al., 2021), or sorted bedforms 

(Murray and Thieler, 2004; Diesing et al., 

2006a) have a characteristic elongated, linear 

pattern and are easily explained. Linear seaÿoor 

features of anthropogenic origin include 

anchor scars (Watson et al., 2022), pipelines, 

cables, trawl marks (Krost et al., 1990; Bunke 

et al., 2019; Bruns et al., 2020) and troughs 

resulting from sediment extraction (Manso et 

al., 2010). Circular or elliptical features are also 

ubiquitous on the seaÿoor. For their formation, 

different mechanisms can play a role (Table 

5.1); however, due to their geometrical 

similarity, the explanation of their origin can be 

more difþcult, especially in areas where both 

natural processes and anthropogenic activities 

occur (Bunke et al., 2019). This is of particular 

concern for ecosystem-based management and 

environmental assessment strategies, as 

demanded by several marine directives such as 

the European Marine Strategy Framework 

Directive (MSFD) (European Commission, 

2008). 

Pockmarks have recently been of increasing 

interest to the scientiþc community and have 

been studied worldwide (ii-Supplementary 

Table ii.1), from deep water environments 

(Dimitrov and Woodside, 2003; Pilcher and 

Argent, 2007) to shallow marine settings 

(Schlüter et al., 2004; Rogers et al., 2006; 

Hoffmann et al., 2020), as well as in lakes 

(Wessels et al., 2010; Bussmann et al., 2013; 

Cojean et al., 2021) and estuaries (Pinet et al., 

2008; Brothers et al., 2012). 
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Table 5.1. Examples of circular seaÿoor features reported in literature. 

 

  

Formation mechanisms Features Description Dimensions 
N

a
tu

ra
l 

Glaciogenic 
Processes 

Iceberg pits 

Circular to semi-circular depressions formed 
when an iceberg impacts with its keel the 
seaÿoor due to readjustment of its 
hydrostatic equilibrium as it melts or when 
grounding on the seabed due to tidal 
changes. They appear with scour marks 

(Syvitski et al., 2001; Brown et al., 2017). 

Between 10 and 700 m (Brown et al., 

2017). 

Up to 50 m in diameter and depth up to 

10 m (Syvitski et al., 2001). 

Kettle holes 

Craters with steep sides, ÿat-ÿoored, formed 
due to the stagnation of ice blocks in shallow 
water after ice retreat, creating a crater when 
they melt or ÿoat off (Ottesen et al., 2017). 

300 m diameter and 10 m deep 
(Ottesen et al., 2017). 

Seepage Activity 

*Pockmarks Craters resulting from seepage of gases or 
ÿuids (Hovland and Judd, 1988).  

Variable diameter up to hundreds of 
meters (Hovland and Judd, 1988; 
Pilcher and Argent, 2007). 

Gas hydrate pingoes 
Positive relief features partly formed by local 
hydrate accumulation below the sediment 
surface (Hovland and Svensen, 2006). 

Up to 4 m wide and 1 m high (Hovland 
and Svensen, 2006; Hovland, 2008). 

Mud volcanism 

Mud volcanoes, 
mud cones and 
associated 
structures 

Circular seabed features associated with the 
expulsion of ÿuid mud (e.g., mud volcanoes) 
or the intrusion of viscous gas-charged 
muds (mud cones). 

Mud volcanoes have different sizes up 
to > 1 km wide and with heights up to 
hundreds of meters (Judd and Hovland, 
2007; Palomino et al., 2016). Mud cones 
have diameters 1.5ð1.1 km and 80 m in 

height (Somoza, 2003). 

Salt doming Salt domes 
Mounds formed by the penetration of a salt 
body into the overlying sediments. In plan 
view, they are circular or elliptical. 

Diameters can be several kilometers. 

Karst processes Sinkholes 
Seabed substrate is dissolved by 
groundwater circulating through it, leading 
to the formation of craters. 

60ð270 m maximum diameter and 
depth between 11 and 20 m (Micallef et 
al., 2013). 

Slope failures and 
bottom currents 

Collapse depressions 
Semi-circular to crescent-like shape 
depressions caused by slope failures and 
bottom currents. 

~100 to ~3,000 m in diameter and depth 
10s of meters up to 180 m (Wenau et al., 
2021). 

Biological activity Pits 

Shallow pits created by gray whales (Nelson 
et al., 1987). 

2.5 m x 1.5 m diameter and 0.1 m 
deep (Nelson et al., 1987). 

Elongated depressions forming curvilinear 
tracks on the seaÿoor at abyssal depths 
formed by large vertebrates (Marsh et al., 

2018). 

0.97 m wide and 2.57 m long, and ~0.13 

m deep (Marsh et al., 2018). 

Seagrass Seagrass patches 
Ring-shaped eelgrass patches (òfairy ringsó) 
found in shallow waters (Borum et al., 

2014). 

Diameters up to 15 m (Borum et al., 

2014). 

A
n
th

ro
p
o
g
e
n

ic 

Detonation craters 
of munitions 

Denotation craters 
Craters produced by the controlled blast in 
place of munition (Kampmeier et al., 2020; 
Papenmeier et al., 2022). 

Average diameters of 20 m and 1.5 m 
deep (Kampmeier et al., 2020). 

Diameters between 7.5 and 12.6 m. 
Depth between 0.7 and 2.2 m 
(Papenmeier et al., 2022). 

Bomb dropping  
High backscatter circles caused by bomb 
explosions dropped during World War II 
(Garlan et al., 2018). 

11ð134 m in diameter (Garlan et al., 
2018). 

Dumping of 
dredged material 

Piles of sediment 

Positive features; torus-like structures 
(Stockmann et al., 2009; Tauber, 2009), 
circular splotches (Hart, 1992; Mosher et al., 
1997). 

20ð30 m in diameter and heights 
between 0.5 and 
1.4 m (Stockmann et al., 2009; Tauber, 
2009). 
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Table 5.1. (Continued) Examples of circular seaÿoor features reported in literature. 

 

Formation mechanisms Features Description Dimensions 

A
n
th

ro
p
o
g
e
n

ic 

Dredging Dredging pits 

Stationary extraction, either by bucket or 
suction dredgers (UƑcinowicz et al., 2014). 

Diameters of 80ð170 m and 2 and 3 m deep 
(UƑcinowicz et al., 2014). 

Remnants of mining activities in Thailand 
(Feldens et al., 2022). 

Average size diameter of 16 ± 5.4 m up to 

28.5 m and 1.7 ± 1 m up to 2.5 deep (Manso 
et al., 2010). 

Pits generated by anchor or static suction 
dredging (Manso et al., 2010). 

 

Man-made 
artifacts 

Scour depression 
around objects 

Scour and burial of objects [e.g., wrecks, 
bombs (Inman and Jenkins, 2002). 

Depending on the size of the object. 

Drilling-induced 
blowouts 
 

Blowout Craters 

 

Blowouts are the result of an uncontrolled 
increase in borehole pressure, which 
causes an òuncontrolled upward flow of 
formation of fluidsó and may result in the 
creation of pathways that reach the 
seafloor (Karstens et al., 2022). 

 

B1 blowout (1964, North Sea) formed the 
Figge Maar crater. Major axis: ~550 m wide 
and up to 38 m deep (Karstens et al., 2022).  

Well 22/4b blowout (1190, North Sea): 60 m 
wide and 20 m deep (Schneider von 
Deimling et al., 2015). 

*ii-Supplementary Table ii.1. 

These morphological features, which are 

recognized in hydroacoustic data primarily as 

circular to elliptical depressions, are generated 

by the seepage of gas or ÿuids (Judd and 

Hovland, 2007). They are formed by focused 

ÿuid or gas expulsion from the seaÿoor 

subsurface (King and MacLean, 1970; Hovland 

and Judd, 1988; Hovland et al., 2002). They 

have been documented mainly in soft and þne-

grained sediments (Hovland and Judd, 1988; 

Paull et al., 2002; Chand et al., 2012; Rise et al., 

2015; Böttner et al., 2019; Virtasalo et al., 2019), 

but these features are also reported in sandy 

environments (Szpak et al., 2015; Krämer et al., 

2017). They have different morphologies, sizes 

and arrangements (Hovland et al., 2002) and 

vary in diameter, ranging from less than 1 m to 

hundreds of meters (Judd and Hovland, 2007). 

Arrangements can be in random or non-

random distributions (Pilcher and Argent, 

2007). Non-random distributions can vary 

depending on various mechanisms, i.e., 

faulting (Plaza-Faverola et al., 2015; De 

Mahiques et al., 2017), glacial scouring, or 

human activities (Pilcher and Argent, 2007). 

Active structures or seeps play an essential role 

in seabed ecology (Hovland and Judd, 1988; 

Webb et al., 2009), and due to their common 

association with methane (CH4) release 

through the water column, pockmark-forming 

processes may contribute to the global 

organic carbon cycle (Judd and Hovland, 2007; 

Schneider von Deimling et al., 2015; 

Andreassen et al., 2017; Weber et al., 2019; 

Lohrberg et al., 2020). Therefore, mapping and 

classiþcation of suspicious seaÿoor features 

assist in creating an inventory of pockmarks. 

Despite the prominent interest concerning 

structures associated with seaÿoor gas and ÿuid 

seepage, there is the potential for 

misinterpretation, as other circular features can 

have similar characteristics. Other mechanisms 

can produce circular structures such as iceberg 

pits (Brown et al., 2017), collapsed pingos, 

biological features (Borum et al., 2014; Marsh 

et al., 2018), sinkholes (Micallef et al., 2013), 

scour hollows around boulders, human-made 

artifacts (Hovland and Judd, 1988; Judd and 

Hovland, 2007), and holes from mineral 

extraction (Zeiler et al., 2004; Manso et al., 
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2010; UƑcinowicz et al., 2014; Feldens et al., 

2022) (Table 5.1). On the other hand, in former 

times, pockmarks in Eckernförde Bay in the 

southwestern Baltic Sea (Figure 5.1) were 

interpreted as torpedo craters (Edgerton et al., 

1966). 

To distinguish between iceberg pits and 

pockmarks, some earlier efforts have been 

made in the North Falklands basin based on 

diagnostic indicators of ÿuid ÿow, stratigraphy 

and paleoenvironmental context, geometry, 

size and symmetry of their circular depressions, 

and the relationship to associated seismic 

features (Brown et al., 2017). However, when 

other processes act in the same area, including 

human activities that leave a circular footprint 

on the seabed (Figure 5.1), differentiating the 

genesis of such structures becomes a challenge, 

especially if the exact location of human 

activities is not well-known. Nowadays, in 

many countries, the location of dumping 

activities should be known to the relevant 

authorities. However, commonly there is a lack 

of knowledge on dumping activities in the past, 

and the explanation of seaÿoor structures can 

be difþcult, especially if they are interpreted 

solely from older or incomplete data, e.g., low-

resolution SSS images or spatially restricted 

video footage. It is essential to point out that 

many coastal areas worldwide cannot be easily 

mapped due to insufþcient instruments or 

þnancial limitations. In addition, when only 

old data are available, they become the primary 

basis for decision-making and serve to compare 

and assess the persistence of structures on the 

seaÿoor. In the southwestern Baltic Sea, 

circular features have been observed in a large 

data set of SSS images resulting from 

continuous joint projects carried out between 

the Institute for Geosciences of the University 

of Kiel (IfG) and the State Agency for the 

Environment (LfU) since 2008. In this study, 

we report on the characteristics and distribution 

of numerous circular features, assuming that 

only with a multi-method approach is it possible 

to be sure about the origin of certain structures 

by analyzing a complete set of indicators 

resulting from different hydroacoustic 

methods. Based on this, we aim to describe, 

classify and discuss the possible origin of 

circular seaÿoor features. In this context, we 

present a regional overview of circular 

structures and classify them into six classes 

based on morphological and seismic 

parameters from information obtained from 

the combination of MBES, SSS and SBP 

measurements as well as in situ observations. The 

possible genesis of each class of circular 

features and their temporal and spatial shape 

stability on the seaÿoor are discussed. It is 

pointed out that not all features can be 

explained despite the large and comprehensive 

data set. We also provide a classiþcation scheme 

that helps to differentiate between natural 

circular features and those resulting from 

human activities. For this purpose, we set out 

the following objectives: 

¶ Develop an inventory and characterization 

of circular structures based on data from 

hydroacoustic measurements supported 

by sediment sampling and in-situ optical 

observations of the seaÿoor. 

¶ Deþne geophysical, geomorphological and 

sedimentological parameters to detect, 

describe and differentiate circular seabed 

structures systematically and standardized 

using classiþcation schemes. 

¶ Discuss whether the origin of the 

structures is natural or anthropogenic. 
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5.2. Regional Setting 

The study areas are located in Kiel Bight and 

Mecklenburg Bight, in water depths ranging 

from 4.6 to 36 m in the brackish, micro-tidal 

southwestern German Baltic Sea (Figure 5.1). 

During the Late Weichselian, glaciers covered 

the present southwestern Baltic Sea area, 

forming a strong relief and leaving glacial 

deposits behind (Ehlers et al., 2011; 

Niedermeyer et al., 2011). 

The development of the Baltic Sea 

underwent different stages in the Late 

Pleistocene and early Holocene (Björck, 2008), 

with freshwater, brackish and marine 

conditions at different times resulting from 

transgressions and regressions driven by a 

combination of eustatic sea level change and 

glacio-isostatic adjustments (Schwarzer et al., 

2019). Today, large areas of the seaÿoor, 

especially morphological elevations, are built 

up by glacial deposits (Niedermeyer et al., 

2011). Postglacial sediments of lacustrine 

origin, like gyttja, peat, lake marl (Heinrich et 

al., 2017a) and þne-grained, organic-rich 

sediments were formed in local lakes or lagoons 

and developed on top of the glacial basement. 

In deeper areas with low sediment transport 

potential, these sediments are covered by 

organic-rich mud deposited during and after 

the Littorina Transgression (Rößler et al., 

2011). Acoustic turbidity is frequently observed 

in sub-bottom proþler data in Late Pleistocene 

and Holocene sediments in this region, 

predominantly due to the presence of 

subsurface gas stemming from the 

decomposition of organic matter (Laier and 

Jensen, 2007)(Figure 5.1). In Eckernförde Bay, 

pockmarks have been associated with gas 

emissions and groundwater discharge (Werner, 

1978; Jensen et al., 2002; Whiticar, 2002; 

Schlüter et al., 2004; Hoffmann et al., 2020). 

The southwestern Baltic Sea has been for long 

time a focal point of coastal ocean exploitation 

and therefore serves as a prominent example of 

different types of human impact on the 

seaÿoor. 

Placing pipelines (Bohling et al., 2009) and 

cables, bottom trawling (Krost et al., 1990; 

Schönke et al., 2022), anchoring, stone þshing 

(Bock et al., 2003), dredging (Manso et al., 

2010), and dumping have led to changes in 

morphological conditions and redistribution of 

sediments, thus exerting pressures on the 

marine environment. In addition, large 

quantities of conventional ammunition were 

dumped in some regions of the western Baltic 

Sea at the end and after World War II 

(Kampmeier et al., 2020; Frey et al., 2021). 

Most of them remain on the seafloor causing 

multiple risks to the marine ecosystems. 

5.3. Materials and Methods 

5.3.1. Hydroacoustic measurements and 

post-processing 

Coastal waters of the Schleswig-Holstein 

Baltic Sea have been mapped in order to 

identify habitat types through different projects 

over the last 15 years (e.g., Schwarzer et al., 

2008, 2022; Schwarzer and Feldens, 2010; 

Schwarzer and Heinrich, 2017; Schwarzer and 

Díaz-Mendoza, 2020; Schwarzer and 

Unverricht, 2020, 2021), resulting in an 

extensive dataset of mainly SBP information 

and SSS data, underwater videos and 

sedimentological information from grab 

sampling. 
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Figure 5.1. Study areas in the SW Baltic Sea: (A) Flensburg Fjord and Gelting Bay, (B) Kiel Bight, (C) 

Fehmarn Belt and Mecklenburg Bight and (D)  Lübeck Bay. The distribution of circular features is 

observed in the hydroacoustic dataset. Shallow gas areas (2ð4 mbsf) (after Laier and Jensen, 2007). 

Some dumping sites (D.S) of dredged material are indicated in A, C, and D. Reported detonation 

craters in (B) (Kampmeier et al., 2020) and (C) (Papenmeier et al., 2022). Pockmarks in Eckernförde 

Bay (EB in the overview þgure) (Whiticar and Werner, 1981; Whiticar, 2002; Schlüter et al., 2004; 

Hoffmann et al., 2020). Bathymetry source: BSH GeoSeaPortal (www.geoseaportal.de, last accessed on 

27.05.2019); Seifert et al., 2001. 

http://www.geoseaportal.de/
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The SSS dataset was recorded with a 

Teledyne Benthos 1624 (100/ 400 kHz), a C3D 

from Teledyne Benthos (200 kHz) which has a 

built-in SBP, an Imagenex Yellowþn (260-330 

and 770 kHz), and a StarFish 452F from 

Tritech (450 kHz) with typical survey speeds 

between 4.5 and 5 knots. Offsets and layback 

corrections from the shipborne GNSS were 

applied to calculate the position of the towed 

sonar. Additional research campaigns to 

chosen sites (Table 5.2) were conducted to 

collect high-resolution information on seaÿoor 

topography and sedimentology in order to 

investigate human inÿuences on the seaÿoor. 

SSS information was then collected with the 

Teledyne Benthos 1624 SSS system equipped 

with an ultra-short baseline (USBL) 

transponder to obtain a precise position of the 

towed sonar. Additionally, at some stations, 

SSS data was collected with the Yellowþn and a 

StarFish 452F in a pole-mounted conþguration 

and using a GNSS RTK positioning system. 

The SSS data were recorded and processed 

using Sonar Wiz 7.3 (Chesapeake Technology, 

2018) and exported as 25 cm resolution 

mosaics. SSS backscatter images provide 

information about the seaÿoor structure and 

composition based on grey levels and textures 

due to the amount of energy returned from the 

seaÿoor and the spatial organization of the 

elements (Blondel et al., 1998). These 

parameters allow to distinguish patterns of 

sediment distribution and morphology. MBES 

backscatter and bathymetry data were acquired 

with a NORBIT iWBMS STX MBES. The 

MBES was operated at a frequency of 400 kHz 

and positioned with an RTK GNSS system. 

MBES data were processed using the open-

source software MB-System 5.7.8 (MBARI) 

and the BeamworX 2022.2.1.1 software 

package. Geotiffs of 25 cm resolution were 

generated and analyzed with QGIS 3.22.6 

software. 

Additionally, parametric sub-bottom 

proþling (SBP, Innomar SES-2000 standard 

and medium) was used to image the sub-

surface structure of the upper few meters 

below the seaÿoor. The systems operate with 

a primary frequency of about 100 kHz and 

resulting secondary frequencies between 8 

and 15 kHz. Data were processed using the 

Innomar ISE 2.9.5 post-processing software. 

Hydroacoustic data (SPB, SSS, and MBES) 

were corrected with sound velocity proþles 

obtained from CTD measurements. 

5.3.2. Ground truthing and analysis 

Surface sediment samples (Van Veen and 

Shipek grab sampler) were collected from 

circular features and the surrounding areas 

based on the information from the MBES and 

SSS data. Accurate positioning was achieved 

using a USBL combined with a GNSS RTK 

system. No sediment samples were taken at the 

ammunition disposal areas and active material 

dumping sites (Staberhuk and Lübeck Bay 

dumping sites). 

Depending on the characteristics of the 

sediment, grain size distributions were 

determined by laser diffraction and/or dry 

sieving. For mechanical sieving, the samples 

were þrst dried at 60°C and then weighed. The 

fraction <0.063 mm (silt and clay) was 

discarded by wet sieving. After drying the 

fraction >0.063 mm at 60°C again, the total 

amount of þner sediment (silt and clay) was 

calculated. The material >0.063 mm was sieved 

according to the ASTM (ASTM E11-09, 2009). 

For samples with sediment fractions 

considerably below 2 mm, laser diffraction was 
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performed with a Beckmann Coulter LS 

13320. After the analysis, sediments were 

classiþed according to Folk (1954). 

In addition, underwater video transects 

were carried out to observe speciþc features 

with a Vivotek IP9191-HT, a GoPro 

HERO7/8 or a Canon EOS M6 Mk2 camera 

positioned with a USBL transponder (AL552) 

and a GNSS RTK positioning system (AL574, 

L1321, L0322).

 

Table 5.2. General device settings during the research surveys AL552 (2021), AL574 (2022), L1321 (2021), 

and L0322 (2022). 

 

Survey AL552 AL574 L1321 L0322 

Date 16.3.2021ð27.3.2021 06.2.2022ð

13.06.2022 

08.11.2021ð15.11.2021 17.03.2022ð24.03.2022 

Research Vessel R/V  Alkor R/V  Littorina 

Side-scan sonar 

Device Teledyne Benthos, 

SIS-1624-dual 

frequency 

- Yellowþn StarFish 452F - 

Set up Towed - Pole-mounted Pole-mounted - 

Frequency 100 and 400 kHz - 770 kHz 450 kHz - 

Range 50 m - 50 m - 

Towþsh altitude ~10% of the range - ~10% of the range - 

Multibeam 

Device NORBIT iWBMS STX 

Frequency 400 kHz, 80 kHz bandwidth 

Across-track 

beam width 

0.9° 

Along-track 

beam width 

0.9° 

Number of beams 512 

Swath angle 120° 

Parametric Sub-bottom proþler 

Device SES-2000 standard SES-2000 medium 

Transmitter HF 

frequency 

100 kHz 100 kHz 

Pulse length 250 Ǫs 69 Ǫs 

Ping rate 30 pps 30 pps 

Transmitter LF 

frequency 

8 kHz 15 kHz 
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5.3.3. Feature characterization 

Within 1,549 km2, more than 3,000 circular 

features were recognized based on the 

backscatter intensity and the textural 

properties of the SSS sonographs. A rectangle 

was manually digitalized around each feature. 

Backscatter strength is shown in greyscale, 

with darker tones indicating high backscatter 

intensities. This dataset served as the basis for 

follow-up þeld campaigns, qualitative 

analysis, and characterization of the 

individual features. The latter resulted in the 

identiþcation of 3,275 circular features, 

named here as the Initial Feature Dataset 

(hereafter IFD). This information supported 

further description and characterization of 

the features (Figure 5.2). In areas where 

information from different high-resolution 

data was available and where individual 

features could be better identiþed visually, a 

selected feature dataset (hereafter SFD) of 

205 structures was created for detailed 

analysis. This analysis included the deþnition 

of morphological parameters (dimensions, 

shape, relief, slope, roughness and 

eccentricity) based on bathymetry, as well as 

MBES and SSS backscatter information, in 

some cases supported by underwater videos 

and sediment samples. Seismostratigraphic 

relationships based on SBP information were 

also considered. 

Figure 5.2. Methodology for feature characterization. IFD, Initial Feature Dataset; SFD, Selected Feature 

Dataset; and FFD, Final Feature Dataset. 

Figure 5.3. Measurement parameters of different types of circular structures. (A) Crater with 

rims. (B) Ring-shaped feature. MSD: Mean seafloor depth. 
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In the hydroacoustic data structures were 

measured manually in QGIS 3.22.6 along their 

major (a) and minor (b) radius, and the 

eccentricity (e) was calculated using e = ((a2 

Ĭ b2)/ a2)0.5; { e  ɴR |  0 Ò e Ò 1} (Gafeira et al., 

2012). The structure approximates a circle 

when the eccentricity value is close to zero. 

Additionally, the relief, which is the depth of 

the crater and/or the elevation with respect to 

the surrounding seaÿoor, was manually 

measured based on the bathymetric data 

(Figure 5.3). A negative value indicates that the 

central part of the feature is below the mean 

seaÿoor level (craters, craters with rims) in 

contrast to features above the mean seaÿoor 

level (mounds, torus-like features), which have 

a positive value. For craters, the relief value 

corresponds to the deepest point measured in 

the central part of the feature (Figure 5.3A). On 

the other hand, for torus-like features, the value 

is often equal or is above the mean seaÿoor 

level (Figure 5.3B). The area of each feature 

was calculated from the measured radius of 

the features. 

Slope and roughness maps were generated 

using GDAL tools (V. 3.4.1; gdal.org) and were 

derived from bathymetry DEMs of 25 cm 

resolution. Within a digitized bounding box for 

each feature, mean, minimum and maximum 

values of slope and roughness were calculated 

using the zonal statistics function in QGIS. 

Systematic classiþcation of the SFD was 

performed using qualitative descriptors of 

morphology, the acoustic backscatter 

signature, spatial arrangement, and seismic 

characteristics. The classiþcation was validated 

using sedimentological information. In areas 

where individual features could not be 

recognized in the acoustic images due to 

overlapping or grouping between them, only 

the visible and individual structures were 

considered. Features located at known 

dumping sites of dredged material and those 

craters reported as in-situ munition blasting 

served to establish the classiþcation 

parameters. To extend the feature classiþcation 

to IFD structures, the categorization was 

extrapolated and compiled in a Final Feature 

Dataset (hereafter FFD) by considering 

similarities in morphology, acoustic signature, 

and feature proximity (Figure 5.2). 

5.4. Results 

A total of 3,275 circular structures were 

observed in the IFD found in water depths 

ranging from 8 to 25 m (Figure 5.1) and mainly 

in soft sediments composed of silt and sand. 

Six classes were distinguished based on their 

morphology, acoustic backscatter signature, 

presence of seismic indicators for ÿuid ÿow, 

and paleo-environmental settings. 

5.4.1. Class 1: positive relief, medium to 

high backscatter ring-shaped 

features 

High backscatter ring-shaped features, 

elevated from the seabed and with irregular 

surfaces, are observed in the deposit site of 

Staberhuk, east of Fehmarn Island, at about 

24 m water depth (DE/54- see Figure 5.4A, 

B) and Lübeck Bay. In SSS backscatter data, 

they exhibit soft to rough textures. The edges 

of the features show high reÿectivities but 

vary depending on the angle of ensoniþcation. 

Low backscatter is common in the deeper areas 

of the individual structures. A total of 42 

features were characterized in the dataset, with 

diameters ranging from 20 to 49 m. They are 
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positive relief features, with a maximum slope 

of 38° (Figure 5.9). They sometimes appear as 

dome-shaped structures and are often grouped 

and sometimes merged (Figure 5.4B), creating 

composites up to 3 m in height (Lübeck Bay). 

This is also observed in the northern part of the 

dumping ground of Staberhuk, where the 

backscatter is relatively low (DE/54-Figure 

5.4A). 

The rims differ in height and width and 

internal elevations in the center are common 

(Figure 5.4C). In the SBP proþles, these 

structures appear as mounded high-amplitude 

features with chaotic internal acoustic facies, 

blanking the underlying parallel reÿectors 

(Figure 5.4D). High backscatter curvilinear 

features are often observed. Low backscatter 

linear structures associated with trawling marks 

are also present, crossing the dumpsite in all 

directions (Figure 5.4A). 

5.4.2. Class 2: random high backscatter 

rounded spots 

Other larger, circular structures with high 

backscatter and smooth to grainy texture have 

diameters ranging from 30 to 77 m (Figure 

5.5A). Radial halos, aureoles, or linear 

structures with medium to high backscatter 

often occur around them. This class 

corresponds to randomly distributed structures 

that occur as individual units but also cluster 

together to form large areas of high 

backscatter. A total of 13 features of this type 

were characterized in the SFD at about 22 m 

water depth. Most of the structures in Class 2 

show a positive relief reaching up to 0.8 m and 

slopes up to 47° (Figure 5.9B). In Flensburg 

Fjord and Gelting Bay, those structures are 

generally composed of silty sand (grab sample 

L1321-G18ðFigure 5.5D), with some 

proportions of gravel. In the SBP data, the 

structures of this class are characterized by 

chaotic internal reÿections and uneven surfaces 

(Figure 5.5Eð Proþle a-aõ). Disturbed reÿectors 

appear underneath the features (Figure 5.5E 

Inset 3). 

While Class 2 structures show a positive 

relief in Flensburg Fjord, they reveal slightly 

negative relief of about 0.1 m in Lübeck Bay. 

Although no macro-benthic organisms were 

observed in the surface sediment samples, 

mussels were observed in video proþles in 

Flensburg Fjord (ii-Supplementary Table ii.10). 

5.4.3. Class 3: string of high backscatter 

rounded spots 

A typical structure observed in MBES and 

SSS backscatter data corresponds to regular, 

linearly arranged, rounded features with 

diameters ranging from 8 to 29 m. They are 

well-deþned circular areas with a homogeneous 

rough texture and high backscatter signature 

compared to the surrounding seaÿoor (Figure 

5.5A). In SSS mosaics, their spatial distribution 

exhibits a distinctive string-like pattern, whose 

spacing varies from zero to up to tens of meters 

between the different spots. 

Furthermore, these features sometimes 

overlap (ii ð Supplementary Material: Figures 

ii.2A, C). A total of 34 individual structures 

were characterized in the dataset. They are 

generally found in soft substrates of poorly 

sorted silt (grab samples L1321-G20ðFigure 

5.5D and AL552-120ð ii ð Supplementary 

Material: Figure ii.1F) between 22 and 23 m 

water depths in Flensburg Fjord, Gelting Bay 

and Lübeck Bay. 

https://www.frontiersin.org/journals/earth-science/articles/10.3389/feart.2023.1170787/full#s12
https://www.frontiersin.org/journals/earth-science/articles/10.3389/feart.2023.1170787/full#s12
https://www.frontiersin.org/journals/earth-science/articles/10.3389/feart.2023.1170787/full#s12
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Figure 5.4. Ring-shaped features in the dumping site Staberhuk. (A) Side-scan sonar 

and (B) bathymetry images with dumping areas indicated (HELCOM, 2019). Insets show the typical 

torus shape of the structures of Class 1. (C) Vertical bathymetric profile of a unit feature above the 

mean seafloor depth (MSD) (dashed line). (D)  N-S Sub-bottom profile across the deposit site. 



Chapter 5: Circular structures on the seabed: differentiating between natural and anthropogenic origins  

66 

Figure 5.5. (A) Backscatter information and (B) bathymetry of larger high backscatter patches (Class 2) and strings of high backscatter circular features in the 

old dumpsite DE/13 H (HELCOM, 2019) in the outer Flensburg Fjord. The location of the sub-bottom profile and grab samples (yellow points) is 

indicated. (C) Vertical bathymetric profile of Class 3 features. (D)  Laser particle size distribution of grab samples L1321-G18, G19, and G20. (E)  Sub-bottom 

profile across the dumping site indicates the localization of classes 2 and 3.
































































































































































































































































































