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Abstract

The marine environment, which provides numerous essential services to humans, faces threa
from human activities that can disturb the seabed and may threaten the proper functioning of
marine ecosystems. A sustainable balance betweenusesamd seabed integrity requires
knowledge of the seatsphysical characteristics, the distribution of benthic habitats, and the
extent of human impacts. The various regulatory frameworks require this knowledge to asses:
protect and sustainably manage the marine environment. Assessments of seabed pressut
typically rely on larggale proxy data, overlooking actual impacts and tkieriongffects of
human activities on the seafloor. Furthermore, while habitat mapping provides the basis for
charactezring seafloor conditions, identifying the nature of features can be challenging,
particularly for circular features

The southwestern Baltic Sea, particularly the Baltic Sea of SEldksteiig (BSSH), is an
excellent example of a region with a very heterogeneous seafloor, where intense human pressu
converge in a shallow, confined marine setting. This thesiseexhmseabed characteristics of
the SW Baltic Sea, explores ltokbe 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 comparisenf seabed pressure estimaerived fromhydroacoustidatavslarge
scale assessments.

Over several years, Kiel University, in cooperation with the SeHlelstem State Agency
for the Environment (LfU), conducted seabed mapping and investigations uscansdear,
subbottom profiling, and in situ observatiamsulting in a dataset covering more than 1,500
kn? of the BSSH. 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 ancptidg and applying the marine habitat classification system
proposed byGreene et al. (1999, 2005, 2007, 2008 BSSH. This approach enables the
systematic identification of essential parameters at various scales that reflect seabed characteris
relevant to marine spatial planning and conservation.

The datasets combined with bathymetric data were used to classify circular structures of natur
and anthropogenic origin. Six distinct classes were defined based on sedimentology, morpholog
and acoustic signatures of a selected subset, enablingaffedagivin of the classification to
thousands of features across the region. This thesis identifies anthropogenic traces linked t
physical pressures, such as abrasionringremoval, deposition, and sealing, on 36% of the
mapped area. The seabed is impacted by activities such as bottom trawling, propeller scourin
anchoring, and dumping, with trawl marks accounting for over 91% of the footprint, primarily
on muddy substrateSeabed pressures were compared with other spatial data types, such as
satellitedbasedvesseMonitoringSystemderived fishing pressure data, to highlight the value of
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Abstract

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 featuresulihéigesight the
importance of detailed characterization through-mettiod approaches for comprehensive
environmental assessment and provide a foundation for future monitoring and management
strategies, with particular attention to the longevitytlmopangenicseabed feateis and their
implications for seafloor integrity.
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Zusammenfassung

Die Meeresumwelt, bieten dem Menschen zahlreiche wichtige Nutzleistungen. Menschliche
Aktivitaten kbnnen eine Bedrohung darstellen, indem sie die Intaktheit des Meeresbodens store
bzw. verandern und somit das natiirliche Funktionieren der marinen Okdsgsietriichtigen.

Ein nachhaltiges Gleichgewicht zwischen menschlicher Nutzung und der Integritdt des
Meeresbodens erfordert ein umfassendes Verstandnis seiner physikalischen Eigenschaften,
Verteilung benthischer Lebensraume und des Ausmaflles nmensdhldlisse. Die
verschiedenen regulatorischen Rahmenbedingungen erfordern dieses Wissen, um di
Meeresumwelt nachhaltig zu schitzen und zu bewirtschaften. Bewertungen der Belastungen d
Meeresbodens stitzen sich in der Regel auf grol3skaligBdeoxwobei die tatsachlichen
Auswirkungen und die langfristigen Folgen menschlicher Aktivitaten Ubersehen weerden. D
Kartierung von Lebensraumelefern die Grundlage fur die Charakterisierung der
Meeresbodenbedingungen, doch kann die Identifizierung dedeArMerkmale eine
Herausforderung darstellen, insbesondere bei kreisformigen Merkmalen.

Die sudwestliche Ostsee, inshesondere die Ostsee von Skluksteiig (BSSH), ist ein
hervorragendes Beispiel flr eine Region mit einem sehr heterogenen Meeresboden, in de
intensive menschliche Einflisse in einer flachen, raumlich begrenzten Mdrnegumge
zusammenkommen. Diese Arbeit untersucht die Eigenschaften des Meeresbodens de
sudwestlichen Ostsee, betrachtet die Zusammenhénge mit der Verteilung von Lebensraumtype
und identifiziert und quantifiziert das Ausmald der Eingriffe auf dem Meeresheden u
Verwendung verschiedener Arten von Datenquellen. Dartber hinaus werden die aus
hydroakustischen Daten abgeleiteten Schatzungen der Belastungen des Meeresbodens 1
groBmalfistablichen Bewertungen verglichen.

Uber mehrere Jahre hinweg hattigstiarAlbrechtsUniversitat zu Kielunter anderem in
Zusammenarbeit mit dem Landesamt fur Umwelt Schideistgin (LfU), Kartierungen und
Untersuchungen des Meeresbodens mithilfe von Seitensichtsonar, Sedimentechsitot und in
Beobachtungen durchgefiihrt, wodurch ein Datensatz entigiantehr als 1.500 km? der BS
SH abdeckt. Die vorliegende Arbeit integriert die Ergebnisse dieser Projekte, um den
Meeresboden zu charakterisieren und die Beziehungen zwischgendehditen des Substrats
und der Verteilung von Lebensraumen zu untersuchen. Hierzu wurden die Eigenschaften de:
Meeresbodens identifiziert und das @oaene et al. (1999, 2005, 2007, 2@08gschlagene
Klassifizierungssystem fur marine Lebensraume auf8ie¢ &8)epasst und angewendet wird.
Dieser Ansatz ermdglicht die systematische Identifizierung wesentlicher Parameter, welche di
fur die marine Raumplanung und den Naturschutz releganschaften des Meeresbodens
widerspiegeln.
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Zusammenfassung

Die Datensatze wurden in Kombination mit bathymetrischen Daten verwendet, um
kreisformige Strukturen natirlichen und anthropogenen Ursprungs zu klassifizieren. Auf der
Grundlage der Sedimentologie, Morphologie und akustischer Signaturen einer ausgewahlten
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 Flache anthropogene Spuren iderdizienit,
physikalischen Einflissen wie AbragmskolkungEntnahme, Umlagerung und Uberlagerung
in Verbindung stehen. Der Meeresboden ist durch Aktivitaten wie Grundschleppnetzfischerei,
Auskolkung durch Schiffsschrauben, Ankern und Verklappung beeinflusst, wobei
Schleppnetzfischerei tber 91% der Spuren ausmachaiiem auf schlammigen Substraten.

Um die Bedeutung hydroakustischer Daten fur die Bewertung der physikalischen Belastungen des
Meeresbodens hervorzuheben, wurden die identifizierten deinhits anderen r&umlichen
Datentypen verglichen, wie z. B. aus einem satellitenbasierten Schiffsiberwachungssystem (VMS)
abgeleiteten Daten zur Belastung durch die Fischerei.

Durch harmonisierte Kartierung von Lebensrdumen, ein verfeinertes Klassifizierungsschema
und die Kartierung anthropogener Merkmale kann diese Arbeit dazu beitragen das Verstandnis
der naturlichen Eigenschaften des Meeresbodens und der menschlichen d&ihfjrssn in
einer flachen Meeresumgebung zu verbessern. Die Ergebnisse unterstreichen die Bedeutung einer
detaillierten Charakterisierung durch multimethodische Ansatze fir eine umfassende
Umweltbewertung und bilden eine Grundlage fiir zukinftige Ubengsac und
Managementstrategien, wobei besonderes Augenmerk auf die Langlebigkeit anthropogener
Strukturen und ihre Auswirkungen auf die Integritat des Meeresbodens gelegt wird.
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Chapterl

Introduction

The ocean is recognized as an expanding economic horizon docemaiscial value for
supplying food, resources (e.g., hydrocarbons, mjaecispace (e.g., shipping, spoil grounds,
tourism)Jouffray et al., 2020his is directly related to the rapid growth of the human population
in coastal regions, even outpacing growth in inland@osay et al., 2024)he blue economy
involves the sustainable exploitation of marine resources to promote economic development
while maintaining the integrity of marine ecosy¢¥oussef, 2023y he rapidly growing interest
in exploiting these mari ne r e@afirayetals 20200 ef e
raises concerns because with increasing population, demands, human pressures and impacts
the marine environment will intengfyroldi and Beck, 2007; Brander et al., 2010)

The seabed, especially in coastal and shelf environments, is increasingly influenced by hum:
activities(Fogarin et al., 2019; Harris, 2020a; Watson et al., 2020; Budillon et al., 2022;
Prishchepenko et al., 2023; Kramer et al.,. 20@85¢umulative impacts can degrade ecosystems,
transform habitats and thereby cause irreversible changes in the marine er(ineidaamid
Beck, 2007)These changes weaken the resilience of marine ecosystems, thereby reducing the
capacity to provide goods and services thatnpmetantfor human welbeing and survival
(Cardinale et al., 2012herefore, a comprehensive knowledge of the physical structure of the
seafloor, the distribution of benthic habitats and impacts of anthropogenic pressures is requirec
for an efficient ecosystdmased management (EBNJogan et al., 200%uch as the
establishment of conservation areas or Marine Protected Areas (MPAS) to mitigate habitat los
and degradatigiMcDonald et al., 2020)

Although more than 8% of the ocean is protected globally, less than 3% falls under strict
protection(Fox etal.,2024) I ni ti atives | i ke 030 by 306 a
including marine and coastal areas, by (B03€rstein et al., 2019; Convention on Biological
Diversity, 2022; Stephens, 2023; Rechberger et afi, 2024) mirrored in EU policies such as
the Biodiversity Strategy 2Bdropean Commission, 2024)d the Nature Restoration Law
(European Union, 2024¥hich among the marine targets includes estappsbteced areas
foratleast 30% dhesea i n Eur ope, and to strictly pr
areagEuropean Commission, 2028¢hieving these targets requires a sdiaseel approach
to policymaking(GrorudColvert et al., 202 Bffective marine management depends on reliable
data regarding habitats, species, human activities, and their associated impacts. In Europe, t
Habitats Directive (HDJCouncil Directive, 19992/43/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 | of the HD and
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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 Dirddi$éD,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 estathlsshed
Commission Decision (EU) 2017/8&8iropean Commission, 201Dgscriptor 6 deals with
the oseafloor integrifyand aims to assess the degree to which human activities negatively affect
the seabed. Within this descriptor, five criteria are defined. The citeaate 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 averaely affected and the extent of loss of ffexatit
habitat types. Hence, not only knowledge oftibeacteristics amfistributionof habitats, but
also human impacts on the marine environment, is a prerequisite for réyemtaigs 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 (Saiong04ao), 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 th@mg., EUNIS, European Nature Information System
classification scher(iavies et al., 2004; EUNIS, 201Bpather 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 habi(Baker and Harris, 201Zhesesc al | ed oOopot enti al
bent hi c(Gleenbetdl.a22008scribpét he physical, geol ogical,
at the seafloor that ar e (Greeseetal,20088 4 Wogéebl bhgec:s
bottomupé approach refers to the characterizati c
the geological substrate using geophysical in{@yeene et al., 2007)hese geological
attributes can, in turn, be associated with specific types of(spesezset al., 2010)

The hierarchical habitat classification scheme devbio@eedene et al. (1999, 2005, 2007,
2008)also known as Potential Habitat Classificé®itvang et al., 2019) hereafter referred to
as the 0Gr eeinas bad¢daos seabed ge@morphmlogical propastiell as
biology and uses a@graphic Information Systé@lS)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
groundtruthing information, including targeted sampling and underwater video. Hydroacoustic
systems such as s@@n sonars (SSS) and multibeam echosounders (MBHS)trenab
collection of fingesolved 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 a
2024Yut also anthropogenically modified halikasésiricardo et al., 2019; Budillon et al., 2022;
Rizzo et al., 2022; Kramer et al., 2025; Schulze et al.F@@B&)more, acoustic shbttom
profiling (SBP) techniques can generate geophysical profiles that provide information about the
seabed and the subsurface structure. The integration of such information into the characterizatio
of the marine substrate afemore complete and detailed information for mapping marine
benthic habitatge.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 th
seafloor, it is essential to distinguish between the origins of seabed features. Relying on a sinc
hydroacoustic method can be insufficient, as similar acaysitures may mask different
formation processes, particularly for circular features such as dredge pits, pockmarks, or dumpir
mounds.Circular features on the seabed can form through processes occurring above the
seafloor, such as anthropogenic actiyifeuber, 2009; Manso et al., 2010; Garlan et al., 2018;
Madricardo et al., 2019; Kampmeier et al., 2020; Papenmeier et alg@®2dlure and bottom
currentyWenau et al., 202by foraging by marine mamnm@srsh et al., 2018; Schneider von
Deimling et al., 2023pimilaflooking 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 pockmarl
(Hovland and Judd, 1988; Judd and Hovland, 280& yesult, considerable research has focused
on investigating these features, particularly because pockmarks are associated with metha
release, which contributes to the global organic carbofscicleider von Deimling et al., 2011;
Weber et al., 2019)ue to the similarity in hydroacoustic data of circular features, the origin of
the features is not alwagsily distinguished

Furthermore, while hydroacoustic mapping provides detailededulyition data for the
assessments of seabed pressures at the local scalegleargaps of human impacts on the
marine environment typically rely on data from satellite imagery r(@ghintp or shipping
activities) or local authority records (e.g., dredging licenses or spoil disp@salpetesst al.,

2015; Korpinen et al., 2018, 2019; HELCOM, 202Bkbpugh regional assessments are cost
effective and efficient, they rely on these indirect datasets, which often lack the spatial resolutio
and accuracy needed to precisely capture the extent and longevity of impacts on the seafloor.
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The Baltic Sea, a sesnclosed intracontinentsgaconnected to the North S#arough
Kattegat and Skagerrdikas undergone compldevelopment since the last glacial period
(Schwarzer et al., 201Since the onset of postglacial development, the advance and retreat of
the ice sheet, driven by temperature fluctuations and accompanied-ispglat@hdjustments,
triggeredransgressions and regressions that influenced the marine and coastal erofironment
the Baltic Se@jorck, 1995, 2008hhe area is underlain by Pleistocene glacial deposits, locally
covered by Holocene sedimetd occasionalby meltwater depositErosion, deposition, and
sediment reworking processes Isaged the presentlay diverse morphology and sediment
patternsof the Baltic Sea seal@idedermeyer et al., 201The SW Baltic Sea is very patchy
(Seibold et al., 1971; Tauber, 2@dtR)a variable range of sediment sizes, from clay to boulders,
providing habitats for various benthic communities. The region is particularly affected by human
activitiegKorpinen et al., 2019; HELCOM, 2028&&erting physical pressures on benthic marine
habitatfHELCOM, 2023a¥esulting in degradatifirotze et al., 2006; Reusch et al., 201B)
a poor ecological conditiiHELCOM, 2023a; BMUV, 202#)ans have been adopted to restore
and protect the Baltic Sea, such as the HELCOM Baltic Sea ActiiERE@OM, 2021pr in
Germany, the Baltic Sea Protection Action Plan 2030 (Aktionsplan Ostseeschutz 2030)
(Landesregierung Schleskgdstein, 2024 )which dictates the strict protection of 12.5% of the
Baltic Sea of Schleswdglstein, aligning with EU targets. Furthermore, the implementation is
crucial founderstandingeabed 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 characteriaé hppdtéats formed by
natural processes and influenced by anthropogenic sctivitee 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 Schldsdaigjein (LfU- Landesamt fur Umwelt).
Within theoLebensraumtypen Ostsee Synthédabitat Types Baltic Sea Synthepiwject,
results of seabed mapping conducted since 2008 were compiled zedl @nalypbsequent
project,oMenschliche Einflisse auf den Meeresboden der westliched Osfsé¢tu man | mpact
on the Seafloor of the Southwestern Baltic Sea), invedtigaiefiuences 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 Btgh

This thesis integrates insights from previous seabed mapping research to characterize physical
seafloor properties that govern the distribution of potential habitatsaiftith8&a of Schleswig
Holstein (E5-SH). Furthermoreit evaluates the applicability of the Greene Classification utilizing
selected physical parameters to identify potential hd&ytatalyzing different hydroacoustic
datasets supported by in situ observatiissyorkprovides a classification of seabed features
that addresses the challenges of differentiating between natural anthddemamcular
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structures. Ultimately, this thesis offers an overview of the spatial extent of physical anthropogeni
pressures on the seafloor and examines how hydroacoustic data can ents@ate leagyenal
assessments by comparing different spatial data tygmgsitiimg these highsolution 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 oftivBaltic Sea, in the context of seafloor integrity. Chapter
2 presents three main hypotheses and related objectives of this research. Subsequent chapt
(Chapters -8) include four complementary case studies that primarily use hydroacoustic data
from SSSMBES and SBP to characterize and classify natural and/or anthropogenic structures.
To characterize the natural seabed, Ctaptegrates results from earlier mapping works in the
BSSH and examines the distribution of sediment and habitat types, as well as their relationship
with geomorphological features and subsurface geology. In addition, this manuscript identifies
physichattributes of the seafloor to support the adaptation of the Greene Classification, enabling
flexible classification and effective identification of potential habitats.

Diaz-Mendoza, G.A.,Schwarzer, K., von Ronn, G.A., et(a025). Sedimentological and
Geomorphological Characterization of the Seafloor of the SW BalhidiSeiats,
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 .
introduction to seabed structures observed in SSS images, reatdifigtent examples of
seabed features in a shallow marine environment under the influence of human activities.

Diaz-Mendoza, G.A.and Schwarzer, K. (2019¢abed features in Mecklenburg Bight based on
sidescan sonar imageriarine and River Dune Dynamics ConferdBraamen,
Germany, 7082. Available
at: https://www.marum.de/Binaries/Binary18516/MARID\0liazGiuliana.pdf.

Given that the SSS images showed many circular strottiresseabedhose origin was
often unclear, Chapter 5 employs a fméthod approach to distinguish these features more
effectively. This third study differentiates between circular features of natural and anthropogenic
origin.

Diaz-Mendoza, G. A. Kramer, K., von Roénn, G. A., Schwarzer, K., Heinrich, C., Reimers, H.
C., Winter, C. (2023Jircular structures on the seabed: differentiating between natural
and anthropogenic originExamples from the Southwestern Baltic Sea. Front. Earth
Sci. 11. https://doi.org/10.3389/feart.2023.1170787.
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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 cowigfamegjional quantifications of
seabed physical disturbances.

Diaz-Mendoza, G. A, Kramer, K., von Ronn, G. A., Heinrich, C., Schwarzer, K., Reimers, H.
C., Winter, C. (202%lotspots of human impact on the seafloor in the Southwestern
Baltic SeaCont. Shelf Re&85, 105362. https://doi.org/10.1016/.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 habita@hapter 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 marinehabitats, along with an evaluation of marine uses and impacts, is necessary as a bas
for ecosystem management in the formulation of effective conservation strategies and policy
frameworks. Considerable research has been conducted regarding therdatsiediments
(Seibold et al., 1971; Hermansen and Jensen, 2000, from Reimers, 2008 in Zeiler et al., 20(
Tauber, 2012)nd marine habitat types in the Southwestern Balfie.ge&chiele et al., 2015;

Marx et al., 2024)ong with specific anthropogenic impacts on the se@dtost et al., 1990;

Tauber, 2009; Bunke et al., 2019; Kampmeier et al., 2020; Schonke et al., 2022; Kramer et ¢
2025; Schulze et al., 20PB)wever, significant gaps remaicomprehensively characterizing

the seafloor at a hierarchical level, particularly in integregingcand shallow subsurface
propertiesand human impact$hus, to enhance understanding of natural seafloor conditions
and the effects of human activibesthe seabedhis thesiaddresses thellowing hypotheses

and corresponding aims

Hypothesis 1:

The adaptation and application of the Greene Classification to the BESH enables a
comprehensive and detailed characterization of the seafloor that reflects relationships
between the shallow subsurface structure, the morphology, the seabed heterogeneity an
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 habité@®orland et al., 2021nowledge of the underlying geological
structure is equally importé§hodd and Kostylev, 201ihichinfluences seafloor heterogeneity.

Such heterogeneity varies on a small spatial scale and supports diverse c¢@atiuodiex

al., 2020; Girard et al., 2028riations irsubsurface geolqggorpholog, and hydrodynamic

forces contribute to the heterogeneity of the seabedSoukievestern Baltic S&ailer 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 | of the EU Habitats Directive
(HD; Council Directive, 199as0reef® (1170) andsandbanks slightly covered by seawater all
the timé (1110)0her eaf t er r e f er,rdeedto theo ecalagicalbimpntadch.a n k
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However, other sandy features that also support biodiversity often fall outside these definitions.
The habitat classification system developé&rdsne et al. (1999, 2005, 2007, 2iiG3F a
geologically groundeédottomupd approach through the definitionsafbstratgparameters, at

various scalesvhile maintaining flexibility to align with different framewgalg, EUNIS

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

Applying this system to the SW Baltic Sea can enhance the mapping of diverse habitat types,
including sandy substrates with ecological signifibahceay be underrepresented.

Aims:

1 To discuss relationships between subsurface geology, geomorphology, sediment and
habitat distribution patterns across the&sBSegion.

! To harmonize the distribution of sediments andpibtentialhabitat typeoreef®
(Nature 2000 code: 1170) asdndbanks which are slightly covered by sea water all the
timed (Nature 2000 code: 1110) according to thelBU

1 To determine different geomorphological structures representing sandy bodies.

1 To propose an approach for characterizing the seafloor using the Greene Classification
and to discuss its potential and its applicability for 8BS

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 ydssdlied features, but interpreting these features
is complicated by humarduced changes that obscure natural signéRivesa et al., 2017)

The challenge e&ven greatewhen using existing data collected over many years with different
devices, often for broad mapping rather than targeted investifateottsthe 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 seaflogvlicallef et al., 2013longside validation through optical
observations or samplifigrown et al., 2011; Pergent et al., 20&&)integration of existing SSS
data from the SW Baltic Sea into a mutihod framework, incorporating MBES and SBP
information as well as sediment analyses, has the potential to endaokedanygoping and
characterization of seabed structures
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Aims:

1 To identify seabed features in the existing SSS data.

1 To develop an inventory and characterization of circular structures based on data from
additionahydroacoustic data (MBES, SBP) supported by sediment sampling and in situ
optical observations of the seafloor.

1 To define geophysical, geomorphological and sedimentological parémeters
systematic and standardidetection, description and differentiation of circular seabed
structures using classification schemes.

Hypothesis 3:

High -resolution hydroacoustic data provide a more direct, accurateand detailed
representation of humarinduced physical pressures on the seafloor thasther spatial
datatypes such as VMSbased fishingabrasion 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 relybasguicsgyatial data
(e.g., vessel tracking and fishing effort models) and reported local inf¢kugtioen et al.,
2018, 2019; Paramana et al., 26@dever, this broad coverage data may not fully capture the
fine-scale spatial variability caused by anthropogenic activities, potentially resultingin under
overestimated impacts. Higisolution hydroacoustic techniques offer detailed seafloaryimag
enabling the precise detection and calculatiantiwfopogenic featuré€Schonke et al., 2022;
Duran et al., 2023; Packmor et al., 2@25ed on this, comparisons of estimates of seafloor
physical pressures derived from hydroacoustics and spatial data, such as those from th
HELCOM regional assessments, are believed to be crucial for improving the accuracy anc
characterization of seafl@mpactsn regional modelBurthermore, the persistence and stability
of seabed features have implications for assessing seabed integrity. Accor@ingppeme
Commission (201, Mhysicallossisa per manent change to the sce
for a period of t woovhilephysicalrdisturibagce efgrethe s h@bhg ey
seabed from which it can r ec (Eurepean Cdmmisdior, a ct
2017)Data from repetitive hydroacoustic measurements aid in evaluating the longevity of seabet
features, whereas data used in regional assessments, suehastime vi ng o6i ndir
fishing intensitypare limited or cannot be used for presisduatios of seabed pressures.

Aims:

1 To identify and classi$gafloor pressurbyg explaining differeantiropogenic features
and their associated formation processes in the SW Baltic Sea using hydroacoustic date
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1 To compare and analyttee potentiatlifferencegor characterization of seabed impact
between highesolution hydroacoustic data and spatial data types considered in
HELCOM regional assessments of physical loss and seafloor disturbance in human
impact hotspots.

1 To dscuss the implications of the physical lasting effects of anthropogenic features on
the seabed.

1 To identify hotspots of anthropogenic seafloor structures from available data and
quantify the human footprint in those hotspots

10
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Chapter3

Sedimentological and Geomorphological Characterization
of the Seafloor of the SW Baltic Sed Habitats, Sandy
Deposits and theGreene Classification

Giuliana Andrea DiaMendozaKlaus Schwarzggitta Ann von Ronret al.*

Kiel University|nstitute of Geosciences, Coastal Geology and Sedimentology, Kiel, Germany

Manuscriptraft
*The authors listed above are preliminary. The final, official listathoos will beublished in the peesviewed
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 a
their resources. International directives, such as the Maaiteg)ySFramework Directive
(MSFD) and the EU Habitats Directive (HD), as well as national legal frameworks like the 830
Federal Nature Conservation Act (BNatSchG), require monitoring and investigations to asses:
their conditions and to restore and mairaaGood Environmental Statas.

Over severalears, more thah 500 km2 of the seafloor in Schleddatstein's Baltic Sea
territorial waters have been investigated using hydroacoustic devices, sediment sampling, al
optical groundruthing methods. The compilation and synthesis of individual mapping projects
serveas a basis for assessing the environmental characteristics of the marine environment. Th
heterogeneous distribution of seabed sediments reflects interactions between the underlyin
geological strata, geomorphological featares, ongoing hydrodynamic processes. Thus,
geological and geomorphological prerequisites have a strong influence on the distribution ant
persistence of potential marine habitat typReefé (NATURA 2000 code: 1170) and
osandbanks which are slightly covered by sea water alldliNAT&gRA 2000 code: 1110) are
discussed, as well as different forms of sand deposits. Furthermore, the habitat classificatio
scheme proposed by Greene €t1809, 2005, 2007, 2Q08hich has proven to be a versatile
geologial dbottomupd approach for characterizing potential benthic habitats, is adapted to the
southwestern Baltic Sea. This approach was tailored to the distinctive geomorphological ant
sedimentological characteristics of the region, particularly for various forms ofisaridtemn.

Keywords:marine habitat mapping, seabed sediment distribution, habitat classBiesimnClassification
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time scales longer than seasonal cycles,
3.1. Introduction spanning decades, while also addressing

. . . i_nteractions with anthropogenic impacts
The marine environment provides essemdélogan et al., 2009; Harris and Baker, .2020)

ecosystem services to humans. Therefore, §d$eral marine habitat classifications exist, each
crucial to maintain a balance between mar&{%‘%igned for a specific area of application
habitats and human activities to pPresenve@sirong et al., 2019; Harris, 202Bfmwever,
healthy and functional marine ecosystem. {8ensure a consistent approach for classifying
awareness that intensive useoatal Waters jtential benthic habitats, it is necessary to
often causes severe impacts on vulnerafig,iry measurable parameters that can be
habitats led to the establishment of poliCigseq to describe and characterize the abiotic
demanding monitoring, ~assessment, & gitions of the seabed. In the Baltic Sea,
development of measures to improve agfmne approachedor the identification,
preserve the marine environment. Differeginservation assessment and protection of

directives and regulations haverbadopted nrine habitats have been specified and are in
by the European Union, such as the Habitgfs,.

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 !N the MSFD, GES assessments should be

organization for protecting the Baltic Marirf@@nducted in Broad Habitat Types (BHTSs) and
Environment, known as the HelsinkPther Habitat Types (OHTqEvans et al.,
Commission (HELCOM). At the nationaP016; European Commission, 2017)
level, SectioBO of the German Federal Nature  BHTSs, according to EU Commission
Conservation Act (BNatSchG) defines the legal  pecision (2017/848 European
protection of biotopes in Germany. Commission, 2017are derived from
EU Directives require each Member Stateto  {ne  EUNIS Habitat Classification
report on the status of habitats and to restore (Davies et al., 2004; EUNIS, 2019)
and/or maintain aoGood Environmental
Status  (GES) (2008/56/EC, 2017/848 member state. In the German Baltic Sea,
European Commission, 2008, 20T6)meet the OHTs include habitats listed in
the specific requirements of each Directive, it Annex | of the EU HD (Council
is necessary to understand many different Directive, 1992; 92/43/EEC), in the
aspects of the marine environment. Monitoring
concepts should consider habitatseir
occurrence, development, and varigbibty

EUNIS (European Nature Information
System) habitat classificaiDavies et

al., 2004; EUNIS, 2019)

HELCOM Classification for
Underwater Biotopes (HELCOM
HUB) (HELCOM, 2013).

OHTs are selected by the respective EU

legally protected biotopes (830 Federal
Nature Conservation Act), and the
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HELCOM Red List (HELCOM, Areas with weflounded suspicion of HD
201d). habitat types in the BSH were identified

The first compilation of knowledge or3{vithin the framework of many years of seafloor
habitat types in the territorial waters of tﬁgapping by the Institute of Geosciences (IfG)

Baltic Sea off the coast of Schlestatstein of Kiel University in collaboration with the
(BSSH) was presented ISchwarzer et al.State Agency for Agriculture andriEonment

(2008) which primarily focused on geologlcgpd Rural Areas of Schlestigstein (LLUR,

and sedimentological background informatidi®" known as the State Agency for the
Under the HD, the most widely recognizegVironment, LfU). This mapping was
habitat types ateeef® (NATURA 2000 code primarily conducted using s&tan sonars
1170; hereafter referred to as reefs") a(f?dss) and sdiwttom  profilers  (SBP),
'sandbanks, slightly covered by sea water a|§HpeoIemented by sediment sampling and visual
time' (NATURA 2000 code 1110: hereaftgpservations with underwater cameras and/or

referred to assandbank®. Definitions and video systermSchwarzer et al., 2022)

mapping notes for these habitat types were/n some reports, the sedimentological and

developed over the years of application ag]%omorphologlcal criteria for potential habitat
technical/scientific opportunities (e.g types were presentg@thwarzer et al., 2014b,
Boedekeet al.2006: LANU, 2007; Europear12014c Schwarzer and Heinrich, 2016, 2017;

Commission 2013; Boedeker and Helmcﬁghwarzer and Unverricht, 2020, 2021)

2018; BiotopV SH 20192019; Heinicket al. HOWever, the information from the
2021; Ssymaret al.202) sedimentological analyses was not always

Schwarzer et a2008 assigned pot(_:.n,[i(,ﬂltransferred into consolidated maps of sediment

habitat types based te level of knowledgeand habitat distribution. Consolidating and

obtained from arious types of maps, smentlﬁ'@tegrat'ng all these data into harmonized high
reports, PhD and MSc theses, publications, gﬁaolutlc_)n_ maps _Of substrate type distobu _
unpublished reports, all with a regional focﬁgd deriving habitat types constitutes a crucial
on the BSSH (Table3.1). A status categord (I step in ecosystebased management. Thus,
[11) was developed, involving the knowledge rcﬁlevant mformatlon fllrorp earlier mappmgs
all abiotic components for statull, Iwhich \fvas combined  within  the  project
implies  spatial  dimensions, Substra%ebensraumtypen, Ostsee Syhﬂnese
information and hydrological boundar>¢Warzer and Dibddendoza, 2020which
conditions. Status Il was assigned to ars§Lves as the foundation of this article. The LfU
where knowledgebout fauna and flora eX|stsf.lmhe_r comple.mented- the dataset a_md
Schielet al. (20)5resented an application O?ompllgd the |.nfor.mat|on for SChl‘_sSW'g
HELCOM HUB for the southwestern Baltié_mls'[em'S contribution to  the-reporting

Sea to identify habitats, using sedimentolog%bqer the HDLANISH-SH (2021has made

information from Tauber (2012) and available online those occurrences of
supported by biological analyses Biamdbanks(lllO)and reefs (1170) from Annex

macrozoobenthos. | of the Habitats Directive.
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Marx et al. (2024) developed-éoNerage and its continuous extension have become
maps of habitat distribution for the entirevidesprea{lordan et al., 2005; Intelmann and
German Baltic Sea, based on the classificaGmchrane, 2006; Greene et al., 2013; Niyazi et
of the BHT, HELCOM HUB, and OHTs, al., 2024) commonly referred to as the
including reefs and sandbanks. Their maps@eeeene et al. (199@)assification Schee
based on data collected in five focussarddlarris, 2020b)or the oOPotential Habitat
three of which are located in the territori@haracterization Scheme (PHOS)rong et
waters of Mecklenbukgprpommern and two al., 2019)It is hereafter referred to as the
in the Exclusive Economic Zone (EEZ). TheGreene Classificati@nlts application to the
compilation includes habitats and their bentldaltic Sea database is helpful for marine
communities at a resolution of 1 km and om@anagement in the context of interoperability
50 m grid only in the focus ase and implementation of various directives and

The IfG consigntly executed seafloorecommendations. We applied the Greene
mapping in BSH, with a resolution rangingClassification for the first time for the-81.
from 0.25 to 2 m, resulting in more detaildthe objeaves of this study are:
maps, especially regarding geomorphologicad To discuss relationships between
and sedimentological characteristics. Thesgubsurface geology, geomorphology, and

maps include seismic information, as thesediment and habitat distribution patterns
geological antecture of the subsurface plays across the BSH region.

a crucial role in the distribution of reefs and ¢ T harmonize the distribution of

sandy deposits. These higlesolution maps  sediments and the habitat types, reefs and
are  crucial, where geomorphological, sandbanks, according to the EU HD.
sedimentological, and marine substrate.” To determine different

conditions are heterogeneous on aspalial  ¢oomorphological structures representing
scale, and the environment is vulnerable to

. sandy bodies.
multiple pressures. f To propose an approach for

Geomorphological and sedimentological characterizing the seafloor using the Greene

param<.aters‘ can be, catego.r.|ze(.j USING " % lassification and to discuss its potential
geological dbottomupd classification by and its applicability for the 8.

applying Geographic Information Systems
GIS).Greeneet al.(1999, 2005, 2007, 2008

(GIS) .( o %.2. Study Area
developed a habitat classification based on

geomorphological ~criteria, including the The research area is located in thS 1B %
variability ~of geological and biologic@later depths up to -31 m NHN
parameters to describe different scales @Rdrmalhéhennull; German reference datum)
criteria of marine habitats, ranging from micr@igure3.1) It is divided into 22 zones based

to megahabitats. Due to its verggtiease of on various investigations conducted since 2000
application and potential transferability {gigure3.1;Table3.1).

other marine areas, this classification scheme
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3.3. Regional Setting marine landscape around the Baltic Sea. Results
are transgression in the southern, sinking part

Th? BSS.H covers 3,117 kmz2, comprising,q regression in the northern, uplifting part.
the K'ell Bight and . partly the Mecklenburgening ad closing a connection between the
Bight Figure3.1), which are connected by thg,tic Sea and the full marine North Sea caused
Fehma_rn Belt, a narrow passage WhEI jiteration of freshwater (Baltic Ice Lake:
approximately 70% of the water EXChan%,OOOB 11,600 cal yr BP; Ancylus Lake:
between the Baltic Sea and the North Sgi7g to 10,200 cal yr BP) and brackish water
happengLemke, 1988)The exchange of full ., qitions (Yoldia Sea1,600 to 100D cal yr
marine North Sea water with brackish Waterl‘ﬂf’)(Schwarzer etal. 2019: Andrén et al.. 2011
the Baltic Sea, indispensable for its ecolog)éjgﬁck 2008) In Kiel Bight, these former
driven on the one hand by rivers draining i,tic sea stages are only developed in the
the Baltic Sea, inducing a surplus of fresh Watﬁ%%per channels.
and by wind conditions. _On the othg.ntj, As a result of the global sea level rise and the
westerly storms cause 'nﬂo"_" conditions @fning of the isostatic uplift, a permanent
North Sea water and a lowering of the Walg§yhection between the Baltic Sea and the
level along the Baltic Sea’s western coast, Wiilgh sea via Skagerrak and Kattegat was
storms from easterly directions lead to a risfigjished with the onset of the Littorina
water level and support the outflow of BaltEFansgression at 8,570 year¢®&ttegger and
Sea wate(Siegel et al., 200&xtreme storms | o 5 , ¢ 5 y 7.5k the, firs2pbade yintil
from westerly or easterly directions can caysg,yimately 8,000 BP, the relative sea level
significant fluctuations in water levels. In KiﬁJ{SL) rose at rates of up to 31.5 mm/year
Bight, variations can reach up t0 5.26 m (+284, .28 m NHN t0-10 m NHN (Stattegger
m during storms from the northea®29 m , , 4 Les zc z,yiadsding ,inteng0 2 3 )
NHN  during west.erly storms), while " ifansgression and flooding in the southern part
Travemindefuctuations of up t0 5.32 m have the galtic Sea region. Here, RSL decreased
bee.n observed (+3.30 m ai2d02 m N'_'”\I) from approximately-8 mm/year to about 4
(Seibold et al., 1971; BSH, 2023b)tidal v ear until about 7,200 years BP. Over the
amplitude does not even reach 20 cm in {ae; 7 goo years, RSL has slowed from
Belt Sea (Seibold et al., 1971). It is, theref%??proximately 1.imlyear to 0.2 mm/year
negligible for habitat development aqut attegger and Whiles zc z
sediment dynamigiliedermeyer et al., 2011)§ring a fast RSL, the coast mainly drowned,

The postglacial formation of the Baltic S@a, |, rate of RSL caused erosion of the
began with the onset of the glacier's retregtafoor and at the coastline and redeposition

leaving characteristic sedimentary Sequerb‘f%%diment(;Schwarzer et al., 2019)
including till, meltwater deposits, and -fine

grained basin sediments behind. The melting
ice caused isostatic adjustmenthich,
combined with the eustatic 4@l changes
due to climate conditions, influenced the paleo

15



Chapter 3: Sedimentological and Geomorphological Characterization of the Seafloor of the SW Baltic Sea
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FIF: Flensburg Inner Fjord. FOF: Flensburg Outer Fjord. GB: Gelting Bay. EB: Eckerforde Bay. KF: Kieler Forde.
Figure 3.1.Research ar@athe Schleswigolstein's Baltic Sea territorial watsh®wing 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 nearbylandstarkdtjésdicating their corresponding
offshore zones. BathymetnHS GeoSeaPort8ISH (2019)Bathymetry Europ&MODnet Bathymetry Consortium (202@3rrain modelGEBCO 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
Flensburg Fjord* LRT V, mapping of the Flensburg Fjord Schwarzer and Heinrich (216
. " GeoHab- BALDESH/Data Schwarzer and Heinrich (2016)
2 Gelting Bay*+ Schwarzer and von Rénn (2021
Schleimiinde* LRT IV /Schleimiinde Schwarzer and Heinrich (2p17
Schleiminde North Master thesis Hoft (2019
Schénhagen+ GeoHab- BALDESH Schwarzer and von R6nn (2021
Regeneration of subaqueous boulder fields iff Schwarzer and Bohling (2008
5 Boknis Eck+ ° western Baltic Sea;
Diploma thesis May (2008
Regeneration of subaqueous rock fields in th| Schwarzer and Bohling (2008
6 Stollergrund+ ° wgstern Baltig Sea;
Diploma thesis Mosch (2008
Additional Information LANISH-SH (2021)AL5231
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 Hohwach Bay+° GeoHab- BALDESH/Data Schwarzer and von Rdnn (2021
11 Heiligenhafen® GeoHab- BALDESH/Data Schwarzer and von R6nn (2021
LRT Il - Identification of marine habitat types| Schwarzer et al. (204
Kiel Bight west of Fehmarn;
12 Fehmarn west* Diploma mapping project, short thesis Kdnig (201) Libben (2010)
Teaching: practical activities by using resear{ Measuring Techniques in ShalloV
vessels Water (2012)
LRT Il - Identification of marine habitat types| Schwarzer et al. (2014
13 YVestern Fehmarn Belty Kiel Bight west of Fehmarn; P (203
Diploma mapping project, short thesis 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/ GeoHab- BALDESH Schwarzer and von Roénn (2021
Grof3enbrode*® Bachelor thesis Steinfeld (2037
LRT III: Identification of marine habitat types| Schwarzer et al. (2@1L4
17 Sagasbank*® tshe Mecklenpurg Bight (mapping of the
agasbank);
Master thesis Kampmeier (20}4
LRT VIII: FFH - LRT mapping in the Fehmarr
18 Fehmarn South / South area; Schwarzer and Unverricht (2021
Dahmeshoved* Bachelor thesis Rossius (2020
Habitat types LANISH-SH (2021)
. o Teaching: practical activities by using resear{ Measuring Techniques in ShalloV
19 Walkyrengrund vessels Water (Al-443)
Flood protection Timmendorfer Strand; Schwarzer and Krause (2008
.. o Diploma mapping project, short thesis Langenbacher (2007); Riethdorf]
o0 | LubeckBay i PPIna Pro) Ezoo%; Rohde ((2()07 :
Diploma thesis Harders (2004
Diploma thesis Dehde (2000
RADOST (Regional Adaptation Strategies fo| Schwarzer and Feldens, 2010
the German Baltic Sea Coast)
21 Libeck Bay Steinriff¥ | Teaching: practical activities by using resear| Measuring Techniques in Shalloy
vessels Water (Al-443)
AL-5231
22 Travemunde® Diploma mapping project, short thesis Jesussek (2008); Strutz (008
Explanation of abbreviations:
RADOST: Regionale Anpassungsstrategien fur die deutsche Ostseekiiste / Regional adaption strategies for the
Baltic Sea coast.
GeoHab BALDESH: Geohabitate Baltic Sea Deutschland Schiletstéin /Geohabitats in the Baltic Sea region of
Schleswigolstein
LRT: Lebensraumtypen / habitat types
FFH: Fauna, Flora Habitat/fauna, flora, habitats
JEDI: Auswertung von Sedimentklassifizierungsdaten deruddr@stsee Schlesvidglsteins / Analysis of data from t|
North- and Baltic Sea of Schlest@stein for sediment classification
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The present marine landscape is the reggdomorphological and  sedimentological
of various processes of erosion, transport, dadmation(Seibold et al., 1971; Tauber, 2012)
deposition that have occurred since the end ofFor the southwestern Baltic Sea, the
the last glaciatio(Bjorck, 2008; Harff andgranulometric composition of the seafloor
Meyer, 2011; Niedermeyer et al., 20%gdiments and their distribution have been
Schwarzer et al., 201@jganierich lacustrine mapped at various resolutiq&eibold et al.,
sediments, such as gyttja and peat, initiaBy1l; Hermansen and Jensen, 2000, from
deposited onshore in wetlands when the RB&imers, 2008 in Zeiler et al., 2008; Tauber,
was lower, are now observed outcropping2@12) Generally, the sediment becomes finer
shallow water due to the retreating coadfshore with increasing water de(Seibold
(Kreuzburg et al., 2018; von Ronn et al., 202t)al., 1971; Niedermeyer et al., 2@\grall,

The present coastline is characterized by ttne sedimentological composition of the
alternation of lowlands and active cliffs, maisigabed is highly heterogeneous and variable
composed of Pleistocene deposits, aeden at small spatial scales, with grain sizes
corresponding to approximately 20% of thanging from clay to boulders. This variability
coastline of BSH (Averes et al., 202Due reflects the region's young geological history, as
to glacial overthrust, figgained marine the seafloor siément distribution has not yet
Tertiary sediments and interglacial depositsragched equilibrium.

included in some cliff sections of Fehmarn Pleistocene deposits building up cliffs
Island and HeiligenhaferiKoster, 1958; extend partly several kilonmsteoffshore,
Stephan, 2003; Niedermeyer et al., 2Rafts forming plateaus and abrasion platforms where
of the active cliffs along Flensburg Fjorsediment redeposition occurs. Coarse sand,
contain layers of interglacial Eemian Cypgravel, and bouldeggically remain as residual
clay (Stephan, 20Q03)These older depositor lag deposits, reaching a thickness of up to
partly continue to crop out offshore. several decimeters in shallow coastal regions

Many parts of the coast of B8 are (Schwarzer, 1989Weltsorted medium and
directly exposed to the east and northeast. Dine sands are often common at the distal
to the long fetch from these directions, wavesrgins of submarine abrasion platforms.
can reach maximum heights of up to 5.5 mTheir thickness can reach several meters, like
Mecklenburg Bigh{Dette and Stephan, 1979pbn the flanks of the abrasion platform
Those conditions play a crucial role in tldSteinrif in Lubeck Bay offshore Brodten
distribution and rearrangement of seaflooliff (Schwarzer and Krause, 2008)
sediments, as they rework and sort mateHahwacht Bay (Niedermeyetange and
originating from cliff retreat and the abrasidNerner, 1988)Other wellsorted sands are
of submarine platforn{Schrottke et al., 2006found in offshore lowlands, as nearshore bars,
Averes et al., 202I)he varying intensity ofwhich develop close to the coastline
erosion, transport, andeposition processeqSchwarzer, 1989Yarious other bedforms
results in a highly variable seabed in terms ofdsposed of sand are sand ribbons and

submarine duneg¢Schwarzer and Feldens,
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2010; Feldens et al., 201%)inegrained imagery, allowing for the classification of
fractions (clay, silt) are transported toward sgecific sediment and habitat types. The
deeper basins and are usually deposited baegmentation and classification of the SSS data
the wave base, of which the maximum deptlt@sisted of delineating zones (polygons) with
about-22 m NHN (Seibold et al., 1971) similar backscatter intensity and spatial
patterns. Based on these dataijtipns for
3.4. Materials and Methods sediment sampling and video observation were
selected. In the next step, polygons were
assigned to specific sediment or habitat types
SSS information was collected with a Klédased on seafloor charastars, as determined
595 (100 kHz and 384 kHz), a Benthos C3ly available data from grain size analysis,
TTV-298 (200 kHz), a Benthos 1624 (100 kidattom roughness, geomorphology, and
and 400 kHz), an Imagenex Yellowfin (380bstrate composition. Those maps were not
kHz) and a StarFish 452F (450 kHz)-std@ always created in those projects, and sediment
sonars. Due to the use of different sondistribution maps did not always follow a
systems, various digital data acquisition apecific classificatiecheme. Thus, individual
processing programs were employed, includimgps differed from area to area due to the
Triton Acquisition and Imaging softwareifferent objectives of the projects.
(Triton Imaging Systems), StarFish software oOffset® occurred in overlapping regions
and Sonar Wiz software (Chesapeaked at interfaces between project areas. These
Technology). The resolution of the resultindfsets may result from temporal differences
mosaics ranges from0.25 to 2 m. Further and seasonal variatiah® to the different data
analysis of the SSS mosaics was conduatgflisition times in tipgojects, as sediment is
primarily using ArcGIS 10.6 and QGIS 3:32rhobile and shifting. Additionally, variations in
Lima software, which enables the identificatithe SSS backscatter properties of the mosaics
of differences in backscatter intensitiesan occur when different devices, recording
represented by varying grey colors, reflectgagtings, or processing adjustments are applied.
the seaflooproperties. Therefore, the grescale values of the §S
Information about the subsurface structureosaics do not always match betveeeas of
was obtained with sddottom profilers (SBP):the same sediment type. However, areas
an EG&G boomer system, an SBP (CGhirpetween different mosaics of approximately
Compressed Higimtensity Radar Pulse)equal characteristics can be correlated. For
included in a Benthos C3D TH288, and a example, the relatively low retrospectivity and
parametric SBP (Innomar SE®0 standard). smooth, homogeneous texture of one SSS
Seleatd seismic profiles were visualized witlosaic can correlate with an adjacent SSS

3.4.1.SSSnd SBPinformation

the ISE posprocessing software. mosaic of relatively similar physical
3.4.2.Maps characteristics but with different grayscale
valles.

In the former projects, thematic maps were
created by analyzing and segmenting SSS
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3.4.3.Harmonization designation was based on the most recent and
3.4.3.1. Morphological derivatives comprehensive information available on
sediment types.
We wused the bathymetry data from T 'yp h i 4 ‘1t .
. 0 assign the respective sedimen e to
Geoseaportal of the Federal Maritime Agency g P yp

(BSH, 2019)with a resolution of 50 x 50 m, t(%he polygons, we followed the national

identify prominent geomorphological featurggldelmeS for seafloor mappigti, 2016)

) o ased on sedimentological characteristics, the
and calculate morphological derivatives. At tﬁls g

. surface sediments were classified into the
scale, plateaus and channels can be |dentlﬁet§,

) following main classe3aple 3.2): 1. Fine
ranging from tens of meters to a few g ab )

. . . . sediments (FSed) in which mud dominates
kilometers, which are mesohabitats daupr icles <0.0625 et and olav) 2. Sand
to Greene et al. (2007Yerrain attribute (particles <. mm; silt and clay); 2. San

parameters, such as slope and rugosity (defgr%;d 3. Mixed sediments contain gravel and

. sand, but silt and clay are also present (MxSed);
as the ratio between surface areato planar ar z%, y P ( )

. 4. Coarse sediments consisting of gravel and
were calculated based on the bathymetric dataoI CSed). Thist ot q
using a Python toolbox for ArcGIS 10.6, thséan (CSed). Thistegorization corresponds

Benthic Terrain Modeler (BTKW/right et al., 0 lev_e_l A_BSH’ 2016)a simplified sediment .
2005) classification based on Folk (1954). Level B is

the subdivision of the clastic sediment types of
3.4.3.2. Harmonization of the seabed Level A, following Folk's classification. Level C
sediment distribution refers to the sand classification system
Throughout the projects, more than 80feveloped byFigge (1981)initially designed
grab samples were collected, described dirdel\North Sea sediments to provide a detailed
after sampling and analyzed in the laborat@gssification of sand. This system is also partly
Grain size distribution was determined by digplied to the sandy sediments of the Baltic
sieving and, in cases with a high amount of Siia,
and clay, by optical metisaasing a LS 13 320 Combinations of the different classes were
Particle Size Laser. included in cases where the mosaic showed
Approximately 1,404 km? of the seaflogimallerscale heterogeneous textures (e.g., sand
was classified during the projects, followiagid coarse sediments, with sand as the
different sediment classification schemes. gredominant component) or when different
compile harmonized sediment distributiasediment types in the SSS mosaics cate no
maps based on Folk's classificftotk, 1954 differentiated (e.g., fine sediments to sand)
Table3.2), a reclassification of the substrafgable3.2).
information was necessary in some cases, bas@glthe GIS attribute table of the segmented
on the analysis of available sediment samplsi§gons, this information was further
and the backscatter characteristics of the §&$plemented with data regarding the presence
mosaic. At the boundaries of the SSS mosai¢$oulders (diameter > 0.5 m), which can be
differences in sediment classgspeared jdentified in SSS mosaics with a resolution of
occasionally. In those cases, polygons were
manually resegmented, and the sediment
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0.25 m (Boedeker and Heinicke, 20l1&abitats(European Commission, 201&)d
Heinicke et al., 2021) additional mapping notes. For the compilation
presented here, the results of the synthesis were

M ¢ the habi s (1170 addapted and complemented with different
di)nylf tlells tat typ_)es,_rei;é& ) asrburces of information: LfU / IfG projects
sandbanks (1110) occurring in t A€ Table3.1) andLANISH-SH (2021)
already been identified and mapped, following

the Interpretation Manual of European Union

3.4.3.3. Habitats Directive harmonization

Table 3.2. Classification of sediments adapted B8H (2016)*Combinations of sediment types are
indicatedoNot specifieddenotes a lack of information or insufficient knowledge for precise classification.
ONot classified indicates that further classification is not possible at this level. The symbol (°) denotes
sand as the predominant component.

Classes Level A Classes Level B Classes Level @
Sonar Sediment Type Folk (1954) 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+ Mx¢ ¢S, sG, G, + gM, gmS, msG, mG

*Sand an€oarse sediments (S+CSed)° S+gS,sG, G

*Coarse and Fine sediments (CSed+ FSed] ¢S, sG, G + M, sM, mS

*Fine sediments to Sand (FS3d M, sM, mS S

Key criteria for designating sandbank#ogeni@ their morphology as features rising
(1110) include a morphological elevation witbm the seafloor (a minimum size of 1,000 m?
a minimum thickness of 0.3(frschiche et al., (LfU, 2024) and the appearance of mussels,
2025)0 0.4 m(Boedeker et al., 2006; Ssymaalgae or other benthic spediEsick et al.,
et al., 2021rovering an area exceeding 10,08@W 7; BiotopV SH 2019, 2019; Ssymank et al.,
m2 (LfU, 2024) The sediment can includ021) Geogenic hard substrates consist of
some admixture of silt, clay, cobbles, abdulders and cobbles (>64 m(Buropean
bouldergEuropean Commission, 2013; FindRommission, 2013; Heinicke et al., 2021,
et al., 2017) Ssymank et al., 202h)areas where no habitat

Reefs are designated based on the naturelagsification was performed, the identification
their hard substrdiewhether geogenic orof potential geogenic reef structures was
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primarily based on evaluating sedimentologea usually interpreted from seafloor images or
and geological/geomorphological  datgeological data. Miero (<1m) and
supported by optical in situ observations wheracrohabitats are interpreted based on direct
available. Otherwise, morphological elevatiamiservations. Whenever this information is
and areas of high backscatter intensity in @8&lable, it is followed by an astdifsure
images associated with coaesiments were3.2). The level of detail or the number of
identified as potential reefs. parameters used depends on the user, offering

3.4.4.Application of the Greene a wide range of freedom. Applying the Greene
Classification Classification code in the highly heterogeneous

. .. _..Shallow water environment of the-8$
We applied the Greene Classification dentifvi the diff ) .
. . requires identifyin e different pecties
scheme to characterize seafloor properties an%tJ fying

) . . . . that characterize the seabed. For this purpose,
potential marine habitats in the-&%$. This purp

e . the analysis of all available information
classification is based on an alphanumeric

character code of GIS attributes (Begire supports  the - selection  of  appropriate

. ) arameters for adaptin the Greene
3.2). The coding consists of seven maﬁn pling

. . ClassificatiorBottom induration was adjusted
parameters, each with a string of alphanumeric ich th bstrate t ; instud
0 match the substrate types founolinstu
characters. The parameters are: 1. Megahatbltat P y

(110 km), 2. Bottom Induration 3area, categorizing them as hard (e.g., exposed

Meso/macrohabitat (10000 m /£10 m), 4. tlll)(;. m|de (tin partllellly covered dby rfno?ﬂe
Modifier, 5. Slope, 6. Rugosity, and 7. Dires((:—:-d!ments), or soft (composed of fine
observations. Mega, meso and macrohabi?a(?tslmen )

Megahabitat Meso/Macrohabitat Macro/Microhabitat
1-10 km 10-1000 m /1-10 m 1-10m/<1m
H *
Ilh(sgpcb)iv_bu1(A)*(s/g/p/c/b)[a-r,0]
l_,'l . < AN SN
% PR , . .
% 7 %% @ ¢ 2 ¢
@ %s 2% 9 %, +% T 01%‘% * 7. Direct observation
/.‘?;' 'O;;J % w% ™ t"o, '.'»,‘% .po’%?_ Geological and Biological Information
% 3 ‘% ACE Z % % 2 % %— 2 (Sediment) [Algae und Mytilus]
CRC RN "% % %% & o
3, Gl ahbhy & kS
% 2 % )JC@: lr,J:; ?‘;".(_ ¢ -:I;;'_Z' ;

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/macrohab#db(imed feature, morraine; v: vegetative
sediment cover); 4. Modifier (b: mixed: u: unconsolidated), 5. Slope (5°f)as.(Rugosity (A: very

low (1.00 to 1.25)); 7. Direct observations: s/g/b: sand/gravel/mud/boulder (the component appearing
befae the slash is the significant fraction relative to the other comporenés),adgae; o: other sessile
organisms. For a detailed explanation of the code parame@meseet al. (1999, 2005, 2007, 2008)
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The specific sediment type is indicated flat (0.8%2.1°) and slightly flat (2.5.0°).
parentheses following the induration categovalues > 5° correspond to the second
For sediment classification regarding gramtegoryosloping. Similarly, results for
sizes, we use the scheme proposBtbhhyand roughness range from 1 to ~1.02bigyre
Pye (2001) 3.3B), which would correspond to the first

In the study area, slopes range from Ortmughness classificati@very low roughness
10.5° Figure3.3A). According to the Greene(1.00 to 1.286)(Greene et al., 2008, 2007).
Classification, seafloor gradients are classiietisequently, this class is also subdivided into
into five classes: flat-§0), sloping 0°), four subclasses (A.A, A.B, A.C and A.D) based
steeply sloping (&8D°), vertical (690°) and on quantile statistics.
overhang (>90°). The slope values of the BS The Greene Classification parameters were
SH belong to the class#&td andoslopingd incorporated into the GIS attribute table of the
To provide a more detailed differentiation,sedimentype polygonsT@ble3.2). Thus, the
further subdivision of the first class is proposattribute information of the polygons was
using the ArcGIS data classification methodspplemented with data on the parameters
Based on the Natural Breaks method fiom the adapted Greene Classification code
ArcGIS, four slope subclasses are suggegpegisented here.
very flat (00.2°), flat (@°-0.8°), moderately

A| DK

Flensburg

DE

Slope [°]
Il Very flat (<= 0.25)
| | Flat(0.3-0.8)
[ Moderately flat (0.8 - 2.1)
| Slightly flat (2.1 - 5.0)
B Sloping (5.0-10.5)

Flensburg DK

DE

Kiel
Surface Area to Planar Area (Rugosity) 22 _.
A

~ AA (1.00)

I AB. (1.0000 - 1.0001) V.

B A.C. (1.0001 - 1.0004) IS/ bk SN
B A.D. (1.0004 - 1.0251) <v/,‘/ SO, 20 km

Figure 3.3. Morphological parameters sl¢pgand rugosit{B). Bathymetry: GeoSeaPo(B$H, 2019)
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3.5. Results

3.5.1.Morphology

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 morphology of the study area the coastline to water depths-20 m NHN

characterized by bathymetric elevations gRijure 3.4A). These platforms are
lows, incised channels and relatively flat arefssracterized by an uneven seafloor and
(Figure3.4A). seaward boundaries with slope gradients

Bathymetric elevations: Morphological steeper than 5Figure3.3A), combined with

features with a positive relief are predominantijatively high rugositiyigure3.3B).
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Figure 3.4. Morphological features in the study apBathymetry of the study aréd) Profiles

showing bathymetry and rugo$igthymetry data for Germany is frB8H (2019)for Denmark, from

the EMODnet Bathymetry Consortium (2024)
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Alsq isolated elevations exist, like Jurgamsinly coarse sediments, lag deposits, and
Schott in Gelting Bayigure3.4; Profile 1), boulders. These areas are prominent in the SSS
Mittelgrund in Eckernférde Bay, Stollergrundosaics due to the contrast in backscatter
between Eckernforde Bay and Kiel Fjorthtensity compared to the lbackscatter
Gabelsflach in Kiel Bight, and Walkyriengrusdrrounding areas. They extend from the coast,
in Lubeck BayHigure3.4A). which is often bordered by a ¢lf#ir into the

Bathymetric lows These areas are oftesea Figure3.5), such as the offshore Angein,
associated with channels of variable widtBshénhagen cliff, Boknis Eck, Stohl,
extending up to approximately 1 km in lengflodendorf, Heiligenhafen cliff, around
and reaching depths of abeél8 m NHN. The Fehmarn Island, as well as the offshore
steepest gradients are observed along charBreldten cliff. However, extensive areas of
with slopes that are partly steeper than 5°. Thegh backscatter intensity do not necessarily
ae the Wattenberg Channel, the Vindsgremincide with gdcent abrasion platforms.
Channel in the Fehmarn Belt, the Fliugdley are also associated with isolated
Channel, and the channel on Sagasbayiké elevations, such as Mittelgrund in Gelting Bay
3.4). Partially, these channels are cut into Rigure3.4C) and Stollergrund, as well as areas
abrasion platforms, such as the Wattenbeftshore in lowlands, including Probstei and
Channel, which is approximately 6 km long awlkyriengrund in Mecklenburg Bight.

1 km wide, separating the abrasion platformAcoustic Facies SSSZorresponds to
offshore Angeln into two partBigure3.4B; bright zones exhibiting low to medium
Profile 2). backscatter, occurring within SS&igufe

Basins or flat areas Areas with slopes3.6F). They are associated with sand veneers
<0.25° and relatively low rugosity values &&erman termoSandschl@ieThese features
generally found below20 m NHN in the are observed offshore Angeln, on abrasion
central parts of Flensburg Fjord, Eckernforgatforms to the west and south of Fehmarn
Bay, Kiel Bight and Mecklenburg Bight. Island, and Sagasbank. The main difference
3.5.2 SSS backscatter between these bright zones is their orientation.

) ) _They are aligned ithe E-W direction on
) The _SSS mo.salcs provide deta“%%gasbank (Figure 3.6D), NNEW on the
information from avide range of backscatter : i
i abrasion surface offshore Angé€ligre3.6F)
patterns of the seaflooFigure 3.5). Three (Schwarzer and Heinrich, 20af)l west of

main facies, SS51, SS82, and SSS3, Ciapeht}ﬁarn Figure 3.6E) (Schwarzer et al.,

distinguished at the megamesg and 2014b) south of Fehmarn, they show aklVE

macrohabitat scales, while three addltlogﬁll nment. Also, NNBSSW and NNVBSE

facies, SSS4, SSS5, and SSS6, are identified at - . :
_ _ oriented bands, consisting mainly of medium
the meseand microhabitat scales. PR
] ) - ~sand, are observed on Steinriff in Lubeck Bay
Acoustic Facies SSSlexhibits high

. . ) (Schwarzer and Feldens, 2010)
backscatter intensities (dark colors) with rough

and mottled textures-ifure 3.6A-C), which
relate it to abrasion platforms characterized by
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"l}il*g‘all ) }ll‘;‘“

Backscatter intensity
Side-scan sonar facies ]
Low High

Figure 3.6.Sidescan sonar ships of acoustic backscatter pafeBjsAbrasion platforms characterized

by relatively high backscatter and grainy texture (SSS1) and related to sandy to gravelly sediments w
boulders(C) A ridge exhibiting high backscatit®rF) Sand veneersand patcheéfandschléien top

of abrasion platforms (SS$@),transition zones between highd low backscatter areas, often showing
scattered grainy texture related to the presence of protruding bouldei@)SB&#fhrms bserved in

muddy sand (SSSB);Ripples observed on top of an abrasion platidytow and medium backscatter

areas (SSS3) associated with sandy sediments. Othkalbitatscale SSS fadik$:circular features

(SSS6) an@d) anthropogenic features (SSS7).

Acoustic Facies SSS&xhibitsbroad areas Vast areas with low backscatter also appear
of low to medium backscatter intensities (lighear the coast, representing-sailed sandy
colors) with a relatively homogeneous textusedimentKigure3.6J).

They are linked to a soft substrate and occur irOther acoustic backscatter facies exhibit
muddy to sandy sedimerfgy(re3.6C, G, H, heterogeneous, homogeneous, spotted, and
J), found in the deeper parts of channels @ahded textures from the micréo the

basins, as well as in shallow, sheltered ameasohabitat scale, throughout the study area.
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In transition zones between the abrasiassociated with till deposits originating mainly
plattorms and muddy sediments, isolattdm the last glaciation.
erratic boul der s, a ISBR2has a ehaoticdexture phat oviertiea thd n g
boul der s6, Axoustic Faaes) naconstic (basement but does not appear
SSSH Also, different bedformsAgoustic everywhere. When it crops up on the seafloor,
Facies SSS5ranging from ripplesFigure it builds an uneven surface like SBfdu(e
3.61) to larger submarine dunes, like in tB&, Profile 3), with some boulders on the
Fehmarn Belt(Feldens et al., 2009, 2015geafloor (northwestern part of Profile 3). This
occur. unit is also associated with till deposits. As it
In addition, circular featuregd\cpustic does not appear everywhere, we assign it
Facies SSS6in the range of meters andtratigraphically to the very last ice advance,
anthropogenic features such as trawl mawWsich left only patchy deptssiin the
(Krost et al., 199@nd anchor marks, trenchesschleswidfolstein aregNiedermeyer et al.,
mooring scouring features, and craters, agd1)
widespread in the study aflee&azMendoza et  SBP3overlies units SBP1 and SBP2 and has
al., 2025) a strong and irregular upper strong reflection
3.5.3.SBPinformation boundary. It partly exhibits subparallel internal
. . reflections Kigure 3.7C-D). SBP3 is not
Knowledge of the geological buillof the present throughout the study area, but is found

seafloor is essential for understanding tlrrl]ethe deepest parts of Mecklenburg Bight

spatial distribution of seafloor sediments a[']%nsen et al., 19943 well as in Fehmarn Belt

marine habitats.  Four SBP profiles Weé%d Kiel Bight, as infill deposits in drowned

selected to |IIustrat.e §even main seismic fagheés’nne%Feldens and Schwarzer, 2012)
(SBP1SBP7), building up the bed

hitect 37 W v d b SBP4is characterized by internally parallel,
architecture Figure 3.7). .e only AesCrbe: ontinuous  and higimplitude reflections,
general patterns observed in the SBP data,

t : .
ot?tuen levelling the seafloor. It is found almost

do not associate them with ChronOStratlgrapgl\(/:erywhere overlying SBP1, SBP2 and SBPS3.

geological subdivisions of the late Pleismc%ﬁere SBP4 increases in thickness, acoustic

and early Holocene, as postglacial bradii&r%i dity is very commor(Whiticar and

wa:cer and “mmt(; pha}[_ses did not OI(:"V(_"I\)/{:/)erner, 1981)This unit is combined with
uniformly across the entire area. deposits from freshwater lakdsnsen et al.,

SBP1refers to the acoustic basement in %97) which were deposited before the
profiles. It is characterized by diffuse interrLalt{

_ _ torina transgression. Partly, it is challenging
reflections and a sharp, irregular upper

) _ to differentiate between the different
boundary. Near the coast, this unit partly crogs .
equences with a clear boundary.

out or is found at very shallow depths, but also
crops out offshore, formingdges or raised
platforms, with a rough seafloor morphology
(Figure 3.7, Profiles 3 and 4). SBP1 is
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Figure 3.7. SBP profiles illustrating the main seismic units identified in the study area. All data were acquired usiAgotioBEEofildr. See text for further
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SBP5is related to positive relief structuresary considerably in size. Their widths and
forming partly ridges or building sheets. |gngths range from hundreds to thousands of
shows acoustic transparency; however, theters, and their heights can exceedTen.
structures sometimes show internal dippimgernal structures reflect migration patterns
reflections(Figure 3.7A, D). SBP5 is found (Figure3.7A, D). These structures are located
everywhere in the investigation area (Profilei\ Flensburg Fjord, Gelting Bay, northeast of
D), adjacent to and on SBP1, mainly at the edgegeln, Fehmarn Belt, and in the Mecklenburg
of abrasion platforms around Fehmarn IslarBight. Sandbanks have also been reported from
around the abr asi on StplérgrundSohwareer@t&lt, 2008n LANISH 6
offshore Angeln. SBP5 also corresponds 361, 2021; Marx et al., 2024)
sangy bodies that have been formerly Sand veneers, longitudinal sand patches
deposited, such as those found offshamed sand ribbonsare associated with the
Angeln Figure3.7A). German term o0Sandschléierwhich is

SBP6 partly has a chaotic reflectiocommonly used to describe an elongated,
configuration and variable amplitudeatchy, mobile layer of sand typically just a few
reflections. It fills depressions on abrasidecimeters thick. These structures are usually
platforms Figure3.7B). found on abrasion platforms, overlaying lag

SBP7appears as mounds or dontegure deposits(Figure 3.881). The sand is often
3.7D) and exhibits no internal structure quoorly sorted and found together with gravel
chaotic internal reflections. It is related {&chwarzer et al., 2014Bpulders frequently
anthropogenic features, such as sedimpradtrude through the sand layer, indicating only
dumping moundéDiazMendoza et al., 2025) thin cover over the underlying hard substrate.
(Figure3.7D). These features are present offshore
3.5.4.Geomorphological units composed Lotseninse(Schwarzer and Heinrich, 2017)

of sand offshore  Probstei lowland (Pasegrau,
2008[Figure3.8B), offshore West of Fehmarn

Distinct zones of sand accumulation are

found along the flanks of abrasion platformlsSland (Szczygielski, 2010; Schwarzer et al,

at the margins and bottoms of incised channg%,ld'b; Feldens et al., 201Hagasbank

) Schwarzer et al., 2014c)offshore
and across extensive areas of the seafﬁoor 14¢c)

(Figure 3.8B. Many of these sand bodiegahmgsﬂfvzeéazRoss;us, ZSOtZ(_); _Schvp:arzer and
exhibitinternal stratification and are associate(rzfverrIC ’ 1nd on SteinrifSchwarzer

with seismic urstSBP5 and SBPBigure3.7). and Feldens, 201)gure3.6E).

Sandbanksare submerged sandy bodies Depending on wave and current conditions

. and sediment availability, these features are
elevated above the surrounding seafloor.

Defined by their morphological characteristicas“,gneol parallel to the direction of sediment

they are typicalf the habitat type Sandban&ranspori(McLean, 1981Rithough elongated

(1110) (HD: Council Directive 1992.sand patches and sand ribbons are related, sand

92/43/EEC; European Commission, 20135|bbons develop under stronger current

o , vehocities.Sand ribbons tend to be more
Sandbanks contain silt and gravel fractions an ,
narrowly defined, elongated, and have well
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delineated, parallel or squarallel rims can have a thickness of several mdtmysré
compared to elongated sand patch@8D). Partly, internal stratification with
(Belderson et al., 1982) downlapping clinoforms is  observed,
This study does not distinguish betweeharacterizing them as formally mobile sand
sand veneers, patches, or sand ribbonsbadies Figure3.6A, C, and 3.8D). However,
additional research is necessary to differentret@lata are available to determine whether they
them. Howevernithe study area, south of theemain actively accreting. While they exhibit
Fehmarn dune field, geomorphologicaiternal structures similar to sandbanks, they
structures have been describef@digens et al. are generally not morphologically elevated
(2015)as gradually transitioning from sandsom the seafloor but develop along the
patches to sand ribborildens et al. (2015)margns of elevated hard substrates. Abrasion
defined these sand ribbons asstaaped sand platforms, such as those west of Fehmarn,
ridges with heights of up to 1 m and widtlierm the morphological slope toward the
ranging from 60 m to several hundred metdfiiigge Channel (sEgure3.4).
The structures are interpreted as extensions oinfilling sand deposits are found at the
the dunes, serving as pathways for sedimwmrttom of channels, where a sand layer, with
transport, with dunes developing at the endsuoknown thickness, is occasionally observed
the ribbons. (Figure3.8E). These sand bodies might have
Sand covers or sand sheetge lowrelief formed during the postglacial transgression.
sand deposits, occurring, e.g., in the coastal Hmaever, without age control from sediment
offshore Probst€Parsegrau, 2008 xtensive cores, nothing is known about their time of
sand areas are found in Hohwacht Bayfe deposition.
3.8C) and south of the abrasion area We5t39§.5.8ediment distribution

Fehmarn known as Fligges&8dczygielski, A el 44 5% of the total -BE
2010; Schwarzer et al., 2014b) pproximately: a4.o%% of the fotal-

These deposits typically exhibit po(\)/\r/as sedimentologically categorized into eight

. ) . . main classeFifure3.9;Table3.2, Level A).
vertical elevation, appearing either as flat layers

(Figure3.8C1) or conforming to the underlying Coarse sediments (gS, sG, Gre found

morphology Kigure3.8C2). Determining them nearshorearegs and abrasion platforms
. : .where lag sediments and boulders are
exact thickness of sand blankets using seismic

profiles can be challengingiglire 3.8C1) prevalent. They range from coarse sand to

because it is often difficult to distinguish thefiie/®! k1gure3.9;Tables.2).
Coarse and mixed sediments (gS, sG, G,

from underlying sediments. _
S + gmS) are present across the extensive

Sand structures at the marginal areas of :
abrasion platform west of Fehmarn, where lag
platforms are commonly observed on the

flanks of abrasion platforms and within incisggIOOSItS composed of gravel and sand, and

channels. Such types of sediment bodll()a%l,“derS occur. Some grab samples show a

. - . ignificant fingoarticl ntent (silt and cl
typically consisting of fine sands, are fouﬁ'g fficant fingarticle content (silt and clay

along the entire Baltic Sea coast of SCMeSJ&%ctlonsXSchwarzer etal., 2014b)

Holstein(Schwarzer and Krause, 2008)ey
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Sand Bodies

1. Seismic Profile

1. Sketch

2. Seismic Profile

2. Sketch

A. Sandbanks
(1110)

—— E
IE, -10m+
100m | -n ™ 1

B. Sand veneers /
sand patches

C.Sand sheets
and covers

—SBP
Bathymetry [m]
-

0 -51

D. Sand at the
margins of hard
substrate

E. Infilling sand

200 m

-24m

100 m

100 m

Figure 3.8. Examples of different types of sand bodies observed in the SBP data. Sand bodies are i
potentialbsandbanksunder the EU Habitats Directive Annex |. Bathymetry data for Germany aBStofp019)for Denmark, from thEMODnet

Bathymetry Consortium (2024)
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Figure 3.9. Sediment distribution in selected areas of tHeHBl$ased on the simplified ternary system Falks (1954)classification. Abbreviations: Coarse
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Due to the absence of clear boundarialso border abrasion platforms, where they are
between coarse and fine sediments, this aredtén associated with protruding boulders.
classified as a combination of both types. Peat and gyttja have also been identified in

Sand and coarse sediments (S + gS, sGsome nearshore areas offshore lowlands where
G) are commonly found on abrasiothe coast is retreating. Examples are at
platforms, especially in areas with sand bodiedtinger Birk(Reisch and Schmoll, 1997)
such as sandbanks, sand ribbons, sand ba®dspnhage(Schwarzer and von Ronn, 2021)
sand dunes, or sand patches (e.g., offsido&nis Eck (May, 2008) Hohwacht Bay
Angeln and Schonhagen, Stollergrund, w&thwarzer et al., 1988), at several positions
and south of Fehmarn, Sagasbank, dnd.ibeck BaySchwarzer et al., 2000; Harders
Steinrif). These deposits are poorly sorteet al., 2005however, due to scale limitations,
with sand as the dominant fraction, but alttese are not shown on the map.

contain gravel, and frequently boulders. T@%.G.Compilation of potential habitat
sand originates from the winnowing of residual  ynes according to the HD

sediments, and protruding boulders are o .
P g A compilation of Annex | habitats of the

con;:lnonly observed due to the thin sand CO\ﬁIE), including potential sandbanks (1110) and
on i potential reefs (1170), is presente#igure

Sands (Spre typically found in nearshorglo which is partly based on information from

zones and on top and edges of abra&&r&vious habitat mapping projects,

latforms, often associated with coarse .
P supplementedoy data from other studies

sediments. Sand is also present along the ezjlgaeae 3.1). The results differ slightly from
and at the bottoms of channels, cut into ﬂt]ﬁqse Of LANISH-SH (2021)and Schwarzer

Pleistocene basement. They cover vast areas in . :
y _ ano[1 DiazMendoza (202M0ecause this study
Hohwacht Bay and offshore Probstei. Boulders . . .
updates the synthesis report by incorporating

a!opgar sporadically an_d are uneVe[swditional mapping daid.,Fehmarn South
distributed on sandy deposits.

) i /Dahmeshoéved). Sediment ci&sskave also
Fine sediments to sand (sM, m S) .
i , been expanded to ensure harmonization.
consist of sands and sandd mixtures, .
Furthermore, selected SBP were examined,

covering extensive areas north of Fehmarn. . - .
g revealing characteristics of different sandy

These sediments also appear as patcheg I 1 ding sandbanks. Additionally, the

bathymetric lows adjacent to abras'%ta used inLANISH-SH (2021) was

latforms, such as in Gelting Bay and south of . . . .
P g bay continuously updated with new information.

the abrasion platform offshore Dahmeshdved. Approximately 743 km? of the seafloor were

Fi [ M, sM f [ . . .
ine sediments (M, sM, mSpre found in classified as potential habitat types, reefs (1170)

deeper, relatively flat areas, in Kiel Bight agr(]jd sandbanks (1110}kle ).

Mecklenburg Bight. Thesesedimentscoverthqaotemial reefs (1170)are linked to

bottom of channels partially or entirely (e'gﬁoradically occurring ridges and abrasion

the Wattenberg Channel), and in shaIIon .
_ atforms, often representing the seaward
sheltered waters, such as Flensburg Fjord. herY' . : .
continuation of sediments building coastal
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cliffs. Approximately 48.8% of the mappeskveral meters Figure 3.8D). Although
area meets the criteria for this habitat typlassified as sandba(®shwarzer et al., 2008;
(Table 3.3)These areas are covered with mix8dhwarzer and Ditendoza, 2020;
or coarse sediments and boulders, but d¢akNISH-SH, 2021)in the SBP data, these
occasionally contain muddy fractionsand structures do not show morphological
Furthermore, some areas with dense musdeVations Kigure 3.8D), as required by the
occurrence have also been designated as BfsTherefore, in this work, they are instead
of biogenic substrates, such as the mussel lotaissified assandy deposits at the marginal
in Flensburg FjordSchwarzer and Heinrichareas of abrasion platfodn©n the other
2016) hand, on Sagasbank, some sand bodies meet
Potential sandbanks (1110) cover only 4.8% criteria of a sandbank, #sy are
of the mapped are@gble 3.3)They appear atmorphologically elevated (thickness > 0.4 m).
the top and on the margins of elevated hatdwever, this sand body is wedged towards the
substrate Higure 3.8). It is common to find abrasion surface, making it difficult to follow
sandbanks associated with rdéfgu(e3.10. the thickness of the sand body and thus clearly
In some areas, such as Lubeck Bight, sdmtinguish the extent of the sandbanks in the
accumulation at the edges of the abrasginct sensé@igure3.8A. Sandbank, 2. Seismic
platform, Steinriff, can reach a thickness mfofile).

Table 3.3. Distribution of the potential habitat typeeet §1170) andsandbar&k 1110) in the
individual study sites of the-BH according to the Habitats Directive.

m;OtaL d (Tf%) (Ff;e(f)) Sandbank Sandbank
Project pp (1110) area  (1110) area
area area area [km?] [%]
[km?] [km? [%] °

LRT II - Identification of marine habitat types in K

Bight west of Fehmarn (82.3 inFigure3.1) 189.12 175.34 92.72

LRT Ill - Identification of marine habitat types

Mecklenburg Bight (mapping of the Sagasbank) 87.87 60.10 68.39 1.65 1.87
Figure3.1)

LRT IV - Mapping the area offshore Angeln (3 172.49 113.54 65.82 287 1.67
Figure3.1) ) ) ) ) )
LRT V- Mapping of Flensburg Fjord (1FRigure3.1) 66.83 11.99 17.94 4.29 6.42
LRT VI - FFH - Habitat mapping Fehmarn East (

in Figure3.1) 212.28 52.08 24.53 13.78 6.49
LRT VIII - FFH - Habitat mapping / Fehmarn Sou 164.18 58.80 35.81 5.92 361

/ Dahmeshoéved (18 kigure3.1)

Total area of all Habitat mapping proje

(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 19
22 inFigure3.1)

Total area

Harmonization

510.97 212.97 41.68 29.84 5.84

1403.74 | 684.81 48.78 58.35 4.16

35



Chapter 3: Sedimentological and Geomorphological Characterization of the Seafloor of the SW Baltic Sea

520000

540000 560000 580000 600000 620000 640000 660000

DK b Q"‘j ' 7 ¥, n —— Exclusive Economic Zone (EEZ) |
S / e £ 6 ----- Territorial Waters
3 N
~
o
© O
Flensburg
Lotsg/qm a /
3 DE Schonhagen Sl i
S
3 <3 s
=3 7\ e -
® P A :
Schleswig el o y
CHOWAR Zed®  o©
X A o
Dé\'\'\sch: j, o i 57 * Burgauf
W 0\'\\ - s A ; :
5] { probstel
o J
3 ;
I E A
2
2 Kiel’ Hohwacht-
R(éndsburg .
W U
Dahmeshoved Sihgh = \
7] NN y
o o N\
S \\\\k d
g| Distribution of Potential Habitat Types Reefs and Sandbanks Neustadt 7 =" A
under the EU Habitats Directive ' NV AN e
1110 Sandbanks which are slightly covered by sea water all the time 2 i /
I 1170 Reefs Bathymetry [m]
Non-classified areas —
Travemiinde 0 o - -51
R

FIF: Flensburg Inner Fjord. FOF: Flensburg Outer Fjord. GB: Gelting Bay. EB: Eckerférde Bay. KF: Kieler Forde.
Figure 3.10.0ccurrence of potential types of sandbanks and reefs listed in Annex | of the Habitats Directiv8lih theesB&on information from seafloor

mapping projects and additional information from the IfG of Kiel University. Bathymetry data for GerorargSsl f(2019)for Denmark, from the
EMODnet Bathymetry Consortium (2024)

36



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

3.5.7.Application of the Greene A complete cartographic representation of
Classification the application of th&reene Classification

Applying the Greene Classification to tie@de for the BSH becomes highly complex
shallowwater environment of the B${ at such a scale and, therefore, will be
requires selecting and adapting a rangeclydllenging to interpret. However, the code's
measurable and observable seafldgxibility allows users to adapt maps to their
characteristics specific to the study. @tea specific objectives by selectively displaying
attribute table with chosen parameters of ti@evant parameters. For instaifitiee focus
Greene Classificatioq@Greene et al., 1999js on sand bodies, an element categorized
2005, 2007, 2008)nd its adaptation areunder the third code level, these features can
shown in Table 3.4lew parameters havede selected, resulting in a more refined and
been integrated into the Greene Classificatitiposedriven map Kigure 3.12). This
code at the medwmbitat scale to account foadaptability ensures that not only maps, but
various sand body types (w), including saigo the information within the attribute code
ribbons, sand veneers, and longitudinal s@hdeach polygon, remains informative and
patches (w), sandbanks (), and sand accessible, regardless of the availability or
structures dcated along the slopes ofomplexity of the underlying data.
abrasion platforms {@). Slope and rugosity
values, derived from the 50 m grig.6. Discussion
bathymetry, predominantly fall into the flat _ o _
and very low roughness categorie?é'.G'l'S.pat,'al (.:haracl:terllstlcs of sediment

L distribution - linking geology to
Consequently, further subdivision was marine habitats
necessary to capture fisemd variations. _ _
Additional modifiers, such as anthropogenic Besides  the  oceanographic  and

marks (e.g., anchor marks, craters) aannéhropogenlc factors, the distribution of

protruding boulders (pb), were introduced Poenthlc habitats is strongly mfluenced by
enhance the habitat characterizatio(-'?f?OIOgy and geomorphold@gcchiato etal.,

Biological attributes such as echinoderms%gl& Castafieda et al., 208081 sediment
d) and other mobile benthivertebrates (m) composition and type Influence the iype of
observed in underwater videos were aPs%mhiC communitiesEtter and Grassle,
included. An example of the application 351992; Wright et al., 2000; Gilek et al., 2001;

the Greene Classification code is shown']lr('?n”ksen et al., 2024ad the richness and

Figure3.11. Each GIS shapefile polygon fislversny O_f speueéEraInz etal, 20?1)
According to previous workSeibold et

characterized by these parameters, which
1971; Zeller et al., 2008¢ patchiness of

describe the habitat based on available d%lfa.

While the level of detail in the in1‘ormatiotnhe sediment distribution mapigure 3.9)

may vary from project to project, the data C([jlenflects a heterogeneity typical for seafloors

always be supplemented or updated béjs'lt_ UF_) by gIaC|aI. depos!ts and the
needd distribution of potential habitat types is

directly linked to those conditions.
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Table 3.4. Selected attributes and new adapted paraghetdjsfor applying the Greene Classification ¢Gdeene et al., 2008, 20ii7the BSSH.

1.
Megahabitat

S =
continental (0
200 m)

| = Inland seas
fjords and
narrow bays
or passages-((
200 m).

2. Bottom Induration

till)

m= mixed bottom

(till partially covered by
local sediments, which
may be mobile)

s = soft bottom, sedimer
cover.
(fine sediments)

Sediment types

(b) = boulder (>64mm)

(9) = gravel (264 mm)

(s) = sand (0.068 mm)

(m) = mud, silt, clay (<0.0€
mm)

(oc)=peat, gyttja

3. Mesohabitat

Shelf, h= hard bottom(exposed 1. [pb]= protruding boulders

2. b = beach, relipaleobarchan
dunes

f = flats, floors

| = glacial depositsifrasion

platform /hard substrate)

5. m=hill; ridge

6. Vv = vegetative sediment
rock (grasr algaeovered)

7. g =qully, channel

8. w(s) = sand deposits

w(r)= sand ribbons,

bands, longitudinal

patches

w(b)= sandbank

w(e)=sand deposits at the

marginal areas of abrasion

platforms

w(c)=infilling sand

oW

sand
sand

4. Modifier

1. a=anthropogenic

ac = cable

a-cr = craters

add = Dredging marks
(excavator disturbance
towing grooves

adm= Dumping of sedimen
a-dm= Homogeneous
linear tracks

af = ferry orother vessel,
prop wash, scour or scar
atdo = Trawl marks /
Otter boards

a-tdd = Fishing marks /
Dredges

a-m= Mooring buoy scour
features

ap= Pipeline trench
a-am=Anchor marks
aw= wreck

2. b = bimodal
(conglomerate, mixe(
includes gravel, boulders)
3. h =irregular relief

4. r=ripple
5. u =
sediment

unconsolidate
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5. Slope

1. flat(0-5°)

1.1 Vernyflat
0°-0.3°

1.2 Flat:0.3%0.8°

1.3 Moderately
flat: 0.8%2.1°

1.4 Slightly flat
2.125.0

2. Sloping
(5°-30°)
Here, up to 10.5°

6. Rugosity

A. Very
roughness

AA.
1

A.B.
1.000@ 1.0001

A.C.
1.0005 1.0004

A.D.
1.0004 1.0251

7. Direct
Observations
Geologic and

biologic attributes

low *Sediment types

(u) =undulating surface
(u-r) = ripple

[a] = algae

[ar] = red algae

[ag] = green algae

[ar] = 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 foss
(bioturbation)

[w] = traces of bioturbation,
infaunal benthic invertebrates
(Artica Islandica)
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Where till crops out, forming shoals, ridgé971; Hermansen and Jensen, 2000, from
and local platforms, sand ancbarser Reimers, 2008 in Zeiler et al., 2008; Tauber,
sediments and partly boulders predomin&@l2)a classification of these sand bodies by
(Figure 3.9. This enhances structuraheir geomorphological appearance is not
complexity, creating favorable conditiosfhiown or described in those maps.
preferred by sessile organisms, such as mussefgjditionally, the sediment distribution map
which use it as a settling gro(iDdnkers et al., presented here is an updated version compared
2001) Likewise, benthic organisms furthéo the synthesiseport (Schwarzer and Diaz
enhance seabed roughnéSshonke et al.,Mendoza, 2020)in this updated map, the
2019) promoting structural complexity anddditional number of classes represents an
thus biodiversity (Brzana et al., 2024)increased level of detail in the information. For
Moreover, harthottom substrates areexample, ocoarse sedimedtshave been
considered to contain highly diversseparated fromdsand and coarse sediménts
communities of sessile organisms and molfegure 3.9). These sediments are associated
invertebrates, serving as feeding, refuge, aittl the presence of deposits where sand
nursery areas for fish and marine mammatedominates over the coarser sediments
(Boedeker et al., 2006) (Table3.2), such as those areas on abrasion

Generally, this hard substrate is associgiatforms characterized by saadeers
with geogenic reefs (1170) as outlined in theAccording to the EU interpretation manual,
Interpretation Manual of European Uniothese mobile thin sand layers covering hard
Habitats (European Commission, 2018%) substrate are classified as reefs if the associated
their general pattern, these areas correlate bveth depends on the hard subsi{ateopean
with already existing sediment distributi@@ommission, 2013; Ssymank et al., Z0Ray
maps (Seibold et al., 1971; Hermansen argpresent geomorphological elements
Jensen, 2000, from Reimers, 2008 in Zeileagtociated with the occurrence of the habitat
al., 2008; Tauber, 20127ccording to the type reefs (1170) and are nourished by the
BHT map ofMarx et al. (2024these areas aresroding abrasion platforms. Furthermore, sand
classified as dinfralittoral (photic) and bodies, even those representing substantial
circalittoral (aphotic) mixed and coarsecumulations, often lack  sigaific
sediments benthic habitats where mixednorphological elevation above the seafloor
sediment is a combination of hard substrdkegure 3.8C-E), like sandbanks. However,
(rock, boulder, stone) and soft substraggen without an elevation of 0.3 to 0.4 m
(muddy sediment, sand, coarse sediment). (Boedeker et al., 2006; Ssymank et al., 2021,

On the abrasion platforms, lag sedimeriischiche et al., 2025hey could provide
and sand deposits form as a result of thaitable living conditions for benthic organisms
abrasion process of the glacial dep@iger such as those characteristic of the habitat type
and Flemming, 1976; Niedermedyamge and sandbanks (1110). Also, sand habitats have
Werner, 1988; Schrottke, 2001; Schwarzer been shown to support a diverse range of
Krause, 2008Although extensive sand areasvertebrate species adapted to dynamic
are depicted in previous mgpeibold et al., conditions ad provide a rich diversity t§h,
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as they serve as essential feeding grounds fon large areas of Flensburg Fjord, sediment
many fish speciédenseler et al., 2019) distribution patterns occur on a much smaller
While fine sediments cover the deeper arseale. Here, the seafloor is predominantly
of the BSSH, and although a defatpendent covered by fine sedimeii®chwarzer and
zonation of surface sedimef®eibold et al., Heinrich, 2016)The finegrained nature of
1971; Zeiler et al., 200Bas been suggestedhese sediments can be explained by the
this general trend is not presmrgrywherbut  sheltered configuration of the area against
depends on the geographical exposure. Gravales and currents and the erosion of cliffs
and boulders are present even dowi2@an along Flensburg Fjord, which partly inherit
NHN in areas exposed to long fetchine-grained Tertiary and Pleistocene deposits
conditions. The glacial deposits as soufe@ster, 1958; Niedermeyer et al., 2011)
material, the geomorphological structure wghrving as a sediment source.
steep slopes, and the exposure to gtwind 3.6.2.Habitat mapping in the BSSH:
and wave conditions are the causes of this jmplementing ageologicalbottom-
heterogeneity. This is the case on the western yp approach forhabitat
coast of Kiel Bight, which is exposed to a long  classification

fetch (Dissanayake et al., 2024d a high  The more refined the spatial classification of
energy input by waves approaching frogagiments and the physical properties of the
easterly to northeasterly direction, and dfirface and subsurface, the more attributes are
Mecklenburg Bight on the eastern flank g{aijlaple to help predict the distribution of
Sagasbank and the flanks of Stei(biéftte stential habitat types for benthic organisms,
and Stephan, 1979; Schwarzer et al., 2014Qjnce  substrate  chakmistics strongly
From Lotseninsel towards the coast, thiguence biological communiti@éright et al.,
seafloor presents a sediment gradation tggbo; Greene et al., 2020: Henriksen et al.,
varies with depth and distance from the shos@o4) However, insufficient spatial resolution
Near the coast, coarse sediments are foypd,sediment mapping may lead to the
which, further offshore, transition to sandigerestimation of habitats in heterogeneous
sediments, where sandy patchesd(@d enyironmentéWanless et al., 1997herefore,
coarse sediments) occur. Continuing offshqigs seafloor heterogeneity of theS8cannot
about-20 m NHN, muddy areas are founge resolved through larseale mapping
along with coarse sediments and boumﬁfﬁaroaches.
(Figure 3.9). The increased level of detail Figyre3.9shows a finer spatial resolution of
showing these transitions was not presentsiHiment types compared to previous
previous works(e.g., Schwarzer and DBiazpapping¢Seibold et al., 1971; Hermansen and
Mendoza, 2020) Jensen, 2000, from Reimers, 2008 in Zeiler et
Protruding or individual bouldeyscur not al., 2008; Tauber, 201Bpr example, more
only in thin sand deposits, but can also R&ined polygons, such as those representing
observed in transition zones from abrasiggndy areas, are now depicted. These sandy
platforms to deeper are&ggire3.5G). areas are also visible on the map where the
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Greene Classification was appli€igure Harris, 2020b) due to differences in
3.12. These differences in sedimewtassification purposes and overlapping
distribution and habitat maps between thefinitions. Overlaps may occur not only
different studies arise from variations kmetween classification systems but also
objectives, knowledge, classifications dretween habitat types themse{izesans et al.,
methodologies. 2014; Condé et al., 2Q1Bjforts have been
The presented habitat map of reefs anthde to establish a common language-or so
sandbanks, according to Annex | of the HEalled ocrosswallks between these systems
(Figure3.10, partially correlates with the-BSEvans et al., 2014; Finck et al., 2017; Condé et
SH habitat types listed Marx et al.(2024) al., 2018; EUNIS, 2019aiming to create
(under Other Habitat Types) drANISH-SH connections that support transitions between
(2021) However, differences are observaifferent habitat classifications. The approach
mainly in the presence or extension déveloped breene et al. (1999, 2005, 2007,
sandbanks (1110) in the Sagasbank, Fligge2add, 2013} adaptable. It can be linked to
and Steinriff area. The resultsMzrx et al. various other classification systems, facilitating
(2024) encompass various sources tfese connections, as the attribute code
information, includingLANISH-SH (2021) contains parameters that describe the
for BSSH. In partLANISH-SH (2021)esults characteristics of a potential habitat type (e.g.,
are based on previous collaborative projestsliment type, depth, morphologicalufest
with the IfG, which were also considered fetope, rugosity, and biology). Applying this
the compilation in this work. Discrepanciesgassification to the BSH enables better
between datasets arise during the revieamparisons between different marine habitat
compilation, interpretation and harmonizatidppologies such as the EUNIS, HELCOM
of the mapping data. Orgsults aim to present(HELCOM, 2013band the Annex | of the HD
potential habitat types according to the H{ouncil Directive, 19922/43/EEC).
that may benefit from further examination and Similar to reefs, sandbanks provide
discussion. important ecological functiof®oedeker et al.,
Highrresolution mapping, serving as ti#006; Beermann et al., 20ZBgse habitats are
basis for a more detailed analysis amahlified for the designation of Special Areas of
description of the physical parameters of t@enservation (SACs) for their protection
seafloor, is crucial for an accuratender the HD criteria. For sandbanks (1110),
characterization of seabed habitats. Tims designation applies only to features
combination of several GIS layers representaigvated above the surrounding seafloor by at
variols essential parameters (e.g., sedinleast 0.3 njBoedeker et al., 2006; Ssymank et
type, slope) supports the analysis of the seadded®021; Tschiche et al., 20@6yvever, other
and, consequently, the identification e&ndy features, such as sand accumulation at
potential habitats. the edges of abrasion platforms, inherit the
It is often difficult to correlate habitat typesame ecological value as sandbanks, although
across various typologies and classificatibay do not meet the HD critefjguropean
systemgStrong et al., 2019; Chytry et al., 20@mmission, 2013)
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Greene attribute code Description
Bl m(g/s/m/b)[pb]i_a-tdobhu Abrasion platform edge, mixed sediments and boulders, protruding boulders, trawl marks
B m(s/m/b)[pbjiw(s)_a-tdobhu*(s/m/b) Abrasion platform edge, muddy sand and boulders, protuding boulders, trawl marks
I m(g/s/m/b)[pbli_bhu Abrasion platform edge, mixed sediments and boulders, protruding boulders
m(s/m/b)[pbJiw(s)_a-ambhu Abrasion platform edge, muddy sand and boulders, protuding boulders, anchor marks
A m(s/m/b)iw(s)_bhu*(s/m/b)[a-g,a-r,0,w] Abrasion platform, muddy sand and boulders, algae, mussels and worms
[ m(g/sb)iv_a-tdobhu*(g/sb)[a-r,0,m] Abrasion platform, coarse sediments and boulders, trawl marks, mussels and worms
B m(g/sb)i_bhu Abrasion platform, coarse sediments and boulders
C [ m(g/s/m/b)i_a-tdobhu*(g/s/m/b)[o,w] Abrasion platform, coarse sediments and boulders, red algae, crabs and mussels
m(s/m/b)iw(s)_bhu Abrasion platform, muddy sand with gravel and boulders, anchor marks
m(s/m/g/b)iw(s)_a-ambhu Abrasion platform, muddy sand with gravel and boulders

[ m(s/m/g/b)ivw(s)_a-am/a-tdobhu*(s/m/g/b)[a-g,0,w,s]  Abrasion platform,muddy sand with gravel, boulders, anchor and trawl marks, green algae, mussels
worms, sponges

D,E I s(s/m)bw(d)_a-tdohu*(mS?)[w?] Paleobarchan dunes, muddy sand, trawl marks. *Inferred Arctica islandica
s(s/m)bw(s)_a-c/a-whu*[w] Paleobarchan dunes, muddy sand, cables, wreck, Arctica islandica
F . s(s/m)bw(d)_a-tdohu*(mS?)[w] Paleobarchan dunes, mudy sand, trawl marks, Arctica islandica
m(s/m/b)[pbJiw(s)_a-tdobhu*(s/m)[w] Abrasion platform edge, muddy sand and boulders, protuding boulders, trawl marks, mussels and
worms
m(s/m/b)[pbliw(s)_bhu Muddy sand and boulders on the abrasion platform, protuding boulders
[ m(s/m/b)[pb]iw(s)_a-tdobhu Abrasion platform edge, muddy sand with gravel and boulders, protuding boulders, trawl marks
I m(m/g/b)[pbli_bhu Muddy sediments with gravel and boulders on the abrasion platform, protruding boulders
I m(m/s/b)[pb]i_bhu Sandy mud and boulders on the abrasion platform, protruding boulders
0 m(m/s/b)[pbli_bhu*(m/s/b) Sandy mud and boulders, on the abrasion platform, protruding boulders
B m(s/m/b)iw(s)_bhu Muddy sand and boulders on the abrasion platform
m(s/g)[pbliw(s)_bhu Sand with gravel, protuding boulders, adjacent to the abrasion platform
100 m(s/m)w(b)_u*(s/m) Sandbank, muddy sand with muddy surface layer
B 1 m(s/g)bw(b)_hu*(s/g)w] Sandbank, gravelly sand, Arctica islandica
m(s/m)w(b)_u Sandbank, muddy sand
B m(s/m/b)w(b)_bu Sandbank with boulders
G s(m/s)f_a-w/a-amu*(m/s)[w] Sandy mud, flat, wreck, anchor marks, infaunal invertebrates

Figure 3.11.Example of the application of the Greene Classification(Goeene et al., 20GHhd

references therein) to the area east of Fel{@amvarzer and Unverricht, 202 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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Application of the Greene Classification

Mesohabitat - Sand deposits
w(b): potential sandbanks (Nature code: 1110)
- w(r): areas with sand ribbons, longitudinal sand patches
or sand bands (‘Sandschleier’)
w(s): sand covers, sand sheets and other sandy areas DE
w(e): sandy deposits at the marginal areas of abrasion platforms
I w(c): infilling sand Bathymetry [m]
[ Non-classified areas
- Boulders 0 51

6000000

Travemiinde -

. . FIF: Flensburg Inner Fjord. FOF: Flensburg Outer Fjord. GB: Gelting Bay. EB: Ec_:k:arfﬁrde Bay. KF: Kieler Forde. . . . .
Figure 3.12 Example of using selected parameters from the Greene ClassificatiGnesrdeet al., 2088d references therefn)identify different sand deposits.

Bathymetry data for Germany is fi88H (2019)for Denmark, from thEMODnet Bathymetry Consortium (2024)
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These habitats often support essentiatations. By subdividingnd refining the
biodiversity and ecosystem functions, yet |gakygon to reflect updated information about
formal recognition within the HD'sanchor mark distribution and density, users can
conservation framework. The Greermchieve a higher level of detail for the
Classification system offers valuable guidapaeametersf interest
for identifying and characterizing these sandy
featues by selecting relevant parameters (d7,. Conclusions
sediment type: sand, mesohabitat: sandy
deposits w(s))Figure 3.12. This approach ~ Mapping of about 44.5% of the-BH has
promotes the recognition and bettefnown that sediment distribution patterns and
understanding of all habitats, including thod@Pitat types are strongly related to the
with potential ecological value, regardlessC8pfiguration and lithological composition of
whether they are part of a classification systH#f. underlying substrate. Coarse and mixed
Additionally, it enables the identification €diments are found on rough abrasion
areas impactecby human activities orSUrfaces, where glacial deposits appear close to

particularly vulnerable habitats, supporting @nPuild up the seafloo.r. They are designed as
effective management of the mariff€€fs (1170) and constitute more #&8%wof

environment. the mapped area.

Furthermore, the Greene Classification hasSand is transported and deposited in various
demonstrated the potential for characterizil§omorphological forms, such as sand patches,
the BSSH using selected parameters sgndbanks, channel infillings, sand covers, or
multiple levels. Although the type, amount, aRgPgradational structures on the slopes of
level of detail of the information differ fronforasion surfaces. Only sand bodies elevated
project to project, this framewoenables the from the seafloor above 0.3ame classified as
consistent identification of potential habitaf@"dPanks (1110). They constitute only 4.2%
through its standardized coding of seaflogf the mapped area. Furthermore, muddy
characteristics (Table 3.4), based on availgpfiments are typically found in sheltered
data. environments and deeper areas. However, at

Because the adaptation of the Greef@ M NHN, boulders can also be found due to
Classification code has been applied to the @18 coasts exposure aritie geological
attribute table for sedimetype polygons, Prerequisites.
there is an opportunity to further refine these PUe 10 the Baltic Sea's relatively young
polygons by  incorporating additiondlistory, habitat development is still an ongoing
characteristics. This would result in aemd'0c€ss. Boundaries of habitats can change
detailed and accurate representation of ST Years, which requires monitoring at
seabed. For example, a polygon classifieRECific time intervals, especially in the highly
sandy mud may contain anchor marks, but fy@1amic areas of the abrasioatfpims,
current mapping only indicates their preseri@gluding their rims, which consist of partly

within the polygon, not their density or preciégcumulating sand bodies.
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The heterogeneous seafloor of theSBIS hydroacoustic measurements, mapping, and
can be hierarchically characterized by applgrmundtruthing, processing and analysis,
the Greene Classificati@reene et al., 2008&eporting, as well as manuscript editing and
and references thereitt} flexible applicability discussionsAs this is a manuscript draft, the
has been demonstrated in the context offimal list of ceauthors will be determined upon
bottomup approach to classify the-BI3 publication in a peeeviewed journal.
seafloor from the megahabitat to the
microhabitat scale. By allowing users to expgf‘féf

parameters  (e.g., sediment dynamighe authors gratefully acknowledge the LfU
anthropogenic pressejeand refine spatialfor funding the projectlLebensraumtypen
polygons, this classification approach serveeagsee SynthesaNe extend special thanks to
a tool to identify potential marine habitats apfhnsChristian Reimers and Christoph
vulnerable areas. This classification approp@inrich for their invaluable support and
supports interoperability and compatibilitynsightful  discussions  throughout the
between different habitat classificatigfevelopment of the project. We also thank the
typdogies. In this way, the use of the Gree@@rking group of Coastal Geology and
Classification can help identify and prioritiZdimentology of Kiel Umisity, and
ecologically important marine habitatgspecially all individuals who contributed to the
supporting better planning and the protecti@gafloor mapping, as each effort helped make
of the marine environment in the face @he present work possible. Special recognition
increasing human impact is given to Christoph Heinrich and Daniel
Unverricht for their supportsuggestions,
comments and dedicated work across multiple
GAD-M analyzed the available datmapping areas. Additionally, we thank Prof.
prepared the figures, and wrote the manuscBypi Christian Winter for his support during the
draft. KS secured the project fundingreparation of this manuscript
conceived the concept and development of this
study, and edited the manuscript. GAVR and
other potential cauthors conducted

nowledgments
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Chapter4

Seabed~eatures in Mecklenburg Bightbased on SideScan
Sonar Imagery

Giuliana Andrea Diddendoza & Klaus Schwarzer

Kiel University|nstitute of Geosciences, Coastal GeologyadanentologKiel, Germany

The following chapter isbed oraconference articlg.efebvre et al., 2018Marine and River Dune Dynamics
MARID VI,6 held inBremen, Germany

Abstract

Mecklenburg Bight (Baltic Sea) has various natural, geomorphological and sedimentologics
features reflecting hydrodynamic processes, sediment dynamics, biological activities and coas
development. This area is also strongly influenced by humarsaciohitesnilitary exercises,
professional fishing, dumping of dredged material and touristic activities. Bedforms such as sma
subaquatic dunesediment transport patterns, and features resulting from seafloor anthropogenic
disturbancedave been idefied 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 ant hropogenic footprint, seayoor mor phol ogy,
Baltic Sea, seayoor circular features

activities, dumping of dredged material and
4.1. Introduction other activities can be observed in the seabed

environment. Sidécan Sonars (SSS) are

Nowadays, coastal areas are used in man . . .
y n11ya/roacoust|c devices that are suitable tools for

different ways. They can be under naturrf'i%lpping seafloor properties. They emit and

protection, allowing no anthropogenic activite/énect highfrequency acoustic pulses, which

or they can be heavily used by different ty%(?g scattered back from the seafloor. The

of industries. This use often has an impact.on .
N _ intensity of sound scattered from obstacles on
seafloor conditions. The innbtecklenburg

_ _ _ _ the sefloor, from the sediment due to its
Bight (SW Baltic Sea, Germangured.l) is a . . .
roperties, from benthic organisms, or other

confined area where all these different activiﬁes . . .
hived in th f gt H eatures gives a picture of the characteristics of
re ar n r con ns. )
are archived In the seafloor condiions. NeSy seabed. Bhbackscatter is affected by the

nthr ni iviti h rawlin e .
anthropogenic  activities such as  tra Igéal geometry of ensonification, the physical

anchoring due to military and touristic . L
9 y seabed characteristics and the intrinsic
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properties of the seaflodBlondel, 2009) occurring. Active cliffs and abrasion platforms
Therefore, the compilation of numerousupport the nearshore environment with
backscatter measurements results in an insggkment. The surface sediment distribution in
of  backscatter intensities, providinglecklenburg Bight is a function of geological
information on the substrate characteristiggerequisites, water depth, and energy input
Furthermore, the characterization of S#88e to waves and resulting ents. Significant
imagery may be used to identify dynamiealve height can reach 3.12 m between a 10
processes controlling seabed morphology y@ar return periodinstitut fur Wasserbau,
observing bedforms and surface sedimé&kismar, 200@r a maximum height of 5.5 m
distribution patterns. during storms from NHEDette and Stephan,
This work aims to providecatalogpf SSS 1979) In deeper areas, muddy material
images of the seafloor in the arethefnner predominates, while the shallower areas on
Mecklenburg Bight and identify distinctivdetached shoals and along the coast are
features in a shallow water environment undieminated by coarse sediment, including

the influence of human activities. boulders. Also, lag deposits cover large areas of
the seafloor, especially in areas close to the
4.2. Study Area coast and down to water depths of ab20tm

NHN, like NE of Sagasbank or NW of

The hydroacoustic surveys are d'St”bUtedS'féingrundFGgure4.1). They result from the
an area in the Mecklenburg Bighgire4.1),  5prasion of the underlying till and mainly
located in the southwestern Baltic Sea, WitQRsist of gravel, stones and boulders, often

maximum depth 028 m NHN. Libeck Bay g, rounded by wesbrted fine to medium sand
and Neustadt Bay are part of Mecklenbu(rge”er et al., 2008)

Bight, and the present morphology reSUItSWaIkyriengrund is a protected natural

from various depositional processes ocCurmMfgrine structure with typical communities of
since the late Pleistocene deglagiatigefs and sandbanks (according HB
(Schwarzer et al., 2008Yide areas of thergqyations) located ithe central Libeck
seafloor are built up of Pleistocene depos%ht_ It is a shoal rising to abebitm NHN
mainly glacial tifNiedermeyer et al., 2011)y4ter depth This shoal is densely covered by
Common features in the area are active Clffs;igers.  benthic macrophytes such as
alternating with lowlands, which are fronted pY minaria sacchagna the seagragostera
nearshore bars. Additional morphologic,q.]arinaand mussel bedstilus edylishich
features include abrasion platforms in front BFovide a marine invertebrate habitat and
cliffs, submarine channels, detached abra%BBstrategChristiansen and Kérner, 2013)
platforms and the Travever, which empties |, addition, Liibeck Bay is a busy area due
into Lupeck BayAll abrasion platforms arey, harhours and marinas, a shipyard, the mouth
predominantly composed of soft boulder CIgy {he Trave River and the multiple activities

f)f PIei§tocene origin, sometimes  Wilfyeloped in the region, which include
intermediary meltwater depogBshrottke et dredging, anchoring, dumping of material,
al., 2006) On these platforms, stones are
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fishing and testing military devices.
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Figure 4.1 Location of the study area and SSS survey lines. Bathymetry source: BSH
(www.geoseaportal)de

range applied. However, the altitude was
sometimes only 3 m above the seafloor in

Mosaic generation is based on SSS raw dh@llow areas. The SSS towfish was fixed
obtained from different cruises carried outderneath a larger buoyancy to maintain the
during student exercises since 2@0duie system in a stable position, minimizing the
4.1). The acoustic devices employed are #ftect of ship motiogSchwarzer et al., 1996)
Teledyne Benthos Dual Frequency 1624 (Ndastly, the survey profiles were recorded with
and 400 kHz), the Sidean Sonar Benthosa range between 50 and 100 m on each side.
C3D (200 kHz) and the Klein 595 DudData was recorded in digital form employing
Frequency (100 kHz and 500 kHz). All systethe software package ISIS (Triton Elics Int.).
were towed behind the shipa vessel speed ofrhis allowed the generation of georeferenced
4-5 knots, with altitudes equal to 10% of thgosaics of the investigateceafloor.

4.3. Methods
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Corrections due to the distance of the fish beds oMytilus edutisserved in video profiles.
the seabed (the slant range) and layback/offde¢ source of the coarser material forming the
were settled according to survey characterisgt@gated bends might be associated with the
The raw data in extended Triton Format (.xtfjgher backscattering area of the nearby region
was processed in Sonar Wiz 7.0. Due to {seeFigure4.2b). Thus, the elongated bends
complexity ofcompiling data with differentlikely result from the deposition of shells and
frequencies and gain settings obtained frahell fragments transported from elevated areas
various devices, individual files for each cruilkging storm conditions. They are building a
were exported as GeoTIFF files with a 0.253=mttlement of new and active communities on
resolution and subsequenfigsembled andthe surficial sediment layer anavidinga new

characterized in ArcGIS 10.1. hard ground for other species. On the other
hand, anthropogenic activities such as trawling
4.4. Results or anchoring also influence the interaction

between water flow and seabed surface by
The seabed features observed in the $83iment reworking and redistribution, furrow

images in Mecklenburg Bight include bedfor%?mation, and sometimesouring, affecting
and humasnduced seabed structures, Whighe seafloor severely. Particularly in Libeck
are generated on various seafloor types rangigg’ sonographs demonstrate strong seabed
from mud to boulder fields-Supplementary seqiment disturbancBigure4.2c-€). Fishing
Materig). Bedforms such as small subaqueQyi§iities usingottom-contact gears, such as
dunesfi according toAshley (1990)i were o trawlers, demersal seiners, beam trawlers,
found at the end of the abrasion platformy,q gredgersjgnificantly impact the seafloor.
offshore of the Trave River mouth. They afging the trawling operation, a trawl is towed
found in depths of about 20 m and hayghing the ship over long distances. It is
sinuous to tongushaped (linguoid) crestlinesygighed down on the seafloor by heavy steel
with variable wavelengths ranging from 1 Mdgors and the resulting erosion creates linear
3.5 m. In sandy areas offshDahme Kigure 3 q|le| features or furroviEgure4.2c).

4.2a) betweerl5 m and20 mNHN, small  he geafloor vulnerability to the trawling

subaqueous dunes are asymmetrical ﬁ‘ﬁﬂact depends on  sedimentological
present straight crests partly showig,gitions and consolidation,

bifurcation with wavelengths up to 1.5 m. Alsé’eomorphological gradient, benthic fauna,

on the Walkyriengrund, a ripple field showgdgimentation rates, and the degree of
small subaqueous dunes, straight to SiNUQESorking of sediments. Consequently, seabed
crested with wavelengths betweénadd 1.1 yisiyrbance encompass scouring, furrow

_m.Otherfeatures_ recogniz(?d in the SSS iMagRfation, increased roughness and surface
in LlObeck Bayinclude high backscatterre"ef, flattening of ripples, sediment

elongated, sinuous structures composed \Qfhijization, seabed smoothing, boulder
coarse materidrigure4.2b). These StrUCturesdisplacement, and sediment penetration
are probably related to the bends of the mus(?;“?baard et al., 2016)
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Figure 4.2. Examples of seabed features in-régblution sidecan sonar imagés) BedformsRipple
mark block diagram taken fr@aag2003)afterReineck and Singh (1980) Narrow, sinuous strips of
coarse materigt) Trawl marks(d) Anchor scarge) Dumping spots
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Similarly, anchoring creates furrowte seabed. The SSS constitutes a useful tool to
reworks, and strongly redistributes thenage the seafloor, letting us recognize the
sediment Kigure 4.2d. The purpose of spatial distribution and character of different
anchoring is to attach a ship to the seabed aediment types, bedforms, and objects. Small
specific location, thereby avoiding vessebaqgueous dunes were found in depths
drifting due to wind, waves, or currents, whitletween-10 and-25 m NHN with variable
often occurs in the military exercise area. Mavelengths and with straight to torgue
operation involves dropping the anchor, whishaped crestlines. Furthermore, the acoustic
is dtached to the anchor chain. When themagery showed traces of intense human
anchor hits the bottom, it is embedded into tlaetivity in the study area. Traglimarks,
seabed. As the ship moves due to currents,ahehor scars, and distinct conical to elliptical
anchor also moves, dragging all the sedimfeatures were recognized in the acoustic
around it. Thus, anchoring affects the seabewges, suggesting that anthropogenic activities
morphology, creating depressionand strongly modify the seabed. As trawling marks
redistributing sediment. Additionally, the S8&®ss finggrained cohesive material and
images show distinctive conical and ellipticabrsegrained sediemt, it can be easily
geometries that have been related to dumpatgerved that the disturbance lasts for a much
sites in Liubeck Bay, east of Neustadt adodger time in the muddy deposits. With the
Gromitz, and south of Walkyriengrund igrowing demand for maritime traffic, tourist
water depths of approximateB2 m NHN use, and economic development, these
(Figured.2e). These features are the result disturbances might increase.
dumping, and their morphology depends on
multiple factors, such as the ship's velocl%}fthor Contribution Statement

currents, the type of material, and water depthsGAD-M performed the data analysis and
Dumping areas can include dredged @fepared the first draft of the manuscript. KS
excavated soil from sea or land, mainly frefnceived and supervised the research project

the dredging of harbors or harbor entrancegd reviewed and edited the manuscript.
Old dumping sites might contain weapons,

munitions, and warfare agents. Today, dumgdnowledgments
munitions and warfare agents are in differentyya thank the master and crew of RV

stags of decomposition, which is a risk to th kOR and FK LITTORINA for their
marine ecosystem due to corrotid® e G d 0gW3ifert support during all of the cruises.
etal., 2016; Brenner etal., 2017) Thanks as well to the group of Coastal Geology
and Sedimentologgnd especially to Daniel
4.5. Conclusions Unverricht for the support during the

The SSS technique has a high potential to" Ization of this project

identify natural and anthropogenic features on
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Chapter5

Circular Structures on theSeabed:Differentiating Between
Natural and Anthropogenic Origins d Examples from the
Southwestern Baltic Sea

Giuliana Andrea DiaMendozg Knut Kramet, Gitta Ann von Ronin Klaus SchwarzZer
Christoph Heinrich HansChristian Reimerand Christian Winter

IKiel Universitylnstitute of Geosciences, Coastal Geology and Sedimem@h@ermany

2State Agency fahe Environment (LfU), Flintbek, Germany

Based on theesearclarticle published irrrontiers in Earth Sciemc
https://doi.org/10.3389/feart.2023.1170781nblished 26 June 2023
Originally published under the Creative Commons Attribution 4.0 International License (CC BY 4.0)

Abstract

Hydroacoustic observations of shall ow ma
structuredboth of natural and anthropogenic origin. Natural processes can result in features with
circular geometries on t he rgpgits Pubhmman actviiesh a
such as dredging, dumping, or detonating explosives can also cause similar shapes. Explaining
origin of these features is difpcult if th
anthropogenic processes hasted 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. Ir
this study, more than 3, 000 -scan socau (S&S) dathseta t u
covering 1,549 Kof shallow waters in the southwestern Baltic Sea. Additional data obtained by
multibeam echosounder (MBES)-subt t om pr o p | erent SSEdBeeonsideradn d d
in the analysis of 205 circular features that were characterized based on their sedimentolog
morphology, SSS and SBP acoustic signatures. Characteristic differences between the structu

all ow their <c¢l assi pc @éinsmhtinto their lormatiorxmechanesrass e s
The obtained parameters (morphology, MBES and SSS acoustic backscatter, SBP characterist
and spati al distribution) allow the cl assi
inthe cl assi pcation of 2,903 features. The ma

77 m and correspond to pockmarks, dumping spots and explosion craters in water depths rangin
from -8 m up to-25 m. Despite this rather mutitethodological approach, the origin of some
observed features still cannot be explained with certainty, leaving room for further investigations

of natural processes and human i mpacts on
Keywords ant hropogenic footprint, seayoor mor phol ogy,
Baltic Sea, seayoor circular features
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Chapter 5: Circular structures on the seabed: differentiating between natural and anthropogenic origins

2006a)have a characteristic elongated, linear
5.1. Introduction pattern and are easily exp

_ features of anthropogenic originnclude
Over the last decades, the increased spatlalh o
_ T anchor scarfWatson et al., 2023)ipelines,
resolution and accurate positioning of

cables, trawl markKrost et al., 1990; Bunke

hydroacoustic P nst retuarlrl,eﬁlb;SBrunsfetoarI., Zw%detr%t}/gf?so '

measurements, i.e., MBES, SSS and SEBP, ha | . . .
, _ resulting from sediment extractidvtanso et
led to the discoveryof many different

o , al., 2010)Circular or elliptical features are also
characteristics of this rather complex and,_ . : . . .

, ) uUbi qui t ous o theirtfamneation,e ay oor .
constantly changing environment.

Theaﬁferent mechanisms can play a rokble

include the distribution of substrates ar})dl)_ however, due to their geometrical

habitats, sediment distribution patterns and . . , L

similarity, the explanation of their origin can be
structures caused by both natural processes . .

more difpcult, especially

(Hovland et al., 2010; Brown et al., 2017; . _
) ndtural processes and anthropogenic activities
Kramer et al., 2017; Marsh et al., 2ab8)

occur(Bunke et al., 2019)hisis of particular

humanactivities(Manso et al., 2010;.Bruns ectoncerrfor ecosysterbasednanagemenind
al., 2020; Watson et al., 2022¢spite the

o . . environmental assessment strategies, as
availability of ever more higésolution . o
e i ) ) _ _d(-%manded by several marine directives such as
nformation on romv :
iniormation on s eaypoeyec @co_ 'the yEuropean Marine Strategy Framework
MBES or SSS backscatter), and its o _

_ Directive (MSFD)(European Commission,

morphological structural and textural 2008)

characteristicssuch as roughness, slope, , .

. e Pockmarks have recently been of increasing
curvature, bathymetric position index (BPI) . .
Walbrid ¢ al. 20 ini i‘'nterest to the scientipec
( a_” ge E_I al- 18)ncertain Ies_maybeen studied worldwideii-Supplementary
remain, particularly where groutrdthing . .
b i iimited b | ) _b_l'_l'able ii.1), from deep wateenvironments
Of servai.lor:s are |(rjn|te th'y scale or visiol Himitrov and Woodside, 2003; Pilcher and
(for optical ground truthing), or are no rgent, 2007)to shallow marine settings

available at all. (Schliiter et al., 2004; Rogers et al., 2006;

Many .typlcal features observeFi ﬂoffmann et al.,, 2020ps well as in lakes
bathymetric or SSS imagaghassubmarine (Wessels et al., 2010; Bussmann et al., 2013;

glacial Fazdfor;ns (;atcheI()Er et al, 201|8)C0jean et al., 2024hd estuarig®inet et al.,
currentinduced bedforms (Emstsen et al., ,q45. b ihers et al., 2012)

2006; Lefebvre et al., 2021 )sorted bedforms
(Murray and Thieler, 2004; Diesing et al.,
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Table 5.1.Example®f circulars e a Yfeatareseportedn literature.

Formation mechanisms Features
Icebergpits
Glaciogenic
Processes
Kettle holes
*Pockmarks
SeepagActivity
Gashydratepingoes

Natural

Anthropogenic

Mud volcanoes,
mud conesand
associated
structures

Mud volcanism

Saltdoming Saltdomes

Karstprocesses Sinkholes

Slopefailuresand
bottom currents

Biologicalactivity Pits

Seagrass Seagragsatches

Detonation craters

" Den ioncrater
of munitions enotationcraters

Bombdropping

Dumping of

dredged material Pilesof sediment

Description Dimensions

Circularto semicirculardepressionf®rmed Betweerfl0and700m (Brown et al.,
when anicebergmpactswithitskeelthe  2017)

s e a Yydeetw rreadjustment of its

hydrostatiequilibrium as imeltsor when o
groundingntheseabedueto tidal Up to 50 m in diameter and depth uf
changes. They appear with scour marks10 m (Syvitski et al., 2001)

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

Cratersith steepsidesyaty o o rfoented

dueto the stagnation of ice blocksihallow300 m diameter and 10 m deep
water aftericeretreatcreatingcratemwhen (Ottesen et al., 2017)
theymeltor yoat off (Ottesen et al., 2017]

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

Craters resulting from seepage of gases
y u i (Havland and Judd, 1988)

Positive relief features partly formed by |
hydrateaccumulatiobelowthe sediment
surface(Hovland and Svensen, 2006)

Upto 4mwideandl m high(Hovland
and Svensen, 2006; Hovland, 2008)

Mud volcanoes have different sizes
Circularseabedeaturesassociatedith the to > 1 km wide and with heights up
expulsionof yuidmud(e.g.mudvolcanoeshundreds of metergludd and Hovlanc
or the intrusion of viscous gasharged2007; Palomino et al., 200M)dcones
muds (mud cones). havediameterd.51.1km and80m in

height(Somoza, 2003)

Mounds formed by the penetration of a
body into the overlyingsedimentsin plan Diametersanbe severakilometers.
view, theyare circular or elliptical.

Seabed substrate is dissolved by 605270 m maximum diameter and
groundwaterirculating through it, leadindepth between 11 and 2(QMicallef et
to the formation ofcraters. al., 2013)

Semicircularto crescentike shape ~100 to ~3,000 m in diameter and d:

Collapsealepressionsdepressiongaused by slope failures and10s of meters up to 180(Wenau et a

bottom currents. 2021)

Shallow pits created by gray whHaletson 2.5 m x 1.5 m diameter and 0.1 m
et al., 1987) deep(Nelson et al., 1987)

Elongated depressions forming curvilin

tracks on theseayoor at 0.97 mwide and 2.57 m long, and ~
formed by largevertebrategMarsh et al.,m deep(Marsh et al., 2018)

2018)

Ringshaped eel grass
found in shallow watef8orum et al.,
2014)

Diametersip to 15m (Borum et al.,
2014)

Average diameters of 20 m and 1.5
Craters produced by the controlled blastdeep(Kampmeier et al., 2020)
place of munitiofKampmeier et al., 2020Diameters between &Bd 12.6 m

Papenmeier et al., 2022) Depth betweef.7 and 2.2 m
(Papenmeier et al., 2022)

High backscatter circles caused by bom
explosions dropped during World War I
(Garlan et al., 2018)

116134 m in diametéGarlan et al.,
2018)

Positive features; torlike structures20530 m in diameter and heights
(Stockmann et al.,, 2009; Tauber, 2(between 0.5 and

circular splotchg#lart, 1992; Mosher et 1.4 m(Stockmann et al., 2009; Taub
1997) 2009)
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Table51.( Continued) Examples of <circular seayoor

Formation mechanisms Features

Description Dimensions
Stationary extraction, either by buckeDiameters of 8170 m and 2 and 3 m de
suctiondredgefsUFci nowi ci( UFci nowicz et al.

Average size diameter of 16 + 5.4 m up

28.5mand 1.7 £ 1 m up to 2.5 dédpnso
et al., 2010)

Depending on the size of the object.

Dredain : : Remnants of mining activities in Thail:
gng Dredging pits (Feldens et al., 2022)
g Pits generated by anchor or static suc
qu’ dredgindManso et al., 2010)
,8' Manmade Scour depressioScour and burial of objects [e.g., wre
£ artifacts around objects  bombs(Inman and Jenkins, 2002)
<

Drilling-induced
blowouts

Blowout Craters

Blowouts are the result of an uncontrog1 blowout (1964, North Sea) formed
increase in borehole pressure, WIFigge Maar crater. Major axis: ~550 m \

causes an 0uncontandupto38mdedlarstens et al., 2022
formation of f 1l ui

creation of pathways that reach Well 22/4b blowout (1190, North Sea): 6!

seafloo(Karstens et al., 2022)

*ii-Supplementary Tabid..

These morphological features, which ahketive structures or seeps play an essential role

wide and 20 m deegSchneider voi
Deimling et al., 2015)

recognized in hydroacoustic data primarilyiasseabed ecolodiovland and Judd, 1988;
circular to elliptical depressions, are generatéebb et al., 20Q9nd due to their common
by the seepageJudd fand gsaaiationr witly unetdase (LHrelease
Hovland, 2007)They are formed by focusedhrough the water column, pockméokming

yuid or gas e X p ul s pracessesfnayocontribtitd ® the elabglo o r

subsurfacé&ing and MacLean, 1970; HovlandrganiccarboncyclgJudd and Hovland, 2007;
and Judd, 1988; Hovland et al., 200B¢y Schneider

have been document e dndneassen letyal.,i2017; s\ elbet et aln d801% n e

von

Deimling et al.,

2015;

grained sedimentsiovland and Judd, 1988l ohrberg et al., 2020hereforemappingand
Paull et al., 2002; Chand et al., 2012; Rise et dl.a s s i op suapicioussne a Yy features
2015; Bottner et al., 2019; Virtasalo et al.,,20483ist in creating an inventory of pockmarks.
but these features are also reported in sand{espite the prominent interest concerning
environment§Szpak et al., 2015; Kramereta,t r uct ur e s

2017) Theyhavedifferentmorphologiessizes seepage,

and arrangement@Hovland et al.,, 2002nd misinterpretation, as other circular features can
varyin diameterrangingrom lesshanlmto have similar characteristics. Other mechanisms
hundreds of metefdudd and Hovland, 2007)can produce circular structures such as iceberg

there

is

ass
the

oci ated

potential

for

Arrangements can be in random or -nopits (Brown et al., 201 7kollapsed pingos,
random distributiongPilcher and Argent, biological featurg8orum et al., 2014; Marsh
2007) Nonrandom distributions can vary et al., 2018)sinkholegMicallef et al., 2013)
depending on various mechanisms, i.e.,scour hollows around boulders, hunrede
faulting (PlazaFaverola et al.,, 2015; Dartifacts(Hovland and Judd, 1988; Judd and
Mahiques et al., 201®lacial scouring, orHovland, 2007) and holes from mineral
human activitiegPilcher and Argent, 2007)extraction(Zeiler et al., 2004; Manso et al.,
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2010; UFci nowi cz et of Kiel.(fG) ahd thet StatdGeadyfdrethes et
2022)Tables.1).0n the other hand, in formerEnvironment (LfU) since 2008. In this study,
times, pockmarks in Eckernférde Bay in tlne reporbnthecharacteristi@nddistribution
southwestern Baltic Sekig(re 5.1) were of numerouscircularfeatures,assuminghat
interpreted as torpedo crat@Esigerton et al., onlywith amultr-methodapproacltis itpossible
1966) to besure about the origin of certain structures

To distinguish between iceberg pits abg analyzing a complete set of indicators
pockmarks, some earlier efforts have beesulting from different hydroacoustic
made in the North Falklands basin based methods. Based on this, we aim to describe,
di agnostic indicat orlassifg fandydiscusk the opassibles drigira ofi g
and paleoenvironmental context, geomettyj r cul ar seayoor ,Wweeatur
size and symmetry of their circular degioms, present a regional overview of circular
and the relationship to associated seisstitictures and classify them into six classes
featuregBrown et al., 201Mlowever, when based on morphological and seismic
other processes act in the same area, inclugamgmetersfrom informationobtainedfrom
humanactivities that leave a circular footprithe combinationof MBES, SSSand SBP
on the seabedrigure5.l), differentiating the measurementswellasin sitwbservation3.he
genesis duch structures becomes a challengessible genesisof each class of circular
especially if the exact location of humdmatures and their temporal and spatial shape
activities is not wdthown. Nowadaysjn st abi |l ity on the seayo
many countries, the location of dumpinmgpinted out that not all featuremn be
activities should be knowto the relevant explainediespitehelargeandcomprehensive
authorities. However, commonly there is a lataset Wealsoprovideac | a s s schetnat i on
of knowledgen dumpingactivitiesn thepast, that helps to differentiate between natural
andthe explanatiorof s e a yswuotures can circular features and those resulting from
bed i f pespetialy ithey areinterpreted human activities. For this purpose, we set out
solelyfrom olderor incompletedata, e.glow- the following objectives

resolution SSSimagesor spatially restricted . o
] , , , 1 Develop an inventory and characterization
video footage. It is essential to point out that .
of circular structures based on data from

many coastal areas worldwide cannot be easilyhy droacoustic measuremersspported

mapped due to insufp By' s&diinent s'ar{r?pﬁ'ntg Ifelnl<Jals[|I']|Jeor|?Jt|tca§

nanc.i | I i mi n ool ) | n it n
pnancia twaheni ooly s obseravdadt |tonos "o f t he s

old data are available, they become the primary
basisfor decisiormakingandserveo compare

or

Depne geophysical, ge
. sedimentological parameters to detect,
andassesthe persistencef structures on the _ ] _ )
dﬁscrlbe and dlfferentl'élte ?lrcular seabgd
western al t1 ¢ e a

seayoor . I n t he sout ] _

. . structures systematically and standardized

circular features have been observed in a large i ) ]
using clsehenses.pcati on

data set of SSS images resulting from o
continuous joint projects carriedt between T Discuss Whether the ~ origin _Of the
the Institute for Geosciences of the University structures is natural anthropogenic.
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5.2. Regional Setting emissions and groundwater disch@iégrner,
o 1978; Jensen et al., 2002; Whiticar, 2002;
Thestudyareasrelocatedn Kiel Bightand Schliuter et al., 2004; Hoffmann et al., 2020)

MecklenburgBight in water depthsranging  the gouthwestern Baltic Sea has been for long

from 4.6t0 36 min the brackishmicrotidal yjq 4 focal point of coastal ocean exploitation

southwestern German Baltic S8gUies.1). 5 therefore serves as a prominent example of

During the Late Weichselian, glaciers covefggrent types of human impact on the

the present southwestern Baltic Sea ageg, 4 joor .

forming a strong relief and leaving glacial Placing pipeline8¢hling et al., 20p@nd

deposits  behind (Ehlers et al., 201L5p1es hottom trawlingrost et al., 1990;

Niedermeyer et al., 2011) Schonke et al., 2022) anchori ng, st one
The developmentof the Baltic Sea (pguck et al, 2003predging(Manso et al.,

underwent different stagesin the Late 2010) and dumping have led to changes in

Pleistocene and early Holocgiérck, 2008) qrphological conditions and redistribution of

with  freshwater, brackish and marnggiments, thus exerting pressures on the
conditions at different times resulting from,,.ine  environment. In  addition large

transgressions and regressions driven by, 8nities of conventional ammunition were

combination of eustatic sea level change gfithped in some regions of the western Baltic

glacieisostatic adjustmen{Schwarzer et al.,.gagat the end and after World War |I

2019). Today ! I a rge 4 (K&rr?pn%eieroef al., 026: FréyCef d. 0By
especially morphological elevations, are byilist of them remain on the seafloor causing

up by glacial deposit@Niedermeyer et al.,, itiple risks to the marine ecosystems.
2011) Postglacial sediment®f lacustrine

origin, like gyttja, peat, lake n{ainrich et
al., 2017a)a nd -gfaimesl, organiich
sediments were formed in Ida&krlagoons 5.3.1.Hydroacoustic measurements and
anddevelopean top of the glaciabasement. post-processing

In deeper areas with low sediment transportCoastal waters of the Schledwadstein
potential, these sediments are covered Haitic Sea have been mapped in order to
organierich mud deposited during and aftggentify habitat types through different projects
the Littorina TransgressiofRoBler et al., gver the last 15 years (eSchwarzer et al.,
2011)Acoustidurbidityisfrequentlypbserved 2008, 2022: Schwarzer and Feldens, 2010;
insubbottompr opl er dat a iSthwhrZetadd HaihreH, 20170 Scl®narger and
and Holocene sediments in this regiopjazMendoza, 2020; Schwarzer and
predominantly due to the presence of unverricht, 2020, 2021)esulting in an
subsurface  gas stemming from the extensive dataset of mainly SBP information
decomposition of organic matt@graier and and SSS data, underwater videos and

Jensen, 20(F)gures.1). In Eckernforde Bay, sedimentological information from grab
pockmarks have been associateth gas sampling.

5.3. Materials andMethods
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Figure 5.1.Study areas in the SW Baltic @g&lensburg Fjord and Gelting B@), Kiel Bight,(C)
Fehmarn Belt and Mecklenburg Bight @dLibeck Bay. The distribution of circular features is
observed in the hydroacoustic dataset. Shallow gas & aabsf2 (aftetaier and Jensen, 2007)
Some dumping sites (D.S) of dredged material are indicated, iand D. Reported detonation
craters ir(B) (Kampmeier et al., 2020)d(C) (Papenmeier et al., 20229ckmarks in Eckernforde
Bay (EB i n t h@vhitcar and Wereew 1981g Whitieay, 2002; Schllter et al., 2004,
Hoffmann et al., 202@athymetry source: BSH GeoSeaPuantakl(geoseaportal,dest accessed on
27.05.2019%eifert et al., 2001
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The SSS dataset was recorded withpackageGeotiffs of 25 cm resolutionwere
Teledyne Benthos 1624 (100/ 400 kHz), a C8Pneratedand analyzedwith QGIS 3.22.6
from Teledyne Benthos (200 kHz) which hasaftware.
buit-i n SBP, an | ma g380n e AddiYiandlly, o patametri¢ 2s6b®ottom
and 770 kHz), and a StarFish 452F frgmr o p (SBM mnomarSES2000 standard
Tritech (450 kHz) with typical survey speedsd medium) was used to image the sub
between 4.5 and 5 knots. Offsets and laybatkfacestructure of the upper few meters
corrections from the shipborne GNSS welee | o w t hEhe systesn®peratewith
applied to calculate the position of the toweadprimary frequencyof about 100kHz and
sonar Additional research campaigns t@sulting secondaryfrequenciesbetweer
chosen sitesTéble 52) were conducted toand 15kHz. Data were processedisingthe

collecthighr e s ol ut i on i nof olmnomsatISEQ.9.5postprocessiagoiware.
topography and sedimentology in order to Hydroacoustidata(SPB.SSSandMBES)
i nvestigate human | werecemeaedwsi tohn stohuen ds evag lomai.t y

SSS information was then collecigih the obtained from CTD measurements.
TeledyneBenthos1624SSSsystemequipped

with an ultrashort baseline (USBL) ,
. . » SurfacesedimentsampleqgVan Veenand
transponder to obtain a precise posiibthe )
Shipek grab sampler) were collected from

towed sonar. Additionally, at some stations,

. ircular f r nd th rroundin r
SSS data was collectétth theY e | | andap r?l cular features and the surrounding areas

StarFis52Finapolemount ed co rt1) sed Sr}t%etm}‘orom%tlon from the MBES and

g T .
and using a GNSS RTK positioning syste% S data. Accurgpesitioningwasachieved

The SSS dataere recordedand processed usinga USBL combinedwith & GNSSRTK

usingSonaiiz 7.3(Chesapeake Technologys,yStem' No sediment samples were taken at the

2018) and exported as 28m resolution megnltloqtdlsp(asstaLarEai anddathll.\:)e rrllatsrlal
mosaics. SSSackscatterimages provide umping sites (Staberhuk and Lubeck Bay

information about the s e a ystruzture and dumping S|_tes). o
" Depending on the characteristics of the
compositiorbasedn greylevelsandtextures

imen rain  si istribution r
dueto theamountof energyeturnedrom the sedi e. L oral S|ze_ dISt_ ibutions - were
. . . determined by laser diffraction and/or dry

S e a yamdthe spatialorganizationof the

elements (Blondel et al, 1998)These sieving. For mechanical sieving, the samples
parametersallow to distinguishpatterns of W€ & P T $0'C add thierevetigted. The

sediment distribution and morphology. MBEfé'j‘Ction <0.063 n.1m. (silt and c_layyvas
backscattesnd bathymetry data were acquiré’lésc""rdecmy wet sieving. After drying the

with a NORBIT iWBMS STX MBES. Thdraction >0.063 mm at B0 again, the total

MBES was operated at a frequency okd@o @ mount of p(siteand ciygwias me n t
and positioned with an RTK GNSS Syste,(,;l;;\lcuIatedThemateriaI >0.063 mm was sieved
MBES data were processed usiregopen according to the ASTRASTM E1109, 2009)

sourcesoftware MB-System5.7.8 (MBARI) For samples with  sediment fractions
and the BeamworX 2022.2.1.1 software Cconsiderably below 2 mm, laser diffraction was

5.3.2.Ground truthing and analysis
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performed with a Beckmann Coult&S with a Vivotek IP919HT, a GoPro
13320. After the analysis,sedimentswere HERO7/8 or a Canon EOS M6 Mk2 camera
c | a s accodiagb Folk(1954) positioned with a USBL transponder (AL552)
In addition, underwater video transectd a GNSS RTK positioning system (AL574,
were carried out t oL132h k0B822)vy e s peci pc featu

Table 5.2. GeneratlevicesettingsluringtheresearcBurvey®\L552(2021)AL574(2022)1.1321(2021),
andL0322(2022).
Survey AL552 AL574 L1321 L0322
Date 16.3.202127.3.202  06.2.20Z2 08.11.202115.11.202 17.03.20224.03.2022
13.06.2022
Researchessel R/V Alkor R/V Littorina
Sidescansonar
Device TeledyndBenthos, - Yel | owfStarFish52F -
S1S1624dual
frequency
Setup Towed - Polemounted | Polemountec -
Frequency 100and400kHz - 770kHz 450kHz -
Range 50m - 50m -
T o w paltithde ~10% of therange - ~10% of therange -
Multibeam
Device NORBIT iWBMSSTX
Frequency 400kHz, 80kHz bandwidth
Acrosstrack 09
beamwidth
Alongtrack 09
beamwidth
Numberof beam: 512
Swathangle 126
ParametriSubbottomp r o p | er

Device SES2000standard SES2000medium
TransmitteHF 100kHz 100kHz
frequency

Pulsdength 2500 s 690Qs
Pingrate 30pps 30pps
TransmittelLF 8 kHz 15kHz
frequency
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further description and characterization of

5.3.3.Feature characterization
the featuresF{gure 5.2). In areas where
Within 1,54%m?, more thar3,000 circular .
information from different highesolution

features were recognized based on the

_ ) data was available and where individual
backscatter intensity and the texturfsll

properties of the SSS sonographs.Arectangll%cted feature dataset (hereafter SFD) of

was manually digitalized around each feat%?5 structures was created for detailed
Backscatter strength is shown in greyscal Aalysis. This analyisim c | uded t he

with darkertonesindicatinghighbackscatter
of morphological parameters (dimensions,

intensities. This dataset served as the baS|s for
shape, relief, slope roughness and
follow-u p bel campai

vsi d ch ) gccentr’ icity) b%sedal on 'batthymetry, as well as
_ana_l YSIS’ an characterization o I\/?BES and SSS backscatter information,
individual featuresT he latterresultedn the

] _ _ some cases supported by underwater V|deos
i dent i pfcR2V5 araular features, . . . ,

B and sediment samples. Seismostratigraphic
namedhere as the Initial FeatureDataset

o , relationships based on SBP information were
(hereaftetFD). This information supported .
also considered.

Additional Surveys

| IFD: 3275 features | I SFD: 205 features
Circular features . i SBP
identification i Selection of SSS and MBES Morphological characteristics
identification in istinctive f
SSS and dlstlnctlv_e eatures backscatter parameters
® < additional and creation of SFD (MBES) Seismic anomalies
(7] :
»n 8 hydroacoustic Backscatter . Subseafloor
NT e ———— SSS and MBES intensity Long diameter structure
B backscatter data Texture Short diameter
+ Bathymetry data Spatial Eccentricity
SSS and MBES : patial .
backscatter data + G.round—tr.uthlng arrangement Depth /Elevation Sedimentology
+ Bathymetry data mfo.rmatlon‘ Geometry Roughness
+SBP information Slope Granulometry
Extrapolation of the feature
2903 classification Feature classification
classified features <:| Based on similarities in morphology, <::| Based on morphological and
FFD acoustic signature and proximity to P 9

e seismic characteristics
structures already classified.

atures could be better

dept

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

Dataset; and FFD, Final Feature Dataset.

A B
Plan view @

3
v Rim Height
A MSD Rim Height
Vertical Profile Negative Relief v
= \ 4 Positive Relief =
Crater depth —_ Elevation
v

MSD
Figure 5.3. Measurement parameters of different types of circular stryétu@mter with

rims.(B) Ringshaped feature. MSD: Mean seafloor depth
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In the hydroacoustidatastructuresvere overlapping or grouping between them, only
measured manually in QGIS 3.22.6 along thke& visible and individual structures were
major @ and minor [ radius, and the considered. Features located at known
eccentricity(e) was calculatedusing e= (& dumpingsitesof dredgedmaterial and those
I /&)’ {evn R| 00e01} (Gafeira et al., craters reported as-situ munition blasting
2012) The structure approximatesa circle s er v e d to establish
when the eccentricityvalueis close to zero.par amet ers. To extend t
Additionally, the relief, which is the depth & IFD structures, the categorization was
the crater and/or the elevation with respect @trapolated and compiled in a Final Feature
t he surr oun diasy ganualle Batasas r(hereafter FFD) by considering
measuredbased on the bathymetricdata similarities in morphologgcoustic signature,
(Figures.3). A negative value indicates that tlaed feature proximit§Figures.2).
central part of the feature is below the mean
seayoor | evel (crat®4 Resultsr at ers with ri ms
contrast to features above the mean seayoft

level (mounds, tordike features), which have A total _of 3,275 circular .structures were
a positive value. For craterse telief value °PServed in the IFD found in water depths

corresponds to the deepest point measuretfalﬂging from 8 to 25 rigures.1) and mainly
the central part of the featuRégure5.3A). On in soft sediments composed of silt and sand.
the other hand, for tordike features, the valueSiX classes were distinguishededon their
is often equal or [ rgorpi}jlolggty,\ﬁ%oust{c Hagkscmtgségrﬁaturg, eayo
level Figure5.3B). The area of each featurgresence)f seismiandicatorsior ¥ u i & w,
was calculated from the measuradius of and paleeenvironmental settings.
the features. 5.4.1Class 1: positive relief, medium to

Slope and roughness maps were generated high backscatter ringshaped
using GDAL tools (V3.4.1;gdal.orgndwere features
derived from bathymetryDEMs of 25 cm High backscatter rirghaped features,
resolution. Within a digitized bounding box f@levated from the seabadd with irregular
each feature, mean, minimum and maximusurfacesare observedn the depositsite of
values of slope and roughness waleulated Staberhukeastof Fehmarnisland,at about
using the zonal statistics function in QGI24 m water depth (DE/54- seeFigure5.4A,
Systematic cl as s i pcB) tanddibeckoBay. Int 368 backsEdiier data, s
performed using qualitative descriptors thfey exhibit soft to rough texturdhe edges
morphology, the acoustic backscattef the featuresshow highr ey ec toutv i t i ¢
signature, spatial arrangement, and seism&r y depending on the a
characteri st i casvaliditédeowdackssater iPcormnton iwthe deeper areas
using sedimentological informatioim areas of the individual structures. A totadf 42
where individual features could not eatures were characterized in the dataset, with
recognized in the acoustic images due diameters ranging from 20 to 49 m. They are
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positive relief features, with a maxinslape proportions of gravel. In the SBP data, the
of 38 (Figure5.9). They sometimes appear a&ructures of this class are characterized by
domeshaped structures and are often grouped» @aot i ¢ i nternal reyection
and sometimes mergddgure5.4B), creating (Figure.5E0Pr o palde) .a Di st ur bed re
composites up to 3 m in height (Lubeck Bagppear underneath the featuréigufe 5.55
This is also observed in the northern part of thset 3).
dumping ground of Staberhuk, where the While Class 2 structures show a positive
backscatter is relatively low (DE#Bigure relief in Flensburg Fjordhey revealslightly
5.4A). negativereliefof about0.1m in LibeckBay.

The rims differ in height and width andlthough no macrbenthic organisms were
internal elevations in the center are comme@pserved in thesurfacesedimentsamples,
(Figure 5.4C) . I n t he S B pnusselpwerp obseredin widgogps €0 il e s
structures appear as mounded-higplitude Flensburg Fjordi{Supplementary Tabiel0).

features with chaotic internal acoustic faci§ 3 Class 3: string of high backscatter
bl anking t he under | yirdutidedBpats 2l | el reyectors

(Figure 5.4D). High backscatter curvilinear A typicalstructureobservedn MBESand

features are often observed. Low baCkscaggerackscattedata corresponds to regular
linear structures associated with trawling m%fhéany arrangedjounded features with
are also present, crossing the dumpsite indfaalhweters ranging from 8 to @9 They are
directions Kigure5.4A). welldepned circular areas Wwi
5.4.2.Class 2: random high backscatter rough texture and highackscatter signature
rounded spots compared to the Fgweroundir

Other larger, circular structures with high5A). In SSS mosaics, their spatial distribution
backscatter and smodthgrainytexturehave €xhibits a distinctiv&ringlike pattern, whose
diametersranging from 30 to 77 nfigure spacingaries from zero to up to tens of meters
5.5A). Radial halos, aureoles, or lindagtween the different spots.
structures with medium to high backscatter Furthermore, these features sometimes
often occur around them. This clagdverlap i{ 8 Supplementary Material: Figure
corresponds to randomly distributed structuriégA, Q. A total of 34 individual structures
that occur as individual units but also cluswégre characterized in the dataset. They are
together to form large areas dfigh generally found in soft substrates of poorly
backscatter. A total of 13 features of this typerted silt (grab samples LE&2BFigure
were characterized in the SFD at aboun225.5D and AL55212( ii & Supplementary
water depth. Most of the structuile€las2 Material: Figurd.1F) between22 and 23 m
showa positivereliefreachingipto 0.8mand Waterdepthsin Flensburd=jord, Gelting Bay

slopes up to 47(Figure5.98). In Flensburg and Lubeck Bay
Fjord and Gelting Bay, those structures are

generally composed of silty sand (grab sample
L1322G1&Figure 55D), with some
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Figure 5.4. Ringshaped features in the dumping site StabéA)Ukidescan sonar
and(B) bathymetry images with dumping areas indigdEddCOM, 2019)Insets show the typical
torus shape of the structures of Clag€)1Vertical bathymetric profile of a unit feature above the
mean seafloor depth (MSD) (dashed [[B&)N-S Sukbottom profile across the deposit site.
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Figure 5.5. (A) Backscatter information a(®) bathymetry of larger high backscatter patches (Class 2) and strings of high backscatter circular features in the
old dumpsite DE/13 HHELCOM, 2019)in the outer Flensburg Fjord. The location of thebstiom profile and grab samples (yellow poigts)
indicated(C) Vertical bathymetric profile of Class 3 feat(lbdd.aser particle size distribution of grab samples{AB21G19, and G2(E) Subbottom

profile across the dumping site indicates the localization of classes 2 and 3
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