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Abstract: The poor access to data on the marine environment is a handicap to government
decision-making, a barrier to scientific understanding and an obstacle to economic growth. In this
light, the European Commission initiated the European Marine Observation and Data Network
(EMODnet) in 2009 to assemble and disseminate hitherto dispersed marine data. In the ten years
since then, EMODnet has become a key producer of publicly available, harmonised datasets covering
broad areas. This paper describes the methodologies applied in EMODnet Geology project to produce
fully populated GIS layers of seabed substrate distribution for the European marine areas. We describe
steps involved in translating national seabed substrate data, conforming to various standards, into a
uniform EMODnet substrate classification scheme (i.e., the Folk sediment classification). Rock and
boulders form an additional substrate class. Seabed substrate data products at scales of 1:250,000
and 1:1 million, compiled using descriptions and analyses of seabed samples as well as interpreted
acoustic images, cover about 20% and 65% of the European maritime areas, respectively. A simple
confidence assessment, based on sample and acoustic coverage, is helpful in identifying data gaps.
The harmonised seabed substrate maps are particularly useful in supraregional, transnational and
pan-European marine spatial planning.

Keywords: marine geology; seafloor mapping; seabed substrate; harmonisation; confidence; spatial
scale; data gaps; European seas; EMODnet

1. Introduction

Rapid population growth and increased anthropogenic activities in coastal and marine areas have
affected the marine environment on a worldwide scale [1,2]. Anthropogenic uses of marine areas are
ever expanding [3] and pose great challenges to successful maritime spatial planning. They exacerbate
impacts of climate change on our ocean ecosystems [4]. Efficient and sustainable management of large
sea areas requires multidisciplinary information on the marine environment, though it is commonly
hampered by a lack of data, or comprehensive information on the sea areas [5,6]. In addition, there is a
need to improve on data exchange channels and to resolve incompatibilities between flawed datasets
that still challenge effective marine spatial planning [6]. These issues were highlighted in several
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national and international policy guidance documents, including the EU Marine Strategy Framework
Directive (MSFD) [7] and EU Maritime Spatial Planning Directive (Directive 2014/89/EU) [8].

This paper discusses steps taken during the past decade towards integrated knowledge on
the European seafloor, as part of the European Marine Observation and Data Network (EMODnet).
The EMODnet network was initiated by the European Commission in response to the EU Green
Paper on Future Maritime Policy (European Commission 2006), which identified key data gaps.
It now involves more than 160 organisations assembling marine data, products and metadata in
various consortia. A web portal unlocks fragmented marine data resources, previously hidden from
international sight, making important datasets available for public and private users. It facilitates
investment in sustainable coastal and offshore activities through better access to quality-assured,
standardised and harmonised marine data, which are interoperable and free of restrictions on use.

The EMODnet data infrastructure is being developed through a stepwise approach in three major
phases. The first phase (2009–2012; ur-EMODnet) developed a prototype with limited selection of
sea areas/coverage at low resolution. The second phase (2013–2016) provided improved resolution
and coverage, while the present third phase (2017–2019) works towards providing a seamless
multi-resolution digital map of the entire seabed of European waters at the highest possible resolution.

The EMODnet initiative includes several specific themes. One of these, EMODnet Geology,
is tasked with providing marine geological data on European marine areas to individuals and
organisations (http://www.emodnet-geology.eu/). The EMODnet Geology consortium consists
mainly of the marine departments of the geological surveys of Europe (through the Association of
European Geological Surveys–EuroGeoSurveys), and includes additional national organisations with
responsibility for coastal and marine geological mapping in their respective countries. This European
wide partnership allows access to a vast amount of marine geological data, together with metadata and
other knowledge on how original datasets (e.g., seabed substrate map) have been generated. In the
case of seabed substrate maps, information on used remote sensing (e.g., side-scan sonar, single and
multibeam echo sounders, seismics) and sampling methods (e.g., grab sampling, coring), as well as on
data interpretation or modelling methodologies, is available too.

Given that much of our seas and oceans remain unchartered, there is an ongoing requirement
for maps and data that accurately represent the properties of the seabed for the benefits of research,
resource management, setting conservation objectives and marine spatial planning [9,10]. EMODnet
Geology addresses the deficit of pan-European substrate information. Seabed substrate maps on
different scales are some of the key deliverables of the project.

This paper describes methodologies used to produce a fully populated Geographic Information
System (GIS) layer of seabed substrates for the European maritime areas. Following an evaluation
of the different sediment classification schemes used by each contributor, we describe the processes
involved in translating national seabed substrate data into the EMODnet substrate classification scheme,
the Folk sediment classification. During the first phase of EMODnet, seabed substrate information
from northern sea areas was compiled at a 1:1,000,000 (1 M) scale [11]. The second phase produced a
1:250,000 (250 k) map for all European seas. In addition, for the second phase, the low resolution (1 M)
dataset of the first phase was updated with data from Southern European sea areas. The harmonised
data products visualise the European seafloor showing the similarities and differences of the sea basin
substrate distribution/characteristics. Additionally, the data displays data gaps and can be used to
guide future surveys.

2. Materials and Methods

Our compilation of geological seabed data covers the European sea areas including: Baltic Sea,
Barents Sea, Bay of Biscay, Celtic Sea, Greater North Sea, Iberian Coast, Norwegian Sea, White Sea,
the seas around Iceland and the Faroes Islands, Atlantic Ocean around the Macaronesian islands,
Mediterranean Sea (within waters of EU countries), and Black Sea (Figure 1).

http://www.emodnet-geology.eu/
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The resulting data product was distributed via the EMODnet Geology data portal, along with a 
confidence assessment based on data availability per survey area. 

All seabed substrate datasets were provided as ESRI file geodatabases/shape files showing 
polygon features representing sediment classes, and all maps were provided in the WGS84 
geographical coordinate system. The coastline (scale of 1:100,000) was modified from [12]. 
Modifications include more detailed coastline from Russia, Malta and the Canary Islands. 

GIS layers of seabed substrate information were compiled on a scale of 250 k wherever possible 
and 1 M to provide the maximum data extent, as many areas lack more detailed information. To 
define the level of detail to be represented, it is considered that dimensions of 2–3 mm are the smallest 
which can be represented on any printed map hence the smallest cartographic unit (SCU) is 4–9 mm2 
[13]. On these grounds the SCU for the 250 k and 1 M seabed substrate datasets are 0.25 km2 (25 
hectares) and 4 km2, respectively. 

2.1. Data Sourcing 

Traditionally, marine geological survey specifications align with the survey interests, sea basin 
characteristics and national mapping traditions. Unsurprisingly, seabed substrates are mostly 
classified according to national classification schemes. The seabed substrate data used here usually 
originate from either manual interpretation or (semi-) automatic interpolation of seismo-acoustic data 
(from single-beam echo sounder lines, seismic profilers, side-scan sonars (SSS) and multibeam echo 
sounders (MBES)), as well as sediment-samples descriptions and analyses (e.g., [14–17]). 

Figure 1. The European sea regions covered in the EMODnet Geology project.

The compilation of pan-European seabed substrate datasets involved the following steps:
(1) Data sourcing providing an index map of available data from each of the partner organisations;
(2) harmonisation; (3) generalisation; (4) compilation; and (5) confidence assessment. Project partners
responsible for (parts of) different sea basins implemented steps 1 to 3 individually, following principles
agreed by the project team. The partners delivered relevant data sets and metadata from their sea
areas to the Geological Survey of Finland, the partner conducting data compilation and responsible for
providing a harmonised data product covering the entire European marine realm. The resulting data
product was distributed via the EMODnet Geology data portal, along with a confidence assessment
based on data availability per survey area.

All seabed substrate datasets were provided as ESRI file geodatabases/shape files showing
polygon features representing sediment classes, and all maps were provided in the WGS84 geographical
coordinate system. The coastline (scale of 1:100,000) was modified from [12]. Modifications include
more detailed coastline from Russia, Malta and the Canary Islands.

GIS layers of seabed substrate information were compiled on a scale of 250 k wherever possible
and 1 M to provide the maximum data extent, as many areas lack more detailed information. To define
the level of detail to be represented, it is considered that dimensions of 2–3 mm are the smallest which
can be represented on any printed map hence the smallest cartographic unit (SCU) is 4–9 mm2 [13].
On these grounds the SCU for the 250 k and 1 M seabed substrate datasets are 0.25 km2 (25 hectares)
and 4 km2, respectively.

2.1. Data Sourcing

Traditionally, marine geological survey specifications align with the survey interests, sea basin
characteristics and national mapping traditions. Unsurprisingly, seabed substrates are mostly classified
according to national classification schemes. The seabed substrate data used here usually originate
from either manual interpretation or (semi-) automatic interpolation of seismo-acoustic data (from
single-beam echo sounder lines, seismic profilers, side-scan sonars (SSS) and multibeam echo sounders
(MBES)), as well as sediment-samples descriptions and analyses (e.g., [14–17]).

This information is synthesised in an index dataset delineating the available seabed substrate
datasets. Along with the data and maps themselves, partners provided spatial data/polygon shapefiles
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outlining the coverage, together with an attribute table detailing background information (Table 1).
Individual contributions are labelled with unique codes describing areas with a coherent and uniform
scale and mapping technology (Figure 2). The index map was produced at the initial state of the project
and updated during later phases.

During the first phase of the EMODnet Geology, partners gathered data on survey methods
along with basic data. The data confirmed that the European seabed substrate datasets represent data
acquired using a wide variety of survey methodologies (Figure 2). However, owing to the timeline,
larger extent of the study area and increased number of partner countries, such information was not
compiled in the second phase.

Table 1. The index shapefile/database includes an attribute table detailing basic information on
each dataset.

Field Content

FID Feature Identification. An internally generated identification number for each polygon.

Shape Polygon. Internally generated text.

Code Two-letter country code and three digits (numbers) that identify each data patch.

Name Name of the original map.

DataHolder Abbreviation of the organization/institute.

Contact E-mail address of the contact person.

Scale Scale of the original data/map.

GrainSize Original grain size classification system (e.g., Folk, Wentworth, MNCR).

Ref. Reference to the map.

Comments Comments or other information regarding the map.
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Figure 2. Different seabed survey methods and their combinations used to create national and
regional substrate maps, including low-frequency acoustics (L_Freq < 1 kHz), high-frequency acoustics
(H_Freq > 1 kHz), side-scan sonar (SSS), multibeam echosounder (MBES), LiDAR and no remote
sensing (e.g., sample based).

2.2. Harmonisation

The harmonisation process included the classification of the original data into a shared,
internationally-prevalent classification system for easy linkage to and use by other EMODnet lots,
such as Bathymetry, Chemistry and Seabed Habitat. The Folk classification scheme [18] was chosen
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by the group because it is internationally prevalent, especially in sedimentological studies, serves
the needs of habitat mappers and could be delivered by all partners, facilitating the harmonisation
process across national borders. The substrate data describes the uppermost part of the seabed, from
the water-bottom interface to a vertical limit of +/− 30 cm, correlating with the approximate sample
depth in the majority of cases (e.g., box corer and Van Veen grab sampler).

The partners followed a modified Folk sediment classification with three granularities of 15, 6
and 4 classes, each supplemented with an additional class of “rock and boulders” (Figure 3). A simple
hierarchy enabled the straightforward union of 16 classes into 7 or 5 classes. Where possible it was
recommended to use the most detailed Folk classification. If the material was classified originally using
the Folk sediment triangle, no conversion was needed. If national datasets were not initially in the
Folk classification, there were two options. Individual data points could be reclassified on the basis of
sample analysis or description, or/and mapped units could be translated into the most likely Folk class
using expert-based prediction. Experiences from previous European projects enabled reclassification
in a simple and transparent way [19]. The first step in the reclassification was to study the range of
surface substrate in the original categories. Ideally, this substrate type and variability was examined
from the underlying surface samples and grain-size analysis. If this was not possible (e.g., because
the original was interpreted on the basis of seismo-acoustic data), an expert-based prediction of the
surface material was made. In an expert-based prediction, geologists interpreted data in the context
of the geological and hydrodynamic environment. Then the interpreted surface sediment type was
compared with the modified Folk classification system to find the best fit and reclassification was done
accordingly. Extensive validation, based on ground-truthing of indirectly-mapped surface sediments,
is recommended for these expert-based predictions.

Similar to the index dataset, the seabed substrate datasets included an attribute table with
information on the substrates and details of reclassification where applicable (Table 2). Regarding
the 250 k data product, national security restrictions and data use policies sometimes limited data
availability. The spatial boundaries of the restricted datasets are included in the seabed substrate data
products as outlines marking the presence of data that are not publicly available (Code 9 restricted data).
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Table 2. Seabed substrate attribute table with 14 columns describing the data.

Field Comment/Advise

FID Feature Identification. An internally generated identification number for each
polygon.

Shape Polygon. Internally generated text.

Code Two-letter country code and three digits (numbers) that identify each data
patch. The code should be the same as the code in the INDEX map.

Grain_Size Original grain size classification system (e.g., Folk, Wentworth, MNCR).

(re)Classifi (Re)Classification. If the surface substrates have been reclassified, were they
reclassified on the basis of sample data or by expert judgement?

Method Information if the substrate map is interpolated automatically from the surface
samples or if the existing substrate polygons have been reclassified?

Sample_n Sample number. Approximate the minimum number of samples used per
original substrate category.

O_substrat Original substrate category. Name of the original substrate category.

Relation Relationship code. Code describes the relationship between two classification
schemes (original versus reclassified) (adapted from [20]).

FOLK_16cl Substrate material based on the Folk classification with 16 classes.

FOLK_7cl Substrate material based on the Folk classification with 7 classes.

FOLK_5cl Substrate material based on the Folk classification with 5 classes.

Comments Free comments.

References References.

SEAREGION The sea region, represented by the data.

COUNTRY The national exclusive economic zone (EEZ) area, where the data is located or
the country of origin of the dataset.

DATA_HOLDER Abbreviation of the organization/institute.

CONTACT E-mail address of the contact person.

2.3. Generalisation

The EMODnet Geology network has provided seabed substrate maps at 250 k and 1 M scales
for meso-/medium and mega-/broad scale data use, respectively [21,22]. National or regional
datasets that were more detailed, were generalised to the target scale. The generalisation procedure
was implemented in an ArcGIS environment and adapted from a procedure proposed by [23].
The procedure utilised mainly the Generalisation toolset of ArcGIS’s Spatial Analyst toolbox. During
generalisation at 250 k and 1 M scales, all sediment polygons smaller than 0.25 km2 and 4 km2

were eliminated.

2.4. Compilation

The reclassified and generalized national maps were merged to form continuous seafloor maps
for European maritime areas. Cross-border mismatches between national datasets were analysed and
corrected where possible. Topological correction (i.e., fixing overlaps and false gaps between substrate
polygons) was performed on the 250 k data, but not on the 1 M data, owing to time constraints
associated with delivering the project outputs. Following compilation, seabed substrate maps were
made available on the EMODnet Geology data portal in digital format.

The seabed substrate coverage was compared with sea region coverage to assess which percentage
of regional seas has been mapped, and to better understand the extent of the gap areas. Data
on sea regions was modified from the EMODnet regions, version 1, dataset provided by [24].
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The modifications include additions of sea areas around the Faroe Islands and of Atlantic waters
west of the Celtic Sea. Data were projected onto UTM zones 29 N, 34 N or 37 N for areal estimates.

2.5. Confidence Assessment

Assessment and visualisation of confidence are an essential part of producing maps. It is crucial
that users of the data/maps understand the strengths and weaknesses of the data. Confidence
assessment examines uncertainty in the input data, determines the robustness of the analytical process,
and evaluates the quality of the mapped output. Importantly, it describes how reliable map/data are
for a given purpose.

A simple confidence assessment was applied to characterise the information that underpins the
geological interpretations. Thus, the mapped confidence reflects the amount of information from
seabed samples and acoustic data for any surveyed area. This approach effectively identifies data gaps,
corresponding to areas with no data or where geologists have relatively little or no confidence in their
interpretations, having had to interpolate or extrapolate from areas for which data exist.

Specifically, the index map as described above was used to assign a confidence score (0–4) using
the “three-step confidence method” (Figure 4, Table 3) developed by the Joint Nature Conservation
Council in the UK [25] as summarised below.
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F
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3. Results

3.1. Index Data

The index dataset identified more than 400 data patches from more than 50 organisations,
altogether representing 31 countries. Inevitably, seabed substrate data originally had different
scales/resolutions and grain size classifications (Figure 5) among others. A data table showing selected
grain size ranges is included in the supplementary material (Table S1).Geosciences 2018, 8, x FOR PEER REVIEW  8 of 18 
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Figure 5. Different grain size classification systems used in seabed mapping by different
European contributors participating in EMODnet-Geology. Data indicate more than 30 grain size
classification schemes.

3.2. Seabed Substrate Data Products

All seabed substrate data are publicly available via EMODnet Geology portal (http://www.
emodnet-geology.eu/). Figures 6 and 7 show seabed substrate data products with a hierarchy of
five classes (Folk 5) having the best spatial coverage. The 250 k or more detailed seabed substrate
data covers about 20% and 1 M covers 65% of the European seas (Table 4). The 250 k data (or more
detailed) are most abundant for the Adriatic Sea, North Sea, Celtic Sea and wider Atlantic Ocean
(>70%) (Table 4). For the Baltic Sea, 250 k data coverage is 47%. Areas for which no or little data are
available, are mainly located further offshore in deep water.

http://www.emodnet-geology.eu/
http://www.emodnet-geology.eu/


Geosciences 2019, 9, 84 9 of 18Geosciences 2018, 8, x FOR PEER REVIEW  9 of 18 

 

 
Figure 6. EMODnet Geology seabed surface substrate data at a scale of 1:250,000 (250 k) for the 
European seas, hierarchy of five Folk classes. 

 
Figure 7. EMODnet Geology seabed surface substrate data at a scale of 1:1,000,000 (1 M) for the 
European seas, hierarchy of five Folk classes. 

Table 4. Approximate seabed substrate data coverage at different scales versus the extent of the sea 
region. Sea regions are shown in Figure 1. 

Sea Region 
Total Area 

(km2) 
250 k 

Coverage (%) 
250 k No Data  

(%)  

1 M 
Coverage 

(%) 

1 M No Data  
(%)  

WGS 84, 
UTM 
Zone 

Adriatic Sea 140,400 91% 9% 98% 2% 34 N 
Aegean-Levantine Sea* 767,200 6% 94% 99% 1% 34 N 

Baltic Sea 394.200 47% 53% 98% 2% 34 N 
Barents Sea 1,980,200 6% 94% 78% 22% 37 N 

Figure 6. EMODnet Geology seabed surface substrate data at a scale of 1:250,000 (250 k) for the
European seas, hierarchy of five Folk classes.

Geosciences 2018, 8, x FOR PEER REVIEW  9 of 18 

 

 
Figure 6. EMODnet Geology seabed surface substrate data at a scale of 1:250,000 (250 k) for the 
European seas, hierarchy of five Folk classes. 

 
Figure 7. EMODnet Geology seabed surface substrate data at a scale of 1:1,000,000 (1 M) for the 
European seas, hierarchy of five Folk classes. 

Table 4. Approximate seabed substrate data coverage at different scales versus the extent of the sea 
region. Sea regions are shown in Figure 1. 

Sea Region 
Total Area 

(km2) 
250 k 

Coverage (%) 
250 k No Data  

(%)  

1 M 
Coverage 

(%) 

1 M No Data  
(%)  

WGS 84, 
UTM 
Zone 

Adriatic Sea 140,400 91% 9% 98% 2% 34 N 
Aegean-Levantine Sea* 767,200 6% 94% 99% 1% 34 N 

Baltic Sea 394.200 47% 53% 98% 2% 34 N 
Barents Sea 1,980,200 6% 94% 78% 22% 37 N 

Figure 7. EMODnet Geology seabed surface substrate data at a scale of 1:1,000,000 (1 M) for the
European seas, hierarchy of five Folk classes.

The 1 M data product highlights that sea regions are different in their seabed substrate content
(Figures 6–8). Mud to muddy sand is the dominant seabed substrate in the majority of Europe’s sea
basins. The North Sea and White Sea are predominantly sandy areas in comparison to the Baltic Sea
with areas of mixed sediments (Figure 8). In some areas, such as in the Celtic Sea and North Sea, coarse
substrates are relative common. At this broad scale, the bedrock and boulders class is uncommon in
all sea basins. Even in the Baltic Sea it accounts for less than 5% of the seabed.
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Table 4. Approximate seabed substrate data coverage at different scales versus the extent of the sea
region. Sea regions are shown in Figure 1.

Sea Region Total Area
(km2)

250 k
Coverage (%)

250 k No
Data (%)

1 M Coverage
(%)

1 M No
Data (%)

WGS 84,
UTM Zone

Adriatic Sea 140,400 91% 9% 98% 2% 34 N

Aegean-Levantine Sea * 767,200 6% 94% 99% 1% 34 N

Baltic Sea 394.200 47% 53% 98% 2% 34 N

Barents Sea 1,980,200 6% 94% 78% 22% 37 N

Bay of Biscay and
Iberian Coast 807,800 12% 88% 34% 66% 29 N

Black Sea 476,300 8% 92% 96% 4% 37 N

Celtic Sea 917,600 79% 21% 82% 18% 29 N

Faeroe Islands EEZ 267,400 0% 100% 39% 61% 29 N

Greater North Sea 679,300 81% 19% 96% 4% 29 N

Iceland Sea 761,700 0% 100% 100% 0% 29 N

Ionian Sea and Central
Mediterranean Sea * 778,000 0% 100% 99% 1% 34 N

Kara Sea 113,500 0% 100% 0% 100% 37 N

Macaronesia 1,940,800 0% 100% 0% 100% 29 N

Norwegian Sea 890,100 4% 94% 14% 86% 34 N

Western Mediterranean
Sea * 885,100 9% 91% 99% 1% 29 N

White Sea 90,500 0% 100% 100% 0% 37 N

Wider Atlantic 405,300 77% 23% 77% 23% 29 N

Grand Total 12,296,900 19% 81% 65% 35% 34 N

* African part included.
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3.3. Confidence

The final score from 0–4, reflecting low to high confidence, varies significantly even across short
distances (Figure 9). Combinations of methods providing the highest confidence have only been in use
since the advent of full-coverage acoustic mapping (SSS, MBES). Many of the traditional geological
maps made until the 1980s rely on seabed samples only. Although modern geological mapping
uses a combination of acoustics and ground-truthing, providing extensive full coverage especially
in deep water where MBES swaths are wide, most high-confidence maps are made for ecological or
project-based purposes of generally limited areal extent. Typically, sample density and MBES coverage
are highest in regions where human activities take place.
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4. Discussion

4.1. Harmonisation Process and Challenges

Following up on the World Map of Seabed Sediment [26], EMODnet Geology has been collating
all available seabed substrate maps for European seas to create single maps at different scales and
Folk granularities. Each scale and granularity bring its own issues of harmonisation. As the original
datasets have been produced by a variety of methods, final maps are multisource transboundary data.
The variability of data is partly due to local/regional differences in the seabed environment and thus
the methods used.

Attribute tables for the different map highlight the importance of metadata; even where a seabed
substrate map looks continuous, the datasets behind may be highly variable. In visualising the quality
of the data products, it is important to note that the confidence of the products is not uniform; thus,
areas with similar characteristics are not always comparable. Both the metadata and the confidence
information relating to a particular sea area are essential for end users and decision-makers to allow
them to assess the limitations of the maps, and identify areas where further mapping or sampling
is required.
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The national sediment classifications as well as the associated terminology vary between countries
and have also changed through time. Owing to fundamental differences in data (e.g., grain-size ranges)
it was not always possible to make one-to-one translation from a national substrate category into a Folk
category. In some instances, the resulting class is a broad representation ignoring the overall substrate
variability. In certain cases, the substrate is only an approximate estimate for the surface material
from the uppermost 30 cm of the seabed sediment column. As noticed in the first EMODnet phase,
substrate reclassification is especially ambiguous in the case of mixed sediment class, a somewhat
"fuzzy" concept. The term mixed sediment has been interpreted differently by the partners during
the harmonisation process. In the past, patchy seafloor, glacial clay and sediment with bimodal grain
size distribution have all been identified as “mixed sediment” [27]. The data products presented here
acknowledge mixed sediment on the basis of lithological class (gravel, sand, mud) and corresponding
grain size only.

By necessity, the generalisation process requires deletion of information that may be crucial on a
local or regional scale. In areas with high local seabed heterogeneity (i.e., geodiversity) broad scale
data does not capture true diversity of the seafloor and some important features might not appear [28].
In the northern Baltic Sea, for example, large areas of seabed are marked by De Geer moraines
that create a unique washboard-like seabed terrain with corresponding sediment and topographical
variability [29]. These are not represented in the EMODnet maps. It does not mean; however, that
these latter maps are wrong. Broad-scale data summarises the knowledge of general trends in a large
area at the expense of detail to provide a contextual overview for transnational and pan-European
science as well as decision-making.

One of the most time-consuming aspects of harmonisation was the topological correction of the
data. Numerous mismatches between national datasets had to be rectified. It is a reminder of the fact
that map alignment is a multidimensional exercise.

4.2. European Seabed Substrate Data Coverage and Gaps

One of the aims of the present work was to identify data gaps and deficiencies for different
scales and granularities. Data gaps can be used to target future seabed surveys and mapping
programmes. As the principal national organisations responsible for coastal and marine geological
mapping, the EMODnet partnership profits directly from this expertise. Other beneficiaries include
seabed-habitat mappers, spatial planners and engineering companies.

Overall coverage of the 250 k data is generally poor (19%). Only in some sea regions like
in the North Sea (81%) and the Celtic Sea (79%), the majority of the sea region is covered at this
scale. Data at scales of 1:100,000 (100 k) or finer is even rarer. Shallow coastal areas are particularly
challenging. They commonly appear as unmapped patches forming what is known as the “white
ribbon”. The cost of surveying these areas is high, owing to the transient (e.g., shoals) and irregular
(e.g., submerged rocks) nature of bathymetric features [29]. The lack of seabed substrate data for
such areas is problematic especially because coastal areas are subject to extensive human activities
(e.g., shipping, dredging, dumping, wind farm construction and aquaculture). There is an urgent
need to provide high-resolution seabed data from these regions, regardless of anthropogenic pressures.
The use of MBES data, especially backscatter, in marine geological mapping has greatly improved the
resolution of seabed datasets [14,17]. In shallow coastal regions, it has been supplemented by airborne
LiDAR providing high-resolution remote sensing data [29] that can be merged with MBES output.

The 1 M data product covers 65% of the European maritime areas. Data gaps are located mainly
in remote areas away from the coast (e.g., the outer boundaries of Macaronesia, Bay of Biscay and
Iberian coast, Norwegian Sea and Barents Sea). In order to achieve full coverage at 1 M scale, further
seabed mapping surveys are ongoing.
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4.3. Visualisation of European Seabed, Differences and Similarities between Sea Basins

Seabed substrate maps provide a means to characterise the abiotic benthic environment.
As substrates and their spatial distribution are a result of various abiotic and biotic processes, they also
are a surrogate for marine habitats. Factors influencing sediment erosion, transport and accumulation
and thus sediment distribution at the seafloor include grain size, current velocity, water depth (e.g.,
governing wave erosion), underwater topography, bedrock, distance from the coast (and river mouths),
water masses, climate (e.g., governing ice cover, river discharge), biological productivity, benthic
fauna and dissolution/preservation in the water column/seabed. The occurrence of hard substrates at
the seabed, for example, may be indicative of strong currents at/close to the seabed. Soft laminated
sediments may reflect a low-energy with potential oxygen deficiency at the bottom. It is important
to keep in mind that erosion, transportation and accumulation of the sediments vary spatially and
temporally and do not necessarily reflect present seabed processes. Even at a single location, the seabed
substrate can be of different type and age, for example old glacial till is partially covered by modern
mud. Bedrock outcrops may indicate sediment-starved seabed conditions or strong net erosion.
Seabed dynamics leads to additional, temporal variability, especially where the spatial distribution of
different substrate types at the seafloor is patchy. In this light, it is no surprise that secondary sediment
properties (e.g., admixtures such as geochemical components) are unequally distributed at the seabed,
displaying anthropogenic, glacial and other influences.

Seabed substrate maps of large sea areas are well-suited to visualising similarities as well as
differences between the European sea basins (Figures 6–8). Mud to muddy sand is the dominant seabed
substrate in the majority of sea basins, especially further from the coast, suggesting accumulation
generally in deeper areas under low-energy conditions. In some basins such as the North Sea and the
White Sea, sand is the dominant seabed surface substrate. Sand-rich areas are commonly close to a
sediment source, such as a large river or a coastline marked by easily erodible sandstone. In formerly
glaciated areas, the seabed may be dominated by glacigenic material, such as till and erratics or
dropstones. The Baltic Sea is one of the European sea basins that was fully covered by an ice sheet
during the last glaciation [30,31]. Here, a mixed substrate is typical. It includes till, and hard glacial
clay, commonly with a thin layer of erosional sand on top. The seabed of the Baltic Sea basin is
particularly heterogenous, especially in its northern parts [28] As outlined before, the broad scale
EMODnet maps do not capture this local and regional seabed geodiversity. It can only be highlighted
by detailed geological maps. When information on seabed substrate is analysed in conjunction with
bathymetry and associated derivative products, underwater landscapes like drumlins and De Geer
moraine fields can be revealed, with their corresponding sediments or rocks.

4.4. Applications

In general, seafloor substrate data can be used to better manage certain anthropogenic activities,
such as underwater constructions, sand extraction and aquaculture, to assess habitat suitability,
to develop guidelines or frameworks for monitoring environmental impact and to plan future
geological surveys [28,32–35]. Information on seabed substrates is particularly valuable for marine
habitat mapping and marine spatial planning, as seen in the application examples below.

4.4.1. Seabed Substrates Characterising Seabed Ecosystems and Habitats

Seabed substrate is one of the primary parameters in shaping the physical structure and function
of benthic habitats, along with bottom topography, hydrography, wave exposure, biotic features and
spatiotemporal variability [36,37]. In general, classification schemes for marine environments recognise
hard, soft and mixed seabed substrates as being key factors controlling habitat type [9,22,38,39].
As it is known that relationships between environmental variables and organisms are dependent
on scale [39–44], the EMODnet Geology maps can only be used for outlining the overall habitat
distribution and suitability, showing how the seabed substrate strongly influences zoobenthic
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communities on regional and larger spatial scales [37,45,46]. Thus, it is possible to delineate areas
dominated by coarse substrates, commonly inhabited by suspension feeders such as molluscs,
and soft muddy basins inhabited by deposit feeders [38,45,47]. Sheltered sedimentation basins
that may suffer from anoxia/hypoxia due to limited water exchange and are, therefore, poor in
species [48,49], can also be outlined. Our maps do not lend themselves to identifying topographically-
and sedimentologically-complex seabed areas marked by relatively high species diversity [50,51].
Seabed substrate data shown here has been successfully used in the EMODnet Seabed Habitat work
defining seabed habitats of the European seas. Our maps were key for the delineation of predominant
broad-scale habitats that served as baseline for assessing good environmental status of marine waters
in the framework of Europe’s Marine Strategy Framework Directive.

4.4.2. Seabed Substrates for Marine Spatial Planning and Research in the Gulf of Finland

Information on seabed substrates is highly valuable for planning purposes and associated
decision-making. In the Gulf of Finland, the easternmost part of the Baltic Sea, the Regional Council
of Kymenlaakso has made Finland’s first regional plan for the trade and sea area. The Ministry
of the Environment has notarised this regional plan 26 November 2014 [52]. Marine geologists
interacted with planners in order to evaluate which kind of environmental data were of direct
practical relevance for spatial planning, which data were available and which much-needed data
were lacking. EMODnet Geology seabed substrate data proved highly informative for the planners,
especially in assessing “Valuable submarine geological features” and “Very important areas of geo-
and biodiversity”. Intensive cooperation is essential to make scientific data on sea areas more easily
available and understandable to maritime spatial (and other) planners and managers, and to improve
the trust and interplay between science and planning officials.

EMODnet Geology seabed substrate data forms a solid base also for the new Gulf of Finland
Assessment Report [53]. Information on sediment geochemistry and geological processes in particular
has proven its value, showing the need to expand on the simple substrate characterisation used in
EMODnet Geology today.

4.5. Confidence

Using and analysing multisource data inherently implies dealing with differences in data quality
and uncertainty [54]. With EMODnet this is now visualised, thus targeted follow-up action can be
taken. At this point, confidence has been assessed only in terms of easily quantifiable parameters.
With 44 partner organisations involved in the creation of the final harmonised confidence layer,
it was essential that the methodology was both objective and easy to follow. It uses widely available
commercial software and data formats (ESRI ArcGIS).

The final confidence map provides a very quick and easy visualisation of the data that contributed
to the final substrate map. It also allows the user to identify data gaps that could be filled only by
extensive extrapolation, and highlights areas where collection of additional data would be beneficial.
The scoring system; however, is heavily biased towards the availability of remote sensing data. If solely
seabed samples are used, regardless of their number or density, confidence will be low even in areas
marked by high uniformity. In using the density of data, the consistency of data, the scale of a map
or the precision of a point’s location and the age of data for the western Mediterranean, Garlan takes
confidence assessment a step further. Nevertheless, as long as there is no differentiation in the quality
of remote sensing and in the quality of acoustic seabed classification, confidence assessments will
be flawed.

Importantly, there is not yet a scoring system incorporating the seabed dynamics of an area.
At present, data are compiled regardless of their vintage; hence, datasets for different time periods are
often combined to create a single map. In near-coastal areas with high sediment dynamics, seabed
surface monitoring typically shows highly variable substrates through time, with seasonal, event- or
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activity-related and unexplained patterns [55]. The present phase of EMODnet has focused on the
static mapping of available data, but future efforts should account for this temporal behaviour.

5. Conclusions

Seabed substrate mapping is a key asset for the management of the seabed. It is a critical
contribution to marine spatial planning and it provides baseline information when assessing the
impact of anthropogenic activities. However, seabed substrate information is typically fragmented
and mostly classified to local or national standards.

Translating original seabed substrate data into the EMODnet Geology substrate classification
scheme according to Folk, the EMODnet Geology consortium produced seabed substrate data products
on a scale of 250 k and 1 M for the European seas. Both of these maps show similarities as well as
vast differences in substrate types across the sea basins. Data were compiled from and harmonised for
more than 400 individual datasets, with 20% coverage at a scale of 250 k and 65% coverage at a 1 M
million scale. A simple confidence assessment enables the identification of the main data gaps.

The harmonised transboundary seabed substrate maps are available publicly and are easily
accessible to marine managers, marine spatial planners, industry, academia and the general public.
In most broad-scale cases, they will be fit for purpose, though data gaps or level of data resolution
may hamper their use for some regions. Data are scarcest for offshore and near-coastal areas where
surveying is most expensive or difficult. Since these restrictions can now be derived from the product,
guidance is provided on where more extensive seabed surveys should be conducted.

The next steps in EMODnet Geology’s seabed substrate mapping are increasing the resolution
to reveal and quantify local complexity in seabed structure and composition, incorporating seabed
dynamics to show the likelihood of temporal change, and improving our confidence assessment by
including the quality of acoustic and other remote-sensing methods. All three will contribute to the
sustainable management of Europe’s seabed resources.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3263/9/2/84/s1,
Table S1: The Grain size limits in different classification systems.
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