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	 Abstract:		  The Słupsk Bank is a seascape area of high nature value that consists of boulders related to glacial and post-glacial forma-
tion and a variety of underwater landforms that form the habitat for numerous plants and animals. The aim of this paper 
was to evaluate geodiversity using consecutive steps of geoinformation analysis, such as preparation of factor maps, map 
algebra etc. The resulting geodiversity map was based on a bathymetric relief energy map, a geomorphological map 
based on expert classification using the Bathymetric Position Index (BPI), and a lithological map showing average texture 
classes of sediments. Maps of geodiversity support the identification and delimitation of the geodiversity hotspots for 
protection of the natural environment, as well as the directions for management of valuable natural areas.
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	 Streszczenie:		 	Ławica Słupska jest obszarem morskim o dużej wartości przyrodniczej, który składa się z głazów związanych z formacją lo-
dowcową i polodowcową oraz różnorodnymi podwodnymi formami terenu, które stanowią siedlisko licznych roślin i zwie-
rząt. Celem niniejszej pracy była ocena georóżnorodności za pomocą następujących po sobie etapów analizy geoinforma-
cyjnej, takich jak przygotowanie map czynnikowych, algebry map itd. Wynikowa mapa georóżnorodność została oparta na 
batymetrycznej mapie energii rzeźby, mapie geomorfologicznej wykonanej na podstawie klasyfikacji eksperckiej z wyko-
rzystaniem batymetrycznego indeksu pozycji (BPI) i litologicznej mapy pokazującej uśrednione klasy teksturalne osadów. 
Mapy georóżnorodności służą do identyfikacji i wytyczania obszarów o wysokiej georóżnorodności w celu ochrony przyrody, 
a także wspierają kierunki zarządzania cennymi obszarami przyrodniczymi. 

	Słowa	kluczowe:		  georóżnorodność, krajobrazy morskie, podwodne formy terenu, Morze Bałtyckie

INTRODUCTION

The term geodiversity is relatively new in natural science. Ac-
cording to Burek and Potter (2006) it was used for the first time 
in 1991 amongst geologists and geomorphologists to describe 
the diversity of the abiotic environment in relation to the con-
cept of geological and geomorphological conservation. 

Eberhard (1997) defined geodiversity as the variability of geo-
logical structure, landforms, soils, their systems and processes 
occurring between them. This term has a similar meaning in 
the U.S. and England (Gray, 2004; Zwoliński, 2004). Jedicke 
(2001) defines geodiversity as variability of abiotic compo-

nents (such as: landforms, geological settings, soils, surface 
and ground waters, as well as atmosphere) in geoecological 
systems. Geofactors as well as physiotops and ecosystems cre-
ate related and spatial-functional systems.

On the other hand, there is another research approach which 
has developed in Poland and we consider it as a reference in 
the presented purpose. Kostrzewski (1998) and Kozłowski 
(1997) describe geodiversity as the diversity of all abiotic el-
ements of the natural environment, i.e., geological settings, 
landforms, soils, climate, as well as surface and underground 
waters, at various levels of the geographic space synthesis, 
as well as with various human impacts. This approach was 
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developed at the Polish Geological Institute during the im-
plementation of the Lithosphere Protection Program (1990-
1994) and Geodiversity Protection Program (1996-1999). De-
górski (2001) claims that the diversity of abiotic elements 
may be considered as a whole, as well as individually for each 
element, for example geological diversity, landform diver-
sity, soil diversity.

Currently, the main challenges of the research on geodiversity 
are: development of a consensus on the definition, develop-
ment of a methodology for the identification and assessment 
at various levels and spatial scales of processing, as well as 
identifying effective indicators (Najwer, Zwoliński, 2014).

The natural environment is a system of abiotic components, 
influencing each other, and - according to Richling (1992) - also 
their complexes called geocomplexes. Abiotic components in-
clude: geological setting, landform, soils, waters, and climate. 
All elements of the natural environment have been modified 
by humans since the moment they appeared on Earth. The 
natural environment together with the human impacts is 
described in literature as the geographical environment. Fea-
tures of the elements of the geographical environment are 
described as measurable or non-measurable, and according to 
Richling (1992) they may belong to categorical or continuous 
variables. Categorical (or discreet) variables consist of clearly 
separated parts and can also be called qualitative variables. 
An example of a qualitative variable is the type of soil or the 
type of landform. For their description, it is required to use 
alternative measures enabling their presentation in a quan-
titative way, which facilitates their analysis and comparison. 
According to Kot (2006) it is usually an occupied surface or 
frequency of occurrence. Continuous or quantitative variables, 
for example altitude above sea level, distribution of atmos-
pheric precipitation, and air temperature do not show distinct 
boundaries. Qualitative and quantitative features are always 
recognizable in a specific geographical space. Qualitative fea-
tures have more or less precisely determined boundaries and 
area of occurrence. In the case of quantitative features, recog-
nized locally, the obtained results of measurements should be 
related to specific surfaces. In the presented approach, it was 
decided to use a grid cell as a reference surface.

The most important stages of the environment assessment are: 
- setting a purpose, scale of elaboration, size and shape of the 
basic evaluation field, and finally assessment criteria (Sołowiej, 
1992). Bartkowski (1986) made a division of assessment meth-
ods creating two groups based on their practical uses:

♦♦ assessment methods with highly objective scales - involv-
ing bringing down the qualitative features similar to each 
other to a common denominator - and with limited use-
fulness for actions and decision-making; 

♦♦ assessment methods with subjective value scales, but 
with great practical usefulness for actions, where qualita-
tive features that are not similar to each other are brought 
down to a common denominator, assessed within ranges 
of various value categories.

Richling (1992), concerned with methods of evaluation of the 
natural environment conditions, specifies the following types 
of evaluation methods:

♦♦ point bonitation;
♦♦ overlay of component assessments in the form of a set 

of analytical maps and one or a few synthetic evaluation 
maps;

♦♦ the method of immediate assessment in the form of syn-
thetic evaluation maps;

♦♦ evaluation within geocomplexes.

Richling and Solon (1996) suggested indicative methods (indica-
tors) as another type of the environmental assessment methods. 
They involve describing the state of an object on the basis of objects’ 
qualitative and quantitative characteristics, called an indicator. This 
method is widely used in assessments of the state and condition of 
the natural environment. Recently, the term indicator has gained 
another meaning, because it defines a parameter or values coming 
from an observation or a measurement, which describe the state 
of a phenomenon with higher significance than the data received 
directly from observations.

The issue of the assessment criterion was discussed in detail 
by Sołowiej (1992). According to this author, the assessment 
criterion is a feature of the natural environment, with the use 
of which the classification of physiogeographical phenomena 
and their assessment is carried out. A criterion can be not only 
one feature, but a few features, as well as one or a few com-
ponents. During the selection of the assessment criteria the 
authors note that:

♦♦ an assessment criteria is not the same as a criteria of dif-
ferentiation of natural primary fields of assessment;

♦♦ a change of the assessment criteria should be in line with 
the change of the purpose and scale;

♦♦ the criteria must always be very precisely formulated, and their 
equality or hierarchy of importance should be established.

The purpose of this paper is to develop a comprehensive as-
sessment of the submarine geodiversity, i.e., the diversity 
of abiotic components of the natural environment of a sea-
scape, of a selected part of the Słupsk Bank boulder area in 
the southern Baltic Sea. This paper includes an evaluation 
of the main components of the abiotic environment of the 
research area: bathymetry, landforms, relief energy, and tex-
tural diversity surface sediments. Achieving the purpose of 
the paper required finding a solution to a range of specific 
issues, such as: identification of the assessment criteria for 
the above-mentioned components in reference to a detailed 
scale of the study, choice of the optimum number of assess-
ment classes for the analyzed area, generating digital maps 
of geocomponents with the use of software ArcGIS (10.2.2.) 
and finally developing the geodiversity assessment with the 
use of a chosen classification method.

The paper presents an innovative method of cartographic 
visualization of submarine geodiversity on a geoinformation 
platform and using this map for indicating underwater areas, 
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attractive in terms of their natural environment. The present-
ed research approach is an adaptation of the method used so 
far to visualize and evaluate the geodiversity of terrestrial ar-
eas. The main methodical idea, i.e., using the geoinformation 
approach, was drawn on the works of Zwoliński (2008, 2009, 
2010), Zwoliński and Stachowiak (2012), Najwer and Zwoliński 
(2014), Najwer et al. (2016), as well as Zwoliński et al. (2018).

STUDY AREA

The study area covers a part of the Słupsk Bank, located in the 
southern part of the Baltic Proper, within the Polish Exclusive 
Economic Zone, at a distance of approximately 25 km north 
from Ustka (Fig. 1). Its north-western part is covered with a 
boulder-stony cover that results from the nature of the geo-
logical structure; this gives this area unique characteristics 
(Kotliński, 1985; Kramarska, 1991a and b). The uniqueness of 
this area consists in a very dense and extensive accumulation 
of stones and boulders within the bank. The boulder area of 
the Słupsk Bank, located away from the land, is less subject-
ed to anthropogenic influences than the near coastal zones. 
It is exposed to anthropogenic pressure resulting from fish-
ery to a lesser extent than other sea areas, because bottom 
trawling in this area is difficult due to the bottom covered 
with boulders. Because of its unique natural environment, it 

was proposed to include the region of the boulder area of the 
Słupsk Bank in the Baltic Sea Protected Areas scheme - HEL-
COM BSPA in the 1990s (Brodecki et al. 1997; Kruk-Dowgiałło, 
2001; Andrulewicz et al., 2004). 

As a result of the existing reservations of the Polish authori-
ties to the proposal, the decision to include the boulder area of 
the Słupsk Bank to the HELCOM BSPA scheme was not made. 
In 2004, the Słupsk Bank along with the boulder area was 
granted protection on the grounds of the Birds Directive and 
Habitats Directive within the European Ecological Network 
Natura 2000 (area code: PLC990001). The boulder surface area 
is 117.97 km² and constitutes 14% of the surface of the whole 
protected Natura 2000 area. Evaluation of the natural envi-
ronment included unique Polish marine seabed landforms, 
for example reef structures within the boulder area and in 
between sandy surfaces. One hundred km² of the Słupsk Bank 
boulder area, constituting around 90% of its whole surface 
area, were included in the study.

DATA AND METHODS

All field studies and preliminary elaboration of raw data were 
carried out as part of the project entitled “Ecosystem approach 
to marine spatial planning-Polish marine areas and the Nat-

Fig. 1.  Location map of the study area.
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ura 2000 network” implemented by the Maritime Institute in 
2004-2009. Spatial and nonspatial data are listed in Table I.

Environmental studies

As part of environmental studies, a sonar profiling and a ba-
thymetric probing was carried out and samples of surface 
sediments were collected. Measurements and surveys were 
carried out from the ship of the Maritime Institute in Gdańsk: 
R/V IMOR (Gajewski i in. 2007, Brzeska 2011).

Hydroacoustic measurements

In bathymetric profiling a full coverage of the bottom surface 
of the boulder area with depth measurements was assumed. 
This means that in the planning of the measurement profiles, 
apart from the criterion of the horizontal beam range depend-
ent on the depth of water under the transducer, an overlap of 
the size of a double error sum of the positioning system and 
the maximum deviation from the measurement profile with 
which a ship is able to stay on a surveyed profile (Lekkeverk et 

al., 2006) was accommodated for. Measurements of 124 pro-
files with the total length of 2,340 km were carried out. Multi-
beam echosounder SeaBat 8101 was used. On the basis of the 
obtained results a bathymetric map of the Słupsk Bank boul-
der was generated (Fig. 2).

Geological surveys

Initial analysis of the bathymetric and sonar maps allowed a 
project of geological sampling of the boulder area to be devel-
oped. A van Veen’s grab sampler with a sample area of 1,120 cm² 
was used for surface sampling. Sediment samples were collect-
ed at 79 sites and included 25 sediment borehole samples and 
54 surface samples, mainly from the so-called soft bottom. Un-
fortunately, collecting the borehole samples at each of planned 
localities with the use of available tools was not successful, in 
spite of two or three attempts to penetrate the seabed at spe-
cific places. Incomplete sampling was a premise to determine 
only the general nature of the seabed in the surveyed place - as 
a hard seabed with occurring stones. Additionally, 22 samples of 
the surface sediments were collected by a diver. 

Tab. I. Metadata for factor maps in the procedure of geodiversity assessment of the Słupsk Bank.

FACTor mAps sourCE DATA ClAssIFICATIon mETHoD pArAmETErs AnD CrITErIA GEoDIvErsITy vAluE

Factor map of relief 
energy (relative heights)

Bathymetric map (10 cm 
resolution); based on 
hydroacoustic measurements

Automatic classification 
with the natural breaks 
method (Jenks 1967)

relative height: 0-0.41 m 1 - low geodiversity

relative height: 0.42-1.00 m 2 - medium geodiversity

relative height: 1.01-2.00 m 3 - high geodiversity

relative height: 2.01-5.80 m 4 - very high geodiversity

Factor map of the mean 
grain diameter for the 
bottom sediments

Lithological map (10 cm 
resolution); based on sediment 
sampling

Automatic classification 
with the natural breaks 
method (Jenks 1967)

diameter of fractions: 0.10-4.80 mm 1 - low geodiversity

diameter of fractions: 4.81-10.98 mm 2 - medium geodiversity

diameter of fractions: 10.99-17.25 mm 3 - high geodiversity

diameter of fractions: 17.26-23.92 mm 4 - very high geodiversity

Factor map of the seabed 
landforms

Bathymetric map (10 cm 
resolution); based on 
hydroacoustic measurements

Semi-automatic 
classification of BPI and 
expert classification 
(landforms)

narrow depression, local depression on 
flat, lateral midslope depression, broad 
depression with an open bottom

1 - low geodiversity

broad flat 2 - medium geodiversity

shelf 3 - high geodiversity

open slopes, local crest in depression, 
narrow crest, steep slopes

4 - very high geodiversity

Fig. 2.  Detailed bathymetric map of the Słupsk Bank boulder area [m b.s.l. – meters below sea level] (generated on the basis of the data obtained from the Maritime 
Institute in Gdańsk).
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The subsea environment of the słupsk Bank

The research area was characterized based on maps and tables 
included in the Southern Baltic Geological Atlas (Atlas 1995).

Geology and distribution of surface sediments

So far, the Słupsk Bank boulder area has been poorly identified. 
The area was mapped as a residue of blocks, boulders and gravel 
with local outcrops of intact boulder clay (Kotliński, 1985) or as 
a thin cover of gravel on top of a boulder clay (Kramarska, 1995).

Data obtained from the surveys carried out in 2007 (during a 
field campaign of the project “Ecosystem approach to marine 
spatial planning-Polish marine areas and the Natura 2000 
network”) enabled to determine the boundaries of separate 
lithological sediments of the seabed surface. In some places, the 
thickness of the residue and accumulative cover could be speci-
fied. Boulder clays occur at the whole boulder area. The upper 
parts of the clay outcrops frequently occur shallowly below the 
seabed surface, from a few centimeters to 1 m, it may lay deeper 
at places. The clays are grey, very compact with many fine and 
medium gravels. The western part of the area is sandy, and the 
eastern, at least at places, is silty and loamy with smaller amount 
of gravel. A thin residue cover occurs on clays; it is composed of 
coarse-grained sediments with stones and single boulders.

Gravels of crystalline rocks dominate in the gravel and stony 
material, they are quite well rounded, with no traces of weath-
ering. Cobbles of cherry red silicate sandstones and cobbles of 
grey crystalline limestone and dark-grey dolomitic limestone 
occur much less frequently. They have Scandinavian origin 
(see Górska-Zabielska 2008). In the fraction of fine gravel there 
are numerous debris of pink feldspar. In some places, directly 
on the clays there are accumulations of well-sorted coarse-
grained sands, gravel sands, or sandy gravels of the subsea 
aggradation. The thickness of the sand and gravel cover identi-
fied by sounding ranges from 0.8 m to over 1 m (Kotliński, 1985; 
Kramarska, 1991a and b; Uścinowicz and Zachowicz, 1991).

Fine-grained sands create irregular patches in the north-west-
ern and south-eastern part of the area. Sediments fill in local 
hollows in the upper part of the boulder clays. The thickness of 
the sands, identified by sounding exceeds 2.5 m. The sands are 
usually fine-grained, with a prevailing 0.25–0.125 mm fraction 
and changeable admixture fractions: 0.125–0.063 mm, or frac-
tions of medium-grained sands 0.5–0.25 mm. Interbeddings 
of gravel sands and single coarse gravels and cobbles occur 
frequently in the profile of the sand cover. 

Accumulations of rock blocks, boulders and stones associated 
with glacially eroded bedrock exposures dominate above the 
surface of the residue covers and sand patches. Rocky mate-
rial is represented almost exclusively by crystalline rocks: usu-
ally magmatic (mainly granites), less frequently - metamorphic 
(gneisses and granite gneisses), and effusive (porphyries). The 
boulders are covered by macroalgae and periphyton fauna, 

mainly mussels. Processes of redisposition and periodical 
abrasion occur on the seabed surface. During intense storms 
gravels up to around 3 cm may be transported (Kotliński, 1985; 
Kramarska, 1991a and b; Uścinowicz and Zachowicz, 1991). This 
is indicated by previous direct observations of the bottom and 
measurements at the benchmarks installed at the Słupsk Bank 
(Gajewski and Uścinowicz, 1991). As a result of abrasion, sand 
fractions are washed out from the residue gravel and stone 
covers. Fine-grained sands migrate on the surface of the gravel 
sediments in the form of patches, sandbanks, and sand ribbons, 
and after repeated redisposition they accumulate in the aggra-
dation zones beyond the range of the maximum storm waves. 

According to the map of surface sediments (Atlas 1995), the 
study area is mainly composed of gravels in the central part of 
the boulder area. In the south-western and north-eastern part 
gravel sands appear. On the other hand, sandy gravels only oc-
cur in the south-eastern part of the studied area. Other fractions 
do not crop in the boulder area. On the other hand, on the sedi-
mentological map, at the depth of 1 m below the seabed surface 
(Atlas 1995) it may be noticed that boulder clays constitute the 
main occurring fractions, and sands occur only at places. 

seabed relief

The sea depth in the surveyed part of the boulder area ranges 
from 8.3 to 27.5 m (see Fig. 2). Shallow regions of the seabed oc-
cur in the southern part of the area, and the maximum depth was 
recorded in the northern part. The surface of the bottom gener-
ally deepens towards the north-west and the north. The seabed 
relief is very diverse, distinguishing the boulder area from other 
regions of the southern Baltic Sea (compare Atlas 1995). Glacial 
relicts dominate, while marine forms are secondary (Atlas 1995). 
Sequences of narrow and long ridges constitute a characteristic 
morphological element with a width even of a few dozen meters 
(up to 200 m at places) and a length ranging from a few hundred 
to 4-5 km. In the elevation zones, height differences of the bot-
tom greater than 10 m are common, apart from more shallow 
regions in the south-western part of the area, where height dif-
ferences are about a few meters. In most parts of the area, se-
quences of elevations have quite regular course, and their longer 
axis indicate the NE-SW direction. In the eastern part of the area 
these forms are aligned in the NW-SE direction or are distrib-
uted chaotically. The elevations’ slopes are notably asymmetri-
cal, generally steep on the south-eastern side and gentle on the 
north-west side. The gradient of the steep slopes usually exceeds 
10°, and reaches 25° at the most, and the inclination angle of the 
gentle slopes ranges usually from 2.5 to 5°.

The bottom of most of the area is slightly undulating with 
height differences ranging from 1 to 2–3 m and a slope angle up 
to 5°. Both the sequences of elevations and hilly areas are glacial 
relicts (Kotliński, 1985; Kramarska, 1991 a and b; Uścinowicz and 
Zachowicz, 1991). The elevation zones are usually built of rocky 
blocks and erosion-resistant boulders, they have a nature of 
monadnocks and are equated with the relicts of moraine ridges 
similar to de Geer’s moraines (Uścinowicz, 2010). Residue cov-
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ers, usually composed of coarse-grained sediments with stones 
and single boulders have developed in hilly areas.

Most of the area, specifically in its central part, contains hills of 
ice marginal zone of the frontal moraine with height reaching 
over 5 m (see Fig. 4). The southern and north-western part of 
the area is dominated by swellings of the ground moraine, and 
abrasive-accumulative plains located in the northern part of 
the studied area constitute the smallest surface area. In terms 
of morphogenesis, two relict forms of land origin may be found 
in the boulder area (hills of ice marginal zone of the frontal 
moraine, and swellings of the ground moraine), and one form 
of the marine origin, i.e. abrasive-accumulation plain.

GEODIVERSITY MAP CREATION

A map is the model of the natural environment, presenting 
distribution and features of its components (Kot, 2006). The 

following factors determine its content: purpose, area map-
ping nature, elaboration scale, and transfer. In GIS, visualiza-
tion of natural components on maps or images can be carried 
out with the use of two different spatial data models: raster 
and vector. Both the raster and vector data model has its ad-
vantages and disadvantages, although the map algebra with 
raster data is usually quick and easy to perform. There are 
many spatial operators coded to process raster data and for 
this reason, the raster data model is preferred for spatial anal-
ysis. Their main feature is the size of a primary field map cell 
- a unit of an image (usually expressed in inches). The grid size 
(cells in a raster) is called the resolution of a raster image. In ge-
ographic environmental studies, a few methods of the raster 
image analysis are used mostly to determine its diversity. For 
small research areas, the diversity of cells (raster) is analyzed 
in relation to the whole area and the results obtained in other 
areas are compared. In the case of large research areas, the 
so-called test fields with small surfaces are designated; these 
are located in area fragments typical and characteristic for the 
whole study, for example in representative types of landscape. 
Only for such designated test fields can an identification of 
variability of the particular map cells be carried out.

Vector maps can be produced through direct mapping of phe-
nomena in the field (for example, a land cover and transfer of 
the contours of individual classes on a map in a specific scale 
followed by vectoring them on a computer screen), or digitaliz-
ing generated earlier raster images (for example, scanned topo-
graphic maps or orthophoto and satellite images), or through 
generating them on the basis of collected continuous variables 
(for example, height above the sea level). The accuracy of gener-
ated vector maps most of all depends on their author’s experi-
ence and knowledge, the scale and elaboration method, soft-
ware and quality, as well as distribution of the output materials. 

In fact, the vast majority of the natural environment’s objects 
has a nature of surface structures. Polygons in vector images 
and surface structures in raster images are most suitable for 
all environmental surveys (Kot, 2006). Very small objects of 
the natural environment are easier to be visualized in vector 
models with the use of points and lines.

Data processing done in order to obtain final geodiversity 
maps consisted in multiple stages. A systematic research de-
sign was proposed (Fig. 3).

The first step of the work, the most time-consuming and cost-
ly, involved obtaining data in the field according to the made 
methodological assumptions (Natural habitats of the Polish 
Baltic zone. The Słupsk Bank boulder area, 2011). For the pur-
pose of the present study, data were re-used. The next step in-
cluded an integration and exploration of the source data - the 
appropriate formats of text data, folders *txt or *asc were pre-
pared. These data had a form of x, y, and z on the output, and it 
has to be noted that the z value contained information on the 
value of the component of interest. The second stage involved 
preparing raster maps with the use of the ASCII to Raster func-

Fig. 3.  Research workflow regarding creation of a geodiversity map on the 
basis of a general research workflow of geodiversity assessment in 
geoinformation systems (acc. to Najwer, Zwoliński 2014).
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tion of ArcGIS software. At this stage, the first digital maps (e.g., 
Fig. 4) and the spatial database containing the characteristics of 
the Słupsk Bank natural environment were created. In the case 
of the bathymetric map (Fig. 2), isobaths with a cut every 0.5 m 
were produced from a generated raster. The greatest depth at 
the Słupsk Bank boulder area is 27.5 m, and the smallest: 8.3 m. 

The average depth for the surveyed area was 18.5 m. The 

bathymetric map became the basis for creating a map of relief 
energy (Fig. 4). This map shows local heights as differences 
between the maximum height and the minimum height in the 
analyzed moving window. The lithological map of the surveyed 
area (Fig. 5) was used as input for the final geodiversity map. This 
factor map was generated by creating a raster based on a text 
file *asc. This file contained geographical coordinates (x, y) and 
information regarding the diameter of fractions (mm) at a given 

Fig. 5.  Spectral map of the mean grain diameter in mm for bottom deposits of the Słupsk Bank boulder area (generated on the basis of the data received from the 
Maritime Institute in Gdańsk).

Fig. 4.  Factor map of relief energy classification (i.e. relative height) of the Słupsk Bank boulder area in four classes of geodiversity: class 1 – low geodiversity, class 2 – 
medium geodiversity, class 3 – high geodiversity, class 4 – very high geodiversity (an automatic classification) (developed on the basis of the data received from 
the Maritime Institute in Gdańsk).

Fig. 6.  Factor map of the mean grain diameter for the bottom deposits of the Słupsk Bank boulder area in four classes of geodiversity: 1 – low geodiversity, class 2 – 
medium geodiversity, class 3 – high geodiversity, class 4 – very high geodiversity (an automatic classification) (generated on the basis of the data received from 
the Maritime Institute in Gdańsk).
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measurement point. Subsequently, on the basis of a generated 
raster, textural isolines were drawn every 1 mm.

An automatic reclassification of the lithological data to four class-
es (Fig. 6) was carried out, with the use of the Jenks (1967) natural 
breaks classification algorithm. In terms of lithology, in the re-
search area, the greatest percent of the surface area is made up 
by class 4 very high geodiversity - 33.44%, then class 1 low geodi-
versity – 25.37%, and the smallest, but very similar to each other is 
made up by two remaining classes - 2 and 3, 21.15% and 20.04%, 
respectively. The last factor map is a map of seabed landforms, 
showing terrain forms occurring in the boulder area. It was gener-
ated as a result of using an additional module of ArcGIS software - 
Benthic Terrain Modeller (NOAA Office for Coastal Management, 
2017), which contains the Bathymetric Position Index (BPI) tool. 
BPI allows to classify seabed terrain forms of the research area. A 
digital model of the seabed is necessary to carry out the analysis 
- bathymetric map (see Fig.4). With the use of the algorithm of 
BPI classification implemented in the tool, it is possible to obtain 
13 divisions (Lundblad et al. 2004). Eleven out of the 13 proposed 
seabed forms occur in the studied area (Fig. 7).

The created map of seabed landforms of the boulder area was 
then subjected to an expert classification into four geodiversity 
classes. During the classification, the main morphological fea-

tures were adhered to. The first class includes concave (negative) 
forms as an expression of abrasive (denudation) processes: nar-
row depression, local depression on flat (plain), lateral midslope 
depression, broad depression with an open bottom. Broad flat 
(plain) and shelf constitute separate classes 2 and 3. The last 
fourth class includes convex (positive) forms as an expression of 
accumulation processes: open slopes, local crest on flat (plain), 
lateral midslope crest, narrow crest, and steep slope (Fig. 8). In 
the boulder area the greatest surface is covered by class 3 high 
geodiversity, then class 2 medium geodiversity and 1 low geodi-
versity, and the smallest - by class 4 very high geodiversity.

The expert and automatic reclassification of prepared factor 
maps (Fig. 4, Fig. 6, Fig. 8) and assigning (via automatic and 
semi-automatic classification) them values from 1 to 4, cor-
responding to qualitative description of the diversity: class 1 – 
low geodiversity, class 2 – medium geodiversity, class 3 – high 
geodiversity, class 4 – very high geodiversity, allowed a sum-
mary geodiversity map to be prepared (Fig. 9). A summary 
geodiversity map is the effect of the overlap function using 
the Boolean operator “or”. The factor maps: geodiversity map 
of relief energy (Fig. 4), geodiversity map of textural feature of 
bottom deposits (Fig. 6), and geodiversity map of the seabed 
landforms (Fig. 8) have been subjected to map algebra and 
classified with the Jenks (1967) natural breaks method.

Fig. 7.  Map of seabed landforms of the Słupsk Bank boulder area: 1 – narrow depression, 2 – local depression on flat, 3 – lateral midslope depression, 4 – broad 
depression with an open bottom, 5 – broad flat, 6 – shelf, 7 – open slopes, 8 – local crest on flat, 9 – lateral midslope crest, 10 – narrow crest, 11 – steep slope 
(generated on the basis of the data obtained from the Maritime Institute in Gdańsk).

Fig. 8.  Factor map of the seabed landforms in the Słupsk Bank boulder area in four classes of geodiversity: 1 – low geodiversity, class 2 – medium geodiversity, class 3 – high 
geodiversity, class 4 – very high geodiversity (an expert reclassification) (generated on the basis of the data received from the Maritime Institute in Gdańsk).
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Based on the received results of the summary geodiversity 
map (Fig. 9), an automatic reclassification of the data to four 
classes (Fig. 10) was carried out. This enables an easier and 
clearer interpretation of the final results.

FINAL REMARKS

On the basis of the final geodiversity assessment map (Fig. 10) it 
was found that the central and north-western part of the Słupsk 
Bank is characterized by a very high value of geodiversity (class 4). 
On the other hand, high geodiversity (class 3) dominated in the 
central part of the area, but also in the south-western part of the 
boulder area. In terms of a percentage share, low (class 1 – 31.64%) 
and medium (class 2 – 31.16%) geodiversity cover more than 60 % 
of the surface of the boulder area. In contrast, high geodiversity 
(class 3) covers 27.87%, and very high geodiversity (class 4) - only 
9.33% of the surface of the studied area. The central and north-
western part of the Słupsk Bank boulder area is the most valuable 
in terms of geodiversity (Fig. 10). In contrast, the south-eastern 
part of the research area is characterized by the lowest diversity. 
An interesting situation can be noted in the south-western part 
of the boulder area, because the two highest classes (high - 3, and 
very high - 4) occupy the largest surface in this area in one/few 
pieces. The results of joint hydroacoustic and geological surveys 
carried out in the Maritime Institute in Gdańsk were used for the 

evaluation of the Słupsk Bank boulder area in terms of its geodi-
versity. Criteria developed for the evaluation enabled researchers 
to determine primarily regions with a hard, stony seabed, with 
continuous elevations - erosive hills - the Słupsk Bank boulder 
area, unique in the Polish marine areas, with the highest natural 
environment value in regard to, e.g., benthos groups (biologi-
cal surveys, not included in this paper). The main purpose of the 
mapping of the marine habitats should be to determine - pri-
marily within the boundaries of the protected areas (e.g., in the 
Natura 2000 network) - regions showing the highest abiotic and 
biotic value, potentially excluded from economic activities, and 
regions with lower value, which can be used by economic entities, 
as part of sustainable development. By applying indirect methods 
of geodiversity (Zwoliński et al., 2018), much cheaper and faster 
assessment of areas potentially attractive in terms of their habitat 
is possible. Habitats with high geodiversity should be particularly 
well protected. However, evaluation of these areas is only the first 
stage of conducting activities within both protection and man-
agement of marine areas. The gained knowledge and experience 
should be used to prepare spatial management plans for particu-
lar areas, accommodating for plans to protect the Natura 2000 
areas and the HELCOM BSPA areas.

In terms of the natural environment, the most valuable regions 
(high and very high geodiversity) should be strictly protected. 
It is not recommended to interfere with the seabed of these 

Fig. 9.  Summary geodiversity map of the Słupsk Bank boulder area presents scores as a sum of points from factors maps.

Fig. 10.  Map of geodiversity of the Słupsk Bank boulder area in four classes of geodiversity: 1 – low geodiversity, class 2 – medium geodiversity, class 3 – high geodiversity, 
class 4 – very high geodiversity (an automatic reclassification).
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regions through aggregate exploitation, cable laying, installa-
tion of hydro-engineering constructions, etc. In the remaining 
regions, i.e., in classes of medium and low geodiversity, and even 
in the Natura 2000 area, economic activity could be allowed, 
provided that appropriate environmental conditions were 
maintained; these conditions would determine the need for in-
vestors to ensure the necessary activities reducing the effects of 
influences of a given enterprise on the environment of the area. 
The obtained results and their presentation in the form of the 
factor and the final geodiversity maps show that the method 
used to assess geodiversity can be applied for evaluation of 
other protected areas and areas intended for economic exploi-
tation, within the context of undertaking protective measures 
- creating plans of the protection of the Natura 2000 areas and 
spatial management plans for the Polish marine areas.

On the other hand, the method of spatial assessment of geo-
diversity within a geoinformation platform can be a good tool 
to improve and objectivize the assessment of the natural en-
vironment features. It also allows the potential of an area to 
be determined, which is helpful in creating characteristics of 
geodiversity in a surveyed area. The method of assessment 

of geodiversity of a seascape can be used both in the case of 
large-scale areas, and those on a local scale, serving a widely 
understood environmental shaping, and promoting and de-
veloping knowledge regarding the studied area. The present-
ed geodiversity assessment is a type of spatial analysis of the 
natural environment, in this case - its selected abiotic compo-
nents. It involves computer processing of appropriately pro-
cessed raster data, with final results in the form of a synthetic 
map showing phenomena and elements of the natural envi-
ronment, as well as relations between them, within the scope 
relevant to the purpose of the research.
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