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Abstract The majority of the southern Baltic Sea seabed encompasses homogenous soft- 
bottom sediments of limited productivity and low biological diversity, but shallow produc- 
tive areas in the coastal zone such as wetlands, vegetated lagoons and sheltered bays show a 
high variety of benthic habitat types offering favourable biotopic conditions for benthic fauna. 
Within Polish marine areas, semi-enclosed Puck Bay (the western part of the Gulf of Gda ńsk) 
features an exceptionally diverse environment covering a range of benthic habitats which un- 
derscores its unique biological value and aesthetic quality and providing an impetus for con- 
servation and ecosystem-based development. Full-coverages maps on benthic habitats in this 
area are therefore a necessary foundation for maritime spatial planning and implementation of 
strategies for sustainable management and protection of the coastal environment. This study 
presents the first comprehensive description and distribution of benthic habitats in Puck Bay 
which were categorised using the revised EUNIS 2019 classification system. Typological analyses 
were carried out based on inventory datasets from 1995 to 2019 including scientific publica- 
tions, satellite images, open databases, topographic and geological maps, reports, theses, in- 
formation available on websites and unpublished data shared willingly by individual researchers 
and administrative institutions. Collating various spatial data sources, that were first georefer- 
enced and then visualized using techniques available in ArcMap 10.4.1 software (Esri), resulted 
in the mapping of benthic habitats and sites of important and protected plant species, which 
can contribute to the high confidence in environmental assessments and monitoring activities. 
© 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

enthic habitats in coastal areas and bays are complex 
ystems with a high degree of geochemical, hydrological 
nd ecological heterogeneity, patchiness and often mul- 
iple anthropogenic pressures ( Gamito et al., 2012 ). The 
abitats are considered key drivers of diversity, functioning 
nd ecosystem services ( Torn et al., 2017 ), and therefore 
re the subject of regional inventories using hierarchal 
lassification systems and spatial mappings. Comprehensive 
ull-coverage mapping of benthic habitats provides infor- 
ation of critical importance to the identification of the 
eascape and benthic species distributions and ecosystem 

unctions ( Evans et al., 2014 ) and to the facilitation of 
abitat-based management such as marine spatial planning 
nd nature conservation ( Greene et al., 2007 ). Additionally, 
asin-scale benthic habitat maps support the implementa- 
ion of marine legislation, e.g. the Europe Habitat Directive 
nd the EU Marine Strategy Framework Directive. To this 
nd, different classification schemes have been developed 
orldwide ( Galparsoro et al., 2012 ). For European seas, the 
UNIS (European Union Nature Information System) habitat 
lassification system was implemented in 2004 with the aim 

f providing a common European reference set of habitat 
ypes ( Davies et al., 2004 ). It is only recently (in 2019) that
he EUNIS system was revised with all the habitat units at 
evels 1 to 3 being re-coded and some of them renamed 
 https://www.eea.europa.eu ). This revision established 
ore consistency, removed ambiguity, eliminated overlaps 

n definitions of types and extended the typology to the 
ntire European continent and adjacent seas ( Chytrý et al., 
020 ). The EUNIS 2019 system is based on a step-by-step 
rdering of information on environmental conditions in the 
rea such as water and light transmittance depths, granu- 
ometry of surface sediments, hydrological parameters, and 
acrophyte species composition and biomass ( Chytrý et al., 
020 ). The EUNIS 2004 system, but not yet the EUNIS 2019 
cheme, was also successfully employed in the typology 
f the Baltic Sea bottom (e.g., Sokołowski et al., 2015 ) 
lthough, due to the specific hydrological and ecological 
eatures of this area, other classification systems have been 
roposed in recent years. Systems such as the HELCOM 

UB scheme ( HELCOM, 2013a ) and many local studies, 
.g. Olenin (1997) , Urba ński and Szymelfenig (2003) , 
iecken et al. (2006) , Martin et al. (2013) and 
chiele et al. (2015) additionally undertook an accounting 
f the biotic (biological) properties of the environment. 
hysical- and biological-based benthic habitat mapping was 
onstructed for several Baltic areas, e.g. the Polish mar- 
time areas ( Gic-Grusza et al., 2009 ), the German Baltic Sea 
 Schiele et al., 2015 ), the Estonian marine areas ( Torn et al.,
017 ) and the Gulf of Finland ( Martin et al., 2010 2013 ).
he Baltic Sea seabed was inventoried also in the frame of 
arge-scale EU-supported programs that offer free access to 
lassified maps based on selected environmental variables, 
.g. EMODnet ( https://emodnet.eu/en/what-emodnet ) 
nd Al-Hamdani and Reker (2007) . 
The benthic habitats of Puck Bay have been the sub- 

ect of several scientific studies and natural inventories in 
ecent years (e.g., Gic-Grusza et al., 2009 ) but the de- 
ailed bottom topology of this water basin is still poorly 
nown. Due to its exceptionally diverse environment cover- 
302 
ng a range of benthic habitats, Puck Bay forms the most 
aluable area in the Polish coastal zone in terms of tax- 
nomic diversity and the presence of rare and protected 
pecies ( W ęsławski et al., 2009 ). The variety of habitats 
n such a small water-basin underscores its unique bio- 
ogical value and aesthetic quality which provide an im- 
etus for conservation ( Sokołowski et al., 2015 ). An in- 
er part of the bay (the Puck Lagoon) has been desig- 
ated as a Special Protection Area (PLB 220005) and Spe- 
ial Area of Conservation (PHL 220032) as described in 
atura 2000, the EU-wide network of nature protection ar- 
as. On the other hand, intensive human activities in this 
rea, e.g. sewage treatment, eluting salt deposits on land 
nd the resultant brine discharge into the coastal waters 
 Robakiewicz, 2018 ), dumping materials from the dredging 
f sediments ( Cie ślikiewicz et al., 2018 ), and the testing 
nd evaluation of military equipment raise concerns about 
heir environmental consequences. Previous environmental 
mpact assessments resulted in the accumulation of data but 
sually the assessments are either local (based on point ob- 
ervations) or are scattered among different sources and/or 
tored as non-standardised datasets and maps. What is 
ore, maritime spatial planning for the Gulf of Gda ńsk, in- 
luding Puck Bay, assumes the near-future development of 
dditional areas of qualified coastal tourism, mariculture 
nd industrial infrastructure such as installations for the 
ransshipment of gas and pipelines for its transportation) 
 Study of Conditions of Spatial Development of Polish Sea Ar- 
as, 2016 ; Zaucha, 2010 ). Implementation of these plans re- 
uires a detailed inventory of benthic habitat classes cover- 
ng the most valuable nearshore marine areas and including 
rotected areas such as the Natura 2000 sites ( Martin et al., 
013 ; W ęsławski et al., 2013 ) as well as the most important
ascular plants and macrophytes. Full-coverage maps on the 
istribution of benthic habitats also form the background 
or environmental assessments and future monitoring ac- 
ivities, e.g. for Red List work ( HELCOM, 2013b ) and the 
ulfilment of the European Union Marine Strategy Frame- 
ork Directive (MSFD) (2008/56/EC, EU Commission, 2008 ) 

 Schiele et al., 2015 ). 
This study has therefore been set up to identify, describe 

nd define the distribution of the main benthic habitats for 
he whole of Puck Bay using the revised EUNIS 2019 clas- 
ification system and based on the most up-to-date ref- 
rences and the unpublished sources that were available 
o the authors. For the first time, detailed and thorough 
asin-scale mapping of this bay was provided as a neces- 
ary foundation for the implementation of maritime spa- 
ial planning and development of strategies for sustainable 
cosystem-based management and protection of the coastal 
nvironment. Merging and harmonising different datasets 
llowed the construction of maps depicting benthic habi- 
ats replete with the location and extent of hydrotechni- 
al infrastructure and underwater objects. Such documen- 
ation of marine habitats can serve also as a baseline against 
hich future changes to seafloor conditions in Puck Bay, that 
ay be differentially associated with natural and human- 

nduced processes, can be detected. This aspect is of par- 
icular relevance for the assessment of habitat ecological 
tatus as recent studies indicate modification of the tax- 
nomic structure of macrobenthic plants and their redis- 
ribution on the seafloor in the photic zone of the bay 

https://www.eea.europa.eu
https://emodnet.eu/en/what-emodnet
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Figure 1 Location of Puck Bay in the Gulf of Gda ńsk (southern Baltic Sea). 
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e.g., Jankowska et al., 2014 , 2018 ; J ędruch et al., 2019 ;
 ęsławski et al., 2013 ). 

. Material and methods 

.1. Source data 

n order to determine the type and spatial distribution of 
enthic habitats in Puck Bay, a definition, nomenclature, 
nd hierarchical principles from the EUNIS 2019 classifica- 
ion system were adopted. According to the criteria used, 
hree depth zones have been distinguished in the bay: 1) 
he littoral (hydrolittoral) zone which represents an area 
f water depth < 0.5 m, 2) the infralittoral (photic zone) 
nd 3) circalittoral (aphotic zone). The boundary layer be- 
ween infra- and circalittoral zone has been specified as 
ater depth at which 1% Photosynthetically Active Radia- 
ion (PAR) reaches the bottom ( Al-Hamdani and Reker, 2007 ; 
ic-Grusza et al., 2009 ). Typological analyses of the bot- 
om habitats were carried out based on inventory datasets 
rom 1995 to 2019 available in the form of scientific publi- 
ations, satellite images, topographic and geological maps, 
eports, theses, information available on websites and the 
ata collected by individual authors or research and ad- 
inistrative institutions but not yet published. The data 
sed for classification accounted for hydrological (water 
nd light transmittance depths), geomorphological (a type 
f sediment), navigation (hydrotechnical infrastructure and 
nthropogenic objects) and biotic (the presence of ben- 
303 
hic vegetation and plant species dominating in the biomass 
tructure) parameters at selected sites located in the area 
f Puck Bay. Due to scattered and discontinuous data, which 
n most cases are based on point observations and thus of 
ow spatial resolution, information on macrofaunal species 
as not included in the analyses. In addition, according to 
 ęsławski et al. (2013) the occurrence of uniform seabed 
orms in the bay is weakly related with the distributions of 
ndividual benthic species or multi-species assemblages due 
resumably to specific characteristics of the local macro- 
auna which is dominated by highly tolerant, eurytopic 
pecies of opportunistic strategies. A straight line from the 
ip of the Hel Peninsula in the north to the Orłowo Headland 
f the Orłowo Cliff in the south was conventionally treated 
s the eastern border of the bay ( Figure 1 ) ( Majewski, 1990 ).
A total of 19 data sources were used in the analysis which 

ncluded 17 published and two unpublished references. 
pecifically, geomorphological and biotic data were ex- 
racted from 15 published references and three unpublished 
eferences shared by the Maritime Office in Gdynia and 
ndividual researchers. Distribution of surface sediments 
y type and location of anthropogenic deposits were de- 
ned based on four analogue maps ( Table 1 ). Fourteen data 
ources (eight analogue maps and six tabular field survey 
atasets with geographical coordinates) provided informa- 
ion on the presence of benthic vegetation and plant species 
ominating in the biomass structure. When necessary, sam- 
le data were averaged per stations/area and standardised 
o the area of 1.0 m 

2 . If the confidence in dataset maps or
abular data on distribution of macrobenthic plants was low, 
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Table 1 Sources of the spatial data layers presented in the study. 

Geospatial data 
model Layer Type and processing of input data Reference 

Vector (points) Wrecks and other 
underwater objects (metal 
and concrete constructions, 
other artificial objects, 
boulders and pebbles) 

Hydrographic survey data with 
geographical coordinates, dimensions 
and description of the objects 1) on 
the basis of which the data layer was 
created by authors. 

1) Hydrographic Office of the 
Polish Navy (unpubl. data) 

Vector (lines, 
polygons) 

Hard coastal protection 
structures (seawalls, 
breakwaters), ports and 
other hydrotechnical 
objects 

Technical documentation of maritime 
administration with geographical 
coordinates and description of the 
objects 2), 3) supplemented by the 
analysis of recent satellite images 
carried out by the authors with 
geographical coordinates and 
description 4), 5) on the basis of which 
the data layer was created by 
authors; the dimensions of objects 
were calculated in the GIS software 
by the authors. 

2) Maritime Institute in Gda ńsk 
(2013) 
3) Michałek and 
Kruk-Dowgiałło (2013) 
4) Google Maps (2018) 
5) Sentinel Hub (2018) 

Vector (polygons) Types of surface sediments 
(mixed sand and gravel, 
coarse-grained sand, 
medium-grained sand, 
fine-grained sand, 
vari-grained sand, silty 
sand, sand-silt-clay, clayey 
silt, silty clay) 

Digitized and georeferenced analogue 
maps of the distribution of sediment 
types 6), 7) on the basis of which the 
data layer was created by authors; 
the geographical coordinates and the 
area of particular sediment types 
were calculated in the GIS software 
by the authors. 

6) Kramarska (1995) 
7) Smoła et al. (2014) 

Vector (polygons) Anthropogenic sediments 
(post-dredging pits, 
dumping site) 

Digitized and georeferenced analogue 
maps of the distribution of 
anthropogenic sediments 8), 9) on the 
basis of which the data layer was 
created by authors; the geographical 
coordinates and the area of sites 
were calculated in the GIS software 
by the authors. 

8) Maritime Office in Gdynia 
(2011) 
9) Szefler et al. (2012) 

Vector (polygons) Zostera marina beds Field survey data (including 
underwater observation by a SCUBA 
diver) with geographical coordinates 
and description of the sites 
10), 11), 12), 13), 14) supplemented by 
digitized and georeferenced analogue 
maps 15), 16), 17), 18), 19), 20), 21) and 
geospatial data layer of the 
distribution of macrophytes 22) on the 
basis of which the data layer was 
created by authors; the missing 
geographical coordinates and the 
area of sites were calculated in the 
GIS software by the authors. 

10) Włodarska- 
Kowalczuk et al. (2014) 
11) Sokołowski et al. (2015) 
12) Jankowska et al. (2016) 
13) Bałazy (unpubl. data) 
14) Zgrundo (unpubl. data). 
15) Gic-Grusza et al. (2009) 
16) 
Kruk-Dowgiałło et al. (2009) 
17) Smoła (2012) 
18) Smoła et al. (2014) 
19) Bełdowska et al. (2015) 
20) D ąbrowska et al. (2016) 
21) J ędruch et al. (2019) 
22) https://www.iopan.pl/ 
projects/Zostera 
23) Michałek and 
Kruk-Dowgiałło (2015) 

( continued on next page ) 
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Table 1 ( continued ) 

Geospatial data 
model 

Layer Type and processing of input data Reference 

Vector (polygons) Stuckenia pectinata and 
other angiosperms (i.e. 
Zannichellia sp., Ruppia 
sp., Myriophyllum sp.) 

Field survey data (including 
underwater observation by a SCUBA 
diver) with geographical coordinates 
and description of the sites 
10), 12), 13), 14) supplemented by 
digitized and georeferenced analogue 
maps of the distribution of 
macrophytes 15), 18), 20) on the basis of 
which the data layer was created by 
authors; the missing geographical 
coordinates and the area of sites 
were calculated in the GIS software 
by the authors. 

Vector (polygons) Chara spp. Field survey data (including 
underwater observation by a SCUBA 
diver) with geographical coordinates 
and description of the sites 
10), 12), 13), 14) supplemented by 
digitized and georeferenced analogue 
maps of the distribution of 
macrophytes 15), 18), 20) on the basis of 
which the data layer was created by 
authors; the missing geographical 
coordinates and the area of sites 
were calculated in the GIS software 
by the authors. 

Vector 
(lines) 

Reeds Digitized and georeferenced analogue 
map of the distribution of 
macrophytes 23) on the basis of which 
the data layer was created by 
authors; the geographical coordinates 
and the area of sites were calculated 
in the GIS software by the authors. 

Vector (points) Macroalgae (i.e. Furcellaria 
lumbricalis (filamentous 
algae)) 

Field survey data (including 
underwater observation by a SCUBA 
diver) with geographical coordinates 
and description of the sites 
10), 11), 12), 13), 14) supplemented by 
digitized and georeferenced analogue 
maps 15), 16), 17), 18), 19), 20), 21) and 
geospatial data layer of distribution 
of macrophytes 22) on the basis of 
which the data layer was created by 
authors; the missing geographical 
coordinates and the area of sites 
were calculated in the GIS software 
by the authors. 

a
i
t
b
f
o

C
f
s
t
w
w

n expert judgment was used. Navigation data on harbour 
nfrastructure, industrial and military hydrotechnical struc- 
ures and coastal protection engineering structures such as 
ands, stone embankments and breakwaters were obtained 
rom one publication, one unpublished source and three 
pen-access databases including Google maps supported by 
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NES/Airbus and Maxiar Technologies satellite images. In- 
ormation on underwater anthropogenic (e.g., shipwrecks, 
unken anchors, pipelines, sewage treatment plant collec- 
ors) and natural objects (e.g., larger boulders and stones) 
ere compiled from tabular datasets which were provided 
illingly by the Hydrographic Office of the Polish Navy and 
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he Maritime Office in Gdynia. Each object was assigned 
ccurate GPS coordinates, depth of submergence, length, 
idth, height and water depth above it. Dimensions were 
easured to the nearest 0.1 m and 3.0 m for submerged 
nd immersed objects, respectively. Since the exact dimen- 
ions of some objects were difficult to determine due to un- 
nown construction and a degree of destruction or burial, 
he non-public databases, available literature datasets 
 Dubrawski and Zawadzka-Kahlau, 2006 ; Hydrographic Of- 
ce of the Polish Navy, Maritime Institute in Gda ńsk, 2013 ; 
ttps://www.google.pl/maps ) and own measurements were 
sed to estimate their surface area. The percentage contri- 
ution of surface area of a given habitat was estimated as 
 ratio of the surface area covered by the habitat to the 
otal area of Puck Bay. Similarly, the percentage share of a 
iven habitat along the shore was calculated as a ratio of a 
oastline length occupied by the habitat to the total length 
f the bay coastline. The contour map and the bathymetry 
f the study area were provided by the GIS Centre of the 
niversity of Gda ńsk ( www.cgis.oig.ug.edu.pl ). 

.2. Data processing and visualisation methods 

he analysis and visualisation of the geographic data were 
arried out using ArcMap 10.4.1 software (Esri) with the 
GS 1984 coordination system and the UTM zone 34N pro- 
ection for data presentation. Methods of data transforma- 
ion and the mapping of benthic habitats using the Geo- 
raphical Information Systems (GIS) were described in de- 
ail in Urba ński and Szymelfenig (2003) and are presented 
ere only in brief. Analogue maps were first aligned to the 
orrect location using the georeferencing tool and the exist- 
ng spatial data. This process involved the identification of 
 series of control points that linked locations on the map 
ith locations in the spatially referenced data. To deter- 
ine the correct coordinate location of the source data, 
he first-order polynomial transformation was used. This 
ype of transformation is commonly employed to georefer- 
nce an image. However, it does not guarantee local ac- 
uracy and tends to give a small random type error. The 
eoreferenced data were then digitalised manually by trac- 
ng the lines or points from the scanned or downloaded 
ource datasets. The manual digitisation and vectorisation 
s the preferred method when dealing with historical maps 
nd the data with low resolution ( Kaim et al., 2016 ). The 
ectorisation of the source map was performed by tracing 
he individual pixels of the image and placing the vertex 
f a newly created shape at each outside corner pixel. The 
oint data with known spatial location obtained from the 
rovided databases, documents or unpublished fieldwork re- 
orts were converted into features following format unifica- 
ion of geographical coordinates. The data layers, contain- 
ng information on a single attribute (e.g., water and light 
ransmittance depth, sediment type, the presence of vege- 
ation, the presence of submerged objects) were generated 
fter applying on the created features the commonly used 
eoprocessing tools, including extract and overlay analy- 
is. The final ensemble map of benthic habitats was gen- 
rated by intersecting individual spatial data layers of dif- 
erent seabed properties based on a predetermined clas- 
ification scheme as shown in Table 2 . To ensure data in- 
egrity all created maps were closely examined for errors 
306 
uch as multipart, overlapping and sliver polygons (small 
olygons resulting from layer intersection) or gaps between 
olygons which were identified and corrected using a geo- 
atabase topology. The resulting seabed classification map 
nd its individual layers generated in this study are avail- 
ble on request from the authors. The taxonomic nomen- 
lature of plants, macroalgae and animals followed Algae- 
ase ( www.algaebase.org ) and the World Register of Marine 
pecies (WoRMS, www.marinespecies.org ). 

. Results 

n the littoral (coastal), infralittoral and circalittoral zones 
f Puck Bay, a total of eight benthic habitats were distin- 
uished, taking a level 2 as the most detailed categorisa- 
ion criterion according to the adopted EUNIS 2019 classifi- 
ation system ( https://www.eea.europa.eu ). All habitats in 
he bay were classified to the superior marine habitat cat- 
gory (level 1; EUNIS 2019 code M) and, depending on the 
ater and light transmittance depths, and a substrate type 
level 2), were divided into eight subcategories ( Figure 2 , 
able 2 ). 

.1. Habitat Littoral sand 

he habitat Littoral sand (MA5) occupies a narrow strip 
f the bottom (excluding sections with hydrotechnical 
tructures) along the coastline which periodically emerges 
s a result of water level changes ( Kramarska, 1995 ; 
moła et al., 2014 ). This habitat reaches a water depth of 
bout 0.5 m and is characterised by a relatively small area 
nd high diversity of the resident benthic macroplants (level 
; Baltic hydrolittoral sand — MA53, including two habitats 
t level 4 Baltic hydrolittoral sandy substrata characterized 

y emergent vegetation — MA531 and Baltic hydrolittoral 
and characterised by submerged rooted plants — MA532, 
nd three habitats at level 5, i.e. Baltic hydrolittoral sand 

ominated by common reed — MA5311, Baltic hydrolittoral 
and dominated by Potamogeton perfoliatus and/or Stucke- 
ia pectinata — MA5321 and Baltic hydrolittoral sand domi- 
ated by Charales — MA5324 ( https://www.eea.europa.eu ). 
he percentage contribution of this habitat to the total area 
f the Puck Bay seabed was estimated at 1.3% (5.1 km 

2 ). The
ength of the Puck Bay coastline with the typical marshy 
ommon reed Phragmites australis was estimated at 16.5 
m, i.e. 13.8% of the total shoreline length of the bay. 

.2. Habitats Infralittoral rock and Circalittoral 
ock 

ll types of the hard bottom can be classified into two 
ubcategories (level 2) according to the EUNIS 2019 hier- 
rchy: Infralittoral rock (MB1) and Circalittoral rock (MC1) 
 https://www.eea.europa.eu ) ( Table 2 ). The total surface 
rea of hard substrate in Puck Bay is estimated at 0.6 km 

2 ,
hich is nearly 0.02% of the bay seabed surface area, in- 
luding anthropogenic and natural hard objects ( Table 3 ). 

.2.1. Anthropogenic objects 
bjects of anthropogenic origin (level 4: Baltic infralit- 
oral hard anthropogenically created substrates — MB13M 

https://www.google.pl/maps
http://www.cgis.oig.ug.edu.pl
http://www.algaebase.org
http://www.marinespecies.org
https://www.eea.europa.eu
https://www.eea.europa.eu
https://www.eea.europa.eu
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Table 2 Types and codes of the benthic habitats distinguished in Puck Bay at different levels of the EUNIS classification system 

( https://www.eea.europa.eu ). 

Level 1 Level 2 Level 3 Level 4 Level 5 

(M) Marine 
benthic 
habitats 

(MA5) Littoral sand (MA53) Baltic 
hydrolittoral sand 

(MA531) Baltic 
hydrolittoral sandy 
substrata characterized 
by emergent vegetation 

(MA5311) Baltic 
hydrolittoral sand 
dominated by common reed 

(MA532) Baltic 
hydrolittoral sand 
characterised by 
submerged rooted plants 

(MA5321) Baltic 
hydrolittoral sand 
dominated by Potamogeton 
perfoliatus and/or 
Stuckenia pectinata 
(MA5324) Baltic 
hydrolittoral sand 
dominated by Charales 

(MB1) Infralittoral 
rock 

(MB13) Baltic 
infralittoral rock 

(MB131) Perennial algae 
on Baltic infralittoral rock 
and boulders 
(MB13M) Baltic 
infralittoral hard 
anthropogenically 
created substrates 

(MB3) Infralittoral 
coarse sediment 

(MB33) Baltic 
infralittoral coarse 
sediment 

(MB332) Baltic 
infralittoral coarse 
sediment characterised 
by submerged rooted 
plants 

(MB3325) Baltic infralittoral 
coarse sediment dominated 
by Zostera marina 

(MB5) Infralittoral 
sand 

(MB53) Baltic 
infralittoral sand 

(MB532) Baltic 
infralittoral sand 
characterised by 
submerged rooted plants 

(MB5321) Baltic infralittoral 
sand dominated by 
Potamogeton perfoliatus 
and/or Stuckenia pectinata 
(MB5324) Baltic infralittoral 
sand dominated by Charales 
(MB5327) Baltic infralittoral 
sand dominated by Zostera 
marina 

(MB6) Infralittoral 
mud 

(MB63) Baltic 
infralittoral mud 

(MB632) Baltic 
infralittoral mud 
sediment characterised 
by submerged rooted 
plants 

(MB6321) Baltic infralittoral 
mud sediment dominated by 
Potamogeton perfoliatus 
and/or Stuckenia pectinata 
(MB6327) Baltic infralittoral 
mud sediment dominated by 
Zostera marina 

(MB63E) Baltic 
infralittoral soft 
anthropogenically 
created substrates 

(MC1) Circalittoral 
rock 

(MC13) Baltic 
ciralittoral rock 

(MC13G) Baltic 
circalittoral hard 
anthropogenically 
created substrates 

(MC5) Circalittoral 
sand 

(MC53) Baltic 
circalittoral sand 

(MC6) Circalittoral 
mud 

(MC63) Baltic 
circalittoral mud 

(MC63D) Baltic 
circalittoral soft 
anthropogenically 
created substrates 
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Table 3 Total surface area (km 

2 ) of benthic habitats (classified according to the revised EUNIS 2019 classification system) and their contribution to the total area of in Puck 
Bay and its inner and outer part (%). 0.00 indicates values < 0.01. 

Level Habitat type (code in the EUNIS 2019 system) Area, km 

2 (percentage contribution, %) 

Puck Lagoon outer Puck Bay Puck Bay 

105.5 (26.7) 289.4 (73.3) 395.0 (100.0) 

2 Littoral sand (MA5) 1.9 (1.8) 3.2 (1.1) 5.1 (1.3) 
3 Baltic hydrolittoral sand (MA53) 1.9 (1.8) 3.2 (1.1) 5.1 (1.3) 
4 Baltic hydrolittoral sandy substrata characterized by emergent vegetation (MA531) 0.4 (0.4) 0.8 (0.3) 5.1 (1.3) 
5 Baltic hydrolittoral sand dominated by common reed (MA5311) 0.4 (0.4) 0.8 (0.3) 5.1 (1.3) 
4 Baltic hydrolittoral sand characterised by submerged rooted plants (MA532) 0.3 (0.3) 1.3 (0.4) 1.6 (0.4) 
5 Baltic hydrolittoral sand dominated by Potamogeton perfoliatus and/or Stuckenia pectinata 

(MA5321) 
0.3 (0.2) 1.3 (0.4) 1.6 (0.4) 

5 Baltic hydrolittoral sand dominated by Charales (MA5324) 0.02 (0.02) 0.01 (0.0) 0.03 (0.01) 
2 Infralittoral rock (MB1) 0.1 (0.1) 0.0 (0.0) 0.1 (0.0) 
3 Baltic infralittoral rock (MB13) 0.1 (0.1) 0.0 (0.0) 0.1 (0.0) 
4 Perennial algae on Baltic infralittoral rock and boulders (MB131) 0.0 (0.0) 0.01 (0.0) 0.01 (0.0) 
4 Baltic infralittoral hard anthropogenically created substrates (MB13M) 0.1 (0.1) 0.01 (0.00) 0.1 (0.0) 
2 Infralittoral coarse sediment (MB3) 0.0 (0.0) 1.9 (0.6) 1.9 (0.5) 
3 Baltic infralittoral coarse sediment (MB33) 0.0 (0.0) 1.9 (0.6) 1.9 (0.5) 
4 Baltic infralittoral coarse sediment characterised by submerged rooted plants (MB332) 0.0 (0.0) 0.4 (0.1) 0.4 (0.1) 
5 Baltic infralittoral coarse sediment dominated by Zostera marina (MB3325) 0.0 (0.0) 0.4 (0.1) 0.4 (0.1) 
2 Infralittoral sand (MB5) 101.6 (96.3) 143.1 (49.4) 244.7 (62.0) 
3 Baltic infralittoral sand (MB53) 101.6 (96.3) 143.1 (49.4) 244.7 (62.0) 
4 Baltic infralittoral sand characterised by submerged rooted plants (MB532) 66.3 (62.8) 14.3 (5.0) 80.6 (20.4) 
5 Baltic infralittoral sand dominated by Potamogeton perfoliatus and/or Stuckenia 

pectinata (MB5321) 
50.4 (47.8) 6.7 (2.3) 57.1 (14.5) 

5 Baltic infralittoral sand dominated by Charales (MB5324) 4.6 (4.3) 0.0 (0.0) 4.6 (1.2) 
5 Baltic infralittoral sand dominated by Zostera marina (MB5327) 11.2 (10.6) 7.7 (2.6) 18.9 (4.8) 
2 Infralittoral mud (MB6) 2.7 (2.5) 16.2 (5.6) 18.9 (4.8) 
3 Baltic infralittoral mud (MB63) 2.7 (2.5) 16.2 (5.6) 18.9 (4.8) 
4 Baltic infralittoral mud sediment characterised by submerged rooted plants (MB632) 0.8 (0.7) 0.0 (0.0) 0.8 (0.2) 
5 Baltic infralittoral mud sediment dominated by Potamogeton perfoliatus and/or Stuckenia 

pectinata (MB6321) 
0.2 (0.2) 0.0 (0.0) 0.2 (0.1) 

( continued on next page ) 
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Table 3 ( continued ) 

Level Habitat type (code in the EUNIS 2019 system) Area, km 

2 (percentage contribution, %) 

Puck Lagoon outer Puck Bay Puck Bay 

105.5 (26.7) 289.4 (73.3) 395.0 (100.0) 

5 Baltic infralittoral mud sediment dominated by Zostera marina (MB6327) 0.6 (0.5) 0.0 (0.0) 0.6 (0.1) 
4 Baltic infralittoral soft anthropogenically created substrates (MB63E) 0.8 (0.7) 1.9 (0.7) 2.7 (0.7) 
2 Circalittoral rock (MC1) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 
3 Baltic circalittoral rock (MC13) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 
4 Baltic circalittoral hard anthropogenically created substrates (MC13G) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 
2 Circalittoral sand (MC5) 0.0 (0.0) 1.3 (0.5) 1.3 (0.3) 
3 Baltic circalittoral sand (MC53) 0.0 (0.0) 1.3 (0.5) 1.3 (0.3) 
2 Circalittoral mud (MC6) 0.0 (0.0) 123.0 42.5) 123.0 (31.2) 
3 Baltic circalittoral mud (MC63) 0.0 (0.0) 123.0 (42.5) 123.0 (31.2) 
4 Baltic circalittoral soft anthropogenically created substrates (MC63D) 0.0 (0.0) 6.4 (2.2) 6.4 (1.6) 
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Figure 2 Spatial map of benthic habitats in Puck Bay at EUNIS 2019 level 2, 3 and 4 (where applicable). EUNIS 2019 codes are 
explained in Table 2 . 
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nd Baltic circalittoral hard anthropogenically created sub- 
trates — MC13G) are located both in the spraying zone 
long the coastline (e.g. harbour infrastructure, industrial 
nd military hydrotechnical structures, coastal protection 
ngineering structures such as bands, stone embankments, 
reakwaters) as well as in the shallow euphotic and deeper 
310 
ysphotic zones (linear and free-standing underwater ob- 
ects such as pipelines, sewage treatment plant collectors, 
hipwrecks, sunken anchors and other individual ship com- 
onents). Artificial manmade objects are located mainly 
n the outer part of Puck Bay and in the sandbank Ry- 
itwia Mielizna that was used as a military training ground 
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n the past (Hydrographic Office of the Polish Navy, unpubl. 
ata; Maritime Institute in Gda ńsk, 2013 ; Michałek and Kruk- 
owgiałło, 2013 ). The total length of the coastline with pro- 
ection engineering and hydrotechnical structures was esti- 
ated at 61.0 km including the 18.0 km-long concrete sea 
alls and the 43.0 km-long harbour infrastructure which to- 
ether make up 50.9% of the total coastline length of the 
ay. Additionally, there were identified structures extend- 
ng into the sea such as piers or footbridges of a total length 
f 2.1 km. Given that the mean water depth along linear 
tructures is 0.5 m and mean water depth at the harbour 
tructures and piers is 13.0 m, the hydrotechnical infras- 
ructure on the shore provides 0.6 km 

2 of artificial hard 
ubstrate. On the seafloor of Puck Bay, there were defined 
4 free-standing anthropogenic objects including non-linear 
ydrotechnical constructions such as torpedo houses and 
iles (total surface area 0.02 km 

2 ) and individual struc- 
ures such as anchor blocks, pipes, navigational barriers, 
easurement platforms and their remains (a total surface 
rea 0.001 km 

2 ) ( Maritime Institute in Gda ńsk, 2013 ). What 
s more, 45 submerged metal and wooden shipwrecks were 
ecognised at different depths in the bay (Hydrographic Of- 
ce of the Polish Navy, unpubl. data). The sunken vessels 
iffer in size ranging from small fishing boats (e.g., 6.1 m 

ong) to large commercial vessels such as hospital ship s/s 
tuttgart (168 m long) in the vicinity of Gdynia harbour. The 
stimated surface area of all shipwrecks is 0.01 km 

2 . 

.2.2. Natural hard substrate 

he natural hard substrates are unique in Puck Bay, includ- 
ng primarily boulders, pebbles and gravels on an abrasive 
latform of the eroded cliffs in the areas adjacent to Meche- 
inki (the Mechelinki Cliff), Osłonino-Rzucewo (the Osłonino 
liff) and Gdynia Orłowo (the Orłowo Cliff) ( Smoła et al., 
014 ) ( Figures 3 and 4 ). Their estimated total surface area 
s 0.01 km 

2 . 

.3. Habitat Infralittoral sand and Infralittoral 
oarse sediment 

he largest bottom area of Puck Bay is occupied by the habi- 
at Infralittoral sand (MB5) at level 2 which encompasses 
he habitats Baltic infralittoral sand (MB53) and Baltic in- 
ralittoral sand characterised by submerged rooted plants 
MB532) at levels 3 and 4 of the EUNIS 2019 classifica- 
ion system, respectively. This habitat occupies as much as 
44.7 km 

2 of the seafloor and represents 62.0% of the to- 
al surface area of the bay. Submerged rooted plants form 

ulti- and monospecies assemblages in the Puck Lagoon, 
n the selected sites along the Hel Peninsula and near the 
rłowo Cliff ( Figure 2 and 5 ). In terms of biomass, vascular 
lants are dominated by the pondweed Stuckenia spp. and 
he seagrass Zostera marina whose communities are classi- 
ed as separate habitats (level 5): Baltic infralittoral sand 

ominated by Potamogeton perfoliatus and/or Stuckenia 
ectinata (MB5321) and Baltic infralittoral sand dominated 

y Zostera marina (MB5327) ( https://www.eea.europa.eu ) 
 Figure 2 and 5 ; Table 2 ). The surface area of the bottom
overed by meadows of Stuckenia spp. and seagrass has 
een estimated at 57.1 km 

2 and 18.9 km 

2 , respectively, i.e. 
4.5% and 4.8% of the total surface area of the bay. When 
311 
nly a narrow strand of water depth between 0.5—5.0 m 

excluding hard substrate, muddy and gravelly sediments, 
ost-dredging pits and natural hollows) is considered, i.e. 
he area most commonly reported to host Zostera marina 
n the southern Baltic Sea (e.g., Kautsky et al., 2017 ; Kruk- 
owgiałło and Szaniwaska, 2008 ), the contribution of sur- 
ace area occupied by the seagrass to the total surface area 
f the zone (119.1 km 

2 ) amounts to 17.5% of the total sur-
ace area of the bay. Small sheltered areas in the photic 
one of the Puck Lagoon (4.6 km 

2 ) host several species of 
he family Charophyceae which form the separate habitat 
altic infralittoral sand dominated by Charales (MB5324). 
Along the cliff coast in the southern part of the bay sur- 

ace sediments contain large fraction coarse sand that are 
lassified as the separate habitat Infralittoral coarse sedi- 
ent (MB3) of a total surface area of 1.9 km 

2 ( Figure 2 ). 

.4. Habitats Infralittoral mud and Circalittoral 
ud 

n the outer part of Puck Bay two benthic habitats pre- 
ail: Infralittoral mud (MB6) and Circalittoral mud (MC6) 
hich together make up 36% (141.9 km 

2 ) of the total area 
f the bay. Muddy substrate can be also found at the Gdynia 
umping site (surface area 6.4 km 

2 ) where materials from 

he dredging of sediments in harbour basins and approach 
hannels were deposited (level 3: Baltic circalittoral mud —
C63 and level 4: Baltic circalittoral soft anthropogenically 
reated substrates — MC63D). In addition, anthropogenic 
uddy sediments dominate at post-dredging pits (surface 
rea 6.4 km 

2 ) located in the shallow part of the Puck Lagoon
long the Hel Peninsula: Władysławowo, Chałupy, Ku źnica 
I, Ku źnica I and Jastarnia (level 3: Baltic infralittoral mud 

MB63, level 4: Baltic infralittoral soft anthropogenically 
reated substrates — MB63E) ( Figure 2 ). 

. Discussion 

.1. Types and distribution of benthic habitats 

he first full-coverage seabed classification map of Puck Bay 
southern Baltic Sea) provides essential information about 
enthic habitats that can be important for ecosystem-based 
anagement ( Cooper et al., 2019 ). Detailed habitat typol- 
gy with information on the extent and areal cover of dif- 
erent habitat types also contributes to the basis for the 
igh confidence in environmental assessments and the sub- 
equent designing of programs that monitor the status of 
he seabed. 
The composition and distribution of surface sediments 

n Puck Bay reflect the postglacial history of this area and 
he genetic and morphometric variation of its two parts. 
he seabed of the shallower inner part (the Puck Lagoon) 
s comprised of lacustrine and riparian accumulation re- 
icts, shoals, hollows and lamellar flats ranging in depth 
rom 0.1 m to 5.0 m as well as dredging depressions of 
p to 14.0 m deep. The bottom sediments are primarily 
andy and muddy but there are also gravelly and rocky ar- 
as ( Kruk-Dowgiałło and Szaniawska, 2008 ). The seafloor 
f the outer part consists of glacial and glaciofluvial re- 
icts, and delta and marine accumulation-erosion relicts; 

https://www.eea.europa.eu


A. Sokołowski, E. Jankowska, P. Balazy et al. 

Figure 3 Different benthic habitat types in Puck Bay: a) Płutnica river plume (photo: P. Bałazy); b) sandy sediments in the 
sublittoral zone close to Ku źnica (photo: A. Sokołowski); c) meadows of the seagrass Zostera marina adjacent to Jastarnia (photo: 
P. Bałazy); d) pebbles and stone outcrops overgrew with macrophytes at the foot of the Orłowo Cliff (photo: A. Sokołowski); e) 
sandy bottom covered with bivalve shells in the vicinity of Ku źnica (photo: A. Sokołowski); f) hull of the wreck of ORP Kujawiak 
submarine resting on the sandbank Rybitwia Mielizna overgrown by macroalgae (photo: P. Bałazy); g) muddy bottom rich in organic 
matter in the central outer part of Puck Bay (photo: P. Bałazy); h) boulder at the foot of the Orłowo cliff (photo: P. Bałazy). 
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Figure 4 Hard substrates in Puck Bay (Hydrographic Office of the Polish Navy; Maritime Office in Gdynia; www.google.pl/maps ; 
Michałek and Kruk-Dowgiałło, 2013 modified). EUNIS 2019 codes are explained in Table 2 . 
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he sediments are dominated by sand and mud. Bare soft 
ediments prevail in most coastal areas of the eastern and 
estern Baltic Sea where sandy and muddy habitats cover 
rom 84.9% in the Estonian marine area up to 99.9% in the 
estern Gulf of Finland ( Martin et al., 2013 ). Due to high 
ater dynamics (waves, currents), the surface sediments 
n Puck Bay are usually well sorted, homogeneous and of 
mall organic matter content (0.1—5.0%) ( Jankowska et al., 
014 ; Sokołowski, 2009 ; Sokołowski et al., 2015 ) especially 
313 
n exsposed shallows such as the sandbank Rybitwia Mielizna 
 Kruk-Dowgiałło and Szaniwaska, 2008 ) which is the natural 
oundary between the inner and outer part of the bay. In 
he outer part of the bay, the cone shape of the seafloor 
the so-called decantation basin) and large water depth 
nhance the deposition of suspended particles resulting in 
ugmented organic matter content in the surface sediments 
hat can reach 6.0% ( Sokołowski, 2009 ). The accumulation 
f fine-grained organic-rich particles on the seafloor, low 

http://www.google.pl/maps


A. Sokołowski, E. Jankowska, P. Balazy et al. 

Figure 5 Areas and individual sites of the presence of benthic vegetation in Puck Bay (Bałazy (unpubl. data); Bełdowska et al., 
2015 ; Gic-Grusza et al., 2009 (modified); Jankowska et al., 2016 ; J ędruch et al., 2019 ; Kruk-Dowgiałło et al., 2009 ; Smoła, 2012 ; 
Smoła et al., 2014 ; Sokołowski et al., 2015 ; Włodarska-Kowalczuk et al., 2014 ; Zgrundo (unpubl. data); https://www.iopan.pl/ 
projects/Zostera (modified)). 
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ydrodynamics and relatively stable thermal conditions in 
he bottom zone all create favourable habitat conditions 
or the cold-water benthic macrofauna in this area. How- 
ver, at limited dissolved oxygen concentration microbially 
nd/or chemically mediated mineralisation of organic mat- 
314 
er often leads to a periodic oxygen deficiency (hypoxia) 
hat adversely affects many taxa. The harmful effects can 
e more severe if anoxia in the interstitial and/or over- 
ying bottom water is accompanied by the production of 
oxic hydrogen sulphide and pH reduction. In consequence, 
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m  
he taxonomic diversity and density of the resident macro- 
aunal communities decline and opportunistic and oxygen 
eficiency-resistant species become dominant ( Janas et al., 
004 ). Similar habitat conditions are also observed on the 
ottom of the post-dredging pits located in the shallow 

art of the Puck Lagoon along the Hel Peninsula (five post- 
redging pits: Władysławowo, Chałupy, Ku źnica II, Ku źnica 
 and Jastarnia). These depressions are relatively small in 
ize (total surface area of all post-dredging pits is 1.5 km 

2 ) 
ith water depth much greater (up to 12.8 m) than the 
atural depressions of the lagoon ( Graca and Burska, 2009 ; 
raca et al., 2004 ). They have been formed artificially due 
o sand extraction by stationary suction dredging for nour- 
shing the open sea beach of the Hel Peninsula at its connec- 
ion with the mainland ( Piekarek-Jankowska et al., 2009 ; 
 ścinowicz et al., 2014 ). 
More sheltered areas of variable bottom profiles with 

umerous furrows, shoals, and depressions generate di- 
erse geo-physical environments in the bottom zone. The 
reatest diversity of benthic habitats occurs in the littoral 
nd infralittoral zones where macroalgae and rooted vas- 
ular plants (halophilous vegetation, reed, rush, and sub- 
erged vegetation) grow abundantly ( Schiewer, 2008 ). The 
horeline vegetation assemblages are dominated by the 
ypical marshy common reed P. australis which can form 

ense rushes adjacent to river plumes and in shallow in- 
ets in the Puck Lagoon ( Obolewski and Konkel, 2007 ). The 
eeds enhance the accumulation of organic matter and cre- 
te thus favourable conditions for invertebrate species. 
eed beds provide also breeding and feeding areas as well 
s refuges/shelter from predation for juvenile and adult 
sh ( Díaz et al., 2015 ; Kraufvelin et al., 2018 ) and nest-
ng and wintering grounds for sea birds ( Obolewski and 
onkel, 2007 ) and contribute to natural shore stabilisation 
 Michałek and Kruk-Dowgiałło, 2015 ). Sandy sediments to 
 maximum depth of about 6—8 m (depth of photosyn- 
hetic activity) also host abundant underwater macrophyte 
ssemblages which are dominated by the pondweed Stuck- 
nia spp. and seagrass Z. marina ( Sokołowski et al., 2015 ). 
hese habitats are classified as separate habitats (level 5): 
altic infralittoral sand dominated by Potamogeton perfo- 
iatus and/or Stuckenia pectinata (MB5321) and Baltic in- 
ralittoral sand dominated by Zostera marina (MB5327). 
he seagrass meadows are among the most valuable of the 
abitats in the Polish coastal zone and the trajectory of 
he eelgrass presence in the inner Puck Bay has therefore 
een the subject of several floristic investigations. Exten- 
ive meadows were present in the bay in the 1950s when 
ore than half of the seafloor (57.4%) was overgrown by Z. 
arina ( Figure 6 ). From the late 1950s to the 1980s, the 
elgrass area gradually decreased until it reached 4 km 

2 in 
979 ( Ciszewski et al., 1992 ). The decline was attributable 
argely to eutrophication and the resultant massive growth 
f filamentous algae that reduced the light transmittance 
nd oxygen level in the bottom zone ( Kruk-Dowigałło, 1991 ). 
nother reason for the degradation of this habitat includes 
ntensive dredging the bottom for collection of the black 
arrageen Furcellaria lumbricalis for the production of agar 
 W ęsławski et al., 2013 ). The low areal cover of eelgrass 
as observed until the early 2000s when it was estimated 
o amount to 3.2 km 

2 ( W ęsławski et al., 2013 ). However, 
n 1984, Pli ński (1986) reported an elevated total surface 
315 
rea covered by the meadows (21.1 km 

2 ) in the Puck La- 
oon. Within the last ten years a natural recovery of the 
elgrass meadows has been observed, and today their area 
s estimated to reach 11.8 km 

2 ( Figure 6 ). The recovery is
ollowing a general trend observed for European seagrasses 
hat have experienced an increase in areal distribution since 
he 2000s, related to national and regional actions to con- 
erve and restore seagrass meadows by reducing nutrient 
oading and improving water quality (e.g. the measured in- 
uced by Europe Habitat Directive and the EU Water Frame- 
ork Directive; de los Santos et al., 2019 ). In a manner 
imilar to the reed beds, pondweed and seagrass mead- 
ws serve as shelter and as spawning, feeding and nurs- 
ry grounds for many species of fish and benthic infauna 
nd epifauna such as the mussel Mytilus trossulus ( Figure 7 ) 
 Salo et al., 2009 ). Through increased accumulation of or- 
anic matter in surface sediments, increased microbiolog- 
cal activity ( Jankowska et al., 2016 ) and the presence of 
ther plants (macroalgae and epiphytes), they form a di- 
ersified and rich food base for animals of different trophic 
odes (herbivores, detritivores, omnivores and predators) 

 Sokołowski et al., 2015 ). This promotes the development 
f faunal assemblages of high taxonomic and functional di- 
ersity, and complex food links ( Jankowska et al., 2018 ; 
iółkowska et al., 2018 ). The vicinities of the river mouths 
n the Puck Lagoon are also numerously covered by the fil- 
mentous green algae Chaetomorpha linum ( Michałek and 
ruk-Dowgiałło., 2013 ), whereas in the northern part of the 
agoon the protected species of the Baltic stonewort Chara 
altica can be found ( Sokołowski et al., 2015 ). They to- 
ether cover an area of 4.6 km 

2 (1.2% of the total surface 
rea of the bay). 
Puck Bay is a semi-enclosed coastal area under pressure 

rom various human activities such as shipping, bottom- 
ontact fishing, tourism, industry and naval exercises that 
ll cause serious environmental disturbances and directly 
mpact benthic habitats. Artificial objects introduced in 
his area include linear hydrotechnical constructions (e.g., 
arbour infrastructure, industrial and military hydrotech- 
ical structures, coastal protection engineering construc- 
ions) and free-standing underwater objects (e.g. pipelines, 
ewage treatment plant collectors, shipwrecks, sunken an- 
hors). Though their total surface area is relatively low 

0.2%), the large extent (nearly 50.9% of the total coast- 
ine length of the bay) and a high number of anthropogenic 
bjects make them an important substratum for sessile and 
obile benthic fauna. The distribution area and ecological 
unctions provided by hard substrates in coastal systems 
ary markedly in different Baltic regions. In the western 
art of Baltic Sea, natural hard-substrate habitats, classi- 
ed as photic/aphotic mixed substrate dominated by Mytil- 
dae and by the epibenthic community, constitute 4.2% of 
he total area of the German Baltic ( Schiele et al., 2015 ).
n the Estonian marine areas (northern Baltic Sea), which 
nclude parts of the Gulf of Finland, the Gulf of Riga, the 
hole West Estonian Archipelago Sea and part of the Baltic 
roper, habitats defined as reefs occupied as much as 52.8% 

f the seafloor ( Torn et al., 2017 ). A high percentage contri-
ution of sheltered and moderately exposed hard bottoms 
f up to 15.1% was also reported along the west coast of the
ulf of Riga by Martin et al. (2013) . In contrast, hard bottom
akes up as little as 0.3% and 0.1% of the surface area in the
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Figure 6 Long term changes in the distribution of the Zostera marina meadows in the Puck Lagoon. Inserts present a total surface 
area occupied by the seagrass. Klekot (1980) , Pli ński (1982) , Ciszewski et al. (1962) . 

Figure 7 Mussel Mytilus trossulus attached to the pondweed 
Stuckenia spp. in the sublittoral zone near Ku źnica (photo: A. 
Sokołowski). 
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Figure 8 The black carrageen Furcellaria lumbricalis grow- 
ing on stones in the vicinity of the seagrass Zostera marina 
meadows in the coastal zone close to the Orłowo Cliff (photo: 
P. Bałazy). 
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astern and western parts of the Gulf of Finland, respec- 
ively ( Martin et al., 2010 2013 ). In Puck Bay, the hard sub-
trate promotes development not only of benthic epifaunal 
fouling) species but also of phytophilous animals and even 
nfauna ( Balazy et al., 2019 ). Under favourable light and 
hermal conditions in the shallow-water areas of restricted 
ydrodynamics the hard substratum is massively overgrown 
ith macroalgae (mainly green algae of the genera Ulva 
nd Cladophora ; Figure 3 ) and red algae such as Polysipho- 
ia fucoides and Ceramium diaphanum ( Kruk-Dowgiałło and 
zaniwaska, 2008 ; Kruk-Dowgiałło et al., 2009 ) and micro- 
hytobenthos which creates a thin organic-rich layer inhab- 
ted by small infauna ( Sokołowski et al., 2017a , 2017b ). On 
316 
ard substratum, a valuable natural biotic structure is also 
ormed by the protected red algae F. lumbricalis that is ob- 
erved on the stony bottom at the foot of the Orłowo Cliff
 Figure 8 ). Communities of these plants do not have the sta-
us of separate habitats in the EUNIS 2019 classification sys- 
em, but the areas of occurrence of the most important 
ascular plants and macrophytes were listed in Figure 5 . 
he macrofaunal communities inhabiting the hard substrate 
how a usually greater taxonomic diversity and density 
han those occurring on adjacent sandy and muddy sedi- 
ents ( Balazy et al., 2019 ). Underwater anthropogenic ob- 
ects, boulders and stones located in species-poor soft sed- 
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ments are even referred to as “biodiversity hot spots” with 
ncreased biodiversity ( Meyer et al., 2016 ) and stepping- 
tones for the dispersal and potential biogeographical range 
hifts of organisms ( Firth et al., 2016 ). 

.2. Evaluation of the classification map —
ompleteness of the data and limitations 

ypological analyses of the bottom habitats were based on 
nventory datasets from 1995 to 2019 which accounted for 
ydrological (water and light transmittance depths), geo- 
orphological (a type of sediment), navigation (hydrotech- 
ical infrastructure and anthropogenic objects) and biotic 
the presence of benthic vegetation and dominant plant 
pecies) parameters at selected sites located in the area 
f Puck Bay. Information on taxonomic composition and 
istribution of macrobenthic faunal species was not in- 
luded in the analysis due to scattered and discontinuous 
aunistic data. Biological-based classification can be there- 
ore a subject of future study using spatial modelling tech- 
iques that link environmental data with biological fea- 
ures (e.g. the HELCOM HUB system). However, the im- 
lementation of an environmental-based classification ap- 
roach to define seabed habitats has been considered to 
how several appealing advantages over a more biological- 
ased classification ( Brown et al., 2011 ; Cooper et al., 
019 ). The physical terrain is less likely to vary season- 
lly or over years, thus reducing temporal variability within 
nd among habitats. Though the datasets used in this 
tudy covered a long time period, and extrapolation was 
ade for some seabed point data, the resulting classifi- 
ation map of benthic habitats is satisfying, discriminates 
ell between different seabed types, and provides valuable 
nformation. 

The final map of benthic habitats was generated by merg- 
ng individual maps (layers) of different seabed properties, 
nd such an ensemble map has been used as a way of im- 
roving classification performance ( Diesing et al., 2020 ). 
he overall accuracy of the map was considered satisfac- 
ory. 

. Summary 

ecognising the necessity of mapping benthic habitats in 
uck Bay (southern Baltic Sea), induced by its high unique 
iological value and aesthetic quality on one side and by 
he increasing use of this area by a human on the other, 
 consistent benthic habitat map was constructed combin- 
ng substrate characteristics and benthic plant communi- 
ies. Detailed maps of the distribution of the main ben- 
hic habitats (according to the revised EUNIS 2019 clas- 
ification system) were presented along with their sur- 
ace area and location of the most important vascular 
lants, macrophytes (often of protective status) and man- 
ade hydrotechnical structures and underwater objects. 
uch comprehensive documentation of the bay seafloor pro- 
ided a fundamental spatial organizing framework to im- 
lement and integrate research (including monitoring) pro- 
rams and to provide the capability to effectively com- 
unicate information and results to coastal ecosystem 

anagers. 
317 
eclaration of Competing Interest 

he authors Adam Sokołowski, Emilia Jankowska, Piotr Bal- 
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dost ępnych danych i przeprowadzonych inwentaryzacji przyrod- 
niczych (zebranie i analiza wyników inwentaryzacji, materiałów 
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Gda ńsk, 405 pp. 

bolewski, K. , Konkel, M. , 2007. Zag ęszczenie makrofauny 
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ern Baltic Sea). Wydawnictwo Uniwersytetu Gda ńskiego, Sopot, 
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P ączek, U., Przezdziecki, P., Szefler, K., Por ęba, G., 2014. Im- 
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