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Abstract

:

The aim of the study is the evaluation of land cover changes in selected areas next to three lagoons (the Curonian Lagoon, the Vistula Lagoon and the Szczecin Lagoon) located on the southern coast of the Baltic Sea (in Lithuania, Russia, Poland and Germany) from 1984 to 2021. The changes are evaluated using multispectral (visible light—RGB and near infrared—NIR) satellite images from the Landsat 5 and Sentinel-2 sensors. Due to their high importance for ecosystem services, two main land cover types are evaluated, i.e., forest area and inland water reservoirs. The classification of the images is performed using a random forest algorithm. Areas of water bodies and forests are evaluated for the years 1984 and 2021. During period 1984–2021, positive changes in land cover are observed in all three regions included in the study. In almost all parts, with the exception of the Polish part of the area located next to the Szczecin Lagoon, of these regions, an increase in forest area is observed. The increase ranges from 0.1% (Poland, area next to the Vistula Lagoon) to 1.2% (Germany, area next to the Szczecin Lagoon). The area of inland water reservoirs has not changed significantly in the long term. Despite the global warming, no reduction in the area of these water reservoirs is observed, even new seminatural reservoirs have been created in some parts of the study area.
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1. Introduction


The long term monitoring of land cover and land use changes is possible using satellite images and it is very important for evaluating the potential of ecosystem services [1,2]. Key land cover indicators for ecosystem services are forests and water reservoirs. They are evaluated in the studies on land cover changes most often [3,4,5]. Deforestation is one of the main problems caused by the overexploitation of land resources and, therefore, forest areas should be monitored and the formation of forests should be promoted [6]. Another very important issue in the face of climate change is the decline in wetlands, water reservoirs, especially in coastal environments [7,8,9]. Reasons that may cause a decrease in the surface area of water reservoirs are smaller precipitation and eutrophication, which can be a serious problem in costal river deltas [9,10,11]. Land cover monitoring is especially important for coastal areas, as they have multiple social functions as a part of the natural environment [12,13]. The monitoring of land use and land cover is possible through the use of archival and current satellite images [14,15,16]. One of the most important and earliest sources of satellite images with worldwide coverage is the Landsat 1 satellite, which delivered images with a pixel size of 60 [17]. Landsat 1 was launched in 1972, making it possible to monitor land cover and land use changes for almost 50 years. Successive Landsat satellites provided satellite images with improved resolution and spectral range, and a higher frequency of revisits. One of the most important steps in the Landsat program was the launching of Landsat 5, which operated from 1984 to 2003 [18]. The main advantage of Landsat 5 images is its high spatial resolution. This is a 30-meter resolution for the multispectral sensor thematic mapper (TM) which registered seven bands in the spectral range of visible light and shortwave infrared, with a revisit time of 16 days [19]. Currently, the newest operational satellite of the Landsat program is Landsat 9, which was launched in September 2021 [20]. Landsat 9 is equipped with two multispectral sensors, i.e., OLI-2 (Operational Land Imager 2) with nine visible and infrared spectra and the TIRS-2 (Thermal Infrared Sensor 2), which registers the images at a 14-bit radiometric resolution and has a revisit time of 16 days. In recent years, many various Earth-observing satellites have been launched, therefore, the possibilities of monitoring land changes are much more extensive. One of the frequently used satellite constellations is Sentinel-2 (two satellites—2A and 2B), which delivers multispectral images with a spatial resolution of 10 m for RGB and near infrared bands with a revisit time from 2 to 5 days (depending on the place on Earth) [21]. Land cover and land use changes are the target of many projects with different geographic coverage [22]. One of the most important projects is CORINE Land Cover (CLC), which covers the territory of Europe [23,24]. CLC is updated approximately every five years and the most recent maps of land cover and land use are for 2016–2018. One of the main disadvantages of the CLC project is its large mapping unit, the area of which area 25 ha. It is too generalized to detect changes in smaller areas. Another disadvantage of CLC is accuracy, which is estimated to be at least 85%, but probably far from 100%. A similar project on mapping land cover and land use changes is the Geo-harmonizer project [25], which produced annual land cover maps at a 30-meter resolution for the period 2000–2019.



The simplest method of classifying land cover from satellite images is the pixel based method, where each pixel is treated as an individual unit [17]. Pixels with similar values of one or more spectra are classified as the same land use/cover type. Pixel based methods can be supervised by selecting training areas as a reference for a specific type of land use/cover [26,27] or unsupervised when training areas are not used [28,29]. For pixel based classification, spectra for individual bands can be used as well as spectra for multiple bands and various spectral indices based on multiple bands. Examples of such indices include NDVI (normalized difference vegetation index), which can be used to classify areas with different types of vegetation [30] and NDWI (normalized difference water index), which can be used for the selection of water reservoirs [31]. More comprehensive approaches include multiple attributes/variables and more advanced methods of multivariate classification. One of the most accurate methods is the random forest (RF) classification based on machine-learning algorithms [32,33,34,35]. The overall accuracy of RF is usually higher in comparison to other multivariate classification methods used to classify satellite images for land cover detection, such as, e.g., decision tree (DT), rule based (RB), Support Vector Machine (SVM), and Artificial Neural Network (ANN) methods. RF is a supervised method of classification that requires sample training areas for classified land cover types. The variables used for classification are usually individual bands, most often visible light and near infrared, and spectral indices based on these bands (e.g., NDVI, NDWI). A more complex classification requires multitemporal satellite images from different seasons, which allow, e.g., better classification of broadleaf forests.



As the pixel size is of medium resolution, satellite images (for Landsat satellites the pixel size is from 30 to 60 m) can include various types of land cover/use. Subpixel classification methods can be used to classify small objects more accurately [36,37]. Despite the use of analytical methods of land cover/use classification, in certain cases visual analysis of ortophotophotographs is used. Then, an interpreter’s expertise is used to classify the images and support other methods of classification [38,39]. In classifying land cover, the expertise of an interpreter can be used as an auxiliary method.



The aim of the study is to evaluate the main changes in land cover in selected areas next to three lagoons (the Curonian Lagoon, the Vistula Lagoon, and the Szczecin Lagoon) located on the southern coast of the Baltic Sea from 1984 to 2021 using satellite data from Landsat 5 and Sentinel-2. The evaluation is focused on forests and water reservoirs, which are very important for ecosystem services, especially because of locations next to estuarine and coastal ecosystems. The study is focused on the long term changes between 1984 and 2021.




2. Materials and Methods


2.1. Studied Area


The studied areas were located in three locations on the southern coast of the Baltic Sea (Figure 1). The locations are next to three lagoons, i.e., (A) the Curonian Lagoon, (B) the Vistula Lagoon, and (C) the Szczecin Lagoon. The main criterion for selecting the sites was the location on the Baltic Sea in the vicinity of a large lagoon. Moreover, highly industrialized and urbanized areas were omitted, while areas of high natural value, important from the point of view of ecosystem services, were selected. For each area, its location was selected to include two countries. The choice of different countries was due to the fact that we wanted to assess the changes in land cover resulting, inter alia, from political changes (transition from the communist period–1984) to the market economy (the period from 1990 to 2021). Four countries were included, i.e., Lithuania, Poland, the eastern part of Germany (there were transitions from socialist states in 1990 to democracies and market economies in all three countries), Russia (a socialist state in 1984 without deep changes in political system until 2021). Changes in political system can affect land cover changes due to a change of ownership, land abandonment in some parts of the study areas and natural forest succession.




2.2. Methods Used of Land Cover Classification


The data for land cover/use evaluation were medium resolution satellite images from Landsat 5 with multispectral sensor thematic mapper (TM) for beginning of the period (1984) and Sentinel- 2 (A and B) for the end of the period (2021) (Figure 2). Cloudless images were selected in seasons where level of water is relatively low (early spring was avoided because of occurrence of short lived backwaters). Characteristics of satellite images for each location and year are presented in Table 1.



The spatial resolution of multispectral RGB + NIR images for Landsat 5 was 30 m (pixel size 30 × 30 m) and for Sentinel-2 was 10 m (pixel size 10 × 10 m). Due to different spatial resolutions in 1984 and 2021, the modifiable areal unit problem (MAUP) can be a source of the bias, especially for small water bodies such as rivers or ponds. Other bands were not included in the analysis to ensure the highest possible resolution. However, the bands used in the analysis were sufficient for good accuracy of classification of the land cover types in the study. The images came from the Landviewer service [40]. Landsat 5 L-1 product was downloaded and atmospheric correction was performed using the DOS1 method in Semi-Automatic Classification Plugin (SCP) in QGIS software [41]. In case of Sentinel-2 L2A, products after atmospheric correction were downloaded directly from Landviewer service.



In the analysis, spectra in a range of visible light (RGB, red, green and blue) and in the near infrared (NIR) were processed using the QGIS 3.20 and the ArcGIS 10.8 software.



Classification of the satellite images was conducted using random forest algorithm implemented in Spatial Analyst Tools in ArcGIS software. Training samples consisted of 10 classes, i.e., urban fabric, green urban areas, arable land, pastures, broad leaved forest, coniferous forest, moors and heathland, transitional woodland shrub, inland wetlands, water bodies. These land types cover all major types occurring in the three areas of the study. In the study we have focused only on two types of land cover, i.e., areas of forests (both broad leaved and coniferous forest) and areas of water bodies (only inland water bodies were included in analysis). These two types of land cover are most important for development of ecosystem services. The process of land cover classification consisted of the following stages:




	-

	
download of the satellite images and selection of completely cloudless images;




	-

	
merging (if necessary) satellite scenes;




	-

	
calculation of spectral indices (NDVI) using QGIS software (raster calculator tool);




	-

	
preparation of multiband rasters (R, G, B, NIR and NDVI);




	-

	
preparation of vector layers with sample training areas for main land cover types based on visual assessment and previous studies (CORINE Land Cover and Geo-harmonizer projects) for each location and date separately (for each cover type at least 10 training polygons were selected);




	-

	
generation of Esri classifier definition files (.ecd) for each location and date (separately for each satellite sensor);




	-

	
performing classification using Random Trees Classifier in ArcGIS (random forest algorithm) and generation of the rasters with land cover types;




	-

	
calculation of area of forests and water bodies using raster calculator and zonal statistics in QGIS software.









The results obtained in this study (areas of forests and water bodies) for 2021 were compared to the latest results from CORINE Land Cover (2018) and Geo-harmonizer (2019) projects. Moreover, classification quality assessment was performed on selected validation areas and these results are presented in Table S1.





3. Results


The study focuses on two types of land cover that are very important for ecosystem services, i.e., forests and inland water reservoirs. The classification of these two types of land cover was based on two sources of satellite data; from Landsat 5 for 1984, where satellite images are 30 m, and Sentinel-2 for 2021, where images are 10 m pixel size. For this reason, some small objects, such as small ponds and smaller rivers were not properly classified, especially in 1984. Nevertheless, the results allow us to reliably evaluate long term changes in these two types of land cover. In the case of water reservoirs, high seasonal changes occur due to higher water levels, which are usually observed in early spring. Therefore, the water level was evaluated in late spring, in summer or autumn, when the level of water was lower. This approach may be influenced by the eutrophication of water reservoirs, as the plant cover on the water surface can interfere with the correct classification of water reservoirs. This is especially important for lakes and ponds that are sensitive to eutrophication. The areas selected in the study were characterized by a low effect of human activity. Large cities were excluded from the analysis and the intensity of agricultural production in these areas is low. For this reason, these areas have a high nature value and are very important for sustainable development, ecosystem services and can mitigate the negative impact of human activities on marine pollution. The results focus only on these two land cover types because of their key importance for the sustainable development of rural areas and also due to the simplicity of classifying these types of land cover.



3.1. Changes in Forest Area


The forests covered by this research were areas with coniferous, broad leaved trees as well mixed stands. The transitional woodland shrub was not included as a forest area. The percentage of forest area was quite high in all the studied areas. The largest forest area was observed in the area of the Szczecin Lagoon (both for the Polish and German parts of the area) and the smallest by the Curonian Lagoon (especially for the Lithuanian part of the area) (Table 2, Figure 3). In 1984, in the Lithuanian part of the area next to the Curonian Lagoon, forests covered about 16.2% of the total area. This was a low share in comparison to other studied areas, but during the period of the study until 2021 an increase in forest area to 16.7% was observed. Such an increase in forest area was mainly due to the conversion of natural areas from shrubs or fields to natural forest without human activity. In the case of the remaining areas next to the Curonian Lagoon, a decrease in forest areas was observed for an area of Russia (Kaliningrad Oblast), where the share of forests decreased from 28.9% to 28.4%. The main difference between the Lithuanian part of the area located next to the Curonian Lagoon and the Russian part, was the size of a single forest. The forests in the Russian part were concentrated near the coast, while in Lithuania they were scattered and located in various parts of the studied area. Forests in Lithuania and Russia next to the Curonian Lagoon are not intensively pruned and have a seminatural character. The situation was different in areas next to the Vistula Lagoon as well next to the Szczecin Lagoon, where the forest is cut more intensely, especially in the Polish part of the area, and, inside the forests, it was possible to see the areas immediately after logging (Figure 4). In the case of areas next to the Vistula Lagoon, a large part of the forest is deciduous forests, while, in the case of the Szczecin Lagoon, coniferous forests dominate. The highest share of forest was observed next to the Szczecin Lagoon, where approximately 40–44% of the total area was covered by forest, both for the Polish and German part of the studied area. The forest area decreased in the Polish part next to Szczecin Lagoon from 43.0% to 40.9%, which is caused by quite intensive cutting down. The areas after felling were not treated as forests, and their area was not included in the forest area in the study. Usually, small areas within the forest are cut down and then reforested, but trees grow quite slowly and for one or more seasons the area is treeless or trees are very small. In the case of areas next to the Vistula Lagoon, the increase in forest area was very small—0.4% (from 32.5% to 32.9%) for the Russian part and 0.1% (from 32.0% to 32.1%) for the Polish part.




3.2. Changes in Inland Water Reservoirs


Inland water reservoirs covered a small part of the studied areas. In the case of the areas next to the Curonian Lagoon, it was 1.8% for the Lithuanian part in 1984 and 1.3% for the Russian part of the studied area (Table 3). The changes in 1984–2021 were relatively small and, in the case of Lithuania, were caused by human activity (the controlled flooding of polders), and not by natural changes. In the case of areas located next to the Vistula Lagoon, the share of inland water reservoirs was very low (0.04% for the Russian part and 0.01% for the Polish part in 1984). In the Russian part of the study area, a new seminatural lake was created in the north-eastern part of the region with an area of approximately 1.5 km2, which resulted in an increase in water reservoirs by 0.29%. The changes in the inland water area for the Polish part of the study area next to the Vistula Lagoon were very small. The slightly greater water area detected in 2021 was mainly due to the higher spatial resolution of satellite imagery (10 m instead of 30 m in 1984). In the case of areas located in the vicinity of the Szczecin Lagoon, a much higher share of inland water reservoirs was observed for the Polish part, where a part of the Szczecin Lagoon was included in the area of the study. If we exclude the area of the Szczecin Lagoon, only about 1% of the area was covered by inland water. The changes in the water area between 1984 and 2021 were small and the impact of climate change on the area covered by inland waters was not observed. Human activities have a greater impact on changes in the surface of inland waters, e.g., in the case of Lithuania, fishing activities, and in case of Russia, opencast mines, where new water reservoirs appear.





4. Discussion


The results presented in the study are based on the data acquired by two satellite sensors, i.e., TM of Landsat-5 (pixel size 30 m) and MSI of Sentinel-2 (pixel size 10 m). The modifiable areal unit problem (MAUP) can be a cause of discrepancies in the results, especially for small water bodies such as rivers and ponds. The higher spatial resolution of Sentinel-2 sensors allows for better accuracy of land cover classification [42], which in this study resulted in the detection of smaller water reservoirs in 2021 (smaller lakes and narrower rivers) which was not possible in 1984. The study focused on two land cover types, i.e., forests and inland water reservoirs, because of their importance for ecosystem services [43,44]. A limitation of this study may be the insufficient resolution of satellite images for the identification of small water reservoirs. This was 30 m for 1984 and 10 m for 2021, which can cause the underestimation of water areas because small water reservoirs can be omitted. Moreover, since a very high seasonal variability in water cover was observed, it is difficult to accurately evaluate the impact of long term changes in water reservoirs [45]. Besides, changes in water cover can be caused by human activity, not natural changes [46]. One of the most important and positive changes in the land cover in the studied areas from 1984 to 2021 was the increase in forest area in almost all the locations studied. The exception was the Polish part located next to the Szczecin Lagoon, where a decrease was observed. However, according to the study by Bielecka et al., in the total Polish Baltic coastal zone, in the years 1990–2018, an increase in forested area was observed from 32.15% to 33.57% [47]. The increase was relatively small and mainly caused by the transition of scrub/shrub to forests, as well as by the transition of marginal agricultural land to forest. Land cover research for these areas of study is very limited. The study for the part of Lithuania, next to Curonian Lagoon, for years 1975–2000, shows an increase in forest area from 20.6% to 21.5% and an increase in inland water from 1.8% to 2.5% [48]. Another study conducted for the entire area of Klaipėda district (covering part of the Lithuanian area analyzed in this study) proved an increase in forested area from 20.5% in 1986 to 23.9% in 2005. The increase in forested area is greater in comparison to the results obtained in this study; however, it is not fully comparable because the study areas are not the same [49]. Future scenarios for Lithuania, based on the study of Gomes at al., predict an increase in forested area by 2050, which may vary depending on scenario [50]. This confirms that long term changes are positive for the development of environmental services in these areas. The evaluation of land cover changes in regions located next to the coast of the Baltic Sea is very important to mitigate sea eutrophication and maintaining biodiversity in coastal environments [51]. Natural variability and biodiversity are positive factors not only of wildlife but for the development of ecosystem services which are very important for regional sustainable development [52]. The results of the study proved that the changes in all the studied areas located in different countries were positive, especially due to the increase in forested area. A negative change (decrease in forest area) was observed only in the Polish part located next to Szczecin Lagoon, but it was a temporary change because areas after felling are or will be reforested. Different countries conduct different environmental policies, but the evaluation of land cover changes in the studied period gave promising results because of the increase in forest area in most of the studied locations, as well as the lack of negative changes in inland water reservoirs. Changes in land cover are especially important for such areas as those which were included in the study, i.e., in areas next to estuarine and coastal ecosystems [53]. Despite political changes in all the studied countries after 1990, the studied coastal regions remained relatively intact and the changes in the environment were not very significant [47,54].




5. Conclusions


During period 1984–2021, positive changes in land cover were observed in all three regions included in the study. In most of the studied locations, an increase in the forest area was observed (0.1–1.2%). A decrease in the forest area (by 2.9%) was observed only in the Polish part located next to the Szczecin Lagoon. Intensive felling of forests was conducted there, but it was only temporary deforestation as most of these areas are located in larger forest complexes and will most likely be afforested in the near future. The area of inland water reservoirs did not change significantly in the long term, which is positive, because despite global warming, no reduction in this water reservoirs was observed. Moreover, new seminatural water reservoirs appeared in some parts of the study area. Evaluation of future changes in land cover will be possible with increasing accuracy and the availability of higher resolution satellite images. This is especially important for small water reservoirs (lakes and narrow rivers), which cannot be detected in this study because of too coarse satellite imagery.
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Figure 1. Locations of the studied areas (areas given in square kilometers) on the southern coast of the Baltic Sea next to (A) the Curonian Lagoon, (B) the Vistula Lagoon, and (C) the Szczecin Lagoon. 
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Figure 2. RGB composites based on satellite images from 1984 (Landsat 5) and 2021 (Sentinel-2) used for classification of land cover in locations of the studied areas on southern coast of the Baltic Sea next to the Curonian Lagoon ((A1)—1984-06-04, (A2)—2021-09-09), the Vistula Lagoon ((B1)—1984-11-18, (B2)—2021-09-09) and the Szczecin Lagoon ((C1)—1984-11-14, (C2)—2021-05-31). The same maps are presented in larger size in Supplementary Materials (Figures S1–S6). 
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Figure 3. Areas of forest (green color) and water reservoirs (blue color) in 1984 and 2021 in the studied areas in south coast of Baltic Sea next to Curonian Lagoon ((A1)—1984, (A2)—2021), Vistula Lagoon ((B1)—1984, (B2)—2021), and Szczecin Lagoon ((C1)—1984, (C2)—2021). The same maps are presented in larger size in Supplementary Materials (Figures S7–S12). 
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Figure 4. Areas of forest in the Polish part of the studied area next to the Szczecin Lagoon in 1984 ((C1)—RGB composite based on Landsat 5 imagery and (C2)—areas classified as forest in green color) where large parts of the forest were cut down, inside a bigger area in 2021 ((C3)—RGB composite based on Sentinel-2 imagery and (C4)—areas classified as forest in green color). 
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Table 1. Satellite images used for classification of land cover types and variables included in the analysis.






Table 1. Satellite images used for classification of land cover types and variables included in the analysis.





	Satellite (Sensor)
	Date
	Location
	Bands and Spectral Indices (Spatial Resolution)





	Landsat 5 (TM—thematic mapper)
	1984-06-04
	A—Curonian Lagoon
	blue, green, red, near infrared *, NDVI, NDWI (30 m)



	Sentinel-2B (MSI—multispectral instrument)
	2021-09-09
	A—Curonian Lagoon
	blue, green, red, near infrared *, NDVI, NDWI (10 m)



	Landsat 5 (TM—thematic mapper)
	1984-11-18
	B—Vistula Lagoon
	blue, green, red, near infrared, NDVI, NDWI (30 m)



	Sentinel-2B (MSI—multispectral instrument)
	2021-09-09
	B—Vistula Lagoon
	blue, green, red, near infrared, NDVI, NDWI (10 m)



	Landsat 5 (TM—thematic mapper)
	1984-11-14
	C—Szczecin Lagoon
	blue, green, red, near infrared, NDVI, NDWI (30 m)



	Sentinel-2B (MSI—multispectral instrument)
	2021-05-31
	C—Szczecin Lagoon
	blue, green, red, near infrared, NDVI, NDWI (10 m)







* Wavelengths for Landsat 5 bands: blue: 450–520 nm, green: 520–600 nm, red: 630–690 nm, near infrared: 760–900 nm; wavelengths for Sentinel-2B bands: blue: 459–525 nm, green: 541–577 nm, red: 649–680 nm, near infrared: 780–886 nm.
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Table 2. Area of forests (in squared kilometers and as a percentage of total area) in the studied areas in 1984 and 2021 (additionally results from CORINE Land Cover 2018 and Geo-harmonizer 2019 projects).
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	Area
	1984
	2021





	(A) Lithuania—area next to the Curonian Lagoon
	152.0 (16.2%)
	156.5 (16.7%)

CLC *: 173.5, GH **: 172.1



	(A) Russia—area next to the Curonian Lagoon
	244.2 (28.9%)
	239.7 (28.4%)



	(B) Russia—area next to the Vistula Lagoon
	182.1 (32.5%)
	184.0 (32.9%)



	(B) Poland—area next to the Vistula Lagoon
	155.6 (32.0%)
	156.2 (32.1%)

CLC: 167.1; GH: 192.0



	(C) Poland—area next to the Szczecin Lagoon
	418.5 (43.8%)
	390.0 (40.9%)

CLC 428.2; GH: 447.0



	(C) Germany—area next to the Szczecin Lagoon
	378.3 (41.6%)
	389.9 (42.8%)

CLC: 415.1; GH: 418.4







* CLC—results based on CORINE Land Cover project from 2018. ** GH—results based on Geo-harmonizer project from 2019.
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Table 3. Area of inland water reservoirs (in squared kilometers and as a percentage of total area) in the studied areas in 1984 and 2021 (additionally results from CORINE Land Cover 2018 and Geo-harmonizer 2019 projects).
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	Area
	1984
	2021





	(A) Lithuania—area next to the Curonian Lagoon
	16.7 (1.8%)
	18.1 (1.9%)

CLC *: 30.6; GH **: 22.6



	(A) Russia—area next to the Curonian Lagoon
	10.4 (1.3%)
	8.4 (1.0%)



	(B) Russia—area next to the Vistula Lagoon
	0.20 (0.04%)
	1.86 (0.33%)



	(B) Poland—area next to the Vistula Lagoon
	0.04 (0.01%)
	0.18 (0.03%)

CLC: 0.67; GH: 0.41



	(C) Poland—area next to the Szczecin Lagoon
	62.2 (6.5%)
	62.5 (6.5%)

CLC: 63.8; GH: 63.2



	(C) Germany—area next to the Szczecin Lagoon
	4.9 (0.54%)
	4.9 (0.54%)

CLC: 5.4; GH: 5.5







* CLC—results based on CORINE Land Cover project from 2018. ** GH—results based on Geo-harmonizer project from 2019.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  sustainability-14-02006


  
    		
      sustainability-14-02006
    


  




  





media/file8.jpg





media/file2.png
56°N

13°E

55°N

54°N

53°N

17°E

18°E

19°E

20°E

21%E

22°E

o =
Szczecinbgg%:_n}q

‘Germany

(N T

»Poland

50

100

150

200 km

14°E

15°E

16°E

17°E

18°E

19°E

20°E

21°E

56°N

335

54°N

53°N





media/file3.jpg





media/file9.png
1984 2021

21 °|0 fE 21 ’IBD’E 21 °|D'E 21°130 'E

55730"N ~55°30°N 55730°N — 55°30°N

55%0'N —55°0'N
5500°N ~55°0'N

0 5 10 15 20km

0

5 10 15 20km

T T
T 21°D°E 21°930°E
21°0°E 21°30°E





media/file1.jpg
T






media/file7.jpg





media/file10.png
19°30° 20°0°F
1 1
o N —
il - 54930'N
T , - 20°30°E
19°30°E 20°0°E 20°30°E
14°0°E 14°30°E
1 |
54°0'N _ ca00'N
53030’N ] - 53030'N

T
14°0°E

T
14°30°E

19°30°E
1

20°0°E
1

54°30'N —

B2

— 54°30°N

—20°30°E

l4°|0’E

T
20°0°E

14°Z|30'E

20°30°E

54°0'N

53°30°N

- 54°0'N

— 53°30'N

I
14°0°E

I
14°30°E





media/file5.png
55°30'N 55°30°N 55030N -

55°0'N - 55°0'N 550N |

19°30°E 20°0°E

20°30°
20°30°E






media/file12.png
14°40°E 14°42°E 14944E

53°42N . 53°42'N

53°41°N

53°41'N

14°40°E 14°42°E 14°44°E

T
14°44°E





media/file0.png





media/file4.jpg





media/file11.jpg





media/file6.png





