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Abstract

:

This study assesses the changes in the spatial structure of the landscape between 1825 and 2019 in the isolated, protected forest complex of the Niemodlin Forests. Based on the analysis of changes in this structure, a change the supporting ecosystem services related to the protection of biodiversity was proposed. The landscape metrics were used separately for the analysis of the structure of the whole landscape, and individual types of ecosystems were used in the research. There were no major changes in the share of individual types of ecosystems during the period under review. At the same time, a very large increase in built-up areas and tree stands was found in 1825. Landscape metrics point to internal changes in the landscape composition, which is important for the functioning of the landscape and is related to the fragmentation and increasing isolation of ecosystems. Changes in the share of the surface of individual types of ecosystems in the landscape do not provide enough information about the actual structural and functional changes and ongoing ecosystem support services. There has been ecosystem degradation that is associated with freshwater habitats—surface waters, marshlands, meadows and pastures, as well as ecosystem support services related to these habitats. Changes in the spatial structure of the landscape cannot be solely deduced on the basis of changes in landscape metrics that are calculated for the whole landscape. Changes in the spatial composition of individual groups of ecosystems should be analyzed. Landscape metrics are very helpful in studying changes in the structure and function of ecosystem services.
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1. Introduction


Human civilization development is associated with changes in the spatial structure of the landscape. The basic direction of the changes is the disappearance of natural ecosystems and their fragmentation [1,2]. The share of anthropogenic ecosystems with a low natural value is increasing. Forest ecosystems are one of the most important ecosystems undergoing global change [3]. Their disappearance has negative ecological consequences for the protection of biodiversity [4,5]. They are crucial for the functioning of all groups of ecosystem services. The most important forest supporting services include primary production, regulation of elemental circulation, soil creation and protection and occurrence of species habitats. Provisioning services are implemented, among others, by supplying wood and other products for industry and biomass for renewable energy sources. Forests also perform important regulating services in the field of, for example, carbon balance and climate regulation, water purification, flood prevention, as well as cultural services related to tourism and recreation [6,7,8] and space aesthetics [6,9,10,11,12,13]. For these reasons, among others, many forest complexes are protected. There is a relationship between ecosystem services and the protection of biodiversity [14,15,16,17,18,19].



Changes in spatial development, resulting in the reorganization of the structure and functioning of forests, including their fragmentation, lead to disruptions of ecosystem services that are related to the protection of biodiversity [20,21]. The woodiness of some areas, in particular in the mountains, increases due to the recession of agriculture, among other things [22,23]. For these reasons, it is very important to study the changes in the structure of forest landscapes in historical terms. They allow for a determination of the changes in the functioning of ecosystem services as well as to forecast and determine the direction of the sustainable development of landscapes, taking into account the protection of biodiversity [24]. The relationship between landscape changes, biodiversity protection and ecosystem services is an important and under-explored research area [19,25].



Landscape metrics are helpful in research because they allow for the assessment of changes in the structure of patches of individual types of ecosystems, as well as for diagnosing the structural and functional relationships between patches within coverage classes and between classes throughout the entire landscape unit [26]. Landscape heterogeneity, measured by metrics, is crucial for ecosystem services [27]. Comparing landscape metrics from different periods can help quantify the changes that are taking place in the landscapes, including the diversity of the landscape, the degree of its fragmentation, the spatial isolation of ecosystems, the disappearance or increase of their surface and others. Landscape metrics are very useful in protecting biodiversity (e.g., [28,29]). Based on a comparison of indicators from different periods, one can learn about changes and threats to ecosystem functions [30], including those related to the protection of biodiversity [31]. Relations between biodiversity and ecosystem services can also be explored [32]. Landscape metrics have been used by many researchers to study ecosystem services [20,27,33,34,35,36,37]. The researchers use surface indicators (e.g., Percentage of Landscape PLAND, Largest Patch Index LPI, Mean Patch Size AREA_MN), shape (e.g., Perimeter-Area Fractal Dimension PAFRAC, Perimeter-Area Ratio Distribution PARA), border contrast (e.g., Contrast-Weighted Edge Density CWED), aggregation and adhesion (e.g., Landscape Division Index DIVISION, Splitting Index SPLIT, Effective Mesh Size MESH), diversity (e.g., Shannon’s Evenness Index SHEI, Shannon’s Diversity Index SHDI) and others.



Forest areas exposed, in particular, to the degradation of the structure and functioning of the landscape are the remains of old forests, currently in the form of large forest islands surrounded by agricultural and built-up landscapes. The reduction and isolation of large forest complexes limits the possibility of, for example, counteracting climate change, regulating element circulation, water protection and species migration. The reduction and loss of forest habitats affect biodiversity [38,39,40]. It also promotes other forms of land use penetrating into the forest structure, which is the reason for subsequent degradation processes. The protection of valuable natural areas is an element of the strategy for preserving ecosystem services [41].



The aim of the study is to assess the changes in the spatial structure of the landscape of the large isolated Niemodlin Forests complex from 1825 to 2019 and to quantify it using the landscape metrics to show the effects of these changes on the protection of biodiversity. The cartographic method was used, based on a comparison of the state of the spatial structure of the landscape in 1825 and 2019.




2. Materials and Methods


2.1. Study Area


The assessment of changes in the spatial structure of the Niemodlin Forests landscape and the effects of these changes on the performance of selected ecosystem functions were carried out within the Protected Landscape Area of Niemodlin Forests, which has an area of about 50 km2.



One of the large, isolated forest complexes, currently surrounded by agricultural and built-up areas, is a fragment of the former Silesian Forest—the Niemodlin Forests. It is a compact lowland forest complex with an area of about 50 km2, located in Southwest Poland between the valleys of Oder and Nysa Kłodzka. The Niemodlin Forests are located in the Silesian region (Figure 1), on the Niemodlin Plain, which is part of the Silesian Lowland [42]. They are dominated by suboceanic Leucobryo-Pinetum pine forests, and sour oak Calamagrostio-Quercetum also has a significant share. Sour beech forests of Luzulo pilosae-Fagetum are less common, but can be found in the areas of river valleys and depressions of the Fraxino-Alnetum and Ficario-Ulmetum riparian forests. The area has great natural value. It is protected in the Protected Landscape Area of Niemodlin Forests. Part of the complex is also protected by the Natura 2000 site SAC Niemodlin Forests and by eight nature reserves. The studied area is also an important element of the national ecological corridor system [43]. It connects the ecological corridors of the Odra (international) and Nysa Kłodzka (national) valleys. It is also located in the suburbanization zone of the city of Opole, which increases the negative impact on natural forest areas (development of forest areas, increased penetration of forests and their destruction by people). Protection against these threats is not fully effective.




2.2. Cartographic Data


The spatial structure of the landscape in 1825 was estimated from the German map—the so-called Urmesstischblätter. These are the first images, based on triangulation, created using a measuring table, made in 1816–1825 on a scale of 1:25,000. The maps were not intended for publication, remaining as colorful manuscripts. However, they have the features of typical maps, from which basic forms of land use can be read as informative of the spatial structure of the landscape. These maps were obtained from the National Library of Berlin, as scans at 300 dpi resolution (Table 1). The cartographic analysis of these maps was carried out by, among others [44,45].



The current state of the landscape’s spatial structure was analyzed on the basis of an orthophotomap from 2018–2019, made available by the Marshal’s Office of the Opolskie Voivodeship.




2.3. Methods


Studies on the changes in the spatial structure of the Niemodlin Forests landscape were carried out in several stages. In the first stage, sheets of archival topographic maps were registered, calibrated and rectified in ArcInfo v. 10.6 of the ArcGIS package. Archival Urmesstischblätter maps were given a georeference in the Polish system “1992” (EPSG:2180 system), using reference data from 1:10,000 topographic maps in the “1992” system, performing a geometric transformation using a second- or third-degree polynomial.



The cartometric analysis of the cartographic sources used was performed using mathematical and statistical methods and was based on the analyses made by other authors [44,46]. The most common mistakes made while processing spatial information include errors of generalization, reproduction, errors resulting from paper deformation or the process of digitization itself [47,48,49].



Cartometric maps were examined in relation to individual elements, and the average error was determined. The calibration accuracy was determined by the root mean square error (RMS), determined by the relationship [46]:


  R M S =    {   ∑   [    (  x  s  t     −  x m  )  2  +   (  y  s t   −  y m  )  2   ]  / n    }    1 / 2   ,  



(1)




where n is the number of checkpoints, xst and yst are coordinates of scan checkpoints and xm and ym are coordinates on the map.



The error values of fitting individual control points and their average RMS values were determined. The RMS values were generated by the program. The error values were up to 30 m at an RMS around 10–15 m for archival maps and up to 10 m at an RMS 1–4 m for current maps.



On the registered, calibrated and rectified raster sleepers from 1825, the following types of land cover in three classes of naturalness were identified by screen digitization:




	
natural and semi-natural ecosystems: forests, trees and shrubs, surface waters, marshlands, meadows and pastures;



	
degraded ecosystems: arable lands;



	
devastated ecosystems: developed areas, including road and machine infrastructures.








When designating individual forms of land cover, they included:




	
forests—areas covered with forest, with an area of over 0,5 ha;



	
trees and shrubs—dense areas of roadside and mid-field trees and shrubs with an area of less than 0.5 ha;



	
waters—water reservoirs and main watercourses;



	
marshlands—wetlands and marshes;



	
meadows—meadows and pastures;



	
arable lands—land used for agriculture;



	
developed areas—building areas, squares, paved areas including road and machine infrastructures.








The key was to use the same criteria for both sources, with the starting point being land cover forms visible on old maps. The same types of land cover were analyzed on an orthophotomap from 2018–2019.



Basic data characterizing the structure were measured and calculated for each type of land cover form. Natural and semi-natural ecosystems are characterized by a high natural potential that supports ecosystem services that are related to the protection of biodiversity, but the development of forms of coverage limits this potential. Prior to the comparative analyses, land use categories (data aggregation) were unified on all the maps.



After the vectorization, the maps were subjected to an analysis of similarity, based on fuzzy logic and Kappa indices [50,51,52], obtaining Kappa values at the level of 0.70–0.88; however, due to the type of analyses carried out, the results were not subjected to a broad discussion. For both periods of analysis, basic spatial data were calculated in individual categories of precipitates and compared with each other. The spatial diversity of the distribution of individual types of landscape structure elements was also compared. Image overlaying was abandoned due to the possibility of creating so-called residual polygons. They form when applying surfaces with differently shaped borders [48].



In the next stage, to assess changes in the spatial structure of the landscape, raster images were analyzed for the structure obtained from the Urmesstischblätter maps (1816–1825) and the current state from the orthophotomap, using the Fragstats v. 4.2 software [26]. The analysis included raster files that were generated in ArcInfo v. 10.6, in GeoTiff format, with a 10 m cell resolution. Fragstats further defined the parameters such as class descriptions and edge contrast, assuming a range of values from 0 to 1, where 0 is no contrast and 1 is maximum contrast. A radius was also given to calculate the indicators of proximity and similarity at a distance of 200 m and a threshold distance of the connection indicator at a distance of 200 m. Attempts were also made to enter larger radius values by comparing the results obtained. The obtained values were similar.



For each of the seven types of ecosystems in the landscape spatial structure, the following landscape metrics were calculated separately for 1825 and 2019: Class Area (CA), Percentage of Landscape (PLAND), Number of Patches (NP), Patch Density (PD), Largest Patch Index (LPI), Mean Patch Size (AREA_MN), Perimeter-Area Ratio Distribution (PARA_MN), Mean Contiguity Index (CONTIG_MN), Connectance Index (CONNECT), Landscape Division Index (DIVISION), Effective Mesh Size (MESH) and Splitting Index (SPLIT).



For all the types of ecosystems considered together, the following indicators were calculated and characterize the spatial structure of the landscape for the maps from 1825 and 2019: Total Area (TA), Patch Density (PD), Total Edge (TE), Edge Density (ED), Mean Patch Size (AREA_MN), Patch Radius of Gyration (GYRATE_MN), Perimeter-Area Ratio Distribution (PARA_MN), Mean Contiguity Index (CONTIG_MN), Perimeter-Area Fractal Dimension (PAFRAC), Connectance Index (CONNECT), Contrast-Weighted Edge Density (CWED), Landscape Division Index (DIVISION), Effective Mesh Size (MESH), Splitting Index (SPLIT), Shannon’s Diversity Index (SHDI) and Shannon’s Evenness Index (SHEI).





3. Results and Discussion


3.1. Changes in Surface Shares of Landscape Spatial Structure Elements


In the years 1825–2019, minor changes occurred in the surface shares of individual types of ecosystems in the Niemodlin Forests (Figure 2; Table 2 and Table 3). Taking into account the areas occupied by individual types of ecosystems in 1825 and 2019, the largest regress was found for meadows and pastures, whose share in the landscape structure decreased from 5.6% in 1825 to 3.4% in 2019, and surface waters, from 3.5% to 1.4%. These seemingly small changes (around 2.1%–2.2%) actually mean a reduction of about half the share of these ecosystems. This is of great importance in terms of its negative impact on biodiversity associated with these types of ecosystems. The main reason for the changes is the drainage of land for the development of agricultural crops. Meadow degradation and its negative impact on the protection of biodiversity have also been recorded in other regions [31]. These are ecosystems that are sensitive to anthropogenic changes and natural ecological succession. A slight increase was noted for arable land—from 22.3% to 23.7%. Arable land and the increase in the intensification of its protection were identified as the main direction of landscape changes on a global scale [53]. The increase in arable land leads to the loss of habitats and the fragmentation of forests, which were identified as the two most important threats to forest biodiversity [54,55]. Relatively large changes, taking into account the areas from 1980 to 2019, occurred for expansion built-up areas, from 1.8% in 1825 to 3.1% in 2019, and tree stands, from 1.6% to 2.7%. Changes in the forest area were small but positive, from 65.0% to 65.6%. An analysis of the two basic elements of the spatial structure of the landscape that negatively affect ecosystem services, which are related to the protection of biodiversity, i.e., arable land and built-up areas, indicates that, over a period of 190 years in the Niemodlin Forests, the area of arable land increased by approx. 691 ha, and built-up areas by 672 ha. For arable land, it increased by 6%, in comparison to 1825, and for built-up areas, a very large increase by 75% (Table 2). New ecosystems related to the expansion of buildings have negative consequences for the protection of biodiversity [9]. The increase in developed areas and human population has a very large impact on ecosystem services [56,57,58]. The increases in the area of natural and semi-natural ecosystems, responsible for supporting ecosystem services and related to the protection of biodiversity, compared to 1825, amounted to 1% for forests and 68.8% for tree stands. For other valuable ecosystems, there were very large surface declines, as compared to 1825. For surface waters, they amounted to as much as 59.6% of the original surface, 52.4% of marsh areas and 40.2% of meadows and pastures.



The trend of increasing forest cover recorded in the studied area confirms the results of the research conducted in other areas of southern Poland—Ślęża Landscape Park [59], Sudetes [60], Beskids [61] and Orawa [62]. It should be noted, however, that compared to these mountainous areas, the increase in forest cover was very slight, which confirms that in the lowland areas, where the Niemodlin Forests are located, forest cover is more stable [63]. In the mountains, the increase in forest cover is associated with the afforestation of former agricultural land. Its share in the landscape structure is decreasing. The share of arable land is increasing in the Niemodlin Forests. The decrease in the area share of all non-forest areas typical of the mountains has not been confirmed. This indicates that in lowland areas, forest cover changes are less dynamic [63], and there is no intensive afforestation of formerly farmed agricultural land.



The research results only partially confirm the dominant tendency in Europe to change the landscape associated with the transformation of agricultural land [64]. Only meadows were significantly reduced in the analyzed area, while the share of arable land did not significantly change.



However, not only general changes in the share of individual land use in the landscape are important for biodiversity protection, but also changes in spatial composition conditioned by socio-economic factors [63,64]. The study of all these changes is currently very important because recently there has been a noticeable increase in landscape changes in nearby protected areas—landscape parks [65].




3.2. Changes in the Landscape Structure in Spatial Terms


The biggest changes in the spatial structure of forest ecosystems in the Niemodlin Forests, between 1825 and 2019, concern the southwestern part (Figure 3 and Figure 4). Marshlands and part of the meadows in the Ścinawa Niemodlińska Valley were afforested. In this region, as well as in the northeast, the share of forests converted to arable land decreased. In the north, the A4 motorway strip cut off the Niemodlin Forests area, which is the main reason for the fragmentation of the largest compact forest complex. In 1825, tree ecosystems were concentrated in river valleys, with a significant part of them currently located on former arable land, where use was abandoned. The share of tree plantings increased and spread as a result of ecological succession. The largest new tree complex, located in the west, covered a large wasteland after the former military training ground was deconstructed. Meadow and pasture ecosystems in 1825 were the dominant type of ecosystem in river valleys. Currently, larger areas of the valleys are used as arable land or have been afforested. Former compact and large meadow complexes have been fragmented. In 1825, the share of aquatic ecosystems was significantly larger in the Niemodlin Forests. They occurred in the form of pond complexes in the northern and central parts. A large portion of these ponds has disappeared, converted into arable or forested land. The main arable land complexes occurred in both periods in the western and central parts of the analyzed area. Developed areas increased the most in the central part of the Tułowice area, which was a small village in 1825 and a city in 2019, as well as in the northeast, where there were semiurbanization processes related to the development of the city of Opole.




3.3. Changes in the Spatial Composition of the Landscape in Terms of Individual Groups of Escosystems


With minor changes in the surface shares of individual types of ecosystems in the Niemodlin Forests between 1825 and 2019, the structure of the landscape composition changed significantly. The number of ecosystem patches (NPs) that were responsible for landscape fragmentation and the degradation of ecosystems, characterized by high biodiversity, have increased. For arable land, the increase was relatively small, from 193 to 210 plots, and very large for built-up areas, from 156 to 233 plots. This indicates that the increase in the share of built-up areas does not take place only in compact spatial units and the maintaining of the number of these units. The dispersion of buildings is unfavorable for the protection of biodiversity.



In the group of ecosystems responsible for supporting ecosystem services for biodiversity protection, unfavorable tendencies were mostly noticeable. For surface water ecosystems, a large decrease in the surface share was associated with a decrease in the number of patches, which means that these ecosystems are disappearing in the landscape. For marshlands, meadows and pastures, the number of patches increased, while the surface area decreased. This indicates both the disappearance and fragmentation of once large surfaces. The reduction in the unitary surface of marshlands and meadows and pastures was very unfavorable because negative external impacts on these ecosystems increased. A large increase in the number of trees was accompanied by a large increase in the number of patches, from 251 to 469. Tree plantings do not form compact, large areas, which would be beneficial. They occur in mosaics with other types of ecosystems. Preferably, the value of the NP indicator is for forests. Their share increased and the number of patches increased slightly, from 65 to 67. The increase in forest cover in the Niemodlin Forests took place through the afforestation of areas that were directly adjacent to existing complexes, which is beneficial for supporting ecosystem services.



In the index of the number of patches of individual types of Niemodlin Forests ecosystems per unit area, the PD for ecosystems degrading the natural values of the area is similar. As for arable land in both studied periods, it amounted to 0.4 plot/100 ha of landscape, and for built-up areas it increased from 0.3 plot/100 ha in 1825 to 0.5 plot per 100 ha in 2019 (Table 2). For natural ecosystems, it was 0.9 plot/100 ha in 2019 for trees and shrubs, the largest increase for this type of ecosystem and the largest increase overall, from 0.5 plot/100 ha in 1825 (Table 3). It also reached high values for meadows and pastures with low growth dynamics between 1825 and 2019. The value of this indicator decreased for surface water ecosystems, from 0.3 to 0.2, and for marshlands it was close to 0.



Large forest complexes dominate the area of the Niemodlin Forests. The Largest Patch Index for forests was 43.6% in 1825, and in 2019 it increased to 52.2%. This confirms the favorable process of increasing the forest cover of the area by extending existing forest complexes. For other ecosystems, the value of the indicator did not exceed 1% in both analyzed periods, except for arable land, which was 4.2% in 1825 and fell to 3.3% in 2019. A significant increase in the LPI ratio for built-up areas is significant, from 0.1% in 1825 to 0.6% in 2019. This indicates a very large increase in the largest settlement units from the Niemodlin Forests area.



The average area of ecosystem patches (AREA_MN) is the largest for forests. It amounted to 505.8 ha in 1825 and decreased to 495.0 in 2019. The average area of arable land is almost nine times smaller than that of the forests and was very similar in both periods—57.0–58.5 ha. Other types of ecosystems have a very small average area, and only for built-up areas did it increase from 5.8 ha to 6.8 ha. In other ecosystems there was a decrease in the average area of the lobe: marshy ecosystems decreased very strongly from 15.5 ha to 4.9 ha and meadows and pastures from 9.4 ha to 4.8 ha. The decrease in the average surface area of these ecosystems and the strongest decreases in the share in the landscape indicate that they are among the ecosystems most at risk of disappearance, together with the supporting ecosystem services.



For all the types of ecosystems studied, with the exception of built-up areas, the value of GYRATE_MN inertia index decreased in 1825–2019, which corresponds to a large increase in the share of built-up areas in the landscape, an increase in the number of patches and their average area.



The largest ratios of lobe circumferences to their surfaces (PARA_MN) generally corresponded to ecosystems with the smallest average lobes. The highest value of this indicator increased for marshlands, from 385.6 m/ha in 1825 to 831.3 m/ha in 2019, and for tree stands, from 884.1 m/ha in 1825 to 1208.9 m/ha in 2019. The indicator also increased between 1825 and 2019 for developed areas, forests, meadows and pastures, as well as surface waters. Only for arable lands did it decrease. This indicates that the landscape of the Niemodlin Forests is more complex in 2019 compared to 1825, and that ecotonic influences have increased in the area. This may mean an increase in biodiversity, as ecotonic structures are characterized as species accumulation areas [59]. Increasing the share of ecotones is conducive to increasing the ecological potential and achieving the objectives of the protection of the Niemodlin Forests. However, the increase in the proportion of ecotones, in relation to the inside of the lobes, reduces the biodiversity of species requiring large ecosystem areas to occur. The increase in the ecotonic effect, in particular, weakens the ecosystem potential for creating optimal habitat conditions for species that are typical in swamps, followed by tree stands and forests. In the case of trees and forests, the unfavorable process was compensated by the increase in their overall area. At the same time, for marshes, meadows and pastures, as well as surface waters, the surface decreased, which is unfavorable.



Similar values of the Mean Contiguity Index were found for all types of ecosystems in 1825 and 2019. These values slightly decreased in the analyzed period for built-up areas, trees and marshlands, by 0.1. The landscape of the Niemodlin Forests in the analyzed period is characterized by a similar degree of dispersion of individual ecosystems.



A very important index for diagnosing the spatial structure of the landscape, from the point of view of ecosystem functions ensuring the possibility of species migration, is the Connectance Index. In the group of natural and semi-natural ecosystems in the analyzed period, its value increased for forests from 0.5% to 0.7%, surface waters from 0.2% to 0.5% and marshes from 0.0% to 2.8%. It remained unchanged for trees and decreased for meadows and pastures from 0.2% to 0.1%. From the point of view of supporting ecosystem services related to the protection of biodiversity, the increase in the value of this indicator for arable land and built-up areas is unfavorable. Increasing the connections between these ecosystems indicate their expansion.



The survey indicated high values on the Landscape Division Index, which, apart from forests, did not change in the period of 1825–2019. In forests, the value of this indicator decreased from 0.8 to 0.7. This is the only type of ecosystem that is relatively poorly divided.



The value of the Effective Mesh Size landscape fragmentation index is the largest for forest ecosystems, indicating their compact nature. The compactness of these ecosystems increased significantly between 1825 and 2019. Arable land is also quite compact, compared to other ecosystems, but its compactness has decreased. The value of the indicator for other ecosystems does not exceed 10. It increased many times in the examined period for developed areas and trees and shrubs, and decreased for meadows and pastures, surface waters and marshlands. This again indicates a significant weakening of the ecosystem functions that are related to the protection of biodiversity of ecosystems associated with hydrogenic habitats.



The Splitting Index comparison leads to similar conclusions. It has the lowest value for forest ecosystems, and this value decreased between 1825 and 2019 from 5.0 to 3.6. Forest fragmentation decreased during this period. The fragmentation of the second type of ecosystem, with a relatively compact nature of occurrence, increased—arable land reached in 1825 the index value of 346.7, and in 2019 of 412.0. The values obtained for the remaining types of ecosystems indicate their strong fragmentation. It increased significantly for marshes, compared to 1825, less so for surface waters and the least for meadows and pastures. It decreased significantly for developed areas and trees.




3.4. Changes in the Spatial Composition of the Landscape


In the years 1825–2019, various changes in the values of indicators of the spatial composition of the landscape were noted in the Niemodlin Forests area (Table 4). The density of PD patches increased significantly from 2.26 in 1825 to 2.81 in 2019. This indicates a fragmentation of the spatial structure of the landscape by approx. 24%, compared to the initial state from 1825. It increased by 4% in total boundaries between all types of TE ecosystems, indicating an increase in the fragmentation and complexity of the landscape structure. The density of the ED borders increased by 6% in the analyzed period.



In the period 1825–2019, the average patch area decreased from 44.3 ha to 34.8 ha, i.e., by 21%. The perimeter to surface ratio (PARA) for all ecosystems of the Niemodlin Forests increased by 35%, compared to 1825. The Mean Contiguity Index value decreased by 7%, which indicates an increase in the degree of isolation of individual ecosystems. The Perimeter-Area Fractal Dimension Index increased by 1%, which indicates a slight increase in the complexity of ecosystem shapes. The contrast of landscape boundaries, measured by the Contrast-Weighted Edge Density Index, increased by 7%, and by 3% when measured by the Total Edge Contrast Index, thus confirming the increase in the degree of structural and functional isolation of ecosystems. The value of the Connectance Index decreased by 10%, confirming the progressing fragmentation of the landscape and the increase in the spatial isolation of the patches. The Landscape Division Index has decreased by the same amount.



In the analyzed period, the value of the Effective Mesh Size index increased by 37%, and the value of the Splitting Index decreased by 24%. The Shannon’s Diversity Index decreased by 4%, and the Simpson’s Diversity Index decreased by 5%.





4. Conclusions


In the period of 1825–2019, there were no significant changes in the area shares of individual types of ecosystems in the Niemodlin Forests. The changes, considered by the total surface shares of individual types of ecosystems, did not exceed the value of 2.2%. Seemingly, the area has not significantly changed its ecological potential in the field of biodiversity protection. Theoretically, this would indicate the good behavior of supporting ecosystem services related to the protection of biodiversity in this area. The analysis of the indicators of the spatial composition of the landscape indicates, however, that with small changes in the share, the area’s functionality for biodiversity protection has been significantly reduced, especially for ecosystems related to the freshwater environment—i.e., water reservoirs, swamps and wet meadows.



The research shows that, in the analyzed area, the share of forests increased slightly, which is a positive phenomenon for an isolated, large forest complex. At the same time, however, the primary shares of wetland, meadow and pasture and water ecosystems have significantly decreased. An increase in forest cover does not necessarily mean an increase in the natural values of the protected areas or an improvement in the functioning of supporting ecosystem services. It is important to consider the expense of increasing forest cover in ecosystems. The afforestation of arable lands is favorable. Increasing forest cover at the expense of meadows and pastures, surface waters and marshlands is not beneficial for ecosystem services related to biodiversity protection. Meadows and pastures occupied small areas in the study area in 1825 and 2019, but at the same time the share of meadows decreased by about 40%. A slight increase in the forest ecosystem area, at the expense of meadow grass, will not significantly change the conditions for the protection of forest biodiversity, but it dramatically reduces the conditions for the protection of meadow species—not only because it greatly reduces the surface of meadows, but also because it fragments former large meadow areas, increasing their spatial isolation. In addition, the meadows in the Niemodlin Forests in 1825 were strongly associated with wetlands, which could not be cultivated as arable land. The entire wetland complex, i.e., meadows, surface waters and swamps, occupied, and still occupy, small shares in the landscape, and in the analyzed period these shares decreased from about 40% to 60%. Any further reduction of the surface of these ecosystems is not beneficial, and they should be particularly protected in the policy of sustainable development.



In the study of changes in the spatial structure of the landscape of areas with high natural values, more attention should be paid to ecosystems that often occur in small surface proportions, because even small global changes in their surface may have large negative effects on the protection of biodiversity.



During the period under study, the spatial composition of the landscape changed significantly, which affects the value of habitats for individual groups of species. Supporting ecosystem services related to the protection of biodiversity for wetlands and water, as well as meadows and pastures, have drastically decreased. The spatial isolation of these habitats has decreased by more than half. The hydrogenic habitats and groups of flora and fauna of these habitats are under threat in the Niemodlin Forests.



The assessment of changes in the functioning of ecosystem services in different periods of time for a specific area, based only on the surface share of certain types of ecosystems, may lead to misinterpretation. Research in the Niemodlin Forests between 1825 and 2019 does not indicate the occurrence of large changes in the surface share of individual ecosystems, but assessment of the composition structure of the landscape, suggesting the occurrence of significantly larger changes. Through the evolution of high natural values, the surfaces of individual ecosystems may change a little, but at the same time the landscape fragmentation and spatial isolation of ecosystems can increase significantly. This is unfavorable for the preservation of natural values.



Research using landscape metrics indicates the importance of ecotones in the functioning of ecosystem services related to the protection of biodiversity. The progressive fragmentation of the landscape increases the length of ecotonic structures. In order to increase the effectiveness of biodiversity protection, instruments to protect ecotone zones should be strengthened in the protection policy [66]—in particular, those associated with endangered ecosystems of water, swamps and meadows.



Studies indicate that landscape indicators covering the entire study area should be interpreted cautiously. They do not depict changes occurring in individual classes of land cover, but are an average image of the whole landscape. Meanwhile, each type of ecosystem has a different role in supporting the ecosystem services related to biodiversity protection. Indicators should be analyzed separately for individual classes of ecosystems and separately for the whole landscape.



Studies on the changes in the structure and composition of the landscape using landscape indicators should be the basis for sustainable landscape planning, including ecosystem services [41]. Landscape models [67] associated with assessments of the impact of economic activity on changes in the landscape structure [68] are helpful for this.



In light of the research results, the nature protection policy as well as spatial planning and development should change. For the sustainable development of the Niemodlin Forests area, it is necessary to strengthen the policy for the protection of ecosystems related to the aquatic and wetland environment. The protection of these ecosystems, as well as the creation of new water reservoirs, meadow areas and bogging areas, are favorably correlated with the need to counteract the effects of climate change, in particular drought. There is a need to correlate nature protection policy and counteract the effects of climate change in the field of water retention in the landscape. To protect the ecotones, it is necessary to plan new built-up areas far away from forest border areas with meadows, tree stands and surface waters. It is also necessary to limit the scattering of buildings and the location of residential and service areas in ecological corridor bands that connect adjacent patches of forests and other natural ecosystems. For the protection of the Niemodlin Forests, a new spatial policy is needed to take greater account of the degradation of valuable ecosystems and to limit fragmentation processes. The assessment of the potential of performing ecosystem functions—related to the protection of biodiversity only on the basis of the analysis of general changes in the share of individual ecosystems in the landscape in different periods of time—does not guarantee the sustainable and balanced development of forest areas.
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Figure 1. Study area. 
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Figure 2. Area share (PLAND) of individual types of ecosystems in Niemodlin Forests, in 1825 and 2019. 
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Figure 3. Changes in the spatial structure of developed areas and arable lands between 1825 and 2019. 
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Figure 4. Changes in the spatial structure of forests, trees and shrubs, meadows, water and marshlands between 1825 and 2019. 
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Table 1. List of used Urmesstischblätter map sheets.
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	Sheet
	Symbol (Sheet Number)
	The Year of Publication
	Source





	Bösdorf
	3194
	1825
	National Library of Berlin



	Dambrau
	3141
	1825
	National Library of Berlin



	Falkenberg
	3140
	1825
	National Library of Berlin



	Grottkau
	3139
	1825
	National Library of Berlin



	Krappitz
	3252
	1825
	National Library of Berlin



	Löwen
	3081
	1825
	National Library of Berlin



	Oppeln
	3142
	1825
	National Library of Berlin



	Proskau
	3197
	1825
	National Library of Berlin



	Psychod
	3196
	1825
	National Library of Berlin



	Schelitz
	3251
	1825
	National Library of Berlin



	Schurgast
	3082
	1825
	National Library of Berlin



	Tillowitz
	3195
	1825
	National Library of Berlin
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Table 2. Changes in the indicators of the spatial structure of ecosystems degrading the functions of supporting ecosystem services for biodiversity protection in arable land and built-up areas in Niemodlin Forests, in 1825 and 2019.
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Landscape Structure Index

	
Arable Lands

	
Developed Areas




	
1825

	
2019

	
1825

	
2019






	
CA

	
11,284.8

	
11,976.1

	
901.2

	
1573.1




	
PLAND

	
22.3

	
23.7

	
1.8

	
3.1




	
NP

	
193.0

	
210.0

	
156.0

	
233.0




	
PD

	
0.4

	
0.4

	
0.3

	
0.5




	
LPI

	
4.2

	
3.3

	
0.1

	
0.6




	
AREA_MN

	
58.5

	
57.0

	
5.8

	
6.8




	
GYRATE_MN

	
243.0

	
225.6

	
92.8

	
122.0




	
PARA_MN

	
417.1

	
399.0

	
520.4

	
672.5




	
CONTIG_MN

	
0.9

	
0.9

	
0.9

	
0.8




	
CONNECT

	
0.5

	
0.6

	
0.1

	
0.2




	
DIVISION

	
1.0

	
1.0

	
1.0

	
1.0




	
MESH

	
145.9

	
122.7

	
0.3

	
2.7




	
SPLIT

	
346.7

	
412.0

	
156,725.1

	
18,627.0
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Table 3. Changes in the indicators of the spatial structure of ecosystems responsible for the functions of supporting ecosystem services for biodiversity protection in forests, trees and shrubs, meadows, surface waters and marshlands areas in Niemodlin Forests in 1825 and 2019.
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Landscape Structure Index

	
Forests

	
Trees and Shrubs

	
Meadows

	
Water

	
Marshlands




	
1825

	
2019

	
1825

	
2019

	
1825

	
2019

	
1825

	
2019

	
1825

	
2019






	
CA

	
32,876.9

	
33,165.9

	
806.0

	
1366.6

	
2807.7

	
1694.1

	
1793.2

	
724.1

	
92.9

	
44.2




	
PLAND

	
65.0

	
65.6

	
1.6

	
2.7

	
5.6

	
3.4

	
3.5

	
1.4

	
0.2

	
0.1




	
NP

	
65.0

	
67.0

	
251.0

	
469.0

	
298.0

	
356.0

	
172.0

	
107.0

	
6.0

	
9.0




	
PD

	
0.1

	
0.1

	
0.5

	
0.9

	
0.6

	
0.7

	
0.3

	
0.2

	
0.0

	
0.0




	
LPI

	
43.6

	
52.2

	
0.1

	
1.2

	
0.4

	
0.4

	
0.3

	
0.3

	
0.2

	
0.0




	
AREA_MN

	
505.8

	
495.0

	
3.2

	
2.9

	
9.4

	
4.8

	
10.4

	
6.8

	
15.5

	
4.9




	
GYRATE_MN

	
442.1

	
386.4

	
106.4

	
73.9

	
137.9

	
88.0

	
107.2

	
92.8

	
124.8

	
113.0




	
PARA_MN

	
327.3

	
436.0

	
884.1

	
1208.9

	
564.9

	
661.3

	
568.5

	
675.6

	
385.6

	
831.3




	
CONTIG_MN

	
0.9

	
0.9

	
0.8

	
0.7

	
0.8

	
0.8

	
0.8

	
0.8

	
0.9

	
0.8




	
CONNECT

	
0.5

	
0.7

	
0.1

	
0.1

	
0.2

	
0.1

	
0.2

	
0.5

	
0.0

	
2.8




	
DIVISION

	
0.8

	
0.7

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0




	
MESH

	
10,093.7

	
13,871.9

	
0.3

	
7.6

	
3.0

	
1.7

	
2.1

	
0.7

	
0.1

	
0.0




	
SPLIT

	
5.0

	
3.6

	
165,065.2

	
6689.6

	
16,848.0

	
29,463.9

	
23,931.6

	
68,614.8

	
373,839.6

	
4,826,586.9
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Table 4. Changes in the indicators of the spatial structure landscape of the Niemodlin Forests in 1825 and 2019.
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	Landscape Structure Index
	1825
	2019





	TA
	50,562.86
	50,544.02



	PD
	2.26
	2.81



	TE
	1,445,560.00
	1,502,490.00



	ED
	28.59
	30.28



	AREA_MN
	44.31
	34,83



	GYRATE_MN
	155.21
	123.10



	PARA_MN
	590.10
	793.84



	CONTIG_MN
	0.84
	0.78



	PAFRAC
	1.28
	1.29



	CWED
	14.24
	15.24



	TECI
	38.30
	39.60



	CONNECT
	0.20
	0.18



	DIVISION
	0.80
	0.72



	MESH
	10,245.39
	14,007.35



	SPLIT
	4.94
	3.61



	SHDI
	1.04
	1.00



	SHEI
	0.54
	0.52











© 2020 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 (http://creativecommons.org/licenses/by/4.0/).
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