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Abstract

:

Land abandonment is one of the main drivers of land use/land cover (LULC) change across Europe, which has already led to a significant loss of open habitats, threatening species hosted in them. We investigated LULC changes for a period of 70 years in a mountainous area of central Greece (Mt Agrafa) by mapping its land cover for the years 1945, 1996 and 2015, calculating transition matrices of land cover classes and performing intensity analysis at different levels. Subareas of the study area, with different population trends, were compared in regard to their LULC change trends. Possible drivers of LULC changes were explored by means of Random Forest modeling, and landscape metrics were calculated to assess their trends. Our results showed great changes in LULC class cover, significant shrinkage of open habitats, accelerated rates of change in the recent period and no differences in LULC change patterns in relation to different population trends. Variables expressing favorability of ecological conditions for forest establishment or probability of farmland abandonment were found as more important drivers of the spatiotemporal distribution of LULC classes, while landscape metrics revealed certain trends. Our main conclusion is that land abandonment and the subsequent vegetation succession are going through a semifinal stage, before their completeness and the almost absolute dominance of the forest, and repopulation of the countryside cannot unconditionally ensure any halting effect on the land abandonment process.
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1. Introduction


The investigation of changes of land use and land cover across different spatial and temporal scales has been of great scientific interest during the last decades, with land cover referring to the visible surface of land (e.g., forests, shrublands, wetlands, agricultural), while land use refers to the socioeconomic purpose of human activities on the landscape (e.g., recreation, forestry, agriculture). Land abandonment is one of the main trajectories of land use/land cover (LULC) change across Europe [1] and has led to a significant reduction in agricultural land over the past few decades, mainly in mountainous regions of the Mediterranean [2,3,4]. In recent years, there is a growing concern in European Union (EU) about this phenomenon, as it is estimated that around 30% of agricultural areas are under moderate risk of land abandonment by 2030 [5]. Although the amount of total abandoned agricultural land throughout the EU is expected to reach the 3% of the total current agricultural area by 2030, it is estimated that several countries will be affected by significantly higher levels of land abandonment, with Greece having more than 70% of its agricultural land under at least moderate risk of abandonment [6]. In mountainous regions, this risk is three times higher than in non-mountainous regions [7], highlighting the importance that agricultural land abandonment will have on these ecosystems [6,8].



Effects of land abandonment can be positive under certain cases, e.g., through the provision of opportunities for the recovery of disturbed ecosystems [9,10], restoration of historical vegetation [11] or improvement of soil conditions and water regulation [10]. Nevertheless, the negative effects of abandonment are usually more prominent and include landscape and vegetation homogenization [10], accompanied with a subsequent loss of biodiversity occurring in the semi-natural habitats that are gradually lost [12], alteration of soil properties and ecosystem processes [10,11], as well as an increase in wildfire frequency and severity [13]. The EU has drawn particular attention to the potential negative effects of land abandonment on habitats and biodiversity connected to agricultural activities (grasslands and shrubs) [14], since the European countryside and therefore agricultural biodiversity and habitat types have been largely shaped by the application of traditional land uses over millennia [15,16]. The cessation of such activities results in the initiation of the process of secondary succession of vegetation [17,18], which starts immediately after land abandonment [19] and is characterized by the replacement of open habitats’ vegetation by shrubland/woodland vegetation and finally by forest vegetation [20,21]. Particularly in the Mediterranean biogeographic region, the loss of open habitats and landscape homogenization are expected to subsequently lead to decline of a great number of narrowly distributed, endemic or threatened species inhabiting these grasslands [22].



The main causal drivers of land abandonment within the EU include both socioeconomic and environmental factors. On one hand, socioeconomic drivers include extensive urbanization due to major economic changes at a local or regional level [5], the low competitive ability of small-scale farmers [12] and the intensification of agricultural activities on more productive lands leading to increasing imports of agricultural products from other regions [23]. On the other hand, complexity of landscape topography, soil characteristics (e.g., physical properties, water holding capacity, pH) as well as climatic conditions [10] are among the main ecological drivers of land abandonment. As a general pattern, agricultural abandonment within Europe is observed in areas with unfavorable cultivation conditions, such as areas with low productivity, in remote and mountainous localities and in areas where soil erosion is prevalent [10,12].



The particularly high percentage of areas under moderate and high risk of abandonment in Greece is related to factors including general economic conditions, social factors (e.g., occupation or way of living preferences), as well as characteristics of the primary sector (concerning agricultural practices or market characteristics) [6]. Moreover, biophysical factors such as high-altitude areas, islands and areas subject to drought contribute substantially to this high abandonment risk [6]. An additional potential driver of land abandonment, which has received special attention due to its great importance, is depopulation. More specifically, the slowing down of the population growth of Europe and the rural population decline during the last decades are considered at least partly responsible for shrinkage of agricultural land at the regional scale [12].



The aim of the present study was to investigate the LULC changes in a mountainous area of central Greece for a period of 70 years, and specifically on the basis of data from three years, namely, 1945, 1996 and 2015. The study area is composed of municipal districts with different population trends in time, giving us the ability to investigate if such different trends have led to different LULC change patterns. Transition matrices between LULC classes as well as their change rate were calculated for the whole study area as well as for the two subareas distinguished on the basis of their distinct population trends. Furthermore, we explored the impact of ecological and socioeconomic variables on the probability of each LULC class occurrence in the landscape and calculated certain landscape metrics for the different years studied. The questions addressed in this study are the following:




	(1)

	
Which LULC classes were submitted to changes in time and to what extent, and how were the transitions between the LULC classes directed?




	(2)

	
What was the rate of change (transitions) between LULC classes and was rate was differentiated in time or between classes or transition types?




	(3)

	
Were there different patterns in LULC change and rate between the municipal districts with different population trends?




	(4)

	
Which ecological or socioeconomic factors had important effects on the probability of each LULC class occurrence in the landscape and how did they affect the probability of each class?




	(5)

	
How did certain landscape aspects change in time and for each LULC class?










2. Materials and Methods


2.1. Study Area


The study area is located at the Thessalian part of Mt Agrafa (central Greece), which is located within the Southern Pindus floristic region of Greece [24]. Its total area covers 112.38 km2 and its elevation ranges from 456 m to 1.525 m, with a mean altitude of 920 m. Based on the map of Beck et al. [25], the climate of more than half of the study area (≈60%) is “Warm-summer Mediterranean climate” (Csb) and for the rest is “Hot-summer Mediterranean climate” (Csa), while according to the data obtained from the CHELSA Version 2.1 dataset [26] for the period 1981–2010, its average air temperature is 11.1 °C and the annual average precipitation is 999 mm. The geological substrate of the study area comprises mainly shale and flysch [27].



The potential natural vegetation of the study area includes two forest types, namely the “South and east Balkan colline to montane (mixed) Balkan oak forests” and the “Hellenic beech and fir-beech forests” [28]. The former vegetation type is mainly represented by Quercus frainetto Ten. forests and covers more than 78% of the study area, while the latter is represented by Abies borisii-regis Mattf. forests, occurring at the highest altitudinal zone of the study area [28]. Within both of the abovementioned vegetation zones, ecological factors as well as human-induced disturbances (e.g., agricultural activities, tourist and recreational facilities, urban structures) might have prevented the establishment of potential vegetation types, leading to a mosaic landscape of different vegetation stages of secondary succession, such as abandoned fields, semi-natural grasslands (grasslands occurring in areas having forests as natural potential vegetation but which are covered by open habitats’ vegetation because of long-term human-induced disturbances), shrublands and degraded forests. The study area includes parts from 13 municipal districts of the Karditsa regional unit (Figure 1), while it historically includes only small-to-medium-sized villages.



Our study was conducted for a 70-year period, from 1945 to 2015, and the extent and borders of the study area were chosen so as to include areas of the sub-mountainous and mountainous zone where human agricultural activities were traditionally practiced continuously or intermittently during these years. To identify such areas, maps of a National Cadastre project were used to document the transitions between woodland and agricultural land from 1945 to date. Visual interpretations of these maps revealed the main areas where major LULC changes have taken place over the last few decades. Furthermore, interviews were conducted with local residents to find areas with the abovementioned characteristics. In general, our study area was constituted by the villages and their current and former cultivated or pasture land, while we avoided extended remote areas with rough topography, which were forested already since 1945, as well as areas with subalpine vegetation (where climatic and soil conditions cannot support forest growth) occurring above 1500–1600 m within the general study area.



Another criterion for selecting the study area and subareas was their proximity to Lake Plastiras. This lake is artificial (it is also called Tavropos Reservoir) and was created by the construction of a dam at Tavropos (Megdovas) River in 1960. The surface area of the lake is 22.4 km2. The rationale for using such a criterion is based on the fact that although the total population of the study area has been reduced from 11,249 inhabitants in 1940 to 8401 in 2011 (reduction of 25%), the municipal districts in the study area followed two different patterns concerning the trend of their population size (Figures S1 and S2). The municipal districts around the lake experienced an initial reduction of their population until 1980 or 1990, but afterwards their population increased and in 2011 reached or exceeded the one they had in 1940 (Figures S1 and S2). These municipal districts had in 2011 the same total population size as that in 1940. On the other hand, the municipal districts away from Lake Plastiras experienced a more or less continuous reduction of their population during the study period and in 2011 the total sum of their inhabitants was about the one-third of that in 1940 (Figures S1 and S2). We applied such a criterion to be able to compare LULC changes between areas of different population trends in time and to test certain related hypotheses.




2.2. Land Cover Mapping


LULC change in the study area was investigated for a period of 70 years and specifically from 1945 to 2015. Land cover was mapped in three time points, and specifically 1945, 1996 and 2015, on the basis of orthophotos provided by Hellenic Cadastre for the years 1945 (pixel size 1 m) and 2015 (pixel size 0.25 m) and orthophotos of 1996 (pixel size 1 m) provided by the Ministry of Rural Development and Food of the Hellenic Republic. That cartographic material was georeferenced to the Hellenic Geodetic Reference System 1987 (HGRS87). Orthophotos of 1945 and 1996 are based on black and white panchromatic aerial photographs and those of 2015 are based on three-band (RGB) digital aerial photographs. For image segmentation, orthophotos were processed with the software eCognition [29]. The algorithm “multiresolution segmentation” was applied to the images for object-based segmentation, which identifies single-image objects of the size of one pixel and then merges them with their neighboring pixels based on relative homogeneity criteria. The specific segmentation parameters applied after testing were the following: “Shape” was set equal to 0.1 and “Compactness” to 0.9, while “Scale” was set to 50 for the 1945 and 1996 orthophotos and to 30 for the 2015 ones because of the higher spatial resolution of the latter. For the purposes of vectorization, a minimum cover of 250 m2 was selected.



The polygon vector layers produced by the algorithm were subsequently manually photo-interpreted and classified into six LULC classes representing different types of land cover, namely, Forest, Woodland, Open habitat, Urban, Rock and Water. The minimum area that a land cover class should have, to be mapped, was about 250 m2. The classes distinguished are based on the Corine Land Cover (CLC) classes [30] but were slightly modified to serve better our aim, which was to study vegetation succession in the area in relation to land abandonment.



The three latter classes of land cover (urban, rock and water) were found to represent a very small percentage of the total study area and the interpretation of their changes would not contribute significantly to answer the questions of the present study. Therefore, they were treated as one class, hereafter named “Other”. Classification of forest, woodland and open habitat LULC classes was based on the percentage canopy cover of tree and shrub vegetation (Table 1). The LULC open habitat class included all the vegetation types dominated by herbaceous plants with a cover of woody species lower than 20% (Table 1). This class also included fields cultivated with herbaceous species, as well as fallow and waste land. We did not distinguish real grasslands from farmlands for two reasons. Firstly, in the most recently studied period (2015), almost all farmland was observed to be abandoned (this fact has been verified on the basis of field work conducted from 2018 to 2020 in the study area for a phytosociological study). Secondly, it was considered as not safe to distinguish farmland and fallow land from grasslands in the black/white orthophotos of 1945 and 1996. The area covered by Lake Plastiras in the orthophotos of 1996 and 2015 was excluded from the study area because the investigation of the transition of other LULC classes to artificial lake was out the scope of this study.



Vector maps of LULC classes were finally rasterized to a 25 m resolution by using the Digital Elevation Model (DEM) [31] of the same resolution as base.




2.3. LULC Change and Transition Matrices


LULC changes were quantified by means of transition matrices generated by cross-tabulating the maps of 1945–1996, 1996–2015 and 1945–2015. In each transition matrix, rows refer to the percentage cover of classes at the initial time point, while columns refer to the cover of classes at the subsequent time point. Additionally, each matrix provides the percentage of stocks and flows of the LULC classes between time intervals. The diagonal numbers are the stocks and indicate the total percentage of persistence for each class, while the numbers off the diagonal indicate the transition from a class at the initial time point to another class at the subsequent time point. Examination of transition matrices can provide information regarding the key patterns of LULC changes. Transition matrices were calculated using the Modules for Land-Use Change Simulation (MOLUSCE) plugin within the QGIS software [32].




2.4. Intensity Analysis


To quantify size and rate of land cover classes change within the study period (1945–2015), intensity analysis was conducted. Intensity analysis is “a mathematical framework to express differences within a set of categories that exist at multiple time points” [33]. The analysis was performed at three levels, which correspond to three levels of detail. These are, from the more general level to the more detailed one, the interval, category and transition [34].



The interval level examines the variations in size and rate of change across the time intervals under study. The analysis computes the annual rate change for each time interval and compares it to a uniform rate that would exist if the annual rate was equally distributed across the total period studied [34]. This level of analysis reveals the time intervals in which the rate differs (is faster or slower) from the uniform rate.



The category (categories are mentioned as LULC classes hereafter in the text) level examines the variations in size and intensity of gross gains and gross losses among LULC classes within each time interval [34]. Gross gain of a LULC class represents the total area of the class at the end of a time interval minus the area where the class remained persistent for this time interval, while gross loss represents the total area of the class at the beginning of the time interval minus the area where the class remained persistent for the time interval [34,35]. The analysis at this level computes the intensity of gross gain and gross loss for each LULC class and each time interval and then compares it to a uniform intensity that would exist if the intensity of changes was equal across LULC classes [34]. The transition level examines the variations in size and intensity of each LULC class transition (gross gain and gross loss) among the other available LULC classes for that transition in each time interval. The analysis compares how each class gains from other classes or loses to other classes in each time interval [33]. The comparison is made to a uniform transition intensity that would have occurred if the transition was distributed uniformly among the classes available for the transition [34]. The intensity analysis was carried out using the open-source R package OpenLand [36].




2.5. Random Forest Model


To investigate the impact of biophysical and socioeconomic variables on LULC class occurrence, we applied a random forest multiclass classification model (RF). A RF model was applied because it has the advantages of having few parameters to tune, it does not require any specific distribution of explanatory variables and can handle non-linear relationships between them [37,38].



The ecological and socioeconomic variables tested for use in the RF model were the following: altitude, aspect, slope, heat load, soil organic carbon, soil pH, soil sand, silt and clay content, soil depth, soil erosion, geological substrate type, proximity to villages, population density, livestock, cattle and goat/sheep density (Table S1). The first three variables were derived from a Digital Elevation Model (DEM) with 25 m resolution [31], while the fourth variable (heat load) was calculated on the basis of slope, aspect and latitude by using the third equation of McCune & Keon [39]. The variables soil organic carbon, soil pH and soil sand and silt and clay content were taken from soilgrids.org [40]. Soil erosion and depth and substrate type variables were taken from Nakos’s study [27]. Soil erosion and depth variables were ordinal (with low values denoting low soil depth and insignificant erosion, respectively), substrate type variable was categorical (it was transformed to four binary variables, with each one representing one of the main bedrock types) and the rest of the ecological variables were quantitative.



The socioeconomic data were collected for the 13 municipal districts occurring within the study area and were obtained from the Hellenic Statistical Authority (ELSTAT) [41] and the Greek Payment Authority of Common Agricultural Policy Aid Schemes (OPEKEPE). For the population data we used the population census data for the years 1940, 1991 and 2011, as population censuses in Greece are conducted once per decade. Regarding farm animals, censuses in Greece were performed every decade until 2010 (ELSTAT), with the first occurring in 1961, and annually after 2012 (by OPEKEPE). Therefore, we used censuses for the years 1961 and 1991 for the study periods 1945 and 1996, respectively, while the average value of 2012–2015 censuses was used for the 2015 study period. The variable livestock was calculated according to Greek legislation (Law 4264/2014) by multiplying the number of cattle by 6.66 and adding the resulting product to the number of goats and sheep so as to render all the types of animals to equivalent units (goats and sheep) [42]. Population and livestock data were transformed to density numbers of people and animals, respectively, by dividing their count numbers by the area of each municipal district (in such a way, we obtained comparable density numbers among municipal districts of different area size). All socioeconomic variables were quantitative.



All ecological and socioeconomic variables were rasterized to square grids of 25 m resolution on the basis of the Digital Elevation Model (DEM), similarly to the LULC classes. The explanatory variables were tested for collinearity and finally only those having a Spearman correlation coefficient lower than 0.5 with any other variable were retained. Among variables having correlation coefficient higher than 0.5, we kept the one with the higher importance (higher impact on the outcome values of RF model). An exception to the abovementioned rule was made for the variables of population density and livestock density; although both have a correlation coefficient higher than 0.5 (albeit close to that value), both were retained so as to be able to explore their impact on LULC classes occurrence. Finally, from the dataset of 20 raster-explanatory variables, 14 of them were retained for the RF model (Figure S3). Additionally, longitude and latitude variables were added to the dataset of explanatory variables to be able to capture spatial autocorrelations.



For the construction of the classification model, we used as dependent variables the three dominant LULC classes (Forest, Woodland, Open habitat) because our aim was to investigate the effect of ecological and socioeconomic factors to LULC changes that are driven by management as well as natural processes, such as vegetation succession. We parameterized and fitted the RF model on a balanced random subset of the entire dataset, namely, a training dataset with n random observations. That training dataset was a subset of the entire dataset which comprised all the LULC classes and for all the studied years. Given that the smallest in cover LULC class among all the studied years had more than 13 thousand cells, we selected to build the training set by selecting randomly 3333 cells from all the three main LULC classes and for any studied year, resulting in a training data set of 29,997 cells (3333 cells × 3 classes × 3 years). The number of trees was fixed at 1000 since it is recommended to use a large number of trees, while fine-tuning for this hyperparameter is not necessary [43,44]. Given each cell’s explanatory variable conditions, the classification model predicted each LULC class probability, averaged among individual classification trees. RF modeling was performed by the “caret” package [45] in RStudio software [46].



We, furthermore, presented the effect of explanatory variables used in RF modeling to the probability of each land type occurrence through explanatory variables’ mean of individual marginal effects [47]. Specifically, Partial Dependence Plots (PDP) were created for each variable by using the R package “pdp” [48]. These plots provide the LOESS curve of the mean among the n individual marginal effect curves. In Section 3, we present only the variables having the higher importance for the model and thus provide a clearly interpretable mean of individual marginal effects.




2.6. Landscape Metrics


Landscape metrics were used to quantify the landscape structure and fragmentation. The analysis was performed at landscape level, using raster format data of 25 m resolution for each year studied (i.e., 1945, 1996 and 2015). Six metrics were calculated, each of which represents a different aspect of the landscape mosaic. These metrics were Number of patches (NP; measure of homogeneity), Largest patch index (LPI; measure of dominance), Area-weighted mean patch fractal dimension (FRAC_AM; measure of shape complexity), Euclidean nearest neighbor distance area-weighted mean (ENN_AM; measure of class isolation), Interspersion and juxtaposition index (IJI; measure of intermixing of classes) and Simpson’s diversity index (SIDI; measure of relative class diversity). FRAGSTATS 4.2 [49] software was used to calculate these metrics.





3. Results


3.1. Land Use/Land Cover Changes


The spatially explicit distribution, along with the percentage cover of the three LULC categories in the study area for the three studied years is presented in Figure 2. The changes of LULC between the studied years were quantified by transition matrices (Figure 2a–c).



There is visual evidence of land abandonment and vegetation succession on the maps of Figure 2. There was a noticeable reduction in the total surface area of open habitats over time. Open habitats being second in area cover with 28.87% in 1945 decreased to 15.42% in 1996 and 7.28% in 2015. We can observe that the forest class dominated the entire study area in all the studied years and there was a clear increase in its cover over time. Particularly, forests covered a bit more than half of the study area in 1945 (58.63%) and they gradually increased to 75.07% cover in 2015. There was also a small increase in woodland surface area from 11.04% in 1945 to 12.62% in 1996 and finally 14.42% in 2015. For the other three classes occupying smaller areas (almost 3% combined), there were minor changes throughout the study period.



For the period 1945–1996, the transition matrix (Table 2) shows that there was an intense loss of open habitat surface in the study area (−13.45%). Of the 1945 open habitat surface area, 45% remained stable with the biggest loss being transitioned to forest (28%) and woodland (24%). In this period, the second biggest change was afforestation (9.81%). Forest gains were primarily driven by woodlands and open habitats, as 57% of woodlands and 28% of open habitats were converted to forests. Forest was also the class with the smallest surface loss as 91% of its total area remained unchanged.



Almost the same change pattern continued for the period 1996–2015. Open habitat class again showed the greatest loss among all the classes (−8.14%). In this period, 40% of the open habitats remained stable, with 36% turning to woodlands and 22% to forests. The second biggest change was afforestation (6.63%), and forest was the class with the lowest surface loss as 94% of its total area remained unchanged. Forest gains were primarily driven by woodlands and open habitats, as 49% of woodlands and 22% of open habitats were converted to forests.



Overall, for the study period 1945–2015 we observed a great loss of open habitats by 21.59% of the total study area and an expansion of forests by 16.44%, while for woodlands there was a minor expansion of 3.38%. In other words, during the period 1945–2015, the open habitat class lost 74.8% of the area it had in 1945, while the woodland and forest classes increased their areas by 30.56% and 28.04%, respectively, in comparison with the areas they had in 1945. The changes of LULC classes shown in Table 2 and described above are graphically depicted in Figure 3.



Net and gross LULC change analysis (Figure 4) for the overall study period, 1945–2015, revealed that the largest net changes were the decrease in open habitat area (34.92 km2) and the increase in forest area (26.65 km2). However, in these classes there were also significant gross losses of forests (14.85 km2) and minor gross gains of open habitats (5.98 km2). The woodland class had great gross changes within the studied period, with the gross gain being 6-fold higher than net change and gross loss 5-fold higher. The abovementioned gross changes of woodlands resulted, at the end of the studied period, in a relatively small net gain, equal to 5.4 km2.




3.2. Intensity Analysis


Changes in the landscape during the first interval (1945–1996) affected a greater extent of the study area than those during the second interval (1996–2015) (Figure 5). However, based on the intensity analysis on the interval level, annual land transformation accelerated significantly in the more recent period (1996–2015) (Figure 5).



Results on the class level of gains revealed that in both studied periods, the forest and woodland had the major gains (Figure 6). During 1945–1996, forests gained 24.4 km2 and woodlands 15.3 km2 and during 1996–2015 forests gained 17.1 km2 and woodlands 14.7 km2. Although forests had the biggest observed gain, this had a lower rate than the hypothesized uniform one across the landscape (i.e., it was dormant), for both periods. Open habitat change was also dormant during both periods. On the other hand, for both periods, woodlands were active (had a rate of gain higher than the hypothesized uniform one across the landscape).



Results on the class level of loss reveal that in both studied periods the open habitats and woodlands had the major losses (Figure 7). During 1945–1996, the open habitat class lost 15 km2, woodland 11.8 km2 and forest 6.33 km2. During 1996–2015, the open habitat class lost 25.9 km2, woodland 12.8 km2 and forest 8.52 km2. Open habitat and woodland surface losses were active compared with the hypothesized uniform intensity across the total landscape, but forests were dormant.



In the Supplementary Material (Figures S4–S6), we present the transition level intensity analysis for the LULC classes (except the Others class) with active gains or losses. Furthermore, we present the transition level intensity analysis for forest gain (Figure S7) because this class had the second highest net change in absolute values, albeit it was not found as having an active gain.



Woodland gain is driven mainly by open habitats’ succession to woodlands (Figure S4). This transition was much more intense during the second studied period (1996–2015), but for both periods was found as targeted. There is also a part of forest that changed to woodland, possibly because of disturbances and retrogressive succession, but this transition was not found as higher than the uniform intensity across LULC classes.



Open habitat loss was mainly due to its transition to woodland and this transition was found as targeted for both periods, but more intense for the recent one (Figure S5). In the first period (1945–1996) the area of open habitats that became forests was larger than those that became woodlands, but this relation of the abovementioned transitions was inverted in the recent period. Nevertheless, the transition of open habitats to forests was found as avoided (lower than the uniform intensity across LULC classes).



Woodland loss was almost equally shared among transitions to forests and open habitats for both periods studied (Figure S6). Both types of transitions were marginally higher or lower than the uniform transition among LULC classes, for both studied periods.



Forest gain may be attributed mainly to the succession of woodlands to forests in both periods studied (Figure S7). The intensity of this transition was found as higher than the uniform intensity across LULC classes for both periods but it was accelerated in the recent period.




3.3. Comparison of Land Use/Land Cover Changes and Their Intensity between Municipal Districts with Different Trends of Population Size


In the Supplementary Material, we present most of the results of the former two sections for the two types of municipal districts that were distinguished based on their different population trends. As was described in the Section 2.1, in the municipal districts close to the lake, the population increased after 1980 or 1990 and in 2011 was approximately of the same size as that at the beginning of the studied period. On the contrary, in the municipal districts away from the lake, population size continued to decrease more or less during the whole studied period and in 2011 was about one-third of that at the beginning of the studied period. In the Supplementary Material, we present the following results for the abovementioned two types of municipal districts (close to lake, far from lake): (a) transition matrices and LULC class cover data for the periods 1945 to 1996, 1996 to 2015 and 1945 to 2015 (Table S2), (b) Sankey diagrams of LULC changes between the studied years (Figure S8), (c) net and gross LULC changes (Figure S9), (d) interval level intensity analysis (Figure S10), (e) LULC class level intensity analysis for area gain (Figure S11) and (f) LULC class level intensity analysis for area loss (Figure S12).



From all the abovementioned tables and figures concerning the two types of municipal districts, it is evident that there were not significant differences between the two types of municipal districts and that the patterns in both of them were similar between each other as well as to the patterns described for the whole study area.




3.4. Random Forest


The RF model exhibited an acceptable land class classification with an accuracy of 0.7 and a Kappa of 0.43. The variables that were found to be most important for the RF modeling were soil acidity, altitude, slope, proximity to villages, silt soil content, population density and carbon soil content. According to the Partial Dependence Plots (PDP) (Figure 8), the probability of occurrence of the three main LULC classes depends strongly on soil pH, with forests being favored at soils with pH values lower than 6.4 and woodlands and open habitats at soils with pH values greater than 6.4 (Figure 8a). The probability of occurrence of forests is weakly positively related to altitude, while that of open habitats negatively (Figure 8b). A slope of up to 50% was found almost linearly related to the probabilities of occurrence of forests and open habitats (positively and negatively, respectively), while above the value of 50%, the probabilities of occurrence of forests and open habitats remained stable to their highest and lowest values, respectively (Figure 8c). Slope also had a positive relation to the probability of occurrence of woodland, albeit much weaker. Proximity to villages was found to positively affect the probability of occurrence of forests and negatively affect that of woodlands, while it had no significant effect on the probability of open habitat occurrence (Figure 8d). Increased soil silt content (<≈380 g/kg) was found to favor forest occurrence against that of woodlands (Figure 8e). Population density seems to have a complex effect on the probabilities of the three main LULC classes. In very small values it favored the occurrence of forests and woodlands and was related to lower probabilities of occurrence of open habitats. In medium values of population density (from about 0.2 to lower than 0.6), no systematic trend regarding the effect on LULC class occurrence was found, while in values higher than about 0.6 it seemed to favor the occurrence of forests against that of woodlands, while leaving unaffected the probability of open habitats (Figure 8f). Soil organic carbon favors the occurrence of forests against that of woodlands (Figure 8g). Finally, slopes receiving less heat load from solar radiation (e.g., slopes of north or northeastern aspect) favor the occurrence of forests against that of woodlands or open habitats. At slopes with high heat loads (e.g., of southwestern aspect), the probabilities of occurrence of all the three LULC classes are more or less equal (Figure 8h).




3.5. Landscape Metrics


The results of the landscape metrics calculated for all the studied years and per LULC class, as well as at the landscape level are presented in Table 3. The number of patches index (NP) at the landscape level significantly increased from 1945 to 1996 and then moderately decreased. NP results followed the same pattern for woodlands and open habitats, but for forests were found declining from 1945 to 2015. The Largest Patch index (LPI) was increasing through time at the landscape level and for forests, which represent the dominant LULC class in all periods. For the open habitat class, LPI had a decreasing trend, while for the woodland class it decreased from 1945 to 1996 and then increased again. The Area-Weighted Mean of Fractal Dimension index (FRAC_AM) at the landscape level increased within the first studied period (1945–1996) and in the next period it received an intermediate value between those it had in 1945 and 1996. This metric followed the same pattern for the forest class as well. For the woodland class, FRAC_AM was found to increase during the whole studied period, while open habitats followed the opposite trend.



The Mean of Euclidean Nearest Neighbor Distance index (ENN_MN) at the landscape level decreased during the first studied period and then increased, reaching its highest value for the year 2015. For the forest and woodland classes, it decreased from 1945 to 1996 and then (in 2015) it remained approximately stable, while for open habitats it remained approximately stable in the years 1945 and 1996 and then increased significantly. The Interspersion Juxtaposition index (IJI) increased during the first studied period and then slightly decreased for the landscape level. It followed a corresponding pattern for the forest and woodland classes, but with a higher decrease in the last studied year (2015), especially for the woodland class. On the contrary, it continued to increase for the whole studied period for open habitats.



Finally, the Simpson’s Diversity index (SIDI) calculated at the landscape level followed a clear decreasing pattern, with values equal to 0.5605, 0.4906 and 0.4093 for the years 1945, 1996 and 2015, respectively.





4. Discussion


4.1. Main Patterns of LULC Changes


The most basic finding of this study concerns the important trends of changes in the landscape of the study area during the 70 years studied (1945–2015). These changes include the significant decrease in open habitat cover and the increase in forest cover. The expansion of forests found by the present study is in agreement with respective results of other studies in mountainous areas of Europe [2,5,12]. Furthermore, the overall reduction of open habitat area by 74.8% in 70 years is of the same magnitude with that found in other regions of northern Greece, such as the 87% decrease in open habitats in northern Pindus [38] and the 93.6% decrease in Rhodope [50].



On the other hand, in regions of southern Greece the reduction of open habitat area was much less prevalent. Specifically, in the Peloponnese (Mt Zireia), a reduction of 20.7% of open habitat area was found [51], and a 19.7% reduction in Aetoloakarnania [52]. In other Mediterranean countries, both large and small decreases of open habitat have been found. For instance, in the Central Spanish Pyrenees, a reduction of open habitat (87.4%) [53] similar to the one found in the present study was observed, but in central Spain [54] and central Apennines [55] the decrease in open habitat cover was much smaller (17.8% and 16%, respectively) and similar to that found in areas of southern Greece.



Such differences in the magnitude of open habitat reduction and of forest increase, respectively, between areas in Greece as well as the Mediterranean region may comprise an interesting research question. These differences may be due to several reasons. In Greece, there is an intuitive observation, made by practitioners of natural environment management during the last two decades, that overgrazing, which was a main topic for vegetation conservation status in Greece until the 1960s or 1970s, has been almost completely ceased in northern and central Greece, but is still affecting many areas in the southern part of the country (including some Aegean islands). Bauer & Bergmeier [56] found grazing to constitute a high pressure throughout the wood pasture areas of western Crete. Thus, it seems that traditional as well as current practices of land use and grazing differ even within the same country. Furthermore, forest cover in Greece is decreasing with decreasing latitude because climate as well as soil conditions are harsher for forest growth in the southern part of the country [57]. Concerning the soil conditions, they are harsher partly due to the more long-term and intense land use in this part of the country. Therefore, on the basis of the abovementioned notes, we may speculate that the differences in the magnitude of land cover changes of open habitats and forests among different parts of Greece are due to differences in the climatic and soil conditions, which may or may not favor the growth and expansion of forests, as well as to differences in land use history, but also current land use practices. Nevertheless, as it was previously mentioned, further research focused on this issue is needed to better understand the different profiles of LULC changes in different areas due to land abandonment.




4.2. Rate of LULC Changes


Intensity analysis results clearly showed that the rate of LULC change accelerated during the recent period. This pattern was steady for all the levels of intensity analysis (interval, class and transition) and for all the cases of gains or losses of LULC classes that were found as active or targeted. Accelerated changes caused by secondary succession after land abandonment were also some of the main findings of a recent study carried out in an area in northern Pindus [38], located about 100 km away from our study area. On the other hand, land abandonment rates in Europe are reported to slow down [5], as the recultivation of formerly unused farmland has become an important trend, especially in Central and Eastern Europe [23]. Furthermore, succession rates following abandonment are expected to decrease over time as vegetation types more vulnerable to succession progressively lose their area and therefore less and less area of them remain to be changed through succession [53]. However, our results do not seem to follow such a pattern. Although in 1996 open habitats covered 15.4% of the study area, in 1945 they covered 28.9%, and the rate of abandonment and subsequent succession was almost doubled within the period 1996–2015 in comparison with that found for the period 1945–1996. This contradiction may be partly due to the progress of the intensity of land abandonment in time, as well as by qualitative characteristics of abandonment. Agricultural activities (farming and livestock raising) actually constitute disturbances made in vegetation that impede ecological succession. In this study, as well as in similar studies, land abandonment is quantified through vegetation cover changes as well as by socioeconomic variables, such as trends in population and livestock numbers. However, some other characteristics of abandonment (qualitative or quantitative) are more difficult to measure or take into account. For instance, the introduction of grazing in abandoned farmland or the existence of grazing from a reduced but still sufficient number of livestock in extended areas can halt ecological succession and conceal the effects of land abandonment for a period of time [58,59,60]. Additionally, according to Sidiropoulou et al. [61], on Mount Vermio, succession in areas where grazing still occurs is less intense relative to those where grazing has been ceased completely.



Vegetation succession is a complex process and its rate and the pathways that it follows are influenced by many factors some of which are of stochastic character [62]. Although vegetation succession may be more or less a directional process [63], its progress is not linear and there are some thresholds (e.g., concerning disturbances intensity) that should be exceeded so as to have compositional and structural changes in vegetation and thus changes of land cover. Succession characteristics may also be differentiated by the land use legacies of the different parts of the landscape, as well as from their post-abandonment treatment [62]. Thus, a different interpretation concerning the expected rate of LULC change in a post-abandonment process may be the acceleration of LULC change rate after a period of time and after the completion of change of a large proportion of certain LULC classes. This interpretation may be explained by the time needed for the alteration of soil conditions after abandonment through the establishment of pioneer species as well as for species migration from nearby vegetation patches. A good indication that in our study area the LULC change is accelerated throughout the studied years is the increase in area of the woodland class, which constitutes the intermediate stage in the directional vegetation succession after land abandonment. We may hypothesize that when the area of this intermediate class starts to decrease (under the condition that the intensity and extend of disturbances will not increase), we could expect to have a deceleration of LULC changes in the study area. Of course, such a deceleration should be expected to happen when a threshold of the proportion of the area of LULC classes representing prodromus vegetation stages have transitioned to forests (the final stage of transition). It seems that in our study area that threshold has not been reached yet.




4.3. Factors Driving Land Abandonment and Consequent Vegetation Succession


Several studies highlight the positive correlation between the depopulation size and the degree of land abandonment [2,10,11,64]. In our case, there was a population decline from 1940 to 1981 in the total study area. The population decrease during this period was the major factor that led to the beginning of the land abandonment process. After 1981, the population started to increase in the study area. Despite this increase, our results show that the resettlement of the area did not succeed to halt land abandonment and vegetation succession. Furthermore, even in the municipal districts around Lake Plastiras in which a population size of 2011 reached the respective levels of 1940, we found similar patterns of LULC changes with those found for the municipal districts away from the lake, although the later had continuous, decreasing population trends, with their population in 2011 corresponding to one-third of their population in 1940.



A possible explanation for this fact may be that the majority of the new residents of the study area are not engaged in agriculture, but in the tourism sector [65]. Thus, the number of people working in primary production (i.e., agricultural activities) continued to decline. This fact constitutes another type of land abandonment, poorly described in Europe before [66]. These results also agree with a study in northern Pindos, where the increase in population caused by the tourism development in Papigo villages did not prevent further agricultural abandonment [67]. Similar findings were also provided by Van Der Sluis et al. [3], who concluded that there is no indication that tourism contributes to slowing down abandonment.



The explanatory variables with higher importance in our model were soil pH, altitude, slope, proximity to villages, soil silt content, population density, soil organic carbon content and heat load. From these factors, soil pH, proximity to villages, soil silt content, soil organic carbon content and heat load determine mainly how favorable the ecological conditions are for the development of forest vegetation and thus vegetation succession progress. Specifically, more acidic soils favor the development of forest vegetation because of their higher soil water capacity. Soils with higher content in silt and organic carbon are richer in resources needed for tree growth. Slopes with lower heat load (e.g., slopes of north or northeastern aspect) have lower evapotranspiration and thus have moister microclimate, which in turn favor tree growth in Mediterranean area [68,69]. Finally, areas far away from villages face lower probabilities of human-induced disturbances and thus have higher probabilities to be forested. The rest of the factors (altitude, slope and population density) mainly affect the possibilities of farmland abandonment. Farmlands at higher altitudes and with higher inclination are usually less productive and thus more prone to abandonment [38,70,71,72,73,74].




4.4. Landscape Patterns Caused by Land Abandonment


Our results regarding the landscape metrics revealed different aspects of the same story. Specifically, they strengthen our overall conclusion that land abandonment and the subsequent vegetation succession have already progressed, and furthermore they have entered their semifinal stage before their completeness. The results concerning landscape metrics that provide the main support to the abovementioned conclusion are the following: (a) the number of patches (NP index) of the early and intermediate succession stages (open habitat, woodland) have already started to decrease in the recent period after their increase during the first period, (b) the largest patch index (LPI) of the intermediate succession stage (woodland), though having a decreasing trend in the first period, changed to an increasing trend in the latter period, (c) patch complexity (FRAC_AM index) of the intermediate succession stage (woodland) continued to increase for the total studied period, while the final stage of succession and dominant LULC class (forest) started to decrease in the last period, (d) the values of class isolation measure (ENN_MN index) were stabilized in the last period for the more final stages of succession (woodland and forest) while having an increasing trend during the latter period for open habitat and (e) the intermixing of classes (IJI index) has already turned to a decreasing trend despite the initial increasing trend.



The overall narrative that the abovementioned findings support is that vegetation has already recovered during the first studied period after the reduction of disturbances caused by agricultural activities, while it subsequently entered a homogenization phase where complexity and mosaicism in the landscape were rapidly reduced and final successional stages of vegetation exclusively dominated the landscape. Similarly to the results of the intensity analysis, the LULC changes have accelerated during the last period, and this is also demonstrated by some landscape metrics such as the LPI and FRAC_AM indices for the woodland class. Furthermore, the landscape metrics showed that the recent period also constitutes the semifinal stage of the land abandonment–vegetation succession process, as some landscape metrics have started to stabilize or decrease in the second period after an initial increase during the first period (e.g., ENN_MN and IJI indices for woodland and forests).



Finally, the Simpson’s Diversity index showed a continuous decline of LULC class diversity, which was even more intense during the recent period, albeit in a much shorter length in comparison with the first period.



Our results concerning the landscape metrics are in agreement with those of other studies for mountainous regions in Europe [75,76,77] and the Mediterranean region [78]. The homogenization of the landscape and the significant shrinkage of open habitats is expected to comprise an important threat factor for many species hosted in such ecosystems [79], a fact that has already been reported in the recent Red List of European habitat types [14]. Mountainous landscapes in Greece and in Mediterranean region turned to be less diverse than they were a few decades ago [79,80], and it seems that they are quickly reaching to a minimization of their diversity.





5. Conclusions


We found a great decrease in the area of open habitats (i.e., grasslands and agriculture land), which at the end of the studied period represented only the one-fourth of the area they had 70 years ago. In the literature, the reduction of open habitat areas of the same magnitude is reported for Greece or the Mediterranean region, but there are also cases in which two- or three-fold lower values of a corresponding reduction were found. We hypothesize that such differences in the proportion of open habitat reduction in the last decades may be due to ecological conditions that favor or not the re-establishment and expansion of forests, as well as to land use history and current practices.



The rate of abandonment and subsequent vegetation succession was almost doubled in the recent period (1996–2015) in comparison with that in the former period (1945–1996). This acceleration, although possibly related to the progress of the intensity of land abandonment over time, could be at least partly explained on the basis of the ecology of vegetation succession. Specifically, some time is needed (e.g., very few to several decades) for the alteration of soil conditions after abandonment through the establishment of pioneer species as well as for species migration from nearby vegetation patches. When these vegetation succession processes advance, the rate of LULC changes should be expected to accelerate.



Our study area included municipal districts with two different types of population trends, giving us the opportunity to explore if there is any difference in LULC change patterns among them. Although the difference of population trends among municipal districts was significant, we found the same LULC changes for all the municipal districts. We attributed this finding to the fact that the increase in population in the municipal districts, which happened in the last decades, was caused by (re-)establishment of inhabitants that are not engaged with the primary sector, while the population of inhabitants working in the primary sector continued to decline in all the municipal districts. Thus, we conclude that repopulation of countryside cannot unconditionally ensure any halting effect on the land abandonment process.



Concerning the factors that have the most important effect on the probability of occurrence of LULC classes through time and space, we concluded that these may be classified into two groups, i.e., those concerning ecological conditions favoring the development and re-establishment of forest vegetation and those that are related to the probabilities of farmland abandonment.



Finally, the landscape patterns revealed by the landscape metrics, but also on the basis of the results of the intensity analysis, led us to the conclusion that land abandonment and the subsequent vegetation succession have already progressed in the study area and entered their semifinal stage before their completeness and the establishment of a more or less absolute dominance of the forest, which represents the final succession stage (provided that intensity of disturbances from agricultural activities or other causes do not increase). Furthermore, land abandonment results in a continuous reduction of LULC class diversity at the landscape level.
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Figure 1. Map of the study area (black line) and the 13 municipal districts overlapping with the study area (white line). Municipal districts are given in the map with numbers, while their names are given in the map’s legend. The geographical location of the study area is indicated by a red box in the inserted map of Greece. 
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Figure 2. Land use/land cover (LULC) maps produced for the study area (A), where a: LULC map for the year 1945, b: for the year 1996 and c: for the year 2015, and (B) the percentage of each land cover class for each studied year. 
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Figure 3. Sankey diagram highlighting the main patterns of LULC changes between the studied years (1945, 1996 and 2015). For: Forest, Wo: Woodland, Open: Open habitat, Other: urban, water and rock land cover classes. 
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Figure 4. Net and gross LULC changes in km2 for the overall study period (1945–2015). For: Forest, Wo: Woodland, Open: Open habitat, Other: urban, water and rock land cover classes. 
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Figure 5. Interval level intensity analysis in the study area for the periods 1945–1996 and 1996–2015, for the total change area in each period (left plot) and the rate of change for each period (right plot). The vertical, dashed line at the right plot represents the hypothesized uniform intensity for the total period (1945–2015) and the periods with a bar extending beyond this line are considered as changing fast (red color), while those with a bar before that line are considered as changing slow (green color). 
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Figure 6. LULC class level intensity analysis for area gain in the study area for the 1945–1996 and 1996–2015 periods. Bars that extend to the left of zero axis show the gross surface gain for each LULC class. Bars that extend to the right of zero axis show the intensity of gain for each class. The vertical, dashed line at the right part of the plot depicts the hypothesized uniform intensity across the total landscape of the study area. Classes with bars extending beyond this line are considered as having active gains, while those with bars before that line are considered as having dormant gains. For: Forest, Open: Open habitat, Wo: Woodland, Other: urban, water and rock land cover classes. 
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Figure 7. LULC class level intensity analysis for area loss in the study area for the periods 1945–1996 and 1996–2015. Bars that extend to the left of zero axis show the gross surface loss for each LULC class. Bars that extend to the right of zero axis show the intensity of loss for each class. For the explanation of the vertical, dashed line and the LULC classes, see Figure 6. 
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Figure 8. Partial Dependence Plots (PDP) showing the mean marginal effect of the explanatory variables with the highest importance in the RF model. 
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Table 1. List of Land Use/Land Cover (LULC) classes identified within the study area and the criteria employed for their classification.
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	LULC Class
	Classification Criterion





	Forest
	Canopy cover of trees and shrubs > 60%



	Woodland
	Canopy cover of trees and shrubs 20–60%



	Open habitat
	Grasslands or arable lands with canopy cover of trees and shrubs < 20%



	Urban
	Buildings, Villages, Human settlements



	Rock
	Vegetation cover < 30%, Bare lands, Roads



	Water
	Water bodies, Rivers
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Table 2. Transition matrices of LULC classes in the study area (left part of the table) for the periods 1945 to 1996 (A), 1996 to 2015 (B) and 1945 to 2015 (C). Transition matrix values represent the percentage cover of LULC classes. The right part of the table (separated from the left part by a vertical line) presents the area of each land cover class (in hectares and in percentage of total surface of the study area) at the starting and end years of the period, as well as the difference between them (again in hectares and percentage values).
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	A: 1945–1996
	Forest
	Woodland
	Open Habitat
	Other
	1945 (ha)
	1996 (ha)
	Δ (ha)
	1945%
	1996%
	Δ %



	Forest
	0.91
	0.04
	0.02
	0.03
	6589.38
	7691.81
	1102.44
	58.63
	68.44
	9.81



	Woodland
	0.57
	0.29
	0.09
	0.05
	1241.25
	1418.38
	177.12
	11.04
	12.62
	1.58



	Open habitat
	0.28
	0.24
	0.45
	0.03
	3244.12
	1732.56
	−1511.56
	28.87
	15.42
	−13.45



	Other
	0.41
	0.22
	0.06
	0.31
	163.69
	395.69
	232
	1.46
	3.52
	2.06



	B: 1996–2015
	Forest
	Woodland
	Open habitat
	Other
	1996 (ha)
	2015 (ha)
	Δ (ha)
	1996%
	2015%
	Δ %



	Forest
	0.94
	0.04
	0.01
	0.01
	7691.81
	8437.06
	745.25
	68.44
	75.07
	6.63



	Woodland
	0.49
	0.42
	0.05
	0.04
	1418.38
	1620.62
	202.25
	12.62
	14.42
	1.8



	Open habitat
	0.22
	0.36
	0.4
	0.03
	1732.56
	817.62
	−914.94
	15.42
	7.28
	−8.14



	Other
	0.3
	0.2
	0.04
	0.46
	395.69
	363.12
	−32.56
	3.52
	3.23
	−0.29



	C: 1945–2015
	Forest
	Woodland
	Open habitat
	Other
	1945 (ha)
	2015 (ha)
	Δ (ha)
	1945%
	2015%
	Δ %



	Forest
	0.93
	0.04
	0.01
	0.02
	6589.38
	8437.06
	1847.69
	58.63
	75.07
	16.44



	Woodland
	0.67
	0.24
	0.03
	0.05
	1241.25
	1620.62
	379.38
	11.04
	14.42
	3.38



	Open habitat
	0.43
	0.32
	0.22
	0.04
	3244.12
	817.62
	−2426.5
	28.87
	7.28
	−21.59



	Other
	0.47
	0.19
	0.04
	0.31
	163.69
	363.12
	199.44
	1.46
	3.23
	1.77
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Table 3. Landscape metrics calculated for all the studied years and per LULC class, as well as at the landscape level. NP: Number of patches, LPI: Largest Patch Index, FRAC_AM: Area-Weighted Mean of Fractal Dimension Index, ENN_MN: Mean of Euclidean Nearest Neighbor Distance, IJI: Interspersion Juxtaposition Index.
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NP

	
LPI

	
FRAC_AM

	
ENN_MN

	
IJI




	

	
1945

	
1996

	
2015

	
1945

	
1996

	
2015

	
1945

	
1996

	
2015

	
1945

	
1996

	
2015

	
1945

	
1996

	
2015






	
Forest

	
470

	
414

	
261

	
18.2

	
33.79

	
37.2

	
1.33

	
1.36

	
1.34

	
59.73

	
56.66

	
56.11

	
72.01

	
94.85

	
85.23




	
Woodland

	
2198

	
2768

	
2506

	
0.58

	
0.29

	
0.61

	
1.16

	
1.17

	
1.19

	
70.27

	
65.35

	
65.65

	
76.25

	
86.31

	
76.79




	
Open habitat

	
1105

	
1550

	
1234

	
3.11

	
1.24

	
0.6

	
1.28

	
1.23

	
1.18

	
69.55

	
69.28

	
77.26

	
67.77

	
80.11

	
85.97




	
Other

	
666

	
2675

	
2326

	
0.18

	
0.08

	
0.12

	
1.15

	
1.10

	
1.11

	
102.6

	
76.56

	
83.21

	
94.93

	
88.00

	
87.96




	
Landscape

	
4439

	
7407

	
6327

	
18.25

	
33.79

	
37.19

	
1.29

	
1.31

	
1.30

	
73.82

	
69.74

	
73.98

	
72.82

	
88.85

	
84.06
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