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Abstract

:

Land abandonment in European mountains threatens habitats shaped for centuries by low-intensity agriculture and grazing. Hence, it is important to identify spatiotemporal patterns in rural abandonment, and relate them to biophysical and socioeconomic drivers. We pursued these goals in the theoretical context of transitions from traditional to productivist and then to post-productivist agriculture. We conducted a case study in a representative of southern Europe sub-mountainous marginal area that was once traditionally exploited (Pindus range, Epirus, Greece). Land cover was mapped from the outset of abandonment (years 1945, 1970, 1996 and 2015), and we subsequently calculated landscape metrics. An Intensity Analysis facilitated the comparison of rates of land cover change between time periods. By employing random forest modelling, we related socioeconomic, physiographic, geological and climatic predictors to land type occurrence and succession intensity. We found that farmland decreased from 30% to 3% during the 70 years of the study period, and that forest increased from 22% to 63%. The landscape’s heterogeneity, ecotone diversity, and spatial aggregation decreased. Abandonment and succession accelerated and relocated to lower elevation, especially during the latest time period, which was related to a second depopulation wave and livestock decrease. The remaining lowland farmlands were of productivist agriculture, and no widespread post-productivist regime was found. Thus, our study supports the view that policies, which have been mainly based on the linear transition of agricultural regimes in northern Europe, must take into account southern European mountains, where widespread abandonment can coexist with limited intensification and extensification.
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1. Introduction


According to the European Red List of Habitats, habitats associated with farming activities are among the most threatened terrestrial habitat types [1]. In the mountainous regions of Europe in particular, the major threat to such habitats is the abandonment of low-intensity farming and traditional management practices, such as livestock grazing, mowing and burning [2]. Abandonment in these marginal areas commonly results in the succession of farmland and grassland by scrubland and, subsequently, by forests [3]. The biodiversity consequences of this afforestation have been disputed in the literature. On the one hand, afforestation increases the diversity of late-successional species, such as large mammals [4]. On the other hand, it threatens the mountainous grasslands, which are diverse communities hosting rare species [5]. For the Mediterranean Basin, which is a biodiversity hotspot facing intense abandonment, especially in the mountains, a meta-analysis has identified some factors that explain the contrasting consequences of abandonment [6]: diversity increases in the lowlands, especially in abandoned farmlands, but it decreases in uplands, especially in the abandoned grasslands of pastoral landscapes. For example, a study implemented adjacent to the present work’s study area in Greece found that afforestation after farmland abandonment was related to lower diversity and richness of bird species, especially of species associated with farmland and Mediterranean scrubland habitats [7].



Land abandonment has been attributed to different socioeconomic and biophysical conditions [4,8]. It is usually triggered by socioeconomic changes: farmers reduce or even cease land exploitation when it becomes unprofitable because of changes in agrarian policies or markets [9]. Socioeconomic changes can be imprinted on temporal trends in population and livestock densities, indicating migration, rural depopulation, and change of occupation [8]. Consequently, farmers are expected to abandon localities that incur higher exploitation costs earlier. The accessibility of a locality is a commonly related predictor of vulnerability to abandonment, assessed as distance to the road network or to the nearest settlement [10]. For the same economic reasons, biophysical conditions, such as physiography and soil fertility, also contribute to vulnerability to abandonment [8]. Besides any human intervention after abandonment, the consequent succession can have different rates in two areas abandoned simultaneously, depending on their proximity to roads and settlements, their species pools, physiography, geology, and climate [11].



In the same area, different rates of land cover change due to abandonment can also occur between time periods of different socioeconomic regimes. In Europe, the end of World War II (WWII), as well as of the Eastern Bloc, marked the initiation of abandonment [12,13]. Socio-political theory indicates two associated agricultural transitions after WWII. The first transition, from the traditional era of low-intensity farming to the productivist era of industrially driven agricultural intensification, was signalled by the objective of maximising food production via mechanisation after WWII [14]. This transition to productivist agriculture is commonly related to the loss or aggregation of small-sized, individually owned farms into large monocultural parcels in simplified landscapes [15]. As a consequence of the measures taken to this end by the European Union’s Common Agricultural Policy (CAP), less productive regions, such as in the uplands, lost the competition for funding against more productive regions in the lowlands [16]. The criticism of these effects of CAP resulted in a second transition, towards the post-productivist era, after the mid-1980s [14]. Part of the support was thereafter directed towards a more sustainable, diverse, and extensive agriculture in a countryside that itself became an object of consumption through the provisioning of tourism and other services. This transition can be evident by the reappearance of spatial differentiation in the landscape, where commercial agriculture coexists with forestry, multi-functional farming, and service-related land uses [15].



In Greece, similar to other Mediterranean countries, agriculture has not achieved a complete transition to the productivist era—as theory predicted for northern Europe—especially in rural areas of the uplands, where the abandonment of traditional farming is still ongoing [14]. This distinctive feature of Mediterranean mountainous landscapes supports the wider theoretical argument against the view of a spatially generalised and temporally linear regime shift from a traditional to a productivist and then to a post-productivist era [17]. Specifically, it has been argued that both intensive and extensive farming systems can instead coexist in a region [18]. This argument has been supported mainly on socio-political grounds, but more recent literature has contributed to the theoretical debate with empirical evidence from a land use and land cover perspective in Greece [19]. The latter authors found evidence of spatial differentiation instead of an overall transition to productivist agriculture. What is currently missing from this type of empirical study is a finer spatiotemporal resolution, together with a more quantitative analysis of factors besides elevation, to better capture the spatiotemporal characteristics of agricultural transitions in southern Europe.



To contribute to this theoretical debate, the present study aimed to test whether a linear agricultural transition or a coexistence of regimes has occurred, using empirical evidence from a case study in Greece. We mapped, in a fine spatiotemporal resolution, the land cover and related environmental conditions of a sub-mountainous area for a period of 70 years, starting from the end of WWII. The discussion of our results is presented in the context of the theoretical debate, and of the management implications for the maintenance and restoration of these historical but threatened landscapes.




2. Materials and Methods


2.1. Study Area: Biophysical and Socioeconomic Conditions


The study area comprised five circular sites 6 km in diameter with a total cover of 141.4 km2, located in the Pindus mountainous region in northwestern Greece (Figure 1). We chose this study area as a model system representative of the Mediterranean mountainous landscapes, because the wider region historically had extensive farmlands and grasslands traditionally exploited via low-intensity farming and transhumance until the 1940s, but subsequent land abandonment led to significant landscape changes [19].



The extent and location of the five study sites were chosen on the basis of criteria concerning vegetation diversity and identity because we conducted detailed vegetation sampling, aiming to investigate in depth, for another study, the consequences of land abandonment on vegetation and plant diversity attributes within the study sites. We preferred circular sites of sampling because they have the lowest perimeter-to-area ratio [20], and they therefore suffer less from edge effects [21]. We chose five such sites to maximise the total heterogeneity of the sampled gradients concerning environmental and vegetation diversity, as well as of land abandonment in recent and past trends. For the initial assessment of the latter factor of land abandonment, we consulted the results of a national land registry mapping project.



Based on the dominant woody taxa, the region belongs to the vegetation formation of thermophilous deciduous oaks [22]. The study area’s elevation ranges from 248 to 1203 m (Figure S1a of the Supplementary Materials). Most of the area is characterised by gentle slopes (0–10°), reaching a maximum of 55° (Figure S1b). The distribution of northness, i.e., the cosine of the slope’s aspect, is relatively symmetric between north- (+1) and south-facing (−1) aspects (Figure S1c). By contrast, the distribution of eastness, i.e., the sine of aspect, includes more east-facing aspects, i.e., more cover with eastness closer to +1, given that sites 3 and 5 occur on the east-northeast-facing side of a mountain mass (Figure 1 and Figure S1d). Regarding the parent rock, the study area has limestone, deposits, silicate, and flysch, in decreasing order of cover (Figure S1e).



The temperate climate of the study area is considered hot-summer Mediterranean, i.e., of “Csa” type according to the Köppen–Geiger classification system [23] (Figure S1f–x). Specifically, the mean temperature of the warmest month was above 22 °C, the mean temperature of the coldest month was commonly above −3 °C, and for at least three months it averaged above 18 °C. The precipitation was at least three times higher in the wettest month of winter than in the driest month of summer, and the driest month received less than 30 mm.



The study area experienced a population reduction during the study period (Figure S1y). The median of population density was more than halved during the last 70 years, i.e., from 27 inhabitants km−2 in 1945 to 12 inhabitants km−2 in 2015. Goats and, to a lesser extent, cattle and sheep, experienced a reduction in their densities as well (Figure S1z–ab). Finally, the expansion of settlements resulted in slightly reduced distances from any point on the map in time (Figure S1ad).




2.2. Data


We investigated the land cover and related predictor variables for the years 1945, 1970, 1996, and 2015 (Figure 2). The resulting maps of the land cover and the predictors were rasterised to square grids of 25 m resolution. Some predictors were fixed in time, i.e., the physiographic and geological, whereas others could take different values depending on the study year, i.e., the climatic and socioeconomic (Figure S1). All analyses were carried out in R [24].



As a base for the physiographic variables, we used the grid of the Digital Elevation Model over Europe at 25 m resolution [25]. We then generated 25 m rasters for the ground’s slope and aspect and, subsequently, for the northness and eastness, with the R package “raster” [26]. The map of the study area’s geological substrates was taken from [27].



For the climate, we considered the 19 bioclimatic variables of Worldclim. Each study year was represented by the average of a bioclimatic variable from the previous 10 years (study year included). The bioclimatic variables were calculated with the R package “dismo” [28]. We built the 25 m meteorological rasters for calculating the 19 bioclimatic variables by spatially interpolating coarser meteorological rasters with the R package “meteoland” [29,30]. The coarser meteorological rasters of 30 arc sec resolution were monthly time series of total precipitation, together with minimum and maximum temperature from the CHELSAcruts dataset [31].





[image: Land 11 00406 g002 550] 





Figure 2. Workflow of the present study. From lighter to darker fill, the boxes represent different types of input or output: raw data (white fill); raw data processing (light-shaded fill); processed data (dark-shaded fill); and analyses of processed data (darker-shaded fill with white letters). 
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From the socioeconomic predictors, the population and livestock density in any district was the respective human and livestock population divided by the district’s area. For livestock, besides the cattle, sheep and goat densities, we additionally employed a combined “livestock density” variable, in small grazing livestock units km−2 (Figure S1ac). This variable was the sum of densities of the three livestock species, after multiplying the cattle density by the coefficient 6.66, to render the more demanding cattle equivalent to the less demanding sheep and goats [32]. The population and livestock densities held the same value in the 25 m raster cells inside a municipal district, with the five circular sites intersecting 35 districts (Figure 1). We obtained the data for the population and livestock from national censuses, retrieved from [33].




2.3. Mapping the Land Cover


We mapped land cover into five land types—namely farmland, grassland, open-scrub, closed-scrub, and forest—as vegetation formations indicative of secondary succession stages (results in Figure 3). We excluded settlements and water bodies from the analyses because they were irrelevant to the focal topic of the present study; hence, we worked with a remaining mapped total cover of 138.4 km2. We compiled a dataset of natural-colour orthophotos and large-scale aerial photographs for the four study years from three organisations: the Hellenic Cadastre, the Hellenic Military Geographical Service, and the Ministry of Rural Development and Food of the Hellenic Republic. Mapping was performed manually, by the visual interpretation of orthoimages, to achieve the adequate discrimination of the different land types, despite their spectral proximity across the non-homogeneous study area. This approach was selected since it allows well-trained human image interpreters, with personal experience and knowledge of the area, to clearly detect colour gradations and to integrate textural and contextual information at a small or medium scale [34,35].



A cover of 250 m2 was selected as the threshold of the minimum cover for vectorisation. Vectorisation of the land type boundaries was followed by the rasterisation of the maps to a 25 m resolution. Visual interpretation was supported by field sampling, and by various ancillary data (CORINE and “Google Earth” maps). The vegetation cover thresholds used for the interpretation of grassland, open- and closed-scrub, and forests, were the following: grassland, cover of scrub-tree species less than 10%; open-scrub, cover of scrub-tree species in the range of 10–40%; closed-scrub, cover of scrub-tree species in the range of 40–70%; and forest, cover of scrub-tree species greater than 70%. The same thresholds have been used in the past for a national forest mapping project [27].



The 1970 aerial photographs required orthorectification. We implemented photogrammetric procedures to compensate for geometric errors induced by different sources, including image distortions created by terrain variations [36]. The aerial photographs were primarily processed with the already orthorectified images from 2015 as reference data, and secondarily with images from the other years. To achieve the best possible geometric matching of the images, we identified well-distributed ground-control points by using visible landmarks on aerial orthophotos and on uncorrected aerial images. For the orthorectification, we employed a Digital Elevation Model with a 5 m resolution, provided by the Hellenic Cadastre. We preferred nearest-neighbour resampling to avoid any smoothing effects. Checks of the geometric model indicated an acceptable level of error. To ensure spatial compatibility, we adopted the projection of the Greek Geodetic Reference System throughout (EGSA 87).




2.4. Quantifying Spatial Aspects of the Landscape over Time


We calculated four spatial metrics at the landscape level for each study site and year (results in Figure 4): relative marginal entropy, largest patch index, interspersion and juxtaposition index, and relative mutual information [37,38]. We calculated the four landscape metrics with the R package “landscapemetrics” [39]. These metrics were max-normalised to take a maximum value of one, whereas their minimum values could not be less than zero. Apart from the comparability between sites and study years due to this normalisation, we selected these metrics to elucidate different aspects of the landscape [38].



Specifically, the following four aspects of the landscape were quantified with the four corresponding metrics (Table 1):




	
Land type diversity, with relative marginal entropy. Relative entropy quantifies the diversity of land types relative to the maximum value. It attains its maximum of one when relative cover is evenly distributed among the land types, whereas the minimum of zero is taken when one land type covers everything.



	
Largest patch cover, with the largest patch index. This index gives the area of the largest patch divided by the total area. Its maximum is one when the largest patch is the landscape itself, and its minimum approaches zero in larger landscapes that are more spatially disaggregated and rich in land types.



	
Edge type diversity, with the interspersion and juxtaposition index. This index measures the diversity of edge types relative to its maximum value. It is maximally one when relative edge length is evenly distributed among different types of edge between any possible pair of land types. It is minimally zero when there is only a single edge type, i.e., between two specific land types.



	
Spatial aggregation, with the relative mutual information. It quantifies the information that a focal raster cell’s land type provides for the prediction of an adjacent cell’s land type, relative to its maximum value. Its maximum of one is attained when the landscape is of one land type, and its minimum approaches zero when the land type prediction of a neighbouring cell can be, at best, random.
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Table 1. Landscape aspects with the corresponding metrics and their equations.
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	Aspect
	Metric
	Equation 1
	Ref.





	Land type

diversity
	Relative

marginal entropy
	   H = −   ∑   i = 1  L   (   c i    log  2   c i   )  /   log  2  L   
	[37]



	Largest

patch cover
	Largest Patch

Index
	   L P I =   max   1 ≤ n ≤ N    (   p n   )    
	[36]



	Edge type

diversity
	Interspersion and

Juxtaposition Index
	   I J I = −   ∑   i = 1  L    ∑   j = i + 1  L   (   e  i , j   ln  e  i j    )  / ln   L  (  L − 1  )   2    
	[36]



	Spatial

aggregation
	Relative mutual

information
	   U =   ∑   i = 1  L    ∑   j = 1  L   (   c  i j     log  2     c  i j      c i   c j     )  / H   
	[37]







1 Notation: L (number of land types);    c i    (relative cover of pixels with land type i); N (number of patches);    p n    (relative cover of patch n);    e  i j     (relative length of edge between land types i and j); and    c  i j     (relative cover of adjacent pixels with land types i and j).












2.5. Analysing the Rates of Land Cover Change


We applied an Intensity Analysis to pairs of land cover maps from consecutive study years to identify rates of land cover change at three levels of increasing resolution (equations in Table 2; results in Figure 5 and Figure 6): overall change, land type change, and a specific land type transition [40]. At any level of change, the Intensity Analysis can express the rates in absolute or relative terms. At the level of overall change, we can obtain the absolute or relative cover of the landscape changing annually during a time period. At the level of land type change, we can calculate the absolute gain (loss), i.e., the cover that a land type gains (loses) annually during a time period; the rate of relative gain (loss) expresses the percentage of the land type’s final (initial) cover that is gained (lost) annually. At the level of transition from land type k to land type l, the absolute transition rate is the cover of land type k that is annually converted to land type l during a given time period, whereas the relative transition rate expresses the percentage of land type k converted annually to land type l during this period. We carried out the Intensity Analysis with the R package “OpenLand” [41].



The relative change rates at the level of land type can be compared with the rate of landscape relative change to identify land types that change faster or slower than average. Stationarity can be inferred when a land type consistently gains or loses faster or slower than the rate of the landscape’s relative change throughout all time periods [40]. Additionally, such comparisons between annual rates can identify specific trends in intensity of change across time periods, i.e., whether land type change accelerates, decelerates, or remains stable between periods. Similarly, at the level of a specific transition, a land type’s relative transition rate can be compared to the rate of the land type’s overall relative change to test whether the specific transition is faster or slower than the land type’s mean relative change. Again, these comparisons can be used to test for stationarity and to identify trends in the intensity of land cover change, i.e., whether a specific transition accelerates, decelerates, or remains stable between time periods. Finally, the annual form of the rates permits the comparison of land cover change between time periods of different lengths, as in our case study.
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Table 2. Level (Lv.) of land cover change and the equations 1 for the Intensity Analysis [39]. For each level, rates of mean relative gain and loss are provided below the respective rates of relative change.
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Lv.

	
Absolute Gain

	
Absolute Loss

	
Relative Gain

	
Relative Loss






	
Overall

	
      ∑  l = 1  L   [   ∑  k = 1  L   (   C  t k l    )  −  C  t l l    ]     P t      

	
      ∑  l = 1  L   [   ∑  k = 1  L   (   C  t k l    )  −  C  t l l    ]     P t      

	
     100  ∑  l = 1  L   [   ∑  k = 1  L   (   C  t k l    )  −  C  t l l    ]     P t  C     

	
     100  ∑  l = 1  L   [   ∑  k = 1  L   (   C  t k l    )  −  C  t l l    ]     P t  C     




	
Mean relative gain and loss:

	
     100  ∑  t = 1  T   {   ∑  l = 1  L   [   ∑  k = 1  L   (   C  t k l    )  −  C  t l l    ]   }    P C     

	
     100  ∑  t = 1  T   {   ∑  l = 1  L   [   ∑  k = 1  L   (   C  t k l    )  −  C  t l l    ]   }    P C     




	
Land type

	
      ∑  k = 1  L   (   C  t k l    )  −  C  t l l      P t      

	
      ∑  l = 1  L   (   C  t k l    )  −  C  t k k      P t      

	
     100  [   ∑  k = 1  L   (   C  t k l    )  −  C  t l l    ]     P t   ∑  k = 1  L   C  t k l       

	
     100  [   ∑  l = 1  L   (   C  t k l    )  −  C  t k k    ]     P t   ∑  l = 1  L   C  t k l       




	
Mean relative gain and loss:

	
     100  ∑  l = 1  L   [   ∑  k = 1  L   (   C  t k l    )  −  C  t l l    ]     P t  C     

	
     100  ∑  l = 1  L   [   ∑  k = 1  L   (   C  t k l    )  −  C  t l l    ]     P t  C     




	
Transition

	
      C  t k l      P t      

	
      C  t l k      P t      

	
     100  C  t k l      P t   ∑  m = 1  L   C  t k m       

	
     100  C  t l k      P t   ∑  m = 1  L   C  t m k       




	
Mean relative gain and loss:

	
     100  [   ∑  k = 1  L   (   C  t k l    )  −  C  t l l    ]  /  P t     ∑  m = 1  L   [   ∑  k = 1  L   (   C  t k m    )  −  C  t l m    ]      

	
     100  [   ∑  k = 1  L   (   C  t l k    )  −  C  t l l    ]  /  P t     ∑  m = 1  L   [   ∑  l = 1  L   (   C  t m k    )  −  C  t m l    ]      








1 Notation: t (index of time period);    P t    (duration of time period t, in years);    C  t k l     (cover of study area that transitioned from land type k to land type l at the time period t, in km2);  C  (total cover of the study area);  P  (total duration of the study period); and  T  (the number of time periods).











To relate any changes in the rates between time periods with socioeconomic changes, we statistically compared the annual percentage change in the population and livestock of the 35 municipal districts across the time periods (results in Figure 7). Due to outliers, non-normality, and unequal variances between time periods, we could not use an ANOVA for repeated measures of each municipal district in time, and we instead used a non-parametric, Friedman-based post hoc test returning exact p-values [42]. By assuming that any time-lagged socioeconomic effect would be negligible because the three time periods were relatively long, we focused on the relation between the socioeconomic changes in a period with the rates of relative change in land cover for the same period.




2.6. Modelling the Occurrence of the Land Types


We related land type occurrence to biophysical and socioeconomic variables with a random forest multiclass classification model (results in Figure 8). We employed random forest models in this study because they have few parameters to tune, they are not restricted by assumptions about the distribution of variables, and can handle non-linear relationships, unlike linear models [43]. Additionally, in a spatial context, a random forest does not require the complex modelling of semivariograms with their related statistical assumptions [44]. Our classification model predicted the probability of each land type—averaged among individual classification trees—on each raster cell given the cell’s predictor conditions. From the pool of predictor variables (Figure S1), we selected a subset on the basis of lower inter-correlations (Spearman correlation coefficient not greater than 0.5), but also higher interpretability of model results (Figure S2). Specifically, we employed the elevation, slope, northness, eastness, presence of silicate and flysch parent rock, temperature and precipitation seasonality, population and livestock density, and distance to the nearest settlement. We additionally employed the longitude and latitude as extra predictors to capture spatial autocorrelations [45].



The random forest model was parameterised and fitted on a balanced random subset of the whole dataset, i.e., a training dataset of n observations. Specifically, in any combination of land type, study site, and year, the minimum number of observations was 92. Hence, we randomly selected 92 observations from each combination of land type, study site, and year, leading to a training dataset with a total of n = 92 × 5 × 5 × 4 = 9200 observations of land type cover and corresponding predictor values. With the R package “caret” [46], model hyperparameters were fine-tuned by 10-fold cross-validation. We tried the different combinations between split rule (“gini” or “extratrees”) and number of randomly selected predictors to consider at each split (two, half or all of the variables), selecting the combination that maximised the classification performance in terms of the metrics “Accuracy” and “Kappa”. The hyperparameter for the minimum number of observations in the terminal nodes of individual trees was fixed at equal to one. Finally, the hyperparameter for the number of trees was fixed at equal to the computationally feasible count of 1000, since it has been shown that it is not necessary to fine-tune this hyperparameter [47].




2.7. Modelling the Intensity of Farmland and Grassland Succession


We employed two random forest regression models to predict the intensity of farmland and grassland succession at the raster cells that were, respectively, farmland and grassland in 1945, and that were persisting or moving only forward in the progressive successional pathway (results in Figure 9). Specifically, succession was assumed to progress according to the following pathway: farmland → grassland → open-scrub → closed-scrub → forest. Succession intensity is a metric we invented to quantify how quickly and how much a cell progresses in succession through time. It is the normalised area under the curve of a cell’s successional trajectory (Figure S3). The normalisation is based on the maximum area under the curve, which was achievable in this study when a 1945 farmland or grassland pixel turned to forest in 1970. Succession intensity hence took its minimum value of zero when a cell that was farmland or grassland in 1945 persisted as such until the last study year, 2015. Thus, our metric could capture trajectories in the range from complete farmland and grassland persistence during the 70 years, to afforestation in just 25 years (from 1945 to 1970). Notably, although studying retrogressive succession would have been of equal interest, we focused on progressive succession because a very low proportion of vegetation transitioned retrogressively, and because the present study was primarily concerned with land abandonment.



The succession intensity metric encapsulated a temporal process in a single value (Figure S3). Consequently, the temporal trends of the time-varying variables from our set of selected predictors were also required to be summarised in a single value. For the population and livestock densities, and the temperature and precipitation seasonalities, we employed the slopes of linear models fitted on their time series. For comparability, the time series were divided by their 1945 value before fitting a linear model; they therefore expressed the annual rate of change relative to the study period’s initial value. For the settlement proximity, we kept the mean of the study years, since it did not change considerably over time. The variables that did not need to be processed were those that were fixed in time: elevation, slope, northness, eastness, presence of silicate parent rock, presence of flysch parent rock, plus longitude and latitude.



Again, we used a training dataset of n observations for the parameterisation and fitting of the farmland and grassland succession models. For the farmland succession model, we randomly selected 2000 cells that were farmland in 1945, and that persisted or moved only forward in the expected successional pathway from each of the five study sites, leading to a training dataset with a total of n = 2000 × 5 = 10,000 observations of farmland intensity of succession and corresponding predictor values. Similarly, for the grassland succession model, we randomly selected 1549 cells that were grassland in 1945 from each of the five study sites, and that persisted or moved only forward in the expected successional pathway (the study site with the minimum number of appropriate observations had 1549 such pixels), leading to a training dataset with a total of n = 1549 × 5 = 7745 observations. The two models were parameterised and fitted similarly to the random forest model of land type occurrence. However, since these two models were of the regression type, they featured the following differences from the random forest classification model of land type occurrence: the tested split rules were “variance” and “extratrees”; the performance metrics were the root-mean-square error, the R-squared, and the mean absolute error; and the minimum number of observations in the terminal nodes of individual trees was fixed at equal to five.
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Figure 3. Land cover maps of the five sites, for the following years: (a) 1945; (b) 1970; (c) 1996; and (d) 2015. The sites are numbered as in Figure 1. 
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2.8. Displaying the Results of the Random Forest Models


A relation between a response variable (probability of land type, or succession intensity) versus a predictor variable was presented by the predictor’s mean of individual marginal effects [48]. An individual marginal effect of a predictor’s specific value was the predicted value of the response variable when the rest of the predictors took one of their n observed combinations of values from the training dataset. Subsequently, for the range of the focal predictor’s observed values, a so-called partial dependence plot displayed the LOESS curve of the mean among the n individual marginal effect curves (Figure 8 and Figure 9). We additionally inspected a random sample of the n individual curves, validating the representativeness of the mean curve (Figures S4–S6). Only the predictor variables with the most representative means were chosen to be shown in the Results. The R package “pdp” produced the data for the partial dependence plots [49].





3. Results


3.1. History of Land Cover, Landscape Aspects, and Land Cover Change


Land abandonment and succession were visually apparent in the maps of the study sites over time (Figure 3). The once extensive farmland of 1945 (Figure 3a) was mainly limited to only two relatively large patches at sites 3 and 5 in the last year, 2015 (Figure 3d). Similarly, only a few large patches of grassland persisted after 1945, such as the two grasslands at the north–northeast and west of site 4. The landscape metrics captured the ongoing abandonment and afforestation, such as in the reduction in the diversity of land types in the more recent years (Figure 4a). Additionally, while the largest patches in the earlier years were farmlands and grasslands covering around 15–30% of a site, forest occupied the largest patches of the later years, with a greater relative cover of around 45–70% of a site (Figure 4b). The withdrawal of farmland and grassland, and the expansion of forest, also led to poorer diversity of ecotones between different land types (Figure 4c), apparently with the domination of forest-neighbouring edges (Figure 3). Despite this overall forest domination, the landscape became more fragmented at a relatively slow rate (Figure 4d), often due to the replacement of large farmland and grassland patches by smaller grassland and scrubland remnants in the expanding forest matrix (Figure 3).
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Figure 4. Landscape aspects of the sites over the study period. The four metrics for the four corresponding aspects of the landscape were the following: (a) relative marginal entropy; (b) largest patch index; (c) interspersion and juxtaposition index; and (d) relative mutual information. These landscape metrics reached a maximum value of one upon division by their maximum possible value. The sites are numbered as in Figure 1. 
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Apart from its spatial signature, abandonment was also evident in the 89.4% relative decrease in farmland cover, from 30.2% of the study area, which was the largest share among land types in 1945, to 3.2%, which was the smallest in 2015 (Figure 5a). By contrast, the consequent afforestation resulted in a 188.5% relative increase in forest cover, from 21.7% to 62.6% of the study area during the 70 years. Grassland, open- and closed-scrub kept a relatively stable cover over time. Nevertheless, these intermediate successional stages participated dynamically in the conversion of farmland to forest (flows in Figure 5a). The vast proportion of cover transitioned in the direction of progressive succession; the smaller transitions in the direction of retrogressive succession decreased even further over time. Focusing on the fate of the 1945 farmland and grassland, a wide range of progressive successional pathways unravelled, from their 70-year persistence until 2015, to their afforestation after just 25 years (Figure 5b,c). Notably, farmland accelerated its transition to other land types over time, especially to grassland (Figure 5b).
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Figure 5. Land type cover and transitions over the whole study period. Bars indicate the cover of each land type in the study years, and flows between years depict the following: all land type transitions (a); the progressive successional pathways of the pixels that were farmland in 1945 (b); and the progressive successional pathways of the pixels that were grassland in 1945 (c). 
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The Intensity Analysis confirmed quantitatively this last observation of accelerated farmland loss in particular, and of the acceleration of succession in general. Although the absolute cover lost by farmland was similar between the time periods (Figure 6a), the relative loss rate almost doubled, exceeding the rate of mean landscape change during the last two time periods (beyond the negative dashed lines in Figure 6b). In fact, this relative loss of farmland was the only type of land cover change that significantly exhibited non-stationarity, i.e., by exceeding the mean relative loss of the landscape from the first to the second and third periods (Figure 6b). Additionally, the farmland-to-grassland rate of transition was the only one among the rates of farmland loss that increased during the last time period both in absolute (Figure 6c) and in relative terms (Figure 6d). Grassland, open- and closed-scrub also increased their rates of relative loss and gain during the last time period (Figure 6b,d), despite the stability in their rates of absolute change (Figure 6a,c).
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Figure 6. Intensity of land type change at two levels of resolution. At the land type level, the negative values are annual rates of land type loss in absolute terms (a), and relative to the land type’s cover at the start of the period (b); the positive values are for a land type’s absolute annual gain (a), and in relation to its cover at the end of the period (b). At the land type transition level, the negative values are annual rates of absolute (c) and relative (d) transition to forest from the other land types, whereas the positive values are for farmland becoming other land types in absolute (c) and relative terms (d). The dashed lines indicate rates of mean change according to the previous resolution level of the landscape change for panel (b), and of the land type change for panel (d). 
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These increased rates of abandonment and succession during the last time period corresponded to significantly higher rates of population and livestock decrease in the municipal districts during that period (Figure 7).





[image: Land 11 00406 g007 550] 





Figure 7. Distributions of annual percentage change in population (a), and livestock (b), in the 35 municipal districts in the three time periods. Each violin plot displays the mirrored density distribution of the 35 values. The letters above the distributions indicate the grouping based on Friedman-type post hoc tests of equality between the time periods (repeated measures of each district in time). 
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3.2. Conditions Related to the Occurrence of the Land Types


According to the classification model, the probability of finding farmland was higher at slopes lower than around 20°, and at elevations lower than around 750 m (Figure 8a,b). Farmland was not associated strongly with northness (Figure 8c). Socioeconomically, farmland was more frequent at higher population and livestock densities, which were more commonly documented in the earlier years (Figure 8d,e).
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Figure 8. Mean marginal effects of the top five predictor variables most strongly related to land type occurrence: (a) slope; (b) elevation; (c) northness; (d) population density; and (e) livestock density. The vertical marks under the horizontal line indicate each predictor’s n observed values in the training dataset. In case of a predictor taking different values in different study years, the vertical marks are arranged in four rows, each row for a year, with the values of 1945 in the top row followed by 1970, 1996, and 2015, from top to bottom row. 
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Grassland, like farmland, was more frequent in localities with slopes of less than 20°, but at elevations greater, not smaller, than 750 m (Figure 8a,b). Similarly to farmland, grassland was more commonly found with higher populations and livestock densities (Figure 8d,e). From the rest of the land types, forest showed the greatest influence according to the studied biophysical predictors, occurring more often in localities with greater slopes (with the occurrence increasing faster until slopes of approximately 20°), and more north-facing aspects (with the turning point at the west- and east-facing aspects of zero northness) (Figure 8a,c). Socioeconomically, forest was steadily more frequent at lower population densities, and for livestock densities of less than approximately 300 small livestock grazing units per square kilometre (Figure 8d,e).



The model exhibited a moderate land-type classification accuracy of 0.5, with a Kappa of 0.37.




3.3. Conditions Related to the Intensity of Farmland and Grassland Succession


The farmland in 1945 was abandoned sooner, and experienced more intense succession, at higher elevations, until approximately 750 m, higher slopes, up to approximately 20°, and more north-facing aspects (Figure 9a–c). The studied socioeconomic conditions did not appear to have a strong relation with the intensity of the farmland’s succession (Figure 9d,e). The model fit had a mean absolute error of 0.15 (in the 0–1 value range of the succession intensity metric), explaining 52% of the variance.
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Figure 9. Mean marginal effects of the top five predictor variables most strongly related to intensity of farmland and grassland succession: (a) slope; (b) elevation; (c) northness; (d) population density; and (e) livestock density. For comparability, the curves are centred to the mean prediction at the left-most, minimum value of each predictor. The vertical marks under the horizontal line indicate each predictor’s n observed values in the training dataset of the model for farmland (top row of marks) and of the model for grassland (bottom row). 
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For the grassland of 1945, progressive succession was, similarly to the farmland, more intense at higher slopes until approximately 20°, and with more north-facing aspects, but at elevations that were lower than 750 m (Figure 9a–c). Unlike farmland, the studied socioeconomic conditions appeared to have a strong relation with grassland’s intensity of succession. Regarding humans, the succession of the 1945 grassland was steadily more intense in municipal districts with an annual population decrease of higher than approximately −0.8% (Figure 9d). Regarding livestock, this grassland’s succession was more intense only in municipal districts that exhibited an overall livestock decrease, becoming steadily more intense at higher annual decreases in livestock (Figure 9e). The model fit had a mean absolute error of 0.16 (in the 0–1 value range of the succession intensity metric), explaining 57% of the variance.



Focusing on elevation, which was the strongest predictor of both farmland and grassland succession intensity, we can confirm that the abandoned and encroached farmland’s mean elevation was above the land type’s mean in all the time periods, while the encroached grassland’s mean elevation was lower than the overall grassland’s mean only during the last time period (Figure 10). Nevertheless, farmland abandonment kept relocating to lower elevations. Grassland followed the spatial shift of farmland’s abandonment with one period’s time-lag, by becoming encroached at higher elevation during the second period (1970–1996), where farmland was abandoned in the first period (1945–1970), and then in lower elevations, following farmland’s altitudinal descent of abandonment. Due to the relocation of encroachment to lower elevation, the mean elevation of both land types reached its lowest value in the last year, 2015 (vertical dashed lines in Figure 10).





4. Discussion


Our case study on the 70-year history of a Mediterranean mountainous landscape did not support the theoretical view of a spatially widespread transition from the traditional to the productivist era in the 1940s, followed by another transition towards post-productivism in the 1980s. Specifically, the transition in the form of farmland abandonment was intense, and even accelerated, and it was accompanied by the relocation of farmland to lower elevations. The consequent afforestation reduced the landscape’s heterogeneity, decreasing the diversity of land cover types and ecotones. Thus, our results supported instead the theoretical counterview of spatially differentiated countryside, where abandoned uplands coexist with agriculturally intensified lowlands.



4.1. History of Land Cover, Landscape Aspects, and Land Cover Change


The magnitude of abandonment and succession in our study area was in agreement with other studies in the region [19], in other mountainous regions of Greece [13], and in other Mediterranean regions [50]. For example, our 89.4% relative decrease in farmland was of the same magnitude as the more than 90% withdrawal cited for the Spanish Pyrenees and the Iberian Range [51]. Moreover, the observed landscape homogenisation due to forest domination, together with the persistence of smaller, but more numerous, grassland and scrubland remnants, is a common spatial pattern appearing in different abandoned mountainous regions [52]. Thus, the size and the spatial characteristics of abandonment and afforestation in our study area constitute the first line of evidence for the absence of a widespread transition to a productivist regime. In support of the view of [17], our study area illustrates that the theoretical notion of a widespread intensification of existing farmland, which has been confirmed in northern Europe, is not applicable to the marginalised mountains of southern Europe.



Although our results agree with the literature on the magnitude and spatial characteristics of landscape change, the rates of change showing the acceleration of abandonment and succession have rarely been reported [53]. Succession rates after abandonment are expected to decrease with time as more vulnerable localities become scarcer [50]. In our case, farmland was abandoned more than twice as quickly when it covered 12.2% of the landscape, in 1996, than when it covered 30.2%, in 1945; and the relative change rates of grassland, open- and closed-scrub substantially increased. Nevertheless, we expect that the accelerating trend in the abandonment and consequent succession will inevitably pass the turning point towards deceleration, as has been observed in nearby regions of Albania and Romania [54].




4.2. Conditions Related to The Occurrence of the Land Types, and the Succession Intensity


A main reason for expecting the deceleration of abandonment in our study area is that much of the remaining farmland has transitioned to a productivist regime. These farmland localities, especially the two large farmland patches in sites 3 and 5, have lower elevation and gentler slopes, which correlate with the presence of alluvial deposits, indicating more productive fields. Another characteristic that suggests a productivist regime in these two farmland patches is the presence of irrigation infrastructure. Irrigation infrastructure in the region was developed in the 1950s–1980s, with the aim of facilitating the transition to productivist agriculture [19]. As the latter authors note, however, Greek state programs contributed to the agricultural modernisation of only the productive plains in the lowlands, such as of the two patches. Thus, our study area aligns with the theoretically and empirically supported view of upland abandonment coexisting with lowland intensification in southern European mountains [18,19]. Even within the same municipality, we observed the abandonment of marginal land in the uplands and the agricultural intensification of lowland fields. This is clearly depicted in our results, and it has also been demonstrated for other Mediterranean mountainous areas [13,19,55].



Although our models did not show any strong relations between population or livestock change and farmland abandonment at the pixel level, the acceleration of farmland loss during the third time period corresponded to a significantly higher decrease in population and livestock densities at the municipality level. Depopulation in the area was indicated by two time periods of mainly negative population change, separated by an intermediate period of average stasis. In the 1945–1970 time period, depopulation was intense after WWII due to urbanisation, and because the region was one of the harshest theatres of the subsequent Greek Civil War [19]. In the 1970–1996 time period, the mixed and dispersed socioeconomic changes in the municipalities can be attributed to the new agricultural policies and measures by Greek governments and the European Union, which partially mitigated depopulation, but also forced the occupational reorganisation of the persisting population [56]. In the 1996–2015 time period, the high increase in abandonment and succession in the area, and the declines in population and livestock, can be said to be due to both the late-arriving and mistargeted measures for low-intensity farming of the previous period [19] and to the financial crisis during the period itself [57].



For grassland, the observed temporal stability of its relative cover in our study area was not accompanied by spatial stability, i.e., historical grasslands were commonly lost from the lowlands, appearing initially in place of the more intensively abandoned farmlands of the uplands and, later, in the lowlands, as they followed the altitudinal descent of farmland abandonment. Nevertheless, the historical grasslands of 1945 did persist at higher elevation in our study area, a phenomenon recently observed in other regions as well [58]. In the absence of relevant data, we can attribute this “mountain effect” to the traditional land use of vertical transhumance in the region [19], or to the arrest of succession by biophysical conditions, such as poorer soils [59].



Furthermore, grassland’s intensity of succession was more positively related than farmland to northness, as well as to human and livestock decreases. Increased northness can be linked to increased moisture availability, a condition that is often associated with increased rates of vegetation development in undisturbed grasslands [55]. Regarding the relation of population and livestock decreases with succession intensity, grassland persistence appeared to be a better indicator of occupation in the primary sector. Farmland persistence, by contrast, was not necessarily related to lower depopulation because less-depopulated municipalities with higher farmland abandonment in the region managed to keep more residents by redirecting their interest to tourism, trade in imported products, and other services [19]. Although the core of touristic development is mainly observed in adjacent municipalities, outside our study area, studied municipalities, such as Kalpaki, gradually developed into locally central towns, slowly transforming the surrounding countryside from one of agricultural production to one of “consumption of the countryside” [17]. This appearance of post-productivist signs in some localities can be added to the picture of coexisting regimes in our study area. Nevertheless, such signs are not equivalent to a full transition, as we discuss below.




4.3. Management Implications


Despite the signs of the development of a post-productivist regime in the study area, e.g., the increasing demand for ecosystem services, such as tourism, there was not a widespread reversal towards agricultural extensification and landscape diversification, which are characteristic of post-productivist regimes [14]. A similar pattern has been documented for a nearby area, where a full transition to a post-productivist regime was not found, even at a small scale [19]. On the contrary, abandonment and afforestation continued with the same and even higher rates in later years. Additionally, for the abandoned rural areas of Greece, only a few plans or policies have been implemented for reversing the state of threatened habitats, such as the LIFE+ JunEx project for the restoration of Grecian juniper silvopastoral woodlands [60]. Given the threats that such valuable ecosystems face, there is a great need to implement management plans for the numerous semi-natural landscapes of this mountainous country [61].



The magnitude and spatial characteristics of land cover change can inform such management plans to take into account both the amount of forest to be cleared but also the spatial distribution of targeted localities, as has been demonstrated in the Iberian range [51]. In our study area, for instance, deforestation could aim to reconnect grassland and scrubland remnants, for enriching ecotone diversity and consequently biodiversity [51], for fragmenting the forest to limit wildfire spread [62], and for enhancing the recruitment of grassland plant species which are commonly poor dispersers [63]. Another proposed approach is funding support for extensive stockbreeding, which can encourage residency in the region, engage residents with alternative sources of income, such as traditional cheese-making, ultimately contributing to the restoration and maintenance of the historical landscape [51]. Measures for reorganising historically multifunctional landscapes may be discouraged by the recent acceleration of abandonment in our study area. Nevertheless, the alternative of rewilding can incur greater costs by increasing wildfire risk, reducing lowland streamflow, and accelerating the vicious cycle of rewilding–depopulation [51].



In general, the regional planning and management of such semi-natural landscapes can be improved by a better understanding of the historical trajectories of agricultural regime shifts and their relation to biophysical and socioeconomic conditions [19]. At the same time, agricultural policies are essentially tools of rural management, and they can be considered significant factors of change in rural landscapes. Unfortunately, if planning is not based on such an understanding of local conditions, change in rural landscapes might follow trajectories that are different from those intended by their associated agrarian reforms. As an example from the 1950s–1980s period, which is applicable to our study region, Greek governments implemented agrarian policies, and development projects, such as irrigation, following the development of the productivist view of agriculture in western and northern Europe at that time [56]. Nevertheless, the different topographical characteristics of the numerous hilly and mountainous Greek regions limited the applicability of these policies, leaving such regions to follow an abandonment trajectory instead. As another example from the next period, of the 1980s–2010s, the post-productivist view of current policies [64] has not always and everywhere contributed to a significant transition towards an associated extensification and diversification of the primary and tertiary sector, as shown in our study of a mountainous Mediterranean region. It is therefore important to update the theory and policy of agricultural change with information from southern Europe, allowing them to be used more effectively as tools of regional planning and management.




4.4. Study Limitations and Future Directions


The inability to relate with greater certainty the persistence of historical grasslands in the uplands to other underlying conditions reveals a limitation of our study: the lack of data on other drivers and consequences of abandonment. Regarding these drivers, predictors strongly related to land cover change, e.g., parent rock, were easily obtained but might constitute surrogates of more proximate and informative drivers that are more expensive to obtain, such as soil fertility [10]. Another example is population change, which did not prove a good surrogate for occupation. Other socioeconomic variables related to employment were not available at the municipality level, nor for the time span of our study. Regarding the consequences of abandonment, our exclusive use of land-cover-type response data limited our interpretation. Complementary data on species distribution could help to distinguish plant communities in different land cover types and, hence, relate abandonment and succession to more specific conditions, a work that is in progress for our study area.



Given the variety of identified drivers and of their effects, an extension of our study with implications for planning would consider the optimised selection of localities for management. This maximisation of the environmental benefits would at the same time incur lower costs compared to a spatially uniform or random selection of localities [65]. For example, an optimisation algorithm or mathematical programming model would aim to find which localities are best to restore for a limited restoration budget, based on our identified drivers. Nevertheless, more drivers must be taken into account for planning, such as the population’s age structure, trends in agricultural product prices versus input prices, and local education and health infrastructure. All these must be coupled by field sociological studies in order to result in a concrete management plan.



The aforementioned field of sociological studies bring forth another dimension of our study: the spatial and temporal resolution of some studied variables and general aspects. Regarding the temporal resolution, the advantage of the present work over other similar studies of land cover change over a long time span is the use of three time periods, given that most studies that include data from the 1940s commonly present one or two time periods [66]. Nevertheless, future work could focus on further increasing the temporal resolution by adding maps of land cover and related variables between our studied years, to shed more light, e.g., on the relation between the recent acceleration of abandonment and the underlying socioeconomic changes during the time periods. Regarding the spatial resolution, and especially given the high variability of the drivers due to the spatial heterogeneity of the mountainous environment, field sociological studies could gather data at a spatial level lower than the current level of municipality, e.g., at the household level. This specialised information, of higher spatial resolution, would be valuable in the determination of candidate socioeconomic drivers. At the local scale, various drivers of this kind could eventually combine their effects in triggering or stopping land abandonment, or even counterbalancing its overall effect [67]. Due to this local variation, we argue that localised studies in land abandonment and land use change patterns are essential and provide valuable information that can eventually be aggregated and upscaled at broader spatial scales. From a technical perspective, such an increase in the spatial resolution of predictors can additionally decrease the effect of spatial autocorrelation on the predictions of a spatial model, given our use of human and population densities at the level of municipal districts. Building models of higher predictive accuracy, but also generality, would be valuable for predicting land cover or succession intensity in other places or times, although the present work’s models were intended to be used only for summarising relations between variables, and not for extrapolating predictions.





5. Conclusions


The mountainous rural landscapes of Europe have been shaped by a long history of human presence, but their abandonment due to the socioeconomic changes of the last century is evident, threatening valuable habitats that have been conserved by traditional, low-intensity farming. The present study’s wide temporal extent and high spatiotemporal resolution provided two key findings. First, by following abandonment from its outset just after the end of WWII until recently, we found that the once-predominant farmland has nearly disappeared. Second, by associating abandonment with a second depopulation wave, we found that in the later time periods, abandonment and succession accelerated and relocated within the landscape.



A better understanding of such agricultural transitions is important for the development of rural policies. Nevertheless, the trajectories of land use and land cover change deviate in some cases from the intended trajectories of policies, especially if they are applied to areas that are different from areas upon which plans are based. The present study provided such an example. Contrary to what is expected from typical northern European landscapes, we found a lack of a spatially widespread transition towards agricultural intensification, and an even more limited transition towards the extensification of marginal areas. We instead found that abandonment and afforestation continued to sweep away farmland, while intensified farming coexisted in a small spatial extent in the lowlands. Our case study thus confirms that theory and policy that have been mainly based on northern European landscapes must take into account the distinguishing features of southern European landscapes, especially their mountainous areas.
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Figure 1. The five circular sites comprising the study area. The black-filled rectangle in the inset locates them in the wider region. The boundaries of the local municipal districts are delineated with white, and white-house symbols indicate settlements. 
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Figure 10. Mean elevation of encroached farmland and grassland during a time period in relation to the mean elevation of the land type at the start of the period. The arrows point in the direction of time for the three consecutive periods: 1945–1970 → 1970–1996 → 1996–2015. The vertical dashed lines indicate the mean elevation of all localities in the last year, 2015. Points above the dotted line of equality represent encroachment at higher elevation than a land type’s mean. 
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