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H I G H L I G H T S  

• Spatial-explicit predictors enable high-resolution mapping of abandonment probability. 
• Urban and socioeconomic development promote land abandonment. 
• Tourism, population growth and accessibility drive the abandonment patterns. 
• Water availability (SPEI) does not seem to influence the chance of abandonment.  
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A B S T R A C T   

Many mountain regions in Europe have experienced massive migrations towards metropolitan areas, with far- 
reaching implications for societies and the environment, especially croplands and grasslands. In this work, we 
tailored a geospatial framework to envisage the probability of land abandonment in the Spanish Pyrenees at 
moderate spatial resolution. We predicted the likelihood of land abandonment combining machine learning 
algorithms, geospatial data and historical observations of land abandonment in the period 1980 to 2019. The 
model attained a high predictive performance (AUC = 0.85) at a moderate resolution (30 m), providing insights 
into the spatial behavior of the potential for both abandonment and its main driving forces. The highest rates of 
abandonment were found in rural settlements and towns in bottom valleys where tourism and recreational ac-
tivities have proliferated over the years. Fast and comfortable connections between the main metropolitan areas 
(e.g. Barcelona and Zaragoza) and the mountain regions foster touristic activity and lead to the creation of new 
settlements. Ecotourism and mountain sports promote land abandonment as evidenced by the high probability 
predicted over the Central Pyrenees (from Pallars Jussà to Alto Gállego counties). Our results provide spatially 
explicit probability and uncertainty outputs, providing insights into site-specific abandonment potential and the 
influence of its drivers. These results can substantially assist land planners in decision-making, enabling as-
sessments at local scale.   

1. Introduction 

Land abandonment is globally pervasive, though it occurs preferably 
in developed countries (Beilin et al., 2014). Industrialization and the 
resulting “rural exodus” that took place during the 20th century fostered 
changes in land use, promoting the abandonment of low-income agri-
cultural lands (Pereira et al., 2010; Stoate et al., 2009) in what has been, 
to date, the largest land cover and use transformation over Europe (Estel 
et al., 2015; Lasanta et al., 2017; Terres et al., 2015). Vast areas of 

natural and semi-natural pastures in mountain systems in Europe were 
particularly prone to land abandonment (Gartzia et al., 2014; Gellrich 
and Zimmermann, 2007; Lasanta et al., 2017; MacDonald et al., 2000). 
These grassland-type communities are in fact cultural landscapes 
resulting from long-term human intervention (Dieterich and Van Der 
Straaten, 2004), maintained over centuries by extensive livestock 
grazing. They hold intrinsic natural and aesthetic features (Prados, 
2008) and provide valued recreational, environmental and cultural 
services and goods (Serra et al., 2014). In the particular case of the 
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Pyrenees massif, there is strong evidence of landscape and environ-
mental degradation after land abandonment, including soil degradation, 
increased fire risk and reduction of river flows (Ameztegui et al., 2021, 
2010; Cervera et al., 2019; Lasanta et al., 2017; Lasanta and Vicente- 
Serrano, 2007; Mottet et al., 2006; Nadal-Romero et al., 2011; Perpiña 
et al., 2020; Poyatos et al., 2003; Vacquie et al., 2015; Vidal-Macua 
et al., 2018). 

Land abandonment fosters multiple impacts at different spatial and 
temporal scales. Woody encroachment, the advance of forest lands over 
former pastures and croplands, is perhaps the preeminent consequence 
in the Pyrenees (Gartzia et al., 2014) and is the main driver behind the 
upward displacements of the treeline. The treeline since the 1950′s has 
moved upwards approximately 40 m.a.s.l. from 2,111 m.a.s.a.l. 
(Ameztegui et al., 2016). The colonization by woody communities is 
often linked to ecological degradation and loss of biodiversity, both in 
terms of species richness and functional diversity (Jongman, 2002). 
Landscape features such as connectivity, patch size and patch diversity 
are also altered by land abandonment, triggering an important cultural 
heritage loss and diminishing its aesthetic properties (Ameztegui et al., 
2021; Schirpke et al., 2019). Moreover, forest progression boosts wild-
fire hazard (increasing fire intensity and spread potential) by enabling 
fuel accumulation and intruding in the traditional mosaic of vegetation 
patches intermingling with croplands that was once a distinctive trait of 
the Mediterranean mountains (Pais et al., 2020). Soil erosion is boosted 
in lands where vegetation does not re-colonize abandoned plots; under 
extreme rainfall events, this process may accelerate soil degradation, 
losing organic matter content in the top-soil horizons (García-Ruiz and 
Lana-Renault, 2011). 

Several endogenous (site-specific features) and exogenous drivers 
(socioeconomic and political context) are behind the abandonment of 
agricultural lands in the European mountainous areas (Lasanta et al., 
2017; Terres et al., 2015). The low economic revenue of traditional 
agriculture due to poor mechanization potential, linked to the lack of 
subsidies for rainfed crops, promoted the consolidation of irrigated lands 
away from mountains (Nainggolan et al., 2012; van Leeuwen et al., 
2019). The low income obtained by the primary sector triggered 
cascading effects like the rise of tourism and the subsequent develop-
ment of second residential housing (Serra et al., 2014). This process was 

more noticeable in the vicinity of National Parks or Natural Protected 
areas (NPAs), giving rise to the term “Naturbanization” (Prados, 2008) 
which refers to the urbanization of rural and natural areas as second 
homes for leisure activities in the environment (hiking or winter sports, 
among others). 

To date, there is extensive knowledge of the processes and factors 
favoring land abandonment, as evidenced by the numerous studies cited 
so far. Nonetheless, the process itself holds an intrinsic spatial nature, 
being often difficult to foresee it with the necessary spatial accuracy to 
adopt suitable measures to prevent or reverse its impacts. The existing 
research focused heavily on unravelling the role of the drivers (Corbelle- 
Rico et al., 2012; Garbarino et al., 2020; Vidal-Macua et al., 2018), but 
previous analyses providing a spatial representation of the phenomenon 
are scarce (Morán-Ordóñez et al., 2011); especially those conducted at a 
resolution sufficient to enable decision-making. The implementation of 
management initiatives to prevent and restore abandonment effects 
often takes place at the very local level (e.g., concentration of land 
ownership) but couples necessarily to region-wide initiatives (e.g., 
subsidize plans), thus requiring a spatial accuracy that enables assess-
ments at multiple scales. 

In this research, we analyzed the relationships of the factors from a 
regional perspective, obtaining a relative importance of each factor on 
the probability of land abandonment. Therefore, the greater or lesser 
presence of each factor can be associated with differences in the in-
tensity of the phenomenon at the local level. Based on the existing 
literature that analyzes the drivers of land abandonment in other 
mountain regions in Europe, or in smaller areas of the Pyrenees, we 
hypothesized that socioeconomic drivers would be the main responsible 
of recent land abandonment. Moreover, touristic development is often 
negatively associated with traditional farming and livestock breeding, so 
we expected those variables related to tourism would be particularly 
important. Lastly, given that socioeconomic processes are not totally 
independent from topography and relief, variables such as elevation and 
aspect are also likely to play an important role in land abandonment. 
The method was calibrated and validated in the Pyrenees, one of the 
major remaining hot spots of natural and semi-natural grasslands in 
Europe (Ali et al., 2016). Our results can guide managers and decision- 
makers to explore and design preventive measures related to economic 

Fig. 1. Location of the study area and boundaries of the analysis. Previously abandoned areas (Gelabert et al., 2021) were highlighted in blue. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 
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diversification and rural depopulation reduction, in order to preserve 
these valuable microenvironments and the cultural landscapes they are 
immersed in. 

2. Materials and methods 

2.1. Study area 

The Pyrenees are a mountain range located northeast of the Iberian 
Peninsula, a natural border between Spain and France. Climate is 
characterized by an altitudinal gradient (elevation ranges from 600 m to 
3000 m), fostering increasing rainfall and decreasing temperatures as 
elevation is gained. The average annual precipitation stands around 
1500 mm, equally distributed throughout the year, though it is slightly 
lower during the summer. Temperature in winter is cold (0–5 ◦C), mild 
during the summer season (10–12 ◦C). However, temperature peaks at 
W-E ends of the mountain range due to the sea influence and the lower 
elevations. 

The elevation gradient governs land cover distribution and types, but 
the current treeline position (2,200–2,400 m.a.s.l.) and structure, the 
subalpine and montane pastures, and the predominance of a few tree 
species arise from historical landscape transformations (Ninot et al., 
2007). The basal belt (600–900 m.a.s.l.) is dominated by sclerophyllous 
forests of Quercus ilex mixed with serial xerophilous garigues and shrubs 
(Rosmarinus, Cistus). The submontane belt (with upper limit at 
1100–1300 m.a.s.l.) holds Submediterranean forests of marcescent oaks 
(Q. pubescens, Q. faginea) and pines (Pinus nigra or P. sylvestris). The 
montane belt (reaching 1,600 m.a.s.l.) is dominated by Fagus sylvatica 
and Abies alba in the humid sites, and by Pinus sylvestris in the Eastern, 
more Mediterranean regions. Above 1600 m.a.s.l., the main tree species 
is Pinus uncinata, which constitutes the treeline in most of the massif. 
The treeline position lies at 2,200–2,400 m.a.s.l., well below its climatic 
potential due to centuries of intense human activity, and the subalpine 
belt holds natural and managed grasslands/pastures (García Ruiz and 
Lasanta, 2018) produced by the “alpinization” of the Pinus uncinata 
forests. The alpine belt (up to 2,800 m.a.s.l.) is dominated by short 
grassland communities (e.g., Oxytropido-Elynetum pastures, Hieracio- 
Festucetum supinae, Leontodonto-Caricetum curvulae, Festuca eskia, Fes-
tuca gautieri grasslands), noteworthy in specific habitats for their species 
richness or the presence of endemic plants. 

Forestry and agriculture shaped the region into cultural landscape 
mosaics, especially in the 600–1,600 m.a.s.l. altitudinal range. Histori-
cally, the primary sector was the economic “engine” of the Pyrenees, 
with cereal growing (wheat, vetch, barley, or oats) and livestock farming 
as main activities. Nowadays, herbaceous crops (swath meadow) 
devoted to forage production have replaced the cereal crops, and agri-
culture is being either abandoned or replaced by tertiary activities 
(tourism) linked to mountain sports (ski, hiking, etc.), promoting 
camping accommodations and second residences (Lasanta et al., 2013, 
2007). 

The study was framed in the Spanish Pyrenees side, encompassing 
the potential forest region as outlined by Rivas-Martinez (1987). We 
selected open areas (pastures, grasslands and croplands) that due to its 
bioclimatic conditions are suitable to hold forests, in the range between 
600 and 2,400 m.a.s.l. (Fig. 1). 

2.2. Methods 

2.2.1. Response variable 
Predicting the probability of land abandonment required a binary 

response variable observing the occurrence (1) or the absence (0) of past 
abandonment. Candidate locations comprised either abandoned loca-
tions that were formerly dominated by grasslands or crops now forested 
with a coverage greater than 50% in areas bigger than 1 ha (coded as 1) 
or non-abandoned grassland communities or crops that persisted over 
time also in areas bigger than 1 ha (coded as 0). The site selection was 

carried out by visual inspection of an ortophotographic series, using a 
regular 5x5km grid to stratify the sampling process. We collected all 
detectable sites under the aforementioned considerations and a 
balanced sample in number of abandoned plots. Candidate sites were 
subsequently converted into single point locations. In non-abandoned 
locations we used the centroid of the plot polygon. In abandoned plots 
the point was placed in the region with higher evidence of vegetation 
succession (Please see an example in Supplementary Fig. 1). We were 
able to identify a set of 477 “ground truth” locations composed of 250 
non-abandoned sites (0) and 227 abandoned (1) at some point in the 
period 1982–2018. These samples have an average nearest neighbor 
distance of 2.85 km. We used all the available ortophotographies served 
by the Spanish Geographic Institute (IGN) from the PNOA (2019), 
OLISAT (1997/1998), and SIGPAC (1997/2003) programs (see Table 1 
for further information). 

2.3. Explanatory variables 

The literature recognizes three main types of drivers of land aban-
donment: ecological constraints, such as topography or edaphology 
and climate, socioeconomic drivers, e.g. demographic variations, 
accessibility to markets and policies, and land mismanagement, e.g. 
overexploitation, floods or water contamination (García-Ruiz and Lana- 
Renault, 2011; Lasanta et al., 2017; Rey Benayas, 2007; Rey Benayas 
et al., 2007; Terres et al., 2015; Ustaoglu and Collier, 2018). Land 
abandonment is triggered by the combination of these three types of 
drivers, being often prevalent the socioeconomic factors (Sluiter and de 
Jong, 2007). 

The explanatory covariates of land abandonment were selected 
based on an extensive literature review (e.g. MacDonald et al. 2000; 
Mottet et al. 2006; Zaragozí et al. 2012; Terres et al. 2015; Lasanta et al. 
2017; Vidal-Macua et al. 2018; Schirpke et al. 2019) and we favored 
those available at detailed spatial resolution. Spatial proxies for each 
driver type were created at a 30 m resolution, as a trade-off solution 
between processing time and capturing the spatial variability with suf-
ficient accuracy. To pair response locations and predictors, we overlay 
the candidate locations to each raster layer corresponding, extracting 
the value of the underlying pixel. 

2.3.1. Topography and relief 
The shape and arrangement of the relief influence the chance of 

abandonment mostly in relation to land productivity. In short, the more 
productive the land the less prone to abandonment (Gellrich and Zim-
mermann, 2007). The bottom of mountain valleys is usually more pro-
ductive since mechanization is feasible. Slope and aspect also affect 
productivity, which tends to be higher in sunny and moderate slopes 
areas opposed to shady and steep areas (Vidal-Macua et al., 2018). We 
used a digital elevation model (DEM) at 25 m of resolution, obtained 
from the Spanish Geographical Institute (MDT25; IGN 2015) and 
resampled to 30 m using bilinear interpolation, to retrieve elevation (in 
m.a.s.l.) and standard relief features such as slope angle (in degrees), 
aspect, and curvature metrics by means of the topographic position 
index (TPI; Weiss 2001). 

Table 1 
Description of the ortophotographies used to construct the response variable.  

Extent Server Project/ 
Program 

Scale Resolution Year 

Spain IGN PNOA 1:15,000 0.25 m 2017–2019 
Spain IGN OLISAT 1:30,000 0.50 m 1997 & 1999 
Spain IGN SIGPAC 1:40,000 0.50 m 1997, 2002 & 

2003 
Catalonia ICGC – 1:5,000 0.50 m 1988 
Navarra IDENA – 1:5,000 0.50 m 1982  
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2.3.2. Climate-related drivers 
The potential influence of climate conditions on abandonment was 

explored through the temporal evolution of drought spells over the re-
gion (Arnaez et al., 2011). We used the Standardized Precipitation 
Evapotranspiration Index (SPEI) as calculated in the Global Drought 
Monitor database (Vicente-Serrano et al., 2010). SPEI was calibrated 
using ERA-5 reanalysis data from 1961 to 2019 (from the Copernicus 
Climate Change Service, C3S) and spatialized at a ~ 100 km2 resolution. 
SPEI is a drought-related index that synthesizes the water balance 
anomaly accounting for both precipitation and temperature (the latter 
being involved in the calculation of the potential evapotranspiration). 
SPEI ranges from − 3 to 3, with moist conditions occurring when SPEI is 
above 0.84 and dry spells below − 0.84 (Vicente-Serrano et al., 2010). 
SPEI can be calculated at different temporal scales (from 1 up to 48 
months). In this work, we retrieved the 12-month anomaly for December 
(SPEI12) on a yearly basis. We then calculated the Sen’s slope of the 
SPEI12 (Sen, 1968), a trend detection procedure that summarizes the 
direction (increase or decline), magnitude (slope absolute value) and 
significance of a trend in a time series of data. 

2.3.3. Ecological related drivers 
Ecological constraints reduce competitiveness for farmers (Arnaez 

et al., 2011). Soil characteristics are key in crop productivity. Therefore, 
the first fields to be abandoned are those with poor soil quality, shallow 
and stony soils (Gellrich and Zimmermann, 2007). We indirectly esti-
mated soil porosity by using soil bulk density (cg/cm3) in the first 15 cm 
from SoilGrids 2.0 – 250 m (Poggio et al., 2021). 

2.3.4. Socioeconomic and human-related drivers 
The process of land abandonment relates heavily to the potential for 

agricultural revenue and impact of recreational activities (Lasanta et al., 
2017; Schirpke et al., 2019). Overall, the former acts as an anchor for 
agriculture and grasslands whereas the latter promotes abandonment. 

Tourism is the main driving force of socioeconomic change and land 
transformation in the Pyrenees (Schirpke et al., 2019; Serra et al., 2014). 
Despite a wider tourism opportunity spectrum in recent years, ski, hik-
ing, camping and resorts remain the predominant recreational activities 
(Lasanta et al., 2013, 2007). The spatial footprint of tourism was rated in 
terms of distance to stable tourism-related facilities, ski resorts and 
camping sites, as concentration points for visitors that engage in varied 
recreational activities (e.g., hiking). We obtained the spatial location of 
ski and camping sites from the 1:25.000 scale National Topographic 
Database (BTN25, IGN 2018). Then, we calculated the Euclidean dis-
tance (in meters) to the closest site. 

Population dynamics are a key indicator of socioeconomic evolution 
(Collantes and Pinilla, 2004; Marín-Yaseli and Lasanta, 2003); loss of 
population due to either migration or aging is linked to economic 
decline (MacDonald et al., 2000). In turn, this promotes the abandon-
ment of traditional agricultural activities and lands (Lasanta et al., 2017; 
Vidal-Macua et al., 2018). We retrieved yearly population density 
(inhabitats/km2) records at municipality level in the period 1986 to 
2019 from the municipal population registries (“Padrón”) accessed 
through the Spanish Statistics Institute (INE). Again, we characterized 
population trends by synthesizing the change in the annual number of 
inhabitants using the Sen’s Slope (Sen, 1968). 

Plot structure also contribute to understand land abandonment 
(Renwick et al., 2013). To an extent, the size of agricultural plots relates 
to the productivity (Lasanta et al., 2017). Larger plots tend to attain 
higher productivity rates by allowing mechanization and monoculture, 
and they often belong to agricultural holdings with a single proprietor. 
Conversely, small plots are often arranged in complex mosaics, being the 
mechanization effort less profitable. We used plot size as a proxy for land 
structure and agricultural economic profitability. We calculated kernel 
density of polygon size (km2) at 30 m spatial resolution, for each indi-
vidual agricultural plot from the cadastral vector information (DGC, 
2020). 

Accessibility plays a crucial role in economic development (Mac-
Donald et al., 2000; Terres et al., 2015). Proximity to population set-
tlements or the road network facilitates the access to touristic 
infrastructures (Cervera et al., 2019; Lasanta et al., 2007), boosting the 
withdrawal of traditional activities and favoring the growth of the 
touristic and tertiary activities (Serra et al., 2014). We calculated the 
Euclidean distance (in meters) to roads from a set of vector layers out-
lining the road network (roads, paths, and forest tracks) all of them 
accessible by car, representing the full road network obtained from the 
1:25.000 scale National Topographic Database (BTN 25,IGN 2018); 
Euclidean distance to villages was also obtained from the same source 
(BTN 25, IGN 2018). 

2.4. Modeling land abandonment 

We modeled the spatial distribution of land abandonment proba-
bility by means of presence-absence binomial classification models. We 
used Random Forest (RF), a popular non-parametric and stochastic tree- 
based algorithm (Breiman, 2001; Liaw and Wiener, 2002). This algo-
rithm is sensible to correlation between variables, but in our case there 
were no high pair-wise correlations between variables (Supplementary 
Fig. 5). RF was calibrated, validated and tested using the caret R’s 
package (Kuhn, 2008). 

2.4.1. Model training and calibration 
RF models require hyper-parameters tuning like the number of pre-

dictors to be used at each split on any given “tree” (mtry), the number of 
trees (ntrees) or the minimum number of observations at the end nodes 
(min node size). The split rule followed the Gini index and we used AUC 
as model validation metric. These parameters were optimized during the 
calibration stage using a 10-fold repeated cross-validation with 5 rep-
lications. To account for potential sensitivity to the locations that 
conform the response variable (see section 2.4) and prevent overfitting, 
we implemented an additional k-fold cross-validation (k = 3) to split the 
original sample into 3 training (66%) and test (33%) datasets. This 
procedure led to a set of 30 models that were later aggregated into a 
single final prediction. Each model produced an individual raster map 
corresponding to model predicted probabilities. The predictions were 
averaged as the median value of the 30 raster maps, and as a measure of 
uncertainty and reproducibility, the coefficient of variation was pro-
vided. Additionally, we tested for spatial autocorrelation in prediction 
residuals using the Moran’s I index (Moran, 1950), to warrant the spatial 
coherence of the results. 

We tested this previous calibration as a null model to account for 
spatial autocorrelation. We computed a semivariogram using the model 
residuals (Supplementary Figs. 3 & 4); the stabilization of semivariance 
(Range) was around 8 km. To control this effect in the model, we created 
a train subsample with a set minimum distance of 10 km. Additionally, 
to control for spatial bias in our phenomena we added coordinates X and 
Y to the model as explanatory variables. 

2.4.2. Model testing and performance 
Model performance was evaluated via the previous 3-fold (section 

2.4.1) cross-validation procedure. At each step, we used test samples to 
estimate the predictive performance of the RF models. We calculated the 
area under the curve (AUC) (Hanley and McNeil, 1982) of the receiver 
operating characteristic (ROC), a threshold-independent measure of the 
goodness-of-fit of any classifier. AUC measures the relationship between 
the false-positive (sensitivity) and true-positive (specificity) rates. It 
ranges from 0.5 to 1 representing random outcome and perfect predic-
tion, respectively. According to Zhou et al. (2011) AUC values greater 
than 0.7 are sufficiently accurate to trust predictions (Mandrekar, 2010). 

2.4.3. Variable performance 
Machine learning algorithms tend to “hide” information on how they 

reach predictions, largely due to the complexity of the algorithm itself. 
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Fig. 2. Spatial distribution of land abandonment probability and uncertainty in the prediction. a) Probability of land abandonment and b) Uncertainty measured 
using the coefficient of variation of each of the 30 predictions. A shaded relief surface is used as backdrop. Previously abandoned areas (Gelabert et al., 2021) were 
masked in gray. Sub-regions labels: 1. La Jacetania, 2. Alto Gállego, 3. Sobrarbe, 4. La Ribagorza, 5. Val d’Aran, 6. Alta Ribagorça, 7. Pallars Jussà, 8. Pallars Sobirà, 
9. Alt Urgell, 10. Solsonès, 11. La Cerdanya, 12. Berguedà, 13. Ripollès, 14. Osona, 15. Garrotxa, 16. Selva. 

Fig. 3. Close-up view (1:100,000) of the Benasque valley. A shaded relief surface is used as backdrop.  
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To deliver insights into the role of the involved covariates, we retrieved 
their relative importance for each model. We used the node impurity, 
which defines the optimal condition to split tree branches during the 
training process. Averaging the impurities of each predictor provides a 
measure of its importance to the forest and, thus, the prediction. 

Moreover, we addressed the graphical representation of the 
explanatory sense of covariates using partial dependence plots (PDP; 
Friedman 2001). PDPs are a graphical way to represent the marginal 
effect one variable has on the machine learning model prediction. We 
built 2-dimensional PDPs using a LOESS function (Locally Weighted 
Scatterplot Smoothing), showing the marginal response of the model (y- 
axis) along the range of values of a given predictor (x-axis). PDPs were 
built using the pdp (Greenwell, 2017) and ggplot2 (Wickham, 2016) 
packages. 

3. Results 

3.1. Spatial pattern of predicted land abandonment probability 

The spatial distribution of abandonment probability portrayed clear 
differences between the eastern and western ends of the Pyrenees 
(Fig. 2). Abandonment was more likely in the east (Ripollès, Garrotxa, 
Osona and Selva counties), with many areas over the 0.8 probability 
threshold. This region has excellent road connectivity with the Metro-
politan area of Barcelona, which has contributed to the spread of second 
homes and investment properties. Probability rates were consistently 
intermediate-high up to the central Pyrenees, roughly on the border 
between Aragon and Catalonia. The western half (extending from Pallars 
Sobirà to La Jacetania) was characterized by a mosaic of hot and cold 
probability spots. Very low probability values (below 0.3) were 
observed inside and around protected areas intermingling with higher 
probability (above 0.3) in locations specialized in rural tourism or 

skiing. Despite the presence of cold spots, values between 0.4 and 0.6 
were predominant, with peaks above 0.6 in Sobrarbe, Alto Gállego and 
Val d’Aran. The uncertainty levels were consistently low throughout the 
study area, aside from some minor clusters of high variability in 
mountain summits and most protected areas in the central Pyrenees 
(Fig. 2B). A close-up view in Fig. 3 allows to best discern the effect of 
topography, accessibility, and proximity to touristic activities. Higher 
probability values were located in valley bottoms, close to cities and 
camping resorts. The probability of abandonment decreased with the 
altitudinal gradient. Furthermore, the inset view of the Benasque valley 
demonstrates the suitability of the model to address large-scale areas 
(1:100,000), identifying sharp transitions that enable the spatial char-
acterization of the abandonment phenomenon. 

3.2. Predictive performance of the RF models 

The predictive performance of the models was satisfactory, with all 
RF models yielding a consistently high AUC ranging from 0.64 to 0.83 
(mean AUC = 0.74, Fig. 4A). We observed a clear gap (Kruskal-Wallis 
test significant; p < 0.05) at 0.5 probability (Fig. 4B) that separates the 
predicted probability between abandoned and non-abandoned loca-
tions. The density plots corroborated the high contrast between cate-
gories (Fig. 4C). In non-abandoned locations, we found a frequency peak 
close to 0.3, after which the curve flattens. In abandoned locations 
probability peaked near 0.65, decreasing fast into low density values 
below the 0.5 threshold. Taken together, all diagnostics support the 
satisfactory performance of the models, thus endorsing our findings. 

3.3. The role and performance of abandonment drivers 

Fig. 5 ranks model covariates according to their relative importance 
in the predictions. Overall, distance to villages was the most influential 

Fig. 4. A) Frequency values of AUC using RF. The solid line represents the mean AUC and dashed line ± 1 standard deviation. B) and density histograms of predicted 
probability classified as abandoned (red) non abandoned (green). (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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factor, but soil bulk density and elevation also had a strong influence on 
land abandonment. Distance to camping sites and roads were the main 
socioeconomic drivers, and exerted a considerable influence in the 
probability of land abandonment, especially when compared with the 
remaining topographic variables, which were consistently found as the 
least important. In a mid-tier position, we found aspect, followed closely 
by density population dynamics and agricultural plot size. Coordinates, 
slope and TPI were next in importance, and more influential than the 
remaining factors (SPEI, and distance to ski resorts). 

Additionally, we analyzed the marginal effect in the predicted 
probability of abandonment of each covariate (Fig. 6). From this infor-
mation, we extracted the characteristic traits of locations prone to land 
abandonment. The more likely locations were those (i) near to villages, 
(ii) in dense soils, (iii) in intermediate/high elevations (iii) with good 
accessibility (iv) but near to camping sites, (v) in south/east aspects (vi), 
where population density is increasing, (vii) preferably in large-size 
plots (viii) in steep slopes or (ix) bottom valleys and also (x) in zones 
with higher productivity (in bioclimatic terms). 

4. Discussion 

Land abandonment locations in the Iberian Pyrenees in 1982–2018 
shared common characteristics that allowed to identify future areas 
likely to be affected by this environmental impact (Lasanta et al., 2017; 
Rey Benayas, 2007). 

Previous work on the abandonment process and the role played by its 
drivers is relatively abundant in the literature. From a methodological 
standpoint, our analysis aligns with the work by Vidal-Macua et al. 
(2018) in the Pyrenees, Garbarino et al. (2020) in the Alps and 

Apennines, or Morán-Ordóñez et al. (2011) in the Cantabrian mountains 
(northwest Spain), relying on statistical or machine learning algorithms 
to model the probability of land abandonment from a set of driving 
factors. Our modeling results stand equal or above these works in terms 
of performance and in agreement with the overall behavior of the 
drivers. 

One critical difference with previous studies laid in our use of 
continuous variables (as opposed to discrete in a spatial sense), allowing 
for mapping. The use of variables aggregated using administrative units 
provided explanatory insights to these authors, but precluded the 
detailed mapping of model outcomes (Thieken et al., 2006; Zandbergen 
and Ignizio, 2010). Excepting the study by Morán-Ordóñez et al. (2011), 
their focus was usually in the performance of the model or the explan-
atory significance of the drivers, but neither the spatial nature of the 
phenomena nor the spatial footprint of abandonment potential was fully 
addressed. As Morán-Ordóñez et al. (2011), we do supply spatial pre-
dictions. In fact, our outcomes in the Pyrenees complement and support 
their discoveries in Cantabrian mountains. We found that land aban-
donment in the Pyrenees not only was driven by similar factors but also 
depicted a similar spatial pattern. This suggests the existence of homo-
geneous causal relations for land abandonment in the northern Iberian 
Peninsula. 

In the specific case of the Spanish Pyrenees, abandonment started in 
the early 2oth century (García-Ruiz et al., 2015) as a consequence of the 
industrialization process. During the second half of the century, the rural 
migrations towards main industrial cities and land abandonment 
reached their peak. Nowadays, the abandonment in the Pyrenees con-
tinues, though at a slower pace. The process is now linked to the raise of 
tertiary activities, mainly tourism and second residences in mountain 

Fig. 5. Box-plots with variable performance in terms of node impurity. Boxes represent the distribution of increment in MSE across models. The boxes indicate the 
1st/3rd quartiles, the whiskers indicate 10th/90th percentiles, the black line within the box is the median, and the dots indicate values below the 10th percentile or 
above the 90th percentile. 
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Fig. 6. Partial dependence plots of (A) distance to ski resorts, (B) distance to camping resorts, (C) distance to villages, (D) distance to roads, (E) Sen’s slope statistic 
for population variation, (F) Plot structure, (G) Aspect, (H) Slope, (I) TPI, and (J) Elevation, and (K) Sen’s slope statistic for SPEI variation. The x-axis represents the 
value of the covariate, and the y-axis represents the associated predicted probability. The solid line represents the averaged dependence whereas dark and light 
shaded areas represent 1st to 3rd quartile range and minimum and maximum range, respectively. Color represents driver domains: grey, physiography; pink, so-
cioeconomic; and blue climate; green, ecological; orange, coordinates. The density of presence events is represented by vertical black lines above the x-axes, and 
overlaid red ticks depict the quartiles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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regions (Prados, 2008; Serra et al., 2014). Tourism is thus the main 
element promoting socioeconomic change in the Pyrenees in recent 
decades (Lasanta and Vicente-Serrano, 2007). Primary activities, such as 
agriculture and livestock farming, have been abandoned in favor of 
activities linked to tourist facilities, or at least complemented with part- 
time dedication to tertiary activities aimed to provide an outflow of 
agricultural products with greater added value (Cánoves et al., 2004; 
Petrou et al., 2007; Vidal-Macua et al., 2018). In addition, side effects 
from the Common Agricultural Policy (Cazcarro et al., 2015) and other 
subsidies funded by the European Union such as the LEADER program – 
aimed at stabilizing and promoting repopulation – and INTERREG – 
designated to fund transnational initiatives – ended up in investments 
that favored the development of tertiary activities (Lasanta and Marín- 
Yaseli, 2007). 

While in agreement with these drivers and causal relations, we found 
strong regional and local differences in the potential for land aban-
donment within the Pyrenees. The observed spatial pattern responds to 
site-specific combinations of certain drivers operating at different levels. 
The higher land abandonment potential occurs in the eastern end of the 
massif, in the sub-regions of Osona, Garrotxa, Ripollès, Cerdanya and the 
north of Berguedà, all of them belonging to Catalonia (Badía et al., 2004; 
Vilà-Cabrera et al., 2017). We believe this cluster responds to the growth 
of second residential housing encouraged by good accessibility (Fig. 6 A 
& E). Their relative position to the main road network (C-17 and C-16 
speedways) connecting with the metropolitan area of Barcelona (the 
largest in the region) has favored the sprawl of leisure housing and other 
forms of accommodation, such as campings and hotels (Fig. 6D). In 
Aragon, a similar pattern is observed along the corridors around the A- 
23, A-21 and N-350, N-240 roads, all of them linking with Zaragoza. A 
different role is played by type of road, with high abandonment rates in 
locations connected to main roads (Vidal-Macua et al., 2018), but low 
around secondary and local roads (Fig. 6E). The presence of skiing and 
winter sports exerted a contrasting influence associated to local condi-
tions. Lasanta, Beltran, and Vaccaro (2013) noted that ski resorts in 
Aragon are close to villages whereas in Catalonia they locate farther 
away. Accordingly, the predicted probability of abandonment near ski 
facilities is higher in Aragon than in Catalonia, suggesting that the ski 
resorts do not foster abandonment by themselves (Fig. 6 N) but rather 
for their complementary recreational offer to villages and towns. The 
behavior of population dynamics further evidenced that regions expe-
riencing increased number of inhabitants were more prone to aban-
donment and vice versa. In other words, regions with greater tourism 
tradition – La Jacetania, Alto Gállego, Sobrarbe, Pallars Sobirà and Val 
d’Aran – grew due to opportunities derived from the touristic activity 
abandoning primary activities (Fig. 6G) (García-Ruiz et al., 2015). In 
this line, LEADER and other programs fund actions in the tourism sector 
(rural tourism modalities and ecotourism) to anchor population (Lasanta 
and Marín-Yaseli, 2007). Our findings support that the growth in pop-
ulation and accessibility by road related to the development of tourist 
resorts increases the probability of land abandonment (Cervera et al., 
2019; Lange et al., 2013). Likewise, the increasing number of in-
habitants –and housing- is often associated to new job opportunities in 
the service sector (Ameztegui et al., 2010; Gellrich and Zimmermann, 
2007; Lasanta et al., 2017, 2013, 2007; MacDonald et al., 2000). 

Topographical features operate on a local level. The complex reliefs 
of mountainous areas for mechanization, coupled with the low mobility 
of an aged population, demote economic competitiveness (Corbelle-Rico 
et al., 2012; García-Ruiz and Lana-Renault, 2011; Lasanta et al., 2017; 
MacDonald et al., 2000; Terres et al., 2015). The chance of abandonment 
increases as we gain elevation reaching the maximum around 2000 m 
(Ameztegui et al., 2010). Also, abandonment seems to be more likely on 
south and east facing steep slopes which attain higher productivity po-
tential (Fig. 6F&J) and in bottom valleys (Fig. 6 K). In Pyrenees agri-
cultural plots are relatively large, around 1 km2 between 1st and 3rd 
percentile (0.9 and 1.1 km2). In agreement with Renwick et al. (2013), 
we found smaller plots more prone to abandonment than medium-size 

one. Nonetheless, large plots, even though not abundant, were also 
linked to increased chance of abandonment (Fig. 6H); probably the 
higher abandonment incidence in small plots is be due to their location 
in valley bottoms. 

Finally, results from SPEI Sen’s slope analysis surprisingly concluded 
that the abandonment is currently taking place in areas where produc-
tivity is higher (in bioclimatic terms), suggesting a greater influence of 
socioeconomic factors in land dynamics (Fig. 6M). Gehrig-Fasel, Guisan, 
and Zimmermann (2007) and Ameztegui et al. (2010) found that in the 
Pyrenees forest advance responds to land abandonment rather than 
climate. It may happen that climate change is warming mountain re-
gions, rendering climate relationships more difficult to assess (López- 
Moreno et al., 2008). Soil properties also attain high importance in land 
abandonment probability. Fig. 6B shows that in areas where abandon-
ment has occurred the soil bulk density is higher than in cultivated areas 
(Koulouri and Giourga, 2007). 

Overall, we found land abandonment favors areas with an accumu-
lation of activities, infrastructure and population related to the tourism 
sector. In particular, easy access to high-capacity road infrastructures, 
far from contributing to the fixation of rural population in the territory, 
favors the sprawl of touristic resorts and leisure housing eventually 
leading to land abandonment. Relying economically only on tourism has 
proven risky, whereas diversification promotes resilient economies. The 
recovery of traditional agricultural practices, or reinvented ones based 
in the introduction of new bio-economy ventures, and their integration 
with recreational activities and new tourism modalities is thus necessary 
to avert the abandonment process and to prevent ecological and cultural 
degradation. Rural economic development is very sensitive to economic 
crises and extraordinary events such as the COVID-19 outbreak 
(Gössling et al., 2020). Consequently, both socioeconomic diversifica-
tion and control of land abandonment in our mountain landscapes are 
crucial. Predicting and mapping the abandonment hot spots in the 
Spanish Pyrenees provides a much-needed basis for implementation of 
land management alternatives. 

5. Conclusions 

The identification of strategic locations where land abandonment 
will be more likely in the future is critical to design effective policies to 
prevent and reverse the process and its associated impacts. In this work, 
we present an approach based on highly accurate geospatial information 
to map the probability of land abandonment. Our results provide 
spatially explicit probability and uncertainty outputs, providing insights 
into site-specific abandonment potential and the influence of its drivers. 

Our modeling approach captures both linear and nonlinear re-
lationships between abandonment probability and its driving forces. We 
found that land abandonment in the Spanish Pyrenees is more likely to 
occur in areas, near to villages, with high touristic activity, with good 
road connectivity, and in plots with dense soil bulk density. Targeting 
hot spots for control of land abandonment allows restoring valuable 
ecosystem services generated by Pyrenean cultural landscapes as well as 
generating more resilient economies. Our outputs allow planners to 
make decisions at multiple scales, from local land management plans to 
region-wide policy programs. 
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geoecológicos del cambio global en el pirineo central español: Una revisión a 
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