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Most studies on forest transition (FT) have focused on temporal patterns of forest cover across whole countries or regions, without much consideration of the local spatio-temporal heterogeneity or the species composition of new forests. We hypothesize that peri-urban forest transitions are driven by processes associated with urban-based economies and functioning, which define spatial characteristics of new forests. We analyzed the patterns of peri-urban forest expansion detected during the past three decades in the Lules watershed, a montane area of ca. 100,000 ha around San Miguel de Tucumán (SMT), an urban center of ca. one million inhabitants in the Andean foothills of subtropical Argentina. New forests (4,600 ha) were observed through the watershed, but they were more frequent at short distances (1–15 km) from the urban and second home residential areas. New forests nearby SMT are characterized by higher plant diversity largely due to a higher proportion of exotic species. In some cases, these exotic species dominated new forests diminishing stand-level biodiversity. Second-home residential areas, a byproduct of the urban centers in intermontane valleys, replicate the spatial patterns of exotic-dominated forest transition observed around SMT. We argue that peri-urban FT provides an early characterization of the future patterns of spontaneous forest transition with increased presence of globalized species which may locally increase species richness. We use the case study to discuss emerging research lines and to emphasize the importance of urban-centered land use policies (e.g., associated to urban-based uses such as recreation or watershed conservation) as key targets for promoting new forests more beneficial for future generations.
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INTRODUCTION

New land uses and human activities generate rapid changes in ecosystems. Although the expansion of croplands over natural systems is one of the most evident land cover changes, many developed countries experienced a reversal toward reforestation (“forest transition” Mather, 1992; Redo et al., 2012). The woody cover expansion is an ongoing process registered in many regions around the world (Rudel et al., 2005) and although deforestation is the dominant trend in developing countries, recovery of forests has also been observed in Latin America and Asia (Ashraf et al., 2017; Nanni et al., 2019). Forest transitions have been studied mainly at continental/country scales, without much distinctinction of local heterogeneity and species composition.

At a local scale, large urban centers may influence forest expansion (Grau et al., 2003; Parés-Ramos et al., 2008; Gutierrez Angonese and Grau., 2012; Salvati et al., 2017). Several cities have developed programs to increase the provision of ecosystem services and reduce the negative impacts of the expansion of built areas, resulting in the reforestation of peri-urban areas (Salvati et al., 2017). There is also a spontaneous process of agricultural abandonment as a consequence of socioeconomic changes leading to forest recovery that are more intense near urban areas (Grau et al., 2008).

In addition, it is frequent that around prosperous cities, rural systems are transformed into areas of second homes or exurbias (Shaw et al., 2020; Golding, 2021). These new developments remain connected and depend on the main urbanizations (e.g., roads, economic activity, governance, cultural influence) forming a complex system that may promote forest recovery. These settlements are usually driven by urban residents looking for greater contact with nature. Newcomers modify the local economic system favoring a transition from agriculture-livestock toward tourism, services and real estate economies, which may accelerate the process of land abandonment. One of the drivers of second homes development or exurbanization is the positive appraisal of nature by newcomers, which leads to landscape design, introduction of ornamental exotic species or forest protection in rural landscapes. The proximity of abandoned land to urbanized areas may influence the species composition of new forests favoring the arrival and dispersal of exotic plant species from home gardens. Exotic species may integrate with the local flora and some of them become naturalized or even invasive (Dehnen Schmutz et al., 2007; Montti et al., 2017).

San Miguel de Tucuman (SMT) is the largest city in northwestern Argentina (ca. one million inhabitants), and the fifth of the country, located in the foothills between subtropical montane systems and the plains. The development of the sugar industry associated with sugarcane plantations since the 19th century, determined an early deforestation of plain areas and the development of a prosperous city. Recently high-income urban populations began to move to semi-natural, well-connected areas where marginal economic activities have been outcompeted by mechanized agriculture in the plains. During the past decades, peri-urban forest transition associated with environmental and socio-economic processes have been documented (Grau et al., 1997, 2008, 2010; Carilla et al., 2006; Gutierrez Angonese and Grau, 2014; Malizia et al., 2017; Jimenez et al., 2021). Permanent plots of secondary forests located close to SMT have been monitored for more than 30 years, which allow analyzing the impact of the forest dynamics on biodiversity and biomass storage (Grau et al., 1997; Malizia et al., 2017; Ceballos et al., 2021). In addition to field studies, transitions have been monitored using satellite images since 1970, and the association of forest expansion with multiple biophysical and socio-economic variables was analyzed (Gutierrez Angonese and Grau, 2014; Jimenez et al., 2021).

In this paper we analyze spontaneous peri-urban forest transition spatial patterns based on field surveys and remote sensing data and explore the role of accessibility on the introduction of exotic species in a subtropical mountain watershed. Specifically, we analyze (1) The association between naturally regenerated forest and accessibility to urban centers and (2) The impact of proximity to urban areas on the percentage of exotic plant species at different scales.



MATERIALS AND METHODS


Study Area

We focused on the Lules watershed (26°37′56″– 27°01′00″S and 65°29 07″–65°15′69″W), a 100,000 ha (Figure 1) mountain watershed in Tucumán Province, northwestern Argentina. In the lowlands of this watershed (i.e., below 600 masl) most natural vegetation has been replaced by agriculture and urban areas, this sector includes part of the city of SMT, due there is no possibility of reforestation in this sector, lower basin was not included in forest transition analysis. The middle-upper watershed ranges from 600 to 4,500 masl and covers an area of approximately 80,000 ha. This includes built-up areas in mountain valleys that are frequently used as second homes (Grau, 2011; Viollaz and Casares, 2017; Jimenez et al., 2021), such as Villa Nougués (ca. 1350 masl), Anta Muerta (ca. 1,200 masl), La Sala (ca.1,100 masl) and El Siambón (ca.1,200 masl; Figure 1). Villa nougués, founded in 1899, is the oldest second home area in the watershed. Anta Muerta, El Siambón and La Sala are localities historically oriented to livestock ranching and horticultural cultivation. Anta Muerta and El Siambón have reoriented their economy toward tourism since the 1970s and La Sala has recently been reoriented to real estate development (since ca. 2001).
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FIGURE 1. Middle-upper Lules watershed. Second home areas localization: (1) Villa Nougués; (2) Anta Muerta; (3) La Sala; (4) El Siambón.


In the study area the climate is subtropical with rainfall concentrated between October and March. Mean annual precipitation varies in the altitudinal gradient between 300 and 2,300 mm and the mean annual temperature in the lowlands is 21 ± 6°C (Malizia et al., 2012; Lomáscolo et al., 2014).

Most of the watershed is covered with subtropical montane forest (also known as Yungas), which can be divided into altitudinal vegetation belts. The Lower Montane forest (600–1,600 masl) includes canopy species such as Blepharocalyx salicifolius, Ocotea porphyria, and Pisonia zapallo, while the subcanopy is dominated by Eugenia uniflora, Piper tucumanum, and Allophylus edulis (Grau, 2002; Malizia and Grau., 2006). In this altitudinal gradient there are secondary forest patches dominated by exotic tree species such as Ligustrum lucidum or Gleditsia triacanthos (Ceballos et al., 2020; Jimenez et al., 2021), registered as invasive species in several regions of Argentina (Fernandez et al., 2017, 2020). Vegetation in the Upper Montane forest (1,600–2,300 masl) is dominated by Alnus acuminata, Podocarpus parlatorei, and species of Mirtaceae family alternating with grassland and shrublands (Carilla and Grau, 2011; Malizia et al., 2012). Above the treeline, up to 3,800 masl, vegetation is dominated by high grasslands used for livestock ranching.



Methodology

This study was carried out at different spatial scales. The analysis of forest expansion using satellite data was developed in the middle-upper watershed which hosts most of the natural vegetation and where land with potential for reforestation remains available. On other hand, the analysis of exotic species was carried out in the whole watershed and at plot level, combining free access databases (e.g., herbaria) and own field data (Supplementary Figure 1).


Forest Transition


Data Set

Land cover classifications were based on Landsat TM images; Landsat missions provides images of the Earth’s surface since 1972 with a temporal resolution of 16 days and a spatial resolution of 30 m.1 We selected images from Landsat 5 ETM sensor and Landsat 8 OLI/TIRS sensor to cover the period from 1989 to 2017. Landsat 5 images contain 4 visible and near-infrared bands, 2 short-wave infrared bands and one thermal infrared band. Landsat 8 images contain 5 visible and near-infrared bands, 2 short-wave infrared and one thermal infrared (see text footnote 1).

All the images are available in the Surface Reflectance Collection (SR) of Google Earth Engine, which are radiometrically and atmospherically corrected to surface reflectance (methods for surface reflectance estimation are available at https://developers.google.com/earth-engine/guides/landsat). Original Landsat images are supplied by the United States Geological Survey Earth Resources Observation and Science Data Center (USGS).

We filtered images that had less than 20% cloud coverage. For every year we considered all the available images to calculate the median of each band during the wet (October to May) and dry (June to September) periods, except for 2002, when no images were available.

The information of the Blue, Green, Red, near infrared (NIR), and shortwave infrared SWIR (median of the wet and dry period) bands were used to classify different land covers. We also included a digital elevation map (SRTM-DEM) and NDVI of the dry period.



Land Cover Maps

To create land cover maps for each year from 1989 to 2017 we used the random forest classifier (RF). RF is a potent machine learning classifier achieving high precision to differentiate land cover classes (Talukdar et al., 2020). RF works with an assembly of decision trees, each tree votes for a class and the most voted class becomes the model’s prediction for each pixel (Pal, 2005).

The supervised classifier requests a training data set to predict land cover classes (Pal, 2005). We defined six land cover classes a priori: forest, cropland, shrubland, pasture/grassland, bare soil, and urban area. We sampled 12,633 pixels belonging to the different land covers in 2017 using field data and high-resolution images from Google Earth Pro. The sampled points were used in the classification of all the years (from 1989 to 2017) to parameterize RF classifier: 7,941 as training data (70%) and 4,692 pixels were used to validate the classification (30%).

We executed RF in the geospatial processing service Google earth engine. Our classification was based on the 12 spectral bands previously mentioned, we included bands from the dry and wet seasons to improve the discrimination of similar land cover classes because it represents the phenological patterns of vegetation (Rodriguez-Galiano et al., 2012). The bands were standardized to allow interanual comparisons.

We evaluated the accuracy of classifications by estimating the Kappa value and we discarded the classifications corresponding to the years 1993, 1997, and 2012 because they had low precision. The remaining classifications had a kappa value greater than 80, which is considered as a strong agreement (Congalton, 2001). As pasture/grassland was difficult to discriminate from croplands in the middle watershed we combined both classes. Natural grasslands are present only in the upper watershed, so the class that grouped pasture/grasslands and croplands in the middle watershed correspond to anthropogenic uses (farmland). These land cover maps allowed us to quantify forest recovery through the years from the whole middle-upper watershed and for each second home area (Villa Nougués, Anta Muerta, La Sala, and El Siambón). We considered that forest expansion (forested pixel) occurs when a pixel transitions from non-forest land (e.g., crops, pastures, shrubs, bare soil) to forest class in land cover maps of consecutive years.



Accessibility Map

We created an accessibility map from SMT and second home localities (starting points). This map represents the time (minutes) that it takes to arrive by vehicle and walking (beyond road reach) from starting points to any point of the watershed. To elaborate the accessibility maps we performed a cost distance analysis using ArcGis. This analysis requires a raster with the starting points and a cost map as inputs.

First, we calculated the time (minutes) from starting points traveling by roads using the maximum allowed speed as a cost map. Then, we estimated the walking time from roads (for computational simplicity we used 338 points evenly distributed along roads as starting points) to each pixel in the study area. The walking cost map was estimated using Tobler’s hiking function, which allows estimating the hiking speed taking into account the slope of the terrain (Tobler, 1993). Accessibility, modeled with this function, has previously been used as an indicator of the influence of human settlements on land cover changes (Teferi et al., 2013; Navarro et al., 2020).

Once we obtained accessibility maps for each starting point, the rasters were overlapped and we kept the lowest value of accessibility for each pixel (i.e., less arrival time means the pixel is more accessible from SMT and second home localities, Figure 2).
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FIGURE 2. Accessibility from SMT (“X”) and second home localities: (1) Villa Nougués; (2) Anta Muerta; (3) La Sala; (4) El Siambón. This map represents the time that it takes to arrive by vehicle and walking (beyond road reach) from urban sites to any point of the watershed.




Forest Transition Around SMT and Second Home Localities

We quantified the density of pixels with new forests (naturally regenerated forest) and land with potential for reforestation (croplands, pasture/grasslands, shrublands) for each year (post 1990) in the middle-upper watershed and around the second home localities.

To reduce the probability of overestimating land cover transitions, we applied an additional filter. When a pixel classified as “non-forest” in the year i was “forest” in years i-1 and i + 1, we reclassified it as “forest”. In the same way, if a pixel was classified as “forest” in the year i and as “non-forest” in years i – 1 and i + 1, we reclassified it as non-forest. For this analysis we eliminated the first (1989) and last classifications (2017) since they could not be compared with years i – 1 and i + 1, respectively.

We considered the pixels that were forests in 1990 as a reference, and we counted the new forests per year starting in 1991. We analyzed the forest transition pattern over the years and at different distances from SMT using a multiple ring buffer with an equidistance of 1 km. This information was used to elaborate a heat map of forest pixel density. The heat map allows us to visualize the magnitude of density of new forests (pixels/km2) in a color-shaded graph with two dimensions (time and space) (Wilkinson and Friendly, 2009). In addition, we quantified forest recovery around the four second home localities. We delimited the area of influence of second home localities using the accessibility maps from the starting points in these localities, taking the pixels that were less than 60 min away (Figure 1). This threshold was defined considering low mobility cost and avoiding overlap between areas.



Forest Transition and Proximity to Urban Centers

To analyze the association between new naturally regenerated forest and proximity to urban areas we elaborated a map of forest gain between 1991 and 2016. We masked the pixels that were forests in 1990 (that is, areas without reforestation possibility) and we obtained a binomial map of reforestation (1 = forest expansion, 0 = non-forest expansion). For this analysis we used the accessibility map (from SMT and second home localities) as a predictor variable together with a digital elevation map (SRTM-DEM, resolution 30 m) and a slope map estimated from the SRTM-DEM (in degrees). Finally, we performed a generalized linear model (glm) between forest expansion and accessibility, elevation and slope using data between 600 and 3,000 masl. Although we used regression analyses, which are usually used in causal studies, as we did not perform experimental studies, we could not determine causal relationship, but rather spatial associations between variables. We used a binomial distribution and logit as a link function in R (R Development Core Team, 2021).




Exotic Species in Proximity to Urban Centers

We analyzed the association between exotic plant presence and distance to urban centers in the whole Lules watershed at watershed and plot scales (Supplementary Figure 1).

We divided the Lules watershed into quadrants of 2.5 km × 2.5 km. For each quadrant we collected species presence points (i.e., localities where a species was recorded) from different sources including Global Biodiversity Information Facility (GBIF), herbaria, forest permanent plots and floristic inventories (Ayup et al., 2014; Pero et al., 2015, Fernandez et al., 2016; Ceballos, 2019). We considered only quadrants with three or more species presence points, which cover an elevation gradient from 396 to 2,090 masl. We collected data from 1,466 species presence points including trees, shrubs, herbs, lianas, and epiphytes that belonged to 321 plant species, 73 of which were exotic. For each quadrant, we obtained (1) the percentage of exotic plants using the data of species presence points, (2) an accessibility value using the access map from SMT and second home localities, and (3) the elevation of the centroid using a digital elevation model.

At the plot scale, we used tree data from 22 forest plots distributed in the area (i.e.,17 were permanent plots and five were plots with a single vegetation inventory). Permanent plots are part of the Red Subtropical de Parcelas Permanentes (RedSPP2) that provides data of long-term plot monitoring of subtropical montane forests of Argentina. Plots were established in secondary and mature forests with different abundances of exotic tree species. We used data from vegetation surveys performed between 2016 and 2017 in 1.6-ha plot, 6.1-ha plots, and 15 plots between 0.12 and 0.48 ha. For each plot, we used the abundance of exotic and native trees to calculate the percentage of exotic tree individuals. For the centroid of each plot, we extracted data from a digital elevation map (SRTM-DEM) and from the accessibility map from SMT and second home localities.

In addition to their differences in scale, the watershed level considered a longer elevation gradient and different plant life forms, while the plot level considered only trees and a shorter gradient due to the distribution of the plots. However, the plot level included abundance data, while the watershed level considered only occurrence data (number of exotic species present and 0 when no exotic species were recorded, Supplementary Table 5). At both scales, the association between exotic plant presence with accessibility from urban areas or second home localities were analyzed using generalized linear models in R (R Development Core Team, 2021). Exotic plant presence was represented as the percentage of exotic plant species for the watershed scale, and the percentage of exotic tree individuals for the plot scale.





RESULTS

In 2016 Lules watershed had 50,970 ha of forests (they covered 60% of the middle-upper watershed area) with an annual gross forest gain of 0.9% (400 ± 170 ha/year) between 1991 and 2016 (Figure 3). Because some areas had also experienced deforestation, the result was a net increase of 4,600 ha in 25 years (Supplementary Table 1).
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FIGURE 3. Gross annual forest gain (solid line) and existing non-forest areas (cropland, shrubland and grasslands) (dotted line) in the middle-upper Lules watershed.


According to the heatmap a disproportionately large share of the reforestation occurred in the vicinity of second home localities, mainly over farmland, and the remainder occurred in remote areas (20–30 km from SMT) in the ecotone between forests and high-altitude grasslands/shrublands (∼2,400 masl) concentrated at the beginning (until 1999) and at the end of the study period (after 2009) (Figure 4).
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FIGURE 4. The white lines in the upper map represent linear distances from SMT estimated through concentric 1km rings, red points represent second home areas, and the “X” indicates SMT ubication (26°49′47″S and 65°12′’51″W). The heatmap (below) illustrates the proportion annual forest gain in relation to the distance to SMT, darker cells indicate increased forest gain (pixels/km2). Black line represents the sum of data obtained for each distance class to SMT (total of forested pixels/km2, right y- axis), over the 24-year study period. The peaks of the black line (areas that gained most forests) coincide with the location of the second home areas (indicated with the red arrows).


In the middle watershed (from 600 to 1,500 masl) there were 5,494 ha of non-forest lands in 1991. Of the total land available around second home localities, 30% was reforested (575 ha) while in the neighboring areas only 23% (849 ha) gained new forests (Table 1 and Supplementary Tables 2, 3). A large proportion of new forests in second home areas were recorded at the beginning of the study period (Figure 5).


TABLE 1. Forest transition around second home localities and in the middle watershed.
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FIGURE 5. Gross forest gain (solid line) and non-forest areas: cropland, shrubland, and grasslands (dotted line) in the surroundings of second home localities.


Forest expansion showed a negative association with accessibility (arrival time) from SMT and second home localities (–0.0026, p < 0.001, Supplementary Table 4). According to our results, considering an average altitude and slope (2,000 masl and 20°, respectively), the probability of reforestation is maximum (22–25%) in areas that are less than 60 min from SMT and second home localities, while this value decreases in areas located more than 300 min (<13%). Both topographic variables included in the model had a significant effect on forest expansion; the probability of reforestation was higher in accessible areas of medium elevations (between 1,000 and 1,700 masl) and steeper slopes (Supplementary Table 4).

At watershed scale, the percentage of exotic plant species (0–100%) was negatively related to accessibility (arrival time) (estimate = –0.31, t = –5.57, p < 0.001) and elevation (estimate = –0.19, t = –4.72, p < 0.001). In other words, the percentage of exotic species was higher in accessible areas at lower elevations, generally in areas located less than 50 min from SMT and second home localities and less than 1,500 masl (Figure 6). At a plot scale, the percentage of exotic tree individuals (0–44%) was negatively related to accessibility (estimate = –3.91, t = –7.68, p < 0.001) but it was not related to elevation (estimate = –0.81, t = –0.91, p = 0.33). Compared to the watershed level, the percentage of exotic tree individuals was higher in plots located at more accessible areas (i.e., less than 40 min from SMT and second home localities), and lower elevations (i.e., less than 900 masl; Figure 6).
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FIGURE 6. Variation of the percentage of exotic plants at watershed (left) and plot levels (right). Each point represents a quadrant of 2.5 km × 2.5 km.




DISCUSSION

The present study shows the spatial and temporal variability of the spontaneous forest transition in the Lules watershed. Tree establishment is especially sensitive to topography (Supplementary Table 4). Steep slopes and intermediate elevations favor the recovery and persistence of forests. It is likely that steep slopes favor forest persistence by preventing agricultural use while climatic suitability favors forest establishments at middle elevation (Crk et al., 2009; da Silva et al., 2016). However urban and peri-urban settlements also influence the forest transition process through two alternative trajectories: (1) traditional forest transition pathway mediated by outmigration, which is more frequent in remote areas where residents need to migrate to access social amenities (e.g., education, health) abandoning farming activities (Rudel et al., 2020); (2) forest transition by exurban development, a process that occurs in areas connected to prosperous cities, where residents combine the accessibility to public services with the amenities of natural environments (Taylor and Hurley, 2016; Jimenez et al., 2022). Our results reveal that these two trajectories are occurring in the Lules watershed, reflected in the two peaks of forest expansion; near SMT (up to 15 km) overlapping with the second home localities, and in remote areas (between 20 and 30 km from SMT) corresponding to the traditional forest transition. This implies differences in forest recovery timing and forest composition (which in turn affects habitat quality and ecosystem services). At the scale of the whole watershed, more remote areas experience a gradual forest expansion process (Figure 4) while the surroundings of second home localities had a marked increase in forest area before 2000 followed by reforestation pulses as the use of non-forested land dis-intensified, a process that slows down over time as the system saturates (Figures 4, 5). This temporal difference in the forest transition process could also be associated with the trajectories mentioned above. In the less accessible areas, forest transition by rural out-migration and climatic factors are combined. Forests expanded over areas with decreasing population (i.e., accompanied by a reducing agricultural labor and increasing land availability; Jimenez et al., 2021) and also over high elevation grasslands where tree establishment is driven by suitable climate conditions (e.g., A. acuminata, Aráoz and Grau, 2010). On other hand, the land cover change observed around the second home localities may support the theory of forest transition mediated by counterurbanization (Jimenez et al., 2022). The repopulation and low-density urbanization of rural landscapes connected to prosperous cities lead to an economic restructuring and agricultural/livestock uses are replaced by services sector (e.g., tourism, Woods, 2005; Abrams et al., 2012). In this context the land is not abandoned but the new uses are reoriented to the provision of natural amenities to meet the demands of new inhabitants and visitors (Woods, 2005; Abrams et al., 2012). In these areas reforestation may occur due to the creation of protected areas, landscape design and agricultural dis-intensification because real estate and tourism development outcompete farming. In addition, the second home areas analyzed in this study are located in low montane forests where less restrictive climatic conditions facilitate the colonization by surrounding vegetation (Entrocassi et al., 2020).

We also found that in accessible areas (near urbanizations and second home areas) the proportion of exotic species was higher (Figure 5). This may be due to the influence of the city and second home developments, that regulates connections and flows between people and surrounding natural habitats that lead to the introduction and dispersal of exotic species (Montti et al., 2017). Many of these exotic species are usually herbs and trees present in gardens, urban forests, and peri-urban orchards that act as propagule sources for exotic plants that disperse near urbanizations. In some cases, these species integrate within the native plant communities (naturalization) and in others they become invaders and they may even dominate new forests. In the Lules watershed the focal points of invasion by exotic species, such as L. lucidum and G. triacanthos were usually observed close to urban areas (Fernandez et al., 2017; Montti et al., 2017, Fernandez et al., 2020).

Introduction of exotic plants may lead to biodiversity increase but also regional or global biotic homogenization and formation of novel forests with structural and functional characteristics that modify the original ecosystem (Hobbs et al., 2009). At larger scales (e.g., region, landscape), exotic plants add to the local flora and increase species richness (Ellis et al., 2012). For example, this happens in heterogeneous landscapes that include both patches dominated by native and exotic species. However, in some cases local biodiversity (e.g., within a stand) may decrease due to the monopolization of resources by the invader species. Some exotic species may form monodominant forest, as G. triacanthos and L. lucidum in the middle watershed (Malizia et al., 2017; Ceballos et al., 2020; Jimenez et al., 2021) inhibiting the growth of native species and reducing local biodiversity (Ayup et al., 2014; Malizia et al., 2017). This kind of forest, dominated by exotic species, often establishes in abandoned croplands or pastureland with proximate seed sources, a situation that is likely to happen around second home areas. However, not all exotic species registered in the watershed behave as invasive, contributing to increased richness even at small scales (Thomas and Palmer, 2015). The plasticity of some invader species permits them to colonize different environments around the world, implying a homogenization of regional or global biota. L. lucidum is an example of this kind of species (Fernandez et al., 2020). In the long term, this species may monopolize resources preventing the recolonization of species with more restrained distributions.

The process that we record and describe here (Forest transition mediated by counterurbanization) implies local land cover changes that are replicated in rural areas with natural and social amenities (Taylor and Hurley, 2016). Several studies have registered an increase of exurban and suburban development around the globe, mainly in Europe and North America, and predict that this land use is going to increase in the future (Schneider and Woodcock, 2008; Golding and Winkler, 2020). This process may represent an opportunity for forest recovery but is also associated with trade-offs between ecosystem services and biodiversity and emerging social conflicts with local people (e.g., restriction of traditional land uses as livestock grazing or activities as hunting that do not coincide with the idyllic rural lifestyle that urbanites expect) an adequate understanding and management (Abrams et al., 2012; Taylor and Hurley, 2016; Jimenez et al., 2022).



CONCLUSION

Our study depicts how accessibility by urbanites, interacting with topography, modulates the environmental effects of urban areas on natural montane ecosystems through time. The presence of urban and peri-urban centers seems to favor the process of land use dis-intensification in montane areas favoring forest recovery. This recovery is time and distance dependent. In the first stages forest recovers in areas adjacent to urban centers, and it gradually moves to less accessible areas. The presence of satellite urbanized areas where second home are owned by urban people function as a leap-frog expansion of urban lifestyle accelerating forest recovery in their surroundings. Urban areas also constitute sources of exotic species that change local species composition and thus may result in FT dominated in part by a new type of forests. Thus, species diversity increases in peri-urban areas and in some instances new species dominate local patches generating novel and unexpected environmental effects. As low-density peri-urban areas are expanding and increasing around the world, the spontaneous forest transition, with a significant participation of non-native species occurring around these types of urbanizations will play a key role in the creation and functioning of novel ecosystems of the Anthropocene.
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FOOTNOTES

1 https://www.usgs.gov/landsat-missions

2 https://ier.conicet.gov.ar/red-subtropical-de-parcelas-permanentes-redspp/
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