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Abstract:

 The development of low-cost and relatively simple tools to identify emerging land degradation across complex regions is fundamental to plan monitoring and intervention strategies. We propose a procedure that integrates multi-spectral satellite observations and air temperature data to detect areas where the current status of local vegetation and climate shows evident departures from the mean conditions of the investigated region. Our procedure was tested in Basilicata (Italy), which is a typical bio-geographic example of vulnerable Mediterranean landscape. We grouped Landsat TM/ETM+ NDVI and air temperature (T) data by vegetation cover type to estimate the statistical distributions of the departures of NDVI and T from the respective land cover class means. The pixels characterized by contextual left tail NDVI values and right tail T values that persisted in time (2002–2006) were classified as critical to land degradation. According to our results, most of the critical areas (88.6%) corresponded to forests affected by erosion and to riparian buffers that are shaped by fragmentation, as confirmed by aerial and in-situ surveys. Our procedure enables cost-effective screenings of complex areas able to identify raising hotspots that require urgent and deeper investigations.
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1. Introduction

Land degradation is a complex problem that refers to the persistent reduction or loss of biological and economic productivity of lands caused by human activities, sometimes exacerbated by natural phenomena [1].The detrimental impacts of these processes on land resources, which are widely recognized as environmental problems of global concern [2,3,4,5], become really dramatic in arid, semi-arid and dry sub-humid regions (drylands), where land degradation is more properly defined as desertification.

In fragile areas where drylands are widespread and the anthropogenic impact is currently increasing, as occurs in the Mediterranean basin, continuous and accurate monitoring strategies are required to assess vulnerability and to single out emerging degradation [6,7,8,9]. Because of the inherent bio-geographic complexity of these environments, which is coupled with a large degree of diversity in socio-economic conditions, scientists and decision-makers usually adopt land degradation indices and procedures to synthesize the most important information about the systems involved (e.g., [10,11,12]). As an example, a widely adopted approach in operational contexts (e.g., by EEA-European Environment Agency) for the definition of such composite indices is the Environmentally Sensitive Areas (ESA) methodology [13]. Such an approach is very useful for assessing structural vulnerability to land degradation and for identifying the prevailing predisposing causes that can induce degradation.

However, such estimates of vulnerability are not conclusive for the assessment of actual degradation. As an example, within the ESA approach, the Vegetation Quality Index (VQI) takes into account risk factors (e.g., fire risk, erosion protection) that are only based on the land cover type. However, even within regions characterised by similar land covers and VQI, we can find areas where vegetation shows different levels of degradation as well as areas in healthy condition [14]. Therefore, the development of rapid methodologies for the early identification of degraded areas and the evaluation of land degradation levels is still a topic of particular interest for both scientists and decision-makers [15,16,17,18,19].

In such a context, remote sensing techniques represent a valuable tool for assessing the actual status of land cover [20]. Moderate resolution multispectral time series (AVHRR, MODIS, VGT, MERIS) are generally exploited to assess vegetation response to land degradation at broad scale [16,21,22,23,24,25,26]. Normalized Difference Vegetation Index (NDVI) obtained from these data has also proven to be reliable for identifying vegetation stress in complex Mediterranean landscapes [14,27,28,29,30,31,32]. The high temporal frequency of these series is suitable for characterizing vegetation dynamics and monitoring trends, but not appropriate for detailed scale applications.

On the other hand, high-resolution information on vegetation and soil features can be retrieved from airborne hyperspectral sensors, such as HyMap, AVIRIS, MIVIS, CASI. Plant stress and/or degradation connected to prolonged water deficit, soil erosion and compaction, high salt concentrations, and other forcing can be detected with a high level of accuracy by adopting specific spectral indices (e.g., pigment indices, leaf water content, leaf chemical indices) or Spectral Mixture Techniques (SMA) [33,34,35,36,37]. Similarly, soil characteristics can be retrieved for establishing erosion and salinity levels, carbon, clay or carbonate content [34,38,39]. The most recent airborne laser scanners (ASL-Lidar), providing a 3D target reconstruction, can be used jointly with multispectral data and provide detailed information on vegetation structure (e.g., tree height and diameter) and fragmentation [40,41,42]. They can also be used for characterizing terrain morphology (e.g., DTM, erosion patterns, gullies) through more consolidated applications [43,44,45]. The high accuracy provided by airborne hyperspectral and Lidar sensors is fundamental for a detailed characterization of the current degradation processes at local scale, but inadequate for a continuous monitoring of large areas mainly because of the high costs and the large amounts of data to be processed.

Currently, medium resolution multispectral satellites, particularly the Landsat series, still represent the main data source used for land degradation assessments over large regions and long term periods, especially where no information is available on the specific causes of degradation (e.g.,[28,46,47]). Many studies using Landsat TM and ETM+ data have focused on drylands and on soil processes such as erosion and crusting [46,48,49,50,51]. Very complex procedures, such as SMA, have been adopted to map degraded forests [52,53,54] or to estimate trends of fractional vegetation cover [55]. Unfortunately, such approaches are quite difficult to be adopted in operational contexts for supporting local administrations because of the complexity of the procedures that require expert analyses.

For this reason we propose a quite different, straightforward approach with the aim of developing a methodology which should be: (1) useful for monitoring large areas; (2) applicable in operational contexts to identify priorities in complex vegetated regions; (3) based on low cost and accessible data; (4) based on simple mathematical-statistical tools providing easily readable results.

More importantly, it should also account for bio-geographic variability by discriminating intrinsic spatial fluctuations from anomalies due to stress factors.

Our rationale is founded on the contextual effects of processes driving degradation both on vegetation cover and local climate. Irrespective of the trigger causes, the primary sign of degradation is reduced biological productivity (e.g., [18,21,23,56]). Consequently, degradation in vegetated lands should enhance alterations in vegetation properties, such as health, density, etc. By looking at the spatial distribution of NDVI values, we should be able to identify anomalies in the structural and functional characteristics of the vegetation cover and to detect the areas where a given vegetation cover is less productive [48,57]. In addition, in order to better understand if a given NDVI anomaly can be interpreted as an actual emerging contribution to degradation in the wider context, we can look at the local climatic scenario where the anomaly is located. Thus, within the target region, the detection of atypical local climates that are not able to support given land covers or are altered by land degradation should help us to select the right hots posts in the region.

Air temperature (T) was selected as a proxy for climatic conditions. Rainfall, which is the main factor for vegetation life, was included as ancillary information because of the limited availability of good quality data for the study area at local scale. It is well known that both repeated drought and land degradation usually result in local warming phenomena [58,59,60] that can exert negative pressure on the existing vegetation thereby triggering a positive feedback toward desertification. Data from ground stations were used in our analyses. We discarded the possibility of using the Landsat thermal band since it is strictly related to the surface conditions at the acquisition time and is not representative of the local climate that is of interest in our context. Moreover, thermal data are highly correlated with NDVI and do not provide substantial additional information to NDVI when used alone.

In our procedure, the bio-geographic complexity of the investigated area and the consequent correlation between NDVI and T are minimized by splitting the investigated region on the basis of the land cover class and by removing effects of geographic factors from temperature spatial variability. The analysis of the distributions of the departures of NDVI and T from their respective mean values estimated per cover class enables us to detect contextual negative NDVI and positive T extremes, which identify areas exhibiting both signs of vegetation stress and atypical climatic conditions that could be associated with emerging land degradation.

Our procedure was specifically designed for early warning. In fact, it focuses on green areas that are still productive. Degradation, if any, is in the emerging phase. In addition, we do not look at trends suited for detecting long lasting processes. We pick up the worst cases for productivity and climate in the area at a given year and in a single NDVI image. Few additional observations are used just to verify persistence in the most negative part of the regional statistics to avoid the detection of casual fluctuations. Within a continuous monitoring strategy, we can repeat the analysis in shifted time windows so as to pick up the time when an area moves toward a critical status.

In this work, we analysed three Landsat TM/ETM+ images acquired on 2002 (June), 2004 (May), and 2006 (July). We searched for common anomalies in images from different years and slightly shifted phenol logical periods in order to separate actual sustained signs of degradation from fluctuations. The low-cost and easy identification of critical areas across extended regions can be used to detect areas that require further investigation (e.g., by airborne hyperspectral and Lidar surveys, field measurements) devoted to the study of the specific processes underlying incoming degradation.



2. Study Area

The Basilicata region (Figure 1) is one of the areas in Mediterranean Italy that is most vulnerable to land degradation [61,62]. In particular, 30.4% of the territory is characterized by a general structural vulnerability to desertification [62] that is common to the whole Mediterranean region due to the region’s climate, terrain, soil properties, and ecologically unbalanced human pressure [63,64,65].

Figure 1. (a) The Basilicata region in Southern Italy; (b) RGB of the region with the separation of two administrative provinces (yellow line) and principal cited toponyms.
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Land cover in this region is highly heterogeneous with a distribution that roughly reflects orography (Figure 2). In general, natural forested areas are present at high elevation, whereas anthropogenic land covers largely characterize level areas. The Pollino Massif (up to 2248 m a.s.l.) and the Lucanian Dolomites, in the southern-western part of the region, are covered by dense forests and woods, whose natural values have led to the creation of several protected areas, including the Pollino National Park. The north-east part, bordering on the Apulia region, is characterized by cultivated uplands, where cereals are the main cultivation; in the volcanogenic Vulture Basin vineyards dominate. The central-eastern part of the region predominantly comprises bare clay hills largely affected by erosion [49,64,66]. The Metaponto plain, linking the central areas to the Ionian Sea, derives from the expansion of the main rivers (Basento, Bradano, Agri, Sinni, Cavone) over coastal deposits left by sea regression, where salinization phenomena are frequent [67]. This plain represents the main agricultural area of the region, with intensive farming that contributes to a gradual impoverishment of the soil.

Figure 2. Basilicata region: (a) Digital Elevation Model 20m × 20m; (b) Recoded CORINE land cover 2006 (levels 1–3).
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Along the Apennine chain, the thermoregulatory effect of the sea is negligible; thus western and south-western areas of Basilicata experience mountainous climatic conditions, characterized by cold snowy winters and mild summers. In the hilly central areas, the daily temperature range is very high both in summer (18–22 °C) and in winter (10–15 °C), and drought is severe. Along the coast, the climate is typically Mediterranean, with cool wet winters and hot dry summers. The marked bi-seasonality and the large daily temperature range expose land to erosion and are predisposing factors for vegetation stress. Historical data (1921–2000) on rainfall support the dry-sub humid character of the eastern part of the region (e.g., [68]) where most of the vulnerable areas are located, but to date reliable rainfall databases that could be used for high resolution studies are not available.



3. Data


3.1. Landsat TM/ETM+ Data

Three images of the Landsat TM/ETM+ multispectral sensors acquired on 14 June 2002, 26 May 2004, and 19 July 2006 were used for the analysis performed in this paper.

These images were selected in the period of maximum vegetation cover activity, falling late in spring and early in summer, after verifying a scarce presence of clouds.

The imagery was pre-processed by transforming the digital numbers into radiance units and then into reflectance according to the NASA-GSCF calibration coefficients [69,70]. To minimize for changes in viewing and illumination geometry and atmospheric conditions the No-Change regression (NC) normalization technique was applied to make the reflectance of the three images comparable. It proved to be the best performing for the heterogeneity of the study area [71]. The master image was selected by using the Dense Dark Vegetation (DDV) approach [72]: the image identified as the moststable was the scene of 2004. For the normalized images, the NC provided a correlation of 0.99 and 0.97 for RED and NIR channels, respectively. Then, the corrected channels were used to compute the NDVI as the ratio (NIR-RED)/(NIR+RED).



3.2. Meteorological Data

We used meteorological data collected by regional networks distributed in Basilicata. Monthly averages were obtained from daily temperature time series (2000–2006) recorded at 54 ground stations (Figure 3) of the regional networks Lucanian Agency of Development and Innovation in Agriculture (ALSIA) and Regional Agency for Environmental Protection of Basilicata (ARPAB).

Figure 3. Localization of the 54 ground stations within Basilicata region (red-coloured dots). Drylands are located in the eastern part of the region.
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The available total monthly rainfall data were collected at 18 stations of the Italian National Hydrological and Oceanographic Service (SIMN) across the 1977–2006 period. Historical means of total annual rainfalls (period 1921–2000) were gathered from ARPAB. Such data were used as ancillary information to characterize the investigated areas.



3.3. Elevation and Land Cover Maps

A Digital Elevation Model (DEM) with a spatial resolution of 20 m × 20 m was provided by the Basin Authority of the Basilicata region (Figure 2a).

Land cover information was extracted from the 2006 CORINE Land Cover (Coordination of Information on the Environment Land Cover, CLC). The map was downloaded from the European Environment Agency (EEA) (http://www.eea.europa.eu/data-and-maps/data/corine-land-cover-2006-raster-2). For the purpose of this study, the original CORINE levels 1–3 were recoded to group artificial surfaces and water bodies and to preserve detailed information on the vegetation cover groups.The revised map had 10 classes(Figure 2b): (1) Broad-leaved and mixed forests; (2) Coniferous forests; (3) Maquis and bushes; (4) Sparsely vegetated natural areas; (5) Permanent crops; (6) Arable lands; (7) Heterogeneous agricultural areas; (8) Bare soils; (9) Urban and Industrial Areas; 10. Water bodies.

In order to overlay both the elevation and land cover maps with the satellite data, we reprojected and resampled all the data to the same projection (UTM 33–WGS84) and spatial resolution of the satellite images (30 m).



3.4. Auxiliary Data

Field surveys and aerial photos were used to verify the implemented methodology. Many field surveys were available, which were performed in the framework of the MILDMAP-MEDIA (Methodology Integration of EO Techniques as Operative Tool for Land Degradation Management and Planning in Mediterranean Areas) project from 2006 to 2008 in areas affected by strong erosion. Additional inspections were performed in forested and riparian areas mainly during 2009. Photographic reports on the landscape status were carried out and linked by GPS position and thenimported into a GIS environment. Aerial photographs (1:10,000) were used to interpret and validate the results of the proposed procedure. In particular, a vector map of areas affected by erosion and vegetation fragmentation was digitized from othophotos and then rasterized and overlain on the satellite-based map of critical areas.




4. Methods


4.1. Spatialization of Air Temperature Records

Temperature surface sat the Landsat resolution (30 m × 30 m) were derived from point data of air temperature collected at ground meteorological stations. A combined deterministic/stochastic descriptive model, separating the structural component of temperature linked to geography from stochastic fluctuations, was developed. In our model, the contribution of the structural part is expressed by two deterministic components, which model annual mean Ta and seasonal cycle Ts with elevation and distance from the coastline as independent variables, whereas a stochastic component ɛ accounts for local scale fluctuations according to the equation:
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(1)




where t is time (1÷12 months), z is elevation, d is distance to sea. Such a model was previously devised at the Southern Italy scale [73] and subsequently adapted to a smaller scale. Mean annual temperature Ta was described by means of linear regression on elevation (Ta= −0.0053 z) thereby explaining more than 80% of the temperature spatial variance. The monthly temperature seasonal trend Tswas approximated by a Fourier series, estimated from seven years of data for each station; in particular, we retained only the annual component of the Fourier series, because it provided a good approximation of the seasonal periodicity. Amplitude A and phase φ of this component were related to distance to sea


[image: there is no content]



(2)




with A(d)= −0.013d+0.83 and φ(d)= −0.012d − 0.77; other parameters were found to not improve the model. In particular, variations in latitude do not introduce significant variability on scale ranges less than 1 degree [74], which is about the latitudinal extension of the whole Basilicata region. We removed such deterministic components from the monthly temperature values recorded on the acquisition months of the satellite images.Once these components were removed, the variance of the observational data was reduced by 90%. This reduction provides an estimation of the significant contribution of geography to the spatial variability of the data.
The residuals obtained (hereafter T) were finally interpolated by ordinary kriging [75]. Note that the parameters in Equation (1) have to be estimated just once for any given region, after which they can be applied directly in the context of continuous monitoring plans.



4.2. Identification of Critical Areas

Our procedure is based on the statistical analysis of NDVI and T per cover class. Once the influence of elevation and distance to sea on temperature was minimized (see Section 4.1) and the residuals were spatialized at the same resolution of the satellite data, the departures of NDVI and T from the means of the relevant land cover class were estimated separately. Since we focused on low values of NDVI, we had to minimize all those spurious effects that could lower NDVI values. A preliminary analysis was performed to remove possible residual effects due to cloud and bare soil contamination (Section 4.2.1). Finally, we proceeded with the identification of critical pixels in three steps: estimation of the distributions of the variables normalized; definition of distribution tails to establish ranges of anomalous values (low NDVI and high T); and definition of a score variable ψ (range [0,1]) for land degradation (Section 4.2.2).


4.2.1. Removal of Residual Non-Vegetated Effects

We paid attention to negative outliers within the sample distributions of NDVI. Mixed pixels contaminated by residual clouds, water, or bare soil could be erroneously confused for anomalies and therefore they were removed from the statistical distributions. The occurrence of outliers on the extreme left tail (less than the 0.5% threshold) of the NDVI distribution was checked for each land cover and, where they were present, the location of the corresponding pixels was evaluated in the imagery. As an example, some of these outliers corresponded to dam borders and some pixels were very close to areas flagged as cloudy. Thus, we detected water bodies and clouds by applying a threshold (NDVI ≤ 0) to the three images separately. Then, a mask was obtained by merging these three non-vegetated maps.



4.2.2. Statistical Procedure

The core of the procedure can be summarized in the following steps:

1. Estimation of normalized values of NDVI and T for each pixel according to the mean μ and standard deviation σ of the relevant land cover class i:
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(3)
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(4)




The transformation of NDVI mostly filters out the average greenness of each land cover and the amplitude of its characteristic variability; the transformation of T removes the corresponding mean and variability range from the temperature values observed in all of the areas where the considered land cover is present within the region;

2. Definition of cut-off thresholds for fixing the anomaly ranges.

In order to homogenize the statistical analysis, which should focus on the left tails for NDVI (low values) and on the right tails for T (high values), we changed the sign of NDVI*:
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(5)




So as to define anomalies by focusing on the right tails of both the distributions of −NDVI* and T*. In order to make the method independent of the data distribution, we computed the cut-off by dividing the cumulative sample distributions in percentiles; we selected the cut-off at the 85% probability level, which corresponds to values greater than σ in the case of a Gaussian distribution; according to a partition in percentiles, the lower limit for [image: there is no content] and [image: there is no content] anomalies will be the 85th percentile (p85 (T) and p85 (NDVI), respectively);

3. Estimation of the product map P between the anomalies of [image: there is no content] and [image: there is no content]
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which enhances those areas where both NDVI and T deviate significantly from the average behavior, and reduction of the variability range of P to the interval [0,1]:
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(7)




This transformation returns an easily readable score variable, which associates values close to ψ=1 to the highest anomalies of both NDVI and T in the region. Pixels characterized by high values of ψ that persist in time are classified as critical and are the best candidate for the identification of land degradation hotspots.

The scheme of the procedure is illustrated in Figure 4. This assumes that a unimodal distribution is associated to each land cover. Of course, bi-modal or multi-modal distributions could also be found. In this case, some other factors are likely to influence NDVI and/or T thus determining an additional separation within a given land cover class. In this case, we can examine them separately according to the procedure described above. If instead the additional distributions account for few/isolated pixels, their successive processing depends on the target of the requested information; for our purpose, which looks at collective behaviors at the regional scale, they can be labeled as “not-classified” and eliminated from the statistics. Finally, we would stress that a local misclassification (e.g., due to land use or land cover change) in one or two maps should do not affect the final result because anomalies are classified as critical only if they are present in all the investigated images.

Figure 4. Flowchart of the proposed procedure for the identification of critical areas.
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5. Results and Discussion


5.1. Critical Areas

According to the analysis approach described in Section 4, we filtered out leftover spurious (non-vegetated) pixels and focused on the distributions of the residuals of NDVI and T by cover class. The actual need of performing the analyses within the masks of the different land covers to remove bio-geographic effects is well highlighted by Figure 5, which reports the maps of the deviations of NDVI and T from the respective means over the whole region. It is possible to point out two macro-areas thatroughly reflect orography and land cover distribution over the region (see elevation and land cover maps in Figure 2). The western part is mainly mountainous and covered by natural vegetation whereas the eastern areas are predominantly plains covered by anthropogenic vegetation (permanent crops and arable lands). Thus, strength and sign of departures are largely due to differences among the average greenness levels of the vegetation classes, to the different phenol logical stages on the acquisition date of the satellite images, and to the different average climatic conditions that characterize these two macro-areas. The W-E separation also reflects the rain availability; by following the UNEP classification, historical rainfall data (1921–2000) show the western part of the region as humid/hyper-humid, with cumulative annual rainfalls generally higher than 1000 mm, and the eastern part as sub-humid/dry, with cumulative annual rainfalls generally lower than 700 mm.

Figure 5. (a) Departures of NDVI from the mean value over the whole regional territory (ΔNDVI); (b) departures of T from the mean value over the whole regional territory (ΔT). The figures refer to data acquired in 2002. Similar results were found for 2004 and 2006. Data are rescaled to 8 bit.
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As a consequence, we estimated the normalized departures ([image: there is no content]and [image: there is no content]) by cover class after having removed the geographical structure from the temperature field (Section 4.1). Figure 6a,b shows the map of[image: there is no content] over the whole region and a detail of the spatial texture of temperature that accounts for both the smooth transitions between slightly different climates and the patchiness due to different land covers. A comparison of Figure 6a with Figure 6c, which illustrates the FAO-UNEP aridity index estimated for the period 1999–2008, shows that most of the anomalous areas are located in drylands. The northernmost area is located in the high-Bradano basin, which is the driest in the region. The central area is next to badlands and the southernmost one is located in the central-eastern part of the Sinni basin, which is dry in the easternmost part. More in general, the good agreement between the aridity map and the map of [image: there is no content] confirms the validity of using temperature as a proxy of climate in studies on land degradation in our region.

Figure 6. (a) Map of [image: there is no content] for the Basilicata region for the year 2002; white areas within the region’s boundaries indicate water bodies or clouds masked according to the procedure illustrated in Section 4.1; critical pixels are reported in purple; (b) zoom in on the black box in (a) to better highlight the spatial texture of the temperature deviations from the mean values of the relevant land covers (coordinates of the centre of (b): 587584E; 4501629N); (c) FAO-UNEP aridity index (1999–2008).
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In order to verify the minimization of the bio-geographic influence, we evaluated the correlations between the two measured variables and between[image: there is no content] and[image: there is no content]. As we expected, it was found that the measured variables were inversely-correlated (r= −0.71) whereas the correlation strength was reduced to r= −0.37 by our filtering. This correlation reduction implies that the filtering mostly removes information that are common to NDVI and temperature and that the joint use of both the variables actually represents an added value to the mere use of NDVI.

Figure 7a,b show the sample distributions of [image: there is no content] and [image: there is no content] under the Forest class for 2002. Both distributions exhibit long tails to the right; values greater than the 85% cut-off correspond to the values we classified as anomalous. Figure 7c shows the anomalous pixels for all land covers identified by considering only the thresholds on [image: there is no content] (in blue) and by taking also those on [image: there is no content] (in red) into account; more than 63% of pixels anomalous for NDVI were excluded by the inclusion of T. Under the overlain mask (red pixels), the correlation between [image: there is no content] and[image: there is no content] was further reduced (r= −0.27).

Figure 7. Example of 2002 data of the sample distribution of [image: there is no content] (a) and [image: there is no content] (b) under the forest class (the red line marks the 85% confidence level) and (c) map of anomalous pixels for all the classes: blue pixels correspond to the threshold only on the [image: there is no content], whereas red pixels correspond to the thresholds on both [image: there is no content] and[image: there is no content].
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For such an area, we computed the product map (P) and finally the score ψ-map (Figure 8). The analysis pointed out that most of the Basilicata territory does not show signs of degradation. Nevertheless, there is a very large aggregation of anomalous pixels in the south-eastern area (red and dark red pixels in Figure 8), which includes the badland formations of the Matera Hills. Many of these pixels represent arable lands that may have been included within the anomalies by chance (harvesting, meteorology, etc.). In order to detect actual degraded areas, we examined the intersection of the ψ-maps obtained from the three images (2002, 2004, and 2006) that represent slightly shifted phenological periods corresponding to the maximum of photosynthetic activity for the main land covers. Then we identified pixels that were selected as anomalous in all the cases (Figure 9a). The majority of these areas (about 88.6%, Table 1) is covered by forests and a small percentage (6.8%) by natural sparsely vegetated areas. These critical pixels were compared with a map obtained by separating the vegetated classes from the original CORINE shape file and digitizing fragmented areas (used as reference polygons) from orthophotos (Figure 9b,c). The digitizing process was conducted manually by one expert in photo-interpretation, with a deep knowledge of the study area. The aerial photo we used was an orthophoto with a resolution less than 1 m. Possible errors are negligible because the photo resolution is much higher than that of the Landsat image (30 m). The presence of extended erosion is an evident sign of degradation that affects the equilibrium of surrounding vegetation; also fragmentation of structured riparian vegetation can be an important sign of land degradation because of its fundamental role as natural filter to preserve the river ecosystems from the potential polluted water coming from the surrounding agricultural areas [76,77].

Figure 8. (a) ψ-map of the anomalous pixels obtained from data acquired on June 2002. A detail on riparian vegetation (coordinates of the centre of the image: 591090E; 4515293N) (b) and on forests (coordinates of the centre of the image: 623501E; 4480242N) (c) highlighting the variability of the function. Red and dark red pixels correspond to the highest anomalies in the region of both NDVI and T variables.
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Figure 9. (a) Map of critical pixels obtained from the intersection of the ψ-maps (2002, 2004, and 2006); (b) an example of digitalization for the validation procedure: green polygons represent digitalized forests fragmented by badland formations; grey colors represent other Corine classes (principally cultivations); ortophoto is below (coordinates of the centre of the image: 635893E; 4478008N); (c) comparison between the critical pixels identified applying the proposed methodology (in red) and the reference polygons (in green)used as truth map: very few pixels are located outside the reference polygons, they mainly correspond to borders between forests and cultivations (see yellow arrows).
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Table 1. Percentage of critical pixels for each land cover type.


	Land Cover Classes
	Percentage of Critical Pixels (%)





	Broad-Leaved mixed forests
	88.6



	Maquis and bushes
	0.0



	Sparsely vegetated natural areas
	6.8



	Permanent crops
	0.2



	Arable lands
	0.1



	Heterogeneous agricultural areas
	3.7



	Bare soils
	0.3








In order to better understand the origin of these anomalies, we analyzed orthophotos in detail and examined reports from field surveys performed inside and outside the critical areas (Figure 10a). Degradation in riparian vegetation was found both in the northern (mainly along the Bradano river) and south-eastern parts (along the Sinni, Agri, and Cavone rivers) of the region; the fragmentation of vegetation buffers is mainly present close to agricultural areas (see e.g., Figure 10b). The large patches found in the south-eastern part mainly involve areas covered by non-native vegetation. In the past, such areas were the focus of many reforestation interventions performed to increase the slope stability of badland formations [78]. Thinly-planted coniferous-trees (mainly Pinus halepensis, Pinus radiatae, Pinus pinea) were introduced to restore the original natural ecosystem conditions through the formation of organic matter in order to reinvigorate broad-leaved forests. Nevertheless, such interventions were not effective and the conversion to native forest species has been scheduled in the last two plans [79,80]. These mixed coniferous forests are sparse and fragmented by the presence of thin ridges and deep valleys (Figure 11a) caused by strong erosion [64,81]. Similar fragmentation processes are also detected within more natural vegetation covers. Here, also broad-leaved forests are broken by the presence of badland formations (Figure 11b). Critical conditions in these areas seem to be quite strictly confined to outcropping badland structures (see, e.g., Figure 12).

Figure 10. Identified critical pixels overlapped on Landsat-TM RGB (a) with the indication of the sites of the performed field surveys (blue stars); (b) example of critical area related to fragmentation of riparian vegetation along the Sinni River (circled area n.2 in 10a) on orthophotos (coordinates of the centre of the image: 640153E; 4447721N).
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Figure 11. Examples of forested areas fragmented by the presence of outcropping badlands for (a) forest having a low-naturality level (reforestation patterns are clearly visible; coordinates of the centre of the image: 626322E; 4481670N) and (b) mixed natural forests (coordinates of the centre of the image: 630165E; 4457011N), corresponding to circled areas n.3 and n.4 in Figure 10a, respectively.
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Figure 12. Examples of badland formations affecting the Basilicata territory (photos extracted from the reports of the field surveys).
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The fragility of such fragmented forests in the south-eastern areas is exacerbated by rainfall regimes. Local data showed a significant decrease in annual rainfall for the period 1977–2006 compared to the historical mean from 1921 to 2000 (from 600 to 493 mm in Pisticci station; from 578 to 370 mm in Ferrandina station; from 635 to 385 mm in Pomarico station). The reduced water availability combined with the presence of badland formations (high runoff) contributes to an increasingly local warming phenomena. Land cover fragmentation in areas that are not subjected to these erosion processes is generally not sufficient for producing high ψ scores. In fact, many anomalies in NDVI, e.g., simply due to different vegetation density, are not critical because values of temperature are not anomalous, as previously shown in Figure 7c.



5.2. Accuracy, Consistency, and Exportability

A correct estimation of the accuracy of our analysis is very difficult because of the lack of spatially detailed information on actual land degradation (i.e., extensive in situ observations) at the scales investigated. The reference polygons obtained from orthophoto (see Section 3.4 and Section 5.1) circumscribe areas that show general signs of fragmentation.

The majority of critical pixels (96%) actually falls into these fragmented areas along rivers or in bad land areas. The 4% error comes from mixed pixels mainly located in transition areas between forests and agricultural lands. Although largely acceptable, this commission error could be further reduced by introducing specific heterogeneous land cover classes to estimate the statistics of transition zones.

The scale difference between orthophoto and Landsat image (900 orthophoto pixels approximately match 1 Landsat pixel), determined an overestimation of the omission error. About 19% of non-critical pixels were located within fragmented areas. In all the cases, vegetation largely dominated within the Landsat pixels thereby testifying that the presence of bare soil detected at the micro scale was not sufficient to make biomass production anomalous at the Landsat scale. In spite of the non-critical character of these pixels when evaluated alone, we would note that just this complex alternation of critical/non-critical pixels observed within the reference polygons should be considered an alarming result because this configuration is coherent with the typical spatial patterns of desertification, which generally emerges as a patchy process.

Even neglecting that the estimated error was likely inflated, the overall accuracy of the analysis was rather good (about 87%).

In order to verify the consistency/exportability of the approach, we repeated the procedure by considering the two province administrations (equivalent to the NUTS-3 level, see Figure 1) separately and found that the same core areas were identified (~80% overlap); the main difference consisted in the magnitude of the ψ values. In addition, the procedure was also repeated in random rectangular subsamples of different sizes throughout the region. Our results showed that within sub-samples located in the western part (healthy vegetation), no particular criticalities were identified since very few pixels satisfied the coincidence between NDVI and T anomalies. For boxes located in the southeastern part, the dimension of more critical areas was a function of the size of the sub-sample. Therefore, if we are merely interested in identifying the most critical areas within a region, the procedure is able to locate the relative priority; whereas, if we are interested in the identification of critical areas in absolute terms, weshould focus on an area which is sufficiently large to pick up a complete representation of land cover properties of the region, healthy vegetation included.




6. Conclusions

We used NDVI (Normalized Difference Vegetation Index) maps from Landsat sensors and interpolated air temperature patterns to search for degraded areas in a vulnerable region of Mediterranean Italy (Basilicata). Differently from usual methodologies developed to analyse large areas, which focus on general vulnerability, we looked for the presence of stressed/sparse vegetation cover in atypically warm areas that could be a consequence/cause of complex interactions between stressed land cover and local climate. Our procedure, applied to a heterogeneous biogeographic area, was able to single out critical pixels (hotspots) showing clear signs of incoming degradation.

A comparison with reference polygons for fragmented areas digitalized from orthophoto showed that the majority of critical pixels (96%) actually falls into fragmented vegetation along rivers or in bad land areas. The 4% error comes from mixed pixels mainly located in transition areas between forests and agricultural lands. Although largely acceptable, this commission error could be further reduced by introducing specific heterogeneous land cover classes to estimate the statistics of transition zones. An apparently larger omission error (19%) was found because of the occurrence of fragmentation that is recognisable at the microscale but is not sufficiently significant to emerge at the Landsat scale as a factor of anomalous biological productivity. Altogether the overall accuracy obtained was 87%.

The general picture described by our results accounts for areas affected by a complex alternation of critical/non-critical pixels that is coherent with the typical patterns of desertification, which generally emerges as a patchy process. The support of rainfall data and aridity maps confirmed the effectiveness of temperature anomalies as a proxy for climate in studies on land degradation in the area. According to these supplementary data, critical pixels are mostly located in drylands; in particular, major clusters were detected close to the bad lands of the Matera Hills, which are still able to sustain productivity in cultivated areas but seem to be not able to guarantee ecological stability in some structured vegetation types (e.g., in forests). Differently, in areas where temperature was anomalous but climate was substantially humid, vegetation did not show significant signs of stress, and very few critical pixels were detected.

Because of its ability to identify anomalous patterns on the basis of accessible data and basic statistical and image processing tools, our procedure can be particularly useful in operational contexts for the systematic monitoring of large vegetated regions and can help to establish priorities in areas characterized by general vulnerability. Here, local detailed investigations based on more expensive tools, such as aerial hyperspectral imagery or field surveys, can be planned for understanding the underlying local phenomena. In order to have a more complete picture of the actual degradation levels, it is recommended to have a reference for vegetation in healthy condition, such as protected areas, within the study region.

The application of this approach in the context of a continuous monitoring strategy could be a useful tool for assessing the evolution of critical areas in land degradation studies. Such a tool could provide valuable and cost-effective support for the evaluation of the efficacy of intervention strategies as well as to assess the impacts of specific legislation promoted to regulate forestry and agricultural activities (e.g., rationale planning of cutting, protection of the buffer areas along rivers, etc.) whose efficacy can result in the reduction of vegetation fragmentation [82].

Our method can be used with any satellite and/or climate data, which is a very appealing feature, especially in the perspective of the next availability of the new Sentinel-2 products that will provide continuity of Landsat-type data [83] at higher resolution.






Acknowledgments

This activity was carried out in the framework of PRO-Land-“Assessment methodologies for controlling land degradation processes and impacts on the environment” (ERDF Operational Programme-Basilicata 2007–2013).



Author Contributions

Rosa Coppola, Maria Lanfredi, and Tiziana Simoniello designed the research and developed the method. Rosa Coluzzi, Mariagrazia D’Emilio, VitoImbrenda, and Maria Macchiato contributed to the data analysis and paper writing. All the authors shared equally the editing of the manuscript.



Conflicts of Interest

The authors declare no conflict of interest.



References


	1. 
UNCCD Secretariat 2013. A Stronger UNCCD for a Land-Degradation Neutral World; Issue Brief; UNCCD: Bonn, Germany, 2013. [Google Scholar]

	2. 
UNEP 2011. UNEP Evaluation Office: Terminal Evaluation of the UNEP/FAO/GEF Project Land Degradation Assessment in Drylands (LADA). Available online: http://www.unep.org/eou/Portals/52/Reports/DL_LADA_TE_%20FinalReport.pdf (accessed on 12 January 2015).

	3. 
Adeel, Z.; Safriel, U.; Neimeijer, D.; White, R. Ecosystems and Human Well-Being: Desertification Synthesis; World Resources Institute: Washington, DC, USA, 2005. [Google Scholar]

	4. 
Romm, J. Desertification: The next dust bowl. Nature 2011, 478, 450–451. [Google Scholar] [CrossRef] [PubMed]

	5. 
Gibbs, H.K.; Salmon, J.M. Mapping the world’s degraded lands. Appl. Geogr. 2015, 57, 12–21. [Google Scholar] [CrossRef]

	6. 
Zdruli, P. Land resources of the mediterranean: Status, pressures, trends and impacts on future regional development. Land. Degrad. Dev. 2014, 25, 373–384. [Google Scholar] [CrossRef]

	7. 
Bajocco, S.; de Angelis, A.; Perini, L.; Ferrara, A.; Salvati, L. The impact of land use/land cover changes on land degradation dynamics: A Mediterranean case study. Environ. Manag. 2012, 49, 980–989. [Google Scholar] [CrossRef] [PubMed]

	8. 
Schaldach, R.; Wimmer, F.; Koch, J.; Volland, J.; Geißler, K.; Köchy, M. Model-based analysis of environmental impacts of grazing management in Eastern Mediterranean ecosystems in Jordan. J. Environ. Manag. 2013, 127, S84–S95. [Google Scholar] [CrossRef] [PubMed]

	9. 
Ibañez, J.; Valderrama, J.M.; Papanastasis, V.; Evangelou, C.; Puigdefabrigas, J. A multidisciplinary model for assessing degradation in Mediterranean rangelands. Land. Degrad. Dev. 2014, 25, 468–482. [Google Scholar] [CrossRef]

	10. 
Reynolds, J.F.; Smith, D.M.S.; Lambin, E.F.; Turner, B.L.; Mortimore, M.; Batterbury, S.P.J.; Downing, T.E.; Dowlatabadi, H.; Fernandez, R.J.; Herrick, J.E.; et al. Global desertification: Building a science for dryland development. Science 2007, 316, 847–851. [Google Scholar] [CrossRef] [PubMed]

	11. 
Carrara, P.; Bordogna, G.; Boschetti, M.; Brivio, P.A.; Nelson, A.; Stroppiana, D. A flexible multi-source spatial-data fusion system for environmental status assessment at continental scale. Int. J. Geogr. Inf. Sci. 2008, 22, 781–799. [Google Scholar] [CrossRef]

	12. 
Imbrenda, V.; D’Emilio, M.; Lanfredi, M.; Simoniello, T.; Ragosta, M.; Macchiato, M. Integrated indicators for the estimation of vulnerability to land degradation. In Soil Processes and Current Trendsin Quality Assessment; Hernandez Soriano, M.C., Ed.; Intech Open Access Publisher: Rijeka, Croatia, 2013; pp. 139–174. [Google Scholar]

	13. 
Kosmas, C.; Ferrara, A.; Briassouli, H.; Imeson, A. Methodology for mapping Environmentally Sensitive Areas (ESAs) to Desertification. The Medalus project: Mediterranean desertification and land use. In Manual on Key Indicators of Desertification and Mapping Environmentally Sensitive Areas to Desertification; Kosmas, C., Kirkby, M., Geeson, N., Eds.; EUR 18882, EU, DG XII: Brussels, Belgium, 1999; pp. 1–87. [Google Scholar]

	14. 
Imbrenda, V.; D’Emilio, M.; Lanfredi, M.; Macchiato, M.; Ragosta, M.; Simoniello, T. Indicators for the estimation of vulnerability to land degradation derived from soil compaction and vegetation cover. Eur. J. Soil Sci. 2014, 65, 907–923. [Google Scholar] [CrossRef]

	15. 
Eswaran, H.; Lal, R.; Reich, P.F. Land degradation: An overview. In Response to Land Degradation; Bridges, E.M., Hannam, I.D., Oldeman, L.R., Penning deVries, F.W.T., Scherr, S., Sombatpanit, S., Eds.; Oxford Press: New Delhi, India, 2001; pp. 20–35. [Google Scholar]

	16. 
Hill, J.; Stellmes, M.; Udelhoven, T.; Röder, A.; Sommer, S. Mediterranean desertification and land degradation. Mapping related land use change syndromes based on satellite observations. Glob. Planet. Chang. 2008, 64, 146–157. [Google Scholar] [CrossRef]

	17. 
Mueller, E.N.; Wainwright, J.; Parsons, A.J.; Turnbull, L.; Millington, J.D.A.; Papanastasis, V.P. Land degradation in drylands: Reevaluating pattern-process interrelationships and the role of ecogeomorphology. In Patterns of Land Degradation in Drylands: Understanding Self-Organised Ecogeomorphic Systems; Mueller, E.N., Wainwright, J., Parsons, A.J., Turnbull, L., Eds.; Springer Science+Business Media: Dordrecht, The Netherlands, 2014; Volume XI, pp. 367–383. [Google Scholar]

	18. 
Grainger, A. Is land degradation neutrality feasible in dry areas? J. Arid Environ. 2015, 112, 14–24. [Google Scholar] [CrossRef]

	19. 
Tal, A. The implications of environmental trading mechanisms on a future zero net land degradation protocol. J. Arid Environ. 2015, 112, 25–32. [Google Scholar] [CrossRef]

	20. 
Higginbottom, T.P.; Symeonakis, E. Assessing land degradation and desertification using vegetation index data: current frameworks and future directions. Remote Sens. 2014, 6, 9552–9575. [Google Scholar] [CrossRef]

	21. 
Bai, Z.G.; Dent, D.L.; Olsson, L.; Schaepman, M.E. Proxy global assessment of land degradation. Soil Use Manag. 2008, 24, 223–234. [Google Scholar] [CrossRef]

	22. 
Prince, S.D.; Becker-Reshef, I.; Rishmawi, K. Detection and mapping of long-term land degradation using local net production scaling: Application to Zimbabwe. Remote Sens. Environ. 2009, 113, 1046–1057. [Google Scholar] [CrossRef]

	23. 
Del Barrio, G.; Puigdefabregas, J.; Sanjuan, M.E.; Stellmes, M.; Ruiz, A. Assessment and monitoring of land condition in the Iberian Peninsula, 1989–2000. Remote Sens. Environ. 2010, 114, 1817–1832. [Google Scholar]

	24. 
Zhang, X.Y.; Goldberg, M.; Tarpley, D.; Friedl, M.A.; Morisette, J.; Kogan, F.; Yu, Y. Drought-induced vegetation stress in southwestern North America. Environ. Res. Lett. 2010, 5, 024008. [Google Scholar] [CrossRef]

	25. 
Tasumi, M.; Hirakawa, K.; Hasegawa, N.; Nishiwaki, A.; Kimura, R. Application of MODIS land products to assessment of land degradation of alpine rangeland in northern India with limited ground-based information. Remote Sens. 2014, 6, 9260–9276. [Google Scholar] [CrossRef]

	26. 
Eckert, S.; Hüsler, F.; Liniger, H.; Hodel, E. Trend analysis of MODIS NDVI time series for detecting land degradation and regeneration in Mongolia. J. Arid Environ. 2015, 113, 16–28. [Google Scholar] [CrossRef]

	27. 
Lanfredi, M.; Lasaponara, R.; Simoniello, T.; Cuomo, V.; Macchiato, M. Multi resolution spatial characterization of land degradation phenomena in Southern Italy from 1985 to 1999 using NOAA-AVHRR NDVI data. Geophys. Res. Lett. 2003, 30. [Google Scholar] [CrossRef]

	28. 
Hill, J.; Hostert, P.; Röder, A. Long-term observation of Mediterranean ecosystems with satellite remote sensing. In Recent Dynamics of the Mediterranean Vegetation and Landscape; Mazzoleni, S., di Pasquale, G., Mulligan, M., di Martino, P., Rego, F., Eds.; John Wiley & Sons Ltd.: Chichester, UK, 2004; pp. 33–43. [Google Scholar]

	29. 
Vicente-Serrano, S.M.; Cuadrat-Pratsc, J.M.; Romo, A. Aridity influence on vegetation patterns in the middle Ebro Valley (Spain): Evaluation by means of AVHRR images and climate interpolation techniques. J. Arid Environ. 2006, 66, 353–375. [Google Scholar] [CrossRef]

	30. 
Simoniello, T.; Lanfredi, M.; Liberti, M.; Coppola, R.; Macchiato, M. Estimation of vegetation cover resilience from satellite time series. Hydrol. Earth Syst. Sci. 2008, 12, 1053–1064. [Google Scholar] [CrossRef]

	31. 
Weissteiner, C.J.; Bottcher, K.; Sommer, S. Enhancing Remotely Sensed Low ResolutionVegetation Data for Assessing Mediterranean Areas Prone to Land Degradation. In Land Use and Land Cover Mapping in Europe: Practices &Trends; Manakos, I., Braun, M., Eds.; Springer Science+Business Media: Dordrecht, The Netherlands, 2014; pp. 341–362. [Google Scholar]

	32. 
Zhou, W.; Gang, C.; Zhou, F.; Li, J.; Dong, X.; Zhao, C. Quantitative assessment of the individual contribution of climate and human factors to desertification in northwest China using net primary productivity as an indicator. Ecol. Indic. 2015, 48, 560–569. [Google Scholar] [CrossRef]

	33. 
Stimson, H.C.; Breshears, D.D.; Ustin, S.L.; Kefauver, S.C. Spectral sensing of foliar water conditions in two co-occurring conifer species: Pinus edulis and Juniperus monosperma. Remote Sens. Environ. 2005, 96, 108–118. [Google Scholar] [CrossRef]

	34. 
Dutkiewicz, A.; Lewis, M.; Ostendorf, B. Evaluation and comparison of hyperspectral imagery for mapping surface symptoms of dryland salinity. Int. J. Remote Sens. 2009, 30, 693–719. [Google Scholar] [CrossRef]

	35. 
Röder, A.; Hill, J. Recent Advances in Remote Sensing and Geoinformation Processing for Land Degradation Assessment; ISPRS Book Series; Taylor and Francis Group: London, UK, 2009; p. 400. [Google Scholar]

	36. 
Santos, M.J.; Greenberg, J.A.; Ustin, S.L. Using hyperspectral remote sensing to detect and quantify southeastern pine senescence effects in red-cockaded woodpecker (Picoides borealis) habitat. Remote Sens. Environ. 2010, 114, 1242–1250. [Google Scholar] [CrossRef]

	37. 
Rossini, M.; Fava, F.; Cogliati, S.; Meroni, M.; Marchesi, A.; Panigada, C.; Giardino, C.; Busetto, L.; Migliavacca, M.; Amaducci, S.; et al. Assessing canopy PRI from airborne imagery to map water stress in maize. ISPRS J. Photogramm. Remote Sens. 2013, 86, 168–177. [Google Scholar] [CrossRef]

	38. 
Shrestha, D.P.; Margate, D.E.; van der Meer, F.; Anh, H.V. Analysis and classification of hyperspectral data for mapping land degradation, An application in southern Spain. Int. J. Appl. Earth Obs. Geoinf. 2005, 7, 85–96. [Google Scholar] [CrossRef]

	39. 
Lagacherie, P.; Baret, F.; Feret, J.B.; Madeira, J.; Robbez-Masson, J.M. Estimation of soil clay and calcium carbonate using laboratory, field and airborne hyperspectral measurements. Remote Sens. Environ. 2008, 112, 825–835. [Google Scholar] [CrossRef]

	40. 
Salas, C.; Ene, L.; Gregoire, T.G.; Næsset, E.; Gobakken, T. Modelling tree diameter from airborne laser scanning derived variables: A comparison of spatial statistical models. Remote Sens. Environ. 2010, 114, 1277–1285. [Google Scholar] [CrossRef]

	41. 
Garcia, M.; Riano, D.; Chuvieco, E.; Danson, F.M. Estimating biomass carbon stocks for a Mediterranean forest in central Spain using LiDAR height and intensity data. Remote Sens. Environ. 2010, 114, 816–830. [Google Scholar] [CrossRef]

	42. 
Ghosh, A.; Fassnacht, F.E.; Joshi, P.K.; Koch, B. A framework for mapping tree species combining hyperspectral and LiDAR data: Role of selected classifiers and sensor across three spatial scales. Int. J. Appl. Earth Obs. Geoinf. 2014, 26, 49–63. [Google Scholar] [CrossRef]

	43. 
Allan, J.L.; Darrell, W.G.; William, H.F. Using LiDAR data to map gullies and headwater streams under forest canopy: South Carolina, USA. Catena 2007, 71, 132–144. [Google Scholar]

	44. 
Cavalli, M.; Tarolli, P.; Marchi, L.; Dalla Fontana, G. The effectiveness of airborne LiDAR data in the recognition of channel-bed morphology. Catena 2008, 73, 249–260. [Google Scholar] [CrossRef]

	45. 
Jones, D.K.; Baker, M.E.; Miller, A.J.; Jarnagin, S.T.; Hogana, D.M. Tracking geomorphic signatures of watershed suburbanization with multi temporal LiDAR. Geomorphology 2014, 219, 42–52. [Google Scholar] [CrossRef]

	46. 
Metternicht, G.; Zinck, J.A.; Blanco, P.D.; del Valle, H.F. Remote sensing of land degradation: experiences from Latin America and the Caribbean. J. Environ. Qual. 2009, 39, 42–61. [Google Scholar] [CrossRef] [PubMed]

	47. 
Kaplan, S.; Blumberg, D.G.; Mamedov, E.; Orlovsky, L. Land-use change and land degradation in Turkmenistan in thepost-Soviet era. J. Arid Environ. 2014, 103, 96–106. [Google Scholar] [CrossRef]

	48. 
Vrieling, A.; de Jong, S.M.; Sterk, G.; Rodrigues, S.C. Timing of erosion and satellite data: A multi-resolution approach to soil erosion risk mapping. Int. J. Appl. Earth Obs. Geoinf. 2008, 10, 267–281. [Google Scholar] [CrossRef]

	49. 
Liberti, M.; Simoniello, T.; Carone, M.T.; Coppola, R.; D’Emilio, M.; Macchiato, M. Mapping badland areas using LANDSAT TM/ETM satellite imagery and morphological data. Geomorphology 2009, 106, 333–343. [Google Scholar] [CrossRef]

	50. 
Vågen, T.G.; Winowiecki, L.A.; Abegaz, A.; Hadgu, K.M. Landsat-based approaches for mapping of land degradation prevalence and soil functional properties in Ethiopia. Remote Sens. Environ. 2013, 134, 266–275. [Google Scholar] [CrossRef]

	51. 
Nawar, S.; Buddenbaum, H.; Hill, J.; Kozak, J. Modeling and mapping of soil salinity with reflectance spectroscopy and Landsat data using two quantitative methods (PLSR and MARS). Remote Sens. 2014, 6, 10813–10834. [Google Scholar] [CrossRef]

	52. 
Asner, G.P.; Knapp, D.E.; Broadbent, E.N.; Oliveira, P.J.C.; Keller, M.; Silva, J.N. Selective logging in the Brazilian Amazon. Science 2005, 5747, 480–482. [Google Scholar] [CrossRef] [PubMed]

	53. 
Matricardi, E.A.T.; Skole, D.L.; Pedlowski, M.A.; Chomentowski, W.; Fernandes, L.C. Assessment of tropical forest degradation by selective logging and fire using Landsat imagery. Remote Sens. Environ. 2010, 114, 1117–1129. [Google Scholar] [CrossRef]

	54. 
Dons, K.; Panduro, T.E.; Bhattarai, S.; Smith-Hall, C. Spatial patterns of subsistence extraction of forest products—Anindirect approach for estimation of forest degradation in dry forest. Appl. Geogr. 2014, 55, 292–299. [Google Scholar] [CrossRef]

	55. 
Röder, A.; Udelhoven, T.; Hill, J.; del Barrio, G.; Tsiourlis, G. Trend analysis of Landsat-TM and -ETM+ imagery to monitor grazing impact in a rangeland ecosystem in Northern Greece. Remote Sens. Environ. 2008, 112, 2863–2875. [Google Scholar] [CrossRef]

	56. 
Lanfredi, M.; Simoniello, T.; Macchiato, M. Temporal persistence in vegetation cover changes observed from satellite: Development of an estimation procedure in the test site of the Mediterranean Italy. Remote Sens. Environ. 2004, 93, 565–576. [Google Scholar] [CrossRef]

	57. 
Garcia, M.; Oyonarte, C.; Villagarcia, L.; Contreras, S.; Domingo, F.; Puigdefábregas, J. Monitoring land degradation risk using ASTER data: The non-evaporative fraction as an indicator of ecosystem function. Remote Sens. Environ. 2008, 112, 3720–3736. [Google Scholar] [CrossRef]

	58. 
Balling, R.C., Jr.; Klopatek, J.M.; Hilderbrandt, M.L.; Moritz, C.K.; Watts, C.J. Impacts of land degradation on historical temperature records from the Sonoran desert. Clim. Chang. 1998, 40, 669–681. [Google Scholar] [CrossRef]

	59. 
Arribas, A.; Gallardo, C.; Gaertner, M.A.; Castro, M. Sensitivity of the Iberian Peninsula climate to a land degradation. Clim. Dyn. 2003, 20, 477–489. [Google Scholar]

	60. 
Lu, H.; Liu, G. Recent observations of human-induced asymmetric effects on climate in very high-altitude area. PLoS ONE 2014, 9, e81535. [Google Scholar] [CrossRef] [PubMed]

	61. 
APAT-CNLSD. La Vulnerabilità Alla Desertificazione in Italia: Raccolta, Analisi, Confronto e Verifica Delle Procedure Cartografiche di Mappatura e Degli Indicatori a Scala Nazionale e Locale. Manuali e Linee Guida; (Collection and analysis of land degradation maps in Italy); CRA-UCEA: Rome, Italy, 2006; p. 128. [Google Scholar]

	62. 
Costantini, E.A.C.; Urbano, F.; Bonati, G.; Nino, P.; Fais, A. Atlante Nazionale Delle Aree a Rischio di Desertificazione; INEA: Roma, Italy, 2007; p. 108. [Google Scholar]

	63. 
EEA-European Environment Agency. The European Environment—State and Outlook; EEA-European Environment Agency: Copenhagen, Denmark, 2005. [Google Scholar]

	64. 
Piccarreta, M.; Capolongo, D.; Bonzi, F.; Bentivenga, M. Implications of decadal 840 changes in precipitation and land use policy to soil erosion in Basilicata, Italy. Catena 2006, 65, 138–161. [Google Scholar] [CrossRef]

	65. 
Sivakumar, M.K.V. Interactions between climate and desertification. Agric. For. Meteorol. 2007, 142, 143–155. [Google Scholar] [CrossRef]

	66. 
De Santis, F.; Giannossi, M.L.; Medici, L.; Summa, V.; Tateo, F. Impact of physico-chemical soil properties on erosion features in the Aliano area (Southern Italy). Catena 2010, 81, 172–181. [Google Scholar] [CrossRef]

	67. 
Greco, M.; Mirauda, D.; Squicciarino, G.; Telesca, V. Desertification risk assessment in southern Mediterranean areas. Adv. Geosci. 2005, 2, 243–247. [Google Scholar] [CrossRef]

	68. 
Bove, B.; Brindisi, P.; Ghisci, C.; Pacifico, G.; Summa, M.L. Indicatori climatici di desertificazione in Basilicata. Forest@ 2005, 2, 74–84. [Google Scholar]

	69. 
Chander, G.; Markham, B. Revised LANDSAT-5 TM radiometric calibration procedures and postcalibration dynamic ranges. IEEE Trans. Geosci. Remote Sens. 2003, 41, 2674–2677. [Google Scholar] [CrossRef]

	70. 
NASA-USGS. Landsat 7 Science Data Users Handbook. 2009. Available online: http://landsathandbook.gsfc.nasa.gov/pdfs/Landsat7_Handbook.pdf (accessed on 12 January 2015). [Google Scholar]

	71. 
Simoniello, T.; Carone, M.T.; Grippa, A.; Liberti, M.; Coppola, R.; Macchiato, M. Inter-calibration of Landsat-TM/ETM scenes in heterogeneous areas. Geophys. Res. Abstr. 2008, 10. SRef-ID:1607-7962/gra/EGU2008-A-11986. [Google Scholar]

	72. 
Kaufman, Y.J.; Wald, A.; Remer, L.A.; Gao, B.; Li, R.; Flynn, L. The MODIS 2.1 μm channel-Correlation with visible reflectance for use in remote sensing of aerosol. IEEE Trans. Geosci. Remote Sens. 1997, 35, 1–13. [Google Scholar] [CrossRef]

	73. 
Coppola, R.; Liberti, M.; D’Emilio, M.; Lanfredi, M.; Simoniello, T.; Macchiato, M. Combined approach for air temperature spatialization using DEM, latitude and sea distance: Variability of monthly data in Southern Italy. In Proceedings of the Workshop Spatial Data Methods for Environmental and Ecological Processes, Foggia, Italy, 14–15 September 2006.

	74. 
Lanfredi, M.; Coppola, R.; D’Emilio, M.; Imbrenda, V.; Macchiato, M.; Simoniello, T. A geostatistics-assisted approach to the deterministic approximation of climate data. Environ. Model. Softw. 2015, 66, 69–77. [Google Scholar] [CrossRef]

	75. 
Cressie, N. Spatial prediction and ordinary kriging. Math. Geol. 1988, 20, 405–421. [Google Scholar] [CrossRef]

	76. 
Schoonover, J.E.; Williard, K.W.J.; Zaczek, J.J.; Mangun, J.C.; Carver, A.D. Nutrient attenuation in agricultural surface runoff by riparian buffer zones in Southern Illinois, USA. Agrofor. Syst. 2005, 64, 169–180. [Google Scholar] [CrossRef]

	77. 
Carone, M.T.; Simoniello, T.; Manfreda, S.; Caricato, G. Watershed influence on fluvial ecosystems: An integrated methodology for river water quality management. Environ. Monit. Assess. 2009, 152, 327–342. [Google Scholar] [CrossRef] [PubMed]

	78. 
Basilicata Region. Forest Plan 2006–2008; Regione Basilicata: Potenza, Italy, 2006. [Google Scholar]

	79. 
Basilicata Region. Reforestation Plan 2009–2011; Regione Basilicata: Potenza, Italy, 2009. [Google Scholar]

	80. 
Basilicata Region. Ten Year Program of Forestation 2013–2022; Regione Basilicata: Potenza, Italy, 2013. [Google Scholar]

	81. 
Summa, V.; Tateo, F.; Medici, L.; Giannossi, L. The role of mineralogy, geochemistry and grain size in badland development in Pisticci (Basilicata, Southern Italy). Earth Surf. Process. Landf. 2007, 32, 980–997. [Google Scholar] [CrossRef]

	82. 
Simoniello, T.; Coluzzi, R.; Imbrenda, V.; Lanfredi, M. Land cover changes and forest landscape evolution (1985–2009) in a typical Mediterranean agroforestry system (high Agri Valley). Nat. Hazards Earth Syst. Sci. 2015, 15, 1201–1214. [Google Scholar] [CrossRef]

	83. 
Drusch, M.; del Bello, U.; Carlier, S.; Colin, O.; Fernandez, V.; Gascon, F.; Hoersch, B.; Isola, C.; Laberinto, P.; Martimort, P.; et al. Sentinel-2: ESA’s optical high-resolution mission for GMES operational services. Remote Sens. Environ. 2012, 120, 25–36. [Google Scholar] [CrossRef]





© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
NDVI ‘ ‘ Land Cover | ‘ Air Temperature
¥
Removal of the geographical
influence on T
¥
Estimation of n and & I‘ _I Estimation of p and &
¥
Computation of normalized
NDVI departur
NDVI: _ NDVI - 4, (NDVI)
o,(NDV!

D

Computation of normalized
T departure:

T = T-u()
o, (T)
¥

Threshold dentificat Threshold identification on

r?s old ld(-intl ication on T/ distribution: p 85(T)
NDVI; distribution: p 85(NDVI)

¥ v
Map of the highest Map of the highest
malies T anomalies
(stressed vegetation)
Computation of the y-score

P=NDVI|-T| w=

max(P)

Identlﬁcauon of

Critical Areas





nav.xhtml


  remotesensing-07-08154


  
    		
      remotesensing-07-08154
    


  




  





media/file11.png
0

50m

N

N

N

N

N

N
N
N =






media/file1.png
4530000

4500000

4470000

4440000

4410000

510000

(a)

510000

540000

540000

570000

0 20
|
570000

600000

630000

40 km A

630000

600000

660000

660000

4530000

4500000

4470000

4440000

4410000






media/file2.png
4530000

4500000

4470000

4440000

4410000

510000

b)

510000

540000

570000

0 20
|
570000

600000

40 km

600000

630000

A

630000

660000

660000

4530000

4500000

4470000

4440000

4410000

= Broad-Leaved mixed forests
nifanusﬁnesm
- an uis and
- Spllsdyvegmatulnammlarﬂs
== Permanentcrops
" Arablelands
= Heterogeneous agiculturalareas





media/file13.png





media/file7.png
Number of pixels
Number of pixels

510000 540000 570000 600000 630000 660000 690000

© Anomalous pixels
4530000 I NDVI 4530000
Bl NDVIand T
4500000 4500000
470000 470000
asa0000 asa0000
4410000 o 20 40 km A 4410000
|

510000 540000 570000 600000 630000 660000 690000





media/file9.png





media/file10.png
w0000

s10000

ss0000

wo0s0

o000






media/file5.png
ANDVI 4t
1500000 300 lm
50 =
70000 o °
" s0
awico00 - A0 ey
oo o 2 wm oo
— — A
@ som s s oo oo e som s woo omm wm e (b)






media/file12.png
-

-
T

% M’A:_._J_ = S8 ‘j : i
P iy R 13&’:?{%&4’}& A‘Q“

-,

v 4






media/file3.png
4530000

4500000

4470000

4440000

4410000

510000

510000

540000

540000

570000

570000

600000

40 km

600000

630000

630000

660000

660000

4530000

4500000

4470000

4440000

4410000





media/file0.png
0000

600000

a0o0

Basilicata

530000

o000

o000





media/file8.png





media/file6.png
4560000

4530000

4500000

4470000

4410000

Aridity Index FAO-UNEP (1999-2008)

©

540000 570000 600000 630000 660000 690000 720000

humid
0.65
dry sub-humid

0.50
semiarid
030

540000 570000 600000 630000 660000

0
L

750000

4560000

4530000

4500000

4470000

4440000

4410000





