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Abstract

:

Erosive processes influence on several phenomena. In particular, they could influence on land depletion, on vegetation weakening, on aggradation phenomena of intermediate, and plain reaches of rivers, on waterways interruption due to overaggradation phenomena caused by floods, and on the losses of water volumes that may be stored in reservoirs. Among the models proposed in the literature for the prediction of erosion on the annual scale, one of the most widely used is the Revised Universal Soil Loss Equation (RUSLE). In the present paper, starting from the definition of the original model, the authors improved the important combined slope length and slope angle (LS-factor), taking into account the mutual interaction of solid particles, in terms of path and confluences, so as to transform the model, which was first classified on a slope scale or at most on a parcel one, into a distributed model on a basin scale. The use of a distributed approach is an integral part of the analysis of the hydrogeological risk. In this way, it is possible to obtain a map of the erodibility of any basin, from which to derive the most vulnerable areas. The proposed methodology has been tested on the Camastra Basin, located in Basilicata Region of Southern Italy.
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1. Introduction


Soil erosion in river basins and the resulting sediment supply to the river network are two phenomena that are strongly interconnected and require great attention due to the problems associated with them. In fact, the occurrence of an erosive process can often entail a troubling degradation of the environment: firstly, the characteristics of the hillsides get lost due to the material removal, and secondly there may be a significant reduction in the capacity of the volume of a reservoir, if present in the basin, with a consequent decrease in the volumes of water that can be delivered to users [1,2,3,4].



Erosive processes, in the widest meaning of the phenomenon, are a combination of disaggregation, mobilization, and removal of sediments from the solid matrix of the soil, leading to a more or less intense alteration of the surface level. The most damaging characteristic of the erosive phenomenon is the speed of its occurrence, so it is usual to distinguish two types of erosion: normal or geological erosion occurs when the speed of degradation is sufficiently slow, while there is an accelerated erosion when the solid material removal happens faster than its deposition [5]. In the first case the system is in equilibrium, and therefore the thickness is unaltered, because the speed at which the soil is formed by the decomposition of the rocks compensates for the loss suffered; in the second case, on the contrary, the final result is often the surface outcrop of the below bare rock. In particular, there is either a thinning of the arable layer, with reference to agricultural soils, as well as a reduction of the surface horizons in the case of natural soils. The direct consequences are a reduction of the useful thickness for the roots’ plants, of the nutrient reserve, and of the water retention capacity. The main agents of this alteration are water, glaciers, and wind. At the Italian latitudes, the damages are mainly caused by water erosion while, on the contrary, wind erosion can be considered of minor importance, although in coastal sandy areas it can be found with a certain frequency [6]. In addition to water erosion, there can also be a cross-sectional erosion of the riverbed, which can be both vertical and lateral, and gravitational instabilities on the slopes, such as surface and deep landslides [7]. The phenomena of hydrogeological and hydraulic instability in Italy represent a long-standing problem, since the geological and geomorphological characteristics of the land entail a very high exposure to the risk of landslides and floods. Several studies [8,9,10,11], among the others, have shown that the Italian peninsula has the highest number of hydrogeological instabilities in Europe, which have often caused damage to people, structures, and infrastructures, with a significant economic and social impact. Consequently, knowing these phenomena is essential for estimating the level of hydrogeological risk, caused both by the sediment supply deriving from flooding and deforestation phenomena, as well as by the construction of dams and crossbars on branches of the hydrographic network.



The development of soil erosion prediction techniques was born with Cook’s studies, in 1937, in order to identify the main variables that affected the transformations of the territory due to the action of water [12]. A few years later, Zingg published the first equation that mathematically described soil loss as a function of topography alone [13]. Just one year later, Smith added factors to the equations that represented the influence of plant cover and anthropogenic practices [14]. Several authors prepared graphs and tables by collecting numerous experimental data, obtained for different conditions of land use: in the United States, the forecasts obtained from these equations were decisive for land management and the adoption of conservative practices to limit the damage caused by water erosion, so much so that the need to derive a nationally valid equation was established [15]. Since the publication of those first studies, over the last 50 years a huge number of models have been developed to describe quantitatively the erosive phenomena, each operating at different spatial and temporal scales and especially with different levels of complexity in terms of input required. Moreover, it is also possible to use such models by means of web and desktop applications that automatically provide the results.



The choice among erosion models is very wide [16]. Therefore, it is necessary to pay attention to all the variables involved, the inputs and outputs and especially the spatial and temporal scales to be referred to. Sometimes, the choice is not immediate even after defining the requirements, since in most cases, models are not supported by explicit statements regarding the purposes and conditions for which they were designed, their limitations or indicators of the accuracy of their production [17]. Generally, the “best model” for describing processes does not exist, but it is widely known that a “good” model must satisfy the requirements of simplicity of implementation, reliability, completeness; moreover, it should be quite easy to use. The literature is full of correlations that, according to the characteristic parameters, allow the evaluation of a potential solid production [18]. Yet, the robustness of these correlations, based on regression analysis with very high margins of uncertainty, remains essentially limited to the sample used for the assessment. Moreover, if the level of conceptualization that allowed the representation of the process has a spatial scale (e.g., the whole basin) different from the one of the sample (e.g., a single parcel), the results often become unsatisfactory [19]. This overview provides an opportunity to identify the complexities and opportunities associated with erosion and risk mapping at basin scale: in order to obtain a more accurate evaluation, it is therefore necessary to reconsider the process, with accurate hypotheses and in a more appropriate way. However, Chaplot by using the Soil and Water Assessment Tool (SWAT) showed that sediment load is little affected by resolution of land-use map [20,21].



In this paper, the well-known Universal Soil Loss Equation (USLE) model [22] was chosen because its codification has found numerous positive results in reference to its vast experimentation, being constituted by an equation which appears to be very simple, but which completely encloses the physical meaning of the whole process. The popularity of this application is due, on one hand, to the technical robustness of the method and, on the other hand, to the lack of alternative models for the planning of conservation practices to control soil water erosion. The individual factors of the USLE have been often modified and improved, leading to a “new” model known as Revised Universal Soil Loss Equation (RUSLE) or Modified Universal Soil Loss Equation (MUSLE) [23,24,25,26,27], to apply the model to hillsides or wide basins, also thanks to the increase in the computational capacity of electronic computers, but especially with the spread of Geographic Information Systems (GIS), which have become an essential tool to obtain an accurate estimation of soil loss [28,29,30,31,32,33].



The principal aim of this study was the revisitation of the factors of the RUSLE model. In particular, the improvements focused on the slope Length and Slope angle (LS-Factor), initially the most critical parameter to be identified, but also the most important parameter in the estimation of soil loss due to erosion.



Finally, the other goal of the paper was coupling GIS with the erosion models to obtain an erodibility map, in order to identify the areas that need of mitigation interventions for the hydraulic protection of the territory, and to estimate the silting of reservoirs for a good management of them [34,35,36,37]. For this reason, the Camastra Basin was chosen to test the approach developed in this work because there is an important reservoir known as Camastra Reservoir.




2. Materials and Methods


2.1. The Study Area


The study case of this paper is the basin of the Camastra river, which belongs to the largest basin of the Basento River. The place is in Basilicata Region of the Southern Italy. This choice was dictated both by the environmental vulnerability of the region and by the presence of lots of data usable for the validation of the procedure proposed in this work. Its territory is mainly mountainous (46%) and hilly (46%) with a modest percentage of flat land (8%). The area of interest consists of about 10% limestone, dolomitic limestone, silica, and arenaceous stratified rocks. In the rest of the area there are soils with variable lithologies, from successions of clayey soils with limestone and arenaceous stone to deposits of loose clayey, sandy, and conglomerate rocks. The territory is mainly characterized by broadleaf woods and in general by an intense wood cover, with some sowing areas and hilly grasslands. The climate of the region can be defined as continental, with Mediterranean characteristics only in coastal areas. In fact, in the inland areas, especially in winter, the mildness is replaced by a harsh and humid climate. The main disturbances come from the Tyrrhenian side, and, due to the presence of the reliefs, they discharge the most consistent rains on the western part of the region, where, the average annual rainfall reaches values around 2000 mm (CFD Basilicata Region). It occupies the basins of the main Apennine rivers that flow into the Gulf of Taranto (Puglia Region): the Basento River, the Bradano River, the Cavone River, the Agri River, and the Sinni River. All these rivers having irregular hydraulic regime.



The Camastra River is the main tributary of the Basento river, which originates in the Northern Lucanian Apennines from the North-Western slopes of Monte Arioso, flows from the North-West to the South-East in the provinces of Potenza and Matera and ends into the Gulf of Taranto. The Camastra River falls entirely in Basilicata Region for about 1537 km and its basin occupies about 23% of the total area. In particular, it concerns Basilicata municipalities of Abriola, Calvello, Pignola, Marsicovetere, Viggiano, Marsico Nuovo, Sasso di Castalda, Laurenzana, and Anzi. Finally, before the confluence between Basento River and Camastra River, a dam locked the latter to make the artificial Camastra reservoir (see Figure 1).



In particular, the study area is located between the following coordinates (see Table 1).




2.2. The RUSLE Approach


As with any model, the use of the USLE model is limited to certain purposes but can always be optimized and improved. The result of one of these improvements is the RUSLE (Revised USLE) currently adopted by the United States Department of Agriculture (USDA) and by the Soil Conservation Service (SCS) as an official tool for predicting water erosion and planning soil conservation interventions in the USA [15].



In this paper, the geospatial distribution of the soil loss has been achieved by using a GIS-based method, result of the revisitation of each parameter of the USLE. The original model and most of its modifications come with the following expression:


A = R × K × LS × C × P



(1)




where: A is the average yearly soil loss of a parcel [ton/(year∙ha)]; R is the rainfall erosivity factor [MJ∙mm/(ha∙hr∙year)]; K is the soil erodibility factor [(ton∙ha∙h)/(MJ∙mm∙ha)]; LS is the topographic factor [dimensionless]; C is the cropping management factor [dimensionless]; P is the support practice factor [dimensionless].



The most substantial revision of the RUSLE considered by authors concerns the topographic factor LS. In fact, in the original version of the RUSLE [28], the spatial scale was a parcel one and the LS factor was characterized by the one-dimensional length of the parcel itself. The algorithm developed in this paper considers the total drained area upstream of a specific parcel, instead of its distance from the point of formation of the outflow, and it is based on the resolution of a continuity equation of the flow rates transiting the single parcels, so that the drainage path can be obtained from the Digital Terrain Model (DTM) of the area and the values of specific contribution for each parcel. In this way, thanks also to the introduction of GIS, it was possible to expand the spatial scale at basin level and to consider, for each parcel, the confluences of water and solid flows with a multidimensional method (see Section 2.2.5). All factors in Equation (1) were computed in a GIS environment. In particular, the software QGIS™ was chosen since it is more versatile in the customization of the model and it is simpler and more intuitive in the Graphical User Interface than other software, because it has been primarily developed in C++ and Python language.



Then, the total mass of eroded soil within a basin, estimated with the RUSLE represents the amount of gross erosion. It does not correspond to the solid material that actually deposits inside the reservoir that underlies the basin, which is defined as net erosion and represents a small percentage of the first [38]. This quantity can be evaluated in several ways [39,40], among which the most immediate are the difference between two bathymetric measurements carried out in different years [35] or the measurement of the solid flow transited during the same period through the closing section of the basin. In the literature, net erosion, evaluated from the sedimented volume in the reservoirs, is usually identified with the term Sediment Yield, Y.



The ratio between the quantity of sediments delivered to the reservoir through solid transport in the hydrographic network and that of eroded material, or rather the ratio between net erosion Y and gross erosion A, is defined as the solid yield coefficient or, more commonly, Sediment Delivery Ratio (SDR).


SDR = (net_erosion)/(gross_erosion) = Y/A



(2)







Lastly, using the obtained soil loss map as a hazard one, along with land use and population data to represent the damage, a global representation of the risk was also achieved (see flowchart in the following Figure 2).



2.2.1. R-Factor


Among the various climatic factors of an area, rain is the one that has the greatest impact on erosion. The rainfall erosivity factor, known as R, is a multi-year average index that measures the kinetic energy and intensity of precipitation to describe the effect of precipitation on rill and inter-rill erosion [41]. Kinetic energy is, indeed, an important factor in soil erosion by water, which is directly related to the climatic parameters of precipitations: it can lead to a greater or lesser degree of detachment and transport of solid particles downstream, in relation to the rainfall intensity.




2.2.2. K-Factor


The K-factor is a measure of the inner erodibility of a given soil with reference to the standard condition of a clean tilled continuous fallow parcel, so it has a unit of measurement equal to a mass per area per unit of rainfall erosivity R. Its values typically range from about 0.10 for soils with high clay content, to 0.45 for soils with prevalent sand content. The inner erodibility of soils depends on the interaction between biological and physical processes of stabilization and destabilization that occur within them. In particular, soil stabilization involves an increase of the critical threshold above which erosion occurs, while destabilization consists of an increase in the rate of erosion, e.g., a decrease of this critical threshold. Of course, the occurrence of these processes and their intensity are a function of the geolithological and hydrogeological characteristics of the area. For instance, soils altered by limestone or those on igneous rocks are the most resistant, unlike those on sediments such as sandstone, clay, or gypsum, but also the stratification of the different textures plays a key role.



For these reasons, the K-factor is obtained indirectly, either from the composition of the soil or from its grain size that require the knowledge of a large amount of data. Some of them are determined by laboratory tests, such as the percentages of organic material and those of clay, silt and sand, while others, such as the structure and permeability, derive from qualitative judgments. In addition, if affected by a strong spatial variability even within the same class of land use, its values could be distorted [42]: in these cases, a constant value throughout the study area should be gained, especially if the K-Factor assumes a lower weight in the estimation of soil loss than the other factors.




2.2.3. C-Factor


Vegetation and land use are the main factors controlling the intensity and frequency of surface runoff and consequently the resulting diffuse erosion.



Some studies have tried to evaluate C-Factor using vegetation factors derived from remote sensing, often combined, such as vegetation cover classification maps, spectral band relationships or vegetation spectral indices. There is a wide range of such parameters, but the Normalized Difference Vegetation Index (NDVI) is certainly the most widespread. The NDVI is defined by Rouse [43] as the ratio between the difference and the sum, respectively, between the Near Infra-Red spectral reflectance (NIR) and the Red one (R). In symbols:


NDVI = (NIR − R)/(NIR + R)



(3)







The evaluation of this index allows a direct estimation of the C-Factor, through relationships of different nature validated in different field tests. One example is the exponential relationship:


C = exp(−α (NDVI/(β − NDVI)))



(4)




where the α and β coefficients are often set at 2 and 1, respectively, because in several regions a linear correlation, for NDVI between 0.0 and 0.5, is the one that best approximates the real data, especially with reference to the climatic conditions typical of Europe [44].




2.2.4. P-Factor


Management practices generally influence erosion either by redirecting the flow along watercourses or by slowing it down. In the first case, the hydrographic network is modified, while in the second case the slope or direction of flow is altered with extended hydraulic systems, such as terraces or pointing systems such as check-dams. In most publications, the P factor is set at 1, regardless of land use and land size, due to the lack of information on the interventions carried out in the different areas of the basins.




2.2.5. LS-Factor


In the original versions of the USLE [22] and the RUSLE [15], the spatial scale was parcel based and the LS-Factor was characterized by the one-dimensional length of the parcel.



The inconsistencies that have appeared in the application of the method up to that moment have always been attributed to the impossibility of the LS-Factor, so computed, to take full account of all transport mechanisms, especially when the geometry of the hillsides becomes complex. The method, in fact, did not explicitly contemplate the convergence or divergence of river basins. For basins of the same area, a convergent basin should have more sediments than a divergent basin, because this is exactly the behavior that is observed in nature.



To this aim, various algorithms have been proposed in the literature. A basic distinction can be made between one-dimensional flow algorithms, which transfer all matter from the source cell to a single downstream cell, and multidimensional flow algorithms, which divide the flow of matter from one cell to multiple receiving cells. Yet, this distinction is not purely technical. In fact, the former only allow a parallel and convergent flow, while the latter also consider divergent flows.



Nowadays, GIS technology allows a relatively simple construction and management of digital elevation models which, in principle, allow the calculation of the area of the contributing unit, so that the complex nature of the topography can be considered.



The catchment area can be divided into several contributing cells (pixels), each of which is associated with the central cell of a sub-matrix [3 × 3]. The erosion attributed to this cell results in the solid contribution in the downstream adjacent cells, while the contribution received from each cell becomes proportional to the product between two averages weighed on geometric factors, which depend on the direction of the flow. If the values of the inlet contributing area A, the length of the boundary crossed by the flow x, and the size of the plot side D, are known, the L-subfactor of a single pixel (i, j) can be calculated as follows [38]:


   L  i , j   =      (   A  i , j − i n   +  D 2   )    m + 1   −  A  i , j − i n   m + 1          D  m + 2   ⋅  x  i , j  m  ⋅    (  22.13  )   m     



(5)







The exponent m is correlated to the ratio β between the rill erosion, caused by surface runoff, and the impact erosion, through the equation [45]:


m = β/(1 + β)



(6)







The expression achieved for β was experimentally obtained from the analysis of a soil moderately susceptible to both kinds of erosion:


β = (sinθ/0.0896)/(3∙(sinθ)0.8 + 0.56)



(7)




where θ is the slope steepness.



Moreover, the length of the boundary that can be crossed by the incoming flow (Di,j) in each pixel (D × D) is identified in the X,Y plane by azimuth angles (αi,j):


Di,j = D∙xi,j = D∙(sinαi,j + cosαi,j)



(8)







In topography, the determination of angles is carried out with the triangulation method, in which each triangle considered has always acute angles and each angle is measured by using a theodolite and a mobile reference system. Considering, therefore, for triangular parcels, the outflow starting from a vertex, the outflow direction, coinciding with that of maximum slope, that is the direction of the minimum path, corresponds to the height of the triangle with respect to the opposite side to that vertex. The azimuth angle of a generic parcel is measured with respect to the outflow direction of the previous parcel, and corresponds, generically, to the angle between the heights of two adjacent triangles, starting from the common vertex. It can be demonstrated, through geometric reasoning, that this angle is always less than 3π/4, so the sum of sine and cosine of this angle always assumes positive values.



In a GIS environment, the determination of azimuth angles is completely different, especially since a stationary reference system is used, so that angles can assume any value belonging to the interval [0; 2π] and, in particular, in the interval [3π/4; 7π/4], the sum of sine and cosine of the azimuth angle is negative. As a consequence, the length Di,j is underestimated or even negative, so it is necessary to modify appropriately the Equation (8), taking sine and cosine in modulus:


Di,j = D∙xi,j = D∙(|sinαi,j|+|cosαi,j|)



(9)







While, with regard to the S-subfactor, two conditions were identified:



	
for hillsides longer than 4.6 m (15 feet), it is evaluated with a piecewise function:


   S  i , j   =  {    10.8 sin  θ  i , j   + 0.3    s  i , j   < 9 %     16.8 sin  θ  i , j   − 0.5    s  i , j   ≥ 9 %      



(10)







	
for hillsides of less than 4.6 m in length, the following relationship must be used:


   S  i , j   = 3 ⋅    (  sin  θ  i , j    )    0.8   + 0.56  



(11)










The Equations (10) and (11) originally referred to a hillside scale, but as they were calibrated, they can be attributed to a single pixel (i, j).






3. Results and Discussion


The basin, generated through QGIS™, is characterized by a watershed line of about 97 km and by an extension of about 350 km2. To carry out a first morphometric analysis of the study case, the Drainage Density (DD) and the hypsographic curve of the basin were calculated using some basic statistics for the numeric fields of the layers through the ‘r.report’© GRASS™ tool. The DD value is 1.02 km/km2, while the hypsographic curve is shown in the Figure 3 below.



In order to validate the obtained results, the relief on the Google™ Earth Pro platform (Figure 4a) has been compared with the one produced by the QGIS™ software (Figure 4b).



3.1. Model Setting and Input Parameters


The first technical aspect of this procedure concerns the use of GIS even before the actual hydrological analysis, since GIS were also involved in the identification of the basin itself. In particular, given the smaller size of the case study compared to the regional one, the first step was the summary identification of the watershed’s location with the aggregation of the concerning municipal geometries.



The second step consisted in the obtaining raster map of flow accumulation and drainage direction, as well as the location of the catchment’s streams and sub-basins by using the hydrological tools of the GRASS™ GIS plugin, ‘r.watershed’©. The input data required by the tool is the raster DEM, chosen with the highest resolution available (5 m). Instead, the coordinates of the water outlet, picked at the inlet to the Camastra Reservoir, along with the drainage direction map previously obtained, were the input data requested by the GRASS tool ‘r.water.outlet’© to generate the watershed basin.



Then, each parameter of RUSLE was evaluated considering both the GIS applicability and the extent and reliability of the available data. In fact, the resulting model is as consistent as possible with the average accuracy of the input parameters, so that they had equal weight in the final matrix. In addition, the relationships were chosen so as to be independent of the case study. Then, by combining the results, it was possible to derive the spatialization of the average annual soil loss over the entire basin.



3.1.1. R-Factor


In order to choose the formula to be used for the evaluation of the erosivity factor, it was necessary to identify the locations of the pluviographic stations for measuring the rainfall depths and then to analyze the available data. In Camastra Basin, used to test the approach presented in this work, three stations have been identified and, for each of them, a preliminary analysis of the available historical series has been carried out.



It has been found that, despite being in use until now, most hydrological annals report a scarce number of pluviographic data (see Table 2).



It was therefore not possible to use the rigorous method proposed by Renard [15], but the total monthly rainfall heights recorded were obtained from the daily data and used to apply the equation proposed by Ferro [46], who extended the Modified Fournier Index (MFI) and, consequently the computation of the R-factor to N years of observation:


R = (4.17FF) − 152



(12)




where:


   F F  =  1 N    ∑ j N     ∑ 1  12       p  i , j  2     p j         



(13)







The R-values of each pluviographic station has been spatialized with a numerical approximation because, in comparison with other methods, allows a representation of more complex surfaces (see Figure 5). The linear interpolation was computed through the GRASS plugin ‘v.surf.idw’© which provides a DEM–based 3D interpolation from the vector point data containing the stations by Inverse Distance Squared Weighting method.




3.1.2. K-Factor


For the case study considered in the present work, K-Factor was seen to have less weight in estimating soil loss than the other factors and is characterized by a low standard deviation, so it was decided to use a constant value for the entire basin, 0.14, validated by several studies in situ [45,47].




3.1.3. C-Factor


For the estimation of the coverage factor of the Camastra Basin, the satellite images, provided by the Landsat 8 satellite of NASA (2017), were acquired online and imported into QGIS™, after orthorectification according to the project’s reference system. To consider the most severe condition and, at the same time, minimize the effect of cloud cover and haze, images of December were chosen for each year of observation. The seasonal variability of vegetation greatly influences the assessment in areas characterized by a Mediterranean climate, especially because this seasonality is also found for rainfall events. The values of NDVI and, consequently, of the C-Factor have been obtained from these inputs with the QGIS™ ‘raster calculator’©, after having cut out the input layers using the extension of the basin as a mask (see Figure 6). In particular, satellite images related to red band and infrared band or rather, with reference to the remote system, related to reflectance bands B3 and B4 were used.




3.1.4. P-Factor


In the case of Camastra Basin, there are some anti-erosion practices, or rather extensive interventions such as planting, throughout the watershed of the Camastra, but they represent only a small part of the total catchment area. Farmers do not use erosion control practices. Land use has shown that agriculture is mostly cereal-based and satellite orthophotos [48] have shown that ploughing is rarely parallel to the contour lines. In this context, differentiating the P factor was considered inappropriate, so a unit value was therefore assigned for the entire extension of the basin [45]. This approach is also widely used in literature [31].




3.1.5. LS-Factor


QGIS™ provides two maps representing the L (Length) and S (Slope) factors via its GRASS™ extension. However, it uses equations only validated on the United States typical soils and, above all, those functions depend on the length of the slope and not on the contributing area: it was therefore preferred to manually implement the equations, starting from the DTM dataset (see Appendix A), with a resolution of 5 m, which was the most appropriate, as well as coinciding with the resolution used for other data, such as LULC (Land Use Land Cover) data [49] and NDVI data [48].



Then, in order to obtain the spatialization of the topographic factor, LS (see Figure 7a), L-Factor and S-Factor were calculated separately, as described in detail in the following paragraphs (see the following: “L-Subfactor” and “S-Subfactor” parts), and then multiplied together.



L-Subfactor


Given the amount of input data required by the Equation (8), the spatialization of the L-Factor involved several computations. The contributing area for each pixel (Ai,j-in), is the output ‘accumulation’ of the GRASS module ‘r.watershed’©. In particular, it offers for the calculation of the surface area both a one-dimensional method (SFD—Single Flow Direction) and a multidimensional method (MFD—Multiple Flow Direction). The latter was used because it distributes the water flow on all adjacent pixels with a lower elevation, using as weight factor for proportionality the slope of the same, so it was the most accurate for the purpose of this study.



Moreover, the measurements of the azimuth angles of the pixels of the basin were taken from the ‘drainage direction’ output of the already used GRASS ‘r.watershed’© module. These angles are the aspect values that indicate the direction in which the outflows are directed, measured counterclockwise from the East with centesimal degrees. The value 0 (zero) indicates that the pixel is a depressed area, while any negative values indicate that the surface flow is leaving the boundaries of the current geographical area. Multiplying the values by 45 gives the direction in degrees (see Section 2.2.5 and Figure 7b).




S-Subfactor


First of all, it needs to highlight that the resolution of DTM is equal to 5 m. Then, as far as the processing of the S-Subfactor, the slope function of McCool was always considered for hillsides longer than 4.6 m (see Section 2.2.5). In fact, in this work only the implementation of the function at times described by (11) for each pixel was done. The breaking point of the function is determined by the slope limit expressed as a percentage, which in itself is a function of the zenithal angles extracted from the DTM (see Figure 7c).





3.1.6. Estimate of Soil Loss


By multiplying the raster maps of all the factors previously obtained, the evaluation of the average annual soil loss A was carried out as shown in the following Figure 8.



Then by importing the raster file containing the average annual soil loss in GRASS it was possible to calculate the univariate statistics of the non-null pixels of the map. These statistics include the number of pixels counted, their minimum and maximum values, range width, arithmetic mean, population variance, standard deviation, coefficient of variation, and sum. All data are reported in Table 3.



These parameters show how the average value of annual erosion is equal to 71.4 ton/ha/year, that is fundamental to estimate the total amount of eroded soil in the basin, which is equal to 1,853,981 tons per year. This value is comparable, but more cautious than the value obtained in previous works [50] in which the LS-Factor does not take into account the mutual interaction of solid particles, in terms of path and confluences (see Table 4), providing a lower value of annual soil erosion. In fact, the annual soil loss is highly influenced by LS factor, then it is important that this factor could be estimated accurately [51,52]. Moreover, the value of eroded soil obtained in this work corresponds to 975,779 m3/year (concerning an average specific weight equal to 1900 kg/m3) or rather 3.758 mm/year, that is a value comparable with the average values of erosion in a basin like Camastra.



Then, the SDR of the Camastra Basin was carried out starting from the differences of several bathymetric surveys carried out for the homonymous reservoir (see Table 5) (provided by Agency for Development of Irrigation and Land Transformation in Puglia, Lucania, and Irpinia Area, in Italian: Ente per lo Sviluppo dell’Irrigazione e la Trasformazione Fondiaria in Puglia, in Lucania e in Irpinia), through which it was possible to calculate the average sedimented volume.



In particular, in addition to the data relating to the construction (1967) and commissioning (1988) of the reservoir, data were found on five bathymetric surveys conducted over a period of 25 years, from 1993 to 2017, thanks to an agreement between the Department of Engineering and Physics of the Environment (Dipartimento di Ingegneria e Fisica dell’Ambiente) of the University of Basilicata and Acqua S.p.A., a Company for the water supply of Basilicata, for the preparation of a feasibility study of a pilot project about the desilting of the Camastra Reservoir. Is important to highlight that after a critical analysis of the GIS calculations, it was considered possible to certify that the erosive phenomenon, represented by the average annual soil loss estimated with the model, is significantly influenced by the LS-Factor, which follows its pattern. This statement is also supported by the trend of surface flow accumulation, one of the module GRASS ‘r.watershed’© output, where in fact the pixels with a larger contributing area are those corresponding to the hydrographic network.



Moreover, by extrapolating these data up to now it has been possible to derive the current value of net erosion in reservoir, about 87,000 m3/yr [34,36], as well as the resulting annual average value of S.D.R. of the basin, which was equal to 0.082. In addition, the value of SDR was found to be reasonable with the values of mountainous watersheds like Camastra Basin [53].





3.2. The Risk Related to Soil Erosion


As seen in the previous section, the erosive phenomenon is high and distributed in a rather heterogeneous way over the whole basin, so it will probably be necessary to adopt extensive anti-erosive practices to reduce its severity. In particular, the Risk related to soil erosion can be assessed analytically, as a variable depending on the product between its Hazard (H) and Damage (D) [54]. In particular, a Hazard map serves as a cognitive framework of the territory that should be protected and is drawn up on the basis of an event scenario, (e.g., on the prior evaluation of the characteristics of a significant event). The magnitude of the event is expressed both in terms of the extent of the concerned area and through the parameters of intensity that characterize the scenario. Consequently, in this work the Hazard coincides with the average annual soil loss (A) evaluated with the method described above. Following the indications of the normative (D.Lgs.180/98 Italian Regulation), the criteria with which to establish the different levels of hazard have been established, and therefore the A-values have been grouped into four classes (see Figure 9a).



The Damage, on the other hand, being a function of the exposed resources, depends on the presence of human lives and the type of culture. To assess the Damage, factors have been sought that represent the exposed resources with parameters that can be quantified analytically, so as to impose their interaction through technical-scientific criteria. In detail, the data on land use and the ISTAT data of the last census were found in order to spatialize both the types of crops present and the number of inhabitants of the area of interest. For land use, the types of crops from the first level of the Corine land cover classification were grouped together while, for the ISTAT census sections, the minimum damage (D1) in the absence of inhabitants and the maximum damage (D4) for the inhabited sections were assumed. In particular, the highest priority is the population. Therefore, the damage of land use has been considered only where there are not inhabitants. Then, after rasterizing of layers of each single thematic map (land use and number of inhabitants), the final damage map was obtained by QGIS™ ‘raster calculator’© (see Figure 9b).



The Hazard and Damage values for each pixel in the basin were known and the corresponding Risk map could be developed (see Figure 9c).



Of course, since both fields of values belong to the interval (1; 4), the initial domain of the Risk map coincides with the interval (1; 16). In order to standardize the result according to what is reported by the current norms, it was necessary to proceed to a further reclassification, inferable from the Risk matrix in Figure 10. In particular, the Italian Regulation 267/98 show the following four classes of risk: R1 ‘Moderate Risk’, low socioeconomic and environmental damages; R2 ‘Medium Risk’, minor damages to buildings, to infrastructures, to environmental heritage, without damages to people, to usability of buildings, and to economic activities; R3 ‘High Risk’, minor damages to people and functional damages to buildings, to infrastructures, to environmental heritage; R4 ‘Very High Risk’, serious injury to people, severe damages to buildings, to infrastructures, to environmental heritage, destruction of socioeconomic activities.





4. Conclusions


The revisitation of the factors of the RUSLE model addressed in this study, has provided very accurate results for the case under consideration, extendable to the entire Italian national territory. The improvements focused on the LS-Factor, initially the most critical parameter to be identified, but also the most important parameter in the estimation of soil loss due to erosion.



Moreover, the analysis carried out in GIS environment has allowed, despite the problems of accessibility and reliability of data, to implement a solid basis of the algorithm, which is also equipped with reproducibility, because as it was structured is totally independent of the case study.



In particular, the value of LS-Factor is comparable, but more cautious, than the value obtained in other works. This showed the importance for the topographic factor LS to take into account the mutual interaction of solid particles, in terms of path and confluences.



Finally, the model allows an effective estimate of the hydrological risk which, unlike the frequently proposed models [28,55,56,57,58,59,60,61,62,63,64,65], does not coincide with the only hazard associated with the phenomenon, but also considers the exposed resources. On the contrary, this modification has made it possible to highlight the most critical aspects of a territory in accordance with the political-economic strategies put in place by the competent Authorities and, at the same time, to verify in what way the introduction of a change in the management criteria adopted could modify the results.



Then, the use of the distributed approach described above, able to identify spatially and temporally the disruption due to water erosion, should be an integral part of any hydrogeological and hydraulic risk analysis, as it is essential to provide cognitive elements for the hydraulic protection of the territory. Extending the method to larger scales would make it possible to identify and quantify the main soil erosion factors in the various parts of the Country, to aid decision-makers and stakeholders on land management, environmental monitoring and prevention, and protection from overaggradation phenomena.
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Appendix A


The identification of the watershed of Camastra River derived from the geo-topographic database (http://rsdi.regione.basilicata.it/dbgt-ctr/) owned by the Basilicata Region, from which several metadata can be obtained, such as the Digital Elevation Model (DEM), land use maps, cadastral maps, topographic maps, and orthophotos. This database allows the download of different shapefiles in ESRI format both referring to the entire region and to the single municipality. Moreover, rainfall data were obtained from the Civil Defense Office (Protezione Civile) of Basilicata Region website (http://centrofunzionalebasilicata.it/it/), while the spectral images were acquired from the high temporal resolution spectroradiometer MODIS installed on NASA’s Landsat 8 satellite (LC08_L1TP_188032_20130706_20170503_01_T1).
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Figure 1. Basilicata region (red), Basento watershed (green), and Camastra basin (grid) (by QGIS). 
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Figure 2. Algorithm framework-flowchart: inputs, processes, and results integration. 
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Figure 3. Hypsographic curve. 
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Figure 4. Relief map: (a) by Google™ Earth Pro platform, (b) by QGIS™ software. 






Figure 4. Relief map: (a) by Google™ Earth Pro platform, (b) by QGIS™ software.



[image: Hydrology 07 00013 g004]







[image: Hydrology 07 00013 g005 550] 





Figure 5. R-factor map. 
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Figure 6. C-Factor map. 
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Figure 7. Topographic factor: (a) LS-Factor map, (b) Length (L)-Factor map, (c) Slope (S)-Factor map. 
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Figure 8. Unit Soil Loss Equation map for the Camastra Basin based on Revised Universal Soil Loss Equation (RUSLE) model, in t/ha/yr. 
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Figure 9. The product between the hazard map (a) and the damage map (b) is the risk map (c). 
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Figure 10. Risk Matrix. 
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Table 1. QGIS™ location coordinates.
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	N-W
	15° 39′ 30,1204″ E
	40° 38′ 41,5553″ N



	N-E
	16° 06′ 48,2343″ E
	40° 38′ 41,5553″ N



	S-E
	16° 06′ 48,2343″ E
	40° 17′ 19,9166″ N



	S-W
	15° 39′ 30,1204″ E
	40° 17′ 19,9166″ N










[image: Table] 





Table 2. Pluviographic data (mm).
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Abriola




	
Year

	
Sept.

	
Oct.

	
Nov.

	
Dec.

	
Jan.

	
Feb.

	
Mar.

	
Apr.

	
May

	
June

	
July

	
Aug.




	
2014/15

	
69.8

	
48.4

	
75.0

	
45.4

	
193.9

	
203.6

	
219.5

	
112.5

	
55.9

	
99.6

	
20.5

	
63.1




	
2015/16

	
64.3

	
217.2

	
84.0

	
11.2

	
124.5

	
137.7

	
244.6

	
68.7

	
134.0

	
28.9

	
83.0

	
36.6




	
2016/17

	
104.4

	
133.3

	
139.6

	
20.4

	
149.0

	
47.8

	
105.2

	
46.2

	
42.0

	
12.6

	
11.5

	
2.8




	
2017/18

	
133.2

	
61.4

	
192.8

	
166.7

	
147.0

	
226.2

	
237.6

	
62.3

	
166.6

	
96.0

	
40.8

	
130.5




	
Anzi




	
year

	
Sept.

	
Oct.

	
Nov.

	
Dec.

	
Jan.

	
Feb.

	
Mar.

	
Apr.

	
May

	
June

	
July

	
Aug.




	
2015/16

	
25.8

	
116.2

	
32.0

	
1.4

	
117.9

	
79.8

	
77.7

	
8.4

	
15.8

	
33.4

	
179.2

	
53.2




	
2016/17

	
117.9

	
79.8

	
77.7

	
8.4

	
54.2

	
27.0

	
44.8

	
18.2

	
33.5

	
13.2

	
11.7

	
11.9




	
2017/18

	
40.0

	
33.7

	
109.5

	
33.4

	
43.6

	
91.0

	
61.6

	
39.4

	
127.9

	
29.4

	
7.5

	
130.5




	
Laurenzana




	
year

	
Sept.

	
Oct.

	
Nov.

	
Dec.

	
Jan.

	
Feb.

	
Mar.

	
Apr.

	
May

	
June

	
July

	
Aug.




	
2014/15

	
71.2

	
39.2

	
72.2

	
56.6

	
173.6

	
177.2

	
117.8

	
43.4

	
43.8

	
42.0

	
4.6

	
104.8




	
2015/16

	
42.8

	
141.0

	
37.6

	
1.4

	
23.2

	
67.4

	
236.6

	
37.8

	
76.0

	
49.6

	
62.2

	
78.2




	
2016/17

	
80.6

	
76.4

	
112.0

	
18.6

	
127.8

	
41.0

	
64.2

	
18.2

	
43.4

	
35.8

	
19.8

	
13.6




	
2017/18

	
60.6

	
25.2

	
154.4

	
70.0

	
50.8

	
180.8

	
156.8

	
58.0

	
142.2

	
49.8

	
3.8

	
59.0
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Table 3. Univariate Statistics of Soil Loss raster map.






Table 3. Univariate Statistics of Soil Loss raster map.





	Not Null Cells
	68,436



	Minimum value
	8.52



	Maximum value
	11,680



	Range
	11,671.4



	Average
	71.4



	Standard deviation
	168.9



	Variance
	28,555.8



	Variance Coeffcient
	236.70%



	Sum
	4,885,374.9
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Table 4. The average soil loss predicted by RUSLE for the Camastra drainage basin.






Table 4. The average soil loss predicted by RUSLE for the Camastra drainage basin.





	Authors
	(t yr−1)





	Lazzari et al.
	1,677,378



	Present study
	1,853,981
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Table 5. Bathymetric surveys and solid inflow data in the reservoir.






Table 5. Bathymetric surveys and solid inflow data in the reservoir.





	Year
	Inflow (106 m3)
	Yield (106 m3)





	1967
	35.172
	0



	1988
	28.712
	7



	1993
	21.754
	6.958



	1995
	20.776
	0.978



	1997
	21.120
	0.656



	2005
	19.421
	0.699



	2017
	18.418
	1.003
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