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Abstract

:

Shallow landslides due to the soil saturation induced by intense rainfall events are very common in northern Italy, particularly in the Alps and Prealps. They are usually triggered during heavy rainstorms, causing severe damage to property, and sometimes causing casualties. A historical study and analysis of shallow landslides and mud-debris flows triggered by rainfall events in Lombardy was carried out for the period of 1911–2010, over an area of 14,019 km2. In this study, intensity–duration rainfall thresholds have been defined using the frequentist approach, considering some pedological characteristics available in regional soil-related databases, such as the soil region, the textural class, and the dominant soil typological units (STU). The soil-based empirical rainfall thresholds obtained considering the soil regions of the study area were significantly different, with a lower threshold for landslide occurrence in the soil region M1 (Alps), where soils developed over siliceous parent material, with respect to the whole study area and the soil region M2 (Prealps), where soils developed over calcareous bedrocks. Furthermore, by considering textural classes, the curves were differentiated, with coarse-textured soils found more likely to triggerlandslides than fine soils. Finally, considering both texture and main soil groups, given the same rainfall duration, the rainfall amount and intensity needed to initiate a landslide increased in the following order: “coarse-skeletal” Cambisols < Umbrisols < Podzols < “fine” Cambisols. The results of this study highlighted the relevant role of pedological conditioning factors in differentiating the activation of rainfall-induced shallow landslides in a definite region. The information on soils can be used to define more precise rainfall–pedological thresholds than empirical thresholds based solely on meteorological conditions, even when they are locally defined. This knowledge is crucial for forecasting and preventing geo-hydrological processes and in developing better warning strategies to mitigate risks and to reduce socio-economic damage.
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1. Introduction


Landslides are the most widespread and hazardous natural processes in hillslope and mountain environments around the world, which have contributed and continue to contribute to the shaping of the earth’s surface. Shallow landslides/soil slips cause billions of euros in damage to physical assets and properties and thousands of casualties and evacuees each year [1,2,3,4,5]. The occurrence and the spatial distribution of the landslides are linked to a large range of triggering factors in a general geographical setting given by certain preconditioning and preparatory factors [6].



Slope instability is the result of a complex combination of several predisposing and causal factors, including geological, topographic, hydrological, environmental, and anthropogenic parameters [7,8,9]. Due to the heterogeneous spatial distribution and temporal variability of physical features, such as land use, climate, soil properties, and ground water regimes, slope failures are very difficult to model and predict [10,11,12]. Understanding landslide activation is essential for supporting local administrations in the improvement of efficient early warning systems and the management of the most effective strategies, which are aimed at mitigating and reducing landslide hazards and their impact on population and assets [13,14,15,16,17].



In particular, debris flows are a transport mechanism for debris material (usually lithoid and vegetation) that result in large amounts of material being delivered rapidly downstream [18,19,20]. They have destructive capabilities because of their high impact force (a function of the velocities reached and the mass in transit) enabling them to lift and carry large objects such as boulders and trees. Debris flows are also often improperly referred to as rapid landslides or shallow landslides because they can be fed by slope deposits (or eluvial-colluvial blankets) that—as a result of gravity and the fluidization of the surface soil layers—are channelled into small slope incisions or catchment/torrential beds. However, the triggering conditions for debris flows are comparable to shallow landslides [21,22,23,24]; indeed, the latter often evolve in mud and/or debris flows, especially if they are triggered on slopes for which the foot ends in a torrential bed. For this reason, these processes are often conceptually united, especially if they occur during severe rainstorms [12,25,26,27,28]. The alpine and pre-alpine districts of Lombardy are among the mountain areas in Italy with the largest number of properties and people exposed to high and very high landslide risks [28,29,30]. This territory has historically been affected by destructive shallow landslides and mud-debris flows, causing considerable damage to structures and infrastructures and great losses in terms of properties and human lives [25,31,32,33,34,35], particularly during intense rainfall events.



Nowadays, the knowledge of the physical and environmental factors influencing landslide activation within the Alpine domains is still lacking and incomplete, and few studies have investigated soil properties and their relations with failure mechanisms within these mountain areas [10,36,37,38,39,40,41,42].



In the literature, several empirical and physically based approaches have been proposed to define thresholds for hydrological conditions—including rainfall, soil moisture, and infiltration—that result in landslides [26,27]. Several authors have proposed different methods to identify rainfall thresholds for the possible initiation of landslides [13,14,26,27,43,44]. Most studies have only considered rainfall variables, as precipitation is recognized as the most important and easy-to-quantify landslide-triggering factor [27,45]. Different modeling approaches have been proposed to identify simple and functional empirical cause–effect correlations based on the analysis of landslides that have occurred in the past and their related rainfall values.



In most works, in relation to the difficulties of reporting thresholds based on physical data, empirical approaches are adopted to study correlations between rainfall events and landslide occurrences, particularly when the investigation is focused on the development of warning systems aimed at mitigating the possibly severe consequences and damage to property and population. These works have considered several variables to identify rainfall characteristics responsible for slope failures, such as cumulative event rainfall, intensity, duration, antecedent rainfall, and various combinations of these. Intensity–duration (ID) thresholds are the most widely used empirical thresholds for studying shallow or rapid landslides, which are usually triggered by short-duration, high-intensity precipitation [17,42,46,47,48,49,50,51,52,53]. Adopting statistical or probabilistic techniques, empirical rainfall thresholds have been generally defined for different physiographic settings, types of mass movement, and spatial scales (global, regional, local, or single catchment) [13,26,44,48,49,53,54,55,56,57,58]. Only a few empirical studies have investigated predisposing hydrological parameters, such as antecedent soil moisture content, in relation to landslide-triggering mechanism thresholds [59,60,61,62,63,64].



On the contrary, a number of studies have investigated landslide-conditioning factors, considering the lithological, hydrological, environmental, or anthropogenic parameters that predispose slopes to instability and influence the activation of mass movements [42,45,65,66,67,68,69,70]. In the literature, different mathematical models have been proposed to estimate the rainfall conditions leading to the activation of landslides, considering soil hydrological and geotechnical parameters and geomorphological features and dynamics. They are generally based on infinite slope stability analysis, with dynamic hydrologic or steady groundwater flow conditions, or on the modeling of water infiltration dynamics and groundwater pressure in soils [14,71,72,73,74,75,76,77,78]. However, physically based approaches are usually difficult to apply because of the spatial and temporal variability of geotechnical and hydrological parameters, which are complex to manage and measure [70,79].



With particular reference to the Alpine region, different empirical and mathematical methods have been proposed to investigate the conditions for the occurrence of rainfall-induced shallow landslides, since the first attempts based on mean annual precipitation (MAP) by Govi and Sorzana [80] and those based on rainfall duration and intensity [36]. More recently, using 80 years’ worth of data collected in the Sondrio and Brescia Provinces, Luino et al. [81] established new empirical MAP-normalized intensity–duration thresholds for shallow landslides and mud-debris flows in the alpine and pre-alpine districts of the Lombardy region. The activation of mass movements was found to be strongly influenced by pedological and topographic properties, such as soil moisture, soil type, and slope acclivity, whereas lithology played a secondary role in triggering mechanisms, but only few studies considered both soil and rainfall information to understand the failure activation, which defines soil-based thresholds [41,42,50,82].



In this paper, we present a study carried out in the Lombardy region (Northern Italy, Figure 1) based on an empirical approach that uses a large dataset of shallow landslides that have occurred in the past, with the aim of (i) identifying the pedological properties that most significantly influence the activation of rainfall-induced landslides in the study area, (ii) defining differentiated rainfall thresholds for separated pedological domains within the study area, (iii) defining rainfall–threshold curves for the possible occurrence of shallow landslides and mud-debris flows in the mountain districts of the Lombardy region (Varese, Como, Lecco, and Bergamo Provinces), and finally (iv) comparing the rainfall thresholds based on soil domains with the rainfall regional thresholds proposed by several authors for the alpine and pre-alpine area.




2. Materials and Methods


2.1. Study Area


The study area includes the alpine and pre-alpine districts of Lombardy (Figure 1). thus the mountain areas of the following administrative provinces: Varese (VA), Como (CO), Lecco (LC), Bergamo (BG), Sondrio (SO), and Brescia (BS).According to the recent international orographic classification of the Alpine system [83], the Alps and Prealps in Lombardy are included within the North-Western, Central-, and South-Eastern Alps (Figure 1).



2.1.1. Climate


Due to its orographic configuration, the climate setting of Lombardy region has a significant spatial variability. Altitude and slope aspect, prevailing winds, and the presence of large lakes influence the rainfall regime. As reported in [84], the mean annual precipitation (MAP) values range from 800–1000 mm/y in the upper Po plain up to 2000–2300 mm/y in the pre-alpine and southern alpine belts, where rainfall can locally exceed 2400 mm/y (Figure 2). The alpine valleys are generally characterized by lower MAP values, which range from 600 mm/y in the continental Livigno district (NE) and 1800 mm/y in the Valchiavenna Valley (NW). At high elevation, winter snowfalls represent more than half of the total annual precipitation. Heavy rainfalls are frequent in the spring and autumn months [85,86] due to westerly and southerly winds, whereas summer is characterized by abundant precipitation next to mountain ridges, induced by convection and the orographic air uplift [38].




2.1.2. Geology and Soils


According to the Italian pedological map system [87], the Alps and Prealps belong to two different soil regions. The alpine region (M1) occupies the northern sectors, with a relief that exceeds 4000 m in elevation along the Swiss border (Bernina Peak, 4049 m a.s.l.); the pre-alpine region (M2) extends through the piedmont and mountain belt enclosed between Lake Maggiore and Lake Garda (Figure 3) and in a small sector in the extreme NE of Lombardy (Figure 3). The two soil regions are differentiated according to the lithological substrate, which is siliceous (igneous or metamorphic) in M1 and sedimentary and carbonatic in M2. This great difference in substrates influences the distribution of soil types. In this work, we associated many soil types in larger groups, mainly characterized by the WRB great groups [88], differentiated according to soil texture, and related with parent material lithology.



According to the soil map of Lombardy (Figure 4) showing the soil typological units (STUs) of the mountain area, Cambisols are the most widespread soils, and they occur on different parent materials, thus showing different properties: in M1, sandy loam Skeletic Cambisols are the most widespread soils, whereas in M2 the Cambisols have a finer (clay loam or loamy) texture. In particular, Leptic and Eutric Cambisols (average depth: 100 cm) are present in approximately 39% of soil region M2, deeper (average depth: 170 cm) clay loam and loamy Leptic and Skeletic Cambisols occur in approximately 15% of the area, and shallower (average depth: 70 cm) clay loamy Leptic and Fluvic Cambisols occur in 7% of the area. Regosols (poorly developed soils) and Leptosols (shallow soils) are common in the Prealps, mainly over limestones and dolostones, and deep Luvisols (developed soils) occur at the boundary with the Po plain. In soil region M1, coarse-textured Umbric and Skeletic Podzols are the second most widespread soil types, whereas sandy loam to loamy sand Humic Umbrisols, with significant topsoil accumulation of organic matter, occur in 19% of the area. Depending on their morphology and position along the slope, their depth ranges from 20 cm to 200 cm. At higher elevations and on the steepest slopes, shallow soils occur along with eroded soils. Among the former, sandy loam Humic and Skeletic Leptosols occur in 11% of region M1; the latter are mainly Cambic and Leptic Regosols, with an average depth ranging from 25 cm to 60 cm. Fluvisols occur along the bottoms of valleys, are generally characterized by coarse textures (loamy-sand to sandy -loam), and are usually quite thick. In M2, very shallow silty loam to sandy loam Skeletic and Rendzic Leptosols (average depth: 20 cm) occupy approximately 22% of the surface, whereas deep (average depth 180 cm) clay-loam Luvisols are present in the south-eastern margin of the Prealps (6% of the area). Less widespread in soil region M2 are loamy Leptic Phaeozems (shallow, humus-rich soils, average depth 60 cm), deeper silty-loam to sandy loam Umbrisols (average depth: 90 cm), shallower loamy Calcaric and Leptic Regosols, and sandy loam Skeletic Leptosols.





2.2. Landslides Data Collection


A historical study and analysis of instability processes triggered by rainfall events in Lombardy in the past century was carried out, with particular attention paid to shallow landslides and mud and debris flows that occurred in the Lombard Alps in the period of 1911–2010 (Figure 5). Landslide information was gathered from different sources [89]: (i) the historical archive of CNR-IRPI in Turin, which keeps more than 250,000 unpublished documents on geo-hydrological processes that have occurred in Northern Italy since 1800; (ii) the regional archives of the State Forestry Corps in Milan; (iii) municipal archives; (iv) the Lombardy Geological Survey archive, which has gathered landslide data since the beginning of 19th Century; and (v) scientific papers, technical reports, and newspaper articles (Figure 6).



When the exact position was known, each landslide was georeferenced in a GIS using regional base maps at a 1:10,000 scale and implemented in the catalogue of rainfall-induced shallow landslides and mud-debris flows of the Lombardy region, updating the existing database compiled in [81]. A scheme showing the research steps, data sources, and methods is given in the graphical abstract.




2.3. Rainfall Data Collection


Among the collected data, landslides for which information on the day and time of occurrence was known with sufficient temporal accuracy were considered in further analyses to associate each individual landslide or group of landslides to the corresponding triggering rainfall event. For this purpose, a spatial analysis was performed to identify the most representative rain gauge. The Lombardy region has a large regional pluviometric database because of a dense network of rain gauges belonging first to the Po Hydrographic Office based in Parma (since 1912), then to the National Hydrographic and Mareographic Service (from 1917), and since 2003, to the Regional Agency for Environmental Protection (ARPA) of Lombardy. The regional hydrological network comprises a total of 318 stations with an average density of one rain gauge every 200 km2 and it includes both mechanical (the oldest) and automatic systems that operated for different periods. For each landslide, a representative rain gauge was selected within a buffer radius of 5 km centered on the slope failure, considering the irregular spatial distribution of the regional hydrological network and the variability in the rainfall regime due to the morphological setting of the mountain study area. Thunderstorm cells may have occasionally had a limited spatial extent, generating substantial differences in the recorded rainfall amounts between rain gauges in proximity to one another. In the selection of the reference rain gauge, the following criteria were also adopted: (i) minimization of the geographical distance from the landslides, (ii) minimization of the difference in elevation between the rain gauge and the landslide, (iii) location within the same catchment, and (iv) location on a similar slope aspect.



For each reference rain gauge for which hourly rainfall measurements were available, we estimated the rainfall conditions that triggered landslides, e.g., rainfall duration (D, in h), cumulated rainfall (E, in mm), and mean intensity (I, mm/h). As recently proposed in [81] by Luino et al. (2019), a period of at least 12 h with low rainfall intensity (<1 mm/h) was considered for the separation of two rainfall events.



Adopting an approach proposed in the literature [31,81], we also considered the mean annual precipitation (MAP, in mm/y) to consider the influence of the local rainfall regime on the activation of shallow landslides. In particular, for each most representative rain gauge, we obtained the MAP values from the rainfall map proposed in [84] (Figure 4).




2.4. Soil Data Collection


Soil information for the study area was extracted from the pedo-landscape map and database of Lombardy, at a scale of 1:250,000 [90], and from the soil map of Lombardy (1:250,000) [91,92].



The georeferenced soil database at a scale of 1:250,000 covering the whole of Lombardy is also available, including information about soils, organized in four nested levels. From the most general to the most detailed level, 5 soil regions, 18 soil subregions, 65 great soilscapes, and 1038 soilscapes, which are represented by the soil mapping units (SMU) at the 1:250,000 scale, are outlined for the entire region. Each soilscape can include different soil typological units (STU), and any STU can occur in several soilscapes. The STUs were classified according to the World Reference Base for Soil Resources (WRB) [88]. The map shown in Figure 4 shows the dominant STU identified for each SMU of the alpine and pre-alpine area of Lombardy.



For each shallow landslide site in the study area, the following information for the respective SMUs were extracted from the available maps and databases: the soil region of each soilscape; the WRB classification of each STU at the subunit level, grouped by texture and thickness class; the surface stoniness (%) and rockiness (%); the soil depth (cm); the USDA textural class, up to 1 m deep; the skeleton content, up to 1 m deep (%); and the organic carbon content, up to 1 m deep (%).



The digital terrain model (DTM) (20 m resolution) and CORINE Land Cover (1990 and 2000) data for the study area were also obtained from the “Geoportale della Lombardia” (https://www.geoportale.regione.lombardia.it/, Last accessed: 13 December 2021). The average elevation (m) and slope (%) were calculated for each landslide site based on the 20 m DTM and by adopting a buffer with a radius of 40 m centered on the landslide location.




2.5. Database Creation


Based on the abovementioned data on landslides that occurred in the study area, associated precipitation and soil properties, a database including all or part of the following information for each rainfall-triggered landslide (N = 1035) was created, including:




	(1)

	
Landslide occurrence and type: date and season of occurrence, SS (soil slip) or MDF (mud and debris flow).




	(2)

	
Location and topographical information: coordinates, municipality, province, catchment, elevation (min, max, and average), and slope (min, max, and average).




	(3)

	
Land use.




	(4)

	
Geological and pedological information: lithology, soil region, soil province, dominant STU, WRB classification; for the first meter of soil: stoniness, rockiness, depth, texture, skeleton, and organic carbon content.




	(5)

	
Rainfall characteristics: MAP; triggering rainfall characteristics: cumulated precipitation, duration, and hourly intensity.










2.6. Statistical Analysis


To investigate the role of rainfall in local soil and landscape processes, ANOVA (p < 0.05) was conducted to compare the rainfall characteristics triggering landslides in different soil contexts. The Pearson correlation matrix (p < 0.05) was used to highlight the relationships among soil properties (stoniness, rockiness, depth, skeleton, and organic carbon content), topographical (elevation and slope), and precipitation variables (duration, cumulated precipitation, and intensity) associated with triggered landslides.




2.7. Definition of Rainfall Thresholds


In the literature, most of the methods proposed to define rainfall thresholds lack explanations of the mathematical or statistical criteria adopted, meaning that they are very frequently not objective and difficult to reproduce [26,27].



In this study, we adopted the frequentist approach proposed in [89] by Brunetti et al. (2010) to define an intensity–duration (ID) rainfall threshold curve for the possible initiation of shallow landslides, based on the simple power law:


I = αD − β,



(1)




where I is the mean rainfall intensity (in mm/h), D is the duration of the rainfall event (in h), α is a scaling constant which represents the intercept of the curve, and β is the shape parameter that defines the slope of the curve. The frequentist method relies on a frequency analysis of the rainfall conditions that resulted in the observed landslides. Based on the distribution of observed empirical data, this approach is sensitive to data dispersion. First, we log-transformed the empirical rainfall intensity and duration data and fitted them with a linear equation of the type log(I) = log(α) − β log(D), using the least-squares method. For each rainfall event, we calculated the difference δ(D) between the logarithm of the event intensity, log[I(D)], and the related intensity value of the fit log, log[If(D)]. Next, we estimated the probability density function (PDF) of the distribution of the differences δ(D) between the event intensity and the corresponding values estimated with the least-squares fit. The PDF of the distribution of δ(D) was calculated using the kernel density estimation, a non-parametric technique that considers the noise of observed data [93,94,95]. Kernel density estimation can produce misleading results, particularly for small data sets, if the kernel width, h, is poorly chosen. When this smoothing parameter is too small, the final curve may exhibit undue fine structures; when it is too large, the final curve may depart from normality. Thus, an optimal value of the kernel width must be carefully chosen. Following the recommendation of Silverman [94], a default width of 0.9*min (s, IQ/1.34) n − 0.2 has been adopted, where s is the sample standard deviation and IQ is the interquartile range of the sample population. The resulting PDF was then fitted with a Gaussian function adopting the least-squares method. The frequentist approach allows one to define a number N of thresholds corresponding to N probability levels of exceedance. This means that different acceptable numbers of triggered landslides can be defined when adopting thresholds for warning purposes. In the present work, we selected the threshold probability level of 5% and 10% for the pedological and regional thresholds, respectively, corresponding to the threshold that leaves 95% and 90% of the empirical points above the fitting curve in the correlated diagrams.



Finally, we defined the ID thresholds for any given probability of exceedance based on the modeled fitted distribution of δ(D), both for all the rainfall events and for the events falling in each pedological domain, obtaining 9 thresholds: (i) 1 regional threshold for the entire Lombardy Alps and Prealps (subSection 3.3); (ii) 2 thresholds for soil region: M1 and M2 (subSection 3.4.1); (iii) 2 thresholds for different soil texture: coarse textured soils and fine textured soils (subSection 3.4.2); and (iv) 4 thresholds for soil groups: Cambisol coarse and skeletal soils, Cambisol fine soils, Podzol soils, and Umbrisol soils (subSection 3.4.3).



Furthermore, using the subset of landslides that occurred in the Varese, Como, Lecco, and Bergamo Provinces, new regional thresholds (subSection 3.3) were derived for shallow landslides and mud-debris flows in the corresponding alpine and pre-alpine districts of the Lombardy region. For this purpose, we estimated the MAP-normalized mean rainfall intensity (IMAP, in h−1) and the % MAP-normalized mean rainfall intensity (IN, as a percentage), according to the approach recently applied for the Valtellina and Valcamonica valleys in [81].





3. Results


3.1. Soil Properties and Landslide Occurrence


The database obtained through the survey of the various sources included 1035 landslides. Some of them were located in areas for which the soil characteristics are not fully known according to the available soil map. The number of failures that could be attributed to a specific SMU with complete information was 891 (86% of the total). For each STU in identified in the study area, Table 1 shows the extension (in km2 and as a percentage), the classification of the dominant soil(s), the average depth of the soil profile and its textural class(es), and the number of recorded landslides and the landslide density. The occurrence of failures was different in the various STUs. The textural class was known for each STU, so this parameter could be used as an additional criterion to guide the definition of the soil-specific thresholds. STUs with a coarser texture (SL or LS), mostly located on siliceous substrates in M1, had a relatively higher number of failures (66% of the total recorded events) with a density of 0.14 landslides/km2, which was almost twice the density observed in the finer-textured units (0.08 landslides/km2), which mostly developed in M2. Coarse-textured Skeletic Cambisols (Sandy-loam or Loamy-sand) showed the highest landslide density in both soil regions, with 0.23 and 0.34 failures/km2 in M1 and M2, respectively. The “Skeletic Cambisols” in M2 were outliers in the M2 region, likely formed on glacial till. Apart from the STUs defined by organic matter-rich soils, such as Umbrisols and Podzols, the units with deeper soils were characterized by a higher density of failures.



More detailed information was available for the first meter of soil of each STU. Table 2 shows the descriptive statistics of the soil depth, the surface stoniness and rockiness, and the skeleton and organic carbon contents of the study area and of each soil region within it (M1 and M2). Soils of region M1 were characterized by a significantly (p < 0.05) higher surface stoniness, rockiness, skeleton, and organic carbon content and a lower soil depth than region M2. Both the average elevation and slope of the landslide sites were significantly higher for landslides that occurred in M1 than those occurred in M2.




3.2. Relationships among Soil and Rainfall Characteristics for Events Triggering Landslides


For the 357 landslides included in the database, the rainfall event that likely triggered each one was determined and characterized in terms of the rainfall duration and intensity. Table 3 summarizes the descriptive statistics for the rainfall events for the entire study area and for the two soil regions, M1 and M2. The rainfall events that resulted in landslides in the two soil regions were characterized by significantly different mean durations and intensities (p < 0.05). In soil region M1, the triggering rainfall events were longer-lasting and less intense than those in M2; in particular, they had a mean duration of 33.5 h, whereas in M2 the mean duration of the rainfall events was about 27 h. The observed mean hourly intensity in soil region M2 (8.2 mm/h) was nearly double the mean hourly intensity observed in soil region M1 (4.6 mm/h). The average triggering cumulative rainfall was lower in soil region M1 (96 mm) than that recorded in soil region M2 (108 mm); however, in this case, the difference between the two means was not significant. The Pearson correlation matrix among the soil, topographical, and precipitation characteristics of the triggered landslides (Table 4) showed that, among the available soil characteristics, the soil depth correlated most with the characteristics of the rainfall events resulting in landslides. Soil depth was negatively correlated with rainfall intensity (r = −0.23) and positively correlated with rainfall duration (r = 0.16); both correlations were significant at p < 0.05. Thus, the rainfall events resulting in slope failures were longer when the soil was deeper, whereas the opposite relationship was observed with rainfall intensity; indeed, short events of high intensity appeared to be more likely to trigger landslides in shallow soils. The organic carbon content and rock fragment percentages were not significantly correlated with the characteristics of rainfall events that triggered landslides, whereas the percentage of stones at the soil surface was significantly and negatively correlated with rainfall intensity (r = −0.16). The correlations between the elevation and slope around the locations of landslides versus the rainfall characteristics were not statistically significant. On the contrary, significant and positive correlations existed between the topographical characteristics (elevation and slope steepness) and stoniness and rockiness. In addition, the steepest slopes, in places where landslides were triggered, also had the shallowest soils.




3.3. Regional Thresholds


Based on the information collected in the study about rainfall induced landslides in the period 1911–2010, three regional thresholds were defined, disregarding soil characteristics. The first ID threshold was defined using the frequentist approach for the Lombard Alps and Prealps:


I = 7.138 D−0.442



(2)




based on the dataset including 343 landslides (out of 357) for which rainfall and soil data were fully known. The excluded landslides lacked rainfall information suitable to define the thresholds. Two regional thresholds (for different rainfall durations) were obtained using a subset of 86 events that occurred in the Varese, Como, Lecco, and Bergamo Provinces, to identify the rainfall conditions that were likely to initiate shallow landslides and mud-debris flows in this alpine and pre-alpine sector of the Lombardy region. According to [81], we divided spring-autumn and summer events to consider their differences in rainfall conditions that resulted in landslides. We noted that the empirical IN-D points representative of spring-autumn events largely converged on duration values higher than 10 h and MAP-normalized intensity values ranging from 0.1% and 0.4%, whereas points representative of summer events were dispersed, including both short and very heavy rainfalls or thunderstorms and prolonged precipitation events with a duration D > 10 h. Consequently, the rainfall conditions responsible for the landslide activation were analyzed separately for each range of duration. Figure 7 shows the IN-D thresholds calculated at a 10% exceedance of the probability level in the relative ranges of duration:


IN = 0.57 D−0.43 D ≤ 10 h,



(3)






IN = 0.33 D−0.19 D > 10 h



(4)







The parameters defining the thresholds are shown in Table 5, which can be compared to other thresholds obtained for specific soil conditions and with reference thresholds already available for the study area.




3.4. Soil-Based Rainfall Thresholds


Given the different types of information included in the database, several possible criteria were tested to define the soil-based rainfall thresholds for landslide initiation in the Alps and Prealps of Lombardy. Three groups of rainfall thresholds were defined based on the soil regions, soil textures, and soil types, using different subsets of the 343 landslides, corresponding to the events that took place in each separated domain.



The results are summarized in Table 5, which shows the number of observations used to define each threshold, the two parameters defining the curve along with their 95% confidence intervals, and the range of applications in terms of rainfall duration. In all cases, the threshold probability level selected was equal to 5%.



3.4.1. Thresholds Defined by Soil Region


The first type of threshold was defined by distinguishing the two soil regions (M1 and M2). The two curves were clearly distinguishable and did not overlap; in addition, no overlapping was observed for the limit curves defining their 95% confidence limits (Figure 8). The ID threshold curve for soil region M1 (Equation (5), N = 241) had an intercept α and a slope β equal to 3.330 (±0.522) and −0.379 (±0.024), respectively. The corresponding values for α and β of the 5% ID threshold curve for soil region M2 (Equation (6), N = 102) were 18.465 (±1.184) and −0.532 (±0.038), respectively, resulting in a difference between the two thresholds that is large and statistically significant (p < 0.05), as their 95% confidence intervals did not overlap for rainfall durations between 1 and 110 h. For the sake of comparison, the 5% ID threshold curve for the entire Lombardy Alps and Prealps study area (Equation (2), N = 343) was also reported (blue curve in Figure 8), and their intercept α and slope β were equal to 7.138 (±0.854) and −0.442 (±0.022), respectively.




3.4.2. Threshold Defined by Soil Texture


A second criterion that allows for the definition of soil-based rainfall thresholds is based on soil texture. Thus, to define rainfall thresholds based on soil texture, textural classes were grouped into the two following textural families: fine (N = 89), including the clay, clay loam, silt loam, and loam textural classes, and coarse (N = 206), including the sandy loam and loamy sand textural classes. The corresponding 5% ID threshold curves are shown in Figure 9, along with their 95% confidence intervals. The curves are clearly identifiable, but the confidence intervals overlap for D > 35 h. The 5% ID threshold curve for the coarse-textured soils (Equation (7), N = 206) had an intercept α and slope β equal to 4.985 (±0.61) and −0.408 (±0.03), respectively. The corresponding values for α and β of the 5% ID threshold curve for the loam to fine textured soils (Equation (8), N =102) were 18.019 (±1.050) and −0.528 (±0.039), respectively. The difference between the two thresholds was large and statistically significant (p < 0.05) and this clearly highlights the greater susceptibility to slope failure that is characterized by coarse-textured soils. For these soils, the duration and the amount of rainfall that could result in a landslide were significantly smaller than those necessary to trigger slope failures on loam to fine-textured soils (in the range of rainfall durations between 1 and 106 h).




3.4.3. Threshold Defined by Soil Groups


To further explore and elucidate the possible role of soil properties in responding to rainfall events, an additional grouping criterion based on the main soil formation processes and soil texture was considered. For this analysis, the landslides were divided into and considered in four groups representing the well-defined soil types where they occurred: (i) coarse and skeletal Cambisols (Equation (9), N = 107; STU 1 in Figure 3), mostly falling in soil region M1; (ii) fine Cambisols (Equation (10), N = 68; STU 2, 3, and 4 in Figure 3), mostly falling in soil region M2; (iii) Umbrisols (Equation (11), N = 36; STU 15), mostly falling in soil region M1; and (iv) Podzols (Equation (12), N = 27, STU 12 in Figure 3) falling entirely in soil region M1. These last two groups, although very different in terms of their dominant soil forming processes, were characterized by a dominant sandy loamy texture and organic matter accumulation. The different 5% ID threshold curves are shown in Figure 10, along with their 95% confidence intervals; their parameters, intercept α and slope β, are shown in Table 5, along with their errors. The four curves did not intersect for 1 < D < 110. The difference among the curves was statistically significant (p < 0.05) between the two groups of Cambisols for D < 13 h, and among the Umbrisols and Podzols and the fine Cambisols for D < 2.5 h. They were almost parallel, on a log-log plot, with an intercept α, which was minimal for the coarse and skeletal Cambisols (α = 5.087 ± 0.706) and maximal for the fine Cambisols (α = 17.141 ± 1.234). The values of α for Umbrisols and Podzols were similar—equal to 8.225 ± 0.915 and 8.868 ± 0.939, respectively. The slope of the curve was slightly steeper for the fine-textured Cambisols (β = −0.534 ± 0.49) than for the coarse-textured Cambisols (β = −0.393 ± 0.038); again, the values for Umbrisols and Podzols were very similar—equal to −0.437 ± 0.074 and −0.426 ± 0.070, respectively. It must be noted that Umbrisols, Podzols, and coarse and skeletal Cambisols mostly occurred in the same soil region M1; the differences observed in their rainfall threshold curves, given the similar textural composition, are likely explained in terms of the organic matter content in the soil profile through its effects on the soil structure and hydraulic properties. Given the same rainfall duration 1 < D < 110, the cumulative rainfall Pc corresponding to a given intensity I increased according to the following order: coarse and skeletal Cambisols < Umbrisols ≤ Podzols < Fine Cambisols.






4. Discussion


According to the results of the study carried out by Luino et al. [65] in the Valtellina and Valcamonica areas (Sondrio and Brescia Provinces), the analysis of the rainfall-induced shallow landslides observed in the rest of the alpine and pre-alpine territory within Lombardy (Varese, Como, Lecco, and Bergamo Provinces) in the period of 1911–2010 highlighted a seasonal variability in the rainfall conditions that triggered slope failures. Spring and autumn events were usually associated with long-lasting (D > 10 h) but moderate- or low-intensity (0.1% < IN < 0.4%) precipitations. Summer events showed substantial differences in rainfall durations, including both high-intensity and short-duration thunderstorms and prolonged precipitations (D > 10 h). The variability in the rainfall conditions is correlated with the differentiated mechanical responses of soil to hydrological loading in terms of stability. Spring and autumn slope failures are usually prompted by the deep and complete saturation of the materials in the period that precedes the paroxysmal phase, favored by prolonged precipitations. On the contrary, short and very intense rainfalls or thunderstorms typical of summer months quickly cause the saturation of the shallow layers of soil, impeding further infiltration processes down in the deeper soil levels. Moreover, the established curve shows different slopes in the range of duration; it is steeper for short-duration (β = 0.46 for D < 10 h) than for long-duration ones (β = 0.19 for D > 10 h). This highlights that the initiation of rainfall-induced shallow landslides is closely correlated with the rainfall duration when the failures are activated by short and intense precipitation, rather than in cases of prolonged and moderate events.



Table 5 summarizes the comparison between the new pedological thresholds established using all the events falling within the Alps and Prealps of the Lombardy region and those falling within each separate homogeneous domain, and the new regional rainfall threshold obtained for the Varese, Como, Lecco, and Bergamo Provinces, along with other similar curves proposed in the literature for the same territory: (i) the regional threshold defined in [81] by Luino et al. for the Sondrio and Brescia Provinces, (ii) the regional curve obtained in [97] for the Valtellina Valley, and (iii) the regional threshold proposed in [96] for the entire Lombardy region.



The regional curves for the alpine and pre-alpine provinces were very similar. As shown in Table 5, the intercept α and slope values β of the new threshold for the Varese, Como, Lecco, and Bergamo Provinces and those obtained in [81] for the Sondrio and Brescia Provinces are comparable in their ranges of duration. We attribute this close correlation to the similar approach adopted in collecting and elaborating the rainfall and landslide information and in defining the thresholds.



However, the new regional threshold was lower to significantly lower than the regional curve proposed in [88] for the entire Lombardy region and the one defined in [97] for the Valtellina Valley. In particular, for a rainfall period with a small duration (D < 10 h), the new curves proposed in this work are lower than the previous regional thresholds; for a rainfall period with a long duration (D > 10 h), the comparison reveals a gradual convergence between the curves, in particular for rainfall durations exceeding 50 h. Moreover, we noted that the new curves established for the Varese, Como, Lecco, and Bergamo Provinces were gentler (β = 0.19) than those obtained for the Lombardy region (β = 0.55) and Valtellina (β = 0.78). We attribute this result firstly to the different landslide and precipitation information and the different approach adopted in defining the rainfall thresholds. According to the method of Luino et al. (2019), we can explain the low curve obtained in the present work by adopting more precautionary critical rainfall conditions than those previously defined. Regardless of the soil-based criteria used to group the available observations, the results obtained in this study suggest that the shallow landslides in the study area are triggered by rainfall events of smaller intensities and shorter durations than those which were previously believed [96,97].



The most widespread soils in the study area are Cambisols, which are fairly developed soils and that represent the third most prevalent type of soil in Europe [98]. Among them, in particular, Skeletic Cambisols showed the highest landslide density in both the M1 and M2 regions. These soils were characterized by a high percentage of rock fragments (>40%) and SL/LS textural classes, which resulted in lower rainfall triggering thresholds compared to finer soils, both considering the thresholds defined considering the soil region and considering the soil texture. Similarly, in a study on rainfall-induced landslides in Central Nepal, Eutric Cambisols showed a strong association with the occurrence of landslides [99].



Within the study area, soils that developed over calcareous parent materials were prevalent in Southern Alps (M2), characterized by a deeper profile and a finer texture. They had a rainfall threshold persistently higher than the threshold established for soils developed over siliceous parent materials with a coarser texture and a shallower depth, typical of the Central Alps sector (M1). In M1, landslides occurred at higher elevations and on steeper soils than in M2, where soils are usually characterized for greater stoniness and rockiness in the first meter and lower average soil depth than in the soil region M2. Dapporto et al. [100] analyzed shallow failures that occurred in the Albaredo valley, which was triggered by the event of 14–16 November 2002 on 1.1 m thick colluvial soil (silty sand, horizons A and B) overlaying a 1 m thick coarse glacial deposit (horizon C) and the bedrock (D). The authors conducted an analysis of slope instability, based on the mechanical and hydraulic properties of soils derived from experimental data and from the literature. Their results showed that a positive pore pressure was recorded after 15 November, originating in the lower horizon (C), and progressively increasing in thickness, with a temporary saturated zone developing and reaching the surface. The Albaredo Valley’s landslides were included in the database compiled in our study, with triggering rainfall having a duration D of 55 h and a rainfall intensity I of 3.83 mm/h. The landslide’s location was included in soil region M1, with loamy sand, and then coarse soil. Indeed, the landslides occurred above all the thresholds defined in this study, close to the upper 95% confidence interval for the fine soils and fine Cambisols. With respect to the coarse soil thresholds, the point representing the triggering rainfall condition is clearly above the threshold, thus indicating that the triggering conditions could be correctly identified. The stability of a slope, especially when it is potentially subject to rainfall-induced shallow landslides, strongly depends on the soil’s water content. The results match expectations based on the assumption that given the same soil moisture conditions prior to the triggering event, the total critical amount of rainfall required to saturate a uniform soil slope to a critical depth depends on the soil retention properties [101,102]. Given some simplified assumptions, such as the total infiltration of the rainfall, the total critical amount of rainfall (Rc) necessary to saturate the soil to a critical depth (Dc) and cause a slope failure is proportional to the difference between the water content at saturation (θs) and the water content at field capacity (θf) [103]. In the case of fine-textured soil, the difference between the water content at saturation and the water content at field capacity is normally higher than in coarse-textured soils. Consequently, the total critical amount of rainfall capable of saturating the soil is usually lower in coarse-textured and shallower soils; analyzing landslide-triggering in clay soils, the authors in [104] observed a more rapid increase in the soil water potential (SWP), and a decrease in the corresponding safety factor, in a site with a lower soil depth. Furthermore, the higher hydraulic conductivity of coarser soils results in a faster raising of the wetting front, which reaches the bottom of the soil layer in a shorter amount of time, changing the zero-pore water pressure to a positive pressure, and destabilizing the slope. Andrewwinner et al. [105] used a finite-difference model to analyze a rainfall-triggered landslide that occurred on silty sand with a considerable amount of kaolinite clay, and identified a local rainfall threshold of a daily rainfall intensity of 142 mm without an antecedent rainfall. Alternatively, an antecedent rainfall of 151 mm within 5 consecutive days can initiate a landslide, where the failure increase in pore water pressure is due to prolonged rainfall. They also observed that the increase in the soil water pressure that causes the failure was enhanced by the presence of fine soil particles. Given the same textural class, the accumulation of organic matter in the soil profiles appears to exert a significant stabilizing effect. In a study investigating the influence of Alpine soil properties on shallow movements, Stanchi et al. (2012) [39] observed that topsoils (0–20 cm) were generally characterized by a better resistance to failure than subsoils (20–70 cm) due to their better plasticity, structure, and consistency, related to their organic binding agents, which can be affected by land management favoring organic matter input or conservation.



Hydromechanical models have been used to assess the site-specific slope stability and to predict critical combinations of groundwater levels, soil water content, and precipitation. However, such models for a slope stability evaluation require knowledge about the mechanical and hydraulic parameters of the soils, lithostratigraphy and morphology from the site characterization, and monitoring and laboratory tests [106]. Several recent studies aimed to improve the effectiveness of rainfall thresholds for landslides by considering the soil characteristics, such as soil depth or soil moisture [107,108,109]. The results of the present study showed that the information on soils that is already available in regional and national databases allows us to define rainfall thresholds more accurately than empirical thresholds based solely on the meteorological conditions leading to the triggering of shallow landslides.



The soil-based pedological thresholds were systematically lower, and in some cases significantly lower, than the reference curves, stressing the primary role of pedological conditioning factors in the activation of rainfall-induced shallow landslides and mud-debris flows. This means that a considerable number of events may be missed when pedological conditioning factors are not considered in defining rainfall thresholds. Furthermore, the differentiated rainfall thresholds established for the separate soil regions, soil texture domains, and pedogenesis associated with organic matter accumulation highlighted significant differences in the responses of soils to the rainfall conditions that were able to trigger landslides.




5. Conclusions


Landslides are widespread natural processes that result from the contribution of several natural and anthropogenic factors. When occurring in populated areas, they represent hazards for property and lives. Several methodologies to define rainfall thresholds have been proposed in past decades to identify the relationship between precipitation and the triggering of shallow landslides in populated areas and to support early warning systems. In this study, in addition to the intensity–duration criteria, different rainfall thresholds were defined considering some of the pedological characteristics available in regional soil-related databases, such as the soil region, the textural class, and the STU. Based on an empirical approach, which uses a large dataset of shallow landslides in the Lombardy region, this research has obtained several inputs in relation to the declared aim.



	(i)

	
The study showed that among the soil characteristics examined, which were the topographic and precipitation characteristics of triggered landslides, the one most correlated with the characteristics of rainfall events was soil depth. Rainfall events that triggered landslides lasted longer when the soil was deeper; in contrast, short, high-intensity events seemed more likely to trigger landslides in shallow soils. The organic carbon content and the percentage of rock fragments were not significantly correlated with the characteristics of landslide-triggering events.




	(ii)

	
There were significant and positive correlations between the topographical characteristics (elevation and slope) and the stoniness and rockiness. The correlations between altitude and slope around the landslide sites and precipitation characteristics were not statistically significant. On the contrary, there were significant and positive correlations between topographical characteristics (in terms of slope and elevation) and stoniness and rockiness; in particular, where landslides were triggered along steeper slopes, the soils were shallower.




	(iii)

	
The soil-based rainfall thresholds for the Alps and Prealps of Lombardy obtained by considering the soil regions were significantly different, with a lower threshold for landslide occurrence in the soil region M1, with soil developed over siliceous parent material, with respect to the whole study area and the soil region M2, which was characterized by soils developed over calcareous bedrock. The Skeletic Cambisols, the most widespread soils in the study area, showed the highest landslide density in both the M1 and M2 regions. Furthermore, considering textural classes (fine and coarse), the curves were also differentiated, with coarse soils being more susceptible to the triggering of landslides than fine soils.




	(iv)

	
Considering both the texture and the main soil groups in the study area, given the same rainfall duration, the cumulative rainfall (and the rainfall intensity) needed to initiate a landslide increased in the following order: coarse and skeletal Cambisols < Umbrisols ≤ Podzols < fine Cambisols. The results of this study highlighted the primary role of pedological conditioning factors in differentiating the activation of rainfall-induced shallow landslides in a definite region.




	(v)

	
The information on soils that is already available in regional and national databases could be used to define rainfall-pedological thresholds more accurately than empirical thresholds based solely on meteorological conditions, even when they are locally defined, and can be used to improve the ability of early warning systems to forecast the occurrence of shallow landslides and mud-debris flows.







Further evaluation of the effectiveness of the soil-rainfall thresholds defined in the present study should be carried out, considering some real study cases, prior to their adoption in early-warning systems.
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Figure 1. Location of the study area: the (A) alpine and (B) pre-alpine district of the Lombardy region, with indications of administrative provinces: Varese (VA), Como (CO), Lecco (LC), Bergamo (BG), Sondrio (SO), and Brescia (BS). 
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Figure 2. Map of the mean annual precipitation (MAP, in mm/y) in the 1891–1990 period in the alpine and pre-alpine districts of the Lombardy region [84]. 
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Figure 3. Soil regions included in the study area. Soil regions are based on soil classification by [87]): M1, Central Alps (SR 37.1); M2, Southern Alps (SR 34.3). Black dots represent the shallow landslides and mud-debris flows triggered by rainfall events in the period of 1911–2010, included in the collected database. 
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Figure 4. Map of the STU (soil typological unit) of the mountainous area of Lombardy (ref. scale 1:250,000). 1: Skeletic Cambisol; 2: Leptic and Skeletic Cambisol; 3: Leptic and Fluvic Cambisol; 4: Leptic and Eutric Cambisol; 5: Vertic Cambisol and Calcaric Cambisol; 6: Eutric and Haplic Fluvisol; 8: Humic and Skeletic Leptosol; 9: Skeletic and Rendic Leptosol; 10: Luvisol; 11: Leptic Phaeozem; 12: Umbric and Skeletic Podzol; 13: Calcaric and Leptic Regosol; 14: Cambic and Leptic Regosol; 15: Humic Umbrisol. Black dots represent the shallow landslides and mud-debris flows triggered by rainfall events in the period of 1911–2010, included in the collected database. 
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Figure 5. Example of shallow landslides and mud-debris flows triggered by intense rainfalls in the alpine and pre-alpine provinces of the Lombardy region: (A) view of the debris flow that occurred in Vallone di Campo (SO) in 1937; (B) view of the soil slips triggered by heavy rainfalls that occurred on 1 June 2002 in Malnate (VA) in the Olona Valley, close to the bridges of the motorway and railway; and (C) view of the Rossiga mud-debris flow that occurred in Cortenova (LC) on 27 November 2002. The red arrow indicates the maximum level reached by the debris. (D) View of the mud-debris flows that occurred in Brienno (CO) on 7 July 2011 that destroyed some buildings and caused severe damage to structures and infrastructures (image source: CNR-IRPI authors). 
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Figure 6. Main sources of mass movement information and correlated number of landslide events. 
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Figure 7. Rainfall events (colored marks) that resulted in soil slips and mud-debris flows in the Varese, Como, Lecco, and Bergamo Provinces in the period of 1911–2010. Colored lines represent thresholds that leave 90% empirical points IN-D above the curve for different ranges of duration (blue, < 10 h; red, > 10 h). 
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Figure 8. Rainfall intensity–rainfall duration (ID) thresholds for the whole data set and for the two soil regions (M1 and M2) (see Table 5. Colored lines are 5% power law thresholds. Shaded areas between dashed lines show 95% confidence intervals of the threshold curves. 
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Figure 9. Rainfall intensity–rainfall duration (ID) thresholds for fine- and coarse-textured soils (see Table 5). Colored lines are 5% power law thresholds. Shaded areas between dashed lines show the 95% confidence intervals of the threshold curves. 
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Figure 10. Rainfall intensity–rainfall duration (ID) thresholds for four different soil types: Cambisols fine soils (CM fine); Cambisols coarse and skeletal soils (CM coarse & skel.); Podzol soils (PZ); Umbrisol soils (UM). Colored lines are 5% power law thresholds. Shaded areas between dashed lines show the 95% confidence intervals of the threshold curves. 
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Table 1. Extension (in km2 and as a percentage), classification of the dominant soil(s), average depth of the soil profile and its textural class(es), number of recorded landslides, and landslide density for each soil typological unit (STU) identified within the soil regions M1 and M2 of the Alps and Prealps of Lombardy. SL: Sandy Loam; LS: Loamy Sand; L: Loamy; CL: Clay-loam; SiL: Silt Loam; SCL: Silty Clay Loam.
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	Soil

Region
	STU ID
	Area km2
	% Area/Region
	Dominant Soils
	Average Depth, cm
	Textural Class
	N° of Landslides
	Landslide Density (N/km2)





	M1
	1
	1365
	34%
	Skeletic Cambisol
	150
	SL
	309
	0.23



	M1
	12
	932
	23%
	Umbric and Skeletic Podzol
	150
	SL
	65
	0.07



	M1
	15
	766
	19%
	Humic Umbrisol
	90
	SL (LS)
	99
	0.13



	M1
	8
	456
	11%
	Humic and Skeletic Leptosol
	30
	SL (L)
	13
	0.03



	M1
	14
	225
	6%
	Cambic and Leptic Regosol
	60
	SL-LS
	34
	0.15



	M1
	2
	160
	4%
	Skeletic Cambisol
	200
	SL (LS)
	54
	0.34



	M1
	6
	111
	3%
	Eutric Fluvisol
	120
	SL
	-
	-



	M1
	0
	17
	0%
	Skeletic Fluvisol and Leptic Regosol
	25
	SL-LS
	-
	-



	M2
	4
	1491
	39%
	Leptic and Eutric Cambisol
	100
	CL e L
	114
	0.08



	M2
	9
	858
	22%
	Skeletic and Rendzic Leptosol
	20
	L-SL (SiL)
	45
	0.05



	M2
	2
	570
	15%
	Leptic and Skeletic Cambisol
	170
	L (CL)
	85
	0.15



	M2
	3
	274
	7%
	Leptic and Fluvic Cambisol
	70
	CL
	15
	0.05



	M2
	10
	231
	6%
	Luvisol
	180
	CL (SCL)
	33
	0.14



	M2
	11
	130
	3%
	Leptic Phaeozem
	60
	L (SL)
	8
	0.06



	M2
	15
	124
	3%
	Umbrisol
	90
	SL (SiL)
	11
	0.09



	M2
	13
	94
	2%
	Calcaric and Leptic Regosol
	60
	L (CL)
	5
	0.05



	M2
	8
	57
	1%
	Skeletic Leptosol
	40
	SL
	1
	0.02



	M2
	6
	21
	1%
	Haplic Fluvisol
	150
	SL
	-
	-
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Table 2. Descriptive statistics of the available soil information that referred to the delineation of the soil map at the scale of 1:250,000 and presented for the whole study area and for the M1 and M2 soil regions. Different letters indicate significant differences according to ANOVA (p < 0.05). * Topographic variables (elevation and slope) were obtained from DTM for triggered landslides for which exact localization was known (N = 872). Different letters indicate significant differences according to ANOVA (p < 0.05).
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	Num
	Mean
	St. Dev
	Min
	Median
	Max





	Surface Stoniness (%)
	10,987
	12.19
	13.53
	0.00
	6.00
	80.00



	M1
	5621
	14.86 a
	12.54
	0.00
	16.00
	35.00



	M2
	4868
	10.10 b
	14.44
	0.00
	1.00
	80.00



	Surface Rockiness (%)
	10,987
	10.36
	9.00
	0.00
	10.00
	65.00



	M1
	5621
	12.55 a
	9.34
	0.00
	12.00
	65.00



	M2
	4868
	8.89 b
	7.97
	0.00
	5.00
	32.00



	Depth (cm)
	10,987
	93.02
	71.86
	8.00
	73.00
	294.00



	M1
	5621
	86.57 a
	61.78
	8.00
	73.00
	204.00



	M2
	4868
	96.91 b
	80.36
	11.00
	55.00
	294.00



	Skeleton, up to 1 m depth (%)
	10,987
	30.81
	16.70
	0.00
	32.00
	80.00



	M1
	5621
	35.98 a
	10.61
	3.00
	35.00
	69.00



	M2
	4868
	27.15 b
	19.75
	4.00
	21.00
	80.00



	Organic C, up to 1 m depth (%)
	10,987
	2.99
	2.17
	0.70
	2.20
	11.10



	M1
	5621
	3.56 a
	2.11
	0.80
	2.40
	8.50



	M2
	4868
	2.29 b
	1.66
	0.70
	1.90
	9.50



	Elevation *, average (m a.s.l.)
	872
	912.7
	484.4
	211.6
	822.6
	2453.3



	M1
	564
	1044.1 a
	456.4
	242.1
	981.2
	2453.3



	M2
	318
	683.8 b
	324.2
	211.6
	642.7
	2012.5



	Slope *, average (%)
	872
	58.30
	23.77
	3.72
	56.46
	141.47



	M1
	554
	62.12 a
	20.83
	3.72
	61.02
	141.47



	M2
	318
	51.63 b
	22.77
	4.86
	49.79
	141.00
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Table 3. Descriptive statistics of the rainfall events triggering landslides in the two soil regions (M1 and M2) and in the entire study area. Mean values followed by different letters are significantly different at the p < 0.05 level, according to ANOVA test.
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	Mean
	Number of Events
	Std. Dev.
	Minimum
	Median
	Maximum





	Cumulative Precipitation, mm
	
	
	
	
	
	



	Soil region M1
	95.6 a
	246
	72.7
	6.3
	80.8
	382.0



	Soil region M2
	107.9 a
	111
	79.8
	2.0
	79.5
	382.0



	All events
	99.4
	357
	75.1
	2.0
	80.0
	382.0



	Duration, h
	
	
	
	
	
	



	Soil region M1
	33.5 a
	246
	27.1
	1.0
	32.0
	110.0



	Soil region M2
	27.1 b
	111
	26.1
	1.0
	19.0
	106.0



	All events
	31.4
	357
	26.0
	1.0
	28.0
	110.0



	Intensity, mm/h
	
	
	
	
	
	



	Soil region M1
	4.6 a
	246
	4.7
	0.3
	2.9
	31.8



	Soil region M2
	8.2 b
	111
	9.4
	1.0
	4.5
	39.0



	All events
	5.7
	357
	6.7
	0.3
	3.1
	39.0
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Table 4. Correlation matrix between soil and rainfall variables associated with landslides (N = 297); in bold; statistically significant values (p < 0.05). Ston.: surface stoniness (%); Rock.: surface rockiness (%); Depth: soil depth (cm); Skel.: skeleton (%); C org.: soil organic carbon (%); D: rainfall duration (h); Pc: cumulative precipitation (mm); I: rainfall intensity (mm/h); EL: elevation from digital elevation model, mean value within a buffer of 40 m radius centered on landslide location (m a.s.l.); SLP: slope from digital elevation model, mean value within a buffer of 40 m radius centered on landslide location (%).
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	Ston.
	Rock.
	Depth
	Skel.
	C org.
	D
	Pc
	I
	EL
	SLP





	Ston.
	1
	0.11
	0.10
	0.18
	0.12
	0.04
	−0.04
	−0.16
	0.25
	0.12



	Rock.
	
	1
	−0.53
	0.21
	0.49
	0.01
	−0.02
	−0.07
	0.12
	0.22



	Depth
	
	
	1
	−0.14
	−0.46
	0.16
	0.04
	−0.23
	−0.07
	−0.18



	Skel.
	
	
	
	1
	0.17
	0.01
	−0.07
	−0.02
	0.33
	0.10



	C org.
	
	
	
	
	1
	−0.09
	−0.10
	−0.02
	0.28
	0.02



	D
	
	
	
	
	
	1
	0.78
	−0.47
	−0.05
	−0.01



	Pc
	
	
	
	
	
	
	1
	−0.12
	−0.11
	0.02



	I
	
	
	
	
	
	
	
	1
	−0.03
	−0.01



	EL
	
	
	
	
	
	
	
	
	1
	0.13



	SLP
	
	
	
	
	
	
	
	
	
	1
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Table 5. New regional and pedological ID thresholds defined in this work and similar ID thresholds derived from the literature for the same area. Delta is the uncertainty for the parameters α and β of the threshold curves; D represents the rainfall duration (in h).
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	Events
	Intercept, α
	Slope, β
	Delta α
	Delta β
	D Range





	New thresholds
	
	
	
	
	
	



	Regional thresholds
	
	
	
	
	
	



	Lombardy Alps and Prealps (Equation (2))
	343
	7.138
	−0.442
	0.854
	0.022
	1 < D < 110



	Varese, Como, Lecco, and Bergamo (Equation (3))
	86
	0.57
	−0.43
	
	
	0.2 < D < 10



	Varese, Como, Lecco, and Bergamo (Equation (4))
	86
	0.33
	−0.19
	
	
	10 < D < 100



	Soil region thresholds
	
	
	
	
	
	



	Soil region M1 (Equation (5))
	241
	3.330
	−0.379
	0.522
	0.024
	1 < D < 110



	Soil region M2 (Equation (6))
	102
	18.465
	−0.532
	1.184
	0.038
	1 < D < 106



	Soil texture thresholds
	
	
	
	
	
	



	Coarse textured soils (Equation (7))
	206
	4.985
	−0.408
	0.608
	0.029
	1 < D < 110



	Fine textured soils (Equation (8))
	89
	18.019
	−0.528
	1.050
	0.039
	1 < D < 106



	Soil group thresholds
	
	
	
	
	
	



	Cambisol coarse and skeletal soils (Equation (9))
	107
	5.087
	−0.393
	0.706
	0.038
	1 < D < 110



	Cambisol fine soils (Equation (10))
	68
	17.141
	−0.534
	1.234
	0.049
	1 < D < 106



	Umbrisol soils (Equation (11))
	36
	8.225
	−0.437
	0.915
	0.074
	2 < D < 67



	Podzol soils (Equation (12))
	27
	8.868
	−0.426
	0.939
	0.070
	1 < D < 70



	Reference thresholds
	
	
	
	
	
	



	Sondrio and Brescia (Luino et al., 2019) [43]
	291
	0.58
	−0.46
	
	
	0.2 < D < 10



	Sondrio and Brescia (Luino et al., 2019) [43]
	291
	0.31
	−0.19
	
	
	10 < D < 100



	Lombardia (Ceriani et al., 1994) [96]
	-
	20.10
	−0.550
	-
	-
	1 < D < 1000



	Valtellina (Cancelli and Nova, 1985) [97]
	-
	44.67
	−0.780
	-
	-
	1 < D < 1000
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