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Abstract

:

Badlands are typical erosional landforms of the Apennines (Northern Italy) that form on Plio-Pleistocene clayey bedrock and rapidly evolve. The present study aimed at identification and assessment of the areal and temporal changes of badlands within a pilot area of the Modena Province (Emilia Apennines), where no previous detailed investigation has been carried out. For this purpose, a diachronic investigation was carried out to map the drainage basin and the drainage networks of the linear erosion features in the study area during the last 40 years, and to evaluate changes in badlands drainage basins morphometry and surface, land use and pluviometry. The investigation carried out indicated a general stabilisation trend of the badlands in the study area. In fact, a reduction in the bare surface area from 6187.1 m2 in 1973 to 4214.1 m2 in 2014 (31%), due to an intensified revegetation process around the badland areas, has been recorded. This trend, in line with the results of research carried out in other sector of the Northern Apennines, is mainly due to intensive land use changes, mostly the increase in forest cover and the reduction of agricultural land, that occurred in the study area from the 1970s onwards.
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1. Introduction


Soil erosion is one of the most significant land degradation processes worldwide and has produced diverse geomorphological effects in different environments according to anthropogenetic and climatic forcing.



Badlands are deeply and densely dissected accelerated erosional landforms often developed on unconsolidated or poorly cemented materials [1]. They are generally characterised by steep, unvegetated slopes, a high drainage density and high erosion rates. Badlands are similar to miniature fluvial systems, and it is possible to observe interconnections between hillslope processes and landforms [2]. The morphogenesis and evolution of badlands are complex and still under debate. Among the controlling factors suggested in the literature, those indicated as fundamental are as follows: (i) The lithology [3,4] and physical, chemical and mineralogical properties (e.g., sediment size, clay mineralogy, Atterberg’s limits, porosity and pore water chemistry) [5,6]; (ii) climatic factors such as strong seasonal humid/arid contrasts favoured by south-facing slopes [6,7,8,9,10,11]; (iii) the landscape morphology/topography, particularly the slope gradient, orientation and exposure [12]; (iv) anthropic activities such as deforestation for land reclamation, land levelling, cropland abandonment, extensive agriculture and pasture [13,14]. Moreover, badland areas are often characterised by scarce or absent vegetation cover [15,16,17,18,19], related to unfavourable climate conditions, and by the occurrence of mass wasting processes such as slides, earthflows, mudflows and creeping [8,14,20,21].



Badlands are typically frequent in drylands [20,22,23,24,25,26,27,28,29], but they also occur in wetter areas (from semiarid to humid), with annual rain ranging from 400 to 1200 mm/year, often concentrated in the autumn after marked semiarid conditions during the summer period, as in the Mediterranean Basin [30,31,32,33,34,35].



Hillslope degradation is an important process that can have negative impacts on agriculture and terrestrial ecosystems as a whole [36], causing the loss and depletion of soil, decreases land productivity and accessibility, economic damage, risky conditions and environmental changes in the landscape [37,38,39,40,41,42,43,44,45]. On the other hand, it can also increase the geodiversity of a territory, contributing to its tourism development [14,46,47,48]. Moreover, spectacular erosion landforms (i.e., badlands) have important ecological functions and are considered hotspot areas of biodiversity [49]. The different phases of historical gully erosion can reflect significant environmental changes such as changes in climate and human–environment interactions [48]. During times of global change, it is of remarkable interest to trace the environmental changes in different terrains, including badlands, and to properly analyse and study these processes in order to plan effective strategies for landscape conservation and enhancement.



For the last 30 years there has been a growing scientific interest in badlands and, more in general, in gully erosion. This reflects the concern to increase knowledge of factors, controls, dynamics and impacts of badlands in the context of global change [39,44,50,51,52]. The study of Martinez-Murillo and Nadal-Romero [53] reviewed studies during recent decades on badlands, presenting a summary of the main specific research topics: origin, lithology, human activities and land use, vegetation, hydrology, piping, erosion and erosion rates, modelling and use of emerging technologies, reclamation and restoration, geoheritage and geotourism. Many studies have examined the effects of human activities and land use changes on badlands [54,55,56,57,58,59,60,61]. Farming systems and practices, such as development of livestock and croplands, rural abandonment and land levelling, can strongly affect the persistence and the evolution of badlands. In particular, land levelling is responsible for badland shrink in several parts of the world, as reported by Poesen [62]. Clarke and Rendell [56] highlight how the remodelling and levelling activities to increase agricultural productivity can cause the loss of badland landforms and an increase in soil erosion. Hillslope degradation in response of land use change, also promoted by agricultural policy, has been extensively documented in semi-arid regions, particularly in many areas of the Mediterranean Basin [35,56,63,64,65,66,67,68,69]. Reforestation is also blamed to play an active role on landscape transformation and particularly in decreasing erosion rates in badland areas [35,70,71,72,73]. The relationship between changes in rainfall patterns (annual precipitation, intensity and inter-annual variability) and badland inter-rill erosion has received attention as well [56,66,67,74,75,76,77,78,79,80].



In Italy, badlands are spread widely and discontinuously in areas of the Apennines mountain chain and Sicily, where Plio-Pleistocene marine clayey and marly terrains outcrop [81]. In the Italian literature, the investigation of badland landforms and landscapes—their identification, characterisation, and temporal and spatial variation—dates back to the beginning of the last century and is mainly concentrated on central and southern parts of Italy [2,6,11,12,13,14,17,23,28,49,55,67,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102].



Badlands consisting of Pliocene and Pleistocene claystone are widespread in the pre-Apennine hills in the Emilia Romagna region, but, apart from the studies by Bucciante [6] and Farabegoli and Agostini [87], no recent and detailed work has been conducted. The local erosion rates have been very high in this area, causing the development of widespread badland landforms, accompanied by hazardous processes, such as the retrogression of badland scarps and rapid soil depletion. The Modena Apennines are widely affected by intense hillslope degradation, and typical badland examples are observed in the hilly area between Fiorano and Marano sul Panaro. According to the Modena Province-Coordinated Territorial Plan (PTCP), badlands are divided and mapped according to their landscape value, as:




	
Type A or peculiar badlands (type A sensu [17,83]), characterised by sharp and dissected landforms with knife-shape slopes, sparse vegetation and high drainage. This type of badland has a high intrinsic landscape value, and all interventions and activities that could alter or compromise the conditions of the places, the morphogenetic or biological processes, or the perception of the landscapes are forbidden [103];



	
Type B or typical badlands (type B sensu [17,83]), characterised by gentle slopes affected by recurrent surficial slides and mudflows and a less-dense drainage system. For this type of badland, with a medium landscape value, some anthropogenic activities (e.g., the installation of telecommunication lines and systems, and systems for water supply) in the surrounding areas are allowed;



	
Type C or pseudo-badlands, characterised by a gentle morphology, with little-to-no landscape value. Anthropogenic activities are allowed in these areas, but measures to mitigate the impacts on the landscape should always be taken;








In Modena Province, 8% of the badlands are Type A and cover an area of 3.6 km2, 48.2% belong to Type B and cover 10 km2, and 43.8% belong to Type C and cover 10.1 km2.



Starting from these premises, the present study focuses on badlands of a pilot area in the Modena Province (Emilia Apennines, Northern Italy), representative of the morpho-evolution and degradation processes that affect hilly areas of the Emilia Apennines. The study area is part of the industrial district of Sassuolo-Fiorano-Maranello, the largest tile making district in the world, that faced significant land use changes in the past century. Moreover, the area represents a growing tourist attraction due to the high aesthetic value of hilly landscapes and to the presence of the best developed and largest mud volcano field of Italy. As mentioned above, no previous systematic studies on badlands in Emilia Apennines have been conducted. Thus, the main aims of this study are the: (i) Identification, morphometrical characterisation and mapping of spatial and temporal changes of badlands; (ii) identification and characterization of the main geo-environmental features, such as topographic aspect, climate, and human induced land use changes, to detect the controlling factors in the morphodynamics of badlands in the study area.



For this purpose, a diachronic investigation is carried out, mapping the drainage basin and the drainage networks of each badlands area over the last 40 years, and evaluating changes in badland drainage basins morphometry and surface, land use and pluviometry. The obtained results are compared with studies on badlands in Apennines and in the central Mediterranean regions.




2. Study Area


The study area, located on the foothills of the Northern Apennines (Municipality of Fiorano Modenese, Modena Province, Italy) has an extent of about 10 km2 and an elevation ranging from 143 to 308 m a.s.l. (Figure 1). The area is; therefore, a low-hill territory, belonging to the River Secchia catchment. The Torrente Fossa, the main stream channel in the study area, is a right tributary of the River Secchia and flows in a SW–NE direction, collecting the water of its left tributaries, Rio Chianca and Rio delle Salse.



2.1. Climatic Setting


The climate of the area is defined as temperate, a mild temperate climate (Cfa) according to the Köppen classification [104]. An arithmetic mean of climate data for the period 1954–2018, related to three significant stations in the surrounding regions of the study area (San Valentino, Castellarano and Sassuolo cf. Figure 1), are summarised in Table 1. The mean annual rainfall is around 800 mm. Rainfall is concentrated in the spring and autumn months, with a maximum precipitation in November at about 90 mm; conversely, the summer months are hot and dry, with a minimum precipitation in July at only 39 mm (Figure 2a). The mean annual temperature is about 13 °C. In July, the hottest month, the temperature reaches 29 °C in July, the hottest month, and 2 °C in January, the coldest (Figure 2b).




2.2. Geological Setting


From a geological viewpoint, the area is located in the Modena Apennine margin, where the outcropping units reflect the most recent (since the Upper Eocene) geological history of the rising Apennine chain (Figure 3). In particular, marine silty-clayey rock types belonging to the Argille Azzurre Formation (Lower Pliocene–Lower Pleistocene) extensively crop out [105]. They are marly clays, grey and blueish-grey clayey and silty marls, cropping out in medium-to-thin layers, with joints hardly visible owing to bioturbation. Discontinuous, thin, laminated layers of fine biocalcarenites and yellowish siltites are found locally [105,106]. The carbonate content is quite low (25–30%) [107], and the main components are kaolin and montmorillonite [108]. The general setting of the strata shows a NW–SE strike, with an 8°-to-40° NE dip. In the SW part of the study area, the Termina Formation (Tortonian–Lower Messian) crops out. The Termina Formation is composed of greyish clayey marl characterised by undistinguished stratification and by the presence of bioclasts, biosoma and glauconite, intercalated by thin layers of fine sandstone. Continental Quaternary deposits, which belong to the Modena Unit sediments dating from the sixth century CE, crop out along the Torrente Fossa riverbed. This unit comprises gravel deposits turning to alluvial terrace sand and silt deposits [105,106]. Corresponding to the Salse di Nirano Natural Reserve, there are sediments belonging to the emissions of Salse. They are considered Quaternary deposits and are composed of “mud flow” locally complemented by debris related to the upwelling of water and hydrocarbons.



From a tectonic viewpoint, the study area is located approximately 2 km southwest of the active Pedo-Apennine thrust. An anticline, folding the Pliocene–Early Pleistocene claystone, crosses the area, with its major axis trending NW–SE. Two main families of steep, nearly perpendicular, tectonic discontinuities (high angle faults and/or fractures) are oriented with NW-SW direction and, orthogonal to the latter, with SW-NE and ENE-WSW direction.




2.3. Geomorphological Outlines


The geomorphological features of the study area are determined by the widespread presence of clay. The main geomorphological processes and related landforms are associated to mass movements and surface runoff. Landslides are mainly ascribable to shallow earth slides and earth flows, in most cases affecting cultivated fields. Many landslide deposits along the Rio Serra and Rio delle Salse valleys have been colonised by spontaneous vegetation, which has contributed to their stabilisation. Solifluction is a secondary process particularly widespread in the northern part of the area, particularly in slopes with fine grain size lithologies and bare of vegetation, where it has been favoured by creep due to grazing. Landforms and deposits due to running waters are particularly widespread. The alluvial deposits are limited in the central region of the study area in correspondence with Rio del Petrolio and Rio Chianca. Due to the mutual interaction between gravitational processes and running water action, a remarkable badland morphology, developed on slopes constituted by the Argille Azzurre Formation, characterises this area (Figure 4). In fact, according to PTCT, Type A badlands make up more than 40%, covering an area of 1.4 km2, while Type B and C badlands represent 29% each, covering 0.5 and 0.4 km2, respectively. Landslides and earth flows can contribute to the regression of the badlands’ slopes and can fill the drainage network.





3. Materials and Methods


Initially badlands were mapped on 1:5000 topographical maps by aerial photo and satellite image interpretation and field visits, allowing an inventory map of badlands to be constructed. In our study, we consider only Type A badland [17,83] and every little horseshoe type hydrographic unit characterised by bare soil or signs of intense denudations were mapped.



The morphological evolutionary trend of the badlands in the study area was evaluated according to the different steps described below.



3.1. Multitemporal Analysis of Aerial Photos and Satellite Images and Mapping of Badlands’ Drainage Basin Changes


The multitemporal mapping of the drainage basins of each badland area, with particular reference to the badlands’ head retreats and sidewall failures, was performed in GIS (ESRI software ArcGis 10.2.1, ArcMap) through manual delineation method. Gully walls and headcuts were digitalized on screen and on orthophotographs and satellite images with appropriate and comparable scales (Table 2). Therefore, images dated to 1954 and 1981, with non-comparable scales, were excluded from the mapping. Considering this source data, with a resolution of 0.5 m, the expected error is of ±2% [11,103]. Subsequently, the area (A) of each drainage basin and its bare surface was calculated and uploaded into a geodatabase, and the percentages of surface variations throughout the investigated periods were calculated with respect to the initial surface area size in order to compare their evolution and perform the succeeding morphometric analysis.




3.2. Morphometric and Multiparametric Analysis


The drainage network in the digitalised basins was reconstructed through the aerial photointerpretation of two pairs of orthophotos from the years 1973 and 2014 that show the most significant changes in the badland area and morphology. The stream network was digitalised in GIS, through manual delineation method; the lengths of the channels (L), the number, and the stream hierarchy were identified; and the following morphometric indices were calculated: The drainage density (D) and the direct bifurcation ratio (Rdb). These indices are related to the characteristics of the hydrographic system and depend on the erosion rate. The D parameter is the sum of the lengths of all the streams and rivers in a drainage basin (ƩL) divided by the total area of the drainage basin (A) [109,110]. The intensification of the precipitation and slope acclivity cause the D to increase. The higher the D, the higher the erosion rate for the ground. The direct bifurcation ratio is the ratio of the number of stream branches of a given order (Ndu) to the number of stream branches of the next higher order (Nu + 1) [109,110,111].



In order to correlate different factors, a multiparametric analysis was performed, taking into account the following parameters: The direct bifurcation ratio, drainage density, slope exposure, and basin evolution typology.




3.3. Pluviometric Data and Land Use


Although the pluviometric data were fragmented for the study area, three measuring stations adjacent to the area, and located at San Valentino (314 m a.s.l.), Sassuolo (121 m) and Castellarano (135 m), were taken into consideration and an arithmetic mean of data from these stations was used for analysis. The dataset covers the period 1954–2018. In order to better understand the role played by precipitation variability in badland development, total annual and monthly precipitation data over a period of 60 years were computed. Moreover, the rainfall intensity, maximum number of consecutive dry days and maximum number of consecutive wet days were calculated. According to several authors [45,66,76,112], daily rainfall >10.0 mm can be considered the threshold at which runoff commences in semiarid environments. Accordingly, pluviometric events >2.0, >10.0 and <30.0, and >30.0 mm were considered, and the trend from 1954 to 2018 was analysed. Finally, the average annual precipitation over 10-year periods was then correlated with the results obtained by the analysis of the evolutionary trend of the badland area and the multitemporal photointerpretation analysis.



Because land use changes and variation in vegetation cover are possible driving factors for badland evolution, land use changes were examined using two datasets for 1994 and 2014 provided by the Geoportale della Regione Emilia-Romagna, and the percentages of the major land use classes, according to the CORINE Land Cover, were calculated.





4. Results and Discussion


4.1. Multitemporal Analysis and Mapping of Badland Areas


The multitemporal photointerpretation allowed the identification of the surface-area changes caused by water runoff over the last 50 years. In 1954, the badlands were characterised by a dense network of deep incisions, and steep and bare slopes with sharp, knife-edge ridges. In 1973 and 1981, the vegetation cover increased, and rills and gullies were less evident. Significant changes cannot be recognised in the aerial photos of 1988/89 and 1994 due to their small scales and black and white colours. From 2003 to the present, the vegetation cover has colonised the foot of the slopes, and a general trend of decreasing bare surface areas and a progressive increase in vegetation growing upward can be observed. Moreover, the bottom of the gullies has frequently become filled with flow deposits over the last 50 years.



The analysis of the orthophotos spanning 1973 to 2014 allowed the mapping and digitalisation of 55 drainage basins (Figure 5). Inside each basin, the segment of furrows was traced for the years 1973 and 2014, showing the most significant changes in badland surface area (Figure 5). The multitemporal landform mapping provided information about badland changes and evolution in time and space.



Observing the spatial distribution of badlands, it can be noticed that 60% of badlands is aligned preferentially along an ENE-WSW direction, perpendicular to the anticline which cross the area, while the remaining 40% is aligned preferentially parallel to the anticline with the major axis trending NW-SE, documented in local geological maps.



On average, the recorded trend highlighted a moderate reduction in the bare surface area from 6187.1 m2 in 1973 to 4214.1 m2 in 2014 (31%), due to an intensified revegetation process around the badland areas, while the total badland area did not show a significant modification, from 575,778 m2 in 1973 to 583,565 m2. In fact, the increase of about 1.3% in the total badland area is in line with expected error related to orthophotos resolution and digitalization process.



In particular, for a 40-year period in the study area, it can be observed that:




	
In 26 basins, there is no evidence of significant evolution of the upper margin of the badland; the upper margin is indeed apparently stable;



	
In 10 basins, the upper margin is moving downward because of the vegetation preventing the erosion;



	
In 11 basins, the ridge of the badlands is affected by a regression of the margin;



	
Four basins are visible only in the aerial photos of 1973 and not in the orthophotos of 2014: This is due to intensified revegetation processes;



	
Four basins are visible only in the orthophotos of 2014 and not in the aerial photos of 1973.








The changes in the bare surface area may suggest that, in the study area, the revegetation process is more intense than the erosion one.




4.2. Morphometric and Multiparametric Analysis


Regarding the morphometric analysis, the data relating to the geometric parameters of the badland basins in 1973 and 2014 can be summarised as follows:




	
D fluctuated between 0.018 and 0.064 m/m2 in 1973 and 0.006 and 0.044 m/m2 in 2014. The average values were 0.04 m/m2 (in 1973) and 0.02 m/m2 (in 2014) (Figure 6). In 1973, the maximum value was 0.064 m/m2, and the minimum, 0.018 m/m2; in 2014, the maximum was 0.044 m/m2, and the minimum, 0.006 m/m2. The averages were 0.04 m/m2 (in 1973) and 0.02 m/m2 (in 2014);



	
Rdb fluctuated between 2 and 6 in 1973 and between 2 and 5 in 2014, showing that the hydrographic system is not very articulated. The maximum value in 1973 was 6, and the maximum in 2014 was 5; the minimum value was 2 in both 1973 and 2014 (Figure 7).








Comparing the values of D in 1973 and in 2014, it can be noticed that D is generally decreasing through time, indicating a decreasing erosion rate for the ground. This could be mainly due to the decreasing total length of the channels of the hydrographic system (ƩL) and not to the variation of the badland area extent. There was an increase in D in only five basins—5, 21, 32, 34, and 48.



Comparing the values of Rdb in 1973 and in 2014, it can be observed that the Rdb values are generally decreasing, which means that the hydrographic systems are not so articulated and the erosion rate is decreasing. However, in 11 basins (13, 14, 16, 19, 21, 25, 26, 34, 43, 46, and 48), Rbd is increasing, and the values did not change in nine basins (1, 2, 5, 15, 17, 20, 22, 32, and 42).



Finally, we evaluated the correlation between the Rbd parameter and the D parameter for both years (the D values increased a hundred times) (Figure 8). Both D and Rdb tended to decrease over time, although with differently distributed values. In particular, only in nine basins (numbers 8, 9, 18, 23, 27, 28, 29, 33, and 41) there was a significant decrease in both D and Rdb; in four basins (numbers 3, 4, 40, and 47), Rdb decreased significantly, unlike D, which showed a limited decrease; in seven basins (numbers 1, 2, 15, 17, 20, 22, and 42), D decreased significantly, but the corresponding Rdb values do not show variations between the two years considered; finally, the increase in Rdb was also related to an increase in D only in three basins, namely, numbers 21, 34, and 48.



The data obtained were then correlated with the type of evolution of badlands and with slope aspect. Therefore, only basins characterised by significant evidence of evolution through time were considered. In 11 basins, the scarp of the badlands was affected by a regression, with the Rbd values showing a random trend and D values decreasing (showing a possible correlation). In 10 basins, the upper margin of the badlands is moving downward because of the presence of the vegetation, and the Rbd and D values have random trends, showing no correlation between the evolution typologies and the variation of parameters over time.



The slope exposure does not seem to have particularly influenced the evolution of the badlands. In fact, 69% of badlands form preferentially on SW and S-facing flanks (135°–225°); of the 11 badlands that show a regression of the upper margin, five basins are exposed to western directions, five to a southern direction and only one to a northern direction (Figure 9). On the other hand, all 10 basins that show a revegetation process are exposed to southern directions.




4.3. Analysis of Pluviometric Data and Land Use Changes


The analysis of the annual precipitation during the period 1954–2018 showed a general decreasing tendency for the average annual precipitation, although the decreases were very low and characterised by a sinusoidal trend (Figure 10a); this is consistent with the results reported by several authors on long-term climate variability in Italy [113,114,115,116,117,118]. A general decrease in rainfall intensity (mm/rain day) also occurred during the period (Figure 10b). Nevertheless, the decrease in intensity was less than that in total annual precipitation. From the trend analysis of events >2.0, >10.0 and <30.0, and >30.0 mm, it emerges that a significant decrease in pluviometric events >2.0, >10.0, and >30.0 mm has occurred (Figure 11), reflecting a general decrease in rainfall intensity and total annual precipitation. No significant trend was recorded for >30.0 mm pluviometric events.



In order to evaluate the role of dry/wet cycles, the maximum numbers of consecutive dry and wet daily events were calculated. The analysis shows a slight increase in consecutive wet days and decrease in consecutive dry days. This trend is in line with the bare surface area reduction recorded for the study area. In fact, a substantial decrease in the amount and frequency of rainfall tend to reduce the effectiveness of rilling, leading to less-intensive dynamics for the soil-erosion process.



The analysis of the average annual precipitation over 10-year periods (Figure 12) and of the results obtained by multitemporal photointerpretation analysis showed that, in 1954–1973, the variation of the average annual precipitation is represented by a decrease of about 15%, accompanied by an increment in vegetation, as revealed by the multitemporal photointerpretation analysis. In 1973–1983, the average annual precipitation decreased by about 9%, and the analysis of the evolutionary trend of the badland areas revealed that in 7% there was a retrogression of badland scarps by about 9 m. No significant differences were detected in the period 1983–1993, while an increase of 15% in average annual precipitation was recorded in the subinterval 1994–2013. In this time period, 15% of the badlands were characterised by active retrogressive movement, which may be related to the precipitation increase recorded.



Land use changes were deduced using two datasets for 1994 and 2014 provided by the Geoportale della Regione Emilia-Romagna, and the percentages of the major land use classes, according to the CORINE Land Cover, were calculated (Table 3). Arable lands and shrub and/or herbaceous vegetation associations were significantly reduced in the study area, by >30%, compared with the situation elucidated by the 1994 land use map, favouring a revegetation process. In fact, forest areas increased by 34% (Table 3), while areas with little or no vegetation slightly increased, by 5% (Figure 13).



The increase in the vegetation cover confirms a gradual stabilisation of the badland slopes over time and is in line with results of the analysis of the detailed maps of the vegetation cover and land use of the territory of the Salse di Nirano Natural Reserve—with a surface area of approximately 75,000 m2—of 1973 and 2006. In 1973, areas with no vegetation and sparse and discontinuous herbaceous cover accounted for approximately 15% of the total area, while in 2006 they were reduced to less than 5%. Arable lands were significantly reduced, by 62%, while the forest cover increased significantly from 7.5% in 1973 to 37% in 2006, tending to encompass the surrounding areas adjacent to badlands. In general, the forests are in a juvenile state, mostly originated by the abonnement of agriculture or iterated cutting in the past century. In 2006, different typologies of grassy plants covered the ground, such as Agropyron pungens, Podospermum canum and Aster linosyris, stabilising the slope and limiting the water erosion. Subsequently, bushes and shrubs have taken root (e.g., Spartium junceum, Rosa canina, Prunus spinosa, and Cornus sanguinea), which present strong root systems and make the slope more stable. Arboreal plants have also colonised the slopes, such as Quercus pubescens, Ulmus minor and Fraxinus ornus [119]. This trend is coincident with the institution in 1982 of the Regional Natural Reserve of Salse di Nirano, and with the resulting land use restrictions and regulations implemented for the area (Figure 14).





5. Discussion and Conclusions


The investigation conducted in the study area allowed the identification and assessment of the areal and temporal changes of badlands over the last 40 years. In total, 55 Type A badlands were identified and digitalised, together with their stream network. Badlands are more extensively developed on SW and S-facing slopes, representing 69% of the total badlands. The presence of two main families of nearly perpendicular tectonic discontinuities, roughly parallel and orthogonal to the anticline axis, is likely to have influenced the distribution of the badland slopes. In fact, the 60% of badlands is aligned along an ENE-WSW direction, while the remaining 40% is aligned along a NW-SE direction. The drainage density and the direct bifurcation ratio for the years 1973 and 2014 were calculated; both decreased over time, showing a decreasing erosion rate for the ground. This trend was confirmed by the results of the multitemporal analysis of the orthophotos, which reveal a reduction of the bare surface area from 6187.1 m2 in 1973 to 4214.1 m2 in 2014 due to an intensified revegetation process. The area reduction of the badlands observed for the study area is related to the land-cover changes, mainly due to agricultural activities, that occurred from the 1970s onwards. These consist essentially of a significant increase in more-protective land use types such as forests, permanent crops and pastures. This is particularly significant in the badlands located within the Regional Natural Reserve of Salse di Nirano, where the land use restrictions and regulations implemented along with its institution in 1982 has played a predominant role in badland evolution. In fact, the lack of typical management practices, such as regular mowing activities, and the reduction of arable lands due to their progressive abandonment have contributed to favouring revegetation on the badland slopes. The pluviometric variation during the period 1954–2018 likely favoured increase in revegetation processes, even if further analysis of pluviometric data (e.g., annual number of consecutive dry and wet days and annual spell length of dry and wet days spells) as well as temperature variation are needed.



The stabilisation trend of the badland area in the study area is in line with the results of research carried out in the Northern Apennines by Bosino et al. [101], who observed that 73% of badlands show a decrease in average area of ca. 34% over a 40-year period, caused by a combination of natural and anthropic processes. The authors state that the decrease of average annual precipitation and of agricultural activity (especially vineyards) and the increase of the forest cover caused a decrease in surface runoff, favouring revegetation process and a reduction of badland areas. Piccarreta et al. [66] show, as well, a decrease in degraded areas between 1955 to 2002 of about 28% for the areas around Pisticci, Aliano, and Craco, in southern Italy. This reduction is mainly due to the widespread badland remodelling for the durum wheat cultivation. The levelling of gully heads for the production of cereals and orchards is reported to be the contributing factor for a land degradation decrease from 1949 to 1986 in the Basilicata region (southern Italy) [66] as well. However, several studies carried out in areas of central and southern Apennines, characterised by comparable climatic condition, reported an intensification of erosional processes and an increase of degraded areas, both on short and long term. Within the Radicofani badlands of southern Tuscany (central Italy), Ciccacci et al. [120] describe an increase of the total area occupied by badlands between 1955 and 2006 accompanied by an intensification of erosion rate. These changes appear to be due to the markedly increase of intense agricultural practices by mechanical device through time. The anthropic pressure related to the mismanagement of agricultural practices for durum wheat cultivation, which has led to the reclamation of scrub lands and badlands, appears to have played a significant role in the increasing of soil erosion in some areas in Basilicata (Southern Italy) [67] as well. In fact, abandoned areas, previously devoted to sown ground cultivation, are affected by intense erosional processes especially when extreme rainy event occurs, and deep gullies and new badland channels can evolve rapidly [121]. Human activities, particularly pastures or arable lands, played an important role in land degradation in Sicily (Southern Italy) as well [14,122]. The human impact on land use changes has been credited as main triggering drivers causing in increased soil erosion in several areas of the central Mediterranean region [123,124,125,126].



Results from this study provide a first insight into badlands morphological changes through time in a sector of Apennines that has been poorly investigated, highlighting the evolutionary trend. Detailed field surveys to supplement and verify results obtained are ongoing. Moreover, future research for the quantification of the morpho-evolution rate through UAV-derived high-resolution digital elevation model comparison are planned.
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Figure 1. Location of the study area (white dashed line) and localities cited in this paper (©2017 Google). 
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Figure 2. (a) Average monthly precipitation for the study area; (b) average monthly maximum, minimum and mean temperature of 1954–2018. 
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Figure 3. Litho-structural sketch of the study area. 
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Figure 4. Main geological and geomorphological features of the study area: (a) Active landslide; (b) solifluction characterising the Argille Azzurre Formation; (c) badland morphology characterising the Argille Azzurre Formation. 
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Figure 5. Badlands inventory map (white line) in the study area (red dashed line). The box shows an example of the area variation over a 40-year period and the segment of furrows traced. 
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Figure 6. Variation of drainage density (D) values in 1973 (in blue) and in 2014 (in orange). 
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Figure 7. Variation of Bifurcation Radio (Rdb) values in 1973 (in blue) and in 2014 (in orange). 
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Figure 8. Comparison between D values in 1973 and D values in 2014 (increased a hundred times) (in orange) and differences between Rbd values in 1973 and Rbd values in 2014 (in blue) (y axis) and number of basins (x axis). 
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Figure 9. Relationship between the slope aspect direction and mapped badlands in the study area. 
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Figure 10. Pluviometric pattern for the study area: (a) Distribution of average annual precipitation during the observation period; (b) annual intensity (mm/rain day). 
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Figure 11. Total annual number of rainy days > 2 mm, > 10 mm and <30 mm, and <30 during 1954–2018. 
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Figure 12. Average annual precipitation over 10-year periods. The average annual precipitation decreases constantly from 921.82 mm/year to 661.56 mm/year (28%) in the period 1954–2003, while a slight increase is recorded in the period 2004–2014. 
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Figure 13. Land use change occurred in a sector of the study area over a 50-year period. (a) IGMI, GAI 1954 aerial photo and (b) orthophotos TeA of 2014. Despite the images’ different resolution, the increase in forest cover and the reduction of agricultural lands are evident. 
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Figure 14. Vegetation change occurred in badland n. 26 between the late 1980s (a) and 2006 (b) (photos: (a) M. Panizza; (b) M. Bedetti). 
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Table 1. Climate data of the study area.
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	1954–2018





	Mean annual rainfall (mm)
	840



	Minimum annual rainfall (mm)
	449



	Maximum annual rainfall (mm)
	1160



	Absolute minimum monthly rainfall (mm)
	39 (July)



	Absolute maximum monthly rainfall (mm)
	93 (November)



	Mean annual temperature (°C)
	13



	Minimum monthly temperature (°C)
	2 (January)



	Maximum monthly temperature (°C)
	29 (July)
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Table 2. Cartographic documents examined. GAI: Aerial Italian Group; RER: Emilia-Romagna Region; GN: Geoportale Nazionale website; AGEA: Agenzia per le Erogazioni in Agricoltura; TeA: Consorzio Telerilevamento Agricoltura; B/W: Black and white; C: Colour.
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	Type
	Year
	Scale
	Flight
	Color





	Aerial photos
	1954
	1:66,000
	Volo GAI
	B/W



	Aerial photos
	1973
	1:15,000
	Volo RER
	B/W



	Aerial photos
	1981
	1:33,000
	Volo Romagna
	B/W



	Orthophotos
	1988
	1:10,000
	National Web Map Service
	B/W



	Orthophotos
	1996
	1:10,000
	National Web Map Service
	B/W



	Orthophotos
	2006
	1:10,000
	National Web Map Service
	C



	Orthophotos AGEA
	2008
	1:10,000
	National Web Map Service
	C



	Orthophotos AGEA
	2011
	1:10,000
	National Web Map Service
	C



	Orthophotos TeA
	2014
	1:10,000
	Regione Emilia-Romagna Web Map Service
	C










[image: Table] 





Table 3. Land use change in the period 1994–2014 in the study area.
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	CODE
	Land Use
	1994 (m2)
	2014 (m2)
	Δ (%)





	11
	Urban fabric
	118,361
	301,359
	155%



	12
	Industrial, commercial, and transport units
	99,964
	100,606
	1%



	13
	Mine, dump, and construction sites
	225,865
	224,716
	−1%



	14
	Artificial, non-agricultural vegetated areas
	66,297
	74,995
	13%



	21
	Arable land
	3,182,080
	2,098,310
	−34%



	22
	Permanent crops
	159,478
	365,372
	129%



	23
	Pastures
	14,033
	517,243
	3586%



	31
	Forest
	1,861,610
	2,497,780
	34%



	32
	Shrubs and/or herbaceous vegetation associations
	1,862,140
	1,195,760
	−36%



	33
	Open spaces with little or no vegetation
	1,254,490
	1,320,920
	5%



	51
	Inland waters
	71,782
	119,043
	66%
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