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ABSTRACT 

 

Agricultural terraces represent one of the best ways to prevent land degradation in hilly and mountainous 

landscapes. However, it is widely recognized that terraced slopes are threatened by agricultural land 

abandonment. In the literature, very few studies have quantitatively examined the influence of agricultural 

abandonment on the stability of terraced slopes. The goal of this research is to investigate the relationships 

between landslide magnitude and land use conditions of agricultural terraced slopes. In particular, LiDAR 

(Light Detection And Ranging) elevation data, coupled with aerial photo interpretation, were used for the 

computation of shallow landslide mobilized volumes on terraced slopes affected by an intense rainfall event. We 

performed the analysis within the Vernazza basin, a small Mediterranean coastal catchment located in the 

“Cinque Terre” area (Liguria, northwestern Italy), comparing pre-event and post-event LiDAR datasets. The 

results revealed that abandoned terraced slopes have been affected by a higher amount of mobilized debris 

volumes than still-cultivated terraces. Furthermore, terraces abandoned for a short time (less than 25-30 years) 

resulted in the most hazardous land use class, showing erosion rates that were approximately 2 and 3 times 

higher than terraced slopes abandoned a long time ago (more than 25-30 years) and still-cultivated terraces, 

respectively. These findings highlight that land abandonment and agricultural mismanagement can intensify the 

magnitude of rainfall-induced shallow landslides. 

 

KEYWORDS: agricultural terraces; high resolution topography; land abandonment; LiDAR data; shallow 

landslides 

 

INTRODUCTION 

 

Agricultural terraces are one of the most common features of hilly and mountainous landscapes. In many areas, 

terraced slopes represent the best example of human signatures on the landscape (Tarolli et al., 2014; Arnáez et 

al., 2015). Over the centuries, their widespread development was due to the lack of flat areas suitable for 

agricultural activities that forced farmers to put forth great effort to build terraces on slopes characterized by a 

high amplitude of relief (Grove & Rackham, 2003; Sluiter & de Jong, 2007). It is generally accepted that 

terraces are one of the most ancient farming practices on steep slopes. Moreover, terraced slopes have played an 

important social and economic role, allowing for the development of economic activities while adequately 

preserving both the ecosystems and the natural environments (Ispikoudis et al., 1993; Van Eetvelde & Antrop, 

2003; Lasanta et al., 2005). Due to their valuable environmental and historical value, terraced landscapes have 

been increasingly recognized as an important cultural heritage over the last few decades (Phillips, 1998; Aplin, 

2007). As a consequence, numerous planning strategies have been undertaken in some regions to achieve 

optimal management of the most sensitive terraced slopes (Agnoletti et al., 2011). 

Generally, terraces can be defined as man-made landforms that consist of an almost vertical retaining dry stone 

wall that supports a cultivated flat portion. Many studies have demonstrated that farming terraces mitigate the 

effects of hydrological and geomorphological processes. Terraces allow for a reduction of both the slope 

gradient and the hydrological connectivity, improving the control of runoff (Morgan, 1995; Lasanta et al., 2001; 

Cammeraat, 2004). Moreover, terraces ensure both a major infiltration of water and a better retention of soils, 
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favouring farming production. Therefore, terracing can be considered an effective measure for both soil 

protection and conservation (Morgan, 1995; Stanchi et al., 2012). It is widely accepted that agricultural terraces 

lead to an overall reduction in soil erosion (Wakindiki & Ben-Hur, 2002; Louwagie et al., 2011; Li et al., 2012). 

Thus, considering the crucial role of the soil system in the sustainable management of terrestrial ecosystems 

(Keesstra et al., 2016), terraces represent one of the best ways to prevent land degradation in hilly and 

mountainous landscapes. 

The literature has underlined that starting from the middle of the last century, both the functions and the stability 

of terraced landscapes have been seriously threatened by land abandonment because of relevant demographic, 

social and economic changes (Walther, 1986; Garcia-Ruiz & Lasanta-Martinez, 1990; Romero-Calcerrada & 

Perry, 2004; Terranova et al., 2006; Tarolli et al., 2014; Arnáez et al., 2015). Numerous studies have shown that 

to prevent water erosion processes and to improve slope stability, terraces require constant maintenance (Gallart 

et al., 1994; Veeck et al., 1995). When terraces are no longer properly maintained, collapses and failures can 

affect the dry stone masonries, leading to land degradation and soil loss. The lack of maintenance of dry stone 

walls due to agricultural land abandonment represents an important factor in increasing landslide susceptibility 

(Glade, 2003; Lasanta et al., 2001; Lasanta et al., 2005; Lesschen et al., 2008). Furthermore, recent studies have 

shown that in Mediterranean areas, because of climate changes, a modifying distribution of precipitation with an 

increase in extreme events or multiday events is occurring (Piccarreta et al., 2013, Cevasco et al., 2015). The 

concomitance of land abandonment and precipitation change is increasing the land degradation risk (Piccarreta 

et al., 2006; Vergari et al., 2013). 

In mountainous areas, shallow landslides triggered by heavy rainfall represent one of the most frequent 

geomorphic processes that can affect steep rock slopes overlain by soil and debris cover (Crosta et al., 2003; 

Camera et al., 2014; Bordoni et al., 2015). Generally, they consist of earth or debris slides (following the 

landslide classification of Cruden & Varnes, 1996) frequently evolving into earth or debris flows/avalanches 

(Hungr et al., 2014). Sediments coming from the slope increase the magnitude and energy of stream flows, 

favouring the occurrence of flooding phenomena (Gutierrez et al., 1998; Brandolini et al., 2012). Although land 

use changes have been recognized as one of the most important factors affecting the occurrence of rainfall-

triggered landslides (Glade, 2003; Lasanta et al., 2001; Lasanta et al., 2005; Lesschen et al., 2008; D'Amato 

Avanzi et al., 2015), few detailed quantitative studies have examined the influence of agricultural abandonment 

on the stability of terraced slopes. Thus, it is extremely important to quantify the geomorphic effects due to 

landslides on terraced slopes to gain relevant insight into landslide susceptibility.  

Although it is known that mass volume mobilized by landslides represents an essential factor in defining 

landslide magnitude (Fell et al., 2008) and therefore hazard, very few studies (Lasanta et al., 2001; Gerrard & 

Gardner, 2002; Lesschen et al., 2008) have focused on the evaluation of the soil volumes involved in shallow 

landsliding on terraced slopes. In addition, they are based on field surveys performed to detect the geometric 

features of each landslide such as length, width and depth. However, in the last decades, geomorphology is 

undergoing a period of great development, mainly driven by the availability of high-resolution topographic data 

and a high-performance computing environment (Roering et al., 2013). Geomorphologists are now able to 

analyse the Earth‟s surface at the scale of the geomorphological processes acting on hillslopes and in fluvial 

systems (1 m or finer), to measure rates of landform change and to explore how the mechanics of surface 

processes influence different paths of landscape development (Slatton et al., 2007; Pirotti et al., 2012; Tarolli, 
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2014; Passalacqua et al., 2015). The necessity of linking surface processes and the resulting landforms in a 

quantitative manner in complex and non-linear geomorphological systems is also important for prediction of 

future landscape evolution in terms of geomorphological hazards and planning (Tarolli et al., 2009; Capolongo 

et al., 2011; Del Monte et al., 2015). Topographical high-resolution and high-quality data over larger areas have 

been used in a wide range of geomorphological and eco-hydrological studies of the hillslope system, spanning 

from landslide morphometric characterization and hazard (Mackey & Roering, 2011; Jaboyedoff et al., 2012; 

Tarolli et al., 2012, 2014) to soil erosion and ecohydrology (Trevisani et al., 2012; Cavalli et al., 2013; Tarolli 

et al., 2013; Tarolli et al., 2014; Passalacqua et al., 2014). Multitemporal airborne LiDAR (Light Detection And 

Ranging) datasets have also been exploited for change detection of the topographic surface (Ardizzone et al., 

2007; Krishnan et al., 2013; Aucelli et al., 2014). Although this approach has great potential, it is uncommon 

due to the scarcity of multitemporal LiDAR acquisitions over large areas. More recently, Tarolli et al. (2015) 

used high-resolution LiDAR data to assess soilslips and erosion susceptibility in vineyards in Central Italy. By 

means of the comparison between two time-series of high-resolution DEMs derived from airborne LiDAR 

technology, Cevasco & Brandolini (2015) estimated the volume of both eroded and deposited debris in human 

embankments and the valley floor, respectively, in a small Mediterranean coastal catchment. 

This paper presents an application of high-resolution topographic LiDAR data, coupled with high-resolution 

photo interpretation and field survey, to estimate the volumes of soil mobilized by rainfall-induced shallow 

landslides on terraced slopes characterized by different land uses and degrees of abandonment. The study was 

carried out within the Vernazza basin, a small Mediterranean coastal catchment located in the so-called Cinque 

Terre area (Liguria, northwestern Italy), which was severely affected by a rainstorm event on October 25, 2011. 

The objectives of the study are to investigate the relationships between landslide processes and the land use 

conditions of agricultural terraced slopes taking into account the soil volumes involved in shallow landsliding. 

The results of this study are expected to contribute to a better understanding of the relationships between land 

use changes and landslide hazard on terraced slopes. 

 

MATERIALS AND METHODS  

 

General setting of the study area  

 

The Vernazza basin is located on the easternmost coast of Liguria (northwestern Italy) and was selected as the 

study area as it can be considered one of the most unique and dramatic examples of terraced landscape within 

the Mediterranean region (Figure 1A) (Brandolini, 2017). Moreover, it represents an interesting example of the 

relationships between land abandonment, landscape evolution and soil erosion due to intense rainstorms, as 

dramatically evidenced by the effects of a rainstorm event that occurred on October 25, 2011 (Cevasco et al., 

2012; Cevasco et al., 2013a; Brandolini & Cevasco, 2015; Galve et al., 2015; 2016). The Vernazza basin is part 

of the Cinque Terre region that, based on its environmental, scenic and historical significance, has been 

recognized as a World Heritage Site by UNESCO since 1997 and has been included within a national park since 

1999. 

The climate type of Cinque Terre can be considered Mediterranean and is characterised by warm, dry summers 

and mild winters. The annual mean temperature ranges between 14.5 and 15.5°C, reaching a mean peak of 22-
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24.5 °C in July and August; the lowest mean temperature of 7-8°C occurs in January. The rainfall is higher in 

autumn and winter. However, in terms of annual mean rainfall, significant differences exist between the coastal 

areas and the inland Vara/Magra valleys. On average, along the coast, the Cinque Terre area receives 900-1,100 

mm of rainfall annually, whereas the mean annual precipitation of the inland territory is 1,500-1,600 mm 

(Pedemonte, 2005; Cevasco et al., 2015). 

The study area has some of the typical geomorphological features of many Ligurian small coastal catchments: a 

small area (approximately 5.8 km
2
), very steep slopes (more than 50% of the slope gradient varies between 30° 

and 40°) and short streams with steep profiles and an ephemeral hydrological regime with high erosive and 

transport power; additionally, the shoreline is characterized by steep rocky coasts. The geology of the area 

mainly consists of sandstone-claystone flysch (Macigno Formation, Tuscan Unit) and of a pelitic complex 

(Argille e Calcari di Canetolo Formation, Sub-Ligurian Unit), involved in a wide overturned antiform fold 

(Abbate, 1969; Giammarino & Giglia, 1990). The slopes are mainly covered by eluvial-colluvial deposits that 

usually show thicknesses of only 1-2.5 m (Cevasco et al., 2013b). 

In the Cinque Terre region, terrace building is assumed to date to the 12th century. Man-made slope terracing 

has subsequently spread over an area corresponding to approximately 60% of the entire territory (33 km
2
) 

(Terranova, 1984). Following the exodus of farmers that took place over the past half century, the terraced 

slopes of Cinque Terre have been progressively abandoned and affected by the instability of the dry stone walls 

and the clogging of drainage channels, with the loss of several hectares of terracing. This land use evolution 

increased the land degradation intensity, and as a consequence, risky conditions arose for both human 

settlements and relevant tourism activities (Brandolini et al., 2008). Presently, approximately 80% of terraces of 

Cinque Terre are abandoned (Terranova et al., 2002).  

The detailed current land use conditions of the Vernazza catchment were analysed by Cevasco et al. (2013a). In 

the upper part of the catchment, woods, scrub and meadow lands occur (51%). The lower and middle sections of 

the catchment are characterized by terraced slopes (49%) that are partly still cultivated (8%) but mostly 

abandoned (41%). Recently abandoned terraces cover approximately 8%, whereas approximately 33% can be 

considered as abandoned for a long time. The former are characterized by sparse vegetation mainly composed of 

shrubs, and the latter by dense vegetation cover. 

In the Vernazza basin, the heavy rainfall that occurred on October 25, 2011, triggered many shallow landslides 

that particularly affected agricultural terraced slopes (Cevasco et al., 2012; Cevasco et al., 2013a; Cevasco et 

al., 2014) enhancing the important land degradation that has occurred in this area in the last half century. 

 

The October, 25, 2011, rainfall event 

 

On October 25, 2011, a very intense rainfall affected the study area. The event lasted less than 24 h but was 

characterized by both very high cumulative and intense rainfall, although it started with low-intensity rainfall. 

Due to the lack of rain gauges inside the study area, no detailed quantitative rainfall data are available for the 

Vernazza basin. However, within the Vara valley, located approximately 10 km north of the study area, a 

cumulative daily rainfall of 539 mm was recorded by the Brugnato rain gauge, with an hourly rainfall intensity 

up to 153 mm h
-1

, whereas the 3 and 6-hour maximums were 328 mm and 472 mm, respectively (ARPAL-

CFMI-PC, 2012). In addition, along the coast at the Levanto San Gottardo and Monterosso rain gauges located 
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approximately 7 km and 3 km west of the study area, cumulative daily rainfalls of 333 mm and 382 mm, 

respectively, were recorded with hourly intensity rainfall peaks of 111 mm h
-1

 and 92 mm h
-1

, respectively. 

Nevertheless, eyewitness information collected at Vernazza suggested that the rainfall data were definitely more 

severe than the values recorded at the nearest rain gauges of Monterosso and Levanto San Gottardo. Recent 

studies focusing on characterization of the rainstorm (Surian et al., 2016; Rinaldi et al., 2016) estimated the 

spatial rainfall distribution by merging weather radar information and precipitation data referred to the rain 

gauges located in the inland Vara and Magra valleys. The authors of these studies highlighted that a 

characteristic of the rainfall event was its organization in a well-defined banded structure that persisted in the 

same locations for the duration of the event. In some areas, the rainfall estimates show that the maximum hourly 

rates were 149 mm h
-1

, whereas the 3-hour maximum and event accumulation maxima were 326 mm and 500 

mm, respectively. Based on precipitation records, return periods of up to 300 years were estimated for this event 

(Surian et al., 2016). 

In the Vernazza basin, the heavy rainfall produced many erosional phenomena and also triggered more than 500 

shallow landslides (Cevasco et al., 2012; Cevasco et al., 2013a), mostly debris slides evolving into debris 

avalanches and debris flows (Cruden & Varnes, 1996; Hungr et al., 2014). Most of the shallow landsliding 

materials increased the fluvial sediment load and the power of channelled water flow, favouring the flooding of 

Vernazza‟s centre with mud and debris deposits that caused both severe economic damage and human loss 

(three casualties).  

 

Landslide inventory dataset and processing 

 

This study is based on the shallow landslide inventory compiled by Cevasco et al. (2013a) after the October 25, 

2011, rainfall event (Figure 1B). It was obtained from both detailed field surveys and analysis of high-resolution 

aerial photographs (ground resolution ranging from 3 cm to 50 cm, depending on altitude) taken by the Air 

Service of Remote Sensing and Monitoring of Civil Protection of Friuli Venezia Giulia Regional Administration 

a few days after the rainstorm. Within the entire Vernazza catchment, the precipitation event on October 25, 

2011, triggered more than 500 shallow landslides. A total of 364 of these landslides were mapped by Cevasco et 

al. (2013a) (Figure 1B); 174 landslides, because of their very small extent, were not representable to scale. As 

reported in previous researches conducted both on the study basin (Cevasco et al., 2013a; Cevasco et al., 2014) 

and on the inland Vara valley (Mondini et al., 2014), the effects of landslides were particularly severe on 

terraced slopes. Therefore, in this study we selected the shallow landslides that just affected terraced slopes. By 

means of a new aerial photograph interpretation, in the basin area that is terraced, 324 landslide polygons were 

re-mapped distinguishing an erosion area (including both the landslide source area and the sliding zone) and, 

when it presents, a deposition area. 

 

Land use dataset 

 

We referred to the data reported by Cevasco et al. (2013a) that were obtained by performing high-resolution 

aerial photographs analysis. Within the basin, agricultural terraces occupy an area of 2.79 km
2
, which 

corresponds to approximately 49% of the entire basin area (5.80 km
2
). In this study, three classes of land use 
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were considered: a) cultivated terraced slopes (CT), b) abandoned terraced slopes with poor vegetation cover 

(ATP), and c) abandoned terraced slopes with dense vegetation cover (ATD). ATP can be considered as 

abandoned for a short time (less than 25-30 years) and are characterized by herbaceous cover or shrubs (Carl & 

Richter, 1989). In contrast, ATD have been abandoned for longer periods of time (more than 25-30 years) and 

are mainly covered by forest tree species or scrub. CT are mainly characterized by olive groves and vineyards 

and occupy an area of 0.449 km
2
, whereas ATP and ATD occupy areas of 0.446 and 1.890 km

2
, respectively. 

ATD represents the most widespread land use category (67.9% of the total terraced slopes) followed by CT 

(16.1%) and ATP (16.0%).  

Soils and debris covering the terraced slopes are on average 0.5-2.5 m thick and are made up of eluvial-colluvial 

deposits that do not show the original setting since being anthropically reworked during the past centuries for 

agricultural purposes (Cevasco et al., 2013b). Terraced areas overlaying predominantly sandstone bedrock show 

silty gravels or clayey silty gravel soils with poor consistency properties (low liquid limit and low plasticity 

index). Terraced slopes with prevailing pelitic bedrock are more heterogeneous and mostly covered by silty and 

clayey gravels and, in a few cases, by silty clayey sands or clayey gravels, all characterized by slightly higher 

plasticity (Cevasco et al., 2014). 

 

LiDAR datasets  

 

LiDAR technology is a well-established laser ranging system that is generally used as an airborne sensor for 

calculating distances to the soil by illuminating targets with pulsed and almost coherent light and measuring the 

time for a signal to return, a technique that allows for creation of high-precision digital surface models (DSM) 

and digital terrain model (DTM) of the earth‟s surface. DSM is related to the surface encompassing vegetation 

and buildings whereas DTM only refers to bare ground surface. 

Two different datasets from two different time periods were available (Figure 2): the oldest was obtained during 

a two-year campaign (2008-2010) of acquisitions performed by the Italian Minister of Environment, Landing 

and Sea (within the PSTA project, i.e., Piano Straordinario di Telerilevamento Ambientale), with an average 

density of 0.85 points/m
2
 in coastal areas and 1.5 points/m

2
 for inner basins (Figure 3A). The other dataset (with 

a more limited extension) was acquired on November 11, 2011, under contract of the Friuli Venezia Giulia 

Region for the Civil Protection Service. This dataset has a better average density of 4 points/m
2
 (Figure 3B). 

Both datasets were distributed as a collection of tiles of high-density sparse points in conventional LAS format, 

with a series of height measures for each point, which are due to multiple returns of the laser impulse when 

reflected by targets with different heights. We considered and processed the first and last impulse heights 

available in both the datasets to get a better idea of the top-of-vegetation and top-of-soil surface model 

differences. The next steps in processing were limited to the last return information (mainly associated to the 

bare-earth terrain) to filter out the top-of-vegetation bounces as much as possible. 

 

LiDAR data processing and landslide volumetry computation 

 

The available raw point cloud datasets in LAS format were divided into different tiles over the area of interest. 

The most recent dataset was distributed as a group of few tiles and required a full extension processing effort, 
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while the oldest dataset had a fine grain tiling and a complete metadata companion that allowed a partial 

processing limited to our area of interest by accurately selecting specific tiles. All processing operations were 

conducted with the well-known open source GRASS GIS 7.0.1 software (Neteler et al., 2008), which has a 

highly optimized new engine for management of vector data and allowed for efficient processing. The pre-

processing phase included the reprojection of datasets under the same working projected reference system 

(UTM 32N/WGS84) and shifting of heights under the same geodetic quota on the basis of the EGM2008 model 

at 5´. An initial expeditious nearest neighbour (NN) interpolation was used to obtain a 2-m regular grid DTM for 

the first and last impulse models for both datasets. An inverse distance weighted average (IDW) interpolation 

did not give better results for filling the larger gaps in the final DTMs, so we adopted a more flexible 

regularization model as a more flexible interpolation strategy: we used a Regularized Spline under Tension 

(RST) model (Mitasova et al., 2005) with suitable parameter pairs of smoothing and tension (found on a trial-

and-error basis) to interpolate the pre-event dataset (DTMpre) and to fill the gaps and filter out shrub and tree 

artefacts. The newest post-event dataset (DTMpost) was maintained unfiltered for vegetation but was again 

interpolated to fill-in isolated gaps. We were interested in post-landslide areas where vegetation can be assumed 

as mostly non-existent and an over-smoothing could potentially hide significant height differences in changed 

morphology (Figure 3C). 

The last step in processing consisted of an evaluation of pre- and post-landslide event height differences (DEM 

of Difference-DoD) and the changes in volume computation for every polygon obtained by intersecting erosion 

and deposition areas of landslides with classes of land use (Figures 3C and 4). 

We applied the error analyses proposed by Wheaton et al. (2010) to manage the elevation uncertainty of the 

DTMs and its propagation into the DoD. The method has been successfully applied in different geomorphic 

settings such as river channels (Wheaton et al., 2010; Prosdocimi et al., 2015; Bangen et al., 2016) and 

mountain catchments (Blasone et al., 2014; Cavalli et al., 2016). To derive the DoD map according to the 

above-mentioned methodology, we used the GCD (Geomorphic Change Detection) version 6 software 

developed by Wheaton et al. (2010). We restricted the DoD analysis to our inventory of erosion and deposition 

areas. The method consists of estimating the uncertainty of input DTMs and using a fuzzy approach to 

propagate the error estimation into the DoD. We refer the reader to Wheaton et al. (2010) for a detailed 

description of the method. We defined the Fuzzy Inference Systems (FIS) using two input parameters as proxies 

for vertical uncertainty: one related to the slope angle and one related to point density (Table 1). We chose 

Membership Functions (MFs) for the input variables by identifying three classes (Low, Medium and High) and 

setting a range of values for each of them. In particular, we used intervals ranging from 0° to greater than 30° 

for the slope and from 0.1 to greater than 4 points/m
2
 for the point density. We then defined the rules to relate 

inputs to outputs (Table 1). In particular, we defined four classes (low, average, high and extreme) for resulting 

(output) uncertainty estimation. For example, if the slope is low and the point density is high, then the elevation 

uncertainty is low. In contrast, if the slope is high and the point density is low, then the elevation uncertainty is 

extreme. The relative range of values for the elevation uncertainty (δz) ranges from 0.10 to 1.5 metres. A 

maximum value of 1.5 m was chosen according to the estimated elevation vertical error on high slope and low 

point density areas. Eventually, a map of spatially variable elevation uncertainty was obtained for each DTM. 

Individual errors in the DTMs were then propagated into the DoD according to the following equation 

(Brasington et al., 2003; Lane et al., 2003): 
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where Ucrit is the critical threshold error based on a critical Student‟s t-value at a chosen confidence interval 

with: 

 

      (2)  

 

where δuDoD is the propagated error in the DoD and | DTMpost -  DTMpre| is the absolute value of the DoD. We used 

a 90% confidence interval as a threshold, and an error-reduced DoD was then obtained by discarding all changes 

with probability values less than the chosen threshold.  

 

RESULTS AND DISCUSSION 

 

The volumetric computation was based on a dataset of 324 shallow landslides, all affecting the catchment area 

occupied by agricultural terraces. The results are listed in Table 2 for both eroded and deposited volumes. As 

mentioned in the previous section, terraces cover an area of 2.79 km
2 

in the Vernazza catchment (5.80 km
2
). 

Overall, shallow landslides detached more than 87,000 m
3
 of debris materials from terraced slopes; just 5,000 

m
3
 were accumulated. This corresponds to an average erosion rate of 3.3 cm, which is comparable to the annual 

denudation rate of small Italian fluvial basins in badlands areas subject to very fast erosion (Aucelli et al., 2014). 

In other words, in a few hours, a critical rainfall event such as the one that occurred in 2011 can move a soil 

volume comparable to the volume that can be eroded in one year within the most disarranged areas of Italy (Del 

Monte et al., 2015 and references therein). As can be noted from Table 2, the vast majority of the eroded debris 

volumes were moved from ATD where the shallow landslides involved approximately 52,000 m
3
 of debris, the 

highest percentage of the total eroded volumes (60.6%) (Figure 5A). On ATP, eroded volumes resulted in 

slightly more than 24,800 m
3
 (28.5%), while approximately 9,500 m

3
 (10.9 %) were involved in failures on CT. 

Such results are well in agreement with the number of shallow landslides that affected each land use category 

investigated. According to the results reported by Cevasco et al. (2014), the highest percentage of failures 

(46.1%) occurred on ATD, followed by CT (28.9%) and ATP (25.0%). 

Regarding the mass movements involved by deposition processes, the volumes were significantly lower because 

large quantities of detached materials were swept away by runoff. Many shallow landslides evolved into flows 

(debris avalanches or debris flows), enhancing the connectivity with the overland flow pathways and causing 

geomorphic changes along the main stream. The most evident morphological change occurred at the valley 

floor, where the amount of accumulated sediments was remarkable. As estimated by Cevasco & Brandolini 

(2015) using high-resolution DEMs derived from LiDAR data, approximately 59,000 m
3 

of debris was deposited 

at the downmost part of the catchment. However, this amount cannot be considered fully representative of the 

total debris volume that flowed downstream because an unknown quantity flowed out to sea.  

As reported in Table 2, the highest values of accumulated volumes (approximately 2,650 m
3
)

 
were observed for 

ATD. This value represents a majority of the total deposition volumes (52.2%). On ATP and CT, the deposited 

volumes were approximately 1,250 m
3
 and 1,150 m

3
, respectively, representing 24.9% and 22.9%, respectively, 



 

 
This article is protected by copyright. All rights reserved. 

i

i,er

i,er
A

Vt
LVI 

i

i,dep

i,dep
A

Vt
LVI 

of the deposited debris. Notably, the portion of deposited volumes represents approximately 5% of the total 

eroded volumes for ATD and ATP, whereas for CT, it is approximately 12%, one order of magnitude higher 

than the ATD and ATP land use categories. However, these results reveal interesting findings, considering the 

same land areas for CT and ATP. Namely, the latter produced 2.5 times higher eroded volumes, but more 

material is deposited in the former. 

Information on the mobilized debris volumes per unit area was obtained through the Landslide Volumetric 

Index (LVI). It was calculated as the ratio between the computed shallow landslide mobilized volume amount in 

each land use class and the area of the land use class considered. Because both detached and accumulated 

volumes were analysed, the LVI was assessed separately for the eroded (LVIer) and the deposited (LVIdep) 

volumes and was expressed as follows:  

 

  (3)  (4) 

 

where i represents the land use class; Vter and Vtdep are the eroded and deposited volumes, respectively; and A is 

the land use class area. 

Such indices are given in m
3 

km
-2

,
 
 and their values are listed in Table 3 and depicted in Figure 5B together with 

the landslide index (LIA, defined as the ratio between the landslide area in each land use class and the total area 

of that land use class) values taken from Cevasco et al. (2014) for the same study area. As can be observed in 

Figure 5B, the highest values of the LVIer and LVIdep are associated with ATP (55,706 and 2,841 m
3 

km
-2

, 

respectively), while for ATD, such indices are 27,906 and 1,403 m
3 

km
-2

, respectively. The lowest value of the 

LVIer is associated with CT (21,160 m
3 

km
-2

), whereas in this land use class, the LVIdep value (2,599 m
3 

km
-2

) is 

slightly lower than that of ATP.  

Because the mass volume mobilized by landslides represents an essential descriptor of landslide magnitude, the 

LVI can also be considered as an indicator of the hazard associated with a specific area. Thus, the results 

obtained in terms of LVI for each land use class show that ATP and ATD are generally more hazardous than CT 

(Figure 6). The highest values of the LVIer for ATP reveal erosion rates approximately 2 and 3 times higher than 

ATD and CT, respectively. This means that ATP produced more hazardous shallow landslides. In this regard, 

when the LVIer is compared with the LIA, the highest values of both are associated with ATP. Accordingly, 

shallow landslides that affected this land use class were larger in size on average, involving greater volumes 

than failures on ATD and CT. In contrast, there seems to be no correspondence between the lowest LVIer value, 

associated with CT, and the lowest LIA value, determined for ATD. This difference further testifies that shallow 

landslides that affected CT tended to be, on average, slightly smaller in size and involved lower mass 

movements than failures triggered on ATD. Thus, CT resulted in the least hazardous land use class. Such 

evidence is consistent with that reported in previous studies (Lasanta et al., 2001; Gerrard & Gardner, 2002; 

Koulouri & Giourga, 2007; Lesschen et al., 2008) which demonstrate that geomorphic processes are more 

intense due to agricultural land abandonment. Accordingly, agricultural activity and maintenance of dry stone 

masonry effectively decrease the occurrence of landslides and the amounts of detached and accumulated 

volumes. Regrettably, CT currently occupies only 16% of terraced areas within the catchment studied (Figure 

5A). Furthermore, the findings also highlight that the period of time that elapses between the land abandonment 

and the considerable spread of natural vegetation could be the most critical phase for the vulnerability of 
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terraced areas. More specifically, the higher value of LVIer detected for ATP with respect to ATD highlights the 

positive role of dense vegetation cover in improving the stability of abandoned terraced slopes. This is in 

agreement with previous studies that show that a gradual stabilisation could only occur over the course of a few 

decades after abandonment, depending on the rate of growth of vegetation on terraces (Carl & Richter, 1989). 

This positive stabilizing effect of vegetation was also found by Cammeraat et al. (2005), who showed that 

landsliding on steep slopes in a sub-humid climate decreased only 40 years after abandonment. In this regard, 

recent studies focusing on the role of human abandonment in small catchments (Egozi & Lekach, 2014; 

Latocha, 2014) revealed that the complete recovery of the natural vegetation reduces the effectiveness of 

morphological processes in addition to producing a sustained decrease of connectivity. Based on the results 

obtained in this study, the possible evolution of abandoned terraces through time in relation to slope degradation 

and vegetation growth has been summarized in Figure 7.  

Regarding the method adopted in this study, it should be noted that the resolution of the LiDAR data affects the 

volume calculation with a certain degree of uncertainty. In some cases, the number of points per square metre 

acquired during the pre-event and post-event airborne LiDAR surveys (1.5 points/m
2
 and 4 points/m

2
, 

respectively) was too low to completely filter the vegetation in very densely vegetated areas. However, as most 

of the eroded areas were located in non-vegetated or less vegetated areas, this problem did not affect the volume 

calculation. When dense vegetation occurred, the derived pre-event DTM was further filtered to avoid spikes 

due to the uncompleted elimination of vegetation. Table 4 reports the errors related to the volumetric 

computation for both erosion and deposition areas. The analysis of the uncertainty shows that higher errors 

generally result in lower estimates of erosion and deposition volumes, whereas lower errors result in the 

opposite. Although the volume computation could be still affected by possible errors, related for example to the 

choice of different FIS using more parameters (i.e., roughness, point quality, etc), the results can be considered 

reliable in terms of the order of magnitude. 

 

CONCLUSIONS 

 

This study presented an application of high-resolution topography from airborne LiDAR technology for the 

computation of shallow landslide mobilized volumes on terraced slopes affected by an intense rainfall event. 

The work, based on the comparison of pre-event and post-event LiDAR DTMs, together with aerial photo 

interpretation and field survey, shows the usefulness of LiDAR data in assessing shallow landslide hazard, 

particularly when coupled with land cover information. The results of this research highlight that abandoned 

terraced slopes have been affected by a higher amount of mobilized debris volumes than still-cultivated terraces. 

Furthermore, terraces abandoned for a short time result in the most hazardous land use class. These findings 

reveal that land abandonment and agricultural mismanagement especially intensify shallow landslide magnitude. 

Therefore, this study further testifies that maintenance of terraces represents a primary geo-hydrological hazard 

mitigation and soil conservation measure within the study catchment. An important question for future studies is 

determination of the response of terraced slopes to intense rainfall in relation to land abandonment with a focus 

on other morphoclimatic environments as well. Because of the environmental and cultural heritage of the study 

area, which is characterized by a high percentage of terraced slopes that have been abandoned for a short time, 

this analysis emphasizes the need to schedule a suitable preservation and restoring program for terraced systems. 
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Table 1. Two input FIS schemes used to evaluate elevation uncertainty δ(z) 

Rule Input 1 Input 2 Output 

 Slope (%) Point density (pts/m
2
) δ(z) (m) 

1 Low Low Average 

2 Low Medium Low 

3 Low High Low 

4 Medium Low High 

5 Medium Medium Average 

6 Medium High Average 

7 High Low Extreme 

8 High Medium Extreme 

9 High High High 
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Table 2. Areas of the different land use conditions and the volumetric computation results 

Land use Area 

(km
2
) 

Eroded volumes 

(m
3
) 

Deposited volumes 

(m
3
) 

Cultivated terraces (CT) 0.449 9,501 1,167 

Abandoned terraces with poor cover (ATP) 0.446 24,845 1,267 

Abandoned terraces with dense cover (ATD) 1.891 52,770 2,653 

Total 2.786 87,116 5,087 
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Table 3. Summary of the landslide volumetric indices (LVIer and LVIdep) and landslide index (LIA) values 

Land use LVIer  

(m
3
/km

2
) 

LVIdep  

(m
3
/km

2
) 

LIA*  

(%) 

Cultivated terraces (CT) 21,160 2,599 3.1 

Abandoned terraces with poor cover (ATP) 55,706 2,841 5.2 

Abandoned terraces with dense cover (ATD) 27,906 1,403 1.9 

 

*data from Cevasco et al. 2014 
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Table 4. Volumetric metrics: *on a cell-by-cell basis, the DoD erosion depth multiplied by cell area and 

summed; **on a cell-by-cell basis, the DoD deposition depth multiplied by cell area and summed. Volumetric 

metrics normalized by area: *** the average depth of erosion (erosion volume divided by erosion area); ****the 

average depth of deposition (deposition volume divided by deposition area) 

Attribute Raw Thresholded DoD Estimate 

Volumetric  ± Error Volume % Error 

Total Volume of Erosion (m³)* 92,194 87,116 ± 3,448 3.74 

Total Volume of Deposition (m³)** 5,384 5,087 ± 364 6.77 

Vertical averages  ± Error Thickness % Error 

Average Depth of Erosion (m)*** 2.11 2.20 ± 0.08 3.74 

Average Depth of Deposition (m)**** 1.23 1.41 ± 0.10 6.77 
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Figure captions  

 

Figure 1. Location of the study area (the blue dashed line indicates the Vernazza catchment) in the framework of 

the Cinque Terre coastal zone (A) and inventory map (B) of the shallow landslides triggered by the October 25, 

2011, rainfall event in the Vernazza catchment (modified and redrawn after Cevasco et al., 2013a). The figure 

shows the shallow landslide source areas (red dots), the investigated terraced slopes (yellow area) and the 

example area (black square) which is focused in detail by Figures 3, 4 and 6.  
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Figure 2. Methodological sketch used for processing of the two LIDAR datasets and for estimating the landslide 

volumes. 
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Figure 3. Comparison between pre (a) and post (b) landslide event lidar-derived DSMs for an example area (see 

figure 1B for location). The DEM of differences (DoD) is also showed (c). 
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Figure 4. DEM of difference (DoD) together with shallow landslide polygons showing erosion (red areas) and 

deposition (green areas) zones in the same example area reported in Figure 3 (a), and aerial orthophoto of the 

same area taken after October 25, 2011, rainfall event (b), and map showing the overlay of land use conditions 

(a - vineyards cultivated terraces; b - olive groves cultivated terraces; c - abandoned terraces with poor cover; d - 

abandoned terraces with dense cover) with shallow landslide polygons (symbol − indicates eroded volumes; 

symbol + indicates deposited volumes) (c). 
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Figure 5. Diagrams summarizing the distribution of terraced slopes and shallow landslide mobilized volumes 

(A), and of indices LVIer, LVIdep and LIA (B) in relation to land use conditions: (a) cultivated terraces; (b) 

abandoned terraces (poor cover); (c) abandoned terraces (dense cover). 
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Figure 6. The picture highlights the different response to intense rainfall of terraced slopes in different land use 

conditions: on the left, a partially abandoned terraced slope with olive grove, affected by various shallow 

landslides (as shown in Figure 3 and 4); on the right, just on the other side of the same ridge, a well maintained 

terraced slope cultivated with vineyard, which did not suffer from erosional/landslides phenomena (photo Corpo 

Forestale dello Stato, 2011). 
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Figure 7. Relationships between time of terraces abandonment (years), slope degradation (Landslide volumetric 

index-LVIer) and vegetation growth (%). The sketch on the left shows the degradation of terraced slopes when 

affected by intense rainfall and high erosion processes; the sketch on the right shows the vegetation cover 

evolution on terraced slopes affected by moderate rainfall and erosion processes (cultivated terraces - CT; 

abandoned terraces - AT). 

 

 

 




