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Abstract The spatial distribution of landslides is influ-

enced by different climatic conditions and environmental

settings including topography, morphology, hydrology,

lithology, and land use. In this work, we have attempted to

evaluate the influence of land use change on landslide

susceptibility (LS) for a small study area located in the

southern part of the Briga catchment, along the Ionian

coast of Sicily (Italy). On October 1, 2009, the area was hit

by an intense rainfall event that triggered abundant slope

failures and resulted in widespread erosion. After the

storm, an inventory map showing the distribution of pre-

event and event landslides was prepared for the area.

Moreover, two different land use maps were developed: the

first was obtained through a semi-automatic classification

of digitized aerial photographs acquired in 1954, the sec-

ond through the combination of supervised classifications

of two recent QuickBird images. Exploiting the two land

use maps and different land use scenarios, LS zonations

were prepared through multivariate statistical analyses.

Differences in the susceptibility models were analyzed and

quantified to evaluate the effects of land use change on the

susceptibility zonation. Susceptibility maps show an

increase in the areal percentage and number of slope units

classified as unstable related to the increase in bare soils to

the detriment of forested areas.

Keywords Shallow landslide � Land use change �

Susceptibility models and zonation � Satellite images

Introduction

The spatial distribution of landslides is the consequence of

different climatic situations and environmental settings,

including topography, morphology, hydrology, lithology,

and land use conditions. In slope stability analysis, lithol-

ogy and geological structure can be considered constant

over long periods whereas morphology, climate, and land

use can be affected by major modifications seasonally or

over a period of decades. Changes in land use distribution

and type can be natural or induced and controlled by

human actions. Recent studies focusing on the effect of

human-induced land use changes on slope stability have

shown that in populated regions, the impact of humans on

the environment contributes significantly to the initiation

and reactivation of landslides (e.g., Vanacker et al. 2003;

Meusburger and Alewell 2008; Van Den Eeckhaut et al.

2009; Bruschi et al. 2013). It well known that different land

use types may control the stability of slopes, and in par-

ticular, slope stability is enhanced by vegetation in terms of

mechanical and hydrological characteristics (Greenway

1987).

For single slopes, many studies have evaluated in detail

how the architecture and the distribution of the plant root

system can strongly influence the stability (Stokes et al.

2008; Mao et al. 2014). At small scale, the influence of the

spatial distribution of different land use types on slope

stability has been evaluated using different techniques: Yi

et al. (2010) have presented a case study in Enshi (China)

where human action and the cultivated areas (mainly dry

land, rice field, and terrace) play an important role in
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accelerating slope weathering and instability processes.

Glade (2003) described examples from different parts of

New Zealand that indicate changes in sediment-generating

processes following land use modifications. After defor-

estation, landslides contributed significantly to sedimenta-

tion sequences in depositional basins such as lakes,

swamps, estuaries, coastal wetlands, and the near shore and

offshore zones of continental platforms. Van Beek and Van

Asch (2004) applied a physically based model to a 1.5 km2

catchment in the Alcoy region (SE Spain) to evaluate the

effects of land use change on the spatial and temporal

activity of slope instability. These authors observed that the

abandonment of cultivated fields induces a significant

decrease in land slipping frequency, and in sediment

delivery. Karsli et al. (2009) examined the relationship

between the number of tea gardens in Turkey and landslide

density. The land cover change caused an increase in the

landslide occurrence, causing more severe property dam-

ages and casualties. Vanacker et al. (2003) proposed a

methodology to investigate the effect of land use/land-

cover change on slope movement susceptibility by incor-

porating specific hydrologic parameter estimates, in a

simple process-based slope stability model. The analyses

confirmed the hypothesis that the overall susceptibility to

slope movement is highly dependent on recent land use

change. In particular, the conversion from secondary forest

to grassland and/or cropland increased the occurrence of

shallow slope movements.

In this work, we evaluated the influence of land use

change on the spatial distribution of landslide occurrence

(susceptibility) at the basin scale for a study area located in

the Briga catchment.

Landslide susceptibility (LS) was described by Brabb

(1984) as the likelihood of a landslide occurring in an area

on the basis of local terrain conditions, and can be defined

as the degree to which an area can be affected by future

slope movements (Guzzetti et al. 1999, 2005, 2006a, b).

Several LS zonations have been proposed in the literature

using different techniques and models, numerous combi-

nations of thematic variables, and various methods to

evaluate the model fitting performance and the prediction

skills. To evaluate the effect of land use distribution on

LS, we have exploited two different maps portraying the

1954 and the 2009 land use distribution and some sce-

narios obtained by changing the pattern and the distribu-

tion of the land use classes of the 2009 map. Using the

2009 land use distribution and a set of morphological

information, we have prepared LS zonation exploiting

different multivariate statistical classification techniques.

To analyze the effect of land use change, we have applied

the derived models in the same area considering the land

use distribution obtained from one aerial photograph taken

in 1954.

Study Area

The study area where we analyzed the influence of land use

change on LS (1.7 km2) is the eastern part of the Briga

catchment (Fig. 1) located in theMessina province, along the

Ionian coast of Sicily (Italy). The Briga catchment is situated

along the eastern-facing slope of the Peloritani Mountains,

where nappes of the upper internal complex (Kabilo-Cala-

bride Units), consisting of metamorphic rocks, crop out

(Carbone et al. 2008). In the study area, elevation ranges from

sea level to about 500 m, and terrain gradient is in the range of

0�–81�. The catchment exhibits an ephemeral hydrological

regime. Climate is Mediterranean with hot and dry summers,

and precipitation falling mostly in the period from October to

January. Landslides, including shallow soil slides and debris

flows, deep-seated rotational and translational slides, and

complex and compound failures, are abundant, and caused

primarily by rainfall (Goswami et al. 2011).

On October 1, 2009, the Briga catchment and the sur-

rounding area for a total extent of about 60 km2were hit by an

intense stormwithmore than 220 mmof rain in 7 hwith peak

of 10.6 mm in 5 minmeasured at the St. Stefano di Briga rain

gauge (Maugeri andMotta 2011). The rainfall event triggered

more than 1,000 shallow landslides,mainly shallow soil slides

and debris flows. Landslides and inundation caused 37 fatal-

ities, numerous injured people and severe damages in the

affected villages and along the transportation network.

Available Data

Landslide Inventory Map

After the event, a detailed landslide inventory map at

1:10,000 scale was prepared for the entire Briga catchment
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Fig. 1 Shaded relief of the study area located in the Briga catchment,

along the Ionian coast of Sicily (Italy). Red polygons show landslides

triggered by the October 1, 2009 rainfall event (Color figure online)
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(Ardizzone et al. 2012). The inventory was obtained

through a combination of: (i) field surveys carried out in

the period from October to November 2009, and (ii) visual

interpretation of pre-event and post-event stereoscopic and

pseudo-stereoscopic aerial photographs. The inventory

map shows: (i) the distribution and types of the event

landslides triggered by the October 1, 2009 rainfall event

(Fig. 1), and (ii) the distribution and types of the pre-

existing landslides. Landslides were classified based on the

prevalent type of movement (Cruden and Varnes 1996), the

estimated depth, and their relative age.

Landslides triggered by the October 1, 2009 rainfall

event were mapped through the visual interpretation of

pseudo-stereoscopic color photographs taken shortly after

the event at 1:3,500 scale, and digital stereoscopic photo-

graphs taken in November 2009 at approximately 1:4,500

scale. The event triggered mostly shallow, composite soil

slide–debris flows, and shallow slides. Soil slide–debris

flows occurred isolated or clustered in groups of several

failures, and affected open slopes and low-order drainage

channels. Most of the soil slides occurred on steep slopes

where the material was completely mobilized, leaving

empty scars. In the study area, we mapped more than 147

shallow soil slides for a total extent of about 0.14 km2.

Landslide source areas occurred mostly in ‘‘no vegetation’’

zones (66.6 %), in pasture (15.8 %), or in forest (14.7 %),

whereas only a very small portion affected urban (1.0 %)

and cultivated areas (1.9 %).

The pre-event landslides were mapped through the

visual interpretation of 1:33,000 scale stereoscopic black

and white aerial photographs flown in 1954 by the Istituto

Geografico Militare. Pre-existing landslides are represented

by rock falls, topples, debris flows, slides, and complex

landslides. In the study area, pre-event landslides are

mainly slides. Small slides are mostly shallow translational

movements located inside other landslides and along

undisturbed slopes. Large slides are deep-seated, rotational,

and translational slides with a well-defined depletion zone

characterized by a concave profile with multiple vertical

escarpments and trenches, and a distinct bulging deposit

characterized by an irregular or convex profile (Ardizzone

et al. 2012).

Land Use Maps

For the study area, two maps reporting the land use in

different periods were prepared exploiting available aerial

photographs and very high resolution (VHR) satellite

imagery. The first map (Fig. 2a) was derived from the

analysis of the same black and white aerial photograph

taken in 1954 that we used to map pre-event landslides.

The second map (Fig. 2b) was obtained from a QuickBird

satellite imagery bundle (one 0.6-m ground sample

distance panchromatic band and four 2.4-m ground sample

distance multispectral bands) taken on September 2, 2006

and further verified through a Quickbird bundle taken on

October 8, 2009, a few days after the event. Both satellite

images were pan sharpened in a multispectral bundle at

0.6-m ground resolution and orthorectified (Mondini et al.

2011).

To prepare the 1954 land use map (Fig. 2a), we digitized

the aerial photograph with 16 bits relative radiometric reso-

lution and 1200 dot/in. scan resolution. We orthorectified the

digitized image through the i.ortho.photo GRASS module

(release 6.4.1.), specific for aerial photographs, using a high-

resolution DEM, and 8 Ground Control Points (GCP) chosen

from the satellite image (Rocchini et al. 2012) and a bilinear

interpolation. The high-resolution DEM (1 m 9 1 m) was

obtained a few days after the rainfall event (October 5–7,

2009), by the Italian national Department for Civil Protection

that flew in the study area with an airborne Lidar sensor. The

co-registration error (RMSE) with the satellite image is about

4 m in both x (east) and y (north) directions.We classified the

orthorectified image following three main steps: (i) growth of

seeds (see below) representing selected land cover classes, (ii)

manually interpreting and contouring of areas not selected in

the first step and (iii) post-processing. The first step requested

a preliminary visual interpretation of the scene to identify the

main land cover types in the study area. Due to the poor

spectral content of the image, we recognized only four main

land use classes: forest, pasture, bare soil, and urban area. For

each class, we selected seeds or clusters of representative

points and then we grew up the seeds on the basis of specified

spectral distance thresholds (ENVI 4.8 user’s guide,

301–302). We selected the thresholds depending on the

homogeneity of the areas around the seeds. We chose con-

servative thresholds (standard deviation ranging from0.5 to 2)

and we classified the remaining areas through a manual con-

touring. To remove small clusters of unclassified points, or

singular points (‘‘salt & pepper’’ effect), we sieved and

clumped (ENVI 4.8 user’s guide, 655–657) the classification

through a 3 9 3 kernel. We checked the accuracy of the

classification through the direct comparison between homol-

ogous points in the classified image and in the original aerial

photograph. The accuracy of the classification in terms of

correct percentage of class membership attribution is listed in

Table 1.

To prepare the 2009 land use map (Fig. 2b), we

exploited two satellite images. We first classified the image

acquired in 2006 by using the maximum likelihood clas-

sifier (Richards and Jia 1999) and five training area sets

corresponding to: forest, pasture, bare soil, urban area, and

cultivated land cover classes. Cultivated areas were not

recognized in the 1954 scene. We post-processed the

obtained classification through sieving and clumping

operations. We qualitatively verified that no relevant land
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cover changes occurred between the classification obtained

by the image acquired in 2006 and the land cover shown in

the 2009 image. For this reason, we assumed that this map

is representative of the area land cover of the 2009 rainfall

event. The choice of classifying the image acquired in 2006

rather than the 2009 image is due to the widespread pre-

sence of the landslides triggered by the event. The land use

classification was validated through the direct comparison

between homologous points in the classified and in the

original images. The accuracy of the classification is

reported in Table 1.

Slope Units

To prepare the LS zonation, we have partitioned the study

area into slope-units (SU), hydrological terrain subdivision

bounded by drainage and divide lines (Carrara et al. 1991).

The SU were outlined exploiting a 5-m resolution DEM

obtained resampling the VH resolution DEM provided by

the Italian national Department for Civil Protection and

using standard WPS (Web Processing Service) tools based

on GRASS GIS 7 (grass.osgeo.org/grass70/), R (www.r-

project.org/), and Python Web Processing Service (Py-

WPS) (Marchesini et al. 2012). The size and the geomet-

rical characteristics of the SU are controlled by modeling

parameters defined by the user including the minimum

half-basin area (http://grass.osgeo.org/grass64/manuals/r.

watershed.html) and the slope aspect variability described

as the standard deviation of the aspect sine and cosine. In

the study area, the procedure identified 238 slope units

which represent the mapping units of reference for the

determination of LS. The dimension of the SU ranges from

1,348 to 28,341 m2 with a mean value of 7,194 m2. For

each slope-unit, we calculated descriptive statistics of

elevation and slope that were used as variables to explain

the spatial distribution of landslides (Carrara et al. 1991,

1995).

Landslide Susceptibility Zonation

Single and Combined Models

To evaluate the influence of land use change on LS, we

have prepared several zonations through different multi-

variate statistical analyses of morphologic and land use

information. The percentage of event landslides in the

slope units was used as the dependent variable (grouping

variable) for the terrain classifications. Following previous

experiences in modeling LS (Carrara et al. 1991, 1995,

1999; Guzzetti et al. 1999), slope units having less than

2 % of the area covered by slope failures were considered

free of landslides, and slope units having more than 2 % of

their area covered by slope failures were considered as

containing landslides. Adopting this approach, 114 slope

units were identified as having landslides, and 124 were

considered free of landslides.
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Fig. 2 Land use maps obtained by a aerial photographs acquired in 1954 and b recent QuickBird images. 1 forest, 2 pasture, 3 no vegetation, 4

urban area, 5 cultivated area. Pie charts show the distribution of classes in the two maps

Table 1 Areal extent (in %) of the land use classes (see pie charts in

Fig. 2) and accuracy of the classification for each class for the two

land use maps

Land use

classes

Extent (%) Accuracy (%)

1954

map

2009

map

Difference 1954

map

2009

map

Forest 49.41 34.14 -15.27 90 94.1

Pasture 31.25 31.49 0.24 86.4 80

Bare soil 17.32 25.70 8.38 88.6 69

Urban area 2.02 5.73 3.71 90.9 100

Cultivated

area

2.94 2.65 NA 77.7
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Exploiting the presence or absence of event landslides and

the thematic information, we have prepared three single and

one combined LS zonation following the approach described

by Rossi et al. (2010). Single susceptibility zonations were

obtainedwith differentmultivariate classification techniques

(Michie et al. 1994), including: (i) linear discriminant ana-

lysis (LDA) (Fisher 1936; Brown 1998;Venables and Ripley

2002), (ii) quadratic discriminant analysis (QDA) (Venables

and Ripley 2002), and (iii) logistic regression (LR) (Cox

1958; Brown 1998; Venables and Ripley 2002). For the
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Fig. 3 Results of single landslide susceptibility models (2 % thresh-

old). On the right models prepared using the 2009 land use (a, c, e) and

on the left the 1954 land use map (b, d, f) with the predicted LS in five

unequally spaced classes; (a1, b1, c1, d1, e1, f1) plot showing estimates

for the model uncertainty in each slope unit and (a2, b2, c2, d2, e2, f2)

success rate curve
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combined approach (CM), we adopted a regression schema

where the presence or absence of event landslides in each

slope unit was taken as the dependent variable and the results

of the single models were the independent, explanatory

variables (Rossi et al. 2010; Clemen 1989).

For the multivariate terrain classifications, we exploited

the percentage of the 2009 event landslides above a

selected threshold as grouping variable and six morpho-

logical, five land use classes obtained from the 2009 land

use map and the presence of pre-event landslides as

explanatory variables. The categorical explanatory vari-

ables (land use classes and pre-event landslides) for the

multivariate terrain classification were computed in a GIS

as the percentage of each class in each slope unit. Mor-

phological variables were obtained from the same DTM

used to perform the subdivision of the study area into slope

units and included statistics of the elevation and of the

slope.

To evaluate the influence of land use change on LS

zonation, the resulting models were applied using the 1954

land use map. This has been performed computing the

percentage of 1954 land use classes for each slope-unit and

applying the 2009 model result. Figure 3 shows results of

single models prepared using the same grouping variable

but changing the land use variables. For each classification

model (LDA, QDA, LR), Fig. 3 portrays on the left, the

susceptibility zonation prepared using the 2009 land use

map and on the right the zonation obtained applying the

same model results but considering the 1954 land use map.

The model uncertainty for each slope unit (Fig. 3a1, b1,

c1, d1, e1, f1) was computed adopting a ‘‘bootstrapping’’

re-sampling technique (Efron 1979; Davison and Hinkley

2006). For the LDA, QDA, and LR models, 200 model runs

were performed, each time varying the selected slope units.

Descriptive statistics for the probability (susceptibility)

estimates, including the mean (l) and the standard devia-

tion (r), were obtained from the ensembles of the model

runs. The relative plots show two standard deviations (2r)

of the susceptibility estimates (y-axis) against their mean

value (l) (x-axis) (Rossi et al. 2010). Inspection of the plots

reveals interesting similarities and few differences. For all

the classification models the measure of variation, 2r, is

low for slope units classified as highly susceptible (prob-

ability C0.80) and as largely stable (probability \0.20),

indicating that the models identified consistently these

slope units as stable or unstable. The scatter in the model

estimate becomes larger for intermediate values of the

susceptibility, suggesting not only that the models were

incapable of satisfactorily classifying the terrain as stable

or unstable for these terrain units, but also that the obtained

estimates were highly variable, and hence, less reliable

(Guzzetti et al. 2006b). The success rate curves (Fig. 3a2,

b2, c2, d2, e2, f2) provide a quantitative indication of the

ability of the susceptibility model to match (‘‘fit’’) the

known distribution of landslides in the study area (Chung

and Fabbri 2003). Curves are prepared plotting the total

area of known landslides in each susceptibility class with

the percentage area of the susceptibility class. The dia-

grams show the percentage of the study area ranked from

most to least susceptible (x-axis) subdivided in five classes

as the LS maps.

Exploiting Different Thresholds to Establish Stable/

Unstable SU

To test the dependence of the model results on the

threshold used to establish if a slope unit contained or was

free of landslides, we computed the same set of classifi-

cation models (LDA, QDA, LR, CM), using different

empirical thresholds. In particular, we evaluated models

using additional thresholds of 5 and 10 % to subdivide the

SU considered free of landslides and the SU containing

landslides. The upper panel of Fig. 4 shows the suscepti-

bility zonation obtained from the ‘‘combined model’’ (CM)

resulting from the single models shown in Fig. 3, whereas

the other two panels are the zonation from the CM models,

prepared using different thresholds (5 and 10 %). Results

of the models obtained using different thresholds are

summarized in Table 2 where the output obtained using the

2009 and the 1954 land use maps are listed.

To evaluate the agreement and the difference between

the models prepared using the 2009 and the 1954 land use

maps, for each threshold (2, 5, and 10 %) we computed a

pp-plot (probability–probability plot) comparing for each

slope unit the probability value obtained for the CM

zonation. Figure 5 illustrates pp-plots and maps showing

for each slope unit the difference between the susceptibility

models prepared using the 2009 and the 1954 land use

maps.

Land Use Scenarios

To estimate the possible effect of new land use changes on

LS, we have designed different scenarios obtained chang-

ing the original 2009 land use distribution. Assuming an

increase in the forested areas, we have considered three

types of changes computed at the slope unit scale resulting

in the following scenarios: (i) 75 % decrease in the pasture

extent (Scenario 1); (ii) 75 % reduction of both pasture and

cultivated areas (Scenario 2); and (iii) 75 % decrease in

bare soil where the slope-unit mean angle was greater than

15� associated with 75 % decrease in pasture areas (Sce-

nario 3). A fourth scenario was prepared assuming the

effect of a forest fire in the south-west part of the area,

where we simulated a reduction of the forested cover and

an increase in bare soil (Scenario 4).
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For each scenario, Fig. 6 shows: (i) the CM LS zonation,

(ii) a pp-plot where the susceptibility calculated for each

scenario is compared with the result of the susceptibility

model prepared with the 2009 land use, and (iii) a success

rate curve measuring the fitting performance of the LS

model.
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Fig. 4 Results of CM landslide susceptibility models prepared using

threshold of 2, 5, and 10 % to subdivide the SU considered free of

landslides and the SU containing landslides. On the right models

prepared using the 2009 land use (a, c, e) and on the left the 1954 land

use map (b, d, f) with the predicted LS in five unequally spaced

classes; (a1, b1, c1, d1, e1, f1) plot showing estimates for the model

uncertainty in each slope unit and (a2, b2, c2, d2, e2, f2) success rate

curve
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Discussion

In this paper, we focus on the influence of land use change

on LS zonation, exploiting different modeling strategies,

analyzing the models’ performance and quantifying the

difference between the outputs. We have concentrated our

attention on the evaluation of the impact of land use change

in a period of about 60 years on landslide spatial occur-

rence for a small study area located in the Briga catchment.

Changes in land use distribution were evaluated comparing

maps prepared for two different years. The comparison

between the land use maps (Fig. 2) reveals that in more

than 50 years the area was influenced by an increase in

bare soils to the detriment of forested areas. In the study

area, the forest decreased more than 15 %, whereas bare

areas, cultivated zones, and urban areas increased about 9,

3, and 3 %, respectively (Table 1). Figure 2 allows visu-

alizing the expansion of urban areas related to the devel-

opment of new residential zones and the extension of the

road network. To verify the effect of land use change,

different scenarios were constructed, assuming in three

simulations a general increase in forested areas and in a

fourth scenario a strong reduction of the forested cover

localized in a portion of the basin, considering the ground

effect of a fire event.

To understand and quantify the influence of land use

change on the susceptibility zonation we performed the

following tests: (1) we prepared single models with dif-

ferent classification techniques (LDA, QDA, and LR)

(Fig. 3) and we exploited their results, adopting a regres-

sion schema in a combined model (CM); (2) we computed

single and combined models (LDA, QDA, LR, and CM),

using different empirical thresholds to establish if a slope

unit contained or was free of landslides (Figs. 4 and 5); and

(3) we computed single and combined models simulating

different land use scenarios (Fig. 6).

In the first test, to understand the effect of land use

change on the susceptibility zonation, we prepared the

models using as explanatory variables five land use classes,

the presence/absence of pre-event landslides and six mor-

phometric variables obtained from the 5-m DEM and from

the slope map (range, mean, standard deviation computed

for each slope unit). Figure 3 allows the visual comparison

of the susceptibility estimates obtained by the three single

models adopting a 2 % threshold to distinguish stable and

unstable SU. LDA and LR provided very similar predictions

covering the entire range of susceptibility (probability)

value whereas the QDA resulted in a higher number of SU

classified as unstable. Inspection of the plots showing

measures of the model uncertainty (2r) versus the mean

probability (l), for each slope unit, reveals that LDA and

LR models are characterized by a smaller variability than

the QDA model. This confirms, as already argued by Rossi

et al. (2010), that the QDA zonation is affected by the

largest uncertainty for the SU classified between 0.2 and

0.8, compared to the LDA and LR zonation. However, on

average the QDA model uncertainty is lower because the

number of SU classified in the two extreme susceptibility

classes is higher (Fig. 3e, e2). Zonation maps obtained with

the same models (LDA, QDA, and LR) but using the 1954

land use map show similar results with significant reduction

in the number of unstable SU. Success rate curves reveal a

decrease in the model fitting performance when using the

1954 land use map, due to a reduction of slope units clas-

sified as unstable and an increase in stable terrain. In par-

ticular, the expansion of bare soil to the detriment of

forested areas in the 56 years from 1954 to 2009, deter-

mined a general increase in the susceptibility.

These results confirm that single and combined statis-

tically based models are useful and appropriate tools to

prepare, evaluate, and compare LS zonation. LS models

prepared adopting statistical approaches are quite common

where sufficient thematic and environmental information is

available. In the literature, in fact several different exam-

ples have been described, most of them evaluating the

performance skill but very few assessing models uncer-

tainty and prediction skill (Guzzetti et al. 1999; Wang et al.

2005; Kanungo et al. 2009; Pardeshi et al. 2013).

Table 2 Results of the CM models (Fig. 4) obtained using different thresholds to subdivide the SU considered free of landslides and containing

landslides

Land use TP TN FP FN Total AROC Sensitivity Specificity

2 % 2009 36.13 40.34 11.76 11.76 76.47 0.87 0.75 0.77

1954 31.09 42.86 9.24 16.81 73.95 0.84 0.65 0.82

5 % 2009 26.05 54.20 8.40 11.34 80.25 0.87 0.70 0.87

1954 13.03 57.98 4.62 24.37 71.01 0.83 0.35 0.93

10 % 2009 18.49 63.87 7.14 10.50 82.36 0.88 0.64 0.90

1954 9.66 65.55 5.46 19.33 75.21 0.81 0.33 0.92

TP true positive, TN true negative, FP false positive, FN false negative
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In a second test, we have analyzed the same models

(LDA, QDA, LR, and CM), using different empirical

thresholds to subdivide the SU considered free of land-

slides and containing landslides. Figure 4 shows the

susceptibility to landslide estimates obtained by the com-

bined models (CMs) adopting a threshold of 2, 5, and

10 %. The threshold increase changes the ratio between

stable/unstable SU in favor of stable SU. Moreover, the
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models whether light green and light pink points SU with different

classification. Numbers in the pp-plots show the count of points
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comparison between the models obtained with the 2009

and the 1954 land use maps indicates that adopting dif-

ferent thresholds the decrease in the number of SU clas-

sified as unstable is confirmed (Table 2). In particular,

comparing the results obtained for the 2009 versus the

1954 soil maps, a decrease in TP and FP and an increase in

TN and FN can be observed. In addition, the overall per-

centage of mapping units correctly classified by the sus-

ceptibility models and the AROC values decrease (area

under receiver operating characteristic: a quantitative

measure of the model performance. Fawcett 2006; Mason

and Graham 2002). This decrease can be explained by a
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Fig. 6 Results of CM landslide susceptibility models prepared using

different land use scenario (see text). a–d Map with the predicted LS

in five unequally spaced classes (see legend); (a1, b1, c1, d1) pp-plots

showing for each slope-unit the difference between the probability

value obtained using the 2009 and the new land use scenario (see

caption of Fig. 5); (a2, b2, c2, d2) success rate curve
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poorer performance of the models when using the 1954

land use map, due to low values of landslide probability

occurrence (stable LS classes) in SU affected by slope

failures triggered by the 2009 event.

The difference between the zonation obtained with the

1954 and the 2009 land usemaps is shown for each slope-unit

using pp-plot (probability–probability plot) in Fig. 5. The

pp-plot allows us to determine how closely two data sets (in

this case the two models) agree. If the two probabilities are

similar, the points should form an approximate straight line

(i.e., they should be aligned along the bisector of the plot

starting from the plot origin), whereas the deviations from

this line indicate difference between themodels. In our study

area, the agreement/disagreement provides indications of the

difference between models due to the influence of land use

change on LS zonation. In case of agreement between the

two models, the land use contribution/control is negligible

and the land use change does not affect the zonation. In the

graphs, the points below the line aligned along the bisector of

the plot, represent SU classified by the 1954 land use model

with lower susceptibility values. In particular, the light pink

points represent SU classified as unstable when using the

2009 land use map and stable using the 1954 map. The

number of the light pink points changes adopting the dif-

ferent thresholds: when using the 2 % threshold, 32 SU

(13.4 %) are classified as stable, when using the 5 %

threshold, 45 SU (18.9 %) and when using the 10 %

threshold, 33 SU (13.8 %). These figures indicate that higher

extent of the forested coverage in the 1954 land use map

reduces the instability of the terrain. Inspection of Table 3

illustrates the comparison between the CMmodels prepared

using the 2 % threshold, and reveals that the number of

unstable SU (probability value greater than 0.55), decrease

from 45.4 to 37.8 % when computing the LS zonation with

the 1954 land use, while stable SU (probability value\0.45)

increase from 47.1 to 55.5 %. The difference is more evident

when considering the areal extension of the SU in each

susceptibility class: in fact the unstable area decreases from

50.7 to 33.9 % and the stable area increases from 39.0 to

52.2 %.

Although we have considered a small test area, we think

our findings are significant and encouraging, because not

only they confirm but also quantify the positive effect of

forested cover on slope stability. These results can be used

to evaluate the consequences of land use change on land-

slide vulnerability and risk. For environmental planning,

regional and municipality authorities should consider the

important role of vegetation on slope stability, regulating

the clear-cutting of trees, avoiding widespread deforesta-

tion, and implementing slope inspection and maintenance

at local and basin scale. Woody vegetation, particularly

trees, in fact can stabilize hill slopes modifying the soil

moisture regime through evapotranspiration processes and

providing root cohesion to the soil mantle (Sidle and

Ochiai 2006; Ghestem et al. 2011).

In the third test, to evaluate the effect of different land

use distributions, we have prepared susceptibility zonation

using four different land use scenarios. The maps in Fig. 6

confirm how land use changes affect significantly the

number and the areal extent of unstable/stable slope.

Moreover, inspection of Table 3 reveals that the increase in

stable SU is highly dependent on the land use distribution.

The number of SU with a probability value greater than

0.55, is reduced from 45.4 to 22.6 % while stable SU

(probability value\0.45) increase from 47.1 to 70.2 %. SU

classified as uncertain remain stable. Inspection of Table 3

reveals a clear diminution of the probability values for the

first three scenarios with the more optimistic situation

related to an enlargement of forest and a reduction of bare

soil (Scenario 3). For each scenario pp-plots in Fig. 6 show

with the pink points the number of unstable SU turned to

stable and with light green points the stable SU turned to

unstable. This result confirms the general trend described

above.

When assuming a detrimental environmental situation,

as a forest fire (Scenario 4), the model output reveals an

increase in the number unstable SU and their areal extent.

The pp-plot shows a linear distribution of the SU not

affected by the change (points along a straight line of the

graph) and a set of point located above the line showing an

increase in the probability of the SU classified as unstable.

Other studies have investigated the effect of forest fire on

slope stability from different points of view and using other

techniques. Cannon and Gartner (2005) have described for

Table 3 Percentage of slope-units in the susceptibility classes computed for the different susceptibility zonation

\0.20 (%) 0.20–0.45 (%) 0.45–0.55 (%) 0.55–0.80 (%) [0.80 (%)

Land use 2009 28.2 (15.3) 18.9 (23.7) 7.6 (10.2) 18.9 (24.5) 26.5 (26.19)

Land use 1954 29.0 (16.5) 26.5 (35.65) 6.7 (13.8) 23.1 (18.8) 14.7 (15.1)

Scenario 1 31.1 (21.4) 21.4 (25.8) 6.3 (6.2) 15.5 (14.7) 25.5 (31.8)

Scenario 2 31.1 (21.4) 22.7 (28.5) 8.0 (8.4) 16.8 (17.4) 21.4 (24.3)

Scenario 3 39.5 (30.4) 30.7 (34.0) 7.1 (8.5) 17.6 (17.5) 5.0 (9.6)

The first digit is the percentage of number of SU, the second the percentage of the area (maps and success rate graphs shown in Figs. 4, 6). In the

table, we consider only the model results obtained with the 2 % threshold
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example the physical processes by which post-wild-fire

slope failures initiate in different settings whereas deWolfe

et al. (2008) have evaluated the effectiveness of erosion

control methods at reducing sediment movement in drain-

age basins burned by wildfire.

Conclusions

This work proposes to evaluate and quantify the effect of

land use change over a period of almost 60 years on the LS

zonation in a small study area located at the outlet of the

Briga catchment (Messina, Italy). In landslide research

literature, it is recognized that forested areas favor terrain

stability, but the problem has often been analyzed

exploiting physically based models or focusing only on the

erosion phenomena. In this paper, we have prepared and

described different statistical models to investigate the

influence of land use change. The models show an overall

variation in the susceptibility zonation: in particular there is

a decrease in unstable SU when we consider the 1954 land

use distribution that can be justified by the minor extent of

bare soils with respect to the forested areas. Other land use

change scenarios have been investigated, considering an

increase in forested areas to confirm the strong relationship

between forest cover and slope stability.

To limit the uncertainty of the analysis, we have prepared

susceptibility models, without the use of geologic and other

thematic environmental data with the purpose of empha-

sizing and quantifying the effect of land use on slope sta-

bility. Moreover, we have used only DEM-derived variables

and land use maps because we think that elevation infor-

mation is often available and land use maps can be obtained

quite easily exploiting aerial photos and/or satellite images.

Although this approach is general and does not consider

detail and very local land use and/or vegetation information,

it proves effective and useful in the evaluation of the effect

of land use modification on slope stability. For this reason,

we believe that a similar approach can be applied to

investigate the impact of land use distribution over larger

areas or an entire basin characterized by a similar setting.

This result can be used to evaluate the consequences of

land use change on landslide vulnerability and risk. The

proposed approach carried out at slope scale combined with

local and detailed analysis, could be effective to evaluate

the potential effects of different soil cover types on land use

planning and slope instability management. In particular,

local settings, plant species, and their characteristics should

be considered in detail since they play a major role in the

soil reinforcement and slope stability (Ghestem et al. 2014).
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