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Abstract
In this work, the role of different landslide inventories in susceptibility assessment was
evaluated using a non linear regression technique, namely the generalized additive model
(GAM).The investigation was carried out in three study areas: the Versa catchment
(Oltrepò Pavese, Southern Lombardy, Italy), the Vernazza catchment (Cinque Terre,
Eastern Liguria, Italy) and the Pogliaschina catchment (Vara Valley, Eastern Liguria, Italy).
Two landslide inventories related to the 2009 and 2013 rainfall events were taken into
account in the Versa catchment, whereas two landslide inventories (referred to the same
2011 rainfall event) which differ for methods of detection and criteria adopted for the
landslide mapping were considered in the Vernazza and Pogliaschina catchments. The
predictive performance of GAM for each landslide inventory was evaluated. The results
related to different inventories were compared. The results show that the predictive
capability of the model and the landslide susceptibility are significantly influenced by the
type of landslide inventory. Thus, the work highlights that a standard criterion for preparing
inventories should be adopted in order to produce landslide susceptibility assessment as
reliable as possible.
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Introduction

Landslide susceptibility assessment and mapping is a pow-
erful tool to represent coherent information about the spatial
distribution of landslides in terms of initiation areas, on the
basis of a set of relevant environmental characteristics.
Among the procedures available for landslide susceptibility
assessment, the statistical methods are widely used
(Corominas et al. 2014; Hungr 2016).

The main data layers required for assessing landslide
susceptibility are landslide inventories, predisposing and
triggering factors (Van Westen et al. 2008; Corominas et al.
2014; Hungr 2016). Landslide inventory is the most
important among them, as it gives insight to the location of
past landslide occurrences, as well as their failure mecha-
nisms (Corominas et al. 2014).

A wide range of techniques are used to obtain landslide
inventories, depending on the purpose of the inventory, the
extent of the study area, the scale, the methods used for the
detection and the classification, and the skills and experience
of the investigators (Guzzetti et al. 2006, 2012; van Westen
et al. 2006).

Specifically, landslide inventory maps can be produced
using conventional methods (field surveys) and innovative
techniques that can be grouped into two main categories:
(i) analysis of surface morphology, exploiting digital ele-
vation models (DEMs), (ii) interpretation and analysis of
satellite images (Guzzetti et al. 2006, 2012; Mondini et al.
2011).

Based on the type of mapping, landslide inventory maps
can be classified as archive or geomorphological inventories
(Guzzetti et al. 2000). The archive inventories are based on
information of landslides obtained from the literature (Sal-
vati et al. 2009), whereas the geomorphological inventories
can be classified as historical, event, seasonal or
multi-temporal inventories (Guzzetti et al. 2012). Historical
inventories show the cumulative effects of many landslide
events over a long period of time. The age of the landslides
is not differentiated but given in relative terms, such as
recent, old or very old (Galli et al. 2008; Guzzetti et al.
2012). Event inventories show landslide phenomena caused
by a single trigger. Seasonal ones represent landsides trig-
gered by single or multiple events during a single season, or
few seasons (Fiorucci et al. 2011). Multi-temporal invento-
ries group landslides triggered by multiple events over
longer periods (years to decades; Galli et al. 2008).

In addition, the landslides inventories differ also for the
classification system used to define the different landslide
types. The two most prominent English-language landslide
classifications are by Hutchinson (Hutchinson 1968, 1988;
Skempton and Hutchinson 1969) and Varnes (Varnes 1958,
1978; Cruden and Varnes 1996). The two systems are gen-
erally similar but treat landslide types somewhat different.

Hutchinson’s classification emphasizes the results of move-
ment, whereas Varnes’ method emphasizes the conditions of
slope failure, basing both on the type of movement and the
involved material (Lu and Godt 2013). Hungr et al. (2001)
updated Hutchinson’s (1968, 1988) classification of “debris
movements of flow-like form” to further categorize the broad
range of flows and conserve long-used terms. Post-failure
movement is emphasized and the classification of “landslides
of the flow type” is based on the origin, character, and
moisture condition of materials (Lu and Godt 2013). Other-
wise, Hungr et al. (2014), revised several aspects of the
well-known classification of landslides developed by Varnes
(1978) modifying the definition of landslide-forming mate-
rials, to provide compatibility with accepted geotechnical and
geological terminology of rocks and soils.

Thus, despite the clear relevance of landslide inventory
maps, the standard criteria for their elaboration remain
poorly defined (Guzzetti et al. 2012; van Westen et al. 2006,
2008). The lack of standard criteria limits the credibility and
usefulness of landslide maps and the evaluation of their
quality, with adverse effects on the derivative products and
analyses, such as erosion studies, landscape modeling, sus-
ceptibility and hazard assessments, risk evaluations (Guz-
zetti et al. 2006).

In this context, the aim of this work was to evaluate the
importance of the landslide inventory in the landslide sus-
ceptibility analysis using a non linear regression technique,
namely generalized additive model (GAM, Hastie and Tib-
shirani 1990). The degree of influence of different landslide
inventories on the predictive performance of the model was
investigated. The GAM was implemented in three different
catchments: the Versa catchment (Oltrepò Pavese, Southern
Lombardy, Italy), the Vernazza catchment (Cinque Terre,
Eastern Liguria, Italy) and the Pogliaschina catchment (Vara
Valley, Eastern Liguria, Italy). The first one was hit by two
shallow landslide events (in 2009 and 2013) whereas the
other ones, were affected by only one shallow landslide
event (in 2011). In this latter case, two different inventories,
based on two different detection methodologies, were used.

Study Areas

Versa Catchment

The Versa catchment (Fig. 1a) is located in the Oltrepò
Pavese (Southern Lombardy). It is 38 km2 wide, with alti-
tude ranging between 128 and 662 m a.s.l. The slopes have a
low-medium gradient, with values commonly ranging
between 15 and 25°. The area is characterized by a bedrock
with predominant clayey-marly component, formed of flysch
deposits (Ranzano Sandstones, Monte Piano Marls, Val
Luretta Formation), representing the Cretaceous to Miocene.
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Soil slope covers have a clayey texture and their thickness
can reach 3–4 m.

In the Versa catchment, agricultural activities are the most
important branch of local economy. Cultivated vineyards
represent the most widespread land use class (65%). The
areas covered by this land use class are particularly prone to
shallow landsliding. Two main events occurred in the last
7 years: 196 shallow landslides were triggered during 27–28
April 2009, whereas 193 shallow landslides were recorded
during multiple events of March/April 2013. The shallow
landslides recorded were classified according to Cruden and
Varnes (1996) classification. Most of them are
roto-translational slides evolving into flows, with
width/length ratio >1.

Pogliaschina Catchment

The Pogliaschina catchment (Fig. 1b) is located in the Vara
Valley (Northern Apennines). It is 25 km2 wide, with alti-
tude ranging between 95–100 and 720 m a.s.l. The slopes
are characterized by high gradient, since it can reach values
higher than 45°. The bedrock is mainly composed of med-
ium and coarse quartz-feldspathic sandstone turbidites

(Macigno Fm.; Tuscan Nappe Unit) and quartz-feldspathic
greywacke sandstone-siltstone turbidite (Arenarie di Monte
Gottero Fm.; Gottero Unit). The soil slope covers thickness
is ranging from 0.5 to 1.5 m.

The area is predominantly covered by woodland, char-
acterized by hard-wood, coniferous and mixed hard-wood
and coniferous forests (93% of the whole basin). Vineyards,
olive groves and other plantations occupy about 6% of the
area (D’Amato Avanzi et al. 2014).

A total of 658 shallow landslides were triggered during
the 25 October 2011 event. Also for this inventory, land-
slides were classified following the Cruden and Varnes
(1996) classification. Most of them were classified as com-
plex, translational debris slide-flow, with a width/length ratio
equal to 0.03–0.5 (Bartelletti et al. 2015).

Vernazza Catchment

The Vernazza catchment (Fig. 1c) is located along the
Tyrrhenian side of the Northern Apennines. It is 5.7 km2

wide with altitude ranging between the sea level and 815 m
a.s.l. and characterized by slopes with high gradient, up to
more than 35°.

Fig. 1 Geological maps of the study areas: a Versa catchment: (1)
Alluvial deposits; (2) Ranzano sandstones; (3) Ranzano sandstones
(arenaceous facies); (4) Ranzano sandstones (marly facies); (5) Monte
Piano marls; (6) Val Luretta Fm. (arenaceous facies); (7) Val Luretta
Fm. (calcareous facies); (8) Varicolori clays; b Pogliaschina catchment:
(1) Alluvial deposits (current); (2) Alluvial deposits (recent); (3) Monte
Gottero sandstones; (4) Val Lavagna Fm.; (5) Argille a Palombini Fm.;

(6) Diaspri di Monte Alpe; (7) Gabbri Fm.; (8) Serpentiniti Fm.; (9)
Canetolo clays and limestones; (10) Macigno Fm.; (11) Scaglia
Toscana Fm.; (12) Maiolica Fm.; (13) Diaspri Fm.; c Vernazza
catchment: (1) Ponte Bratica sandstones; (2) Groppo del Vescovo
limestones; (3) Canetolo clays and limestones; (4) T. Pignone marls; (5)
Macigno Fm.; (6) Macigno Fm. (sandstones lithofacies); (7) Macigno
Fm. (silty-pelitic lithofacies); (8) Macigno Fm. (silty-marly lithofacies)
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The bedrock is mainly composed of a sandstone-
claystone flysch and a pelitic complex. Two types of land
use prevail in this basin: terraced areas and woods, occu-
pying 49 and 51% of the whole basin, respectively. Despite
the high percentage of terraced areas, only a small part is still
cultivated (Cevasco et al. 2014). Due to reworking of debris
covers for terracing, the soil thickness is greater on agri-
cultural terraces (up to 2.5 m) than on woodlands (up to
1.5 m).

Several rainfall-induced landslides were triggered on 25
October 2011. A total of 473 landslides were mapped,
through the classifications of Cruden and Varnes (1996) and
Hungr et al. (2001). Most of them were classified as debris
avalanches (Cevasco et al. 2014).

Materials and Method

Statistical Method

The methodology applied for the shallow landslide suscep-
tibility assessment is based on the application of a multiple
nonlinear regression model based on GAM.

The GAM represents a semi-parametric extension of the
generalized linear model (GLM). Its basic assumption is to
replace the linear function used in a GLM with an empiri-
cally fitted smooth function, in order to find the more likely
functional form to fit the data (Brenning 2008; Goetz et al.
2011). Specifically, it uses a link function to establish the
relationship between the mean l of the response variables (in
our work the probability of landslide occurrence) and a sum
of a set of smooth functions of independent variables, as
shown in Eq. 1 (Jia et al. 2008):

gðlÞ ¼
Xn

i¼1

fiðxiÞ ð1Þ

where g is the link function (logistic in our work) and the fi
are smooth function (typically splines), each depending on a
single explanatory variable xi chosen in a set of n variables
x1…xn. GAM allows the combination of linear and nonlinear
smoothing functions and the application of different mod-
elling policies according to the characteristics of the
explanatory variables.

The adopted procedure is composed of several steps:

1. A dataset consisting of all the landslide pixels and of the
same number of randomly selected non landslide pixels
was created.

2. This dataset was subdivided into 2 subsets: the training
and the test sets. The training set, representing 2/3 of the
dataset, was used to build the GAM fitting the samples,

whereas the test dataset, including 1/3 of the dataset, was
used to estimate the model accuracy.

3. The process of training and test sets random selection
was repeated in a 100-fold bootstrap procedure, aimed to
identify the most frequent predictors variables. The
parameters that are present more than 80% of the time in
the bootstrap extractions were identified as the most
influential in the shallow landslide occurrence and
therefore were chosen to build the model for the landslide
occurrence prediction.

4. The predictive accuracy was evaluated through a repe-
ated holdout method for regression with a binary
response, slightly modified with respect to the standard
procedure (Maindonald and Braun 2010). The accuracy
of the 100 different iterations was calculated in all
training and test sets. The results were averaged to yield
an overall accuracy and then compared.

5. Another measure of the predictive performance of the
model was the receiver operating characteristic
(ROC) curve (Hosmer and Lemeshow 2000). In partic-
ular, the area under the ROC curve (AUROC) was
computed to evaluate the model ability to discriminate
landslide and non-landslide location. Specifically, the
mean value of the 100 AUROC samples obtained from
the 100-fold bootstrap procedure was calculated, as well
as the bootstrap 95% confidence intervals of AUROC.

6. The shallow landslide susceptibility maps were extracted
by extending the prediction of the model to all the study
areas. The resulting probability maps obtained by the
GAM fit procedure were classified into 4 susceptibility
levels (from low to high). Their range values were chosen
adopting an equal interval of 0.25.

7. In the last step, to investigate the reliability of landslide
probability associated to each pixel, the 95% bootstrap
confidence intervals of landslide probability were
computed.

Explanatory Variables

For the GAM application, 12 predisposing factors were
selected as explanatory variables. Nine of them, representing
morphological and hydrological parameters, were extracted
by 10 m-resolution, through a set of tools implemented in
SAGA GIS. These are: slope angle (SL), slope aspect (ASP),
planform curvature (PLA), profile curvature (PRO), catch-
ment area (CA), catchment slope (CS), topographic wetness
index (TWI), topographic position index (TPI), terrain
ruggedness index (TRI). SL, ASP, PLA and PRO were
based on local polynomial approximations, according to
Zevenbergen and Thorne (1987). ASP was transformed into
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categorical variables in order to avoid the misclassification
of flat areas as “No Data” areas. CA and CS were derived
using the multiple-flow-direction algorithm (Quinn et al.
1991). CA was transformed into its natural logarithm in
order to reduce skewness (Brenning et al. 2015)

In addition to these, geology (GEO), land use (LU) and
the Euclidean distance from the road network (RD) were
introduced as predictive variables. GEO influences the
geotechnical and hydraulic properties of the soil slope cover,
while LU controls the effects of vegetation on slope stability.
RD highlights the anthropogenic modification of the hill-
slope profile or drainage system. GEO and LU were obtained
by means of GIS analyses consulting specific thematic maps.
GEO was carried out considering the different geological
formations as reported on the available geological maps.

Response Variables: Landslide Inventories

In the Versa catchment, two different landslide inventories
(2009 and 2013) were considered. The 2009 inventory was
realized by means of post-event colour aerial photographs
(17 May 2009) at resolution of 0.15 m (photo scale of
1:12,000), obtained by aero-photogrammetric survey per-
formed by a private company (Ditta Rossi s.r.l.) The 2013
landslide inventory was carried out using Pleiades satellite
images; Pleiades triplet, available through evaluation pro-
gram organized by AIRBUS Defence & Space, were used in
stereo analyst environment.

Both landslide inventories were also completed adding
information derived from field surveys and warning by
public authority. They were introduced in GAM as single
seasonal events (Inventory 2009, Inventory 2013) and then
as combination of them, in order to analyse the
multi-temporal landslide inventory.

In the Pogliaschina and Vernazza catchments, different
inventories based on two methodologies of preparation and
referred to the same rainfall event (25 October 2011) were
considered.

In the Pogliaschina catchment case, the difference
between the two available landslide inventories consists in
the instruments and detection method used to map the
shallow landslides. The first inventory (Inventory detection
1) was obtained by means of the analysis of post-event aerial
photos and digital georeferenced orthophotos (both provided
by Liguria Regional Administration). The aerial photos
belonged to BLOM C.G.R.S 28 October 2011 flight,
whereas the orthophotos were taken by the Air Service of
Remote Sensing and Monitoring of Civil Protection of Friuli
Venezia Giulia Regional Administration on 28 November
2011. The Inventory detection 1 is composed by 271 land-
slides. The second landslide inventory (Inventory detection

2) was prepared through the combined use of aerial pho-
tographs, digital georeferenced orthophotos (both provided
by Liguria Regional Administration) and detailed field sur-
veys. In this case, the inventory consists of 521 landslides.

For what concerns the Vernazza catchment, two invento-
ries were realized by the use of two different criteria for
shallow landslides mapping. In the first inventory (Inventory
criterion 1), composed by 364 landslides, among the land-
slides classified as debris flows (Hungr et al. 2001), a different
criterion of mapping was adopted for phenomena occurring
on 1st order channels and on 2nd and 3rd order channels,
respectively. Regarding the first case, both the source and the
sliding areas were mapped. Whereas, with regard to debris
flows occurred on 2nd and 3rd order channels, only the source
areas were mapped. Moreover, the phenomena (channeled or
not) that were interpreted as the result of erosion process
caused by surface runoff action were neglected.

In the second inventory (Inventory criterion 2), consisting
of 473 shallow landslides, both the source and the sliding
areas were mapped for landslides classified as debris flows,
irrespective of whether they occurred along 1st, 2nd or 3rd
order channels. Moreover, the phenomena interpreted as the
result of erosion process due to surface runoff action were
considered.

Both in Pogliaschina and Vernazza catchment, the GAM
was applied using each single landslide inventory, in order to
compare the predictive performance of model introducing
different landslide inventories realized following different
methods of mapping.

Results

Predictive performances of the GAM by the use of different
landslide inventories as response variable are showed in
Table 1.

In the Versa catchment, despite the higher value of the
AUROC and accuracy reached with the use of the two single
seasonal events (Table 1), the use of the Multitemporal
inventory allowed to identify the totality of significant pre-
disposing factors for both the analyzed shallow landslide
events (Table 1), giving more detailed and representative
information of the parameters influencing the landslide
susceptibility of the analyzed territory.

In the Pogliaschina catchment, the different methods of
detection for the construction of the landslide inventory had
no particular influence on the predictive performance of the
model, since the results were very similar (Table 1). Instead,
the changes were found in the choice of significant
parameters.

With the Inventory detection 2, prepared through the
combined use of remotely sensed data and field
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investigation, the model has identified, as significant vari-
ables, more geomorphological predisposing factors than
those selected with the use of the Inventory detection 1.
Moreover, with the Inventory detection 2 the model was able
to capture the complex geomorphic processes of two geo-
morphological continuous explanatory variables (SL and
PLA), selecting them as nonlinear (s). This failed using
inventory 1, since the SL and PLA were selected as linear.

In the Vernazza catchment, both the AUROC value and
the accuracy were the same both with Inventory criterion 1
and Inventory criterion 2 (AUROC = 0.76; Accu-
racy = 0.71), but, the exploitation of the latter allowed, also,
to identify more predisposing factors than with the use of the
Inventory criterion 1 (Table 1).

In Fig. 2a, b are shown the susceptibility maps and the
amplitude of the 95% bootstrap confidence interval of
landslide probability. In Table 2 the percentage of the area
of each susceptibility class is reported.

In the Versa catchment, the shallow landslide suscepti-
bility distribution (Fig. 2a; Table 2) is completely different
considering the two seasonal inventories (Inventory 2009
and Inventory 2013). Instead, the use of the Multitemporal
inventory allowed to obtain a shallow landslide suscepti-
bility map representative of both the events, giving a more
reliable description of the susceptibility of the analysed
territory. The reliability of the landslide probability is indi-
cated by the amplitude of the 95% bootstrap confidence
intervals of landslide probability, shown in Fig. 2b. Effec-
tively, it was possible to notice that the lowest variability
was observed exactly using the Multitemporal inventory.

In the Pogliaschina catchment, the percentage of sus-
ceptibility distribution in each class was very similar in both
the cases (Table 2). However, looking at their spatial

distribution (Fig. 2a), the localization of the highest values
of susceptibility was different. The uncertainty of the land-
slide probability was low with the use of both the landslide
inventories, even if, few parts of the catchment (1–2%) were
also characterized by high variability of bootstrap confidence
intervals amplitude, reaching values equal to 1 (Fig. 2b).

In the Vernazza catchment, there was little difference in
the percentage of the area of each susceptibility class by the
exploitation of the two different landslide inventories
(Table 2). Also the reliability of landslide probability was
characterized by low variability in both cases (Fig. 2b).
However, in the comparison of the shallow landslide sus-
ceptibility maps (Fig. 2a) it was observed a completely
different spatial distribution of susceptibility, especially in
the upper part of the catchment. In particular, with the use of
the Inventory criterion 2, the medium-high susceptibility
was mainly identified in correspondence of channels.
Instead, considering the Inventory criterion 1, the same areas
were characterized by medium-low susceptibility.

Conclusions

The role of the landslide inventories in the landslide sus-
ceptibility analysis was investigated. In particular, a non
linear regression technique, namely the GAM, was used to
test if the method of detection and mapping of landslide
inventories, also considering seasonal or multitemporal
events, can influence the predictive performance of a sta-
tistical model and the corresponding landslide susceptibility
map. Concerning the analysis performed in the Versa
catchment, it was noted that the use of inventories of single
events tends not to consider the overall characteristics of the

Table 1 Predictive performance of the GAM and significant explanatory variables chosen by the model according to each landslide inventory
used as response variable in the analysis

Study area Landslide
inventory

Significant explanatory variable Accuracy Mean
AUROC

95% confidence interval of
AUROC

Versa catchment Inventory 2009 SL(s) + CS(s) + ASP + LU 0.72 0.76 0.74–0.77

Inventory 2013 ASP + LU 0.71 0.76 0.73–0.77

Multitemporal
inventory

SL(s) + ASP + LU + GEO 0.70 0.73 0.72–0.74

Pogliaschina
catchment

Inventory
detection 1

SL + PLA + ASP + LU + GEO 0.71 0.79 0.78–0.80

Inventory
detection 2

SL(s) + PLA(s) + PRO +
CS + ASP + LU + GEO

0.70 0.77 0.77–0.78

Vernazza
catchment

Inventory
criterion 1

TPI(s) + LU 0.71 0.76 0.75–0.77

Inventory
criterion 2

TPI + ASP + LU + GEO 0.71 0.76 0.75–0.77

SL slope; CS catchment slope; TPI topographic position index; PLA planform curvature; PRO profile curvature; ASP aspect; LU land use; GEO
geology. The nonlinear explanatory variables are indicated with (s)
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territory in terms of predisposing factors. In fact, they are
better represented by the use of a multitemporal inventory,
which is able to provide more detailed and more represen-
tative information on the parameters that affect the landslide

susceptibility of the territory. In addition, with the use of a
multitemporal inventory, the shallow landslide susceptibility
assessment improved in terms of degree of reliability of the
distribution of susceptibility.

Table 2 Percentage of the area of each susceptibility class and the uncertainty of landslide probability (95% bootstrap confidence intervals of
landslide probability) according to each landslide inventory used in each investigated area

Study area Landslide
inventory

Susceptibility distribution

Low
(0 � p � 0.25) (%)

Medium-low
(0.25 � p � 0.50) (%)

Medium-high
(0.50 � p � 0.75) (%)

High
(0.75 � p � 1) (%)

Versa
catchment

Inventory 2009 30 36 27 7

Inventory 2013 40 18 42 0

Multitemporal
inventory

25 36 35 4

Pogliaschina
catchment

Inventory
detection 1

32 40 22 6

Inventory
detection 2

29 39 26 6

Vernazza
catchment

Inventory
criterion 1

37 28 27 8

Inventory
criterion 2

34 32 25 9

Fig. 2 a Shallow landslide susceptibility maps extracted by the use of each different landslide inventory; b maps of the amplitude of the 95% of
bootstrap confidence interval of landslide probability. Upper Versa catchment; Middle Pogliaschina catchment; Bottom Vernazza catchment
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In the Pogliaschina catchment, the different methods of
detection used for preparing landslide inventories did not
influence the predictive performance of the GAM. On the
contrary, they led to a modification of the spatial distribution
of the susceptibility, in particular for areas characterized by
high value of susceptibility.

In the Vernazza catchment, the use of two landslide
inventories, prepared following two different criteria for
mapping debris flows, led to change results in terms of
spatial distribution of susceptibility. Thus, based on the
obtained results, it is evident how a standard criterion for the
preparation of landslide inventories is necessary in order to
produce susceptibility maps as reliable as possible for pur-
poses of land management.
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