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Abstract

A regional analysis of the role of land cover and its
changes on landslide occurrence is carried out. Using a
comprehensive dataset of shallow landslides that occurred
from 2002 to 2020 in the Marche region (central Italy),
hourly rainfall measurements, and different land cover
maps, we evaluate how the triggering rainfall conditions
change on different land covers. The impact of temporal
changes in land cover on the occurrence of landslides is
also studied. We find a relevant increase in landslide den-
sity in urban areas, a different seasonal distribution of
landslides in areas with different land cover, and differ-
ences in rainfall thresholds for the initiation of slope fail-
ures. More rainfall is needed to trigger landslides in
agricultural and forested areas than on artificial surfaces,
as a sign of worsening stability conditions due to human
activity. Forested areas are characterized by higher values
of cumulated rainfall required to trigger landslides, an
indication of the slope stabilizing effect of vegetation.
Different rainfall triggering conditions are observed in
different types of agricultural areas, indicating how agri-
cultural practices can influence slope instability. The find-
ings of this work are useful for territorial planning and
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landslide risk assessment, also in view of ongoing climate
and environmental changes.
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1 Introduction

Land cover, and their changes, influence the occurrence, dis-
tribution, and frequency of landslides (Sidle and Ochiai
2006). They act as predisposing factors for landslides and
also affect the distribution of the vulnerable elements, thus
influencing both landslide hazard and risk. Changes in land
cover can reduce slope stability in some cases—e.g. defores-
tation or cutting of slopes for road or building construction—
or increase it in others—e.g. new vegetation reducing soil
erosion and increasing stabilizing forces through root rein-
forcement (Masi et al. 2021; Pacheco Quevedo et al. 2023).
Furthermore, unsustainable agricultural practices character-
ized by heavy mechanization, such as tillage, can cause soil
instabilization (Volpe et al. 2022). Therefore, evaluating the
role of land cover, and its change, in the initiation of rainfall-
induced landslides is relevant for landslide risk analysis and
management.

The role of land cover/use on landslide occurrence has
been addressed in works, considering both observed and pro-
jected changes (Glade 2003; Alcantara-Ayala et al. 2006;
Begueria 2006; Reichenbach et al. 2014; Pisano et al. 2017;
Gariano et al. 2018; Shu et al. 2019; Knevels et al. 2020;
Avila et al. 2021; Hiirlimann et al. 2022; Pacheco Quevedo
et al. 2023). Almost all works focused on evaluating the
influence of land cover/use changes on landslide susceptibil-
ity assessment at the basin scale. A regional-scale analysis of
the influence of land cover and its changes on rainfall
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triggering conditions of shallow landslides is missing. Such
an analysis can provide significant insights into this compli-
cated relationship, useful for landslide risk mitigation and
territorial planning and management.

In this work, we consider land cover, i.e. the biological
and physical materials on the Earth’s surface comprising
both natural elements and surfaces modified by humans,
rather than land use, i.e. the socio-economic occupation of
the land (Herold et al. 2006), to evaluate both natural and
anthropogenic influences on landslide triggering. We use a
comprehensive dataset of shallow landslides that occurred in
the Marche region (central Italy) from 2002 to 2020 and dif-
ferent maps of land cover to evaluate whether the landslide-
triggering rainfall conditions change in areas with different
land cover. The effect of temporal changes in land cover on
the occurrence of landslides is also assessed.

2 Data

2.1 Landslide and Rainfall Records

We use a catalogue of 1221 rainfall-induced shallow land-
slides that occurred between 2002 and 2020 in the Marche
region, located in the eastern part of central Italy. Figure 1
shows the distribution of landslides in the regional territory.
Slope failures are homogenously distributed in both the hilly
and mountainous areas of the region.
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Fig. 1 Distribution of the 1221 rainfall-induced shallow landslides and
the 149 rain gauges in Marche region. The inset shows the location of
the region within the Italian peninsula. Background from Bing. EPSG:
3035

All landslides are mapped as points and for each record
several information is known, including: source of informa-
tion, landslide type (if available), geographic coordinates,
location and municipality, day and approximate or exact
time of occurrence, classes of spatial and temporal accuracy.
Information is gathered mostly from local and national
newspapers (mainly online) and technical reports from Fire
Fighters. Almost all landslides (97%) are classified as generic
shallow movements, with only a few mud flows, earth flows
and rock falls (1% each) (Hungr et al. 2014). More than 40%
of the landslides (492) are localized with a high mapping
accuracy (uncertainty <1 km?) while 692 movements (57%)
are mapped with a medium accuracy (uncertainty <10 km?).
Only 37 records (3%) are mapped with a low accuracy
(uncertainty between 10 and 100 km?). For half of the land-
slides (619 out of 1221) the exact time of occurrence is
known; for 147 landslides (12%) the part of the day and for
455 landslides (37%) only the day is known. Regarding the
monthly distribution, landslides occurred mostly in spring
(530 records, 43%, in March—April-May) and winter (298,
24%, in December—January-February). Only 21% and 12%
of the records occurred in autumn (251 landslide) and sum-
mer (142), respectively. The average number of landslides
per year is 64, with a peak in 2013 and 2014 with 206 and
246 records, respectively (Fig. 2).

The landslide records are included in the ITAlian
rainfall-induced Landslldes Catalogue (ITALICA), an
extensive and spatially and temporally accurate catalogue
of 6312 rainfall-induced landslides that occurred in Italy
between 1996 and 2021 (Peruccacci et al. 2023). The
ITALICA catalogue is freely downloadable from Zenodo
(Brunetti et al. 2023).

To reconstruct the rainfall responsible for the initiation of
each landslide, we use the hourly rainfall data recorded by
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Fig.2 Annual distribution of the analyzed landslides and scheme used
for the association of the CLC classes from three Corine releases to the
landslide records
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Table 1 Percentage of area per CLC class in the region. The percent-
ages for wetlands and water bodies are not reported

Percentage of regional area (%)

CLC class CLC CLC CLC
(level 1) 2006 2012 2018
Atrtificial surfaces 4.7 4.8 4.9
Agricultural areas 64.4 63.8 63.7
Forested areas 30.8 31.3 31.3

149 rain gauges in the regional network managed by the
regional Civil Protection Office (triangles in Fig. 1).

2.2 Land Cover Maps

We use three releases of the Corine (Coordination of
Information on the Environment) Land Cover (CLC) maps,
for the years 2006, 2012, and 2018 (namely CLC2006,
CLC2012, and CLC2018). CLC is a vector-based dataset of
44 land cover/use classes, derived from different satellite
missions, providing information at a pan-European scale,
with a minimum mapping unit of 25 hectares and updates
every six years (Corine Land Cover 2021).

We consider the first and the second levels of the maps,
which include five and 15 fields, respectively. For each
CLC release, Table 1 lists the percentages of regional areas
covered by the three first-level land cover classes, i.e., arti-
ficial surfaces (AS), agricultural areas (AA) and forested
areas (FA). The variations in the percentages of the three
first-level classes are minimal in the CLC releases +0.2%
for AS, —0.7% for AA and + 0.5% for FA).

3 Methods

3.1 Attribution of Land Cover to Landslides
Each landslide in the catalogue is associated with a land
cover class according to its spatial and temporal features.
An overlay between the landslide points and the CLC maps
is made according to the year of occurrence of the land-
slides. To consider the land cover of the year closest to the
year of occurrence, landslides between 2002 and 2007 are
assigned to CLC2006, those between 2008 and 2013 to
CLC2012, and those between 2014 and 2020 to CLC2018
(Fig. 2).

Landslide points are converted into circles depending on
their mapping accuracy. The radius of the circles is set to
0.6 km, 1.8 km and 5.6 km (corresponding to circular areas
equal to 1 km?, 10 km?, and 100 km?) for landslides mapped
with a high, medium and low accuracy, respectively. The
landslides are then intersected with the CLC class layers and
the proportion of each CLC class within each buffer is calcu-

lated. A CLC class is attributed to each landslide if it covers
at least 75% of the area (Peruccacci et al. 2017).

The number and density of landslides in each class are
evaluated for the time intervals associated with CLC2006,
CLC2012 and CLC2018. All landslides associated with
each CLC class are grouped to assess monthly and seasonal
variations in landslide occurrence as a function of land
cover. Finally, we reconstruct and analyze the rainfall con-
ditions that triggered the landslides in the different CLC
classes.

3.2 Evaluation of Rainfall Triggering

Conditions

To automatically reconstruct the rainfall conditions respon-
sible for landslide initiation and to calculate rainfall thresh-
olds, we use CTRL-T (Calculation of Thresholds for
Rainfall-induced Landslides—Tool) introduced by Melillo
et al. (2018). Using continuous rainfall measurements, rain
gauge and landslide locations, and landslide triggering time,
CTRL-T (1) identifies the representative rain gauges, (2)
reconstructs the triggering conditions (in terms of rainfall
duration D and cumulated event rainfall E), and (3) calcu-
lates frequentist rainfall thresholds and their associated
uncertainties.

Rainfall thresholds at different non-exceedance probabili-
ties are defined adopting the frequentist method (Brunetti
et al. 2010), which assumes a power law curve linking D (in
h) and E (in mm) in the equation:

E=(atAa) DU M

where, a is a scaling constant (the intercept), y is the shape
parameter (that defines the slope), and Aa and Ay are the
uncertainties of a and vy, respectively. Uncertainties associ-
ated with the threshold parameters are calculated using a
“bootstrap” non-parametric statistical technique (Peruccacci
et al. 2012) and depend on the number and distribution of the
empirical data points. As an example, the threshold at 5%
non-exceedance probability leaves 5% of the (D,E) points
below itself.

4 Results
4.1 Spatial and Temporal Variations
of Landslides

Figure 2 shows the number of landslides per year divided
into the time intervals associated with CLC2006, CLC2012
and CLC2018. In total there are 202 landslides for CLC2006,
508 for CLC2012 and 511 for CLC2018. Two maxima with
more than 200 landslides are visible in the years 2013 and
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2014. Table 2 lists the number of landslides in each CLC
class (AS, AA and FA) based on the maps released in 2006,
2012, 2018.

Fig. 3a shows the percentage of landslides in the three
CLC classes, and Table 2 lists the number of landslides per
CLC class for the 2006, 2012 and 2018 Corine releases. In
all periods, more than 65% (806) of the recorded landslides
take place in agricultural areas, and about 20% (238) and
15% (177) in artificial surfaces and forested areas, respec-
tively. No significant percentage changes in the three main
CLC classes are observed between the different releases,
apart from a slight increase in AS and a slight decrease in
FA. The density of landslides per class (number of land-
slides per 100 km?), shown in Fig. 3b, exhibits a huge
increase in all CLC classes from 2006 to 2012. In particu-
lar, landslide density in AA and FA more than doubled,
while almost tripled in AS. From 2012 to 2018, landslide
density did not change significantly across the three CLC
classes.

Table 2 Number of landslides per CLC class

CLC class Landslides (#)

(level 1) CLC 2006 CLC 2012 CLC 2018
Artificial surfaces 35 102 101
Agricultural areas 136 328 342
Forested areas 31 78 68
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Fig.3 (a) percentage of landslides per CLC class, first level, related to
the Corine maps released in 2006, 2012, and 2018; (b) number of land-
slides per 100 km? in each CLC class

Figure 4 shows the monthly distribution of landslides and
Table 3 lists seasonal number of landslides in AS, AA and
FA, respectively. The monthly distribution of landslides var-
ies in the three classes: in AS, landslides occur mainly in
March, and December; in AA, landslides take place primar-
ily in early spring (March and May) and secondarily in
autumn (September, November, December). In FA, slope
failures occur mainly in December and May. Overall, most
landslides occur in the spring season (MAM) regardless of
CLC class (Table 3).

4.2 Changes in Landslide-Triggering

Rainfall Conditions

Using CTRL-T, a triggering rainfall condition is calculated
and associated with 703 landslides. The triggering condi-
tions are reconstructed using rain gauges located at an aver-
age distance of 6.2 km from the landslides, with a maximum
distance of 20 km. The landslide-triggering rainfall condi-
tions have duration D ranging between 1 h and 306 h and
cumulated rainfall E values between 5.4 mm and 446.0 mm
(with a mean value of 71.6 mm). The corresponding mean
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Fig. 4 Monthly number of landslides in the three first-level CLC
classes. The pie chart in the inset shows the total number and percent-
age of landslides in the three classes

Table 3 Seasonal distribution of the landslides in the three CLC
classes (first level). Key: DJF, December—January-February; MAM,
March—April-May; JJA, June—-July-August; SON, September—October-
November

CLC class Landslides (#)

(level 1) DIJF MAM JJA SON
Artificial surfaces 36 59 17 26
Agricultural areas 95 217 50 94
Forested areas 32 41 13 22
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rainfall intensity values range between 0.2 mm/h and
41.2 mm/h (mean value 3.4 mm/h).

For 518 landslides, it was not possible to reconstruct a
rainfall condition for various reasons: (1) unlikely amount of
rainfall to justify triggering the landslide movement (i.e.,
cumulated rainfall values too low and inconsistent with the
information source), or (2) malfunctioning rain gauges or
unreliable rainfall measurements. It is possible that several
landslides are triggered by the same rainfall event and recon-
structed using the same representative rain gauge. In order to
keep only the first triggered landslides and to avoid dupli-
cates, such records were excluded from the analysis.

Overall, 138, 456, and 109 rainfall conditions are recon-
structed and associated with landslides that occurred in AS,
AA and FA, respectively.

Figure 5 shows the box-and-whiskers plots of the dura-
tion and cumulated event rainfall of the rainfall conditions
that have triggered landslides the three CLC classes. The
landslides that occurred in AA are characterized by a lower
rainfall duration median value, while those in FA are trig-
gered by longer rainfall conditions. On the other hand, the
cumulated rainfall needed to trigger landslides on AS is on
average lower than in AA and FA.

Similar results can be seen by looking at Fig. 6, which
shows the kernel density distribution of the ED rainfall con-
ditions that induced landslides in the three main CLC classes.
In general, landslides occurring in urbanized areas are trig-
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gered by significantly shorter and less intense rainfall condi-
tions than those localized in vegetated areas. On the other
hand, longer and wetter conditions are required to trigger
landslides in forested areas.

4.3 Changes in Rainfall Thresholds

Figure 7 shows the cumulated rainfall-rainfall duration (ED)
conditions that have resulted in landslides in AS (Fig. 7a),
AA (Fig. 7b) and FA (Fig. 7c), and the corresponding fre-
quentist thresholds at 5% non-exceedance probability level
(Tas, Ta, Tra), according to Eq. 1. The threshold equations
are listed in Table 4.

The thresholds allow a quick comparison between the
rainfall conditions that are likely to trigger a landslide in
each land cover area. It can be observed that less rainfall is
required to trigger a landslide on AS than on AA. The thresh-
old for FA is less steep than that for AA, meaning that for
longer duration (D > 24 h) a landslide can be triggered with
less rainfall in forests than in agricultural areas.

The number of landslide records collected allows a
more detailed analysis of the role of land cover in the
rainfall conditions that can trigger landslides. Therefore,
further analysis is carried out at the second and third lev-
els of the CLC (Corine Land Cover 2021). Here we report
the results only for those fields where enough landslides
are found. In AS, almost all landslides occur in areas
classified as discontinuous urban fabric (CLC code 1.1.2,
119 movements). In AA, they are found mostly on arable
land (code 2.1 in CLC) and heterogenous agricultural
areas (code 2.4). In even more detail, several landslides
occur in areas classified as non-irrigated arable land
(code 2.1.1 in CLC, 191 landslides), complex cultivation
patterns (code 2.4.2, 156 landslides) and land principally
occupied by agriculture (code 2.4.3 in CLC, 103 points).
In FA, most landslides occur in broad-leaved forests
(CLC code 3.1.1, 71 landslides). Threshold equations are
listed in Table 4.

Given the number of ED conditions, the thresholds
for discontinuous urban fabric (T, | ,) and forests (T¢3 1)
are quite similar to the corresponding thresholds for arti-
ficial surfaces and forested areas (T,s and Tgs). On the
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Table 4 Parameters (Eq. 1) of the ED rainfall thresholds for the pos-
sible initiation of landslides in areas with different CLC classes (third
level). The thresholds are defined for durations in hours and cumulated
event rainfall in mm. Key: #, number of rainfall conditions used to cal-
culate the thresholds; Tys, threshold for artificial surfaces; Ty, thresh-
old for agricultural surfaces; Tg,, threshold for forested areas; Tcy 2,
threshold for discontinuous urban fabric CLC1.1.2; T¢,,,, threshold
for non-irrigated arable land CLC2.1.1; Tc,4,, threshold for complex
cultivation patterns CLC2.4.2; T¢, 43, threshold for and land principally
occupied by agriculture CLC2.4.3; T¢s,,, threshold for broad-leaved
forests CLC3.1.1

Threshold parameters

Label # o Ao Y Ay D range (h)
CLC first level

Tas 138 5.1 1.1 0.39 0.05 2-247
Taa 456 6.1 1.3 0.40 0.06 1-306
Tea 109 5.8 0.5 0.43 0.05 1-244
CLC third level

Teiiz 119 5.0 1.0 0.38 0.05 2-247
T 191 6.3 0.9 0.42 0.04 1-204
Tcoan 156 6.4 0.8 0.40 0.05 1-306
Tcoas 103 45 0.8 0.50 0.05 1-204
Tcana 71 5.9 1.6 0.41 0.07 2-244

other hand, significant differences are found among the
thresholds defined for the three third-level agricultural
classes. The thresholds for classes 2.1.1 and 2.4.2 (non-
irrigated arable land and complex cultivation patterns)
are similar, while the threshold defined for the class
2.4.3 (land principally occupied by agriculture) is lower
and steeper.

5 Discussion and Conclusions

Using a comprehensive catalogue of rainfall-induced shal-
low landslides in the Marche region, hourly rainfall mea-
surements and three releases of Corine land cover maps,
we observe differences in the distribution of landslides at
different land cover levels and in landslide triggering
conditions.

A high landslide density in urban areas is observed in the
examined period (Table 2, Fig. 3). This result has relevant
implications for landslide risk assessment. In general, the
link between urbanization and landslide risk is known, but
poorly quantified (Ozturk et al. 2022). Human modifications
to slopes (e.g., slope cutting for building construction, vege-
tation removal, changes in hydrogeological conditions due to
poor drainage or leaking pipes) can increase their instability.
On the other hand, it should be acknowledged that landslides

information in urban areas may be more frequent and easier
to obtain than in agricultural and forested areas, often non
urbanized (Peruccacci et al. 2023).

Various seasonal distributions are observed in the CLC
classes (Table 3, Fig. 4). Almost all landslides occurring in
agricultural areas are concentrated in spring, while the
slope failures occurring in forested areas are distributed
between late autumn and mid spring. The information
available in the catalogue does not allow an evaluation of
the relationship between the land cover and the type of
landslide movement. It is worth noting that this analysis
was previously done for an event landslide inventory for
about two thousand landslides that occurred in the Marche
region after an extraordinary rainfall event in September
2022 (Donnini et al. 2023). In that case, almost all the land-
slides classified as falls and three quarters of those classi-
fied as flows occurred in forested areas, while most slides
occurred in agricultural areas. The results of such different
analyses made with different datasets could (and should) be
combined to provide information on the occurrence of
landslides of different types are expected in different land
covers.

Relevant differences in the rainfall conditions able to
trigger shallow landslides in the study area are also found.
In detail, more rainfall is needed to trigger a landslide in
agricultural and forested areas than on artificial surfaces
(Fig. 5). Again, human modifications to natural environ-
ments may have worsened the stability conditions of the ter-
rains covered by artificial surfaces. Forested areas are
characterized by the higher values of cumulated rainfall
needed to trigger landslides, particularly for duration longer
than 24 h (Figs. 6 and 7). This is linked to the stabilization
action played by vegetation on the slopes, mainly due to: (1)
reduction of effective rainfall and infiltration, by intercep-
tion and evapotranspiration; (2) increase in shear strength
and additional soil cohesion due to root reinforcement; (3)
changes in soil suction through root water uptake; (4) stabi-
lization of the shallowest soil layers (Schmaltz et al. 2017;
Masi et al. 2021).

Looking in more detail, different landslide-triggering
conditions are observed in three agricultural areas. Less
rainfall is needed to initiate a landslide in areas classified as
land principally occupied by agriculture than in areas
defined as non-irrigated arable land and complex cultiva-
tion patterns (Table 4). This could be an indication of some
agricultural practices that may favor soil degradation and
shallow slope instability (Tarolli and Straffelini 2020; Volpe
et al. 2022).
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The evaluations and the outcomes of this work will be
even more relevant in a climate change context. In addition
to the evident worldwide rise in temperature, global warming
may increase extreme rainfall events due to an enhanced
atmospheric moisture retention and consequently affect land
cover, for example by changing agricultural and forestry
practices. These changes have a direct and indirect impacts
on slope stability and landslide occurrence (Sidle and Ochiai
20006; Gariano and Guzzetti 2016).

The results of this work are of interest for regional land-
use planning and landslide risk assessment in the short and
long term. The findings can also be used for a future evalua-
tion of changes in landslide triggering conditions in response
to projected land cover changes. The addition of new records
to the landslide catalogue will allow further analysis at the
second and third Corine levels to evaluate more specific dif-
ferences in landslide triggering conditions in various types of
crops and different forest species. Finally, the release of a
new CLC map will allow new temporal analyses to look for
recent most changes and trends in the density and distribu-
tion of the landslides.
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