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Abstract 

A very good landslide susceptibility prediction model was developed for the area in the 
perialpine region in the central western Slovenia. Using multivariate statistics the inte- 
ractions between spatial factors and landslide distribution were tested, and the importance 
of individual factor to the landslide susceptibility was defined. On the basis of the sta- 
tistical results several landslide prediction models were developed using the Analytical 
Hierarchy Process (AHP) method. These models gave very different results, with a pre- 
diction error ranging from 6,89 % to 31,8 %. As a final result of the research, weights of 
different spatial factors from the best models calculated with the AHP method were 
derived. The results showed that the lithology (31 % variance), the slope inclination (21,2 
% variance), land cover type (13,7 % variance), the terrain roughness (10,1 % variance), 
and the terrain curvature (8,6 % variance) play an important role in landslide suscepti- 
bility in general. Minor roles also play the distance to streams and the distance to struc- 
tural elements. These factors weights values were later used as input values in a simple 
linear weighted landslide susceptibility prediction model for the area in the Alpine region 
(north-westem Slovenia). The fact is that the ideal weight’s value of a factor differs from 
area to area. Each original weight value used in the new (Alpine) model presented only 
the mean of the new weight’s range/distribution, which was used as an input to the linear 
model. The analysis of the ideal factors weights in the Alpine area included several 
analytical trials, where different factors with different weight distribution were used. 
Altogether, almost 65 000 different models were calculated and tested to the landslide 
distribution. The best prediction results gave the model, where lithology played the major 
role in the landslide susceptibility (30 %), slope inclination contributed less (22 %), and 
land cover type contributed 20 % to the landslide susceptibility. The terrain curvature 
contributed 16 % to the landslide susceptibility. The distance to streams 10 % and the 
distance to structural elements contributed 2 % to the landslide susceptibility. When the 
importance of the synchronism of strata dipping and slope aspect was tested, this factor 
showed to be very significant (18 % - 22 %). The application of calculated weights from 
one area into another showed that general principles of spatial factor significance do exist, 
although they differ in some extent. This proof could be effectively used for fast and 
relatively inexpensive assessments of landslide susceptibility predictions in the remote and 
inaccessible regions such as are Alpine areas, but one should always bear in mind that 
some site specific spatial factors, i.e. synchronism of strata dipping and slope aspect, also 
play an important role in the landslide susceptibility, especially in the steep areas. 

Kratka vsebina 

Za območje v predalpskem svetu osrednje Slovenije je bil s pomočjo multivairatne 
statistike razvit kvaliteten model napovedi verjetnosti pojavljanja plazov. Pri izdelavi 
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modela je bil določen vpliv posameznih prostorskih dejavnikov na pojavljanje plazov, 
njihovo medsebojno delovanje in pomembnost dejavnikov pri pojavljanju plazov. Na pod- 
lagi statističnih rezultatov je bilo z uporabo metode Analytical Hierarchy Process (AHP) 
izdelanih več modelov napovedi verjetnosti pojavljanja plazov, ki so dali zelo različne 
rezultate napovedi. Natančnost napovedi se je gibala med 6,89 % in 31,8 %. Z metodo AHP 
so bili za najboljše modele izračunani deleži vpliva prostorskih dejavnikov na pojavljanje 
plazov. Rezultati so pokazali, da igra pri napovedi pojavljanja plazov litologija najpo- 
membnejšo vlogo (31 % variance), sledijo ji naklon pobočij (21,2 % variance), raba tal (13,7 
% variance), razgibanost terena (10,1 % variance) in ukrivljenost terena (8,6 %). Manjši 
vlogi pripadata dejavnikoma oddaljenosti od površinskih tokov in od strukturnih elemen- 
tov (prelomov in narivov). Ti podatki o pomembnosti prostorskih dejavnikov so bili nato 
uporabljeni kot vhodni utežni podatki pri izdelavi modela napovedi verjetnosti pojavljanja 
plazov za območje v alpskem svetu severo-zahodne Slovenije. Pričakovati je, da se vre- 
dnosti uteži prostorskih dejavnikov razlikujejo od lokacije do lokacije, kar postavlja pod 
vprašaj uporabnost modela napovedi oz. vrednosti uteži predalpskega območja pri izdelavi 
modela napovedi za alpsko območje. Uporabljene vrednosti uteži iz predalpskega modela 
so v novem, alpskem modelu linearno utežene vsote predstavljale srednje vrednosti raz- 
ponov uteži. Iskanje idealnih uteži vplivnih dejavnikov na pojavljanje plazov v Alpskem 
svetu je bilo sestavljeno iz več analitičnih poskusov, pri katerih so bili uporabljeni različni 
razponi uteži za različne prostorske dejavnike. Skupaj je bilo izdelanih in testiranih na 
pojavljanje plazov skoraj 65.000 različnih matematičnih modelov. Modeli z najboljšimi 
rezultati napovedi so pokazali, da igra pri napovedi verjetnosti pojavljanja plazov v 
alpskem modelu, tako kot pri predalpskem modelu, litologija najpomembnejšo vlogo (30 
%), z 22 % ji sledi naklon pobočij, z 20 % pa raba tal. Ukrivljenost pobočij prispeva k 
napovedi 16 %, oddaljenost od površinskih tokov 10 % in oddaljenost od strukturnih 
elementov 2 %. Pri modelih, v katere je bil vključen dejavnik sinhronosti vpadov plasti 
z usmerjenostjo pobočij, se je izkazalo, da je ta dejavnik vsaj tako pomemben kot raba 
tal (18 % - 22 %). Prenos vrednosti uteži prostorskih dejavnikov iz enega območja na drugo 
je kljub manjšim odstopanjem pokazal, da obstajajo neka splošna načela vpliva dejavnikov 
na pojavljanje plazov, kar bi bila lahko dobra osnova za enostavno in relativno hitro 
izdelavo ocene verjetnosti pojavljanja plazov na nedostopnih območjih, ki jih v alpskem 
svetu ne manjka. Obenem je nujno upoštevati dejstvo, da lahko lokalno specifični dejavniki 
močno spremenijo verjetnost pojavljanja plazov. 

Introduction 

The occurrence of spatially distributed 
events or phenomena is the result of nume- 
rous interacting spatial and temporal fac- 
tors. To predict these events is always a 
tricky task. Even trickier is the application 
of the prediction results from one research 
area to another without loosening the rules 
that model is based on. It is not very diffi- 
cult to apply a model to some other area 
than the learning one, if modeTs rules are 
universal. When predicting landslide suscep- 
tibility this is a rare čase, since the combina- 
tions of different factors that influence the 
spatial distribution and those that govem 
the triggering conditions are numerous and 
site specific. Or aren’t they? 

In the most ideal circumstances of course, 
only one model for each type of phenomenon 
would be enough for a prediction of the same 
phenomenon anywhere. There are several re- 
asons/obstacles that indicate the restrictions 
of model applicability. Those reasons are (1) 
spatial and temporal diversity of the pheno- 

menon governing factors, (2) inexact definiti- 
ons of phenomena, (3) misclassification of 
phenomena, and (4) inaccuracy of the data on 
governing factors. Since it is almost impossi- 
ble to overcome ali the obstacles given above, 
the prediction models’ usefulness’ is limited. 

The paper will show the development of 
linear weighted landslide susceptibility pre- 
diction model using multivariate statistics 
and Analytical Hierarchy Process (AHP), its 
accuracy testing in the same area, and its 
application to the non-related, distant area. 
The testing of the landslide susceptibility 
prediction applicability will be carried out 
with numerous models with varying factors’ 
weights values. The results will show the 
level of the applicability of perialpine land- 
slide susceptibility model to the Alpine area. 

The research will only take into account 
the causal factors, since the triggering fac- 
tors are rather difficult to predict and to 
model, due to their temporal variation. De- 
spite their complexity some researchers did 
try to tackle the problem (Kojima & O b a - 
yashi, 2002; 2004). 
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Study area and data used 

The landslide susceptibility prediction 
model was developed in the perialpine area 
in the central Slovenia. The area that spre- 
ads approximately 1220 square kilometres 
(35x35 km) and lies in the central part of 
Slovenia, west of Ljubljana, its Capital. The 
model was later applied to the municipality 
of Bovec (367 km2) that lies in the Alpine 
region in the north-westem part of Slove- 
nia. Both areas are shown in Figure 1. 

elevation model (DEM) data were obtained 
from the national 25 m resolution InSAR 
DEM 25 (Survey and Mapping Administra- 
tion, 2000). Ali the additional data on the 
terrain morphology (curvature, elevation, 
slope, aspect, basins, and primary slope- 
units) were derived from the DEM. The “Ba- 
sic Geological Map at the scale of 1:100 000” 
served as a source for the geologic data of 
the perialpine area, and for the Alpine area 
the 1:25 000 scaled geological map was used. 
For the land use and the vegetation cover in 
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Fig. 1. Research (perialpine) area and application (Alpine) area. 
Slika 1. Obravnavano predalpsko območje in alpsko območje uporabe razvitega modela. 

For the purpose of model development 
the spatial factors’ data that have already 
been proven by many authors (Carrara, 
1983; Carrara , at al. 1991; Ko j ima et al., 
2000; Fabbri et al., 2003; Crozier & 
Glade, 2005) to be relevant to the landslide 
susceptibility were gathered. The landslide 
data were obtained from the landslide data- 
base that was constructed at Geological Sur- 
vey of Slovenia. For the perialpine area, it 
consists of the data on 614 landslides, and 
27 landslides for the Alpine area. The digital 

the perialpine region, satellite images from 
different sources were used and combined, 
using PCA (Principal Component Analysis) 
merging method, where the first principal 
component image from the multi-spectral 
satellite data was replaced with the first 
principal component image of the high-re- 
solution part. The multi-spectral part of the 
satellite data was obtained from the Land- 
sat-5 TM images, and the high-resolution 
part was obtained from the Resurs-F2 MK- 
4 images. For the land use and the vegetati- 



144 Marko Komac 

on cover in the Alpine region, already classi- 
fied and interpreted data from orthophoto 
were used (Ministry of Agriculture, Forestry 
and Nutrition, 2004). The topologic map in 
scale 1:50 000 was used as a source of the 
surface water data (Survey and Mapping Ad- 
ministration, 1994). 

Methodology 

The whole process was divided into two 
phases. In the first phase the models were 
developed and tested on the data from the 
learning area (perialpine area) and in the 
second phase, the developed models were 
applied to the Alpine area, and their accu- 
racy and applicability was assessed. Figure 
2 presents the whole process of model deve- 
lopment and its application. 

Perialpine area modelling 

Univariate statistical analyses (Kolmogo- 
rov-Smirnov test and Chi-square test) were 
performed to confirm the role of a specific 
factor or to rule it out. Prior to the multiva- 
riate statistical analysis, the study area was 
automatically divided to 78365 slope units 
(Carrara , 1983; Carrara et al., 1991; Van 
Westen, 1993; Ardizzone et al., 2002), 
for which 24 new statistical variables were 
calculated. The division of the area into the 
slope units was necessary step due to the 
point nature of the landslide data. Based on 
its temporal distribution the perialpine land- 
slide data set was divided into the learning 
set (65 %) and into the testing set (35 %). 
Using multivariate statistical analysis, the 
interactions between factors and landslide 
learning set distribution were tested. As a 
result the importance of individual factors 
on the landslide occurrence was defined. The 
results from the multivariate statistical 
analyses were used for defining the relations 
between spatial factors prior to the AHP 
(Analytical Hierarchy Process) model deve- 
lopment. For the model development, the 
results from multivariate analyses, both li- 
near regression and factor analysis, were 
used. One part of the models was developed 
using the values from statistical analyses for 
defining subjectively the relationship values 
between different factors. The rest of the 

models were developed by importing the cal- 
culated relationship values between diffe- 
rent factors, based on their statistical func- 
tion values, into the AHP matrixes. The 
application of the AHP method, developed 
by Saaty (1977), on the landslide predicti- 
on has been shown before (Barredo et al., 
2000; Mwasi, 2001; Nie et al., 2001) and it 
was used to more transparently define the 
factors that govem the landslide occurren- 
ce. For ali the models, where AHP was used, 
the CR (Consistency Ratio) was calculated 
and those with CR higher than 0.1 were im- 
mediately eliminated. For more details refer 
to Komac (2005). 

Taking into account the normal distribu- 
tion of the results, an approximation was 
done, where in each of the model, the hig- 
hest value represents the highest landslide 
susceptibility, and vice versa, the lowest va- 
lue represents the lowest landslide suscepti- 
bility. Considering the normal distribution, 
the mean represents the crude boundary bet- 
ween the landslide “safe” and landslide pro- 
ne areas. Models were then tested for their 
landslide susceptibility accuracy on the te- 
sting set. The slope unit(s) with landslide(s) 
where the landslide susceptibility was lower 
than the model’s mean value represented the 
error. 

Alpine area modelling 

For each spatial factor the weigh value 
from the best perialpine model represented 
the mean value of the weights’ uniform di- 
stribution in the model application phase in 
the Alpine area. Ali the models calculated 
for the Alpine area were tested for their ac- 
curacy to the known landslide distribution 
in the same area. For the test areas, the up- 
per 20 % of the landslide area was taken. 
The estimation was made that roughly up- 
per one fifth of the landslide area represents 
the triggering area that actually represents 
the area influenced by causal factors. Prior 
to the model calculation each spatial fac- 
tor’s data were classified according to land- 
slide susceptibility and standardised since 
the calculations are based on linear weigh- 
ted equations. After the model calculation 
and prior to the test, ali the models were 
normalised, like in the čase of perialpine 
area model testing. Almost 65 000 models 



Application of a perialpine landslide susceptibility model in the Alpine region (Slovenja) 145 

were calculated and tested. The landslide 
celiš that occurred in areas below the mo- 
del’s mean value represented the error. For 
the landslide susceptibility factor classifica- 
tion random 2/3 (671 celiš) of the Alpine 
landslide population was taken. The rest, 1/ 
3 (269 celiš) of the population was used for 
the susceptibility model testing. 

Testing set 

ble 1 shows the modelling results for the 
perialpine area. 

Various factor combinations and weight 
values for the seven Alpine modelling trials 
are presented in the Table 1. There are three 
statistical variables used in the perialpine 
models that were not applied to the Alpine 
are, at least not directly. Variables terrain 
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Fig. 2. Flowchart of the development and application process. 
Slika 2. Diagram procesa izgradnje modela napovedi verjetnosti pojavljanja plazov in prenosa 

rezultatov na drugo območje. 

Results and discussion 

Model’s prediction capability of the land- 
slide susceptibility is expressed in the term 
of error, in other words, in the term of num- 
ber of landslide celiš that fall in the areas of 
low landslide susceptibility. The errors of 
perialpine landslide susceptibility models 
ranged from 6,89 % to 31,8 %. The best 
model, based on the results of the factor 
analysis, showed that lithology plays the 
most important role (31 % of variance) in 
the landslide susceptibility. Slope inclinati- 
on is also important and accounts for 21,2 % 
of variance, land cover type accounts for 
13,7 % of variance, the terrain roughness for 
10,1 % of variance. The terrain curvature is 
responsible for 8,6 % of variance, lithologic 
diversity for 5,5 %, and land cover diversity 
for 3,9 % of variance. Distance to streams 
and distance to structural elements (faults 
and thrusts) also play a role, but a minor 
one. They account for 3,6 % and 2,3 % of 
variance respectively. The second row of Ta- 

roughness, lithologic diversity and land co- 
ver diversity are in the čase of Alpine area 
incorporated into terrain curvature or slope 
inclination, lithology, and land cover respec- 
tively. There is also one variable that was 
introduced to the Alpine prediction model 
and it was not analysed in the perialpine 
prediction model, the synchronism between 
the strata dipping and slope orientation and 
angle. The purpose of the inclusion was to 
test the importance of the synchronicity in 
the landslide susceptibility modelling. 

For every combination the model error 
was calculated based on the principle that is 
given in the previous chapter. Table 2 lists 
the range of error for each trial. The span of 
the errors is between 4,07 % and 66,4 %. The 
results in Table 2 clearly show that the er- 
rors of the Alpine models are smaller in tri- 
als, where the weights’ values were similar 
to the vveights’ values of perialpine area. 
Results of the 8th, 9th and 13th trial, where ali 
the factors used, except the elevation factor 
that was used only in the 8th trial, confirm 
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Table 1. Weights’ values for perialpine 
Preglednica 1. Vrednosti uteži za predalpski model 

and Alpine area. 
in za alpski model napovedi. 

No. 
models 

Spatial Rough Curv Litho. 
divers. 

LC 
divers. 

Dist. 
streams 

Dist. 
struct. el. Synchro Asp Elev 

Perialpine area Weight 0,31 0,137 0,101 0,086 0,023 

Alpine area 
- trial 1 

0,19 
0,2 0,05 

Step 0,01 0,01 

Alpine area 
- trial 2 

0,38 0,33 

Step 0,02 

Alpine area 
- trial 3 

0,05 

Step 0,05 0,05 0,05 0,05 

Alpine area 0,38 0,38 0,38 
0,1 0,1 0,1 

Step 0,02 

Alpine area 
- trial 5 Min 

Step 0,1 0,1 

Alpine area 
- trial 6 

Step 

0,35 0,3 0,1 

0,05 0,05 

0,02 

Alpine area 
- trial 7 

Step 

0,1 0,1 0,1 0,3 
0,05 

0,05 0,05 0,05 

Alpine area 
- trial 8 

Step 0,2 0,2 0,2 0,2 0,2 

Alpine area 
- trial 9 3016 

Step 

0,7 0,7 0,7 0,7 

0,1 0,1 0,1 

Alpine area 
trial 10 

Step 0,1 

Alpine area 
- trial 11 Min 

Step 0,1 

Alpine area 
- trial 12 

Max 
Min 
Step 0,1 

Alpine area 
- trial 13 

Step 
0,1 

0,1 0,1 0,1 0,1 0,1 

Alpine area 
- trial 14 4872 

Max 
Min 
Step 

0,3 0,1 
0,3 0,1 0,1 

0,02 0,02 0,02 

Explanation to the Table 1 / Razlaga k Preglednici 1: Perialpine area / predalpsko območje; Alpine 
area / alpsko območje; No. models / št. modelov; Spatial factor / Prostorski dejavnik; Weight / Utež; Max 
- Maximum value / Največja vrednost; Min - Minimum value / Najmanjša vrednost; Step / Korak; Litho 
- Lithology / Litologija; Slope - Slope inclination / Naklon pobočij; LC - Land cover type / Raba tal; 
Rough - Terrain roughness / Razgibanost terena; Curv - Terrain curvature / Ukrivljenost pobočij; Litho. 
divers. - Lithologic diversity / Litološka raznolikost; LC divers. - Land cover type diversity / Raznolikost 
rabe tal; Dist. streams - Distance to streams / Oddaljneost od površinskih tokov; Dist. struct. el. - Distance 
to structural elements / Oddaljenost od strukturnih elementov; Synchro - Strata dip/slope orientation 
synchronism / Sinhronost vpadov plasti z usmerjenostjo pobočij; Asp - Slope aspect / Usmerjenost 
pobočij; Elev - Elevation / Nadmorska višina. 
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that the factors’ weights are important, and 
that random selection of the values gives 
worst results. 

Where lithology, slope inclination and 
land use cover were excluded or played mi- 
nor roles in models, models gave the worst 
prediction results with error around 66 %. 
Vice versa, the best results of models, where 
synchronism was not included but also slope 
aspect and elevation factors were included, 
showed that in the čase of coarse weights (5th 

trial) the land-cover factor played the most 
important role (80 %) with the lithology pla- 
ying a minor role (20 %). When analysis was 
done on more precise weight values (6th tri- 
al), the results were different. The lithology 
accounted for 23 %, the slope inclination for 
20 %, the land-cover type for 30 %, the ter- 
rain curvature and distance to streams each 
for 10 %, the elevation for 5 %, and the slope 
aspect accounted for 2 %. 

Results of the 14th trial, where the same 
factors were used for the susceptibility mo- 
del development as for the perialpine land- 
slide susceptibility model, showed that the 
lithology accounts for 30 % of the suscepti- 
bility model, slope inclination for 22 %, and 
land cover type for 20 %. The terrain curva- 
ture covers for 16 %, and the rest is split 
between the distance to streams (10 %) and 
the distance to structural elements (2 %). 

Where lithology was not included, results 
were surprisingly good. In the llth trial the 
land-cover factor accounted for 90 % and 
the terrain curvature for 10 %. The results 
of the 12th trial show that slope inclination 
and distance to streams play an eaual role 
(50 %). 

When the synchronism was included in 
the modelling landslide susceptibility, it ac- 
counted for the 18 % - 22 % (lst, 2nd and 4th 

trial). The rest of the included spatial fac- 
tors bore more or less the same importance 
as in the model where synchronism between 
the strata dipping and slope orientation was 
not included. When the two “distance to” 
factors were excluded from the model, the 
lithology accounted for 12 % - 30 %, the 
slope inclination for 18 % - 33 %, the land- 
cover type for 18 % - 36 %, and the terrain 
curvature for 5 % - 10 %. When the land- 
cover factor was excluded from the model, 
the lithology accounted for 25 % - 40 %, the 
slope inclination for 5 % - 30 %, the terrain 
curvature for 10 % - 50 %, the distance to 

streams for 5 % - 10 %, and the distance to 
structural elements for 0 % - 10 %. 

The best overall results (4,6 % - 6,5 % 
error) were achieved when the land-cover 
factor played the most important role (70 % 
- 90 %), and the rest was accounted for the 
lithology, the slope aspect, the terrain cur- 
vature, or for the synchronism. 

The factors’ weights values for the best 
models, calculated in lst, 4th, 7thand 14th trial 
are shown in the Table 3 under rows “Alpine 
Ml”, “Alpine M4”, “Alpine M7” and “Alpi- 
ne M14” respectively. 

The factors’ weights values of the best 
models for the Alpine area are compared in 
the Table 3. For comparison also the we- 
ights’ values for the best perialpine model 
are given (Perialpine PM1). If it is assumed 
that the factors “Lithological diversity”, 
“Land cover diversity” and “Terrain rough- 
ness” can be represented with factors “Lit- 
hology”, “Land cover”, and “Terrain curva- 
ture” or “Slope inclination” respectively, it 
is clear, that the correlation between the 
spatial factors of the two comparable mo- 
dels exists (Spearman R = 0,942857; for PM1 
and M14). 

Figure 3 shows the area distribution of 
the landslide susceptibility classes for the 
model, in which the perialpine factors’ we- 
ight values were directly applied to the Al- 
pine model (PM1; error = 22,98 %), the best 
Alpine models, from trials where the 
synchronism factor was included (Ml; error 
= 17,34 %, M4; error = 6,78 %), the best 
Alpine model, from trials where the synchro- 
nism was included and land-cover factor was 
excluded (M7; error = 21,95 %), and the best 
Alpine model, in which the synchronism was 
not included (M14; error = 17,07 %). LSP1, 
LSI, LS4, LS7, and LS14 represent the cu- 
mulative distribution of landslides for mo- 
dels Ml to M14 respectively. 

The Alpine (M14) model and perialpine 
model are shown in Figure 4. Darker areas 
represent higher landslide susceptibility. 

The results suggest that same spatial fac- 
tors with slightly different importance go- 
vern the landslide occurrence in the Alpine 
region in comparison to the perialpine regi- 
on. The role of land-cover factor is defini- 
tely an important one, but some facts have 
to be considered. The land-cover data was 
obtained from the Ministry of Agriculture, 
where the importance is focused on agricul- 
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Alpine area Error Error 
(%) 

Alpine area Error Error 
(%) 

Trial 1 
Poskus 1 

Max 
Min 

90 24,39% 
64 17,34% 

Trial 8 
Poskus 8 

Max 
Min 

245 
24 

66,40% 
6,50% 

Trial 2 
Poskus 2 

Max 
Min 

90 24,39% 
55 14,91% 

Trial 9 
Poskus 9 

Max 
Min 

245 
24 

66,40% 
6,50% 

Trial 3 
Poskus 3 

Max 
Min 

162 43,90% 
24 6,50% 

Trial 10 
Poskus 10 

Max 
Min 

174 
68 

47,15% 
18,43% 

Trial 4 
Poskus 4 

Max 
Min 

116 31,44% 
25 6,78% 

Trial 11 
Poskus 11 

Max 
Min 

154 
15 

41,73% 
4,07% 

Trial 5 
Poskus 5 

Max 
Min 

176 47,70% 
24 6,50% 

Trial 12 
Poskus 12 

Max 
Min 

145 
51 

39,30% 
13,82% 

Trial 6 
Poskus 6 

Max 
Min 

101 27,37% 
36 9,76% 

Trial 13 
Poskus 13 

Max 
Min 

245 
24 

66,40% 
6,50% 

Trial 7 
Poskus 7 

Max 
Min 

96 26,02% 
81 21,95% 

Trial 14 
Poskus 14 

Max 
Min 

102 
63 

27,64% 
17,07% 

Table 2. Error range 
for each trial. 

Preglednica 2. Razpon 
napak napovedi za 
posamezni analtični 

poskus 

Explanation to the 
Table 2 / Razlaga k 
Preglednici 2:Error - 
Prediction error of 
model / Napaka 

tural land and the rest land-cover types are 
not defined in detail. Hence the generalisa- 
tion effect of the land-cover data and the 
resulted over-estimated importance of the 
factor. Considering the fact of the over-esti- 
mation of the land-cover factor, the best Al- 
pine model (M14) gives similar results as the 
one developed for the perialpine region. Ne- 
vertheless the relations between weights of 
spatial factors in the perialpine model (PM1) 
and Alpine model (M 14) are very similar, 
which gives a confirmation to the universa- 
lity of the landslide susceptibility model- 
ling. 

Concluding remarks 

It has been shown that some uniform prin- 
ciples of interaction between the spatial fac- 
tors that govern the landslide occurrence and 
the landslide susceptibility do exist, inde- 

pendently of the location. If simplified, the- 
se interactions can be represented in a form 
of linear weighted equations or models. 
Landslide susceptibility is govemed by nu- 
merous spatial factors that can be cut down 
to several important ones, the lithological 
properties, the slope inclination, the land 
use, the curvature, the distance to streams 
and the distance to structural elements. 
When the synchronism between strata dip- 
ping and slope orientation was used in the 
modelling of landslide susceptibility, the re- 
sults have shown that this factor was as im- 
portant as the land-cover type (Ml), or as 
important as the terrain curvature and the 
distance to streams (M14), or even more im- 
portant than lithology (M4). In the čase of 
the Alpine susceptibility models, the inde- 
pendency and correlation betvveen spatial 
factors were not analysed, but it is clear that 
they exist. This is also the important but 
unfortunately missing part of most landsli- 

Table 3. Weight values of best models for perialpine and Alpine area. 
Preglednica 3. Vrednosti uteži pri najboljših modelih napovedi (predalpski in alpski). 

Model Litho LC Curv 
Dist. 
el. 

Dist. 
streams Elev Synchro Rough. Litho. 

divers. 
d LC 

Perialpine 
PM1 36,5 % 26,25 % 17,6 % 13,65 % 3,6 % 2,3 % In Slope 

& Curv 
In In LC 

Alpine Ml 30 % 18 % 6 % 18 % 
Alpine M4 12 % 5 % 50 % 10 % 22 % 
Alpine M7 40 % 30 % 10 % 0 % 10 % 0 % 10 % 
Alpine M14 30 % 22 % 20 % 16 % 2 % 10 % 

The acronyms are the same as in Table 1. / Razlaga je enaka tisti za Preglednico 1. 
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Landslide susceptibMity classes 

Fig. 3. Distribution of area for 
susceptibility models (PM1, Ml, 

M4, M7” and M14) and 
cumulative distribution of 

landslides (LSP1, LSI, LS4, LS7 
and LS14) according to the 

normalised landslide 
susceptibility classes of models 

PM1, Ml, M4, M7 and M14 
respectively. 

Slika 3. Porazdelitev površin 
razredov verjetnosti pojavljanja 
plazov za modele (PM1, Ml, M4, 

M7 in M14) in kumulativna 
porazdelitev plazov (LSP1, LSI, 

LS4, LS7 in LS14) glede na 
normalizirane razrede verjetnosti 

pojavljanja plazov za modele 
PM1, Ml, M4, M7 in M14. 

de susceptibility analyses done in recent ye- 
ars by numerous researchers. The analyses 
for the purpose of assessment of model ap- 
plicability were done based on the absolute 
simplification of the landslide susceptibility 
model. The interaction or correlation betwe- 
en the synchronism and other spatial factors 
remains to be analysed. 

The results would be even more realistic 
and reliable if more landslides would be in- 
cluded in the study, since the landslide po- 
pulation would be more representative. 

The rock-fall phenomena was not analy- 
sed in this research since it is clearly gover- 
ned by slightly different spatial factors’ in- 
teractions and by additional spatial factors, 
like frosting/thawing process etc. 

The results of the research are interesting 
from several aspects. They give a good over- 
view of the models’ inter-spatial applicabi- 
lity, and at the same time give an overview 
of factor’s influence to model errors due to 
the change in the factor’s value. 

Successful inter-spatial application of the 
landslide susceptibility models to some ex- 
tent has been shown. The differences betwe- 
en diverse regions stili pose problems to mo- 
deli simple application from one region to 
another. To a certain degree of error, these 
inter-spatial models are applicable. For mo- 
re accurate or even for a universal landslide 
susceptibility model these obstacles will pro- 
bably be overcome only when really abun- 
dant, detailed and sufficient spatial data will 

Alpine susceptibilitv model Penalpine susceptlblllt} 
»•"'•■S 

-i'.< 

m* 
m S 

M » 
r 

m + 
t- . A - 53 

Known landslides Landslide susceptibility 
■H,8h 
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Fig. 4. Alpine landslide susceptibility model M14 (left) and perialpine landslide susceptibility model 
(right). 

Slika 4. Alpski model napovedi verjetnosti pojavljanja plazov M14 (levo) in predalpski model 
napovedi verjetnosti pojavljanja plazov (desno). 
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be available. Until then the uncertainty of 
the interpolated spatial data is too big and 
the phenomena observed too complex to eas- 
ily overcome the problem of its diversity in 
space and time. 
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