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The study deals with land slide threats in a low-re lief re gion which ex em pli fies an area rarely per ceived as prone to such
geohazards. Ac tu ally, in the gently un du lated land scape in the vi cin ity of Koronowo at the Brda River (South Pom er a nian
Lake Dis trict, north ern Po land) in ten si fied landsliding was ob served in the re cent years. The field map ping and ex am i na tion
of air pho tos showed that en dan gered ter rains are fairly ex ten sive and can not be lim ited to ini tially iden ti fied slope fail ure in ci -
dences (hot-spots). The de vised land slide sus cep ti bil ity and haz ard map is an out come of pre dic tive mod el ling us ing em pir i -
cal like li hood ra tio func tion (LR) with re spect to seven ev i den tial lay ers: el e va tion, slope an gle, slope as pect, flow
ac cu mu la tion, sur face de pos its, depth to gla cial raft, land cover as well as the land slide scars. The val ues of po ten tial losses
were cal cu lated based on the mapped land-use cat e go ries and cur rent mar ket prices of es tates and ser vices. The fi nal map,
which re sulted from com bin ing land slide haz ard with po ten tial losses, shows dam age pro pen sity in a spa tial scale of the
town sur round ings. It is meant as a sup port ive tool for de ci sion-mak ing with re gard to al lo cat ing funds for sta bi li za tion mea -
sures or plan ning place ment of new in vest ments. On this back ground, sta bi li za tion so lu tions for se lected sites are as sessed
in a cost-ben e fit con text.
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INTRODUCTION

Land slides are com mon forms of nat u ral haz ard that re sult
in sig nif i cant losses and socio-eco nomic con se quences. They
are mainly per ceived as geohazards typ i cal of moun tain ous or
fore-moun tain ous ter rains, that is well-doc u mented by a vast lit -
er a ture (e.g., Brabb et al., 1972; Brabb, 1984; Car ra ra et al.,
1991; Guzzetti et al., 1999, 2005; Pasuto and Soldati, 1999;
Raetzo et al., 2002; Cro zier, 2005; Lee et al., 2007; Thiery et al., 
2007). Po land does not di verge from this pat tern. Ar eas of high
re lief, mainly the Carpathians and their fore land (e.g., Bober,
1984; Zabuski et al., 1999; Margielewski, 2006; Wójcik at al.,
2006) and, to a lesser de gree, the Sudetes (e.g., Migoñ et al.,
2010) are com monly con sid ered to have se ri ous land slide
prob lems. Yet in other re gions, slope fail ures at tracted less at -
ten tion. Ac tu ally, land slides can be ob served even in low lands,
lake dis tricts or coastal re gions where both sub strate de pos its
(e.g., clays and loams of gla cial de po si tion) and morphologic

fea tures (e.g., sea shore cliffs, ero sional scarps, steep river
banks) are fail ure con trol ling fac tors (e.g., Grzeœ et al., 1997;
Ostaficzuk, 1999; Ilcewicz-Stefaniuk et al., 2007). De spite a
smaller spa tial ex tent, when com pared to the moun tain ous ter -
rains, land slides in lower re lief re gions cause also sig nif i cant
prob lems, es pe cially if they oc cur in ar eas sub jected to sig nif i -
cant hu man im pact, ex pressed by hous ing or ex panded in fra -
struc ture net work. Un for tu nately, due to in suf fi cient aware ness,
this geohazard is usu ally un der es ti mated and, in con se quence,
past fail ures are scarcely doc u mented by both car to graphic and 
ar chi val geo logic-en gi neer ing doc u men ta ries.

The cur rent Pol ish law re quires a county au thor ity (starosta) 
to con sider land slides in lo cal land-use plans. Sadly, leg is la tive
reg u la tions re fer only to an ob li ga tion of de lin eat ing land slide
bound aries in such plans – the rules nei ther de fine how the data 
on past and cur rent land slides are to be ac quired nor how they
have to be in te grated for im ple men ta tion to ter ri to rial plan ning
nor suit ably used in build ing per mis sion pro ce dures. The same
ap plies to ar eas likely apt to fu ture (po ten tial) mass move ments. 
In ef fect, the im posed com mit ment is dif fi cult to ful fil.

Typ i cal sources of ho mo ge neous land slide data avail able for
the en tire Pol ish ter ri tory are geo logic maps at a scale of
1:50,000. Re gret ta bly, the scale of the geo logic maps is many
times smaller than that of land-use plans which usu ally are to be
pre pared at a scale of 1:1,000. More over, the geo logic maps
were de vised in most cases in the mid-20th cen tury, thus, they
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are of ten out dated with re gard to landsliding which was par tic u -
larly in ten sive in Po land by the end of the 20th cen tury and in the
be gin ning of the 21st cen tury (e.g., in 1997 or 2010). Ad di tional
sources of land slide data are ar chi val land-use plans con tain ing
het er o ge neous in for ma tion about land slides and en dan gered ar -
eas that were de lin eated, al most ex clu sively, based on a slope
in cli na tion as the only cri te rion. In ef fect, the avail able data are of -
ten in con sis tent and vague for ra tio nal plan ning needs.

Gen eral aware ness of land slide haz ard in many low-re lief
re gions is in ad e quate, so nat u ral slope fail ures are treated as
in di vid ual in ci dences which might re quire only re me dial mea -
sures, but are not con sid ered in a con text of land slide sus cep ti -
bil ity in a broader (mu nic i pal or re gional) scale. A good ex am ple
is Koronowo, a his tor i cal, small town at the Brda River with in ter -
est ing ar chi tec ture and touristic-rec re ational as sets. Here, land -
slides had dam aged mu nic i pal in fra struc ture in sev eral sites as
re ported by lo cal ad min is tra tive bod ies. In the Brda River val ley
near Koronowo, in ten si fied mass move ments were ob served in
the 1970s and 1990s, and re cently at the be gin ning of the 21st
cen tury. Ex am ple land slide fail ure is shown in Fig ure 1. Ow ing
to spe cific land to pog ra phy (such as mo raine hills, steep-sided
Brda val ley, nu mer ous ero sional in ci sions) and sub strate de -
pos its (mo raine loams, clay or mud inter-lay ered with flu vio gla -
cial sands), land slide prone ness seems ap par ent to pro fes sion -
als, but it is much less ev i dent to de ci sion-mak ers or res i dents.

For Koronowo, the na tion ally funded land slide pro ject was
launched, in which ex am i na tion of sin gu lar dam ag ing land slides 
(hot-spots) stim u lated eval u a tion of land slide haz ard and as so -
ci ated risk for a study area along the Brda River. That, in turn,
was meant as a back ground for strat egy on re me dial pri or i ties in 
the frame work of cost-ben e fit anal y sis and for rea son able land
man age ment in tended to mini mise neg a tive land slide con se -
quences in the fu ture.

The pa per fo cuses on the is sues re lated to the risk con cept
of Varnes (1984) that links land slide haz ard with de struc tive
con se quences. The key tasks were to eval u ate land slide sus -
cep ti bil ity, in di cate haz ard and as sess po ten tial fi nan cial losses

in the stud ied re gion. With the ex am ple of the Koronowo sur -
round ings the prob lems en coun tered when eval u at ing land slide 
risk in a non-moun tain ous data-scarce re gion are shown.
Ques tions re lated to eco nom i cally sound re me dial mea sures
which arouse from this study are briefed for two hot-spots.

STUDY AREA

Koronowo is a small town (pop u la tion of ca. 10.8 thou -
sands) at the Brda River, ca. 20 km NW of Bydgoszcz in a
macro-re gion of the South Pom er a nian Lake Dis trict (Fig. 2)
(Kondracki, 2002). In this macro-re gion, a di rect neigh bour hood 
of Koronowo (Krajeñskie Lake Dis trict) oc cu pies a bound ary
zone be tween the mo raine up land and the Brda val ley that
formed in ef fect of flu vio gla cial ero sional pro cesses. The Brda
River flows gen er ally south ward, form ing an ar cu ate bend that
sur rounds Koronowo from the west. The study area (ca.
14 km2) ex tends to the west and east of the val ley. In this gently
un du lated land scape, the high est el e va tions ex ceed
105 m a.s.l. In the cen tral part of the study area, lo cal el e va tion
of the west ern slopes reach up to 47 m above the val ley bot tom. 
The el e va tions de scend north ward and south ward. East ern
slopes are lower and do not ex ceed 30 m in the vil lages of
Samoci¹¿ek or 20 m of Pieczyska. Re lief of the west ern val -
ley-side of the Brda River is sig nif i cantly re mod elled by mass
move ments.

The for ested land oc cu pies ca. 12% of the study area,
bushes (14%) of ten over grow the Brda scarp, and farm lands
(43%) ex tend in the north, west and south. The cen trally lo cated 
town of Koronowo forms a com pact built-up com plex, com pris -
ing low-rise and multi-storey res i den tial blocks, parks, and ar -
eas of pub lic util ity. The Brda bluffs within the town lim its are
built-up with low-rise res i den tial houses or over grown with for -
est or bushes. In ru ral ter rains, ad ja cent to the town, low-rise
de tached or semi-de tached res i den tial houses, con cen trat ing
along trans por ta tion routes, oc cur side-by-side with farm lands.
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Fig. 1. Example landslide in Koronowo initiated in February 2011 (No. 16 – Table 1)



Out of the town, the Brda scarps are not used but the ru ral
hous ing spreads to the up per verge of the scarp-faces.

The sur round ings of Koronowo be long to the agro-cli ma tic
dis trict with av er age an nual pre cip i ta tion ex ceed ing
500–600 mm (Lorenc, 2005). Av er age an nual pre cip i ta tion in -
creased from 554 mm in the pe riod of 1955–1981 to 727 mm in
the pe riod of 2004–2011. Pre cip i ta tion and melt wa ter are typ i -
cal trig gers of slope fail ures.

Con sid er ing the geo logic set ting, the study area is in the
range of thick de pos its re lated to the North Pol ish Glaciations.
Flu vio gla cial sands and grav els rep re sent the Hrubieszów
Interstadial, while the Main Stadial is rep re sented by gla cial till,
flu vio gla cial sands and gravel or glacilacustrine muds of the
Leszno, Poznañ and Pom er a nian phases. De pos its of the
Leszno Phase and flu vio gla cial sands and grav els of the Pom -
er a nian Phase are ex posed in the east ern part of Koronowo. In
the west ern part, gla cial tills of the Poznañ Phase pre dom i nate
at the sur face. The bot tom of the Brda val ley is filled with flu vial
sands of flood and overflood ter races, while bot toms of smaller
stream val leys are filled with sandy slack-wa ter de pos its. Ac cu -
mu la tions of peat were found in lo cal de pres sions (Fig. 2).

In places, gla cial raft com pris ing sands, muds and brown
coals ei ther of Mio cene or Plio cene age, were iden ti fied among
the Qua ter nary de pos its. The thick nesses of the com plexes
var ied from 2 to 30 m. Such com plexes were found in deep
bore holes in Koronowo, and in the nearby vil lages of Okole and
Pieczyska (Listkowska, 1988) as well as in shal lower bore holes
drilled for this study. The top of the com plex of clays and muds
in ter ca lated with brown coal oc curs at depths rang ing from
1.6–16 m in the north ern part of the study area to 35.5 m in the
vil lage of Samoci¹¿ek (west ern part of the study area). Here,
ca. 25% of the area with a slope gra di ent ex ceed ing 5° are cov -
ered to a large ex tent with col lu vial ma te rial, so that the Brda
val ley-sides are ap par ently apt to mass move ments. At pres -
ent, in creas ing hu man im pact, as so ci ated with ur bani za tion, is
also an im por tant fac tor which might lead to slope in sta bil ity.

LANDSLIDES INVENTORY

In each land slide haz ard or risk study a land slide in ven tory
is a cru cial com po nent and should be as com plete as pos si ble
in both space and time (Lang et al., 1999; van Westen et al.,
2008). In case of this study area, the land slide in ven tory was an
out come of com bin ing air photo anal y sis and field sur vey ing.
Start ing from the land slides re ported by the lo cal au thor i ties and 
be ing hot-spots due to their devastative con se quences, 32
land slides were iden ti fied all to gether. The in ven tory, apart from 
map ping bound aries of the land slides, re sulted also in sur vey -
ing the char ac ter is tic mor pho log i cal fea tures such as main and
mi nor scarps, trans verse ridges, and bulges. Ta ble 1 con tains a 
list of all the reg is tered land slides, in clud ing the most crit i cal
ones (hot-spots) marked in bold, while land slide lo ca tions are
shown in Fig ure 2.

Based on in ter pre ta tion of five se ries of air pho tos (of the
years 1964, 1975, 1985, 1996 and 2004), an as sess ment of ac -
tiv ity and tim ing of the land slides was at tempted (Fig. 3 and Ta -
ble 1). Com ple men tary in for ma tion about the ac tiv ity was ac -
quired by field check ing and, some times, by in ter view ing lo cal
res i dents. In this way, for ex am ple, in for ma tion about the land -
slide at the Brda val ley bluff in Okole vil lage, or about the land -
slides set in mo tion at the his tor i cal rail way bridge at the turn of
2010/2011 were ac quired. The to tal land slide area is al most
59 ha, in clud ing 12 ha of ac tive land slides (Ta ble 1).

The in ven to ried land slides oc cur ring on the west ern val -
ley-side of the Brda River are gen er ally larger. The area of the
larg est one amounts to ca. 11.3 ha. The land slides lo cated
along the east ern side are less nu mer ous and smaller – rang ing 
from 0.06 to 2.5 ha, ex cept for one which is over 10 ha.

In case of larger land slides de vel oped on the val ley-sides,
their scarps reach an up per verge, while their toes over ride the
youn gest flood ter races of the Brda River. In fact, move ment ini -
ti a tion takes place in the up-slope parts, al though a very pre cise 
lo ca tion of the dis place ment on set is not al ways pos si ble. Wa ter 
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Fig. 2. Location of the study area on the background of DEM, landslide distribution (A) and compiled geology (B)



in fil trat ing into cracks weak ens ground, in creases pore-pres -
sure and, due to ex ceeded break ing strength, makes a driv ing
force to lead to in sta bil ity. In up per parts of the land slides their
fail ure sur faces have shapes sim i lar to cir cu lar, while in the
lower parts they are sim i lar to lin ear. This is par tic u larly well-vis i -
ble in case of ac tive land slides which have clear morphologic
fea tures.

The in ven to ried land slides have been clas si fied fol low ing
the com bined schemes of Varnes (1978) and Cruden and
Varnes (1996). In the study area, com pound land slides (ro ta -
tional-translational) pre dom i nate, some are clas si fied as
translational and only two are typ i cal ro ta tional ones.

The per formed in ven tory of land slides in the study area has
shown a dif fer ence be tween the num ber of dam ag ing land -
slides (hot-spots) re ported by the com mune au thor ity and the
ac tu ally iden ti fied ones. Be cause of that a prob lem of as sess ing 
land slide haz ard on the scale of the study area arises.

LANDSLIDE SUSCEPTIBILITY AND HAZARD

METHOD OF ANALYSIS

Eval u a tion of land slide haz ard is based on a con cep tual
model which re lates slope in sta bil ity to caus ative (pas sive) fac -

tors, typ i cal of the study area, and trig ger ing fac tors, which in
the case of Koronowo is pre cip i ta tion or/and melt wa ter. The
taken con cep tual ap proach is also based on the as sump tion
that fu ture land slides will have the same causal fac tors as the
land slides ini ti ated in the past (Chung and Fabbri, 2005).

The dataset used in the anal y sis con sisted of in ven to ried
land slides and en vi ron men tal con di tion ing fac tors that were ar -
ranged as ev i den tial maps or lay ers (Ta ble 2) and, then, stored
and man aged us ing GIS soft ware: ArcInfo v.9.2 (by ESRI,
USA) and ILWIS v. 3.3. (by In ter na tional In sti tute for Aero space 
Sur vey and Earth Sci ences in the Neth er lands). The sta tis ti cal
anal y sis of land slide haz ard was car ried out us ing spa tial pre -
dic tion mod el ling packet SPMS v. 2.1 (by SpatialModels Inc.,
Can ada).

To de velop the pre dic tive map, multivariate sta tis tics was
used fol low ing a step-wise strat egy ac cord ing to meth od ol ogy
de scribed by Chung and Fabbri (2003, 2005) and Chung
(2006). The per formed spa tial mod el ling is enrooted in a
favourability func tion (FF) con cept (Chung and Fabbri, 1993,
1999, 2005) which links a land slide oc cur rence in a given cell
(pixel) with oc cur rence of a mul ti ple caus ative fac tors in the
same cell. These fac tors form a dataset orig i nat ing from
m = k + h ev i dence lay ers (maps) where k de notes a num ber of
cat e go rized data (e.g., li thol ogy, land cover), while h is a num -
ber of con tin u ous data lay ers (e.g., slope gra di ent, as pect). The 
method does not re quire con tin u ous and cat e go rized data
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types to be uni fied into one type of data, and is ro bust to vi o la -
tion of con di tional in de pend ence of in put ev i dence lay ers. The
math e mat i cal foun da tions of the method are ex plained in de -
tails in the lit er a ture (Chung and Fabbri, 2003, 2005; Chung,
2006; Dewitte et al., 2006). In this study a land slide set was par -
ti tioned into es ti ma tion and val i da tion groups, and mod el ling
was per formed fol low ing the an a lyt i cal pro ce dure, as de scribed
in the SPMS man ual (2006). The mod el ling was per formed us -
ing a like li hood ra tio func tion in the frame work of Bayesian ap -
proach, which was found par tic u larly suit able for small datasets
(Demoulin and Chung, 2007).

DATA PROCESSING

The anal y sis was car ried out for the study area (ca. 14 km2)
as de lin eated on the 1:10,000 top o graphic map (cf. Fig. 2A).

For pro cess ing, the study area was sub di vided into grid cells
(10 ´ 10 m) each of which has a pixel rep re sen ta tion in an im -
age file (the to tal of 141,620 pix els). The land slide layer was
con structed from dig i tized in ven to ried land slides (vec tor file)
con verted to a ras ter for mat with a 10 m grid cell. Each grid cell
was as signed 1 if a land slide was pres ent (so called – oc cur -
rences) and 0 if it was a land slide-free re main ing part of the
study area (so called – no-oc cur rences).

Geo logic data, which orig i nated from the stan dard geo logic
map of Po land, scale 1:50,000 – sheet Koronowo (Listkowska,
1986, 1988), were re vised with more de tailed en gi neer ing-geo -
logic doc u men ta tion and checked in the field, where ap pro pri -
ate. In this way a vec tor file rep re sent ing surficial de pos its
(lithostratigraphic cat e go ries) was pre pared, again at the scale
of 1:10,000 (Fig. 2B). Based on the bore hole logs a vec tor map
de pict ing depths to the Neo gene clay de pos its (a po ten tial slid -
ing sur face) was pre pared and then used as an other ev i dence
layer (gla cial raft).

Land-use data were com piled from plan ning documen -
tations, top o graphic maps and air photo anal y sis. The
land-cover map was de vised with a sub di vi sion into eight cat e -
go ries (Ta ble 2). The de vel oped vec tor map il lus trates typ i cal
land cov ers (e.g., for ests, farm land) and cur rent built ter rains,
all be ing prox ies for in fil tra tion con di tions. This map serves also
for fur ther anal y ses when el e ments ex posed to land slide haz -
ard are con sid ered in risk eval u a tion.

As it was the case of the land slide layer, geo logic and
land-use datasets were con verted from dig i tal vec tor maps to a
ras ter for mat with a 10 m grid spac ing.

The data on to pog ra phy (slope ge om e try) were de rived
form 25 m Dig i tal El e va tion Model (DEM) ob tained from
CODGiK (Cen tral Na tional Geo detic and Car to graphic In ven -
tory). ILWIS rou tine was used to gen er ate el e va tion 10 m grid
cells as well as for cal cu lat ing de riv a tive ev i dence lay ers of
slope gra di ents, as pect val ues, and flow ac cu mu la tion.

RESULTANT LANDSLIDE PREDICTIVE MAP

In a pre dic tive land slide haz ard zonation, cal cu la tions of
empirical frequency distribution func tions (EFD) are a
mid-stage of the em ployed pro ce dure. The EFDs of land slide
oc cur rence and non-oc cur rences help to as sess the con tri bu -
tion of in di vid ual ev i dence lay ers to mod el ling. The ra tio of the
two fre quency dis tri bu tion func tions is de fined as a like li hood ra -
tio func tion (LR). Fig ure 4 ex em pli fies two dis tinct EFDs and the
cor re spond ing like li hood ra tio func tion for the slope an gle. Its
com puted val ues of the multivariate fre quency dis tri bu tions are
favourability es ti mates used then for pre dict ing. The pixel with
the high est score is con sid ered to be the cell where land slides
ei ther have oc curred or are most likely to oc cur (Chung, 2006;
Dewitte et al., 2006).

For de vis ing ar eas sus cep ti ble to landsliding in this study a
num ber of strat e gies have been tested. First, sim u la tions
started with all ev i den tial lay ers (Ta ble 2) in ref er ence to all 32
in ven to ried land slides (the en tire dis turbed ar eas – scars) and
sep a rately to the cor re spond ing land slide scarps. The lat ter, as
zones where slope fail ures are ini ti ated, are usu ally con sid ered
to be tightly re lated to caus ative fac tors (Chung and Fabbri,
1993). From the ex pe ri ence with hot-spot land slides, the fail -
ures were usu ally on set in the up per por tions of the land slides,
yet ex act lo ca tion of ini tial cracks was dimmed, which made pre -
cise de lin eat ing of the scarp ar eas vague. On the other hand, a
ma jor ity of land slides re veal slow dis place ments and re sul tant
de for ma tions oc cur also down the scarps. Thus, that sim u la tion
based on land slide scars is more ad van ta geous, al though
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Land -
slide
no.

Oc cur rence re gion In stru men tal 
mon i tor ing

Area

(hect ares)
Ac tiv ity

1 Tucholska X 2.69 N

2 Tucholska 5.87 A, P, N

3 Nakielska 4.40 N

4 Nakielska 2.46 A, N

5 Podgórna 0.65 P

6 Podgórna 1.15 A, N

7 Podgórna X 2.18 A

8 Szañce X 0.24 A

9 Grabina 1.77 N

10 Grabina 0.26 P

11 Grabina 0.32 N

12 Grabina X 11.30  A, P, N

13 Grabina 0.15 A

14 Grabina 1.07 A, N

15 Wiadukt 3.01 P

16 Most
 (old rail way bridge) X 0.23 A

17 Okole 2.02 N

18 Okole 0.69 N

19 Okole 1.18 N

20 Okole X 0.28 A

21 Krzy¿owa 0.27 P

22
Cmentarz

(cem e tery)
X 0.34 N

23
Cmentarz

(cem e tery)
X 0.06 P

24 Brzêczkowskiego 0.88 P

25 Okole 0.34 A

26 Okole 0.41 P

27 Okole 0.30 P

28 Okole 0.14 P

29 Okole 0.66 N

30 Samoci¹¿ek 2.55 N

31 Samoci¹¿ek 10.70  N

32 Samoci¹¿ek 0.40 N

A – ac tive, N – in ac tive, P – pe ri od i cally ac tive (mul ti ple re ju ve na tion)

T a  b l e  1

In ven to ried land slides



some “con se quence pix els” might be in cluded in the anal y sis.
The adopted op tion was also sub stan ti ated by com par i son of
EDFs for scars and scarps. As the EDFs for lithological cat e go -
ries, slope in cli na tion and flow ac cu mu la tion were very much
alike, the land slide haz ard eval u at ing was con fined to scars ex -
am i na tion.

The like li hood ra tio (LR) func tion was es ti mated with re gard
to three the matic lay ers (sur face de pos its G, raft R, land-cover
L), and four con tin u ous ev i dence lay ers (el e va tion E, as pect A,
slope S, fo cal flow F), i.e. GRL_EASF model. Fig ure 5 pres ents
a mo not o nously in creas ing pre dic tion rate-curve ob tained for
this model. For the GRL_EASF model the high est haz ard ous
6% of the study area con tain 62% of the pre dicted land slides.

Ac cord ing to the pro ce dure used (Chung, 2006), the com -
puted val ues of the LR es ti mates (rang ing from 0 to 1) for the to -
tal of  141,620 pix els were sorted in de scend ing or der, then
ranked and stan dard ized by the ranks, and next grouped into
200 classes, so that each class cov ered 0.5% of the en tire
study area. The class num bered 200 com prises pix els of the
high est val ues, i.e. iden ti fies 0.5% most haz ard ous (sus cep ti -
ble) area. A lower class num ber de notes lower haz ard. The re -
sul tant land slide spa tial haz ard pre dic tion map is pre sented in
Fig ure 6.

As stressed by Chung and Fabbri (2003, 2005) cross-val i -
da tion is a man da tory step in pre dic tion mod el ling. In this study
the land slides were par ti tioned into es ti ma tion and val i da tion
groups. Re peat ing cal cu la tions for each group, re spec tively,
the pre dic tion rate-curves were gen er ated, which this time
show the pro por tion of land slide of the val i da tion group con -
tained within the spec i fied classes. These were used to in ter -
pret the orig i nal pre dic tion map ob tained based on all 32 land -
slides.

Then, to ver ify the ro bust ness of the model with re spect to
geo logic con trol ling fac tors, cal cu la tions were per formed as fol -
lows. To test, for in stance, the in flu ence of the gla cial raft ev i -
dence layer (i.e. un der ly ing a less per me able stra tum) on pre -
dic tion re sults the mod el ling pro ce dure was re peated ex clud ing
this dataset. The re sul tant pre dic tion-rate curve was al most as
steep as in the pre vi ous sim u la tion, so the pre dic tion power of
the model was not dras ti cally re duced.
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Vari able Unit Type Orig i nal data De scrip tion

El e va tion m C* DEM El e va tion a.s.l.

Slope an gle de gree C DEM Slope gra di ent

Slope 
as pect de gree C DEM Slope di rec tion (0–359.9 de grees mea sured clock wise from north) 

Flow ac cu -
mu la tion pixel C DEM Lo cal flow con cen tra tion in volv ing the sur round ing 8 pix els – re sult ing val ues mea -

sure flow into and not out of a cell

Sur face 
de pos its cat e gory T** Geo logic map;

field checked 

Cat e go ries: 
peat al ter nat ing with sandy mud; flu vial sands; loams with sand; sand and gravel
un der lain with gla cial till; sand and gravel un der lain with clay and mud; sand and
gravel un der lain with gla cial till; gla cial sands; gla cial till; clay and mud; sands al -

ter nat ing with brown coal

Depth to
gla cial raft
(to im per -
me able
layer)

m T

Geo logic doc u -
men ta ries; deri -

vate in ter val
map

Cat e go ries: 
depth (0–34 m sliced in 1-m-in ter vals)

Land cover cat e gory T

Lo cal land-use
plans, top o -

graphic maps;
air pho tos

Cat e go ries: 
for est; bush; mead ows and grass land; farm land; com pact built area (hous ing);

loose built area (low-rise res i den tial and farm home steads); trans por ta tion trails;
quar ries

*C – con tin u ous data layer; **T – the matic data layer

T a  b l e  2

Ana lysed data lay ers used as con di tion ing pa ram e ters in the mod el ling

Fig. 4. Density distribution of landslide and non-landslide
pixels for continuous (slope) data (A) and corresponding

empirical likelihood ratio function (B)



Oc cur rence of fu ture land slides in each pixel of a haz ard
class re quires es ti mat ing the prob a bil ity Px. This prob a bil ity is
es ti mated us ing the equa tion pro posed and dis cussed by
Chung and Fabbri (2005) and Chung (2006):

( )P px k

n

m= - -1 1

where: n – num ber of pix els in the fu ture land slides (ex pected area
of the fu ture land slides); m – num ber of pix els in the haz ard class
(0.5% of the study area), and pk – por tion of land slides of the val i da -
tion group in the haz ard class ob tained from the tabu lar ized pre dic -
tion rate-curve.

Such cal cu la tion, for time-based par ti tion ing of past land -
slides, used to be per formed for long-term sce nar ios (e.g.,
Chung and Fabbri, 2003; Da vis et al., 2006; Dewitte et al.,
2006) with an as sump tion that let say for 20–40 year pe riod
caus ative fac tors and land slide oc cur rences (af fected ar eas)
rep re sent av er age con di tions.

Un for tu nately, in the ter rains which are per ceived as
non-apt to mass move ment, haz ard data on land slide tim ing
and af fected acre ag es are ex tremely rare. In many cases, re -
veal ing of past oc cur rences, even with a help of air photo in ter -
pre ta tion, is also not very help ful es pe cially in ar eas with a thick
veg e ta tion cover. This is the case of the Koronowo sur round -
ings where morphologic fea tures of past fail ures be came
blurred with time and could not have been iden ti fied re li ably in
many cases due to the res o lu tion and scale of the air pho tos.
The more re li able in for ma tion re fers only to the land slides trig -
gered or re ac ti vated in the re cent five years. With this in ter lude,
the land slide set was split into two ex clu sive time-based sub -
sets for mod el ling.

As men tioned in sec tion 3, the pe riod of 2005–2011 was
char ac ter ized by in ten si fied pre cip i ta tion that stim u lated slope
in sta bil i ties. In the study area, the ac ti vated land slides in this
time span amounted to 12,533 pix els. For this dataset, it was
pos si ble to cal cu late prob a bil i ties, which were sub se quently
used to pro duce a map de pict ing land slide haz ard in terms of
prob a bil ity. The de rived map might seem am big u ous at a first
glance. How ever, se vere weather con di tions (Bissolli et al.,
2011) that re sulted in floods and slope in sta bil i ties in the re cent
years in East ern Eu rope point to a gen eral pro pen sity to cli mate
ame lio ra tion. In this con text, pre cip i ta tion as high as that in the
con sid ered time in ter val, is be lieved to be an equally im por tant
land slide trig ger also in a near fu ture. For the pre sumed ex -
treme con di tions, the area sub jected to fu ture slope fail ures is
likely to be sim i lar to that of the stud ied pe riod. There fore, the
ob tained haz ard map is found use ful, as it can be sup port ive for
ter ri to rial plan ners in frame work of a “con ser va tive” sce nario.

ELEMENTS AT RISK AND EVALUATION 
OF POTENTIAL LOSSES

A par tial or com plete de struc tion of en vi ron men tal as sets
and man-made de vel op ments is a con se quence of landsliding
pro cesses. As dam ages to land or goods re sult in fi nan cial
losses, el e ments at risk (i.e. those af fected by haz ard) also are
de fined in fi nan cial terms (Ein stein, 1997). In other words, the
el e ments at risk have to be as signed mon e tary val ues cor re -
spond ing to funds needed for re cov ery af ter a dam age has hap -
pened (Sterlacchini et al., 2007).

A way how fi nan cial val ues of the el e ments at risk are cal cu -
lated de pends mainly on the scale of a study. In any re gional
study, cer tain gen er ali za tions be come ob vi ous and un avoid -
able. Un for tu nately, nei ther Pol ish pub lic ad min is tra tion nor es -
tate agen cies pos sess de tailed da ta bases on fi nan cial val ues of 
land that might be used or treated as stan dards in a re gional ap -
proach. Thus, eval u a tion of po ten tial losses re quires fi nan cial
val ues to be es ti mated and as signed to sin gled-out land-use
types on a case-by-case ba sis.
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Fig. 5. Prediction rate curve for empirical likelihood ratio

Fig. 6. Land slide spa tial haz ard pre dic tion map of the study
area based on 32 land slides and 7 lay ers us ing like li hood
model. It was ob tained by sub di vid ing ranked val ues in 200
equally sized classes



El e ments at risk, con sid ered here, were classed in cor re -
spon dence to cat e go ries de picted in the land cover map. Cat e -
go ries such as for ests or farm land are fairly dis tinct units and
can be val ued rel a tively easy, whereas ur ban ized ter rains are
more chal leng ing. The con densed built-up area of Koronowo is
some what di ver si fied as it com prises in dus trial ter rains, low-rise 
and multi-storey res i den tial blocks, parks, and ar eas of pub lic
util ity (cem e ter ies) in the town lim its. In ru ral ter rains, ad ja cent
to the town of Koronowo, there are also low-rise hous ing lots,
which con cen trate along trans por ta tion routes and oc cur
side-by-side with ag ri cul tural ter rains.

Lin ear fea tures at risk con sid ered in this study were lim ited
to a trans por ta tion net work. That of the town com prises mo -
tor-roads, rail ways and pe des trian trails (foot-routes). Cur rently, 
rail ways are not op er at ing. Lo cal roads are linked to the neigh -
bour ing na tional road no. 25 (Bydgoszcz–Toruñ) via two streets 
which were set out in nat u ral ero sional in ci sions of the ter rain. A
for mer main road, run ning transversally on the west ern Brda
scarp and a nar row-gauge rail way route with a his tor i cal bridge
over the river are im por tant trails for pe des tri ans (foot com mu -
ters).

Based on the cat e go ries of the land-use map (Ta ble 2), a
de riv a tive map of land val ues (Blöchl and Braun, 2005) for the
en tire study area was de vel oped. Land val ues were eval u ated
for all land-use cat e go ries ex clud ing wa ter bod ies (the Brda
River). Prices (unit costs), given in Pol ish cur rency (PLN) per
1 m2, are pre sented in Ta ble 3. In the case of for ests, parks and
farm land their costs were cal cu lated based on av er age costs of
such prop er ties avail able on a real es tate mar ket. Ow ing to the
scale of the study (1:10,000), for cost-eval u a tion pur poses the
built-up prop er ties de lin eated on the land-use map were not
treated sep a rately as ac tual lots and build ings lo cated on them.
In stead, for lots and build ings the costs were ag gre gated and
av er aged, yield ing the av er age cost of 1 m2 of the built-up ter -
rain. In this way, the costs of the fol low ing land-use cat e go ries
were eval u ated: multi-storey hous ing lots, low-rise hous ing lots
(in clud ing farm home steads) and sum mer-res i den tial lots, ser -
vices or in dus trial prop er ties, and land un der ag ri cul tural-pro -
duc tion. Costs of cem e tery lots were eval u ated as av er age
tomb stone costs, dis re gard ing land prices based on data from
burial com pa nies. In the case of trans por ta tion routes the costs

re fer to con struct ing 1 m2 of a road, based on data from con -
struct ing com pa nies and the na tional road di rec tor ate.

Land value was as sessed based on prices of 2011. Be -
cause of large sea sonal fluc tu a tions and un sta ble real es tate
mar ket, es pe cially in re cent years, land prices were con verted
to nor mal ized val ues in a range of 0–1 (Ta ble 3). The nor mal -
ized val ues il lus trate re la tions be tween unit prices, and can be
treated as uni ver sal mea sures with re spect to fluc tu at ing prices
of real es tates and ser vices.

LANDSLIDE RISK IN THE STUDY AREA

Eval u a tion of land slide risk, as enrooted in Varnes’s con -
cept (1984), de notes cou pling a land slide haz ard with a con se -
quence anal y sis. The con se quences are de ter mined by dam -
ages to el e ments at risk and to their vul ner a bil ity. Al though vul -
ner a bil ity is an im por tant com po nent (e.g., Le one et al., 1996;
Leroi, 1996; Dai et al., 2002; Al ex an der, 2005), it is very dif fi cult
to be pre cisely de ter mined. Vul ner a bil ity re lates a de gree of
dam age to land slide haz ard im pact. There fore, thor ough re -
cords on in ten sity and types of de struc tions ex pe ri enced by
par tic u lar el e ments at risk are re quired if vul ner a bil ity is to be
de ter mined ei ther quan ti ta tively (e.g., Remondo et al., 2004,
2005) or in frame work of semi-quan ti ta tive or qual i ta tive codes
(e.g., Le one et al., 1996; Al ex an der, 2005; Klimeš and Blahùt,
2012).

In op po site to other re gions, where land slide-re lated dam -
ages usu ally have lon ger re cords, the non-moun tain ous
Koronowo sur round ings are lack ing re li able his tor i cal ev i -
dences. How ever, real dam ages in the not-so-dis tant past
(2005–2011) in di cate that land slide con se quences should be
treated with a real pre cau tion here. It sub stan ti ates con sid er ing
a “con ser va tive sce nario”, which as sumes so se vere de struc -
tion of goods and land that a re cov ery in a given lo ca tion will not
be pos si ble (Blöchl and Braun, 2005). For such cases, vul ner a -
bil ity could be as signed 1 (Glade, 2003). It im plies as sum ing a
com plete dam age, so an owner will have no other choice than
to leave his own prop erty — in other words a pur chase of a new
prop erty of sim i lar stan dard will re flect owner’s losses i.e. re cov -
ery costs. Thus, con se quences (be ing a prod uct of el e ments at
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Land use
Area

[ha]

Area 

[%]
Unit cost (PLN/m2)*** Nor mal ized unit cost

Trans por ta tion trails 67.3   5   138.5 0.10

Multi-storey hous ing 46.9   3 1317.75 1.00

Low-rise hous ing 212.1  15 437   0.33

Ser vices 23.0   2 1317.75 1.00

In dus trial ter rains 95.1   7 68 0.05

Ter rains of ag ri cul tural pro cess ing 65.9   5 68 0.05

Farm land (ar a ble fields) 611.2  43 29 0.02

Sum mer res i den tial area   7.8   1 320  0.24

For ests and parks 257.7  18       4.45 be low 0.02

Wa ter bod ies 21.0   1 – –

Cem e ter ies   8.2   1 590   0.45

To tal 1416.2    100  

Costs as of Sep tem ber 2011 *** 1PLN » 0.24 Euro

T a  b l e  3

Land-use cat e go ries and their fi nan cial value 



risk and vul ner a bil ity) will de note max i mum po ten tial losses ex -
pressed by costs of lost as sets per unit area. Un der such fram -
ing, the risk map de picts the pos si ble high est fi nan cial losses.
The high est risk is fore seen mainly along the steep west ern val -
ley-sides of the Brda. Al though it is the “worst case sce nario” it
points to a scale of an an tic i pated det ri ment which is im por tant
for fi nan cial plan ning tasks and for pre ven tive ac tions or re me -
dial mea sures to be un der taken.

The dam age pro pen sity can be ana lysed by over lap ping el -
e ments at risk with land slide in ven tory or a land slide sus cep ti -
bil ity map (Hufschmidt and Glade, 2010). In our study such an
ap proach is vi su al ized in Fig ure 7 by pre sent ing the over lay of
po ten tial fi nan cial losses as signed to par tic u lar as sets with the
top most classes of land slide haz ard sus cep ti bil ity (A, B, C).
This straight for ward method is in for ma tive and ap peal ing to de -
ci sion mak ers. In the ar eas of the high est haz ard, the most
costly fea tures (i.e. multi-storey hous ing) usu ally were not
found, so pres ently risk is not so high. How ever, with an
ever-grow ing hu man im pact on new ter rains, fu ture losses
might be much greater, thus such ter rains re quire a cer tain
code of prac tice with re spect to their planned us age.

The land slides con sid ered in this study as crit i cal sites
(eight hot-spots marked in bold in Ta ble 1), if lo cated on the
west ern side of the Brda val ley are gen er ally con tained within
the higher haz ard cat e go ries than those on the east ern side. In
fact, land slides 12, 1 and 16 (Ta ble 1) match with the most haz -
ard ous zone, while land slide No. 20 with the next less haz ard -
ous one. As these land slides de mol ished as sets im por tant for
the com mune, so they were sub jected to more de tailed in ves ti -
ga tions. As sess ment of a rate and na ture of de for ma tions was
pos si ble ow ing to in stru men tal mon i tor ing in stalled on these
hot-spot land slides (Zabuski et al., 2015) and gave the base for
find ing an ap pro pri ate sta bi lis ing treat ment. For sound risk re -
duc tion, fea si bil ity of tasks ad dressed to par tic u lar hot-spots
was as sessed by com par i son of costs C de not ing ex pen di tures
needed for re me dial mea sures to ben e fits B re sult ing from
avoid ing losses re lated to a po ten tial slide. The treat ment will be 
prof it able if the C/B ra tio will be <1, i.e. the costs of coun ter mea -
sures to be ap plied will be smaller than the ex pected di rect and
in di rect losses in a given site. For in stance, in tended coun ter -
mea sures to land slide no. 1 (Tucholska), which de structs the
main road, are to com prise a drain age sys tem. The coun ter -
mea sures ded i cated to land slide no. 20 (Okole), which gen er -
ates threats to a house lo cated close to a ret ro gress ing head
scarp, are to com prise ar ti fi cial drain age and but tress ing of the
high est part in the re gion of the land slide crown (Fig. 8). The
costs of the in tended sys tems should coun ter bal ance, in the
first case, losses re lated to ac tual re pairs of the road, its pe ri -
odic clos ing and de tours, while in the sec ond case — the house
value. The ap pro pri ate cal cu la tions were per formed for all the
hot-spots. As pre sented in Ta ble 4, sta bi li za tion is not cost-ef -
fec tive only in the case of land slide No. 20. This sub stan ti ates
the de ci sion un der taken by lo cal au thor i ties on aban don ing the
site and re lo cat ing in hab it ants.

CLOSING REMARKS

The sur round ings of Koronowo was sub jected to de tailed
ex am i na tion due to ob served ground de for ma tions and a threat
to in fra struc ture dam age through mass move ments, es pe cially
in ten sive in the last years. Ob served landsliding was a cu mu la -
tive ef fect of pre con di tion ing and trig ger ing fac tors. Among  the
for mer ones, slope gra di ent in a range of 10–20° and the pres -
ence of Plio cene clays and muds or gla cial till in the base ment
turned out to be the most de ci sive. Such lithological set ting is

not lim ited to the lo cal scale of Koronowo sur round ings, but is
also a land slide-pre dis pos ing fac tor in other non-moun tain ous
ter rains, like for ex am ple those in north ern Po land classed as
mod er ately sus cep ti ble to mass move ments (Van Den
Eeckhaut et al., 2012). The fail ure trig gers were re lated to rain-
and melt wa ter in put, which are typ i cal fac tors in other parts of
the coun try as well (e.g., Gil et al., 2009).

With more land slides in ven to ried than ini tially (post-mor -
tem) in di cated, land slide-re lated haz ard and risk in this
non-moun tain ous re gion are not to be ne glected. They have to
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Fig. 7. Risk in the study area

Probability (in 5 years): A – 0.22–0.34; B – 0.1–0.22; C – 0.03–0.1

Hot-spot land slides 
(No., name)

Ben e fit  (B)

(PLN)

Cost (C)

(PLN)
C/B

1 (Tucholska) 5,108,218 520,000 0.10

12 (Grabina) 2,153,310 506,900 0.24

7 (Podgórna) 1,439,055   35,700 0.03

20 (Okole)    206,508 289,500 1.40

16 (Rail way bridge)    302,636 162,800 0.54

22 (Cem e tery)    130,070   57,500 0.44

C – costs de not ing ex pen di tures needed for re me dial mea sures; B –
ben e fits re sult ing from avoid ing losses re lated to a po ten tial slide

T a  b l e  4

Cost-ben e fit eval u a tion



be treated not only as a site-spe cific prob lem, but as a cru cial,
spa tially di verse is sue.

Land slide in ven tory is a man da tory step, which pro vides ac -
cu rate and cur rent data needed for plan ning and build ing per mit 
pro cesses. Such in ven tory is also a start ing point for map ping
ar eas, where high dam age due to in tense mass move ments are 
ex pected (Klimeš and Blahùt, 2012). Sta tis ti cal mod el ling of
land slide sus cep ti bil ity and haz ard, based on LR func tions and
framed in the SPMS strat egy, turned out to be ef fec tive in the
Koronowo study area like in the other land slide data-scarce re -
gions (Demoulin and Chung, 2007). The dataset used to
achieve the above goal com prised typ i cal in for ma tion (DEM,
lithological and land-use data) which can be fairly easy ac quired 

in many re gions. The sat is fac tory pre dic tion re sults were ob -
tained, even if only surficial de pos its were con sid ered. The lat -
ter can be de rived eas ily from stan dard geo logic maps, there -
fore, eval u a tion of land slide sus cep ti bil ity might be per formed
for al most any area of in ter est (mu nic i pal ity). Un for tu nately, cer -
tain lim i ta tions are re lated to the na ture of the stan dard geo logic 
maps as they pro vide mainly lithostratigraphic cat e go ri za tion of
surficial de pos its. Bear ing in mind that the cat e go ries of such
de pos its are of ten the only proxy of geomechanical pa ram e ters
of bed rock, which might be used for mod el ling pur poses, the
cat e go ries should be de rived from the stan dard geo logic maps
very care fully. For re li able pre dic tions, the lithostratigraphic di vi -
sions orig i nat ing from the stan dard maps should be com piled to 
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Fig. 8. Countermeasures for landslide no. 20 (Okole)

A – photo of the main scarp; B – location in the study area; C, D – schemes of proposed stabilization measures



re flect a lithological char ac ter of the sub stra tum rather than the
age or or i gin, as well as to re duce the num ber of cat e go ries to a
few ones nec es sary for mod el ling (Chung, 2006). In this field a
close co op er a tion be tween ex pe ri enced pro fes sional ge ol o gist
and en gi neers is de sired. So the as sess ment of ter rains apt to
land slide in non-moun tain ous re gion is a fea si ble task.

The per formed study showed the im ple mented com pre hen -
sive ap proach. As sin gu lar land slide in ci dences in di cated some 
threats, ex am i na tion of a spa tial con text was done by as sess ing 
sus cep ti bil ity and haz ard in the scale of the mu nic i pal ity, then
risk was eval u ated to fos ter mit i ga tion. In the case of low-re lief
re gions such as Koronowo, the data on land slide tim ing and
mag ni tude of events as well as on re lated ex tents of dam ages
are rather scarce. Thus, one should re main con scious that
prob a bil ity cal cu la tions yield ing the haz ard map bear un cer -
tainty re lated to a short time in ter val used for pre dic tive pur -
poses. Lack of a broad dataset nec es sary for re li able vul ner a -
bil ity es ti ma tion, led to con sid er ation of the “worst case sce -
nario” for risk es ti ma tion. Such sce nario was found use ful, as
point ing to an up per limit of an an tic i pated det ri ments and fram -

ing the ex pen di tures to be con sid ered in a com mune bud get. By 
in di ca tion of land slide sus cep ti ble ar eas and po ten tial fi nan cial
losses, a gen eral aware ness on land slide threats in the com -
mune is im proved. That helps de ci sion mak ers to find the best
man age ment so lu tions and de vise codes of prac tice, es pe cially 
for in tended new hous ing and trans por ta tion in vest ments. In
this way, non-struc tural mea sures are fos tered in the risk man -
age ment. Fi nally, the study showed that ob served fail ures,
named here hot-spots, were not ac ci den tal. Their lo ca tions
could have been an tic i pated if the area were per ceived as apt to 
landsliding. The coun ter mea sures ded i cated to those spe cific
sites are backed by cost-ben e fit anal y sis. Such eco nomic con -
text helps lo cal au thor i ties and stake holders to pri ori tise ev i -
dently costly struc tural mea sures.
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