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Land slides change ter rain mor phol ogy, of ten caus ing de struc tion of road in fra struc ture and other kinds of con struc tion.
Ever-in creas ing at ten tion is drawn to the de tec tion, iden ti fi ca tion, and clas si fi ca tion of land slides. How ever, the in flu ence of
land slides on moun tain-range mi gra tion has been more or less over looked. The ap pli ca tion of a dig i tal el e va tion model
(DEM) and suc ces sive DEM mod el ling de riv a tives have al lowed de ter mi na tion of the in flu ence of land slides on drain age di -
vide mod i fi ca tion. The Pol ish Outer Carpathians were here ana lysed for land slides, to dis tin guish land slide forms that mod i -
fied drain age di vides in moun tain ous ar eas and then to clas sify them. This anal y sis was per formed based on data from
air borne la ser scan ning us ing geo graphic in for ma tion sys tem tools. Ac cord ingly, 510 land slides have been rec og nized as
mod i fy ing drain age di vides and were sub se quently clas si fied into three pro posed land slide types (I–III).

Key words: LiDAR ALS, DEM, land slides de tec tion, drain age di vide mi gra tion.

INTRODUCTION

Land slides and their causes draw much at ten tion from re -
search ers. Stud ies gen er ally con cen trate on four key land slide
as pects: 

– land scape-rec og ni tion meth od ol ogy em ployed in ar eas
sus cep ti ble to the de vel op ment of land slide pro cesses
(Crosta and Agliardi, 2003; Federico et al., 2012; Sarda and 
Pandey, 2019; Sharma et al., 2020); 

– causes of land slide oc cur rence (Radbruch-Hall and Var -
nes, 1976; Al ex an der, 1992; Kirschbaum et al., 2010); 

– socio-eco nomic ef fects of land slides and their im pact on
peo ple’s lives (Petley, 2012; Jaedicke et al., 2014; Zum -
pano et al., 2018);  

– land slide clas si fi ca tion. 
Land slide sub di vi sion is con ducted ac cord ing to var i ous cri -

te ria, usu ally based on: 
– types of move ments in a rock mas sif in as so ci a tion with

land slide-form ing ma te rial typology (Varnes, 1958; Nemèok 
et al., 1972; Cruden and Varnes, 1996; Dickau et al., 1996;
Hungr et al., 2014); 

– de gree of downslope ac tiv ity (WP/WLI, 1993; Cruden and
Cou ture, 2011); 

– downslope move ment rate (WP/WLI, 1995; Cruden and
Cou ture, 2011); 

– scale of as so ci ated socio-eco nomic losses (Cal dera and
Wirasinghe, 2022). 
Much less at ten tion has been drawn to the im pact of land -

slides on ter rain mor phol ogy, moun tain-slope evo lu tion, and
changes in catch ment hy dro log i cal pa ram e ters, all of which in -
flu ence the de vel op ment of the hy dro graphic net work, mag ni -
tude of re ten tion and out flow, and wa ter and sed i ment fluxes in
river sys tems (e.g., Korup et al., 2006, 2010; Safran et al., 2011; 
Fan et al., 2012; Jin et al., 2021; Davies and Moretti, 2022). 

Re cent, al beit lim ited, in ter est in the in flu ence of land slides
on the mod i fi ca tion of drain age di vides has con cen trated on the
evo lu tion of river sys tems and the role of flu vial ero sion in land -
slide for ma tion (Dahlquist et al., 2018; Chenn et al., 2021;
Cebulski, 2022; Kukulak et al., 2022; Zhou et al., 2022). Rec og -
ni tion of the phe nom e non of drain age-di vide mi gra tion is of par -
tic u lar im por tance in moun tain ous ar eas where high-en ergy
pro cesses con trib ute to re lief, higher slope gra di ents, and of ten
the geo log i cal set tings that fa vour land slide de vel op ment
(Agliardi et al., 2001; D³ugosz, 2011; Chalupa et al., 2018;
Görüm, 2018; Sikora, 2018, 2022). In the Carpathians (Fig. 1),
there have been no stud ies of the mod i fi ca tion of drain age di -
vides, even though this area is par tic u larly sus cep ti ble to land -
sliding be cause of spe cific geo logic char ac ters such as dif fer -
en tial me chan i cal in sta bil ity due to sand stone-shale al ter na -
tions (Ostaficzuk, 1999; Margielewski, 2002; Baroò et al., 2004,
2005; R¹czkowski, 2007). 
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The ap pli ca tion of tra di tional land scape-de tec tion meth od o -
l ogy in clud ing field sur veys, anal y sis of ae rial and sat el lite pho -
to graphs, top o graphic map anal y sis, and hy dro graphic net -
works is dif fi cult in the Outer Carpathians due to the large mor -
pho log i cal vari abil ity and the oc cur rence of dense veg e ta tion. A 
sig nif i cant ad vance in Carpathian land slide stud ies has stem -
med from the ap pli ca tion of high-res o lu tion dig i tal el e va tion
mod els (DEMs), gen er ated upon a cloud of points ob tained
from air borne la ser scan ning (ALS). This method has been suc -
cess fully used around the world for over twenty years (Carter et
al., 2001; Jaboyedoff et al., 2012) and al lows a com pre hen sive
anal y sis of land slide forms, e.g. land slide de tec tion on steep
and densely veg e tated slopes, their iden ti fi ca tion and clas si fi -
ca tion, and anal y sis of morphometric fea tures. It has also en -
abled better un der stand ing of land slide pro cesses (e.g., Ardiz -
zone et al., 2007; Borkowski et al., 2011; Wojciechowski et al.,
2012; Pirasteh and Li, 2018; Paw³uszek et al., 2019; Wódka,
2019; Demurtas et al., 2021), as well as mon i tor ing and ob ser -
va tions of land slide ac tiv ity based on dif fer en tial mod els (Palen -
zuela et al., 2015; Pellicani et al., 2019; Wódka, 2022). In Po -
land, the use of LiDAR data (Light De tec tion and Rang ing) ac -
cel er ated field work as re gards land slide rec og ni tion. These
meth ods were used in the SOPO pro ject (land slide coun ter act -
ing sys tem) im ple mented by the Pol ish Geo log i cal In sti tute –
Na tional Re search In sti tute. The pro ject iden ti fied land slides
and ar eas at risk of mass wast ing, to cre ate an ef fec tive sys tem
warn ing against slope move ments and help ing to coun ter act
their neg a tive ef fects (Grabowski, 2008; Grabowski et al., 2008; 
Ozimkowski et al., 2010; Mrozek et al., 2013; Mrozek and
Laskowicz, 2014). Ap pli ca tion of LiDAR data has in creased the
de gree of land slide de tec tion in the Carpathians, in clud ing land -
slides mod i fy ing drain age di vides (LMDD). 

In this pa per we: 
– work out a meth od ol ogy al low ing the de tec tion of LMDD

based on LiDAR ALS data; 
– de ter mine the in flu ence of land slide pro cesses on the mod i -

fi ca tion of drain age di vides; 
– pro pose a LMDD clas si fi ca tion; 
– rec og nize the scale of LMDD in flu ence on the mi gra tion of

drain age di vides in the Pol ish Outer Carpathians. 

STUDY AREA

The Carpathians ex tend for 1300 km from the vi cin ity of Vi -
enna, Aus tria, to Ro ma nia’s Iron Gate on the Dan ube (Fig. 1).
The Outer Carpathians in Po land are com posed mainly of
flysch suc ces sions, in clud ing shales, sand stones and con glo -
m e r ates whose age ranges from the Up per Ju ras sic to the
Lower Mio cene. Dur ing the Al pine orog eny, these de pos its
were de tached from their base ment and trans ported north -
wards onto de pos its of the Carpathian Foredeep, re sult ing in
nappes thrus ted over each other (Oszczypko, 2006; Oszczy -
pko et al., 2008). The study area is lo cated within two
Carpathian sub-prov inces, the Outer West ern Carpathians
and the Outer East ern Carpa thians, which are them selves
sub di vided into 30 mesoregions (Fig. 2) that are as signed to
three re lief types: 1) me dium moun tains; 2) pied monts and low 
moun tains; and 3) bas ins (Kondra cki, 2009). These ar eas are
char ac ter ized by large re lief vari abil ity; the high est moun tain –
Babia Góra in the Beskid ̄ ywie cko -Orawski – reaches 1725 m 
a.s.l., whereas the low est to pog ra phy – the Kotlina S¹decka –
is lo cated at 280–300 m a.s.l.

MATERIAL AND METHODS

The Pol ish Outer Carpathians (Fig. 2), cov er ing an area of
18.7 thou sand km2, were the sub ject to de tailed anal y sis in clud -
ing: 

– iden ti fi ca tion of land slides mod i fy ing drain age di vides;
– de lin eat ing the bound aries of these land slides; 
– de ter min ing the pres ent-day and pre-land slide po si tion of

the drain age di vide. 
These aims were achieved with ap pli ca tion of Geo graphic

In for ma tion Sys tem (GIS) tools. The anal y sis was made in
ArcGIS 10.8 and Re lief Vi su al iza tion Tool box 2.2.1. soft ware,
in met ric rect an gu lar co or di nates of the Eu ro pean Ter res trial
Ref e r ence Sys tem (ETRS) 1989 (PL1992). The anal y sis was
sub di vided into four stages: 

– spa tial data in te gra tion;
– gen er at ing drain age di vides (2a) and land slide de tec tion

(2b);
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Fig. 1. Sub-di vi sions of the Carpathians (af ter Kondracki, 1978) 
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– land slide se lec tion;
– clas si fi ca tion of land slides mod i fy ing drain age di vides

(Fig. 3).

STAGE 1 – SPATIAL DATA INTEGRATION 

The first stage in cluded spa tial data in te gra tion. To achieve
this, the LiDAR data ap plied were ob tained from the Head Of -
fice of Ge od esy and Car tog ra phy (Re pub lic of Po land) from two 
in ter vals: 1) 2011–2014, which was col lected in the frame of the 
In for ma tion Sys tem of Na tional Pro tec tion Against Ex traor di -
nary Risks Pro ject (ISOK Pro ject); and 2) 2019–2023, which
de rived from the Cen tre for Spa tial Anal y sis of Pub lic Ad min is -
tra tion Pro ject (CAPAP Pro ject). Based on LiDAR ALS point
clouds with a res o lu tion of 4–12 points/m2, a dig i tal el e va tion
model (DEM) was cre ated. Then, for the test ar eas, ras ters with 
spa tial res o lu tion of 0.5 x 0.5 m, 1 x 1 m, 5 x 5 m and 10 x 10 m
were cre ated. Based on the ras ters gen er ated, a ras ter with a
res o lu tion of 1 x 1 m was se lected for fur ther anal y sis, as it is the 
op ti mal res o lu tion for gen er at ing drain age di vides and land slide 
de tec tion in ar eas with a very high re lief vari abil ity and with large 
el e va tion dif fer ences, such as in moun tain ous ar eas.

STAGE 2 – GENERATING DRAINAGE DIVIDES (2A)
AND LANDSLIDE DETECTION (2B)

These ac tiv i ties were per formed in de pend ently on the same 
in put data gen er ated in stage 1 – i.e., a DEM with a spa tial res o -
lu tion of 1 × 1 m.

The drain age di vides were gen er ated by sub ject ing the
DEM to the in fill ing pro cess; this con sisted of re moval of the pits 

on the sur face of the area ana lysed which were formed dur ing
LiDAR data in ter po la tion (Planchon and Darboux, 2001). Such
data were next used for con struct ing flow-di rec tion maps. The
D8 sin gle flow-di rec tion method was used to con struct the map;
it as sumes wa ter flow from each ras ter cell to only one of the
eight cells sur round ing it, to wards the larg est ter rain slope. Wa -
ter flow ing be tween the cells forms the flow lines, and cells lo -
cated be low along the flow path ac cu mu late wa ter from cells oc -
cur ring above. This al lowed the con struc tion of a flow-ac cu mu -
la tion map, in which each ras ter cell is at trib uted to the num ber
of cells that sup ply it (Jenson and Domingue, 1988; Urbañski,
2011; Radecki-Pawlik et al., 2015; Scherler and Schwanghart,
2020). Next the pour point was de ter mined; this al lowed the cre -
ation of a drain age di vide for a given point. A par al lel land slide
de tec tion anal y sis was per formed. This was en hanced by data
for land slides ac quired from the SOPO pro ject. Data were spec -
i fied bas ing on a me tic u lous land slide anal y sis, which was
based on the fol low ing mod els gen er ated from the DEM: 1)
hillshade; 2) hillshade from mul ti ple di rec tions; 3) pos i tive and
neg a tive open ness; 4) sky-view fac tor; 5) and slope gra di ent
(Yokoyama et al., 2002; Zakšek et al., 2011; Kokalj and Hesse,
2017; Kokalj and Somrak, 2019).

STAGE 3 – LANDSLIDE SELECTION 

The next stage in cluded iden ti fi ca tion of land slides whose
ranges are lo cated within con tem po rary drain age di vides. In
this case mod els gen er ated in Stage 2b from DEM were ap -
plied. Within se lected land slides it was pos si ble to re con struct
the drain age di vide be fore the land slide event (DDBL), this be -
ing based on the po si tion of the moun tain ridge and slope ex po -
sure. Us ing as pect and con tour maps along with mor pho log i cal
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Fig. 2. Physico-geo graph ical re gions of the Pol ish Outer Carpathian
 (af ter Kondracki, 2009, mod i fied by Solon et al., 2018)
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pro files, parts of the drain age di vide that are ad ja cent to the de -
vel oped land slide scarp or land slide tongue were then con -
nected by a line (Fig. 4).

STAGE 4 – CLASSIFICATION OF LANDSLIDES MODIFYING
DRAINAGE DIVIDES

Clas si fi ca tion of land slides takes place af ter all ac tions de -
scribed in stages 1–3, thereby de tect ing land slides mod i fy ing
drain age di vides. The pro posed clas si fi ca tion is based on land -
slide el e ments along which the mod i fied drain age di vide oc curs
– i.e., the land slide main scarp and the col lu vium. 

RESULTS

DRAINAGE DIVIDES MODIFIED BY LANDSLIDES

LiDAR ALS data anal y sis per formed for the Pol ish Outer
Carpa thians al lowed rec og ni tion of drain age di vide mod i fi ca -

tions caused by land slide pro cesses. The course of top o graphic 
drain age di vides is mod i fied within moun tain ridges (Fig. 5A)
that have been sub jected to land slide pro cesses. Dis place ment 
of rock ma te rial causes translocation and low er ing of top o -
graphic points along which the pri mary drain age di vide oc -
curred, and thus mod i fies the line of a given drain age di vide.
The fi nal typology of land slides will de pend upon the lo cal iza tion 
of the mod i fied drain age di vide, which may ei ther run along the
main scarp – DDMLS (Fig. 5B), or be placed in side the col lu -
vium – DDMLC (Fig. 5C). Anal y sis of course changes in side a
land slide-mod i fied drain age di vide re quires re con struc tion of
the drain age di vide be fore the land slide (DDBL), as this al lows
the de ter mi na tion of changes to the DD po si tion by us ing the
fol low ing spe cific pa ram e ters (Figs. 5A and 6B):

1 – for DDMLS (Fig. 5B):
– dsmax – max i mum dis tance mea sured hor i zon tally be tween

DDBL and DDMLS [m]; 
– DHs – el e va tion dif fer ence be tween DDBL and DDMLS. 

DHs = HDDBL – HDDMLS [m] [1.1]
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Fig. 3. Scheme of an a lyt i cal stages



where: HDDBL – or di nate of point DDBL, HDDMLS – or di nate of
point DDMLS (m a.s.l.).

2 – for DDMLC (Fig. 5C):
– dcmax – max i mum dis tance mea sured hor i zon tally be tween

DDBL and DDMLC [m];
– DHc – el e va tion dif fer ence be tween DDBL and DDMLC.

DHc = HDDBL – HDDMLC [m] [1.2]

where: HDDBL – or di nate of point DDBL, HDDMLC – or di nate of
point DDMLC (m a.s.l.).

CLASSIFICATIONS OF LANDSLIDES MODIFYING
DRAINAGE DIVIDES 

In side the land slide, the drain age di vide may be dis placed
in var i ous di rec tions, ei ther to wards the main scarp or to wards
the land slide front, oc cur ring along the main scarp or within the
col lu vium. The term col lu vium in di cates the pres ence of both
mixed and weath ered lithologies. The po si tion of the mod i fied
drain age di vide is the ba sis of clas si fi ca tions of land slides mod i -
fy ing drain age di vides (LMDD). Ac cord ingly, three types of
land slides were dis tin guished (Ta ble 1):

1 – type I – land slides mod i fy ing drain age di vides – scarp
(LMDDS);

2 – type II – land slides mod i fy ing drain age di vides – col lu -
vium (LMDDC);

3 type III – land slides mod i fy ing drain age di vides – mixed
(LMDDM).

TYPE I – LANDSLIDES MODIFYING DRAINAGE
 DIVIDES – SCARP (LMDDS)

In this type, the mod i fied drain age di vide is lo cated along the 
main scarp. The land slide causes the drain age di vide to be dis -
placed solely to wards the main scarp of the land slide (A in Fig.
6). The max i mum dis place ment of the drain age di vide is de -
scribed by pa ram e ter dsmax (Ta ble 1).

TYPE II – LANDSLIDES MODIFYING DRAINAGE
DIVIDES – COLLUVIUM (LMDDC)

In this land slide type, the drain age di vide is lo cated solely
within the col lu vium. The mod i fied DD may be come dis placed
along its en tire length to wards the main scarp of the land slide (B 
in Fig. 6), to wards the land slide front (C in Fig 6), or the dis -
place ment may take place in both di rec tions – part of the DD is
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Fig. 4. Stage 3 – land slide se lec tion and re con struc tion
of a drain age di vide be fore the land slide



shifted to wards the main scarp and part to wards the land slide
front (D in Fig. 6). The max i mum dis place ment of the drain age
di vide is de ter mined by pa ram e ter dcmax (Ta ble 1).

TYPE III – LANDSLIDES MODIFYING DRAINAGE
 DIVIDE – MIXED (LMDDM)

This is a mixed type, link ing fea tures of types I and II, in
which the mod i fied drain age di vide is lo cated partly along the
main scarp and partly within the col lu vium. The en tire DD may
be come dis placed to wards the main scarp (E in Fig. 6) or part of 
the DD may be come dis placed to wards the land slide front and
the re main ing part to wards the main scarp (F in Fig. 6). The
max i mal DD dis place ment is de ter mined by two pa ram e ters: 1)
dsmax, which in di cates the max i mum dis place ment along the
main scarp, and 2) dcmax, which points to the max i mum dis -
place ment within the col lu vium (Ta ble 1).

Land slides are char ac ter ized by broad geomorphic dy na -
m ics and multi-stage de vel op ment. There fore, in dis tinc tive
sta ges, the DDML land slide may change its po si tion from the
main scarp to the col lu vium and vice versa, chang ing the type
of LMDD. Ad di tion ally, in each of the three land slide types
(I–III), a mod i fi ca tion of one or more drain age di vides may take 
place. When a land slide is formed on a slope and over laps
only the ridge, the mod i fi ca tion of just one drain age di vide
takes place (A–C in Fig. 7). How ever, when a land slide over -

laps a peak or sum mit, the dis place ment oc curs in at least two
drain age di vides (D–F in Fig. 7).

LANDSLIDES MODIFYING DRAINAGE DIVIDES
IN THE POLISH OUTER CARPATHIANS

In the Pol ish Outer Carpathians, >50,000 land slides were
ana lysed based on the meth od ol ogy pro posed here. The anal y -
ses were car ried out on a model dis played at a scale of
1:10,000, and 510 land slides were dis cov ered that changed the 
course of drain age di vides. This num ber is not fi nal, and may be 
changed by the use of other de tec tion meth ods. The LMDD dis -
tri bu tion was ana lysed within par tic u lar physico-geo graph ical
re gions of the Outer Carpathians (Fig. 8) as dis tin guished by
Kondracki (2009) and mod i fied by Solon et al. (2018), be cause
the unit bound aries were es tab lished based on geomorpho -
logical and geo log i cal data. The oc cur rence of land slides de -
pends in part on the slope in cli na tion and geo log i cal con di tions.

The LMDD are ran domly dis trib uted; their larg est ac cu mu -
la tion was ob served within units as signed to me dium moun -
tains, for which the av er age den sity is 0.047 LMDD/km2. Two
moun tain ranges should be high lighted – the Bieszczady
Zacho dnie (no. 2) and the Beskid Œl¹ski (no. 3; Figs. 2 and 8) –
where the den sity is 0.094 and 0.092 LMDD/km2, re spec tively.
By con trast, in the Góry Sanocko-Turczañskie (no. 1), the den -
sity is only 0.006 LMDD/km2, and in the Miêdzygórze Jab³on -
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Fig. 5. Spa tial pa ram e ters of drain age di vides mod i fied by land slides
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kowsko -Koniakowskie (no. 4), LMDD were not even reg is tered. 
Within pied monts and low moun tains (nos. 14–26), the av er age 
LMDD den sity is lower, at 0.013 LMDD/km2. Within the
Pogórze Popradzkie (no. 26), the av er age den sity is 0.077
LMDD/km2 and is con sid er ably above the av er age den sity for
pied monts and low moun tains. This un ex pected higher den sity
prob a bly re sults from the fact that only the north ern part of this
unit, neigh bour ing me dium moun tain ranges, oc curs in Po land.
In the Pogórze Jasielskie (no. 23) and the Dzia³y Orawskie (no.
24), LMDD have not been reg is tered (Figs. 2 and 8). In bas ins
(nos. 27–30), the av er age den sity is only 0.005 LMDD/km2,

which is caused by the fact that the Kotlina S¹decka (no. 28)
has a LMDD/km2 of 0.019, and such forms were not ob served in 
the re main ing units. The dis tri bu tion of LMDD within a par tic u lar
re gion is vari able. In re gions 2, 8, 12, and 21 a large LMDD con -
cen tra tion was ob served in small ar eas, whereas in other units,
the dis tri bu tion is more wide spread. 

In the study area, all three LMDD types were ob served. The
per cent age con tri bu tion of the par tic u lar types is dif fer ent; the
most com mon was type I, which con trib utes to £67% of the
forms ana lysed (Fig. 9). The dis tri bu tion of par tic u lar land slide
types within spe cific mesoregions is vari able and de pends on
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Fig. 6. Dis place ment of the drain age di vide by a land slide

100 m0

Fig. 7. Land slides mod i fy ing one or more than one drain age di vides



the dom i nant re lief type within each unit. The larg est vari abil ity
oc curs in me dium moun tains (nos. 1–13 in Fig. 2 and Ta ble 2).
Here there oc cur 418 LMDDs, among which forms as signed to
type I con trib ute to £63%, II – 24%, and III – 13%. All three land -
slide types oc cur within 9 of 13 mesoregions; in two meso -
regions two out of three types oc cur – types I and III in the Góry
Sanocko-Turczañskie (no. 1), and types I and II in the Beskid
Makowski (no. 9). Type II was only ob served in the Pasma
Pawelsko-Krzeczowskie (no. 7), whereas LMDD have not been 

ob served at all in the Miêdzygórze Jab³onkowsko -Koniako -
wskie (no. 4). In pied monts and low moun tains (nos. 14–26),
type I land slides con trib ute to 86%, whereas types II and III con -
trib ute to 8 and 6%, re spec tively. All three land slide types oc cur
in only 2 out of 13 mesoregions: in the Pogórze Przemyskie (no. 
21) and Pogórze Popradzkie (no. 26). In three mesoregions
there each oc cur two types of land slides. Types I and II oc cur in
the Pogórze Strzy¿owskie (no. 19) and the Pogórze Dynowskie
(no. 20), while types I and III oc cur in the Pogórze Bukowskie
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A – lo ca tion, B – den sity of LMDD in par tic u lar physico-geo graph ical re gions



(no. 22). In the Pogórze Œl¹skie (no. 14) only type II was ob -
served and in 5 mesoregions only type I oc curs. In the re main -
ing two mesoregions, LMDD were not ob served – i.e., the
Pogórze Jasielskie (no. 23) and the Dzia³y Orawskie (no. 24).
The sit u a tion is dif fer ent within bas ins (nos. 27–30), as LMDD
oc cur only within the Kotlina S¹decka (no. 28) and all of those
be long to type I (Fig. 9).

DISCUSSION

IMPORTANCE OF THE RESEARCH

Drain age di vide mi gra tion has been de scribed in side the
catch ments of large Asian rivers, for in stance in Tai wan, Ne pal,

China (Dahlquist et al., 2018), and Ti bet (Chenn et al., 2021;
Zhou et al., 2022). These stud ies linked DD mi gra tion with for
in stance land slide ac tiv ity, which is en hanced by con tem po rary
tec tonic pro cesses as so ci ated with earth quakes, geo log i cal
set ting, cli ma tic con di tions or ex treme weather phe nom ena
such as ty phoons. Now a days in the Carpathians, earth quakes
are of mi nor sig nif i cance as re gards land slides (Gerlach et al.,
1958; Pagaczewski, 1972; Wójcik, 1997; R¹czkowski, 2007)
and DD mi gra tion. Re gard less of its lo ca tion, a land slide that
mod i fies the drain age di vide changes the pa ram e ters of neigh -
bour ing catch ments, such as their shape, range, and sur face on 
which pre cip i ta tion takes place. In this way, a land slide in flu -
ences the hy dro log i cal pa ram e ters of the catch ment, in clud ing
the mag ni tude of re ten tion and in ten sity of slope flow, while in -
creas ing slope ero sion. 
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Fig. 9. Types of land slides mod i fy ing drain age di vides in the Pol ish Outer Carpathians
A – lo ca tion, B – per cent age share in par tic u lar physico-geo graph ical re gions
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LiDAR data is be com ing better in terms of qual ity and avail -
abil ity, so per form ing sim i lar DD-mi gra tion anal y sis is now pos -
si ble for most parts of the world. The LMDD clas si fi ca tion de vel -
oped here based on stud ies of the Carpathians Flysch may be
uni ver sally ap plied to dif fer ent moun tain ous ar eas. The mod i -
fied drain age di vide po si tion in side the land slide is ba sis of the
meth od ol ogy’s ap pli ca bil ity in land slide clas si fi ca tion be yond
the cur rent study area. The ac tual di men sion of most changes
to the Pol ish Carpathians catch ment sur face have yet to be fully 
con strained and re quire fur ther de tailed stud ies. 

LIMITATIONS

Anal y sis of drain age di vide mod i fi ca tions caused by land -
slide pro cesses is faced with a num ber of prob lems and lim i ta -
tions. These are de pend ent upon:

– LiDAR data avail abil ity;
– DEM res o lu tion and pre ci sion;
– strong ter rain trans for ma tion caused by land slides; 
– changes in ter rain mor phol ogy caused by hu man ac tiv ity; 
– a sub jec tive ap proach to the re con struc tion of a drain age di -

vide be fore the land slide took place. 
The res o lu tion of DEM used in the anal y sis should be

matched to the ter rain type and mor phol ogy of the study area.
This is be cause both overly low and high res o lu tion may un fa -
vour ably in flu ence the anal y sis. A too-low res o lu tion sce nario
pres ents prob lems as re gards the cor rect rec og ni tion of land -

slide bound aries and changes caused by sub se quent down -
slope move ments. And, an ex tremely high res o lu tion may bring
with it ex ces sive data, from which se lec tion of data cru cial for
the anal y sis be comes prob lem atic. Ad di tion ally, DEM pre ci sion
has an im pact on the mag ni tude of changes that can be de -
tected in the model. In the case of data from the Pol ish Carpa -
thians, the av er age er ror is 0.15 m (Wê¿yk, 2015). Changes be -
low this value can not be de tected or at least are highly un cer -
tain. Strong, usu ally multi-stage trans for ma tion of ter rain mor -
phol ogy by landsliding in the land slide zone can ham per and
even pre vent the de tec tion of the bound aries and ranges of a
par tic u lar form. Such lim i ta tions may also pre vent a pre-land -
slide re con struc tion of the drain age di vide, or at least will re sult
in one sub ject to large er ror. Ad di tion ally, the pres ence of
anthropogenic ob jects in the area may also in flu ence the for ma -
tion of pres ent-day drain age di vides. 

CONCLUSIONS

Our anal y sis of the Pol ish Outer Carpathians land slides
sup ports the fol low ing con clu sions: 

· In the Carpathians, drain age di vides are mod i fied as a re -
sult of land slides, and this phe nom e non is much more fre quent
than was ex pected be fore the anal y sis. Such land slides oc cur
not only within the high est moun tain ranges, but also through -
out the north ern foot hills.
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· A sur pris ing re sult of the anal y sis is the move ment of the
drain age di vides into col lu vium. As a re sult of land slide ac tiv ity,
en tire rock lay ers may be dis placed in such a way that in side the 
col lu vium there are points with the lo cally high est el e va tions, on 
which the drain age di vides are lo cated, and the wa ter flow is not 
al ways to wards the land slide front.

· LMDD can be di vided into 3 types de pend ing on the lo ca -
tion of the mod i fied drain age di vide: type I – land slides mod i fy -
ing drain age di vides – scarp (LMDDS); type II – land slides
mod i fy ing drain age di vides – col lu vium (LMDDC); and type III –
land slides mod i fy ing drain age di vides – mixed (LMDDM).

· Cur rently, in the Carpathians, mod i fi ca tion of drain age di -
vides by land slides does not oc cur ex ten sively, un like in other
land slide ar eas, e.g. New Zea land, Tai wan.

· The pro posed meth od ol ogy is ap pli ca ble to moun tain ar -
eas for which LiDAR data is avail able. These data en able the
iden ti fi ca tion of the land sur face un der the veg e ta tion cover,
which is im por tant for the de tec tion of land slides in the Carpa -
thians.

· If land slides in the area ana lysed are older than the LiDAR
data, it may be dif fi cult or im pos si ble to rec re ate the drain age di -
vides from be fore the land slide; such a sit u a tion oc curs in the
Carpathians. There fore, the meth od ol ogy de vel oped and clas -
si fi ca tion of land slides that mod ify drain age di vides re quire ap -
pli ca tion to land slide ar eas in the other parts of the world, with
dif fer ent geo log i cal struc tures and geomorphological con di -
tions.

· A cer tain lim i ta tion of the anal y sis was the lim ited avail abil -
ity of data from be fore the land slides oc curred, but if new land -
slides ap pear in the study area, this method can be used pro -
vided there are drain age di vides be fore and af ter the land slide
oc curred. This is pos si ble by mul ti ple LiDAR mea sure ments.
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