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Ponikve pripadaju medu najznacajnije krske oblike koji se stoga smatraju i dijagnostickim oblicima kr3a.
Njihov prostorni raspored i gustoa vazan su pokazatelj stupnja okrSenosti nekog prostora, ali i njegova
cjelokupnoga geomorfoloskog razvoja. Cilj ovoga rada je utvrditi prostorni raspored i gustoéu ponikava te
analizirati utjecaj geoloske grade i morfometrijskih karakteristika terena (hipsometrija, nagib padina, vertikalna
ras¢lanjenost) na prostorni raspored ponikava na podrudju jugoistocnog Velebita. Prvi je put na podrudju krsa
Hrvatske usporeden prostorni raspored ponikava s prostornim rasporedom ulaza u speleoloske objekte i to
samo na dijelu jugoisto¢nog Velebita — Crnopcu. Podaci o polozaju ponikava preuzeti su s topografskih karata
1:25 000. Svi podaci su digitalizirani i ra¢unalno analizirani s pomoéu ArcGIS 10.1 programskog paketa u GIS
laboratoriju GO PMF-a u Zagrebu. Istrazivanjem je ustanovljen snazan utjecaj morfometrijskih parametara
reljefa na gustocu ponikava. Najznacajnija pojava ponikava vezana je za podru¢ja nadmorskih visina 1000
— 1200 m, nagiba padina manjeg od 2° i vertikalne ras¢lanjenosti reljefa 100 — 200 m/km?. Takoder, najveca
gustoca ponikava zabiljezena je u karbonatnim naslagama jurske starosti te je utvrdeno da zone glavnih rasjeda
nemaju znacajniji utjecaj na poveéanje gustoée ponikava. Usporedbom prostornog rasporeda i gustoée ponikava
i ulaza u speleoloske objekte utvrden je njihov visok stupanj korelacije.

Kljucne rijeci: ponikva, krs, $pilje i jame, geomorfologija, gustoca ponikava, Velebit, Dinarski kr$, Hrvatska

Dolines are considered to be among the most prominent karst formations, which is why they can serve as
diagnostic forms of karst. Their spatial distribution and density are important indicators of an area’s degree of
karstification, as well as of an overall geomorphological development. The aim of this paper is to determine
the spatial distribution and the density of dolines, and also to analyse the influence of geological structure and
morphometric features of the terrain (hypsometry, slope inclination, relative relief) on the spatial distribution
of dolines in the area of southeastern Velebit. Moreover, for the first time with regards to the Croatian karst,
the spatial distribution of dolines was compared with the spatial distribution of entrances into caves in the
southeastern Velebit’s area of Crnopac. The data on the dolines’ position were adopted from 1:25,000 scaled
topographic maps. All data were digitalised and analysed with ArcGIS 10.1 software in the GIS laboratory of
the Geographic Department of the Faculty of Science in Zagreb. The research showed a strong influence of
morphometric parameters of the relief on dolines’ density. The most prominent occurrence of dolines is linked
with the areas ranging from 1000 to 1200 meters of altitude, slope inclination lower than 2° and the relative
relief of 100 — 200 m per km?. Furthermore, the highest density of dolines was recorded in the Jurassic carbonate
layers, while it was determined that the zones of main faults do not have a significant influence on the increase
of dolines’ density. A high degree of correlation was determined by comparing spatial distributions and density
of dolines and entrances into caves
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Uvod

Krski i fluviokrski reljef zauzimaju 43,7%
povrS§ine Hrvatske (BoGNAR 1 DR., 2012.).
Ponikve su najtipi¢niji povrsinski krski oblik
koji se smatra i dijagnostickim oblikom krsa
(Forp, Wirriams, 2007.). To su zatvorene
udubine, najcesée cirkularnog ili elipti¢nog ocrta
te ljevkastog, zdjelastog ili bunarastog presjeka
(Sauro, 2005.). Prema dominantnom procesu,
ponikve mogu biti korozijske, urusne te one
nastale slijeganjem i sufozijom (FOrRD, WiLLIAMS,
2007.). Ova tri procesa mogu zajedno djelovati,
ali korozija ima kljunu ulogu u nastanku
ponikava u kr$u. Prostorni raspored i gustoéa
ponikava jedan su od vaznih pokazatelja stupnja
okrsenosti nekoga prostora.

S obzirom na njihov znacaj, u razumijevanju
geomorfologije kr$a ponikve su predmet brojnih
geomorfoloskih istrazivanja veznih za njihovu
morfogenezu  (WiLLiams, 1985.; MIHEvC,
1998.; Gams, 2000.; Sauro, 2003.; 200S5.)
ili morfometriju (WriLLiams, 1971.; 1972
JENNINGS, 1975.; BONDESAN 1 DRr., 1992
DEeNizMAN, 2003.; LyEwW-AYEE 1 DR., 2007.;
PENTEK 1 DR., 2007.). Upravljanje velikim
brojem morfometrijskih podataka iz karata
postalo je jednostavnije s pojavom geografskih
informacijskih sustava (GIS) i digitalnih modela
reljefa (DMR) (Forp, WiLLiams, 2007.).
Istrazivanja odnosa prostornog rasporeda
ponikava i speleoloskih objekata su malobrojna
(npr. SHOENER I DR., 2001.; SUSTERSIC, 2006.).

Na prostoru Hrvatske prostorni raspored i
gusto¢u ponikava istrazuju V. Klein (1976.) na
podrudju Licko-goranske regije, D. Mihljevic
(1994.) na podrudju Baljevacke zaravni kod
Lickog Petrovog Sela, D. Mihljevi¢ (1995.) na
prostoru Ucke i Cic’arije, S.Faivre (1992.;1999.) te
S. Faivre i P. Reiffsteck (1999.; 2002.) na podrudju
Velebita, M. Pahernik (2000.) na podrudju Velike
Kapele, S. Faivre i M. Pahernik (2007.) na otoku
Bracu, N. Buzjak (2006.) na podru¢ju Zumberka
i Samoborskoga gorja, N. Boci¢ (2009b) na
podrudju Sunjske zaravni te T. Telbisz i dr. (2009.)
na podrucju Biokova. Sveobuhvatnu prostornu
analizu ponikava na ¢itavom podrucju Hrvatske
analizira M. Pahernik (2012.). Prostorni raspored
i gustoca ponikava jugoisto¢nog Velebita do sada
je analizirana u okviru istrazivanja provedenog za
cijelo podrugje Velebita (FAIVRE, 1999.; FAIVRE,
REIFFSTECK, 1999.).
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Introduction

Approximately 43.7 % of the Republic of
Croatia’s area consists of karst and fluviokarst
relief (BOGNAR ET AL., 2012). Dolines are the most
typical surface karst form, and also considered
to be a diagnostic karst form (FOrRD, WILLIAMS,
2007). They are closed depressions with a circular
or an elliptical outline and a funnel-shaped, bowl-
shaped or well-shaped concave profile (Sauro,
2005). Depending on the dominant process, several
types can be distinguished — namely, corrosion
dolines, collapse dolines or those created through
suffosion (Forp, WirLLiams, 2007). Although
all three processes may be active simultaneously,
corrosion has a key role in the formation of dolines
in karst. Spatial distribution and density of dolines
are among most important indicators of the degree
of karstification of an area.

Considering to their significance in the
understanding of karst geomorphology, dolines
are in focus of numerous geomorphological
researches with regards to their morphogenesis
(WiLLiams, 1985; MiHeve, 1998; Gams, 2000;
SAauro, 2003; 2005) or morphometry (WILLIAMS
1971; 1972; JENNINGS, 1975; BONDESAN ET AL.,
1992; DEN1ZMAN, 2003; LYEW-AYEE ET AL., 2007;
PENTEK ET AL., 2007). Managing large amounts
of morphometric data from maps has become
much simpler with the development of geographic
information systems (GIS) and digital models of
relief (DMR) (Forp, WirLiams, 2007). There are
only a few studies on relations between spatial
distribution of dolines and caves (e.g. SHOFNER ET
AL., 2001; SUSTERSIE, 2006).

In the area of Croatia, the spatial distribution
and the density of dolines were studied by V. Klein
(1976) in the area of Lika and Velebit, D. Mihljevi¢
(1994) in the area of Baljevac plateau near Licko
Petrovo Selo, D. Mihljevi¢ (1995) in the area of Ucka
and Cicarija, S. Faivre (1992; 1999) and S. Faivre
and P. Reiffsteck (1999; 2002) in the area of Velebit,
M. Pahernik (2000) in the area of Velika Kapela,
S. Faivre and M. Pahernik (2007) on the island of
Bra&, N. Buzjak (2006) in the area of Zumberak and
Samobor hills, N. Boci¢ (2009b) in the area of Slunj
plateau, and T. Telbisz et al. (2009) in the area of
Biokovo mountain. A comprehensive spatial analysis
of dolines in the whole territory of Croatia was made
by M. Pahernik (2012). Spatial distribution and
density of dolines in southeastern Velebit had been
previously been analysed within the framework of
research undertaken for the whole area of Velebit
(FAIVRE, 1999; FAIVRE, REIFFSTECK, 1999).
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Cilj ovoga rada je utvrditi prostorni raspored
i gustoCu ponikava te analizirati utjecaj
geoloske grade i morfometrijskih karakteristika
terena (nagib padina, hipsometrija, vertikalna
ras¢lanjenost) na prostorni raspored ponikava na
podrudju jugoistocnog Velebita te utvrditi stupanj
povezanosti prostornog rasporeda ponikava (kao
povrsinskog pokazatelja stupnja okrsenosti) i
prostornog rasporeda ulaza u speleoloske objekte
(kao podzemnog pokazatelja stupnja okrsenosti)
na izdvojenom dijelu jugoistoénog Velebita —
masivu Crnopca. To je prvi put da se na nekom
prostoru u Hrvatskoj usporeduju gustoca
ponikava i gustoca ulaza u speleoloske objekte.

Metode rada i izvori podataka

Podaci o prostornom rasporedu ponikava
prikupljeni su na temelju osam listova
topografskih karata mjerila 1:25 000 (Izvor 1.).
Ponikve su digitalizirane po nacelu jedna tocka
— jedna ponikva, odnosno tako da su se unosile
tocke koje predstavljaju dno ponikve. Nastala
prostorna baza podataka posluzila je kao osnova
za daljnju analizu. Pri analizi gustoée ponikava
primijenjena je jednostavna metoda koja
predstavlja vrijednost broja pojave unutar kruga
radijusa r, Cije se srediSte nalazi na lokaciji t.
Lokacije t definirane su elijama pravilne rasterske
mreze unutar istrazivanog podrudja, a za radijus
je odredena vrijednost od 564 m s§to odgovara
povrsini kruga 1 km? (PAHERNIK, 2012.).

Zatim je provedena morfometrijska analiza
temeljnih  parametara reljefa  jugoisto¢nog
Velebita (hipsometrija, nagib padina, vertikalna
ras¢lanjenost) na temelju digitalnog modela reljefa
(DEM-a) velic¢ine jedini¢ne Celije 50 x 50 m iz baze
prostornih podataka Geografskog odsjeka PMF-a
u Zagrebu (Izvor 2.). Hipsometrijska obiljezja
dobivena su razvrstavanjem visinskih podataka
jedini¢nih Celija DEM-a u visinske razrede raspona
200 m. Podaci o nagibima padina dobiveni su
analizom DEM-a metodom 3 x 3 kvadrata te
su kategorizirani u standardnih Sest kategorija
nagiba (Lozié, 1996.). Vertikalna rasc¢lanjenost
izraCunata je kao razlika u vrijednosti najvise i
najnize tocke u jedini¢noj povrsini od 1 km? (krug
radijusa 564 m sa sredistem u svakoj jedini¢noj
Celiji DEM-a). Dobiveni rezultati usporedeni su s
prostornim rasporedom ponikava.

Kao podloga za procjenu utjecaja geoloske
grade na genezu ponikava, koriStena je Osnovna
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The aim of this paper is to determine the spatial
distribution and the density of dolines, as well as
to analyse the influence of geological structure and
morphometric features of terrain (slope inclination,
hypsometry, and relative relief) on the spatial
distribution of dolines in the area of southeastern
Velebit. Moreover, the paper aims to determine
the degree of correlation between the spatial
distribution of dolines (as a surface indicator of
karstification degree) and the spatial distribution of
entrances into caves (as an underground indicator
of karstification degree) in the isolated area of
southeastern Velebit — the Crnopac massif. This is
the first time that density of dolines and density of
caves’ entrances are compared in an area in Croatia.

Methods and data sources

The data on the spatial distribution of dolines
were acquired by eight segments of topographic
maps scaled 1:25,000 (Source 1). Dolines were
digitalized on the principle of “one dot — one
doline”, whereas the inserted dots represent the
bottoms of dolines. The created database served
as a basis for further analysis. A simple kernel
method was used in analysing the dolines density,
determining the number of occurrences within
a circle with a “r” radius, and a centre on a “t”
location. The “t” locations were defined by cells
of a regular raster network set within the research
area, whereas the radius was set to be 564 m,
which corresponds to a circle with an area of 1
km? (PAHERNIK, 2012).

Furthermore, a morphometric analysis of the
basic parameters of southeast Velebit’s relief was
carried out (hypsometry, slope inclination, relative
relief) based on a digital elevation model (DEM)
with a basic unit of cell 50 x 50 m, from the spatial
database of the Department of Geography at
the Faculty of Science in Zagreb (Source 2). The
hypsometric features were acquired by grouping
the elevation data of the DEM’ units of cells
into elevation classes ranging 200 m. The slope
inclination data were acquired by analysing
the DEM by a 3 x 3 squares analysis, and were
categorized into 6 standard inclination categories
(Lozi¢, 1996). The relative relief was calculated
as a difference between the values of the highest
and the lowest point within the unit’s area of 1
km? (the circle with a radius of 564 m and a centre
in each of the DEM’s units of cells). The acquired
data were compared with the spatial distribution
of the dolines.
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geoloska karta 1:100 000, listovi Obrovac
(IvaNoviC 1 DR., 1967.) i Knin (GRIMANI I DR.,
1966.). Usporeden je broj i gusto¢a ponikava po
litostratigrafskim jedincima (uopéeno), a radi
procjene utjecaja glavnih rasjeda na nastanak
ponikava primijenjena je buffer metoda kojom su
obuhvacdene sve ponikve u pojasu udaljenosti 500
m od rasjeda prikazanih na Osnovnim geoloskim
kartama.

Kao pokazatelj odnosa procesa povrsinskog
i podzemnog okrSavanja, gustoa ponikava
usporedena je s gustoom ulaza u istrazene
speleoloske objekte. Podaci o polozaju ulaza
dobiveni su iz arhiva speleoloskih objekta
Speleoloskog odsjeka Hrvatskog planinarskog
drustva Zeljeznicariz Zagreba (Izvor 3.). Sobzirom
na to da su na prostoru jugoisto¢nog Velebita
sustava speleoloska istrazivanja provodena jedino
na podrud¢ju Crnopca, ova analiza odnosi se samo
za taj prostor. Medutim, iako je to samo 7,7%
(26,9 km?) povrsine jugoistocnog Velebita, rijec je
o znacajnom podrudju koje je geoloski homogeno
i speleoloski sustavno istrazivano te se rezultati
mogu smatrati  dovoljno  reprezentativnim.
Za izratun kvantitativne korelacijske veze
primijenjena je klasi¢na metoda izracuna gustoce
pojave unutar jedini¢ne povrSine od 1 km?2.
Za to je primijenjena blok metoda funkcije
susjedstva unutar Spatial Analyst ekstenzije.
Time je podrudje istrazivanja pokriveno s
matricom 6 x 6 Celija ¢ije su vrijednosti atributa
— broj promatranih pojava osnova za izraun
linearne korelacije odnosno koeficijenata same
korelacije. Za prostorni prikaz postojeCe veze
izmedu promatranih pojava lokalnom funkcijom
rasterske analize oduzete su vrijednosti rastera
gustoce ponikava i gustoce speleoloskih objekata.
Dobiveni raster fokus metodom rasterske analize
susjedstva generaliziran je na Celije veli¢ine 50 x
50 metara iz kojeg su prikazane izolinije jednakih
razlika u gustodi pojave ponikava i speleoloskih
objekata. Sve racunalne analize izradene su s
pomoc¢u ArcGIS 10.1 programskog paketa u
GIS laboratoriju Geografskog odsjeka PMF-a u
Zagrebu.

Geomorfolosko-geoloski okvir

Gorski hrbat — masiv Velebita najduza je
planina Hrvatske. Pruza se povinutoga grebena od
NW prema SE u duljini od 145 km. S obzirom na
morfoloske i strukturne karakteristike, najcesce
se dijeli na sjeverni, srednji, juzni i jugoistocni
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Basic geologic map scaled 1:100,000, excerpts
Obrovac (IVANOVICET AL., 1967) and Knin (GRIMANI
ET AL., 1966) was used as a base for the assessment
of the influence of geology on the dolines’ genesis.
Number and density of dolines were compared
within lithostratigraphic units (generally), and a
buffer method which included all the dolines within
500 m from the faults visible on basic geological
maps was used in assessing the influence of the main
faults on the formation of dolines.

As an indicator of the relation of the surface
and underground processes of karstification, the
dolines’ density was compared with the density
of entrances into the explored caves. The data
on positions of entrances were acquired from the
archive of caves of the “Zeljezni¢ar” Croatian
Mountaineering Society’s Speleological section
from Zagreb (Source 3). Due to the fact that in
the area of southeastern Velebit the speleological
researches were conducted only in the area
of Crnopac, this analysis was limited to that
area. However, although the area encompasses
only about 7.7 % (26.9 km?) of the area of
southeastern Velebit, its significance lies in its
geologic homogeneity and in the fact that it was
systematically explored, so the results can be
regarded as sufficiently representative. A classical
method of calculating the density of a phenomenon
within 1 km? area unit was employed to calculate
quantitative correlation. For that purpose, a block
method of the neighbourhood function within
Spatial Analyst extension was used. Thus, the
research area was covered by a 6x6 cell matrix,
with cell attribute values (the number of the
observed objects) being the basis for calculating
linear correlation coefficient. For the purpose of
a spatial display of the existing relations between
the observed objects, the raster values of doline
density and speleological density were extracted.
By using the focus method of raster analysis,
the resulting raster was generalized to cells sized
50 x 50 m showing isolines of equal differences in
the occurrence of dolines and caves. All computer
analyses were made by using ArcGIS 10.1 software
in the GIS laboratory of the Department of
Geography at the Faculty of Science in Zagreb.

Geomorphological-geological frame

The Velebit mountain range is the longest
mountain in Croatia. Its bended ridge stretches
approximately 145 km in the NW-SE direction. In
relation to morphologic and structural features, it
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dio. Gorski hrbat jugoistocnog Velebita sastoji
se od masiva Crnopca (V. Crnopac, 1403 m),
Tremzine (Oklinjak, 1187 m) i Koma (Golic,
1003 m) te dijela sjevernodalmatinske krske
zaravni oko rijeke Krupe (SI. 1., SI. 2A). Granice
istrazivanog podrudja definirane su prema
prirodnim obiljezjima prostora pa tako veci dio
istoCne i juzne granice prati tok rijeke Zrmanje.
Na krajnjem zapadu granica pocinje pratiti tok
rijeke Dobarnice prema sjeveru, a zatim se pruza
padinama juznog Velebita preko Prezida (763
m) prema Gracackom polju. Granica se prema
istoku nastavlja preko prijevoja Malovan, uz
rub Brezovca i Vagana nakon ¢ega skrede prema
jugoistoku do vrela Zrmanje. Tako definirano
podrudje istrazivanja ima povrsinu od 349,2 km?.

Prema 1. Grimani i dr. (1966.; 1975.) te
A. Ivanovi¢ i dr. (1967.; 1976.), istrazivano
podrudje izgraduju stijene trijaske, jurske, kredne
i paleogensko-neogenske starosti uz sporadi¢no
pojavljivanje kvartarnih naslaga (SI. 2B). Stijene
trijaske starosti izgraduju manji dio istrazivanoga
podrucja. To su pjesCenjaci i vapnenci donjeg
trijasa, karbonatne stijene s le¢ama klastita
srednjeg trijasa te dolomiti i vapnenci gornjeg
trijasa. Stijene jurske starosti pojavljuju se u
dvije zone, a Cine ih vapnenci i dolomiti donje
jure, vapnenci s uloscima dolomita srednje jure te
vapnenci i vapnenacke brece gornje jure. Najvedi
dio istrazivanog podrudja izgraduje karbonatne
stijene kredne starosti i to vapnenci donje krede
te gornjokredni vapnenci s uloscima dolomita.
Na  sjeverozapadnom  dijelu istrazivanog
podrudja, u kontinuiranom pojasu, starije
naslage diskordantno su prekrivene paleogensko-
neogenskim karbonatnim brecama (tzv. Jelar ili
Velebitske brece). Dalje prema jugoistoku ¢ine
mrezu vecih i manjih denudacijskih ostataka.
Naslage kvartara sporadi¢no se pojavljuju kao
aluvijalne i sedrene naslage u dolinama Zrmanje
i Krupe te kao rezidualne naslage u veéim krskim
udubinama.

Zbog prevladavajuée karbonatne grade,
podrudje jugoistoénog Velebita karakterizira
razvijen krski morfogenetski tip reljefa. Od
povrsinskih oblika isti¢u se razliciti tipovi grizina,
ponikve te krske uvale. Speleoloski gledano
najistrazenije podrucje jugoisto¢nog Velebita je
masiv Crnopca (Boc¢ié, 2009a). Ostali dijelovi
ovoga podrudja, izuzev juznog dijela kanjona
Zrmanje, speleoloski su relativno slabije poznati.
Sustavna  speleoloska istrazivanja Crnopca
zapocela su 70-ih godina proslog stoljeca. Do
danas je ovdje istrazeno oko 200 speleoloskih
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is usually divided into northern, central, southern
and southeastern part. The ridge of southeastern
Velebit consists of the massifs Crnopac (V.
Crnopac, 1403 m), Tremzine (Oklinjak, 1187 m)
and Koma (Goli¢, 1003 m), as well as the Northern
Dalmatian karst plateau around the river Krupa
(Fig. 1, Fig. 2A). The boundaries of the studied
area were defined in accordance to the natural
features of the area; thus, most of the eastern and
southern border follows the river Zrmanja’s flow.
On the westernmost end, the boundary follows
the flow of Dobarnica river towards north, then
further extends to the slopes of southern Velebit
over Prezid (763 m) and towards Gracac polje.
The boundary continues towards east over the
Malovan saddle, following the edges of Brezovac
and Vagan, and diverging towards to the well
of Zrmanja in the southeast. Thus defined, the
research area has approximately 349.2 km?2.

According to I. Grimani et al. (1966; 1975)
and A. Ivanovi¢ et al. (1967, 1976), the research
area consists of Triassic, Jurassic, Cretaceous and
Paleogene-Neogene rocks, with intermittent zones
of Quaternary deposits (Fig. 2B). Triassic rocks
form only a small part of the research area. These
are predominantly sandstones and carbonates from
the Lower Triassic, carbonate rocks with clastic
lenses from Middle Triassic, and dolomites and
carbonates from the Upper Triassic epoch. Rocks
from Jurassic appear in two zones and include
Lower Jurassic carbonates and dolomites, Middle
Jurassic carbonates with dolomite inserts and
Upper Jurassic carbonates and carbonate breccias.
Most of the research area consists of Cretaceous
carbonate rocks, namely Early Cretaceous
carbonates and Late Cretaceous carbonates with
dolomite inserts. In the northwestern part of the
research area, in the continuous belt, the older
strata are partially covered with the Paleogene-
Neogene carbonate breccias (the so called Jelar or
Velebit breccias). Further towards the southeast
they make up a network of large and small
denudation remnants. The Quarternary strata
sporadically appear as alluvial and tuff layers
in the valleys of Zrmanja and Krupa, as well as
residual layers in larger karst hollows.

Due to its prevailing carbonate structure, the
area of southeastern Velebitis characterized by karst
morphogenetic type of relief. Surface formations
include various types of karrens, dolines and karst
valleys. In terms of speleology, the most researched
area of the southeastern Velebit is the massif
Crnopac (Bocié, 2009a). Other parts of this area,
with an exception of southern part of the canyon
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objekata, od kojih su za njih 184 poznati to¢ni
podaci. Njihova prosje¢na gustoa na ovome
podrugju (~26,9 km?) je oko 6,7 speleoloskih
objekata na km?. Ovdje se nalazi najdulji $piljski
sustav Hrvatske te cijelih Dinarida: Kita Gacesina
- Drazenova puhaljka (duljina 32 115 m, dubina
-737 m; URL 1.). Uz to, na podru¢ju Crnopca
istrazeni su i brojni drugi speleoloski objekti koji
se isti¢u svojim dimenzijama.
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of Zrmanja, are speleologically less known. The
systematic speleological researches of Crnopac
began in the 1970s. Up to now, around 200 caves
have been explored in the area, with precise data
available for 184 of them (vertical caves prevail).
Their average density in this area (~26.9 km?) is
about 6.7 caves per square kilometer. The area
includes the longest cavy system in Croatia and
in the Dinarides: Kita GaceSina — Drazenova
puhaljka (32.115 meters in length and -737 meters
deep; URL 1). Moreover, many other noticeably
large caves were explored in the area of Crnopac.
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Slika 1. Geografski polozaj istrazivanog prostora
Figure 1 Geographic position of the research area
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Slika 2. Osnovne crte reljefa jugoistocnog Velebita (A) i pregledna geoloska karta jugoistoénog Velebita (B),
Izvor: GRIMANI I DR., 1966.; IvaANOVIC I DR., 1967.

Figure 2 Basic outlines of southeastern Velebit relief (A) and a general geological map of southeastern Velebit (B);
Source: GRIMANT ET AL., 1966; IvANOVIC ET AL., 1967
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Rezultati
Prostorni raspored i gustoéa ponikava

Na istrazivanom podrudju povrsine 349,2 km?
utvrdene su 3684 ponikve, $to ¢ini prostornu
gustocu ponikava od 10,6 pon/km?. Izuzme li se
podrudje na kojem nema razvijenih ponikava, na
povrsini od 249,8 km? gustoca ponikava iznosi
14,8 pon/km?. Karta prostornog rasporeda
ponikava (Sl. 3A) upucuje na to da je podrudje
sa znalajnom pojavom ponikava orijentirano
pravcem SZ-JI. Odredena odstupanja postoje
na juznom podnozju Crnopca i na podrudju
planine Kom gdje je ta orijentacija SI-JZ.
Najvise ponikava vezano je za sjeverni i istocni
dio istrazivanog podrudja, tj. za zone Crnopca i
Tremzine. Takoder, uoceno je nekoliko podrucja
izrazito linearnog pruzanja ponikava koje tvore
jasno izrazene morfolineamente. Osobito se istiCe
duga linija ponikava koji se pruza Razdoljem sa
SI prema JZ.

Na temelju izrac¢unatih vrijednosti odredeno
je sedam razreda gustoce ponikava (Tab. 1., Sl
3B). Najveéi udio u ukupnoj povrsini od 28,46 %
zauzima razred u kojem nema zabiljezenih
ponikava. Ponajprije se to odnosi na podrudje
uz granicu na JI te vedi dio sjevernodalmatinske
zaravni na jugozapadu. Prema udjelu u ukupnoj
povrsini slijede razred gustoce ponikava 5 -20 pon/
km? s 27,03% i razred 1 — 5 pon/km? s 26,73 %,
a koji se odnose na vise diskontinuiranih podrudja
krske zaravni i gorskog hrpta. Razred 20 — 50
pon/km? zauzima 13,92% povrsine, a obuhvaca
osim podrucja hrpta JI Velebita i neka podrudja
zaravni rijeke Zrmanje, sjeverno od rijeke Krupe te
podrucje Tavana i Semenjaka na jugu. Povrsinu od
8,8 km? (2,51%) zauzima razred 50 — 70 pon/km?,
koji se odnosi na vise diskontinuiranih podrudja
hrpta. Gustoca ponikava 70 - 100 pon/km?

Tablica 1. Povrsine razreda gustoée ponikava
Table 1 The areas of doline density classes
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Results
Spatial distribution and density of dolines

Within the research area of 349.2 km? a total
of 3.684 dolines were found, which makes the
density of 10.6 dolines per km?. If the area with no
developed dolines is excluded, the remaining area
of 249.8 km? has a density of 14.8 dolines per km?.
The map of spatial distribution of dolines (Fig. 3A)
indicates that an area with a significant occurrence
of dolines is oriented in the NW-SE direction.
There are some deviations in the southern foothill
of Crnopac, as well as in the area of mountain
Kom where the orientation is NE-SW. Most of the
dolines appear in the northern and eastern parts
of the research area, i.e. in the zones of Crnopac
and Tremzina. It was also observed that several
areas have a prominent linear direction of dolines
forming clearly expressed morpholineaments. An
especially long line of dolines extending through
Razdolje from NE to SW stands out.

Based on calculation, seven classes of doline
density were determined (Tab. 1, Fig. 3B). The
largest share (28.46%) in the total area has a class
with no dolines. It primarily refers to an area near
the border in the SE and most of the Northern
Dalmatian plateau in the SW. According to their
share in the total area, the following classes of
doline density are 5 — 20 dol/km? (27.03%) and
1 - 5 dol/lkm? (26.73%) and refer to several
discontinuous areas of the karst plateau and the
mountain ridge. The class 20 — 50 dol/km? takes
up 13.92 % of the area and besides the ridge of
SE Velebit also includes some areas in the plateau
of the river Zrmanja, north of river Krupa, and
the area of Tavan and Semenjak in the south. The
class 50 — 70 dol/km?includes the area of 8.8 km?
(2.51%) and refers to several discontinuous areas
of the ridge. The density of 70 — 100 dol/km?

Rb. Gustoca (pon/km?) Povrsina (km?) Udio (%)

No. Doline density (dol/km?) Area (km?) Share (%)

1 0 99,4 28,46
2 1-5 93,3 26,73
3 5-20 94,4 27,03
4 20-150 48,6 13,92
S 50-70 8,8 2,51
6 70 =100 4.4 1,27
7 100 - 120 0,3 0,08
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Slika 3. Prostorni raspored (piktogram) ponikava (A) i gustoca ponikava (B) jugoisto¢nog Velebita
Figure 3 Spatial distribution (pictogram) of dolines (A) and doline densities (B) in the southeastern Velebit

zabiljezena je osim uz jezgre najveée koncentracije
ponikava na SI i na podruc¢ju Crnopca na SZ te
Mrkiéa tavana i BrkljaCeve drage. Zauzima tek
4,43 km? povrsine. Povrsinu od 0,3 km? zauzima
razred najvee gustoée ponikava 100 — 120 pon/
km?. Najveca prostorna gustoca od 116,47 pon/
km? zabiljezena je na podrudju uvale Vagan na
krajnjem SI. Na istrazivanom podrudja istiCu se
jos tri ,otoka“ gustoCe ponikava veée od 100

has, besides the cores of the most concentration
of dolines in the NE, also been recorded in the
area of Crnopac in the SW, as well as the areas
of Mrkicatavan and Brkljaceve drage. It takes up
only 4.43 km? of area. The class of the highest
dolines density 100 — 200 dol/km? includes an
area of 0.3 km?. The highest spatial density of
116.47 dol/km? was recorded in the area of Vagan
valley in the northeasternmost part of the area.
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pon/km?, a to su podrudje Brezovca, Crne doline
i Konti¢-gaja. Podrugje s gusto¢om vecom od 20
pon/km? zauzima 17,78% povrSine istrazivanog
podrudja.

Utjecaj morfometrijskib parametara reljefa na
prostorni raspored ponikava

Hipsometrija

U analizi visinskih obiljezja reljefa izdvojeno
je sedam hipsometrijskih razreda (Tab. 2., SI. 4A)
raspona po 200 m. Najniza vrijednost nadmorske
visine iznosi 9 m, a odnosi se na dijelove uz tok
Zrmanje u blizini us¢a Dobarnice, dok je najvisi
vrh ovoga podruéja Veliki Crnopac s 1403 m.
Prosjecna visina prostora iznosi 552 m.

Visinski katovi jasno odrazavaju lu¢no savijanje
hrpta jugoisto¢nog Velebita iz pravca SZ-JIu pravac
gotovo S-J. Najveéi udio u povrsini istrazivanoga
podrudja zauzima hipsometrijski razred 200 — 400
m (26,12%). Iznad 1200 m izdizu se samo vrs$ni
dijelovi Crnopca na sjeverozapadu istrazivanog
podrudja. Najnizi hipsometrijski razred (< 200
m) obuhvaca podru¢ja uz rijeku Zrmanju i
njezine pritoke. Analizom gustoée ponikava po
hipsometrijskim razredima ustanovljeno je da
je najveca gustoCa ponikava od 30,7 pon/km?
razvijenanan admorskoj visini 1000 — 1200
m. Slijedi razred 800 — 1000 m s 22 pon/km? koji
s 1455 ponikava prednjaci i apsolutnim brojem
ponikava. Podrudja visa od 1200 m imaju gustocu
ponikava od ¢ak 18,5 pon/km?.
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Three more “islands” of high doline density stand
out in the research area — the zones of Brezovac,
Crnadolina and Kontic¢-gaj. The area with density
higher than 20 dol/km? takes up 17.78% of the
research area.

Influence of morphometric parameters of relief
on the spatial distribution of dolines

Hypsometry

In the analysis of elevation features of relief,
a total of seven hypsometric classes were defined
(Tab. 2, Fig. 4A) with a range of 200 meters. The
lowest altitude value is 9 m, and refers to the parts
near the flow of the river Zrmanja, in the vicinity of
the mouth of Dobarnica, while the highest point of
the area is Veliki Crnopac with the altitude of 1,403
m. The average elevation of the area is 552 m.

The hypsometric classes clearly reflect the bow-
like deflection of the ridge of southeastern Velebit
from N'W-SE to almost N-S direction. The class
of 200-400 m takes up most of the research area
(26.12%). Only the highest parts of Crnopac are
above 1,200 m, in the NW of the research area.
The lowest hypsometric class (<200 m) includes
the area by the river Zrmanja and its tributaries.

Through the analysis of doline density by
hypsometric classes it was found that the highest
doline density of 30.7 dol/km? occurs on altitudes
of 1,000 — 1,200 m. The class that follows is 800
— 1,000 m with 22 dol/km? which also has the
highest total number of dolines, 1.455. The zones
above 1,200 m have a high doline density which
amounts to 18.5 dol/km?.

Tablica 2. Broj, udio i gustoéa ponikava po hipsometrijskim razredima
Table 2 Number, share and density of dolines per hypsometric classes

Nadmorska visina Gustocda ponikava
(m) Udio povrsine (%) Broj ponikava Udio ponikava(%) (pon/km?)
Hypsometric classes | Share of area (%) Number of dolines | Share of dolines (%) Density of dolines
(m) (dol/km?)
<200 10,51 11 0,30 0,3
200 -400 26,12 260 7,06 2,9
400 - 600 17,85 411 11,16 6,6
600 — 800 22,81 1161 31,51 14,6
800 — 1000 18,93 1455 39,50 22,0
1000 - 1200 3,32 356 9,66 30,7
> 1200 0,46 30 0,81 18,5
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Slika 4. Prostorni raspored ponikava u odnosu na visinske razrede (A), kategorije nagiba padina (B) i kategorije
vertikalne ras¢lanjenosti reljefa (C)

Figure 4 Spatial distribution of dolines in relation to elevation classes (A), slope inclination categories (B) and
categories of relative relief (C)
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Nagibi padina

Padine su osnovni element reljefa te je stoga
odredivanje nagiba padina jedan od bitnih
elemenata analize reljefa. Nagibi padina u velikoj
mjeri odrazavaju strukturne znacajke terena i dobar
su indikator recentnih ili potencijalnih procesa na
padinama (MARkoVIG, 1983.). Analizom digitalnog
modela reljefa utvrden je maksimalni nagib padina
JI Velebita od 49,32°, pa je prema tome odredeno
pet kategorija nagiba padina (Tab. 3., SI. 4B).
Prostorni raspored pojedinih kategorija nagiba
padina jasno odrazava konture ras¢lanjenog reljefa
jugoistocnog Velebita. Podjednako su zastupljene
kategorije nagiba padina 12° - 32° i 5° — 12°, $to
upuéuje na to da 75% povrsine Cine jako nagnuti
i nagnuti tereni. Slijede kategorije 2° — 5° 1 0° — 2°
koje su uglavnom zastupljene na jugozapadnom
dijelu istrazivanog podru¢ja. Najmanji udio
pripada kategoriji 32° — 55° koja se odnosi na vrlo
strme padine kanjona Krupe, isto¢nu padinu Koma
te poneke dijelove gorskog hrpta.

Dobiveni rezultati odnosa gustoce ponikava i
nagiba padina unutar jedini¢ne povrsine pokazuju
silazni trend s porastom nagiba padina. Najveci
broj ponikava (1492 ponikve) zabiljezen je u
kategoriji nagiba padina 5° — 12°, no najveéa
gustoéa ponikava (23,5 pon/km?) pripada
kategoriji nagiba 0° - 2°.
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Slope inclinations

Slopes are one of relief’s basic elements, which
is why determining slope inclinations represents
one of the crucial elements of relief analysis.
Slope inclinations provide a valuable insight into
the structural features of terrain and are a good
indicator of recent or potential processes on slopes
(MarkoOVIC, 1983). The analysis of digital model of
relief was used to determine maximum inclination
of SE Velebit slopes which is 49.32°, and according
to it, five categories of slope inclinations were
defined (Tab. 3, Fig. 4B). Spatial distribution of
slope inclination categories clearly reflects the
contours of the relative relief of the southeastern
Velebit. Categories of slope inclinations that
range 12°-32° and 1°-12° are equally present,
which indicates that 75% of the area includes
very inclined and inclined terrains. The following
categories are 2°-5° and 0°-2°, which are present
in the southwestern part of the research area. The
smallest percentage of terrain is taken up by the
category 32°-55° which refers to very steep slopes
of the canyon of Krupa, eastern slope of Kom and
some parts of the mountain ridge.

The acquired results of relation between doline
density and slope inclination within a unit of area
show the descending trend as the slope inclinations
rise. The largest number of dolines (1.492) was
recorded in the slope inclination category 5° -
12°, but the highest doline density (23.5 dol/km?)
turned out to be in the category 0° - 2°.

Tablica 3. Broj, udio i gustoéa ponikava po kategorijama nagiba padina
Table 3 Number, share and density of dolines per categories of slope inclination

Kat;ga‘zlri‘r’lz ‘Zf)glba Udio poviSine (%) | .o oo v, | Udio ponikava (%) Gus;ggﬁ}}l’(ﬁz‘fava
Categories of slope Shario/o 7)[ area Number of dolines Sz (O(Z; jiolmes Density of dolines
inclination (°) ° = (dol/ km?)
0-2 6,12 502 13,63 23,5
2-5 17,36 1185 32,17 19,6
5-12 36,97 1492 40,50 11,6
12 -32 38,17 502 13,63 3,8
32-55 1,37 3 0,08 0,6
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Vertikalna rasclanjenost

Vertikalna rasclanjenost reljefa morfometrijski
je parametar reljefa koji predstavlja razliku izmedu
najvise i najnize tocke unutar promatrane povrsine.
U lokalnim okvirima vertikalna rasc¢lanjenost je
parametar intenziteta razvitka egzogenih procesa
(Lozié, 1995.). Utvrdeno je da najniza vrijednost
vertikalne rasclanjenosti reljefa istrazivanoga
podrudja iznosi 6 m/km?, a najvisa vrijednost 604 m/
km?. Na temelju utvrdenog raspona izmedu najvise
i najnize vrijednosti, odredeno je sedam kategorija
vertikalne rasclanjenosti reljefa po 100 m/km?.
Prosjecna vertikalna ras¢lanjenost JI Velebita iznosi
185,63 m/km? $to prema standardnoj raspodjeli
kategorija vertikalne ras¢lanjenosti za podrudje
Hrvatske (Lozi¢, 1995.) smjesta ovo podrudje u
kategoriju umjereno rasc¢lanjenog reljefa. Kategorije
vertikalne ras¢lanjenosti reljefa JI Velebita pokazuju
mozaican prostorni raspored (SI. 4C).

Najveéi udio povrsine od 40,11% zauzima
razred vertikalne rasc¢lanjenosti 100 — 200 m/km?,
a slijedi razred 200 — 300 m/km? s 27,16% (Tab.
4.). Ove dvije kategorije vertikalne rasclanjenosti
medusobno se ispreple¢u i pokrivaju veéi dio
povrsSine  istrazivanoga podrudja  (67,27%).
Najmanju povrSinu zauzimaju najvisi razredi
vertikalne ra$clanjenosti. Najvecu gustou kao
i apsolutan broj ponikava ima razred 100 -
200 m/km? (12,1 pon/km?, 1693 ponikve) koji
ujedno zauzima i najveéu povrsinu vertikalne
ra$¢lanjenosti JI Velebita. Slijede razredi < 100 m/
km?i 200 - 300 m/km?. Mala gusto¢a ponikava
veze se za razrede 300 — 400, 400 — 500 i 500 —
600 m/km?. Na podrudju vertikalne ras¢lanjenosti
> 600 m/km? nije razvijena nijedna ponikva.
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Relative relief

Relative relief is a morphometric parameter
which is defined by the difference between
the highest and the lowest point within an
observed area. On a small scale, relative relief
is a parameter of intensity of exogenic processes
development (Lozié, 1995). It was found that the
lowest value of relative relief in the research area
is 6 m/km?, and the highest 604 m/km?. Based on
the determined range between the highest and the
lowest value, seven categories of relative relief of
relief ranged 100 m/km? were defined. The average
relative relief of southeastern Velebit is 185.63 m/
km? which, according to the standard division of
relative relief categories for the area of Croatia
(Lozré, 1995), places this area in the category of
moderately articulated relief. The categories of
relative relief in the SE Velebit indicate a mosaic-
like spatial distribution (Fig. 4C).

The highest share of the area, 40.11%, is taken
up by the relative relief class of 100 — 200 m/
km?, followed by the class of 200 — 300 m/km?
with 27.16 % (Tab. 4). These two categories of
relative relief are intertwined and cover most of
the research area (67.27%). The highest classes of
relative relief take up the smallest area. The highest
density and the highest total number of dolines are
in the category 100 — 200 m/km? (12.1 dol/km?,
1,693 dolines) which also takes up most of the area
of relative relief in the SE Velebit. The categories
that follow are < 100 m/km? and 200 — 300 m/km?.
Low density of dolines is related to the categories
300 — 400 m/km?, 400 — 500 m/km? and 500 — 600
m/km?. In the relative relief category above 600 m/
km? there are no any doline developed.

Tablica 4. Broj, udio i gustoéa ponikava po razredima vertikalne rasc¢lanjenosti reljefa
Table 4 Number, share and density of dolines by categories of relative relief

Razredi vertikalne Gustoca ponikava
rasclanjenosti (m/km?) | Udio povrsine (%) Broj ponikava Udio ponikava (%) (pon/km?)
Categories of relative | Share of area (%) | Number of dolines | Share of dolines (%) Density of dolines
relief (m/km?) (dol/km?)
<100 20,72 851 23,10 11,8
100 -200 40,11 1693 45,96 12,1
200 - 300 27,16 925 25,11 9,8
300 - 400 8,81 180 4,89 5,9
400 - 500 2,44 26 0,71 3,1
500 - 600 0,76 0,24 3,4
> 600 0,002 0 0 0
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Utjecaj geoloske grade na prostorni raspored
ponikava

Vise od polovice povrsine istrazivanog podrudja
(54,52%) izgraduju karbonatne naslage kredne
starosti. Po udjelu u ukupnoj povrsini slijede
naslage paleogena i neogena s 21,73%, medu
kojima prevladavaju vapnenacke brece paleogena-
neogena (Velebitske, tj. Jelar brece). S 19,47%
udjela slijede jurski vapnenci i dolomiti. Naslage
trijasa zauzimaju udio od 2,64 %. Naslage kvartara
zauzimaju tek 1,65%, povrsine, a pokrivaju
diskontinuirana podrudja doline Zrmanje i Krupe,
Malopopinsko polje i neke krske udoline Velebita.
Usporedbom stratigrafskih jedinica s prostornim
rasporedom ponikava utvrdeno je da je najvise
ponikava razvijeno u jurskim naslagama (Tab. 5.,
SI. 5A) Naslage jure karakterizira i najveca gustoca
ponikava od 20,2 pon/km?. Na vapnenackim
breCama tercijara razvijeno je 1168 ponikava, $to
¢ini gustocu ponikava naslaga paleogena/neogena
od 15,4 pon/km?. Kredne naslage karakterizira
gustoc¢a od samo 6 pon/km?, a tek po jedna ponikva
zabiljezena je u naslagama kvartara i trijasa.

Osim litoloskih karakteristika, na prostorni
raspored ponikava velik utjecaj imaju i rasjedi
te pukotinski sustavi. Radi utvrdivanja brojnosti
ponikava razvijenih u blizini rasjeda, buffer
metodom utvrdeni su pojasovi udaljenosti 500
m od rasjeda (SI. 5B). Utvrdeno je da se 21,9%
ponikava nalazi uz rasjede, odnosno unutar 500 m
od glavnih rasjeda. Samo za Sest rasjeda utvrdeno
je vise od 50 ponikava unutar buffer zone od 500
m. Najvise (78) ih je utvrdeno uz rasjed orijentacije
SZ-]I na podrucju Koma.
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Influence of geological structure on spatial
distribution of dolines

More than half of the research area (54.52%)
consists of Cretaceous carbonate layers. With
respect to the share in total area, they are followed
by Paleogene and Neogene layers that take up
21.73 % and are predominantly carbonate breccias
(Velebit or Jelar breccias). Jurassic carbonates
and dolomites comprise 19.47% of the area and
the Triassic strata take up 2.64 %. Quaternary
strata take up merely 1.65% of the area and cover
discontinuous zones in the valleys of Zrmanja and
Krupa, in Malopopinsko polje and some karst
valleys of Velebit. The comparison of stratigraphic
units with spatial distribution of dolines showed
that most dolines developed in Jurassic strata (Tab.
5,Fig. 5A). These strata are also characterized by the
highest doline density 20.2 dol/km?. A total of 1,168
dolines developed on Tertiary carbonate breccias,
which means that the doline density in Paleogene/
Neogenestrata is 15.4 dol/km?. Creataceous layers
are characterized by doline density of mere 6 dol/
km2, while only one doline was observed in both
Quaternary and Triassic layers.

Besides lithological features, spatial distribution
of dolines is largely influenced by faults and fissure
systems. In order to determine the number of
dolines developed in the vicinity of faults, buffer
method was used to define belts 500 meters from
faults (Fig. 5B). It was determined that 21.9% of
dolines are near faults, or more precisely, within
500 meters from the main faults. More than 50
dolines were observed to be within the 500 meters
buffer zone of only six faults. Most of the dolines
(78) were found near the faults oriented in NW-SE
direction, in the area of Kom.

Tablica 5. Broj, udio i gustoca ponikava po stratigrafskim jedinicama na podrudju JI Velebita
Table 5 Number, share and density of dolines in stratigraphic units of SE Velebit area

Udio povrsine Broi ponikava Udio ponikava | Gustoca ponikava
Era Period (%) NL; ber of (%) (pon/km?)
Era Period Share of area dolines Share of Density of dolines
(%) dolines (%) (dol/km?)
Kvartar
1 1 2
Kenozoik Quaternary 63 0,03 0,
Cenozoic Paleogen/Neogen 21,73 1168 31,71 15,4
Paleogene/Neogene
o hreda 54,52 1139 30,92 6,0
retaceous
I\A//Ifzoz"‘.k Jura 19,47 1375 37,32 20,2
esozoic Jurrasic
Trijas 2,64 1 0,03 0,1
Triassic
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- ponikve / Dolines
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buffer zona s vide od 50 ponikava / buffer zone with >50 dolines
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Slika 5. Pregledna geoloska karta jugoisto¢nog Velebita s prostornim rasporedom ponikava (A) i odnos

najznacajnijih rasjeda i prostornog rasporeda ponikava (B)
Izvor: GRIMANI I DR., 1966.; IvANOVIC I DR., 1967.

Figure 5 General geological map of the southeastern Velebit with spatial distribution of dolines (A) and the relation

of the most important faults and the spatial distribution of dolines (B)
Source: GRIMANI ET AL., 1966; IvANOVIC ET AL., 1967
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Odnos prostornog rasporeda ponikava i
speleoloskib objekata Crnopca

Za usporedbu prostornog rasporeda ponikava
kao povrsinskih krskih oblika i speleoloskih
objekata, kao podzemnih krskih oblika, odabrano
je podrucje Crnopca, sjeverozapadni dio JI Velebita.
To je podrugje vrlo okrseno te se odlikuje brojnim
povrsinskim i podzemnim krskim oblicima.
Prostor Crnopca jedino je podrudje JI Velebita
s brojnim poznatim speleoloskim objektima,
a podrucje se sustavno speleoloski istrazuje
ve¢ nekoliko desetlje¢a. Sustavna speleoloska
istrazivanja Crnopca zapocela su 70-ih godina
proslog stoljeca, a do sada su samo unutar granica
uzega istrazivanog podrudja zabiljeZzeni podaci o
184 speleoloska objekta. Za potrebe analize uzeti
su samo podaci o polozaju ulaza u speleoloske
objekte bez obzira na njihovu vrstu, morfoloski tip
i dimenzije. Kernel metodom izracunata je gustoca
ulaza u speleoloske objekte te je usporedena s
prostornim rasporedom i gusto¢om ponikava.
Najveca gustoca speleoloskih objekata od 116,72
so/km? odnosi se na dio masiva SI od Velikog
Crnopca. Gusto¢om speleoloskih objekata od 50
— 100 so/km? istice se i podrudje Velikog i Malog
Bata na zapadu. Sredi$nji dio Crnopca osim
najveCom gustocom speleoloskih objekata istice
se i najve¢om gusto¢om ponikava od 93 pon/km?,
a karte gustode ponikava i ulaza u speleoloske
objekte u vecoj se mjeri preklapaju.

Iz piktograma gustoée pojave ponikava i
speleoloskih objekata na km? (SI. 6., Sl. 9B)
i regresijskog pravca uolava se postojanje
odredene veze izmedu promatranih pojava. Bez
obzira na opisane razlike, u prikupljanju lokacija
promatranih pojava vidljivo je da postoji generalni
trend ovisnosti u prostornoj gustoéi promatranih
pojava. To potvrduje i izraCunati koeficijent
determinacije r> = 0,52, odnosno Pearsonov
koeficijent korelacije od +0,72. Na temelju
koeficijenta determinacije moze se zakljuciti da
je 52% zbroja ukupnih kvadrata odstupanja
protumadeno promatranom vezom, odnosno u
nasem slucaju da postoji nesto preko polovice
od ukupnih ¢imbenika koji zajednicki utje¢u na
prostorni razmjestaj i razvitak kako ponikava tako
i speleoloskih objekata.
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The relation of spatial distribution of dolines and
caves of Crnopac

The area of Crnopac, NW part of the
southeastern Velebit, was chosen to compare the
spatial distribution of dolines as surface karst
forms and caves as underground karst forms. This
area is intensely karstified featuring numerous
surface and underground karst formations.
Moreover, the area of Crnopac is the only area
of SE Velebit with many known caves and it
was explored for several decades. Systematic
speleological explorations of Crnopac started
in 1970s, with the result of 184 registered caves
only within the borders of the narrow research
area. For the purposes of the analysis, only the
data on the position of entrances into caves
were used, regardless of their type, morphologic
form and dimensions. Kernel method was used
to calculate the density of entrances into caves,
which was subsequently compared to the spatial
distribution and density of dolines. The highest
density of caves, 116.72 so/km?, was recorded in
the part of massif on the NE of Veliki Crnopac.
The areas of Veliki Bat and Mali Bat in the west
also stand out with high density of caves, 50 — 100
so/km?. Besides the highest density of caves, the
central part of Crnopac has the highest density of
dolines, 93 dol/km?, and density maps of dolines
and entrances into caves generally overlap.

Pictograms of doline and cave density per
square kilometre (Fig. 6, Fig. 9B) and the
regression line indicate the existence of a relation
between the observed phenomena. Regardless of
the described differences in gathering of data of
the observed phenomena locations, it is obvious
that there is a general trend of codependency in
their areal density. It is confirmed by the calculated
determination coefficient r? = 0.52, as well as
Pearson’s coefficient of correlation of +0.72. Based
on the determination coefficient it can be concluded
that 52% of the sums of total squares of deviations
were interpreted with the observed relation, or in
our case that there is over half of total factors
that jointly influence spatial distribution and the
development of both dolines and caves.
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Slika 6. Prostorni raspored i gustoca ponikava (A) i speleoloskih objekata (B) na podrucju Crnopca izracunata blok

metodom

Figure 6 Spatial distribution and density of dolines (A) and caves (B) in the area of Crnopac calculated with block

method
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Rasprava

Provedenim istrazivanjem utvrdeno je da se na
podrudju jugoistocnog Velebita povrsine 349,2
km? nalazi 3684 ponike. S. Faivre (1999.) je na
prostoru cijelog Velebita (oko 3000 km?) utvrdila
oko 40 000 ponikava. Dakle, jugoisto¢ni Velebit
zaprima oko 11,6% povrsine cijelog Velebita, a
ovdje se nalazi oko 9,2% svih ponikava Velebita.
Utvrdena prosje¢na gustoéa ponikava jugoisto¢nog
Velebita iznosi 10,6 pon/km?. Radi usporedbe,
S. Faivre (1992.; 1995.) je za podrudje Sjevernog
Velebita i Senjskog utvrdila gusto¢u od 19 pon/
km?, M. Pahernik (2000.) je za prostor SZ dijela
Velike Kapele utvrdio gusto¢u od 27,5 pon/km?,
N. Bo¢i¢idr. (2010.) su za prostor Slunjske zaravni
utvrdili gustocu od ¢ak 42,5 pon/km?, dok su N.
Boci¢ i M. Pahernik (2011.) za podrudje Biokova
utvrdili gusto¢u od 18,4 pon/km?. Tockasti uzorak
prostorne distribucije ponikava potom je omogucéio
izra¢un gustoée ponikava po jedinici povrsine (1
km?) prema jednostavnoj kernel metodi. Najveca
prostorna gustoca od 116,5 pon/km? zabiljezena
je na podrucju uvale Vagan u sjeveroisto¢nom
dijelu istrazivanog podrudja. Primjenom iste
kernel metode, M. Pahernik (2012.) je utvrdio
maksimalnu gustoéu ponikava na Sjevernom
Velebitu od 120 pon/km? te na Velikoj Kapeli
243 pon/km?. Navedeni podaci upuéuju da se
istrazivano podrudje u okviru hrvatskoga krsa
istiCe znatnom gusto¢om ponikava.

Rezultati istrazivanja pokazali su da visina
reljefa, nagib i vertikalna rasclanjenost reljefa
znatno utjeCu na prostorni raspored ponikava.
Osim izravnog utjecaja, morfometrijski parametri
utjecu i na klimatske ¢imbenike koji se odrazavaju
u intenzitetu pojave ponikava. Analizom
gustoCe ponikava po razredima morfometrijskih
pokazatelja ustanovljeno je da su najpovoljniji
uvjeti za razvoj ponikava na podrudju JI
Velebita na nadmorskim visinama 1000 — 1200
m, ra$Clanjenosti reljefa 100 — 200 m/km? i
nagiba padina manjeg od 2° (SI. 7.). Regionalna
istrazivanja ponikava u Hrvatskoj pokazala su da
je najznacajnija veza izmedu gustoce ponikava i
morfometrijskih obiljezja reljefa ustanovljena s
nagibom padina i vertikalnom rasc¢lanjenosti reljefa
(PAHERNIK, 2012). Na podrudju Velebita takoder
je naglasena i hipsometrija (FAIVRE, 1999.), sto se
potvrdilo i u ovim istrazivanjima.

Histogram gustoce ponikava prema
hipsometrijskim razredima pokazuje da gustoéa
ponikava raste s nadmorskom visinom do 1200 m
(SI. 7A). Najvecu gustocu od 30,7 pon/km? imaju
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Discussion

The research showed that there are 3,684
dolines in the southeastern Velebit area of 349.2
km?. In the whole area of Velebit (around 3,000
km?), S. Faivre (1999) found about 40,000 dolines.
Thus, southeastern Velebit encompasses around
11.6% of Velebit’s area and includes around 9.2 %
of all the Velebit’s dolines. The average density of
dolines in the southeastern Velebit was determined
to be 10.6 dol/km? For comparison, S. Faivre
(1992; 1995) determined the density of 19 dol/
km2 for the area of Northern Velebit and Senj
ridge, M. Pahernik (2000) determined the density
of 27.5 dol/km? for the NW area of Velika kapela,
N. Bodi¢ et al. (2010) determined the density of
42.5 dol/km? for the area of Slunj plateau, while
N. Boci¢ and M. Pahernik (2011) found that the
density of dolines in the area of Biokovo is 18.4
dol/km?. The dotted pattern of spatial distribution
of dolines subsequently enabled the calculation of
doline density per unit of area (1 sq km) with a
simple kernel method. The highest spatial density
of 116.5 dol/km? was found in the area of Vagan
valley in the NE of the research area. Using the same
kernel method, M. Pahernik (2012) determined
the maximum doline density of 120 dol/km?
in Northern Velebit and 243 dol/km? in Velika
Kapela. The data above indicate that considering
Croatian karst area, the research area stands out as
the one with a significant doline density.

The results of research showed that altitude,
inclination and relative relief significantly influence
spatial distribution of dolines. Besides the direct
influence, morphometric parameters also influence
the climatic factors that are reflected in the intensity
of the occurrence of dolines. The analysis of doline
density by categories of morphometric indicators
showed that the most favourable conditions for the
development of dolines in the area of SE Velebit
are on altitudes 1,000 — 1,200 m, with relief
articulation of 100 — 200 m/km? and an inclination
below 2° (Fig. 7). Regional research of dolines in
Croatia showed that the most important relation
between doline density and morphometric features
of relief was determined by slope inclination and
relative relief (PAHERNIK, 2012). In the area of
Velebit, hypsometry is also pronounced (FAIVRE,
1999) which was confirmed by this research.

The histogram of doline density by hypsometric
classes indicates that the density increases with
altitude up to 1,200 m (Fig. 7A). The highest
density of 30.7 dol/km? is in the parts of SE Velebit
ridge on altitudes 1,000 — 1,200 m. Doline density
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Slika 7. Prikaz gustoée ponikava prema hipsometrijskim razredima (A), razredima nagiba (B) i vertikalne

ra$¢lanjenosti (C) te osnovnim litostratigrafskim jedinicama (D)

Figure 7 The display of doline density by hypsometric classes (A), inclination classes (B), relative relief (C) and basic

litostratigraphic units (D)
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dijelovi hrpta JT Velebita na visini 1000 — 1200
m. Iznad 1200 m gustoéa ponikava pada na 18,5
pon/km? te se odnosi iskljucivo na najvise dijelove
masiva Crnopca. S obziromnato daje ovo podrucje
velikih raspona nadmorskih visina (9 — 1404 m),
gustoda ponikava po hipsometrijskim razredima
upucuje na vaznost mikroklimatskog utjecaja
na nastanak ponikava. Odnosi temperature i
oborina vazni su s obzirom na duzinu i intenzitet
korozije. Nize temperature i veca koli¢ina oborina
u vrsnim dijelovima Velebita, a osobito njezina
ravnomjernija raspodjela tijekom godine, uvjetuju
znatno manje isparavanje kao i topljenje snijega
§to ima izravan utjecaj na intenzivnije djelovanje
korozije u ponikvama i uvalama (PErica, 1998.).
Smanjenje broja ponikava na povr§inama visim
od 1200 m moze se djelomi¢no pripisati i veéim
nagibima padina tih podrudja, Sto uvjetuje
povecani koeficijent povrsinskog otjecanja.

Histogram gustoée ponikava po razredima
nagiba padina pokazuje da gustola ponikava
pada s porastom nagiba padina (Sl. 7B). Najvecu
gusto¢u ima razred padina nizih od 2°, dok
su na padinama strmijim od 32° zabiljezene
samo tri ponikve. Opdenito govoreci, najvecu
gusto¢u ponikava imaju blago nagnute padine
do 12° na kojima dominira procjedivanje vode
i korozijski proces u unutrasnjosti karbonatnoga
stijenskog  kompleksa. Smanjenje  gustoce
ponikava na padinama visih nagiba pripisuje se
manjim zadrZavanjem oborina i vode snjeznice
te vezom visih kategorija nagiba i aktivnih
tektonskih zona (PAHERNIK, 2012.). S. Faivre
i M. Pahernik (2007.) isticu da se na podrudju
vanjskih Dinarida na padinama strmijim od 12°
ponikve javljaju tek sporadi¢no $to nije slucaj
na podrudju jugoistoénog Velebita. Cak 13,7%
ponikava nastalo je na jako nagnutim i vrlo
strmim terenima Sto upucuje na vaznost utjecaja
litoloskih i strukturno-tektonskih uvjeta na
nastanak krskih povrsinskih oblika.

Distribucija vrijednosti vertikalne
ra$Clanjenosti padina pokazuje da razred 100
— 200 m/km? ima najvecu gusto¢u ponikava (SI.
7C). Podrudja vertikalne rasc¢lanjenosti do 100 m/
km? imaju nesto manju gustoéu ponikava od 11,8
pon/km?, §to je vijerojatno posljedica znatno manje
povrsine. Opcenito gledajuéi, razredi vertikalne
ras¢lanjenosti do 200 m/km? imaju najvecu
gustou ponikava, ali prednjace i apsolutnim
brojem ponikava te obuhvacaju 69,06 % ponikava
JT Velebita. Kategorije ras¢lanjenosti reljefa vece
od 200 m/km? karakterizira pad broja i gustoce
ponikava, dok u razredu 600 — 700 m/km? nije
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decreases to 18.5 dol/km? above 1,200 m and is
limited to the highest parts of Crnopac massif.
Since that is an area with a broad range of altitudes
(9 = 1,404 m), doline density by hypsometric
classes indicates the importance of microclimatic
influence on the formation of dolines. Relations
of temperatures and precipitation are important
in terms of duration and intensity of corrosion.
Lower temperatures and higher precipitation in
the highest parts of Velebit, and especially a more
uniform distribution of the precipitation over a
year, cause a significantly lower evaporation as well
as melting of snow, which directly causes a more
intensive corrosion in dolines and valleys (PERICA,
1998). A lower number of dolines on surfaces
above 1,200 m may be partially attributed to higher
slope inclinations of these areas, which affects the
increased coefficient of surface runoff.

The histogram of doline density by slope
inclination classes indicates that the density
decreases with the increase of slope inclination (Fig.
7B). The highest density is in the class of slopes
lower than 2°, while on those steeper than 32° only
three dolines were recorded. Generally speaking, the
highest doline density if on mildly inclined slopes up
to 12°, which are dominated by water percolation
and corrosion within carbonate rock complex.
The lowering of doline density on slopes with
higher inclinations is attributed to shorter periods
of retention of water from rainfall and snowmelt,
as well as to the relation of higher inclination
categories with active tectonic zones (PAHERNIK,
2012). S. Faivre and M. Pahernik (2007) argue that
in the area of the Outer Dinarides, on slopes steeper
than 12°, dolines appear sporadically, which is
not the case in the area of southeastern Velebit
where 13.7% of dolines were formed on intensely
inclined and very steep terrains. This indicates the
importance of the influence of lithological and
structural-tectonic conditions on the development
of karst surface formations.

The distribution of slope relative relief values
indicates that the highest doline density is in the class
100 — 200 m/km? (Fig. 7C). The density of dolines
is lower, 11.8 dol/km?, in zones of relative relief up
to 100 m/km?, probably due to their smaller area.
Generally speaking, the highest density of dolines is
in classes of relative relief up to 200 m/km?, where
the absolute number of dolines is also the highest
and which include 69.06 % of the SE Velebit’s
dolines. The categories of relief articulation higher
than 200 m/km? are also characterized by the
decrease in number and density of dolines, while in
the class 600 — 700 m/km? no dolines were found.
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zabiljezena nijedna ponikva. Sli¢no kao i u slucaju
nagiba padina, nastanku ponikava pogodovao je
slabije ras¢lanjen reljef.

Litoloski sastav JI Velebita karakterizira
dominacija karbonatnih naslaga u <¢itavome
istrazivanom prostoru. Usporedbom prostornog
rasporeda ponikava s generaliziranom geoloskom
kartom utvrden je najveéi razvoj ponikava
na jurskim sedimentima. Zbog generalizacije
litostratigrafskih jedinica tesko je odrediti razliku
u broju ponikava medu detaljnijim jedinicama,
medutim jurske naslage jugoistoénog Velebita
karakterizira dominacija vapnenaca i vapnenackih
breca visokog udjela CaCO, (do 98%; Ivanovic
I DR., 1976.), dok se dolomiti javljaju u manjoj
mjeri. Najveca gustoca ponikava od 20,2 pon/km?
zabiljezena je u naslagama jure, slijede Velebitske
(Jelar brece) paleogena/neogena s 15,4 pon/km?i
kredni sedimenti (vapnenci i vapnenacke brece)
sa 6 pon/km? (SI. 8D). Jedan od najokrSenijih
dijelova istrazivanoga podrucja — Crnopac nije
i podrudje s maksimumom gustoée. Razlog je
najvjerojatnije to Sto je sredisnji dio Crnopca
obiljezen brojnim dubokim i velikim ponikvama.
Najvecée ponikve duboke suido 80 m te dosezu do
200 m u promjeru (Boc¢ié, 2009a). Upravo zbog
vele povrsine ponikava smanjuje se njihov broj,
a time i gustoa na ovome podrudju gradenom
od paleogensko-neogenskih karbonatnih Jelar
breca. U tom slucaju broj ponikava nije najbolji
pokazatelj stupnja okrSenosti ve¢ bi puno bolji
pokazatelj bila povrSina i volumen ponikava.
Slicno je utvrdeno (TELBISZ T DR., 2009.) na
podrudju Biokova.

Veéina regionalnih geomorfoloskih
istrazivanja u Hrvatskoj takoder su pokazala da
se najveca gustoca ponikava javlja u karbonatnim
naslagama jure i krede (PAHERNIK, 2012.). Tako
N. Boci¢ (2009b) za podrugje Slunjske zaravni
mjeri najvecu gustocu ponikava u karbonatnim
stijenama gornje jure (60,6 pon/km?) i donje
krede (53,1 pon/km?), dok M. Pahernik (1997.)
za prostor Velike Kapele navodi podatak od 40,9
pon/km? na vapnencima kredne starosti i na 32,9
pon/km? na karbonatima jurske starosti.

Usporedba prostornog rasporeda ponikava
s glavnim rasjedima uputila je na tek lokalni
znacaj rasjeda na povecani broj ponikava. Sli¢no
su utvrdili S. Faivre (1999.) za prostor cijelog
Velebita te N. Boci¢ i dr. (2010.) za prostor
Slunjske zaravni. Razlog tome najvjerojatnije
je Cinjenica da su na geoloskim kartama
prikazani samo najznacajniji rasjedi s velikim
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As in case of slope inclinations, the formation of
dolines was facilitated by less articulated relief.

The lithological structure of the SE Velebit
is characterized by the dominance of carbonate
layers in the entire research area. By comparing
spatial distribution of dolines with a generalized
geological map, the most prominent development
of dolines was determined to be in Jurassic strata.
The generalization of lithostratigrafic units makes
it difficult to differentiate the numbers of dolines
in more detailed units; however, the Jurassic strata
of the southeastern Velebit are characterized by
the domination of carbonates and carbonate
breccias with a high share of CaCO, (up to 98%;
IvaNnovié ET AL., 1976), while dolomites appear
less frequently. The highest doline density of 20.2
dol/km? was recorded in Jurassic strata, followed
by Velebit (Jelar) breccias with 15.4 dol/km? and
Cretaceous sediments (carbonates and carbonate
breccias) with 6 dol/km? (Fig. 8D). Crnopac, one of
the most karstified zones within the research area, is
not a zone of maximum density. The most probable
reason is the fact that the central part of Crnopac
features many deep and large dolines. The largest
dolines are up to 80 m deep and reach up to 200
m in radius (Boc¢ic¢, 2009a). Therefore, it is due to
bigger surface area of dolines that their number and
density are decreased in this area which consists of
Paleogene-Neogene carbonate Jelar breccias. In this
case, the number of dolines is not the best indicator
of the degree of karstification — a much better one
would be their surface area and volume. Similar
conclusions were reached for the area of Biokovo
(TELBISZ ET AL., 2009).

Most regional geomorphological studies in
Croatia showed that the highest density of dolines
appears to have been in Jurassic and Cretaceous
carbonate layers (PAHERNIK, 2012). Thus, in the
area of Slunj plateau N. Boci¢ (2009b) records
the highest density of dolines in Upper Jurassic
(60.6 dol/km?) and Lower Jurassic (53.1 dol/
km?) carbonate rocks, while M. Pahernik (1997)
mentiones 40.9 dol/km? in Cretaceous carbonates
and 32.9 dol/km? in Jurassic carbonates in the area
of Velika Kapela.

The comparison of spatial distribution of
dolines with the main faults indicated a merely
local influence of faults on the increased number
of dolines. Similar conclusions were reached by S.
Faivre (1999) for the whole Velebit area and N.
Bocic et al. (2010) for the area of Slunj plateau.
The reason for that is most probably the fact that
geological maps show only the most prominent
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pomacima u {ijim zonama vladaju uvjeti
kompresije (FAIVRE, REIFFSTECK, 1999.). Uz
to, uz zone velih regionalnih rasjeda Cesto se
vezu povecani nagibi padina i veée vrijednosti
vertikalne ras¢lanjenosti reljefa. S druge strane,
rasjedi i pukotine neotektonske etape uglavnom
nisu prikazani, a vjerojatno imaju znacajni
utjecaj na prostorni raspored ponikava Sto se
ocituje u brojnim vidljivim morfolineamentima.
Nesto drukdiji rezultati dobiveni su analizom
prostornog rasporeda ponikava SZ dijela Velike
Kapele (PaHERNIK, 2000.). Utvrdeno je da se
zone poveclane gustoe ponikava vezu uz zone
starijih rasjeda dinarskog pruzanja, dok su u
zonama rasjeda neotektonske etape gustoce
ponikava manje. Dosadasnja istrazivanja
prostornog rasporeda ponikava na prostoru
Velebita takoder su pokazala njihovu povezanost
s orijentacijom naprezanja i deformacija unutar
strukturnih blokova §to dokazuje da je tektonika
vazan ¢imbenik koji utjece na prostorni raspored
ponikava (FAIVRE, 1999.; FAIVRE, REIFFSTECK,
1999.; 2002.). Ove odnose bi na podrudju
jugoisto¢nog Velebita trebalo detaljnije istraziti
usporedbom s rezultatima terenskoga strukturno-
geoloskog kartiranja (npr. SUSTERSIE, 2006.).

Prostorni odnos ponikava i ulaza u speleoloske
objekte pokazuju znacajnu korelaciju. Prosjec¢no
se na svakih 10,9 ponikava po km? pojavljuje
jedan ulaz u speleoloski objekt (SI. 8B). Na karti
(SI. 8A) koja prikazuje prostorne razlike u gustoéi
njihove pojave stoga je najznacajnija korelacija
u zoni izolinije vrijednosti 10. Veée vrijednosti
upucuju na zone u kojima prevladavaju ponikve,
a manje vrijednosti izolinija na zone u kojima
prevladavaju  speleoloski  objekti.  Znacajna
korelacija najvjerojatnije je povezana s ¢injenicom
da su ponikve i ulazi u speleoloske objekte
Crnopca (medu kojima prevladavaju jamski ulazi)
svojim postankom vezani za iste ili slicne uvjete,
a to su korozijsko djelovanje procjedne vode u
vadoznoj i posebno epikrskoj zoni.

Slicno  istrazivanje na podrudju drzave
Tennessee proveli su A. G. Shofner i dr. (2001.).
Usporedili su tzv. indeks ponikava s brojem i
ukupnom duljinom S$pilja na mrezi blokova 2,5’
x 2,5’ geografske Sirine i duzine. Zakljuceno je
da su na regionalnoj razini podruéja povoljna za
razvitak ponikava ujedno i povoljnija za razvitak
$pilja, ali na lokalnoj razini ova veza znadajno
oslabljuje.
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faults with significant shifts and with the conditions
of compression in their zones (FAIVRE, REIFFSTECK,
1999). Moreover, zones of large regional faults
are usually related to high slope inclinations and
high values of relative relief. It must be added that
faults and fractures of the neotectonic period are
generally not shown although they probably have a
strong influence on spatial distribution of dolines.
This is reflected in many visible morpholineaments.
Somewhat different results were acquiredby
analysing spatial distribution of dolines in the
NW part of Velika Kapela (PAHERNIK, 2000). It
was determined that zones of high doline densities
are related to zones of old faults that have Dinaric
extension, while in fault zones from neotectonic
period the doline density is lower. Earlier studies
of the spatial distribution of dolines in the area
of Velebit also showed their relation with the
orientation of pressures and deformations within
the structural blocks, which indicates that tectonics
is an important factor that influences the spatial
distribution of dolines (FAIVRE, 1999; FAIVRE,
REIFFSTECK, 1999; 2002). These relations should
be studied in more detail in the area of southeastern
Velebit by comparing the acquired results with the
results of field structural-geological mapping (e.g.
SUSTERSIC, 2006).

Comparison of positions of dolines and entrances
into caves indicates a significant correlation. On
average, there is one entrance into cave on each
10.9 dolines per km? (Fig. 8B). On the map (Fig.
8A) that shows spatial differences in density of
their occurrence the most significant correlation is
in the zone of isoline valued 10. Higher values of
isolines indicate zones where dolines are dominant;
while lower values show those that caves are
more common. This significant correlation is most
probably related to the fact that, when it comes to
their genesis, dolines and entrances into caves of
Crnopac (among which the entrances into caves are
most common) are related to the same or similar
conditions — solutional activity of percolating water
in vadose zone and especially in epikarst zone.

Similar research was done in the area of the
state of Tennessee by A. Shofner et al. (2001).
They compared the so called doline index with the
number and the total length of caves in a network
with blocks of 2.5’ x 2.5’ of longitude and latitude.
They concluded that on a regional level the areas
favourable for the development of dolines are at
the same time more favourable for the development
of caves, but on a local level this relation becomes
significantly weaker.
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Slika 8. Korelacija pojave ponikava i speleoloskih objekata. Pozitivne vrijednosti pokazuju prevagu ponikava,

a negativne nedostatak ponikava u odnosu na speleoloske objekte. Najveca korelacija je u zoni izolinije 10 (A).
Linearna ovisnost pojave speleoloskih objekata prema ponikvama (B).

Figure 8 Correlation of the positions of dolines and caves. Positive values indicate domination of dolines, while the

negative ones show less dolines than caves. The biggest correlation is in the zone of isoline 10 (A) Linear dependence
of the occurrence of caves on dolines (B).
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Ovdje treba napomenuti da podaci o
speleoloskim objektima Crnopca nisu potpuni,
tj. nisu njihovo realno stanje ve¢ obuhvadaju
samo poznate i istrazene speleoloske objekte.
Za pretpostaviti je da e daljnjim speleoloskim
istrazivanjima toga prostora ova veza jacati u
skladu s dobivenim trendom, odnosno smjerom
linearne regresije. Na temelju toga mozemo
zakljuciti da provedena analiza odnosa gustoce
pojave ponikava i speleoloskih objekata moze
posluziti i za usmjeravanje daljnjih speleoloskih
istrazivanja u ovome podrudju.

Zakljucak
Provedenim  istrazivanjima utvrdene su
osnovne karakteristike prostornog rasporeda

i gustoée ponikava na podrudju jugoistocnog
Velebita povrsine 349,2 km?. Na tom su podrudju
zabiljezene 3684 ponikve, S$to ¢ini prostornu
gusto¢u ponikava od 10,6 pon/km?. Gustoca
ponikava na prostoru gdje su one razvijene
(249,8 km?, ako se izuzme neokrSeno podrudje
bez ponikava) iznosi 14,8 pon/km?. PovrSinom
najzastupljeniji razred gustoée ponikava je 5 —
20 pon/km? koji zauzima 27,03% jugoisto¢nog
Velebita. Vrijednost prosjec¢ne (10,6 pon/km?), a
posebno maksimalne gustoée (116,47 pon/km?)
ponikava upuéuje da je podrudju jugoistoénog
Velebita izrazito okrseno i pripada podrug¢jima s
dobro razvijenim krskim reljefom.

Utvrdeno je da se gustoca ponikava povecava s
nadmorskom visinom te je najveca u pojasu visine
1000 - 1200 m gdje iznosi 30,7 pon/km?. Iznad
toga pojasa gustoca se smanjuje. Gustoca ponikava
smanjuje se s porastom nagiba te je najizrazenija u
zoni nagiba do 2° (23,5 pon/km?). Sli¢no nagibima
padina gustoca ponikava se smanjuje s pove¢anjem
vertikalne rasclanjenosti reljefa gdje je najveca
gustoéa u zonama rasclanjenosti 100 — 200 m/
km? (11,8 pon/km?) i > 100 m/km? (12,1 pon/
km?). Ovi rezultati sli¢ni su rezultatima prethodnih
istrazivanja provedenih na podrucju hrvatskoga
krsa te posebno Velebita, a upuéuju na znacaj
morfometrijskih parametara reljefa u istrazivanju
ponikava.

Usporedujuéi prostorni raspored ponikava
s geoloskom gradom utvrdeno je da je najveca
gustoa ponikava u podru¢jima izgradenim na
karbonatnim naslagama jurske starosti (20,2 pon/
km?), a ne na karbonatnim bre¢ama paleogensko-
neogenske starosti (15,4 pon/km?) koje su poznate
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At this point, it has to be noted that the data
on caves of Crnopac are not complete, i.e. they do
not represent their real state but include only caves
that are known and explored. It can be assumed
that with further speleological research of the area
this relation will grow stronger, in accordance with
the perceived trend (linear regression). Therefore,
it can be concluded that the conducted analysis of
relation of densities of dolines and caves may serve
as a guidance for further speleological explorations
in this area.

Conclusion

The conducted research resulted in determining
basic characteristics of spatial distribution and
density of dolines in southeastern Velebit area of
349.2 km?. A total of 3,684 dolines were recorded
in that area, which makes the average spatial
density 10.6 dol/km?. The density of dolines in the
area where they actually developed (249.8 km?, if
the non-karstified area without dolines is excluded)
is 14.8 dol/km?. The most common category of
doline density is 5 — 20 dol/km? which takes up
27.03 % of the southeastern Velebit. The values of
average (10.6 dol/km?) and especially of maximum
density (116.47 dol/km?) indicate that the area of
southeastern Velebit is significantly karstified and
belongs to the areas with well-developed karst
relief.

It was found that the doline density increases
with altitude and reaches its maximum in the
elevation belt of 1,000 — 2,000 m, where it is 30.7
dol/km?. Above this belt the density decreases. The
doline density also decreases with the increase of
inclination and is most prominent in the inclination
zone of under 2° (23.5 dol/km?). As with slope
inclinations, the doline density is reduced with
an increase of relative relief where the highest
density is in articulation zones of 100 — 200 m/km?
(11.8 dol/km?) and > 100 m/km? (12.1 dol/km?).
These results are similar to those from previous
studies conducted in the area of Croatian karst,
especially Velebit, and indicate the significance of
morphometric parameters of relief in researching
dolines.

By comparing spatial distribution of dolines
with geological structure it was determined that
the highest density of dolines is in areas that consist
of Jurassic carbonate layers (20.2 dol/km?) and
not on the Paleogene-Neogene carbonate breccias
(15.4 dol/km?) which are known for their intense
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po izrazitoj okrsenosti. Razlog je najvjerojatnije
taj $to su na podru¢jima karbonatnih breca
palogensko-neogenske starosti ponikve veceg
promjera te im je stoga gustoca nesto manja.

Zone glavnih rasjeda nemaju znacajniji utjecaj
na povecanje gustoe ponikava najvjerojatnije
zbog kompresijskih uvijeta te povecanih nagiba i
vertikalne rasc¢lanjenosti reljefa u zonama rasjeda.
S obzirom na to da je u ranijim istrazivanjima
utvrdena veza izmedu prostornog rasporeda
ponikava i orijentacije stijenskog naprezanja za
pretpostaviti je da na njihovu pojavu znacajan
utjecaj imaju i strukturni elementi Sto tek treba
istraziti terenskim metodama.

Usporedbom prostornog rasporeda i gustoce
ponikava i ulaza u speleoloske objekte utvrden
je njihov visok stupanj korelacije (+0,72), a moze
se pretpostaviti da ¢e daljnjim speleoloskim
istrazivanjima ova veza i ojacati. Takav rezultat
je oCekivan jer je rije¢ o oblicima koji nastaju
radom procjedne vode u vadoznoj zoni. Daljnja
istrazivanja ponikava na podrudju jugoisto¢nog
Velebita trebalo bi usmjeriti u detaljnije odredivanje
njihovih morfometrijskih karakteristika (povrsina,
dubina, volumen) i morfoloskih tipova. Zatim,
terenskim kartiranjem trebalo bi detaljnije istraziti
ulogu strukturnih elemenata na prostorni raspored
ponikava. Istrazivanja bi trebalo usmjeriti i na
medusobni prostorni odnos pojave ponikava i
suhih dolina, posebno u juznom, nizem dijelu
jugoisto¢nog Velebita. U istrazivanju odnosa
ponikava i speleoloskih objekata trebalo bi uzeti
u obzir i osnovne morfometrijske i morfoloske
parametre speleoloskih objekata (duljina, dubina,
vrsta i tip).

Zahvale

Ovaj rad izraden je u sklopu projekta
potpore SveuciliSta u Zagrebu pod nazivom:
Geomorfolosko-geoloski  uvjeti i  dinamika
okrSavanja na odabranim lokalitetima Dinarskog
krSa u Hrvatskoj — 202799. Autori zahvaljuju
Speleoloskom odsjeku Hrvatskog planinarskog
drustva Zeljezni¢ar iz Zagreba na ustupljenim
podacima o polozajima ulaza u speleoloske
objekte te neovisnim recenzentima koji su svojim
komentarima znacajno unaprijedili kvalitetu
ovoga rada.
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karstification. The reason for that is probably a
larger radius of dolines in areas with Paleogene-
Neogene carbonate breccias, which is why the
spatial density is lower.

Main fault zones do not appear to have a
significant influence on the increase of doline
density, most probably because of conditions of
compression and the increased inclinations and
relative relief. Considering that in earlier studies
the relation between the spatial distribution of
dolines and the orientation of rock straining was
found, it may be assumed that their occurrence
is significantly influenced by structural elements;
however, that is to be determined by field methods.

By comparing spatial distribution and density
of dolines and entrances into caves, a high degree
of correlation (+0.72) was found, and it can be
assumed that further speleological explorations
will prove this relation to be even stronger. Such
a result is expected since the forms in question
are those that form through activity of percolated
water in vadose zone. Further research of dolines
in the area of southeastern Velebit should be
directed to a more detailed definition of their
morphometric characteristics (area, depth, volume)
and morphological types. Furthermore, the role of
structural elements in spatial distribution of dolines
should be studied in more detail through terrain
mapping. Moreover, the studies should be focused
on spatial relation of the occurrences of dolines
and dry valleys, especially in the southern, lower
part of southeastern Velebit. Basic morphometric
and morphological parameters of caves (length,
depth, class and type) should be considered when
studying the relations between dolines and caves.
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