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Karst sinkholes (dolines) play an important role in a karst landscape by controlling infiltration of surficial water,
air flow or spatial distribution of solar energy. These landforms also present a limiting factor for human activities
in agriculture or construction. Therefore, mapping such geomorphological forms is vital for appropriate land-
scape management and planning. There are several mapping techniques available; however, their applicability
can be reduced indensely forested areaswith poor accessibility and visibility of the landforms. In such conditions,
airborne laser scanning (ALS) provides means for efficient and accurate mapping of both land and landscape
canopy surfaces. Taking the benefits of ALS into account, we present an innovative method for identification
and evaluation of karst sinkholes based on numerical water flow modelling. The suggested method was com-
pared to traditional techniques for sinkhole mapping which use topographic maps and digital terrain modelling.
The approach based on simulation of a rainfall event very closely matched the reference datasets derived by
manual inspection of the ALS digital elevation model and field surveys. However, our process-based approach
provides advantage of assessing the magnitude how sinkholes influence concentration of overland water flow
during extreme rainfall events. This was performed by calculating the volume of water accumulated in sinkholes
during the simulated rainfall. In thisway, the influence of particular sinkholes on underground geomorphological
systems can be assessed. The method was demonstrated in a case study of Slovak Karst in the West Carpathians
where extreme rainfalls or snow-thaw events occur annually. We identified three spatially contiguous groups of
sinkholes with a different effect on overland flow concentration. These results are discussed in relation to the
known underground hydrological systems.
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1. Introduction

Sinkholes or dolines are closed land surface depressionswith internal
drainage typically formed in karst environments (Ford and Williams,
2007). They play a vital role in local control of spatial distribution of
water and air flows. Water and air converge in a sinkhole and by this
means the morphology of the sinkhole affects water flow movement,
soil erosion and accumulation, soil moisture and depth, or air tempera-
ture and humidity (Antonic et al., 2001). Presence of sinkholes poses a
risk to agriculture, construction, and other human activities by collapsing
or sagging of bedrock, suffosion, or flooding (Gutiérrez et al., 2014).
Sinkholes preserve biodiversity by being important refugia for specific
plant species (Bátori et al., 2014). Delineation and inventory of karst
features are important because of the susceptibility of karst landscape
to groundwater contamination and the unique problems associated
with construction of buildings and roads in karst areas. Many countries,
.

for this reason, embarked on creating a national geodatabase of sinkholes
(e.g., Gao et al., 2002; Farrant and Cooper, 2008; PaDCNP, 2016).

Traditionally, sinkholes were mapped in the field with the aid of
topographic maps or by visual inspection of aerial imagery (e.g., Panno
and Weibel, 1996; Zboray and Bárány Kevei, 2004; Alexander et al.,
2013; Luman and Panno, 2013), oblique radar intensity images (Jakál
et al., 1992), or multispectral satellite imagery (Siart et al., 2009). Such
an approach has been less applicable in forested karst where sinkholes
are obscured by dense tree canopy. A poor accessibility may also limit
methods such as ground surveying with tacheometry or global naviga-
tion satellite systems (GNSS). These are also more suitable for smaller
areas than for regional mapping (Barabas et al., 2010). Much higher
level of detail in mapping sinkholes can be achieved with close-range
photogrammetry from unmanned airborne systems and with terrestrial
laser scanning although these techniques are also more relevant for
small scale studies such as Tilly et al. (2016).

The limitations of forest canopy in regional scale studies can be
overcome by active remote sensing methods from airborne platforms
such as synthetic aperture radar interferometry (InSAR) or laser
scanning also known as LiDAR (Wulder and Franklin, 2012). Airborne
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laser scanning (ALS) is capable of a much more detailed and more
accurate measuring of land surface elevations than InSAR, but ALS
is less competitive in dense tropical humid rainforests. The InSAR
technique uses microwave electromagnetic waves which penetrate
through such forest to the ground, however, compromising this advan-
tage by a lower spatial resolution in order of several metres in compari-
son with ALS (e.g., Gutiérrez et al., 2011; de Carvalho Júnior et al., 2014;
Schlund et al., 2015). With regard to the forest canopy closure, ALS is
especially useful in mid-latitudes for mapping land surface under scrubs
or forests. The laser scanner detects portions of the reflected laser energy
through the canopy where other mapping techniques are ineffective or
not applicable. ALS has been preferred and it has been extensively used
for detailed mapping of gullies (James et al., 2007), sinkholes (Seale
et al., 2008), hummocks (Li et al., 2011), or landslides (Van den
Eeckhaut et al., 2012). Applications of ALS in dense tropical forest were
also successful in detection of cenotes as cave entrances (Weishampel
et al., 2011).

Advances in geomorphometry and implementation of various inter-
polation techniques in a geographic information system (GIS) (Neteler
and Mitasova, 2008; Hengl and Reuter, 2008; Bishop et al., 2012)
enabled mapping karst morphology by the means of digital elevation
models (DEMs) which represent land (ground) surface. Before the
widespread use and distribution of ALS-derived elevation data,
the photogrammetrically derived contours used to be the most popular
source of elevation data for digital geomorphometric analyses. Contour-
based DEMs were used for regional studies of karst morphology
(Antonic et al., 2001; Angel et al., 2004; Pardo-Igúzquiza et al., 2013).
Karst sinkholes of greater extent were mapped using lower resolution
DEM resources such as SRTM or ASTER (de Carvalho Júnior et al.,
2014) which were combined with satellite imagery (Siart et al., 2009).
Fig. 1. Location of the karst area mapped with the airborne laser scanning. The green (darker)
Recently available elevation data from the TerraSAR-X and TanDEM-X
mission has brought newpotential inmapping relatively small geomor-
phological features such as sinkholes using from space-borne InSAR-
based DEMs (Pipaud et al., 2015). However, all these satellite-based
DEM resources are considered as digital surface models (DSMs),
because they include the height of vegetation and buildings. Thus
their applicability to sinkhole mapping under a dense forest canopy is
rather limited.

Four main groups of methods can be identified according to the re-
view of published research on karst depression mapping with DEMs
or vectorised elevation contours. The first group of studies used visual
inspection of hill-shaded DEMs (Luman and Panno, 2013; Shadem
et al., 2013; Alexander et al., 2013). Second approach utilized the outer-
most closed contour as the outline of a sinkhole (Zboray and Bárány
Kevei, 2004; Angel et al., 2004; Telbisz and Móga, 2005; Telbisz et al.,
2006; Seale et al., 2008; Bauer, 2015; Telbisz et al., 2016; Wall et al.,
2017). Such an approach coupled with hierarchical classification of
sinkholes based on graph theory was recently implemented by Wu
et al. (2016). The third group of studies comprises methods based on
sink-filling of DEMs. Essentially, sink-filling involves various flow
routing algorithms (e.g., Jenson and Domingue, 1988; MacMillan et al.,
2003)which identify depression points in theDEM surface (also termed
sinks or pits). The depressions are filled given the depth threshold and
the sink-filled DEM is subtracted from the original DEM in amapalgebra
operation. Grid layer containing areas of depressions originates as a
result of the procedure (Antonic et al., 2001; Doctor and Young, 2013;
de Carvalho Júnior et al., 2014; Telbisz et al., 2016; Wall et al., 2017).
Other auxiliary data (e.g., geologic maps, road network, orthoimagery),
expert knowledge, or field survey are neededwith this method to differ-
entiate between real land surface depressions and DEM surface artefacts
areas indicate forested land. The red dashed line outlines the extent of the area in Fig. 5.
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(e.g.,Wall et al., 2015). Lastly, the fourth group ofmethods involves some
kind of amovingwindowoperator (i.e. a kernelwindow) to evaluate the
relative position of each DEM cell with respect to neighbourhood
surrounding the cell. In this way, Weishampel et al. (2011) or Doctor
and Young (2013) used topographic position indexwhich parameterizes
the difference between elevation at inspected DEM cell and the mean
elevation of its neighbourhood. Obu and Podobnikar (2013) used a
combined approach of flow routing for locating depression points and
a focal function in a moving window for defining the outline of the de-
pression. Their approach has been used to define sinkholes under forest
in Kobal et al. (2015).

The review suggests that sinkholes, as the target forms of DEM
analysis, have not been subject to approach based on modelling a
natural process such as analysis of overland flow during heavy rainfalls.
Nor the influence of sinkholes on this process has been evaluated.
Recent developments of more robust simulation techniques in terms
of applying the Monte Carlo method (Mitas and Mitasova, 1998;
Hofierka and Knutová, 2015; Jeziorska et al., 2016) for water flow
routing provided new tools that can be effectively used for identification
of land surface depressions which accumulate overland water flow. In
overland water flowmodelling, the purpose is to remove all artefactual
Fig. 2. Bedrock geology in the study area after Mello (1996) with the hill-shaded ALS DEM in th
the legend.
topographic depressions while real ones remain preserved. Standard
procedures in practice, however, assume that all topographic depres-
sions are artefacts thus these are all removed from the DEM (Lindsay
and Creed, 2006;Wechsler, 2007). This assumption is frequently untrue
especially in karst topographies, although artificial depressions can be
present in the DEM.

The aim of this paper is to present an original methodology for
mapping karst sinkholes under the dense forest canopy using the ALS
data and numerical water flow modelling. The objective is to identify
the sinkholes using various methods and to differentiate the sinkholes
according to their ability to concentrate water flow. We show that the
appropriate ALS data preparation can improve the quality of mapping
specific karst landforms in the forest by comparing their identification
based on topographic maps derived photogrammetrically as oppose to
other approaches based on geomorphometric analysis of ALS DEMs
representing the land surface.

2. Study area

The area of interest (67 km2) is a part of the National Park of Slovak
Karst near the state border of Slovakia with Hungary, Central Europe
e background. The karstified carbonate bedrock comprises the last two rock formations in



Table 1
Parameters of the ALS mission flown with a Leica ALS70-CM lidar system.

Parameter Value

Flight height above ground 405–764 m
Flight altitude above mean sea level 1031 m
Total number of points 1990 million
Total area 67 km2

Average density of returns (all/ground) 29 points m−2/21 points m−2

Ground returns density (all/under forest) 5 points m−2/0.5 points m−2

Absolute overall accuracy in open areas 0.1 m @ 1σ
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(Fig. 1). Slovak Karst is formed by several karst plateaux situated at
altitudes of 400–700m above mean sea level with decreasing elevation
from the north to the south. The plateaux are separated by 100–300m
deep canyons and valleys. The study area comprises the south-western
part of the Silická planina Plateau (Jakál, 1975). The land is covered by
deciduous forests (59%)where oak and hornbeam are themost common
species (Balogh and Barabas, 2016). The rest of the study area comprises
grassland (22%), shrubs (5%), and arable land (9%). This region is pre-
cious for the specifics of a mid-latitude karst landscape (Rozložník,
1998) for which several landform features are typical, such as dolines,
blind valleys, sinkholes, and karrens. These features are difficult to
be mapped in a forested land or in shrubs by traditional surveying or
photogrammetry though airborne lidar mapping is highly applicable.
However, no national lidar database exists in Slovakia up to date; there-
fore, the selected karst area was flownwithin our custom laser scanning
mission in July 2014.
Fig. 3. Forest canopy height model derived from the ALS data wit
Slovak Karst is adjacent to the Aggtelek Karst in Hungary. Aggtelek
and the south part of Silická planina Plateau in Slovakia are tectonically
separated from the north part of Slovak Karst by the fault zone leading
from the town of Plešivec through Silická Brezová towards the
Turnianska kotlina Basin in the eastern part of Slovak Karst (Gaál,
2008). From the morphological point of view, this lineament forms a
border between the Slovenské rudohorie Subregion and the South-
Eastern Marginal Subregion of the Western Carpathians (Minár et al.,
2011). Tectonic framework was generated by south to southeast ori-
ented pressures which caused stress, and the compression was realised
in the range of directions of north-south to northwest-southeast (Gaál,
2008). The landscape evolved on carbonate rocks comprising mainly
Triassic limestones and dolomites of the Silica Nappe (Fig. 2). The
carbonates formed on Lower Triassic Verfenian shales which outcrop
along the west to east oriented zone passing the village of Silica.

The geological and morphological settings of the area are the main
reasonswhy there are only fewpermanent streams.Most of the surficial
water infiltrates underground or generates only temporary streams
which flow into abundant ponors under the ground. The area of interest
is abundant with many caves (Hochmuth, 2008) indicating that
superficial and underground processes strongly interact. Many caves
developed as a continuation of ponors which drain the overland water
flow under the ground. In the recent history, several rainfall events
caused major flooding in the Domica cave system. he flooding was in-
duced by inappropriate agricultural practice on the cultivated land
(Bella, 2001; Gaálová et al., 2014; Kováč et al., 2014). Hochmuth and
Gessert (2016) also recorded the effect of flash floods in the Domica
h overlaid outlines of sinkholes identified from the ALS data.



269J. Hofierka et al. / Geomorphology 308 (2018) 265–277
cave in February 2016. The cavewas subject to terrestrial laser scanning
and 3D modelling of the cave surface (Gallay et al., 2015, 2016) which
provided means for better understanding of the cave hydrological sys-
tem. The cross-border cave system Domica-Baradla is a listed UNESCO
World heritage site and a part of it is a show cave visited by tourists.

3. Methods and data

3.1. Airborne laser scanning and digital terrain modelling

The ALS dataset originated during a mission flown in July 2014 by
Photomap s.r.o., Košice over the area delineated in Fig. 2. Table 1
summarizes the key mission parameters. The relatively high density
of ground returns even under forest (0.5 point per m2) was important
to capture all kinds of geomorphic features even under dense canopy.
TheALSdata are supplementedwithRGBandnear-infraredorthoimagery
acquired in April 2014 by airborne photogrammetry (ground sampling
distance of 0.2m). The image data were used to colourize the points.

The ALS data were supplied as geometrically corrected and partially
classified point cloudwhichwas georeferenced in the S-JTSK East North
coordinate system and the Baltic height datum after adjustment. The
cloud was split into data tiles of 500 × 500 m in the LAS 1.2 format for
further handling. Processing of the raw ALS data was conducted using
the TerraScan proprietary software by TerraSolid on the side of the
Fig. 4. Hill-shaded DEM derived at 5-m cell size from the redu
data supplier, Photomap s.r.o., Košice. We further processed data using
LAStools (Isenburg, 2014) to check and prepare the laser scanning
point cloud for generating the grid-based digital surface models and
elevation models (Hofierka et al., 2017a). The original lidar data tiles
were processed to remove the data noise and classified into four catego-
ries: ground, vegetation, buildings, and unclassified. The point data tiles
were used to derive seamless grids representing a DEM of land surface
(bare ground) and a DSM that includes the land cover surface. The rela-
tive height of vegetation above ground (i.e. normalized height, canopy
height) depicted in Fig. 3 was calculated by subtracting the DEM from
the DSM (Fig. 3).

Firstly,wegeneratedaDEMdirectly fromall ground returns (300million
points) in LAStools but the DEM contained considerable amount of noise
including microtopographic features. In this case, the DEM was derived
by linear interpolation of point elevations into grid nodes during the
TIN-to-grid conversion. This is especially visible in the spatial pattern of
parameters derived from the DEM such as slope steepness or curvature
that are very sensitive to even subtle local variation of elevations. There-
fore, for our purposes, it ismore appropriate tomodel the land surface on
a larger scale (lower level of detail) using a smooth interpolation func-
tion which generates a smoothly varying DEM surface. For this reason,
we opted for the v.surf.rst interpolation module in GRASS GIS (Neteler
and Mitasova, 2008; Neteler et al., 2012; GRASS Development Team,
2017) which enables fine tuning of the input parameters (Mitasova
ced ALS data and interpolated by v.surf.rst in GRASS GIS.



270 J. Hofierka et al. / Geomorphology 308 (2018) 265–277
et al., 2005; Hofierka et al., 2013). The method uses a regularized spline
with tension and smoothing function (Mitáš and Mitášová, 1993) and
it iswidely used for its flexibility in tuning input parameters.We reduced
the original point cloud of ground laser returns to 75 million of points
resulting in an average point density of 1.1 point m−2. Processing such
amassive dataset in current GIS software is not trivial even after the dec-
imation of the points. For example, it would take about 33 h of comput-
ing time to process these data at 1m spatial resolution using the v.surf.rst
interpolationmodule and using a standard desktop computer. Therefore,
we have used a parallelized version of v.surf.rst to effectively process
massive datasets on multi-core computers using the OpenMP library
(Hofierka et al., 2017b). Also, a lower spatial resolution of 5 m can be se-
lected to further increase the speed of computationwhile still preserving
relevant karst sinkholes. Setting the minimum distance between the
input points for v.surf.rst to 5 m (the dmin parameter) we have effi-
ciently reduced the number of input points used in the calculation of
DEM to 2.1 million of points. The DEM was interpolated by the
parallelized v.surf.rst on a standard desktop computer with four threads
assigned to processor cores in 11min. It represents all relevant land sur-
face features with a great detail including sinkholes of various sizes
(Fig. 4). The computing efficiency could be improved by decreasing the
number of input points used for interpolation per each internal interpo-
lation segment (the npmin parameter), butwe used the default setting of
300 points. A lower value of npmin increases the probability of creation of
Fig. 5. Sinkholes identified manually using a hill-shaded mean curvature m
interpolation artefacts along the borders of the segments (Neteler and
Mitasova, 2008).

3.2. Manual identification of sinkholes based on the ALS DEM, topographic
maps and field surveys

Section 1 introduced several methods of identifying sinkholes with
DEMs. While it is relatively unambiguous to locate sinkholes as points,
delineating sinkholes as areal features can be approached from several
aspects. In our approach,we tested severalmethods and parameters de-
rived from the ALS DEM which could be useful for sinkholes identifica-
tion. First, the hill-shaded elevation and mean curvature maps derived
from the DEM (Mitášová and Hofierka, 1993) were visually inspected
for oval local depression landforms which can potentially represent
sinkholes. The sinkholes formed closed areas of negative mean curva-
ture clearly delineated by zero values. Such features were preferentially
sought within the extent of the large scale plateaux where the land sur-
face is formed on carbonate bedrock and there are favourable conditions
for formation of karst sinkholes. Two mutually perpendicular vertical
profiles were drawn for each identified feature to check its cross-
sectional shape. If the two 2-D profile lines formed a depression, the
feature was delineated as a vector polygon object tracing its boundary
as a line connecting the significant surface inflection points, i.e. transi-
tion between high and low slope angle values or change between
ap and shaded relief map of the ALS DEM. The area is located in Fig. 1.
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convex and concave profile curvature (Fig. 5). The sinkholes derived by
this expert-driven method were used as the reference dataset in this
study. With such a large study area and high number of sinkholes, it
was not feasible to validate all reference sinkholes. However, we vali-
dated all of them using aerial orthoimagery and geological maps
(Mello, 1996) to exclude real but unnatural sinkholes (e.g., those
along roads or paths). Several field campaigns were undertaken in
2012–2016 in the surroundings of Silica, Kečovo, Dlhá Ves comprising
about 20 km2 where hand-held GPS receivers, topographic maps, and
ALS derived maps were used to validate the topographic maps and
also to minimize the occurrence of false positives in the reference
dataset based on ALS.

Land surface depressions were delineated also by applying the DEM
sink-filling method by Jenson and Domingue (1988) which is imple-
mented by the r.fill.dir module in GRASS GIS (GRASS Development
Team, 2017). We used the ALS DEM as input to the procedure. Initially,
all the depressions were filled with one pass across the DEM. In the fol-
lowing step, the flow direction algorithm finds a unique direction for
each cell. If it detects areas with potholes, it delineates this area from
the rest of the area and once again the depressions are filled using the
neighbourhood technique used by the flow direction routine. The final
output resulted in a depressionless DEM which was subtracted from
the original DEM to extract the depression layer.

Topographic maps are frequently used for identifying karst sink-
holes and other geomorphologic features in regions where no ALS
data are available such as Slovakia (Minár et al., 2001; Gessert, 2016).
The method is based on identification of the outermost closed contour
comprising the depression point. In this study, the topographic maps
of 1:10,000 scale (GKÚ, 2002) were used to locate and delineate sink-
holes by visual inspection and extraction of the outermost closed con-
tour. The maps originated by photogrammetric surveying, therefore,
the number of sinkholes is likely to be underestimated in the forested
areas. The land surface height information on the maps is valid for the
year of 2002. The vertical interval of contours was 2m.
Fig. 6. Grid-based map of water discharge (A) and water depth (B) of the simulat
3.3. Process-based identification using a water flow model

The formation of karst sinkholes includes theprocess ofwater perco-
lating through the soil and dissolving the underlying carbonate bedrock.
During heavy rains or snow-thaw events the sinkhole may act as a fun-
nel directing the water underground which is frequently observed by
the inhabitants in the study area. Subsequently, a large amount of
water may cause a development of underground spaces and caves.
Especially during heavy rains, the rainfall ratemay exceed the infiltration
rate of the soil leading to rainfall excess and development of overland
flow. There are numerous models representing the overland flow pro-
cess (Wechsler, 2007; Shen et al., 2016). To assess the effects of surface
water accumulating in the sinkholes, we have used the r.sim.watermod-
ule of GRASS GIS which is part of the SIMWE model proposed by Mitas
and Mitasova (1998). The water flow component of the SIMWE model
has several advantages important for our study. It is a robust, flexible
method based on the Monte Carlo simulation and diffusion-wave
approximation of the Saint-Venant differential equations describing the
overland flow (Mitasova et al., 2004). The key input parameters for the
r.sim.water module include a grid-based DEM, water flow gradient
(defined by the first-order partial derivatives of a DEM), rainfall excess
rate and a surface roughness coefficient given by the Manning's n. The
outputs include grid-based maps of water depth (m), and water dis-
charge (m3 s−1) (Fig. 6).

The module uses a modifiable diffusion term parameter which
enables water flow to overcome shallow DEM surface depressions or
obstacles when water depth exceeds a threshold water depth value.
After this, threshold value is reached, the diffusion term increases by a
chosen value and the water flow continues in a more diffusion-like
movement (Hofierka and Knutová, 2015; Jeziorska et al., 2016). This
feature makes the method more stable and realistic especially in
land surface depressions or various flow obstacles. The simulation is
computationally very robust; it does not need any data editing such
as depression elimination, which is frequent in other approximation
ed water flow. The red dashed rectangle delineates the area shown in Fig. 7.



Table 2
Summary of sinkholes identified by the four different approaches for the whole study area and for the carbonate bedrock only.

Row Observed variable (1) Topo
map

(2) DEM
sink-fill

(3) Water flow
simulation

(4) Manual DEM inspection
(reference sinkholes)

A Number of all sinkholes (count) 472 1618 956 664
B Number of sinkholes on carbonate bedrock (count) 432 657 592 622
C Number of sinkholes on carbonate bedrock intersecting with the reference (count) 420 525 562 622
D B/C = True positives (%)

(ratio of found karst sinkholes out of all found sinkholes by the method)
97 80 95 100

E (B− C)/B = False positives (%)
(ratio of sinks not being real karst sinkholes out of all found sinkholes by the method)

3 20 5 0

F C/reference B = Found true positives (%)
(ratio of found reference karst sinkholes out of all reference karst sinkholes)

68 84 90 100

G (reference B − C)/reference B = Missing true positives (%)
(ratio of missing reference karst sinkholes out of all reference karst sinkholes)

32 16 10 0
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methods. It is able to fill-up depressions and overflow them in a control-
lable way.

Default parameters of the r.sim.water module were used to keep the
modelling as simple as possible, but within a realistic scenario. This set-
ting assumes a uniform rainfall excess rate (rainfall − infiltration) of
50 mm hour−1 and Manning's n of 0.1 for overland flow (equivalent to
grassland). With the duration of 120 min, we simulated a long, heavy
rainfall event that should produce a strong, near steady-state overland
flow. Such conditions were recorded several times over the last hundred
years ofmodernmeteorologicalmeasurement in the study area. It can be
assumed that such heavy rainfall events also occurred during theQuater-
nary considerably contributing to the formation of sinkholes. The DEM
was the only spatially variable data and this makes it comparable to
the other two methods which are based on the DEM properties.

Gradient field (slope angle) of the water discharge grid data layer
was calculated via the r.slope.aspect module in order to define the
outer boundaries of the sinkholes where the water accumulated, and
the value of 15wasused to extract the sinkhole boundaries.We selected
Fig. 7.Maps of hill-shaded elevation (A) and delineated sinkholes and water flow depth at the
delineated after Droppa (1972). (A) is also overlaid with the outline of the carbonate bedrock.
area is shown in Fig. 6.
the threshold gradient value by trial-and-error approach,whichwas the
most suitable for the study area. Different threshold values would cause
either less significant sinks or missing significant sinks. The gradient
value of 15 located only the large (significant) depression features. We
used the r.stats.zonal module to calculate the amount of water accumu-
lated during the simulated rainfall event in karst sinkholes as polygons
delineated by the manual method (Section 3.2).

4. Results and discussion

Four different approaches were used to identify sinkholes from the
ALS-based DEM and topographic maps. First, we summarise the results
for the entire extent of the study area (Table 2, row A). The method
based on identification of the outermost closed contour from topo-
graphic maps (Method 1) located 472 sinks; DEM sink-filling approach
(Method 2) identified 1618 sinks; and the process-oriented method
based onwaterflow simulation (Method 3) found956 sinks. Thesefind-
ings can be compared with Method 4 based onmanual DEM inspection
end of the simulated rainfall (B), along with the distribution of the Domica cave system
(B) shows outlines of sinkholes delineated by four different methods. The location of the



Table 3
Summary of sinkhole areas for the carbonate bedrock from the four different methods.

Statistics (1) Topo
map

(2) DEM
sink-fill

(3) Water flow
simulation

(4) Manual DEM
inspection
(reference sinkholes)

Count 432 657 592 622
Min (ha) 0.011 0.003 0.018 0.032
Max (ha) 46.545 5.835 0.776 10.715
Mean (ha) 4.398 0.3952 0.116 0.913
St. deviation (ha) 5.474 0.5416 0.0574 0.92
Total area (ha) 189.588 259.658 72.029 569.987
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and vectorizing of polygons enclosing the sinkholes using themean cur-
vature and shaded relief maps, which provided the reference dataset for
this research (Fig. 3). Method 4 resulted in 664 natural surface depres-
sions of which 92% is covered by forest. When comparing the number
of all reference sinkholes with other methods (Table 2), it is clear that
Method 1 underestimates the number of depressions which can be at-
tributed to the high percentage of the land covered by forests. Method
2 identified more than twice as many sinkholes as the reference count
mainly due to the excessive sensitivity of themethod to detect sinks in-
cluding artificial ones generated by DEM interpolation. The overestima-
tion is less for Method 3 because of simulated water flow over the DEM
surface that leads to filling of small and frequent artificial DEM sinks.
Fig. 8. Accumulation of water in sinkholes estimated from w
Thus, Method 3 showed promising potential to remove artificial DEM
sinks generated byDEM interpolation or low-amplitudenatural undula-
tion of the land surface, which are not genetically related to the forma-
tion of karst sinkholes. However, real but unnatural depressions are still
involved in the result. Therefore, manual expert-driven judgement is
needed to differentiate the karst depressions.

The differences among the applied methods are mapped for the
southern part of the study area (Fig. 7) in the surrounding of theDomica
cave and at the boundary of the carbonate bedrock. There are dramatic
differences in sinkhole size and boundary according to methods. In
particular, a considerable number of sinkholes along the streams were
detected by Methods 2 and 3 (Fig. 7B). Such sinks along streams are ei-
ther (i) small-scale features (e.g., DEM errors), (ii) induced by human
interference with land surface, or (iii) ponors comprised within a
much larger depression from combined fluvial-corrosional processes.
Such sinks were excluded from the further analysis and we focused on
karst sinkholes. The karst sinkholes (622) encompassed 94% of the ref-
erence sinkholes (664). Themajority of the reference sinkholes are cov-
eredwith forest (96%). The number of identified sinkholes on carbonate
bedrock and their spatial intersection with the reference sinkholes are
shown in Table 2 (rows B and C) and the accuracies as percentages
are also reported (Rows D–G). The internal accuracy of Method 1 was
the highest (97% of true positives) but it missed 32% of all reference
karst sinkholes. Out of the 202 missing reference polygons (Table 2,
ater flow depth simulated by the r.sim.water module.
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row C), 194 polygons (96%) were located under forest canopy which
explains why there were not captured during the production of the
topographic contours. The accuracy of Method 3 based on water
flow was slightly lower (95%) but it located 90% of all reference
polygons on carbonate bedrock. Method 2 achieved the lowest rate
of true positives (84%) and the second lowest rate of missed true
positives (16%).

The summary of area of karst sinkholes is presented in Table 3. The
total extent of the reference karst sinkholes is about 570 ha. The total
area for Methods 1–3 is much smaller than the total area of the refer-
ence dataset; even the best performing method (2) has the total area
lower than the half of the reference polygons. The mean area of karst
sinkholes fromMethod 1 aremore than four times larger than the refer-
ence value. The sinkhole area from Method 3 is unsuitable because the
delineated polygons tend to be much smaller than the reference. This
limitation is not surprising as the method focuses on locating the sink
bottom. Also the boundary of a sinkhole is often fuzzy and its delinea-
tion depends on the parameterisation of the hydrologic model and the
purpose of mapping.
Fig. 9. Simulated water flow discharge (see Fig. 6A for the legend) overlaid with important
Hochmuth (2008) and Gaál (2008): (1) Silica-Gombasek system with the Majkova cave, (
Ardovská cave system.
It should be noted that spatially differentiated Manning's n values
based on the real land cover would improve the resulting water depth
values of overland flow at the end of the simulated rainfall event.
However, the main purpose of this study was relative differentiation
between the sinkholes according to their influence on water flow for
which, we believe setting a uniform n value of 0.1 is acceptable. The
correlation between the contemporary land surface morphology and
the contemporary land cover is likely not to be strong. While the karst
landscape evolved over thousands of years or even millions of years,
the land cover has markedly changed several times over the last two
centuries which was induced by human activity (Olah et al., 2009).
Also natural alterations of the vegetation cover occurred several times
in the earlier Holocene.

The amount of accumulated water in sinkholes is shown in Fig. 8.
The amount of water depends on the sinkhole catchment area and
therefore it is not purely a function of the sinkhole size. If a large amount
of water flows into a sinkhole, we can assume that it contributes to the
development of the underground fluvial system and consequently to
the development of caves. The presence of large sinkholes close to the
karst forms known to be related with underground hydrological systems according to
2) the Brezovsko–kečovský system, (3) the Domica–Baradla cave system, and (4) the
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Domica cave indicates that karst areas covered by sinkholes with high
water accumulation capacity may lead to the development of larger
caves. The study area comprises about a half of the Silická planina
Plateau where Hochmuth (2008) reports 288 caves.

The sinkholes identified by all methods are concentrated in three
distinct areas (Fig. 8). The northern strip contains many smaller sink-
holes. This area is almost completely covered bydense forest. The height
of trees is around 30–40 m (Fig. 3). According to thewater flow analysis
during the simulated rainfall event, every squaremeter of a sinkhole ac-
cumulates 39.64 m3 ofwater on average. The average size of sinkholes is
0.76 ha. The central strip contains amixture of large and small sinkholes
with an average size is 0.98 ha. The vegetation canopy consists of
patches of younger forests and shrubs with various densities and
heights (3–20m). Every square meter of sinkholes in this area accumu-
lates 47.42 m3 of water on average. The smallest, southern strip is asso-
ciated with the Domica cave system. It contains several large sinkholes,
most of them covered by forest and shrubs. The density and height of
vegetation canopy is lower than within the previous two groups
(3–12 m). Every square meter of sinkholes in this area accumulate
142.43 m3 of water on average and the average size of sinkholes is
1.71 ha. Several large sinkholes in this area are close to each other and
the simulation of a heavy rainfall event showed that each of the sink-
holes can concentrate volume of several thousands m3 of water per
hour that can flow in a concentrated form into the underground system
of the Styx river that drains the main corridor of the Domica cave
system. The size of sinkholes and their accumulated volume of water
tend to increase from the north to the south of the area. It can be asso-
ciated with the depth of the phreatic zone which also decreases from
Fig. 10.Comparison of a real rainfall event observed on 15April 2010 (A) and simulatedwaterflo
Fig. 9). The black arrow indicates north direction. Elevation contours are indicated with brown l
DEM (B). Photograph is by Ľubomír Kováč.
the north (ca. 100 m) to the south (a few m), i.e., smaller sinkholes
are associated with a thicker vadose zone.

The simulation revealed presence of depressions such as ponors
which are not only related to dissolution of carbonate rocks but also to
the formation of superficial and underground drainage network. In
comparison with the sinkholes formed on carbonate bedrock, these
land surface depressions are situated at the foothills of plateaux thus
being at a relatively lower vertical position. They are hierarchically
higher order forms and they had become likely to be formed much ear-
lier than sinkholes up on the plateaux. Fig. 9 shows thewell-known and
most important sinkholes related to four known underground hydro-
logical systems in the study area. Their existence was proved by water
dyeing tests and cave surveying. The underground routes are outlined
according to Hochmuth (2008) and Gaál (2008) who summarized the
related research and they thoroughly described the hydrological
settings in Slovak Karst. The pattern of the simulated overland water
flow (Fig. 9) clearly shows the extent of the area contributing to the
concentration of water in the ponors and caves. For example,
the contemporary superficial drainage of the ponors related to the
Domica-Baradla cave system (3) is relatively small; however, the cave
volume and size of the cave corridors suggest that the underground
water flow had to be much stronger than the contemporary stream of
Styx which drains the Domica cave (Droppa, 1972; Bella and Bosák,
2015). Cosmogene dating of burial age of quartz gravels in the cave
(Bella et al., 2014) also indicates much older dates of cave formation
in the Upper Pliocene than previously expected dates in the Quaternary.
It is hypothesized that main erosion effect of the underground Styx
stream occurred during extreme events and not during normal
wdepth (B) in the area of theArdovská caveponor indicated bywhite arrows (system4 in
ines of 10m vertical interval. The simulatedwater flowdepthmap is draped over the lidar
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dischargeswhich are nowadays low1–2 L s−1while they can reach 120
L s during snow-thaw or extreme rainfalls (Haviarová and Gruber,
2014). Such an event from February 2016 is reported by Hochmuth
and Gessert (2016) when the environmental conditions were similar
to those simulated in the presented research. This particular event im-
plies that such similar environmental circumstances used to be either
more frequent or stronger throughout the cave formation in the past.
Fig. 10A demonstrates how overland flow was concentrated during a
heavy rainfall in spring 2010 in the ponor of the Ardovská cave (system
4 in Fig. 9) andwater depth after the simulated rainfall event (Fig. 10B).

5. Conclusions

Modern data collectionmethods such as laser scanning producemas-
sive 3D datasets containing billions of points which represent landscape
features with unprecedented spatial detail and measurement accuracy.
They help to identify even relatively small geomorphological features
such as sinkholes under dense forest canopy or in poorly accessible ter-
rain. Airborne lidar enables mapping sinkholes under forest canopy
even under leaf-on conditions given sufficient point density is used for
laser scanning. The dense point cloud reduces the likelihood of artificial
depressions of a digital land surface originating in the interpolation of a
grid-based DEM. Therefore, such depressions are eliminated and only de-
pressions really existing in the terrain remain. Differentiating between
karst sinkholes and other depressions (e.g. ponors, and man-made de-
pressions) requires field check, expertise, or auxiliary data.

We tested several methods for sinkhole mapping. Each of them
yielded a different number and different areal extent of sinkholes
ultimately requiring expert knowledge and auxiliary data to identify the
real karst depressions. The approach based on overland flow simulation
is suitable for locating the sinkholes as features which concentrate
surficial water flow. Sinkholes can be delineated by manual approach or
any other approach (sink-filling) but using the presented technique
these sinkholes can be better identified and differentiated based on the
volume of water flow concentrated by the sinkholes. This also helps
to better understand the importance of sinkholes for subsurface flow
generation and subsequent cave development.

The advantage of the presented process-based approach over other
sinkhole mapping techniques consists in means for assessing the
relative magnitude of sinkholes in terms of their hydrologic function
and its relation to the underground karst, i.e., how overland hydrological
processes affect the underground hydrology. If the absolute amount of
water is the main objective, soil and land cover variables such as surface
roughness or infiltration rate have to be more accurately specified in the
water flow simulation.

Future research can focus on modelling the effect of contemporary
land cover on defining the absolute amount ofwater for particular rainfall
events or the prediction of scenarios under a certain type of rainfall
events. Simultaneous monitoring of weather parameters or hydrological
water discharge could provide reference data to validate the accuracy of
such prediction.
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