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erosion hazard using a Geoecological Information System (GelS). The landscape of the area
was studied through primary field research and the analysis of secondary materials. The GelS
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These were used to assess the potential susceptibly and gully erosion hazard. Those areas
with the greatest potential susceptibility occur in Butkovskd Furrow and the Podmaninska
Hills whilst those with the least potential susceptibility occur in Butkovské Klippes and the
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1. Introduction

The development of gullies represents a specific type of fluvial erosion that
is triggered when surface runoff becomes concentrated on parts of a slope
during extreme rainfall events (Zachar 1960). These gullies commonly develop
as deeply incised features in soft sedimentary materials such as the loess of
Belgium (Nachtergaele, Poesen 1999; Nachtergaele et al. 2002) and marls of
southern Spain (Harvey, Wells 1987). The process of gully erosion is known to
be accelerated by human activities and unfortunately the type of material it
affects are often highly fertile and used for agricultural purposes. Therefore, the
creation of deeply incised gullies represents a highly significant problem in ar-
able areas. It affects the soil production capacity, damages unpaved roads, and
leads to barriers in communication. This may result in unusable agricultural
land and ultimately the development of badlands. The development of gullies
clearly represents a specific type of natural hazard.
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In many respects, gully erosion is more dangerous and destructive than
either sheet or rill erosion. The soil displaced by sheet or rill erosion is deposited
close to its original source, usually at the foot of the adjacent slope. The material
detached by gully erosion is transported far further from its original source.
It is usually deposited on nearby roads or is taken into sewerage systems and
then deposited in reservoirs (Fulajtar, Jansky 2001). Many modern studies from
Australia, China, Ethiopia, and the USA demonstrate that the majority of res-
ervoir sediments derive from processes connected with gully erosion (Valentin,
Poesen, Yong Li 2005). In its broadest sense, gully erosion may also include the
erosion of unpaved roads and tracks. This is generally considered to be direct
anthropogenic erosion caused by pedestrians and vehicles (Fulajtar, Jansky
2001). It results, however, from interactions between of all the aforementioned
types of erosion upon the surface of the road. In the Middle Ages, medieval
roads were cut deeply into slopes and this gave rise to hollow ways or sunken
lanes. These sunken lanes may attain depths of up to 5 metres, and therefore
represent an advanced stage of gully erosion.

The aim of this study is to assess the gully erosion hazard by combining
empirical data, geoecological information system, and multidimensional
statistical methods. The benefit of combining a geoecological database with
multidimensional statistical methods in order to assess the gully erosion hazard
represents the most innovative aspect of this study. The majority of published
methods that aim to assess the gully erosion hazard are based on the use of
existing analytical information about the landscape; the applicability of these
methods is sometimes questionable when detailed investigations are being
conducted. Furthermore, deterministic analytical methods are being used
more frequently. In contrast to other types of natural hazard assessment, the
potential benefits offered by multidimensional statistical methods are rarely
considered in studies that assess the gully erosion hazard. It has been shown
that the use of a comprehensive geoecological database provides a good basis for
a synthetic hazard evaluation (Minar et al. 2006). The use of multidimensional
statistical methods in natural hazard assessment was originally applied in the
1980s (e.g. Carrara 1983, 1988). These statistical methods are commonly used
to assess flood hazard (e.g. Nathan, McMahon 1990; Ouarda et al. 2001). In
Slovakia, such methods have been used to assess landslide hazard (Paudits,
VIcko, Jurko 2005; Bednarik, Paudits 2009; Bednarik et al. 2010). Furthermore,
they have also been used to estimate the influence of local conditions on the
overall impact of a windstorm within a forest located in the foothills of the High
Tatra Mountains (Faltan et al. 2009; Minar et al. 2009).

2. Study area

The area considered in this study covers 36 km? and incorporates elements of
the Povazské Valley and Strazovské Mountains, northwestern Slovakia (Fig. 1).
This area forms part of the Western Carpathians. It includes five distinct
physiographic regions and each has a different susceptibility to gully erosion
(Ilavska Basin, Butkovska Furrow, Butkovské Klippes, Podmaninska Hills, and
Teplicka Upland). In the Western Carpathians, the most dense gully networks
are associated with hills and lower uplands; these areas represent transitional
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Fig. 1 — Location of the study area

zones between the mountains and valleys. They are generally characterised by
rock complexes with low resistance to overland flow processes (Stankoviansky
2003a). Apart of natural factors also the human activity (especially different
land uses in the historical and present time) played a significant role in the
development and spatial distribution of linear erosion forms (Kliment 2003).
The gully erosion is represented by ephemeral gullies. These can be levelled
by ploughing but may then reappear in the same place following the next
storm event. The larger permanent gullies represent relic forms. These cannot
be removed by regular cultivation and clearly originated under the different
climatic and land use conditions that existed before collectivisation. They have
usually been stabilised by forest vegetation and form conspicuous islands of
trees within the agricultural landscape. Despite this stabilisation, limited signs
of gully erosion may occasionally reappear (Stankoviansky 2003b).
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3. Methods

The presented study was undertaken in three different stages. First, the
landscape of the area was studied through primary field research and the
analysis of secondary materials. Second, a geodatabase was constructed in
order to undertake specific multidimensional statistical methods. Third, these
statistical methods were then used to assess the potential susceptibly and gully
erosion hazard within the study area.

The first stage of the study collated information relating to the physical
characteristics of the region. This included both primary field research and
analysing secondary data sources. The former comprised collecting data on
the nature of the soil cover and mapping land cover and land use, evidence of
gully erosion, and linear features that may be prone to gully erosion. The latter
included the analysis of, for example, geological and soil maps. The results of
this stage have been collated in the Geoecological Information System.

3.1. The Geoecological Information
System (GelS)

The second stage of the study involved the construction of a specific type of
geodatabase termed the Geoecological Information System (GelS). It is a special
Geographical Information System (GIS) that integrates the geoecological data
necessary for assessing the gully erosion hazard (Minar 2003). The GelS is
an environment that enables data collection, storage, and processing. For the
purpose of this study, the GelS was constructed in the platform ArcGIS™.

The most important step in constructing the GelS is to synthesise the selec-
ted landscape components in order to accurately determine the boundaries and
characteristics of each abiocomplex. They are the basic units used to assess gully
erosion susceptibility across the study area and their delimitation is based on
the concept of elementary relief forms (Minar, Evans 2008). The abiocomplexes
are relatively homogeneous areas in terms of their geoecological conditions and
each is associated with a set of characteristics that may influence the onset of
gully erosion. They were defined through analyses of the morphometric relief
characteristics generated from the DTM and the soil unit boundaries obtained
from the General Survey of Agricultural Soils of Slovakia.

The dry channels of ephemeral streams, unpaved field and forest roads, and
balks in arable land are linear features considered to be prone to gully erosion.
In the field, the degree of gully erosion was assessed according to the character
of the surface or by the symptoms of road erosion. The basic attributes of the
layer containing the permanent gullies includes the overall area of the gully,
its depth, and its level of activity. The latter is estimated from the character of
its base and walls as well as traces left by flowing water. The basic attributes
of the layer containing the sunken lanes layer includes their overall length,
depth, and the degree of activity. The sunken lanes were classified into two
types and a standardised width of 3 m was assigned to the “classic” sunken
lanes (e.g. field or forest roads) and a width of 2 m was assigned to the logging
roads or skid trails.
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The GelS contains the following data types:

. Basic topographic layers (excerpts).

Raster layers of the basic topographical map 1:10,000. These comprise to-
pography, altimetry, water, vegetation, and descriptions (© Geodetic and
Cartographic Institute 2002).

Aerial orthophotomaps (© EUROSENSE 2005; © GEODIS Slovakia 2006).
Historical military topographic maps 1:10,000 (© Geodetic and Cartographic
Institute 1962).

. Digital Terrain Model (DTM).

DTM generated from point heights based on the contours of the basic topo-
graphic map 1:10,000 (Podmaninska Hills and Strazovské Mountains).
DTM generated from aerial survey photographs using photogrammetric
methods (Ilavska Basin).

. Derived morphometric relief characteristics.

Raster data layers generated from the DTM. These comprise slope angle,
slope length, slope aspect, profile curvature, plan curvature.

. Data layers on rock environment and soils (excerpts).

Regional geological map of Central Povazie 1:50,000 (© Geological Institute).
General survey of agricultural soils of Slovakia (© Soil Science and Con-
servation Research Institute, Bratislava).

Land evaluation units (© Soil Science and Conservation Research Institute,
Bratislava).

Detailed Forest Soil Survey (© National Forest Centre, Zvolen).

. Data obtained by field research.

Analytical data on relief, soils, and rocks.

Data on existing evidence of gully erosion, e.g. permanent gullies, sunken
lanes, and other linear that maybe prone to gully erosion such as tracks and
forest roads.

. Land cover and land use.

Vector data layer constructed on base orthophotomaps.

. Boundaries of the abiotic complexes (abiocomplexes).

The basic spatial units that represent the study area for the assessment of
the gully erosion hazard.

. Database abiotic complexes (abiocomplexes).

The basic database of abiotic data used for the gully erosion assessment
consists of the following geoecological (abiotic) characteristics:

. Geological substrate
. Lithogeographic situation

Morphological-morphometric landform type

. Genetic soil representative
. Soil texture of topsoil or surface horizon

Soil texture of subsoil or subsurface horizon

. Stoniness of topsoil or surface horizon
. Stoniness of subsoil or subsurface horizon

Soil depth
Slope inclination

. Slope length

Profile curvature

m. Plan curvature
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n. Geometric relief forms
o. Slope aspect

3.2. Multidimensional statistical methods

The third stage of the study involved undertaking multidimensional stati-
stical methods. The assessment of natural hazards using multidimensional
statistical methods is usually less accurate that it is when using physical models
(Lineback et al. 2001) and resulting maps are not altogether intelligible for
laymen (Clerici et al. 2002). The advantages of such statistical methods in the
assessment of natural hazards are that they can be applied objectively over
large areas, they are less demanding in terms of time, and they require less
input information (Saksa, Kriegerova 2005).

The initiation of gully erosion is determined by the characteristics of the
abiocomplexes and land cover and land use. The susceptibility of the study
area to gully erosion was first considered without reference to land cover and
land use. This is referred to as its potential susceptibility and it has been
investigated using multidimensional statistical methods and a physically based
conceptual model (Minar, Trembos 1994). The dependence between individual
characteristics of the abiocomplexes and the existing evidence of gully erosion
was investigated through multiple regression analysis. In addition, cluster
analysis combined with component analysis for the regionalisation of indivi-
dual abiocomplexes determined their potential susceptibility to gully erosion.
The resulting potential susceptibility relies on the simple assumption that
the greater the area covered by gullies and sunken lanes within the defined
abiocomplexes, the more likely it is that new gullies will form in the future. The
aforementioned conceptual model expresses the relative gully erosion hazard
as a function of slope length, slope inclination, and rock resistance (Minar,
Trembos 1994).

The Denudation Index (IDn, m?/m?) resulting from gully erosion (Fig. 3a)
and the ratio between the area covered by gullies and sunken lanes to the total
area of the abiocomplex (RT, %; Fig. 3b) were calculated for each individual
abiocomplex. These indexes both represent real evidence of gully erosion in the
study area. The Denudation Index gives a maximum estimate of the sediment
volume removed from the existing gullies and sunken lanes by gully erosion,
recalculated to the area of the given abiocomplex:

IDn = IDn(v) + IDn(u) / Pa,

where: p, [m?] — area of abiocomplex and

IDnw)= pen - hon + o2 - ooy + ... + Pow « Aan

IDnw = dluy . huy . Swn + dluz - haug) . Sw + .o + Alun) - Pan) - San),

where:

Puwi.n Im?] — area of individual gullies within an abiocomplex

hw1..n [m] — depth of individual gullies within an abiocomplex while the
maximum depth of each gully considered

dlui. . [m] —length of individual sunken lanes within an abiocomplex

hwi. . [m] — depth of individual sunken lanes within an abiocomplex while
the maximum depth of each gully considered
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Swi1..n Im] — width of individual sunken lanes within an abiocomplex while
a standardised width of 3 m was assigned to the “classic” sunken lanes and a
width of 2 m was assigned to the logging roads

IDn,) [m?] — Index of Denudation by gully erosion

IDng,) [m®] — Index of Denudation by road erosion

IDn [m?m?] — Index of Denudation (overall) by gully erosion for a unit of
abiocomlex area [1 m?]

The multidimensional statistical methods only work with numerical values
and the independent variables of the abiocomplex database are expressed by
various means (e.g. text, number, code). It was, therefore, decided to para-
meterise them as follows. For each of the geoecological abiotic categories, the
total percentage area covered by gullies and sunken lanes was calculated for
the given category and then in relation to the total area of the given category
with respect to the total study area:

par = 2t ¥ Platn) 1600,
P(Ki))

where: pa1.vm [m?] — area of all gullies in the j-th category i-th characteristic

Pw1. un [M?] — area of all sunken lanes in the j-th category i-th characteristic

P (K}) [m?] — total area of the j-th category i-th characteristic

par — proportion of the area of gullies and sunken lanes to the total area of
the j-th category of the i-th characteristic.

The numerical values of the geoecological characteristics where parameteri-
sation was not indispensable (e.g. DTM derived morphometric characteristics,
stoniness, soil depth) were also parameterised. We thus obtain two entry data-
sets for analysis. First, a set of all the parameterised characteristics. Second,
a set with original qualitative parameterised characteristics and original
quantitative non-parameterised characteristics.

Thereafter, an attempt was made to estimate the potential susceptibility of
the study area to future gully erosion. This susceptibility does not consider the
protective effects of the land cover and land use. The following four methodical
procedures were analysed:

a) multiple regression analysis of entry dataset 2, the parameterised qualitative
and non-parameterised quantitative characteristics (RA, Fig. 3c)
b) cluster analysis of the entry dataset 1: all parameterised characteristics

(CA1, Fig. 3d)
¢) cluster analysis of the entry dataset 2: the parameterised qualitative and

non-parameterised quantitative characteristics (CA2, Fig. 3e)

d) conceptual physical based model by Minar and Trembos (1994; MT; Fig. 3f):

V=S.D/L

where V is the relative gully erosion hazard, S is the slope inclination factor,
D is the rock resistance factor, and L is the slope length factor.

Using the RA model, the highest value of determination coefficient (R? = 36%)
was obtained when the Index of Denudation (IDn) was used as the independent
variable with entry dataset 2. Meanwhile, the selection of abiocomplexes was
limited to those areas where IDn >0 m?. The following model was obtained:
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IDn =-8390.53 + 4147.2 x geokv_par—19277.1 x plan_MIN + 2521.83 xtypr_par

where:

geokv_par —the value of parameterised values of the lithogeographic situation

plan_MIN - the value of minimal numerical values of the profile curvature

typr_par — the value of the parameterised values of the morphological-mor-
phometrical landform types.

Models CA1 and CA2 were produced via the component and cluster analy-
ses as the determination coefficient was somewhat low. FuzME software was
used to automatically perform the cluster analysis using the fuzzy clustering
method based on component analysis. The fuzzy exponent (= 1) was 1.3 and the
algorithm Fuzzy K Means was used. The last model is a relatively independent
physical model and it represents a non-statistical way of assessing the potential
erosion. As it is independent on the parameterisation outlined in the previous
models, it could be used as a certain comparative standard.

The results of the individual analyses and models have been compared inter
se as well as with the actual evidence for gully erosion. The latter were ex-
pressed by the ratio between the area covered by gullies and sunken lanes to
the total area of the abiocomplex (RT) and the Denudation Index (IDn). This
represents the maximum estimate of the volume of sediments removed by gully
erosion processes from the existing gullies and sunken lanes recalculated to
the area of the given abiocomplex.

The final assessment of the actual gully erosion hazard was undertaken
through comparing the obtained potential susceptibility results with the cu-
rrent land cover and land use. The arable land within abiocomplexes with high
susceptibility potential and the linear features with evident signs of erosion
are the most threatened.

4. Results

The constructed Geoecological Information System is shown in Figure 2.
Linear erosion forms in the study area are mostly linked to abiocomplexes with
inclination 9-16° and mainly concave and linear relief forms (slopes, dells). At
very steep and short slopes the variability of erosion features and the density
of linear erosion network are limited or missing because erosion is hampered
by the short distance of concentrated runoff, hard rock outcrops and common
occurrence of rock resistant to weathering (Kliment 2003). From the geological
point of view most linear forms are associated with polygenetic and loess loams
and deluvial sediments developed from flysch rocks.

The results of all the undertaken means of gully erosion assessment are
shown in Figure 3. These have been compared inter se (Table 2) and with the
evidence for gully erosion within the study area, represented by the Denudation
Index (IDn; Table 1) and the ratio between the area covered by gullies and
sunken lanes to the total area of the abiocomplex (RT; Table 3).

The comparison of the results was preceded by the targeted categorisation
of the IDn and RT. The results were divided into five categories. This ensured
that each of the categories was regularly represented across the study area.
The chosen method was that of quantiles. For the results obtained from the

159



Te Nt T
= \}?ﬁﬁ

4G

/ At

T
Ny

Fig. 2 — The abiocomplexes, permanent gullies, and sunken lanes located within the study
area

five categories in the cluster analysis were graded according to the percentage

of actual evidence of gully erosion in individual clusters (IDn and RT).

Two basic procedures were used to compare the compatibility of the obtained
results:

1. The simple linear regression correlation coefficients between the four me-
thods were used to assess the potential susceptibility of the study area to
future gully erosion (Tabs. 1 and 2).

2. The mean deviation of results between the four methods was used to assess
the potential susceptibility of the study area to future gully erosion and the
actual evidence for gully erosion (Tab. 3).
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Tab. 1 — The simple linear regression correlation coefficients between the four methods used
to assess the potential susceptibility of the study area to future gully erosion and the actual
evidence for gully erosion

RA CAl CA2 MT

Denudation Index (IDn) 0.41 0.50 0.07 0.30

Ratio between area covered by gullies & sunken lanes  0.43 0.50 0.07 0.31
to the total area of the abiocomplex (RT)

Tab. 2 — The simple linear regression correlation coefficients between the four methods used
to assess the potential susceptibility of the study area to future gully erosion applied inter se

RA CA1l CA2 MT
RA — 0.78 0.11 0.66
CAl 0.78 — 0.10 0.64
CA2 0.11 0.10 — 0.05
MT 0.66 0.64 0.05 —

Tab. 3 — The mean deviation of results between the four methods used to assess the poten-
tial susceptibility of the study area to future gully erosion and the actual evidence for gully
erosion (in a single 5-grade scale)

RA CAl CA2 MT

Denudation Index (IDn) 1.57 1.30 1.89 1.58

Ratio between area covered by gullies & sunken lanes
to the total area of the abiocomplex (RT)

1.57 1.29 1.88 1.58

The model generated by cluster analysis with a set of parameterised cha-
racteristics (CA1; Fig. 3d) comes closest to the reproducing the real evidence
for gully erosion presented in Figs. 3a and 3b. It not only shows the highest
correlation with the actual evidence, but also the lowest mean error between
individual categories. In contrast, the lowest correlation and the highest mean
error occurs in the model generated by cluster analysis with a set of all the
parameterised and non-parameterised characteristics (CA2; Fig. 3f, Tabs. 1
and 3). It is, evidently, caused by the modification of the generated clusters
that occurs when the low susceptibility abiocomplexes are divided into two
distinct categories. However, the inclusion of the non-parameterised entry
characteristics may also play a role as these logically reduce the homogeneity
of the results of the cluster analysis with evidence of gully erosion.

The simple linear regression correlation coefficients between the four me-
thods were used to assess the potential susceptibility of the study area to future
gully erosion applied inter se. Relatively high correlations occur when the
coefficient exceeds 0.5. It shows that the correlation is higher than it is when the
potential erosion models were compared to the actual evidence of gully erosion.
This can be interpreted to result from the difference between the potential
and actual susceptibility of abiocomplexes to gully erosion. It should be noted
that the most significant factors to influence the actual susceptibility are that
of land cover and land use and the presence of linear features. An extremely
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high correlation (R? = 97%) between these two factors suggests that the applied
method of quantiles used to categorise the values was a suitable choice.

In the final phase, the actual gully erosion hazard has been assessed. In
this, the land cover and land use was also considered. The susceptibility can
be expressed both in planar and linear terms (Fig. 4). The areas of arable land
that occur on abiocomplexes with a high or very high potential susceptibility to
gully erosion are normally found to be susceptible to gully erosion irrespective
of the method applied. The field and forest roads as well as some other linear
features including sunken lanes show both actual evidence of erosion and a
high susceptibility to future gully erosion. Those sections with low inclinations,
such as all unpaved field roads on flat terrain or forest roads that follow the
contours, were excluded.
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It is clear that the majority of the permanent gullies within the study area
are controlled by the course of existing anthropogenic linear features such as
unpaved field and forest roads and balks in arable land. A small number of
minor gullies have formed at the head of eroded incisions into small watercour-
ses. These are interpreted to reflect the presence of ephemeral streams during
humid periods. The occurrence of sunken lanes under permanent forest cover
demonstrates that the processes of road erosion as the first stage of gully erosion
is not necessarily limited to agricultural areas. Based on the obtained results,
it is seen that the areas with the greatest potential susceptibility occur in
Butkovska Furrow, Podmaninska Hills, and on the river terraces in the Ilavska
Basin. Those with the least potential susceptibility occur in Butkovské Klippes,
Trenc¢ianska Upland, and on the flat floodplain of the Vah River. Podmaninska
Hills are associated with the greatest number of permanent gullies and this
may be attributable to exhaustive farming in the past. Fewer permanent gullies
exist in Butkovska Furrow and this may be attributable to the widespread
forests within this area. Nonetheless, sunken lanes generated by road erosion
abound within the forests.

The greatest gully erosion hazard was identified on arable land in the Pod-
maninska Hills and on the river terraces in the Ilavska Basin. In both areas,
the abiocomplexes are characterised by high or very high potential susceptibility
whilst the linear features show clear signs of gully erosion.

5. Discussion

In assessing natural hazards, the landscape may be viewed as a set of dis-
crete objects threatened to differing degrees by the specific hazard or as a
set of influencing and influenced fields (Minar 2009). The first approach was
chosen as the basis of this study through the application of abiocomplexes. It
is especially appropriate for the contrasting landscapes of the study area. The
entry data is homogenised during the construction of the GelS and the process
of parameterising the qualitative and quantitative characteristics is simple and
efficient. In general terms, the application of the GelS and multidimensional
statistical methods have proved to be very suitable tools for the assessment
of the natural hazards including that of gully erosion as presented in this
study. The approach outlined here can be modified so that it is applicable over
far larger areas than it has been for the detailed study presented here. The
geoecological unification of the input data enables the method to form part of
a synthetic natural hazards evaluation (Minar et al. 2006).

The simplest ways of expressing the gully erosion hazard are provided by the
Denudation Index (Fig. 3a) and the ratio between the area covered by gullies
and sunken lanes to the total area of the abiocomplex (Fig. 3b). These assume
that the characteristics of gully erosion are spatially and temporally stable. This
assumption is somewhat difficult to justify as it is known that the process of
gully erosion may be accelerated by human activities (e.g. through deforestation
or changes in land use). When such changes occur, the evidence for gully erosion
may also change significantly. It is, therefore, important to study the potential
erosion susceptibility of the abiocomplexes. The fundamental characteristics
of the abiocomplexes do not incorporate land cover and land use and therefore
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these spatial units change more slowly in terms of their potential erosion
susceptibility. The three multidimensional statistical methods used to assess
the gully erosion hazard (RA, CA1, CA2) were all based on the parameterised
characteristics of the abiocomplexes. The results produced by each statistical
method were consistent. Moreover, there were significant correlations between
two of them (RA, CA1) and the physically based conceptual model (MT). This
suggests that the applied multidimensional statistical methods were able to
distinguish between the potential and the actual erosion.

The simple assumption that the recorded evidence of erosion results from
high abiotic erosion potential and certain types of land use was used as the
basis the determining gully erosion susceptibility within the study area. As
a result, only those areas previously subject to gully erosion are considered
to be susceptible to further erosion. In contrast, those areas not previously
subject to gully erosion are not going to be susceptible to erosion. Clearly, if
erosion preventative measures pertaining to land cover and land use have been
undertaken then the eroded area may actually be stable. For this reason, those
areas with the greatest evidence for erosion (Fiigs. 3a and 3b) differ slightly from
the actual gully erosion hazard (Fig. 4). The moderate correlations between
the evidence of gully erosion and the selected geoecological characteristics is
explained by the fact that gully erosion processes depend on a number of geoeco-
logical characteristics (e.g. lithology, soil, morphometric relief characteristics).
The process of gully erosion is known to be accelerated by human activities
such as the construction of roads. It is also likely to proceed more rapidly in
soft sedimentary material such as loess, polygenetic loams, or slope sediments
(especially in flysch rocks).

6. Conclusions

The development of gullies represents a specific type of fluvial erosion
triggered when surface runoff becomes concentrated during extreme rainfall
events. The application of the GelS and multidimensional statistical methods
has provided a suitable framework within which to assess this natural hazard
in the Povazské Valley and Strazovské Mountains in the Western Carpathians.
— It is clear that the majority of the permanent gullies within the study area

are controlled by the course of existing anthropogenic linear features such

as unpaved field and forest roads and balks in arable land.

— It is seen that the areas with the greatest potential susceptibility occur in
Podmaninska Hills, Butkovska Furrow, and on the river terraces in the Ilav-
ska Basin. Those with the least potential susceptibility occur in Butkovské
Klippes, Trenc¢ianska Upland, and on the flat floodplain of the Vah River.

— The greatest gully erosion hazard was identified on arable land in the Podma-
ninska Hills and on the river terraces in the Ilavska Basin. In both areas, the
abiocomplexes are characterised by high or very high potential susceptibility
whilst the linear features show clear signs of gully erosion.

It is thought that future changes in the global climate will increase the

amount of heavy rainfall events. This will accelerate the process of gully erosion
and increase its significance as a natural hazard. It is important that local
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geoecological conditions are understood so that the area can continue to be
farmed and managed in a sustainable way.
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Zhrnutie

HODNOTENIE HROZBY VYMOLOVEJ EROZIE POMOCI
GEOEKOLOGICKEHO INFORMACNEHO SYSTEMU (GEIS):
PRIPADOVA STUDIA ZO ZAPADNYCH KARPAT

Vymolova erézia (vratane cestnej erézie) je Specifickou formou vodnej erézie. Vyrazne
sa prejavuje v krajine a jej celkovom charaktere a je najviditelnejSou formou erdézie, ktora
postihuje produkéni schopnost pédy. Tym, Ze vytvara hlboké linearne formy reliéfu — vymole,
limituje rozvoj polnohospodéarstva na ornej pdde i na trvalych travnych porastoch, znehod-
nocuje nespevnené polné a lesné cesty, utvara komunikacné bariéry.

Cielom tohto ¢lanku je hodnotenie hrozby vymolovej erézie v detailnej mierke s vyuzitim
empirickych dat o prejavoch a charaktere tejto erézie (vymolov a tivozov), geoekologického
informacéného systému ako integrovaného systému geoekologickych informacii a viacrozmer-
nych Statistickych metdd.

Vymolova erézia bola hodnotena na tizemi o rozlohe 36 km* v Zapadnych Karpatoch (se-
verozapadnej ¢asti Slovenska), na styku Povazského podolia a Strazovskych vrchov. Uzemie
pritom zasahuje do 5 fyzickogeografickych regiéonov nizsieho radu (Ilavska kotlina, Podma-
ninska pahorkatina, Butkovské bradla, Butkovska brazda, Teplickd vrchovina) s réznou
néchylnostou na procesy vymolovej erézie.

Tvorba geodatabazy pre hodnotenie hrozby vymolovej erézie metodicky vychadza z koncep-
cie geoekoldgie ako integralnej vedy o krajine, geoekologického vyskumu a geoekologického
mapovania. Najdolezitejsim aspektom je pritom tvorba geoekologického informaéného sys-
tému (GelIS) ako ucelového systému geoekologickych informacii a dat (Minar 2003) potreb-
nych pre hodnotenie vymolovej erézie. Zakladnymi jednotkami pri hodnoteni potencidlnej
nachylnosti Studovaného tizemia na vymolovid eréziu su abiokomplexy, ktoré predstavuju
relativne homogénne aredly z hladiska geoekologickych podmienok a tiez stupria nachylnosti
na vymolovu eréziu. Kazdy abiokomplex je charakterizovany mnozinou charakteristik v ramci
ucelenej geodatabazy, ktoré mézu mat vplyv na inicializaciu vymolovej erézie.

Dalsie udajové vrstvy geoekologického informaéného systému (GelS) obsahuju infor-
macie o existujucich prejavoch vymolovej erézie, ¢ize permanentnych vymoloch a tvozoch
a tiez liniovymi prvkami v krajine nachylnymi na vymolovii eréziu. Zakladnymi atribitmi
permanentnych vymolov a ivozov bola ich celkova plocha, hlbka a stupen aktivity. Za liniové
prvky v krajine nachylné na vymolovi eréziu povazujeme najmé nespevnené polné a lesné
cesty, suché koryta obc¢asnych tokov a medze v ramci ornej poédy. Odhadovany bol ich stupen
aktivity, jednak na zaklade charakteru povrchovej vrstvy, alebo na zdklade prejavov cestnej
erézie. Vysledkom analyzy krajinnej pokryvky a vyuzivania zeme je aj idajova vrstva cha-
rakterizujica typ krajinnej pokryvky a vyuzitia izemia.

Samotné hodnotenie potencidlnej nachylnosti Studovaného tizemia na vymolovi eréziu
bolo realizované viacrozmernymi Statistickymi metédami a jedného jednoduchého koncepcne-
fyzikalneho modelu s vyuzitim udajov geoekologického informaéného systému. Pre potreby

167



hodnotenia stupna postihnutia $tudovaného tzemia vymolovou eréziou bol pre kazdy jeden
aredal abiotického komplexu vypocitany tzv. index denudécie vymolovou eréziou a podiel plochy
vymolov a tvozov na plochu aredlu daného abiotického komplexu. Vysledné vyjadrenie na-
chylnosti izemia na vymolovu eréziu vychddza z jednoduchého predpokladu, ze ¢im vécsie je
aktudlne pokrytie abiokomplexov daného typu vymolmi a ivozmi, tym véésia je ich nachylnost
na vznik novych vymolov a tvozov.

Zaverecné hodnotenie aktudlnej hrozby vymolovej erézie bolo vykonavané porovnanim
vysledkov potencialnej (relativnej) nachylnosti na vymolovia eréziu dosiahnutych pouzitymi
metédami so sticasnou krajinnou pokryvkou a vyuzitim zeme.

Z porovnania $tyroch modelov pre hodnotenie potencidlnej nachylnosti na vymolova
eréziu s redlnymi prejavmi tejto erézie vyplyva, zZe v troch pripadoch (RA, CAl, MT) exis-
tuje signifikantnd vézba medzi nimi. Jej velkost je vSak prirodzene obmedzena rozdielom
v podstate potencidlnej nachylnosti a realnej vymolovej erézie, ktort vyrazne ovplyviiuje
krajinna pokryvka a spdsob hospodarenia. Vyznamna vézba medzi dvoma Statistickymi (RA,
CA1) a koncepcne-fyzikalnym modelom (MT) dalej potvrdzuje relevantnost pouzitia metod
viacrozmernej Statistiky pre hodnotenie hrozby vymolovej erézie.

Nazdavame sa, Ze perspektivny je aj nami naértnuty postup hodnotenia aktualnej hroz-
by vymolovej erézie, nakolko prostd hustota siete vymolov a tvozov (ktoré vznikali v inych
podmienkach vyuzivania krajiny v minulosti) sa neda dnes vSeobecne pouzit ako priamy
ukazovatel aktudlnej vymolovej hrozby. Naviac vzhladom na zmeny vyuzitia vymolmi po-
stihnutého dzemia v minulosti (jeho zalesniovanie) moze byt hustota vymolovej siete dnes uz
neaktivnych vymolov pri hodnoteni aktuélnej hrozby miestami az zavadzajica.

Na zédklade poznania genézy permanentnych vymolov mozno konstatovat, Ze viaésina
permanentnych vymolov v Studovanom dzemi je kontrolovana priebehom antropogénnych
liniovych prvkoch z minulosti, predovsetkym polnych ciest. NiekolTko mensich vymolovych
foriem sa vytvorilo v zaveroch eréznych zarezov mensich vodnych tokov. Ich vyskyt si vysvet-
Tujeme pritomnostou ob¢asnych tokov v humidnejsich obdobiach. Vyskyt dvozovych foriem
reliéfu pod permanentnou lesnou pokryvkou dokazuje, ze procesy cestnej erézie, ktora je
prvotnym Stadiom erézie vymolovej, nemusia prebiehat nutne len na polnohospodarsky
vyuzivanych tzemiach.

Za potencidlne najviac nachylné mozno na zaklade dosiahnutych vysledkov povazovat
¢asti Studovaného tdzemia, zasahujice do Podmaninskej pahorkatiny a Butkovskej brazdy
a Cast uzemia rieénych terds v ramci Ilavskej kotliny. Za menej nachylnd mozno povazovat
cast Butkovskych bradiel a najmenej nachylné casti zasahujice do Trencianskej vrchoviny
a samozrejme rovinné uzemie nivy Vahu v ramci Ilavskej kotliny. V rdmci Podmaninskej
pahorkatiny sa nachddza najviac permanentnych vymolov, ¢o suvisi s jej intenzivnym polno-
hospodéarskym vyuzivanim v minulosti. Menej permanentnych vymolov sa nachddza v rameci
Butkovskej brazdy a najmenej v ramci Butkovskych bradiel. Nazddavame sa, Ze to suvisi
s dlhodobym zalesnenim tychto tizemi, len ¢ast z tychto tzemi sa polnohospodarsky vyuziva
ako luky. V ramci lesnych porastov sa vSak nachddzaju pocetné uvozy ako formy vzniknuté
cestnou eréziou.

Aktudlna hrozba vymolovej erézie bola uréend na plochdch ornej pédy v ramci Podma-
ninskej pahorkatiny a terasovej casti Ilavskej kotliny s abiotickymi komplexmi s vysokou
a velmi vysokou potencidlnou nachylnostou na vymolovi eréziu a tiez na liniach, najméa
poInych a lesnych cestéach s viditeInymi prejavmi cestnej erézie (struzky, ryhy, kolaje) a tiez
na polnych a lesnych cestach s nespevnenym povrchom a vaésim sklonom.

Obr. 1 —Poloha studovaného uzemia. V legende: §tatna hranica, vrstevnice, vodné toky, vodné
plochy. Regionalne geomorfologické ¢lenenie: hranice oblasti, hranice celku, hranice
podcelku, hranice ¢asti. Popisy: celok, podcelok, ¢ast, Studované tzemie.

Obr. 2 — Abiokomplexy, permanentné vymole a tvozy v Studovanom tzemi. V legende: hra-
nice geoekologickych (prirodnych krajinnych) typov, hranice abiokomplexov, ivozy,
vymole, vodné toky, vrstevnice, kéty (m n. m.).

Obr. 3 —a — Index denudéacie (IDn; m?/m?); b — Podiel plochy vymolov a divozov z celkovej
plochy abiokomplexu (RT; %). Potencidlna hrozba vymolovej erézie: ¢ — RA; d —
CA1l; e — CA2; f— MT. V legende: Potencialna hrozba vymolovej erézie: velmi nizka,
nizka, stredne vysokad, vysokd, velmi vysoka. Hranice geoekologickych (prirodnych
krajinnych) typov, hranice abiokomplexov, vodné toky, kéty (m n. m.).
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Obr. 4 — Aktudlna hrozba vymolovej erézie. V legende: Liniové prvky nachylné na vymolova
eréziu: s viditeInymi prejavmi erézie, bez prejavov erézie; Aredly ornej pody nachylné
na vymolovu eréziu; vodné toky, vrstevnice, kéty (m n. m.), hranice geoekologickych
(prirodnych krajinnych) typov.
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