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Abstract: Geodiversity encompasses the inherent variety found within the Earth's geological
attributes, its terrain, and its soil composition. This includes the interconnectedness of these
features, their specific qualities, and their influence upon both the natural world and human-
made aspects of our surroundings. It is studied and assessed through various approaches, ran-
ging from purely numerical methods to descriptive analyses, and combinations thereof. The
notion of a geodiversity map, as introduced in this particular writing, aligns with this final
methodological category — employing a blend of quantitative and qualitative techniques. Ap-
plying this approach to ascertain the geodiversity within a mountainous expanse (specifically,
the Stiavnické vrchy), yields a comprehensive understanding of the region's natural diversity.
Furthermore, it enables the identification of areas suitable for more intensive scrutiny or com-
parison. Such a geodiversity map serves as an ideal foundation for representing geotourism
possibilities, visualized through the number and spatial distribution of geologically significant
sites.

Keywords: geodiversity, assessment, geosites, geotourism, Stiavnické vrchy, Slovakia

1 INTRODUCTION

The term “geodiversity” gained traction in scientific circles during the 1990s
and swiftly resonated with researchers globally (Serrano and Ruiz-Flafio, 2007,
Gray, 2008; Brilha et al., 2018; Zwolinski et al., 2018; Vernham et al., 2023). It is
understood differently depending on the context. It may refer to the natural variance
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of geologic components (rocks, minerals, and fossils), the topography (landforms
and processes), and the soil, encompassing their interrelationships, characteristics,
and effects on the surrounding natural and cultural aspects (Panizza and Piacente,
2009; Hjort et al., 2015). Alternatively, it can signify the natural variety on Earth's
surface, inclusive of geological and geomorphological aspects shaped by both in-
ternal and external processes as well as human actions (Thomas, 2012). From an an-
thropocentric perspective, geodiversity denotes the diversity within the non-living
aspects of nature in terms of its value to humans ecologically, economically, so-
cially, and aesthetically (Anougmar et al., 2024). Furthermore, it's used as a com-
ponent of sustainable development for use holistically to encapsulate the entire array
of nature's non-living elements, which form the foundation for biodiversity (Crisp et
al., 2023). Together, biodiversity and geodiversity comprise what is termed ecodi-
versity (Petrisor and Sarbu, 2010).

Geodiversity is generally regarded as the variability amongst elements of the re-
lief, the lithosphere, the hydrosphere, the pedosphere, and the atmosphere and em-
bodies the interconnectedness between landscapes and humans, including their cul-
tural artifacts (Piacente, 2005). Gray (2019) formulated a definition that provides
a highly comprehensive understanding of geodiversity and its importance in geocon-
servation.

Within the academic literature, geodiversity is connected to geoheritage as
a neutral term to explain the diversity of inanimate nature on the planet, while geo-
heritage is a value-laden term employed to define the parts of geodiversity selected
for the goal of geoconservation (Bétard and Peulvast, 2019).

Any human endeavor with direct ties to natural heritage should adhere to geo-
ethics, which encompasses the investigation of the principles underlying appropriate
human behaviors and practices about the Earth system (de Tarso Castro et al., 2021).
Consequently, the concepts of geoheritage and geodiversity must be based on these
principles when linked with geotourism. Increasingly, geodiversity serves as the
foundation for the evaluation of non-living natural features that serve as geohabitats,
which are then used for creating innovative tourist (geotourist) offerings. Often in
literature, it constitutes a key part of evaluating geosites (Brilha, 2016).

As per the authors of this paper, evaluating the geodiversity of a given area
might be the starting point for a deeper study of particular parts of mountain ranges
and their evaluation for geotouristic purposes. Many quantitative and qualitative
evaluation methods for geodiversity have been developed (Zwolinski et al., 2018),
presenting numerous opportunities for refining, enhancing, or adjusting them to spe-
cific objectives.

Therefore, this article aims to assess geodiversity in the Stiavnické vrchy using
the GIS-based method proposed by Zwolinski (2009) and to compare the resulting
synthetic geodiversity map with the spatial distribution and tourist attractiveness of
geosites as an initial step in identifying areas with high geotourism potential.

The authors formulated the following research questions: 1) Will the analysis of
the geodiversity of Stiavnické vrchy reliably reflect its geodiversity and identify
areas with the greatest geotourism potential for geosites that were explored during
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field reconnaissance based on tourist and geological guidebooks? 2) What can be
offered for areas that lack geosites but at the same time have a high level of geodi-
versity, and how can the tourism potential of such areas be improved? The authors
share the view, as with other scientists (Zwolinski et al., 2018), that geodiversity
analysis using GIS can greatly contribute to predicting a holistic and integrated ap-
proach for ecosystem and geosystem services that promotes sustainable management
of natural systems, generating geotourism products (Newsome and Ladd, 2022) or
for the conscious management of protected areas and geoheritage (Crofts et al.,
2015; Kaur, 2022).

2 LITERATURE REVIEW

2.1 Geodiversity

Geodiversity has recently seen a surge in attention, evident not just in scientific
definitions of the term (Serrano and Ruiz-Flafio, 2007; Brilha et al., 2018; Gray,
2008; Zwolinski et al., 2018; Vernham et al., 2023) but, more importantly, in studies
that use it to describe, evaluate, analyze, and assess particular regions (Benito-Calvo
et al., 2009; Carrion-Mero et al., 2022; Albert and Kraja, 2025).

According to Zwolinski et al. (2018) methods used for describing, analyzing,
and assessing geodiversity can be classified based on data source (direct and indir-
ect, following Pellitero et al., 2015) or the method of approach (qualitative, quanti-
tative, and qualitative—quantitative).

Qualitative methods are fundamentally based on the knowledge and experience
of a researcher, typically an expert, or a group of experts (Zwolinski et al., 2018).
Qualitative approaches utilize graphical representations, maps, and diagrams etc.
(Ferrando et al., 2021; Najwer et al., 2022). Expert evaluations are supported by ex-
tensive literature reviews or by considerations of material goods and the benefits
resulting from commercial activities within the described area. These methods are
limited by their reduced objectivity (Zwolinski et al., 2018) and the challenges of ap-
plication in different geographical areas.

Quantitative techniques rely on basic algorithms, measurements, calculations,
and GIS analyses, potentially followed by additional calculations and statistical ana-
lyses (Forte et al., 2018).

The assessment of geodiversity is achieved via the analysis of indices (Mici¢
Ponjiger et al., 2021) or map algebra (Pardo-Iguzquiza and Dowd, 2021), often in-
corporating a scoring method (Zwolinski et al., 2018).

Qualitative-quantitative methodologies represent, according to Zwolinski et al.
(2018), the optimal approach for geodiversity assessment. This enables a more com-
prehensive — but still accessible — evaluation of geodiversity, incorporating elements
from the analysis and preliminary assessment of its components, such as evaluating
rock types and their ages through expert opinion (Benito-Calvo et al., 2009; Forte et
al., 2018; Wolniewicz, 2021) or expert evaluations of aesthetic, scientific, and edu-
cational value, etc. (Zwolinski, 2009, 2018; Najwer et al., 2022). The combined
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methods typically culminate in a summary geodiversity map, often generated using
digital summation techniques of map algebra (Benito-Calvo et al., 2009; Zwolinski,
2009, 2018; Najwer et al., 2022; Chrobak et al., 2021). The utilization of map al-
gebra for data manipulation is becoming increasingly common in geodiversity as-
sessment (Zwolinski, 2009, 2018; Chrobak et al., 2021; Mici¢ Ponjiger et al., 2021;
Najwer et al., 2022), establishing itself as a standard method worldwide. This re-
search employs the same method.

2.2 Geoheritage and geotourism

While geodiversity provides the physical template of the abiotic environment,
the concept of geoheritage emphasises those elements of geodiversity that possess
particular scientific, educational, aesthetic, cultural or economic significance. Geo-
heritage is typically expressed through geosites — selected geological, geomorpholo-
gical, hydrological and pedological features or landscapes that are recognised, inter-
preted and often protected for their value (Gray, 2019; Wolniewicz, 2021; Kaur,
2022). In this sense, geoheritage constitutes a bridge between geodiversity and geo-
conservation and underpins strategies for the sustainable use of abiotic nature
(Dowling and Newsome, 2010; Newsome and Dowling, 2010; Farsani et al., 2011;
Hose, 2012; Olafsdottir and Dowling, 2014; Hose, 2016; Dowling and Newsome,
2018; Olafsdéttir and Tverijonaite, 2018).

Geotourism represents one of the main forms of such use. Most definitions un-
derstand geotourism as tourism that focuses on geology, geomorphology and land-
scape, promotes their understanding through interpretation and education, and simul-
taneously supports geoconservation and local development (Newsome and Ladd,
2022; de Tarso Castro et al., 2023). In practice, geotourism products are concen-
trated in and around geosites and geoparks, where the abiotic environment is com-
bined with cultural and ecological values and embedded in attractive narratives.

Consequently, numerous authors have proposed methods for qualitative and
quantitative evaluation of geosites and geomorphosites with respect to their scien-
tific, educational, aesthetic and tourist importance (Piacente, 2005; Pralong, 2005;
Pereira et al., 2007; Kubalikova, 2013; de Tarso Castro et al., 2023). These ap-
proaches typically distinguish between intrinsic (scientific, educational) and use-re-
lated (tourist, economic, accessibility, safety) criteria and lead to a synthetic score of
the overall value or attractiveness of a site. Recent studies stress the need to embed
such evaluations into a broader spatial context defined by geodiversity patterns and
landscape structure (Hjort et al., 2015; Ferrando et al., 2021; Vernham et al., 2023).

In Central Europe and particularly in Slovakia, the assessment of geodiversity,
geoheritage and geotourism has developed rapidly in the last two decades. Strba et
al. (2015) applied complex criteria to evaluate the geotourism potential of Slovak
show caves, illustrating the importance of combining scientific value, accessibility
and visitor experience. Kone¢ny and Pachinger (2023) provided a detailed inventory
and classification of geotopes in the Banska Stiavnica region, demonstrating the di-
versity of geosites and their potential for geotourism development at the local and
regional scale.
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Building on this literature, the present study adopts a geodiversity-first per-
spective. The geodiversity of the Stiavnické vrchy is quantified using a GIS-based
index, and the resulting synthetic map is compared with the spatial distribution and
tourist assessment of geosites. In this framework, geodiversity is treated as a neutral
physical background, whereas geosites and their attractiveness represent the most
visible manifestation of geoheritage and geotourism potential in the study area.

3 STUDY AREA

The Stiavnické vrchy (Stiavnica Mountains) form a Neogene volcanic range in
central-southern Slovakia belonging to the Inner Western Carpathians and the geo-
morphological system of the Slovenské stredohorie (Slovak Central Volcanic
Range) (Mazur et al., 1986). The mountains are situated between the Hron and Ipel
rivers and are surrounded by adjacent basins and highlands that frame the volcanic
edifice. The central part of the range is occupied by the historic mining town of
Banska Stiavnica and its surroundings, which represent one of the most important
mining landscapes in Slovakia and strongly influence the cultural and touristic pro-
file of the area (Kollar and Lacika, 2004).

According to the national geomorphological classification (Mazur et al., 1986),
the Stiavnické vrchy constitute a distinct geomorphological unit subdivided into four
subunits (podcelky). The Sitnianska vrchovina subunit comprises the parts Sitno,
Sitnianske predhorie, Stiavnickd brazda and Pren¢ovska kotlina. The Hodrusska
vrchovina subunit includes Vyhnianska brazda, Breznické podolie and Slovenska
brana. Skalka and Kozmalovské visky represent separate subunits of the mountain
range. This hierarchical structure provides a consistent framework for the interpreta-
tion of geodiversity patterns and for the statistical summarisation of the results
presented in this paper.

From a geological perspective, the Stiavnické vrchy represent the remnants of
a large composite stratovolcano composed predominantly of andesitic lavas, pyro-
clastic deposits and volcaniclastic sediments of Neogene age (Konecny and
Pachinger, 2023). Intensive hydrothermal activity, caldera collapse and subsequent
erosion have produced a wide variety of volcanic landforms and rock types, includ-
ing lava domes, intrusive bodies, collapse structures and extensive zones of hydro-
thermally altered rocks. The long-lasting exploitation of polymetallic ore deposits
has left a dense network of underground workings and surface mining relics that sig-
nificantly contribute to the geoheritage of the region (Mazir et al., 1986) (Figure 1).

The highest part of the Stiavnické vrchy is Sitnianska vrchovina with the
highest peak Sitno (1009 m), which protrudes impressively above the outskirts of
the mountain range and from which magnificent distances are visible. Among the
most attractive peaks of the Stiavnické vrchy, it is necessary to note Kalvaria (726
m), Paradajs (939 m), Maly Tanad (860 m), Tanad (939 m), Glanzenberg (793 m),
Zlaty vrch (850 m), and Bansky vrch (865 m).
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Figure 1 Location of Stiavnické vrchy on the territory of Slovakia (A) and their geo-
morphological zoning (B). Source: elaborated by authors

The most interesting geological objects are presented by lava flow with colum-

nar jointing, bottom stratovolcanic structure Stangarigel’, dyke of quartz-diorite por-
phyry Jergistoliia, rock cliffs of amphibole-pyroxene andesite-biotite, upper struc-
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ture of the Stiavnica Stratovolcano, andesite flow of the bottom stratovolcanic struc-
ture Suchd Voznica, travertine mounds Sklené Teplice, travertine mound Vyhne,
basalt scoria cone the Putikov ViSok Volcano, Kamenné more in Vyhne.

However, Stiavnické vrchy is rich not only in geological and geomorphological
monuments. Here are the cleanest, freshest lakes called tajchy. Tajchy are artificial
water reservoirs in the Stiavnické vrchy. Most of them were built to provide energy
for the silver mines of Banska Stiavnica in the 18th century. At their height, tajchy
comprised a sophisticated system of 60 reservoirs, connected by more than 100 km
of channels and tunnels. 24 artificial lakes still exist and serve recreational purposes.
Because of their historical value, tajchy was proclaimed by UNESCO to be a World
Heritage Site on 11 December 1993, together with the city of Banska Stiavnica and
technical historical monuments in its surroundings. Among the most touristically at-
tractive and large tajches we can highlight jazero Poctvadlo, Velka Richnavska
nadrz, Kolpassky tajch in Bansky Studenec, Hodrusky dolny tajch in Hodrusa-
Hamre, Velky VindSachtsky tajch in Stiavnické Bane, Rozgrund tajch in Banska
Stiavnica, Bakomi tajch in Stiavnické Bane, Beliansky tajch in Banska Bela. Hot
springs and the unique Parenica cave are located in the resort village of Sklené Tep-
lice, which is used for medicinal and recreational purposes (Kelemen, 1986).

Among the attractive archaeological and architectural sites of Stiavnické vrchy
it is worth highlighting namestie Svétej trojice, Stary and Novy zamok, Kalvaria in
Banska Stiavnica, hrad Glanzenberg, Zakylsky hrad, Breznica hrad, kostol svitej
Katariny, hrad Marcus, hrad Sitno, kastiel' Svity Anton, SaSovsky hrad.

As you can see, Stiavnické vrchy has significant tourist diversity. Every tourist
can find something that will be interesting or useful for them. However, tourism
resources in Stiavnické vrchy are unevenly distributed, and there are sites on their
territory that today have low tourist attractiveness or even their complete absence.
However, the absence of geosites in certain areas does not necessarily mean that
there is no geodiversity. In this study, we will examine whether there is a correlation
between the presence of geosites and the extent of geodiversity in these areas.

4 METHODOLOGY

4.1 Geodiversity assessment

The methodological framework for constructing a synthetic geodiversity map of
the Stiavnické vrchy was initially inspired by Zwolinski's (2009) work, which the
author then adapted. The key changes involved: 1) employing squares as the funda-
mental analytical units; 2) integrating geomorphons as components of relief types; 3)
defining four to five classes within each of the six component maps, aligning with
optimal utilization of the geodiversity map for geotourism.

A digital elevation model (DEM) acquired from the Bratislava Geodetic and
Cartographic Institute's website, boasting a spatial resolution of 10 meters and utili-
zing the S-JTSK Krovak East North coordinate system, served as the foundation for
producing both a map of intricate morphometric indicators and a geomorphons map.
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The creation of the geological map, land cover map, and soil quality map relied
on the online atlas of landscapes of the Slovak Republic, accessible through the en-
vironmental portal of the Ministry of the Environment of the Slovak Republic. The
Stiavnické vrchy area was then divided into a grid of 100-meter squares (a vector
grid was generated using a command in ArcGIS ArcMap 10.0), and the respective
values from the individual maps were subsequently allocated to each polygon or its
raster equivalent (raster maps with a 10-meter resolution).

To derive the most objective representation of terrain forms from the digital ter-
rain model, geomorphons (Stepinski and Jasiewicz, 2011; Jasiewicz and Stepinski,
2013) were employed. This tool facilitated the automatic and continuous segmenta-
tion of the entire area into regions that are virtually homogeneous in terms of their
geomorphological relief form. This homogeneity is a crucial precondition for both
quantification and assessment, particularly regarding geodiversity. Conversely, this
process produces a somewhat simplified portrayal. A potential limitation is that, in
reality, diverse landforms exhibit varying dimensions and significant relief elements
for geodiversity considerations, while perhaps numerous, may cover smaller spatial
extents. This is relevant to the summit category, where the tool identifies only the
immediate vicinity of the peak's inflection point as a summit, with the broader area
being classified as a slope category (Jasiewicz and Stepinski, 2013).

For deriving the most unbiased terrain representations from the digital terrain
model, we employed geomorphons (Stepinski and Jasiewicz, 2011; Jasiewicz and
Stepinski, 2013). This method facilitated the automatic, continuous segmentation of
the entire study region into zones that exhibited near-uniformity in their geomorpho-
logical characteristics. Such a division serves as a fundamental requirement for both
quantification and assessment, encompassing aspects relevant to geodiversity. How-
ever, a certain degree of simplification is inherent in this approach.

The drawback here lies in the fact that natural landscapes display a range of di-
mensions for different forms. Also, geodiversity-relevant features, although poten-
tially numerous, can exist within limited spatial extents. A pertinent example in-
volves summit features: the algorithm identifies only the direct vicinity of the peak's
inflection point as a summit, relegating surrounding broader areas to the slope clas-
sification (Jasiewicz and Stepinski, 2013).

The suite of analytical maps generated comprised a complex morphometric geo-
diversity index map, alongside a geological geodiversity map, a soil cover quality
diversity map, a relief geodiversity (geomorphons) map, and a land cover geodi-
versity map. The surface analysis hinges on five principal parameters. While other
factors, such as the existence of caves, lakes, and streams, are noted in relevant liter-
ature as influencing the geodiversity index, they're typically viewed as integral land-
scape features, thereby aligning with the main components previously listed. The
generation of a composite geodiversity map involved averaging the five uniformly
distributed analytical indices from each map, yielding an arithmetic mean for the fi-
nal geodiversity index. This final index was then evenly distributed across five
equally weighted categories, graded to span from “very low geodiversity” to “very
high geodiversity” (Figure 2).
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The formula employed for calculating the final geodiversity index can be ex-
pressed as:

Gi=(Mi+ GMi+ GEOi+Li+Si)/5

Here, Gi signifies the geodiversity index, Mi the complex morphometric index,
GMi the geomorphons index, GEOi the geological index, Li the land cover index,
and Si the soil quality index. A critical point is the even distribution of the compo-
site geodiversity index across the five previously described classifications.

The Stiavnické vrchy geodiversity map was combined with point objects of
geosites in the final stage. The Stiavnické vrchy geosite database was created based
on information from the guidebook “Stiavnické vrchy — Slovenské stredohorie” by
Daniel Kollar (Kollar and Lacika, 2004) and the book “Geotopes of the Banska
Stiavnica Geopark”, prepared by the staff of the Dionyz Stur State Geological Insti-
tute (Konecny and Pachinger, 2023). Each geosite was explored during field trips,
and the exact location of each geosite was recorded using the “Mapy.cz” software
installed on a mobile phone. The GPX files were transformed into point shapefiles
and transferred to a map of the study area in ArcGIS ArcMap 10.0 software. Fur-
thermore, during field studies, each geosite was evaluated according to six evalu-
ation categories: scientific, aesthetic, cultural-historical, ecological, socio-economic,
and a safety category (Likhacheva and Timofeev, 2002; Pralong, 2005; Pereira et al.,
2007; Andreychuk, 2007; Trofimova, 2012; Kubalikova, 2013; Strba et al., 2015;
Zhyrnov, 2015).

Each category consists of a certain number of evaluation criteria, which, de-
pending on the degree of expression, were assessed with points from 0 to 1, where
0 reflects the complete absence of a certain characteristic, and 1 reflects the most
pronounced characteristic of the criterion. The final score for each criterion of a par-
ticular category was calculated as the arithmetic mean of the sum of all criteria di-
vided by the number of criteria. It should be noted that the final map of tourist as-
sessment of geosites was supplemented with a diagram of the attractiveness values
of each geosite, which was created in the Microsoft Excel program. The final tourist
assessment of the geosites of the Stiavnické vrchy area was divided into three cate-
gories: for sites with a low attractiveness value, a threshold with values up to 0.50
was recognized, sites of average attractiveness occupied a niche from 0.51 to 0.60,
and highly attractive sites were recognized as those that received a rating of 0.61 and
higher (Figure 3).

At the end, a conclusion was made about the spatial distribution of geosites of
different levels of attractiveness in areas with different indices of geodiversity.

4.2 Geosite inventory and tourist assessment

The spatial distribution and tourist attractiveness of geosites in the Stiavnické
vrchy were assessed using a combination of existing geosite inventories and field
verification. The starting point was a previously compiled database of geotopes and
geosites in the wider Bansk4 Stiavnica region, which includes a broad spectrum of
geological, geomorphological, hydrological and mining-related features (e.g. under-
ground workings, open pits, spoil heaps, lava domes, rock outcrops, waterfalls and
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anthropogenic landforms associated with water management). The inventory was re-
viewed and updated using recent publications and cartographic sources, and all sites
were checked in the field and georeferenced using GPS.

For each geosite, a set of criteria describing its value and attractiveness was
evaluated based on approaches proposed by earlier authors (Piacente, 2005; Pralong,
2005; Kubalikova, 2013; Strba et al., 2015; Zhyrnov, 2015; Brilha, 2016). The cri-
teria were grouped into six main categories: (i) scientific value, (ii) aesthetic value,
(iii) cultural-historical value, (iv) ecological and environmental value, (v) socio-eco-
nomic and functional value, and (vi) safety and accessibility. Each criterion was
scored on a semi-quantitative scale from 0 to 1, where 0 indicates the absence of the
given attribute and 1 represents its maximum expression in the regional context.

The partial scores for individual criteria were normalised and aggregated within
each category to obtain category-specific indices. Subsequently, a synthetic tourist
attractiveness index for each geosite was calculated as the arithmetic mean of the six
category indices. Following Strba et al. (2015) and similar studies, threshold values
were used to distinguish three levels of attractiveness: low (0.00 — 0.40), medium
(0.41 — 0.60) and high (> 0.61). In the context of this study, geosites with an overall
score of 0.61 or higher are interpreted as highly attractive and particularly relevant
for geotourism development. The resulting point layer of geosites with assigned
tourist attractiveness indices formed the main input for the comparison with the geo-
diversity map.

4.3 Integration of geodiversity and geosites

To explore the relationship between geodiversity patterns and geotourism po-
tential, the synthetic geodiversity map and the geosite database were integrated
within a GIS environment. The geodiversity index raster with a cell size of 10 m was
used as a continuous representation of abiotic diversity across the entire Stiavnické
vrchy. Each geosite was represented by a point located at the centre of the site or, in
the case of more extensive objects, by a representative point capturing the most
characteristic part of the geosite.

First, the geodiversity index value of the raster cell containing each geosite
point was extracted. This allowed the direct comparison of the geodiversity level and
the tourist attractiveness index at the location of each geosite. In addition, circular
neighbourhoods with a radius of several raster cells were used to calculate local sta-
tistics (minimum, maximum and mean geodiversity index) around each site, which
enabled us to characterise the geodiversity of the immediate surroundings of geo-
sites. The extracted values were subsequently analysed to identify whether highly at-
tractive geosites tend to cluster in areas of medium to very high geodiversity or
whether geosites also occur in areas of lower geodiversity.

Second, the distribution of geodiversity classes and geosites was summarised
for the geomorphological subunits of the Stiavnické vrchy as defined by Mazir et al.
(1986). The study area was subdivided into the Sitnianska vrchovina, Hodrusska
vrchovina, Skalka and Kozmalovské visky subunits, and, where appropriate, into
their constituent parts (Sitno, Sitnianske predhorie, Stiavnicka brazda, Prencovska
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kotlina, Vyhnianska brazda, Breznické podolie and Slovenska brana). For each sub-
unit, the areal proportion of geodiversity index classes and the number and share of
geosites with low, medium and high attractiveness were calculated. This hierarchical
framework provides a coherent basis for the interpretation of the results presented in
Section 5 and for the discussion of spatial patterns of geodiversity and geotourism
potential in Section 6.

5 RESULTS

The resultant synthetic geodiversity map is constituted by the integration of the
five component maps, which will undergo subsequent analysis.

5.1 Complex morphometrical index geodiversity map

The complex morphometric index included the calculation of the average height
value, average slope steepness value, horizontal dissection index, and vertical dis-
section index. All these indices were calculated for each cell with an area of 1 ha.
The above indices were calculated largely using the Zonal Statistics tool of the Spa-
tial Analyst analytical panel in the ESRI ArcGIS ArcMap 10.0 software product. All
these groups of indices were evenly distributed and classified into five classes from
0 to 1. The higher the value, the higher the values are characteristic of each cell, and
the higher the implied geodiversity in the calculation cell. The largest number of
cells (29.4%) corresponded to the average value of “0.5” of the complex morpho-
metric index, followed by the categories of 0.25 (24.3% cells) and 0.75 (21.5%).
The cell values for the lowest 0 index (15.9%) and the highest 1 index (8.9%) are re-
latively small (Figure 4).

The highest values are typical for the geomorphological regions of HodruSska
hornatina and Sitno, followed by Skalka and Sitnianske predhorie. Lower values are
typical for Stiavnick4 brazda and Vyhnianska brézda, and the ranking is rounded out
by Prencovska kotlina, Kozmalovské visky, Breznické podolie, and Slovenska brana.

To sum up, analyzing the geodiversity of Stiavnické vrchy based on the map of
the complex morphometric indicator of the relief, we can clearly state that in most of
the territory, we are dealing with an average and slightly lower and slightly higher
degree of variability of the morphometric index (classes 0.5, 0.25 and 0.75). The dis-
tribution of the highest index of geodiversity (class 1.0) is associated with the most
elevated and dissected mountainous areas, and, in general, the values of the complex
morphometric index correlate with altitude.

5.2 Relief fragmentation geodiversity map

The basis for this partial analysis was the map of geomorphones, which was
built based on the digital elevation model of Stiavnické vrchy in the SAGA GIS
9.6.1 application (Stepinski and Jasiewicz, 2011; Jasiewicz and Stepinski, 2013).
The area was divided into 10 basic morphological categories, which were assigned
five values of geodiversity (Figure 5).
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The largest number of evaluation cells corresponded to the 0.5 “slope/hollow”
category (57.8%), followed by the 1 “summit/spur” category (20.9%) and the 0.75
“ridge/valley/shoulder” category (19.0%). The smallest number of evaluation cells
was found in the 0 “flat/depression” category (1.5%) and the 0.25 “footslope” cate-
gory (0.8%). This trend can be observed for each geomorphological region of the
Stiavnické vrchy territory.

Summing up, analyzing relief geodiversity in the Stiavnické vrchy based on
a map of geomorphones, it can be clearly stated that in the majority of the area, there
is a medium degree of relief variation (class 0.5). The occurrence of the higher geo-
diversity classes (1.0 and 0.75) is also relatively important. The lowest classes of
geodiversity occur in low-lying basin sites.

5.3 Geological geodiversity map

The author proceeded from the consideration that the more mechanically resis-
tant rock is to weathering processes, the longer the relief forms composed of such
rocks will exist. Thus, the physical and mechanical properties of rocks are included
in the assessment classification in the context of geodiversity. The dominant cate-
gory of assessment cells for geological geodiversity in Stiavnické vrchy was the
value of 0.75 (74.1% cells). The cover deposits here are mainly represented by
Mesozoic, Paleozoic, Neovolcanic, and Volcanic deposits in the form of rock forma-
tions of various rocks (granodiorites, dolomites, porphyrites, conglomerates, bioti-
tes, etc.). All of the above rocks are resistant to abrasion and weathering, which
means that landforms composed of such rocks will exist for a very long time. The
strength of these rocks is only slightly inferior to that of metamorphic and igneous
rocks, which are represented by crystalline schists, quartz, quartzite, gneiss,
pyroxenes, and amphiboles. These rocks are characterized by the highest strength
characteristics and therefore occupy the highest assessment level of geological di-
versity 1.0, although the number of such cells in the Stiavnické vrchy area is the
smallest and amounts to only 0.5% of cells.

The second place, by a significant margin, belongs to the Quaternary deposits
with a value of 0 (14.5% cells). Quaternary deposits are mainly concentrated in river
and stream valleys, accumulation areas, and are often represented by landslide, delu-
vial-colluvial deposits. In general, the area of mountains covered by Quaternary de-
posits is relatively small.

The third and fourth places with classes of 0.25 and 0.5, respectively, according to
the index of geological diversity were taken by Pleistocene, Neogene, Paleogene de-
posits, which are represented by sedimentary rocks such as loams, sands, sandstones,
lignites, conglomerates and limestones (6.9% and 4.0% assessment cells, respec-
tively). These rocks are confined to the zones of distribution of Quaternary deposits.

Summarising and analyzing the geological diversity in Stiavnické vrchy, it can
be clearly stated that the majority of the territory is characterized by a high degree of
geological diversity (class 0.75), however, a small part of the territory in the accu-
mulation zones and river valleys is confined to Quaternary, Pleistocene, Neogene
and Paleogene deposits (classes 0, 0.25 and 0.5). The highest class of geodiversity
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(1.0) is found within the Hodrusska hornatina geomorphological region and is rep-
resented by rocks with crystalline structural lattices, but this class is the smallest in
terms of area of distribution (Figure 6).
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Figure 6 Geological geodiversity map of Stiavnické vrchy.
Source: elaborated by authors

5.4 Land cover geodiversity map

The land cover of Stiavnické vrchy is such that no elements correspond to the
highest value of 1.0; there are only 4 categories from 0 to 0.75. The highest value of
0.75 was assigned to the land cover that maximally exposes rocks; these included
glades with sparse vegetation, meadows and pastures, shrubs and natural grasslands,
and water objects. The total number of evaluation cells for this indicator was 9.7%
(Figure 7).

The largest number of assessment cells was assigned to the average class 0.5
(69.5%) — these are areas covered mainly by forests, which is not surprising since
the average altitudes of Stiavnické vrchy correspond to lower and upper mountain
forests. This category includes broadleaf forest and mixed forest. This land cover
category is by far the most dominant in the study area.

The smallest categories were industrial, commercial, and transport zones, resi-
dential development, landfill, and construction areas, with a value of 0 (2.3% evalu-
ation cells). The land cover features in the form of construction areas are most pro-
nounced in the most heavily urbanized geomorphological region of Stiavnicka
brazda; there are no other features in the distribution of land cover by geomorpholo-
gical regions of Stiavnické vrchy.
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Figure 7 Landcover geodiversity map of Stiavnické vrchy.
Source: elaborated by authors

The second largest land cover type (classified as 0.25) is arable land areas of
resident vegetation, heterogeneous agricultural areas, which lags far behind the do-
minant 0.5 class, with only 18.5% assessment cells.

In conclusion, analyzing the geodiversity of the land cover of Stiavnické vrchy
based on the atlas of landscapes of the Slovak Republic, it can be clearly stated that
in most of the territory, there is a low degree of differentiation of the land cover
(class 0.5 is the most pronounced and dominant). The highest elevations contain
areas with the highest geodiversity (class 0.75), but their area is small and they are
geographically dispersed throughout the Stiavnické vrchy. The lowest class of geo-
diversity is observed within the larger cities, especially within the urban agglomera-
tion of Banské Stiavnica.

5.5 Soils geodiversity map

The soil geodiversity map is based on the principle that the most diverse land-
scapes and natural vegetation can arise in areas with non-agricultural soils.

Analyzing the soil quality map of Stiavnické vrchy, it can be concluded that the
most common class of soils is non-agricultural soils, which corresponds to the
highest value of 0.75 (67.1% cells, respectively). This fact is because the territory
under study is mountainous, for which agricultural activity is not typical and for
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which agricultural soils are not characteristic. This is also the main reason due to the
small distribution of low-, medium-, and high-quality soils.

The second most common type of soil is low-quality soil, which corresponds to
class 0.5 (20.1% cells). They are followed by medium-quality soil (class 0.25,
10.2% cells) and high-quality soil (class 0, 2.6% cells), which are even less com-
mon.

When speaking about spatial distribution, it is worth noting that such geomor-
phological regions as Stiavnicka brazda, Prencovska kotlina, Kozmélovské visky,
Vyhnianska brazda, Breznické podolie, and Slovenska brana have in their structure
a greater number of low-, medium-, and high-quality soils, which, as a result,
provide lower geodiversity. Medium- and high-quality agricultural soils are located
in the Hron River valley on the southwestern outskirts and the flattest areas of

Stiavnické vrchy. The geomorphological region of Stiavnicka brazda has a high rate
of low-quality soils (Figure 8).
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Figure 8 Soil geodiversity map of Stiavnické vrchy. Source: elaborated by authors

5.6 Synthetic geodiversity map and location of geosites with
different levels of attraction

The synthetic geodiversity map was created from a combination of the five
component maps described above, for which all component values were equally
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weighted and distributed evenly within each indicator. By summing the individual
elements with equal weights and dividing them by the number of assessment cate-
gories, the final geodiversity index was determined, and a synthetic geodiversity
map was created. The values themselves from zero to one, where zero represents
areas with the lowest geodiversity and one represents areas with the highest geodi-
versity, were evenly distributed, and the following geodiversity indices were ob-
tained: 0 (very low geodiversity): 0 — 0.10; 0.25 (low geodiversity): 0.11 — 0.20;
0.5 (medium geodiversity): 0.21 — 0.30; 0.75 (high geodiversity): 0.31 — 0.40; and
1 (very high geodiversity): 0.41 — 0.50 (Figure 9).
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Figure 9 Synthetic geodiversity map and location of geosites with different levels of
attraction. Source: elaborated by authors

Analyzing the geodiversity map, we can conclude that Stiavnické vrchy as
a whole belongs to a geomorphological region with a high and medium level of geo-
diversity. However, still high values are dominant in the region (57.7% estimated
cells of class 0.75). Grade 0.5 ranks second, corresponding to sites with a medium
level of geodiversity (23.5% cells). A significant downward gap is class 0.25, which
corresponds to sites with low geodiversity (10.2% cells). This is followed by the
highest geodiversity value of 1, corresponding to 7.9% estimated cells. The final
class is 0, corresponding to sites with very low geodiversity (0.7%). The total per-
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centage of high and very high geodiversity in Stiavnické vrchy was around 65%,
while areas with low and very low geodiversity scored only 11%.

The geomorphological areas with the highest geodiversity index are Sitno and
Hodrus$ska hornatina, followed by the geomorphological area Skalka. The geomor-
phological areas Sitnianske predhorie, Stiavnicka brazda, and Vyhnianska brazda
have more average values. Geomorphological areas with relatively low geodiversity
are represented by PrenCovska kotlina, Kozmalovské visky, Breznické podolie, and
Slovenska brana.

The above analysis is undoubtedly most heavily influenced by a diversity of re-
lief, values of the complex morphometric index (especially values of relative
heights), and geological structure. The results of these analyses confirm the assump-
tion of the author that values of geodiversity will be highest in areas with the highest
elevations and lowest in river valleys and interridge basins.

One indicator of the geotourism potential of the study area is the number of
geosites found and described in the area. In general, the presence of geosites coin-
cides with areas of medium, high, and very high geodiversity, especially in the geo-
morphological areas of Sitno, Hodru$ska hornatina, and Skalka. An interesting fea-
ture is that, for example, in the Stiavnicka brazda area, which is so rich in various
geosites, the geosites themselves are often confined to areas of low geodiversity.
This is primarily because here a large number of geosites are located in the main city
of Stiavnické vrchy Banska Stiavnica and are represented by man-made geoheritage
and tourism sites. It should also be noted that there is no clear relationship between
areas of high geodiversity and high attractiveness of geosites, as medium and high
attractiveness geosites can be both confined to such areas and located in areas of low
geodiversity, as can be seen in the geomorphological areas of Stiavnicka brazda,
Vyhnianska brazda, and Slovenska bréna.

A synthetic geodiversity map allows a comprehensive assessment of the geodi-
versity of the study area. This map can also serve as a starting point for designating
areas of exceptional natural value and then for selecting specific sites that could re-
present a tourist attraction or geosites. However, until now, geodiversity assessment
(surface) and geosites assessment (point) have not been analyzed together. Geosites
have been assessed using other assessment methods related to the assessment of
a specific site rather than the whole area (Mucivuna et al., 2019). In general, in
Stiavnické vrchy, areas of high or medium geodiversity coincide with the presence
of geosites of varying degrees of attractiveness. However, in some places, the lack
of correlation between these variables does not mean that in places with low geodi-
versity, there are no interesting places that could become geosites.

From the above analysis, the geotourism potential can be characterized as high
(57.7% of the total area) and medium (23.5%), but if we take into account individual
areas of Stiavnické vrchy, there are areas with very high geotourism potential and
very high geodiversity, a large number of geosites (e.g., Hodrusska hornatina, Sit-
nianske predhorie, Sitno, Skalka). These areas are currently among the most popular
tourist destinations and require special protection. Weathering processes do not have
the best effect on the condition of some attractive landforms, and some attractive
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areas may have dangerous erosion and gravitational geomorphological processes.
The underground waters that have created the picturesque artificial lakes called taj-
chy are under anthropogenic pressure; therefore, sustainable development of new
geoattractive sites in these areas should be based on the principles of geoethics, as
mankind may become much more dependent on these water resources in the future.

At the same time, the northern, eastern, southern, and south-western parts of
Stiavnické vrchy are characterised mainly by high and medium geodiversity, but
there are no geosites in these areas, or only a small number of them. Given this cir-
cumstance, it is necessary to consider administrative measures that could contribute
to improving the tourist potential of these areas and attracting potential tourists.

6 DISCUSSION

At the beginning of this article, we asked some research questions about the
geodiversity, tourism potential, and geosites of Stiavnické vrchy. We propose to
analyze them and provide adequate answers in this chapter of the article.

6.1 Will the analysis of the geodiversity of Stiavnické vrchy
reliably reflect its geodiversity and identify areas with the
greatest geotourism potential for geosites that were ex-
plored during field reconnaissance based on tourist and
geological guidebooks?

Taking into account the multi-component analysis of the data used to reflect the
level of geodiversity of the Stiavnické vrchy area, we, in general, believe that the fi-
nal result in the form of a geodiversity index map is convincing and adequately re-
flects the picture of the geodiversity of the mountain range. A controversial point, in
our opinion, is the analysis of the geodiversity of the quality of the soil, since the
analysis of the landcover geodiversity partially takes into account the information on
the relationship between the type of soil and the land cover of the studied area.
When assessing the geodiversity of the territories, some researchers also resort to the
analysis of such parameters as the presence of caves, lakes, watercourses (Zwolinski
and Stachowiak, 2012), which also affect the geodiversity index, but are in some
way a component of the relief and, therefore, one of the main components analyzed
in the Relief fragmentation geodiversity map. Also, some researchers (Ferrando et
al., 2021; Chrobak et al., 2021) assign different analytical weights to certain para-
meters under study, thereby assigning more dominant factors for diversity assess-
ment based on expert knowledge. However, we believe that the methodology de-
scribed in the current article also quite clearly identified the most and least geodi-
verse areas of the studied mountain range, and the coefficient of possible error of the
geodiversity index is insignificant and corresponds to the real picture of the geodi-
versity of Stiavnické vrchy. However, when comparing geodiversity areas with the
location of geosites of different levels of attractiveness, certain comments arise. On
the one hand, it is obvious that since the dominant value of the geodiversity index is
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“high” (57.7%), the distribution of geosites will mainly correspond to areas with the
specified geodiversity index, regardless of the attractiveness of the geosite (66.7% of
low-attractiveness geosites, 64% of medium-attractiveness geosites, and 69.2% of
highly attractive geosites are located in areas with a high geodiversity index). On the
other hand, we see that large areas in the north, east, south, and southwest of
Stiavnické vrchy are represented by fairly geodiverse areas, but geosites in these
areas are absent or present in insignificant quantities. This suggests that geosites will
not always be located in areas with a high level of geodiversity, and the level of at-
tractiveness of a geosite will not always correspond to high rates of geodiversity,
since the geosite itself can be represented by a man-made object, especially within
settlements, and natural diversity may in no way affect the tourist attractiveness of
the attraction. However, the presentation of the general geodiversity for a particular
mountainous region indicates those places which are worth studying and analyzing
in more detail in connection with the possible creation of further tourism products in
areas with a high level of geodiversity, since natural conditions are conducive to
this.

6.2 What can be offered for areas that lack geosites but at the
same time have a high level of geodiversity, and how can
the tourism potential of such areas be improved?

Despite the high geodiversity of Stiavnické vrchy, the northern, eastern, wes-
tern, and southwestern parts of the mountain range are characterized by the absence
or small number of geosites, even though natural conditions are attractive for their
creation. In our opinion, these geosites can be created artificially, which requires
practical, administrative, and financial efforts; however, ultimately, all these efforts
will be justified, as they will ensure sustainable environmental development and
economic prosperity of the region by increasing the tourist attractiveness of such ter-
ritories.

Given the primacy of forests as Stiavnické vrchy's principal natural resource,
a suitable approach for the identified areas would be the establishment of forestry
arboretums. These would emulate the example of Arborétum Kysihybel, situated on
the eastern periphery of Banska Stiavnica (Lesnicke arborétum Kysihybel, 2022).
These arboretums could cultivate uncommon forest species, introduce tree varieties
suited to various climates, facilitate landscape design, and provide educational
hiking trails, amongst other potential features. Another feasible avenue is the deve-
lopment of varied museums tailored to the particular historical, cultural, and natural
characteristics of these areas (Kim et al., 2020). Gastronomic tourism also offers po-
tential, involving the establishment of cafes and restaurants offering Slovak and
international fare, inclusive of regional specialities (Cunha, 2018). Furthermore, the
forested zones in Stiavnicé vrchy's southern region are interspersed with small val-
leys, which could be utilized for equestrian activities (Helgadottir and Sigurdardot-
tir, 2008).

The expanded development of tourism in these locales hinges on the improve-
ment of existing tourist trails, encompassing clearing, leveling, and general upkeep.
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Currently, these trails are in a less-than-ideal condition. The proposed enhancements
should encompass forest walks, recreational opportunities near water sources and
within the forest, skiing and cycling tourism, sporting events (including cross-coun-
try competitions and triathlons), forest and sporting orienteering, the creation of
ecpeulo-trails, and guided experiences showcasing the natural, historical, and cul-
tural heritage of the forests (Font and Tribe, 2000). Additionally, the promotion of
direct observation and familiarization with both fauna and flora within their natural
environment is desirable. However, these initiatives present significant economic
and labor demands, necessitating robust support from state bodies or through tour-
ism development initiatives funded by various European Union programs.

7 CONCLUSION

The comprehensive exploration and discourse concerning geodiversity, along-

side its suitability for geotourism, have led to these key findings:

— the geodiversity map showcased within the publication represents a further re-
finement of the map algebra methodology initially introduced by Zwolinski
(2009);

— when compiling the Stiavnické vrchy geodiversity map, morphometric relief
indicators, a geomorphon map, a geological map, a landcover map, and a soil
quality map were taken into account;

— the analysis of the geodiversity of the Stiavnické vrchy mountain range is the
first step in identifying areas requiring a more detailed analysis of geotourism
potential;

— the geodiversity index is high (57.7%), indicating that most geosites are found
in areas with this index. However, many geodiverse regions, particularly in
Stiavnické vrchy, lack significant geosites. This shows that geosites and their
attractiveness do not always align with high geodiversity, as man-made ob-
jects can also influence tourism appeal;

— the study on geodiversity in the Stiavnické vrchy area yielded a map indica-
ting the region's diversity, but the quality of the soil analysis raised debate.
The study identified high and low geodiversity areas with minimal errors,
suggesting that attractiveness doesn't always align with geodiversity;

— despite Stiavnické vrchy's high geodiversity, the northern, eastern, western,
and southwestern mountain ranges lack geosites. Artificial creation could en-
hance environmental development and economic prosperity by establishing
forests, arboretums, museums, gastronomic tourism, and equestrian activities,
requiring practical, administrative, and financial efforts;

— the expansion of tourism in these areas requires improving existing tourist
trails, including clearing, leveling, and maintenance. Enhancements should in-
clude forest walks, recreational opportunities, skiing, cycling, sporting events,
eco-trails, guided experiences, and promoting direct observation of fauna and
flora. However, these initiatives require substantial economic and labor sup-
port.
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Hodnotenie geodiverzity ako po€iatocny krok pri identifikacii oblasti
s geoturistickym potencialom na priklade Stiavnickych vrchov na
Slovensku

Resumé

Clanok sa zaobera geodiverzitou pohoria Stiavnické vrchy a analyzuje priestorové
rozmiestnenie geolokalit (geosites) a ich geoturisticky potencial. Autori vychadzaju
z konceptu geodiverzity ako variability hornin, reliéfu, vod, pod a dalsich abiotic-
kych prvkov krajiny a zarovenl nadvdzuju na pojmy geoheritage a geoturizmus,
ktoré spajaju prirodné dedi¢stvo s jeho spolo¢enskym, kultirnym a ekonomickym
vyuzitim. Cielom ¢lanku je pomocou metédy Zwolinského (2009) vytvorit’ synte-
tickd mapu geodiverzity Stiavnickych vrchov a porovnat’ ju s polohou a turistickou
atraktivitou geolokalit ako prvy krok k identifikacii uzemi s vysokym geoturistic-
kym potencialom.

Studovana oblast’ predstavuje neogénne stratovulkanne pohorie v ramci Slovenské-
ho stredohoria, s vyraznou vnutornou morfologickou a geologickou ¢lenitostou
a silne formovanou banskohistorickou krajinou okolo Banskej Stiavnice. Autori vy-
uzivaju oficialne geomorfologické ¢lenenie podl'a Mazira a kol. (1986). Geologic-
ky vyvoj je spojeny s rozsiahlym stratovulkanom, andezitovymi pradmi, pyroklasti-
kami, intriziami, hydrotermalnymi zénami a dlhodobou tazbou polymetalickych
rud. Ddlezitu tlohu v krajine zohrdva aj systém tajchov a bohaté kultarne dedic-
stvo, ktoré vytvara priaznivé predpoklady pre geoturizmus.

Metodika geodiverzitného hodnotenia je zalozena na analyze piatich zloziek: kom-
plexného morfometrického indexu (nadmorska vyska, sklon, horizontdlna a verti-
kélna ¢lenitost), relié¢fovej diverzity odvodeného pomocou geomorfonov, geologic-
kej diverzity, diverzity krajinnej pokryvky a diverzity pod. Vychodiskom je digital-
ny model reliéfu s rozliSenim 10 m, pricom uzemie je rozdelené na siet’ Stvorcov
100 x 100 m; kazdému Stvorcu sa prirad'uju hodnoty z jednotlivych vrstiev a vy-
sledny index geodiverzity je priemerom piatich normalizovanych indexov. Hodnoty
st rozdelené do piatich tried od vel'mi nizkej po vel'mi vysoku geodiverzitu.
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Stbezne je spracovana databaza geolokalit na zaklade odbornej a turisticke;j litera-
tary a geologickych sprievodcov, doplnena terénnym mapovanim a presnym geore-
ferencovanim. Kazdy geosite je hodnoteny podl'a Siestich kategorii (vedecka, este-
ticka, kultarno-historicka, ekologicka, socio-ekonomicka, bezpecnost a dostup-
nost’), pricom jednotlivé kritéria sit bodované v intervale 0 — 1. Z kategorii sa pocita
synteticky index turistickej atraktivity a geosites su zaradené do troch tried: nizka,
strednd a vysoka atraktivita. Nasledne sa tento bodovy stubor prekryva so syntetic-
kou mapou geodiverzity a Statisticky sa vyhodnocuju vztahy podla geomorfologic-
kych podcelkov.

Vysledky ukazuju, Ze priblizne dve tretiny Gizemia Stiavnickych vrchov maja vyso-
ka az vel'mi vysoku geodiverzitu, dominantna je trieda ,,vysoka“ (57,7 % plochy).
Najvyssie hodnoty sa koncentruji v oblastiach Sitna, Hodrusskej vrchoviny a Ska-
lky, zatial’ o nizSie indexy charakterizuju kotliny, brazdy a akumula¢né zény. Roz-
lozenie geolokalit do istej miery kopiruje tieto vzorce — véc¢Sina geosites sa nacha-
dza v oblastiach s vysokou geodiverzitou bez ohl'adu na mieru ich turistickej atrak-
tivity. Zaroven vsak existuju tizemia s vysokou geodiverzitou, kde geolokality chy-
baju alebo su pritomné len ojedinele, najméd v severnych, vychodnych, juznych
a juhozapadnych &astiach pohoria. Naopak, v Stiavnickej brazde sa viacero geolo-
kalit viaze na antropogénne a kultirne prvky v prostredi nizSej prirodnej geodiver-
zity.

Diskusia poukazuje na to, ze geodiverzita je vhodnym ,,zédkladnym filtrom* na
identifikaciu uzemi, kde ma zmysel podrobnejsie analyzovat’ geoturisticky poten-
cial, ale neexistuje jednoducha linearna vézba medzi geodiverzitou a atraktivitou
geosites. Dolezita Ulohu zohravaju aj antropogénne prvky, dostupnost, infra-
Struktara a kultirne kontexty. V ¢lanku sa zaroven kriticky reflektuja limity pouzi-
tej metodiky (napr. potencialne prekryvanie informacie z vrstiev pdd a krajinnej po-
kryvky ¢i rovnaké vazenie vSetkych komponentov) a navrhuju, Ze v budicnosti by
bolo mozné uplatnit’ diferencované vahy alebo doplnit’ d’alSie ukazovatele.

V zévere &lanku sa zdoraziuje, Ze synteticka mapa geodiverzity Stiavnickych vr-
chov predstavuje délezity podklad pre planovanie geoturizmu, geoochranarske opa-
trenia a udrzatelné vyuzivanie izemia. Ukazuje nielen jadrové oblasti s vysokou
geodiverzitou a vysokou koncentraciou geolokalit, ktoré si vyzaduju citliva
ochranu, ale aj ,,biele miesta* — geodiverzitou bohaté zony s chybajicou turistickou
ponukou, kde mozno cielene rozvijat' nové geoturistické produkty (napr. lesnicke
arboreta, tematické trasy, malé muiizea ¢i prirode blizke rekreacné aktivity) pri re-
$pektovani principov geoetiky a udrzatelnosti.



	The term “geodiversity” gained traction in scientific circles during the 1990s and swiftly resonated with researchers globally (Serrano and Ruiz-Flaño, 2007; Gray, 2008; Brilha et al., 2018; Zwoliński et al., 2018; Vernham et al., 2023). It is understood differently depending on the context. It may refer to the natural variance of geologic components (rocks, minerals, and fossils), the topography (landforms and processes), and the soil, encompassing their interrelationships, characteristics, and effects on the surrounding natural and cultural aspects (Panizza and Piacente, 2009; Hjort et al., 2015). Alternatively, it can signify the natural variety on Earth's surface, inclusive of geological and geomorphological aspects shaped by both internal and external processes as well as human actions (Thomas, 2012). From an anthropocentric perspective, geodiversity denotes the diversity within the non-living aspects of nature in terms of its value to humans ecologically, economically, socially, and aesthetically (Anougmar et al., 2024). Furthermore, it's used as a component of sustainable development for use holistically to encapsulate the entire array of nature's non-living elements, which form the foundation for biodiversity (Crisp et al., 2023). Together, biodiversity and geodiversity comprise what is termed ecodiversity (Petrişor and Sârbu, 2010).
	Geodiversity is generally regarded as the variability amongst elements of the relief, the lithosphere, the hydrosphere, the pedosphere, and the atmosphere and embodies the interconnectedness between landscapes and humans, including their cultural artifacts (Piacente, 2005). Gray (2019) formulated a definition that provides a highly comprehensive understanding of geodiversity and its importance in geoconservation.
	Within the academic literature, geodiversity is connected to geoheritage as a neutral term to explain the diversity of inanimate nature on the planet, while geoheritage is a value-laden term employed to define the parts of geodiversity selected for the goal of geoconservation (Bétard and Peulvast, 2019).
	Any human endeavor with direct ties to natural heritage should adhere to geoethics, which encompasses the investigation of the principles underlying appropriate human behaviors and practices about the Earth system (de Tarso Castro et al., 2021). Consequently, the concepts of geoheritage and geodiversity must be based on these principles when linked with geotourism. Increasingly, geodiversity serves as the foundation for the evaluation of non-living natural features that serve as geohabitats, which are then used for creating innovative tourist (geotourist) offerings. Often in literature, it constitutes a key part of evaluating geosites (Brilha, 2016).
	As per the authors of this paper, evaluating the geodiversity of a given area might be the starting point for a deeper study of particular parts of mountain ranges and their evaluation for geotouristic purposes. Many quantitative and qualitative evaluation methods for geodiversity have been developed (Zwoliński et al., 2018), presenting numerous opportunities for refining, enhancing, or adjusting them to specific objectives.
	Therefore, this article aims to assess geodiversity in the Štiavnické vrchy using the GIS-based method proposed by Zwoliński (2009) and to compare the resulting synthetic geodiversity map with the spatial distribution and tourist attractiveness of geosites as an initial step in identifying areas with high geotourism potential.
	The authors formulated the following research questions: 1) Will the analysis of the geodiversity of Štiavnické vrchy reliably reflect its geodiversity and identify areas with the greatest geotourism potential for geosites that were explored during field reconnaissance based on tourist and geological guidebooks? 2) What can be offered for areas that lack geosites but at the same time have a high level of geodiversity, and how can the tourism potential of such areas be improved? The authors share the view, as with other scientists (Zwoliński et al., 2018), that geodiversity analysis using GIS can greatly contribute to predicting a holistic and integrated approach for ecosystem and geosystem services that promotes sustainable management of natural systems, generating geotourism products (Newsome and Ladd, 2022) or for the conscious management of protected areas and geoheritage (Crofts et al., 2015; Kaur, 2022).
	2.1 Geodiversity
	Geodiversity has recently seen a surge in attention, evident not just in scientific definitions of the term (Serrano and Ruiz-Flaño, 2007; Brilha et al., 2018; Gray, 2008; Zwoliński et al., 2018; Vernham et al., 2023) but, more importantly, in studies that use it to describe, evaluate, analyze, and assess particular regions (Benito‐Calvo et al., 2009; Carrión-Mero et al., 2022; Albert and Kraja, 2025).
	According to Zwoliński et al. (2018) methods used for describing, analyzing, and assessing geodiversity can be classified based on data source (direct and indirect, following Pellitero et al., 2015) or the method of approach (qualitative, quanti-tative, and qualitative–quantitative).
	Qualitative methods are fundamentally based on the knowledge and experience of a researcher, typically an expert, or a group of experts (Zwoliński et al., 2018). Qualitative approaches utilize graphical representations, maps, and diagrams etc. (Ferrando et al., 2021; Najwer et al., 2022). Expert evaluations are supported by extensive literature reviews or by considerations of material goods and the benefits resulting from commercial activities within the described area. These methods are limited by their reduced objectivity (Zwoliński et al., 2018) and the challenges of application in different geographical areas.
	Quantitative techniques rely on basic algorithms, measurements, calculations, and GIS analyses, potentially followed by additional calculations and statistical analyses (Forte et al., 2018).
	The assessment of geodiversity is achieved via the analysis of indices (Micić Ponjiger et al., 2021) or map algebra (Pardo-Igúzquiza and Dowd, 2021), often incorporating a scoring method (Zwoliński et al., 2018).
	Qualitative-quantitative methodologies represent, according to Zwoliński et al. (2018), the optimal approach for geodiversity assessment. This enables a more comprehensive – but still accessible – evaluation of geodiversity, incorporating elements from the analysis and preliminary assessment of its components, such as evaluating rock types and their ages through expert opinion (Benito-Calvo et al., 2009; Forte et al., 2018; Wolniewicz, 2021) or expert evaluations of aesthetic, scientific, and educational value, etc. (Zwoliński, 2009, 2018; Najwer et al., 2022). The combined methods typically culminate in a summary geodiversity map, often generated using digital summation techniques of map algebra (Benito-Calvo et al., 2009; Zwoliński, 2009, 2018; Najwer et al., 2022; Chrobak et al., 2021). The utilization of map algebra for data manipulation is becoming increasingly common in geodiversity assessment (Zwoliński, 2009, 2018; Chrobak et al., 2021; Micić Ponjiger et al., 2021; Najwer et al., 2022), establishing itself as a standard method worldwide. This research employs the same method.
	2.2 Geoheritage and geotourism
	While geodiversity provides the physical template of the abiotic environment, the concept of geoheritage emphasises those elements of geodiversity that possess particular scientific, educational, aesthetic, cultural or economic significance. Geoheritage is typically expressed through geosites – selected geological, geomorphological, hydrological and pedological features or landscapes that are recognised, interpreted and often protected for their value (Gray, 2019; Wolniewicz, 2021; Kaur, 2022). In this sense, geoheritage constitutes a bridge between geodiversity and geoconservation and underpins strategies for the sustainable use of abiotic nature (Dowling and Newsome, 2010; Newsome and Dowling, 2010; Farsani et al., 2011; Hose, 2012; Ólafsdóttir and Dowling, 2014; Hose, 2016; Dowling and Newsome, 2018; Ólafsdóttir and Tverijonaite, 2018).
	Geotourism represents one of the main forms of such use. Most definitions understand geotourism as tourism that focuses on geology, geomorphology and landscape, promotes their understanding through interpretation and education, and simultaneously supports geoconservation and local development (Newsome and Ladd, 2022; de Tarso Castro et al., 2023). In practice, geotourism products are concentrated in and around geosites and geoparks, where the abiotic environment is combined with cultural and ecological values and embedded in attractive narratives.
	Consequently, numerous authors have proposed methods for qualitative and quantitative evaluation of geosites and geomorphosites with respect to their scien-tific, educational, aesthetic and tourist importance (Piacente, 2005; Pralong, 2005; Pereira et al., 2007; Kubalíková, 2013; de Tarso Castro et al., 2023). These approaches typically distinguish between intrinsic (scientific, educational) and use-related (tourist, economic, accessibility, safety) criteria and lead to a synthetic score of the overall value or attractiveness of a site. Recent studies stress the need to embed such evaluations into a broader spatial context defined by geodiversity patterns and landscape structure (Hjort et al., 2015; Ferrando et al., 2021; Vernham et al., 2023).
	In Central Europe and particularly in Slovakia, the assessment of geodiversity, geoheritage and geotourism has developed rapidly in the last two decades. Štrba et al. (2015) applied complex criteria to evaluate the geotourism potential of Slovak show caves, illustrating the importance of combining scientific value, accessibility and visitor experience. Konečný and Pachinger (2023) provided a detailed inventory and classification of geotopes in the Banská Štiavnica region, demonstrating the diversity of geosites and their potential for geotourism development at the local and regional scale.
	Building on this literature, the present study adopts a geodiversity-first perspective. The geodiversity of the Štiavnické vrchy is quantified using a GIS-based index, and the resulting synthetic map is compared with the spatial distribution and tourist assessment of geosites. In this framework, geodiversity is treated as a neutral physical background, whereas geosites and their attractiveness represent the most visible manifestation of geoheritage and geotourism potential in the study area.
	The Štiavnické vrchy (Štiavnica Mountains) form a Neogene volcanic range in central–southern Slovakia belonging to the Inner Western Carpathians and the geomorphological system of the Slovenské stredohorie (Slovak Central Volcanic Range) (Mazúr et al., 1986). The mountains are situated between the Hron and Ipeľ rivers and are surrounded by adjacent basins and highlands that frame the volcanic edifice. The central part of the range is occupied by the historic mining town of Banská Štiavnica and its surroundings, which represent one of the most important mining landscapes in Slovakia and strongly influence the cultural and touristic profile of the area (Kollár and Lacika, 2004).
	According to the national geomorphological classification (Mazúr et al., 1986), the Štiavnické vrchy constitute a distinct geomorphological unit subdivided into four subunits (podcelky). The Sitnianska vrchovina subunit comprises the parts Sitno, Sitnianske predhorie, Štiavnická brázda and Prenčovská kotlina. The Hodrušská vrchovina subunit includes Vyhnianska brázda, Breznické podolie and Slovenská brána. Skalka and Kozmálovské vŕšky represent separate subunits of the mountain range. This hierarchical structure provides a consistent framework for the interpretation of geodiversity patterns and for the statistical summarisation of the results presented in this paper.
	From a geological perspective, the Štiavnické vrchy represent the remnants of a large composite stratovolcano composed predominantly of andesitic lavas, pyroclastic deposits and volcaniclastic sediments of Neogene age (Konečný and Pachinger, 2023). Intensive hydrothermal activity, caldera collapse and subsequent erosion have produced a wide variety of volcanic landforms and rock types, including lava domes, intrusive bodies, collapse structures and extensive zones of hydrothermally altered rocks. The long-lasting exploitation of polymetallic ore deposits has left a dense network of underground workings and surface mining relics that significantly contribute to the geoheritage of the region (Mazúr et al., 1986) (Figure 1).
	The highest part of the Štiavnické vrchy is Sitnianska vrchovina with the highest peak Sitno (1009 m), which protrudes impressively above the outskirts of the mountain range and from which magnificent distances are visible. Among the most attractive peaks of the Štiavnické vrchy, it is necessary to note Kalvária (726 m), Paradajs (939 m), Malý Tanád (860 m), Tanád (939 m), Glanzenberg (793 m), Zlatý vrch (850 m), and Banský vrch (865 m).
	Figure 1 Location of Štiavnické vrchy on the territory of Slovakia (A) and their geomorphological zoning (B). Source: elaborated by authors
	The most interesting geological objects are presented by lava flow with columnar jointing, bottom stratovolcanic structure Štangarígeľ, dyke of quartz-diorite porphyry Jergištôlňa, rock cliffs of amphibole-pyroxene andesite-biotite, upper structure of the Štiavnica Stratovolcano, andesite flow of the bottom stratovolcanic structure Suchá Voznica, travertine mounds Sklené Teplice, travertine mound Vyhne, basalt scoria cone the Pútikov Vŕšok Volcano, Kamenné more in Vyhne.
	However, Štiavnické vrchy is rich not only in geological and geomorphological monuments. Here are the cleanest, freshest lakes called tajchy. Tajchy are artificial water reservoirs in the Štiavnické vrchy. Most of them were built to provide energy for the silver mines of Banská Štiavnica in the 18th century. At their height, tajchy comprised a sophisticated system of 60 reservoirs, connected by more than 100 km of channels and tunnels. 24 artificial lakes still exist and serve recreational purposes. Because of their historical value, tajchy was proclaimed by UNESCO to be a World Heritage Site on 11 December 1993, together with the city of Banská Štiavnica and technical historical monuments in its surroundings. Among the most touristically attractive and large tajches we can highlight jazero Počúvadlo, Veľká Richňavská nádrž, Kolpašsky tajch in Banský Studenec, Hodrušky dolny tajch in Hodruša-Hamre, Veľký Vindšachtský tajch in Štiavnické Bane, Rozgrund tajch in Banská Štiavnica, Bakomi tajch in Štiavnické Bane, Beliansky tajch in Banská Belá. Hot springs and the unique Parenica cave are located in the resort village of Sklené Teplice, which is used for medicinal and recreational purposes (Kelemen, 1986).
	Among the attractive archaeological and architectural sites of Štiavnické vrchy it is worth highlighting námestie Svätej trojice, Starý and Nový zámok, Kalvária in Banská Štiavnica, hrad Glanzenberg, Žakýlsky hrad, Breznica hrad, kostol svätej Kataríny, hrad Marcus, hrad Sitno, kaštieľ Svätý Anton, Šášovský hrad.
	As you can see, Štiavnické vrchy has significant tourist diversity. Every tourist can find something that will be interesting or useful for them. However, tourism resources in Štiavnické vrchy are unevenly distributed, and there are sites on their territory that today have low tourist attractiveness or even their complete absence. However, the absence of geosites in certain areas does not necessarily mean that there is no geodiversity. In this study, we will examine whether there is a correlation between the presence of geosites and the extent of geodiversity in these areas.
	4 METHODOLOGY
	4.1 Geodiversity assessment
	The methodological framework for constructing a synthetic geodiversity map of the Štiavnické vrchy was initially inspired by Zwoliński's (2009) work, which the author then adapted. The key changes involved: 1) employing squares as the fundamental analytical units; 2) integrating geomorphons as components of relief types; 3) defining four to five classes within each of the six component maps, aligning with optimal utilization of the geodiversity map for geotourism.
	A digital elevation model (DEM) acquired from the Bratislava Geodetic and Cartographic Institute's website, boasting a spatial resolution of 10 meters and utili-zing the S-JTSK_Krovak_East_North coordinate system, served as the foundation for producing both a map of intricate morphometric indicators and a geomorphons map.
	The creation of the geological map, land cover map, and soil quality map relied on the online atlas of landscapes of the Slovak Republic, accessible through the environmental portal of the Ministry of the Environment of the Slovak Republic. The Štiavnické vrchy area was then divided into a grid of 100-meter squares (a vector grid was generated using a command in ArcGIS ArcMap 10.0), and the respective values from the individual maps were subsequently allocated to each polygon or its raster equivalent (raster maps with a 10-meter resolution).
	To derive the most objective representation of terrain forms from the digital terrain model, geomorphons (Stepinski and Jasiewicz, 2011; Jasiewicz and Stepinski, 2013) were employed. This tool facilitated the automatic and continuous segmentation of the entire area into regions that are virtually homogeneous in terms of their geomorphological relief form. This homogeneity is a crucial precondition for both quantification and assessment, particularly regarding geodiversity. Conversely, this process produces a somewhat simplified portrayal. A potential limitation is that, in reality, diverse landforms exhibit varying dimensions and significant relief elements for geodiversity considerations, while perhaps numerous, may cover smaller spatial extents. This is relevant to the summit category, where the tool identifies only the immediate vicinity of the peak's inflection point as a summit, with the broader area being classified as a slope category (Jasiewicz and Stepinski, 2013).
	For deriving the most unbiased terrain representations from the digital terrain model, we employed geomorphons (Stepinski and Jasiewicz, 2011; Jasiewicz and Stepinski, 2013). This method facilitated the automatic, continuous segmentation of the entire study region into zones that exhibited near-uniformity in their geomorphological characteristics. Such a division serves as a fundamental requirement for both quantification and assessment, encompassing aspects relevant to geodiversity. However, a certain degree of simplification is inherent in this approach.
	The drawback here lies in the fact that natural landscapes display a range of dimensions for different forms. Also, geodiversity-relevant features, although potentially numerous, can exist within limited spatial extents. A pertinent example involves summit features: the algorithm identifies only the direct vicinity of the peak's inflection point as a summit, relegating surrounding broader areas to the slope classification (Jasiewicz and Stepinski, 2013).
	The suite of analytical maps generated comprised a complex morphometric geodiversity index map, alongside a geological geodiversity map, a soil cover quality diversity map, a relief geodiversity (geomorphons) map, and a land cover geodiversity map. The surface analysis hinges on five principal parameters. While other factors, such as the existence of caves, lakes, and streams, are noted in relevant literature as influencing the geodiversity index, they're typically viewed as integral landscape features, thereby aligning with the main components previously listed. The generation of a composite geodiversity map involved averaging the five uniformly distributed analytical indices from each map, yielding an arithmetic mean for the final geodiversity index. This final index was then evenly distributed across five equally weighted categories, graded to span from “very low geodiversity” to “very high geodiversity” (Figure 2).
	The formula employed for calculating the final geodiversity index can be expressed as:
	Gi = (Mi + GMi + GEOi + Li + Si) / 5
	Here, Gi signifies the geodiversity index, Mi the complex morphometric index, GMi the geomorphons index, GEOi the geological index, Li the land cover index, and Si the soil quality index. A critical point is the even distribution of the compo-site geodiversity index across the five previously described classifications.
	The Štiavnické vrchy geodiversity map was combined with point objects of geosites in the final stage. The Štiavnické vrchy geosite database was created based on information from the guidebook “Štiavnické vrchy – Slovenské stredohorie” by Daniel Kollár (Kollár and Lacika, 2004) and the book “Geotopes of the Banská Štiavnica Geopark”, prepared by the staff of the Dionýz Štúr State Geological Institute (Konečný and Pachinger, 2023). Each geosite was explored during field trips, and the exact location of each geosite was recorded using the “Mapy.cz” software installed on a mobile phone. The GPX files were transformed into point shapefiles and transferred to a map of the study area in ArcGIS ArcMap 10.0 software. Furthermore, during field studies, each geosite was evaluated according to six evaluation categories: scientific, aesthetic, cultural-historical, ecological, socio-economic, and a safety category (Likhacheva and Timofeev, 2002; Pralong, 2005; Pereira et al., 2007; Andreychuk, 2007; Trofimova, 2012; Kubalíková, 2013; Štrba et al., 2015; Zhyrnov, 2015).
	Each category consists of a certain number of evaluation criteria, which, depending on the degree of expression, were assessed with points from 0 to 1, where 0 reflects the complete absence of a certain characteristic, and 1 reflects the most pronounced characteristic of the criterion. The final score for each criterion of a particular category was calculated as the arithmetic mean of the sum of all criteria divided by the number of criteria. It should be noted that the final map of tourist assessment of geosites was supplemented with a diagram of the attractiveness values of each geosite, which was created in the Microsoft Excel program. The final tourist assessment of the geosites of the Štiavnické vrchy area was divided into three cate-gories: for sites with a low attractiveness value, a threshold with values up to 0.50 was recognized, sites of average attractiveness occupied a niche from 0.51 to 0.60, and highly attractive sites were recognized as those that received a rating of 0.61 and higher (Figure 3).
	At the end, a conclusion was made about the spatial distribution of geosites of different levels of attractiveness in areas with different indices of geodiversity.
	4.2 Geosite inventory and tourist assessment
	The spatial distribution and tourist attractiveness of geosites in the Štiavnické vrchy were assessed using a combination of existing geosite inventories and field verification. The starting point was a previously compiled database of geotopes and geosites in the wider Banská Štiavnica region, which includes a broad spectrum of geological, geomorphological, hydrological and mining-related features (e.g. underground workings, open pits, spoil heaps, lava domes, rock outcrops, waterfalls and
	Figure 3 Map of tourist assessment of geosites on the territory of Štiavnické vrchy, (A) diagram of geosites’ tourist assessment, (B) and photos of geosites according to their location (С) on the map (C). Source: elaborated by authors
	anthropogenic landforms associated with water management). The inventory was reviewed and updated using recent publications and cartographic sources, and all sites were checked in the field and georeferenced using GPS.
	For each geosite, a set of criteria describing its value and attractiveness was evaluated based on approaches proposed by earlier authors (Piacente, 2005; Pralong, 2005; Kubalíková, 2013; Štrba et al., 2015; Zhyrnov, 2015; Brilha, 2016). The criteria were grouped into six main categories: (i) scientific value, (ii) aesthetic value, (iii) cultural-historical value, (iv) ecological and environmental value, (v) socio-economic and functional value, and (vi) safety and accessibility. Each criterion was scored on a semi-quantitative scale from 0 to 1, where 0 indicates the absence of the given attribute and 1 represents its maximum expression in the regional context.
	The partial scores for individual criteria were normalised and aggregated within each category to obtain category-specific indices. Subsequently, a synthetic tourist attractiveness index for each geosite was calculated as the arithmetic mean of the six category indices. Following Štrba et al. (2015) and similar studies, threshold values were used to distinguish three levels of attractiveness: low (0.00 – 0.40), medium (0.41 – 0.60) and high (≥ 0.61). In the context of this study, geosites with an overall score of 0.61 or higher are interpreted as highly attractive and particularly relevant for geotourism development. The resulting point layer of geosites with assigned tourist attractiveness indices formed the main input for the comparison with the geodiversity map.
	4.3 Integration of geodiversity and geosites
	To explore the relationship between geodiversity patterns and geotourism potential, the synthetic geodiversity map and the geosite database were integrated within a GIS environment. The geodiversity index raster with a cell size of 10 m was used as a continuous representation of abiotic diversity across the entire Štiavnické vrchy. Each geosite was represented by a point located at the centre of the site or, in the case of more extensive objects, by a representative point capturing the most characteristic part of the geosite.
	First, the geodiversity index value of the raster cell containing each geosite point was extracted. This allowed the direct comparison of the geodiversity level and the tourist attractiveness index at the location of each geosite. In addition, circular neighbourhoods with a radius of several raster cells were used to calculate local sta-tistics (minimum, maximum and mean geodiversity index) around each site, which enabled us to characterise the geodiversity of the immediate surroundings of geosites. The extracted values were subsequently analysed to identify whether highly attractive geosites tend to cluster in areas of medium to very high geodiversity or whether geosites also occur in areas of lower geodiversity.
	Second, the distribution of geodiversity classes and geosites was summarised for the geomorphological subunits of the Štiavnické vrchy as defined by Mazúr et al. (1986). The study area was subdivided into the Sitnianska vrchovina, Hodrušská vrchovina, Skalka and Kozmálovské vŕšky subunits, and, where appropriate, into their constituent parts (Sitno, Sitnianske predhorie, Štiavnická brázda, Prenčovská kotlina, Vyhnianska brázda, Breznické podolie and Slovenská brána). For each subunit, the areal proportion of geodiversity index classes and the number and share of geosites with low, medium and high attractiveness were calculated. This hierarchical framework provides a coherent basis for the interpretation of the results presented in Section 5 and for the discussion of spatial patterns of geodiversity and geotourism potential in Section 6.
	The resultant synthetic geodiversity map is constituted by the integration of the five component maps, which will undergo subsequent analysis.
	5.1 Complex morphometrical index geodiversity map
	The complex morphometric index included the calculation of the average height value, average slope steepness value, horizontal dissection index, and vertical dissection index. All these indices were calculated for each cell with an area of 1 ha. The above indices were calculated largely using the Zonal Statistics tool of the Spatial Analyst analytical panel in the ESRI ArcGIS ArcMap 10.0 software product. All these groups of indices were evenly distributed and classified into five classes from 0 to 1. The higher the value, the higher the values are characteristic of each cell, and the higher the implied geodiversity in the calculation cell. The largest number of cells (29.4%) corresponded to the average value of “0.5” of the complex morphometric index, followed by the categories of 0.25 (24.3% cells) and 0.75 (21.5%). The cell values for the lowest 0 index (15.9%) and the highest 1 index (8.9%) are relatively small (Figure 4).
	The highest values are typical for the geomorphological regions of Hodrušská hornatina and Sitno, followed by Skalka and Sitnianske predhorie. Lower values are typical for Štiavnická brázda and Vyhnianska brázda, and the ranking is rounded out by Prenčovská kotlina, Kozmálovské vŕšky, Breznické podolie, and Slovenská brána.
	To sum up, analyzing the geodiversity of Štiavnické vrchy based on the map of the complex morphometric indicator of the relief, we can clearly state that in most of the territory, we are dealing with an average and slightly lower and slightly higher degree of variability of the morphometric index (classes 0.5, 0.25 and 0.75). The distribution of the highest index of geodiversity (class 1.0) is associated with the most elevated and dissected mountainous areas, and, in general, the values of the complex morphometric index correlate with altitude.
	5.2 Relief fragmentation geodiversity map
	The basis for this partial analysis was the map of geomorphones, which was built based on the digital elevation model of Štiavnické vrchy in the SAGA GIS 9.6.1 application (Stepinski and Jasiewicz, 2011; Jasiewicz and Stepinski, 2013). The area was divided into 10 basic morphological categories, which were assigned five values of geodiversity (Figure 5).
	Figure 4 Complex morphometrical index geodiversity map of Štiavnické vrchy. Source: elaborated by authors
	Figure 5 Relief fragmentation geodiversity map of Štiavnické vrchy. Source: elaborated by authors
	The largest number of evaluation cells corresponded to the 0.5 “slope/hollow” category (57.8%), followed by the 1 “summit/spur” category (20.9%) and the 0.75 “ridge/valley/shoulder” category (19.0%). The smallest number of evaluation cells was found in the 0 “flat/depression” category (1.5%) and the 0.25 “footslope” cate-gory (0.8%). This trend can be observed for each geomorphological region of the Štiavnické vrchy territory.
	Summing up, analyzing relief geodiversity in the Štiavnické vrchy based on a map of geomorphones, it can be clearly stated that in the majority of the area, there is a medium degree of relief variation (class 0.5). The occurrence of the higher geodiversity classes (1.0 and 0.75) is also relatively important. The lowest classes of geodiversity occur in low-lying basin sites.
	5.3 Geological geodiversity map
	The author proceeded from the consideration that the more mechanically resis-tant rock is to weathering processes, the longer the relief forms composed of such rocks will exist. Thus, the physical and mechanical properties of rocks are included in the assessment classification in the context of geodiversity. The dominant cate-gory of assessment cells for geological geodiversity in Štiavnické vrchy was the value of 0.75 (74.1% cells). The cover deposits here are mainly represented by Mesozoic, Paleozoic, Neovolcanic, and Volcanic deposits in the form of rock formations of various rocks (granodiorites, dolomites, porphyrites, conglomerates, bioti-tes, etc.). All of the above rocks are resistant to abrasion and weathering, which means that landforms composed of such rocks will exist for a very long time. The strength of these rocks is only slightly inferior to that of metamorphic and igneous rocks, which are represented by crystalline schists, quartz, quartzite, gneiss, pyroxenes, and amphiboles. These rocks are characterized by the highest strength characteristics and therefore occupy the highest assessment level of geological diversity 1.0, although the number of such cells in the Štiavnické vrchy area is the smallest and amounts to only 0.5% of cells.
	The second place, by a significant margin, belongs to the Quaternary deposits with a value of 0 (14.5% cells). Quaternary deposits are mainly concentrated in river and stream valleys, accumulation areas, and are often represented by landslide, deluvial-colluvial deposits. In general, the area of mountains covered by Quaternary deposits is relatively small.
	The third and fourth places with classes of 0.25 and 0.5, respectively, according to the index of geological diversity were taken by Pleistocene, Neogene, Paleogene deposits, which are represented by sedimentary rocks such as loams, sands, sandstones, lignites, conglomerates and limestones (6.9% and 4.0% assessment cells, respec-tively). These rocks are confined to the zones of distribution of Quaternary deposits.
	Summarising and analyzing the geological diversity in Štiavnické vrchy, it can be clearly stated that the majority of the territory is characterized by a high degree of geological diversity (class 0.75), however, a small part of the territory in the accumulation zones and river valleys is confined to Quaternary, Pleistocene, Neogene and Paleogene deposits (classes 0, 0.25 and 0.5). The highest class of geodiversity (1.0) is found within the Hodrušská hornatina geomorphological region and is represented by rocks with crystalline structural lattices, but this class is the smallest in terms of area of distribution (Figure 6).
	Figure 6 Geological geodiversity map of Štiavnické vrchy. Source: elaborated by authors
	5.4 Land cover geodiversity map
	The land cover of Štiavnické vrchy is such that no elements correspond to the highest value of 1.0; there are only 4 categories from 0 to 0.75. The highest value of 0.75 was assigned to the land cover that maximally exposes rocks; these included glades with sparse vegetation, meadows and pastures, shrubs and natural grasslands, and water objects. The total number of evaluation cells for this indicator was 9.7% (Figure 7).
	The largest number of assessment cells was assigned to the average class 0.5 (69.5%) – these are areas covered mainly by forests, which is not surprising since the average altitudes of Štiavnické vrchy correspond to lower and upper mountain forests. This category includes broadleaf forest and mixed forest. This land cover category is by far the most dominant in the study area.
	The smallest categories were industrial, commercial, and transport zones, resi-dential development, landfill, and construction areas, with a value of 0 (2.3% evaluation cells). The land cover features in the form of construction areas are most pronounced in the most heavily urbanized geomorphological region of Štiavnická brázda; there are no other features in the distribution of land cover by geomorphological regions of Štiavnické vrchy.
	Figure 7 Landcover geodiversity map of Štiavnické vrchy. Source: elaborated by authors
	The second largest land cover type (classified as 0.25) is arable land areas of resident vegetation, heterogeneous agricultural areas, which lags far behind the do-minant 0.5 class, with only 18.5% assessment cells.
	In conclusion, analyzing the geodiversity of the land cover of Štiavnické vrchy based on the atlas of landscapes of the Slovak Republic, it can be clearly stated that in most of the territory, there is a low degree of differentiation of the land cover (class 0.5 is the most pronounced and dominant). The highest elevations contain areas with the highest geodiversity (class 0.75), but their area is small and they are geographically dispersed throughout the Štiavnické vrchy. The lowest class of geodiversity is observed within the larger cities, especially within the urban agglomeration of Banská Štiavnica.
	5.5 Soils geodiversity map
	The soil geodiversity map is based on the principle that the most diverse landscapes and natural vegetation can arise in areas with non-agricultural soils.
	Analyzing the soil quality map of Štiavnické vrchy, it can be concluded that the most common class of soils is non-agricultural soils, which corresponds to the highest value of 0.75 (67.1% cells, respectively). This fact is because the territory under study is mountainous, for which agricultural activity is not typical and for which agricultural soils are not characteristic. This is also the main reason due to the small distribution of low-, medium-, and high-quality soils.
	The second most common type of soil is low-quality soil, which corresponds to class 0.5 (20.1% cells). They are followed by medium-quality soil (class 0.25, 10.2% cells) and high-quality soil (class 0, 2.6% cells), which are even less common.
	When speaking about spatial distribution, it is worth noting that such geomorphological regions as Štiavnická brázda, Prenčovská kotlina, Kozmálovské vŕšky, Vyhnianska brázda, Breznické podolie, and Slovenská brána have in their structure a greater number of low-, medium-, and high-quality soils, which, as a result, provide lower geodiversity. Medium- and high-quality agricultural soils are located in the Hron River valley on the southwestern outskirts and the flattest areas of Štiavnické vrchy. The geomorphological region of Štiavnická brázda has a high rate of low-quality soils (Figure 8).
	Figure 8 Soil geodiversity map of Štiavnické vrchy. Source: elaborated by authors
	5.6 Synthetic geodiversity map and location of geosites with different levels of attraction
	The synthetic geodiversity map was created from a combination of the five component maps described above, for which all component values were equally weighted and distributed evenly within each indicator. By summing the individual elements with equal weights and dividing them by the number of assessment cate-gories, the final geodiversity index was determined, and a synthetic geodiversity map was created. The values themselves from zero to one, where zero represents areas with the lowest geodiversity and one represents areas with the highest geodiversity, were evenly distributed, and the following geodiversity indices were obtained: 0 (very low geodiversity): 0 – 0.10; 0.25 (low geodiversity): 0.11 – 0.20; 0.5 (medium geodiversity): 0.21 – 0.30; 0.75 (high geodiversity): 0.31 – 0.40; and 1 (very high geodiversity): 0.41 – 0.50 (Figure 9).
	Figure 9 Synthetic geodiversity map and location of geosites with different levels of attraction. Source: elaborated by authors
	Analyzing the geodiversity map, we can conclude that Štiavnické vrchy as a whole belongs to a geomorphological region with a high and medium level of geodiversity. However, still high values are dominant in the region (57.7% estimated cells of class 0.75). Grade 0.5 ranks second, corresponding to sites with a medium level of geodiversity (23.5% cells). A significant downward gap is class 0.25, which corresponds to sites with low geodiversity (10.2% cells). This is followed by the highest geodiversity value of 1, corresponding to 7.9% estimated cells. The final class is 0, corresponding to sites with very low geodiversity (0.7%). The total percentage of high and very high geodiversity in Štiavnické vrchy was around 65%, while areas with low and very low geodiversity scored only 11%.
	The geomorphological areas with the highest geodiversity index are Sitno and Hodrušská hornatina, followed by the geomorphological area Skalka. The geomorphological areas Sitnianske predhorie, Štiavnická brázda, and Vyhnianska brázda have more average values. Geomorphological areas with relatively low geodiversity are represented by Prenčovská kotlina, Kozmálovské vŕšky, Breznické podolie, and Slovenská brána.
	The above analysis is undoubtedly most heavily influenced by a diversity of relief, values of the complex morphometric index (especially values of relative heights), and geological structure. The results of these analyses confirm the assumption of the author that values of geodiversity will be highest in areas with the highest elevations and lowest in river valleys and interridge basins.
	One indicator of the geotourism potential of the study area is the number of geosites found and described in the area. In general, the presence of geosites coincides with areas of medium, high, and very high geodiversity, especially in the geomorphological areas of Sitno, Hodrušská hornatina, and Skalka. An interesting feature is that, for example, in the Štiavnická brázda area, which is so rich in various geosites, the geosites themselves are often confined to areas of low geodiversity. This is primarily because here a large number of geosites are located in the main city of Štiavnické vrchy Banská Štiavnica and are represented by man-made geoheritage and tourism sites. It should also be noted that there is no clear relationship between areas of high geodiversity and high attractiveness of geosites, as medium and high attractiveness geosites can be both confined to such areas and located in areas of low geodiversity, as can be seen in the geomorphological areas of Štiavnická brázda, Vyhnianska brázda, and Slovenská brána.
	A synthetic geodiversity map allows a comprehensive assessment of the geodiversity of the study area. This map can also serve as a starting point for designating areas of exceptional natural value and then for selecting specific sites that could re-present a tourist attraction or geosites. However, until now, geodiversity assessment (surface) and geosites assessment (point) have not been analyzed together. Geosites have been assessed using other assessment methods related to the assessment of a specific site rather than the whole area (Mucivuna et al., 2019). In general, in Štiavnické vrchy, areas of high or medium geodiversity coincide with the presence of geosites of varying degrees of attractiveness. However, in some places, the lack of correlation between these variables does not mean that in places with low geodiversity, there are no interesting places that could become geosites.
	From the above analysis, the geotourism potential can be characterized as high (57.7% of the total area) and medium (23.5%), but if we take into account individual areas of Štiavnické vrchy, there are areas with very high geotourism potential and very high geodiversity, a large number of geosites (e.g., Hodrušská hornatina, Sit- nianske predhorie, Sitno, Skalka). These areas are currently among the most popular tourist destinations and require special protection. Weathering processes do not have the best effect on the condition of some attractive landforms, and some attractive areas may have dangerous erosion and gravitational geomorphological processes. The underground waters that have created the picturesque artificial lakes called taj-chy are under anthropogenic pressure; therefore, sustainable development of new geoattractive sites in these areas should be based on the principles of geoethics, as mankind may become much more dependent on these water resources in the future.
	At the same time, the northern, eastern, southern, and south-western parts of Štiavnické vrchy are characterised mainly by high and medium geodiversity, but there are no geosites in these areas, or only a small number of them. Given this circumstance, it is necessary to consider administrative measures that could contribute to improving the tourist potential of these areas and attracting potential tourists.
	At the beginning of this article, we asked some research questions about the geodiversity, tourism potential, and geosites of Štiavnické vrchy. We propose to analyze them and provide adequate answers in this chapter of the article.
	6.1 Will the analysis of the geodiversity of Štiavnické vrchy reliably reflect its geodiversity and identify areas with the greatest geotourism potential for geosites that were explored during field reconnaissance based on tourist and geological guidebooks?
	Taking into account the multi-component analysis of the data used to reflect the level of geodiversity of the Štiavnické vrchy area, we, in general, believe that the final result in the form of a geodiversity index map is convincing and adequately reflects the picture of the geodiversity of the mountain range. A controversial point, in our opinion, is the analysis of the geodiversity of the quality of the soil, since the analysis of the landcover geodiversity partially takes into account the information on the relationship between the type of soil and the land cover of the studied area. When assessing the geodiversity of the territories, some researchers also resort to the analysis of such parameters as the presence of caves, lakes, watercourses (Zwolinski and Stachowiak, 2012), which also affect the geodiversity index, but are in some way a component of the relief and, therefore, one of the main components analyzed in the Relief fragmentation geodiversity map. Also, some researchers (Ferrando et al., 2021; Chrobak et al., 2021) assign different analytical weights to certain parameters under study, thereby assigning more dominant factors for diversity assessment based on expert knowledge. However, we believe that the methodology described in the current article also quite clearly identified the most and least geodiverse areas of the studied mountain range, and the coefficient of possible error of the geodiversity index is insignificant and corresponds to the real picture of the geodiversity of Štiavnické vrchy. However, when comparing geodiversity areas with the location of geosites of different levels of attractiveness, certain comments arise. On the one hand, it is obvious that since the dominant value of the geodiversity index is “high” (57.7%), the distribution of geosites will mainly correspond to areas with the specified geodiversity index, regardless of the attractiveness of the geosite (66.7% of low-attractiveness geosites, 64% of medium-attractiveness geosites, and 69.2% of highly attractive geosites are located in areas with a high geodiversity index). On the other hand, we see that large areas in the north, east, south, and southwest of Štiavnické vrchy are represented by fairly geodiverse areas, but geosites in these areas are absent or present in insignificant quantities. This suggests that geosites will not always be located in areas with a high level of geodiversity, and the level of attractiveness of a geosite will not always correspond to high rates of geodiversity, since the geosite itself can be represented by a man-made object, especially within settlements, and natural diversity may in no way affect the tourist attractiveness of the attraction. However, the presentation of the general geodiversity for a particular mountainous region indicates those places which are worth studying and analyzing in more detail in connection with the possible creation of further tourism products in areas with a high level of geodiversity, since natural conditions are conducive to this.
	6.2 What can be offered for areas that lack geosites but at the same time have a high level of geodiversity, and how can the tourism potential of such areas be improved?
	Despite the high geodiversity of Štiavnické vrchy, the northern, eastern, wes-tern, and southwestern parts of the mountain range are characterized by the absence or small number of geosites, even though natural conditions are attractive for their creation. In our opinion, these geosites can be created artificially, which requires practical, administrative, and financial efforts; however, ultimately, all these efforts will be justified, as they will ensure sustainable environmental development and economic prosperity of the region by increasing the tourist attractiveness of such territories.
	Given the primacy of forests as Štiavnické vrchy's principal natural resource, a suitable approach for the identified areas would be the establishment of forestry  arboretums. These would emulate the example of Arborétum Kysihýbeľ, situated on the eastern periphery of Banská Štiavnica (Lesnícke arborétum Kysihýbeľ, 2022). These arboretums could cultivate uncommon forest species, introduce tree varieties suited to various climates, facilitate landscape design, and provide educational     hiking trails, amongst other potential features. Another feasible avenue is the deve-lopment of varied museums tailored to the particular historical, cultural, and natural characteristics of these areas (Kim et al., 2020). Gastronomic tourism also offers potential, involving the establishment of cafes and restaurants offering Slovak and     international fare, inclusive of regional specialities (Cunha, 2018). Furthermore, the forested zones in Štiavnicé vrchy's southern region are interspersed with small valleys, which could be utilized for equestrian activities (Helgadóttir and Sigurðardóttir, 2008).
	The expanded development of tourism in these locales hinges on the improvement of existing tourist trails, encompassing clearing, leveling, and general upkeep. Currently, these trails are in a less-than-ideal condition. The proposed enhancements should encompass forest walks, recreational opportunities near water sources and within the forest, skiing and cycling tourism, sporting events (including cross-country competitions and triathlons), forest and sporting orienteering, the creation of ecpeulo-trails, and guided experiences showcasing the natural, historical, and cultural heritage of the forests (Font and Tribe, 2000). Additionally, the promotion of direct observation and familiarization with both fauna and flora within their natural environment is desirable. However, these initiatives present significant economic and labor demands, necessitating robust support from state bodies or through tourism development initiatives funded by various European Union programs.
	The comprehensive exploration and discourse concerning geodiversity, alongside its suitability for geotourism, have led to these key findings:
	– the geodiversity map showcased within the publication represents a further refinement of the map algebra methodology initially introduced by Zwoliński (2009);
	– when compiling the Štiavnické vrchy geodiversity map, morphometric relief indicators, a geomorphon map, a geological map, a landcover map, and a soil quality map were taken into account;
	– the analysis of the geodiversity of the Štiavnické vrchy mountain range is the first step in identifying areas requiring a more detailed analysis of geotourism potential;
	– the geodiversity index is high (57.7%), indicating that most geosites are found in areas with this index. However, many geodiverse regions, particularly in Štiavnické vrchy, lack significant geosites. This shows that geosites and their attractiveness do not always align with high geodiversity, as man-made objects can also influence tourism appeal;
	– the study on geodiversity in the Štiavnické vrchy area yielded a map indica-ting the region's diversity, but the quality of the soil analysis raised debate. The study identified high and low geodiversity areas with minimal errors, suggesting that attractiveness doesn't always align with geodiversity;
	– despite Štiavnické vrchy's high geodiversity, the northern, eastern, western, and southwestern mountain ranges lack geosites. Artificial creation could enhance environmental development and economic prosperity by establishing forests, arboretums, museums, gastronomic tourism, and equestrian activities, requiring practical, administrative, and financial efforts;
	– the expansion of tourism in these areas requires improving existing tourist trails, including clearing, leveling, and maintenance. Enhancements should include forest walks, recreational opportunities, skiing, cycling, sporting events, eco-trails, guided experiences, and promoting direct observation of fauna and flora. However, these initiatives require substantial economic and labor support.

