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Abstract: Geodiversity, as diversity of the abiotic environment, includes terrain ruggedness (or
roughness), which is one of the essential parts of geodiversity evaluation. The terrain ruggedness
index (R) represents the value of one of the main geodiversity components. The purpose of the study
is to discuss the characteristics of R in the scope of geodiversity, and to show how R differs within two
specific study areas if we study them using a data scale that covers both areas and only site-specific
data. Hence, the main methods include geodiversity element mapping, calculating R based on either
the study area or broader-scale data and discussing the differences that arise. The findings show that
R should not be calculated only within individual study areas if the results among different study
areas are to be compared; rather, it should first be calculated on a larger scale for the whole region in
which we are about to compare the specific study areas. The applied value of these results is that such
data are then suitable for calculating the geodiversity index (G) according to specific methodological
steps and for further analyses.

Keywords: terrain ruggedness; geodiversity; relief diversity; quantitative assessment; mapping; GIS;
abiotic environment; the Postojna Cave System; the Logar Valley; Slovenia

1. Introduction

Geodiversity, as an abiotic range and expression of variability of geomorphologic, geo-
logic, pedologic, hydrologic, topographic and other characteristics of the environment [1-3],
has been a subject of study and development for several decades. Many methods have
emerged regarding how to calculate the geodiversity index (G) [4], which can be either
qualitative [5,6], qualitative-quantitative [7-9] or quantitative [3,10-13]. The latter meth-
ods are based on indices and landscape matrixes that combine different aspects and also
components of the abiotic environment [4]. They sometimes depend on the purpose of the
study [14] or are neutral, and combine the widest range of the abiotic components [15]. Two
widely used methods of geodiversity assessment [4,16]—which have also been modified
for geodiversity evaluation on micro- [17], mid- and large-scale [18] study areas [17,19] or
evaluation purposes [12,20,21]—are the one developed by Pereira et al. [22], which equals
the G value to the sum of geological, geomorphological, paleontological, pedological and
mineral occurrence sub-indices, and the second one by Serrano and Ruiz-Flafio [3], which
divides the multiplication of all geodiversity elements in an area and the terrain ruggedness
index (R) of that area with the value of the natural logarithm of the area. The second
method, which is to be discussed in greater detail in this article, has been extensively used
and applied at various levels—ranging from local [23] to landscape [10] ones—and geo-
graphic environments, for example karst [17,24,25] and even the seabed [19], among others.
Even though extensive attention has been dedicated to the selection of the geodiversity
elements [6], not so many studies discuss the terrain ruggedness (sometimes referred to as
roughness [26,27] or rugosity [11]) and its significance in the formula. Ruggedness, which
is also used in species distribution studies [28], and had been used for valuing biodiversity
prior to geodiversity studies, is used to measure the heterogeneity of the topography, and if

Resources 2022, 11, 22. https:/ /doi.org/10.3390/resources11020022

https:/ /www.mdpi.com/journal /resources


https://doi.org/10.3390/resources11020022
https://doi.org/10.3390/resources11020022
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/resources
https://www.mdpi.com
https://orcid.org/0000-0003-1974-4520
https://doi.org/10.3390/resources11020022
https://www.mdpi.com/journal/resources
https://www.mdpi.com/article/10.3390/resources11020022?type=check_update&version=1

Resources 2022, 11, 22

20f18

its value is larger, it means that the area is more rugged than where the ruggedness values
are lower [29].

The terrain characteristics (i.e., its slopes, orientations and, hence, its convexity and
concavity [28]) form an integral part of scientific exploration and development in biological
studies [30], robotics [31], and other disciplines, as well as when interpreting or valuing
either biotic [32] or abiotic environments [33]. When it comes to the abiotic ones, the
ruggedness of the terrain becomes explicit, since a plethora of studies gives a special place
to the terrain ruggedness when calculating the geodiversity index [11,12,34-36]. Namely,
they most often multiply the sum of other geodiversity components with the value of R [29],
which practically stands for the multiplication of the ruggedness index value and the sum
of all other geodiversity elements (e.g., dolines, alluvial fans, lakes) in a block.

The R index by Riley, DeGloria and Elliot [29] has been used extensively, or it has been
proposed for such systematic use in various species distribution and other biodiversity
studies [37—40]. It has also been used as a way of including the terrain ruggedness into
geodiversity evaluation [3]. It is important because the relief’s ruggedness determines
its diversity [26], and is of paramount relevance when interpreting abiotic landscapes in
highlands [23,41] as well as in lowlands [26]. Terrain ruggedness has to be included when
valuing geodiversity, since the topography affects humidity and sun exposure, as well as
erosion and sedimentation processes [42], which is essential for establishing and interpret-
ing the links of geodiversity with biodiversity [43] and climate diversity [44]. It is important
to reconsider the position of terrain ruggedness also because the characteristics of digital
terrain modeling have evolved in recent decades [45] in order to avoid misinterpretations.
Several geodiversity studies [10,26,42] suggest that further studies of ruggedness in terms
of geodiversity are needed.

When comparing landscapes in terms of biodiversity, they share a certain level of
internal homogeneity [46], which should be taken into account in evaluations and compar-
isons. The importance of methodological standardization has already been addressed in
biodiversity [47,48], which is critical when it comes to ensuring comparability [49]. Even
minor differences in protocols bring different results [48]. If the methods are standard-
ized, site data can be put within larger-scale levels and contexts (a regional, landscape
or global one) [47]. Similarly, such standardization procedures should be carried out in
quantitative geodiversity assessment [16], since geodiversity evaluation has not adopted a
unified approach [4]. Unfortunately, present geodiversity evaluation methods are set only
for the aims of specific studies [16], which makes their data and results incomparable [50].
That brings out the detail and accuracy as it relates to scale [51]: even if geodiversity
assessments are conducted at larger scales and in the same countries (e.g., Brazil [15,22,52]),
their results are incomparable because of the absence of connecting data and a unified
approach. The comparison possibilities are limited, even on a microscale (e.g., on karst
environments [17,23]), if standardized procedures are absent, let alone if the objective is
to compare geodiversity on different scale levels of the same area or state (e.g., of Parana,
Brazil [22,36]). That is why common data and methodological steps should be used at
specific levels (i.e., global, continental, macro-, meso- and microregional to local [53]) that
would cover all the study areas that are potentially to be compared.

Because of these reasons, special attention should be given to what the ruggedness
index results show, as well as how and why they differ at different altitudes and among
different study areas, if the geodiversity studies are to be standardized, which is one of the
main objectives pointed out in the recent studies [54-56]. Henceforth, the main aims of the
article are:

e  To calculate if there are any differences in the results when calculating R with the same
differences between the maximum and minimum values per block at different altitudes;
To compare the values of R in two different microregional study areas within one region;
To propose a possible standardized way of incorporating the ruggedness component
into geodiversity evaluation at different levels.
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The research niche of the R characteristics in the geodiversity evaluations will be
discussed based on the results of using various established geodiversity evaluation methods
and procedures [57], which are based on the studies carried out on a classical karst region
of the surface area of the Postojna Cave System, and of the Alpine Logar Valley Landscape
Park, which underwent glacial and postglacial transformation. Both are situated in Slovenia,
Central Europe.

2. Study Areas

Both study areas (Figure 1), the Logar Valley and the surface above the Postojna Cave
System, are protected, and they were selected because they are typical representatives of
their relief types. They are situated in Slovenia, and serve as a micro-areas of geodiversity
evaluation within a greater region—Slovenia.

(b)

Figure 1. The protected areas of (a) the Logar Valley Landscape Park and of (b) the Postojna Cave

System protected area.

The Logar Valley is an Alpine valley in the Kamnik-Savinja Alps, which was glacially
transformed during the last glaciation [58], and is today one of the key tourist hotspots
mainly for hiking and rural tourism. The lateral and terminal moraines of the Logar paleo-
glacier are located in the upper part of the valley. Due to its limestone bedrock, there are
various smaller caves, springs and shorter creeks that have formed many alluvial fans in
the area. The valley floor is filled with glacial and alluvial deposits [59]. Due to its high
relief energy, there are many screes and boulder areas beneath numerous cirque systems.

The area of the Postojna Cave System is protected as an area of natural value due to its
cave system, as well as its geomorphologic, geologic, hydrologic and biotic characteristics
on the surface. The cave system was formed in an Early Cretaceous limestone geologic
structure and was influenced by the Postojna anticline. The study area is of 3.42 ha in
size [60]. There are numerous caves, dolines, collapse dolines and other typical karst forms
and geosites in the area. The area has a small road network and tourism infrastructure,
which is extensively used by thousands of tourists annually.

3. Materials and Methods
3.1. Calculations of the Ruggedness Index at Different Altitudes

Twenty-six hypothetical blocks were created in the Microsoft Excel environment. In
real-life studies, the selection of a certain digital terrain model (DTM)—as well as often also
other geodiversity components—depends on the available data [16], which is important to
delimit the selection of other geodiversity components. As a hypothetical study, this one is
unrelated to block size. Different altitudes were chosen, ranging between the sea level and
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up to the height of 2600 m. The elevation range within blocks was deliberately the same
so that the calculation would show how the values of R differ with altitude. The method,
developed by Riley, DeGloria and Elliot [29] was adapted into:

R= ’Maxz — Min?2

, M

where R stands for the ruggedness index, Max is the maximum value (i.e., height above the
sea level) and Min is the minimal value per block. The method created by Riley et al. was
used because it is often referred to in geodiversity assessments [17,23,41,50,61].

Since often the R values are multiplied with the number of elements per block when
calculating G [3], we applied the R values of each block to four different scenarios, where
the number of elements per block were ranging from 1 to 4 elements. In this way, we
obtained the results and tried to determine whether R differs with altitude and how, in
combination with varying number of geodiversity elements, it affects the value of G.

3.2. Form and Size of the Blocks

SAGA-GIS software was used for calculating R, and ArcGIS Pro GIS software was
used for all other calculations.

The complete study areas were tessellated with transverse hexagons using the Gen-
erate Tessellation tool that subdivided the area in non-overlapping blocks [62], since this
options is better than using the squares when determining the neighborhood [63]. More-
over, when using hexagons, the distance between the centers of the neighboring blocks is
always the same, and the effect of their border is the smallest among the different geometric
shapes [64]. Such block form has already been used in geodiversity assessment [65], since
the variations of the distances between the blocks edges and their centers are smaller than
with square blocks or equilateral triangles [66]. From the conservation planning point of
view, the usage of hexagons results in less fragmented and more efficient portfolios in
comparison to rectangular units [67].

The size of the blocks was 10,000 m2, which is the same as if we had used a square
block of 100 x 100 m. The reasons for such selection are twofold: the first is that it
enables comparisons with other geodiversity evaluations in Slovenia, which use the same
surface [50], and the second is that such a size shows differences among the blocks with
different numbers of geodiversity components in a way that is neither too fragmented nor
too generalized.

3.3. Calculating Terrain Ruggedness Index

The R index was calculated using a 1 m resolution digital elevation model [68], which
was later transformed using the modified formula (Equation 1). Terrain ruggedness com-
poses and affects the value of the geodiversity index, which can be regarded as the topo-
graphic element.

Firstly, the lowest and the highest altitudes in specific blocks were determined. Then,
both values were used to calculate the ruggedness of the surface [29], using the formula
(Equation (1)) described in Section 3.1.

We used a different approach when calculating the index on a higher level. R was
calculated for the whole of Slovenia because both study areas are located within it, which
makes their results comparable. Different surface processes take place in the areas that
belong to different ruggedness classes. That is one of the reasons why different geodiversity
elements evolve. Because of that, the proposed method is more suitable than the previously
described one.

Using the cubic transformation in ArcGIS Pro, we lessened the resolution of the digital
elevation model [68] for the whole of Slovenia; the transformation from 1 m to 5 m was
conducted in order to shorten the processing time of calculating R. The second step was
calculating R for the whole of Slovenia using SAGA-GIS software and its Terrain Rugged-
ness Index tool. The analysis was carried out for the radius 100 m and for eight directions.
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The index was then classified according to Jenks’s method [69], as this is conducted in the
majority of quantitative geodiversity evaluation studies. The usual classes, into which the
values of the R are classified, are: level, nearly level, slightly rugged, intermediately rugged,
moderately rugged, highly rugged and extremely rugged [29]. In order to simplify these
classes, we classified the values of R into five ruggedness categories: level, nearly level,
intermediately rugged, moderately rugged and highly rugged.

In this way, we calculated the values for every block of cells in the country, which
were then used in further calculations.

3.4. Mapping Geodiversity Elements

A detailed inventorization of the geomorphologic and hydrologic forms in the study ar-
eas was performed using a geomorphologic analytical method [57], and the morphographic
map was created using the national topographic map [70], cave database [71] and Lidar
data [68], as well as extensive field works in the 2019-2020 period. The morphographic
map served as a basis for further spatial analyses.

3.5. Calculating Georichness

Georichness, which is also referred to as total geodiversity, is a sum of the geodiversity
elements per block [72], and it is, as such, an essential part of geodiversity.
The basic numeric method for calculating G is [3]:

EgR

G:m@’

@)
where G represents the geodiversity index, Eg is the number of the geodiversity elements
per unit, R is the ruggedness index and In(S) is the Napierian logarithm of the surface,
which regulates the geodiversity value according to the unit area [11]. The formula is
regarded as a richness index [18]. Using polygonal units of equal size permits omitting the
natural logarithm of the surface area when calculating G:

G =EgR, ®)

where G represents geodiversity index, Eg is the number of the geodiversity elements per
unit and R is the ruggedness index. Such modification has been applied to different study
areas [17,23,24].

Only enumerating and summing different geodiversity types does not represent the
complexity of geodiversity as a whole [54] since the (un)even distribution of the elements
is not included in such a way but only their number per block [73]. That is why further
calculations are regarded as georichness (G;) [72]. Another geodiversity perspective is
‘geoevenness’ (Ge), which remains to be elaborated upon in future research [73].

Since the results in Section 4.1 showed that only multiplying the values of R with
the number of other elements per block results in differences if the block is at high or low
altitudes, it was decided to calculate the number of different ruggedness classes per block.
That procedure outlines the cells with less or more ruggedness classes per block. That is
important because, when there are more ruggedness classes in a block, the occurrence of
other elements is usually higher. The R classes were used as geodiversity elements, and
those classes can be named topographic elements.

Gr - Eg + Et/ (4)

where G; represents the georichness value, Eg is the number of the geodiversity elements
(geomorphologic, hydrologic, etc.) and E; is the number of topographic elements or
ruggedness classes per unit.
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4. Results
4.1. Terrain Ruggedness Index at Different Altitudes

In Table 1, the results of calculating index R at different altitudes and the same height
difference within blocks are presented. The results vary: block A, with its minimum value
at sea level (0 m) and its maximal value 100 m above it, has the R value of 100; block B,
being situated in the area of the same elevation range, but between the altitudes of 400 and
500 m above sea level, has higher R values (300). Block C has even higher altitudes that
vary from 900 to 1000 m above sea level; thus, analogically, R values are even higher. This
simple calculation shows that the R values change with the distance above sea level, even if
the height difference per block remains the same. These results have a great impact on the
G index as well: namely, the ruggedness value is multiplied by the number of the elements
in that block [3], which results in differences among the blocks at different altitudes, even if
they have the same number of geodiversity elements within them.

Table 1. Comparison of R and G indices values for the same block value differences at different
altitudes using Equations (1) and (3).

Block Maximum Value Minimum Value  Difference R Eg G
A 100 0 100 100 2 200
B 500 400 100 300 2 600
C 1000 900 100 45,389 2 87,178

Figure 2 further elaborates on the topic, as it shows the difference among the R values
in relation to the number of geodiversity elements per block. Here, 26 hypothetical blocks
(A-Z) underwent a calculation of G in four different scenarios (i.e., with Eg values varying
from 1 to 4). The results support Gray’s claim [74] that one of the geodiversity hotspots is in
high mountain areas, but the reason for this is numerically in the elevation itself. Whether
the variability of the geodiversity elements is bigger at higher altitudes in comparison
to lower altitudes is a question of further research. The results of the calculations show
that both R and G increase with the altitude, even if the difference in block maximum and
minimum values is the same.

3000

2500
[

2000
3 . R
<
Z 1500 G(Eg=1)
Q
@) —G(Eo = 2)
= 1000

—G(Eg=3)

0 .|I||||||I||I ”””H

ABCDEFGHI JKLMNOPQRSTUVWXYZ
BLOCK NAME

Figure 2. A 100 m interval between minimum and maximum values in A-Z hypothetical blocks
varying from 0 to 2600 m above the sea level.
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4.2. Terrain Ruggedness Index of Different Study Areas within Specific Regions

The theoretical results of Section 4.1 can be illustrated in both of the actual study
areas: the Postojna Cave System protected area is situated at lower altitudes in the classical
karst region of Slovenia, and has much smaller height differences at the same distances in
comparison to the Logar Valley Landscape Park, which is situated in the Alpine region. Due
to that, theoretically, if the R of a block with the same height difference would be calculated
in both areas, the result would be higher in the Logar Valley because of its higher altitude.

To calculate the georichness values of the blocks in both areas, we summed the mapped
geodiversity elements with the number of R classes that were present in a specific block.
As presented in Figure 3, the surface is highly rugged in the high mountain areas of the
Julian Alps and the Kamnik-Savinja Alps in the north of the country. It is moderately
rugged in the mountainous areas as well, and also in the pre-Alpine area (central Slovenia),
as well as in some smaller parts of the Dinaric mountains (central west to southeast
Slovenia). Intermediately rugged surfaces encompass the pre-Alpine and Dinaric regions
with intermediate ruggedness characteristics. Nearly level and level areas are typical of
the greater lowlands, basins and specifically for sub-Pannonian Slovenia in the east of
the country.

. level
. nearly level

. intermediately rugged
moderately rugged

highly rugged

30 60 km

Figure 3. Terrain ruggedness index of Slovenia and locations of the study areas (data
source [60,68,70], modified).

Each ruggedness class has its predominant physical geographic processes and char-
acteristics that result in typical landforms and other abiotic environmental characteristics.
For example, cirque systems are in the areas of highly rugged topography, and alluvial
terraces are predominantly in the areas of level topography, but not vice versa. Even if
there are no major morphographic or hydrologic forms in an area (e.g., on a slope), that
area has its own predominant process (e.g., denudation), which results in specific terrain
ruggedness characteristics. Because of that, the classes of the ruggedness index R can be
used as specific geodiversity elements when calculating G.

The Logarska dolina Valley, or the Logar Valley, is a typical Alpine valley with a very
big difference between the highest and the lowest ruggedness values. It encompasses a
level area at the valley floor, as well as areas with big relief energy, which results in a highly
rugged surface. The in-between values are consecutively distributed between the level
and highly rugged areas, mainly on the valley slopes. However, as seen in Figure 4, the
R values per block in study area (a) differ greatly from the R values of Slovenia (b): the
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differences are mainly visible at the valley bottom, where more blocks are in the lowest
class, and on the valley slopes, where there are far more nearly level and intermediately
rugged areas than in calculation (b).

o8

a19-550.3 ) InieTmediately
559.4752.3@ moderately rugged

7524 highly rugged
12866 — SyEes

Figure 4. Terrain ruggedness of the Logar Valley Landscape Park (a) per block within the study area
and (b) in relation to the ruggedness of Slovenia (data source, [60,68,70], modified).

If R is calculated for Slovenia and compared to the results, and if R is collected only
within the study areas (Figure 4), the slopes of the Logar Valley mainly appear to be
moderately rugged in comparison to other slopes in the country, which is the greatest
difference of both calculations. However, there is only a slight difference with the highly
rugged areas that are located where the slope inclination is the biggest (i.e., in the areas of
the cirques and scree slopes, as seen in Figure 5 [41]).

Geodiversity elements
e spring or ponor — cirque
A waterfall scree slope
2 peak glacial deposits
e cave B alluvial fan

— creek boulders

— col B valley floor

Figure 5. Main geomorphologic and hydrologic elements in the Logar Valley Landscape Park (data
source [41,59,60,68,70], modified).
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The differences in values are even more obvious for a classical karst landscape in
Slovenia, where the relief energy is lower than in the Logar Valley. When R is calculated
only for the study area (Figure 6a), the values are distributed in all five classes; in that
case, the surface is level only in some spots, where there are either no geomorphologic
surface forms in the block areas, or if those elements are bigger than the blocks themselves
(e.g., a blind valley, which can be seen in Figure 7). The values of R in calculation (a) are
distributed depending on the maximum and minimum elevation values per block within
the study area. The highest values are at the hill tops and in the area of contact with the
karst at the south, as derived from Figure 7.

0-108.3 @ level
108.4-144.5 @ nearly level
intermediatel
gy 1446-1735 @ ¥
A 173.6-211.7 @ moderately

rugge

= highl
211.8-2814 nll ge‘vd

Figure 6. Terrain ruggedness of the Postojna Cave System protected area (a) per block within the
study area and (b) in relation to the ruggedness of Slovenia (data source [60,68,70], modified).

The values for R in scenario (b) in the protected area of the Postojna Cave System are
distributed differently: at the country level, this study area is mainly level to nearly level,
which is a much more realistic image, since there are no high slopes or height differences in
the study area (as visible in Figure 1b). The surface is intermediately rugged only at the
contact points of different relief types (in the south), or where bigger dolines or higher peaks
of the hills are situated. However, if R is calculated only within this study area (Figure 6a),
some parts of the area are moderately or even highly rugged, which is a drastic discrepancy
with the values of the same R classes in the Logar Valley Landscape Park (Figure 4a).

4.3. Terrain Ruggedness Classes as Geodiversity Elements

The purpose of this article is to show how the values of the ruggedness can affect the
geodiversity index values. That is why only selected main geodiversity elements were cho-
sen and mapped for both study areas, which are mainly geomorphologic and hydrologic.

The Logar Valley was glacially transformed in the LGM [59], which is reflected in the
cirques and glacial deposits (moraine material). Other geodiversity elements in the areas
are linked to its limestone and dolomite bedrock [75] and differences in slope steepness:
the scree slopes and boulder areas are located in the vicinity of cirque systems, the creeks
(36) are either on the valley slopes or at the bottom between springs (four), waterfalls (two)
and ponors (one); 11 alluvial fans are located in the intermediately rugged areas at the
contact points between the slopes and valley floor. Moreover, 15 peaks are distributed on
the valley ridges, as is the biggest col and the cave entrances to smaller caves (four) on both
slopes [41]. Since both the scree slope material and the boulders are of the same genetic
origin, we considered them as one geodiversity element in further calculations.
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Geodiver\siy elements
®  spring or ponor

® cave

A peak

— creek

blind valley
. collapse doline

£ . doline

Figure 7. Main geomorphologic and hydrologic elements in the Postojna Cave System protected area
(data source [60,68,70], modified).

The Postojna Cave system is a protected area due to its limestone structure, which
is dominated by typical karst landforms: numerous collapse dolines, cave entrances and
other forms are linked to past and present geomorphic subsurface processes [76]. There are
331 dolines, 18 collapse dolines and 15 karst peaks; there are also two shorter creeks with
springs and ponors, and one blind valley in the SW of the area. The dolines are distributed
in four NW to SE stripes, which are separated by areas of collapse dolines and peaks.

The next procedural step was calculating the total number of elements per block. That
was performed for both study areas twice, by omitting (a) or including (b) the number of
different ruggedness classes in each block, as presented in Figures 8 and 9.

The total number of the elements per block in the Logar Valley in scenarios (a) and (b)
is the highest in the area of the valley floor and its contact with other elements (e.g., creeks,
alluvial fans). If we omit the ruggedness, the highest number of elements per block is six,
but if we add the ruggedness classes, it is nine. In both cases, the highest number is at the
contact point of springs, creeks and various topographic changes in the north of the valley.
If ruggedness is omitted, there are no elements in the slopes where no other major elements
are mapped. However, if the topographic element is added, the values of those blocks vary
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because the terrain ruggedness varies within the same slopes as well, depending on the
height difference in each block.

Figure 8. Total number of elements in the Logar Valley Landscape Park (a) without ruggedness and
(b) with ruggedness (data source [60,68,70], modified).

Figure 9. Total number of elements in the Postojna Cave System protected area (a) without ruggedness
and (b) with ruggedness (data source [60,68,70], modified).

The total number of elements per block in the protected area of the Postojna Cave
System differs as well if we compare scenarios (a) and (b) (Figure 9). When ruggedness
is not included (Figure 9a), the total number of elements per block is ten, which is the
case with only one block, where ten dolines are located. Another extreme is value one,
where only one geodiversity element is located. Where no geodiversity elements were
mapped, the value is zero. The higher values are in two types of areas: with the higher
numbers of mainly dolines, or dolines in combination with other geomorphologic elements.
In contrast, if the topographic elements are added (Figure 9b), the maximum value is
twelve and the minimum is one. The latter is in blocks with only one topographic element.
The similarity among both scenarios is that the higher values are in the blocks with the
higher number of elements. However, in the scenario (b), those blocks are more evenly
distributed throughout the study area. From the richness perspective, the highest value
has the central part of the area, where the topographic classes vary in combination with
many other geodiversity elements.
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The diversity of elements (Figures 10 and 11) is different from the total number of
the elements (Figures 8 and 9). "The diversity of elements” includes different geodiversity
elements and not their absolute numbers (e.g., if there are three springs in a block, that is
only one geodiversity element).

Figure 10. Diversity of elements in the Logar Valley Landscape Park (a) without ruggedness and (b)
with ruggedness (data source [60,68,70], modified).

Figure 11. Diversity of elements in the Postojna Cave System protected area (a) without ruggedness
and (b) with ruggedness (data source [60,68,70], modified).

As visible in Figure 10, if we omit the ruggedness classes (i.e., the topographic ele-
ments), the maximum value of the geodiversity elements in the Logar Valley is four, which
is in the north where boulders, the alluvial valley floor, the alluvial fan and a creek meet in
one block. Since this area is not rugged, it does not have the highest diversity values. The
blocks with the highest diversity values are at another location: at the contact point of the
valley floor and slope at the eastern and western sides of the valley. In those areas, there
are different geomorphologic, hydrologic and topographic elements within a specific block.
Such a case is at the eastern slope of the valley, where the highest number of elements per
block is seven.

The results of the diversity calculation for the karst study area show different values to
the richness calculations. The maximum diversity of the element types per block without
ruggedness classes is three, and with ruggedness classes, it is seven. As regards the
topographic elements, there are only three different geodiversity elements per block (e.g.,
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a doline, a cave and a peak); in other blocks, there are either two elements, one element
(mainly a doline) or there are no elements. When adding different ruggedness classes,
the range is from one to seven element types per block: one element is only in the blocks
where only one topographic element was located, whereas the highest number of different
elements is in the blocks, where different topographic classes are combined with different
geomorphologic-hydrologic elements. That block is also the most geodiverse. Including
the topographic elements to G leads to higher values of G, especially if the differences
in height per block are high in comparison to areas where the surface is level and the
differences in height are low.

5. Discussion

Topography is most often the basis of the landform classification [26], and topograph-
ical heterogeneity can be quantified objectively using a terrain ruggedness index [29].
Whether used as such or adapted, it has been used in quantitative geodiversity evalua-
tions [17,41,50,61] that are based on the method that explicitly relates to the ruggedness
index [3]. The research problem of this article is to investigate the characteristics and
influence of the terrain ruggedness index (R) developed by Riley, DeGloria and Elliot [29]
in the scope of the geodiversity index (G) by Serrano and Ruiz-Flafio [3]. Following the
established methodological procedure of calculating R and G [12,17,39,61], the three aims
of the article were completed. Most importantly, a standardized way of incorporating the
ruggedness component or the topographic element (E;) into geodiversity was proposed and
elaborated upon. It is essential to keep the ruggedness component included in geodiversity
because it has an effect on the formation and distribution of other elements, and it shows
specific terrain characteristics [77].

The results of multiplying the terrain ruggedness index values with the sum of other
geodiversity elements [3] help to distinguish the areas with high and low G index values:
theoretically, the G values will be the highest if the R values are high and the sum of other
geodiversity components is high as well; the values will be lower if the area encompasses
either a smaller number of geodiversity components and high values of R, or lower values
of R and a bigger number of other geodiversity components. The G values will be the
lowest in the areas that are both level or only slightly rugged, and with a smaller number
of other geodiversity components.

The first major finding of the research is that the R values increase with altitude, even
if the difference between the minimum and maximum elevation value in a block remains
the same. If a block with a specific height difference within it is located at the sea level,
its R value will be smaller than if the block with the same height difference is anywhere
else above the sea level. When the R values are multiplied with the number of other
geodiversity elements within that block, the differences become even greater. This simple
calculation shows that a block in an area of high altitude automatically has a higher value
when calculating either R or G, regardless of its terrain characteristics. This is one of the
reasons why the R and G calculation methods should be adapted to a certain methodology
in order for the results to be comparable when valuing the geodiversity of different areas.
The added value of such a standardized procedure would become useful, for example, in
any environmental protection process, which is one of the aims of valuing geodiversity [78],
or when comparing the geodiversity of different areas following the same method, which
has been problematic, since no standard geodiversity evaluation procedure has been either
agreed upon or widely used [4].

As shown in the cases of classical karst and Alpine areas, the R values differ when
the index is calculated within the areas. The R values of a classical karst landscape in
Slovenia are much lower than those of the mountainous area, which is reasonable to
expect in advance. However, if those values are classified in any way, the classes become
incomparable, since the karst area does not have as rugged surfaces as the mountainous
area. The input data of different study areas and evaluation methodologies should be
standardized [4,79] in order for the results to be comparable. Besides using the input data
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of the same quality and the same expert-based data regarding geodiversity components
and elements selection, one of the possible links is the ruggedness component, which has
to be calculated in a region such that it covers all the study areas in which we want to
compare the G values. The region in which R is calculated has to be at a higher spatial level
than the study areas, and it also has to include the data of all study areas, as it has been
demonstrated in this article, where R was calculated at a higher level than the one at which
the study areas are: we calculated R for the whole of Slovenia and then used it at a micro
level in both study areas. That is analogical to biodiversity comparisons of different areas
on a global level, where comparative and standardized data and methods are essential,
even if the study areas are on different continents [49].

Table 2 provides a multilevel theoretical comparison of four regions (X, Y, W and Q)
and the study areas distributed within them at different levels, which could be one of
the guidelines for a standardized ‘geodiversity assessment toolkit’ creation [16]. If two
study areas are located within one region (e.g., A1 and A1), R has to be calculated for the
whole region where they are situated (in this case Region X). That is the rule in the cases
either if we want to value the geodiversity of the areas separately, or if we want to compare
the values of both indices. That has been demonstrated in this article, where Region X is
Slovenia and the study areas are at level A. If the study areas are located in two regions, R
has to be calculated with common data for both regions (level B). If there are three or more
study areas in at least three regions, then R has to be calculated for all three regions (level
C) and so forth.

Table 2. A multilevel theoretical comparison of different study areas and different regions when
calculating R.

Level Region'Y Region W Region Q R for n Surface
Level A -- For a specific region
For regions Xand Y, Y
Level B - -‘ B2 Bs» Bss and W, and W and G
For regions X, Y and W,
e e
Level D - - - - For all four regions

Another question that remains to be answered is the purpose of the geodiversity
evaluation. If it is to compare the G values, then the index should be tailored adequately, as
shown in Table 2. If there is the potential for an ongoing research where study areas will be
added, then it is sensible to calculate R at the beginning at a higher spatial level. However,
if the purpose of the geodiversity evaluation is a special one (e.g., for geotourism [25,80-82],
educational [24,83,84] or other) within one set area, then it is not necessary to use data from
higher levels that would also encompass other areas.

The terrain ruggedness determines the diversity of the relief [26]. When R was calcu-
lated at a state level, big differences of the values in both study areas emerged: the karst
area was much more level than the mountainous one. When the results were classified,
specific classes were considered to be topographic geodiversity elements (E;). The two most
widely applied methods of calculating G have a fundamental difference: one multiplies the
geodiversity elements with the ruggedness index value [3], whereas the other one sums
various subindices in order to obtain the G value [22]. One methodological development
is to integrate the strong points of both methods: the R values which definitely impact
geodiversity [74] can be classified in set classes according to Jenks’s classification [69] at
a specific level (derived from the method of Serrano and Ruiz-Flafio [3]) and, as such,
can be added (not multiplied) as topographic elements to other geodiversity elements (as
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it is the case with the method of Pereira et al. [22]). In that way, the georichness of an
area is calculated in a much more comparable way to the value of the same parameter
types of different areas. If the georichness is calculated in this way, the results become
comparable: the quality of data is the same (the same resolutions of DEM and boundaries
for the ruggedness classes are used, as are the same expert-based criteria for geodiversity
components and elements selection). This is the same with the diversity of the elements: if
this method is applied, the complete study areas become covered with at least one element,
and their diversity can be compared (as seen in Figures 10 and 11).

6. Conclusions

The principle of an objective comparison of the results is among the most important
ones when valuing geodiversity. When using common topographic data, selecting geo-
diversity elements of the same type and following standard methodologies, it is possible
to compare the geodiversity index values of different areas. The first conclusion is that
the ruggedness index is methodologically designed in a way that areas of high altitude
will have higher ruggedness index values. When it comes to valuing the geodiversity of
different study areas, the terrain ruggedness index becomes one of the main elements and
factors of the calculation, and should remain so if the geodiversity of two or more areas are
compared using an index-based approach. As such, it should be classified, and the classes
should be regarded as topographic elements where specific abiotic processes happen. If
not—as shown in the article—the ruggedness index values have a too big impact on the
geodiversity index values.

Another essential fact to be taken into consideration when calculating the ruggedness
index is that it should be calculated transparently at a level that encompasses all study
areas in order for the results to be comparable and transferable (e.g., at least on a country
level, if there are various studies for different locations within it). The significance of
this idea responds to various studies that have pointed out that geodiversity evaluation
methodology should be standardized [4,79] in a methodological way, as well as according
to the selection of elements (or materials) used in the evaluations.

Future research directions of the methodological development of the geodiversity
index should be oriented towards further studies of not only the ruggedness component
of the established methods, but also the precise and objective selection of all geodiver-
sity elements. The studies that have already been conducted on this field [6] should be
brought together for different relief and landscape types and, as such, they should be stan-
dardized [16]. Furthermore, the abiotic and biotic diversities of different areas should be
comparable [55], which is why the methods for their assessment ought to be standardized.
Another path that the methodological development of assessing geodiversity should take is
incorporating other components of the landscape metrics into the geodiversity index [32,46],
not only to assess the richness of the elements, but also their even distribution.

The method for calculating the ruggedness index for geodiversity evaluation proposed
in the study is applicable to any study area, regardless of its size or intrinsic geographic
characteristics. Due to that, the results and the message of this study provide a contribu-
tion to the methodological development of valuing geodiversity and, as such, provide a
means for further methodological development in valuing the environment holistically
and objectively.
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