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Geodiversity, the natural abiotic variety of the Earth’s surface, is an essential part of natural diversity and plays an important role in
providing the abiotic ecosystem services that all life depends on. Geodiversity is increasingly threatened by human activities and
climate change, and consequently there is a growing importance of including geodiversity in decision-making. However, there is
still a lack of studies assessing the spatial variation and key drivers of geodiversity, especially in high latitude and altitude areas,
and this study, therefore, aims to contribute to an improved understanding.
In this study, the geodiversity of a subarctic mountainous area in Northern Norway was mapped using remotely sensed data and
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relationships between geodiversity and several topographical parameters were analysed using correlation analysis (Spearman’s
rank correlation, RS) as well as both univariate and multivariate linear regression. The vertical variation of geodiversity was also
examined to analyse the variation of geodiversity along altitudinal gradients.
A total of 54 geodiversity elements were observed in the study area and the number of elements per grid cell varied from 7 to 36.
Four of the geodiversity measures correlated strongly, resulting in relatively similar spatial patterns of diversity. Higher values tended
to follow the valley systems and cluster in the vicinity of rivers and larger streams. Topographically diverse grid cells, containing both
steeper slopes and smoother areas, also contained a higher diversity. Low diversity occurred mainly on the highest elevations as
well as on the steepest slopes. The majority of the univariate relationships between the measures of geodiversity and the
topographical parameters were statistically significant, although the correlations generally were relatively weak. The regression
models further confirmed the relationship between topography and geodiversity, and revealed various statistically significant
relationships, as well as the presence of both linear and unimodal relationships.
Higher geodiversity generally occurred in topographically heterogeneous landscapes, as well as in the vicinity of rivers and larger
streams, where both erosion and accumulation processes are prominent, leading to a great variety of geomorphological elements
and soil deposits. The summits and slopes of the mountain massifs, on the other hand, displayed a lower geodiversity. In these
areas, erosion is significant, but accumulation processes are lacking. Furthermore, the hydrological diversity is generally low there.
The vertical patterns of geodiversity were related to the spatial patterns since total geodiversity decreased steadily as mean elevation
rose above 600 m a.s.l. The influence of topography on geodiversity patterns could also be seen in the statistically significant
relationships between several topographical parameters and the geodiversity measures. There was, however, some variation in the
strength of the correlations, and the weaker relationships can partly be explained by the contradictory effect of slope angle and
elevation on geodiversity. These patterns were further confirmed by the fact that the regression models revealed not only linear, but
also unimodal relationships between the topographical parameters and geodiversity. Although topography seems to have an
important effect on all geodiversity measures, there is some variation in which topographic parameters are the most important for
the different measures.
To conclude, this study of a northern high latitude mountainous area shows that high geodiversity occurs in the vicinity of rivers and
larger streams, as well as in landscapes with a varied relief. Topography has a statistically significant influence on geodiversity,
although the magnitude and direction of the effect varies between the elements of geodiversity. To facilitate the incorporation of
geodiversity in education, land use planning, resource management and nature conservation, more research is still required about
the patterns and drivers of geodiversity.
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1. INTRODUCTION
The concept of geodiversity emerged in the 1990s to provide an abiotic equivalent of
biodiversity (Gray, 2008a, 2011). Geodiversity is generally understood as the natural abiotic
variety of the Earth’s surface, consisting of various materials, forms and processes (Gray, 2004;
Hjort & Luoto, 2012; Kozłowski, 2004), and the term is often seen as including geological,
geomorphological, hydrological and pedological features (Bailey et al., 2017; Hjort & Luoto,
2012; Serrano & Ruiz-Flaño, 2007b; Tukiainen et al., 2017). The geological features further
consist of rocks, minerals and fossils, while the geomorphological features consist of landforms
and processes (Gray, 2004). Geodiversity is a fundamental part of natural diversity, and has an
important role in sustaining ecosystems and their services (Hjort et al., 2015).
Although geodiversity nowadays is a generally acknowledged concept, it has developed in the
shadow of biodiversity, receiving less attention when it comes to both research and nature
conservation (Gray, 2004; Hjort & Luoto, 2010; Manosso et al., 2021; Tukiainen et al., 2017).
There are still clearly fewer studies related to geodiversity than to biodiversity, although the
importance of mapping geodiversity and standardizing its terminology is clear (Crisp et al.,
2021; Kozłowski, 2004). Many have confirmed the significance of measuring geodiversity
(Gonçalves et al., 2020; Hjort & Luoto, 2010; Manosso & de Nóbrega, 2016), but there is still
a lack of geodiversity studies especially in high latitude and altitude areas. The geodiversity in
northern areas is threatened by the ongoing climate change (Hjort & Luoto, 2010), which may
affect geomorphological, geological, and hydrological processes. The temperature is predicted
to rise more in higher latitudes than in other parts of the world, which consequently strengthens
the impact on geodiversity in these areas. In addition to climatic changes, high latitude areas
are also increasingly catching attention as environmentally, economically, and geopolitically
interesting, and as a consequence they are subjected to intensified land use and increased human
pressures (Tukiainen et al., 2017). Considering that many geodiversity elements are sensitive
to disturbance as a result of anthropogenic activity (Gray, 2004; Sharples, 2002) and the
ongoing climate change (Hjort & Luoto, 2010; Tukiainen et al., 2017), there is a growing
importance of incorporating geodiversity in land use planning and nature conservation, and to
achieve this, more research is required.
This study aims to contribute to an improved understanding of geodiversity patterns in northern
high latitude and altitude areas by mapping and analysing geodiversity in an area of 195 km2 in
northern Norway. The aims of the study are (i) to examine the spatial and vertical distribution
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of geodiversity in the study area, (ii) to compare five different measures of geodiversity, namely
the total geodiversity, the geomorphological process diversity, the temporal diversity and two
versions of the geodiversity index suggested by Serrano & Ruiz-Flaño (2007b), and (iii) to
analyse the relationships between the different measures of geodiversity and a number of
topographical parameters.

2. THEORETICAL BACKGROUND
2.1 DEFINITION OF GEODIVERSITY
The concept of geodiversity was first used following the Convention on Biodiversity at the Rio
Earth Summit in 1992 when geoscientists reached the conclusion that there must be an abiotic
equivalent of biodiversity. The following year the word “geodiversity” was used for the first
time in publications in Germany and Australia, first by Wiedenbein and then by Sharples (Gray,
2008b). Nevertheless, conservation of geological and geomorphological features had by then
already been practiced for over a century (Gray, 2004), and the principles of geodiversity had
been used in nature conservation in various countries long before the term itself was coined
(Gray, 2008b). On the other hand, nature conservation has through history often been equated
to only biodiversity or wildlife conservation, thus leaving geodiversity in the shadow (Gray,
2004).
Many different, and sometimes even contrasting, definitions of geodiversity have been put
forward over time. Due to this, it has been suggested that geodiversity has shown somewhat of
a conceptual weakness in contrast to the clear and precise definition of biodiversity (Serrano &
Ruiz-Flaño, 2007b). The great variation in both the qualitative and quantitative interpretations
of geodiversity and its elements can be seen as limiting the general use of the concept
(Boothroyd & McHenry, 2019). However, a widely acknowledged definition is the one
proposed by Gray (2004) stating that geodiversity is “the natural range (diversity) of geological
(rocks, minerals, fossils), geomorphological (land form, processes) and soil features. It includes
their assemblages, relationships, properties, interpretations and systems”. Topography and
hydrology was added to the definition later by Serrano and Ruiz-Flaño (2007b), and many
studies have subsequently included geological, geomorphological, hydrological and
pedological components in the concept of geodiversity (Bailey et al., 2017; Hjort & Luoto,
2012; Manosso et al., 2021; Nieto, 2001; Serrano & Ruiz-Flaño, 2007b; Tukiainen et al., 2017).
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Topography, on the other hand, is often included in studies either by examining the relationship
between geodiversity and different topographical variables (Hjort & Luoto, 2010, 2012) or by
using a roughness parameter to calculate the geodiversity index by Serrano & Ruiz-Flaño
(2007b). Hydrological diversity is comprised of both surface waters and groundwater resources,
and can be considered an integral part of geodiversity not just through its own scientific and
aesthetic value, but also through its effect on geological and geomorphological processes
(Bétard et al., 2018). Some have also included oceans and its elements and processes (Pellitero
et al., 2011; Serrano & Ruiz-Flaño, 2007b).
The concept of geodiversity has sometimes been considered to include not only systems created
by natural processes, which include both endogenous and exogenous processes, but also by
anthropogenic processes (Kozłowski, 2004; Serrano & Ruiz-Flaño, 2007b). Others have
implemented a separate concept called “secondary geodiversity”, or man-made geodiversity, to
account for anthropogenic geosites, such as mining, industrial, urban, or recreational landforms,
instead of including these in the general concept of geodiversity (Kubalíková et al., 2016).
Nevertheless, most researchers agree that human processes should be excluded (Pereira et al.,
2013). Although different definitions of geodiversity still are used today, Boothroyd and
McHenry (2019), who performed a literature review of almost 300 publications describing or
incorporating geodiversity, came to the conclusion that the majority of these publications used
the earlier mentioned definition of geodiversity provided by Gray (2004) either directly or with
small modifications. The most typical modification is to expand the concept to include other
elements, for example surface waters, non-renewable energy sources and paleontological
elements. The definition by Gray (2004), thus, seems to be widely supported, at least in the
fields of geosciences and geoconservation, and could be seen as the global standard (Boothroyd
& McHenry, 2019; Chakraborty & Gray, 2020). Also Araujo and Pereira (2018) state that
although geodiversity still can be seen as a concept under development, it is likely that once it
reaches consolidation it will not differ much from the definition proposed by Gray (2004). This
study considers geodiversity as consisting of geological, geomorphological, and hydrological
components. Although pedology is partly omitted due to the difficulty of mapping soils at
landscape scale (Hjort & Luoto, 2010), soil types are, on the other hand, included together with
rock types as parts of geological diversity.
A common and straightforward way of classifying geodiversity is the subdivision of material,
form and process (Gray, 2004), but geodiversity can also be approached at four levels of
complexity: particles, elements, places, and landscapes, as suggested by Serrano and Ruiz3

Flaño (2007b). The particle level consists of the diversity of atoms, molecules, minerals,
sediment particles and energy processes, which all lack a clear spatial dimension, and their
importance is, thus, more theoretical than practical. The element level describes the diversity
of topography, geology, geomorphology, hydrology, and soils. These elements can be mapped
at any spatial scale, and this level can, therefore, be considered the most important for
geodiversity assessment. The level of places consists of more complex systems which contain
groups of different elements, such as geosystems. Lastly, the landscape level focusses on natural
diversity as a whole, containing both biotic and abiotic factors, as well as the human impact in
a given area (Serrano & Ruiz-Flaño, 2007b). According to Hjort and Luoto (2010), only the
levels of elements and places are of importance when assessing geodiversity spatially. The
elements of geodiversity are connected to a certain location and have a certain dimension, and
consequently scale is an important factor when considering geodiversity. Defining scale is,
therefore, an important first step in geodiversity assessment (Serrano & Ruiz-Flaño, 2007b),
and abiotic diversity can be studied at different scales, ranging from a global scale consisting
of continents and oceans to an elemental scale of atoms and ions (Gray, 2004). However, it has
been pointed out that the utilized scale controls richness to a certain degree, as larger areas
typically are more heterogeneous than similar smaller areas in the sense that the potential for a
larger number of different geodiversity elements is greater the larger the study area is (BenitoCalvo et al., 2009). This should be taken into consideration especially when comparing studies
of different scale.
In addition to the spatial dimension of geodiversity, which is related to both location and scale,
the temporal dimension should also be considered. Geodiversity can change both over very
short timescales due to for example human activity and biological processes, as well as over
long timescales due to geological processes (Gray, 2004; Serrano & Ruiz-Flaño, 2007b). When
it comes to geomorphology, a relationship can be observed between the size of a given landform
and the rate or timespan of processes affecting the landform. For example, the characteristics
of larger landforms such as mountains may change over thousands of years, while rill erosion
may change a surface even in a time period of weeks (Etzelmüller, 2000). The temporal aspect
of geodiversity is important and the geological and historical processes that have affected the
evolution of the landscapes should be taken into consideration (Ahmadi et al., 2021; Pellitero
et al., 2011).
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2.2 RELATED CONCEPTS
2.2.1 GEOCONSERVATION AND GEOHERITAGE
The concept of geodiversity is not yet as widely accepted and commonly used as the concept
of biodiversity, and geodiversity has often been considered less relevant and applicable than
biodiversity (Pereira et al., 2013). However, geodiversity should not be considered just a
complement to biodiversity, as the two of them are equally fundamental parts of natural
diversity (Serrano & Ruiz-Flaño, 2007b). Geodiversity has commonly been linked to
geoconservation and geoheritage, but these three concepts should be separated (Pereira et al.,
2013). Sharples (2002) emphasizes the distinction between these concepts as follows:
“'Geodiversity' is a quality we are trying to conserve, 'Geoconservation' is the endeavour of
trying to conserve it, and 'Geoheritage' comprises those concrete representative examples of
features and processes to which we direct our management efforts in order to conserve it”.
These concepts should, thus, be seen as complementary terms rather than synonyms.
Geoheritage can also be defined as scientifically, aesthetically or didactically remarkable or
outstanding cases of geodiversity (de Paula Silva et al., 2015), or in other words, as geodiversity
elements that are of importance for tourism, science or education (Bétard et al., 2018). An
important difference between geodiversity and geoheritage is that geodiversity can be
considered a quantitative value whereas geoheritage is a qualitative value. Consequently,
geoheritage is somewhat more subjective than geodiversity (Pellitero et al., 2011). Geoheritage
and geodiversity are, therefore, not necessarily related, as individual geosites may have a high
geoheritage value even though they contain a low geodiversity (Bétard & Peulvast, 2019). In
addition to the aforementioned definition provided by Sharples (2002), geoconservation can
further be defined as proposed by Burek and Prosser (2008) as “the action taken with the intent
of conserving and enhancing geological and geomorphological features, processes, sites and
specimens”. In other words, geoconservation does not aim to freeze the elements of
geodiversity in time, but instead encourages the natural changes and dynamic processes that in
fact are crucial properties of the nature we want to conserve (Burek & Prosser, 2008; Gill et al.,
2015). Geodiversity is not constant as it varies greatly over time and place (Manosso & de
Nóbrega, 2016), and geoconservation, thus, includes both the maintenance of the geodiversity
of bedrock, landform or soil features, but also the maintenance of the natural rates and
magnitudes of change (Sharples, 2002).
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2.2.2 GEODIVERSITY HOTSPOTS
The concept of “geodiversity hotspots”, that is, areas characterized by a high geodiversity, is of
importance especially for geoconservation. On a global scale, geodiversity hotspots generally
occur in (i) areas with a long and complex geological history, (ii) plate margins, (iii) areas of
high relief and (iv) coasts (Gray, 2008a). What these areas have in common is a great variety
of processes, sediments, rocks and/or landforms. It has, however, been proposed that the term
geodiversity hotspot should not only be used to define a highly geodiverse area, but that the
geodiversity in the area in question also should be threatened by anthropogenic activity. The
term would, thus, be comparable to the concept of biodiversity hotspot, which refers to
biologically rich areas that are threatened (Bétard & Peulvast, 2019).

2.2.3 GEOTOPES, GEOSITES AND GEOSYSTEMS
Other common terms related to geodiversity include geotopes, geosites and geosystems. Some
contradictory definitions of geotopes have been put forward, describing them as either delimited
areas with defined phenomena and processes (Johansson, 2000), in other words as groups of
different elements (Serrano & Ruiz-Flaño, 2007b), while others instead refer to geotopes as the
smallest, indivisible geographic spatial unit with certain characteristics or structures (Ielenicz,
2009; Kreutzer et al., 1994). A geosite, on the other hand, is a location or area with a geological
or geomorphological interest that is of geoheritage value and, thus, of interest for conservation
(Carrión-Mero et al., 2021; Melelli, 2014; Ponjiger et al., 2021). The term geomorphosite can
be used to further distinguish geosites of geomorphological nature, that is, processes or
landforms, from geosites of geological character (Ielenicz, 2009; Panizza, 2001). Geosystems
are dynamic, organized entities consisting of various interrelated components. They are
represented by certain geological sequences, structures, and landscapes, as well as by the rocks,
minerals and fossils that are present (Semenov & Snytko, 2013; Van Ree & van Beukering,
2016). Geosystems are generally discussed in relation to geosystem services, which can be seen
as the abiotic equivalent of ecosystem services and, thus, refer to the goods and functions
provided by geodiversity (Gordon et al., 2012; Gray, 2011). It has, however, been pointed out
that as ecosystems consist of both biotic and abiotic components, geodiversity could be seen as
an integral part of ecosystems instead of separating the two (Gordon et al., 2012).
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2.3 THE VALUE OF GEODIVERSITY
2.3.1 PROVISION OF SERVICES AND FUNCTIONS
The geodiversity of the Earth is considered to have many values, and different classifications
of these values have been proposed. Sharples (2002) and Kiernan (1996) use similar
classifications, although with different terms for the types of values, referring to (i) intrinsic
values, (ii) ecological values or natural process functions, and (iii) anthropocentric/
(geo)heritage values or economic/instrumental values. Intrinsic value refers to the idea that
something has value in itself simply by existing, without having to be useful to humans. The
ecological or natural process value of geodiversity refers to its function in maintaining not only
geological, pedological, geomorphological and hydrological processes, but also the biological
processes that are dependent on the physical system. Lastly, the anthropocentric and economic
value is the direct value of geodiversity to humans, including its values for education, research,
tourism, recreation, and culture (Kiernan, 1996; Sharples, 2002). An important aspect of the
educational value of geodiversity is the knowledge of how to successfully adapt to climate
change and to mitigate the related natural hazards, including flooding, sea-level rise, and
landslides. This is achieved by improving our understanding of how natural processes respond
to these changes. Furthermore, geomorphology and soils are of importance for the resilience
and sensitivity of ecosystems to climate change (Gordon et al., 2012) and consequently highly
geodiverse areas are thought to be more resilient to climate change (Bailey et al., 2017). It has
also been suggested that geodiversity may increase the durability of vegetation since the
response of ecosystems to extreme climate events, such as droughts, is dependent on
interactions between the abiotic and biotic nature (Yizhaq et al., 2017).
Geodiversity can also be seen as the provider of various so-called abiotic ecosystem services, a
concept which refers to all the products and services that we receive from the abiotic nature.
The abiotic ecosystem services can be divided into regulating, supporting, provisioning and
cultural services (see Figure 1). Many vital ecosystem services would not exist without
geodiversity and substituting them with technology would be extremely expensive (Hjort et al.,
2015). As mentioned earlier, the term “geosystem services” can also be used to describe the
goods and services that geodiversity provides (Gray, 2011).
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Figure 1. Summary of abiotic ecosystem goods and services provided by geodiversity (Hjort et al., 2015)

2.3.2 LINKS TO BIODIVERSITY
Another important value of geodiversity is its connection to biodiversity. Many studies have
concluded that geodiversity, together with climate, are the main drivers of the variation in
species’ distribution (Matthews, 2014). Geodiversity comprises a platform for all life by
creating and maintaining habitats containing the abiotic components that organisms require
(Gordon et al., 2012; Sharples, 2002; Tukiainen et al., 2017). These abiotic conditions have
played an important role also in the origin and evolution of life (Kozłowski, 2004), since most
of the Earth’s geodiversity already existed when the Cambrian explosion of life occurred and,
thus, enabled species diversification by providing heterogeneous physical environments and
habitats (Chakraborty & Gray, 2020). Since the elements of geodiversity are dynamic, the
abiotic conditions vary greatly in both time and space, as well as at different scales. These
dynamic physical processes create heterogenous environments with numerous niches within the
same area, allowing for a higher degree of coexistence between species. Consequently, a high
biodiversity is promoted (Gill et al., 2015; Hjort et al., 2015; Matthews, 2014). In addition to
providing the prerequisites for habitat diversification, geodiversity also enables and supports
biodiversity through soil formation, biogeochemical cycles and the hydrological cycle (Gordon
et al., 2018; Hjort et al., 2015). Furthermore, the abiotic nature also influences micro-climates
(Tukiainen et al., 2017) and acts as storage of both water and nutrients, which are crucial for all
life (Gray, 2004). As a rule of thumb, topographically and geologically heterogenous
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ecosystems contain a higher biodiversity than more homogeneous ecosystems (Matthews,
2014). Due to the clear links between the abiotic and biotic nature, the degradation of
geodiversity elements such as landforms, soils and waters directly affects biodiversity
(Sharples, 2002). It should be pointed out that biodiversity also affects geodiversity, and has
done so ever since life on Earth began, for example through its role in shaping the atmosphere,
which in its turn influences erosion and the recycling of abiotic elements (Chakraborty & Gray,
2020).

2.4 GEODIVERSITY IN NORTHERN HIGH LATITUDE AND ALTITUDE AREAS
The geodiversity of northern mountainous areas has formed over time, greatly affected by the
various glacials and interglacials of the Pleistocene, and is currently being further modified by
different geomorphic processes. These areas, thus, contain imprints of both past and
contemporary conditions and processes (Chakraborty, 2021; Seppälä, 2005a). During the
Pleistocene, later glaciations modified the deposits of earlier glaciations and new layers of
glacial and glaciofluvial material was accumulated on top of earlier layers (Seppälä, 2005a).
The ice sheets of the last glaciation, called the Weichselian glaciation in Northern Europe and
the Wisconsin glaciation in North America, covered the whole area approximately 15 ka and
the landscapes are consequently typical for formerly glaciated areas. The glaciations and
deglaciations created different landforms due to glacial erosion, glacial accumulation and
glaciofluvial processes (Seppälä, 2005a). Currently, the physical environment of these areas is
constantly changing due to geomorphological processes such as fluvial processes,
paludification (peat formation), weathering, slope processes, glacial and nivation processes,
frost, littoral processes and aeolian activity (Seppälä, 2005c). The geodiversity of mountainous
landscapes in northern areas, but also globally, is especially dynamic and fluid. Mountain areas
are constantly evolving due to the powerful natural disturbance regimes which are related to
high energy conditions and high potential of movement caused by a high relief and steep slopes,
combined with the occurrence of thin soils, unconsolidated sediments, and harsh climatic
conditions. Mountains are often considered the most geodiverse features on the Earth, and their
geodiversity can be seen as a result of for example lithology, climate, chemical and physical
weathering, processes related to snow and ice, aeolian processes and mass wasting
(Chakraborty, 2021; Gordon, 2018).
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Bedrock and soil vary across northern areas. In Fennoscandia, where this study is located, the
bedrock is mainly built up of Precambrian rocks, and it was already denuded to a low relief in
the late Precambrian. In the shift between the Precambrian and the Phanerozoic Eon, the
Caledonian orogeny formed the Scandes in the western part of Fennoscandia. Typical rock
types in the area are for example granitoid gneisses, greenstones, and granites. Although the
bedrock is similar in different parts of Fennoscandia, the relative relief varies a lot throughout
the area (Lidmar-Bergström & Näslund, 2005). Due to the glaciations the most common soil
type in Fennoscandia is till, which includes particles of different sizes, from clay to boulders
(Seppälä, 2005c). Hydrology also varies greatly across high latitude regions. A common feature
is, however, the importance of snow and ice as the cold season generally is long in these regions.
In Fennoscandia the hydrology is typical for that of recently deglaciated areas, as the region is
characterized by its abundance of lakes of different size (Hyvärinen & Kajander, 2005).
Northern fell areas are characterized by periglacial processes and landforms. The term
periglacial refers to cold, non-glacial conditions, of which permafrost is a central, but not
defining, element (French, 2007). In Fennoscandia permafrost occurs mainly in the northern
parts, but it can be found also further south in the Scandinavian Mountains. The permafrost is
mainly discontinuous and sporadic, but small areas of continuous permafrost occur in the
mountain regions (Gisnås et al., 2017). Furthermore, seasonal frost, snow and ice are also of
importance in periglacial regions, as are azonal processes such as fluvial, aeolian and coastal
processes. Azonal processes refer to processes that are not restricted to any certain climatic
zone. These may, however, be enhanced, inhibited, or transformed by cold-climate conditions.
Cold climate weathering and hillslope processes, such as slow and rapid mass wasting, also
significantly shape northern mountain areas (French, 2007). Periglacial landscapes are thus
created and modified by various different processes, most of which are not unique to periglacial
environments. It is rather the specific combination, frequency and intensity of the processes that
are characteristic for these areas (Hjort, 2006; Washburn, 1980). The most important
environmental determinants influencing periglacial processes are independent factors such as
climate, topography, rock material, time, and human activities, as well as dependent factors
such as snow and ice cover, moisture, and vegetation. The dependent factors are functions of
the independent factors. For example is the amount and distribution of snow cover strongly
influenced by climate and topography (Washburn, 1980). Altitude is also an important
determinant of periglacial activity (Seppälä, 2005b), mainly through its effect on climate. The
factors that affect the distribution and activity of periglacial features vary over different scales.
10

At larger scales, climatic conditions related to latitudinal and longitudinal environmental
gradients are of importance, while crucial factors at smaller scales include local topography,
soil and vegetation (Hjort et al., 2007).
Classification of periglacial landforms can be made based on processes, landforms,
environments, climate, or some combination of these. Because every study area is unique, most
researchers have created their own classification to fit their research and, therefore, no
classification exists that includes all landforms (Hjort, 2006). There is still some coherence
between the classifications, which generally include thermokarst, nivation, processes caused by
permafrost and seasonal frost, hillslope processes, and azonal processes such as fluvial, aeolian
and coastal processes (French, 2007; Washburn, 1980).

2.5 THREATS IN NORTHERN HIGH LATITUDE AND ALTITUDE AREAS
Many geodiversity elements are sensitive to disturbance and can easily be degraded in areas of
high anthropogenic activity. There are also so called “fossil” or relict elements that have been
created by no longer active processes and which, therefore, cannot be recreated once degraded
or destroyed, at least not over a human timescale (Gray, 2004; Sharples, 2002). Pressure for
economic development and changes in land use patterns are common reasons behind impacts
on geodiversity (Garcia, 2019). Globally, the main threats to geodiversity are urban growth and
soil impermeabilization, as well as land degradation due to desertification, deforestation,
intensive agricultural practices, and industrial expansion. On a local scale, activities such as
mining and dam construction may also negatively affect geodiversity (Bétard & Peulvast,
2019). Anthropogenic activity can affect geodiversity by directly damaging or destroying
geodiversity elements such as landforms, but also by disrupting natural processes (Prosser,
2013). It should, however, be noted that the elements of geodiversity react differently to
different kinds of disturbances, and a certain disturbance may destroy one element completely
while barely having an effect on another (Gray, 2004; Kiernan, 1996; Sharples, 2002). Which
type of human activity it is that poses the greatest threat also depends on whether an element is
geological, pedological, geomorphological or hydrological (Bétard et al., 2018). Since
geodiversity makes up the abiotic component of ecosystems, any impacts on geodiversity may
lead to a loss of the important abiotic ecosystem services and goods (Garcia, 2019).
Northern high latitudes are increasingly threatened by human pressures and intensified land use
due to the increased environmental, economic, and geopolitical interest in these areas
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(Tukiainen et al., 2017). Increased tourism in northern latitudes is likely to lead to greater
pedestrian erosion and the construction of new infrastructure which may degrade geodiversity.
On the other hand, new positive opportunities for geotourism should arise from the increased
interest in these areas, in combination with the greater awareness of climate change (Prosser et
al., 2010). In addition to human pressure, these high latitude areas are also threatened by climate
change, especially as the temperature is predicted to rise more in these areas than in the rest of
the world (Hjort & Luoto, 2010; Tukiainen et al., 2017), a phenomenon called the Arctic
Amplification. Precipitation is also projected to increase in this area (Karjalainen et al., 2020).
In northern Fennoscandia, where this study is set, a slight warming trend and a decrease in snow
cover duration can already be seen in recent climate records (Niittynen et al., 2018). The risk
of losing geodiversity due to climate change is thought to be especially high in areas where
alterations of temperature and rainfall are large, due to an increase in the effectiveness of
geomorphological processes (Melelli, 2014). In high latitude areas there is also a particularly
high risk of losing geodiversity through the effect of climate change on earth surface processes
(Hjort & Luoto, 2010). Climate change and the subsequent environmental changes could affect
both the activity and the distribution of periglacial processes and landforms in high latitude and
altitude areas, especially in areas of discontinuous permafrost (Hjort, 2006; Hjort et al., 2007).
Since the warming trend is predicted to be particularly pronounced in the winter months
(Niittynen & Luoto, 2018), the warmer climate will lead to threats related to permafrost,
including floods, mass movements, thaw, and frost heave (Kääb, 2008). Both snow cover
characteristics and duration have already changed and will most likely continue changing due
to the warming, which in its turn will affect geodiversity due to the impact of snow cover on
hydrology and various biogeochemical processes, as well as on cryogenic processes through its
insulating effect (Niittynen & Luoto, 2018). When it comes to geomorphology, especially
landforms related to ground ice and permafrost will be affected, due to the projected decrease
in environments suitable for their occurrence. The degradation of ground ice and permafrost
may also have great impacts on the infrastructure and freshwater availability in high latitude
areas (Karjalainen et al., 2020; Van Ree & van Beukering, 2016). The loss of landforms may
have consequences locally for the geodiversity, biodiversity, and hydrology of high latitude
areas, but could also affect the global climate system, as permafrost landscapes play an
important role in biogeochemical cycles (Karjalainen et al., 2020). Consequently, the abiotic
nature is also an important factor when it comes to climate change mitigation, as soils,
peatlands, and marine and coastal sediments are important carbon sinks and reservoirs (Gordon
et al., 2018). It should, however, be pointed out that it is not necessarily only the changing
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climate itself that will pose a threat to geodiversity, but also human responses to the impacts of
climate change. As an example, even though a rising sea level and increased flooding will affect
geomorphological processes, a larger disruption may be created by “hard” engineering schemes
aiming to protect and manage coasts and rivers. These sorts of engineering schemes impact
geodiversity by hindering natural processes (Prosser et al., 2010).
Some of the threats to northern high latitude areas may be intensified in mountainous areas due
to their dynamic nature, high-energy conditions and heterogenous climatic patterns (Gordon,
2018). Furthermore, the pressure on the biophysical environment of high altitude areas globally
has also increased during the past century with climate change affecting especially cryogenic
processes through a change in snow cover volume and duration (Chakraborty, 2021). The
changing cryosphere in combination with steep slopes and an abundant sediment availability
may lead to increased risks in mountain areas related to slope instability and mass movements
(Gordon, 2018). The impact of human activity, on the other hand, is shown in intensified
resource exploitation, alteration of fluvial regimes, increased tourism pressure, and increased
hillslope destabilisation, as well as more mass wasting due to deforestation, construction of new
infrastructure and livestock grazing (Chakraborty, 2021; Gordon, 2018). The increase in slope
processes and erosion will alter the geodiversity in these areas.
Biodiversity is often considered more fragile than geodiversity due to its short time
development (Melelli, 2014) and nature conservation has consequently often been equalized
mainly with the protection of biodiversity (Boothroyd & McHenry, 2019; Crisp et al., 2021;
Gray, 2004; Tukiainen et al., 2017). However, when comparing the disruption or degradation
of biodiversity and geodiversity, it is important to highlight a crucial difference between biotic
and abiotic nature. Although most rare or threatened species can be grown or bred in captivity
to maintain biodiversity, this is not the case for geodiversity elements, many of which have
formed under climatic or geological conditions that no longer are active. These relict elements
are irreplaceable and the degradation of them is permanent (Pemberton, 2001). In high latitudes
glacial and glaciofluvial landforms are, thus, notably at risk as they are threatened by both
natural and anthropogenic processes, but they cannot be replaced without future glaciations
(Gill et al., 2015). Even though there is an increasing awareness of the importance of
understanding the impact of climate change on earth surface processes (Hjort & Luoto, 2010),
both current and future impacts of climate change on geodiversity have received much less
attention than the impacts on biodiversity (Matthews, 2014; Prosser et al., 2010). Similarly, the
impacts of land-use changes on geodiversity have been studied much less than the impacts on
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biodiversity (Tukiainen et al., 2017). To preserve geodiversity under a changing climate more
research is, therefore, required in order to influence and facilitate political actions for example
by identifying especially threatened areas with a high geodiversity value (Melelli, 2014).

3. METHODOLOGICAL BACKGROUND
3.1 TRENDS IN GEODIVERSITY ASSESSMENT
Since the 1990s a number of studies have been carried out examining geodiversity in different
areas, mainly using geological, geomorphological and pedological variables (de Paula Silva et
al., 2015). However, the methodology of geodiversity mapping can still be seen as lacking
consensus and is currently in a stage of development and consolidation (Crisp et al., 2021;
Santos et al., 2017). Especially comprehensive geodiversity indices that include all types of
geodiversity elements are still not well established, and studies often centre around
geomorphology (Bétard & Peulvast, 2019; Pereira et al., 2013), while early studies, on the other
hand, often focussed especially on pedodiversity (Pellitero et al., 2015). Furthermore, early
definitions of geodiversity were often equated with only geological diversity. A challenge for
geodiversity assessment is, thus, the complex nature of the concept (Crisp et al., 2021), and
creating a method that can be applied in different parts of the world is difficult or even
impossible, and consequently most models are adapted to a specific area. Differences between
research areas when it comes to surface area and data availability make it difficult to achieve a
single universal model (Santos et al., 2017). A standardized, transferable methodology would,
however, allow for an easier comparison between different regions, but due to the great
differences between study areas, it is likely that the best measure is specific to the region at
least to certain extent (Tukiainen et al., 2016). Especially classifications of values may be
impossible to apply in regions of different relief (lowlands versus mountains) without changing
the threshold values (Zwoliński et al., 2018).
Currently it is still rather challenging to compare the patterns of geodiversity between studies
as there are so many different approaches and methods used for geodiversity quantification
(Alahuhta et al., 2020), and although some models are replicable in different areas, most are
adapted to a specific study area (Santos et al., 2017). For geodiversity to become as useful a
tool as biodiversity for nature conservation and territorial planning and management, the
assessment methodology needs to be more widely established. This would allow for the
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production of geodiversity index maps, which would provide clear and objective information
about the many different aspects of abiotic diversity and which, thus, would be easier to
interpret for non-geoscientists than the common geological and geomorphological maps.
Consequently, the incorporation of geodiversity in decision making would be facilitated
(Gonçalves et al., 2020; Pereira et al., 2013). Clear geodiversity maps are required due to the
growing importance of including geodiversity in territorial management and nature
preservation, but it should be pointed out that they are not applicable for the protection of
individual geodiversity elements (Ponjiger et al., 2021; Silva et al., 2013).
Geodiversity assessments can be either qualitative or quantitative. Qualitative assessments are
based on the experience and knowledge of experts and are generally descriptive, providing
either information on the characteristics of the geodiversity in a given area or a rating of the
elements and an examination of their values and benefits. Qualitative methods can, thus,
provide data on the spatial distribution of geodiversity elements, but not about their abundance
(Fernández et al., 2020; Zwoliński et al., 2018). Quantitative methods, on the other hand,
numerically examine the spatial variability, diversity, and frequency of geodiversity elements
in a given area (Fernández et al., 2020). Researchers from different parts of the world have
suggested methods for assessing geodiversity, and quantitative methods seem to be the most
common approach among published studies (de Paula Silva et al., 2015; Gonçalves et al., 2020;
Hjort & Luoto, 2010; Santos et al., 2017; Zwoliński et al., 2018), which often aim to identify
geodiversity hotspots. Although all geodiversity assessments can be considered subjective to a
certain extent, due to the fact that they are dependent on the knowledge and experience of the
observer, the subjectiveness can be minimized by using quantitative methods. Other advantages
of quantitative methods are that they are more easily repeatable and verifiable than qualitative
studies, as well as that quantitative studies from different regions are more easily comparable
with each other (Ponjiger et al., 2021; Zwoliński et al., 2018). Quantitative assessments are also
considered suitable for different scales ranging from local and regional scales to continental
and even global scales (Serrano & Ruiz-Flaño, 2007b). However, it has been pointed out that
as the collection of data for quantitative assessments is very time consuming, as well as
expensive if it entails field mapping, it may be difficult or even impossible to perform in certain
areas (Zwoliński et al., 2018). According to Pellitero et al. (2015), geodiversity evaluates
variety and not quality, and quantitative methods where all elements are given the same value
are, therefore, the best suited for geodiversity assessment. Qualitative methods, which often are
descriptive and rather subjective (Zwoliński et al., 2018), are on the other hand more useful for
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geoheritage assessments. Since geoheritage refers to elements of geodiversity with a specific
importance for science, research, or tourism (Pereira et al., 2013), this sort of assessment clearly
requires valuing elements differently. Geoheritage does, however, just make up part of
geodiversity, and assessing geodiversity itself requires a more holistic and objective approach,
where all types of geodiversity elements are included. This sort of inclusive geodiversity
quantification methodology is, however, not yet that well established, although several attempts
have been made (Pereira et al., 2013) and various authors have emphasized the importance of
including the full range of abiotic elements in geodiversity assessment.
In general, quantitative studies entail that all elements of geodiversity in a given area are
identified and counted, without being valued differently, and this is currently the most common
method used for geodiversity assessment. On the other hand, many studies have, instead of
directly measuring geodiversity itself, considered indirect variables that describe environmental
heterogeneity, such as elevation, slope, roughness, habitat diversity or soil properties, as
equivalents for geodiversity (Alahuhta et al., 2020). In other words, geodiversity assessments
may take advantage of either direct or indirect methods. Direct methods use existing classes of
geodiversity such as landforms, soils, or rocks, while indirect methods, on the other hand, use
surrogate indicators which may point out heterogeneous environments that usually correlate
with high geodiversity sites. Indirect methods are useful for example when direct classes are
almost impossible to define without laborious or time-consuming fieldwork, or when studying
extensive areas of a country or even a whole continent. Indirect and direct geodiversity
assessment should, however, not be considered identical. As an example is a variety of slopes
or aspects not geodiversity itself, but instead it may allow for certain processes and landforms
that contribute to a higher geodiversity (Pellitero et al., 2015). Thus, although crude topographic
measures can contribute to a good understanding of environmental heterogeneity and the broad
spatial patterns of geodiversity, much information may be lost if the geodiversity elements
themselves are not taken into consideration. Indirect methods may, therefore, not be suitable
for all kinds of studies (Bailey et al., 2017).
Many geodiversity assessment studies have used a spatial grid system (Hjort & Luoto, 2010;
Manosso et al., 2021; Pereira et al., 2013; Santos et al., 2017) which can be considered a basic
tool for geodiversity assessment. The system provides same-sized squares in which occurrences
of geodiversity elements can be identified and counted, resulting in a matrix which visualizes
the diversity and distribution of geodiversity (Pereira et al., 2013; Santos et al., 2017). An
advantage of the grid-based system is that the research area is divided objectively into units of
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equal size. Furthermore, it facilitates quantitative analysis by converting spatial variables to
numeric form (Hjort & Luoto, 2010). These quantitative analyses are generally based on
whether elements are present or absent in the grid cells, rather than the abundance or coverage
of the features. For example, the occurrence of a specific landform in a grid cell gives a value
of one, regardless of how many entities there are of the same landform. On the other hand, a
value of two is given if there are two different types of landform.
The parameters used in geodiversity assessments can be obtained from field observations,
monitoring, and interpretation of maps and images, as well as with the help of statistics
(Zwoliński et al., 2018). Using traditional techniques, such as field mapping, to assess
geodiversity at regional and national scales is rather expensive and logistically difficult. On the
other hand, remote sensing data and digital elevation models (DEMs) provide more cost- and
time-effective methods for geodiversity assessment. Furthermore, combining these methods
with statistical spatial modelling can be used to both analyse and predict geodiversity in
extensive areas (Hjort & Luoto, 2012). A clear increase in the use of GIS tools can be seen in
many areas of geomorphology due to the increased availability of DEMs and remotely sensed
data, as well as because of the development of GIS technology (Remondo & Oguchi, 2009).
DEMs provide a detailed description of topography, but can also be used to study energy flows,
erosion and transportation of material in an area (Hjort & Luoto, 2012). Many landforms, such
as drumlins and De Geer moraines, can easily be identified by remote sensing, facilitating
especially geomorphological mapping (Seppälä, 2005a). Other features of geodiversity, such as
rock and soil types, but also small landforms are, on the other hand, difficult or even impossible
to map directly from remotely sensed data. Supplementary material and fieldwork are, thus,
often needed to map geodiversity correctly and holistically, and to avoid overrating certain
components of geodiversity. Remote sensing and DEMs do, however, facilitate the mapping of
geodiversity in extensive and logistically inaccessible areas (Hjort & Luoto, 2012), which is of
importance for landscape planners, conservation managers, engineers as well as scientists
(Hjort et al., 2007).
The importance of scale selection for geodiversity assessment should be emphasized, and the
scale often reflects the level of detail of the study and of the available data (Pereira et al., 2013).
In addition to the material available, the scale is also related to the research topic and the types
of geodiversity elements that are to be mapped (Pellitero et al., 2015), as well as to the extent
of the study area. For local studies detailed large-scale maps are more suitable than small-scale
maps, while national and regional studies benefit from more small-scale maps, as large-scale
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maps would demand too large a number of maps and would result in too exhaustive a legend
(Pereira et al., 2013). The selected scale should always be mentioned when assessing
geodiversity, as well as acknowledged especially when comparing studies of different extent
(Nieto, 2001). It has, however, been stated that comparison between studies only is possible if
roughly the same scale is used (Pellitero et al., 2015).

3.2 COMMON MEASURES OF GEODIVERSITY
The use of different indices is rather common in quantitative assessments of geodiversity.
Indices are used to measure the intensity of a certain component or a set of characteristics, and
their greatest advantages include reducing the amount of data and increasing the comparability
of studies (Zwoliński et al., 2018). The popularity of indices is also related to the fact that
geodiversity indices easily can be applied in areas of different nature as well as in studies of
different scale (Manosso et al., 2021). Two of the most commonly used geodiversity indices
are shortly discussed below.
A holistic approach to geodiversity assessment was presented by Pereira et al. (2013) who
suggested a geodiversity index to assess and visualize geodiversity in southern Brazil. The aim
was to assess all geodiversity elements without overvaluing any particular component, which
according to the authors, had been a common problem in earlier studies. The index was the
result of the sum of five sub-indices representing different aspects of geodiversity, namely
geology, geomorphology, palaeontology, pedology, and mineral occurrences. To assure the
same weight of each sub-index, the values of the sub-indices were reclassified into five classes
with values ranging from 1 to 5 per grid cell before calculating the geodiversity index. A gridbased approach was utilized for all indices. This method has later been used and partly modified
or refined in various other studies (Ahmadi et al., 2021; Araujo & Pereira, 2018; Bétard &
Peulvast, 2019; de Paula Silva et al., 2015; Fernández et al., 2020; Manosso et al., 2021; Silva
et al., 2013).
Another proposal for geodiversity assessment was put forward by Serrano and Ruiz-Flaño
(2007a, 2007b), who created a geodiversity index which relates the variety of physical elements
(geomorphological, geological, hydrological and pedological elements) with the roughness and
surface of the study unit. The roughness parameter, which was based on the mean slope angle
of the study unit, was used to account for topography and microclimatic variety. These influence
the fluxes of energy and material on the slopes, which in their turn affect the diversity and
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distribution of landforms and processes. The resulting values of the geodiversity index were
divided into five homogenous classes ranging from very low to very high. According to the
authors, the use of this geodiversity index would facilitate the comparison of different areas,
the inclusion of geodiversity in land management and nature conservation, and the creation of
easily interpretable geodiversity maps (Serrano & Ruiz-Flaño, 2007b, 2007a). The division of
the research area into study units of different sizes was, however, based on geomorphology in
the assessment by Serrano and Ruiz-Flaño (2007b, 2007a), and their methodology has
consequently been criticized by Pereira et al. (2013) and Bétard and Peulvast (2019) as putting
too large an emphasis on geomorphology rather than valuing all components of geodiversity
equally. Despite this, this geodiversity index is one of the most frequently used quantitative
methods (Zwoliński et al., 2018) and can be considered an efficient tool for the management
and conservation of natural regions (Ponjiger et al., 2021). Furthermore, this geodiversity index
has been used and further developed in studies in different parts of the world (Comǎnescu &
Nedelea, 2012; Hjort & Luoto, 2010; Manosso & de Nóbrega, 2016; Melelli, 2014; Pellitero et
al., 2011; Ponjiger et al., 2021). However, the roughness parameter used by Serrano and RuizFlaño (2007a) was chosen to suit the mountainous nature of their study area and is consequently
not universally applicable. Therefore, several subsequent studies have modified or even
removed the roughness parameter from their calculations (Zwoliński et al., 2018).
In a recent study by Crisp et al. (2021), 73 quantitative geodiversity assessment publications
were reviewed to examine methodological trends. The authors came to the conclusion that the
most commonly used tools were spatial analytical approaches such as the grid system approach,
DEMs, rasterization and the geodiversity index by Serrano and Ruiz-Flaño (2007b, 2007a),
which often were used together. Statistical tools were also common in geodiversity
quantifications, but no specific trends could be seen since a wide range of tools were used, such
as generalized linear models, correlation analyses, and zonal statistics. The authors also found
that only three publications utilized field observations, pointing to the great importance of
remote sensing and statistical modelling in geodiversity assessments.

4. STUDY AREA
The study area covers a surface of 195 km2 and is situated in the Troms and Finnmark county
in northern Norway between 69°56’ and 71°3’ N, and 26°2’ and 26°25’ E (see Figure 2). The
area comprises two mountain massifs, Rásttigáisá (1064 m a.s.l.) and Geaidnogáisá (1032 m
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a.s.l.), the valley in between them and the plateau around them. In addition to the mountain
massifs, the area also contains the fell Jorbbot (946 m a.s.l.). The lowest point of 120 m a.s.l. is
situated by the river Leavvajohka that runs through the south-eastern part of the area. In addition
to Leavvajohka, a number of other rivers and hundreds of streams occur in the study area. There
are four lakes (here defined as waterbodies larger than 0,1 km2) in the study area and hundreds
of smaller ponds, both seasonal and perennial ones.

Figure 2. The location as well as the general topographical and hydrological characteristics of the study
area. The contour interval is 100 m.

The variation in altitude of the study area creates large differences in both climate and
vegetation. The highest altitudes have a very poor or patchy vegetation and are mainly covered
by boulder fields. The dominant vegetation type in the area is xeric tundra heath characterized
by species such as crowberry (Empetrum nigrum ssp. hermaphroditum) and dwarf birch (Betula
nana), while herb-rich meadows and willow thickets are typical in the moister and more nutrient
rich habitats (Niittynen et al., 2018; Niittynen & Luoto, 2018). Streams and the supply of
meltwater from snow beds enable this more abundant vegetation (Ryvarden, 1969). The forest
line, which is formed by mountain birch (Betula pubescens ssp. Chzerepanovii), lies between
250 and 350 m a.s.l. and consequently only the lowest valley bottoms are forested. The area is
located in the southern part of the circumpolar Arctic vegetation zone and consequently it is a
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transition zone between the main biomes of northern high latitudes. The species pool is, in other
words, a mix of Arctic, alpine and boreal species (Niittynen et al., 2018; Niittynen & Luoto,
2018). During the period 1981-2010 the mean annual temperature in the area ranged from 0,3°C to -5,7°C and the mean annual precipitation rate from 457 mm to 669 mm (Niittynen &
Luoto, 2018).

(A)

(B)

(C)

(D)

Figure 3. Late-lying snow patches, as well as fluvial, cryogenic, mass wasting, and other erosional
processes have a great influence on characteristics of the study area. (A) Pond with Geaidnogáisá and
Rásttigáisá mountains in the background. Location: 69° 57.7894' N, 26° 24.0732' E. Photographed
towards northeast. (B) Escarpment and talus slope on Geaidnogáisá mountain. Location: 69° 59.362' N,
26° 13.464' E. Photographed towards east. (C) Hummocky moraine and block fields on the slopes of
Rásttigáisá. Location: 69° 59.0245' N, 26° 15.7494' E. Photographed towards southwest. (D) River
between Geaidnogáisá and Rásttigáisá. Location: 69° 59.4574' N, 26° 12.7022' E. Photographed towards
northeast. Photos taken 27.-29.7.2020 by Jorunn Johanson.

The majority of the study area is comprised by metamorphic Archean rock, which is part of the
so called “Lapland granulite-zone”. The bedrock is mostly covered by glacial till. The slopes
of the mountains are covered by a layer of easily weathering shales while the summits of the
mountains consist of Porsanger sandstone, mainly in the form of boulders and scree (Niittynen
& Luoto, 2018; Ryvarden, 1969). During the Last Glacial Period the topography of the area
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was greatly shaped by the continental ice sheets that covered the whole area. During this time
surficial glacigenic deposits were also formed (Hjort & Luoto, 2010; Ryvarden, 1969). There
is a dense fluvial network in the area that together with the mountain massifs create a varying
topographic relief. Since the area is located in the permafrost zone, cryogenic processes are also
of great importance. The influence of fluvial, mass wasting, and cryogenic processes can be
seen in Figure 3, as well as the presence of late-lying snow patches and the varying topography
of the study area. The anthropogenic impact in the area is rather insignificant and is mainly
related to reindeer husbandry as well as hiking trails.

5. DATA AND METHODS
5.1 MAPPING OF GEODIVERSITY ELEMENTS
This study applied the methodology of geodiversity assessment and the classification of
geodiversity elements by Hjort and Luoto (2010). Firstly, the elements of geodiversity were
mapped at a landscape scale using a grid-based approach to examine the spatial patterns of
geodiversity in the study area. In contrast to the study by Hjort and Luoto (2010), the vertical
patterns of geodiversity were also studied. Secondly, five different measures of geodiversity
were applied, namely the total geodiversity, the geomorphological process diversity, the
temporal diversity as well as two versions of the geodiversity index suggested by Serrano and
Ruiz-Flaño (2007b). The relationship between the measure of total geodiversity and the other
measures was examined. Lastly, the relationship between topography and geodiversity was
studied, with focus on variables related to elevation and slope.
Hjort and Luoto (2010) based their classification of geodiversity elements on classifications by
Gray (2004) and Serrano and Ruiz-Flaño (2007b), and included geological, geomorphological,
and hydrological elements, while omitting pedology and topography. Although soils were not
considered, soil types were included under geology together with rock types. Despite
topography not being included as a subgroup of geodiversity, the relationship between
geodiversity and several topographical parameters was examined (see section 5.3). Several
changes were made to the classification of geodiversity elements by Hjort and Luoto (2010) to
better suit the study area and the material available. Firstly, rock types and soil types were
separated into subclasses under geology. The soil types considered in this study were peat,
glaciofluvial deposits, till/moraine, boulder fields and rocky outcrops while the rock types
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included were quartz arenite, shale, claystone, sandstone, aluminium silicate gneiss and
orthopyroxene gneiss. Secondly, some changes were also made to the list of geomorphological
elements. Glacially shaped bedrock, tors, erratic blocks, bottom of ice lake, slush flow tracks,
ploughing blocks, braking blocks, summit peat and palsas were omitted due to their size and/or
the difficulty to identify them without field observations. Kame-terraces, wave-cut bluffs,
wave-cut platforms, sandbars, sand dunes, oxbow lakes, string mires and thermokarst
depressions were omitted due to their absence in the area, while alluvial fans, flutings, drumlins,
and subarctic mires were added to the list as they are rather abundant in the area. Furthermore,
the different types of patterned ground, that is, circles, nets, polygons, steps, and stripes, were
combined to one category. Following Hjort and Luoto (2010) the hydrological elements were
divided into lakes, ponds, rivers and streams. In this study, lakes were defined as waterbodies
larger than 0,1 km2. Springs were omitted due to the resolution of the material, while seasonal
ponds were added due to their abundance in the area.
In accordance with Hjort and Luoto (2010), the geodiversity elements were mapped
quantitatively using a grid-based approach (each grid cell 1 km2, n=195). The aim was to assess
only whether the different elements of geodiversity were absent or present in each grid cell,
thus producing binary variables (1=present, 0=absent), rather than measuring the abundance or
coverage of the elements. All elements were also given the same value. For example, the
occurrence of a specific landform in a grid cell led to a value of one, regardless of how many
entities there were of the same landform. In other words, repeated occurrences of an element in
a specific study square were not considered. On the other hand, the occurrence of two different
types of landform gave a value of two. It should be pointed out that the elements did not need
to be independent of each other. For example, although interrelated, the occurrence of till and
hummocky moraine would provide a value of two, since geodiversity consists of both the
material and the landform and both, thus, have to be included (Hjort & Luoto, 2012). A
quantitative method was used because geodiversity evaluates variety rather than quality and,
therefore, methods where all elements are given the same value and the number of different
elements are counted are the best suited for geodiversity assessment (Pellitero et al., 2015). The
advantages of using grid-based systems are for example that the research area is divided
objectively into units of equal size and that it facilitates quantitative statistical analysis by
converting spatial variables into numeric form (Hjort et al., 2007; Hjort & Luoto, 2010). The
size of the grid cells was chosen based on the size of the study area and the detectable elements
of geodiversity.
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The elements of geodiversity were mapped using only remotely sensed data, that is, without
field observations. The geomorphological elements were mapped mainly using aerial
orthophotos with a resolution of 0.25 m accessed via Web Map Service (WMS) from the
Norwegian Mapping Authority (2019). Contour lines (mainly 2 m and 5 m) and slope data
calculated from a DEM with a resolution of 2 meters were also used. Furthermore, a Pleiades
panchromatic satellite picture with a resolution of 0.5 m, as well as data on fluvial networks,
snow cover duration and normalised difference vegetation index (NDVI) were utilized, all of
which were based on satellite or aerial photos. The key data used for the mapping of
hydrological elements were the aerial orthophoto (Norwegian Mapping Authority, 2019) and
the fluvial networks data. The mapping of soil types was executed based on a soil type map
based on the Pleiades satellite picture and the aerial orthophoto. The rock types were mapped
using a rock type map with a scale of 1:250 000, obtained from the National bedrock database
of Norway (Geological Survey of Norway, 2014). All data, except the rock type map, were
obtained directly from the University of Helsinki.

5.2 MEASURES OF GEODIVERSITY
After the elements of geodiversity were mapped, five different measures of geodiversity were
calculated according to Hjort and Luoto (2010). Firstly, the total geodiversity was defined as
the total number of different geomorphological, geological, and hydrological elements in each
grid cell. Secondly, the geomorphological process diversity was defined by classifying the
geomorphological elements into nine groups based on their genesis: polygenetic bedrock,
glacigenic elements, glaciofluvial elements, paleolake and littoral elements, aeolian elements,
fluvial elements, slope and mass wasting, biogenic elements, and cryogenic elements. The
number of different process types in each grid cell was then calculated. Thirdly, the temporal
diversity was calculated by classifying the elements of geodiversity according to their time of
formation into six groups: 1. formation of rock type (Pre-Cambrian), 2. long-term erosion and
denudation phase (Pre-Cambrian–Pleistocene), 3. Pleistocene glaciation, 4. deglaciation of the
Weichselian continental ice sheet, 5. Holocene and 6. current or rather recent activity (i.e.,
process activity in the recent decade). The number of different classes present in each grid cell
was then calculated. As some of the groups partly overlap, and as some element may be formed
and shaped during different time periods, this classification is somewhat rough and generalized.
Lastly, the geodiversity index, which relates the total element diversity of each grid cell with
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the roughness and surface of the grid cell, was calculated using the formula proposed by Serrano
and Ruiz-Flaño (2007b):
𝐺𝑑 = 𝐸𝑔 𝐼𝑅 / 𝑙𝑛 𝑆

(1)

where Gd = geodiversity index, Eg = number of different geomorphological, geological and
hydrological elements in the study square, IR = roughness parameter, ln = natural logarithm
and S = area of the study square (ha) (Hjort & Luoto, 2010; Serrano & Ruiz-Flaño, 2007b).
Roughness generally refers to the irregularity of a surface, and is usually represented by a
roughness vector or a set of parameters (Mark, 1975; Szypuła, 2017). In their studies, Hjort and
Luoto (2010) and Serrano and Ruiz-Flaño (2007a) used different roughness parameters to
calculate the geodiversity index. Both of these were used in this study, resulting in two different
versions of the geodiversity index. The roughness parameter used by Hjort and Luoto (2010)
was a three-dimensional vector analysis of slope and aspect (Equation 3.) introduced by Mark
(1975) (Etzelmüller, 2000). This roughness parameter was also used in the correlation analyses
(see section 5.3) to account for topographical diversity. Serrano and Ruiz-Flaño (2007a), on the
other hand, created a scale of roughness values by classifying the mean slope angles into five
classes (0-5º, 6-15º, 15-25º, 26-50º and >50º). Hereafter, the different geodiversity indices will
be separated by referring to the geodiversity index of Hjort and Luoto (2010) as “geodiversity
index based on vector analysis”, and the geodiversity index by Serrano and Ruiz-Flaño (2007b,
2007a) as “geodiversity index based on slope angle”. To facilitate the interpretation of the
results, the values obtained from both geodiversity indices were divided into five classes to
express geodiversity as being very low, low, medium, high, or very high. The classification of
values was based on equal counts, meaning that each class contains 20 % of the observations.
As pointed out by Zwoliński et al. (2018) classifying the values according to a five-grade scale
is typical for geodiversity maps, as it facilitates the interpretation of values. The threshold
values vary between studies depending on the study area characteristics, the methods, and the
purpose of the study.
In addition to examining how geodiversity varies spatially, the vertical diversity was also
analysed. The study squares were divided into nine elevation classes according to their mean
elevation, and the average total geodiversity for each class was then determined to examine the
relationship between mean elevation and total geodiversity. Next, the mean elevation was
classified into three groups displaying low (100-400 m a.s.l.), medium (401-700 m a.s.l.), and
high elevation (701-1000 m a.s.l.) and the frequency of all geodiversity elements was examined
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to see which elements are the most common as well as which elements are absent at different
elevations. The relative importance of different types of geomorphological elements at different
elevations was also analysed.

5.3 STATISTICAL ANALYSIS
5.3.1 TOPOGRAPHICAL PARAMETERS
Eight topographical parameters were calculated at a resolution of 1 x 1 km and their
relationships to the five measures of geodiversity were examined. The topographical parameters
used were the mean, standard deviation and range of both elevation and slope angle, as well as
the elevation-relief ratio and topographical roughness. Topography has a great influence on
geomorphology, hydrology and soil properties by affecting for example erosion, snowmelt
processes, vegetation and biomass production as well as the surface energy budget and
evapotranspiration (Moore et al., 1991). Elevation and slope angle are two topographical
parameters that have been widely used in geomorphological studies (Hjort & Luoto, 2010;
Moore et al., 1991), and they are also the most commonly used topographical parameters in
geodiversity assessments, due to their important influence on natural processes and landforms
(Crisp et al., 2021). Slope influences the flow rates of water and mass movements and is,
therefore, of importance to especially those geomorphological processes that are of
gravitational origin (Etzelmüller, 2000; Zevenbergen & Thorne, 1987). Slope angle not only
influences geomorphological processes but has also itself been shaped by past and present
geomorphological processes. Slope profile is consequently an important factor to be studied in
geomorphology (Mark, 1975). Elevation and its spatial variation are important topographic
parameters as they describe the relief and surface roughness of an area (Etzelmüller, 2000;
Mark, 1975), and elevation has also often been used as an indirect measure of for example
spatial variations in temperature, precipitation and vegetation (Moore et al., 1991). The mean,
standard deviation and range of both elevation and slope angle for each grid cell were computed
directly from the DEM using QGIS’ Zonal statistics command.
The elevation-relief ratio (E) is a hypsometric parameter that describes the relative proportion
of upland to lowland within an area (Hjort & Luoto, 2010; Pike & Wilson, 1971). The elevationrelief ratio (E) was calculated for each study grid cell according to Pike and Wilson (1971):
𝐸 = (𝑍𝑚𝑒𝑎𝑛 − 𝑍𝑚𝑖𝑛 )/ (𝑍𝑚𝑎𝑥 − 𝑍min )

(2)
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where Z is the elevation. The values of the elevation-relief ratio range from zero to one,
although they tend to cluster between 0.40 and 0.60. Low values indicate terrains where isolated
features rise above extensive flat surfaces, while high values indicate extensive flat terrains
broken by occasional depressions (Pike & Wilson, 1971; Szypuła, 2017). Furthermore, values
close to 0.5 indicates a normal elevation distribution and values close to zero or one indicate a
skewed distribution (Hjort & Luoto, 2010).
Topographical roughness is commonly used in geodiversity assessments. An increase in
roughness indicates an increase in the variety of aspect and slope, and consequently a greater
variability of microclimates and processes dependent on gravity, which in its turn typically
leads to a higher geodiversity (Crisp et al., 2021; Pellitero et al., 2011; Serrano & Ruiz-Flaño,
2007a). The roughness parameter (IR) was calculated by a three-dimensional vector analysis of
slope and aspect to account for the topographical diversity of the study squares using the
formula (Etzelmüller, 2000; Hjort & Luoto, 2010):
𝐼𝑅 = 1 − 𝐿

(3)

where L is the normalised vector strength:
𝐿 =𝑅/𝑛

(4)

where n = number of observations, that is, the number of elevation pixels, and R is the vector
strength, calculated by applying the formula:
2

2

2

𝑅 = √(∑ 𝑋𝑖 ) + (∑ 𝑌𝑖 ) + (∑ 𝑍𝑖 )

(5)

where X = -sin y sin a, Y= cos y sin a and Z= sin a, in which a = mean slope angle and y =
mean aspect angle. Both mean slope and aspect angle were computed from the DEM using the
Zonal statistics command in QGIS. Small vector strengths and large roughness values indicate
a large dispersion of slope and aspect with short slope lengths, while large vector strengths and
small roughness values indicate a homogenous orientation of slopes with long slope lengths
(Etzelmüller, 2000; Hjort & Luoto, 2010).
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5.3.2 CORRELATION ANALYSES
The relationships between the five measures of geodiversity and the topographical parameters,
as well as the relationships between the measure of total geodiversity and the other measures
of geodiversity were examined through correlation analysis (Spearman’s rank order correlation,
Rs). Spearman’s rank order correlation is used to measure the monotonic relationship between
two variables, using their relative order, or ranks. It is, thus, a more suitable measure for the
data in question than Pearson’s correlation coefficient, which only measures linear relationships
(Zou et al., 2003).

5.3.3 REGRESSION MODELLING
The relationships between the measures of geodiversity and the topographical parameters were
further examined using regression models. Linear regression modelling is one of the most
commonly used statistical methods across various different disciplines for examining the
relationship between a dependent variable and one or more independent variables. Nonlinear
terms can be introduced to the models to achieve so called polynomial regression models, which
can be used to test whether the relationship between variables is curvilinear (Darlington &
Hayes, 2017; Ostertagová, 2012). Polynomial equations may be of second order to examine the
presence of quadratic effects or of higher orders to examine more complex curves (Stimson et
al., 1978). The term R-squared (R2), or the coefficient of determination, is a measure in a
regression model that illustrates how large a fraction of the variance of the dependent variable
can be explained by the independent variable. In other words, it shows the strength of the
relationship between the variables as well as the validity or the goodness of fit of the model. R2
ranges from 0 to 1, where higher values indicate that a larger portion of the variance of the
dependent variable can be explained by the model (Marill & Lewis, 2004; Zou et al., 2003).
In this study, univariate regression models of second degree were calculated using the program
RStudio to analyse the impact of each of the topographical parameters separately on the
measures of geodiversity, as some of the relationships were expected to be unimodal. The R2
values of each model were examined to see how well the variance of the measures of
geodiversity can be explained using each of the topographical parameters. The models also
showed how statistically significant the first and the second order fits of the model were.
Furthermore, multivariate regression models were run to examine how well the variance of the
geodiversity measures can be explained using a combination of different topographical
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parameters as predictors. When choosing the most suitable predictors, the potential occurrence
of correlation between the topographical parameters was examined to avoid multicollinearity
among predictors. Parameters with a pairwise correlation higher than r = 0.7 were, thus,
removed and only four predictors remained, namely mean elevation, range of elevation, range
of slope angle and the elevation-relief ratio. Thereafter, the models were run using the second
order of these four predictors, and potential non-significant predictors (p > 0.05) were removed.
In some models only the first order of a certain parameter was statistically significant and
subsequently only the second order was removed. In other words, the topographical parameters
utilized varied slightly between models. For all other measures except temporal diversity, all
the four parameters with a bivariate correlation r < 0.7 were used as predictors, with the only
difference between models being whether both the first and the second order of the parameters
were used, or only the first order. In the case of temporal diversity, on the other hand, only
range of slope angle and the elevation-relief ratio were used.

6. RESULTS
6.1 ELEMENTS OF GEODIVERSITY
In total, 54 different geodiversity elements could be observed in the study area (see Table 1).
The most common rock type in the area is aluminium silicate gneiss, which is found in 141 grid
cells out of a total of 196 cells and covers the river valleys as well as most of the southern part
of the area. Sandstone is the second most common rock type (91 grid cells), covering the
mountain massifs as well as the north-western part of the area. The diversity of soil types of the
area is relatively large, as each soil type considered was found in at least 140 grid cells, with
the most dominant soil type till/moraine found in 188 grid cells. Hydrology is of great
importance in the area, with streams in almost all grid cells (190 grid cells) and ponds of
different size in 118 grid cells. Seasonal ponds are also rather common. Rivers can be found in
63 grid cells, while lakes are rarer and occur only in 19 cells. The area has a high
geomorphological diversity, but there is a clear difference in abundance between the different
types of elements. Especially elements created by cryogenic, biogenic and slope processes are
dominant in the area. Glaciofluvial and glacigenic elements are also of great importance, while
the least common type of geomorphological elements is paleolake and littoral elements. Out of
all geomorphological elements, the most common are blockfields (present in 193 squares),
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solifluction (178 squares), patterned ground (159 squares), slope mires (151 squares), and
outcrops (150 squares).

Table 1. The mapped elements of geodiversity and the number of squares they are present in.

Elements of geodiversity
Geology
Rock types
Quartz arenite
Shale
Claystone
Sandstone
Aluminium silicate gneiss
Ortho pyroxene gneiss
Soil types
Peat
Glacio-fluvial deposits
Till/ Moraine
Boulder fields
Rocky outcrops
Geomorphology
Polygenetic bedrock
Fracture valley
Escarpment
Out-crop
Glacigenic
U-valley
Fluting
Drumlin
Cirque-like depression
Transversal moraine
Hummocky moraine
Kettle hole
Glaciofluvial
Subglacial channel
Gorge channel
Lateral channel
Overflow channel
Extramarginal channel
Esker
Kame-hummock
Delta
Sandur

Present
squares

4
5
77
91
141
31
171
140
188
179
145

18
27
155
33
18
8
5
6
113
22
110
47
83
10
39
70
76
13
22

Elements of geodiversity
Paleolake and littoral
Paleo shore
Shore rampart
Aeolian
Deflation surface
Fluvial
Gully
Cut bank
River terrace
Braided channel
Meandering channel
Sandbar
Delta
Alluvial fan
Slope and mass wasting
Debris flow slope
Solifluction
Talus slope
Biogenic
Slope mire
Sub-arctic mire
Cryogenic
Patterned ground
Block field
Late-lying snow patch
Hydrology
Lake (>0,1 km2)
Pond
River
Stream
Seasonal pond

Present
squares
3
10
72
32
25
43
76
38
88
18
12
72
179
30
152
110
156
194
56
19
120
64
190
98
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6.2 TOTAL GEODIVERSITY
The total number of geodiversity elements per grid cell varies from a minimum of 7 to a
maximum of 36, with a mean of 20 and a standard deviation of 5, indicating a rather high
variation in total geodiversity between the grid cells. The majority of the area displays medium
geodiversity, while only 7 km2 belong to the highest geodiversity class (31-36 elements, see
Figure 5 for classification of values) and only 8 km2 to the lowest geodiversity class (7-12
elements). The frequency distribution of total geodiversity is somewhat coherent to the normal
distribution and there is clearly a concentration of medium values in the area (Figure 4).

20
18

16

Frequency

14
12
10
8
6
4
2
0
7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

Total Geodiversity

Figure 4. Frequency distribution of total geodiversity (number of elements per grid cell) in comparison
to the normal distribution. Each bar represents the number of grid cells containing a specific number of
geodiversity elements. The orange line represents the normal distribution.

Some patterns can be seen when it comes to the spatial distribution of geodiversity (Figure 5).
The grid cells yielding the lowest geodiversity level are generally located on the top or the
slopes of the two mountain massifs as well as of lower fells. In these grid cells landforms related
to solifluction, debris flow slopes, patterned ground and blockfields are common, but the lack
of other types of elements leads to a low geodiversity. Furthermore, the homogenous soil type
of the mountain massifs, typically consisting mainly of block fields and some occasional rocky
outcrops, as well as the lack of hydrological elements also contribute to the low geodiversity.
Medium and high geodiversity areas are, on the other hand, more spread out. Nevertheless,
there is a pattern of higher geodiversity study squares following the river valley systems and
larger streams, as well as being located in areas with a more varying topography. These areas
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typically contain elements of nearly all geomorphological classes, leading to a high landform
diversity. In addition to this, these areas also typically contain various different soil types in
contrast to the more homogenous soil type of the mountain slopes. Hydrology is, furthermore,
also of clear importance as many highly diverse grid cells contain larger streams or rivers.

2.

1.

Figure 5. Total geodiversity at a resolution of 1 x 1 km, measured as the number of different geodiversity
elements present in each study square. The contour interval is 10 m. One high geodiversity study square
(1.) and one low geodiversity study square (2.) are further visualized with aerial photos and
topographical maps in Figure 13.

6.3 GEOMORPHOLOGICAL PROCESS DIVERSITY
The geomorphological process diversity ranges from a minimum of 2 to a maximum of 9
different classes per study square, with a mean of 6.2 and a standard deviation of 1.3. The
patterns observed are similar to those of total geodiversity, meaning that the more diverse grid
cells generally follow the river valley systems (see Figure 6). There are 35 squares of the highest
class of geomorphological process diversity (8-9), while the lowest diversity (2-3) only applies
to 4 of 195 squares. The greater part of the area displays medium values, and the majority of
the squares contain elements of six or seven different geomorphological classes. The lowest
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diversity occurs in study squares located on the top of the Geaidnogáisá mountain massif and
on Jorbbot fell, located south of Geaidnogáisá, where the high elevation and the steep slopes
mainly allow for landforms related to slope and cryogenic processes. The study squares
containing elements of all or almost all geomorphological classes are typically located close to
the rivers or larger streams and/or contain a varied topography, with both steeper slopes and
flatter areas present in the same grid cell.

Figure 6. Geomorphological process diversity at a resolution of 1 x 1 km, measured as the number of
different process categories that the elements present in each study square are part of. The contour
interval is 10 m.

6.4 TEMPORAL DIVERSITY
The variation of temporal diversity between the study squares is low, with values ranging from
a minimum of 4 to a maximum of 6, with a mean of 5.7 and a standard deviation of 0.5. Most
study squares contain elements of all six temporal classes while only four study squares display
the lowest value. The temporal diversity in the whole area is, in other words, rather high (see
Figure 7).
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Figure 7. Temporal diversity at a resolution of 1 x 1 km, measured as the number of temporal categories
that the elements present in each study square are part of. The contour interval is 10 m.

6.5 GEODIVERSITY INDICES
There was a statistically significant positive correlation between the geodiversity index based
on vector analysis and the geodiversity index based on slope angle (RS = 0.67, p < 0.001). Some
similarities can, thus, be seen between the two indices when it comes to the overall larger-scale
spatial patterns of high or low diversity areas (Figure 8 and 9). The majority of the higher
geodiversity grid cells are clustered either in the vicinity of rivers or larger streams, or in
topographically heterogeneous grid cells with a combination of steeper slopes and flatter areas,
while less geodiverse areas tend to be located on the slopes and top of the mountains. These
patterns are, in other words, similar to those of the measure of total geodiversity. However, the
values do not always correlate with topography and there are some contradictory patterns when
it comes to smoother areas which seemingly are of similar nature, but still belong to widely
different classes ranging from very high to low diversity. Although the two geodiversity indices
display similar large-scale patterns, quite a few differences can be observed when looking at
individual study squares as some high diversity study squares of one index display low diversity
according to the other. It should be pointed out that as an equal count classification was used,
each class contains the same number of grid cells. Therefore, no conclusions can be made
considering which geodiversity level is the most common.
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Figure 8. Geodiversity index based on vector analysis at a resolution of 1 x 1 km. The values obtained
were categorised into five equally large classes. The contour interval is 10 m.

Figure 9. Geodiversity index based on slope angle at a resolution of 1 x 1 km. The values obtained were
categorised into five equally large classes. The contour interval is 10 m.
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6.6 VERTICAL DISTRIBUTION OF GEODIVERSITY
The vertical distribution of geodiversity in the study area can be seen in Figure 10. The average
number of geodiversity elements is increasing slightly as elevation increases up to
approximately 300 m a.s.l., whereafter geodiversity is quite stable until it starts decreasing as
elevation increases above approximately 600 m a.s.l., reaching the lowest geodiversity levels
at a mean elevation of 901 to 1000 m a.s.l. The vertical distribution of geodiversity ranges from
a mean of 11 elements per grid cell at an elevation of 901 to 1000 m a.s.l., to a mean of 22
elements at an elevation of 501 to 600 m a.s.l.
Table 2 shows the frequency of geodiversity elements, shown in which elements are the most
common as well as which elements are absent at low (100-400 m a.s.l.), medium (401-700 m
a.s.l.) and high elevations (701-1000 m a.s.l.). A larger number of elements are absent from low
and high elevations, while only cirques are absent from medium elevations. All soil types can
be found in all three elevation classes, and streams and blockfields are common elements at all
elevations.

Vertical distribution of geodiversity

Total geodiversity

25

20
15
10
5
0

Elevation (m a.s.l.)

Figure 10. Vertical distribution of geodiversity, shown here as the mean total geodiversity per study
square at different elevations.
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Table 2. The most common geodiversity elements as well as absent elements at low, medium, and high
elevations
100–400 m a.s.l.
Most
common
Absent
Geomorphology Outcrop,
Late-lying snow
blockfield,
patch, talus,
slope mire,
alluvial fan,
solifluction
shore rampart,
paleo shore,
transversal
moraine, cirque,
drumlin, fluting
Rock types

Aluminium
silicate gneiss

Soil types

Peat, boulder
field,
till/moraine
Stream

Hydrology

Quartz arenite,
shale, claystone,
sandstone

Lake

401–700 m a.s.l.
Most common
Block field,
solifluction,
slope mire

Aluminium
silicate gneiss

Absent
Cirque

701–1000 m a.s.l.
Most
common
Absent
Block field,
Fluting, drumlin,
solifluction,
transversal moraine,
patterned
kettle hole, overflow
ground
channel, extramarginal
channel, delta, sandur,
paleo shore, shore
rampart, cutbank,
meander, delta, alluvial
fan
Sandstone
Quartz arenite, shale

Till/moraine,
peat

Boulder field

Stream

Stream

River

The relative importance of different types of geomorphological elements at low, medium, and
high elevations can be seen in Figure 11. At low elevations the relative importance of fluvial
and glaciofluvial processes is clear, while cryogenic processes and mass wasting are more
common geomorphological processes at high elevations. The importance of biogenic, fluvial
and glaciofluvial processes decrease steadily with elevation, while that of cryogenic and mass
wasting processes increase gradually.

100 %

90 %
Cryogenic

80 %

Biogenic

70 %

Slope and mass-wasting

60 %

Fluvial

50 %

Aeolian

40 %

Paleolake and littoral

30 %

Glaciofluvial

20 %

Glacigenic

10 %

Polygenetic bedrock

0%
100-400 m

401-700 m

701-1000 m

Figure 11. The relative importance of different types of geomorphological elements in relation to the
total number of geomorphological elements at different elevations.
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6.7 MEASURES OF DIVERSITY
The correlations (RS) between total geodiversity and geomorphological process diversity,
temporal diversity, the geodiversity index based on vector analysis, and the geodiversity index
based on slope angle were 0.78 (p < 0.001), 0.07 (p = 0.3), 0.87 (p < 0.001) and 0.90 (p < 0.001),
respectively. In other words, all measures except temporal diversity displayed a strong and
statistically significant correlation to total geodiversity.

6.8 TOPOGRAPHICAL VARIABLES
Based on Spearman’s rank order correlation most of the relationships between the five measures
of geodiversity and the studied topographical parameters were statistically significant (see
Table 3). Only nine of the forty relationships studied were non-significant, and five of these
were related to the geodiversity index based on slope angle. Part of the variables correlated
negatively with geodiversity, while others showed a positive correlation. The strongest
correlations were observed between the geodiversity index based on vector analysis and the
parameters of topographical roughness, mean slope angle and range and standard deviation of
elevation, as well as between the geodiversity index based on slope angle and range of slope.

Table 3. Relationships between topography and the measures of geodiversity based on Spearman’s rank
order correlation coefficient (RS). ns. p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.
Total
geodiversity

Geomorphological Temporal
process diversity diversity

Geodiversity
index based on
vector analysis

Geodiversity
index based on
slope angle

Elevation (mean)

-0.355 ***

-0.396 ***

0.021 ns.

-0.422 ***

-0.296 ***

Elevation (range)

-0.271 ***

-0.269 ***

0.223 **

-0.658 ***

-0.015 ns.

Elevation (std)

-0.269 ***

-0.266 ***

0.221 **

-0.659 ***

-0.019 ns.

Slope angle (mean)

-0.144 *

-0.186 **

0.266 ***

-0.587 ***

0.126 ns.

Slope angle (range)

0.249 ***

0.119 ns.

0.214 **

-0.117 ns.

0.571 ***

Slope angle (std)

0.231 **

0.074 ns.

0.274 ***

-0.214 **

0.486 ***

Elevation-relief
ratio

-0.198 **

-0.289 ***

0.152 *

-0.254 ***

-0.121 ns.

Topographical
roughness

0.144 *

0.186 **

-0.266 ***

0.587 ***

-0.126 ns.

std = standard deviation
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The relationships between the topographical parameters and the measures of geodiversity were
also examined using regression modelling. Univariate regression models of second order were
run using each topographical parameter as the independent variable one by one and each of the
geodiversity measures as the dependent variable one by one. The R2 values of each model, as
well as the significance values for the first and second order fit of each model and the direction
of the effect can be seen in Table 4. The highest R2 values (R2 > 0.30) were obtained for
geomorphological process diversity and mean elevation, the geodiversity index based on slope
angle and range of slope angle, as well as for the geodiversity index based on vector analysis
and the topographical parameters related to elevation (mean, range, and standard deviation),
mean slope angle and topographical roughness. In these instances, the aforementioned
topographical parameters can, in other words, explain over 30% of the variance of these
measures of geodiversity on their own.
In 30 out of 40 models either the first or the second order fit, or both, were statistically
significant (p ≤ 0.05). In other words, in the case of ten models, neither the first nor the second
order fits were statistically significant. However, in sixteen other models only the second order
was non-significant. There were more instances where the first order fit was more statistically
significant than the second order, but in five models the second order was more significant and
in six models both were of the same significance value. There are, in other words, more
instances where there seems to be a linear relationship between the variables, although some
unimodal relationships also occur. There is some variation in the direction of the effect of the
topographical parameters on geodiversity, as some relationships are positive while others are
negative. The relationships between topography and total geodiversity are further visualised in
Figure 12, while the relationships between topography and the other measures of geodiversity
can be seen in Appendix 1.
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Table 4. R2 values of the univariate polynomial regression models, as well as the significance values of
both the first and second order fit, and the direction of the effect (positive or negative). The last row
presents the R2 values and p-values of the multivariate regression models. The multivariate regression
models used only statistically significant predictors with a bivariate correlation of r |< 0.7|. Model
details, including the predictors used for each model, can be found in Appendix 2.
ns. p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001

std = standard deviation
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Figure 12. Relationships between total geodiversity and topography, as well as the R2 values of the
univariate regression models based on the same variables (see Table 4.). The relationships between the
other measures of geodiversity and topography can be seen in Appendix 1.

Multivariate polynomial regression models were also fit to see how large a fraction of the
variance of the geodiversity measures could be explained using a combination of topographical
parameters. For all other measures except temporal diversity, the parameters mean elevation,
range of elevation, range of slope angle and the elevation-relief ratio were used as predictors,
with the only difference between models being whether both the first and the second order of
the parameters were used, or only the first order. In the case of temporal diversity, on the other
hand, only range of slope angle and the elevation-relief ratio were used. All models, and the
predictors used, were statistically significant (p ≤ 0.05). The R2 values of the models were 0.51
for total geodiversity, 0.45 for geomorphological process diversity, 0.10 for temporal diversity,
0.67 for the geodiversity index based on vector analysis and 0.63 for the geodiversity index
based on slope angle (Table 4.). In the four models that used all four predictors, mean elevation
and range of elevation turned out to be the most influential predictors, although the magnitude
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of their effect on the measures of geodiversity varied between the models. More information
about the models, including the parameters used and the significance codes, can be seen in
Appendix 2.

7. DISCUSSION
7.1 SPATIAL DISTRIBUTION OF GEODIVERSITY
There is a relatively clear pattern of higher geodiversity study squares containing a varied relief
and being clustered in the valley systems. In other words, the most geodiverse grid cells tend to
contain both steep slopes and areas of a smoother relief, thus allowing for a great variety of
geomorphological processes. Furthermore, the most geodiverse grid cells also tend to contain
rivers or larger streams. The majority of the low geodiversity areas are, on the other hand,
located on the summits and slopes of the mountain massifs, as well as in areas of more
homogenous, smooth relief. A comparison of the aerial photos and topographic maps of a low
geodiversity study square and a high geodiversity study square can be seen in Figure 13.
The patterns of higher geodiversity clustering in areas of varied relief and following river valley
systems is comparable to other studies executed both in similar subarctic regions (Hjort &
Luoto, 2010, 2012) and in other regions such as Brazil (Bétard & Peulvast, 2019; de Paula Silva
et al., 2015; Pellitero et al., 2015; Pereira et al., 2013), Spain (Pellitero et al., 2011) and Serbia
(Ponjiger et al., 2021). The heterogeneous environment of these areas allows for many different
abiotic processes, as the varied relief of the valleys affects hydrology, but also erosion,
transportation and sedimentation processes not only currently, but likewise during earlier
geological periods (Hjort & Luoto, 2010). Consequently, a great variety of landforms is
possible, ranging from inherited glacigenic and glaciofluvial landforms created during the
glaciations of the Pleistocene, to fluvial, aeolian, littoral, biogenic, cryogenic and slope
landforms created or further shaped during the Holocene and by currently active processes.
Another clear pattern is related to the fact that the most geodiverse grid cells in the study area
generally contain hydrological elements such as rivers and larger streams. The presence of these
elements already contributes to a higher geodiversity themselves, but also increases
geodiversity by allowing for fluvial formations. The presence of water also affects other
geomorphological processes. The high geodiversity grid cells often include both steep slopes
and areas with a smoother relief, thus allowing for slope processes, but also for example
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cryogenic and biogenic elements. Glacigenic and glaciofluvial elements tend to be more
common in smoother terrain as opposed to steep slopes, where erosion is prominent. However,
some geodiversity elements are also themselves part of the varied relief, such as eskers and
cirques as well as different kinds of glaciofluvial channels, valleys, and hummocks. Soil type
diversity tends to be larger in the valleys, while mainly boulder fields and rocky outcrops occur
on the mountains.

A

B

C
X

D

Figure 13. Comparison of one low geodiversity study square (A and B) and one high geodiversity study
square (C and D). On the left aerial orthophotos by the Norwegian Mapping Authority (2019) and on
the right topographic maps with contour lines of 2 m. The lower geodiversity study square (A and B) is
located on the southwestern slope of Geaidnogáisá and has a total geodiversity of 8 elements, while the
higher geodiversity study square (C and D) is located in the valley on the western side of Geaidnogáisá
and has a total geodiversity of 36 elements. The location of the study squares can be seen in Figure 5.
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Low geodiversity study squares are located not only on the summits and slopes of the mountain
massifs, but, in contrast to this, also in areas of less varied, smooth relief. Furthermore, areas
that lack larger hydrological elements also tend to display a lower diversity. On the steep slopes
mass wasting and erosional processes are dominant, which causes potential landforms to be
modified or destroyed, leading to a lower geodiversity. The same apply to the summits of the
mountain massifs, where solifluction, patterned ground and blockfields are dominant, but other
landforms are lacking, including for example accumulation landforms as well as different kinds
of glaciofluvial channels. The lack of hydrological elements, along with the subsequent lack of
fluvial elements, on the steepest slopes and highest summits also contribute to the lower
geodiversity. Due to the prominent erosion, soil type diversity is also low in these areas, as
mainly block fields and occasional outcrops occur there. On the other hand, grid cells with a
smooth relief do generally not allow for a high geodiversity either, as for example larger
glaciofluvial channels and mass wasting processes are absent. Although soil type and
hydrological diversity may be high also in flat terrain, the absence of many kinds of landforms
leads to a lower geodiversity. Smoother relief being associated with a lower geodiversity has
been a trend in several other studies (Bétard & Peulvast, 2019; de Paula Silva et al., 2015;
Manosso et al., 2021; Pellitero et al., 2011, 2015; Pereira et al., 2013). The patterns of
geomorphological process diversity and the two geodiversity indices were rather similar to the
pattern of total geodiversity in the study area, with the higher diversity sites following the river
valleys. It thus seems as if though the value of total geodiversity is relatively biased towards
geomorphology, leading to a high correlation to geomorphological process diversity. The two
geodiversity indices, on the other hand, seem to be highly driven by the total geodiversity. The
temporal diversity, however, differed a lot from the other measures of abiotic diversity and
there were no clear patterns as most study squares contained elements created during all time
periods considered.
The two geodiversity indices produced somewhat different results due to the fact that two
different roughness parameters were used for the calculation of the indices. The overall patterns
of the occurrence of higher and lower diversity study squares are, however, similar to a certain
degree as many lower diversity squares are located on the slopes of the mountain massifs while
the majority of the higher diversity squares seem to occur close to the larger rivers. But
considering individual squares there are quite a few differences between the two geodiversity
indices, and there are even instances where study squares display low values according to one
geodiversity index and high values according to the other one. This variation seems to be
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random, as for example steeper slopes may display both high and low values according to both
indices. The use of different roughness patterns, thus, produces some variation in smaller-scale
patterns. Roughness, that is, the irregularity of a surface is often represented by a roughness
vector or a set of parameters, and it has been stated that roughness cannot be completely defined
by any single measure (Mark, 1975; Szypuła, 2017). According to this, the geodiversity index
by Hjort and Luoto (2010) should, thus, be more accurate than the geodiversity index calculated
following Serrano and Ruiz-Flaño (2007a) since the first mentioned used a three-dimensional
vector analysis of slope and aspect as its roughness parameter, while the second one utilized
merely mean slope angle, in other words a single measure. It should also be mentioned that as
the roughness parameter used by Serrano and Ruiz-Flaño (2007a) was chosen based on the
mountainous nature and the high relief energy of their study area, it may not be suitable for
lowlands or areas of smoother terrain (Zwoliński et al., 2018). However, as both geodiversity
indices produced similar larger-scale patterns which are comparable to the patterns created by
the measure of total geodiversity, both geodiversity indices, thus, seem to be rather dependent
on the total number of geodiversity elements in the study squares. The effect of the different
roughness parameters was not as strong as the influence of the total geodiversity, and only led
to smaller scale variations, related to individual study squares. Therefore, both versions of the
geodiversity index seem to be equally suitable for examining the broader scale patterns of
geodiversity. However, an important difference between the two geodiversity indices was
revealed by the statistical analyses which examined the relationship between geodiversity and
topography. In general, the geodiversity index based on vector analysis showed stronger and
more statistically significant relationships to many of the topographical parameters than the
geodiversity index based on slope angle (Table 3 & 4).

7.2 VERTICAL DISTRIBUTION OF GEODIVERSITY
Geodiversity is relatively constant across elevations below approximately 600 m a.s.l., but a
clear decrease can be seen as the mean elevation gets closer to the maximum of 1000 m a.s.l.
The higher elevations in this study area are related to the mountains, and hence to steep slopes,
where erosion and mass wasting are very prominent, and landforms connected to these
processes are, thus, common. However, other landforms, such as fluvial, glacigenic,
glaciofluvial, littoral and biogenic landforms are lacking, and soil type diversity is also
generally low due to erosion. Consequently, these areas contain a lower geodiversity. On lower
elevations, where the topography is more varied and consists of flat areas as well as hills and
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slopes, elements of all classes could potentially occur, leading to a higher geodiversity. The
drivers behind the vertical distribution of geodiversity are, thus, similar to those of the earlier
discussed spatial patterns, as these are strongly driven by topography and elevation.
Some patterns can also be seen when it comes to the most and least common geodiversity
elements at different elevations (see table 2). Overall, it is clear that the areas exhibiting a
medium mean elevation (401-700 m a.s.l.) contain a greater variety of elements than the low
mean elevation (100-400 m a.s.l) and high mean elevation (701-1000 m a.s.l.) areas. All
geodiversity elements except cirques can be found in areas of medium mean elevation, whereas
a larger number of individual elements are absent in areas of low and high mean elevation. At
high mean elevations various fluvial, glacigenic, glaciofluvial and littoral elements are absent,
while low mean elevations lack several glacigenic and littoral elements, as well as singular
elements of cryogenic, mass wasting, and fluvial nature. At both high and low elevations some
rock types are lacking while all rock types are present at medium elevations. In contrast, all soil
types can be found in all elevation classes, pointing to a relatively large soil type diversity at all
elevations. When it comes to hydrology, lakes are absent at low elevations while rivers are
absent at high elevations. All hydrological elements can, on the other hand, be found at medium
elevations. The greater variety of elements at medium elevations is, however, most likely due
to the fact that the majority of the area has a medium mean elevation (136 out of 195 grid cells),
whereas only 35 grid cells have a high mean elevation and 24 grid cells a low mean elevation.
The larger surface area of medium elevations clearly allows for a larger number of different
elements.
When looking at individual elements, block fields are one of the most common elements in all
elevation classes, while streams are common hydrological features in all elevation classes
except the highest elevated ones (above 800 m a.s.l.). When it comes to geology, the only rock
types present at elevations lower than approximately 530 m a.s.l. are aluminium silicate gneiss
and ortho pyroxene gneiss, while there is a greater diversity at higher elevations. Aluminium
silicate gneiss is the most common rock type at the lowest elevations (100 to 400 m a.s.l.) while
sandstone is the most common at the highest elevations (701 to 1000 m a.s.l.). In contrast to the
rock type patterns, soil type seems to be more varied on lower elevations, where glaciofluvial
deposits, till, boulder fields, peat and rocky outcrops all are common, in contrast to higher
elevations where mainly boulder fields and till dominate. At the higher elevations other soil
types are hindered due to erosion and different gravitational processes.
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When it comes to the relative importance of different types of geomorphological elements (see
Figure 11), some conclusions can be drawn that are not as strongly driven by the difference in
surface area of the elevation classes. There is a clear pattern of cryogenic as well as slope and
mass wasting processes increasing in relevance with elevation. The importance of mass wasting
at higher elevations can be seen in that debris flow slopes become prominent above 800 m a.s.l.
Talus slopes are also rather common at high and medium elevations, while completely absent
at elevations below approximately 470 m a.s.l. Solifluction is, on the other hand, a dominant
type of mass wasting at all elevations, pointing to the importance of permafrost and seasonal
frost in the region. Related to this is the fact that cryogenic elements are common at all
elevations, although their relative importance in relation to all elements increase at higher
elevations. The increase of the relevance of both cryogenic and slope and mass wasting
processes at higher elevations is related to the landscapes at higher elevations containing more
steeper slopes where for example accumulation processes are hindered. Another clear pattern
is the decrease of the relative importance of fluvial elements at higher elevations, which is
strongly related to a decrease in hydrological diversity, as can be seen in the absence of rivers
and larger streams at this elevation. The relative importance of glaciofluvial landforms also
decreases with elevation as glaciofluvial material logically accumulated at lower elevations.
This can be seen in the subsequent decrease of glaciofluvial deposits at higher elevations.
Furthermore, glaciofluvial channels that potentially could have occurred at higher elevations
may have been eroded later by the strong slope processes in these areas. The decrease in
biogenic elements with elevation is, on the other hand, connected to the decrease in both peat
and hydrological elements with elevation. The relative importance of the different types of
geomorphological elements at different elevations seem to be related to the nature of the grid
cells that the elevation classes represent. The grid cells that display a low mean elevation are
all located in the south-eastern part of the study area, where deep river valleys dominate. This
region is also the only forested part of the study area. The majority of the study squares
exhibiting a high mean elevation are, on the other hand, related to the two mountain massifs
Rásttigáisá and Geaidnogáisá as well as some lower fells.

7.3 MEASURES OF DIVERSITY
There was a strong statistically significant correlation between total geodiversity and
geomorphological process diversity in this study area (RS = 0.78, p < 0.001), which is coherent
to the correlation observed in the study by Hjort and Luoto (2010), which examined a similar
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high latitude area (RS = 0.81, p < 0.001). The strong positive correlation indicates that the most
geodiverse areas also contain a high geomorphological process diversity. The patterns of both
diversity measures are, thus, similar, which can be seen in that high values are clustered in
similar areas (see Figures 5 and 6). It has been stated that the methodology used in this study to
map total geodiversity gives too much importance to geomorphology, while undervaluing the
geological, pedological and hydrological components of geodiversity (Bétard & Peulvast,
2019), and this may be a reason behind the strong correlation. The coarse resolution of the rock
type map used to account for geological diversity in addition to the few potential hydrological
elements and soil types may indeed lead to an emphasis of geomorphological diversity, as a
great variety of landforms were included. There was in fact a considerably larger number of
potential geomorphological elements (n = 38) than rock types (n = 6), soil types (n = 5) and
hydrological elements (n = 5), and as all elements were of the same value regardless of what
type of element, the total geodiversity value may be skewed towards geomorphology. Simply
mapping geomorphology would thus give a rather similar view of the diversity of abiotic nature
in the area. A potential solution to this could be assigning new values to the different kinds of
geodiversity (geomorphology, hydrology, and geology) for example by equalizing the values
of each subgroup to five classes. In other words, each subcategory would then consist of values
ranging from 1 to 5 per grid cell. When combining these partial indices to account for total
geodiversity the equal weight of each type of geodiversity would thus be assured, resulting in
a somewhat more holistic measure where no single type of element is overvalued. This has been
done in various studies following the methodology of Pereira et al. (2013). However, the value
of total geodiversity would then not represent the real number of geodiversity elements present
in the grid cells, and part of the information would, thus, be lost as a consequence. Future
research could instead benefit from a comparison of these two methods.
There was essentially no correlation between total geodiversity and temporal diversity in this
study (RS = 0.07, p = 0.3). In the study by Hjort and Luoto (2010), on the other hand, the
correlation was more pronounced (RS = 0.61, p < 0.001). As temporal diversity differs more
from the total geodiversity than the other measures, it can be seen as providing a supplementary
point of view to geodiversity assessment (Hjort & Luoto, 2010). It could, thus, give a broader
view of the abiotic diversity, while the other measures offer similar information as the measure
of total geodiversity. In this study there was, however, no correlation of statistical significance
between total geodiversity and temporal diversity. In addition to this, there was on the whole a
rather small variation in temporal diversity across the area as most study squares contained
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elements of all temporal classes. One reason for this may be the rough classification used in
this study. Most parts of the area contain elements created during all time periods. There is a
great number of landforms created during the glaciations and deglaciations of the Pleistocene,
but also landforms created later during the Holocene and even landforms currently being
created or shaped. In addition to this there are Precambrian rock types, Pleistocene and
Precambrian soil types, and hydrological elements created during the Holocene. The different
combinations of these elements of geodiversity in the study squares leads to a high temporal
diversity in the majority of the area. The usefulness of temporal diversity will clearly vary
between study areas, and it might be more applicable in areas with a more diverse geological
history (Hjort & Luoto, 2010).
Both the geodiversity index based on vector analysis and the geodiversity index based on slope
angle correlated strongly with total geodiversity (RS = 0.87 and 0.90, p < 0.001), despite being
calculated using different roughness parameters. This is comparable to the study by Hjort and
Luoto (2010) in which the corresponding correlation coefficient (RS) was 0.83 (p < 0.001).
According to Hjort and Luoto (2010), the geodiversity index is rather dependent on the total
number of elements in the study units, and especially when a grid system is applied and all
study units are of the same size, the geodiversity index does not differ much from the total
geodiversity. The geodiversity index might, however, be a more useful supplementary measure
if the study units vary in size, as was the case in other studies where the geodiversity index was
applied such as Serrano and Ruiz Flaño (2007a) and Pellitero et al. (2011).

7.4 TOPOGRAPHICAL VARIABLES
In this study area, there was a statistically significant relationship between the majority of the
topographical parameters and the five measures of geodiversity, according to both Spearman’s
rank order correlation and regression modelling (see Tables 3 and 4). Based on Spearman’s
rank order correlation only 9 out of 40 correlations were not statistically significant, and these
were related to RS values between -0.126 and 0.126 or, in other words, the weakest correlations.
The majority of the correlations observed were not particularly strong, with only five
relationships displaying an RS value either lower than -0.5 or higher than 0.5. The strongest
correlations were observed between the geodiversity index based on slope angle and range of
slope angle, as well as between the geodiversity index based on vector analysis and the
topographical parameters range and standard deviation of elevation, mean slope angle and
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topographical roughness. The relationships between topography and geodiversity were also
examined with the help of regression modelling. In the majority of the univariate regression
models, either the first or the second order fit, or both, were statistically significant, pointing to
a clear link between topography and geodiversity. In six models the R2 values were higher than
0.30, meaning that the topographical parameters in question separately could explain over 30%
of the variance of the geodiversity measures in question. Despite the occurrence of several
weaker relationships as well as a few statistically non-significant relationships based on both
Spearman’s rank order correlation and regression modelling, the influence of topography on
geodiversity is clear.
The impact of topography on geodiversity was further confirmed by multivariate regression
modelling. The R2 values for the models explaining total geodiversity, geomorphological
process diversity, temporal diversity, the geodiversity index based on vector analysis and the
geodiversity index based on slope angle were 0.51, 0.45, 0.10, 0.67 and 0.62 respectively (p <
0.001 for all models). Using relatively few predictors the models could, thus, explain between
10 and 67 % of the variance of the geodiversity measures. In other words, the variance of all
measures except temporal diversity could be explained relatively well using topographical
parameters, pointing to the clear importance of topography as a driver of geodiversity.
Elevation and slope angle are two topographical parameters that are commonly used in
geomorphological studies since they are associated with many geomorphological processes
(Hjort et al., 2007; Hjort & Luoto, 2010; Moore et al., 1991). As many geomorphological
processes are of gravitational origin, and as the change of slope and elevation indicates the relief
of a surface (Etzelmüller, 2000), it would be expected to find some sort of correlation between
these parameters and geodiversity. However, the direction of the effect of slope and elevation
on geodiversity varies between processes, which leads to the lack of clear, strong relationships
between the parameters (Hjort & Luoto, 2010). In other words, the correlation may be positive
for some geodiversity elements and negative for others. Furthermore, the direction of the effect
(positive or negative) of slope or elevation may also vary even for the same element depending
on the magnitude of change. In other words, a small increase of slope angle may have a positive
effect on a given feature while a greater increase may affect it negatively. To some extent a
larger slope angle or change in elevation may indicate a varied relief that allows for a great
variety of hydrological elements and soil types to occur, as well as a multitude
geomorphological processes to act, thus increasing geodiversity. On the other hand, when
slopes get even steeper, mass wasting processes and erosion become so prominent that
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geodiversity decreases when for example potential landforms formed during the glaciations of
the Pleistocene are eroded and destroyed. Accumulation processes are also hindered on the
steeper slopes. Furthermore, the increased erosion hinders the diversity of soil types, and the
steep slopes prevents the occurrence of certain hydrological elements such as ponds and lakes.
The contradictory effect of slope and elevation may be what causes most of the relationships
between geodiversity and the topographical parameters in this study area to be rather weak.
Despite this, the topographical parameters clearly affect geodiversity to some extent as most
correlations are statistically significant. It has been pointed out that as the standard deviations
of the topographic parameters describe the heterogeneity of the environmental conditions of the
grid cells, whereas the mean values describe the average conditions, the standard deviation
should in theory be a better predictor of geodiversity (Hjort & Luoto, 2012). However, no such
pattern could be observed in this study area.
In theory, high values of topographical roughness, indicating an irregular topographic surface,
should be related to areas with a complex geological structure and/or a high intensity of erosion
as well as different geomorphological and hydrological processes, consequently leading to a
high density of landforms (Melelli, 2014). In other words, a large topographical variability
should indicate heterogenic abiotic conditions where a higher geodiversity is possible (Hjort &
Luoto, 2010; Pellitero et al., 2011; Serrano & Ruiz-Flaño, 2007a). In this study, topographical
roughness showed a rather weak correlation to all measures of diversity (-0.266 < RS < 0.186)
except to the geodiversity index based on vector analysis (RS = 0.587). However, four out of
five correlations were of some degree of statistical significance, pointing to topography having
a certain influence on geodiversity, although the magnitude of the effect varies. Regression
modelling produced similar results, with topographical roughness explaining the geodiversity
index based on vector analysis the best (R2 =0.318).
When it comes to the correlations between the topographical parameters and the measure of
total geodiversity, some comparisons can be made to the results reached in the study by Hjort
and Luoto (2010), which the methodology of this study was based on and where a similar
subarctic area was examined. The clearest difference between the results is that five out of eight
correlation coefficients of this study were negative, meaning that total geodiversity decreases
as the topographical parameters increase, while only one was negative in the study by Hjort and
Luoto. However, both studies showed only weak correlations. Out of the topographical
variables that both studies have in common, the strongest correlating parameters differed for
this study and the study by Hjort and Luoto (2010) being the mean elevation and the range of
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slope angle, respectively. A similar correlation analysis between total geodiversity, and the
mean and standard deviation of both elevation and slope was executed in another nearby
subarctic region by Hjort and Luoto (2012). This study showed somewhat stronger correlations
to almost all variables. Nevertheless, the correlation between mean elevation and total
geodiversity was almost the same (RS = ca -0.36) in both this study and the study by Hjort and
Luoto (2012). Due to the difference in correlation patterns between these three studies, as well
as the relatively weak correlations observed in the studies, no conclusions can yet be drawn
considering which variables are the most important drivers of geodiversity patterns in subarctic
areas, and more studies are still required.

7.5 UNCERTAINTY ISSUES
There are some uncertainty issues related to this sort of study, which mainly relate to the use of
remotely sensed data for mapping. The identification of landforms using remotely sensed data
is dependent on the resolution of the material. Firstly, certain landforms may be too small to be
identified properly and, secondly, it may be difficult or even impossible to distinguish between
certain landforms without any field observations or further knowledge about for example the
grain size of the material that the landform is comprised of. Consequently, some of the potential
landforms were omitted, as field observations would have been required for their identification.
The identification of landforms may also be hindered by vegetation. Furthermore, the presence
of shadows on satellite or aerial photos may interfere with the mapping of landforms as it
hinders the identification of geodiversity elements occurring in the shaded areas. Satellite
photos taken during different times of the day, with shadows covering different areas, may
therefore lead to different geodiversity elements being identified.
The results are likely to be scale dependent in this sort of study. The scale may refer to both the
extent and the resolution of the study. This study quantified geodiversity at a landscape scale
leading to soils as well as certain landforms being omitted. Using a more detailed scale could
for example lead to the identification and calculation of a greater abundance and diversity of
geodiversity elements. The size of the grid cells, and consequently the number of total grid
cells, as well as the extent of the study area itself, may affect the correlation analyses executed,
and a larger dataset could potentially reveal different relationships between variables. The scale
of the maps used to account for soil and rock types in geodiversity assessments will also affect
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the results. As an example, the rock type map used in this study was rather small-scaled, and
the measure of geological diversity was consequently rather rough.
Another uncertainty is related to the fact that different landforms may occur on top of each other
as well as that the formations seldom are untouched or found in pristine shape. Landscapes are
dynamic and, thus, constantly being influenced by geomorphological processes. As a
consequence, there may be only some unidentifiable remains left of older landforms after they
have been modified or partly destroyed by current processes. Therefore, it is often difficult or
even impossible to identify all landforms that actually are present. Furthermore, as has been
pointed out by Zwoliński et al. (2018) all geodiversity assessments are dependent on the
knowledge and experience of the observer. However, despite possible uncertainties the
mapping of geodiversity elements still gives a good general overview of the variation of
geodiversity.
Furthermore, an additional uncertainty is the methodological issue related to the interpretation
of the relationship between the geodiversity indices and the topographical parameters. As the
geodiversity indices themselves are based on topographical variables, the following analysis of
the relationship between the geodiversity indices and topography is to some extent circular
reasoning. The variables are, in other words, not completely independent. This has to be kept
in mind when carefully interpreting the results and drawing conclusions.

7.6 GEODIVERSITY VERSUS GEOHERITAGE IN RELATION TO CONSERVATION
In addition to increasing the knowledge and awareness of geodiversity and its spatial and
temporal patterns, geodiversity assessment and mapping is also of importance for
geoconservation, the management of georesources as well as land use planning. Furthermore,
geodiversity assessment can be used as a surrogate for biodiversity (Pellitero et al., 2015) and,
thus, plays an important role for nature conservation in general. In assessing geodiversity
quantitatively, the spatial patterns of high and low diversity sites are revealed, and hotspots can
consequently be identified. However, it is important to point out that individual geosites may
have a high geoheritage value even if they display a low diversity (Bétard & Peulvast, 2019)
and they may, therefore, still be of scientific, educational, aesthetic, spiritual or recreational
importance. Low diversity sites may contain what Sharples (2002) refers to as “outstanding” or
rare or well-expressed features, as well as “representative” or remarkably well-developed
features, which are of importance for geoconservation and contribute to their geoheritage value.
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As an example, Ponjiger et al. (2021) concluded that the majority of earlier identified geosites
in their study area was situated in locations of low or medium geodiversity whereas many highly
geodiverse areas contained no designated geosites. This points to the importance of
distinguishing geodiversity and geoheritage, as the first one is considered a quantitative value
while the other one is qualitative. Geoheritage can, therefore, be somewhat more subjective and
is always open to interpretation (Pellitero et al., 2011). Considering the differences between
geodiversity and geoheritage, it is clear that although quantitative geodiversity maps can be of
importance for land use planning and conservation strategies, they are not adequate for the
protection of individual phenomena (Ponjiger et al., 2021). The conservation of abiotic nature
should, thus, not necessarily be analogous to the conservation of geodiversity hotspots but
should also incorporate geoheritage values. Because geodiversity can be interpreted from
different perspectives it is important to develop both qualitative and quantitative methods for
its assessment (Manosso et al., 2021). Quantitative methods, where the number of geodiversity
elements are calculated in a given area, are of value for the understanding of the spatial patterns
as well as the drivers of geodiversity. This sort of assessment can also provide guidelines for
nature conservation and landscape management. However, geosite and geoheritage assessments
are also required for more holistic policies.
In the area examined in this study, especially valuable geodiversity elements are for example
the many well preserved glacigenic and glaciofluvial landforms such as for example eskers,
drumlins, deltas and sandurs. These landforms can be considered fossil or relict as they were
formed by no longer active processes during the Pleistocene when the whole area was covered
by ice sheets. Consequently, these landforms are irreplaceable and cannot be recreated if
degraded, at least over human timescale. This type of landforms is of especially great
educational and research value, as they provide information about past conditions. The study
area also contains large areas of prominent patterned ground, which are of great aesthetic as
well as educational value. These areas can be considered as threatened by the ongoing climate
change, as warmer temperatures will affect the cryogenic processes necessary for their
formation. However, more precise mapping of sites that are of exceptional geoheritage value
would require field observations.
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8. CONCLUSIONS
This study examined the variability of geodiversity in a northern high latitude and altitude area
in Northern Norway by using different measures, namely total geodiversity, geomorphological
process diversity, temporal diversity and two versions of the geodiversity index by Serrano and
Ruiz-Flaño (2007b). The vertical distribution of geodiversity was also analysed as well as the
relationship between the measures of geodiversity and a series of topographical parameters.
The aims of the study were (i) to examine the spatial and vertical patterns of geodiversity in the
study area, (ii) to apply and compare five different measures of geodiversity, and (iii) to analyse
the relationship between the measures of geodiversity and several topographic parameters.
Some conclusions can thus be drawn.
Firstly, a pattern of higher geodiversity clustering in the valley systems can be observed, while
the lowest geodiversity values seem to occur in relation to the summits and the slopes of the
mountains. The spatial patterns of geodiversity are, thus, strongly related to the vertical patterns,
which show that geodiversity decreases steadily as mean elevation rises above 600 m a.s.l.
Furthermore, the presence of rivers and larger streams, as well as a varied relief consisting of
both smoother plains and steeper slopes seem to correlate with a higher geodiversity. In these
areas both erosion and accumulation processes can act, leading to a greater variety of
geomorphological elements and soil types. The patterns of geodiversity in this study area are
comparable to the those of similar studies executed in both similar subarctic areas (Hjort &
Luoto, 2010, 2012) and in other parts of the world (Bétard et al., 2018; de Paula Silva et al.,
2015; Pellitero et al., 2011, 2015; Pereira et al., 2013). The results, thus, strengthen earlier
conclusions of geodiversity patterns especially in similar high latitude and altitude areas, which
have not been studied as thoroughly as other regions.
Secondly, all tested measures of geodiversity except temporal diversity correlated strongly with
the measure of total geodiversity. Temporal diversity could, therefore, be seen as providing a
supplementary point of view to total geodiversity. However, the measure of temporal diversity
was based on quite a rough classification which may have affected the results and no certain
conclusion should, thus, be drawn solely based on this result. The strong correlation between
geomorphological process diversity and total geodiversity may point to the measure of total
geodiversity being somewhat biased towards geomorphology as has been pointed out by Bétard
and Peulvast (2019), while the strong correlations between the two geodiversity indices and
total geodiversity may indicate that the geodiversity indices are rather dependent on the total
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number of elements in the study units, especially if they are of the same size (Hjort & Luoto,
2010). The measure of total geodiversity is easily interpreted and is based on a rather
straightforward method, especially when combined with a grid-based approach. Therefore,
considering the strong correlation between total geodiversity and the other measures used, the
measure of total geodiversity seems to be very well suited for describing the diversity of the
abiotic nature.
Thirdly, the majority of the topographical parameters analysed in this study showed a
statistically significant relationship to the measures of geodiversity, although most of the
correlations were rather weak or moderate. This is most likely due to the contradictory effect
of slope and elevation on geodiversity elements. These two topographical parameters are
commonly used in geomorphological studies as they are associated with many
geomorphological processes (Hjort et al., 2007; Hjort & Luoto, 2010; Moore et al., 1991), but
the direction and the magnitude of their effect on geodiversity varies depending on the elements
(Hjort & Luoto, 2010). In general, a certain increase in slope angle or elevation may point to a
varied relief which enables a higher geodiversity, but as slopes gets steeper erosional processes
become very influential while accumulation processes are lacking, leading to a decrease in both
landform and soil type diversity. Larger hydrological features are also hindered in these areas.
Based on the correlation analyses of the relationship between total geodiversity and the
topographic parameters, in addition to the patterns of geodiversity noted in this study, one can
conclude that topographically heterogeneous landscapes enable a higher geodiversity while too
steep slopes and too flat terrain hinders it. The multivariate models further confirmed that
topography can be used to predict geodiversity patterns relatively well. Although the effect of
topography on geodiversity in clear, no conclusions can yet be drawn considering which
topographic variables are the most relevant for geodiversity assessment, and more research is
consequently required.
Currently, quantitative methods combined with a grid-based approach are often considered the
best suited methods for geodiversity assessment as these provide a holistic and objective way
to measure all elements of geodiversity (Crisp et al., 2021; Gonçalves et al., 2020; Pellitero et
al., 2015; Zwoliński et al., 2018). Nevertheless, more research is still required to reach
consensus as a standardized methodology would facilitate the inclusion of geodiversity in land
use planning and management, as well as in nature conservation (Crisp et al., 2021; Pereira et
al., 2013). The methodology used in this study follows the main trends and current
recommendations, and proved to be rather efficient. The use of remotely sensed data is a cost56

and timesaving method compared to field observations and proved suitable for geodiversity
assessment in this area as the available data was of great resolution. The lack of vegetation in
the study area also facilitated the identification of geodiversity elements using remotely sensed
data.
To conclude, this study shows that high geodiversity occurs in the vicinity of rivers and larger
streams, as well as in landscapes with a varied relief. Topography has a statistically significant
influence on geodiversity, although the magnitude and direction of the effect varies between
the elements of geodiversity. Geodiversity is threatened by anthropogenic activity globally, but
especially in Arctic and subarctic areas due to an increased environmental, economic, and
geopolitical interest in the area, as well as due to the climate change and its consequences,
which will have a greater impact in northern high latitudes due to the Arctic amplification.
Geodiversity has many values that are worth protecting, through the many abiotic ecosystem
services it provides as well as through its strong link to biodiversity. To facilitate the integration
of geodiversity in education, decision-making, nature conservation, resource management and
land use development, more research is required about the spatial patterns of geodiversity, the
drivers of geodiversity, the links between geodiversity and biodiversity, as well as the impact
of humans on geodiversity
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11. APPENDIX
Appendix 1. Relationship between topography and the measures of geodiversity
A. Relationship between geomorphological process diversity (abbreviated to “process
diversity”) and topography, as well as the R2 values of the univariate regression models based
on the same variables.
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B. Relationship between temporal diversity and topography, as well as the R2 values of the
univariate regression models based on the same variables.
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C. Relationship between the geodiversity index based on vector analysis (abbreviated to “GD
index (vector)”) and topography, as well as the R2 values of the univariate regression models
based on the same variables.
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D. Relationship between the geodiversity index based on slope angle (abbreviated to “GD index
(slope)”) and topography, as well as the R2 values of the univariate regression models based on
the same variables.
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Appendix 2. Multivariate regression models using the parameters mean elevation (abbreviated
to “elmean”), range of elevation (“elrange”), range of slope (“sloperange”) and the elevation
relief ratio (“elevationrelief”) to explain total geodiversity (“geodiv”), geomorphological
process diversity (“process”), temporal diversity (“temp”), the geodiversity index based on
vector analysis (“indexvector”) and the geodiversity index based on slope angle (“indexslope”).

A. Total geodiversity

B. Geomorphological process diversity
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C. Temporal diversity

D. Geodiversity index based on vector analysis
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E. Geodiversity index based on slope angle
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