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Abstract

Despite the growing recognition of geodiversity in recent years, it remains overshadowed
by its biotic counterpart, biodiversity. The objective of this thesis is to narrow this gap by
advancing the quantitative assessment of geodiversity within the context of biodiversity.
The main objective is to provide a theoretical and methodological framework for the
study of landscape-scale geodiversity in biodiversity investigations, with some insights
for nature conservation.

To achieve this goal, I will I) review the theory of the geodiversity—biodiversity
relationship, 1I) empirically test the relationship in Finnish freshwater ecosystems, and
III) provide data and methods for Europe-wide geodiversity and biodiversity studies.
By employing quantitative geographical research methods inspired by ecological
research traditions, I investigate the relationship between geodiversity and biodiversity
across aquatic and terrestrial ecosystems.

Empirical investigations revealed positive correlations between geodiversity and
vascular plant species richness in distinct studies conducted in Finland and Switzerland,
across both aquatic and terrestrial ecosystems. This alighs with the theoretical
assumption that geodiversity fosters greater biodiversity. Moreover, the Europe-wide
geodiversity data produced within the thesis provides ready-to-use variables for
future biodiversity investigations across the continent and contributes to large-scale
geodiversity assessment in general.

In conclusion, I recommend further development of geodiversity assessment
methods and the establishment of systematic frameworks for various research contexts.
Such actions would facilitate the implementation of standardized and reproducible
research practices, thereby helping to unlock geodiversity’s potential in biodiversity
and conservation research and in practice. Integrating geodiversity systematically
into conservation and policy making is essential to fully acknowledge its crucial role
in shaping sustainable future. By broadening perspectives on natural diversity beyond
biodiversity alone, this thesis seeks to enhance general understanding and appreciation
of geodiversity.

Keywords: geodiversity, biodiversity, georichness, species richness, quantitative
assessment, GIS, nature conservation



Tiivistelma (abstract in Finnish)

Geodiversiteetin kisitteen tunnettuus on viime vuosina kasvanut, mutta se jdd yhi bio-
diversiteetin varjoon sekd tutkimuksessa ettd yleisessd keskustelussa. Tdssd viitOskir-
jassa pyrin kuromaan umpeen kisitteiden vilistd kuilua ja edistimdin geodiversiteetisti
kiytivia ticteellistd keskustelua kehittimilld menetelmid geodiversiteetin mairilliseen
arviointiin. Tavoitteenani on tarjota teoreettisia ja menetelmallisid ldhtokohtia
maisematason geodiversiteetin tutkimukseen, erityisesti biodiversiteetin tutkimuksen
yhteydessi, ja samalla 16ytid luonnonsuojelua edistivid sovelluksia.

Tavoitteen saavuttamiseksi I) teen katsauksen geodiversiteetin ja biodiversiteetin
viliseen suhteeseen, 1I) testaan tdtd suhdetta empiirisesti Suomen makeanveden eko-
systeemeissd, ja 1II) tuotan geodiversiteettiaineiston sekd menetelmin ohjeistuksen
geodiversiteetin mairillisecen arviointiin Euroopan laajuisia jatkotutkimuksia varten.
Hy6dynnin tutkimuksessani kvantitatiivisia maantieteellisid ja ekologisia menetelmii
selvittidkseni geodiversiteetin ja biodiversiteetin vilisid yhteyksid sekd vesi- ettd
maackosysteemeissi.

Empiirisissd tarkasteluissani havaitsin positiivisia korrelaatioita geodiversiteetin ja
putkilokasvien lajirunsauden vililld eri tutkimuskohteissa Suomessa ja Sveitsissi, seka
vesi- ettd maackosysteemeissd. Tami tukee teoreettista oletusta siitd, ettd geodiversi-
teetti mahdollistaa rikkaamman biologisen monimuotoisuuden. Tuottamani Euroopan
laajuiset geodiversiteettiaineistot tarjoavat valmiita ymparistdmuuttujia tuleviin biodi-
versiteettitutkimuksiin eri puolilla Eurooppaa, ja edistivit maisematason geodiversitee-
tin arviointia ja mittaamista.

Tulosten perusteella suosittelen geodiversiteetin arviointimenetelmien jatkokehitystd ja
systemaattisten tutkimuskehysten luomista eri tatkoituksia varten. Tallaiset toimenpiteet
mahdollistavat standardoitujen ja toistettavissa olevien tutkimuskaytintdjen kehittimisen,
mikd puolestaan edesauttaa geodiversiteetin hyddyntimistd biodiversiteetin ja luonnon-
suojelun tutkimuksessa ja kiytdinnén toimissa. Geodiversiteetin systemaattinen sisél-
lyttdiminen esimerkiksi luonnonsuojeluun ja poliittiseen padtdksentekoon on vilttimatontd
kestivin tulevaisuuden saavuttamiseksi. Tama tutkimus laajentaa nikékulmia luonnon
monimuotoisuuden tarkasteluun ja lisdd yleistd ymmarrystd sekd arvostusta geodiversi-
teettid kohtaan.

Avainsanat: geodiversiteetti, biodiversiteetti, georunsaus, lajirunsaus, mdirillinen
arviointi, GIS, luonnonsuojelu
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Toivanen: Quantitative geodiversity assessment in biodiversity investigations

| Introduction

Inyear 2024, one can hardly argue that geodiversity is new term or concept. Nevertheless,
it has yet to achieve the same degree of recognition as its biotic counterpart, biodiversity.
The term ‘geodiversity” was first introduced in the early 1990s as a response to the
growing attention on biodiversity during the Rio Earth Summit in 1992. Geoscientists
then argued that geodiversity, the non-living equivalent of biodiversity, is an equally
diverse phenomena and important in conservation efforts (Gray 2021). However, the
acknowledgment of the significance of the non-living environment predates this era.
Geodiversity researchers today trace the recognition of the interconnectedness between
abiotic and biotic environments back to the work of Alexander von Humboldt in the
1800s (Schrodt ez al. 2019).

The number of scientific studies focusing on geodiversity began to increase signif-
icantly in 2010s. A total of 509 documents mentioning ‘geodiversity” were recorded
in Web of Science throughout the 2010s. By August 2024, the number of documents
recorded in Web of Science since the beginning of the 2020s had reached 731, indicating
a growing interest in the topic. Furthermore, geodiversity has gained wider public
recognition in recent years, with UNESCO establishing International Geodiversity Day
in 2021 (UNESCO 2022). This may also be a reason why Google stopped suggesting
‘did you mean biodiversity?’ when ‘geodiversity’ was typed into the search bar', making
it easier for more people to explore geodiversity and all its wonders.

Increasing knowledge of geodiversity has led to the recognition of its various con-
tributions to both nature and humans (Gray 2021). These contributions encompass a
range of areas, including geosystem services, geomaterials, geotourism, geoheritage and
geoconservation. Another contribution of geodiversity is that it underpins biodiversity.
It has been suggested that a more diverse geological setting supports higher biodiversity,
which is why geodiversity should have inherent conservation implications (Lawler e al.
2015). However, there is still much to clarify regarding the definition and measurement
of geodiversity, as well as the study of its patterns and relationship with biodiversity in
practical terms (Maliniemi e# 2/ 2024). While the term ‘geodiversity’ is no longer new, its
integration into practical actions and decision-making processes, and the interest in its
relationship to biodiversity, are relatively recent developments.

This thesis is characteristic of geographical research, integrating insights from a
range of disciplines, including geology and ecology. Geographical research involves
the development of techniques to represent and manipulate spatial information across
scales, encompassing both abiotic and biotic environments (Strahler 2013: 4-9). The
subject of geodiversity presents a particularly intriguing area of geographical research
due to its cross-disciplinary nature (see also Claudino-Sales 2021). While geological,
pedological and hydrological maps are commonly produced in their respective fields,
comprehensive geodiversity mapping remains relatively limited. Furthermore, this
thesis explores the interconnections between geodiversity and biodiversity, drawing
upon insights from ecological and biogeographical research that investigate the linkages
and patterns between living and non-living environments (Kingsland 1991; Lomolino
et al. 2016: 4-5). The diverse range of geographical research methodologies, including
fieldwork, geoinformatics and statistical analysis, offers a versatile toolset for investigat-
ing geodiversity and the interrelations between the living and non-living environments.

1 This personal observation is based on search results in English. In Finnish, Google still suggests
searching ‘biodiversity’ (biodiversiteetti) instead of ‘geodiversity’ (geodiversiteetti).
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The objective of this thesis is to establish a conceptual and methodological
framework for the study of geodiversity, with a particular focus on its application in
the context of biodiversity investigations. This will be achieved by utilising quantitative
data and methods derived from geographical, geological and ecological research. This
thesis includes three original research papers, where I review the existing literature on
the relationship between geodiversity and biodiversity (Paper 1, Tukiainen ef a/ 2023),
empirically examine this relationship (Paper 1I, Toivanen ef a/. 2019), and present
Europe-wide geodiversity data and maps that facilitate broad-scale exploration of the
geodiversity—biodiversity relationship (Paper 111, Toivanen ef al. 2024a).

First, I provide the theoretical background for the thesis. I present the research
premise and central terminology for geodiversity (Chapter 2), summarise the quantitative
research methods and trends in geodiversity assessment (Chapter 3), and provide more
theoretical background on linking geodiversity to biodiversity (Chapter 4). After the
theoretical section, I introduce more specific research objective and questions (Chapter
5), represent the used data and methodology (Chapter 0), followed by the main findings
of the thesis (Chapter 7). Finally, I discuss the results in relation to past, current and
future studies (Chapter 8) and conclude with both scientific and applied implications
(Chapter 9).
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2 Geodiversity

Geodiversity refers to the abiotic, or the non-living diversity of the Earth’s surface and
subsurface. It comprises of geological (rocks, mineral, fossils), pedological (soil), geo-
morphological (landforms, topography, physical processes) and hydrological features,
including their assemblages, structures, systems and contributions to landscapes (Gray
2013). Geodiversity has numerous intrinsic, cultural, aesthetic, economic, functional
and scientific values, one of which is that geodiversity provides foundation for
biodiversity (Chakraborty & Gray 2020; Gray 2005). The heterogeneity in the non-living
environment, created by both geodiversity and climate, essentially sets the stage for life
to thrive (Anderson & Ferree 2010; Hjort ef al. 2015).

Geodiversity is often overlooked in international conventions and policy discussions
whereas biodiversity and climate ate routinely included (Bailey e a/ 2024). Given the
equal significance of geodiversity as a component of natural diversity, there should
be a similar interest in gathering information and improving our understanding on
geodiversity, and its interconnections with biodiversity, climate and human activities.
While considerable number of research has provided insights into biodiversity and its
interactions with human activities and changing climates IPBES 2019), geodiversity has
not received the same level of attention.

To integrate geodiversity into research and policy discussions as routinely as
biodiversity and climate, the development of a standardised terminology for geodiversity
is essential. The following section will introduce the key terminology related to
geodiversity within this thesis, which also establishes the methodological foundation
for quantitative geodiversity assessment, which will be introduced in Chapter 3.

2.1 Geodiversity components

Geodiversity consists of four main components, including geological, pedological, geo-
morphological and hydrological diversity. Each of these geodiversity components holds
a great variety of diversity, which can be viewed through different perspectives. As
indicated in the definition of geodiversity, this variety can be explored in terms of the
diversity of individual features, as well as the diversity in their structures or functions.
Next, I will provide more detailed examples of how geodiversity can be viewed for
each geodiversity component (Table 1). The examples primarily emphasise the varied
contributions that each geodiversity component can have on biodiversity across scales.

From here on, ‘geodiversity components’ refer to geology, pedology, geomorphol-
ogy and hydrology. Although these terms are distinct scientific disciplines, in this
context, they are used to refer to the components of geodiversity, thereby simplifying
the terminology for clarity. The individual features within each component are referred
to as ‘geofeatures’ (e.g. a single soil type or landform). Notably, the term ‘geodiversity
element’ is used synonymously with ‘geofeatures’ (see also Hjort ez al. 2024).>

2 The term ‘geodiversity element’ was used to refer to geology, pedology, geomorphology and
hydrology in Papers I and II. The terminology has been updated in Paper III and in the synopsis
of the thesis, where I use the term ‘geodiversity component’ to refer to geology, pedology,
geomorphology and hydrology. As the number of studies on geodiversity has grown rapidly, so has
the terminology. The terminology used in this thesis synopsis aims to reflect the most commonly
used terminology today.
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Table |. Geodiversity can be viewed from a number of different perspectives. In this table,
examples are divided into three categories: compositional, structural and functional. These
categories can be used in further geodiversity assessments.

Geodiversity

Geological Pedological Geomorphological | Hydrological

diversity diversity diversity diversity
Compositional | Geological units | Soil units Landforms Hydrological
perspective (e.g.rock types) | (e.g.soil types) features (e.g.

wetlands)

Structural Geological Pedological Topographical Hydrological
perspective heterogeneity heterogeneity heterogeneity heterogeneity

(e.g. substrate (e.g. soil depth) (e.g. terrain (e.g. surface

heterogeneity) ruggedness) moisture)
Functional Geological Soil processes Geomorphological Hydrological
perspective processes (e.g. (e.g. carbon processes processes

evolutionary cycle) (e.g. slope dynamics) | (e.g. flow

processes) dynamics)

Geological diversity is the variation in geological materials and processes, including rocks
and sediments and materials (Gray 2013: 32; Hjort ef al. 2024). Geological diversity
can be considered as the variety of geological units (e.g rock type) or their properties
(e.g. composition or texture) (Table 1; Figure 1A—C). The classifications of rocks or
sediments also embed information on the origins of the geofeatures. For example,
surficial materials can be classified according to their formation, such as lacustrine or
glacial deposits, or rocks can be classified according to the process by which they were
formed, such as igneous or metamorphic rocks. Geological diversity can also be viewed
through the lens of geological age. Geological age in relation to biodiversity can offer
valuable insight into the co-evolution of geodiversity and biodiversity in landscapes
(Read e al. 2020; Thomas 2012). Additionally, fine-scale geological features, such as
fossils and minerals, contribute to geological diversity. They can have pronounced value
in terms of geoheritage or their use as source materials for technology, respectively.
It should be noted that the term ‘geodiversity’ is sometimes used as an abbreviation for
‘geological diversity” especially in popular language (UNESCO 2023). However, here
I consider ‘geological diversity’ as one component of geodiversity (sensu Gray 2013).

Pedological diversity encompasses the variation in soils, created by parent materials,
climate, biota, topography and time (Gray 2013: 45—406; Jenny 1941; Figure 1D-F). Similar
to geological diversity, soil diversity can be viewed as the variety in soil units, such as
pedons (cf. soil classification system in United States Department of Agriculture 1999).
Soils also have various physical, chemical and biological properties that contribute to
soil diversity. Physical properties include texture, structure, density, porosity, consistence
and colour, which in turn can be used in classifying soils into different types, such as
sand or silt (cf. soil texture triangle in United States Department of Agriculture 2017).
Chemical properties of soils are intricately linked to their capacity to support different
organisms and ecosystems (Hulshof & Spasojevic 2020). In general, soils serve as an
important abiotic—biotic interface, where separating the two is not always easy or even
meaningful due to the diversity of life in soils and the fundamental role of biota in soil
formation processes (Crowther e7 al. 2019). Therefore, exploring biological properties
and processes, such as the nitrogen or catbon cycle, provides another dimension to
understanding soil diversity (Table 1).
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Figure 1. Visualisations of different geodiversity components, highlighting geological diversity
(A—C), pedological diversity (D—F), gecomorphological diversity (G-l), and hydrological diversity
(J-L). Although geodiversity can be classified into different components, they all interact closely
with each other. For instance, hydrological features and processes are evidently present in both
geological, pedological and geomorphological diversity (A-l) and vice versa (J-L). Photos are from
northern Norway (A, F-H), southern Germany (B), northern Finland (C-E, I, L) and southern
Iceland (K). Photos: Maija Toivanen.
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Geomorphological  diversity includes variation in landforms and geomorphologi-
cal processes, but also topography (Gray 2013: 12, 47; Figure 1G-I). From a global
perspective, the predominant landforms are mountains, hills, plateaus and plains,
collectively defining the terrain’s topographical profile (Strahler 2013: 393). Since
landforms often mirror the topographical profile, topographical heterogeneity could
be used as a proxy for geomorphological diversity (Amatulli e /. 2020; Jasiewicz &
Stepinski 2013; also at local scale as in Tukiainen e¢f a/. 2024). However, many more
refined and distinct landforms appear at local scale, where also microtopography occurs
across single landforms. Additionally, seemingly flat slopes can reveal significant hetero-
geneity via both fast (e.g. landslides) and slow (e.g; soil cteep) slope processes. In contrast
to many other elements of geodiversity, geomorphological processes, such as erosion,
are highly dynamic. Geomorphology is a prime example of how geodiversity can occur
both on long and short timescales, cither as slow mountain building movements or
sudden landslides.

Hydrological diversity includes variation in hydrological features, water chemistry, flow
dynamics and surface moisture (Hjort e7 a/ 2024; see also Alsbach e al. 2024; Figure
1J-L). Similar to geomorphological diversity, hydrological diversity can be understood
as the variation in different features, such as lakes, rivers, or wetlands (cf. landforms),
as well as from a process-oriented perspective through flow dynamics, such as flooding
frequency (ct. geomorphological processes) (Table 1). Hydrological features can also be
categorised based on their characteristics, such as lake area or shoreline length (e.g. in
Polman et al 2024). Similar to pedological diversity and soil chemistry, water quality is
equally a central aspect of hydrological conditions (e.g. white, black and clear river types
in Alsbach et al. 2024), and consequently to aquatic life (Lacoul & Freedman 2000).
Hydrological features and landscapes have not always been included in geodiversity
definitions (see discussion in Gray 2013: 10—12). This is despite the fact that hydrology
is intimately linked to other geodiversity components (see Figure 1). For instance, soil
surface moisture can be considered as part of hydrological diversity. However, it very
closely interacts with geomorphological processes (e.g. see calculations on topographic
wetness index in Rithimaki ez 2/ 2021).

Evident from above, geodiversity encompasses vast variety of natural diversity.
While there is an overarching definition of geodiversity (as the diversity in geological,
pedological, geomorphological and hydrological components), various perspectives can
be adopted to explore the phenomenon. It can be a more compositional view, such as
assessing geodiversity as the abundance of different rock units, soil units, landforms
and hydrological features. On the other hand, one can view geodiversity from a more
functional perspective, including aspects of temporal or process-based characteristics
of cach geodiversity component. While the definition of geodiversity is still evolving,
it should always be clear how geodiversity is defined, in which context and why.
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3 Measuring geodiversity

The definition of geodiversity is still evolving (Gray 2021). Thus, also the techniques
to measure geodiversity are not yet established. The shared understanding is that
geodiversity can be assessed either qualitatively or quantitatively (Zwolinski ez 2/ 2018).
Different methods are better suited for different purposes and different scales, but they
can be also used together in joint qualitative—quantitative assessments to make the most
of their best features, and to get complementary views on geodiversity. In this thesis,
I focus on quantitative geodiversity assessment.

Quantitative methods are used to describe, for instance, the number of different
geofeatures in a study unit. They are based on different data or numerical evaluations
to produce geodiversity indices, and they require either measuring geodiversity in-situ
or gathering, integrating and processing existing data. With quantitative methods it is
possible to explore large geographical areas at once and cost-effectively, even in relatively
small study units. As an example, a 2-m resolution digital elevation model is available
for the entirety of Finland (National Land Survey of Finland 2024a). Quantitative
assessments can also facilitate the allocation of more resource-intensive qualitative
assessments by providing coarse or preliminary evaluations. In turn, qualitative methods
can enhance the value of quantitative assessments by more accurately recognising
regional features and their uniqueness, which is particularly beneficial for conservation
purposes (see also Gongalves e/ a/. 2022; Tukiainen ez al. 2024).

While numerous quantitative geodiversity assessment methods exist, they vaty in
their study objectives. Crisp e¢f al. (2021) provide a summary of the current state of
geodiversity assessment, noting that the majority of studies focus on geodiversity alone,
although biodiversity is often discussed as a related topic. The increasing availability of
data, particularly from remote sensing (RS) and geographic information systems (GIS),
has facilitated methodological advancements. However, it has also resulted in a diverse
range of approaches and data uses. The current challenge in quantitative geodiversity
assessment is the lack of universal guidelines, as well as contradictions between
quantitative and qualitative assessments and the underlying research motivations (see
also Brilha 2015; Gongalves e al. 2022).

This chapter begins by demonstrating how geodiversity assessment can benefit from
decades of biodiversity research. It then introduces a quantitative assessment method
that forms the basis of this thesis: a grid-based assessment system. As the focus of this
thesis is on landscape-scale geodiversity, it concludes with a summary of what is meant
by ‘landscape-scale’ in the context of geodiversity assessment in this thesis.

3.1 Inspiration from ecological research

The most common method for measuring biodiversity is to assess species richness.
Correspondingly, geodiversity researchers have introduced the measure of ‘georichness’
to assess geodiversity (e.g. Bétard & Peulvast 2019; Hjort e al. 2022; Ruban 2010;
Salminen ef al. 2023; Tukiainen e al. 2017b; Tukiainen ez al. 2024). Here, different
‘geofeatures’ or ‘geodiversity elements’ are considered as the abiotic equivalents
of species. Individual geodiversity elements can be features such as rock types (e.g.
granites), soil types (e.g. podzols), landforms (e.g. eskers), or hydrological features (e.g
ponds). Georichness is then calculated by summing up different geodiversity elements
across a given area (Figure 2).
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Figure 2. Schematic example of a quantitative assessment of geodiversity, using lithological diversity
as an example. The assessment of lithological diversity can consider different characteristics,
such as the richness of lithological features, the abundance of these features, or the area they
cover within each study unit (A—B). This method allows for the production of diversity maps, as
illustrated here with lithological richness (C). Additionally, other traditional methods of ecological
diversity assessment, such as alpha, beta and gamma diversity, can be applied in the context of
geodiversity (C). A compound geodiversity index would encompass geological (represented here
as lithology), pedological, geomorphological and hydrological features. This approach is further
illustrated in Figure 6.The lithological data in panel A is from Duscher et al. (2015).

Using georichness as a geodiversity measure can feel simplistic, compared to how
many alternative perspectives there is to desctibe biodiversity in addition to species
richness (see also Gray 2021 on quantitative geodiversity assessment). However,
geodiversity research has certain practical limitations that make compositional diversity
measures, such as georichness, more approachable than for instance functional diversity
measures—especially investigated over larger spatial extents.

Until recently, geodiversity did not have a comprehensive taxonomy that would allow
consistent assessment of geodiversity (see Hjort ef al. 2024). Some taxonomies for
different geodiversity components are well established, such as the World Reference
Base for soils (IUSS Working Group WRB 2022), and major efforts have also been
made to harmonise regional data to produce continental data products (e.g. European
hydrogeology in Duscher ez a/. 2015). In addition, individual classifications have been
developed for individual geodiversity components (e.g. hydro-geodiversity in Perotti e
al. 2019 or landform-taxonomy in Ferrer-Valero ez a/ 2019), their combinations (e.g.
rocks, landforms and soils in Bradbury 2014), or other characteristics (scale-based clas-
sification of geofeatures in Pellitero ez 2/ 2015). However, a universal and harmonised
geodiversity taxonomy (cf. biological taxonomy) for each geodiversity component
would allow geodiversity to be explored in a comparable way with different diversity
measures and across spatial and temporal scales.

A universal geodiversity taxonomy, as proposed by Hjort ez a/. (2024), would also
allow the application of more advanced methods, such as functional geodiversity
assessment, where geofeatures are classified based on their individual physical,
chemical, morphological or temporal characteristics. In biodiversity research, measures
of functional diversity are considered better indicators for assessing and conserving
ecosystem functions than compositional measures such as species richness (Diaz ¢ al.
2007, 2016). While such extensive information on individual geofeature properties does
not exist yet that could be translated into ‘functional traits’ of geofeatures (cf. species
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trait databases such as TRY, https://www.try-db.org), the ideas are being developed.
Lausch e al. (2024) recently presented how both vegetation and geodiversity related
traits or characteristics can be monitored simultaneously with RS methods to support
holistic ecosystem monitoring. On the other hand, functional geodiversity has
also been linked to ecosystem services, where the categorisation is based on socio-
ecological values of geodiversity (e.g. Scammacca ef al. 2023).

There are also other examples of studying geodiversity using traditional measures
and methods of ecological diversity. Already in the 1990s, pedologists used ecological
diversity indices such as Shannon and Simpson to study soil diversity patterns (Ibafiez
et al. 1995, 1998). Later, these indices were integrated into geodiversity assessments (e.g.
Benito-Calvo ef al. 2009) using methods from landscape ecology research (McGarigal
et al. 2002). More recently, the concept of different levels of diversity—as alpha, beta
and gamma diversity (Whittaker 1960, 1972)—has been demonstrated in the context of
geodiversity (Tukiainen e a/. 2023; see also Figure 2C). Adopted from assessing species
diversity, one might be interested in the geodiversity within a certain location (alpha
diversity), or the differences in geodiversity between two places (beta diversity), or the
geodiversity across a region or landscape (gamma diversity). Georichness can describe
either alpha (geodiversity in one location) or gamma (geodiversity across region)
diversity (Figure 2C). Similarly, Erikstad ez al. (2022) used principal component analysis
to analyse similarities and dissimilarities between landscape units (cf. beta diversity).

3.2 Grid-based assessment

One method for quantitative assessment of geodiversity is to use a grid-based approach.
According to the review by Crisp e al. (2021), it is the most used spatial assessment
technique on quantitative geodiversity assessment. In the grid-based approach, the study
area is divided into spatial units of equal size on which different diversity measures can
be calculated (see Figure 2). It can be a simple georichness measure, where different
types of geofeatures are summed within each grid cell (e.g. Tukiainen ez a/ 2017b),
or a more complex geodiversity index, such as combining the richness approach with
other parameters (e.g. Hjort & Luoto 2010), or calculating partial indices for different
geodiversity components to produce a compound geodiversity index (e.g. Pereira ef al.
2013). The previously mentioned alpha, beta and gamma diversity indices (Tukiainen ez
al. 2023) and other ecology-derived indices (e.g. ‘geodiversity uniqueness’ in Alahuhta ez
al. 2024) can also be applied to the grid system.

Many environmental variables used to explain biodiversity are often derived from
grid-based data such as topography (Amatulli e a/ 2020), land cover (European
Environment Agency 2020) or climate (Karger ez a/ 2021). Grid-based methods are
also mundanely used in biodiversity assessments and monitoring (e.g. Jetz et al. 2019;
Lahti & Lampinen 2022). Therefore, grid-based methods enable fruitful premise for
studying not only the relationship between geodiversity and biodiversity but also their
interplay with climate and land use across large spatial extents. If grid-based surveys are
longitudinal, temporal studies can also be conducted reliably.

Grid-based assessment is considered as a relatively objective survey method, and it
can be used from local to global scales. Systematic grid assessment allows large areas
to be surveyed at once, with equally sized survey units with systematic spatial coverage.
It also allows for further analysis and sampling, Large-scale grid data are useful for
identifying and explaining patterns across regions, which is often of interest in bio-
geographical or macroecological research (cf. Cervellini ef a/. 2020; Wiiest ef al. 2020),
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but also in nature conservation and land management (e.g. Underwood e# al. 2018).
Countries and continents also have systematic sampling grids for environmental
surveys and monitoring (e.g. European Environment Agency 2013; Finnish Biodiversity
Information Facility 2024). They allow data to be continuously updated and make
different data compatible with each other.

The essential ‘issue’ or feature of grid-based assessment is the size of the grid cell
(Hengl 20006), which is related to the Modifiable Areal Unit Problem or MAUP (Wong
2009). The size of the grid cell must be appropriate to the phenomenon under inves-
tigation. In geodiversity assessments, the choice of scale can be particularly difficult
given the different characteristics of individual geodiversity components. For example,
lithological features can be very large, while some hydrological features can be very
small. Geofeature sizes also vary within a single component: some geomorphological
features are very large, such as eskers, while others are much smaller, such as kettle holes
in those eskers. Tectonic movement, on the other hand, can create both micro- and
macro-scale fractures. Thus, the appropriate grid resolution is context dependent and
can be based on cartographic features, but statistical methods can also be used to aid
decision making (see Lopes ¢# al. 2023; Polman e7 al. 2024). Additionally, the taxonomic
level between geodiversity components and geofeatures should be coherent for the
spatial assessment to be meaningful (see also Hjort et al. 2024).

3.3 Landscape-scale geodiversity

Geodiversity exists at all scales, from local to landscape to global, and can be linked to
biodiversity at all these scales. In this thesis, I focus on landscape-scale geodiversity, a
term that may seem rather vague. By definition, a landscape is ‘a// the visible features of an
area of land, often considered in terms of their aesthetic appeal’ (MOT Oxtord Dictionary of
English 2024). Landscape doesn’t have an exact spatial extent, but it rather refers to the
motives and objects of the study. Landscape studies are usually interested in identifying
patterns, interactions and processes over large extents, cither from a society-centred or
ecology-centred perspective, in both of which heterogeneity is key (see e.g. Wu 2000,
2013). Landscape studies, such as landscape ecology, increasingly rely on the analysis
and synthesis of environmental information with various RS and GIS data (Wu 2013).

By ‘landscape-scale’ in this thesis, I refer to the spatial resolution of grid-based
geodiversity assessments, which are 1-km and 10-km. The motivation for the study
is to quantify geodiversity over large extents and relate the information to patterns of
biodiversity. In addition, the geofeatures of interest (e.g. lithological units across Europe)
and the data used (from national to global datasets) ate best suited to observation at this
scale. Resolutions from 1-km to 10-km also allow the assessment of geodiversity across
different regions and scales, from watersheds to countries and continents (Figure 3),
and are widely used in different geodiversity studies (e.g. Araujo ez al. 2017; Lopes ez al.
2023; Polman e al. 2024; Zarnetske e7 al. 2019).

Interestingly, ‘landscape’ has appeared in many earlier definitions of geodiversity, as
discussed by Gray (2013: 10-11). Some of these restrict the definition of geodiversity
to describing the variability of the abiotic environment of a particular landscape
or limited area (e.g. Brocx 2008; Johansson 2000; Semeniuk 1997), in contrast to
the idea of geodiversity is an overarching term for abiotic natural diversity, such as
biodiversity is for biotic diversity. Michael Stanley (2004) also emphasises the role of
geodiversity in the links between humans, landscapes and culture. In the most widely
used definition of geodiversity by Gray (2013), geodiversity includes the ‘landscape
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contributions’ of different geological, pedological, geomorphological and hydrological
components. My interpretation of landscape contributions is that it incorporates
the functional perspective of geodiversity into the definition, recognising the central
role of geodiversity in shaping the environment. It also emphasises the aesthetic appeal
and value of geodiversity, which is most visible in landscapes.

Figure 3. Grid-based landscape-scale assessment of geodiversity. lllustration of a grid overlay on
a 3D landscape image (l-km grid; A), applied to a catchment area (|-km grid; B), and applied at a
national scale (10-km grid; C). Both the I-km and 10-km grids are based on the reference grids
of the European Environment Agency (2013).The location of the visualized catchment in panels A
and B is Lake Silamus in Rautjarvi, Finland. Background maps are from the National Land Survey
of Finland (2024b; hillshade image in panels A-B) and the European Environment Agency (2016;
DEM-derived hillshade image in panel C). Lake and river data are from the Finnish Environment
Institute (2021).
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4 Linking geodiversity and biodiversity

Studying the link between the living and non-living nature traces back to the era of
Alexander von Humboldt (1769-1859) and beyond (Schrod e @/ 2019). Modern
ecological research has always included aspects of the abiotic nature—studying
organisms and their interactions with one another and their physical environment—
although the emphasis within its definition has varied over time (Cary Institute 2024).
However, ccological research often tends to be biocentric, focusing primarily on
the study of living diversity, which is understandable given its foundation as a sub-
discipline of biology. This biocentric petspective can sometimes lead to a neglect of
the intrinsic value and importance of geodiversity (see also Fox e al. 2020; Gray 2008a).
Therefore, there is a need for complementary approaches to explore the relationship
between biotic and abiotic diversities.

Gray (2021) argues that empirical interest in studying the link between geodiversity
and biodiversity sparked with studies of geomorphological heterogeneity and its
contribution to biodiversity (Burnett ez a/. 1998; Nichols ez al 1998). Since then, the
concept has evolved and expanded to include more diverse views of geodiversity
(e.g. Antonelli ez al. 2018; Bailey ez al. 2017; Hjort et al. 2012; Parks & Mulligan 2010).
With an increasing number of case studies on the contribution of geodiversity to
biodiversity, the conceptual framework for geodiversity—biodiversity relationship is
starting to take shape.

In this chapter, I will first introduce the basic links between geodiversity and
biodiversity and some theoretical background for geodiversity—biodiversity research.
Because my thesis includes empirical testing in both aquatic (Paper 1I) and terrestrial
(Paper I1I) environments, I also discuss geodiversity assessment in both environments.

4.1 Geodiversity and biodiversity in landscapes

Geodiversity, like biodiversity, exists at all scales. Tukiainen, Bailey & Hjort (manuscript)
distinguish four fundamental links between geodiversity and biodiversity. These are:
geodiversity providing settings for evolution, basic factors for life, places for organisms
and shelter and protection. While nutrient and soil properties are important contributors
to biodiversity at smaller scales, continental features, such as mountain ranges, determine
life at the continental scale. In between at the landscape-scale, geodiversity consists of
range of rocks, soils, landforms, hydrological features and related processes, that create
varying spaces for species to occupy (Figure 4).

At all scales, geodiversity is intimately linked to water, nutrients, energy and space,
which are considered to be the primary drivers of biodiversity (Field e /. 2009; Parks
& Mulligan 2010). Geological, pedological, geomorphological and hydrological features
and processes, for instance, moderate the water cycle, store and provide nutrients,
regulate energy (c.g. via topography) and add complexity to abiotic environments
(Tukiainen, Bailey & Hjort, manuscript; Lawler ef a/. 2015).

In this thesis, my focus is especially on the landscape-scale geodiversity. The
contribution of geodiversity at landscape scale is most evident in abiotic heterogeneity
that creates niche space for species through different geological, pedological, geomot-
phological and hydrological materials and processes.

Many of the examples from recent and more distant history show that landscapes
and larger-scale processes have inspired much of the integration of geodiversity and
biodiversity. The interconnectedness of abiotic and biotic nature was at the heart of the
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work of the botanist and geographer von Humboldt, who was particularly fascinated
by altitudinal and latitudinal gradients of diversity (Norder 2019). Also, his successor
Chatles Darwin (1809—1882), best known for his theory of evolution, was inspired by
the contribution of Earth’s dynamic processes to species (Bressan 2012).

The relationship between geodiversity and biodiversity can also be contextualised
within the framework of more contemporary ecological theories. At the landscape
level, the environmental heterogeneity theory suggests that the relationship between
geodiversity and biodiversity is positive due to environmental heterogeneity (Schulze
et al. 2019: 769; Stein et al. 2014). The intermediate disturbance hypothesis (e.g.
Connell 1978) can also be linked to environmental heterogeneity as it focuses on the
spatial and temporal variation in environmental conditions. While many geodiversity
components and geofeatures are considered stable, some abiotic processes create
(natural) disturbances that promote species and community diversity (e.g. Viles 7 a/.
2008; Virtanen ef al. 2010). For instance, in riverine landscapes, several fluvial processes
occur that structure diversity patterns across the aquatic—terrestrial ecotone, such as
erosion, transport and deposition of materials (e.g. Ward e a/. 2002). However, these
theories derive from a bio-ecological perspective.

Figure 4. Geodiversity and biodiversity in the landscape. Different components of geodiversity
are especially distinguishable in barren landscapes, such as in this one in northern Sweden. The
topographic profile, shaped by the region’s geological characteristics and geomorphology, creates
vegetation gradients. On steep slopes, weathering can be a disturbance for species, but the diverse
array of geomorphological features and processes also fosters habitat diversity in landscapes.
Soils are an important abiotic—biotic interface, although they are susceptible to various forms of
erosion. Hydrological features provide habitats for wetland and aquatic species, and important
sources of water for both wildlife and passing hikers. Hydrological processes also shape landscapes
from icy mountaintops to underground. Photo: Maija Toivanen.
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Relatively more emphasis is placed on the non-living environment in the field of
biogeomorphology, which studies the interactions between landscape dynamics and
organisms. Biogeomorphology emphasises the two-way interaction between the living
and the non-living, It also considers how global change affects not only species but also
the non-living environment (e.g. Viles & Coombes 2022). This highlights the importance
of studying natural systems as a whole, including both the ecological communities and
the abiotic systems, and giving them equal attention. Viles & Coombes (2022) also
stress that changes in both biotic and abiotic systems lead to changes in ecosystem
processes and functions, which in turn affect the services humans receive from nature.

The geophysical environment has fascinated researchers and conservationists as
a long-term conservation opportunity to protect both geodiversity and biodiversity
simultaneously (e.g. Anderson & Feree 2010). Advancing technologies and increasing
data have made even remote parts of the globe accessible, increasing the attractiveness
of geodiversity as a proxy for biodiversity and as a coarse-filter conservation strategy.
This is an often cited idea and motivation behind vatious geodiversity research, also
known as the Conserving Nature’s Stage, where geodiversity is considered as a stage
of nature and species as actors (Anderson & Feree 2010; Beier ez a/ 2015 and articles
in the special issue; Hunter ¢ a/. 1988). According to this strategy, conserving the stage
(l.e. geodiversity) is expected to simultaneously protect the actors (i.e. biodiversity),
especially in the context of climate change, by preserving refuges for species (Lawler
et al. 2015).

Similar approaches with conservation intentions are found in various methods, such
as land facets (or recurring landscape units) that are used to complement biocentric
management plans (Brost & Beier 2012), or geo-ecology that integrates both geodiversity
and climate considerations (Gordon ez a/. 2001; Hugget 1995). Thus, the idea of using
abiotic nature or geodiversity as a tool in conservation efforts is not unique, and there
are many examples beyond those mentioned above, but it lacks a universal basis and
tools on which to build.

4.2 Geodiversity in terrestrial and aquatic environments

Geodiversity exists and underpins biodiversity in all types of environments and at
all scales, including terrestrial, freshwater and marine ecosystems. When studying the
relationship between geodiversity and biodiversity, geodiversity should be considered in
the context of the environment and the context in which the geological, pedological,
geomorphological and hydrological features are studied.

In general, terrestrial environments have been studied more intensively in
geodiversity—biodiversity research than freshwater or marine environments (Alahuhta
et al. 2020; Crisp et al. 2021). Terrestrial environments are more accessible to study
both in situ and remotely, which can easily lead to empirical bias in research efforts. In
contrast, aquatic environments tend to require more resources to study. While environ-
mental variability in terrestrial environments, such as topography or soil properties, can
be studied intensively, we don’t have similarly comprehensive and accurate information
on subsurface topography (e.g. depth gradients) or soil (or sediment) properties—or on
other geodiversity components either.

Even though I am making a distinction between terrestrial and aquatic environments
here, they are not completely independent of each other. For example, lakes and rivers
are linked to the materials and processes that occur in their catchments (Heino ez a/.
2021; Soininen ¢# /. 2015). While the physical properties within the lake play a key role
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in shaping the aquatic communities, the various natural and anthropogenic processes
and activities in the catchment also influence the environmental conditions (and thus the
biological communities) within a lake or river (Johnson ez a/ 1997; Lacoul & Freedman
2000). The interconnectedness of ecosystems is also present in the Conserving
Nature’s Stage concept, where the idea is to conserve large abiotic regimes. Thus, also
conservation and restoration efforts should consider whole catchments, including both
terrestrial and aquatic habitats.

Grid-based assessment methods (introduced in Chapter 3) are likely to be more
useful in landscape-scale studies and in spatially continuous terrestrial environments
than at a more local scale in lakes or rivers, which have a network structure (cf. Moilanen
et al. 2007 on conservation prioritisation methods in freshwaters). While the grid-based
approach is applicable to freshwater catchments (Figure 3), the study of the water bodies
themselves may require different types of approaches for biodiversity and geodiversity
assessments (Figure 5). For both lakes and rivers, a variety of standardised biodiversity
assessment methods exist (e.g. Brucet e o/ 2013). However, there are also some
standardised survey methods designed to investigate the abiotic diversity in freshwater
environments, such as the Europe-wide River Habitat Survey (Raven e a/. 1998). The
River Habitat Survey accounts for various geodiversity components, and it also takes
into account the specific characteristics of fluvial landscapes, such as flow dynamics or
riparian features within the survey site. The approach has already inspired local-scale
geodiversity investigations (Stefanidis e o/ 2023; but see also Kirna ef al. 2018), and
could be further applied in the development of local-scale geodiversity assessment
methods for riverine environments.

A. Landscape geodiversity B. Local geodiversity

Variation of the abiotic diversity within a catchment area Variation of the abiotic diversity
within a river reach

C. Geodiversity Geological Pedological Geomorphological Hydrological

components diversity O diversity = diversity Q diversity ‘
Figure 5. Schematic representation of freshwater geodiversity. Geodiversity and its different
components exist at all scales, although they may need to be assessed differently in different
contexts. For instance, hydrological diversity within a catchment area can be quantified as the

presence of hydrological features or habitats (e.g. Tukiainen et al. 2017a). At the local scale,
hydrological diversity can be assessed as variation in flow types (e.g. Kdrna et al. 2018).

wi
w
N

suonyesiqnd [earyde.aSoa8 eipiou

27


https://doi.org/10.1007/s10980-017-0508-9
https://doi.org/10.1016/j.ecolind.2018.06.034
https://doi.org/10.1046/j.1365-2427.1997.d01-539.x
https://doi.org/10.1139/a06-001
https://doi.org/10.1139/a06-001
https://doi.org/10.1111/j.1365-2427.2007.01906.x
https://doi.org/10.1111/j.1365-2427.2007.01906.x
https://doi.org/10.1111/fwb.12111
https://doi.org/10.1002/(SICI)1099-0755(199807/08)8:4%3C477::AID-AQC299%3E3.0.CO;2-K
https://doi.org/10.1002/eco.2551
https://doi.org/10.1016/j.ecolind.2018.06.034

(9, ]
w
N

nordia geographical publications

28

Toivanen: Quantitative geodiversity assessment in biodiversity investigations

Over the years, a few marine geodiversity assessments have emerged, for example
in the Baltic Sea (Kaskela & Kotilainen 2017, 2024), Hawaii (Seijmonsbergen e7 al.
2018) and Norway (Dolan ez al 2022), using a grid-based approach familiar from
many terrestrial geodiversity studies. While all of these studies note that the availability
and accuracy of data on marine geodiversity components hinders comprehensive
assessments, particularly over large contiguous areas (see also Costello e a/. 2018), the
resource-intensive nature of biodiversity surveys in remote underwater environments
highlights the great potential of geodiversity to advance our understanding of natural
diversity in marine environments (cf. Kaskela ez 2/ 2017).

Although geodiversity should be considered differently in different ecosystems,
standardising geodiversity in geodiversity—biodiversity surveys would advance our
understanding of how they are connected across ecosystems (see also Maliniemi e# /.
2024). More specifically, it would be important to consider all aspects of geodiversity
(geological, pedological, geomorphological and hydrological diversity), even if the exact
measures of geodiversity are not the same. However, using the same geodiversity data
and methodology in both environments would allow better comparison and generali-
sation of results.
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5 Aim of this thesis

The main aim of this thesis is to provide theoretical and methodological premise to
study landscape-scale geodiversity in relation to biodiversity. To do this, I review
the current understanding of the relationship between geodiversity and biodiversity,
test the relationship empirically, and provide tools for further Europe-wide geodiversity
and biodiversity research. Finally, I discuss the potential and limitations of geodiversity—
biodiversity research for scientific and applied implications. More specific research
objectives are divided based on the original research articles Paper I (O1), Paper 11 (O2)
and Paper I1I (O3) with individualised research questions (RQ1-RQ0).

O1 To review the current understanding and knowledge gaps of geodiversity—
biodiversity research

The main objective of Paper I was to summarise the current understanding of research
on the relationship between geodiversity and biodiversity. The increase in geodiversity
—biodiversity studies over the last 10-15 years has resulted in diverse research, for
instance in terms of geodiversity assessment methodologies. By reviewing the current
status, we can better guide future research on the geodiversity—biodiversity relationship,
and to point out the knowledge gaps in empirical research, such as bias in spatial scales,
ecosystems or taxa—but also conceptual and methodological gaps in geodiversity
research and assessment. In the context of this thesis, I am especially interested in:

RQ1 How does current empitical evidence support the theoretical background of
geodiversity—biodiversity relationship at landscape-scale?

RQ2 What are the methodological gaps in geodiversity assessment in biodiversity
investigations?

02 To empirically test the geodiversity—biodiversity relationship in freshwater
ecosystems

In Paper II, I focus on the less studied freshwater ecosystems and investigate the
relationship between catchment geodiversity and aquatic plant species richness.
Previously, a corresponding grid-based geodiversity assessment in terrestrial ecosystems
has proven useful for investigating the relationship between geodiversity and vascular
plant diversity and other taxa (e.g. Hjort e# a/ 2012; Tukiainen e# a/. 2017a, 2017b). Here,
I use a similar geodiversity dataset to enable comparability and to assess the applied
potential of the geodiversity data based on a grid-based assessment method. Repeated
empirical evidence of the positive relationship between geodiversity and biodiversity
(especially across ecosystems) would encourage testing the relationship elsewhere.
However, further studies would require consistent methodology and geodiversity data
beyond regional and national assessments. In order to achieve this goal and to support
further empirical research, I am asking:

RQ3 How are geodiversity and biodiversity linked in freshwater ecosystems?

RQ4 Is grid-based geodiversity assessment suitable for biodiversity investigations in
freshwater ecosystems?
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O3 To provide tools for Europe-wide geodiversity—biodiversity research

In Paper 111, I aim to establish and provide standardised research methods and data to
advance empirical research on geodiversity and biodiversity. Through literature review
and empirical testing, a grid-based geodiversity assessment method has shown potential
to elucidate the relationship between geodiversity and biodiversity and provide a better
understanding of their interconnections. With Europe-wide data, researchers with
specific area or taxa expertise can engage in the empirical studies required in this niche
of geodiversity research. My aim is therefore to address the following questions:

RQ5 How does the European geodiversity data contribute to quantitative geodiversity
assessment?

RQ6 How can European geodiversity data be applied in biodiversity investigations?
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6 Data and methods

In this chapter, I introduce the data and methods used in the thesis. First, I describe
the Finnish and European geodiversity data featured in Papers II and III, followed by
an overview of the grid-based geodiversity assessment method. After introducing the
geodiversity assessment method, I describe how the data was applied in biodiversity
investigations. More specifically, I introduce the species data and selection process used
in both studies and explain how the geodiversity data was applied in the specific research.
Finally, I describe the complementary environmental data and statistical methods used
in the analysis. Paper I, as a review article, does not involve data analysis and is therefore
not referenced in this section.

6.1 Geodiversity source data

Two different geodiversity data were used in this thesis. In Paper 11, we used a Finnish
geodiversity data which was originally compiled by Tukiainen e a/ (2017a) and
Tukiainen e# al. (2017b) to study to the biodiversity—geodiversity relationship in Finland.
In Paper III, we produced a new Europe-wide geodiversity data, but used both the
Finnish and European geodiversity datasets in the research. The Finnish geodiversity
data served as a benchmark to validate the new European dataset through correlation
analysis. Both the Finnish and the European geodiversity data were used to demonstrate
their use in the context of geodiversity—biodiversity research by correlating the variables
of georichness and vascular species richness in two different study areas: Finland and
Switzerland.

Both the Finnish and the European geodiversity dataset include four geodiversity
components (geological, pedological, geomorphological and hydrological features)
following Gray’s (2013) definition of geodiversity. Notably, different names are used for
those components in order for them to be desctiptive of their content (Table 2). Both
datasets provide extensive descriptions of abiotic feature richness, with the Finnish
data recognising 37 geofeatures and the European data recognising 78 geofeatures. The
source data for the European and Finnish datasets are independent of each other, with
no ovetlap between geofeatures in their respective source data. The Finnish data are
based on national datasets and the European data are based on European and global
datasets. The European soutrce data also have a coarser spatial resolution than the
Finnish national source data (e.g. geological dataset scales of 1:1 500 000 to 1:200 000,
respectively). The data sources are listed in Table 2, but more detailed descriptions
are available in the original research papers (Finland in Tukiainen e /. 2017a, 2017b;
Tukiainen & Hjort 2019; Europe in Paper 111, Toivanen ez al. 2024a).

Although the geodiversity components are similar in both datasets, there are
differences in how geofeatures are classified into the geodiversity component categories
or what they represent specifically. For instance, ‘soil’ and ‘rock’ in the Finnish dataset
and ‘geology’ and ‘pedology’ in the European dataset are not fully comparable. Soil
data in the Finnish data describes the superficial deposit types (such as till or silt) while
pedology in the European data describes pedon types (such as histosols or gleysols) (see
also the geodiversity taxonomy in Hjort ef a/. 2024). Lists of these individual geological
and pedological geofeatures can be found in Paper II (Table S1.4 in Toivanen ez al.
2019) and Paper III (Table S1.1 in Toivanen ef al. 2024a). Geomorphology was also
treated differently in these two datasets. In the Finnish data, geomorphological diversity
is a modelled geomorphological richness variable based on landform observations,
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Table 2. Summary of geodiversity source data and geofeatures. Geodiversity components and
geofeatures are referred to with the same names than in their original research papers (Finland in

Tukiainen et al. 2017a;Tukiainen et al. 2017b; and Europe in Toivanen et al. 2024a).

Geodiversity | Geodiversity Geofeatures Source data Reference
dataset component
Geodiversity, [ Rock Rock types (n=7) | Bedrock of Geological Survey of
Finland' Finland 1:200 000 | Finland 2010a
Soil Soil types (n=7) Superficial Geological Survey of
deposits of Finland 2010b
Finland 1:200 000
Geomorphology | Geomorphological | Unpublished data | Tukiainen et al.
features (n=18) 2017b
Hydrology Hydrological Groundwater Finnish Environment
features (n=5) bodies Institute 2013
Topographic National Land
database Survey of Finland
(wetlands) 2012
Water bodies Finnish Environment
(rivers) Institute 2015
Geodiversity, | Geology Lithological classes | IHMEI500 Duscher et al. 2015
Europe? (n=29)
Pedology Soil (pedon) SoilGrids 2.0 Poggio et al. 2021
classes (n=28)
Geomorphology | Terrain forms Geomorpho90m | Amatulli et al. 2020
(n=10)
Hydrology Hydrological EU-Hydro (water | European
features (n=11) bodies) Environment Agency
2019
Corine Land European
Cover 2018 Environment Agency
(wetlands) 2020
IHMEI500 Duscher et al. 2015
(groundwater)

| For the full list of the soil and rock type names, see Paper Il (Table S1.4 in Appendix | in Toivanen et al. 2019).

Geomorphology is a modelled richness variable and individual geofeatures cannot be listed. Hydrological features
include aquifers, wetlands, rivers, lakes and sea areas, but they were not included as geodiversity variables in Paper
Il where we studied the lake and river aquatic plants.

2 For full list of all geofeatures names, see Paper Ill (Table SI.1.in Appendix | in Toivanen et al. 2024a).

topographic variables and geographic variables (see details in Tukiainen ez a/. 2017b).
The European data, on the other hand, use landform richness as a proxy for geo-
morphological diversity, where landforms describe the dominant landscape form (such
as flat or slope area; Amatulli ez al. 2020).

Despite the disparities between the datasets, both were compiled with practical
applications in mind, focusing on their potential contributions to investigations of the
relationship between geodiversity and biodiversity. Thus, the relevance of geofeatures
to biodiversity was taken into consideration when selecting the original source data.
Additionally, in line with the concept of geodiversity as encompassing the diversity
of the Earth’s (sub)surface abiotic nature, we aimed to incorporate a diverse array of
geodiversity components. We also considered the diversity within the components, such
as using various data sources to describe hydrological diversity. The Finnish geodiversity
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data was partly classified manually to emphasise the biological relevance of specific
components, as the bedrock and soil types were reclassified (see Tukiainen ez a/. 2017b
for more details). For European data, we used existing classifications or taxonomies for
lithology and soils to support better applicability. The use of original classes improves
the traceability of the data and facilitates potential reproduction.

In producing the European geodiversity data, we also emphasised the representative-
ness and the spatial and taxonomic accuracy of the source data. While we prioritised
European data sources, we also used global data when they were considered sufficiently
accurate. For example, when selecting the global SoilGrids as a source for soil data, we
considered its widespread use in biodiversity studies (e.g. Antonelli e /. 2018), while
also assessing its validity in Europe. The dense training data used in SoilGrids modelling
increases its accuracy in this region. However, SoilGrids has also proved suitable for
geodiversity assessments at a global scale (see Polman e al. 2024).

6.2 Grid-based geodiversity assessment

Both the Finnish and the European geodiversity datasets are based on GIS data, zonal
calculations and a grid-based assessment method. While I focus here on describing
the assessment process with the European geodiversity data, the same principle was
followed with the Finnish geodiversity dataset (see details in Tukiainen ez a/ 2017a and
Tukiainen ef a/. 2017b). The main principle of the grid-based assessment method is
visualised in Figure 6.

Grid-based assessment requites a grid on which different indices can be calculated.
For the Huropean geodiversity data, we used a Europe-wide reference grid produced
by the European Environment Agency (2013). The reference grid is available at various
resolutions from 1-km to 100-km of which 1-km and 10-km resolutions were used
here. 1-km and 10-km were chosen because they are suitable for capturing the diversity
within individual geodiversity components (i.e. suitable for source data resolution).
These specific scales have also been shown to be efficient scales for geodiversity
assessment (e.g. Lopés e al. 2023; Polman ef al. 2024). While the 10-km and coarser
resolutions are readily available covering all Europe, the 1-km grid required merging
the original reference grid country-by-country. The spatial extent of the European
geodiversity dataset was based on the limiting extent of the Corine Land Cover data,
which we discuss in more detail in Paper 111 (Appendix 2 in Toivanen ¢f al. 2024a).

We used ArcGIS Pro software (version 2.8, Esri 2021) to produce the geodiversity
data. However, the zonal analysis methods for calculating geodiversity variables are
accessible and reproducible in various GIS and statistical software. Specifically, we used
the “Zonal Statistics as Table’ tool to summarise the number of different geofeatures
within each grid cell (Esti 2024a). This tool produced the measure of ‘georichness’. In
addition, we used “Tabulate Area’ tool to calculate the areal coverage of each geofeature
within each grid cell (Esti 2024b).

Grid-based calculations are relatively straightforward, although they still require
cateful data preparation. Details of the European data calculation are described in
Paper III. Here I summarise some of the key steps in grid-based assessment pre-
calculations (cf. Figure 6A-B).

After selecting the geodiversity source data, we checked for overlapping or irrelevant
information within or between datasets. For example, from the geomorphology
component, we removed ‘flat’ landforms that ovetlapped with lakes. All lakes were
represented as flat in the Geomorpho90m data, which doesn’t describe the true terrain
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Figure 6. Visualisation of the grid-based geodiversity assessment method and process, including
data selection (A), data preparation (B) and zonal analysis (C). The data illustrated in panel B
are from Duscher et al. (2015; lithology, hydrology), Poggio et al. (2021; soils), Amatulli et al.
(2020; terrain forms), and the European Environment Agency (2019, 2020; hydrology). The
outputs display georichness variables, where distinct geofeatures were summed for each grid
cell at I-km and 10-km resolutions (D). The illustration is a subset from the geodiversity data
presented in Paper Il (Toivanen et al. 2024a), located in the Oulanka region, Finland. The
background map in panel D is from the National Land Survey of Finland (2024b; hillshade image).

within the lakes. From the lithology component we removed ‘inland water’ and ‘snow
and ice fields’. Inland waters overlapped with lakes in the hydrology component. Snow
and ice fields were not considered to be relevant for biodiversity at this scale. These
decisions were influenced by the accuracy of the lithological data, but also by the
availability of more recent, detailed and biodiversity-relevant information on snow and
ice fields (see e.g. European Environment Agency 2023).

After refining the source data, we harmonised the data format and resolution. All
vector data were converted to raster format. The resolution of each data was considered
on a case-by-case basis. Soil data was processed at its original resolution of 250-m and
all other data was set to 100-m. In particulat, vector data tend to be detailed, such
as the river network used here (Furopean Environment Agency 2019). Considering
both reliable presentation and computational requirements, we chose a resolution
of 100-m for all vector data conversions. Finer resolutions based on the minimum
mapping units of the geofeatures were also considered, but discarded due to computa-
tional requirements and coherence of the overall geodiversity dataset (see also details
on sourca data in Table S1 in Paper 111, Toivanen e a/. 2024a). The chosen resolution is
particularly relevant for the calculation of the areal coverage of each geofeature per grid
cell and should be taken into account in the further use of these data.

We also aimed to produce geodiversity data that describes the diversity of (semi-)
natural abiotic diversity, which is why cleatly anthropogenic features were excluded
from the data. For example, the Corine Land Cover data includes ‘salines’ in the wetland
category. We have removed this class as it refers to salt production areas that are under
significant land use pressure. Providing data describing (semi-)natural abiotic diversity
also allows further exploration of geodiversity in relation to land use in the future (see
e.g. Ren et al. 2021; Tukiainen ef al. 2017a).
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6.3 Applying geodiversity and biodiversity data

Paper 1I focused on Finnish freshwater ecosystems and investigated the relationship
between catchment geodiversity and aquatic plant species richness. We selected a geo-
graphically representative sample of Finnish lakes (n=145) and rivers (n=1406) with
systematically surveyed aquatic vegetation data that is maintained by the Finnish
Environment Institute (Figure 7). The aquatic vegetation surveys follow the ecosys-
tem-specific protocols for lakes (Leka ez al. 2003) and rivers (Radpysjirvi ez al. 2010).
The surveys were completed in 2006-2012 and 2009-2012, respectively. Due to these
differences in the survey methods and timing, lakes and rivers were studied separately.
However, aquatic plants were grouped within lakes and rivers according to their life
forms as helophytes and hydrophytes following Toivonen & Heikkinen (1995) to
represent their functional role in the ecosystem. We used presence—absence data of
lake and river plant species in the statistical analysis to describe the helophyte species
richness, hydrophyte species richness and total species richness.

Catchment ateas for each lake polygon and river sampling point were delineated
using online-based VALUE tool by the Finnish Environment Institute (https://
paikkatieto.ymparisto.fi/value). Catchment geodiversity was then calculated from the
1-km resolution Finnish geodiversity data measured as soil-type, rock-type and geomot-
phological feature type richness. For each catchment area, we calculated the variation of
geodiversity as the standard deviation of total georichness, soil richness, rock richness
and geomorphological richness variables. We used those variables to correlate catchment

A. Study organisms B. Environmental C. Study sites
characteristics in Finland
at different scales

Local-scale
Water quality
Physical habitat

Landscape-scale
Geodiversity

Helophytes Large-scale
- Climate

Hydrophytes

Figure 7. Study set-up in Paper Il (Toivanen et al. 2019). Study organisms were aquatic plants,
classified into helophytes and hydrophytes (A). We considered various characteristics as
environmental variables. They operate at different spatial scales (from lake-level to catchment
area scale and regional scales) and are relevant to freshwater ecosystems and biota (B). Study
included 145 lakes and 146 rivers across Finland (C). Background map in panel C is from the
European Environment Agency (2016; DEM-derived hillshade image) with lakes from the Finnish
Environment Institute (2021). Photos: Maija Toivanen.
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geodiversity with aquatic plant species richness and further investigate the geodiversity—
biodiversity relationship with statistical techniques (described in the next sections).

Paper I1I focused on terrestrial ecosystems and investigated the relationship between
georichness and vascular plant species richness in Finland and Switzerland. We used
the open access biodiversity database GBIF (Global Biodiversity Information Facility)
to obtain vascular plant species data from Finland (GBIForg Finland 2022) and
Switzerland (GBIF.org Switzerland 2022). More specifically, we used only one databank
from each country to minimise the taxonomic and geographical biases known to exist
in online databases, such as GBIF. ‘Kastikka’ databank was used for Finland (Finnish
Biodiversity Information Facility 2023) and ‘Swiss National Databank of Vascular
Plants’ databank was used for Switzerland (Jutzi e# @l 2023). These data include all
‘human observation’ or ‘preserved specimen’ records of Tracheophyta species from
1985 to 2022. In both databases, species information was harmonised to species level,
allowing a reliable assessment of species richness. Geographical bias was accounted
for by manually cleaning the species data. In Finland, we selected species data only
from those grid cells that were comprehensively mapped according to the Atlas of the
Distribution of Vascular Plants in Finland (here at 10-km resolution; Lampinen & Lahti
2021). The species data in Switzerland have been mapped on a 5-km grid cell covering
the whole country. Some deviating or insufficient data, especially along the edges of the
data, were removed manually.

In Paper 111, to explore the correlations between geodiversity and species richness,
we calculated species richness vatiables for 10-km grid cells, corresponding to the
10-km European geodiversity study grid. In Switzerland, we summed the unique species
in their respective 10-km grid cell and used the European geodiversity data at 10-km
resolution as such. In Finland, we also explored the link with the Finnish geodiversity
dataset, which is originally only available at 1-km resolution. Thus, we calculated mean
richness variables to match the European geodiversity 10-km study grid from all 1-km
resolution data: species richness, Finnish geodiversity and European geodiversity data.
We chose the 10-km resolution to ensure comparability between the datasets. The
accuracy of both species and geodiversity data was not sufficient to make a reliable
comparison at 1-km resolution.

6.4 Other environmental data

In Paper 11, we used complementary environmental data alongside geodiversity to better
understand the role of geodiversity in investigating biodiversity patterns (Figure 7). For
example, aquatic plants have been studied in relation to environmental conditions such
as water quality or climatic conditions. We wanted to introduce geodiversity into this
explanatory variable mix and see how geodiversity vatiables relate to more commonly
used explanatory variables. Here, water quality and physical habitat characteristics were
considered to operate at a local scale, whereas climate variables operate at a larger scale
(Figure 7B). To account for the in-between landscape-scale, we incorporated catchment
geodiversity to complement these more widely investigated environmental variables. Of
local vatiables, we considered alkalinity and habitat size (i.e. lake area or river width) in the
final analysis. Of larger scale climatic variables, we included growing degree-days (i.e. the
annual temperature sum above 5 °C) in the final analysis. Both the climatic and geodiversity
variables were calculated for the lake or river catchment areas. For geodiversity variables,
the standard deviation was used to describe abiotic heterogeneity in the catchments, and
for climate variables, the mean was used to describe average conditions.
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Water quality variables were averages of multiple samples taken during the growing
season between 20062012 for lakes and 2009-2012 for rivers (i.e. the same years
as the plant surveys were carried out) retrieved from the Hertta database (Finnish
Environment Institute 2016/2024). Lake surface area was delineated from GIS data and
river channel width was measured during the plant surveys. For the growing degree-day
variable, we used climate data from the Finnish Meteorological Institute for the most
recent normal period 1981-2010 (Pirinen e a/. 2012). Other environmental variables
were also considered but not included in the final analysis, such as total phosphorus and
water colour. These are described in more detail in Paper 11.

6.5 Statistical modelling

In Paper II, we used statistical modelling to investigate the relationship between
catchment geodiversity and aquatic species richness. We used a number of different,
complementary modelling techniques to get a better overall picture of geodiversity
variables in relation to the more commonly used environmental variables (i.e. local
and climate). Our aim was to explore the potential links between geodiversity and
biodiversity—and between geodiversity variables and other environmental variables.
Predictive modelling and mechanistic exploration of geodiversity’s contributions to
species diversity were beyond the scope of this study.

Considering the novelty of geodiversity—biodiversity approach especially in the
freshwater ecosystems, we wanted to find out whether the approach is feasible in the
first place—and whether the same geodiversity variables used in terrestrial geodiversity—
biodiversity research, such as georichness measures, could be applied to freshwater
geodiversity—biodiversity research.

First, we generated generalised linear models (GLMs) to identify the important
predictor variables from a selection of local, geodiversity and climate variables. We
used automated model selection using the ‘dredge’ function from the ‘MuMIn’ package
(Barton 2017) with AICc criteria in R (Burnham & Anderson 2004; R Development
Core Team 2008). We were interested in how often (and which) geodiversity vatiables
were included in the GLMs. We also used variation partitioning (Legendre & Legendre
2012) to assess the independent and shared contributions of these variable groups
(local, geodiversity, climate) in explaining the variation in aquatic plant species richness
(following Guisan & Zimmermann 2000 and Hawkins e 2/ 2003). Finally, we used
boosted regression trees to estimate the relative influence of each environmental variable
on each response variable (Elith e# a/. 2008) using the R package ‘ebm’ (Ridgeway e¢7 al.
2017) and function ‘gbm.step’ (Hastie e# a/ 2001). This was done to complement the
automated GLLM selection in order to identify single important variables in explaining
aquatic plant species richness.

Cortrelative methods, such as simple correlation tests or GLMs, provide evidence of
possible associations between variables, but do not imply causation. They are useful in
contexts such as testing less studied or unknown relationships, including the relationship
between geodiversity and biodiversity (or georichness and species richness). Consistent
correlations can help in the design of further experiments. In Paper III, we used a
Pearson correlation test to investigate the relationship between georichness datasets
in Finland (geodiversity data validation) and georichness and vascular plant species
richness in Finland and Switzerland (demonstration and validation of data use). All
methods are described in more detail in the original research papers, Paper 11 and Paper
II1.
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7 Results

In this chapter, I introduce the main results of each paper one-by-one. The summary
of main findings and contributions of each paper is presented in Table 3. The main
findings are discussed in the results section and the main contributions in the discussion
section (Chapter 8).

Table 3. Thesis objectives, research questions, main findings and main contributions paper-by-

paper.

Paper |

Paper Il

Paper Il

nordia geographical publications

Thesis objective

To provide theoretical and methodological premise to study landscape
geodiversity in relation to biodiversity

Paper objectives

O To review the

02 To empirically

O3 To provide tools

questions (RQ)

current empirical
evidence support
theoretical background
of geodiversity—
biodiversity relationship
at landscape-scale?

RQ2 What are the
methodological gaps in
geodiversity assessment
in biodiversity
investigation?

geodiversity and
biodiversity linked in
freshwater ecosystems?

RQ4 Is grid-based
geodiversity assessment
suitable for biodiversity
investigations in
freshwater ecosystems?

O) current understanding test the geodiversity— for Europe-wide
and knowledge gaps of | biodiversity relationship | geodiversity—biodiversity
geodiversity—biodiversity | in freshwater research.
research. ecosystems.

Research RQI How does RQ3 How are RQ5 How does the

European geodiversity
data contribute to
quantitative geodiversity
assessment?

RQ6 How can European
geodiversity data be
applied in biodiversity
investigations?

contributions

for geodiversity—
biodiversity research
and an overview of the
empirical studies.

example of applying
grid-based geodiversity
data in aquatic
biodiversity context and
an introduction of
complementary
catchment-scale
approach for freshwater
conservation.

Main findings Geodiversity— We observed a positive | The provision of
biodiversity research link between catchment | Europe-wide, versatile
is scattered, but geodiversity and geodiversity data that
parallel results from aquatic plant species establishes quantitative
empirical research richness, supporting geodiversity assessment
and strong theoretical the idea of geodiversity | and enables continent-
background encourage providing foundation wide geodiversity and
more research. Major for biodiversity that biodiversity research.
knowledge gaps can extend and operate
concern conceptual beyond ecosystem
and methodological boundaries.
inconsistency and bias
in (empirical research
related bias) scales,
geographical areas and
organismal groups.

Main An introduction An empirical research A European geodiversity

data for empirical
geodiversity—biodiversity
investigations and
explicit guidelines for
grid-based geodiversity
assessment across large
extents.
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7.1 Current understanding and knowledge gaps of geodiversity-
biodiversity research (Paper I)

In Paper I, we summarised the background and current understanding of the relationship
between geodiversity and biodiversity in order to provide common guidelines for further
geodiversity—biodiversity research.’ First, we introduced the theoretical background
on why geodiversity and biodiversity are related. We then reviewed previous empirical
geodiversity—biodiversity studies and their perspectives, methodologies and results. We
also examined the studies in terms of their spatial scale and discussed the relationship
between geodiversity and biodiversity at local, landscape and continental scales with
explicit research examples. Finally, we summarised guidelines for future research efforts
and identified the most pressing knowledge gaps.

Considering the framing of this thesis, I will focus especially on the empirically
observed landscape-scale relationship (RQ1), where the presumption is that geodiversity
and biodiversity are positively related via high abiotic heterogeneity. In addition, I
examine the methodological gaps that hinder systematic and effective geodiversity—
biodiversity research (RQ2).

7.1.1 Research question |

The first resecarch question was: How does current empirical evidence support
theoretical background of geodiversity—biodiversity relationship at land-
scape-scale? To review the empirical observations on the relationship between
geodiversity and biodiversity, we categorised the research according to the scale of
the study: local, landscape and continental. The majority of empirical studies focus
on the landscape scale, examining single regions (such as a catchment area or a
state) or countties, and primarily using terrestrial vegetation as the subject of study.
Geodiversity has been found to contribute to vegetation diversity globally, including
studies from Finland (Hjort e# /. 2012; Rasdnen e al. 2016; Tukiainen ef al. 2017b),
UK (Bailey e a/. 2017, 2018), Australia (Keith 2011), China (Dakhil ez /. 2021), USA
(Nichols ez al. 1998), Caribbean (Batlle & van der Hoek 2021) and Brazil (dos Santos
et al. 2019). The consistent positive relationships observed, regardless of study area
or assessment method, suggest that geodiversity variables should be more widely
included in biodiversity studies. However, there is a need to expand empirical studies to
include different taxa and ecosystems, as current evidence on the relationship between
geodiversity and biodiversity is largely limited to terrestrial environments (see also
Alahuhta ez al. 2020).

Despite these simultaneous observations, separating or identifying the contribution
of geodiversity to biodiversity can sometimes be challenging. Generalisations about
their relationship often remain clusive because of the different focus of studies: some
investigate multiple geodiversity variables, while others focus on individual components
or processes. Furthermore, the relationship between geodiversity and biodiversity is
not always straightforward; there are cases where climatic or local physical variables
are found to be more influential on species than geodiversity factors, even though
geodiversity variables add value to species diversity modelling (e.g. Bailey e a/ 2017).

3 Our literature search was based on using ‘geodiv’’ AND ‘biodiv*” as the ‘topic’ words in Web of
Science search, yet search results were manually complemented due to variable and inconsistent use
of the term ‘geodiversity’. Same search approach was used and described in Alahuhta ez a/. (2020).
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This is also likely to be the case in high-productivity systems where biotic ecosystem
functions outweigh geodiversity contributions (cf. Wallis e @/ 2022) or when the
relationship between geodiversity and biodiversity changes along land use gradients
(e.g. Ren er al. 2021; Tukiainen e a/. 2017a). For instance, in a high-intensity land use
region in western Finland, water chemistry and land use variables were found to be
more important for stream biodiversity (including macroinvertebrates, diatoms and
bacterial communities) than catchment-scale geodiversity variables (Kdrnd ez a/. 2019).
Nevertheless, geodiversity variables were still considered valuable complementary tools
for freshwater conservation.

The review of empirical studies identified conceptual issues and gaps related to the
definition of geodiversity. In structuring the review, we adopted Gray’s (2013) definition
of geodiversity, which is the most commonly used definition in the literature (Boothroyd
& McHenry 2019). Specifically, we explored how vatious components—such as
geology, soil, geomorphology, topography and hydrology—have been incorporated
into geodiversity—biodiversity studies. While individual components of geodiversity,
such as topography or soils, have been previously studied in relation to biodiversity,
we emphasised the importance of a holistic view of the abiotic environment (see also
Maliniemi ef al. 2024). We chose to distinguish between topography and geomorphol-
ogy because of the long tradition of using topographical variables in ecological and
biogeographical research, but also to point out that topography is only one part of
geodiversity.

To support future empirical research on the relationship between geodiversity and
biodiversity, we recommend the establishment of clear frameworks and concepts, the
systematisation of methodology, and the broadening of the tesearch focus to include
different scales, geographical areas and groups of organisms.

7.1.2 Research question 2

The second research question was: What are the methodological gaps in geodiversity
assessment in biodiversity investigations? Methodological gaps in geodiversity
assessment are closely related to conceptual gaps. The concept and definition of
geodiversity is still evolving, which hinders the development of consistent approaches
to qualify and quantify geodiversity. The generalisation of empirical evidence on the
relationship between geodiversity and biodiversity is limited by the different approaches
and measures of geodiversity; for example, geodiversity can be described as a single
topographic variable or as a complex geodiversity index measure that takes into account
the wide range of abiotic diversity. As a result, the wide range of different geodiversity
indices ate not fully comparable.

Empirical ~geodiversity—biodiversity ~studies predominantly use quantitative
assessment methods, such as richness vatiables (e.g. Hjort eza/. 2012) or other geodiversity
indices (e.g. Najwer ef al. 2016). Remote sensing and GIS data describing geological,
pedological, geomorphological and hydrological features are frequently used to produce
those indices (see also Boothroyd & McHenry 2019), but indicators implying energy or
resource availability have also been used to describe geodiversity (e.g. NDVI in Wallis
et al. 2022 or soil fertility in Dakhil ef 2/ 2021). Variation in the environmental charac-
teristics used to describe geodiversity diminishes the comparability between indices and
results. Additionally, the wide range of geodiversity variables, from rock types to NDVI,
can blur the concept of geodiversity (Maliniemi ez a/. 2024). However, the choice of
environmental characteristics may also be influenced by regional data availability.
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There is also a wide variation in the methods used to assess geodiversity, depending
on the scale of the study. Qualitative methods are typically used at local scales and
for geoconservation objectives (e.g. geosite assessment), while quantitative methods
are more often used at larger spatial resolutions and extents. In continental and land-
scape-scale studies, where the aim is usually to identify broad-scale diversity patterns
and links between geodiversity and biodiversity, grid-based methods are often used,
although alternative methods for delineating landscape units have been presented,
particularly for conservation applications (e.g. Albano e al. 2015). Plot-scale studies
can clucidate the underlying mechanisms of observed geodiversity—biodiversity
connections, for instance by observing soil properties and functions (e.g. De Falco ez 4.
2021). Yet, common methodological guidelines for quantitative local-scale assessments
of geodiversity in ecological contexts are even scarcer than at the landscape scale (but
see Crisp ez al. 2023; Hjort et al. 2022).

Most geodiversity assessments still focus solely on geodiversity assessment (either
qualitatively or quantitatively), where the discussions of the link between geodiversity
and biodiversity may remain theoretical rather than being empirically tested, if present
at all (see also review by Crisp e7 a/. 2021). It is therefore unclear to what extent these
assessement methods are appropriate for biodiversity studies. Furthermore, in some
qualitative or discursive study settings, geodiversity may only be used to frame the study
or to refer generally to all non-living diversity.

7.2 Empirical observations from Finnish lakes and rivers (Paper Il)

In Paper 11, we examined the relationship between geodiversity and biodiversity in
freshwater ecosystems. We were interested in whether the positive relationship observed
in terrestrial systems could also be observed in less studied freshwater systems. As
we also wanted to test the existing Finnish geodiversity dataset describing terrestrial
geodiversity in Finland, geodiversity was assessed from the catchment areas of the
water bodies. Freshwater biodiversity was measured as aquatic plant species richness.

7.2.1 Research question 3

The third research question was: How are geodiversity and biodiversity linked in
freshwater ecosystems? We found out that catchment geodiversity was positively
correlated with aquatic plant species richness (Table 4). The observed patterns were
similar in two different habitats (lakes and rivers) and two different functional plant
groups (helophytes and hydrophytes). Geodiversity vatiables were examined in relation
to the more commonly used environmental variables, of which the local scale variables
(e.g. alkalinity, lake area, river width) explained most of the variation in aquatic plant
species richness. However, geodiversity contributed to the variation despite of the
habitat type or the functional group, highlighting the importance of the catchment
area materials and processes for a water body (see Figure 5 in Paper II for variation
partitioning between local, geodiversity and climate variables, Toivanen ez 2/ 2019).
While the overall evidence for the positive contribution of geodiversity was consistent,
there were also differences between habitats. The relationship between catchment soil,
rock and geomorphological variables and species richness was positive in both habitats,
but the correlations were consistently lower in rivers (Table 4). Also, the variation
explained by GLMs was greater in lakes (adj. D?*=0.41-0.43) than in rivers (adj. D*=0.18—
0.21) (see also Table 1 in Paper 11, Toivanen ez a/. 2019). This is likely due to the focus on
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only one group of organisms, as lentic and lotic environments are very different types
of environments for aquatic species. In general, aquatic plants (especially hydrophytes
in our data) are not as abundant in running waters as in lentic lake environments.
Thus, other groups of organisms such as macroinvertebrates, bacteria or diatoms would
probably provide a complementary perspective (see e.g. Kirni ef al. 2019).

Of the individual geodiversity variables, soil variation showed the strongest
correlations (Table 4) and relative influence (see Figure 6 in Paper 11, Toivanen e/ a/.
2019) especially for helophyte richness, which may reflect the stronger response of
helophytes to eutrophication and land use (see e.g. Alahuhta e a/. 2016; Kolada 2016).
Geomorphological vatiation, on the other hand, was the most important variable for
hydrophytes, although there were not as clear differences in the relevance of geodiversity
variables within hydrophytes as within helophytes. However, if the geomorphological
heterogeneity at the catchment scale also reflects the geomorphological heterogeneity
within a river reach (or lake), the variety of geomorphological features may create more
diverse habitats, with both lower and higher flow rates supporting different functional
groups of aquatic plants—and thus promoting hydrophyte richness.

Table 4. Spearman correlations between catchment geodiversity variables (std=standard
deviation) and species richness variables in lakes (n=145) and rivers (n=146). ns=no statistical
significance.

Soil richness (std) Rock richness (std) Geomorphological
richness (std)
Lakes (all taxa) 0.42 (p<0.001) 0.32 (p<0.01) 0.35 (p<0.001)
Helophytes 0.55 (p<0.001) 0.27 (p<0.01) 0.16 (ns)
Hydrophytes 0.13 (ns) 0.24 (p<0.01) 0.39 (p<0.001)
Rivers (all taxa) 0.31 (p<0.01) 0.14 (ns) 0.34 (p<0.001)
Helophytes 0.36 (p<0.001) 0.1l (ns) 0.27 (p<0.01)
Hydrophytes 0.13 (ns) 0.13 (ns) 0.35 (p<0.001)

7.2.2 Research question 4

The fourth research question was: Is grid-based geodiversity assessment suitable
for biodiversity investigations in freshwater ecosystems? The results of the study
demonstrated that grid-based geodiversity assessment method is particularly suitable
for catchment-scale studies because it allows the simultaneous inclusion of a wide
variety of abiotic characteristics of the catchment. Catchment geodiversity can simul-
taneously describe the geological, pedological and geomorphological heterogeneity of
the catchment area.

The observed positive relationship between geodiversity and biodiversity is also
a reminder that water bodies are not ‘islands’ or separate entities surrounded by
the terrestrial realm, but rather interconnected entities influenced by vatious fluxes
and processes, underlining their interdependence. This perspective is in line with
the Conserving Nature’s Stage concept, which suggests that protecting the abiotic
environment can benefit both freshwater and terrestrial biodiversity within catchment
areas. Additionally, the observed positive link encourages further exploration of the
geodiversity—biodiversity relationship employing the grid-based assessment methods
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that extend across ecosystems. Species and communities ate affected by environmental
factors across various scales, and geodiversity can serve as a landscape-scale environ-
mental vatiable in these contexts.

As an additional investigation, we explored the feasibility of applying the grid-based
assessment at a mote local scale (see Appendix 4 in Paper 1I, Toivanen e al. 2019).
To investigate this, we assessed geodiversity within a 1-km shoreline buffer zone and
correlated these shoreline geodiversity vatiables (standard deviation of soil, rock and
geomorphological richness) with catchment area geodiversity variables (standard
deviation of soil, rock and geomorphological richness) and species richness variables
(all taxa, helophyte and hydrophyte richness). The geodiversity variables from shoreline
and catchment areas showed a strong positive correlation with each other (r =0.64—
0.77, p<0.001). Similarly, species richness variables correlated positively with shoreline
geodiversity variables, and they were very similar to correlations between species
richness and catchment geodiversity variables (see Table S4.9 in Paper 1I, Toivanen
et al. 2019). However, this analysis was limited to lakes, as it was not meaningtul to
apply a similar buffer zone approach to rivers (using point feature data). Nonetheless,
this additional investigation suggests that both catchment and shoreline geodiversity
assessment methods should be further developed and investigated in relation to aquatic
biodiversity.

7.3 European geodiversity to support future broad-scale research
(Paper III)

In Paper 111, we provided a Europe-wide geodiversity data for further geodiversity—
biodiversity investigations (Figure 8). Based on the literature and our own empirical
studies, grid-based geodiversity assessments ate suitable for various large-scale
geodiversity and biodiversity investigations (cf. Tukiainen e a/. 2017a, 2017b; Tukiainen
& Hjort 2019). Therefore, we have applied this method to produce continental-scale
geodiversity data for applied use. The data are deposited in the Dryad repository
(Toivanen ef al. 2024b).

A. Georichness ‘ B. Lithological C. Soil richness
i richness
8
i # I
ri g |
D.Terrain form E. Hydrological
richness richness

Figure 8. Georichness at |-km resolution across Europe, based on Paper |l (Toivanen et al.
2024a). Georichness is a sum of lithological richness (B), soil richness (C), terrain form richness
(D) and hydrological richness (E). Similar data was produced at 10-km resolution and those figures
can be found in Paper lll.
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7.3.1 Research question 5

The fifth research question was: How does the European geodiversity data
contribute to quantitative geodiversity assessment? In Paper III, we compiled a
comprehensive geodiversity dataset describing terrestrial geological, pedological, geo-
morphological and hydrological diversity (Figure 8B—E). We evaluated the data with the
Finnish geodiversity dataset (Tukiainen e o/ 2017a, 2017b) using correlation analysis.
Both datasets extensively describe the diversity of abiotic nature across landscapes,
despite the differences between the geodiversity components and individual geofeatures
(described in more detail in Chapter 6 and Paper I1I). Even though the source data
were independent of each other, the European and the Finnish georichness variables
showed positive correlations (r, =0.37, p<0.001 at 1-km and r =0.59, p<0.001 at 10-km
resolution).

While the European geodiversity dataset is primarily produced for applied biodiversity
studies, it offers opportunities to advance quantitative geodiversity, which can help
both to better understand geodiversity itself and to study the relationship between
geodiversity and biodiversity from different perspectives (e.g. alpha, beta and gamma
geodiversity in Tukiainen ef /. 2023). In Paper 111, we used a simple richness index to
describe geodiversity. By adopting some other (e.g. ecologically inspired) quantitative
assessment methods, it is possible to further develop the quantitative assessment,
as we also provide areal coverage details for each geofeature. Additional inspiration
for the further development of quantitative geodiversity assessment can be found in
pedological research, where various diversity indices have been used more regularly (e.g;
Ibafiez et al. 1995; McBratney & Minasny 2007).

The grid-based quantitative approach here also suggests an alternative approach to
previous assessments of continental geodiversity, as seen by Wolniewicz (2023), who
focused specifically on the use of continental geodiversity in geoconservation and
geoheritage assessment, in contrast to the biodiversity-related motives in our work.

7.3.2 Research question 6

The sixth research question was: How can European geodiversity data be applied
in biodiversity investigations? We evaluated the suitability of the geodiversity dataset
for biodiversity studies by correlating geodiversity variables with vascular plant species
richness in two different study areas: Finland and Switzetland. In both countries we
observed statistically significant positive correlations between georichness and species
richness at 10-km resolution (Finland r =0.34, p<0.001, Switzerland r =0.26, p<0.001).
The correlative demonstration of the dataset suggests that Furopean geodiversity
data can be useful for further biodiversity investigations, and the results are consistent
with previous studies suggesting a positive relationship between geodiversity and plant
richness (e.g. Bailey e7 al. 2017; Batlle & van der Hoek 2021; Hjort ef al. 2012).

We provide the geodiversity dataset at two spatial resolutions, 1-km and 10-km. In
addition to the georichness variables used in the geodiversity—biodiversity demonstra-
tion, the data also include more specific information on the presence of individual
geofeatures per 1-km and 10-km grid cell, as well as the areal coverage of each
geofeature per grid cell. Thus, there are both ready-to-use variables (georichness,
geological richness, pedological richness, terrain form richness, hydrological richness)
and more detailed information about individual geofeatures that enable producing
other diversity measures of geodiversity, such as assessing how the ‘communities’ of
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geofeatures contribute to total geodiversity (cf. species communities) (see also Alahuhta
et al. 2024 on geodiversity uniqueness).

We encourage the use of data in geodiversity—biodiversity studies at different
resolutions, in different ecosystems and with different groups of organisms, to gain
a broader understanding of the relationship between geodiversity and biodiversity.
Macroecology often relies on climate data and how climate creates or controls
biodiversity gradients (see e.g. Heino e¢# al. 2015), although climatic variables may not
be the best predictors of diversity at the ecosystem level (cf. Simensen e a/. 2020).
Geodiversity, on the other hand, can provide insight to more regional properties or
processes (cf. Gerstner ef al. 2024) or better reflect biodiversity and its changes over
time (cf. Simensen ez a/. 2020).

While the European geodiversity data are suitable for Europe-wide exploration,
they can also be used in more regional research settings with more specific regional
knowledge of both biodiversity and geodiversity of the region. With more specific
regional knowledge, the data can be edited or supplemented with more precise taxonomic
or spatial information. Overall, both empirical and methodological developments are
encouraged.
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8 Discussion

The main aim of this thesis is to provide theoretical and methodological premise to
study landscape-scale geodiversity in relation to biodiversity. This was done by first
reviewing the status of geodiversity in biodiversity investigations, and then providing
empirical evidence and methodological tools for further research endeavours.

This thesis contributes to geodiversity research from multiple perspectives. In
Paper 1, I establish and develop the common understanding and guidelines for further
geodiversity—biodiversity research (O1). In Paper II, I provide an empirical research
example of applying grid-based geodiversity data in aquatic biodiversity context, that
also has implications to catchment-scale nature conservation and planning (02). In
Paper 111, I further establish the grid-based geodiversity assessment with a ready-to-use
geodiversity dataset that enables Europe-wide geodiversity—biodiversity investigations
(03).

The combination of a literature review (Paper I), an empirical research paper (Paper
IT) and data products (Paper I11) in this thesis provides a set of guidelines for grid-based
geodiversity assessment at landscape-scale for biodiversity investigations. It also serves
as a source of inspiration for diverse geodiversity research and promotion, facilitating a
deeper understanding of geodiversity and its integration into practical actions, such as
nature conservation, and discussions on various environmental topics and issues.

In the discussion section, I begin by addressing conceptual knowledge gaps (Chapter
8.1), and how to consider them in future empirical studies (Chapter 8.2). Then, I explore
the journey toward methodologically systematic and conscious research (Chapter 8.3),
highlighting the complementary nature of various assessment approaches (Chapter
8.4). Following this, I discuss the reasoning and strategies for integrating geodiversity
into nature conservation efforts (Chapter 8.5). Finally, I examine both the potential
and limitations of geodiversity in biodiversity investigations (Chapter 8.0) and suggest
themes for future research within the scope of this thesis (Chapter 8.7).

8.1 Conceptual hurdles in including geodiversity in biodiversity
investigations

Geodiversity—biodiversity research is very scattered, despite its increasing numbers.
While there is growing interest in integrating geodiversity into biodiversity research,
our observations in Paper I suggest that the complexity of the geodiversity concept
poses challenges in its application (see also reviews by Boothroyd & McHenry 2019 and
Crisp ez al. 2022). Although the theoretical interest in geodiversity—biodiversity studies is
well-reasoned, several conceptual, empirical and methodological gaps hinder scientific
and applied advancements in this field (see also Maliniemi ez a/ 2024; Schrodt ez al.
2024). There is therefore a need to establish common guidelines for future research to
improve understanding of how geodiversity contributes to biodiversity.

Previous reviews and petspective papers have promoted different aspects of
geodiversity, including developing and strengthening the concept of geodiversity (e.g.
Gray 2008b, 2021; Hjort et al. 2024; Ibafiez & Brevik 2022; Serrano & Ruiz-Flafio 2007),
promoting geoheritage and geoconservation (e.g Crofts ef al. 2020; Ibafiez ez al. 2019),
recognising geodiversity in a wider conservation context (e.g. Gordon & Barron 2012;
Gordon ez al. 2022; Knudson e al. 2018), reviewing geodiversity assessment methods
(e.g. Zwolinski ez al. 2018; Crisp et al. 2021), integrating geodiversity into sustainable
resource management and environmental monitoring (e.g. Brilha e a/ 2018; Schrodt
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et al. 2019, 2024), linking eco- and geosystem services (e.g. Anougram ef al. 2024; Fox
et al. 2020; van Ree ef al. 2017), and introducing new avenues of research, such as how
geodiversity can promote human health (Alahuhta e a/. 2023).

While these perspectives often draw parallels between geodiversity and biodiversity,
few reviews have explicitly focused on their relationship. Although Boothroyd &
McHenry (2019) and Crisp e¢# al. (2022) have evaluated the inclusion of geodiversity
in biological discourse and biodiversity assessment, their focus was on providing
quantitative insights of previously published geodiversity—biodiversity papers. To
complement these reviews, our aim in Paper I was to provide theoretical and conceptual
background for future geodiversity—biodiversity investigations (O1, Table 3).

Based on our observations in Paper I, empirical geodiversity—biodiversity research
sometimes employs geodiversity vaguely, without clear definitions or links to specific
environmental variables (see also Maliniemi ez a/ 2024), although researchers generally
agree on Gray’s (2013) definition of geodiversity (Boothroyd & MacHenry 2019). This
ambiguity, coupled with the diverse assessment methods (cf. Crisp 2021, 2022), limits
the ability to draw generalised conclusions from geodiversity—biodiversity research,
despite evidence of a positive relationship between the two.

To overcome the vague use of geodiversity, in Paper I, we presented an overview of
the scales used (i.e. local, landscape, global) and the inclusion of different geodiversity
components (i.e. geology, soil, hydrology, geomorphology, topography) in previous
geodiversity—biodiversity studies. Most of these studies desctibe a clear framework for
understanding geodiversity, including methods of assessment and rationale for variable
selection. However, we particularly emphasise the importance of considering multiple
components simultaneously to capture a broader range of abiotic variation in empirical
geodiversity—biodiversity studies (see also Crisp ef al. 2022). Furthermore, as geodiversity
becomes more mainstream, continued interdisciplinary dialogue between geoscientists
and bioscientists remains essential to establish a shared understanding of geodiversity
and its implications for biodiversity (see also Boothroyd & MacHenry 2019).

A common argument against geodiversity in ecological discourse is that geodiversity
is just ‘environmental heterogeneity’, which is already commonly used in ecological
research, making geodiversity redundant (see also Maliniemi e a/. 2024). However,
environmental heterogeneity variables often overlook the comprehensive diversity
encompassed by geodiversity and fail to recognise the intrinsic value of geodiversity.
When attitudes towards geodiversity are favourable, the term can still be used arbitrarily.
For example, a single variable of topographic heterogeneity is sometimes used as a
proxy for all geodiversity. While it can capture a lot of abiotic variation in a single
variable and act as a powerful proxy variable for geodiversity, more research is needed
on how such variables relate to other geodiversity components (see also discussion in
Schrodt ez al. 2024).

Although researchers, especially geo(eco)logists, have long discussed the inherent
connection between geodiversity and biodiversity (e.g. Santucci 2005 on the emergence
of the term ‘geodiversity’), conceptual frameworks for integrating geodiversity into
biodiversity research are only beginning to emerge (see e.g. Hjort ez al. 2022; Lausch ez al.
2024; Vernham et al. 2023; Zarnetske ez al. 2019). Strong conceptual frameworks, such
as a universal geodiversity taxonomy (cf. Hjort ez a/. 2024) or systems for quantifying
geodiversity (cf. Crisp ef al. 2022; Zwolinski et al. 2018), can help overcome the
conceptual hurdles. They also facilitate the application of geodiversity in biodiversity
research across spatial and temporal scales, from local to global assessments. The con-
tributions of geodiversity vary across scales, from the creation of microhabitats at the
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local scale to the shaping of geological patterns at the continental scale (Figure 4 in
Paper I; see also Lawler ef a/. 2015). There is therefore a further need to define what
components of geodiversity mean at different scales, particularly in the context of
supporting biodiversity (see also Tukiainen, Bailey & Hjort, manuscript). Studies at local
scale can shed light on the mechanisms underlying the relationship between geodiversity
and biodiversity, while studies at landscape to global scale can provide valuable insights
into the coarse-filter conservation actions.

8.2 From conceptual understanding to empirical applications

To gradually move from conceptual gaps to practical solutions, and to better demonstrate
how geodiversity variables can be constructed and incorporated in practice, we need
to examine geodiversity components beyond just geological, pedological, geomot-
phological and hydrological diversity. In line with the main objective of this thesis to
establish a theoretical and methodological foundation for studying geodiversity (Table
3), I introduce few alternative perspectives for observing geodiversity in Chapter 2.
While I extensively describe all geodiversity components, from their physical features
to chemical characteristics, I also offer a more structured premise as compositional,
structural and functional perspectives (Table 1). These perspectives parallel with the
compositional, structural and functional measures employed in biodiversity studies (see
e.g. Noss 1990).

Compositional diversity is in the centre of this thesis, as 1 focus on assessing
geodiversity as the presence and absence of distinct ‘geofeatures’ (cf. species), which
are summed into a ‘georichness’ variable (cf. species richness) within study grids.
Additionally, I assessed catchment area geodiversity as the variation of abiotic features
across the catchment, representing the heterogeneity of the abiotic environment within
these catchments (cf. structural diversity). If included, functional geodiversity would
assess the properties and processes that contribute to biodiversity within the catchment.

Given the proposed positive link between geodiversity and biodiversity, geodiversity
has potential as a proxy for biodiversity, although its effectiveness is likely to be context
dependent. In Paper II, we aimed to contribute to this discourse by examining the
relationship between geodiversity and biodiversity in freshwater ecosystems (02,
Table 3). While we observed a positive relationship between catchment geodiversity
and aquatic plant species richness, further empirical investigations are needed to assess
the consistency of this relationship across different regions, taxa and environmen-
tal conditions (but see Kirnd ez al 2019). Investigations could include examining the
relationship between geodiversity and biodiversity along land use gradients, across
different groups of organisms in different ecosystems, and taking into account
variations in the size of lakes, rivers or their catchments. In addition to the composi-
tional and structural perspectives of geodiversity derived from georichness vatiables,
incorporating measures of functional diversity (such as factors related to river flow
dynamics) into assessments of geodiversity is likely to provide valuable insights into the
range of geo- and ecosystem functions that underpin biodiversity within water bodies
and their surrounding catchments.

However, our findings in Paper II highlight the interconnectedness of aquatic and
terrestrial ecosystems (see also Heino ef a/. 2020; Soininen ef al. 2015). Consideration of
catchment characteristics and activities is crucial for assessing the status of freshwaters
and their biodiversity (tivers in Heino 7 /. 2022; lakes in Heino ez a/. 2023). In Finland,
a roadmap for catchment planning was devised in 2024 to align with EU-led goals
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for the good status of both above- and below-ground waters by 2030 (Rytkoénen ez 4.
2024). While not explicitly stated in the roadmap document, geodiversity is inherently
linked to the proposed actions. It is essential to consider geological, pedological, geo-
morphological and hydrological features and processes across catchments when
implementing key actions to support catchment planning, such as wetland, peatland and
riverbed restoration. The restoration of these ecosystems not only affects water quality
and the biodiversity of aquatic ecosystems by regulating water flow and controlling the
runoff of sediment and nutrients, but it also enhances the diversity of habitats across
the entire catchment area. Therefore, integrating geodiversity into catchment planning
facilitates the implementation of nature-based solutions that can effectively manage
water resources, enhance biodiversity, and support various ecosystem and geosystem
functions.

In general, geodiversity has the potential to be a multidisciplinary concept, building
bridges between geographers, geoscientists and bioscientists, as well as aquatic and
terrestrial ecologists. Often researchers focus on their own area of expertise and
overlook the interactions between different environments. Given the increasing interest
in large-scale studies testing the positive geodiversity—biodiversity hypothesis, future
research would benefit from improved geodiversity frameworks to ensure comparable
assessments. In addition, readily available geodiversity data accessible across disciplines
would facilitate research efforts.

In Finland, for example, a national geodiversity data has been extensively studied in
a number of contexts. These include regional geodiversity patterns (Tukiainen & Hjort
2021), the contribution of geodiversity to ecosystem services (Alahuhta ez /. 2018), and
geodiversity patterns along land use gradients (Tukiainen ef o/ 2017a). Furthermore,
investigations on geodiversity—biodiversity relationship have been conducted in both
terrestrial (Risdnen e a/. 2016; Tukiainen ef a/. 2017b) and aquatic (Kdrnd e a/. 2019;
Toivanen ez al. 2019) environments. It is reasonable to assume that the availability of
geodiversity data would facilitate a greater number of investigations, allowing more
robust generalisations to be made about the contributions of geodiversity and its
potential applications. In addition, future research efforts would benefit from collabora-
tion across disciplinary boundaries, given the broad potential for the use of geodiversity
data.

8.3 Towards methodologically systematic and conceptually conscious
geodiversity research

The review presented in Paper I and the empirical exploration presented in Paper II both
indicated that the grid-based geodiversity assessment technique has significant potential
for use in biodiversity investigations (see also Crisp ef a/. 2021). Therefore, in Paper
II1, our objective was to provide further support for the establishment of grid-based
assessment methods and to offer a readily usable geodiversity data set for biodiversity
investigations (03, Table 3). Given the previous, somewhat vague use of geodiversity in
empirical explorations, the introduced European geodiversity data provides a valuable
resource for researchers secking to incorporate geodiversity variables in their studies.
While itis important to study each component of geodiversity individually, studies that
concentrate on geodiversity as a whole remain relatively limited in number. For example,
topography is often used as a generic proxy for geodiversity, particulatly at broad scales,
due to the lack of comprehensive and harmonised geomorphological datasets. A vatiety
of topographic variables, including landforms and wetness indices, can be calculated
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from globally available remote sensing (RS) and geographic information system (GIS)
data (e.g. Amatulli ez a/. 2020; Serensen ez al. 20006). Geological and pedological data may
also be available, but are often limited to specific regions or countries. Although various
data on abiotic nature are available, harmonised, spatially and temporally comprehen-
sive data are still lacking for almost all parts of geodiversity (see also Schrodt ez a/. 2024).

In the construction of the European geodiversity data set (Paper 11I), we employed
open-access, harmonised geological, pedological, geomorphological and hydrological
datasets. Drawing from the experience gained from the Finnish geodiversity dataset,
the European data were calculated using similar zonal analysis methods. In specific,
we demonstrate the use of ‘georichness’ variable. Used as such, georichness variables
offer a comprehensive measure of geodiversity to be used in the analysis. However, it
is also possible to select a subset of geodiversity components (lithology, soils, terrain
forms, hydrological features) that are relevant to the specific study context. Investigating
these components separately provides insight into their individual contributions to
biodiversity.

We focused especially on georichness, because we believe that introducing concurrent
assessment methods of both biodiversity and geodiversity reinforce the status of
geodiversity as an integral component of natural diversity alongside biodiversity. In
addition, georichness is relatively easy to calculate based on available GIS data, and
it has proven useful in previous empirical geodiversity—biodiversity studies at the
landscape scale (see Paper I and further support in the findings of Paper 1I). Therefore,
this approach facilitates smoother comparisons and study settings for investigating the
relationship between geodiversity and biodiversity, building upon previous knowledge
of spatial biodiversity patterns.

To extend the conceptual framework and acknowledge that the grid-based
assessment method is not confined to richness measures, Paper 111 provides compre-
hensive information on individual geofeatures, including their areal coverage within
each 1-km and 10-km grid cell. This level of detail enables researchers to selectively
include specific geofeatures or calculate various diversity measures beyond richness
variables (geofeature areal coverage used e.g. in Bailey ef a/. 2017). Furthermore, in
biodiversity research, the concepts of alpha, beta and gamma diversity are commonly
employed to examine biodiversity from complementary perspectives. These concepts
can also be applied to geodiversity (Tukiainen ez 2/ 2023).

In Paper III, we provided a brief demonstration of the data application in
geodiversity—biodiversity investigations, specifically by correlating vascular plant species
richness and georichness in Finland and Switzerland. This was done to demonstrate the
potential of the data to be used use in different ecosystems and at various spatial scales,
ranging from continental, regional and ecosystem-wide applications. Ideally, these
data and explicit guidelines for grid-based geodiversity assessment across large extents
will stimulate further empirical studies on the geodiversity—biodiversity relationship.
This should include investigations in various environments and spatial scales, as well
as studies with regional expertise and data from different ecosystems and organismal
groups.

8.4 Different assessment approaches complement each other
The quantitative assessment of geodiversity plays a crucial role in understanding

the spatial heterogeneity of abiotic features in landscapes, as well as their ecological
significance. It can provide valuable information for land management, environmental
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impact assessment and conservation efforts. While the Huropean geodiversity data
introduced in Paper I1I represents a significant advancement in continental geodiversity
assessments, similar initiatives have recently emerged at both continental (Europe,
Wolniewicz 2023) and global scales (Polman ef al. 2024).

However, the still limited availability of large-scale geodiversity assessments
highlights the need for alternative methodologies to complement existing datasets and
address different research needs. For example, the assessments by Wolniewicz (2023)
and Polman e¢# al. (2024) are rooted in geoheritage and geoconservation, and aim to
assess current conservation status and guide future conservation efforts, in contrast to
the biodiversity-focused investigations in Paper I11. Moreover, while Wolniewicz (2023)
provides comprehensive European geodiversity maps, they do not offer data products
for further use.

In their global geodiversity assessment, Polman e# a/. (2024) used a zonal analysis
approach (similar to that used in our European geodiversity data) to investigate the
inclusion of geodiversity components within UNESCO Global Geoparks. Instead of
georichness, they produced a classified geodiversity scotre (from very low to very high,
1-5) at 10-km resolution. Their geodiversity index comprised of lithological diversity,
soil diversity, topographical diversity and hydrological diversity, of which the soil
diversity is based on the SoilGrids dataset (Hengl e 2/ 2017) also used in Paper III.
Lithological and hydrological components were similar to our European data in Paper
111, but the continental scale in our study allowed the use of more detailed source
data. For instance, lithology had more detailed classification with almost double number
of classes (GLIM vs. IHME1500 in Hartmann & Moosdorf 2012 and Duscher ef al.
2015, respectively). More notably, Polman e /. (2024) described hydrological diversity
as lake area and river length (based on HydroSHEDS in Lehner ef a/ 2011), while
our European dataset included different wetland types (from Corine Land Cover) and
groundwater features (from IHME1500) in addition to lakes and rivers.

These variations in source data highlight the different ways in which geodiversity can
be characterised. Variables such as slope range, lake area or river length are not suitable
for simple richness calculations, but provide complementary perspectives for under-
standing geodiversity (see also the mixed approach of grid-based richness and area
variables in Bailey e a/. 2017).

Wolniewicz (2023) employed an alternative assessment method to evaluate European
geodiversity, with the aim of identifying geodiversity patterns and hotspots across the
continent. More specifically, Wolniewicz (2023) used a centroid analysis and kernel
density methods, which are applicable to natural resource management and land use
planning (da Silva e# al. 2019; Forte et al. 2018). Unlike the grid-based zonal analysis
in Paper III and Polman ef /. (2024), it is not fixed to any specific grid resolution,
but is adjusted based on geofeatures and their spatial dynamics in the source data.
As the source data for geodiversity, Wolniewicz (2023) used previously introduced
data sources, such as GLiM (Hartmann & Moosdorf 2012) and SoilGrids (Heng] ez
al. 2017), terrain forms (Jasiewicz & Stepinski 2013), but also DEM-derived terrain
ruggedness index (Riley ez 2/ 1999) and complementary data to describe hydrological
diversity as number of water bodies (Yamazaki ef a/. 2015) and hydrogeological diversity
as groundwater table depth (Fan e 2/ 2015). In addition, GLiM was complemented
with global unconsolidated sediments (Borker ez a/. 2018) to better capture the variety
in lithological diversity.

The consistent use of similar source data in these independent assessments, from
continental to global scale, suggests that there is agreement among researchers on how
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to comprehensively assess geodiversity and which of the existing data are most feasible
to use in large-scale geodiversity assessments. While available data can still drive the
assessment to some extent, the prevailing view is that different aspects of geology,
pedology, geomorphology and hydrology should be considered.

At the global level, assessments still rely on modelled datasets such as GLiM (for
lithology) or SoilGrids (for pedology), or widely available topographic indices to
describe geomorphological variation in general. Hydrological diversity, by comparison,
is still lagging behind in terms of availability. While the presence of lakes and rivers
covers part of the hydrological diversity, it still disregards the complexity of aquatic
features (e.g. springs, frozen water, or wetlands) and groundwater features (sce also
Hjort et al. 2024). Also, Alsbach ez al. (2024) also discuss several alternative approaches
to assessing hydrological diversity, including physical, chemical and functional features
of rivers, in their study of the geodiversity of the Amazon basin, where they applied the
global data of Polman ez al. (2024).

While these research examples focused on assessing geodiversity at continuous and
large scales, there are other large-scale examples of empirical geodiversity—biodiversity
studies. For instance, Muellner-Ricehl ez a/. (2019) studied global geodiversity—biodiversity
relationship in mountain environments with a geodiversity data that corresponds to
Polman e# al. (2024), demonstrating the use of the same geodiversity data in different
research context. In their geodiversity—biodiversity investigations, Read ez a/ (2020)
described continental geodiversity in the United States with geological age, soil and
elevation diversity variables, but also included a gross primary productivity (GPP) variable
to account for resource availability. Considering such habitat variables as geodiversity
variables is not unseen (see e.g. Wallis ef a/. 2022; Zarnetske 2019), yet using variables
such as GPP or normalised vegetation index (NDVI) to describe geodiversity variables
makes it hard to distinguish the contribution of geodiversity per se. Such variables have
previously been used as proxies for biodiversity (e.g. Benedetti ef o/ 2023), thus using
them as geodiversity proxies can cause confusion (see also Maliniemi ez a/. 2024).

In addition to continental-to-global scale investigations of the geodiversity—
biodiversity relationship, a wide range of quantitative geodiversity assessment studies
exist, even at very local scales (as discussed in Paper I). Some of these studies emphasise
biodiversity and its conservation implications (e.g. de Paula Silva e a/. 2021; Pereira et al.
2013; Santos et al. 2017), while others focus on a natural heritage perspective (e.g Reynard
& Coratza 2007 on geomorphosites), in which ecological values can also be integrated
(e.g. Bollati ¢z a/. 2014 on ecological attributes of geomorphosites). Recognising and
accepting that there are different purposes and perspectives for studying geodiversity
helps to streamline quantitative assessments. Recent contributions from reviews of
geodiversity assessments (e.g. Crisp ef al. 2021; Zwolinski e# a/. 2018) also help to guide
and establish the methodological developments and give room to appreciate their com-
plementary nature.

8.5 Geodiversity in nature conservation

Conservation, whether approached from a biocentric or geocentric perspective, is at the
centre of many geodiversity—biodiversity studies. While both perspectives are essential,
their combined consideration may yield the most effective results. Conservation
strategies aimed at preserving unique and rare biodiversity and geodiversity are crucial
(see also Tukiainen & Bailey 2023). However, if we assume that both high biodiversity
and high geodiversity are essential to support a wider range of geosystem and
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ecosystem functions, then equal emphasis should be placed on conserving both types
of diversity. Efforts such as the global 30x30 conservation target IUCN 2023) could
benefit from recognising the potential overlap between geodiversity and biodiversity.
However, further research is needed to elucidate the relationship between geodiversity
and biodiversity across regions, taxa and ecosystems in order to target conservation
efforts accordingly.

Many geodiversity—biodiversity studies are motivated by the Conserving Nature’s
Stage (CNS) conservation strategy in patticular (e.g. Read ef a/. 2020; Ren ez al. 2021,
Tukiainen e a/. 2017b), but few have tested its effectiveness in practice (see Miller ez al.
2024). The CNS is based on the assumption that a heterogeneous environment provides
a more diverse habitat for species, and that geodiversity can sustain biodiversity over
longer timescales (Lawler ¢7 a/. 2015). For instance, Paper 11 examined how a more het-
erogeneous catchment may support a more diverse aquatic life. However, it did not
address the temporal aspect of CNS. While empirical studies on the temporal aspect
of CNS would be valuable to truly assess how well geodiversity can sustain biodiversity
over longer time scales, they are hampered by the lack of temporal species data.
Furthermore, although geodiversity is seen as a stable foundation in the CNS strategy,
it is also important to recognise the dynamic nature of some elements of geodiversity
(e.g. geomorphological or hydrological processes) and the fact that geodiversity is also
vulnerable to human activities and climate change (see e.g. Prosser ¢7 a/. 2010; van Ree
et al. 2024).

The interconnectedness of ecosystems and the abiotic and biotic nature are
increasingly recognised in the context of global biodiversity frameworks and targets
beyond 2020, such as 30x30. This is likely because conserving such large areas requires
region-based analysis and consideration of whole ecosystems and landscapes. For
example, the IUCN function-based ecosystem typology for conservation successfully
draws attention to the abiotic environments and the importance of landscapes and
seascapes (Keith ef al. 2022). However, its planning is still based on biocentric diversity
and ecosystem metrics (see also Comer ¢ a/. 2015). To put it bluntly, conservation
efforts are targeted at the actors (i.e. biodiversity), rather than ensuring a functioning
stage (i.e. geodiversity), even though the actions are likely to affect abiotic diversity as
well (see also Zhu et al. 2022). However, IUCN has been promoting geodiversity in
conservation efforts since 2009 (Dudley 2008) and has published specific guidelines for
geoconservation in protected and conserved areas (Crofts ef al. 2020).

A more active recognition of geodiversity has both scientific and practical benefits.
In particular, at the landscape or ecosystem scale, conservation efforts could system-
atically use geodiversity to identify abiotic regimes or priority areas for protection and
restoration, or to improve habitat connectivity and buffer zones to facilitate ecosystem
resilience (cf. land facets in Brost & Beir 2012). This idea is also supported by growing
evidence on geodiversity improving species richness models (e.g. Bailey e7a/. 2017; Miller
et al. 2024). Simensen ¢7 al. (2020) also found that geodiversity-related variables improved
‘ecosystem-level distribution modelling’. Thus, geodiversity could be used as an envi-
ronmental surrogate, where geodiversity and climate are used in conservation planning
when species data are not available (Beier ef /. 2015). A similar idea is advocated in
holistic diversity assessments, such as the EcoSyst framework (Halvorsen ez 4/ 2020),
which highlights the importance of including all biodiversity, geodiversity and climate
when assessing diversity in ecosystems and landscapes. However, the lack of systematic,
universal standardisation for abiotic diversity remains a challenge.
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8.6 Potential and limitations of geodiversity in biodiversity investigations

The theory and growing empirical evidence demonstrate the broad potential of
geodiversity in various scientific and applied fields. At the same time, the concept is still
seeking wider recognition, both within geosciences and between geosciences and other
disciplines. A major challenge is to explain geodiversity in a way that researchers from
different disciplines can understand and agree upon. For example, within ecological
discourse, geodiversity is often conflated with environmental heterogeneity, most
likely due to the routine inclusion of abiotic environmental factors such as climate
or topography in ecological research. Recognising geodiversity in ecological studies
can help to appreciate the wide variation within the non-living environment and move
towards a comprehensive understanding of natural diversity.

Translating geodiversity and its components between disciplines (e.g. geosciences
and biosciences) requires unravelling geodiversity from the ground up (e.g recognising
its diversity as a geological, pedological, geomorphological and hydrological entity) and
understanding different research perspectives (see also Maliniemi ¢7 a/. 2024). Given the
complex interactions between biotic and abiotic environments, increased collaboration
between environmental disciplines is needed. Such collaboration not only facilitates
progress within geodiversity research, but also extends its benefits to other fields where
geodiversity could open up new, unexpected research avenues.

To bridge the gap between disciplines, I (among other geodiversity researchers)
have drawn inspiration from ecological research and incorporated it into geodiversity
research, highlighting the opportunities it offers. A key strategy for advancing both the
conceptual and methodological aspects of geodiversity is to accept ‘geodiversity’ as
analogous to ‘biodiversity’ (see also Gray 2021). Methodologically, the use of unified
approaches to geodiversity and biodiversity assessment could prove beneficial for
applied purposes such as nature conservation. It would also facilitate the extension of
geodiversity—biodiversity research across different scales.

However, criticism of crude geodiversity assessment methods, such as the use of
grid-based georichness indices, is not uncommon even among geodiversity researchers
due to their lack of qualitative evaluation (see Gray 2021). However, given the broad and
multidisciplinary nature of geodiversity, it is essential to consider multiple perspectives in
its development. Drawing inspiration from adjacent disciplines is a prominent approach
that is not new. Methods from biodiversity research have been used even eatlier in
pedodiversity research (Ibafiez ef al. 1995). Exploring vatrious assessment methods can
uncover unexpected avenues of research and make geodiversity more approachable by
providing familiar reference points, such as the parallel between species richness and
georichness. In addition, extensive research on biodiversity indices provides valuable
insights, including understanding the limitations of crude richness variables and
identifying the best complementary options (e.g. Roswell ez a/. 2021).

Atthe same time, it is important to recognise that the crude assessment of geodiversity
and its relationship to biodiversity should only be interpreted to a certain extent. For
example, while I suggest that geodiversity could serve as a valuable tool for assessing
the condition and conservation needs of water bodies and their catchments (Paper 1I),
empirical studies to support or refute this claim are lacking, particularly with regard to
the underlying mechanisms of the geodiversity—biodiversity relationship. Even though
geodiversity provides a framework for freshwater conservation that can be applied to
both water bodies and their catchments conceptually, more empirical studies are needed
to confirm the link in different contexts. Similarly, the comparison of georichness and
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vascular plant species richness in Switzerland and Finland in Paper 111 relies solely on
correlational data analysis. Nonetheless, even simple correlation studies are valuable at
this relatively early stage of geodiversity research in order to better plan future studies.

Hopefully, the European geodiversity data (Paper III) will help to address some
of the issues outlined above, such as establishing the concept of geodiversity and
providing a basis for further empirical studies. Although the European geodiversity data
represents a major effort and progress in large-scale geodiversity—biodiversity studies,
it is not without limitations. It should be acknowledged that the data represents only
one perspective of categorising and including geodiversity and different geofeatures.
For instance, Hjort ez al. (2024) discuss in length about the key development points in
establishing a geodiversity taxonomy and alternative ways of categorising geofeatures,
in addition to the perspectives that I have presented in Chapter 2.

The European dataset in Paper I11 is based on a limited set of variables that describe
geodiversity. However, there are opportunities to explore additional options that might
better capture the structural (e.g. geological substrate heterogeneity) and functional (e.g.
soil chemical properties) aspects of geodiversity (see Table 1), and that can be based on
characteristics other than the presence or absence of the geofeatures (see Figure 2). In
addition, the relationship between alternative variables representing geology, pedology,
geomorphology and hydrology should be further explored (see also discussion of
alternative approaches in Alsbach e a/. 2024).

There are few issues that should be acknowledged when using data from different
sources, such as scale and harmonisation of data. In both Papers II and 111, the original
source data for geology, pedology, geomorphology and hydrology were collected and
produced independently for specific purposes, each with its own spatial scale. This
variability in the scales of the original data sources introduces uncertainty into the
geodiversity assessments (see also discussion in Kaskela & Kotilainen 2017). For the
European dataset (Paper 11I), we addressed this by selecting only data with an original
resolution of <1-km. Notably, the hydrological data are at high spatial resolution (20
m), which is necessary for accurate mapping linear features such as rivers. Thematic
resolution was ensured by including a relatively equal number or diverse representation
of geofeatures per each geodiversity component (see also Wu 2004 and Buyantuev &
Wu 2007 on thematic and spatial scales in landscape pattern analysis). Scale-related issues
are also discussed in more detail in Paper III. Advances in more intensive geodiversity
monitoring and data organisation would help to address many scale-related issues, but
would also facilitate the integration of geodiversity into biodiversity investigations (see
also Schrodt e al. 2019, 2024 on Essential Geodiversity Variables).

8.7 Themes for future research

This chapter explores four key themes for future research in the quantitative assessment
of geodiversity in biodiversity surveys. These themes include refining the concept
of geodiversity, improving methodological approaches to measuring geodiversity,
expanding empirical evidence on the relationship between geodiversity and biodiversity,
and establishing a robust data infrastructure for geodiversity information.

First, accepting geodiversity as analogous to biodiversity is a step towards clarifying
the concept of geodiversity and harnessing the potential of geodiversity in biodiversity
investigations. Additionally, breaking down the concept of geodiversity into cleat, easily
understood and measurable components would enhance its application in variety of
research. The taxonomy of geodiversity is a step towards such clarification (see Hjort
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et al. 2024). Considering the sources of confusion in ecological discourse, there should
be more discussion about the boundaries and dimensions of geodiversity and how it
relates to concepts such as environmental heterogeneity and landscape diversity (e.g.
Turner 1989; Stein e al. 2014). Given the potential of geodiversity as a landscape-scale
conservation tool, promoting and refining the concept of geodiversity, particularly in
this context, holds great promise for practical applications. In Norway, Simensen e a/.
(2021, 2022) have made extensive efforts to integrate geodiversity into such applications.
Notably, while landscape-scale geodiversity was considered in the thesis through the
spatial resolution of the quantitative assessment, different methodological approaches
may define landscape-scale’ differently.

Second, improving the methodological assessment of geodiversity is crucial for
enhancing the accuracy, reliability, and applicability of geodiversity research. This
process involves both refining existing techniques and exploring new methodologies
with clearly defined objectives and instructions. Although there are several reviews
of geodiversity assessment methods (e.g. Boothroyd & McHenry 2019; Brilha 2016;
Crisp et al. 2021, 2022; Zwolinski et al. 2018), the growing interest in this field requites
regular updates. This includes considering different perspectives of research—such as
investigations on biodiversity, ecosystem and geosystem services or geoconservation—
while separately considering quantitative, qualitative and integrated assessments. For
quantitative assessment, in particular, it is important to develop and compare alternative
methods, such as richness-based indices (e.g. georichness) and abundance-based or
gradient-based indices (e.g. Shannon diversity index or beta diversity indices). This
methodological development should align with the acceptance of geodiversity as an
analogous concept to biodiversity, drawing on insights from ecological diversity research.

Furthermore, while standardised assessment protocols across different spatial and
temporal scales are necessary to generate more reliable empirical evidence, methods may
vary depending on contextual factors such as scale or ecosystem type (see also Chapter
4.2). While the general framework for geodiversity assessment may be universal, the
execution may differ between local and global scale studies (e.g. conducting fieldwork
vs. using GIS data). A clear and coherence methodological tool selection is essential
to ensure consistent and meaningful results, as vague or scattered methodologies can
undermine the integrity of research results and reduce research motivation.

Third, despite the well-reasoned theoretical framework linking geodiversity and
biodiversity, a substantial gap persists in empirical evidence supporting this relationship
(cf. Alahuhta ez a/. 2020). Considering the scattered nature of current knowledge, there
is a need for more comparable empirical studies across different geographical regions,
ecosystems, taxa and spatial and temporal scales. Simple assessment approaches could
enhance the accessibility of geodiversity studies across different disciplines. While
grid-based geodiversity assessment is feasible at larger scales, local-scale studies can
provide deeper insights into the mechanisms underlying the geodiversity—biodiversity
relationship. Attention should also be paid to the regional coverage of the studies (see
e.g. Sayama 2024 on Eurocentricity), emphasizing the need for mote global collabora-
tions and petspectives.

Fourth, future research would benefit from a data infrastructure that supports
geodiversity research and its practical implementation. Schrodt 7 a/. (2024) extensively
discuss this topic in the context of Essential Geodiversity Variables, highlighting the
current challenge that geodiversity-related data are scattered, making them difficult to
locate and use effectively. Similar observations were made during the data selection
process for Paper 111, and the lack of accurate, large-scale data was also noted by
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Wolniewiz (2023) and Polman e# /. (2024) in their European and global geodiversity
assessments, respectively. Schrodt ez al (2024) also highlight another issue: while
biodiversity databases such as GBIF and TRY contain extensive data on species
occurrence and traits, they often lack accompanying environmental information. This
reflects a biocentric bias in research and highlights the need for interdisciplinary col-
laboration. In addition, many databases have a spatial bias, with a predominant focus
on Europe (e.g. Hughes e a/. 2024). Although Zarnetske ez al. (2019) and Schrodt ez al.
(2024) have provided some summaties of geodiversity data availability, these should
be consolidated into easily accessible repositories to reach a wider audience. A future
challenge is to harmonise the spatial and temporal scales of the data, possibly merging
national datasets for this purpose.
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9 Conclusions

The aim of this thesis was to provide theoretical and methodological premise for
exploring landscape geodiversity in biodiversity investigations. Through a literature
review in Paper I (Tukiainen ef a/. 2023), we identified current knowledge gaps in
geodiversity—biodiversity research and emphasised the need for more empirical
evidence and standardised research methods. In an empirical exploration in Paper
II (Toivanen ez al. 2019), we investigated the relationship between geodiversity and
biodiversity in Finnish freshwaters—a context whete such links are underexplored—
and found a positive relationship between catchment geodiversity and aquatic plant
species richness. These findings support the theoretical concept of geodiversity as a
foundation for biodiversity and argue for its integration into freshwater conservation
efforts. Therefore, in Paper III (Toivanen ¢ al 2024a), we provided Europe-wide
geodiversity data to support future research and provide more empirical evidence
on the contribution of geodiversity to biodiversity. We also provided guidelines for a
commonly used grid-based approach, a quantitative assessment method suitable for
large-scale geodiversity and biodiversity studies.

These contributions advance knowledge in geodiversity research and have practical
implications for conservation practice, policy making and public perception. The
academic implications highlight the contributions of the thesis to the advancement
of knowledge and methodologies in geodiversity research. The applied implications
emphasise the importance of integrating geodiversity into conservation practice, policy
making and public perception.

9.1 Academic implications

This thesis strengthens the empirical evidence suggesting a positive relationship between
geodiversity and biodiversity. Moreover, it highlights the interconnectedness between
aquatic and terrestrial environments. These findings underscore the importance of
considering geodiversity in biodiversity investigations and encourage its application in
different contexts, such as different ecosystems.

Secondly, the thesis advocates for the development of corresponding assessment
methods for geodiversity and biodiversity, such as georichness and species richness.
Adopting assessment methods from biodiversity research offers a versatile selection of
assessment methods with long research traditions, allowing for comparable perspectives
to study both geodiversity and biodiversity. It also promotes equality between both the
abiotic diversity and biotic diversity of nature.

Thirdly, the thesis establishes a landscape-scale quantitative approach to geodiversity
assessment by providing tools and guidance for grid-based assessment. It provides a
systematic framework for quantifying geodiversity from landscape to global scales,
facilitating more standardised and reproducible research in the field.

Finally, by providing readily available geodiversity data and related methodology, the
thesis facilitates Europe-wide geodiversity and geodiversity—biodiversity studies, to be
extended across disciplines. This comprehensive dataset and methodology will allow
researchers to conduct comparative analyses across different regions, ecosystems and
spatial scales, which in turn will contribute to a deeper understanding of geodiversity
patterns and their ecological implications on a larger scale.
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9.2 Applied implications

The applied implications highlight the importance of recognising, integrating and
valuing geodiversity in various aspects of conservation, policy making and public
perception.

This thesis recommends systematically integrating geodiversity into nature
conservation planning and efforts, highlighting synergies with biodiversity. By
recognising the interconnectedness between geodiversity and biodiversity, we can make
conservation strategies more comprehensive and effective in preserving a range of
ecosystems and their functions. For instance, in freshwater assessments and restoration
projects, it is crucial to consider the entire catchment area, including how restoration
activities affect both aquatic and terrestrial biodiversity and ecosystem functions across
the catchment.

Geodiversity is often overlooked and reduced to mere natural resources in everyday
conversations and policy making, neglecting its integral role in natural diversity (see
also Gray 2018). This perspective fails to appreciate the diverse aspects of geodiversity
and their contributions to various ecosystem and geosystem functions, which directly
benefit human well-being. By presenting geodiversity as an equal component of nature’s
diversity with biodiversity, we aim to broaden perspectives and advocate for its inclusion
in policy and conservation initiatives.

In conclusion, this thesis suggests a re-evaluation of how we perceive natural
diversity in our daily lives. By highlighting the multifaceted nature of geodiversity and its
inherent connection to biodiversity, this thesis challenges conventional views that define
diversity narrowly and primarily in biotic terms. Then again, it is often the mountainous
landscapes and murmuring brooks that attract our attention outdoors, revealing the
hidden appreciation of geodiversity. Embracing a broader perspective of nature’s
diversity can offer a gateway to a more holistic understanding of our surroundings,
inspiring a deeper appreciation and consideration of geodiversity.
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