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Abstract: Non-living and living nature are inherently connected. Geodiversity, which consists of the variation
in geology, soils, topography, geomorphology and hydrology, is seen as the foundation and stage for biodiver-
sity. Underlying theory suggests that the increasing variation in the abiotic foundation creates and maintains
available niche space for different organisms to thrive, resulting in higher biodiversity. Emerging scientific
observations support this premise, indicating a positive influence of geodiversity on biodiversity across different
environments, regions and spatial scales. Inclusion of geodiversity into biodiversity research and conservation
therefore has capacity to improve our understanding of biodiversity patterns and dynamics. Current challenges
that need to be overcome in this relatively new field of science are related to defining and measuring geodiver-
sity and gaining more empirical evidence on the link between geodiversity and biodiversity. Despite these chal-
lenges, connecting these two concepts and embracing the interdisciplinary cooperation have great potential in
advancing our understanding of diversity of nature and integrating geodiversity in conservation assessments
across scales.

It is a common approach to consider nature through
biological diversity, or biodiversity. Yet nature is an
entity that comprises both living and non-living ele-
ments. The non-living side of the natural diversity, or
the abiotic diversity of the Earth surface and sub-
surface, is also known as geodiversity. It comprises
geological (rocks, minerals, fossils), geomorpholog-
ical (landforms, topography, physical processes),
pedological (soil) and hydrological features (Gray
2013; Fig. 1) and is found from local to global scales.
It includes the variation of abiotic features and pro-
cesses from the smallest scale (such as tiny particles)
to regional (e.g. landforms) and continental (e.g.
mountain ranges) scales (Serrano and Ruiz-Flaño
2007; Hjort and Luoto 2010). Sometimes, also atmo-
sphere or climatic variation is considered as part of
geodiversity (e.g. Zarnetske et al. 2019) in addition
to the generally used definition by Gray (2013)
(Boothroyd and McHenry 2019).

Geodiversity is often seen as the foundation of
biodiversity, where the abiotic conditions set the
stage for the living nature by creating variation,
e.g. in topographical and climatic conditions (Gray
2013; Beier et al. 2015). Therefore, the prevailing
assumption is that geodiversity and biodiversity are
positively connected (Gordon et al. 2022). By sup-
porting and maintaining a variety of ecosystem func-
tions and processes, geodiversity contributes also to
ecosystem services and human well-being (Alahuhta
et al. 2018; Fox et al. 2020; Gray 2022).

Geodiversity also plays a major role in testifying to
the evolutionary history of the biota through the fos-
sil record evidence (Bravo-Cuevas et al. 2021).
Recently, geodiversity has been related to biodiver-
sity in a growing number of studies. Integrating geo-
diversity information into biodiversity research and
conservation has considerable potential to improve
our understanding of biodiversity patterns and
dynamics, and to enhance protection of biodiversity
by acting as a coarse-filter conservation strategy.

Biodiversity encompasses the whole spectrum of
life forms found on Earth. It includes the variation
from genetic level to variation in species and in entire
ecosystems (Harper and Hawksworth 1994; Gaston
and Spicer 2004). It can also be assessed at various
spatial scales. Regarding this complexity, capturing
biodiversity by numbers is not straightforward.
There is a general acceptance of two principal
approaches: to consider either the number of individ-
uals or entities (i.e. alpha or gamma diversity), or the
amount of difference between them (i.e. beta diver-
sity; Whittaker 1972; Gaston and Spicer 2004).
The number of species, or species richness, is the
most traditional and frequently used measure of bio-
diversity (Purvis and Hector 2000). Biodiversity
conservation and the exploration of patterns, drivers
and dynamics of biodiversity stand among the main
fronts in current ecological research. One of the most
important international agreements to conserve bio-
diversity dates to 1992, when the United Nations
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Convention on Biological Diversity was signed by
many countries at the Rio Earth Summit. Since
then, an extensive amount of literature has been pub-
lished on different aspects of biodiversity.

The co-dependence of living and non-living
nature has been recognized since the early days
of modern ecological and biogeographical research
(Lawler et al. 2015; Wulf 2015). Studying biodi-
versity in relation to essential abiotic drivers,
such as climate, elevation, or different abiotic gra-
dients, has consequently a long tradition within
these disciplines, and the effect of these drivers
on biodiversity is comparably well established
(Gaston 2000; Field et al. 2009; Stein et al.
2014). The associations of other individual aspects
of the abiotic environment with biodiversity have
been relatively well studied, too. For example, dif-
ferent features of geology, such as specific rock or
soil types, have been widely explored with differ-
ent biodiversity measures (Anderson and Ferree
2010; Hulshof and Spasojevic 2020). Different
combinations of abiotic factors, such as land facets

(Beier and Brost 2010), small natural features
(Hunter et al. 2017) or combinations of abiotic
and biotic variation, such as environmental hetero-
geneity (Stein et al. 2014) have also been explored
in relation to biodiversity. However, empirical
research, where geodiversity including the whole
range from rocks and soils to hydrology and geo-
morphology is tested in relation to biodiversity, is
still quite rare to date. Such a holistic view on the
co-dependence of the living and non-living envi-
ronment would be crucial addressing the global
issues we face today (Schrodt et al. 2019a).

Whereas the idea and ‘invention’ of geodiversity
is not particularly new, relating it to biodiversity is a
more recent phenomenon (Beier et al. 2015; Schrodt
et al. 2019b) that is still practically in its infancy.
Given the various ways to measure both bio- and
geodiversity and the current flexibility to define geo-
diversity, practices to study their connections are
many. Nevertheless, the existing empirical evidence
shows that in general, geodiversity has a consistent
positive relationship between different biodiversity

Fig. 1. Illustration of geodiversity and its elements adapted from the definition by Gray (2013). Geodiversity forms
the foundation for biodiversity, and the abiotic setting can be seen as the ‘stage’ on which the ‘players’, or species,
act.
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measures across areas and scales (Boothroyd and
McHenry 2019).

In this chapter, we explore the relationship
between geodiversity and biodiversity from different
perspectives. First, we present the theory behind the
associations between geodiversity and biodiversity
and summarize the methodological background
regarding how their relationships have been studied
so far. We then scrutinize the existing literature of
empirical studies linking geodiversity and biodiver-
sity from local to global scales. The focus is chiefly
on geodiversity as the entity of the abiotic elements
(as in Gray 2013), yet the link between the individual
elements (geological, pedological, geomorphologi-
cal, topographical and hydrological) and biodiversity
is also considered. Finally, we highlight the themes
which are currently evolving, and need to be espe-
cially addressed in future research dedicated to geo-
diversity–biodiversity relationships.

Why are geodiversity and biodiversity
related?

The abiotic features and processes of a given location
create the geophysical setting for living organisms
(Fig. 2). Hydrosphere, lithosphere and cryosphere
(i.e. geodiversity as the abiotic variation of the
Earth surface and sub-surface) and atmosphere (i.e.
climate) are intimately interlinked with each other
(see also Zarnetske et al. 2019), as well as with the
living nature or biodiversity (Fig. 2; Hjort et al.
2015). The interactions of geodiversity and climate
are essential for sustaining ecosystems and their

biodiversity (Gordon et al. 2022), and the role of cli-
matic factors has been proven to be important for
species richness (Field et al. 2009). Depending on
the prevailing abiotic environment and conditions,
only species and communities that are adapted to
these conditions can eventually inhabit the location.
In general, when the abiotic setting changes, changes
in species or communities follow. The positive influ-
ence of geodiversity on biodiversity is based on this
idea of abiotic heterogeneity – as the variation in the
abiotic setting increase, so does the available niche
space for different organisms to thrive, resulting in
higher total biodiversity. In essence, the abiotic set-
ting of the Earth surface and sub-surface can be
seen as the ‘stage’ on which the ‘players’, or species,
act (Beier et al. 2015; Lawler et al. 2015).

Environmental heterogeneity has generally been
used to describe and measure abiotic heterogeneity
and has been shown to be a universal driver of spe-
cies richness (Stein et al. 2014). However, it is
often a coarse or a rather simple measure that com-
monly utilizes topographical measures to describe
abiotic variation. Moreover, it often contains also
biotic variables. Geodiversity, consisting of the var-
iation in geology, soils, topography, geomorphology
and hydrology, should more explicitly capture the
abiotic variation and therefore, advance our under-
standing of the relationships between living and
non-living environment.

Multiple studies have explored the influence of
individual geodiversity elements on creating or
maintaining biodiversity. Geological and soil diver-
sity reflect differences in rocks, minerals, substrates
and nutrients and their contribution to varying abi-
otic conditions that underline biodiversity (see e.g.
Anderson and Ferree 2010). Geomorphological
diversity, in turn, creates variation in topographical
conditions through landscape formation and with
varying process rates and physical disturbance, and
contributes to variable niche space (Nichols et al.
1998). The presence of hydrological features and
processes is found to be crucial for life to flourish
(Konar et al. 2013). As a combination of these abi-
otic elements, geodiversity can provide a holistic
view on the connection between the non-living and
the living nature. By providing resources through
different materials and processes, and by creating
variation in topographical and climatic conditions
from macro- to micro-scale, geodiversity creates
not only variable habitats, but also refugia for several
species (Lawler et al. 2015; De Falco et al. 2021).
Such a contribution of geodiversity, climate and
landscape evolution to biodiversity has continued
over geological time scales (Hoorn et al. 2010; Gill
et al. 2015; Antonelli et al. 2018).

Given this theoretical premise, geodiversity can
be expected to influence positively on biodiversity.
If geodiversity is assessed quantitatively, such as

Fig. 2. Geodiversity, biodiversity and climate are
intimately interlinked (modified from Beggs 2013).
Photographs: Maija Toivanen.

Geodiversity and Biodiversity

Downloaded from https://www.lyellcollection.org by Guest on Dec 01, 2022



by calculating the number of geodiversity elements
at the study site, the prediction is that higher abiotic
diversity in a given site is reflected as a higher diver-
sity of living organisms (e.g. higher species richness
or alpha diversity) when compared with sites of
lower abiotic diversity (Fig. 3). Alternatively, if geo-
diversity is assessed qualitatively, such as a distinct
or unique landform, its contribution to biodiversity
may be manifested, for example, as the presence of
specialized or rare species or communities (e.g.
threatened species or higher beta diversity; Hjort
et al. 2015).

Conserving nature’s stage

One of the most essential frameworks underlining
the connection between geodiversity and biodiver-
sity is the Conserving Nature’s Stage (CNS) perspec-
tive that has been proposed to be used as a
coarse-filter strategy in biodiversity conservation.
According to this perspective, which was already
recognized in the 1980s (Hunter et al. 1988), con-
serving abiotically diverse environments ensures
biological diversity also over long timescales.
Recently, the perspective has gained increasing

attention (Beier et al. 2015; Lawler et al. 2015; Gor-
don et al. 2022) as global biodiversity continues to
decline and species distribution patterns are reorga-
nizing owing to global changes. The need for coarse-
filter strategies to support and complement current
species- and habitat-based, or fine-filter, conserva-
tion is increasingly acknowledged (Anderson and
Ferree 2010; Beier and Brost 2010; Knudson et al.
2018). In principle, by focusing not only on current
species and community compositions in biodiversity
conservation, but additionally on areas or sites with
high abiotic diversity, the probability of conserving
as many species or habitats as possible increases.
This becomes increasingly important under rapidly
changing environmental conditions and in situations
where continuous or large-scale monitoring of biodi-
versity is not possible.

Assessing geodiversity in an ecological
context

So far, the methodological intentions of scholars
have focused on evaluating geodiversity indepen-
dently, irrespective of biodiversity. The assessment

(a) (b)

Fig. 3. Abiotically monotonous (a) and abiotically diverse (b) tundra environments. Photo examples are adjacent
sites from Kilpisjärvi, Finnish Lapland, and are comparable by their vegetation type that in both sites is
crowberry-dominated tundra. In theory, the abiotically diverse site creates more available niche space compared with
abiotically monotonous site and therefore contributes to higher biodiversity. Total species richness (including vascular
plants, bryophytes and lichens) derived from the 2 × 2 m vegetation plot is 33 in (a) and 48 in (b) (Maliniemi et al.
2018). Photographs: Tuija Maliniemi.
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of geodiversity can be qualitative (i.e. descriptive),
quantitative (i.e. geodiversity indices) or qualita-
tive–quantitative (Zwoliński et al. 2018). In a review
on quantitative geodiversity assessment Crisp et al.
(2021) found that half of 534 publications assessed
geodiversity independently, and only 12% of them
strongly linked biodiversity to geodiversity. The
remaining one-third of the reviewed publications
discussed or reviewed biodiversity without strong
empirical objectives.

A variety of methodologies have been proposed
for measuring geodiversity. Thus, it is no surprise
that the range of geodiversity perspectives in ecolog-
ical and biological discourse is wide (see Boothroyd
and McHenry 2019). The prevailing approach has
been to measure geodiversity quantitatively (Zwo-
liński et al. 2018; Crisp et al. 2021), such as in the
form of georichness (the number of geodiversity fea-
tures in a study unit; see e.g. Hjort et al. 2012; Bailey
et al. 2017; Antonelli et al. 2018), comparable with
the tradition of measuring biodiversity as species
richness. However, richness is not the only diversity
measure borrowed from biodiversity research, as dis-
tribution measures such as Shannon or Simpson indi-
ces have also been used to quantify geodiversity (e.g.
Benito-Calvo et al. 2009; Ferrer-Valero et al. 2019)
and in relation to biodiversity (e.g. Read et al. 2020).
Most recently, the concepts of alpha, beta and
gamma diversity have been extended to quantify
geodiversity (Tukiainen et al. 2022). In addition, a
wide selection of geodiversity indices has been pro-
posed for both the independent assessment of geodi-
versity and for geodiversity–biodiversity assessment
(e.g. Serrano and Ruiz-Flaño 2007; Najwer et al.
2016; Stepišnik and Trenchovska 2016; Steinke
2021).

Quantitative assessments of geodiversity can be
derived from field measurements, numerical calcula-
tions or geospatial analyses of raw data (Zwoliński
et al. 2018). In geodiversity–biodiversity studies,
geodiversity is commonly assessed with statistical
tools (Crisp et al. 2021), where different types of
remote sensing (RS) or geographical information
systems (GIS) based datasets are preferred as the
source of geodiversity information (Boothroyd and
McHenry 2019). For instance, in Finland, a variety
of digital spatial data on rock types, soil types,
hydrology and geomorphology have been used in
calculating georichness measures for 1 km2 grid
cells, and further utilized in biodiversity analysis
(e.g. Tukiainen et al. 2017a, b; Kärnä et al. 2019).
Whereas this is an example of resource-efficient
way of quantifying geodiversity and exploring geo-
diversity–biodiversity relationships, identifying and
choosing appropriate materials and methods (for
appropriate scale and for the specific objectives of
each study) require constant careful consideration
(Gray 2021).

According to Boothroyd and McHenry (2019),
the most used definition of geodiversity in the studies
that explore the relationships between geodiversity
and biodiversity is the one by Gray (2013) that con-
siders the varied aspects of geology, soil, geomor-
phology (including landforms and topography) and
hydrology, and related physical processes. For
instance, Najwer et al. (2016) demonstrated how a
combination of geodiversity and biodiversity maps
(based on vegetation) can be used as a tool for inves-
tigating the spatial overlap of geo- and biodiversity
in Poland. They included the diversity of lithology,
relative heights, landform fragmentation, hydro-
graphical elements and mesoclimatic conditions of
the study area as geodiversity variables. Batlle and
van der Hoek (2021) used data on lithology, geomor-
phology and topography to examine the relation-
ships between geodiversity and the spatial
distribution of vegetation in the Dominican Repub-
lic. A holistic approach of considering geodiversity
as a combination of its elements is also utilized,
e.g. in Brazil (Dos Santos et al. 2019), China (Ren
et al. 2021), Fennoscandia (e.g. Hjort et al. 2012;
Tukiainen et al. 2017a; Kärnä et al. 2018, 2019; Toi-
vanen et al. 2019), Iraq (Al-Zubaidi et al. 2017) and
the UK (Bailey et al. 2017, 2018).

In addition to empirical studies where the explo-
ration of the geodiversity–biodiversity linkage is
straightforward, there is also a large amount of liter-
ature with a more discussive setup. In some studies,
geodiversity is used in the general framing of the
ecological research and in describing the overall
non-living diversity of the study area without further
distinguishing which environmental variables are
considered as geodiversity variables (e.g. Pepper
et al. 2013; Kaskela et al. 2017). In research with
the focus in nature conservation, the geodiversity–
biodiversity linkage is often discussed at least par-
tially (e.g. de Paula Silva et al. 2021). It can also
be the prevailing theoretical scheme, such as in the
case of CNS-related literature (e.g. Comer et al.
2015; Sutcliffe et al. 2015; Gordon et al. 2022), or
be linked to geoheritage or geoconservation
approaches (e.g. Crofts 2019; Crofts et al. 2020;
Németh et al. 2021).

The elements of geodiversity

Studying the links between individual geodiversity
elements and biodiversity is important. It may pro-
vide more detailed information about the mecha-
nisms behind the geodiversity–biodiversity
relationship and enable focusing on context-specific
questions (Fox et al. 2020). Yet, each discipline
(such as geology, geography and ecology) involved
in geodiversity–biodiversity research has its own tra-
ditions, which makes the use of different
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topographical, geomorphological, soil, geological
and hydrological variables vivid.

Topographical variation is often used as a proxy
for geodiversity, especially at broader spatial scales
(Muellner-Riehl et al. 2019; Zarnetske et al. 2019).
Topographical variables (e.g. elevation or slope)
are easy to derive from geospatial data, such as dig-
ital elevation models, which makes them attractive to
use, also increasingly at fine spatial resolutions
(Doherty et al. 2021; Stojilkovic ́ 2022). Topograph-
ical heterogeneity is considered to be a strong driver
of species richness across scales and taxa (Stein et al.
2014), and it often correlates with other variables
representing geodiversity (Hjort and Luoto 2012;
Seijmonsbergen et al. 2018; Muellner-Riehl et al.
2019; Read et al. 2020). However, using topograph-
ical variation as a proxy for geodiversity gives an
oversimplified idea of the diversity of non-living
nature, and it is argued to be a rather indirect or
even poor measure of true geodiversity (Gray
2021). Studying topography independently from
geodiversity is important to be able to distinguish
the contribution of geodiversity from purely topo-
graphical variables which are traditionally used in
an ecological context (e.g. Tukiainen et al. 2017b).
For example, Räsänen et al. (2016) found that
topographical variables (i.e. elevation, slope, solar
radiation, wetness) are complementary to other geo-
diversity variables (i.e. bedrock, soil and hydrology)
in explaining vascular plant species richness.

Geomorphology includes various endogenic and
exogenic landforms and processes of different ori-
gins (e.g. glaciogenic, aeolian, fluvial). In contrast
to topographical data, actual geomorphological
data are scarce. Some solutions for overcoming the
lack of data have been to use geomorphons (e.g. Bai-
ley et al. 2017), modelled geomorphological rich-
ness (e.g. Tukiainen et al. 2017b), terrain structures
(Kaskela and Kotilainen 2017) or landform fragmen-
tation indicators (Najwer et al. 2016), alongside var-
ious RS-derived measures (Lausch et al. 2020,
2022). At the local scale, field surveys are carried
out to acquire data on geomorphology (e.g. Hjort
and Luoto 2010). In contrast to trying to describe
the (whole) geomorphological diversity of a study
area, some studies focus on specific geomorpholog-
ical processes or landforms (e.g. landslides, Tracz
et al. 2019; landforms, Tukiainen et al. 2019; geo-
morphological processes, Kemppinen et al. 2022).
Yet there are also studies investigating the impact
of geomorphological processes, such as mass move-
ments, to geodiversity (Alexandrowicz and Margie-
lewski 2010), which highlight the nature of
geomorphology being able to both contribute to
and degrade biodiversity. In addition, many geomor-
phological studies often discuss geo-ecological rela-
tionships in geodiversity contexts (e.g. Blue et al.
2013; Ferrer-Valero et al. 2019). Describing

geomorphological diversity usually requires build-
ing a geomorphological taxonomy (e.g. in Ferrer-
Valero et al. 2019), but a universal system suitable
for geodiversity–biodiversity research is yet lacking.

The variation of the physical and chemical prop-
erties of soil is found to be one of the key drivers of
plant biodiversity patterns globally (Hulshof and
Spasojevic 2020) and even evolutionary processes
have been linked to soil interfaces (Rouget et al.
2003). Aspects of soil diversity (soil-group diversity,
Samec et al. 2021), soil properties (stoniness, Preis-
ler et al. 2019; cation concentration in the soil, Tuo-
misto et al. 2019; soil fertility, Dakhil et al. 2021)
and related geomorphological processes (water
resources, Zaady et al. 2021) have been explored
in studying geodiversity–biodiversity patterns. At
the local scale, soil properties or types are usually
recorded in the field (as in e.g. Zaady et al. 2021)
but for broader-scale biodiversity–geodiversity stud-
ies even global soil data are available at relatively
fine resolution with universal taxonomies (e.g.
Batjes et al. 2020). Additionally, soil variables can
be derived from RS data (Lausch et al. 2019). Papers
highlighting soil in geodiversity contexts are often
strongly linked to the field of pedodiversity (Ibáñez
et al. 2014; Ibáñez et al. 2019), which has a long tra-
dition following the biodiversity researchmethods of
advancing the understanding of the spatial distribu-
tion of soil landscapes (Ibáñez et al. 1995).

In geodiversity–biodiversity studies, geology is
often considered as variation in lithological catego-
ries across the study area (Muellner-Riehl et al.
2019), but also geological age has been used in
describing geological diversity (Read et al. 2020).
Sometimes geological data can be re-classified to
better reflect the influence of biodiversity (e.g. in
Keith 2011). In some studies, geology is considered
in a wider sense including aspects of both soils and
geology (i.e. bedrock, Kaskela and Kotilainen
2017). Similarly to soil data, bedrock- or lithology-
related geospatial data are often available from
national to global scales (e.g. Hartmann and
Moosdorf 2012). For instance, while at the local
scale, rock outcrops or the presence of specific mate-
rials or rock types are likely to be more relevant for
biodiversity (Hjort et al. 2015, 2022; Kienle et al.
2022), at a larger scale bedrock and terrain properties
are crucial in regulating the groundwater and hydrol-
ogy (Miguez-Macho and Fan 2012).

The role of hydrology as an element of geodiver-
sity relates to both structural features (e.g. the pres-
ence of water) and to processes (e.g. the flow of
water). For instance, Kärnä et al. (2018) calculated
the number of different flow types in streams as
one of their geodiversity variables and related it to
macroinvertebrate microhabitats. The ecological rel-
evance of hydrology extends from habitat provision
to connectivity, disturbance and water storage
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(Bailey et al. 2017). In local-scale geodiversity–bio-
diversity studies, hydrological processes and water
availability linked to soil properties are often the
main interest (e.g. Stavi et al. 2021). At a landscape
scale, hydrology has been considered, for instance,
as grid-based hydrological richness (e.g. the number
of hydrological feature types, Tukiainen et al. 2017a)
or as coverage of hydrological features (e.g. lake area
or river length, Bailey et al. 2017; Muellner-Riehl
et al. 2019). Other ways to assess hydrology include
regional hydro-geodiversity (based on hydrological
features, geomorphology, land use and lithology of
the study area; Perotti et al. 2019) and river hierarchy
(Pereira et al. 2013) or drainage density (Gonçalves
et al. 2020) based indices.

Observations on geodiversity–biodiversity
relationships across scales

The appropriate spatial scale for accounting geodi-
versity–biodiversity relationship has been discussed
in various papers (Bailey et al. 2017; Zarnetske
et al. 2019), but most studies have so far been con-
ducted in landscape- or regional-scale contexts
(Alahuhta et al. 2020). Importantly, different aspects
and elements of geodiversity are relevant to biodiver-
sity at different scales (Fig. 4).Whereas the large geo-
logical entities (for instance, groundwater and
hydrology) underline biodiversity at macro-scales,
more process-based or site-specific approaches (for
instance, qualitative aspects such as presence of spe-
cific geosites) can be more purposeful when geodi-
versity–biodiversity relationships are explored at

finer scales. In general, there has been interest in
developing general frameworks to address abiotic
diversity at a continental scale, but also in exploring
the historical and evolutionary context of geodiver-
sity–biodiversity relationship. At the landscape
scale, the focus has been on addressing the variety
of geodiversity and its elements across areas (or
study units) and connecting those to information on
biodiversity. Often, the context in these studies is
nature conservation. At a local scale, the attempt
has been to better grasp the mechanisms and pro-
cesses behind the observed geodiversity–biodiver-
sity relationship.

Even though most of the empirical findings indi-
cate a positive relationship between geodiversity and
biodiversity, there is still little evidence of the gener-
ality of the relationship. The majority of these studies
have been conducted in terrestrial environments, but
studies from freshwater and marine habitats or sea-
beds have also emerged. A variety of different taxo-
nomic groups and organisms have been associated
with geodiversity, although most of the research
has vegetation as the biotic component.

In the following, we outline the observed patterns
in geodiversity–biodiversity relationships across
spatial scales. We focus on the current trends in geo-
diversity–biodiversity research and provide exam-
ples of the variety of study setups and results.

Continental-scale studies

There are various global frameworks that aim
towards a more holistic understanding of natural
diversity by accounting for geodiversity (e.g.

Local
             Global
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Fig. 4. Geodiversity exists and supports biodiversity at all spatial scales. On the right, there are examples of the
various mechanisms from local to landscape and global scales.
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ecodiversity, Halvorsen et al. 2020) or elements of
geodiversity (e.g. pedodiversity, Ibáñez et al.
2012), but only a few empirical studies on macro-
scale (multinational, continental or global-scale)
geodiversity–biodiversity relationships. In general,
climate is thought to dominate biodiversity patterns
at global scale, but also topography, terrain proper-
ties and related large-scale hydrological processes
are crucial drivers of biodiversity (Field et al.
2009; Miguez-Macho and Fan 2012). It has also
been shown that catchment geology is one of the
main drivers of functional diversity of aquatic plants
(Iversen et al. 2019). Thus, geodiversity data are
argued to comprise a pivotal element in understand-
ing large-scale biodiversity patterns (Hoorn et al.
2010; Antonelli et al. 2018; Zarnetske et al. 2019).
At continental scale, the ecological relevance of geo-
diversity can be seen, for example, in the effects of
continental fragmentation and mountain orogeny
on biodiversity dynamics (Huang et al. 2019; Rol-
land and Condamine 2019). Historical aspects of
geodiversity, such as geological age, may also
offer a view on the understanding of broad-scale
relationships of abiotic and biotic nature (Thomas
2012; Zarnetske et al. 2019).

One of the most used proxies for geodiversity
at continental scale is the elevational variation
(Muellner-Riehl et al. 2019; Read et al. 2020). For
instance, topographic variation has been demon-
strated to have a positive correlation with endemism
of vascular plants in Australia (Crisp et al. 2001). In
a study which relates geodiversity to site-level tree
and bird diversity in the contiguous USA, Read
et al. (2020) considered geodiversity as elevational,
soil and geological age diversity, further extending
the concept of geodiversity towards environmental
heterogeneity by including gross primary productiv-
ity. Elevational diversity was the strongest geodiver-
sity variable explaining biodiversity patterns, but
with divergent results on bird and tree species diver-
sity. Geodiversity constantly improved climate-only
models, yet individually climate variables performed
better than geodiversity variables (partly matching
observations made also at landscape scale, e.g.
Tukiainen et al. 2017b).

At a global scale, some geodiversity–biodiver-
sity investigations have been done, especially
regarding the mountain biodiversity patterns in an
evolutionary context. A positive relationship
between elevational variation was observed with
vascular plant diversity (Muellner-Riehl et al.
2019) and amphibian, bird and mammal diversity
(Antonelli et al. 2018). According to Antonelli
et al. (2018), also erosion rate, which represents
the processes that shape biodiversity (i.e. high ero-
sion rates increase disturbance and decrease ecosys-
tem stability) and soil heterogeneity were positively
associated with species richness across continents.

Muellner-Riehl et al. (2019) also represented a geo-
diversity index (including slope, lithology, soil and
hydrology), yet only elevational variation was used
in the statistical models owing to its high correlation
with the geodiversity index.

Landscape-scale studies

The majority of empirical studies that explore geodi-
versity–biodiversity relationships are currently con-
ducted at landscape scale (e.g. on regional or
national scale) and in terrestrial environments (Ala-
huhta et al. 2020). The presumption is that geodiver-
sity and biodiversity have a positive connection on a
landscape scale, because high abiotic heterogeneity
provides a multiplicity of habitats and niches in an
area, which leads to an increase in biodiversity
(Fig. 5; Ibáñez et al. 2012; Stein et al. 2014; Lawler
et al. 2015). The results frommost of the studies sup-
port this assumption, further encouraging the use of
geodiversity information in coarse-filter nature
conservation approaches.

A multiplicity of landscape-scale studies focuses
on the patterns between geodiversity and vegetation
diversity. In northern latitudes, and especially in
northern Europe, several studies have pointed out
the positive connections between species richness
of vascular plants and geodiversity at 1 km2 resolu-
tion (see e.g. Hjort et al. 2012; Räsänen et al. 2016;
Tukiainen et al. 2017a). Also in the UK, Bailey
et al. (2017, 2018) found out that geodiversity var-
iables representing hydrology, geology, soils and
landforms contributed positively to vascular plant
species richness models. Interestingly, the contribu-
tions from geodiversity variables, particularly land-
forms, were greater for native species richness than
alien species richness, and the contribution of geo-
diversity was more pronounced at 1 km2 than
10 km2 resolution (Bailey et al. 2017). In southeast-
ern Australia, Keith (2011) detected a pattern
between floristic variation and geological substrates
(representing landscape-scale patterns in major bed-
rock and regolith types), and in Rhode Island
(USA) Nichols et al. (1998) found out that there
is a strong linkage between vascular plant species
richness and geomorphological heterogeneity. Evi-
dence from the Caribbean region shows that plant
species in semi-deciduous forests are associated
with sites characterized by different types of lithol-
ogy and geomorphology (Batlle and van der Hoek
2021). Also in southeastern Brazil, the connection
between geodiversity and the distribution of vegeta-
tion types was recently demonstrated (dos Santos
et al. 2019).

In addition to vegetation, other taxonomic groups
have also been associated with geodiversity vari-
ables at a landscape scale. For instance, Al-Zubaidi
et al. (2017) described the connection between
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bedrock and soil types, landforms, different hydro-
logical features and vertebrate biodiversity (mam-
mals, birds, reptiles, amphibians and fishes) in the
Huwaiza Marsh area in Iraq. Watling (2005) found
that amphibian and reptile densities vary between
edaphically differentiated forest types in Costa
Rica. A study conducted in Finnish national parks
explored the relationships between geodiversity
and threatened species richness from 16 taxa
(Tukiainen et al. 2017b). There, geomorphological
richness especially contributed to the richness of sev-
eral individual taxa, including beetles, fungi, mam-
mals, molluscs and Lepidoptera. In Japan, Sassa
and Yang (2019) demonstrated the essential role of
geoenvironmental dynamics (such as variation in
suction and voice ratio) for invertebrate (Mollusca,
Arhtropoda and Annelida) species on sandy beaches
and sandflats.

The relationships between landscape-scale geodi-
versity and biodiversity have been explored at some
extent also in aquatic environments. In the freshwater
realm, a positive relationship between geodiversity
(measured as catchment permeability) and microbial
community composition, genetic and protein

properties has been found in a catchment-scale
study in the UK (Clark et al. 2022). In Finland, Toi-
vanen et al. (2019) observed a constant positive rela-
tionship between catchment geodiversity and aquatic
plant species richness across habitats (lakes and riv-
ers) and functional groups (helophytes, hydro-
phytes). Kärnä et al. (2019) detected a positive
correlation between catchment-scale geodiversity
and species richness in stream macroinvertebrate,
diatom and bacterial communities. In both studies,
soil-type richness was the most important variable
explaining species diversity patterns. In the marine
realm, Kaskela et al. (2017) found that seabed geodi-
versity had a strong correlation with the zoobenthic
assemblages in the Baltic Sea, yet they did not define
which environmental variables are considered as
geodiversity.

Although consistent positive relationships
between geodiversity and biodiversity have been
reported, the associations are not in all cases
explicitly strong, and the importance of other envi-
ronmental aspects, such as climate in terrestrial envi-
ronments (e.g. Bailey et al. 2017; Tukiainen et al.
2017a, b) and local physical variables, such as

Fig. 5. Abiotically diverse landscape in western Norway. Geodiversity not only creates variation in terms of geology,
soils, geomorphology, topography and hydrology, but also influences microclimates and provides and maintains
ecosystem services. Photograph: Tuija Maliniemi.
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velocity and water pH (Kärnä et al. 2019), are also
highlighted. For instance, in studies conducted in
northern Europe, climatic predictors, such as grow-
ing degree days, had the largest contributions to spe-
cies richness models (Tukiainen et al. 2017a, b).
Furthermore, the inclusion or exclusion of the energy
and resource-related variables in geodiversity vari-
ables (Parks and Mulligan 2010) can play a key
role in the interpretation of the results. The results
for whether geodiversity is or is not important for
biodiversity patterns can even be controversial in
cases where geodiversity is considered indepen-
dently or as one of the resource variables. For
instance, Dakhil et al. (2021) demonstrated that
topographical heterogeneity and soil fertility were
the strongest drivers of conifer richness patterns in
SW China, while energy and climate made a smaller
contribution. In contrast, Wallis et al. (2021)
included climatic and habitat variables (such as for-
est cover and NDVI) within their geodiversity
index in Ecuador, which resulted on an opposite
finding: according to their results, only a very limited
amount of the variation of species diversity and eco-
system functions along the elevational gradient is
explained by geodiversity.

In the face of the growing human pressure and
land-use change, it should be perceived that human
disturbance can influence the geodiversity–biodiver-
sity relationships. For instance, on the Loss Plateau
in China, the geodiversity index had both positive
and negative connections between textural measures
and landscape metrics which were derived from sat-
ellite images (Ren et al. 2021). Positive connections
were found especially in human-dominated regions.
In contrast, Tukiainen et al. (2017a) discovered, in
Finland, that geodiversity variables contributed
most to vascular plant species richness in environ-
ments of low human impact.

Landscape facets comprise a framework similar
to the approach in geodiversity–biodiversity studies.
There the aim is to determine landscape units defined
by topography and soils (so, land facets) and use
them as a surrogate for future biodiversity in conser-
vation planning (Hunter et al. 1988; Beier and Brost
2010; Albano 2015). Research on landscape facets
shows that they, for instance, adequately represent
distinct bird and dung beetle assemblages (Wessels
et al. 1999), and that they are correlated with differ-
ent vegetation types (Beier and Brost 2010). In a
wider perspective and beyond landscape facets,
there is a vast amount of research on the different
aspects of spatial environmental heterogeneity and
its linkages to species richness patterns (see e.g.
the reviews by Lundholm 2009; Stein et al. 2014).
Environmental heterogeneity incorporates diversity
in both biotic and abiotic conditions, including
land cover, vegetation, climate, soil and topography
(Stein et al. 2014).

Local-scale studies

Whereas landscape-scale geodiversity–biodiversity
relationship and the CNS perspective are gaining
increasing attention, local-scale geodiversity–biodi-
versity explorations remain scarce. Geosite is a stan-
dard study unit in the field of geoheritage (Brilha
2016), while site- or plot-scale geodiversity–biodi-
versity assessment methods are rare. Yet geosites
and small-scale geodiversity are important to biodi-
versity because they can support rare or unique
biota adapted to distinctive environmental condi-
tions or form niches that enhance biological diversity
(Figs 3 & 6; Hjort et al. 2015; Stavi et al. 2021;
Kienle et al. 2022). It can also be argued that by
exploring local-scale geodiversity we can get a better
grasp of the processes and mechanisms behind the
observed geodiversity–biodiversity patterns (see
e.g. Stavi et al. 2019 on geodiversity’s relevance to
geo-ecosystem functioning). For instance, geomor-
phological processes influence vegetation cover
and dynamics by altering the small-scale characteris-
tics of the environment (such as resource availability
and micro-climatic variation; Kemppinen et al.
2022).

So far, some of the most advanced field survey
methods for quantifying local-scale geodiversity
include Hjort et al. (2022) on observing plot-scale
geodiversity for biodiversity research and manage-
ment piloted in the Arctic-alpine tundra environment
in Finland and Norway, and Crisp et al.’s (2022)
omnidiversity approach to combined geodiversity
and biodiversity assessment with consolidated con-
servation outcomes piloted in coastal geoconserva-
tion sites in Tasmania, Australia. They both aim at
extensive recording and representation of abiotic
environment and highlight the sustainability of
ecosystem functions, whilst introducing methods
suitable for biodiversity management across taxa
(vegetation, Hjort et al. 2022; vegetation and
invertebrates, Crisp et al. 2022). Apart from these
examples, the local-scale assessments are usually
geodiversity-only directed evaluations or invento-
ries, where the connection to biodiversity is dis-
cussed lightly (e.g. Brilha 2016; Stepišnik and
Trenchovska 2016).

As examples of local-scale geodiversity–biodi-
versity explorations, studies focusing on hillslope
geodiversity have found that geodiversity impacts
vascular plant diversity (De Falco et al. 2021) and
biocrust composition (Zaady et al. 2021), and coin-
cides with biodiversity hotspots and climatic refugia
(Stavi et al. 2021). These observations were made in
dryland ecosystems, where soil moisture is one of the
ecosystem’s key functions. De Falco et al. (2021)
also found that small-scale geodiversity (i.e. the
stoniness and depth of the soil profile) buffers against
drought, this being a rare local-scale temporal
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geodiversity–biodiversity exploration. Moving from
drylands to northern streams, Kärnä et al. (2018)
developed a visual method for in-stream geodiver-
sity evaluation, where they found that geodiversity
(i.e. flow-type, substrate and geomorphological rich-
ness) was positively related to macroinvertebrate
diversity. In a study conducted on volcanic La
Palma island, Kienle et al. (2022) found that unique
rock outcrops (i.e. phonolitic rocks) contributed to
plant diversity and performance.

Frameworks (more or less) related to local-scale
geodiversity include concepts such as small natural
features (SNF, Hunter et al. 2017) and geomorpho-
sites (Reynard and Coratza 2007). Small natural fea-
tures are analogous to keystone species, meaning
that they have an ecological importance that is dis-
proportionate to their size. The importance of geodi-
versity has been studied within the SNF context in
bird’s nest site selection (Eveillard-Buchoux and
Beninger 2022) and bryophytes living on erratic
boulders (Hepenstrick et al. 2021). Geomorphosites,
or geomorphological sites, on the other hand are
defined as landforms of interest that appear specifi-
cally valuable in terms of natural heritage (Panizza
2001), but also carry ecological value (Bussard and
Giaccone 2021). Thus, the ecological value could
be better integrated into geomorphosite evaluation
(e.g. Bollati et al. 2015). Aiming to combine the nat-
ural diversity and natural heritage values, Pellitero
et al. (2011) introduced a joint geodiversity and geo-
morphosite assessment tool, which can help to better
account for the conservational and ecological values

of individual geosites that might otherwise be over-
looked (Hjort et al. 2015).

Future guidelines

The majority of studies linking geodiversity and bio-
diversity show a positive relationship between the
two entities that are fundamental parts of nature.
Improving the understanding of this linkage benefits
several disciplines from ecology to Earth and envi-
ronmental sciences and nature conservation. Still,
much remains to be explored in this relatively new
field of research. In this section, we outline important
research gaps related to geodiversity–biodiversity
linkage and discuss the possible future guidelines.
Progress can be achieved on many fronts of geodi-
versity–biodiversity research, which include estab-
lishing frameworks and concepts, systematizing
methodology and expanding the focus to different
scales (both spatially and temporally), geographical
areas and organismal groups.

An essential challenge in the current geodiver-
sity–biodiversity research field is the multiplicity of
ways to qualify and measure geodiversity. The con-
cept of geodiversity is still evolving, which is one of
the reasons behind the lack of unified frameworks
and methodologies (Fox et al. 2020). Even very
recent discussions have challenged the use of geodi-
versity as an analogue to biodiversity (see e.g. Brocx
and Semeniuk 2019), yet most literature inclines
towards the use of geodiversity as the holistic

Fig. 6. Glacier buttercup (Ranunculus glacialis) is the northernmost flowering plant on Earth. This Arctic-alpine
species prefers acidic substrates and is often found on scree fields, snowbed sites and in the vicinity of meltwaters.
Photographs: Tuija Maliniemi.
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‘geoscientific diversity’ and analogous to ‘biological
diversity’ (Boothroyd and McHenry 2019; Gray
2021).

Despite the flexible qualifications of geodiversity,
scientists are approaching a more commonly
acknowledged definition of geodiversity in an eco-
logical and biological context (Boothroyd and
McHenry 2019). While many studies define geodi-
versity after Gray (2013; geological, geomorpholog-
ical, topographical, soil and hydrological features
and processes), other definitions, such as those
including climate or biotic environmental heteroge-
neity to geodiversity, are being frequently used as
well. This together with the ambiguous use of the
terms (such as ‘geodiversity’ or ‘geodiversity ele-
ment’) not only blurs the definition of geodiversity,
but also challenges the detection of general patterns
of geodiversity–biodiversity relationships from indi-
vidual studies. Even though specific definitions and
measures are often needed and justified by the pur-
pose of each study, the variability also complicates
the comparison of the observed effect of geodiversity
on biodiversity between studies. A clearly defined
concept and standardized terminology (e.g. Schrodt
et al. 2019a, essential geodiversity variables)
would not only advance the general understanding
of geodiversity–biodiversity frameworks, but also
facilitate the quantification and harmonization of
geodiversity in an ecological context (Boothroyd
and McHenry 2019). Moreover, it is important to
recognize that there aremultiple ways tomeasure bio-
diversity, such as taxonomic or functional biodiver-
sity. This multi-faceted composition of natural
diversity should be equally considered and set the
starting point when quantifying geodiversity and
exploring the geodiversity–biodiversity relationships.

Unified approaches to measure both geodiversity
and biodiversity could be very beneficial, for
instance, in nature conservation and management.
To date, a common approach has been to assess the
link at the alpha diversity level, such as by compar-
ing species richness with abiotic richness (or
georichness) measures. In pedodiversity studies,
the concept of beta diversity, which is widely used
in biodiversity studies, has also been applied to mea-
sure soil diversity (Ibáñez et al. 1995). As suggested
by Tukiainen et al. (2022), this framework could
be further extended to observing geodiversity at
alpha, beta and gamma levels, which could be
then compared with the corresponding measures of
biodiversity.

The existing empirical evidence on the positive
geodiversity–biodiversity relationship is predomi-
nantly both geographically (Europe) and spatially
(landscape or regional scale) focused (Alahuhta
et al. 2020; Gray 2021), although studies from
other geographical areas and spatial scales have
also emerged (Boothroyd and McHenry 2019). The

focus on the landscape scale is reasonable, given
that the effect of geodiversity on biodiversity is
considered theoretically strongest at this scale (see
e.g. Toivanen et al. 2019) and applications for
landscape-scale coarse-filter conservation strategies
are feasible (Beier et al. 2015). Nevertheless, both
global- and local-scale explorations are needed to
reveal and understand the possible interconnections
across scales and to improve biodiversity modelling
and conservation.

There are also considerable research gaps related
to the link between geodiversity and different organ-
ismal groups and measures of biodiversity. Whereas
the link to terrestrial vegetation is relatively well
established, studies from aquatic environments,
both freshwater and marine, are substantially under-
represented. There are also very few studies linking
geodiversity and animal communities, despite the
supporting theory (Kerr and Packer 1997). Studies
relating geodiversity and below-ground communi-
ties are nearly absent too. Links to other measures
of biodiversity than taxonomic diversity, such as
genetic or functional diversity, are also yet to be
established.

Theoretically, geodiversity is seen as a relatively
stable stage that can buffer against climate-driven
changes in biodiversity. However, not all geofea-
tures are stable or enduring (e.g. dynamic coastal
landforms), but they can still act as surrogates to con-
serve species, whose presence is not necessarily even
known, by providing a suitable geophysical setting.
Despite the strong theory and the suggested conser-
vation applications such as CNS, there is an essential
empirical gap regarding the temporal connection
between geodiversity and biodiversity. Evidence
from millions of years clearly shows the effect of
landscape evolution on modern biodiversity (Hoorn
et al. 2010; Antonelli et al. 2018), while a recent
study from De Falco et al. (2021) indicates that in
the short term, geodiversity can buffer the effect of
extreme events on vegetation. However, no direct
empirical evidence exists whether geodiversity
maintains higher biodiversity in the timescales that
compare with the recent climate warming or if it
has had a buffering capacity against climate-related
changes in species and communities over the recent
decades, similarly to what has proposed in relation to
topographical heterogeneity (Graae et al. 2018).

Biodiversity conservation and management
urgently needs additional tools as the global changes
challenge the current conservation practices (Heller
and Zavaleta 2009). Despite the gaps in empirical
evidence, using geodiversity as an additional,
coarse-filter strategy in biodiversity conservation
can be regarded as having high potential (Beier and
de Albuquerque 2015). One of the great prospects
is the availability of geodiversity data across scales.
Whereas biodiversity data are globally sparse and
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concentrated, at least some geodiversity data can be
relatively easily attained through, for example, GIS
databases or remote sensing techniques (Lausch
et al. 2019, 2020; Zarnetske et al. 2019). Yet this
requires a common understanding of the geodiver-
sity variables needed to represent geodiversity per
se. Concepts, such as essential geodiversity variables
(Schrodt et al. 2019a) are playing a key role in mak-
ing geodiversity, and abiotic nature as an entity, vis-
ible to decision makers and conservation
practitioners. However, there is a risk that even
though geodiversity is increasingly studied in con-
servation context, it will remain active only in the
scope of geoscientists (see e.g. Boothroyd and
McHenry 2019). Where bioscientists need to
embrace the concept of geodiversity, geoscientists,
in turn, need to recognize the aspects of nature con-
servation that go beyond pure geoconservation.
Therefore, we encourage interdisciplinary actions
to achieve a better understanding of the relationship
between geodiversity and biodiversity.
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