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ABSTRACT 3 

 4 

Geodiversity is an emerging, multi-faceted concept in Earth and environmental sciences. 5 

Knowledge on geodiversity is crucial for understanding functions of natural systems and in 6 

guiding sustainable development. Despite the critical nature of geodiversity information, data 7 

acquisition and analytical methods have lagged behind the conceptual developments in 8 

biosciences. Thus, we propose that geodiversity research could adopt the framework of alpha, 9 

beta, and gamma concepts widely used in biodiversity research. Especially, geodiversity research 10 

would benefit from widening its scope from the evaluation of individual sites towards more 11 

holistic geodiversity assessments, where between-site geodiversity is also considered. In this 12 

article, we explore the alpha, beta and gamma concepts and how they can be applied in a 13 

geodiversity framework. In addition, we scrutinize the statistical methodology related to alpha, 14 

beta and gamma geodiversity evaluations, with a special focus on distance metrics for measuring 15 

beta geodiversity. As an overview of the process, and to give practical guidelines for the 16 

application of the proposed methodology, we present a case study from a UNESCO Global 17 

Geopark area. Thus, this study not only develops the geodiversity concept, but also paves the 18 

way for simultaneous understanding of both geodiversity and biodiversity within a unified 19 

conceptual approach. 20 
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 24 

I. INTRODUCTION 25 

 26 

Geodiversity is a recent concept in Earth and environmental sciences and refers to the variety of 27 

abiotic features and processes of the land surface and subsurface (Gray, 2013; Beier et al., 2015; 28 

Brilha et al., 2018; Alahuhta et al., 2020; Crofts et al., 2020; Schrodt et al., 2020). Although the 29 

concept is gaining increasing attention, general frameworks for quantifying geodiversity remain 30 

largely unestablished. Instead, a variety of approaches based on field measurements, numerical 31 

calculations, statistical methods and GIS-analyses have been applied to measure geodiversity 32 

(Zwoliński et al., 2018; Boothroyd and McHenry, 2019; Crisp et al., 2021). The resulting 33 

estimates vary substantially from sum-based variables (Hjort et al., 2012; Tukiainen et al., 2017; 34 

Antonelli et al., 2018) to different geodiversity indices (Serrano and Ruiz-Flaño, 2007; Ruban, 35 

2010; de Paula Silva et al., 2021) and topographical variables derived from satellite remote 36 

sensing data (Zarnetske et al., 2019; Lausch et al., 2019; Read et al., 2020). These estimates are 37 

often difficult to compare across or between locations and scales. Moreover, most studies that 38 

assess geodiversity are focused mainly on exploring the degree of geodiversity at individual sites 39 

(Zwoliński et al., 2018) and, so far, no framework exists for quantifying geodiversity between 40 

sites (but see Ibañez et al., 1995 on pedodiversity). Thus, increased efforts towards attaining 41 

standardized methodology to quantify geodiversity are urgently needed (Crisp et al., 2021). 42 

 43 

A recently introduced conservation strategy called ‘Conserving Nature´s Stage’ proposes that 44 

geodiversity forms the stage on which the actors, or organisms, live. The basic premise is that the 45 

more diverse this abiotic stage is, the more different kinds of organisms it harbours (Gillespie 46 



and Roderick, 2014; Beier et al., 2015; Knudson et al., 2018). Along with climate, historical and 47 

evolutionary effects, geodiversity is assumed to be one of the main determinants of species 48 

diversity variation at different scales (Nichols et al., 1998; Parks and Mulligan, 2010; Heino et 49 

al., 2013; Ibañez and Feoli, 2013; Antonelli et al., 2018; Bailey et al., 2018; Tukiainen et al., 50 

2019; Zarnetske et al., 2019; Halvorsen et al., 2020; Read et al., 2020; De Falco et al., 2021). 51 

Thus, using the same analytical approaches in measuring both geodiversity and biodiversity 52 

would have strong implications in guiding nature conservation and for unifying research in 53 

environmental sciences. 54 

 55 

Here, we propose a versatile framework that can be used to measure geodiversity systematically 56 

across different scales and areas, and which is applicable for various purposes. We suggest that 57 

an advantageous way to assess geodiversity is to apply the alpha, beta and gamma components 58 

and related analytical approaches that are widely acknowledged in biodiversity research 59 

(Whittaker, 1960, 1972; Anderson et al., 2011). First, we shortly introduce the alpha, beta and 60 

gamma components of species diversity and describe how they can be accommodated in the 61 

geodiversity framework. Second, we concentrate on the possibilities that distance metrics offer 62 

for beta geodiversity assessments and provide examples of the statistical methods that can be 63 

used in analyzing beta geodiversity. Third, we provide a detailed example of how alpha and beta 64 

geodiversity can be calculated from spatial data on geofeatures. 65 

 66 

II. ALPHA, BETA AND GAMMA COMPONENTS 67 

 68 

1. The alpha, beta and gamma components of species diversity  69 



 70 

Biodiversity is a broad concept that builds on biological variation, covering the variety of genes, 71 

organisms, species, communities and ecosystems (Gaston, 2000). Therefore, biodiversity can be 72 

viewed from many different perspectives, including the original concepts of alpha (α), beta (β) 73 

and gamma (γ) diversity (Whittaker, 1972, 1960). In this context, alpha diversity refers to species 74 

diversity (such as species richness) at local sites. It can be measured for a single community or as 75 

a mean of several local communities (Whittaker, 1972, 1960). Incorporating abundance data 76 

allows the use of diversity and evenness indices, such as the Shannon and the Simpson indices, 77 

which include shares of different species at a site (Whittaker, 1972). Gamma diversity refers to 78 

overall species diversity in a region and can be measured using the same techniques and indices 79 

as alpha diversity (Whittaker, 1960). 80 

 81 

Beta diversity is of particular interest in biodiversity research since it provides a direct link 82 

between alpha and gamma diversity (Anderson et al., 2011). Basically, there are two types of 83 

beta diversity patterns: (1) non-directional variation measures the differences in community 84 

composition among sample units within a given area, whereas (2) directional turnover measures 85 

the changes in community composition along a specific spatial, temporal or environmental 86 

gradient (Anderson et al., 2011). 87 

 88 

2. Defining alpha, beta and gamma geodiversity 89 

 90 

Before defining the alpha, beta and gamma components of geodiversity, it is important to consider 91 

at which scale geodiversity is the most suitable to apply in this framework (Wiens, 1989). 92 



Following Serrano and Ruiz-Flaño (2007), we consider the ‘elements’ of geodiversity 93 

(geofeatures, or specific features of geology, geomorphology, and hydrology) as the basic unit in 94 

the framework (Fig. 1). Geofeatures are easy to map and use in applications when compared to the 95 

more precise levels of abiotic diversity, and have been in the focus of land management and 96 

conservation policies (Serrano and Ruiz-Flaño, 2007). A sand dune, a pond and weathered bedrock 97 

are examples of individual geofeatures (Fig. 1). It should be noted that the typical applications of 98 

geofeatures, such as geoheritage and geoconservation (Gray, 2013; Brilha, 2016) are not 99 

considered in this article. 100 

 101 

[insert Figure 1.] 102 

 103 

 Based on the information on geofeatures, it is possible to measure geodiversity at alpha, beta and 104 

gamma levels (Fig. 1). Alpha geodiversity can be defined as the variability of rock types, soils, 105 

landforms, and hydrological features at a site. The size of the site can vary from less than one 106 

square meter to thousands of square kilometres (e.g. from a small stream to a watershed). At the 107 

finest spatial scales, only one or a few components of geodiversity can be observed. For example, 108 

the granulometric and mineralogical variability of a soil sample could be the alpha geodiversity of 109 

that sample. At broader spatial scales, alpha diversity could be a simple sum of different rock types, 110 

soil types, landforms, and hydrological features of the study site. Additionally, commonly used 111 

diversity indices (e.g. Shannon and Simpson) can be applied to measure alpha geodiversity of a 112 

site. Beta geodiversity can be defined as the difference of geofeatures between two sites. Thus, 113 

beta geodiversity measures dissimilarities in the composition of geofeatures between different 114 

sites. Here, it is important to note that two sites may both have a high alpha geodiversity and share 115 



the same geofeatures, resulting in low beta geodiversity. On the contrary, two sites with low alpha 116 

diversity may contain completely different sets of geofeatures, thereby showing a high level of 117 

beta geodiversity. Finally, gamma geodiversity can be defined as the variability of rock types, 118 

soils, landforms and hydrological features across sites in a region. 119 

 120 

III. EXPLORING ALPHA, BETA AND GAMMA GEODIVERSITY 121 

 122 

1. Measuring alpha and gamma geodiversity 123 

 124 

The most common measure of geodiversity is the number of different geofeatures within a study 125 

area (Ibañez and Feoli, 2013; Alahuhta et al., 2020), which can be regarded as alpha or gamma 126 

geodiversity, depending on the resolution of the measures. A few previous studies have extended 127 

geodiversity assessments beyond simple richness measures by incorporating diversity and 128 

evenness indices to geodiversity research (Ibañez et al., 1995; Benito-Calvo et al., 2009; 129 

Amatulli et al., 2018; Read et al., 2020). New technological advances, such as fine-scale remote 130 

sensing or global-scale GIS data, enable the observation of alpha and gamma diversity across 131 

broad spatial scales (Amatulli et al., 2018; Antonelli et al., 2018). 132 

 133 

2. Distance metrics for measuring beta geodiversity 134 

 135 

A key aspect in the measurement of beta geodiversity is to consider the original geofeatures as if 136 

they were single biological species, which is the typical approach in biodiversity research 137 

(Anderson et al., 2011). For instance, let us consider a situation where we have three sites, and 138 



from each site we have recordings of six hypothetical biological species and a set of six 139 

geofeatures (Fig. 2). From such data, we could measure dissimilarities (or distances) between 140 

two sites using ecological resemblance coefficients (Legendre and Legendre, 2012). These 141 

dissimilarities can be based either on a set of species in biodiversity research or on a set of 142 

geofeatures in geodiversity research (Fig. 2).  143 

 144 

[insert Figure 2.] 145 

 146 

Basically, beta geodiversity can be assessed with the same set of resemblance coefficients as beta 147 

biodiversity. Here, we provide three examples of general situations where these resemblance 148 

coefficients can be applied in beta geodiversity research. First, if the original geofeature 149 

variables are recorded as simple presences and absences at a site, classic qualitative coefficients 150 

(Legendre and Legendre, 2012), such as Jaccard or Sørensen, can be used to measure abiotic 151 

dissimilarities between sites. Second, if all original geofeature variables are quantitative (i.e. the 152 

area covered by each geofeature is known), one can use Euclidean distance or standardized 153 

Euclidean distance, depending on whether the original variables were measured using the same 154 

units or not, respectively. Third, if there is a mixed set of both continuous and categorical 155 

variables among the set of original geofeature variables, one can apply Gower distance (Gower, 156 

1971). 157 

 158 

3. Analytical methods to examine beta geodiversity  159 

 160 



All distance-based ecological methods can be used to examine and test patterns in beta 161 

geodiversity. Starting from a dissimilarity (or distance) matrix describing abiotic differences 162 

between sites, one could apply ordination analysis, cluster analysis and various methods testing 163 

statistically significant differences between two or more sets of sites (Anderson et al., 2011; Fig. 164 

3). In the following, we introduce five analytical approaches as examples. 165 

 166 

[insert Figure 3.] 167 

 168 

First, distance-based unconstrained ordination, including Principal Coordinates Analysis (PCoA; 169 

Gower, 1966) or non-metric multidimensional scaling (NMDS; Kruskal, 1964), can be used for 170 

descriptive analysis of patterns in beta geodiversity across a set of sites in a reduced ordination 171 

space of two or more ordination axes. Second, clustering methods, such as Unweighted Pair 172 

Group Method with Arithmetic Mean (UPGMA; Sokal and Michener, 1958), can be used to 173 

classify sites to groups where sites share similar abiotic conditions. Third, methods testing 174 

differences in average abiotic conditions (Permutational Multivariate Analysis of Variance, 175 

PERMANOVA; Anderson, 2001) and heterogeneity in abiotic conditions (Permutational 176 

Analysis of Multivariate Dispersions, PERMDISP; Anderson et al., 2006) are useful for 177 

examining differences in beta geodiversity among sets of sites. Fourth, for examining variation 178 

in beta geodiversity along spatial gradients, for example, Mantel test (Mantel, 1967) or Multiple 179 

Regression of Distance matrices (Lichstein, 2007) can be used. In addition, to get further insight 180 

into beta geodiversity, one can use Mantel correlograms (Oden and Sokal, 1986) to examine 181 

spatial autocorrelation based on different spatial distance classes. Finally, for associating beta 182 



biodiversity and beta geodiversity, Mantel test and Regression of Distance Matrices can be 183 

further used to test the match between biotic and abiotic distance matrices. 184 

 185 

IV. A PRACTICAL EXAMPLE OF QUANTIFYING ALPHA AND BETA 186 

GEODIVERSITY 187 

 188 

As an example of applying the proposed framework in geodiversity assessments, we demonstrate 189 

how alpha and beta geodiversity can be calculated using spatial data on soils, rocks, 190 

geomorphology and hydrology within the Rokua UNESCO Global Geopark in Finland (Fig. 4). 191 

The Rokua Geopark is a member of the UNESCO Global Geoparks network which consists of 192 

sites and landscapes of international geological significance (Henriques and Brilha 2017). The 193 

geology of Rokua is characterized by various landforms shaped by the last Ice Age, such as 194 

extensive dunes, glacial ridges, aapa mires and kettle-hole lakes. 195 

 196 

[insert Figure 4.] 197 

 198 

1. Material and methods 199 

 200 

The calculation of alpha and beta geodiversity requires spatial data on different geofeatures. In 201 

this study (Fig. 4), we considered data on landforms (Aartolahti 1973; National Land Survey of 202 

Finland 2019), rock types (Geological Survey of Finland 2010a), soil types (Geological Survey 203 

of Finland 2010b), and hydrological features (Finnish Environment Institute 2013, 2015a, 204 

2015b). We created a 1x1 km grid, consisting of 265 cells, to cover the core are of the Rokua 205 



UNESCO Global Geopark, the Rokuanvaara area (Fig. 5). We recorded the absence or presence 206 

of each geofeature and calculated their coverage (m2) in each 1x1 km grid cell with ArcGIS Pro. 207 

 208 

[insert Figure 5.] 209 

 210 

We used previously introduced statistical methods to assess geodiversity at alpha and beta levels 211 

in the study area. All the analyses were made in R (R Core Team, 2021). The data and the code 212 

for the study are available at Zenodo (Anonymous, 2021). We quantified alpha geodiversity by 213 

calculating the total number of different geofeatures in each grid cell and visualized this variation 214 

as a map (Fig. 5). For assessing beta geodiversity, we calculated pairwise dissimilarity matrices 215 

based on Jaccard (presence-absence data) and Euclidean (coverage data) dissimilarity 216 

coefficients using the function vegdist from R package vegan (Oksanen et al., 2020; R Core 217 

Team, 2021).  218 

 219 

We visualized beta geodiversity patterns on the map based on three-dimensional NMDS 220 

ordinations that were run for the Jaccard and Euclidean distance matrices (Fig. 5) using the 221 

function metaMDS from R package vegan (Oksanen et al., 2020). Stresses of the final NMDS 222 

solutions were acceptable (0.095 and 0.119, respectively). We did the visualization with the 223 

functions recluster.col and recluster.plot.sites.col from R package recluster (Dapporto et al., 224 

2020). The former projects the NMDS result into an RGB space, thus allowing the axes to be 225 

displayed simultaneously, and the latter produces an RGB colour map for the study area. To 226 

measure beta diversity, we also implemented hierarchical cluster analysis for both dissimilarity 227 



matrices using UPGMA and set the number of clusters to ten (Fig. 5). We performed the cluster 228 

analysis with the functions hclust and cutree from R package stats (R Core Team, 2021). 229 

 230 

We used correlograms to examine the variation in spatial distribution of alpha and beta 231 

geodiversity (Fig. 6). For alpha geodiversity, we calculated Moran’s coefficients using correlog 232 

function from the R package pgirmess (Giraudoux et al., 2018), whereas for beta geodiversity, 233 

we calculated Mantel correlations for both dissimilarity matrices using the function 234 

mantel.correlog from R package vegan (Oksanen et al., 2020). 235 

 236 

[insert Figure 6.] 237 

 238 

2. Results and discussion 239 

 240 

The results show that geodiversity varies considerably on both alpha and beta levels across the 241 

study area (Fig. 5). The grid cells with high alpha geodiversity are scattered across the study 242 

area, while especially the south-western part of the region has a low number of geofeatures. 243 

Pairwise dissimilarities in compositions of geofeatures among grid cells, as well as clustering of 244 

the grid cells, are somewhat distinct between the centre of the study area (characterized by 245 

varying topography and kettle-hole lakes), and the surrounding grid cells. In addition, the cluster 246 

analysis results highlight the unique beta diversity of the Oulujoki river valley in the 247 

northern/north-eastern part of the study area. There is some spatial autocorrelation, indicating 248 

that grid cells close to each other are more similar in geofeature composition than grid cells 249 

further apart (Fig. 6). Interestingly, the analyses based on quantitative data on geofeature 250 



coverage reveal more nuanced variation in beta diversity than the analyses based on presences 251 

and absences of geofeatures (Fig. 5). 252 

 253 

In this case study, we demonstrated the utility of practical assessment of alpha and beta 254 

geodiversity with digital spatial data. We used data on landforms, rock types, soil types and 255 

hydrological features in this example study (Fig. 4), but the introduced approach is applicable to 256 

any kinds of spatial data on geofeatures. Ordination and clustering methods are easy to apply to 257 

geofeature datasets, and the analyses at beta diversity level provide additional information on the 258 

geodiversity of the area when compared to mere alpha geodiversity. Information on the hotspots 259 

of local geodiversity (alpha geodiversity) as well as areas that are clearly distinguishable in terms 260 

of their geofeature composition (beta geodiversity) in the study area can be further utilized, for 261 

instance, in planning the conservation or recreation in the Rokua UNESCO Global Geopark.  262 

Furthermore, by using this framework, any area can be explored if digital spatial data on 263 

geofeatures is available. 264 

 265 

V. CONCLUSION 266 

 267 

We argue that developing the geodiversity framework and methods to measure geodiversity is 268 

essential for better understanding of the natural diversity on the earth. One step towards 269 

achieving this goal could be the implementation of the alpha, beta and gamma concepts, and 270 

related analytical methods, that are widely used in biodiversity research. Using this conceptual 271 

approach would not only contribute to the unification of different disciplines, but it would also 272 

set new standards for geodiversity research (see also Ibáñez and Brevik, 2019; Schrodt et al., 273 



2019; Crisp et al., 2021). Specifically, applications of beta geodiversity will provide novel 274 

insights into environmental sciences and nature conservation practices. 275 
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 433 

FIGURE CAPTIONS 434 



 435 

Figure 1. A demonstration of geodiversity data (A) and how it can be described as alpha (α), beta 436 

(β) and gamma (γ) geodiversity with examples of their potential applications (B).  Example site 437 

is from Rokua UNESCO Global Geopark  in Finland. Hillshade background: National Land 438 

Survey of Finland. 439 

 440 

Figure 2. Schematic examples starting from sites-by-variables matrices that result in measures of 441 

beta (β) biodiversity (a) and beta (β) geodiversity (b). 442 

 443 

Figure 3. Selected approaches and methods that can be used for measuring beta geodiversity. 444 

Figure is modified from the ideas presented by Anderson et al (2011) for biodiversity research. 445 

 446 

Figure 4. Geofeature datasets which were used in calculating the alpha and beta geodiversity of 447 

the study area. Reference map hillshade background: National Land Survey of Finland. 448 

 449 

Figure 5. Panel A displays the spatial variation in alpha geodiversity (i.e. number of geofeatures 450 

per each grid cell) in the study area. In panel B, beta geodiversity patterns are visualized with 451 

RGB colors based on reclustering of non-metric multidimensional scaling ordination axes (B1-452 

B2), and with hierarchical cluster analysis, where each grid cell is grouped in one of ten clusters 453 

(B3-B4). 454 

 455 

Figure 6. Correlograms of spatial autocorrelation for alpha and beta geodiversity. Moran’s 456 

coefficients for alpha geodiversity (A) and Mantel correlations for beta geodiversity with 457 



Euclidean (B) and Jaccard (C) dissimilarity matrices. Euclidean dissimilarity is calculated with 458 

continuous data (area of geofeatures), and Jaccard dissimilarity with binary data (count of 459 

geofeatures). Red circles in the correlograms indicate statistically significant (p < 0.05) spatial 460 

autocorrelation. 461 


