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Summary

In present times, climate change, pollution or the overexploitation of the natural environment
cause a global decline in biodiversity. To maintain biodiversity, ecosystem management is
crucial. Therefore, first, a general understanding of the prevailing biodiversity is needed to
develop appropriate conservation strategies to prevent biodiversity losses. Recent research has
suggested the idea to use easily available geodiversity data as a surrogate for biodiversity data.
Thereby, geodiversity can determine the availability and diversity of ecological conditions and
resources facilitating the coexistence of species. An example of such a positive link between

geo- and biodiversity is reflected in bioturbation patterns along a climate gradient.

Bioturbation offers an important ecosystem engineering mechanism because burrowing animals
biologically rework soils and sediments shaping the environment for themselves and other
species. Through this, bioturbators affect crucial ecosystem processes such as sediment
transport, soil formation, nutrient availability, and soil water cycles. As a result, bioturbation
promotes geodiversity by improving habitat and soil conditions for the bioturbators as well as

for other species.

In this thesis, | performed a meta-analysis with 90 studies from 51 publications investigating
the relationship and determinants of the link between geo- and biodiversity. To complement my
research on the positive link between geo- and biodiversity, | additionally investigated the
drivers of bioturbation patterns along a climate gradient in Chile. Therefore, | installed 80 plots
distributed in four research sites (in arid, semi-arid, Mediterranean, and humid climates). In
addition, | analyzed the effects of bioturbators on the ecosystem processes soil formation and
nutrient availability incorporating data from the arid, semi-arid and Mediterranean research

sites.

My thesis shows that (i) geodiversity is positively associated with biodiversity. However, this
relationship is influenced by many complex features such as spatial scale, climate zone, or taxa
which should be considered to adequately predict biodiversity with geodiversity. In terms of
bioturbation patterns, (ii) climate, vegetation and the abundance of vertebrates are the
significant drivers. Here, (iii) the magnitude of bioturbation varies along the climate gradient
with the strongest effect in arid regions, where it produces a macronutrient enrichment and

improves soil fertility.

This thesis expands our understanding of geodiversity and biodiversity positive links while

raising awareness of the intricate relationships among them. Further, | provide bioturbation
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patterns and effects in different environments by covering a broad climatic gradient. Thereby,
this study highlights especially the role of bioturbation as an important mechanism enhancing
chemical soil properties via macronutrient input. Thus, this thesis supports the role of

bioturbation as a potential driver of local geodiversity.



Chapter 1: General introduction

In present times, global climate change, pollution or the overexploitation of the natural
environment lead to worldwide biodiversity loss (Balint et al., 2011; Chapin et al., 2000;
McNeely, 1992; Schmeller et al., 2016). To be able to prevent such biodiversity loss,
appropriate conservation strategies are needed (Dawson et al., 2011; McClanahan et al., 2008).
In order to develop such strategies, first, a general understanding of the prevailing biodiversity
is crucial (Tilman, 1999).

However, the estimation of biodiversity is often difficult. One reason is that biologists often
work on rather small scales (Parks & Mulligan, 2010; Serrano & Flano, 2007), for instance, at
the plot scale (Barthlott et al., 1999), which limits our understanding of overall species richness.
In addition, the sampling of biological data can be time-, cost- and labor-intensive (Mller et
al., 2004). A solution for these problems is the use of geodiversity as a surrogate for
biodiversity: Previous research showed that geodiversity can determine the availability and
variability of ecological conditions and resources facilitating the coexistence of species (Gray,
2004). Thus, geo-referred data can be used to explain and predict biodiversity and ecosystem
processes. Because geodiversity incorporates an integrative perspective, combining abiotic or
environmental elements (e.g. soil types, elevation) as well as their spatial variation (Gray, 2004;
Parks & Mulligan, 2010), biodiversity hotspots might be indicated through high geodiversity
(Lawler et al., 2015). Further, in contrast to biodiversity data, geodiversity data can be more
easily accessed through remote sensing techniques such as drone flights or satellite images and

additionally covers larger spatial scales (Comer et al., 2015; Parks & Mulligan, 2010).

Yet, the strength and shape of the links between geo-and biodiversity may depend on various
parameters, such as taxa, climate or spatial scale. Different taxa have different resource
requirements and accordingly, their diversity may be driven by different geo-parameters. For
example, plants need fertile soil and light, and thus, plant diversity directly depends on soil and
hydrological aspects (Araujo et al., 2004). In comparison, most vertebrate animals often directly
depend on vegetation or other animals as their main food resource (Litvaitis & Pearl, 2000;
MacArthur & MacArthur, 1961). In addition, the strength of the correlation between geo- and
biodiversity might be affected by latitudes. In latitudes with stressful climates, e.g. deserts,
biodiversity is more limited by climate and less by topography, soil and geology resulting in a
potentially weaker correlation between geo- and biodiversity. On the contrary, in latitudes
harboring mild biomes with only intermediate disturbances, e.g. temperate regions, the link
between geo- and biodiversity might appear stronger (Connell, 1978). In terms of spatial scales,
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the depiction of biodiversity through geodiversity appears to work best on intermediate to large
scales (Bailey et al., 2017; Hjort et al., 2012). A possible reason is that species richness, which
is often used as a biodiversity measure, is dependent on climate, which can be better depicted
at larger spatial scales (Hawkins et al., 2003). However, up until now, research investigating
the existence of positive links between geo- and biodiversity and integrating taxa, latitudes and
spatial scales is scarce.

Although this link between geo- and biodiversity has often been used unidirectional for
geodiversity promoting biodiversity, considering the complexity of this relationship, it can be
seen as bidirectional. This likely means that biodiversity can also predict geodiversity and a
process reflecting this is bioturbation. Thereby, through the physical movement of soils and
sediments, bioturbating animals create and maintain habitats for themselves and other biota
(Darwin, 1881; Jones et al., 1994) . Through this, burrowing animals may promote geodiversity
and affect crucial ecosystem functions (Jones et al., 1994) such as sediment transport and soil
formation (Eldridge & Mensinga, 2007; Hagenah & Bennett, 2013), soil water cycles
(Valentine et al., 2017) or nutrient availability (Kurek et al., 2014; Yu et al., 2017).

When considering the body size of bioturbators, terrestrial bioturbators range from small
invertebrates such as earthworms, ants or termites (Dangerfield et al., 1998; Darwin, 1881;
Nkem et al., 2000; Ruiz et al., 2015) to medium-sized vertebrates like gophers or foxes (Gabet,
2000; Klaas et al., 1998; Kurek et al., 2014). Thereby, smaller invertebrates have a higher
“bioturbation activity”, i.e. a higher number of burrowed holes, due to their greater abundance
compared to bigger vertebrates (Platt et al., 2016). In contrast, vertebrates, have higher energy
costs to dig holes that are big enough for themselves. Thus, vertebrates prefer to reuse holes
built by previous bioturbators resulting in a lower overall bioturbation activity (Newsome &
Corbett, 1975; Roper, 1992; Vleck, 1981). In terms of the soil volume, the “excavated soil
volume” or “bioturbation quantity”, is larger for bigger vertebrates compared to smaller
invertebrates (Abaturov, 1972; Ellison, 1946; Kalisz & Stone, 1984; Platt et al., 2016; Polis et
al., 1986; Yair & Rutin, 1981).

To investigate the geo-biodiversity links considering the impact of bioturbators on ecosystem
functioning, it is important to first understand which environmental features affect bioturbating
animals. Previous research showed that bioturbation is related to climate (Holmgren et al., 2006;
Jimenez et al., 1992; Lima et al., 1999; Milstead et al., 2007) because the burrowing animal

abundance and composition depend on the prevailing climate conditions (Crawford et al., 1993;



Gerrard et al., 1996). While mammals and ants are the most present bioturbators in arid areas,
earthworms are the dominating bioturbating animals in humid areas (Wilkinson et al., 2009).

Further, bioturbators are closely linked to vegetation. Especially in resource-limited
environments, such as semi-arid and arid regions, burrowing animals are positively correlated
to vegetation cover (Eldridge & Whitford, 2014). Here, the restricted access to food supply or
shelter on the soil surface drives animals to burrow for belowground resources (Price &
Podolsky, 1989; Vleck, 1981). Accordingly, changes in the vegetation cover influence the
abundance and composition of bioturbating animal communities directly by changing food
availability (Kelt et al., 2004; Mufioz et al., 2009), and indirectly by changing habitat
availability (Kerley et al., 1997). Furthermore, bioturbation might increase vegetation cover by
promoting the distribution and, with this, the establishment of seedlings (Valentine et al., 2017).
On the contrary, bioturbators may also cause a decrease in vegetation cover by feeding on or
destroying plants or plant parts by burrowing (Carlson & Whitford, 1991; Eldridge & Whitford,
2014).

In terms of ecosystem functions affected by bioturbation, one of them is soil formation because
bioturbators might change physical soil properties such as soil texture. Thereby, burrowing
animals mix and sort soil vertically and, through this, bring up finer soil compartments to the
near-surface soil (i.e. the first few centimeters covering the organic soil layer and the upper part
of the A-horizon) (Phillips, 2001; Phillips & Lorz, 2008). This leads to an increase of fine soil
particles on the near-surface soil and thereby to the improvement of the water-holding capacity
of the soil surface. As a result, the soil surface becomes more susceptible to water infiltration
through the created burrows (Gervais et al., 2010). With this, bioturbation might impact not
only soil texture but also vegetation (Dodd et al., 2002; Noy-Meir, 1979; Woinarski et al., 1999)
because vegetation cover might increase due to better water holding capacity of the finer soil
(Bucini & Hanan, 2007).

Another important ecosystem function influenced by bioturbation is nutrient availability.
Bioturbators may affect chemical soil properties such as the macronutrients carbon (C),
nitrogen (N) and phosphorus (P) on the near-surface soil (Bardgett, 2010; Carlson & Whitford,
1991; Contreras et al., 1993; Eldridge & Whitford, 2014). During the active mixing of the
vertical soil column by bioturbators, these macronutrients are transported to the near-surface
soil (Abaturov, 1972). By this, C is especially exposed to disturbances by bioturbation since the
organic layer is C-enriched and thus, C can be easily transferred to the near-surface soil (Jandl
etal., 2007; Zakharova et al., 2014). Through this, C is accumulated as organic matter (OM) on
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the near-surface soil (Yurkewycz et al., 2014; Platt et al., 2016; Faiz et al., 2018). In addition,
the soil surface is enriched with N and P contents by the incorporation of plant material or feces
moved during the burrowing (Eldridge & Rath, 2002; Gervais et al., 2010; Kurek et al., 2014;
Mulder & Keall, 2001; Tardiff & Stanford, 1998; Whitford & Steinberger, 2010; Yu et al.,
2017).

These effects of bioturbation on soil formation, soil water cycles and nutrient availability
elucidate the crucial role of bioturbators as ecosystem engineers modifying their environment
not only for themselves but also for other biota (Jones et al., 1994) such as plants. By increasing
physical and chemical soil properties as well as the soil water holding capacity, bioturbating
animals promote soil fertility which leads to increased plant growth on the near-surface soil
(Eldridge & Rath, 2002; Gervais et al., 2010; Kurek et al., 2014; Mulder & Keall, 2001;
Whitford & Steinberger, 2010; Yu et al., 2017).

1.1 Aims of the thesis

With this thesis, | investigate (i) if there is a general positive link between geodiversity and
biodiversity and what are the main factors affecting this relationship. Additionally, | aim to
provide a comprehensive understanding of (ii) the bioturbation patterns of vertebrates and
invertebrates and their drivers along a climate gradient ranging from arid to humid as well as

(iii) their effects on ecosystem functioning regarding physical and chemical soil properties.

Since geodiversity is better depicted at larger spatial scales and additionally, bioturbation
patterns depend on climate conditions and accordingly vegetation, | compare different climates
at four different research sites in Chile, South America. These research sites are part of the
German—Chilean priority program EarthShape (Earth Surface Shaping by Biota,
https://esdynamics.geo.uni-tuebingen.de/earthshape/index.php?id=129). To minimize
anthropogenic disturbances, three of the sites are located within national parks and one is
located within a private reserve. The research sites (from North to South) include the arid
Atacama Desert, located in Pan de Azucar National Park (~ 26° S), a semi-arid shrubland in the
private reserve Santa Gracia (~ 30°S), a Mediterranean forest in La Campana National Park
(~33°S) and a humid rainforest in Nahuelbuta National Park (~ 38°S). These research sites
were chosen due to their comparability. All four sites are situated at a distance < 80 km of the
coast and offer opposite north- and south-facing hillslopes. The general lithological
compositions of the sites are similar, located in Cretaceous, Jurassic, and Permo-Carboniferous

granitoid lithologies (Oeser et al., 2018).



The northernmost research site Pan de Azucar National Park is characterized by arid climate
with a mean annual temperature (MAT) of 16.8 °C and a mean annual precipitation (MAP) of
12 mm (Fick & Hijmans, 2017). While the elevation is 330 m a.s.l., the vegetation cover is the
lowest out of the four research sites with < 10% (Grigusova et al., 2021; Oeser et al., 2018).
The predominating soil is classified as Regosol and the soil texture a sandy loam (Bernhard et
al., 2018).

The second northernmost research site is a semi-arid private reserve Santa Gracia with a MAT
of 13.7°C and a MAP of 66 mm (Fick & Hijmans, 2017). The elevation there is about 680 m
a.s.l. and the vegetation covers 30 % - 40 % (Grigusova et al., 2021; Oeser et al., 2018). The
soil is classified as Cambisol and the predominating soil texture is sandy loam (Bernhard et al.,
2018). In this research site, goats are grazing on and thereby reducing the vegetation cover

acting as disturbances of this ecosystem (Armesto & Arroyo, 2007).

The Mediterranean La Campana National Park has a MAT of 14.1°C and a MAP of 367 mm
(Fick & Hijmans, 2017). The predominating elevation is about 730 m a.s.l. while the mean
vegetation cover is up to 84% (Grigusova et al., 2021) and can reach 100% in some areas (Oeser
et al., 2018). The soil in La Campana is classified as Cambisol and the general soil texture is
sandy loam (Bernhard et al., 2018). Grazing cows are known for disturbances in this ecosystem
(Rundel & Weisser, 1975).

The southernmost research site Nahuelbuta National Park is classified as humid with a MAT of
6.6°C and a MAP of 1469 mm (Fick & Hijmans, 2017). The elevation there is about 1240 m
a.s.l. and the vegetation cover is up to 100% (Grigusova et al., 2021; Oeser et al., 2018). The
predominating soil is classified as Umbrisol while the soil texture is mostly sandy-clay loam
(Bernhard et al., 2018). There are grazing cows as known disturbances in this ecosystem

(Zamorano-Elgueta et al., 2012).

In chapter 2, | expected a positive link between geo- and biodiversity. | also assumed that plant
diversity is mostly affected by soil richness while animal diversity is driven by vegetation
heterogeneity. Further, | expected that the link between geo- and biodiversity is impacted by

climates and that this link is stronger at larger spatial scales.

In chapter 3, | expected that the activity of bioturbating animals will decrease from arid to
humid. Further, | assumed that seasonal changes will affect bioturbation activity since the soil

gets softer during rainy seasons reducing the digging costs for bioturbators. In addition, I



expected that increasing vegetation cover enhances the bioturbating activity of vertebrates

whereas invertebrates’ bioturbating activity will decrease.

In chapter 4, | expected that, on the one hand, bioturbation increases the fine-soil compartments
clay, silt and sand. On the other hand, I assumed that bioturbators increase the contents of the
macronutrients C, N and P on the near-surface soil compared to undisturbed soil. Furthermore,
I hypothesized that just as bioturbation activity, the magnitude of bioturbation on C, N and P

contents differs along the climate gradient.

Because this is a cumulative dissertation, chapters 2 - 4 can be read independently as the
scientific background, methods and the results are presented and discussed independently in
each chapter. Please consider that even though here I refer to the work done by me and write in
first person, the three chapters are the result of collaborations with other researchers. The author
contributions for each chapter can therefore be found within the section “Declaration of the

author contributions”.
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Chapter 2: Meta-analysis: The positive link between terrestrial
geo- and biodiversity and the importance of scales

2.1 Abstract

The concept of geodiversity was developed around 25 years ago and inspired by the concept of
biodiversity. Geodiversity is commonly assessed by the elements topography, geology, soil
richness and hydrology and sometimes additionally by climate. It has been suggested that
geodiversity can serve as a surrogate for biodiversity assessment in cases where biological data
is difficult to assess. Many studies suppose a positive link between geo- and biodiversity so that
high geodiversity might indicate biodiversity hotspots and thereby help to develop conservation
strategies. In this review, we conducted a meta-analysis and investigated the links between geo-
and biodiversity across 51 scientific publications. For that, we investigated which geodiversity
elements, e.g. geomorphology, soil richness, rock richness, are related to biodiversity measures,
e.g. species richness, Shannon index. In addition, we tested whether latitude and the spatial
resolution (depicted via the grain and extent of studies) affected the correlation between geo-
and biodiversity. We found mostly positive correlations between geo-and biodiversity,
however, most of these correlations were small (mean rs = 0.26). The link between geo- and
biodiversity was mostly affected by spatial aspects (grain, latitude, extent) whereas geodiversity
elements were less important: Although three elements of geodiversity (soil richness,
vegetation, rock richness) could partially explain the positive correlation, our study underlines

to be cautious when using geodiversity as a surrogate for biodiversity.

2.2 Introduction

Geodiversity is a concept that has been around 25 for years (Sharples, 1993) referring to the
natural variation in geological, geomorphic and soil features within an area (Gray, 2004, 2008).
Recent approaches have also expanded the concept to include climate variability (Zarnetske et
al., 2019). The notion of geodiversity was inspired by that of biodiversity, i.e. the variability
among living organisms, including diversity within species, between species and of ecosystems
(Rio de Janeiro Convention, 1992). Although the assessment of geodiversity has a value on its
own as it provides cultural, provisioning and regulating services (Hjort et al., 2015),
geodiversity can be used to predict biodiversity (Hunter et al., 1988; Lawler et al., 2015).
Geodiversity is thereby supposed to indicate the diversity of conditions and resources that are
relevant for organisms resulting in a positive link to biodiversity and thus, a high geodiversity
can indicate biodiversity hotspots (Lawler et al., 2015; Parks & Mulligan, 2010). Consequently,

the awareness and expanded understanding of geodiversity might help to find strategies for the
11



long-term conservation of biodiversity as well as of ecosystem functions and services (Fox et
al., 2020; Knudson et al., 2018; Turner, 2019).

In the current context of biodiversity loss due to, among others, climate change and habitat loss,
a clear understanding of the relationships between biodiversity and geodiversity is considered
instrumental as it may help identifying conservation priorities (Zarnetske et al., 2019).
Consequently, in recent years, an increasing number of studies has investigated whether
geodiversity can effectively predict biodiversity and ecosystem functions (Alahuhta et al., 2019;
Muellner-Riehl, 2019).

The basic hypothesis tested by these studies is the existence of a positive correlation between
geo- and biodiversity. To a certain extent, similar to the concept of habitat diversity commonly
used in ecology, geodiversity incorporates an integrative perspective that involves a
combination of abiotic elements (e.g. soil types, nutrient availability, elevation) as well as their
temporal and spatial variation. Geodiversity can thus determine the availability and diversity of
ecological conditions and resources that allow the coexistence of species (Gray, 2004; Parks &
Mulligan, 2010). In general, organisms depend on food, habitat or shelter (Parks & Mulligan,
2010). However, the main needs differ among taxa: Plant diversity directly depends on soil and
hydrological aspects since plants need, among others, nutrients and light (Aradjo et al., 2004),
whereas most vertebrate animals often directly depend on vegetation or other animals as a main
food resource (Litvaitis & Pearl, 2000; MacArthur & MacArthur, 1961). These examples
demonstrate that different elements of geodiversity may be relevant to different taxa, likely

affecting the strength and shape of geo- and biodiversity links.

Table 2.1: Most common elements used for the assessment of geodiversity.

Element of geodiversity ~ Typical variables used for characterizing geodiversity

elements
Topography Roughness, elevation, slope, aspect
Geology Geological units, landscape complexity
Soil richness Organic matter (OM), pH, nutrient availability, soil texture
Hydrology Variation of hydrological elements in rivers, ponds or lakes

Just like biodiversity elements differ in their scope and focus (e.g. species vs. gene diversity,
different biodiversity measures such as Simpson index, Shannon index or species richness),
geodiversity assessments differ widely in the variables used for the characterization of

geodiversity elements (Crisp et al., 2021, Table 2.1). Most studies consider either one or a
12



combination of topographical (roughness, elevation, slope, aspect), geological (geological
diversity, landscape complexity), soil (OM, pH, nutrient availability) or hydrological (variation
of hydrological elements such as rivers, ponds, lakes) elements. While some studies
additionally include climate using the variables temperature, precipitation, evapotranspiration,
water balance and solar radiation, others explicitly exclude climate in their concept of
geodiversity (Gray, 2004; Parks & Mulligan, 2010; Tukiainen et al., 2017). With the idea of
developing a standard methodology that allows geodiversity to be compared across studies,
Serrano and Flano developed the so-called “Geodiversity index”, that considers several of the
previously mentioned elements simultaneously (Serrano & Flano, 2007). However, only a low
proportion of studies uses this index, and it is unclear whether it represents a good proxy for
biodiversity or any of its measures (e.g. species richness or Shannon Indices). To date, no study
has examined which elements or combination of elements of geodiversity can sufficiently

predict the biodiversity of various taxa.

The development of large global datasets via remote sensing and models for topographic,
climatic and other relevant variables has enabled scientists to assemble useful data and obtain
geodiversity measures at different spatial and temporal scales (Comer et al., 2015; Parks &
Mulligan, 2010). Importantly though, when the correlation between geodiversity and
biodiversity is assessed, the scale and grain size should be similar for comparing geo- and
biodiversity data. This is, however, not easy to achieve, as biologists and geoscientists work
often across different scales (Serrano & Flano, 2007). Even though there are some global
datasets for biodiversity, the sampling of biological data such as genetic diversity within species
or the diversity of soil organisms is often time-, cost- and labor-consuming and thereby such

studies are scarce (Muller et al., 2004).

Besides, biodiversity measures using a particular taxon do not capture all characteristics of the
underlying variation of living organisms since it has been shown that between-group diversity
relationships are very weak (Gaston, 1996). As a result, the diversity in one family is hardly
representative of biodiversity in another family (Parks & Mulligan, 2010). This is why species
richness (defined as the number of species in an area) is limited because it ignores the
abundance (number of individuals per species) or dominance (species with high abundance
relative to other species) within the community (Parks & Mulligan, 2010; Wolters et al., 2006).
This is where non-biological geodiversity surrogates for biodiversity can be useful to fill such
gaps in taxonomic or geographical knowledge (Ferrier & Watson, 1997; Hoekstra et al., 2005).

However, for some taxa (e.g. insects), species richness is the most common measure whereas
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for vascular plants, species abundance or dominance within the community is also typically
measured ( Harper & Hawksworth, 1995). These variable assessments of biodiversity may also

affect the correlations with geodiversity, leading to variable results and interpretations.

Geodiversity indices seem to be more suitable surrogates for biodiversity at intermediate to
large spatial scales (Bailey et al., 2017; Hjort et al., 2012). A possible explanation for this is the
strong climatic control of species richness over large spatial extents (Hawkins et al., 2003). In
terms of biodiversity measures, species richness is best represented at scales from 1 km? or
more (Wolters et al., 2006). The differences in scales between geo- and biodiversity have led
to assessments conducted at variable scales (e.g. Hjort et al., 2012; Tukiainen et al., 2022).
However, there is only scarce information at which scale geo- and biodiversity are strongly
linked. This scale-dependent relationship might, additionally, be taxa-dependent: For instance,
it is already known that terrestrial animals choose the size of their activity range area, which is
described by latitude, elevation, and other geographic variables, depending on their body size
and their metabolic needs (Lindstedt et al., 1986).

In order to understand which elements of geodiversity are related to which elements of
biodiversity, and under which conditions both diversities are correlated, we conducted a meta-
analysis and investigated the potential links between geo- and biodiversity across 51 scientific

publications. We tested the following hypotheses:

H1: Overall, the link between geo- and biodiversity is positive and can be used as a surrogate

for biodiversity since geodiversity determines the availability and variety of ecological niches.

H2: Plant diversity is strongly associated with soil diversity while animal diversity depends on
the heterogeneity of vegetation, a surrogate for conditions (habitat, shelter) and resources
(food).

H3: Latitude affects the correlation between geo- and biodiversity: In latitudes with stressful
climates (e.g. desert, arctic), biodiversity is limited by climate rather than topography, soils or
geology, while in more mild biomes the correlation between geo- and biodiversity is stronger

than in harsh biomes.

H4: The correlation between geo- and biodiversity is stronger for studies on intermediate to

large scales than on small to intermediate scales.
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2.3 Methods

2.3.1 Data acquisition

We based our study on a systematic literature review of the links between geo- and biodiversity.
Therefore, we searched the database “Web of Science” using the following search strings:
“geodiversity and biodiversity”, “environmental heterogeneity and biodiversity”, “linking
environmental heterogeneity”, "geodiversity" "biodiversity", “species diversity” ‘“habitat
diversity”, “environmental heterogeneity” “species richness” (Fig. 2.1). Because geodiversity
is a term mainly used in the geosciences, we also considered ‘“habitat diversity” and
“environmental heterogeneity” as alternatives, as they typically describe similar environmental
features and are more often used in older studies, particularly studies with a biological
background (Menge & Sutherland, 1976; Tilman, 1994). After screening the results for
duplicates, we listed a total of 962 publications. We then excluded those involving oceanic
islands and marine studies since these ecosystems are influenced by different processes, e.g. on
islands with increasing size there is a steeper increase in niche variety and population size than
on continents (MacArthur & Wilson, 1967). Because of that, they differ in species abundance
and composition from terrestrial ecosystems (Carr et al., 2003; Denny, 1993). When assessing
their eligibility for our analysis, we checked all publications, screening for either correlation
coefficients between geo- and biodiversity or for data or figures with data representing these
correlations. In the last case, we extracted the data points with the program WebPlotDigitizer-
4.5.exe and then calculated the Spearman correlation coefficients with R statistical software
(version 4.0.3) using the cor command. It is important to note that the Spearman correlation
coefficient (rs) just measures the strength and direction of association between two ranked
measures (Spearman, 1905). Publications were categorized as suitable if there was either a
Spearman correlation coefficient or available data on the correlation between geodiversity and
biodiversity. After our screenings, we considered 51 suitable publications (Fig. 2.1). Thereby,
some publications included information on geo- and biodiversity links for either different
regions or different taxa, which resulted in 90 correlation coefficients in total (Table S2.1),
hereinafter referred as “studies”. Even though our data acquisition did not cover all available
studies on geo- and biodiversity coefficients, it can serve as an extrapolation of the link between

the two disciplines.
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Fig. 2.1: Flow diagram representing systematic literature search.

2.3.2 Definition and category allocation of moderators
After identifying all available Spearman correlation coefficients for geo- and biodiversity links,

we created a dataset listing the relevant moderators to be tested in the meta-analysis. Therefore,

further information was extracted from the corresponding publications.

2.3.3 Assignment of studies to locations
We then created a map depicting the location of studies performed in different countries.

Therefore, we used the R package “rworldmap” (South, 2011).

2.3.4 Geodiversity

Because we included publications that used not only “geodiversity”, but also similar traditional
terms such as “habitat diversity” and “environmental heterogeneity”, we identified which
geological diversity concept was used in each study. We then categorized studies based on the
specific elements (Table 2.1) that were used for the geodiversity assessment. We incorporated
the following elements of geodiversity in our analysis: geomorphology, soil richness, rock
richness, climate, vegetation, habitat, and geodiversity (Table 2.2). In a stricter sense,
vegetation and habitat are no elements of geodiversity (Table 2.1). However, we decided to
incorporate these elements to compare the typical elements of geodiversity to habitat and
vegetation as well as to have a sufficient amount of studies. But one should be aware of the fact
that there are more studies available that use these elements than found by our search strings.
We joined topographical units into the category “geomorphology” since geomorphology can
be defined as the study of the origin and evolution of topographic features by physical, chemical
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or biological processes (Stetler, 2014). Accordingly, we included the correlations using slope
and elevation into the summarized element “geomorphology”. We integrated the parameters
temperature, precipitation, solar radiation and diffuse light index within the category “climate”.
We decided to include climate as one component of geodiversity even though there is an
ongoing discussion about whether climate represents geodiversity or not (Zarnetske et al.,
2019). Since we excluded papers from marine environments to focus on terrestrial geodiversity,
we excluded “hydrology” as a main geodiversity element from our analysis. However, when
referring to “hydrology” we here mean that we excluded this geodiversity element in the
broader sense of marine environments still involving precipitation within the geodiversity
element “climate”. In addition, we listed whether studies used the so-called “geodiversity

index” (Serrano & Flano, 2007), a multi-element index.

Table 2.2: Elements of geodiversity and their variable assessment used for our meta-analysis.

Element of geodiversity ~ Variables used for characterizing geodiversity elements

Geodiversity All variables from other possible elements

Geomorphology Roughness, elevation, slope, aspect

Soil richness OM, pH, N content, total wetness index, soil depth

Rock richness Geological units, landscape units

Climate Temperature, precipitation, solar radiation, diffuse light index
Vegetation Canopy cover, vegetation height, tree density,

Habitat Habitat units

2.3.5 Biodiversity

For each study, we recorded which biodiversity measure was assessed. Three main categories
were found: “Species richness” (i.e. the count of species), “Shannon index” (a measure of
diversity at different levels such as from genes and populations to whole species and
ecosystems) and “GI biodiversity indicator”. The GI (green infrastructure) biodiversity
indicator (defined as “the interconnected green space network incorporating natural areas and
open spaces to provide multiple benefits for people and wildlife green infrastructure”
((Benedict & McMahon, 2012)) was used in one paper (Fernandez et al., 2020) but did not

include a specific definition on how it was calculated.

In addition, we identified which taxa were included for a particular relationship. We used the

following categories: plants (including vascular and nonvascular plants), birds, other
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vertebrates (mammals, reptiles, amphibians), invertebrates (molluscs, arachnids as well as

insects such as ants, butterflies, orthopterans and heteropterans).

2.3.6 Geographical and scale moderators

For all the investigated studies we incorporated also the latitude, climate zone, grain and extent
in our analysis. For each correlation, we included the latitude of the study area by taking the
average latitude of the different sampling sites. By using available information about the
locations of the studies, we additionally assigned a climate zone to each study. In addition, we
listed the grain, i.e. the square scale where one measurement was complemented in km?, and
the extent, i.e. the grain (in km?2) multiplied by the number of measurements. Then, we logio-

transformed the moderators for grain and extent to approximate normality.

2.3.7 Statistical analyses

As a first step, we calculated the effect sizes for geodiversity-biodiversity correlation
coefficients. This was done by using the “escalc” function of the “metafor” package
(Viechtbauer, 2010) in the R statistical environment. We thereby considered the number of data
points used to calculate the correlation. Even though the usual measure to take for this function
is “ZCOR?”, the Fisher's r-to-z transformed correlation coefficient (Fisher, 1921), we used the
original correlation coefficient (“COR”). The use of the z-transformed correlation coefficient
as well as the raw coefficient led to almost identical results (weighted mean for soil richness
within the full model with ZCOR rs = 0.0243; with COR rs= 0.0132). However, the use of the
raw correlation coefficient facilitates the interpretation of the figures.

To investigate the relevance of the different moderators on the correlation coefficients of geo-
and biodiversity links across studies, we conducted a meta-analysis via a multivariate linear
mixed-effects model, using the “rma.mv” function of the same metafor package. Overall, our
dataset contained seven moderators: latitude, climate, grain, extent, geodiversity measures,
biodiversity measures and taxon. We, therefore, created categories for the moderators climate,
geodiversity measures, biodiversity measures and taxon. The moderator climate included the
categories polar, subpolar, temperate, Mediterranean, subtropical, tropical, cross-zonal (cross-
climatic zones of continental extent). Within the moderator geodiversity measures we included
the categories geodiversity, geomorphology, soil richness, rock richness, climate, vegetation
and habitat. If two different categories were involved in one study, we included both. Within
the moderator biodiversity measures we incorporated species richness, Shannon diversity and
GI geodiversity indicator. The moderator taxon consisted of the following categories: plants,

birds, other vertebrates and invertebrates. Because some publications contained more than one
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correlation coefficient, we used the publication number (ranging from 1 to 51) as a random
effect. From the model outcome of the meta-regression, we obtained the effect sizes of the
different moderators and with this, created a forest plot with all different levels for taxon,
biodiversity measures and climate zones. Afterwards, we extended our analysis to test if plants
are strongly associated with soil while animals are depending on vegetation by using the

interactions geodiversity x taxon.

We tested some additional models exclusively investigating our specific hypotheses. Hereby,
we first studied the interactive effects of biodiversity and geodiversity measures on the
correlation coefficients of all studies. For that, we used the package “metacart” (Dusseldorp et
al., 2014) which is able to identify interactions between multiple moderators. With this, we
created a meta-regression tree including the biodiversity and geodiversity as moderators. We
also performed a model selection using the glmulti package (Calcagno & Mazancourt, 2010)
which compares all possible combinations between the moderators and depicts the best model.

2.4 Results

2.4.1 Description of used data

51 out of the 962 screened publications evaluated correlations between geo- and biodiversity
conducted between 1969 and 2022. From these 51 publications, we extracted 90 correlation
coefficients (representing 90 studies). We found 22 studies using the search string
“geodiversity” that were published in the years 2012-2020, 17 studies using the search string
“habitat diversity” that were published in the years 1969-2018 and 51 studies using “habitat
heterogeneity” published in the years 1997-2022 (Table S2.2).

When looking at the biodiversity indices used in the different studies, most of them (80) used
species richness, followed by Shannon index (7) while GI biodiversity indicator was used only
once (Table S2.2). In twelve of the incorporated 90 studies, more than one biodiversity index
was used, typically species richness and Shannon index (seven times) or species richness,

Shannon index and Simpson index (five times) .

Considering the different elements of geodiversity, most studies used habitat (21), followed by
vegetation (19) and geomorphology and soil richness (both 14). In contrast, geodiversity (10),
climate (7) and rock richness (3) were used more rarely (Table S2.2). Some studies used more
than one element such as the combination of geomorphology and soil (two times) as well as the
combination of vegetation and habitat or soil and habitat (both one time).
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Out of the 90 considered studies, 48 included plants and 42 included animals for their
biodiversity assessment. Further, among the studies including animals, 13 used birds, 12 used

other vertebrates and 17 included invertebrates (Table S2.2).

The studies on the link between geo-and biodiversity were performed in North and South
America, Europe, Africa, Asia and Australia, yet the majority were done in Europe, North and
South America. Particularly, most studies were conducted in Finland, the USA and China (Fig.
2.2). Our review incorporated studies from all climate zones, ranging from polar (two studies
in Canadian polar climate) to tropical (e.g. in Brazil or Kenya). Overall, most of the studies we

integrated were performed in temperate and subpolar climates (Table S2.2).

50°N 7

Latitude
2

50°S

180° Longitude 180°

Fig. 2.2: World map depicting the investigated countries on the geodiversity-biodiversity links.

There was no clear trend of correlation coefficients for geodiversity-biodiversity links along
latitudes, but the majority of studies were done within the range of 30-40° or over 60° (Fig.
2.3A). Considering the extent of the studies, most of them were either carried out on extents of
one or less km2 or in very large extents of about 10000 km2. Thereby, most studies done over
greater latitudes and extent contained a higher sample number (Fig. 2.3B). On average, the

studies were carried out on about 20860 + 46080 km=.
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Fig. 2.3: Rank correlation coefficients of geodiversity and biodiversity plotted against (A) latitude
and (B) study extension (logio-transformed) for 90 studies identified in the current meta-analysis.
The colors indicate the different taxa (blue: birds, grey: invertebrates, pink: other vertebrates; green:
plants) while the point size indicates the sample number (n) used for the calculation of the correlation.

2.4.2 Meta-analysis

The average sample size used for calculating the correlation coefficients between geo- and
biodiversity was n = 617 with a minimum of n = 5 and a maximum of n = 6571. Geo- and
biodiversity were significantly correlated (p < 0.0001) across the studies included in our
analysis. Correlation values varied from -0.53 to 0.94 and averaged 0.26 (weighted average).
Overall, 86% (77 studies) found significantly positive correlations, whereas 14% (13 studies)
found negative correlations. Specifically, the geodiversity elements “vegetation” and
“geomorphology” for the taxa birds and plants, respectively, achieved high (rs > 0.8)
correlations (Fig. S2.1). Looking at the full model (i.e. with all moderators) for all 90 studies,
the meta-analysis investigating the link between geo- and biodiversity showed a high level of
heterogeneity (12 = 98.8 %, Q = 4083, p < 0.0001). Thereby, all moderators incorporated in the
model explained 80% of the deviation (Table S2.3). Within the full model, the categories soil
richness, vegetation and rock richness and the taxon “other vertebrates” were the significant
moderators (Table S2.4). The funnel plot for the studies used in this meta-analysis showed that
about half of the studies fall outside of the funnel area, indicating partially biased data (Fig.
S2.2).

21



Taxon/ biodiversity measure/ climate zone Correlation [95% CI]

other vertebrates 1 0.41[0.32,0.51]
plants - : 0.3[0.2,0.39]

birds - ! 0.25[0.13,0.38]

invertebrates : 0.17 [0.07,0.26]

Shannon index ! ® 0.34 [0.05,0.62]

species richness 1 : — 0.28 [0.18,0.38]
Gl biodiversity indicator 4 ! ® 0.25[-0.4,0.9]

temperate 1 : 0.38[0.24,0.52]
tropical 4 ! 0.3[0.04,0.56]
Mediterranean 1 : 0.3[-0.07,0.68]

subploar 1 ! 0.28 [0.06,0.51]

polar 1 : 0.17 [-0.36,0.7]

subtropical 1 ! 0.1[-0.17,0.37]

cross-zonal 1 : 0.02 [-0.31,0.36]

0.0 05 1.0
Correlation coefficient

Fig. 2.4: Forest plot with the weighted mean correlation coefficients for each taxon, biodiversity
measure and climate zone after a meta-analysis. The correlation coefficients for the different
moderators are sorted in decreasing order. The bars around the correlation coefficients denote 95%
confidence intervals. The colors represent the different moderators (orange: taxon; green: biodiversity
measure; blue: climate zone).

Correlation coefficients were significantly positive for the taxon “other vertebrates” (weighted
average rs = 0.41), whereas for birds, invertebrates and plants they were low and non-significant
(Table S2.4, Fig. 2.6). Biodiversity indicators were not a significant moderator in the full model
(Table S2.4). However, the Shannon biodiversity index showed the highest correlation
coefficient (rs = 0.34), whereas the Gl biodiversity indicator, used by only two studies, showed
the lowest (Fig. 2.4). For the interaction between geodiversity elements and taxon, other
vertebrates were depending on vegetation, geodiversity, geomorphology, habitat and soil
richness. The taxon “plants” was depending on soil richness, habitat, geomorphology and rock
richness whereas “invertebrates” were depending on geomorphology (Table S2.5). Significant
correlation coefficients were observed only for the temperate climate zones, where the highest
(rs = 0.38) coefficients were found (Fig. 2.4, Table S2.6). When testing the influence of scales
within the full model via meta-regression, neither grain nor extent, did significantly affect the

correlation between geodiversity and biodiversity (Table S2.7).

The meta-regression tree used to test the interaction of the moderators geodiversity and
biodiversity, showed a significant interaction: we saw that their relationship is complicated
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(Table S2.8). In the model averaging method, grain was the most important moderator followed
by latitude, extent, biodiversity measure and taxon whereas geodiversity measure was the least

important moderator (Table S2.9).

2.5 Discussion

Overall, we found positive correlations between geodiversity and biodiversity in most of the
investigated studies. Thereby, we found that, for geodiversity elements, only soil richness,
vegetation and rock richness significantly modulated this relationship between geo- and
biodiversity. Further, grain, latitude, biodiversity and taxon appeared to also be relevant
moderators for the correlation between geo- and biodiversity. However, these correlation
coefficients were low. Several reasons may explain these results including the use of variable

taxa, climates and scales, which was evaluated by our following hypotheses.

Even though our analysis showed overall positive correlations between geo- and biodiversity
concomitant with our first hypothesis, these correlations were, however, explained only by a
few elements of geodiversity. Thereby, one of the three geodiversity elements appearing as a
suitable surrogate for biodiversity was soil richness which incorporates important information
for soil biota and climate and thereby determines the availability of resources and conditions
(Bardgett et al., 2002; Nielsen et al., 2011). Vegetation was also a significant predictor for the
relation between geo- and biodiversity concomitant with the fact that biota is dependent on
vegetation as food and shelter source (Harrington et al., 1999; Webb & Bartlein, 1992).
However, in general, vegetation itself belongs to the biotic environment and thereby also
represents biodiversity and is not a proxy for geodiversity, but potentially for “habitat” and only
for taxa other than plants (Fischer & Lindenmeyer, 2007). Even though the element rock
richness remained as suitable for biodiversity prediction, it is important to recognize that rock
richness was used in fewest studies. The low correlation between geo- and biodiversity might
also be explained by the fact that species richness was used in most of the investigated studies
even though this measure is not suitable for correlations as it is not representative for the overall

biodiversity within a community (Wolters et al., 2006).

The geodiversity index developed by Serrano and Flano (Serrano & Flano, 2007) did not serve
as a sufficient surrogate for the correlation between geo- and biodiversity. A reason therefore
is that there is no unification for such an index on how to assess data for it to calculate an
appropriate predictor for biodiversity as also shown by previous research (Wallis et al., 2021).
For instance, many other studies, especially older ones, use other approaches that appear to be

suitable as well: for example, Nieto (2001) considered the number and variability of geological
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units as basic parameters for the qualitative and quantitative assessment of geodiversity.
Another approach of calculating geodiversity was developed by Kozlowski (2004) who
assigned five levels of geodiversity ranging from very high to very low to quantitatively
evaluate given areas. Jonasson et al. (2005) established the relationship between geodiversity
(mainly landform diversity) and habitat diversity for three different spatial scales (large,
intermediate, small). In line with this, we assumed that habitat was one of the most used
elements of geodiversity in our review. Hence, for habitat diversity, it is important to examine
how exactly this element was assessed, since the definition of “habitat” can be subjective: some
studies involved other elements of geodiversity than habitat itself such as vegetation or
geomorphology when addressing the term ‘“habitat diversity” (Celada & Bogliani, 2009;
Honnay et al., 1999; Shen et al., 2018) which might be the reason why habitat was not a good

surrogate of the geodiversity-biodiversity relationship.

Contradicting our assumption that geomorphology incorporates many different features
describing the environment such as slope, elevation and roughness, and thereby appears to be
suitable to predict biodiversity patterns (Alexander, 1991; Walsh et al., 1998), this element was
not a good surrogate. Climate was as well not suitable as a predictor which is concomitant with
the fact that many previous studies decided to exclude this element as a geodiversity surrogate
(Gray, 2004; Parks & Mulligan, 2010). One might assume that these findings are contradicting
the assumption that more variable environments offer sufficient possibilities for species
coexistence leading to higher biodiversity (Gray, 2004; Parks & Mulligan, 2010). An
explanation therefore is that most studies we included only used one single element of
geodiversity in their analysis. However, the actual purpose of geodiversity is a combination of
several elements to obtain a “holistic” concept and suitably depict geodiversity (Tukiainen et
al., 2022).

Our second hypothesis stating that plants are more depending on soil richness while animals
are more depending on vegetation heterogeneity due to their resource needs could be extended
by our study: We found that other vertebrates not only rely on vegetation but also on
geodiversity, geomorphology, habitat and soil richness whereas plants depend on soil richness
as well as habitat, geomorphology and rock richness. This finding highlights that the
relationships between biota and their environments are more complex and thereby animals as
well as plants cannot depend on only one but may rely on more than one element of
geodiversity. For instance, species distribution is affected by climate (Hodkinson, 1999) while

geomorphology may be an important driver for biotic changes and by that, influencing
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biodiversity (Harris, 1987; Van Devender, 1990). As for invertebrates, only geomorphology
seemed to be of importance, we assume this outcome is due to the fact that geodiversity
elements are taken on larger spatial extents than the smaller spatial scales invertebrates operate
on (Kremen et al., 1993). This finding draws attention to the fact that matching spatial scales

are an important feature to consider when predicting biodiversity through geodiversity data.

Regarding our third hypothesis stating that latitude affects the correlation between geo- and
biodiversity, we found that the correlation was highest in temperate climates. Although our
analysis included studies from contrasting climate zones (from polar to tropical areas), to some
extent, we did not find an equal amount of studies for all climates: most of the literature
available focused on temperate and subpolar climates. In contrast, literature in the tropical and
polar climate zones was scarce. This is why we recommend broadening the research on geo-
and biodiversity in these and other underrepresented climate zones. However, in general, the
influence of latitude on biodiversity followed the intermediate disturbance hypothesis: Like we
assumed, in latitudes with mild climates (temperate ones) the link between biodiversity and
geodiversity should be stronger since intermediate disturbance promotes higher biodiversity. In
contrast, in latitudes or climates with more extreme stressful conditions such as tropical or polar
ones, this link is less abundant because high disturbance reduces biodiversity while geodiversity
remains unaffected (Connell, 1978).

Our fourth hypothesis, stating that studies covering wider spatial scales show a stronger
correlation between geo- and biodiversity, was not supported by the main model. However,
when considering spatial scales for biodiversity assessments, it has been shown that the extent
of study areas has an effect on biodiversity. This effect is known as the species-area curve,
where larger study areas depict higher species richness (with a slope ranging from 0.15 to 0.39)
(MacArthur & Wilson, 1967; Preston, 1962). Thus, grain and extent affect geo- and biodiversity
relationships. This likely means that only by depicting a large enough extent of study areas
where geo- and biodiversity are assessed, the true biodiversity can be predicted. This is in line
with previous studies which demonstrated that geodiversity indices are better surrogates for
biodiversity at intermediate to large scales (Bailey et al., 2017; Hjort et al., 2012; Wallis et al.,
2021). It is possible that the lack of studies at variable extents influenced the outcome of our
model. In fact, the model averaging depicted that grain and extent could be significant factors
on the link between geo- and biodiversity.
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Another relevant aspect of the species-area curve is the difference in the slope of the
relationship between continents and islands. As the species richness of an area can be predicted
in terms of the balance between immigration and extinction rates (MacArthur & Wilson, 1967),
the dispersal capacity of species relies on the habitat (the location and shape of an area) (Ney-
Nifle & Mangel, 2000). In contrast to continents, islands harbor fewer species due to their small
size and geographic isolation. This is why with increasing island size there is an increase in
niche variety and population size (MacArthur & Wilson, 1967). As a result, species-area curves
for islands are steeper and represented in higher slopes than continents (Connor & McCoy,
1979; Guo et al., 2015). This reinforces the idea of performing separate analyses for continents

and islands when assessing biodiversity patterns.

Considering the effect of environmental heterogeneity on the species area, there is an
assumption called “the area-heterogeneity tradeoff” (Allouche & Kadmon, 2009; Kadmon &
Allouche, 2007). This likely means that with increasing environmental heterogeneity, the
available area for species decreases. This is because the niche width of all species is limited due
to the negative effect on the average population sizes and the positive effects on extinction rates
with increasing environmental heterogeneity (Allouche et al., 2012). However, this is only valid
for small to intermediate scales because with increasing scales this effect can be mitigated
(Allouche et al., 2012) accordingly to our hypothesis that geodiversity is better depicted at

larger scales.

Even though we considered geodiversity influencing biodiversity, a scenario vice versa in
which biodiversity may also affect geodiversity is possible. Accordingly, a diversity of
organisms may modify their environment through a diversity of processes and thereby influence
geodiversity. One example are microorganisms modifying the soil composition and aggregation
(Tisdall, 1994), or plant roots altering soil chemical and physical properties (Read et al., 2003).
Another example are bioturbators acting as ecosystem engineers and thereby modifying the
predominating conditions and through that influencing soil richness or even geomorphology
(Corenblit et al., 2011; Grigusova et al., 2022, 2023; Meysman et al., 2006).

2.6 Conclusion

We found a positive relation between geo- and biodiversity which is affected by only some
elements of geodiversity such as soil richness and vegetation. However, this relationship is
weak, likely because there were only a few studies considering the combination of several

geodiversity elements, even though such a holistic approach for the assessment of geodiversity
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is needed. With our findings we provide new insights of the importance of taxa, grain, extent
and climate when considering doing assessments of geodiversity elements as surrogates for
biodiversity. These aspects should be considered in future studies assessing the concept of
geodiversity as a tool for biodiversity conservation. To broaden the understanding of the
intricate relationship between geo-and biodiversity, further studies that deepen our knowledge
of the mechanisms supporting this link are needed. Additionally, more communication between

those two disciplines before data assessment would help to develop appropriate methods.
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Chapter 3: Vegetation and vertebrate abundance as drivers of

bioturbation patterns along a climate gradient

3.1 Abstract

Bioturbators shape their environment with considerable consequences for ecosystem processes.
However, both the composition and the impact of bioturbator communities may change along
climatic gradients. For burrowing animals, their abundance and composition depend on climatic
and other abiotic components, with ants and mammals dominating in arid and semiarid areas,
and earthworms in humid areas. Moreover, the activity of burrowing animals is often positively
associated with vegetation cover (biotic component). These observations highlight the need to
understand the relative contributions of abiotic and biotic components in bioturbation in order
to predict soil-shaping processes along broad climatic gradients. In this study, we estimated the
activity of animal bioturbation by counting the density of holes and the quantity of bioturbation
based on the volume of soil excavated by bioturbators along a gradient ranging from arid to
humid in Chile. We distinguished between invertebrates and vertebrates. Overall, hole density
(no/ 100 m?) decreased from arid (raw mean and standard deviation for invertebrates: 14 + 7.8,
vertebrates: 2.8 + 2.9) to humid (invertebrates: 2.8 + 3.1, vertebrates: 2.2 + 2.1) environments.
However, excavated soil volume did not follow the same clear geographic trend and was 300-
fold larger for vertebrates than for invertebrates. The relationship between bioturbating
invertebrates and vegetation cover was consistently negative whereas for vertebrates both,
positive and negative relationships were determined along the gradient. Our study demonstrates
complex relationships between climate, vegetation and the contribution of bioturbating

invertebrates and vertebrates, which will be reflected in their impact on ecosystem functions.

3.2 Introduction

Bioturbation, the biological reworking of soils and sediments (Darwin, 1837; Meysman et al.,
2006), shapes the environment and thus has considerable consequences for ecosystem processes
(Jones et al., 1994) such as sediment transport, soil formation (Eldridge & Mensinga, 2007;
Hagenah & Bennett, 2013), soil water cycles (Valentine et al., 2017), litter decomposition
(Hayward et al., 2016), and nutrient availability (Kurek et al., 2014; Yu et al., 2017). Soil
excavating animals range from small invertebrates such as ants (Lobry de Bruyn & Conacher,
1994; Nkem et al., 2000) and earthworms (Plaas et al., 2019; Ruiz et al., 2015) to medium-sized
vertebrates such as gophers (Klaas et al., 1998; Vleck, 1981) and beavers (Larsen et al., 2021;
Persico & Meyer, 2009). Generally, bioturbating animals have distinct adaptations to
environmental conditions but recent studies reveal that bioturbating animals are intentionally
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able to modify their environment (Corenblit et al., 2011, 2021; Viles et al., 2021). Thus,
assessments of the relative contributions of bioturbators to soil-shaping processes across larger
climate gradients, must consider both the composition of bioturbator communities and their

relationships to the abiotic and biotic environment. Previous studies indicate that:

1. The abundance and composition of burrowing animal communities depend on climatic
(=abiotic) factors such as temperature and humidity (Crawford et al., 1993; Gerrard et
al., 1996; Holmgren et al., 2006; Jimenez et al., 1992; Lima et al., 1999; Milstead et al.,
2007). Ants and mammals are the most important bioturbators in semiarid and arid
areas, and earthworms (Lumbricidae) dominate in humid areas (Wilkinson et al., 2009).
Local soil characteristics affect bioturbating activity, which is highest after rainfall
because the soil softens and the energy cost of digging is accordingly reduced (Marsh,
1988) as shown for burrowing mammals (Price & Podolsky, 1989) and in the nest site

selection of ants (Jimenez et al., 1992).

2. Burrowing animals are closely associated with biotic components of the environment,
especially vegetation which affects the abundance of bioturbators directly by providing
food (Kelt et al., 2004; Muiioz et al., 2009) and indirectly by providing habitat (Kerley
etal., 1997). In humid regions with dense vegetation cover, food resources are generally
abundant and thus mammals have less need to dig for food. Vegetation also provides
shelter further reducing the need to dig. In resource-limited environments, such as semi-
arid and arid regions, the activity and quantity of bioturbating mammals correlate
positively with vegetation cover, because of those animals’ need to seek subterranean
food and shelter (Eldridge & Whitford, 2014). By contrast, invertebrates such as
earthworms do not rely on surface resources offered by vegetation cover as they live
entirely belowground, where they feed on dead roots in the soil (Armour-Chelu &
Andrews, 1994).

Those studies demonstrate, that both, abiotic and biotic components influence bioturbation
patterns, with the relationships between bioturbators and their environment varying between
animal groups (Platt et al., 2016). Detailed insights into the relative contributions of those
groups can be obtained by associating them with their burrows, such as based on the diameter
of the holes they create. A previous study has collected data on burrowing animals along a
climate gradient and used a threshold of 2.5 cm to differentiate between vertebrates and
invertebrates (Ubernickel et al., 2021).
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However, most studies have thus far focused either on the burrowing activity and quantity of
single species (mostly vertebrates), or on individual climatic regions (Ubernickel et al., 2021).
Studies on the overall patterns of bioturbation along broad climatic gradients are rare. To close
this research gap, we examined the interaction of abiotic and biotic components along a broad
climatic and vegetational gradient in Chile. For this purpose, we measured the abundance of
burrow entrances (hole density) and the amount of soil excavated by burrowing animals
(excavated soil volume) as parameters for bioturbation activity and quantity across seasons.

Taking into account the available literature, we hypothesized that:

H1: Bioturbating activity decreases from arid to humid regions because climate drives the
abundance of burrowing animals and the contribution of invertebrates and vertebrates to

bioturbation patterns.

H2: Seasonal changes affect bioturbation with a higher activity of burrowing animals during

rainy seasons, when the soil is softer, and the energetic cost of digging is therefore reduced.

H3: With increasing vegetation cover, the bioturbating activity of many invertebrates (including
most earthworms) decreases, due to the subterranean food supply provided by fine roots in the
soil independent of soil surface vegetation, while that of vertebrates increases, due to the

increased availability of food and shelter.

3.3 Methods
3.3.1 Study area

Our study was conducted at four sites representing a climate gradient along the coastal range
of Chile (26°S-38°S), extending from an arid desert with a mean annual temperature of 16.8 °C
and mean annual precipitation of 12 mm to a temperate humid rainforest with a mean annual
temperature of 6.6 °C and mean annual precipitation of 1469 mm (Fick & Hijmans, 2017): arid
Atacama Desert, located in Pan de Azucar National Park, semi-arid shrubland in the private
reserve Santa Gracia, a Mediterranean forest in La Campana National Park and a humid
rainforest in Nahuelbuta National Park. All approvals from the relevant authorities, i.e. the
Chilean National Forest Commission (CONAF), were obtained in advance to our study and
granted access to the research sites. In 2019, the year of our field campaigns, the mean
temperature in the arid desert was 14.6 °C and the mean precipitation was 9.4 mm while in the
humid rainforest, the mean temperature was 7.3 °C and the mean precipitation was 1885 mm
(Ubernickel et al., 2020).
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To sample each research site representatively, we established 12 10 m x 10 m plots with a
distance of at least 30 m between them during the first field campaign, conducted in autumn of
the southern hemisphere (March to April 2019). In a second field campaign conducted in spring
of the southern hemisphere (September to November 2019) we established eight additional
plots at each site to cover possible variation, resulting in a total of 20 plots per site. The 20 plots
per research site were evenly distributed across two opposing hillsides, 10 on the north- and 10

on the south-facing hillslope.

3.3.2 Assessment of bioturbation activity and quantity
To evaluate bioturbation activity, we counted the number of all visually detectable burrow
entrances on the soil surface (hole density) of each plot. We calculated the amount of soil
excavated by burrowing animals (excavated soil volume) as an indicator of bioturbation
quantity by using a caliper to measure the vertical (dv) and horizontal (dn) diameters. In addition,
we defined the depth of each hole entrance (de) as the distance to the first barrier encountered
by the caliper and measured this parameter. Raw data of burrow measurements can be obtained
from S3.7 Table. Following (Gabet, 2000; Richards et al., 2011; Ubernickel et al., 2021), we
calculated the (minimal) excavated soil volume assuming that the measured burrows were cone-
shaped:

2
[#5*]

. 1
excavated soil volume = 3 * T+ d,.

To distinguish between the burrows of invertebrates and vertebrates, burrows with a hole-
entrance diameter < 2.5 cm were assumed to be created by invertebrates and burrows with a

hole-entrance diameter > 2.5 cm by vertebrates (Ubernickel et al., 2021).

3.3.3 Assessment of vegetation data

Vegetation cover was estimated using unmanned aerial vehicle (UAV) red green blue (RGB)
images and land cover classification (Grigusova et al., 2021). For each plot, we calculated the
ratio of pixels classified as any plant type (herbs, shrubs, cacti, trees) to the amount of all pixels.
Following (Horn, 1981), the average elevation (hillside elevation) and the hillslope of each plot
were estimated based on high resolution Lidar data (Kugler et al., 2022).

3.3.4 Statistical analyses

For the burrows of invertebrates and vertebrates we analyzed the allometric relationship
between their depth (de) and their diameter (mean of dv and dn). We regressed the mean diameter
of the entrance versus the depth using the logio-transformed values of both variables and then

determining the slope. In an isometric relationship, the log-transformed variables should be
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linearly related to a slope of one (Huxley, 2005). Since diameter and depth were measured with
roughly equal error, in addition to an ordinary least squares (OLS) regression, we estimated the
slope using a reduced major axis (RMA) regression (Harper, 2014). To assess a deviation from
a slope of one, we used the offset argument available in most regression functions. With the
diameter serving as the independent variable and the offset, the estimate tests for deviations
from one. For the slope of the RMA regression, we used the standard error and a t-test to test
for deviations from one. The same approach was applied to the regression between excavated
soil volume and hole density.

Table 3.1: Summary of all variables used in the GLMM. Depicted are the response variables, fixed
predictors (abiotic and biotic) and the random factor.

Response variable Abiotic fixed Biotic fixed Random factor
predictors predictors

Hole density Site Vegetation cover Plot number

or Season

excavated soil volume  Hillside elevation Animal group
Hillslope

To analyze the interaction of abiotic and biotic components in bioturbation activity and
quantity, we applied generalized linear mixed effect models (GLMMs). We used hole density
or excavated soil volume as response variables, site, season, hillside elevation and hillslope as
abiotic fixed predictors and vegetation cover and animal group as biotic fixed predictors. The
study plots were used as a random factor (Table 3.1). All data of the GLMM parameters can be
obtained from Table S3.7. We also included interaction terms between site and all other fixed
predictor variables and between vegetation cover and taxon. We standardized the fixed
predictor hillside elevation for each site because it varied and could not be assigned separately
to each of the sites. We performed GLMMs for the 12 plots within each site (total of 48 plots)
in the first field campaign, conducted in the southern-hemispheric autumn, and in the 20 plots
within each site (total of 80 plots) during the second campaign conducted in the southern-
hemispheric spring. Separation of the hole density of invertebrates and vertebrates resulted in
256 measurements (2 x (48 + 80)).

For the GLMM of the excavated soil volume, we logio-transformed data for hole density and
excavated soil volume to achieve normality of the residuals. For the logio-transformation, we
only considered plots with a hole density > 0 [no/ 100 m2]. Thus, 46 plots without holes were
not included in the GLMM for excavated soil volume, resulting in 210 valid measurements.
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Additionally, we integrated the interaction between hole density and taxon as another fixed
predictor.

All statistical analyses were performed using the R statistical environment (version 1.3.1093).
We used the Imodel2 package (Legendre, 2018) for OLS and RMA regression analysis. For the
GLMM, we employed the buildmer function (Voeten, 2019) of the Ime4 package (Bates et al.,
2021) to perform backward stepwise selection. To determine the proportion of variation
explained by the model in total including fixed and random effects, we calculated R-squared
for the fitted models using the rsq command from the rsq package (Zhang, 2020). We
additionally performed an ANOVA between all possible combinations of fixed predictors
retained within the fitted model to evaluate the significance of certain combinations between
predictors using the anova command and performing a Chi-square test (Chambers & Hastie,
2017).

3.4 Results

First, we investigated the allometric relationships by examining the relationship between the
mean diameter and mean depth of the burrows and between the hole density and excavated soil
volume. While the respective estimates of the slope are presented herein, our focus is on the
RMA slopes. For both, invertebrates and vertebrates, the slopes showed a positive allometric
relationship (Fig 3.1A, Table 3.2) that was maintained also in the single-season analysis (Fig.
S3.1, Table S3.2). However, note that the statistical tests evaluating burrow characteristics and
the excavated soil volume were not strictly independent, as the former parameter was used to

calculate the latter.
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Fig 3.1: Relationships between burrow parameters and bioturbation parameters created by
burrowing invertebrates (yellow) and vertebrates (blue). (A) Relationship between the depth and
mean diameter of the holes, (B) relationship between the excavated soil volume and hole density. The
regression lines are derived from the reduced major axis analysis. Note that both axes in (A) and (B)
were logio-scaled. Data from both field campaigns and all sites were used.

Hole density was always greater for invertebrates than for vertebrates (Fig 3.2A). For
invertebrates, hole density decreased continuously from the arid site Pan de Azlcar (raw mean
and standard deviation: 14 * 7.8 no/ 100 m?) to the humid site Nahuelbuta
(2.8 3.1 no/ 100 m2) while hole density for vertebrates was highest in the semi-arid site Santa
Gracia (9.1 + 9.7 no/ 100 m) and remained similar in the other three sites (Pan de AzUcar: 2.8
+2.9no/ 100 m?, La Campana: 5.6 + 8.7 no/ 100 m, Nahuelbuta: 2.2 2.1 no/ 100 m™, Fig.
S3.1).
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Table 3.2: Ordinary least squares (OLS) and reduced major axis (RMA) regression analyses of
the relationships between the depth and mean diameter of the holes and between the excavated
soil volume and hole density for invertebrates and vertebrates (all variables logio-transformed). A
slope of one represents an isometric relationship. Depicted are statistical method, correlation coefficient,
slope, standard error (SE) and p-value (p) of the offset. Significant effects are labelled with asterisks:
*:<0.1, **:<0.01, ***:<0.001. Data from both field campaigns and all sites were used. Further
information on the statistical analysis is provided in the Methods section.

invertebrate vertebrate
Relation method r slope SE p r slope SE p
Depthand OLS 031  0.729 0.053 <0.001*** 0.44  0.996 0.045 0.93
diameter (mixed
model)
OLS 0.32 0.628 0.057 <0.001*** 066 1.04 0.043 0.3

RMA 0.61 1.97 0.057 <0.001*** 0.53 1.57 0.43 <0.001***

Excavated OLS 0.55 0.933 0.10 0.5 0.66 1.76 0.13 <0.001***
soil (mixed
volume model)
and hole OLS 0.69  0.955 0.10 0.64 081 1.77 0.13 <0.001***

density RMA 048 1.38 0.10 <0.001*** 066 217 0.13 <0.001***
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Fig 3.2: Bioturbation patterns of invertebrates (yellow) and vertebrates (blue) in each site (Pan de
Azlcar, Santa Gracia, La Campana, Nahuelbuta). (A) Median hole density based on the raw data,
(B) median excavated soil volume of holes, (C) the residuals of the excavated soil volume (logio-
transformed) after correcting for hole density (logioe-transformed) using separate regressions for the two
animal groups. Note that the x-axis in (B) and (C) was logio-scaled. Data from the field campaign from
September to November were used.
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Overall, the pattern of excavated soil volume from arid to humid was hump-shaped for
vertebrates (largest in La Campana), whereas for invertebrates we could not determine a clear
geographic pattern along the gradient (Fig 3.2B). In each site, the soil volume excavated by
vertebrates was larger. This difference between the two groups of bioturbators was especially
clear in the Mediterranean site La Campana (raw mean and standard deviation for invertebrates:
0.00019 + 0.00016 m? ha't, for vertebrates: 0.06 + 0.18 m3 ha*) and the humid site Nahuelbuta
(invertebrates: 0.00015 + 0.00022 m3 hal, vertebrates: 0.012 + 0.02 m? ha®, Fig. S3.1).
Correcting the amount of excavated soil volume for the number of holes, the geographic pattern
revealed by the residuals was similar to that obtained based on the analysis of the raw data (Fig.
3.2C); thus, the excavated soil volume was larger for vertebrates than for invertebrates,

especially large at the two southern sites.
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Fig 3.3: Fitted relationship between the hole density and fixed effects for invertebrates (yellow)
and vertebrates (blue) at each site (Pan de Azucar, Santa Gracia, La Campana, Nahuelbuta). (A)
Season (autumn: March-April/ spring: September-November), (B) vegetation cover [%]. Data from both
field campaigns were used.
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All predictors for the response variable hole density were significant in the GLMM, with the
fixed predictors explaining 48% and the random predictor plot number explaining 39% of the
variation (AIC =2030.7, p < 0.001, Tables S3.3 and S3.5). The overall hole density was higher
in Santa Gracia and Nahuelbuta during the field campaign from March to April than during the
field campaign from September to November while in Pan de Azucar there was no difference
between the two seasons (Fig 3.3A). For invertebrates, hole density decreased at all sites with
increasing vegetation cover. The hole density of vertebrates was positively associated with
increasing vegetation cover in Santa Gracia and La Campana (Fig 3.3B). Overall, there was no
clear trend in the relationship between the hole density of invertebrates and increasing

vegetation cover whereas vertebrates’ hole density increased with increasing vegetation cover
(Fig. S3.2A).
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Fig 3.4: Fitted relation between excavated soil volume (logio-transformed) and fixed effects for
invertebrates (yellow) and vertebrates (blue) at each site (Pan de Azlcar, Santa Gracia, La

Campana, Nahuelbuta). (A) Vegetation cover [%], (B) hole density (logio-transformed). Data from
both field campaigns were used.

After the exclusion of non-significant independent variables, the fixed predictors season,

vegetation cover, hole density and hillside elevation within the fitted GLMM for excavated soil
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volume explained 85% of the model variation (AIC = 296.67, p <0.001, Tables S3.4 and S3.6).
The patterns of excavated soil volume varied for invertebrates and vertebrates with increasing
vegetation cover along the climate gradient (Fig 3.4A). The raw data revealed another trend, as
the excavated soil volume increased with increasing vegetation cover for both, invertebrates
and vertebrates (Fig. S3.2B). In addition, the excavated soil volume increased disproportionally
with increasing hole density, with a larger increase for vertebrates than for invertebrates (Fig.
3.4B).

3.5 Discussion

Our study showed that while hole density decreased from arid to humid environments, no clear
pattern could be discerned for the excavated soil volume along the investigated environmental
gradient. However, the contribution of vertebrates to excavated soil volume was larger than that
of invertebrates. For the latter, the relationship to the vegetation cover along the climate gradient
was consistently negative while for vertebrates it was partly positive.

Before discussing the general results, a few comments should be made on the allometric
relationships of the burrow characteristics. Based on the RMA analysis regressions, these
relationships were not isometric, as the relative depth of a burrow increased with the increasing
diameter of the entrance. This finding suggests that, for bioturbators, larger animals dig deeper
into the soil (White, 2005). This relationship presumably reflects the anti-predator behavior of
larger animals: with increasing body size animals want to keep their entrance as small as
possible to exclude predators (Milne & Bull, 2000), but on the same time minimize burrowing
cost (Vleck, 1981) on one hand, but have a comfortable nest site (White, 2005) on the other
hand. Our data do not allow a test of this hypothesis, but further analyses of these allometric
relationships are likely to provide a rich source of biological and behavioral information,

particularly in studies comparing a large number of animal groups.

Our first hypothesis, that bioturbating activity decreases from arid to humid regions (Crawford
etal., 1993; Gerrard et al., 1996; Holmgren et al., 2006; Jimenez et al., 1992; Lima et al., 1999;
Milstead et al., 2007), was supported by our results for invertebrates, as their hole density
decreased from arid to humid climates. Vertebrates, however, created fewer holes in arid than
in semi-arid regions. Burrowing vertebrates are, on average, larger than invertebrates (White,
2005) such that fewer holes are consistent with a decline in animal density with increasing body
size (Peters & Wassenberg, 1983). Accordingly, vertebrates were presumably less frequent in
the arid region of our study than in the other climatic zones, such that fewer vertebrate than
invertebrate burrows were present over a given area. Similarly, the higher hole density of
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invertebrates all along the climate gradient can be attributed to the generally higher abundance
of invertebrates (Platt et al., 2016). However, it is also the case that most invertebrates create
their own new burrows while some vertebrates use previously existing burrows as an energy-
saving strategy (Newsome & Corbett, 1975; Roper, 1992). In particular, larger animals, in our
case vertebrates, invest more energy in burrowing effort than smaller invertebrates. Previous
investigations showed that the energy cost of burrowing is directly proportional to the amount
of soil moved by the bioturbator. Consequently, larger vertebrates, which need to move larger

soil amounts to create a burrow of adequate size, will burrow fewer holes (Vleck, 1981).

The excavated soil volume did not follow a clear pattern across the climatic gradient and it
differed between invertebrates and vertebrates in our study. Similar results were obtained in a
recent study measuring the excavated soil volume of bioturbators along the same environmental
gradient (Ubernickel et al., 2021). The authors found that the excavated soil volume was greater
in the semi-arid (0.56 m3 ha yr!) and Mediterranean (0.93 m3 ha yr?) than in the arid (0.34
m3 hal yr?!) and humid (0.09 m3 ha* yr?) climate zones and that the excavation rates were
higher for vertebrates (0.01-56 m3 hat yrt) than for invertebrates (0.01-37 m3 hat yr?).

These findings are in line with several studies showing that, due to their larger body size,
vertebrates excavate considerably larger volume of soil (1 - 5 m3 ha! yr) than invertebrates
(<1 m3 halyrt) (Abaturov, 1972, 1972; Ellison, 1946; Humphreys, 1989; Formanowicz &
Ducey, 2011; Kalisz & Stone, 1984; Platt et al., 2016; Polis et al., 1986; Yair & Rutin, 1981)
as well as our findings. Those studies together with our own demonstrate the importance of

vertebrates as bioturbators along a climate gradient.

Our second hypothesis, that bioturbation activity and quantity respond to seasonal changes
(Jimenez et al., 1992; Price & Podolsky, 1989), was supported by the higher hole density during
autumn than spring of the southern hemisphere, as observed at both the semi-arid and humid
site. In the arid desert, with a consistent lack of rainfall events, there was no difference between
seasons. This is in agreement with previous studies and with the observation that in the southern
hemisphere the bioturbation season ends in autumn (Yair, 1995). Moreover, the climate in
Central Chile during the study period in 2019 was drier than usual (Garreaud et al., 2020),
which may have lessened the differences in bioturbation activity and quantity between seasons.
While the relationship between seasons and bioturbation patterns is no doubt, our study
suggests that, at least in Chile, the impact of bioturbation is largest in semi-arid and humid

climate zones after the autumn rainfall.
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The absence of a clear trend between vegetation cover and either bioturbation activity or
quantity along the climate gradient was consistent with previous studies examining the
distribution of burrow entrances as a function of vegetation (Eldridge et al., 2012; Whitford &
Kay, 1999). However, we were able to show that the bioturbation patterns of invertebrates and
vertebrates differed. The consistently negatively association of invertebrates with vegetation
cover supported our hypothesis that some invertebrates are entirely independent of surface
resources due to their permanently belowground lifestyle (Armour-Chelu & Andrews, 1994).
By contrast, because vertebrates rely on a resource supply from the surface (Eldridge &
Whitford, 2014), a positive association with vegetation cover occurred only in the middle of
the geographic gradient, as in the arid region the vegetation cover is sparse. Vertebrates living
in regions of extreme temperatures characterized by limited resource must invest their energy
in digging for food as well as shelter from extreme temperatures in such resource-limited
habitats (Giovanni, 1965). Furthermore, there is often no vegetation near freshly created
burrows, because burrowing typically destroys the vegetation at and possibly adjacent to the
burrow (Gabet, 2000; Kaczor & Hartnett, 1990). This may have introduced a biased estimate
of vegetation cover within plots with fresh burrows and would explain the absence of either a
positive or a negative association between burrowing vertebrates and vegetation cover in the
humid region. Nonetheless, in general, vegetation cover was shown to be positively associated

with vertebrates with a complex influence on bioturbation patterns along the climate gradient.

3.6 Conclusion

Our study showed that climatic conditions and vegetation cover drive the activity and quantity
of bioturbation as well as the amount of burrowing by different animal groups. The contribution
of vertebrates to bioturbation quantity is large and only bioturbating vertebrates had a positive
association, albeit a partial one, with vegetation cover. In its examination of the interaction of
abiotic and biotic components, our study demonstrated the intricate relationships between
climate, vegetation and the contribution of bioturbating invertebrates and vertebrates. These
results provide further insights into the patterns that occur along broad climatic gradients and
therefore into the impact of ecosystem engineers on ecosystem processes such as sediment
transport, soil water cycling and nutrient availability. In a further study, we will therefore
compare physical and chemical soil properties in areas with soil affected and unaffected by
bioturbation along the same climatic gradient. Additionally, our findings support the
importance of examining impacts of bioturbation on ecosystem processes on a broader climatic
scale and thereby encourage similar further studies like the assessment of sediment

redistribution rates caused by bioturbation (Grigusova et al., 2022).
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Chapter 4: Bioturbation enhances C and N contents on near-
surface soils in resource-deficient arid climate regions but shows
adverse effects in more temperate climates

4.1 Abstract

Bioturbating animals can affect physical and chemical soil properties on near-surface soil by
either foraging for food or constructing suitable habitats. Thereby, bioturbation can influence
the soil texture either sorting or mixing the different grain sizes clay, silt and sand during
burrowing. Additionally, bioturbating animals can increase the macronutrients carbon (C),
nitrogen (N) and phosphorus (P) through the transport of nutrients by vertically mixing the soil
column and the addition of the bioturbators’ feces to the soil surface. To date, it is not clear
how the effects of bioturbation on soil properties vary along an ecological gradient. Therefore,
we compared the physical properties clay, silt and sand and the chemical contents of the
macronutrients C, N and P for soil samples from mounds and the surrounding area as controls
in three different climatic regions (arid, semi-arid and Mediterranean) of coastal Chile. To do
so, we calculated the difference between the concentrations of paired mound and control
samples. When comparing soil texture, we did not find significant differences between mound
and control soil samples. For the macronutrient contents, the difference between mound and
control C and N contents increased in the arid site and decreased in the two other research sites
with increasing vegetation cover. Since we aimed to cover bioturbation patterns on a broader
scale, we additionally compared our findings to other bioturbation studies performed in
different biomes. Thereby, we found that other studies also show small differences in soil

properties caused by bioturbation which are already sufficient to increase soil fertility.

4.2 Introduction

Bioturbating animals act as ecosystem engineers, as they physically and chemically alter their
environment by foraging for food or constructing suitable habitats and dens (Day et al., 2003).
Thereby, bioturbators, ranging in size from beetles and lizards to gophers and badgers, create a
variety of above- and belowground soil patterns, particularly an increase in the proportion of
fine soil compartments and macronutrients near the surface (Eldridge & Rath, 2002; Gutterman,
1997; Mallen-Cooper et al., 2019; Zaitlin & Hayashi, 2012).

Bioturbation can physically affect soil properties, mainly soil texture, through the vertical
translocation of sediments (Phillips, 2001; Phillips & Lorz, 2008). Bioturbators transport the
fine soil particles (< 2 mm) such as clay, silt or sand from deeper soil layers to the near-surface

43



soil through digging along the soil column, which increases the proportion of these components
in mounds created by bioturbators. This process also leads to an increased mixing of the vertical
soil column (Eldridge, 2004; Hagenah & Bennett, 2013; Yurkewycz et al., 2014). In contrast
and depending on body size, larger and heavier gravels cannot be vertically transported and
hence, remain at the surface at the near-surface soil (Johnson, 1989; Ross et al., 1968;
Wilkinson et al., 2009). Both, the sorting in fine and coarse-grained soil components, and the
mixing of the fine-grained soil fraction due to bioturbation, was shown to enhance soil quality
by increasing contents of soil nutrients and water holding capacity (Clark et al., 2018; Moorhead
et al., 1988; Wilkinson et al., 2009).

Beside these effects, bioturbation can also affect chemical soil properties, especially the
availability of macronutrients such as carbon (C), nitrogen (N) and phosphorus (P) (Bardgett,
2010; Carlson & Whitford, 1991; Contreras et al., 1993; Eldridge & Whitford, 2014). This is
mainly attributed to the transport of soluble nutrients to the near-surface soil during the active
mixing of the vertical soil column (Abaturov, 1972). Several studies reported a positive
correlation between bioturbation activity and C content in the near-surface soil (Faiz et al.,
2018; Nkem et al., 2000; Yurkewycz et al., 2014; Platt et al., 2016; Frouz, 2020). Such an
enrichment of C is possible since the C within the organic layer on the surface is exposed and
unprotected to disturbances such as bioturbation and can easily be transported by bioturbators
(Jandl et al., 2007; Zakharova et al., 2014). Consequently, bioturbation causes C fluxes between
the different soil layers (Arai et al., 2007; Froberg et al., 2005) leading to an increased C supply
of the near-surface soil and accordingly to an accumulation of organic matter (OM) (Yurkewycz
et al., 2014; Platt et al., 2016; Faiz et al., 2018). Further, bioturbation increases total N at the
near-surface soil directly through the bioturbators’ physical digging and thereby mixing of the
soil layer bringing up the N from deeper soil layers (Lara et al.,2006; Laycock and Richardson,
1975; Hagenah & Bennett, 2013). This increase of N contents due to bioturbating animals is
indirectly caused through the removal of N-enriched plants from the soil surface to either feed
on them or to create burrows and dens (Tardiff & Stanford, 1998). At the same time,
bioturbating animals regularly leave their urine and feces in the burrows (Mulder & Keall, 2001;
Eldridge & Rath, 2002; Gervais et al., 2010; Whitford & Steinberger, 2010; Kurek et al., 2014;
Yuetal., 2017). In that way, OM is trapped and its” decomposition results in higher N contents
in the burrows and dens and the bioturbating animals then vertically transport this soil to the
near-surface (James et al., 2009, 2011). In a similar way, bioturbation leads to increased P

content near the surface as the decomposition of fecal and skeletal materials in burrow systems
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as well as the upward transport of caliche and deep soil material promote P enrichment on the
near-surface soil (Carlson & White, 1988; Kelt, 2011; Willott et al., 2000).

However, while these general patterns with increasing soil nutrient contents have been observed
primarily in arid climates (Nkem et al., 2000; Eldridge & Rath, 2002; Hagenah & Bennett,
2013), studies in temperate climates also showed a decrease in macronutrient contents on the
near-surface soil (Sherrod & Seastedt, 2001; Eldridge & Mensinga, 2007; Lara et al., 2006;
Eldridge & Koen, 2008). For example, Kurek et al. (2014) found that mounds created by
badgers and foxes contained significantly less total N than the surrounding soil in a temperate
climate zone. Such unexpected effects may appear due to the variable bioturbation activity
depending on climate: It has been shown that bioturbation decreases from resource-limited,
arid, to temperate climate regions which provide more resources such as food and habitat
associated with ubiquitous vegetation (Kraus et al., 2022; Ubernickel et al., 2021). This
translates in animals needing to invest less energy into digging in areas with more resources,
e.g. temperate regions. In turn, this means that burrowing is a beneficial strategy for animals
living in resource-limited areas (Carlson & Whitford, 1991; Eldridge & Whitford, 2014;
Ladegaard-Pedersen et al., 2005). Here, we aim to analyze the magnitude of the impact of
bioturbation on chemical soil properties may be associated with climate and the associated
varying vegetation cover. We therefore predicted that the magnitude of bioturbation on
macronutrient contents is smaller in resource-rich in comparison to resource-limited climate
regions where bioturbation activity and its’ effects will appear on a larger scale. However, up
until now, there are few analyses comparing the impact of bioturbation on soil properties

comparing different climate regions.

To investigate this research gap, we compared the effects of bioturbation on soil physical and
chemical properties along a climate and vegetation gradient ranging from the arid desert to the
Mediterranean forest with comparable topography, size and geology in Chile. More
specifically, we measured clay, silt and sand as physical soil properties and the macronutrients
C, N and P as chemical soil properties for soil samples taken from mounds and surrounding
area as unaffected controls. We compared the presented results to other studies in a literature
review including publications of the influence of bioturbation on soil properties in different

climate zones. This approach allows us to test the following hypotheses:

H1: Bioturbating animals affect soil texture, increasing the proportion of fine-grained soil
compartments such as either clay, silt or sand at the near-surface soil, in comparison to

undisturbed soil, especially in the arid research site.
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H2: Bioturbation increases the C, N and P contents at the near-surface soil due to the
decomposition of OM at the surface plus the accumulation of bioturbators’ excrements,

especially in the arid research site.

H3: The magnitude of bioturbation impacting the macronutrient contents (C, N, P) is greater in
the resource-limited arid region than in the more humid regions harboring denser vegetation

due to the food and shelter need of the bioturbating animals.
4.3 Materials and methods

4.3.1 Study area

Our study was performed within the EarthShape project investigating the effect of biota shaping
Earth surface (https://esdynamics.geo.uni-tuebingen.de/earthshape/index.php?id=129). The
study was conducted at three research sites along the Chilean Coastal Cordillera which were
chosen due to their comparability in topography, size and geology since we aim to focus on the
climatic influences on bioturbating animals (Table 1). All research sites (NP Pan de Azlcar,
private reserve Santa Gracia , NP La Campana) are situated at a distance < 80 km of the coast
and offer opposite north- and south-facing hillslopes. The general lithological compositions of
the sites are similar, located in Cretaceous, Jurassic, and Permo-Carboniferous granitoid
lithologies (Oeser et al., 2018). The vegetation cover is lowest in the arid desert (8.3%),
followed by 34% in the semi-arid site, while in the Mediterranean site the cover is highest with
up to 83.8% (Grigusova et al., 2022). In the semi-arid research site there were goats and in the
Mediterranean research site there were cows acting as disturbances of this ecosystem (Armesto
et al., 2007; Rundel & Weisser, 1975). However, these disturbances should not affect our
analyses since we considered conducting our plots in areas not frequently visited by these
animals (Table S4.1).

4.3.2 Study design

In the first field campaign, conducted in autumn of the southern hemisphere (March to April
2019), we established twelve 10 m x 10 m plots at each research site with a distance of at least
30 m between plots. In a second field campaign, conducted in spring of the southern hemisphere
(September to November 2019), we complemented eight additional plots at each site, resulting
in a total of 20 plots per site. The plots were evenly distributed across two opposing hillsides,
10 on the north- and 10 on the south-facing hillslope, but randomly distributed on each of the
hillslopes.

All plots were examined for visible excavated mounds created through bioturbation. We applied

a pairwise design: if multiple mounds occurred in one plot, a maximum of six soil samples were
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taken from randomly selected mounds, and the same amount of soil samples was taken from
the surrounding, visually undisturbed soil as controls. If there was no mound detected within a

plot, this plot was not included in our analysis.

4.3.3 Data collection

The soil samples were taken via an equal volume cylinder (100 cm? volume) with a height of
5.1 cm. We drove the cylinder from the surface into the soil until we reached the appropriate
depth when the upper part of the cylinder was in line with the soil surface. We collected 306
paired soil samples in total: 134 samples in 15 plots in Pan de Azucar, 126 samples in twelve
plots in Santa Gracia, 46 samples in nine plots in La Campana (Table 4.1).

Table 4.1: Coordinates and characteristics of the research sites arranged by latitude (from north
to south). Depicted are the coordinates, elevation, mean annual temperature, mean annual precipitation,
number of plots with mounds (out of 20 randomly-selected plots) and the number of paired samples per
research site (Pan de Azlcar, Santa Gracia, La Campana). The mean temperature and annual
precipitation of the year 2019 was obtained from weather stations created within the EarthShape project

(Ubernickel et al., 2020). We chose to show the temperature and precipitation for 2019 since the study
was conducted during this year.

Pan de Azlcar Santa Gracia La Campana
Center coordinate lat S26° 10.749 S29°22.878 S32°41.202
Center coordinate long W70° 34.782 W71° 9.516 W?70° 50.346
Elevation [m. a. s. I.] 667 - 795 637 - 742 441 - 740
Annual temperature [°C] 14.6 14.4 14.9
Annual precipitation [mm] 94 20.8 63.8
Sampled plots 15 12 9
Total number of samples 134 126 46

We used mound density as a proxy for bioturbation activity (Nkem et al., 2000; Clark et al.,
2018). Therefore, we counted the number of visible mounds in each plot by identifying

excavated soil next to burrows, which appeared darker in colour than the surrounding soil.

To examine bioturbation in relation to climate and vegetation, we included additional
characteristic features of each climate zone (arid, semi-arid, Mediterranean) such as hillside
elevation, hillslope, and vegetation cover in our study. The variables elevation and hillslope
were derived from high resolution Lidar data (Kgler et al., 2022). Vegetation cover was
estimated at the plot level using unmanned aerial vehicle which created red-green-blue images
on which land cover was classified (Grigusova et al., 2021). We calculated the ratio of pixels
classified as any plant type (herbs, shrubs, cacti, trees) to the total amount of all pixels per plot.
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4.3.4 Laboratory methods for soil properties

All soil samples were analyzed in the laboratory for soil analysis at the Department of
Geography at the University of Marburg (Germany). This study comprises 302 soil samples
since for four out of 306 samples (two samples from Pan de AzUlcar and two samples from La

Campana) we had no data due to failed measurements.

Soil texture data was produced using the standard procedure DIN ISO 11277:2002 with the
goal to differentiate course from fine grained sediment (determine the proportions of clay, silt
and sand in %). First, we detected and excluded particles larger than 2 mm. Then, the Pario
device (Soil Particle Analyzer PARIO, METER Group, Germany) was used to further
differentiate the grain size distribution of the fine-grained soil < 2 mm. This allows the
determination of the proportion of clay and silt. We used 25 g of the soil sample for this analysis
adding hydrogen peroxide and heating the sample afterwards to remove organic material. Then
we added sodium pyrophosphate as a dispersant and afterwards transferred the suspension to a
measuring cylinder to fill it up with distilled water to receive an overall volume of one liter. We
stirred the suspension and inserted the Pario sensor into the liquid. After the Pario measurement,
we determined the sand proportion by wet-sieving manually. We then incorporated the
determined weight of the sand into the Pario program. As a final step, we calculated the
percentages of clay, silt and sand and identified texture classes. Our sample size was reduced

to n = 300 due to measurement failure in two samples.

To determine the concentrations of C and N (in %), we used a C/N analyzer (Vario El cube
elemental analyzer, Elementar, Germany). For this analysis, we used 5 mg of the fine-grained
portion of each soil sample. We transferred this sample into a tin ship and weighted the sample
as well as the tin ship to enter the correct sample volume into the C/N analyzer. We then folded,
closed and placed the tin ship into the C/N analyzer. We extrapolated the amount of C and N to

a 5 mg soil sample considering the measurement deviations.

To quantify the concentration of P (in ppm), we used inductively coupled plasma mass
spectrometry (ICP-MS), an elemental analysis technology capable of detecting most of the
periodic table of elements at milligram to nanogram levels (Amman, 2007). Following the
procedure DIN EN 16174, the fine-grained soil of each sample was first digested with aqua
regia. For this, we mixed 1 g of soil sample with 15 ml of 37% hydrochloric acid and 65%
nitric acid and cooked the sample for two hours for digestion. Afterwards, we filtered the cooled

mixture and diluted it to a ratio of 1:50. Prior measurement, we again diluted the sample to a

48



ratio of 1:50 and then measured with the ICP-MS (XSeriesll, ThermoFisher, Germany)
following DIN EN I1SO 17294-2: 2017-01 and DIN EN ISO 17294-2: 2005-02.

Table 4. 2: Summary of physical and chemical response variables as well as the fixed predictors
site, mound density, hillslope, hillside elevation, season and vegetation cover used in all GLMMs.
Depicted are the minimum and maximum values for all predictors except for site (Pan de Azlcar, Santa
Gracia, La Campana) and season (autumn and spring) since there are no minimum and maximum values.
The response variables were the difference of the particular characteristic between mound and control.
As a random factor we used 59 plots.

Response variables Minimum Maximum Mean
Clay content (mound - control) [%6] -0.73 0.38 -0.0021
Silt content (mound - control) [%6] -0.53 0.55 -0.016
Sand content (mound - control) [%6] -0.57 0.62 0.019
C content (mound - control) [%6] -4.75 13.68 0.95

N content (mound - control) [%0] -0.64 2.55 0.087
P content (mound - control) [ppm] -1.94 2.04 0.1
Fixed predictors

Site no ranking: Pan de Azucar, Santa Gracia, La Campana
Mound density [No/ 100 m?] 1 44 8.56
Hillslope [°] 8.35 41.08 22.59
Hillside elevation [m a. s. |.] 441.3 795.4 688.3
Season no ranking: autumn, spring

Vegetation cover [%] 0.18 96.65 22.27

4.3.5 Statistical analyses

We used generalized linear mixed effect models (GLMMs) to analyze the effect of bioturbation
on physical and chemical soil properties along the climate gradient. For that reason, we used
physical soil properties (clay, silt and sand content) and chemical soil properties (C, N, P) as
response variables. To compare properties between mounds and control, we calculated the
difference between the content in physical (clay, silt, sand) and chemical properties (C, N, P)
in mound and control soil samples which resulted in a variable characterizing the difference of
the two samples. We used site, mound density, hillslope, hillside elevation, season and
vegetation cover as fixed predictors while we used the study plots as a random factor
(Table 4.2). Since we aim to understand the effect of bioturbation along our climate gradient,
we included interaction terms between site and all other fixed predictor variables. We
standardized the fixed predictor hillside elevation since it could not be assigned to each site

separately without standardization. In order to approximate normality, we logio-transformed
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the fixed predictor variable mound density. This analysis includes 36 plots in which we could
obtain soil samples (134 samples in 15 plots in Pan de Azdcar, 126 samples in twelve plots in
Santa Gracia, 46 samples in nine plots in La Campana) from our both field campaigns (the first
conducted in the southern-hemispheric autumn, the second conducted in the southern-
hemispheric spring). We additionally checked for possible correlations by depicting all possible
combinations between the response variables using the Pearson test.

All statistical analyses were performed using the R statistical environment (version 1.3.1093).
We employed the buildmer (Voeten, 2019) function for the GLMMs to perform backward
stepwise selection and additionally calculated the AIC. To determine the proportion of variation
explained by the model in total including fixed and random effects, we calculated R-squared

for the fitted models using the rsqg command from the rsq package (Zhang, 2020).

4.3.6 Literature review

To compare the input of physical (clay, silt, sand) and chemical (C, N, P) soil properties and
its” effect on ecosystem functioning, we screened papers from different climate settings which
performed similar analysis to ours quantifying the effects of bioturbation. Out of these papers,
we filtered the amount of clay, silt, sand, C, N, P for mound and control soil, calculated the
percentual input and listed the impacts of bioturbation mentioned in the studies (Table S4.10)

for comparison to our study.

4.4 Results

The proportions of the physical soil properties clay, silt and sand did not vary significantly
between mound and control soil samples in all three research sites, as well as across sites (Fig.
4.1, Table S4.2). The content of the chemical soil properties C and N increased along the climate
gradient from Pan de AzUcar to La Campana both in mound and control samples while P content
remained constant across all three research sites (Fig. 4.2, Table S4.2). Mound samples showed
higher contents in C, N and P than control samples across all research sites: Considering just
the mean of the macronutrient samples from mound and control, the C content was 20% higher
in Pan de Azucar, 28% higher in Santa Gracia and 52% higher in La Campana for mound than
control samples. Mound samples contained 25% more N in Pan de Azdlcar, 10% more N in
Santa Gracia and 44% more N in La Campana than control samples. The P content was 12%
higher in Pan de Azlcar, 14% higher in Santa Gracia and 21% higher in La Campana for mound

than control soil samples (Table S4.2).
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Fig. 4.1.: Physical soil properties of mound (orange) and control (grey) soil samples in the research
sites Pan de Azucar (arid), Santa Gracia (semi-arid) and La Campana (Mediterranean). (A):

median clay [%], (B): median silt [%], (C): median sand [%].
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Fig. 4.2.: Chemical soil properties of mound (orange) and control (grey) soil samples in the
research sites Pan de Azucar (arid), Santa Gracia (semi-arid) and La Campana (Mediterranean).
(A): median C [%], (B): median N [%], (C): median P [ppm]. Note that the x-axis in B) was logio-scaled

for illustrative reasons.
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It is important to note that similar patterns may be observed because some of the dependent
variables show correlations among each other. This is why we calculated all possible
combinations between the response variables and since some of these variables are correlated
(Table S4.3), we present just silt, C and N here.
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Fig. 4.3: Effect plots for the fixed effect mound density at each research site (arid Pan de Azlcar,
semi-arid Santa Gracia, Mediterranean La Campana). (A) Fitted relationships between mound
density [No/ 100 m?] and silt content [%], (B) fitted relationship between mound density [No/ 100 m?]
and C content [%]. Note that the x-axis for (A) and (B) was logio-transformed.

When fitting GLMMs for the physical soil properties, only the model for silt contained
significant predictors with the fixed predictor hillslope and the interaction between mound
density and the site Pan de Azucar explaining 5% of the model variation (AIC =-79.7, p < 0.1,
Supplementary Table S4.5). The silt content increased in Pan de Azucar with increasing mound
density while it decreased in Santa Gracia and La Campana (Fig. 4.3A). In all research sites,

the silt content increased with increasing hillslope (Fig. S4.1A).
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Fig. 4.4: Effect plots for the fixed effect vegetation cover at each research site (arid Pan de Azucar,
semi-arid Santa Gracia, Mediterranean La Campana). (A) Fitted relationships between vegetation
cover [%] and C content [%], (B) fitted relationship between vegetation cover [%] and N content [%].
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Fig. 4.5: Relationship between the physical soil property silt and the macronutrient C and mound
density in the three research sites Pan de Azucar (arid), Santa Gracia (semi-arid) and La
Campana (Mediterranean). (A) Relationship between silt content and mound density. (B)
Relationship between C content and mound density. For illustrative reasons we included the coefficient
of determination R2. Note that the x-axes in (A) and (B) were logie-transformed.

Out of the GLMMs for the chemical soil properties, the models for C and N contained
significant predictors with the fixed predictors mound density, vegetation cover and hillslope
explaining 31% of the variation in the response variable (AIC = 730.6, p < 0.001,
Supplementary Table S4.7) within the fitted model for the chemical soil property C content.
Within the fitted GLMM for N, the fixed predictors vegetation cover and hillside elevation

explained 6% of the model variation (AIC = 148.2, p < 0.01, Supplementary Table S4.8). The
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C content decreased in Pan de Azlcar and La Campana and remained constant in Santa Gracia
(Fig. 4.3B) due to bioturbation. For both macronutrients, C and N, the same trends occurred in
the fitted models (Fig. 4.4): C and N contents were positively associated with increasing
vegetation cover in Pan de Azucar but negatively associated in Santa Gracia and La Campana.
C content was positively associated with hillslope in La Campana but remained constant in Pan
de Azucar and Santa Gracia (Fig. S4.1B). N content decreased with increasing hillside elevation
in La Campana but remained constant in the two northern research sites (Fig. S4.2). When
considering the relationship between soil properties and mound density, the physical soil
property silt did not change with increasing mound density (Fig. 4.5A) whereas the chemical C

content decreased with increasing mound density across all research sites (Fig. 4.5B).

4.5 Discussion

In our study, bioturbation increased the contents of C and N with increasing vegetation cover
on the near-surface soil in the arid research site. In contrast, C and N contents decreased with
increasing vegetation cover in the two other research sites. Neither the macronutrient P content
nor the physical soil properties of the near-surface soil were related to bioturbation activity.
Additionally, we found that near-surface soil contents of all investigated properties affected by
the bioturbators did not increase with increasing mound density which we interpreted as a proxy
for bioturbation activity (see section “4.3.3 data collection” in methods). This finding clearly
shows that bioturbation did not always lead to an input but had only small effects on soil

properties.

Overall, we observed similar patterns for C and N contents in our study when comparing the
difference in absolute concentration between mound and control samples in comparison to other
studies (see Table S4.10 “% input (mound-control)”). For instance, the C input in our study was
20% in the arid zone (and 28 % in the semi-arid zone) which is concomitant to findings of
Nkem et al. (2000) with 18% C input due to bioturbation within the arid climate zone. In
contrast, in the Mediterranean climate zone C input was 52% while another study showed a
lower C input of 9% (Yurkewycz et al., 2014). The N input in the arid climate zone contained
25% (and 21% in the semi-arid zone) in our study in contrast to another finding of Eldridge and
Koen (2008) showing a decrease in N of 45%. Within the Mediterranean climate zone, N input
of our study with 21% was similar compared to 8% N input found by Yurkewycz et al. (2014).
In summary, even though the input of C and N contents caused by bioturbation in previous
studies and our study is small, it can be significant: already low N input stimulates plant growth

while C input leads to an increased C uptake by the plants which can contribute to the mitigation
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of climate change (Ciais et al., 2008; Pregitzer et al., 2008; Reay et al., 2008; Thomas, 2010).
Consequently, the observed C and N input associated with vegetation cover in the desert due to
bioturbation in our study might improve soil fertility and through this enhance plant growth in
near-surface soils (Mulder & Keall, 2001; Eldridge & Rath, 2002; Gervais et al., 2010; Whitford
& Steinberger, 2010; Kurek et al., 2014; Yu et al., 2017).

In contrast to our first hypothesis we found no enrichment of clay, silt or sand particles in mound
samples. One possible explanation for this observation is that over a longer time period, the
small, and easily erodible clay, silt or sand particles were transported (eroded) by water (Simkin
et al., 2004) or wind (Ravi et al., 2007) from the exposed soil in animal mounds, and
subsequently redistributed on surfaces nearby, which will be in a later time subject to
burrowing. This process would reduce differences between mounds and controls, and lead to
an equalization of fine soil particles on the hillslope. This would mean that, if bioturbation
occurs to a greater extend, the near-surface soil becomes in time so homogenized through the
burrowing process that differences minimalize (Dostél et al., 2005; Johnson, 1989). Such
patterns have been found elsewhere, e.g. in temperate Slovakia where ant bioturbation led to
the homogenization of the soil (Dostél et al., 2005).

With regards to the macronutrients, our second hypothesis stating that bioturbation increases
C, N and P contents was not supported for the whole climate gradient since C and N contents
did not increase in the semi-arid and Mediterranean research sites. However, within the arid
research site, C and N contents were higher for mound than for control samples. This small
scale heterogeneity is in line with many other studies, which argue that animals incorporate
plant derived C, and N from feces through burrowing activity. This process is commonly
associated with improvement of soil fertility through macronutrient input, and an increase in
soil and vegetation heterogeneity at small scales (Jouquet et al., 2017; Yurkewycz et al., 2014).
This has been found to lead to a positive influence of bioturbation on plant growth, establishing
indigenous plant species, and even sometimes protecting semi-arid ecosystems from
disturbance events such as fire or erosion (Dostal et al., 2005; Eldridge & Koen, 2008; Clark et
al., 2018). In contrast to the macronutrients C and N, the P content in all three research sites did
not change due to bioturbation (Garkaklis et al., 2003; Hagenah & Bennett, 2013). This is
surprising, as most previous studies revealed an increased P content with bioturbation, which
has been shown to increase plant abundance and diversity (Carlson & Whitford, 1991; Dostal
et al., 2005; Nkem et al., 2000). A possible explanation for the steady P content in our study is
that higher bioturbation activity might speed up leaching of susceptible macronutrients such as
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P in contrast to the more resistant C and N (Garkaklis et al., 2003; Mohr et al., 2005). Like
already mentioned for the soil texture, the soil P content might also remain constant since the
near-surface soil becomes homogenized if bioturbation occurs to a greater extent (Dostal et al.,
2005; Johnson, 1989).

Our observation of different C and N patterns along the climate gradient due to bioturbation is
concomitant with our third hypothesis stating that the influence of bioturbating animals on the
macronutrient inputs differs depending on the climate region and the concomitant available
resources. Previous studies confirmed that bioturbation activity depends on the different climate
concomitant with varying vegetation patterns (Don et al., 2019; Eldridge & Whitford, 2014;
Jouquet et al., 2017; Kraus et al., 2022; Wilkinson et al., 2009; Yu et al., 2017). One reason
therefore is that in arid climate regions bioturbation occurs due to the loss of shelter like plants
protecting the animals from the sun or predation which explains that burrowing animals in the
desert prefer digging next to the occurring sparse vegetation and during this process, they bury
plants or plant parts resulting in higher C and N contents within bioturbated soils (Yurkewycz
et al., 2014; Platt et al., 2016; Faiz et al., 2018). In contrast, C and N contents in this and other
studies did not significantly change in bioturbated compared to unaffected soils in climate
regions providing more resources where digging is not as necessary (Dostal et al., 2005;
Eldridge & Koen, 2008; Clark et al., 2018). In a previous study, we showed that bioturbation
patterns are distributed more patchy in the arid research site than in the two other ones which
might additionally explain why the macronutrients are distributed more homogeneously in the
semi-arid and Mediterranean sites (Grigusova et al., 2021). An additional explanation for the
differing macronutrients patters along the climate gradient is that the macronutrient content
largely depends on the occurring vegetation (Carlson & Whitford, 1991; Eldridge & Whitford,
2014). Thereby, in regions with greater vegetation cover than in deserts, bioturbating animals
can cause the destruction of plants or plant parts while burrowing (Contreras et al., 1993) which
could also explain the observed decrease in C and N contents in the semi-arid and
Mediterranean regions in our study. This is supported by previous research which showed that
tunneling through bioturbation reduces 20 — 50% of vegetation cover over active burrows
(Contreras et al., 1993). Another reason for the deficiency of C and N contents in the climate
regions with denser vegetation than the arid climate zone is the C and N uptake by plants: both
macronutrients, C and N, are crucial for several cellular plant functions (Zheng, 2009). Hence,
C is used as an energy source for photosynthesis or assimilated by vegetation and later
transferred as plant litter to the soil as soil OM (Bassham & Calvin, 1960). N is an important

component of chlorophyll involved in photosynthesis as well as a major component of amino
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acids for protein building (Evans, 1989; Stocking & Ongun, 1962). Therefore, the depletion of
C and N in the research sites with more vegetation cover such as semi-arid and Mediterranean
might occur due to the uptake of these macronutrients by plants. In our study, we saw similar
effects of bioturbation for both, C and N, since these two macronutrients are often intertwined

because C and N immobilization by plants controls soil development (Walker & Moral, 2003).

4.6 Conclusion

Our study revealed that the effects of bioturbation on soil macronutrient contents of C and N
vary with climate. While bioturbation leads to an increase of C and N contents associated with
increasing vegetation cover in the arid zone, it leads to a decrease of C and N contents in the
semi-arid and Mediterranean zones. This is likely because animals depend heavily on the
resources they gain from the occurring vegetation such as food and shelter. Because of the
observed C and N inputs due to burrowing animals we support that bioturbation impacts
ecosystem functioning by improving soil fertility as well as mitigating climate change by
contributing to C increase and thereby C uptake by plants. For an overarching understanding of
the effects of bioturbation on soil properties, further studies should explore all existing climate

regions as well as further exploring the various effects of bioturbation on ecosystem functions.
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Chapter 5: Synthesis

As ecosystem management is important for the maintenance of biodiversity, my thesis found a
positive link between geo- and biodiversity which might help to predict biodiversity for
conservation management through geo-referred data in future studies. In addition, this work
increases the understanding of the drivers of bioturbation patterns as well as the bioturbators’
effects along a climate gradient. In particular, this thesis highlights the importance of

bioturbation for the ecosystem service C sequestration leading to climate regulation.

5.1 The link between geodiversity and biodiversity

Comparing previous studies in chapter 2, | found a link represented in a positive correlation
between geo- and biodiversity. This correlation was explained by the geodiversity elements soil
richness, vegetation and rock richness which promote sufficient niches for species coexistence
and thereby higher biodiversity (Gray, 2004; Parks & Mulligan, 2010). However, the
correlations of the analyzed studies appear rather small. One possible explanation for these low
correlations linking geo- and biodiversity are the complex relationships between biota and their
environments. Consequently, different taxa may depend on more than one element of
geodiversity. For instance, climate affects species distribution (Hodkinson, 1999) while
geomorphology is an important driver for biotic changes (Harris, 1987; Van Devender, 1990).
Besides, climate is also a significant driver of the geo-biodiversity relationships because in mild
climates, i.e. temperate ones, the link between geodiversity and biodiversity appears stronger
since intermediate disturbance promotes higher biodiversity. In contrast, in climates with more
extreme stressful conditions, i.e. tropical or polar ones, this link is less abundant as high
disturbance reduces biodiversity while geodiversity remains unaffected (Connell, 1978).
Another reason for the low correlation between geo- and biodiversity are scales since
geodiversity indices work as better predictors at larger scales (Bailey et al., 2017; Hjort et al.,
2012). Further, most of the existing studies use only one geodiversity element instead of the
combination of several elements to treat geodiversity as a holistic concept (Tukiainen et al.,
2022) which may additionally explain the low geo-biodiversity correlation. Consequently,
when predicting biodiversity via geodiversity, it is important to develop standards for the

measurement of geodiversity elements incorporating the significant taxa, climates and scales.
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5.2 The drivers of bioturbation patterns and bioturbator community

composition along a climate gradient

In chapter 3 | showed that bioturbation activity decreases from arid to humid in Chile because
burrowing animal communities depend on temperature and humidity (Crawford et al., 1993;
Gerrard et al., 1996; Jimenez et al., 1992). Further, in any climate zone, bioturbation activity
for invertebrates is higher due to their generally higher abundance (Platt et al., 2016). This is in
line with my finding that the energy costs of burrowing are directly proportional to the amount
of soil moved by the bioturbator. As a consequence, larger-sized vertebrates need to move larger
soil amounts to create a burrow of adequate size and due to that, burrow fewer holes than
invertebrates (Vleck, 1981). In terms of burrow costs, burrowing animals try to reach an
equilibrium between minimized burrow costs and comfortable nest sites (Peters & Wassenberg,
1983; Vleck, 1981). Thereby, the animals want to keep their burrow entrance as small as
possible to protect it from predators (Milne & Bull, 2000). Regarding seasonal effects,
bioturbation patterns can respond to seasonal changes, i.e. more bioturbation activity is
associated with softer soil due to rainfall. However, such seasonal effects do not occur in sites
with no or rather small rainfall events (Yair, 1995). For the relation between bioturbation
activity and vegetation cover, there is no clear trend. However, vertebrates and invertebrates
behave distinctively different in response to increasing vegetation cover: Vertebrates rely on
surface resources and conditions (Eldridge & Whitford, 2014) whereas invertebrates are
independent of such due to their permanently belowground lifestyle (Armour-Chelu &
Andrews, 1994). In summary, the patterns of bioturbation are driven by complex relations

between climatic conditions, vegetation cover and the abundance of vertebrates.

5.3 The effect of bioturbation on soil chemical and physical properties

Even though bioturbation can enrich finer-sized soil compartments on the near-surface soil for
a short time (Phillips, 2001; Phillips & Lorz, 2008), I found no significant changes in the finer-
sized soil compartments in chapter 4. This is because, over longer time periods, finer soil
particles are eroded from the surface through either wind (Simkin et al., 2004) or water (Ravi
et al., 2007). In addition, when bioturbation occurs to a great extent, the finer and coarse
particles are mixed to an extent where the soil texture becomes homogenized (Dostal et al.,
2005; Johnson, 1989). In contrast to physical properties, 1 showed significant effects of
bioturbation on macronutrient inputs: Like the varying patterns of bioturbation driven by
different climates (Wilkinson et al., 2009; Yu et al., 2017), the effects of bioturbators on
macronutrients are diverging along the climate gradient (Clark et al., 2018; Dostal et al., 2005).
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Thereby, especially in arid climates with limited resources such as food and conditions like
habitats or shelter from the sun or predation, bioturbation is mandatorily necessary to survive
(Carlson & Whitford, 1991; Eldridge & Whitford, 2014; Ladegaard-Pedersen et al., 2005).
Because of that, in such climates, bioturbators prefer digging next to the occurring sparse
vegetation which may serve as food or shelter. In the process of burrowing, they incorporate
plant parts into the soil enriching it with C and N (Faiz et al., 2018; Platt et al., 2016; Yurkewycz
et al., 2014). Contrary to the bioturbation-enriched more resistant C and N on the near-surface
soil, I found P remained stable since bioturbation activity might accelerate the leaching of the
more susceptible macronutrient P (Garkaklis et al., 2003; Mohr et al., 2005). As bioturbation
increases the macronutrients C and N in especially resource-limited arid climate zones, this
might significantly improve these ecosystems through fertilization of near-surface soils and
promotion of plant growth which might increase biodiversity (Eldridge & Rath, 2002; Gervais
et al., 2010; Kurek et al., 2014; Mulder & Keall, 2001; Whitford & Steinberger, 2010; Yu et
al., 2017). In addition, C input due to bioturbation can lead to an increased C sequestration by
plants contributing to the mitigation of climate change (Ciais et al., 2008; Pregitzer et al., 2008;
Reay et al., 2008; Thomas, 2010).

5.4 Conclusion

In this thesis, | found mostly positive but weak links between geo- and biodiversity. To improve
the prediction of biodiversity through geodiversity, more studies combining several elements
of geodiversity are needed. In addition, | depicted the additional important drivers such as the
taxon, scale and climate zones of these correlations. My findings may facilitate data acquisition

in the future making it more time- and cost-efficient.

As an example of a positive link between geo- and biodiversity, | expanded the overall
understanding of the impact of bioturbation on ecosystem functioning considering a climate
gradient ranging from arid to humid. I found bioturbation activity is mainly driven by climate,
vegetation and the abundance of vertebrates. | highlighted the dominant role of vertebrates
excavating up to 300-fold larger amounts of soil than invertebrates.

In addition, | showed that one important contribution of the bioturbators to ecosystem
functioning is their effect on chemical soil properties. In particular, the enrichment of C (20%)
and N (25%) on the near-surface soil by bioturbators in the arid climate zone is prominent and
thereby enhances soil quality and contributes to mitigating climate change. Here, my thesis
provides thresholds for the incorporation of the macronutrients C and N in different climate

zones (arid, semi-arid, Mediterranean) that may serve as estimates for other regions within the
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same climate zones. As bioturbation had beneficial effects on ecosystem functioning such as

nutrient availability, my thesis supports the positive link between geo- and biodiversity.
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Chapter 6: Perspectives

Chapters 2-4 offer several possibilities for additional studies which I discuss in the following.

6.1 Manual on appropriate assessment of geodiversity elements and the

inversion of the concept

Since | found there is no recommendation on how to standardize the assessment of geodiversity
elements to serve as the best predictor for biodiversity, a detailed manual setting standards is
needed. This manual should list all geodiversity elements and their definitions as well as how
to easiest gather them. For such a manual, it would also help to expand knowledge on different
spatial scales by comparing geo- and biodiversity scales. Chapter 2 and previous research
showed that there is an optimum on intermediate to large scales, where geodiversity indices are
more suitable surrogates for biodiversity (Bailey et al., 2017; Hjort et al., 2012; Parks &
Mulligan, 2010) providing sufficient data to be able to estimate species richness without
extensive biological surveying (Mdller et al., 2004). Further, investigating which taxa can be
assessed at which scales is useful since this thesis and previous research found that certain taxa,
e.g. invertebrates, operate on smaller spatial scales than vertebrates (Kremen et al., 1993). In
addition, biodiversity measures, especially for species richness, work best at scales from 1 km?
or more which should also be considered for data assessments (Wolters et al., 2006). Aside
from spatial scales, temporal scales are also important to consider while assessing geodiversity
because temporally variable areas permit the coexistence of species without competition which
might promote specialization and endemism (Dufour et al., 2006; Parks & Mulligan, 2010). In
contrast, less temporally variable resources permit a greater niche width and increased
specialization within this niche for coexistence to occur (Parks & Mulligan, 2010). However,
just like spatial scales, temporal scales were not investigated thoroughly at especially larger
magnitudes (Parks & Mulligan, 2010). Accordingly, research on the impact of spatially varying
seasonality on biodiversity is lacking (Dufour et al., 2006). This is why more investigation on
larger spatial as well as temporal scales would provide a better insight into the effect of scales
on the geo- and biodiversity links accomplishing the manual setting standards for geodiversity

measurements.

In previous studies, geodiversity was used as a surrogate for biodiversity (Alahuhta et al., 2018;
Hjort et al., 2012; Tukiainen et al., 2019) but this feedback between these two concepts was
never turned around. In chapter 4 | showed that biodiversity through bioturbation can also
reflect geodiversity as soil macronutrient enrichment. This raises the question if biodiversity

may serve as a surrogate for geodiversity. To answer this question, a first hint is given through
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the forest plot in the meta-analysis from chapter 2 (Fig. 2.4) which shows that the Shannon
index serves as the best surrogate to depict the correlation between geo- and biodiversity.
However, it is important to find more studies that use the Shannon index as a biodiversity
measure to have a sufficient amount of available studies. Then, we could repeat the meta-
analysis investigating if the Shannon index appropriately predicts the geo-biodiversity
correlations. If this approach works, in some cases, already existing biodiversity data might be
used to reduce the labor to assess geodiversity data (Hjort et al., 2012).

6.2 Expansion of the climate gradient, additional analysis on prevention of

fire events and redistribution of microplastic via bioturbation

Since | found that especially climate determines bioturbation patterns in the investigated climate
zones (arid, semi-arid, Mediterranean, humid) in chapter 3, it would help to expand the
knowledge on bioturbation patterns in all existing climate zones. This would enable to expand
the research on bioturbation patterns all over the world. Therefore, the methods developed in
this thesis, i.e. hole number and excavated soil volume, can be applied to further climate zones
that were not investigated up until now. Another possibility to represent bioturbation patterns
worldwide might be the use of additional existing data on traits of bioturbating mammals (Krug,
2021). With that, certain taxa might be assigned to bioturbation activity and quantity for each
climate zone since in chapter 3 | found this relation is proportional to their body size. With this,
we could provide a better understanding of bioturbation activity and quantity of burrowing
mammals worldwide which is important considering the driving force of vertebrates as

bioturbators impacting crucial ecosystem services.

Since in chapter 4, we found bioturbation differently affects soil fertility depending on the
climate zones, it would be useful to estimate soil fertilization through bioturbation worldwide.
Therefore, additional soil sample collections from soil affected and unaffected by bioturbating
animals in sparsely observed climate zones are needed. In chapter 4 | started compiling existing
literature in different climates (chapter 4, Table S4.10). With this and my thresholds on
macronutrient enrichment from chapter 4 (Table S4.2), a threshold of, for instance, C input due
to bioturbation all around the world can be established. In addition, there is existing literature
on other nutrients such as iron or magnesium affected by bioturbation which can also be
incorporated to create additional nutrient input thresholds (Platt et al., 2016). Through the
combination of the knowledge of bioturbation activity, the amount of excavated soil and such
thresholds from all climate zones, an approximation for soil macronutrient enrichment via

bioturbation worldwide would be possible.
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In addition, previous studies showed that bioturbation can prevent fire events through either
grazing or deposition of plant material and thereby reduction of flammable vegetation cover
which is the dry vegetation of the previous season that can easily be inflamed (Foster et al.,
2020; Richards et al., 2011). However, such feedbacks were not yet investigated thoroughly.
This is why | suggest combining the data of excavated soil volume and vegetation cover from
the plots | created for chapters 3 and 4 and comparing it to data from plots unaffected by
bioturbation. With this, first, it is possible to calculate how much flammable vegetation cover
was removed through bioturbation and then to calculate how much soil was excavated during
burrowing. Combining the two previous calculations, the effect on grazing (calculation of
flammable vegetation cover removal) and vegetation turn-over through bioturbation (excavated
soil volume through bioturbation) reducing flammable vegetation cover can be approximated

as a transfer function.

Further, bioturbators may influence microplastic redistribution along the soil column since they
vertically redistribute different soil compartments which might incorporate microplastic
(Phillips, 2001; Phillips & Lorz, 2008). However, so far, there is no research on the effect of
bioturbation on microplastic in nature but just in laboratory greenhouse experiments (Huerta
Lwanga et al., 2016; Rillig et al., 2017). These experiments showed that earthworms may
transport microplastic in deeper soil horizons where it may negatively affect soil microbial
processes, plant growth and litter composition (Rillig et al., 2019, 2021). However, due to the
increased mixing of the vertical soil column via bioturbation (Eldridge, 2004; Hagenah &
Bennett, 2013; Yurkewycz et al., 2014), the transport of microplastic just as the transport of
fine soil compartments might go in both directions. This is why bioturbators may also bring
microplastic upward to the soil surface where it then may be eroded through wind (Rezaei et
al., 2022) or rainfall events (Han et al., 2022). In addition, the microplastic redistribution might
also depend on the taxon since only earthworms were taken for the greenhouse experiments. It
IS important to also include other taxa in the greenhouse experiments such as ants which bring
large soil amounts and, with this, possibly microplastic up to the surface (Debruyn & Conacher,
1994). Further, such experiments should also be performed with vertebrates, i.e. mice,
excavating larger soil amounts (Vleck, 1981). As a result, such additional experiments with
different taxa might show that certain bioturbators protect deeper soil horizons by transporting

microplastic to the soil surface.

Finally, since so far, there is no overview of bioturbation patterns incorporating global

estimations, all previously mentioned data evaluating bioturbation and its’ effect on a global
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scale can be combined to write a review. Therefore, my thesis offers data on soil excavations
(chapter 3) and macronutrient inputs (chapter 4) which can be complemented with additional
existing data on further effects of bioturbation such as fire prevention, microplastic

redistribution or additional information such as erosion rates (Yair, 1995).

66



References

Abaturov, B. (1972). The role of burrowing animals in the transport of mineral substances in
the soil. Pedobiologia, 12, 261-266. https://cir.nii.ac.jp/crid/1573668925545645824

Alahuhta, J., Ala-Hulkko, T., Tukiainen, H., Purola, L., Akujarvi, A., Lampinen, R., & Hjort,
J. (2018). The role of geodiversity in providing ecosystem services at broad scales.
Ecological Indicators, 91, 47-56. https://doi.org/10.1016/J.ECOLIND.2018.03.068

Alahuhta, J., Toivanen, M., & Hjort, J. (2019). Geodiversity—biodiversity relationship needs
more empirical evidence. Nature Ecology & Evolution 2019 4:1, 4(1), 2-3.
https://doi.org/10.1038/s41559-019-1051-7

Alexander, D. (1991). Applied geomorphology and the impact of natural hazards on the built
environment. Natural Hazards, 4(1), 57-80. https://doi.org/10.1007/BF00126559

Allouche, O., & Kadmon, R. (2009). A general framework for neutral models of community
dynamics. Ecology Letters, 12(12), 1287-1297. https://doi.org/10.1111/J.1461-
0248.2009.01379.X

Allouche, O., Kalyuzhny, M., Moreno-Rueda, G., Pizarro, M., & Kadmon, R. (2012). Area-
heterogeneity tradeoff and the diversity of ecological communities. Proceedings of the
National Academy of Sciences of the United States of America, 109(43), 17495-17500.
https://doi.org/10.1073/PNAS.1208652109/SUPPL_FILE/SAPP.PDF

Arai, H., Tokuchi, N., & Koba, K. (2007). Possible Mechanisms Leading to a Delay in
Carbon Stock Recovery after Land Use Change. Soil Science Society of America
Journal, 71(5), 1636-1638. https://doi.org/10.2136/SSSAJ2005.0309

Araljo, M. B., Densham, P. J., & Williams, P. H. (2004). Representing species in reserves
from patterns of assemblage diversity. Journal of Biogeography, 31(7), 1037-1050.
https://doi.org/10.1111/J.1365-2699.2004.01051.X

Armesto, J. J., & Arroyo, M. T. K. (2007). The Mediterranean Environment of Central Chile.
The Physical Geography of South America.
https://doi.org/10.1093/0S0/9780195313413.003.0019

Armour-Chelu, M., & Andrews, P. (1994). Some Effects of Bioturbation by Earthworms
(Oligochaeta) on Archaeological Sites. Journal of Archaeological Science, 21(4), 433—
443. https://doi.org/10.1006/JASC.1994.1042

Bailey, J. J., Boyd, D. S., Hjort, J., Lavers, C. P., & Field, R. (2017). Modelling native and
alien vascular plant species richness: At which scales is geodiversity most relevant?
Global Ecology and Biogeography, 26(7), 763-776. https://doi.org/10.1111/GEB.12574

Balint, M., Domisch, S., Engelhardt, C. H. M., Haase, P., Lehrian, S., Sauer, J., Theissinger,
K., Pauls, S. U., & Nowak, C. (2011). Cryptic biodiversity loss linked to global climate
change. Nature Climate Change 2011 1:6, 1(6), 313-318.
https://doi.org/10.1038/nclimate1191

Bardgett, R. (2010). The Biology of Soil: A community and ecosystem approach. In The
Biology of Soil: A community and ecosystem approach.
https://doi.org/10.1093/acprof:0s0/9780198525035.001.0001

67



Bardgett, R. D., Streeter, T. C., Cole, L., & Hartley, I. R. (2002). Linkages between soil biota,
nitrogen availability, and plant nitrogen uptake in a mountain ecosystem in the Scottish
Highlands. Applied Soil Ecology, 19(2), 121-134. https://doi.org/10.1016/S0929-
1393(01)00188-3

Barthlott, W., Biedinger, N., Braun, G., Feig, F., Kier, G., & Mutke, J. (1999). Terminological
and methodological aspects of the mapping and analysis of the global biodiversity.

Bassham, J. A., & Calvin, M. (1960). The path of carbon in photosynthesis. Die CO2-
Assimilation / The Assimilation of Carbon Dioxide, 884-922.
https://doi.org/10.1007/978-3-642-94798-8_30

Bates, D., Maechler, M., & Bolker, B. (2021). Package “Ime4.”

Benedict, M. A., & McMahon, E. T. (2012). Green Infrastructure: Linking Landscapes and
Communities - Mark A. Benedict, Edward T. McMahon, Mark A. The Conservation Fund
- Google Books.
https://books.google.de/books?hl=en&Ir=&id=2xTJvY qzFNkC&oi=fnd&pg=PR5&ots=
3pYd9FUPUs&sig=8ivofi47dLH1yCNLCQsDMCdLQPc&redir_esc=y#v=onepage&q&
f=false

Bernhard, N., Moskwa, L. M., Schmidt, K., Oeser, R. A., Aburto, F., Bader, M. Y., Baumann,
K., von Blanckenburg, F., Boy, J., van den Brink, L., Brucker, E., Budel, B., Canessa,
R., Dippold, M. A., Ehlers, T. A., Fuentes, J. P., Godoy, R., Jung, P., Karsten, U., ...
Kihn, P. (2018). Pedogenic and microbial interrelations to regional climate and local
topography: New insights from a climate gradient (arid to humid) along the Coastal
Cordillera of Chile. CATENA, 170, 335-355.
https://doi.org/10.1016/J.CATENA.2018.06.018

Bucini, G., & Hanan, N. P. (2007). A continental-scale analysis of tree cover in African
savannas. Global Ecology and Biogeography, 16(5), 593-605.
https://doi.org/10.1111/J.1466-8238.2007.00325.X

Calcagno, V., & Mazancourt, C. (2010). glmulti: an R package for easy automated model
selection with (generalized) linear models. Journal of Statistical Software.
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Calcagno+%26+Mazanco
urt%2C+2010+glmulti&btnG=

Carlson, D. C., & White, E. M. (1988). Variations in Surface-Layer Color, Texture, pH, and
Phosphorus Content Across Prairie Dog Mounds. Soil Science Society of America
Journal, 52(6), 1758-1761.
https://doi.org/10.2136/SSSAJ1988.03615995005200060044 X

Carlson, S. R., & Whitford, W. G. (1991). Ant Mound Influence on Vegetation and Soils in a
Semiarid Mountain Ecosystem. American Midland Naturalist, 126(1), 125.
https://doi.org/10.2307/2426157

Carr, M. H., Neigel, J. E., Estes, J. A., Andelman, S., Warner, R. R., & Largier, J. L. (2003).
Comparing marine and terrestrial ecosystems: Implications for the design of coastal
marine reserves. Ecological Applications, 13(1 SUPPL.), 90-107.
https://doi.org/10.1890/1051-0761(2003)013[0090:cmatei]2.0.co;2

Celada, C., & Bogliani, G. (2009). Breeding bird communities in fragmented wetlands.
Http://Dx.D0i.Org/10.1080/11250009309355794, 60(1), 73-80.
https://doi.org/10.1080/11250009309355794

68



Chambers, J. M., & Hastie, T. J. (2017). Statistical Models. Statistical Models in S, 13-44.
https://doi.org/10.1201/9780203738535-2

Chapin, F. S., Zavaleta, E. S., Eviner, V. T., Naylor, R. L., Vitousek, P. M., Reynolds, H. L.,
Hooper, D. U., Lavorel, S., Sala, O. E., Hobbie, S. E., Mack, M. C., & Diaz, S. (2000).
Consequences of changing biodiversity. Nature 2000 405:6783, 405(6783), 234-242.
https://doi.org/10.1038/35012241

Ciais, P., Schelhaas, M. J., Zaehle, S., Piao, S. L., Cescatti, A., Liski, J., Luyssaert, S., Le-
Maire, G., Schulze, E. D., Bouriaud, O., Freibauer, A., Valentini, R., & Nabuurs, G. J.
(2008). Carbon accumulation in European forests. Nature Geoscience 2008 1:7, 1(7),
425-429. https://doi.org/10.1038/nge0233

Clark, K. L., Branch, L. C., & Farrington, J. (2018). Bioturbation by mammals and fire
interact to alter ecosystem-level nutrient dynamics in longleaf pine forests. PLOS ONE,
13(8), e0201137. https://doi.org/10.1371/JOURNAL.PONE.0201137

Comer, P. J., Pressey, R. L., Hunter, M. L., Schloss, C. A., Buttrick, S. C., Heller, N. E.,
Tirpak, J. M., Faith, D. P., Cross, M. S., & Shaffer, M. L. (2015). Incorporating
geodiversity into conservation decisions. Conservation Biology, 29(3), 692-701.
https://doi.org/10.1111/COBI.12508

Connell, J. H. (1978). Diversity in tropical rain forests and coral reefs. Science, 199(4335),
1302-1310. https://doi.org/10.1126/SCIENCE.199.4335.1302

Connor, E. F., & McCoy, E. D. (1979). The Statistics and Biology of the Species-Area
Relationship. Https://Doi.Org/10.1086/283438, 113(6), 791-833.
https://doi.org/10.1086/283438

Contreras, L. C., Gutierrez, J. R., Valverde, V., & Cox, G. W. (1993). Ecological relevance of
subterranean herbivorous rodents in semiarid coastal Chile . Revista Chilena de Historia
Natural, 66, 357-368. http://rchn.biologiachile.cl/pdfs/1993/3/Contreras_1993.pdf

Corenblit, D., Baas, A. C. W., Bornette, G., Darrozes, J., Delmotte, S., Francis, R. A.,
Gurnell, A. M., Julien, F., Naiman, R. J., & Steiger, J. (2011). Feedbacks between
geomorphology and biota controlling Earth surface processes and landforms: A review
of foundation concepts and current understandings. Earth-Science Reviews, 106(3-4),
307-331. https://doi.org/10.1016/J.EARSCIREV.2011.03.002

Corenblit, D., Corbara, B., & Steiger, J. (2021). Biogeomorphological eco-evolutionary
feedback between life and geomorphology: a theoretical framework using fossorial
mammals. Science of Nature, 108(6). https://doi.org/10.1007/s00114-021-01760-y

Crawford, C. S., Mackay, W. P., & Cepeda-Pizarro, J. G. (1993). Detritivores of the Chilean
arid zone (27-32 degrees S:and the Namib Desert: A preliminary comparison. Revista
Chilena de Historia Natural.

Crisp, J. R., Ellison, J. C., & Fischer, A. (2021). Current trends and future directions in
guantitative geodiversity assessment. Progress in Physical Geography, 45(4), 514-540.
https://doi.org/10.1177/0309133320967219

Dangerfield, J. M., McCarthy, T. S., & Ellery, W. N. (1998). The mound-building termite
Macrotermes michaelseni as an ecosystem engineer. Journal of Tropical Ecology, 14(4),
507-520. https://doi.org/10.1017/S0266467498000364

69



Darwin, C. (1881). The formation of vegetable mould through the action of worms: With
observations on their habits. In The Formation of Vegetable Mould Through the Action
of Worms: With Observations on their Habits.
https://doi.org/10.1017/CB09780511703850

Dawson, T. P., Jackson, S. T., House, J. I., Prentice, I. C., & Mace, G. M. (2011). Beyond
predictions: Biodiversity conservation in a changing climate. Science, 332(6025), 53-58.
https://doi.org/10.1126/SCIENCE.1200303/SUPPL_FILE/DAWSON.SOM.PDF

Day, R. L., Laland, K. N., & Odling-Smee, J. (2003). Rethinking adaptation: the niche-
construction perspective. Perspectives in Biology and Medicine, 46(1), 80-95.
https://doi.org/10.1353/PBM.2003.0003

Debruyn, L. A. L., & Conacher, A. J. (1994). The bioturbation activity of ants in agricultural
and nat in-ally vegetated habitats in semi-arid environments. Australian Journal of Soil
Research, 32(3), 555-570. https://doi.org/10.1071/SR9940555

Denny, M. (1993). Air and Water: The Biology and Physics of Life’s Media.
https://books.google.de/books?hl=en&Ir=&id=XjNS6v7q130C&oi=fnd&pg=PR17&dqg=
Denny,+1993&0ts=sKnCNEJCda&sig=u6tNtbddRWLXst6 7Pw5Vt874Aj4&redir_esc=y
#v=onepage&q=Denny%2C 1993&f=false

Dodd, M. B., Lauenroth, W. K., Burke, I. C., & Chapman, P. L. (2002). Associations between
vegetation patterns and soil texture in the shortgrass steppe. Plant Ecology, 158(2), 127—
137. https://doi.org/10.1023/A:1015525303754/METRICS

Don, A., Hagen, C., Grineberg, E., & Vos, C. (2019). Simulated wild boar bioturbation
increases the stability of forest soil carbon. Biogeosciences, 16(21), 4145-4155.
https://doi.org/10.5194/BG-16-4145-2019

Dostal, P., Bfeznova, M., Kozlickova, V., Herben, T., & Kovat, P. (2005). Ant-induced soil
modification and its effect on plant below-ground biomass. Pedobiologia, 49(2), 127—
137. https://doi.org/10.1016/J.PEDOBI.2004.09.004

Dufour, A., Gadallah, F., Wagner, H. H., Guisan, A., & Bulttler, A. (2006). Plant species
richness and environmental heterogeneity in a mountain landscape: Effects of variability
and spatial configuration. Ecography, 29(4), 573-584. https://doi.org/10.1111/J.0906-
7590.2006.04605.X

Dusseldorp, E., Van Genugten, L., Van Buuren, S., Verheijden, M. W., & Van Empelen, P.
(2014). Combinations of Techniques That Effectively Change Health Behavior:
Evidence From Meta-CART Analysis. Association, 33(12), 1530-1540.
https://doi.org/10.1037/hea0000018

Eldridge, D. J. (2004). Mounds of the American Badger (Taxidea Taxus): Significant Features
of North American Shrub-Steppe Ecosystems. Journal of Mammalogy, 85(6), 1060—
1067. https://doi.org/10.1644/BEH-105.1

Eldridge, D. J., & Koen, T. B. (2008). Formation of nutrient-poor soil patches in a semi-arid
woodland by the European rabbit (Oryctolagus cuniculus L.). Austral Ecology, 33(1),
88-98. https://doi.org/10.1111/J.1442-9993.2007.01793.X

70



Eldridge, D. J., Koen, T. B., Killgore, A., Huang, N., & Whitford, W. G. (2012). Animal
foraging as a mechanism for sediment movement and soil nutrient development:
Evidence from the semi-arid Australian woodlands and the Chihuahuan Desert.
Geomorphology, 157-158, 131-141.
https://doi.org/10.1016/J. GEOMORPH.2011.04.041

Eldridge, D. J., & Mensinga, A. (2007). Foraging pits of the short-beaked echidna
(Tachyglossus aculeatus) as small-scale patches in a semi-arid Australian box woodland.
Soil Biology and Biochemistry. https://doi.org/10.1016/j.s0ilbi0.2006.11.016

Eldridge, D. J., & Rath, D. (2002). Hip holes: kangaroo (Macropus spp.) resting sites modify
the physical and chemical environment of woodland soils. Austral Ecology, 27(5), 527—
536. https://doi.org/10.1046/J.1442-9993.2002.01212.X

Eldridge, D. J., & Whitford, W. G. (2014). Disturbances by desert rodents are more strongly
associated with spatial changes in soil texture than woody encroachment. Plant and Soil.
https://doi.org/10.1007/s11104-014-2142-5

Ellison, L. (1946). The Pocket Gopher in Relation to Soil Erosion on Moutain Range.
Ecology, 27(2), 101-114. https://doi.org/10.2307/1932505

Evans, J. R. (1989). The allocation of protein nitrogen in the photosynthetic apparatus: Costs,
consequences, and control Dual-purpose crops View project.
https://www.researchgate.net/publication/285010849

Faiz, A. H., Fakhar-1-Abbas, & Faiz, L. Z. (2018). Burrowing activity of rodents alter soil
properties: A case study on the short tailed mole rat (Nesokia Indica) in Pothwar Plateau,
Punjab, Pakistan. Pakistan Journal of Zoology, 50(2), 719-724.
https://doi.org/10.17582/JOURNAL.PJZ/2018.50.719.724

Fernandez, A., Fernandez, T., Pereira, D. I., & Nieto, L. M. (2020). Assessment of
Geodiversity in the Southern Part of the Central Iberian Zone (Jaén Province):
Usefulness for Delimiting and Managing Natural Protected Areas. Geoheritage, 12(1).
https://doi.org/10.1007/S12371-020-00447-6

Ferrier, S., & Watson, G. (1997). An evaluation of the effectiveness of environmental
surrogates and modelling techniques in predicting the distribution of biological diversity.
Environment Australia.
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=ferrier+and+watson+1997
&btnG=

Fick, S. E., & Hijmans, R. J. (2017). WorldClim 2: new 1-km spatial resolution climate
surfaces for global land areas. International Journal of Climatology, 37(12), 4302-4315.
https://doi.org/10.1002/joc.5086

Fischer, J., & Lindenmeyer, D. B. (2007). Landscape modification and habitat fragmentation:
a synthesis. Global Ecology and Biogeography, 16, 265-280.
https://doi.org/10.1111/j.1466-8238.2006.00287.x

Fisher, R. A. (1921). On the “probable error” of a coefficient of correlation deduced from a
small sample. In Metron (Vol. 1, pp. 1-32). https://doi.org/10.1093/biomet/9.1-2.22

Foster, C. N., Banks, S. C., Cary, G. J., Johnson, C. N., Lindenmayer, D. B., & Valentine, L.
E. (2020). Animals as Agents in Fire Regimes. Trends in Ecology and Evolution, 35(4),
346-356. https://doi.org/10.1016/j.tree.2020.01.002

71



Fox, N., Graham, L. J., Eigenbrod, F., Bullock, J. M., & Parks, K. E. (2020). Incorporating
geodiversity in ecosystem service decisions. Ecosystems and People, 16(1), 151-159.
https://doi.org/10.1080/26395916.2020.1758214/SUPPL_FILE/TBSM_A 1758214 SM
1719.PDF

Froberg, M., Kleja, D. B., Bergkvist, B., Tipping, E., & Mulder, J. (2005). Dissolved organic
carbon leaching from a coniferous forest floor - A field manipulation experiment.
Biogeochemistry, 75(2), 271-287. https://doi.org/10.1007/S10533-004-7585-Y

Frouz, J. (2020). Soil biodiversity conservation for mitigating climate change. Climate
Change and Soil Interactions, 1-19. https://doi.org/10.1016/B978-0-12-818032-7.00001-
1

Gabet, E. J. (2000). Gopher bioturbation: Field evidence for non-linear hillslope diffusion.
Earth Surface Processes and Landforms, 25(13), 1419-1428.
https://doi.org/10.1002/1096-9837(200012)25:13<1419::AlID-ESP148>3.0.CO;2-1

Garkaklis, M. J., Bradley, J. S., & Wooller, R. D. (2003). The relationship between animal
foraging and nutrient patchiness in south-west Australian woodland soils. Soil Research,
41(4), 665-673. https://doi.org/10.1071/SR02109

Garreaud, R. D., Boisier, J. P., Rondanelli, R., Montecinos, A., Sepulveda, H. H., & Veloso-
Aguila, D. (2020). The Central Chile Mega Drought (2010-2018): A climate dynamics
perspective. International Journal of Climatology, 40(1), 421-4309.
https://doi.org/10.1002/J0C.6219

Gaston, K. J. (1996). Species-range-size distributions: patterns, mechanisms and implications.
Trends in Ecology & Evolution, 11(5), 197-201. https://doi.org/10.1016/0169-
5347(96)10027-6

Gerrard, J., Paton, T. R., Humphreys, G. S., & Mitchell, P. B. (1996). Soils: A New Global
View. The Geographical Journal. https://doi.org/10.2307/3059889

Gervais, J. A., Griffith, S. M., Davis, J. H., Cassidy, J. R., & Dragila, M. 1. (2010). Effects of
Gray-tailed Vole Activity on Soil Properties. Https://Doi.Org/10.3955/046.084.0205,
84(1), 159-169. https://doi.org/10.3955/046.084.0205

Giovanni, C. (1965). Behavioural Adaptations of Desert Animals - - Google Books.
https://books.google.de/books?hl=en&Ir=&id=eiDrCAAAQBAJ&oi=fnd&pg=1A2&dqg=
costa+1995+behavioural+adaptations+desert&ots=tSKmbxkVa2&sig=0RFsW2zH8AKo
zwu002nQjKrdZD4#v=0nepage&q=costa 1995 behavioural adaptations desert&f=false

Gray, M. (2004). Geodiversity: valuing and conserving abiotic nature.
https://books.google.com/books?hl=en&Ir=&id= 8B TU_ G77YC&oi=fnd&pg=PR5&d
g=gray+geodiversity&ots=umaQpczH_0&sig=JTID2M30DRWHpITWGPmM01Q5wZG
U

Gray, M. (2008). Geodiversity: developing the paradigm. Proceedings of the Geologists’
Association, 119(3-4), 287-298. https://doi.org/10.1016/S0016-7878(08)80307-0

Grigusova, P., Larsen, A., Achilles, S., Brandl, R., Del Rio, C., Farwig, N., Kraus, D.,
Paulino, L., Pliscoff, P., Ubernickel, K., & Bendix, J. (2022). Higher sediment
redistribution rates related to burrowing animals than previously assumed as revealed by
time-of-flight-based monitoring. Earth Surface Dynamics, 10(6), 1273-1301.
https://doi.org/10.5194/ESURF-10-1273-2022

72



Grigusova, P., Larsen, A., Achilles, S., Klug, A., Fischer, R., Kraus, D., Ubernickel, K.,
Paulino, L., Pliscoff, P., Brandl, R., Farwig, N., & Bendix, J. (2021). Area-wide
prediction of vertebrate and invertebrate hole density and depth across a climate gradient
in chile based on uav and machine learning. Drones, 5(3), 86.
https://doi.org/10.3390/drones5030086

Grigusova, P., Larsen, A., Brandl, R., del Rio, C., Farwig, N., Kraus, D., Paulino, L., Pliscoff,
P., & Bendix, J. (2023). Mammalian bioturbation amplifies rates of both, hillslope
sediment erosion and accumulation, in coastal Chile. EGUsphere, 1-44.
https://doi.org/10.5194/EGUSPHERE-2023-84

Guo, C,, Lek, S., Ye, S., Li, W, Liu, J., & Li, Z. (2015). Uncertainty in ensemble modelling
of large-scale species distribution: Effects from species characteristics and model
techniques. Ecological Modelling, 306, 67—75.
https://doi.org/10.1016/J.ECOLMODEL.2014.08.002

Gutterman, Y. (1997). Ibex diggings in the Negev Desert highlands of Israel as microhabitats
for annual plants. Soil salinity, location and digging depth affecting variety and density
of plant species. Journal of Arid Environments (United Kingdom).
https://doi.org/10.3/JQUERY-UI.JS

Hagenah, N., & Bennett, N. C. (2013). Mole rats act as ecosystem engineers within a
biodiversity hotspot, the Cape Fynbos. Journal of Zoology, 289(1), 19-26.
https://doi.org/10.1111/J.1469-7998.2012.00958.X

Han, N., Zhao, Q., Ao, H., Hu, H., & Wu, C. (2022). Horizontal transport of macro- and
microplastics on soil surface by rainfall induced surface runoff as affected by
vegetations. Science of The Total Environment, 831, 154989.
https://doi.org/10.1016/J.SCITOTENV.2022.154989

Harper, J. L. an., & Hawksworth, D. L. (1995). Preface in biodiversity: measurement and
estimation. Phil. Trans. R. Soc. B 345.
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Harper+%26+Hawkswort
h%2C+1995&btnG=#d=gs_Cit&t=1676023712066&u=%2Fscholar%3Fq%3Dinfo%3Af
KbJci9mTgkJ%3Ascholar.google.com%2F%260output%3Dcite%26scirp%3D0%26h1%3
Den

Harper, W. V. (2014). Reduced Major Axis Regression: Teaching Alternatives to Least
Reduced Major Axis Regression: Teaching Alternatives to Least Squares Squares.
https://digitalcommons.otterbein.edu/math_fac/24

Harrington, R., Woiwod, 1., & Sparks, T. (1999). Climate change and trophic interactions.
Trends in Ecology & Evolution, 14(4), 146-150. https://doi.org/10.1016/S0169-
5347(99)01604-3

Harris, C. (1987). Mechanisms of mass movement in periglacial environments. Anderson,
M.G., Richards, K.S. (Eds.), Slope Stability. Wiley, Chichester.
https://books.google.de/books?id=GPuhmEgR-
MoC&pg=PT482&Ipg=PT482&dqg=Harris,+C.,+1987.+Mechanisms+of+mass+moveme
nt+in+periglacial+environments.+In:+Anderson,+M.G.,+Richards,+K.S.+(Eds.),+Slope
+Stability.+Wiley,+Chichester,+pp.+531+—+559.&source=bl &ots=tK 6

73



Hawkins, B. A., Field, R., Cornell, H. V., Currie, D. J., Guégan, J. F., Kaufman, D. M., Kerr,
J. T., Mittelbach, G. G., Oberdorff, T., O’Brien, E. M., Porter, E. E., & Turner, J. R. G.
(2003). Energy, water, and broad-scale geographic patterns of species richness. In
Ecology (Vol. 84, Issue 12, pp. 3105-3117). John Wiley & Sons, Ltd.
https://doi.org/10.1890/03-8006

Hayward, M. W., Ward-Fear, G., L’Hotellier, F., Herman, K., Kabat, A. P., & Gibbons, J. P.
(2016). Could biodiversity loss have increased Australia’s bushfire threat? Animal
Conservation. https://doi.org/10.1111/acv.12269

Hjort, J., Gordon, J. E., Gray, M., & Hunter, M. L. (2015). Why geodiversity matters in
valuing nature’s stage. Conservation Biology, 29(3), 630—6309.
https://doi.org/10.1111/COBI.12510

Hjort, J., Heikkinen, R. K., & Luoto, M. (2012). Inclusion of explicit measures of
geodiversity improve biodiversity models in a boreal landscape. Biodiversity and
Conservation, 21(13), 3487-3506. https://doi.org/10.1007/S10531-012-0376-
1/FIGURES/5

Hodkinson, I. D. (1999). Species response to global environmental change or why
ecophysiological models are important: A reply to Davis et al. In Journal of Animal
Ecology (Vol. 68, Issue 6, pp. 1259-1262). https://doi.org/10.1046/j.1365-
2656.1999.00372.x

Hoekstra, J. M., Boucher, T. M., Ricketts, T. H., & Roberts, C. (2005). Confronting a biome
crisis: global disparities of habitat loss and protection. Ecology Letters, 8(1), 23-29.
https://doi.org/10.1111/J.1461-0248.2004.00686.X

Holmgren, M., Stapp, P., Dickman, C. R., Gracia, C., Graham, S., Gutiérrez, J. R., Hice, C.,
Jaksic, F., Kelt, D. A,, Letnic, M., Lima, M., Ldpez, B. C., Meserve, P. L., Milstead, W.
B., Polis, G. A., Previtali, M. A., Richter, M., Sabaté, S., & Squeo, F. A. (2006). Extreme
climatic events shape arid and semiarid ecosystems. In Frontiers in Ecology and the
Environment. https://doi.org/10.1890/1540-9295(2006)004[0087:ECESAA]2.0.CO;2

Honnay, O., Hermy, M., & Coppin, P. (1999). Effects of area, age and diversity of forest
patches in Belgium on plant species richness, and implications for conservation and
reforestation. Biological Conservation, 87(1), 73-84. https://doi.org/10.1016/S0006-
3207(98)00038-X

Horn, B. K. P. (1981). Hill Shading and the Reflectance Map. Proceedings of the IEEE, 69(1),
14-47. https://doi.org/10.1109/PROC.1981.11918

Huerta Lwanga, E., Gertsen, H., Gooren, H., Peters, P., Salanki, T., Van Der Ploeg, M.,
Besseling, E., Koelmans, A. A., & Geissen, V. (2016). Microplastics in the Terrestrial
Ecosystem: Implications for Lumbricus terrestris (Oligochaeta, Lumbricidae).
Environmental Science and Technology, 50(5), 2685-2691.
https://doi.org/10.1021/ACS.EST.5B05478/ASSET/IMAGES/LARGE/ES-2015-
05478X_0004.JPEG

Humphreys, G. S. (1989). Earthen structures built by nymphs of the cicada Cyclochila
australasiae (Donovan) (Homoptera: Cicadidae). Aust. Ent. Mag., 16, 99-108.
https://search.informit.org/doi/abs/10.3316/informit.118491194646625

74



Hunter, M. L., Jacobson, G. L., & Webb, T. (1988). Paleoecology and the Coarse-Filter
Approach to Maintaining Biological Diversity. Conservation Biology, 2(4), 375-385.
https://doi.org/10.1111/J.1523-1739.1988.TB00202.X

Huxley, J. (2005). Problems Of Relative Growth : Huxley,Julian S. : Free Download, Borrow,
and Streaming : Internet Archive.

https://archive.org/details/problemsofrelati033234mbp/page/n10/mode/2up

James, A. |, Eldridge, D. J., & Hill, B. M. (2009). Foraging animals create fertile patches in
an Australian desert shrubland. Ecography, 32(5), 723-732.
https://doi.org/10.1111/j.1600-0587.2009.05450.x

James, A. |, Eldridge, D. J., Koen, T. B., & Moseby, K. E. (2011). Can the invasive European
rabbit (Oryctolagus cuniculus) assume the soil engineering role of locally-extinct
natives? Biological Invasions, 13(12), 3027-3038. https://doi.org/10.1007/s10530-011-
9987-9

Jandl, R., Lindner, M., Vesterdal, L., Bauwens, B., Baritz, R., Hagedorn, F., Johnson, D. W.,
Minkkinen, K., & Byrne, K. A. (2007). How strongly can forest management influence
soil carbon sequestration? Geoderma, 137(3-4), 253-268.
https://doi.org/10.1016/J.GEODERMA.2006.09.003

Jimenez, J. E., Feinsinger, P., & Jaksic, F. M. (1992). Spatiotemporal patterns of an irruption
and decline of small mammals in northcentral Chile. Journal of Mammalogy.
https://doi.org/10.2307/1382070

Johnson, D. L. (1989). Subsurface Stone Lines, Stone Zones, Artifact-Manuport Layers, and
Biomantles Produced by Bioturbation via Pocket Gophers (Thomomys Bottae).
American Antiquity, 54(2), 370-389. https://doi.org/10.2307/281712

Jonasson, C., Gordon, J. E., Kocianova, M., & Josefsson, M. (2005). Links between
geodiversity and biodiversity in European mountains: case studies from Sweden,
Scotland and the Czech Republic. The Mountains of Europe.
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Jonasson+C%?2C+Gordon
+JE%2C+Kocia'nova +M%2C+et+al.+%282005%29+L inks+between+geodiversity+an
d+biodiversity+in+European+mountains%2C+case+studies+from+Sweden%2C+Scotlan
d+and+the+Czech+Republic.+In%3A+T

Jones, C. G., Lawton, J. H., & Shachak, M. (1994). Organisms as Ecosystem Engineers.
Oikos. https://doi.org/10.2307/3545850

Jouquet, P., Caner, L., Bottinelli, N., Chaudhary, E., Cheik, S., & Riotte, J. (2017). Where do
South-Indian termite mound soils come from? Applied Soil Ecology, 117-118, 190-195.
https://doi.org/10.1016/J.APSOIL.2017.05.010

Formanowicz, D. R.., & Ducey, P. K. (2011). Burrowing behavior and soil manipulation by a
tarantula, Rhechostica hentzi (Girard, 1853) (Araneida: Theraphosidae).
Https://Doi.0Org/10.1139/291-411, 69(11), 2916-2918. https://doi.org/10.1139/291-411

Kaczor, S. A., & Hartnett, D. C. (1990). Gopher tortoise (Gopherus polyphemus) effects on
soils and vegetation in a Florida sandhill community. American Midland Naturalist,
123(1), 100-111. https://doi.org/10.2307/2425763

Kadmon, R., & Allouche, O. (2007). Integrating the effects of area, isolation, and habitat
heterogeneity on species diversity: A unification of island biogeography and niche
theory. American Naturalist, 170(3), 443-454. https://doi.org/10.1086/519853

75



Kalisz, P. J., & Stone, E. L. (1984). Soil Mixing by Scarab Beetles and Pocket Gophers in
North-Central Florida. Soil Science Society of America Journal, 48(1), 169-172.
https://doi.org/10.2136/SSSAJ1984.03615995004800010031X

Kelt, D. A. (2011). Comparative ecology of desert small mammals: A selective review of the
past 30 years. Journal of Mammalogy, 92(6), 1158-1178. https://doi.org/10.1644/10-
MAMM-S-238.1

Kelt, D. A., Meserve, P. L., Nabors, L. K., Forister, M. L., & Gutiérrez, J. R. (2004). Foraging
ecology of small mammals in semiarid Chile: The interplay of biotic and abiotic effects.
Ecology. https://doi.org/10.1890/02-4065

Kerley, G. I. H., Whitford, W. G., & Kay, F. R. (1997). Mechanisms for the keystone status of
kangaroo rats: Graminivory rather than granivory? Oecologia, 111(3), 422-428.
https://doi.org/10.1007/s004420050254

Klaas, B. A., Danielson, B. J., & Moloney, K. A. (1998). Influence of pocket gophers on
meadow voles in a tallgrass prairie. Journal of Mammalogy.
https://doi.org/10.2307/1383102

Knudson, C., Kay, K., & Fisher, S. (2018). Appraising geodiversity and cultural diversity
approaches to building resilience through conservation. Nature Climate Change 2018
8:8, 8(8), 678-685. https://doi.org/10.1038/s41558-018-0188-8

Koztowski, S. (2004). Geodiversity. The concept and scope of geodiversity. Przeglad
Geologiczny, 52(8 1), 833-837.

Kraus, D., Brandl, R., Achilles, S., Rg Bendix, J., Grigusova, P., Larsen, A., Pliscoff, P.,
Bernickel, K. U. ", & Farwig, N. (2022). Vegetation and vertebrate abundance as drivers
of bioturbation patterns along a climate gradient. PLOS ONE, 17(3), e0264408.
https://doi.org/10.1371/JOURNAL.PONE.0264408

Kremen, C., Colwell, R. K., Erwin, T. L., Murphy, D. D., Noss, R. F., & Sanjayan, M. A.
(1993). Terrestrial Arthropod Assemblages: Their Use in Conservation Planning. 7(4),
796-808.

Krug, L. (2021). The global distribution of burrowing mammals.

Kiigler, M., Hoffmann, T. O., Beer, A. R., Ubernickel, K., Ehlers, T. A., Scherler, D., &
Eichel, J. (2022). (LiDAR) 3D Point Clouds and Topographic Data from the Chilean
Coastal Cordillera. https://doi.org/10.5880/FIDGEO.2022.002

Kurek, P., Kapusta, P., & Holeksa, J. (2014). Burrowing by badgers (Meles meles) and foxes
(Vulpes vulpes) changes soil conditions and vegetation in a European temperate forest.
Ecological Research. https://doi.org/10.1007/s11284-013-1094-1

Ladegaard-Pedersen, P., Elberling, B., & Vesterdal, L. (2005). Soil carbon stocks,
mineralization rates, and CO2 effluxes under 10 tree species on contrasting soil types.
Canadian Journal of Forest Research, 35(6), 1277-1284. https://doi.org/10.1139/X05-
045

76



Lara, N., Sassi, P., & Borghi, C. E. (2006). Effect of Herbivory and Disturbances by Tuco-
Tucos (Ctenomys Mendocinus) on a Plant Community in the Southern Puna Desert.
Retrieved October 26, 2022, from https://bioone.org/journals/arctic-antarctic-and-alpine-
research/volume-39/issue-1/1523-0430 2007 _39 110 EOHADB 2.0.CO_2/Effect-of-
Herbivory-and-Disturbances-by-Tuco-Tucos-Ctenomys-Mendocinus/10.1657/1523-
0430(2007)39[110:EOHADB]2.0.CO;2.full

Larsen, A., Larsen, J. R., & Lane, S. N. (2021). Dam builders and their works: Beaver
influences on the structure and function of river corridor hydrology, geomorphology,
biogeochemistry and ecosystems. Earth-Science Reviews, 218, 103623.
https://doi.org/10.1016/J.EARSCIREV.2021.103623

Lawler, J. J., Ackerly, D. D., Albano, C. M., Anderson, M. G., Dobrowski, S. Z., Gill, J. L.,
Heller, N. E., Pressey, R. L., Sanderson, E. W., & Weiss, S. B. (2015). The theory

behind, and the challenges of, conserving nature’s stage in a time of rapid change.
Conservation Biology, 29(3), 618-629. https://doi.org/10.1111/COBI.12505

Laycock, W. A., & Richardson, B. Z. (1975). Long-Term Effects of Pocket Gopher Control
on Vegetation and Soils of a Subalpine Grassland. Journal of Range Management, 28(6),
458. https://doi.org/10.2307/3897222

Legendre. (2018). Package “Imodel2” Type Package Title Model Il Regression.

Lima, M., Marquet, P. A., & Jaksic, F. M. (1999). El Nino events, precipitation patterns, and
rodent outbreaks are statistically associated in semiarid Chile. Ecography.
https://doi.org/10.1111/j.1600-0587.1999.th00470.x

Lindstedt, S. L., Miller, B. J., & Buskirk, S. W. (1986). Home Range, Time, and Body Size in
Mammals. Ecology, 67(2), 413-418. https://doi.org/10.2307/1938584

Litvaitis, J. A., & Pearl, M. C. (2000). Investigating food habits of terrestrial vertebrates. In L.
Boitani and Todd K. Fuller (Ed.), Research Techniques in Animal Ecology (pp. 165—
190). Columbia University Press.

Lobry de Bruyn, L. A., & Conacher, A. J. (1994). The effect of ant biopores on water
infiltration in soils in undisturbed bushland and in farmland in a semi-arid environment.
Pedobiologia.

MacArthur, R. H., & MacArthur, J. W. (1961). On Bird Species Diversity. Ecology, 42(3),
594-598. https://doi.org/10.2307/1932254

MacArthur, R. H., & Wilson, E. O. (1967). The Theory of Island Biogeography.
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=MacArthur%2C+R.+H.+a
nd+E.+0.+Wilson.+1967.+The+theory+of+island+biogeography.+Princeton+University
+Press%2C+Princeton%2C+New+Jersey%2C+USA&btnG=

Mallen-Cooper, M., Nakagawa, S., & Eldridge, D. J. (2019). Global meta-analysis of soil-
disturbing vertebrates reveals strong effects on ecosystem patterns and processes. Global
Ecology and Biogeography, 28(5), 661-679. https://doi.org/10.1111/GEB.12877

Marsh, A. C. (1988). Activity patterns of some Namib Desert ants. Journal of Arid
Environments. https://doi.org/10.1016/s0140-1963(18)31097-8

77



McClanahan, T. R., Cinner, J. E., Maina, J., Graham, N. A. J., Daw, T. M., Stead, S. M.,
Wamukota, A., Brown, K., Ateweberhan, M., Venus, V., & Polunin, N. V. C. (2008).
Conservation action in a changing climate. Conservation Letters, 1(2), 53-59.
https://doi.org/10.1111/J.1755-263X.2008.00008_1.X

McNeely, J. A. (1992). The sinking ark: pollution and the worldwide loss of biodiversity.
Biodiversity and Conservation, 1(1), 2-18.
https://doi.org/10.1007/BF00700247/METRICS

Menge, B. A., & Sutherland, J. P. (1976). Species Diversity Gradients: Synthesis of the Roles
of Predation, Competition, and Temporal Heterogeneity. The American Naturalist,
110(973), 351-369. https://doi.org/10.1086/283073

Meysman, F. J. R., Middelburg, J. J., & Heip, C. H. R. (2006). Bioturbation: a fresh look at
Darwin’s last idea. Trends in Ecology and Evolution, 21(12), 688—695.
https://doi.org/10.1016/j.tree.2006.08.002

Milne, T., & Bull, C. M. (2000). Burrow choice by individuals of different sizes in the
endangered pygmy blue tongue lizard Tiliqua adelaidensis. Biological Conservation,
95(3), 295-301. https://doi.org/10.1016/S0006-3207(00)00040-9

Milstead, W. B., Meserve, P. L., Campanella, A., Previtali, M. A., Kelt, D. A., & Gutiérrez, J.
R. (2007). Spatial ecology of small mammals in north-central Chile: Role of
precipitation and refuges. Journal of Mammalogy. https://doi.org/10.1644/16-MAMM-
A-407R.1

Mohr, D., Cohnstaedt, L. W., & Topp, W. (2005). Wild boar and red deer affect soil nutrients
and soil biota in steep oak stands of the Eifel. Soil Biology and Biochemistry, 37(4), 693—
700. https://doi.org/10.1016/J.SOILB10.2004.10.002

Moorhead, D. L., Fisher, F. M., & Whitford, W. G. (1988). Cover of spring annuals on
nitrogen-rich kangaroo rat mounds in a Chihuahuan Desert grassland. American Midland
Naturalist, 120(2), 443-447. https://doi.org/10.2307/2426018

Muellner-Riehl, A. N. (2019). Mountains as evolutionary arenas: Patterns, emerging
approaches, paradigm shifts, and their implications for plant phylogeographic research in
the tibeto-himalayan region. Frontiers in Plant Science, 10, 195.
https://doi.org/10.3389/FPLS.2019.00195/BIBTEX

Mulder, C. P. H., & Keall, S. N. (2001). Burrowing seabirds and reptiles: Impacts on seeds,
seedlings and soils in an island forest in New Zealand. Oecologia, 127(3), 350—360.
https://doi.org/10.1007/s004420000600

Miiller, C., Berger, G., & Glemnitz, M. (2004). Quantifying geomorphological heterogeneity
to assess species diversity of set-aside arable land. Agriculture, Ecosystems &
Environment, 104(3), 587-594. https://doi.org/10.1016/J.AGEE.2004.01.023

Mufioz, A., Bonal, R., & Diaz, M. (2009). Ungulates, rodents, shrubs: interactions in a diverse
Mediterranean ecosystem. Basic and Applied Ecology, 10(2), 151-160.
https://doi.org/10.1016/j.baae.2008.01.003

Newsome, A. E., & Corbett, L. K. (1975). Outbreaks of Rodents in Semi-Arid and Arid
Australia: Causes, Preventions, and Evolutionary Considerations. 117-153.
https://doi.org/10.1007/978-94-010-1944-6_6

78



Ney-Nifle, M., & Mangel, M. (2000). Habitat Loss and Changes in the Species-Area
Relationship. Conservation Biology, 14(3), 893—898. https://doi.org/10.1046/J.1523-
1739.2000.98163.X

Nielsen, U. N., Ayres, E., Wall, D. H., & Bardgett, R. D. (2011). Soil biodiversity and carbon
cycling: A review and synthesis of studies examining diversity-function relationships.
European Journal of Soil Science, 62(1), 105-116. https://doi.org/10.1111/j.1365-
2389.2010.01314.x

Nieto, L. M. (2001). Geodiversidad: propuesta de una definicion integradora. Boletin
Geologico y Minero, 112(2), 3-12.

Nkem, J. N., Lobry De Bruyn, L. A., Grant, C. D., & Hulugalle, N. R. (2000). The impact of
ant bioturbation and foraging activities on surrounding soil properties. Pedobiologia.
https://doi.org/10.1078/S0031-4056(04)70075-X

Noy-Meir, 1. (1979). Structure and function of desert ecosystems. Israel Journal of Botany,
28(1), 1-19. https://doi.org/10.1080/0021213X.1979.10676851

Oeser, R. A., Stroncik, N., Moskwa, L. M., Bernhard, N., Schaller, M., Canessa, R., van den
Brink, L., Koster, M., Brucker, E., Stock, S., Fuentes, J. P., Godoy, R., Matus, F. J., Oses
Pedraza, R., Osses Mclintyre, P., Paulino, L., Seguel, O., Bader, M. Y., Boy, J., ... von
Blanckenburg, F. (2018). Chemistry and microbiology of the Critical Zone along a steep
climate and vegetation gradient in the Chilean Coastal Cordillera. CATENA, 170, 183—
203. https://doi.org/10.1016/J.CATENA.2018.06.002

Parks, K. E., & Mulligan, M. (2010). On the relationship between a resource based measure
of geodiversity and broad scale biodiversity patterns. Biodiversity and Conservation,
19(9), 2751-2766. https://doi.org/10.1007/S10531-010-9876-Z/FIGURES/2

Persico, L., & Meyer, G. (2009). Holocene beaver damming, fluvial geomorphology, and
climate in Yellowstone National Park, Wyoming. Quaternary Research.
https://doi.org/10.1016/j.yqres.2008.09.007

Peters, R. H., & Wassenberg, K. (1983). The effect of body size on animal abundance.
Oecologia 1983 60:1, 60(1), 89-96. https://doi.org/10.1007/BF00379325

Phillips, J. D. (2001). Contingency and generalization in pedology, as exemplified by texture-
contrast soils. Geoderma, 102(3-4), 347-370. https://doi.org/10.1016/S0016-
7061(01)00041-6

Phillips, J. D., & Lorz, C. (2008). Origins and implications of soil layering. Earth-Science
Reviews, 89(3-4), 144-155. https://doi.org/10.1016/J.EARSCIREV.2008.04.003

Plaas, E., Meyer-Wolfarth, F., Banse, M., Bengtsson, J., Bergmann, H., Faber, J., Potthoff,
M., Runge, T., Schrader, S., & Taylor, A. (2019). Towards valuation of biodiversity in
agricultural soils: A case for earthworms. Ecological Economics.
https://doi.org/10.1016/j.ecolecon.2019.02.003

Platt, B. F., Kolb, D. J., Kunhardt, C. G., Milo, S. P., & New, L. G. (2016). Burrowing
through the literature: The impact of soil-disturbing vertebrates on physical and chemical
properties of soil. Soil Science, 181(3-4), 175-191.
https://doi.org/10.1097/SS.0000000000000150

79



Polis, G. A., Myers, C., & Quinlan, M. (1986). Burrowing biology and spatial distribution of
desert scorpions. Journal of Arid Environments, 10(2), 137-146.
https://doi.org/10.1016/S0140-1963(18)31254-0

Pregitzer, K. S., Burton, A. J., Zak, D. R., & Talhelm, A. F. (2008). Simulated chronic
nitrogen deposition increases carbon storage in Northern Temperate forests. Global
Change Biology, 14(1), 142-153. https://doi.org/10.1111/J.1365-2486.2007.01465.X

Preston, F. W. (1962). The Canonical Distribution of Commonness and Rarity: Part I.
Ecology, 43(2), 185. https://doi.org/10.2307/1931976

Price, M. V., & Podolsky, R. H. (1989). Mechanisms of seed harvest by heteromyid rodents:
soil texture effects on harvest rate and seed size selection. Oecologia.
https://doi.org/10.1007/BF00379814

Ravi, S., D’Odorico, P., Zobeck, T. M., Over, T. M., & Collins, S. L. (2007). Feedbacks
between fires and wind erosion in heterogeneous arid lands. Journal of Geophysical
Research: Biogeosciences, 112(G4). https://doi.org/10.1029/2007JG000474

Read, D. B., Bengough, A. G., Gregory, P. J., Crawford, J. W., Robinson, D., Scrimgeour, C.
M., Young, I. M., Zhang, K., & Zhang, X. (2003). Plant roots release phospholipid
surfactants that modify the physical and chemical properties of soil. New Phytologist,
157(2), 315-326. https://doi.org/10.1046/J.1469-8137.2003.00665.X

Reay, D. S., Dentener, F., Smith, P., Grace, J., & Feely, R. A. (2008). Global nitrogen
deposition and carbon sinks. Nature Geoscience 2008 1:7, 1(7), 430-437.
https://doi.org/10.1038/nge0230

Rezaei, M., Abbasi, S., Pourmahmood, H., Oleszczuk, P., Ritsema, C., & Turner, A. (2022).
Microplastics in agricultural soils from a semi-arid region and their transport by wind
erosion. Environmental Research, 212, 113213.
https://doi.org/10.1016/J.ENVRES.2022.113213

Richards, P. J., Humphreys, G. S., Tomkins, K. M., Shakesby, R. A., & Doerr, S. H. (2011).
Bioturbation on wildfire-affected southeast Australian hillslopes: Spatial and temporal
variation. Catena, 87(1), 20-30. https://doi.org/10.1016/j.catena.2011.05.003

Rillig, M. C., Lehmann, A., de Souza Machado, A. A., & Yang, G. (2019). Microplastic
effects on plants. New Phytologist, 223(3), 1066-1070.
https://doi.org/10.1111/NPH.15794

Rillig, M. C., Leifheit, E., & Lehmann, J. (2021). Microplastic effects on carbon cycling
processes in soils. PLOS Biology, 19(3), e3001130.
https://doi.org/10.1371/JOURNAL.PBI0.3001130

Rillig, M. C., Ziersch, L., & Hempel, S. (2017). Microplastic transport in soil by earthworms.
Scientific Reports 2017 7:1, 7(1), 1-6. https://doi.org/10.1038/s41598-017-01594-7

Roper, T. J. (1992). Badger Meles meles setts—architecture, internal environment and
function. Mammal Review, 22(1), 43-53. https://doi.org/10.1111/J.1365-
2907.1992.TB00118.X

Ross, B. A., Tester, J. R., & Breckenridge, W. J. (1968). Ecology of Mima-Type Mounds in
Northwestern Minnesota. Ecology, 49(1), 172-177. https://doi.org/10.2307/1933579

80



Ruiz, S., Or, D., & Schymanski, S. J. (2015). Soil penetration by earthworms and plant roots -
Mechanical energetics of bioturbation of compacted soils. PLoS ONE.
https://doi.org/10.1371/journal.pone.0128914

Rundel, P. W., & Weisser, P. J. (1975). La Campana, a new national park in central Chile.
Biological Conservation, 8(1), 35-46. https://doi.org/10.1016/0006-3207(75)90077-4

Schmeller, D. S., Bridgewater, ¢ Peter, & Bridgewater, P. (2016). The Intergovernmental
Platform on Biodiversity and Ecosystem Services (IPBES): progress and next steps.
Biodiversity and Conservation, 25, 801-805. https://doi.org/10.1007/s10531-016-1095-9

Serrano, E., & Flano, P. R. (2007). Geodiversity : a theoretical and applied concept.
Geographica Helvetica, 62(3), 140-147. https://doi.org/10.5194/GH-62-140-2007

Sharples, C. (1993). A Methodology for the identification of significant landforms and
geological sites for geoconservation purposes.
http://www.forestrytas.com.au/publications/technical-reports

Shen, G., Tan, S., Yang, Q., Sun, X. Y., Sun, X. W., & Wang, X. (2018). The prevalence of
species-habitat association is not adequate for justifying the niche differentiation
hypothesis. Community Ecology, 19(1), 45-52. https://doi.org/10.1556/168.2018.19.1.5

Sherrod, S. K., & Seastedt, T. R. (2001). Effects of the northern pocket gopher (Thomomys
talpoides) on alpine soil characteristics, Niwot Ridge, CO. Biogeochemistry 2001 55:2,
55(2), 195-218. https://doi.org/10.1023/A:1010621102330

Simkin, S. M., MICHENER, W. K., & WYATT, R. (2004). Mound Microclimate, Nutrients
and Seedling Survival. Https://D0i.Org/10.1674/0003-
0031(2004)152[0012:MMNASS]2.0.CO;2, 152(1), 12-24. https://doi.org/10.1674/0003-
0031(2004)152

South, A. (2011). rworldmap: A new R package for mapping global data. R Journal, 3(1), 35—
43. https://doi.org/10.32614/rj-2011-006

Spearman, C. (1905). The Spearman Correlation formula. Science, N. S. VOL. XXII. No. 558.,
2,1-3.

Stetler, L. D. (2014). Geomorphology. Reference Module in Earth Systems and
Environmental Sciences. https://doi.org/10.1016/B978-0-12-409548-9.09078-3

Stocking, C. R., & Ongun, A. (1962). THE INTRACELLULAR DISTRIBUTION OF SOME
METALLIC ELEMENTS IN LEAVES. American Journal of Botany, 49(3), 284-289.
https://doi.org/10.1002/J.1537-2197.1962.TB14939.X

Tardiff, S. E., & Stanford, J. A. (1998). Grizzly bear digging: effects on subalpine meadow
plants in relation to mineral nitrogen availability. Ecology, 79(7), 2219-2228.
https://doi.org/10.1890/0012-9658

Thomas, C. D. (2010). Climate, climate change and range boundaries. Diversity and
Distributions, 16(3), 488-495. https://doi.org/10.1111/J.1472-4642.2010.00642.X

Tilman, D. (1994). Competition and Biodiversity in Spatially Structured Habitats. Ecology,
75(1), 2-16. https://doi.org/10.2307/1939377

Tilman, D. (1999). THE ECOLOGICAL CONSEQUENCES OF CHANGES IN
BIODIVERSITY: A SEARCH FOR GENERAL PRINCIPLES 1. Ecology, 80(5), 1455—
1474. https://doi.org/10.1890/0012-9658

81



Tisdall, J. M. (1994). Possible role of soil microorganisms in aggregation in soils. Plant and
Soil, 159(1), 115-121. https://doi.org/10.1007/BF00000100/METRICS

Tukiainen, H., Bailey, J. J., Field, R., Kangas, K., & Hjort, J. (2017). Combining geodiversity
with climate and topography to account for threatened species richness. Conservation
Biology, 31(2), 364—375. https://doi.org/10.1111/cobi.12799

Tukiainen, H., Kiuttu, M., Kalliola, R., Alahuhta, J., & Hjort, J. (2019). Landforms contribute
to plant biodiversity at alpha, beta and gamma levels. Journal of Biogeography, 46(8),
1699-1710. https://doi.org/10.1111/JB1.13569

Tukiainen, H., Maliniemi, T., Alahuhta, J., Hjort, J., Lindholm, M., Salminen, H., Snare, H.,
Toivanen, M., Vilmi, A., & Heino, J. (2022). Quantifying alpha, beta and gamma
geodiversity. Progress in Physical Geography.
https://doi.org/10.1177/03091333221114714/ASSET/IMAGES/LARGE/10.1177_03091
333221114714-FIG2.JPEG

Turner, J. A. (2019). Geodiversity: The Natural Support System of Ecosystems. 253-265.
https://doi.org/10.1007/978-94-024-1681-7_16

Ubernickel, K., Ehlers, T. A., Ershadi, M. R., Paulino, L., Fuentes Espoz, J.-P., Maldonado,
A., Oses-Pedraza, R., & von Blanckenburg, F. (2020). Time series of meteorological
station data in the EarthShape study areas in the Coastal Cordillera, Chile.
https://dataservices.gfz-potsdam.de/panmetaworks/showshort.php?id=d4691c94-1d01-
11eb-9603-497¢92695674

Ubernickel, K., Pizarro-Araya, J., Bhagavathula, S., Paulino, L., & Ehlers, T. A. (2021).
Reviews and syntheses: Composition and characteristics of burrowing animals along a
climate and ecological gradient, Chile. Biogeosciences, 18(20), 5573-5594.
https://doi.org/10.5194/bg-18-5573-2021

Valentine, L. E., Bretz, M., Ruthrof, K. X., Fisher, R., Hardy, G. E. S. J., & Fleming, P. A.
(2017). Scratching beneath the surface: Bandicoot bioturbation contributes to ecosystem
processes. Austral Ecology. https://doi.org/10.1111/aec.12428

Van Devender, T. R. (1990). Late Quaternary vegetation and climate of the Chihuahuan
Desert, United States and Mexico. Packrat Middens, 104-133.
https://doi.org/10.2307/j.ctv21wj578.9

Viechtbauer, W. (2010). Conducting meta-analyses in R with the metafor package. Journal of
Statistical Software , 36(3). https://doi.org/10.18637/JSS.VV036.103

Viles, H. A., Goudie, A. S., & Goudie, A. M. (2021). Ants as geomorphological agents: A
global assessment. Earth-Science Reviews, 213, 103469.
https://doi.org/10.1016/J.EARSCIREV.2020.103469

Vleck, D. (1981). Burrow structure and foraging costs in the fossorial rodent, Thomomys
bottae. Oecologia, 49(3), 391-396. https://doi.org/10.1007/BF00347605

Voeten, C. C. (2019). Using “buildmer” to automatically find & compare maximal (mixed)
models.

82



Walker, L. R., & Moral, R. del. (2003). Primary succession and ecosystem rehabilitation /
Lawrence R. Walker and Roger del Moral.
https://books.google.de/books?hl=en&Ir=&id=fkfr24g-
PCkC&oi=fnd&pg=PR12&dqg=Walker+and+del+Moral,+2003&0ts=LdsN6PfTjT&sig=
XC_FJGQ-P1TolqYt51ZrnSDxo4Q&redir_esc=y#v=onepage&q&f=false

Wallis, C. I. B., Tiede, Y. C., Beck, E., Bohning-Gaese, K., Brandl, R., Donoso, D. A.,
Espinosa, C. 1., Fries, A., Homeier, J., Inclan, D., Leuschner, C., Maraun, M.,
Mikolajewski, K., Neuschulz, E. L., Scheu, S., Schleuning, M., Suarez, J. P., Tinoco, B.
A., Farwig, N., & Bendix, J. (2021). Biodiversity and ecosystem functions depend on
environmental conditions and resources rather than the geodiversity of a tropical
biodiversity hotspot. Scientific Reports, 11(1), 24530. https://doi.org/10.1038/s41598-
021-03488-1

Walsh, S. J., Butler, D. R., & Malanson, G. P. (1998). An overview of scale, pattern, process
relationships in geomorphology: A remote sensing and GIS perspective.
Geomorphology, 21(3-4), 183-205. https://doi.org/10.1016/s0169-555x(97)00057-3

Webb, T., & Bartlein, P. J. (1992). Global Changes During the Last 3 Million Years :
Climatic Controls and Biotic Responses T . Webb III ; P . J . Bartlein. Ecology,
23(1992), 141-173.

White, C. R. (2005). The allometry of burrow geometry. Journal of Zoology, 265(4), 395—
403. https://doi.org/10.1017/S0952836905006473

Whitford, W. G., & Kay, F. R. (1999). Biopedturbation by mammals in deserts: A review.
Journal of Arid Environments. https://doi.org/10.1006/jare.1998.0482

Whitford, W. G., & Steinberger, Y. (2010). Pack rats (Neotoma spp.): Keystone ecological
engineers? Journal of Arid Environments, 74(11), 1450-1455.
https://doi.org/10.1016/J.JARIDENV.2010.05.025

Wilkinson, M. T., Richards, P. J., & Humphreys, G. S. (2009). Breaking ground: Pedological,
geological, and ecological implications of soil bioturbation. In Earth-Science Reviews.
https://doi.org/10.1016/j.earscirev.2009.09.005

Willott, S. J., Miller, A. J., Incoll, L. D., & Compton, S. G. (2000). The contribution of rabbits
(Oryctolagus cuniculus L.) to soil ferility semi-arid. Biology and Fertility of Soils, 31(5),
379-384. https://doi.org/10.1007/s003749900183

Woinarski, J. C. Z., Fisher, A., & Milne, D. (1999). Distribution patterns of vertebrates in
relation to an extensive rainfall gradient and variation in soil texture in the tropical
savannas of the Northern Territory, Australia. Journal of Tropical Ecology, 15(4), 381—
398. https://doi.org/10.1017/S0266467499000905

Wolters, V., Bengtsson, J., & Zaitsev, A. S. (2006). Relationship among the species richness
of different taxa. In Ecology (Vol. 87, Issue 8, pp. 1886-1895).
https://doi.org/10.1890/0012-9658(2006)87[1886:RATSR0]2.0.CO;2

Yair, A. (1995). Short and long term effects of bioturbation on soil erosion, water resources
and soil development in an arid environment. Geomorphology, 13(1-4), 87-99.
https://doi.org/10.1016/0169-555X(95)00025-Z

Yair, A., & Rutin, J. (1981). Some aspects of the regional variation in the amount of available
sediment produced by isopods and porcupines, northern negev, israel. Earth Surface
Processes and Landforms, 6(3—4), 221-234. https://doi.org/10.1002/ESP.3290060304

83



Yu, C., Zhang, J., Pang, X. P., Wang, Q., Zhou, Y. P., & Guo, Z. G. (2017a). Soil disturbance
and disturbance intensity: Response of soil nutrient concentrations of alpine meadow to
plateau pika bioturbation in the Qinghai-Tibetan Plateau, China. Geoderma.
https://doi.org/10.1016/j.geoderma.2017.07.041

Yu, C., Zhang, J., Pang, X. P., Wang, Q., Zhou, Y. P., & Guo, Z. G. (2017b). Soil disturbance
and disturbance intensity: Response of soil nutrient concentrations of alpine meadow to
plateau pika bioturbation in the Qinghai-Tibetan Plateau, China. Geoderma, 307, 98—
106. https://doi.org/10.1016/J.GEODERMA.2017.07.041

Yurkewycz, R. P., Bishop, J. G., Charles, -, Crisafulli, M., Harrison, J. A., Gill, R. A,,
Yurkewycz, R. P., Harrison, J. A., Bishop, J. G., Crisafulli, C. M., & Gill, R. A. (2014).
ECOSYSTEM ECOLOGY-ORIGINAL RESEARCH Gopher mounds decrease nutrient
cycling rates and increase adjacent vegetation in volcanic primary succession.
Oecologia, 1, 1135-1150. https://doi.org/10.1007/s00442-014-3075-7

Zaitlin, B., & Hayashi, M. (2012). Interactions between soil biota and the effects on
geomorphological features. Geomorphology, 157-158, 142-152.
https://doi.org/10.1016/J.GEOMORPH.2011.07.029

Zakharova, A., Midwood, A. J., Hunt, J. E., Graham, S. L., Artz, R. R. E., Turnbull, M. H.,
Whitehead, D., & Millard, P. (2014). Loss of labile carbon following soil disturbance
determined by measurement of respired 613CO2. Soil Biology and Biochemistry, 68,
125-132. https://doi.org/10.1016/J.SOILB10.2013.10.001

Zamorano-Elgueta, C., Cayuela, L., Gonzélez-Espinosa, M., Lara, A., & Parra-Vazquez, M.
R. (2012). Impacts of cattle on the South American temperate forests: Challenges for the
conservation of the endangered monkey puzzle tree (Araucaria araucana) in Chile.
Biological Conservation, 152, 110-118. https://doi.org/10.1016/J.BIOCON.2012.03.037

Zarnetske, P. L., Read, Q. D., Record, S., Gaddis, K. D., Pau, S., Hobi, M. L., Malone, S. L.,
Costanza, J., M. Dahlin, K., Latimer, A. M., Wilson, A. M., Grady, J. M., Ollinger, S.
V., & Finley, A. O. (2019). Towards connecting biodiversity and geodiversity across
scales with satellite remote sensing. Global Ecology and Biogeography, 28(5), 548-556.
https://doi.org/10.1111/GEB.12887

Zhang, D. (2020). Rsq: R-Squared and Related Measures. R package.

Zheng, Z. L. (2009). Carbon and nitrogen nutrient balance signaling in plants.
Https://D0i.Org/10.4161/Psb.4.7.8540, 4(7), 584-591.
https://doi.org/10.4161/PSB.4.7.8540

84



Supplementary material

Appendices chapter 2
Table S2.1: Author, year, study area, DOI and taxon of the 90 studies incorporated in the analysis.
Author Year Study area  DOI Taxon
Alahuhta et al. 2018 Finland 10.1016/j.ecolind.2018.03.068 Plants
Alahuhta et al. 2018 Finland 10.1016/j.ecolind.2018.03.068 Plants
Alahuhta et al. 2018 Finland 10.1016/j.ecolind.2018.03.068 Plants
Alahuhta et al. 2018 Finland 10.1016/j.ecolind.2018.03.068 Birds
Alahuhta et al. 2018 Finland 10.1016/j.ecolind.2018.03.068 Birds
Alahuhta et al. 2018 Finland 10.1016/j.ecolind.2018.03.068 Birds
Alahuhta et al. 2018 Finland 10.1016/j.ecolind.2018.03.068 Invertebrates
Alahuhta et al. 2018 Finland 10.1016/j.ecolind.2018.03.068 Invertebrates
Alahuhta et al. 2018 Finland 10.1016/j.ecolind.2018.03.068 Invertebrates
Hjort et al. 2022 Norway, 10.1111/1365-2664.14183 Plants
Finland
Hjort et al. 2012 Finland 10.1007/s10531-012-0376-1 Plants
Hjort et al. 2012 Finland 10.1007/s10531-012-0376-1 Plants
Hjort et al. 2012 Finland 10.1007/s10531-012-0376-1 Plants
Hjort et al. 2012 Finland 10.1007/s10531-012-0376-1 Plants
Fernandez et al. 2020 Spain 10.1007/s12371-020-00447-6 Other vertebrates
Fernandez et al. 2020 Spain 10.1007/s12371-020-00447-6 Other vertebrates
Fernandez et al. 2020 Spain 10.1007/s12371-020-00447-6 Other vertebrates
Tukianen et al. 2019 Finland 10.1111/jbi.13569 Plants
Tukianen et al. 2019 Finland 10.1111/jbi.13569 Plants
Tukianen et al. 2019 Finland 10.1111/jbi.13569 Plants
Recher 1969 USA 10.1086/282583 Birds
Recher 1969 Australia 10.1086/282583 Birds
Bohning-Gaese 1997 Germany, https://doi.org/10.1111/j.1365- Birds
Austria, 2699.1997.tb00049.x
Switzerland
Firbank et al. 2008 Great 10.1098/rsth.2007.2183 Plants
Britain
Firbank et al. 2008 Great 10.1098/rsth.2007.2183 Birds
Britain
Shen et al. 2018 China 10.1556/168.2018.19.1.5 Plants
Shen et al. 2018 China 10.1556/168.2018.19.1.5 Plants
Lehman 2004 Guayana 10.1023/B:1JOP.0000014646.82182.51 Other vertebrates
Honnay & 1999 Belgium, 10.1016/S0006-3207(98)00038-X Plants
Coppin France
Celada & 1993 Italy 10.1080/11250009309355794 Birds
Bogliani
Choi 2004 South Korea  10.1046/j.1365-2699.2003.01007.x Invertebrates
Honnay et al. 1998 Belgium 10.2307/3546872 Plants
Lengyel et al. 2016 Hungary 10.1371/journal.pone.0149662 Invertebrates
Lengyel et al. 2016 Hungary 10.1371/journal.pone.0149662 Invertebrates
Lengyel et al. 2016 Hungary 10.1371/journal.pone.0149662 Invertebrates
Lengyel et al. 2016 Hungary 10.1371/journal.pone.0149662 Birds
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Table S2.2: Number of correlations used in the analysis on geo-biodiversity links. The classification
is divided into links found by each of the three different search strings (geodiversity, habitat diversity
and environmental heterogeneity), different biodiversity measures (Shannon index, species richness, Gl
biodiversity indicator), different elements of geodiversity (climate, geodiversity, geomorphology,
habitat, rock richness, soil richness, vegetation), different climate zones (Mediterranean, polar, subpolar,
temperate, subtropical, cross-zonal, tropical) and different taxa (plants, birds, other vertebrates,
invertebrates) analyzed in this review.

Classification

Used moderator

Amount of found studies

Search string for geodiversity Geodiversity 22
Habitat diversity 17
Environmental heterogeneity 51
Biodiversity measure Shannon index 7
Species richness 80
Gl biodiversity indicator 3
Geodiversity element Geodiversity 10
Geomorphology 14
Soil richness 14
Rock richness 3
Climate 7
Vegetation 19
Habitat 21
Climate zone Polar 2
Subpolar 25
Temperate 27
Mediterranean 8
Subtropical 10
Cross-zonal 10
Tropical 7
Taxon Plants 48
Birds 13
Other vertebrates 12
Invertebrates 17
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Table S2.3: Summary of the meta-regression model involving all studies and moderators.

logLik deviance AlC BIC AlCc

-24.5 49.0 53.0 58.0 53.1

tau? (estimated amount of total heterogeneity): 0.0887 (SE = 0.0150)

tau (square root of estimated tau”2 value): 0.298

12 (total heterogeneity / total variability): 98.8

H2 (total variability / sampling variability): 80.4

Q(df = 89) = 4083, p < 0.0001

Estimate SE z ci.lb ci.ub p

0.276 0.0335 8.22 0.21 0.34 < 0.001 ***

Table S2.4: Results of the meta-regression for the full model. Depicted are the moderators, the
estimate, the standard error se, the z-value, the lower and upper 95% confidence interval outputs ci.lb
and ci.ub and the p-value. Significant effects are labeled with asterisks: .:<0.1, *:<0.05, **:<0.01,
***:<0.001.

Estimate SE Z ci.lb ci.ub p
Intercept -0.443 0.953 -0.47 -2.3 1.4 0.6
Latitude 0.00520 0.0115 0.45 -0.017 0.028 0.7
Climate zone Mediterranean 0.0871 0.510 0.17 -0.91 1.1 0.9
Climate zone polar -0.101 0.403 -0.25 -0.89 0.69 0.8
Climate zone subpolar 0.0859 0.325 0.26 -0.55 0.72 0.8
Climate zone subtropical 0.119 0.376 0.32 -0.62 0.86 0.8
Climate zone temperate 0.293 0.236 12 -0.17 0.76 0.2
Climate zone tropical 0.400 0.541 0.74 -0.66 15 0.5
Grain -0.00190 0.0355 -0.054  -0.072 0.068 1
Extent 0.0294 0.0289 1.0 -0.027 0.086 0.3
Geodiversity -0.0775 0.0638 -1.2 -0.20 0.048 0.2
Geomorphology 0.0296 0.0545 0.54 -0.077 0.14 0.6
Geomorphology/ soil richness  0.213 0.317 0.67 -0.41 0.84 0.5
Habitat 0.0498 0.190 0.26 -0.32 0.42 0.8
Rock richness -0.295 0.0577 -5.1 -0.41 -0.18 <0.001 ***
Soil richness 0.152 0.0547 2.8 0.044 0.26 <0.01 **
Soil richness/ vegetation -0.161 0.481 -0.33 -1.1 0.78 0.7
Vegetation -0.0831 0.0278 -3.0 -0.14 -0.029  <0.01 **
Vegetation/ habitat 0.0859 0.569 0.15 -1.0 1.2 0.9
Shannon index 0.164 0.641 0.26 -1.1 1.4 0.8
Species richness 0.191 0.594 0.32 -0.97 1.4 0.7
Invertebrates -0.0546 0.0548 -0.10 -0.16 0.053 04
Other vertebrates 0.194 0.0541 3.6 0.088 0.30 <0.001 ***
Plants 0.0769 0.0541 1.4 -0.029 0.18 0.2
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Geodiversity element(s) Correlation [95% Cl]

vegetation 1 - 1 —— 0.94[087,1.01]
vegetation 2 I ———————— 09[071,1.09]
geomorphology 14 . — 0.9[0.79,1.01]
geomorphology 17 4 1 —— 0.89[0.84,0.94]
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habitat 11 1 —_— 0.66 [0.49,0.83]
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geodiversity 9 - 1 L 2 0.59[0.57,0.61]
vegetation 5 - . O 058 [0.33,0.84]
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habitat 2 - 1 — 055 [0.46,0.63]
habitat 6 . O 0.54[0.28,0.8]
soil richness 6 - ! — o 053[0.37,0.7]
geomorphology 6 1 —— 0.53[0.46,0.6]
soil richness1 . —o— 0.52[0.47,0.56]
soil richness 13 - ! ° 052[0.16,0.89]
geomorphology 5 1 —— 0.52[0.44,0.6]
vegetation 17 . —_— 0.5[0.38,0.62]
soil richness 2 ! -— 05[0.46,0.55]
geomorphology 13 | L 2 0.5[0.16,0.84]
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geodiversity 1 1 —e— 0.49[0.41,0.57)
geomorphology 10 - 1 —_—— 0.480.24,0.72)
vegetation 13 . L 2 0.46 [0.18,0.74]
vegetation 10 - I o 0.46 [-0.16,1.09]
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geodiversity 10 4 . L 2 0.44 [0.42,0.46]
soil richness 7 1 —_— 0.43[0.28,0.57]
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geodiversity 2 . — 0.42[0.34,0.5]
habitat 10 - 1 —_—— 0.39[0.26,0.52]
geomorphology 1 I —— 0.39[0.33,0.44]
climate 2 - - O 0.38 [:0.13,0.88]
sail richness 4 1 1 0.37[0.26,0.47]
soil richness 3 4 M —— 0.37[0.31,0.42]
soil richness 9 ' @ 0.36 [-0.15,0.88]
habitat 1 - t ® 0.36 [-0.04,0.76]
habitat - O 0.34[-0.11,0.79)
dlimate 7 ! — 0.34[020.48]
geodiversity 6 1 L 0.33[0.31,0.35]
vegetation & habitat 1 . —_— 0.32[0.09,0.56]
geomorphology 7 ' —_— 0.31[0.2,042]
vegetation 8 1 —_—— 0.27[0.14,0.4]
habitat 8 - - —_—— 0.27(0.12,0.42]
geomorphology 16 - I e 0.27[0.03,0.52]
vegetation 6 | s’ 0.24 [0.15,0.62]
vegetation 4 4 L 0.24 [-0.02,0.51]
geomorphology 2 A I —— 0.24[0.18,0.3]
vegetation 19 I ® 0.23[-0.05,0.5]
vegetation 16 4 g @ 0.23[-0.12,0.58]
soil richness 12 + & 0.23 [-0.74,0.29]
geodiversity 7 | L 2 0.22[0.2,0.24]
climate 4 4 S 0.22[0.03,0.41]
vegetation 7 t L g 0.2[-0.08,0.47]
geomorphology 4 -— 0.2[-0.02,0.42)
climate 5 - ! —— 02(0.13027)
habitat 7 - | 0.19[0.04,0.34]
sail richness 8 - —_— 0.17 [-0.04,0.37)
soil richness 5 = I — 0.16 [0.06,0.25]
habitat 3 < e 0.15[0,0.3]
geodiversity 5 - —_— 0.14[-0.04,0.32]
soil richness 14 —l—Q— 0.13[-0.11,0.37]
climate 3 1 - 0.13[0.09,0.16]
soil richness & vegetation 1 - —_—— 0.11[-0.09,0.3]
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Fig. S2.1: Forest plot on the effect size of correlation coefficients of geodiversity-biodiversity links
across 90 studies after a meta-analysis. The correlation coefficients for the different studies are sorted
in a decreasing order. The bars denote 95% confidence intervals. The colors represent the different taxa
(blue=birds, grey=invertebrates, pink=other vertebrates, green=plants).
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Fig. S2.2: Funnel plot for a meta-analysis on correlation coefficients of geodiversity-biodiversity
links across 90 studies analyzed in the present review. The colors represent the different taxa (blue:
birds, grey: invertebrates, pink: other vertebrates; green: plants).

Table S2.5: Results of the meta-regression for the interaction between geodiversity elements and
taxa. Depicted are the moderators, the estimate, the standard error se, the z-value, the lower and upper
95% confidence interval outputs ci.lb and ci.ub and the p-value. Significant effects are labeled with
asterisks: .:<0.1, *:<0.05, **:<0.01, ***:<0.001.

Estimate SE z ci.lb ci.ub p
Intercept 0.657 0.0548 12 0.55 0.76 <0.001 ***
Geodiversity 0.304 0.0264 12 0.25 0.36 <0.001 ***
Geomorphology -0.417 0.0623 -6.7 -0.54 -0.29 <0.001 ***
Geomorphology/ soil richness 0.435 0.0550 7.9 0.33 0.54 <0.001 ***
Habitat -0.259 0.0683 -3.8 -0.39 -0.13 <0.001 ***
Rock richness -0.624 0.0632 -9.9 -0.75 -0.50 <0.001 ***
Soil richness -0.154 0.0596 -2.6 -0.27 -0.037  <0.01**
Soil richness/ vegetation -0.0472 0.103 -0.46 -0.25 0.15 0.6
Vegetation 0.115 0.0477 24 0.022 0.21 <0.05*
Vegetation/ habitat 0.199 0.122 16 -0.041 0.44 0.1
Invertebrates -0.279 0.264 -1.1 -0.80 0.24 0.3
Other vertebrates -0.532 0.0583 -9.1 -0.65 -0.42 <0.001 ***
Plants -0.501 0.0483 -10 -0.60 -0.41 <0.001 ***
Geodiversity: invertebrates -0.354 0.260 -1.4 -0.86 0.16 0.2
Geomorphology: invertebrates 0.467 0.267 1.7 -0.057 0.99 <0.1.
Habitat: invertebrates 0.222 0.352 0.63 -0.47 0.91 0.5
Rock richness: invertebrates 0.257 0.268 0.96 -0.27 0.78 0.3
Soil richness: invertebrates 0.144 0.267 0.54 -0.38 0.67 0.6
Vegetation: invertebrates -0.325 0.269 -1.2 -0.85 0.20 0.2
Geodiversity: other vertebrates 0.142 0.0341 4.2 0.075 0.21 <0.001 ***
Geomorphology: other vertebrates  0.769 0.0808 9.5 0.61 0.93 <0.001 ***
Habitat: other vertebrates 0.456 0.0821 55 0.30 0.62 <0.001 ***
Soil richness: other vertebrates 0.396 0.0834 4.7 0.23 0.56 <0.001 ***
Vegetation: other vertebrates -0.191 0.0555 -3.4 -0.30 -0.082  <0.001 ***
Geomorphology: plants 0.785 0.0582 13 0.67 0.90 <0.001 ***
Habitat: plants 0.312 0.0714 4.4 0.17 0.45 <0.001 ***
Rock richness: plants 0.509 0.0657 7.8 0.38 0.64 <0.001 ***
Soil richness: plants 0.397 0.0568 7.0 0.029 0.51 <0.001
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Table S2.6: Results of the meta-regression for the climate zones. Depicted are the moderators, the
estimate, the standard error se, the z-value, the lower and upper 95% confidence interval outputs ci.lb
and ci.ub and the p-value. Significant effects are labeled with asterisks: .:<0.1; *:<0.05, **:<0.01,
***:<0.001.

Estimate SE z ci.lb ci.ub p
Intercept 0.0242 0.170 0.14 -0.31 0.36 0.9
Mediterranean 0.280 0.256 11 -0.22 0.78 0.3
Polar 0.148 0.319 0.46 -0.48 0.77 0.6
Subpolar 0.260 0.206 1.3 -0.14 0.66 0.2
Subtropical 0.0724 0.219 0.33 -0.36 0.50 0.7
Temperate 0.360 0.185 1.9 -0.0030 0.72 <0.1.
Tropical 0.275 0.216 1.3 -0.15 0.70 0.2

Table S2.7: Results of the meta-regression for the grain and extent. Depicted are the moderators,
the estimate, the standard error se, the z-value, the lower and upper 95% confidence interval outputs
ci.lb and ci.ub and the p-value. Significant effects are labeled with asterisks: .:<0.1, *:<0.05, **:<0.01,
***:<0.001.

Estimate se z ci.lb ci.ub p
Intercept 0.0260 0.0809 3.2 0.10 0.42 <0.01 **
Grain -0.00150 0.0268 -0.056 -0.054 0.051 0.9
Extent 0.0203 0.0227 0.89 -0.024 0.065 0.4

Table S2.8: Results of the regression tree for geodiversity and biodiversity measures. Depicted are
the subgroup (c: climate; r: rock richness; v: vegetation; h: habitat; g: geodiversity; gm: geomorphology;
Shannon: Shannon index; spr: species richness; Gl: Gl biodiversity indicator), number of studies K, the
within-subgroup Q-statistic in each subgroup Qw , the subgroup summary effect size based on Hedges'g
g, the estimate, the standard error se, the z-value, the lower and upper 95% confidence interval outputs
ci.lb and ci.ub and the p-value. Significant effects are labeled with asterisks: .:<0.1, *:<0.05, **:<0.01,
***:<0.001.

Subgroup K Qw g se Z cilb ciub p

C; Ir;Vv; *spr 26 200.6 0.098 0.010 10.2 0.079 0.12 <0.001 ***
h; siv; vih * spr 13 2009 030 0.021 13.9 025 0.34 <0.001***
c; h; r; siv; v, vih * GI; Shannon 5 109.0 0.79 0.028 283 0.74 085 <0.001***
g; gm; s; gm/s * GI; Shannon 46 2102 047 0.0040 1264 046 047 <0.001 ***
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Table S2.9: Results of the validation of the importance of the different moderators. Depicted are
the moderators, the estimate, the standard error se, the z-value, the lower and upper 95% confidence
interval outputs ci.lb and ci.ub and the p-value.

Estimate SE z ci.lb ci.ub p importance
Intercept 0.279 0.0958 2.9 0.092 0.47 0.004 1
Grain 0.0146 0.0146 0.99 -0.014 0.043 0.3 0.9
Latitude 0.000100  0.0110 0.13 -0.0020 0.0023 0.9 0.3
Extent 0.00100 0.00870 0.12 -0.016 0.018 0.9 0.3
Shannon index 0.000500  0.0746 0.0073 -0.146 0.147 1 0.1
Species richness 0.00340 0.0571 0.060 -0.011 0.12 1 0.1
Invertebrates -0.00970 0.0479 -0.20 -0.10 0.084 0.8 0.1
Other vertebrates  -0.00380 0.0389 -0.097 -0.080 0.073 0.9 0.1
Plants -0.0116 0.0494 -0.24 -0.11 0.085 0.8 0.1
Geodiversity 0.000300  0.00910 0.032 -0.018 0.018 1 0.002
Geomorphology 0.000400  0.0104 0.038 -0.020 0.021 1 0.002
Geomorphology/ 0.000900 0.0221 0.041 -0.043 0.044 1 0.002
soil richness
Habitat 0.000200  0.00740 0.023 -0.014 0.015 1 0.002
Rock richness -0.000500  0.0132 -0.034 -0.026 0.025 1 0.002
Soil richness 0.000200  0.00700 0.023 -0.014 0.014 1 0.002
Soil richness/ -0.000200  0.0660 0.017 -0.013 0.029 1 0.002
vegetation
Vegetation 0.000100  0.00660 0.017 -0.013 0.013 1 0.002
Vegetation/ 0.000200  0.0151 0.015 -0.029 0.030 1 0.002
habitat
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Appendices chapter 3

I Raw data of bioturbation parameters

For comparison with published studies, in the following we report the mean, standard deviation

and range of the raw data. For the same reason, we converted our results on excavated soil

volume [100 cm? * (100 m2)*] to m3 ha'. We did not include the annual excavated soil volume

since the observed differences in bioturbation quantity were seasonal and burrows from

previous seasons were not sampled.

Table S3.1: Raw data of the bioturbation parameters hole density and excavated soil volume.
Mean, SD = standard deviation and range of raw data of hole density and calculated excavated soil
volume. NP = National Park. Data from the field campaign from September to November were used.

Parameter Site Animal Mean SD Range
group
NP Pan de vertebrate 2.8 2.9 0-10
Azlcar invertebrate 14 7.8 3-28
Hole density Santa Gracia vertebrate 9.1 9.7 1-37
[no (100 m2)1] invertebrate 7.6 6.5 0-26
NP La Campana vertebrate 5.6 8.7 0-33
invertebrate 6.8 5.1 0-16
NP Nahuelbuta  vertebrate 2.2 2.1 0-6
invertebrate 2.8 3.1 0-10
NP Pan de vertebrate 0.01 0.021 0-0.089
Excavated soil  Azlcar invertebrate  0.000 31 0.0002 0.00005 - 0.00081
volume [m3 ha?] Santa Gracia vertebrate 0.034 0.063 0.00017 - 0.24
invertebrate  0.00056 0.00064 0-0.0027
NP La Campana vertebrate 0.06 0.18 0-0.82
invertebrate  0.00019 0.00016 0 - 0.00065
NP Nahuelbuta  vertebrate 0.012 0.02 0-0.068
invertebrate  0.00015 0.00022 0 - 0.00096




Il Relationships between measured hole variables

We performed regressions between hole depth and diameter as well as between excavated soil
volume and hole density for only one season (Chilean spring in September, October,
November) to compare seasonal patterns and overall patterns. We chose this season because it
consisted of more plots (20) than established in the preceding autumn (12).
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Fig. S3.1: Relationships between burrow characteristics and bioturbation parameters created by
burrowing invertebrates (yellow) and vertebrates (blue). (A) Relationship between the depth and
mean diameter of the holes, (B) relationship between the excavated soil volume and hole density. The
regression lines are from the reduced major axis analysis. Note that both axes in (A) and (B) were log1o-
scaled. Data from the field campaign from September to November and all sites were used.
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Table S3.2: Ordinary least squares (OLS) and reduced major axis (RMA) regression analyses of
the relationships between the depth and mean diameter of the holes and between the excavated
soil volume and hole density for vertebrates and invertebrates (all variables logio-transformed). A
slope of one represents an isometric relationship. The same was applied in the OLS analysis with plot
number as a random factor. Depicted are statistical method, correlation coefficient, slope, standard error
(SE) and p-value (p) of the offset. Significant effects are labelled with asteriks: *:<0.1, **:<0.01,
***:<0.001. Data from the field campaign from September to November and from all sites were used.
Further information on the statistical analysis is provided in the Methods section.

invertebrate vertebrate

Relation method r slope SE p r slope  SE p
Depth and OLS 0.40 1.04 0.053 <0.001*** 0.49 1.12 0.057 <0.001***
diameter (mixed model)

OoLS 0.61 1.03 0.053 0.62 0.7 112 0.057 0.0332*

RMA 0.57 1.68 0.053 <0.001*** 056 1.59 0.057 <0.001***
Excavated OLS 0.35 0.712 0.12 0.017* 066 1.91 0.17 <0.001***
soil (mixed model)
volume oLS 059 0712 012  0017* 082 191 017  <0.001***
and hole
density

RMA 0.22 1.2 0.12 <0.001*** 0.86 2.34 0.17 <0.001***
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111 Results of GLMMs and the relationships between bioturbation parameters and

vegetation cover

We performed GLMMs followed by Chi-squared tests to compare the different models with

hole density and excavated soil volume as the predictor variables. For clarity, the relationship

between hole density and excavated soil volume against vegetation cover was then plotted.

Table S3.3: Results of the GLMM for hole density at each site (Pan de Azlcar, Santa Gracia, La
Campana, Nahuelbuta) for both seasons (autumn: March-April/ spring: September-November)
and both animal groups (invertebrates/ vertebrates). Depicted are the fixed effects for the

predictors, the estimate, the standard error SE and the z- and p-value. Data from both field campaigns
were used. Significant effects are labelled with asterisks: *:<0.1, **:<0.01, ***:<0.001.

Fixed effects Estimate SE z p
(Intercept) 2.80 0.117 23.9 <0.001 ***
Site Santa Gracia -0.454 0.194 -2.34 0.019 *
Site La Campana -1.32 0.238 -5.53 <0.001 ***
Site Nahuelbuta 1.88 0.801 2.34 0.019 *
Hillslope 0.0245 0.00404 6.05 <0.001 ***
Animal group vertebrate -1.56 0.0993 -15.7 <0.001 ***
Season September-November -0.381 0.0795 -4.8 <0.001 ***
Hillside elevation -0.00495 0.0421 -0.118 0.91
Vegetation cover -0.0702 0.0101 -6.92 <0.001 ***
Site Santa Gracia: Taxon vertebrate 0.726 0.141 5.14 <0.001 ***
Site La Campana: Taxon vertebrate -0.969 0.259 -3.74 <0.001 ***
Site Nahuelbuta: Taxon vertebrate -2.81 0.393 -7.15 <0.001 ***
Site Santa Gracia: Season September-November -0.0673 0.112 -0.602 0.55

Site La Campana: Season September-November 0.643 0.137 4.70 <0.001 ***
Site Nahuelbuta: Season September-November -0.0911 0.175 -0.521 0.6

Site Santa Gracia: Hillslope 0.026 0.0073 3.56 <0.001 ***
Site La Campana: Hillslope 0.00371 0.0069 0.538 0.59

Site Nahuelbuta: Hillslope 0.0445 0.0151 2.94 0.0033 **
Site Santa Gracia: Hillside elevation -0.099 0.0586 -1.69 0.09

Site La Campana: Hillside elevation 0.158 0.076 2.07 0.038 *
Site Nahuelbuta: Hillside elevation 0.719 0.138 5.21 <0.001 ***
Animal group vertebrate: Vegetation cover 0.045 0.00389 11.6 <0.001 ***
Site Santa Gracia: Vegetation cover 0.0292 0.011 2.66 0.0078 **
Site La Campana: Vegetation cover 0.0583 0.0104 5.63 <0.001 ***
Site Nahuelbuta: Vegetation cover 0.0205 0.0126 1.62 0.1
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Table S3.4: Results of the GLMM for the excavated soil volume (logie-transformed) at each site
(Pan de Azucar, Santa Gracia, La Campana, Nahuelbuta) for both seasons (autumn: March-
April/ spring: September-November) and both animal groups (invertebrates/ vertebrates).
Depicted are the fixed effects for the predictors, the estimate, the standard error (SE) and the t- and p-
value. Data from both field campaigns were used. Significant effects are labelled with asterisks: *:<0.1,

**:<0.01, ***:<0.001.

Fixed effects Estimate SE t p
(Intercept) -0.322 0.205 -1.57 0.12
Animal group vertebrate 1.08 0.231 4.66 <0.001 ***
Season September-November -0.233 0.0607  -3.84 <0.001 ***
Vegetation cover 0.003 0.0134 0.224 0.82
Hillside elevation -0.107 0.0534  -1.99 0.048 *
Site Santa Gracia 0.374 0.198 1.89 0.06

Site La Campana -0.274 0.204 -1.34 0.18

Site Nahuelbuta -2.02 1.06 -1.9 0.059
Animal group invertebrate: Hole density 0.988 0.134 7.36 <0.001***
Animal group vertebrate: Hole density 1.82 0.107 17.0 <0.001***
Animal group vertebrate: Vegetation cover -0.0112 0.0187  -0.602 0.55
Animal group vertebrate: Site Santa Gracia -0.598 0.281 -2.13 0.034 *
Animal group vertebrate: Site La Campana 11 0.339 3.25 0.0014 **
Animal group vertebrate: Site Nahuelbuta 4.19 1.46 2.87 0.0045 **
Hillside elevation: Site Santa Gracia 0.169 0.0756 2.23 0.027 *
Hillside elevation: Site La Campana 0.198 0.0789 251 0.013 *
Hillside elevation: Site Nahuelbuta 0.172 0.107 1.61 0.11
Vegetation cover: Site Santa Gracia -0.00509 0.0147 -0.347 0.73
Vegetation cover: Site La Campana 0.00121 0.0135 0.089 0.93
Vegetation cover: Site Nahuelbuta 0.0208 0.0174 1.19 0.23
Animal group vertebrate: Vegetation cover: Site Santa 0.0179 0.0208 0.862 0.39
Gracia

Animal group vertebrate: Vegetation cover: Site La -0.000534 0.0193  -0.028 0.98
Campana

Animal group vertebrate: Vegetation cover: Site -0.0327 0.024 -1.36 0.18

Nahuelbuta
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Table S3.5: Chi-squared tests to compare different models of fixed predictors in GLMMs for the
response variable hole density. Depicted are the different combinations of the GLMM (Null: tests the
null hypothesis against 1 without any fixed predictor), npar: model parameters; AIC, BIC, logLik: log-
likelihood for the model; deviance, Chisq: Chi-square-statistic, Df: degrees of freedom and p: p-value.
S=site, Sl=hillslope, E=hillside elevation, VV=vegetation cover, Se=Season, A=animal group, Pn=plot
number. Significant effects are labelled with asterisks: *:<0.1, **:<0.01, ***:<0.001.

GLMM npar AIC BIC logLik deviance Chisq Df p

Null 2 2267.1 22742 -1131.57 2263.1

S:Se +S:V:A+ (1|Pn) 17 2052.1 2112.4 -1009.04 2018.1 144 4 <0.001 ***
S:Se + S:E + (1|Pn) 13 2185.6 22317 -1079.8 2159.6 104 11 <0.001 ***

S:Se + S:Sl + (1|Pn) 13 2188.3 22344 -1081.16 2162.3 0 0
S:Se+S:VIA+SIEE+ 21 20464 21209 -1002.22 2004.4 36.9 3 <0.001 ***
(1|Pn)

S:Se+S:V:A+S:SI+ 21 2050 21244 -1004 2008 0 0

(1|Pn)

S:V:A+S.E+S:SI+ 18 20773 21412 -1020.67 2041.3 98.09 1 <0.001 ***
(1|Pn)

S:Se+S:E+S:Sl+ 17 2173.4  2233.7 -1069.71 2139.4 0 0

(1|Pn)

S:Se+S:V:A+S:E+ 25 20307 21193  -990.34 19807 273 4 <0.001 ***
S:Sl + (1|Pn)

Table S3.6: Chi-squared tests to compare different models of fixed predictors in GLMMs for the
response variable excavated soil volume. Depicted are the different combinations of the GLMM (Null:
tests the null hypothesis against 1 without any fixed predictor), npar: model parameters; AIC, BIC,
logLik: log-likelihood for the model; deviance, Chisg: Chi-square-statistic, Df: degrees of freedom and
p: p-value. Hd=hole density, S=site, Sl=hillslope, E=hillside elevation, V=vegetation cover, Se=Season,
A=animal group. Significant effects are labelled with asterisks: *:<0.1, **:<0.01, ***:<0.001.

GLMM npar AIC BIC logLik  deviance Chisq Df p

Null 3 612.19 622.23 -303.09 606.19

Se + S:V:A 12 472.1 512.27 -224.05 448.1 0 2 1

Se + A:Hd 6 330.71 350.79 -159.35 318.71 287 3 <0.001 ***
Se + S:E 8 610.36  637.14 -297.18 594.36 0 2 1

Se + S:V:A + A:Hd 14 296.67 34353 -134.34 268.67 179 2  <0.001 ***
S:V:A+A:Hd +S:E 17 309.87 366.77 -137.93 275.87 171 1  <0.001 ***
Se + A:Hd + S:E 10 330.55 364.02 -155.28 310.55 284 2 <0.001 ***
Se+S:V:A+SE 16 478.63 532.19 -223.32 446.63 0 2 1

Se + S:V:A+ A:Hd + 18 296.67 356.92 -130.34 260.67 15.2 1  <0.001 ***
SEE
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Fig. S3.2: Relationships between bioturbation parameters and vegetation cover. (A) Relationship
between hole density (logio-transformed) and vegetation cover (logio-transformed), (B) relationship
between excavated soil volume (logie-transformed) and vegetation cover of invertebrates (yellow) and
vertebrates (blue). Note that both axes in (a) and (B) were logie-scaled. Data from both campaigns were
used.
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Appendices chapter 4

I Raw data of soil property variables and their correlation

Table S4.1: WGS84 coordinates of the soil sampling locations Pan de Azlcar, Santa Gracia, La

Campana.
Research Site Plot number Latitude Longitude
Pan de Azlcar PdAl -26.08611 -70.61611
Pan de Azlcar PdA2 -25.98861 -70.81500
Pan de Azlcar PdA3 -26.05333 -70.83416
Pan de Azlcar PdA4 -25.97277 -70.84611
Pan de Azlcar PdA5 -26.09555 -70.86166
Pan de Azlcar PdA6 -26.10777 -70.86916
Pan de Azlcar PdA7 -25.97423 -70.61663
Pan de Azlcar PdAS8 -25.98505 -70.44626
Pan de Azlcar PdA9 -25.98366 -70.61336
Pan de Azlcar PdAl1l -25.98053 -70.61653
Pan de Azlcar PdA12 -25.97907 -70.61585
Pan de Azlcar PdA13 -25.97122 -70.61438
Pan de Azlcar PdA14 -25.97183 -70.61430
Pan de Azlcar PdA17 -25.98270 -70.61353
Pan de Azlcar PdA18 -25.98251 -70.61229
Santa Gracia SG1 -29.88277 -71.16500
Santa Gracia SG2 -29.75825 -71.16712
Santa Gracia SG3 -29.75653 -71.16605
Santa Gracia SG4 -29.75736 -71.16531
Santa Gracia SG5 -23.76303 -71.16536
Santa Gracia SG6 -29.76216 -71.16406
Santa Gracia SG8 -29.76081 -71.16535
Santa Gracia SG9 -29.76086 -71.16605
Santa Gracia SG10 -29.75783 -71.16521
Santa Gracia SG11 -29.75648 -71.16661
Santa Gracia SG12 -29.75631 -71.16545
Santa Gracia SG13 -29.76319 -71.16510
La Campana LC2 -32.93113 -71.09121
La Campana LC3 -32.93068 -71.09068
La Campana LC5 -32.93133 -71.09030
La Campana LC7 -32.95216 -71.06231
La Campana LC8 -32.95170 -71.06205
La Campana LC10 -32.93924 -71.08601
La Campana LCi11 -32.93987 -71.08579
La Campana LC14 -32.93045 -71.09193
La Campana LC19 -32.93954 -71.08597
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Table S4.2: Raw data of the physical (clay, silt, sand) and chemical (C, N, P) soil properties. The
mean and standard deviation (SD) of the total amount (in both mound and control samples) of the
measured soil properties clay, silt, sand, C, N, P as well as the mean and SD of the amount of soil
properties of mound and unaffected control samples separately and the percentual input of all properties

in all research sites are listed.

Soil Site Mean and SD of Mean and SD Meanand SD % Input
properties total amount of mound of control (mound -
(mound and samples samples control)
control)
Pan de Azicar  0.10+0.09 0.10 £ 0.09 0.10 £ 0.09 0
Clay [%] Santa Gracia 0.20+£0.11 0.20 £ 0.09 0.19+0.13 5
La Campana 0.21+£0.10 0.18+0.11 0.23 £ 0.09 -28
Pan de Azicar  0.38+0.13 0.38+0.12 0.39+0.14 -3
Silt [9%6] Santa Gracia 0.14 +0.08 0.13+0.08 0.15+0.09 -15
La Campana 0.25+0.17 0.25+0.18 0.26 +0.16 -4
Pan de Azucar 0.51+0.12 0.52+0.11 0.51+0.14 2
Sand [%] Santa Gracia 0.66 +0.11 0.67 £0.10 0.66 +0.12 1
La Campana 054+0.21 0.57+0.23 0.52 £0.19 26
Pan de Azlicar  2.98+2.66 3.32+2.78 2.64+251 20
C [%] Santa Gracia 1.49+0.99 1.74+1.17 1.25+0.71 28
La Campana 6.65+6.70 8.95+8.74 4.34 £2.07 52
Pan de Azucar 0.31+£0.33 0.36 £0.39 0.27+£0.24 25
N [%6] Santa Gracia 0.19+£0.11 0.20+£0.11 0.18+0.11 10
La Campana 0.57+£0.44 0.73+£0.55 041+0.21 44
Pande Azicar  0.73+0.40 0.78£0.43 0.69 £ 0.37 12
P [ppm] Santa Gracia 0.74£0.30 0.80+£0.31 0.69 £0.27 14
La Campana 0.59+£0.26 0.67£0.19 0.53+0.31 21

Table S4.3: Correlation coefficients and p-values for all dependent variables. Pearson correlation
test was applied. Depicted are the correlation coefficients (cor) and the belonging p-values (p) for the
differences between mound and unaffected control of all possible combinations of the physical (clay,
silt, sand) and chemical (C, N, P) soil properties. Significance level: p<0.05 is printed in bold.

Dependent P N C Sand Silt

variables cor p cor cor p cor cor p
Clay 0.057 0.5 0.11 0.2 0.12 0.1 -049 <0.05 -0.43 <0.05
Silt -0.0019 1 -0.13 0.1 -0.2 0.02 -0.57 <0.05

Sand -0.05 0.5 0.026 0.8 0.079 0.3

C 0.2 <0.05 0.74 <0.05

N 0.12 0.1
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Il Results of GLMMs
We performed GLMMs followed by Chi-squared tests to compare the different models for

physical (clay, silt, sand) and chemical (C, N, P) soil properties as the predictor variables.

Table S4.4: Results of the GLMM for clay at each site (Pan de Azucar, Santa Gracia, La
Campana). Depicted are the fixed effects for the predictors, the estimate, the standard error SE and the
t- and p-value. Data from both field campaigns were used. Significant effects are labelled with asterisks:
*:<0.1, **:<0.01, ***:<0.001.

Fixed effects Estimate SE t p

(Intercept) -0.0021  0.0116 -0.18  0.857

Table S4.5: Results of the GLMM for silt at each site (Pan de Azlcar, Santa Gracia, La Campana).
Depicted are the fixed effects for the predictors, the estimate, the standard error SE and the t- and p-
value. Data from both field campaigns were used. Significant effects are labelled with asterisks: *:<0.1,
**:<0.01, ***:<0.001.

Fixed effects Estimate SE t p

(Intercept) -0.0407 0.0684 -0.595 0.553
Slope 0.00328 0.0015 2.19 <0.1*
Mound density -0.170 0.105 -1.62 0.109
Site Pan de Azlcar -0.102 0.0732 -1.40 0.164
Site Santa Gracia -0.000157  0.077 -0.002 0.998
Mound density: Site Pan de Azlcar 0.256 0.114 2.24 <0.1*
Mound density: Site Santa Gracia 0.109 0.112 0.971 0.333

Table S4.6: Results of the GLMM for sand at each site (Pan de Azlcar, Santa Gracia, La
Campana). Depicted are the fixed effects for the predictors, the estimate, the standard error SE and the
t- and p-value. Data from both field campaigns were used. Significant effects are labelled with asterisks:
*:<0.1, **:<0.01, ***:<0.001.

Fixed effects Estimate SE t p

(Intercept) 0.0185 00128 145 0.149
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Table S4.7: Results of the GLMM for C at each site (Pan de Azlcar, Santa Gracia, La Campana).
Depicted are the fixed effects for the predictors, the estimate, the standard error SE and the t- and p-
value. Data from both field campaigns were used. Significant effects are labelled with asterisks: *:<0.1,
**:<0.01, ***:<0.001.

Fixed effects Estimate SE t p
(Intercept) -1.38 2.39 -0.576 0.566

Site Pan de Azlcar 1.97 2.57 0.767 0.444

Site Santa Gracia 2.08 2.61 0.767 0.427
Mound density -12.7 2.7 -4.72 <0.001 ***
Vegetation cover -0.0571 0.0327 -1.75 <0.1*
Hillslope 0.459 0.0982 4.68 <0.001 ***
Site Pan de Azlcar: Mound density 11.8 2.80 4.21 <0.001 ***
Site Santa Gracia: Mound density 13.2 2.87 4.59 <0.001 ***
Site Pan de Azlcar: Vegetation cover 0.145 0.0580 2.50 <0.1*

Site Santa Gracia: Vegetation cover 0.0468 0.0457 1.02 0.308

Site Pan de Azlcar: Hillslope -0.445 0.103 -4.32 <0.001 ***
Site Santa Gracia: Hillslope -0.477 0.108 -4.39 <0.001 ***

Table S4.8: Results of the GLMM for N at each site (Pan de Azlcar, Santa Gracia, La Campana).
Depicted are the fixed effects for the predictors, the estimate, the standard error SE and the t- and p-
value. Data from both field campaigns were used. Significant effects are labelled with asterisks: *:<0.1,
**:<0.01, ***:<0.001.

Fixed effects Estimate SE t p
(Intercept) 0.908 0.231 3.93 <0.001 ***
Site Pan de Azucar -0.862 0.237 -3.64 <0.001 ***
Site Santa Gracia -0.862 0.254 -3.40 <0.001 ***
Vegetation cover -0.00933 0.00315  -2.97 <0.01 **
Hillside elevation -0.203 0.0741 -2.74 <0.01 **
Site Pan de Azlcar: Vegetation cover 0.0178 0.00691 2.58 <0.1*

Site Santa Gracia: Vegetation cover 0.00839 0.00524 1.60 0.112

Site Pan de Azlcar: Hillside elevation 0.225 0.0836 2.69 <0.01 **
Site Santa Gracia: Hillside elevation 0.218 0.0854 2.55 <0.1*

Table S4.9: Results of the GLMM for P at each site (Pan de Azlcar, Santa Gracia, La Campana).
Depicted are the fixed effects for the predictors, the estimate, the standard error SE and the t- and p-
value. Data from both field campaigns were used. Significant effects are labelled with asterisks: *:<0.1,
**:<0.01, ***:<0.001.

Fixed effects Estimate SE t p

(Intercept) 0.104 0.0331  3.13 <0.01 **
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Figure S4.1: Effect plots for the fixed effect hillslope. (A) Fitted relationships between hillslope [°]
and silt content [%], (B) fitted relationship between hillslope [°] and C content [%] at each research site
(Pan de Azlcar, Santa Gracia, La Campana).
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Figure S4.2: Fitted relationship between N content and the fixed effect hillside elevation [m a.s.1.]
at each research site (arid Pan de Azlcar, semi-arid Santa Gracia, Mediterranean La Campana).
Note that the x-axis was standardized.
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11 Literature survey

We compiled a survey of literature on the effects of bioturbation on physical (clay, silt, sand) and chemical (C, N, P) soil properties analyzed in our

study.

Table S4.10: Literature survey of clay, silt, sand, C, N and P contents of mound and undisturbed soils as well as the impact of bioturbation on ecological
processes. We give the mean of the different soil properties (clay, silt, sand, C, N, P), the reference, the contents of the soil properties for mound and undisturbed
soil samples and the impacts of bioturbation. If necessary, the units were converted to ppm for P and % for all other soil properties. Significantly different values
between mound and undisturbed soil are printed bold.

. Mean of Mean of % Input

Soil (Zono-)
Reference . mound control (mound - Impact

property Biome

samples samples control)
Nkem et . .
(0) -

Clay [%] al., 2000 Il 29 52 79 Increase of soil porosity
Eldridge &
Koen, Il 23 22 4 Structuring desert landscapes; providing sediment for mobilization
2008
Mujinya et . S .
al UJZ' 0)1/0 I 46 39 15 Mixed charge system with higher permanent and variable charges
Clark et I 75 5.4 28 Altering spatial patterning of competitive interactions, plant diversity and productivity;
al., 2016 ' ' producing ecological ecosystem functioning
J t et . . .
a?ugléel; I 36 32 11 Concentration of clay particles below-ground into nests
Carlson & Large gravel mounds heat up quickly due to the lower thermal capacity of coarse fragments
Whitford, VI 1.2 2.7 25 ge gravel mouint P qaicKly pacity g
1991 and provide insulation
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silt [%] Nkem et i 21 16 24 Increase of soil porosity; Differential transport of sand-sized particles for the protection of
al., 2000 nest entrances
Eldridge & .
199 Structuring desert landscapes;
Koen, i 65 68 -5 - . N
providing sediment for mobilization
2008
qujzlg){?) . I 27 28 -4 Mixed charge system with higher permanent and variable charges
Clark et . 17 18 6 Altering spatial patterning of competitive interactions, plant diversity and productivity;
al., 2016 producing ecological legacies that affect ecosystem functioning
Carlson & large gravel mounds heat up quickly due to the lower thermal capacity of coarse fragments
Whitford, VI 16 23 a4 ang govide insulation P P ’
1991 P
Nkem et . .
0,
Sand [%] al., 2000 Il 50 32 36 Increase of soil porosity
Eldridge &
Koen, Il 12 11 8 Structuring desert landscapes; providing sediment for mobilization
2008
Muji . L .
al szlgxllg et I 27 33 -22 Mixed charge system with higher permanent and variable charges
Clark et Altering spatial patterning of competitive interactions, plant diversity and productivity;
I 76 77 -1 producing ecological legacies that affect ecosystem functioning;
al., 2016 . . . . . . . .
C and N dynamics function much like surface soil when soil moisture is not limiting
i?u%it;t I 58 56 3 Selection and concentration of clay particles below-ground into nests
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Carlson &

large gravel mounds heat up quickly due to the lower thermal capacity of coarse fragments

Whitford, VIl 82 74 10 and provide insulation
1991 P
Nkem et .
C [%0] al. 2000 Il 0.00039 0.00032 18 Increase of plant diversity and abundance
Dostal et Support of plant growth and below-ground plant parameters; removal of organic matter from
VI 4.2 6.4 -39
al., 2004 the nests
Eldri ) - . A
K:errl]dge & " 15 19 7 Structuring desert landscapes; providing sediment for mobilization;
' ' ' establishment of indigenous plant species
2008
Altering spatial patterning of competitive interactions, plant diversity and productivity;
Clark et . . . . . .
al. 2016 I 0.66 1 -52 producing ecological legacies that affect ecosystem functioning; C and N dynamics function
b much like surface soil when soil moisture is not limiting
i?u%it;t I 2.7 0.79 71 C and N are incorporated into termite construction
Yurkewycz v 0.00064 0.00058 9 Soil develo.pment is enhanced due to increased C and N, progressing soil and vegetation
etal., 2014 heterogeneity at small scales
Dostal f pl h low- I ;
N [9%] ostal et VI 0.30 0.58 03 Support of plant growt and below-ground plant parameters;
al., 2004 removal of organic matter from the nests
Eldri . - .
dridge & Structuring desert landscapes; providing sediment for
Koen, Il 0.11 0.16 -45 e . . .
2008 mobilization; establishment of indigenous plant species
Altering spatial patterning of competitive interactions, plant
Clark et . 0.07 011 57 dlversn_y and proQuctlwty; _ o
al., 2016 producing ecological legacies that affect ecosystem functioning;

C and N dynamics function much like surface soil when soil moisture is not limiting
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Jouquet et

al. 2017 I 0.21 0.09 57 C and N are incorporated into termite construction
v Soil development is enhanced due to increased C and N, progressing soil and vegetation
urkewyez ., 0.051 0.047 8 h i Il scal
etal. 2014 . . eterogeneity at small scales
Nkem et .
P [ppm] al. 2000 i 100.2 27.9 72 Increase of plant diversity and abundance

Dostal et Support plant growth and below-ground plant Support F:Iant growth anfj below-

al. 2004 VI 23.37 15.46 34 parameters; increased ground plant parameters;
decomposition rate increased decomposition rate

Eldridge & . ) Structuring desert landscapes;

Koen, Il 1375 1715 25 S::)li/ci:jl:::nzeddeisn?:nlta:odrsfna;t?isiization providing sediment for

2008 P g mobilization

Carlson &

Whitford,  VII 19.3 1.5 92 relative nutrient enrichment relative nutrient enrichment

1991
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Deutsche Zusammenfassung

Heutzutage fuhren Klimawandel, Umweltverschmutzung oder die bermélige Ausbeutung
natirlicher Ressourcen zu einem weltweiten Ruckgang der Biodiversitat. Um diese zu erhalten,
ist das Management von Okosystemen von entscheidend. Dafiir ist zunachst ein allgemeines
Verstandnis  der  vorherrschenden  Biodiversitat  erforderlich, um  geeignete
NaturschutzmalRnahmen zu entwickeln, die den Biodiversitatsverlust verhindern. Neueste
Forschungsarbeiten haben gezeigt, dass leicht verfugbare Geodiversitatsdaten als Ersatz fur
Biodiversitatsdaten verwendet werden kénnen. Dabei kann Geodiversitat die Verfugbarkeit und
Vielfalt 6kologischer Bedingungen und Ressourcen bestimmen, welche die Koexistenz von
Arten erleichtern. Ein Beispiel fir eine solche positive Verbindung zwischen Geo- und

Biodiversitat sind Bioturbationsmuster entlang eines Klimagradienten.

Bioturbation stellt dabei einen wichtigen Mechanismus fiir das Okosystem-Engineering dar, da
wilhlende Tiere Béden und Sedimente biologisch verandern und so die Umwelt fiir sich selbst
und fur andere Arten umgestalten. Auf diese Weise beeinflussen Bioturbatoren wichtige
Okosystemprozesse wie Sedimenttransport, Bodenbildung, Nahrstoffverfiigbarkeit und
Bodenwasserkreislauf. Infolgedessen fordert die Bioturbation die Geodiversitat durch
Verbesserung der Lebensraum- und Bodenbedingungen fir die Bioturbatoren sowie fiir andere
Arten.

In dieser Arbeit habe ich eine Meta-Analyse mit 90 Studien aus 51 Veroffentlichungen
durchgefihrt, in der ich die Beziehung und die Einflussfaktoren der Verbindung zwischen Geo-
und Biodiversitat untersucht habe. Zur Ergédnzung meiner Forschung uber den positiven
Zusammenhang zwischen Geo- und Biodiversitdt habe ich zusatzlich die bestimmenden
Faktoren der Bioturbationsmuster entlang eines Klimagradienten in Chile untersucht. Dafiir
legte ich 80 Plots an vier Forschungsstandorten an (in ariden, semiariden, mediterranen und
feuchten Klimazonen). Darlber hinaus analysierte ich die Auswirkungen von Bioturbatoren auf
die Okosystemprozesse Bodenbildung und Nahrstoffverfiigbarkeit unter Einbeziehung von

Daten aus den ariden, semi-ariden und mediterranen Untersuchungsgebieten.

Meine Arbeit zeigt, dass (i) die Geodiversitét positiv mit der Biodiversitat verbunden ist. Diese
Beziehung wird jedoch von vielen komplexen Merkmalen beeinflusst, wie z. B. der rdumlichen
Ausdehnung, der Klimazone oder den Taxa, die bertcksichtigt werden sollten, um Biodiversitat
anhand Geodiversitat angemessen vorhersagen zu kénnen. Bei den Bioturbationsmustern sind
(i) das Klima, die Vegetation und die Abundanz von Wirbeltieren die wichtigsten

Einflussfaktoren. Hier variiert (iii) das Ausmal} der Bioturbation entlang des Klimagradienten
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mit dem starksten Effekt in ariden Regionen, wo sie eine Makronahrstoffanreicherung bewirkt
und die Bodenfruchtbarkeit verbessert.

Diese Arbeit erweitert unser Verstandnis der positiven Zusammenhange zwischen
Geodiversitat und Biodiversitat und scharft gleichzeitig das Bewusstsein flr die komplexen
Beziehungen zwischen den beiden Konzepten. Daruber hinaus stelle ich Bioturbationsmuster
und -effekte in verschiedenen Umgebungen dar, indem ich einen breiten klimatischen
Gradienten abdecke. Dabei wird insbesondere die Rolle der Bioturbation als wichtiger
Mechanismus zur Verbesserung der chemischen Bodeneigenschaften durch den Eintrag von
Makroné&hrstoffen hervorgehoben. Somit unterstiitzt diese Arbeit die Rolle der Bioturbation als

potenziellen Treiber der lokalen Geodiversitat.
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