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Abstract

Soil and its biotic and abiotic components have a huge impact on human well-being, but, on the other hand, they are often 
neglected in scientific studies or by policy and society in comparison to other ecosystem components. In this study, we 
provide an overview of the direct and indirect positive and negative influences of soil and soil biodiversity (SBD) on the 
supply of regulating, provisioning, and cultural (soil-related) ecosystem services. We selected Germany as an example of 
a well-funded country for research, but we found only a small collection of described and analyzed interactions between 
SBD and soil-related ecosystem services considering the huge amount of species in the soil. Positive effects of SBD on 
soil-related ecosystem services in Germany were especially found for the regulation of soil quality and, therefore, the 
potentially positive impacts on plant cultivation. In addition, interactions between soil, SBD, and cultural ecosystem 
services were documented, for example, for physical and emotional interactions, aesthetic, soil as an archive, soil as a 
habitat for species, and soil for education and science. No publications on national and international level were found, for 
example, on the negative influence of SBD on the cultural ecosystem services tourism / recreation, spiritual interactions, 
entertainment, and non-use values which underlines the dominance of positively documented interactions. Even though 
the analyses of causal interdependencies in the nexus between soil, SBD, and soil-related ecosystem services might be 
challenging due to its complexity, more comprehensive assessments of this nexus should be encouraged.

Keywords: Natural capital, knowledge gap, society, literature review, Germany 
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1. The links between soil, soil  
 biodiversity, and ecosystem   
 services 

Soils provide the base for the supply of multiple 
Ecosystem Services (ES) that are essential for human 
well-being, such as the regulation and filtration of water, 
the storage and transformation of nutrients for plants, 
the supply of raw materials, and habitats for flora and 
fauna (Adhikari & Hartemink, 2016; Comerford et 
al., 2013; European Commission, 2006; Pascual et al., 
2015). These soil-related ES (hereafter referred to as 
“soil-ES”) are therefore essential for the human society 
(Eisenhauer et al., 2024a). Especially agriculture and 
forestry are highly dependent on soil and the interactions 
of their biotic and abiotic components (Banerjee & van 
der Heijden, 2023; Swift et al., 2004; van der Heijden & 
Wagg, 2013; Wall et al., 2015). For example, bioturbation 
by larger soil organisms such as earthworms aerate and 
mix the soil, thereby creating structures that improve 
ecosystem functionality (Eisenhauer, 2010; Fonte et al., 
2023). Microbial metabolic products and the dead plant 
and microbial biomass (necromass) form the basis of 
the organic soil substance. Overall, soil biota ensure the 
formation of stable soil structures (Angst et al., 2024). 
Another relevant soil-ES is the provision of habitats for 
soil-nesting species such as wild bees that are important 
pollinators for different crops (Antoine & Forrest, 
2021; Klein et al., 2007). In addition, soil biodiversity 
(hereafter referred to as SBD) contributes significantly 
to the control of pests and pathogens (Northfield et 
al., 2013). Higher SBD increases the interplay within 
complex food webs offering more possibilities to handle 
parasites and consequently leads to a higher resilience 
of ecosystems against pests (Letourneau et al., 2009; 
Sánchez-Moreno & Ferris, 2007). This regulating ES is 
important for the agricultural sector, especially in organic 
farming. In light of direct and indirect interrelationships 
between ecological and social systems, functioning 
soil microbiomes are fundamental for “healthy” plant, 
animal, and human communities (One Health Concept; 
Banerjee & van der Heijden, 2023; Singh et al., 2023). 

Soil and sub-soil biodiversity are also relevant for 
the water supply sector. They are important  for the 
absorption, drainage, storage and release of water and, 
therefore, they have a significant role for the landscape 
water balance, the recharge and purification of drinking 
water, and the regulation of floods and  droughts  (Keesstra 
et al., 2021). Assessments of benefits of these ES for 
humans have shown the added value or saved costs of the 
soil-ES filtration of contaminants (Jónsson et al., 2017). 
Furthermore, in relation to cost savings, the storage of 
carbon in soils is another prominent example of SBD-

related ES. Soil organisms change the organic carbon 
through decomposition (positive flow equilibrium), but 
also respiration (negative flow equilibrium). In a positive 
flow equilibrium, SBD contributes to humus formation 
and thus to carbon storage (Crowther et al., 2019; Dilly 
et al., 2005; Graaff et al., 2015; Lange et al., 2015; 
Minasny et al., 2017). Relevant sources for the release 
of greenhouse gases are drained peatlands (negative C 
flow equilibrium) or the fertilization of agricultural areas 
resulting in nitrous oxide emissions from the soil. Here, it 
becomes obvious that soil interactions can cause positive 
as well as negative effects for the environment and the 
human society.
The term “soil-ES” summarizes all ES whose supply is 
directly dependent on biotic and abiotic soil properties 
and measurable (or estimable) by these (Paul et al., 2021). 
Soil-related ecosystem functions provide the biophysical 
basis for soil-ES supply and SBD strongly influences 
ecosystem functions. SBD refers to the “...variety of life 
belowground, from genes and species to the communities 
they form, as well as the ecological complexes to which 
they contribute and to which they belong, from soil 
micro-habitats to landscapes.” (FAO, 2020, p. 7). From 
a conceptual perspective, considering interlinked social-
ecological systems (Berkes & Folke, 1998), there is a 
causal interrelation between SBD via soil communities, 
soil structures, soil functions (the ecological system) to 
soil-ES and values and benefits for people (the social 
system) as defined in the ES cascade (Potschin & Haines-
Young, 2011). ES link the ecological system with the 
social system. The systems influence each other. For 
example, humans (embedded in the social system) 
influence via land management (e.g., tillage, fertilizer 
input, irrigation) the ecological system and increase or 
decrease the supply of ES (Scherzinger et al., 2024; Vries 
& Wallenstein, 2017).

Paul et al. (2021) identified 29 ES that are directly 
related to soils, their properties, processes and functions. 
In addition, agricultural soil management affects another 
set of 40 ES. Bakker et al. (2019) systematically analyzed 
the relationships between SBD and ES in forests of 
Europe. They combined terms and types of ES and 
biotic groupings of plants, fungi, and prokaryota (which 
resulted in 518 combinations and 574 studies) in the Web 
of Science core collection, and identified that 92% of 
these terminological combinations for a specific group 
and separate ES were not covered by data or were only 
mentioned by very few studies. The quantification of soil-
ES, their underlying properties, biodiversity, ecological 
interactions and usage potential are therefore important 
to assess their multiple values and benefits for human 
society (Eisenhauer et al., 2024a; Pascual et al., 2015; 
Scherzinger et al., 2024). 
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In general, ES assessments are comparatively easy 
to implement when trade numbers or economic market 
values (applicable especially for provisioning ES) or 
biophysically measurable components (especially for 
regulating ES; e.g., Scherzinger et al., 2024) are applied. 
In contrast, quantifying the direct contributions of SBD 
to cultural soil-ES is more difficult, because cultural 
soil-ES comprise inherent and / or indirect use values 
and individual preferences that cannot be assessed by 
easily measurable indicators (Comerford et al., 2013). 
Another issue is the potential for double-counting of 
ES due to overlapping properties of different ES (Fu 
et al., 2011), e.g. between habitat provision for soil-
nesting hymenopterans, pollination of crops, and food 
provision from crops. Furthermore, co-production 
of ES emerges when natural and human resources 
jointly provide the final ES (Lavorel et al., 2020). This 
connection is especially obvious in heavily human-
influenced social-ecological systems. Taking ES co-
production into account becomes especially relevant in 
agricultural, semi-natural, and urban systems. Human 
influence through management, e.g. by the application 
of fertilizer or irrigation, contributes similarly, like 
soil fertility and other soil-related characteristics, to 
the provision of food (Bethwell et al., 2021). 

The examples of soil-ES show clear links between the 
biotic and abiotic components of soils. However, many 
connections between SBD and ES are still unexplored 
in international research. The lack of knowledge about 
the connections between soils and human health is 
striking (Brevik & Sauer, 2015; FAO, 2020) and we are 
just starting to systematically collect the huge variety 
of soil-human health interactions (Banerjee & van der 
Heijden, 2023). In this study, we focus on the national 
research gaps within the field of international literature 
on SBD and soil-ES, taking Germany as an example 
of a relatively well-funded and well-equipped country 
for research. Historically, chemical soil properties, 
physical processes, and the description and analysis 
of soil types have been in the focus of soil science 
in Germany (Walther, 1935). Accordingly, the causal 
relations between SBD, ecosystem functions, and ES 
were rarely considered in soil science (and in society). 
If there has been an indirect link to ES, it was rather 
via soil management for crops, grassland, and forests – 
especially for plant growth (Ehwald, 1964). Above- and 
below-ground communities have been scientifically 
analyzed rather separately than integrative in the past 
(Jochum & Eisenhauer, 2022; Scheu, 2002; Wardle et 
al., 2004). In addition, soil science and soil ecology 
were rather disconnected with separate research 
agendas, publications, and conferences. 

2.  Methodological approach

For this study, we conducted a non-systematic literature 
search of peer-reviewed (primarily original research) 
papers about SBD and soil-ES in English and German in 
Google Scholar. In addition, “grey” (not peer-reviewed) 
literature in German language was screened between 
June 2022 and December 2023. This literature search 
was repeated from June to August 2024 in order to update 
the search. The focus was set on recent peer-reviewed 
papers (published between 2014-2024) although older 
publications were also included. This type of literature 
search can be considered as a rapid review where time 
and resources are too limited to conduct a comprehensive 
review (Booth et al., 2009). The search was conducted 
within the frame of the German Biodiversity Assessment 
(“Faktencheck Artenvielfalt”, Wirth et al., 2024a) where 
approximately 150 experts from Germany were involved. 
This assessment, conducted between 2022 and 2024, 
provided a comprehensive overview of information on the 
current status and potential future trends of biodiversity 
in Germany. Within this framework, a dedicated working 
group focused on the assessment of SBD in Germany 
(Eisenhauer et al., 2024b).

With regard to the soil-ES classification in this study, 
we applied the Common International Classification of 
Ecosystem Services (CICES version 5.1; Haines-Young 
& Potschin, 2018), which is based on the ES cascade 
(Potschin & Haines-Young, 2011). CICES is structured 
within the sections provisioning ES (e.g., the provision of 
food, energy, and biomass), regulating and maintenance 
ES (e.g., the regulation and infiltration of water, erosion 
control), and cultural ES (e.g., recreation, spiritual values). 
In our study, the CICES cultural ES groups physical and 
experiential interactions with natural environment (CICES 
Group 3.1.1.) and emotional / intellectual interactions 
(CICES Group 3.1.2.) were used in addition to the ES on 
the CICES Class level (which is the more detailed level), 
because, partially, clear assignments to one specific 
CICES Class was not possible. However, this approach 
could have led to duplicates in the results (Table 1). 

Regarding the terminological delimitation of SBD, 
Bakker et al. (2019) included also plant roots as SBD. 
We excluded plant roots from our search term due to 
the definition of SBD used in our research (Eisenhauer 
et al., 2024b). Furthermore, soil as a system provides 
a better basis for research than SBD, especially for 
cultural soil-ES, due to the larger scale of reference (i.e., 
landscape scale) that can be assigned to soil, e.g. for 
landscape aesthetics and tourism-related ES. In addition, 
some CICES terms better fit to soil as a system and not 
specifically to SBD, e.g., the services “soil as an archive” 
and “soil as habitat for species”.
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3.  Results
3.1  Insights from the international  

 literature

Most of the international literature for positive links 
between SBD and soil-ES was  available for global 
climate regulation (Creamer et al., 2016; Crowther et 
al., 2019; Graaff et al., 2015; Minasny et al., 2017), pest 
control (e.g., Corato, 2020; Crowder & Jabbour, 2014; 
Letourneau et al., 2009; Northfield et al., 2013), regulation 
of soil quality (e.g., Bender & van der Heijden, 2015; Sofo 
et al., 2020; van der Heijden et al., 2008), wild plants, 
fungi, and animals for nutrition, materials or energy (e.g., 
Belluco et al., 2013; Menta & Pinto, 2016; Pérez-Moreno, 
2021; Uprety et al., 2012; Yun & Hall, 2004), and genetic 
material (e.g., Hyman, 2019; Ling et al., 2015; Pepper 
et al., 2009; Riesenfeld et al., 2004). Table 1 shows an 
overview of soil-ES that are or can be influenced by SBD 
based on evidence from the review of German as well as 
international literature. Even though literature for material 
/ biomass (CICES Group 4.3.1, 4.3.2) was less reflected 
in Table 1, it should be regarded as basic knowledge that 
soil fauna contributes to soil formation (e.g., see Angst et 
al., 2024; Zanella et al., 2018) and that there are overlaps 
with soil organic carbon (organic matter) and soil quality. 
Therefore, it is overlapping with the literature on the ES 
global climate regulation (CICES Class 2.2.6.1) and the 
regulation of soil quality (CICES Class 2.2.4.1, 2.2.4.2). 
Negative relations between SBD and soil-ES in the 
international literature have been reported especially 
regarding pest and disease control for plants (Fisher et 
al., 2012), livestock (Hugh-Jones & Blackburn, 2009), 
wildlife (Fisher et al., 2012), and humans (Brooker et al., 
2006; Jourdan et al., 2018; Wall et al., 2015). Some bacteria 
(e.g., Salmonella spp.; Schierstaedt et al., 2020), fungi, 
protists, and nematodes can constitute a serious health 
risk as ecosystem disservices. However, considering the 
amount of soil organisms on earth, only a few cases (be it 
positive as pest control or negative as disease) have been 
reported in science up to now (Wall et al., 2015).

Regarding cultural soil-ES in the international litera-
ture, positive as well as negative interactions have been 
mentioned for physical interactions (e.g., Brevik & Bur-
gess, 2013; Kecinski et al., 2018; Motiejūnaitė et al., 2019) 
and intellectual / emotional interactions (e.g., Brevik et 
al., 2018; Craig et al., 2016; Hanyu et al., 2014). Fungi 
from soil (saprotrophs) can also negatively affect histori-
cal or cultural heritages such as monasteries and churches 
(Zucconi et al., 2022). Spiritual interactions (e.g., Comer-
ford et al., 2013; Pérez-Moreno, 2021), and “characteris-
tics or features of living systems that have an option or 
bequest value” (CICES Class 3.2.2.2; e.g., Decaëns et al., 
2006; Phillips et al., 2020) were only positively related.

3.2  Focus on literature for Germany

Regarding SBD and regulating ES for Germany, literature 
is available for the positive connections between SBD 
and the regulation / maintenance of soil quality (e.g., 
Cesarz et al., 2017; Eisenhauer et al., 2012; Leimer et al., 
2016; Plaas et al., 2019). A well-known example is the 
symbiosis between mycorrhizal fungi and plants (Cortois 
et al., 2016). In addition, studies on global climate 
regulation represented by the positive links between SBD 
and carbon storage in the soil were found for Germany 
(Dewitz et al., 2023; Dilly et al., 2005; Lange et al., 2015). 
For example, Lange et al. (2015) showed in “The Jena 
Experiment” (an experimental grassland area close to the 
city of Jena; Roscher et al., 2004) that a causal influence 
from higher plant diversity to more microbial activity 
and higher carbon storage exists. Higher carbon storage 
supports global climate regulation ES to combat climate 
change. Within the frame of the new European Union 
ecosystem restoration regulation (European Parliament, 
2024), especially the focus on rewetting of peatlands is 
of increasing importance and the reduction of greenhouse 
gas emissions within the sectors of land use (change) 
and forestry (LULUCF sector). Here, the rewetting of 
formerly drained grassland is a delicate matter in finding 
the right balance between aerobic and anaerobic processes 
in the soil that either store or release carbon dioxide and 
other climate-relevant gasses (Gelbrecht et al., 2008).

Several German books, reports and publications 
also mentioned soil (rather in general and not SBD-
specifically) as the regulating ES “maintaining nursery 
populations and habitats” (e.g., Amelung et al., 2018a; 
StMLU, 2006). In most of the cases, this regulating soil-
ES was also linked to the cultural soil-ES environmental 
education (Table 1, “Soil for education”) because the 
found literature was school curricula and textbooks.
Seed dispersal as regulating soil-ES by soil organisms 
had been studied in Germany, e.g., by Zaller & Saxler 
(2007) with earthworms (Lumbricus terrestris). The 
effects on seed dispersal were positive as well as negative 
due to a selective seed transport by earthworms, mainly 
dependent on the seed size (Eisenhauer & Scheu, 2008; 
Forey et al., 2011). Especially Rumex obtusifolius is 
transported by earthworms, which is a grassland weed 
throughout Europe (Zaller, 2004), but is also likely eaten 
by cattle (Zaller & Saxler, 2007). Therefore, it has a 
positive and negative connotation. 

The evidence of positive and negative influences of 
SBD on regulating soil-ES within one study – either 
nationally or internationally – was shown by, e.g., Manici 
et al. (2013) for plant disease control and Zaller & Saxler 
(2007) for seed dispersal. Literature reviews have revealed 
positive and negative effects in a collection of studies, e.g. 
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by Wall et al. (2015) for biological pest control, Barber 
& Gorden (2015) for SBD-influenced plant–pollinator 
interactions, and Blanchart et al. (1999) for the effect of 
different earthworm species on infiltration (i.e., water 
regulation). The drivers of changing influences are 
related to varying environmental conditions, e.g. rainfall 
regime, soil regime or SBD composition, emphasizing 
the complexity of biotic and abiotic interactions within 
environmental regimes.

The positive impact of SBD on provisioning soil-ES is 
obvious for soil formation (material / biomass as provisi-
oning soil-ES). In addition, positive impacts of SBD on 
provisioning soil-ES are apparent for mushroom picking, 
e.g. see Dörfelt et al. (2022) for Germany; Menta & Pinto 
(2016) and Pérez-Moreno (2021) for international litera-
ture. The higher the genetic diversity, the more variety of 
potentially edible mushrooms. In addition, the huge ge-
netic material and, therefore, the genetic “treasure” in the 
soil could be used in the future in pharmaceutics and me-
dicine (for Germany, e.g., Collins et al., 2023; for inter-
national literature, e.g., Hyman, 2019; Ling et al., 2015).
For cultural soil-ES in relation to SBD, in most of the 
cases, soils were mentioned in a broader sense – in the 
international as well as Germany-focused literature. For 
Germany and cultural soil-ES, SBD can be specifically 
and positively linked to environmental education, e.g. by 
international touring exhibitions like “The thin skin of the 
earth - Our soils” which had about one million visitors at 
15 locations in three European countries (e.g., Kucharzyk, 
2022; Xylander, 2020, 2024; Xylander & Zumkowski-
Xylander, 2018) and to “elements of living systems used 
for entertainment” such as the dance performances on ants 
by Ziv Frenkel, music on soil biodiversity loss by Kevin 
Mooney or the theater play “Critters” of the “Theatre of 
the Anthropocene” initiated by Frank Raddatz as well as 
paintings and video installations by Alexandra Toland 
(CICES Class 3.2.1.3, see chapter “Bodenbiodiversität” 
Eisenhauer et al, 2024b; Toland & Wessolek, 2009; 
Xylander, 2024. In TV, series and animated movies for 
kids, bees (“Biene Maja” or “Bee Movie”), ants (“Antz” or 
“Das große Krabbeln”), or moles (“Der kleine Maulwurf”) 
are portrayed - animals related to soil. Furthermore, 
TV programmes in Germany like “Löwenzahn” or 
“Planet Wissen” were broadcasted during the last years, 
introducing various scientific phenomena related to soil 
functions and biodiversity to different target groups 
(Xylander, 2024). The Senckenberg Museum for Natural 
History Görlitz and the digital designers from .hapto 
(Cologne) developed a new digital immersive format to 
experience the virtual reality animation “Adventure Soil 
Life” where the user is “shrunk” to the size of a wood louse 
and can experience various soil habitats in a completely 
unknown approach (Wesenberg et al., 2019; Westermann 

et al., 2018; Xylander, 2019). About 70% of the users 
emphasized that they gained a deeper understanding 
for soil biodiversity by experiencing this digital format  
(Baber et al., 2019). 

Regarding the cultural ES aesthetics (e.g., Feller et al., 
2015; Ullrich, 2021) and soil as an archive (e.g., Köhler 
et al., 2018, 2019, 2020; Prud’homme et al., 2018), the 
identified links to SBD were positive and negative. For 
example, insects whose life cycle is partially in soils 
served as aesthetic objects in arts, such as the stag 
beetle (Ullrich, 2021). On the other hand, many people 
feel disgusted by the woodlouse, earthworm, and other 
organisms living on or in the ground (Gebhard, 2020). 
For example, Randler et al. (2013) tested the situational 
disgust of students while observing or dissecting species 
of different taxa during a seminar of animal anatomy at 
the University of Heidelberg. The authors could identify 
that among other organisms, woodlice and earthworms 
belonged to the most disgusting species and that the disgust 
was negatively related to the interest and competence 
of the students (= ecosystem disservice). This example 
shows that there can be connections between aesthetics, 
intellectual interaction, and environmental education. 
Other examples showed that there can be connections 
between cultural heritage, aesthetics, spiritual values, 
and entertainment / representation. For example, Dugan 
(2008) explored the use and interpretation of fungi as 
soil organisms in ancient rituals, folktales, poetry, and 
paintings on an international level. Similar connections 
can be found in Germany, e.g. for fly agaric (Amanita 
muscaria) and other mushrooms (Wagner, n.d.). 

For soils as an archive, soil organisms can be markers 
in prehistoric sites (Amendt et al., 2020; Köhler et al., 
2018, 2020; Prud‘homme et al., 2019) or destroy historical 
or paleontological remnants in the soil (only international 
references: Cahn, 2023; Davidson, 2002). Oberreich et al. 
(2024) further subdivided soil as an archive into storage 
(i.e., the preservation of biological material), archaeological 
site (i.e., historically valuable archaeological sites), and 
reconstruction of the past (i.e., fossils and sediments for the 
reconstruction of paleoclimate).

An obvious cultural soil-ES with positive and negative 
links to SBD is “soil and soil biodiversity for science” 
(CICES Class 3.1.2.1), because every research that directly 
or indirectly investigates links between SBD and soil-ES 
can be regarded as objects of research. Authors might 
not have directly mentioned or identified the soil-ES as 
such. For example, the study by Oberreich et al. (2024) 
identified in the analyzed publications that authors rather 
use the term “ecosystem functions” than “ecosystem 
services” even though some soil functions could have 
been already regarded as soil-ES. Regarding recreation 
and tourism (CICES Classes 3.1.1.1, 3.1.1.2) as cultural 
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ES, direct links between SBD and soil-ES can only be 
detected when considering mushroom picking also as 
recreation ES (compare the references in Table 1 for 
“Wild plants, fungi and animals for nutrition, materials or 
energy”; CICES Class 1.1.5.1). In addition, soil in general 
has been mentioned in literature for recreation and 
tourism, e.g., the geoparks of the UNESCO (UNESCO, 
2024) but also as part of exhibitions in museums and 
national park centers.

For some soil-ES, we could not find negative relations 
to SBD – for Germany as well as in the international 
context (see Table 1) – e.g., for the regulating ES of 
“Bioremediation”, the provisioning ES “Material / 
Biomass”, and the cultural ES “Spiritual, symbolic and 
other interactions”, “Sport and recreation / Tourism”, 
“Entertainment or representation” and “Non-use values 
and other cultural services”. Regarding the cultural soil-
ES, direct links are anyway difficult to quantify and the 
connotation of the terms, e.g., “entertainment” and “option 
values”, are already positive. For example, if there would 
be a negative effect of SBD on “entertainment”, it might 
not even be published. Motiejūnaitė et al. (2019) also 
mentioned that classifications and assessments of cultural 
soil-ES are rather focused on abiotic structures and 
processes (e.g., soil as spiritual value, soil management 
and garden work as physical experience) than on the 
biotic characteristics that lead to the ES provision.

Looking at specific below-ground species of the analyzed 
publications, especially earthworms (Lumbricidae) often 
seem to be in the focus of scientific soil studies nationally 
and internationally (e.g., see Eisenhauer, 2010; Ferlian 
et al., 2018; Fonte et al., 2023; Schaefer & Filser, 2007; 
Scheu, 2002; Schrader et al., 2020; Zaller & Saxler, 
2007). However, even if the family of Lumbricidae is 
more studied than other below-ground taxa, influences of 
earthworms on soil-ES remain complex due to varying 
direct and indirect effects, e.g. on plants and soil, and 
differences in effects on soil-ES within earthworm groups 
in different soil types and conditions (e.g., Scheu, 2002).

4. Recommendations for further  
 research needs – with a focus  
 on Germany

Despite the huge role of SBD and soil for the sup-
ply of important ES for human well-being, the total 
amount of national and international studies remains 
rather small. For both, direct and indirect positive 
and negative links between SBD and soil-ES ex-
ist. Interestingly, mainly the negative aspects of SBD 
on ES seem to be unexplored, unpublished or nonex-

istent (Table 1). This finding could be also related to 
the tendency that mainly “positive” scientific results 
are published. However, Bakker et al. (2019) also 
identified in the 574 analyzed studies of forests in Eu-
rope that SBD is in general positively related to ES 
supply. In contrast, they mentioned that the links be-
tween SBD and cultural ES were better captured than 
the links to provisioning and regulating ES, which is 
rather the opposite to our findings and the publications, 
e.g., Oberreich et al. (2024), and Wirth et al. (2024b). 
  In many publications, the transition between ecosys-
tem functions to ES is smooth and, terminologically, 
more often “ecosystem functions” or “intermediate 
ES” are described in the publications even though 
conceptually, the authors mean “ecosystem services” 
(see also Oberreich et al., 2024). It is often difficult to 
clearly separate soil functions from soil-ES because 
especially studies on regulating ES are part of ecosys-
tem services and ecosystem functions. Furthermore, 
only few studies exist that directly quantify the ben-
efits for society from SBD, ecosystem functions to sev-
eral ecosystem services, e.g. Scherzinger et al. (2024). 
    Considering literature in Germany, in some cases, 
negative aspects of SBD were found on the inter-
national level but not for Germany, e.g., for erosion 
control, water flow regulation or pollination and seed 
dispersal (Table 1). This finding was identified across 
regulating, provisioning, and cultural soil-ES. In ad-
dition, some national and international references 
mentioned positive and negative aspects of SBD 
in one paper. For example, for mushrooms (CICES 
Groups 1.1.5, 1.1.6), the national source Dörfelt et al. 
(2022) as well as the international source Palandysz & 
Borovička (2013) identified both, positive and negative 
aspects. However, these findings are just tendencies 
that might be revised in a systematic literature review.  
   Even though many examples for environmental edu-
cation (as cultural ES) have been identified in this study 
in relation to SBD, its implementation in schools, uni-
versities and the wider public seems to be marginal – 
at least in Germany. Public awareness of SBD needs 
to be strengthened even though the lacking awareness 
could be also interpreted as a lack of public interest or, 
in some cases, the negative image or disgust of particu-
lar soil organisms as we have described above. But – as 
often – disgust originates from alienation and lack of 
knowledge. Therefore, information and education on 
SBD and its multiple benefits and values for humanity 
should be communicated at all levels to improve the 
image and view on soil and soil life as an indispens-
able element of humankind ś benefits and survival. The 
increasing threats and losses of soil due to soil sealing, 
soil erosion, land degradation, and pollution are not 
least due to the lack of suitable appreciation of land.  
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Table 1. Overview of ecosystem services that are or can be influenced positively (= green) and / or negatively (= red) by soil biodiversity. 
The references are exemplarily (non-exhaustive) provided for Germany and on an international level (countries outside Germany) for 
comparison. Ecosystem services are listed here according to CICES version 5.1 (CICES = Common International Classification of 
Ecosystem Services). If only the CICES Group level is given, the literature does not allow a detailed distinction of the ecosystem services 
on class level. 

Green = Positive influence of soil (as a system) or soil biodiversity on ecosystem service supply. 
Red = Negative influence of soil (as a system) or soil biodiversity on ecosystem service supply.
Yellow = In general positive and / or negative influence of soil (as a system) or soil biodiversity on ecosystem service supply.
? = No suitable sources were found (within this rapid literature review).
“Soil in general” means that the focus is on interaction with abiotic processes.

Ecosystem service
CICES 
Class or 
Group

National references from Germany International references

Regulating and maintenance soil-related ecosystem services

Control of erosion 2.2.1.1 (Pérès et al., 2013) (Burri et al., 2013; Le Bayon & Binet, 2001;  
Shuster et al., 2002)

? (Matthews & Wilson, 2005; Reichman & Seab-
loom, 2002)

Bioremediation 2.1.1.1, 
2.1.1.2

(Schaefer & Filser, 2007) (Bala et al., 2022; Dangi et al., 2019; Grenni et al., 
2009; Kayalvizhi & Kathiresan, 2019)

? ?

Water flow regula-
tion

2.2.1.3 (Amelunget al., 2018b; Botschek et al., 2002) (Huang et al., 2024)

? (Mao et al. 2018)

Pollination and seed 
dispersal

2.2.2.1, 
2.2.2.2

(Hausmann et al., 2016; Zaller & Saxler, 
2007)

(Barber & Gorden, 2015; Carvalheiro et al., 2021; 
Christmann, 2022; Lengyel et al., 2010; Rostás & 
Tautz, 2011)

? (Barber & Gorden 2015)

Maintaining nursery 
populations and 
habitats

2.2.2.3 (Amelung et al. 2018a; Eisenhauer, 2010; 
StMLU, 2006)

(Boll & Leal-Zanchet, 2015; Carvalheiro et al., 
2021; Christmann, 2022)

(Eisenhauer, 2010) (Boag & Yeates, 2001; Ferlian et al., 2018)

Pest control and 
disease control for 
plants and livestock

2.2.3.1, 
2.2.3.2

Plants: (Meyer-Wolfarth et al., 2017) Plants: (Compant et al., 2005; Corato, 2020; 
Crowder & Jabbour, 2014; Letourneau et al., 
2009; Northfield et al., 2013)

Plants: (Koenig & Huth, 2003; Manici et al., 
2013)

Plants: (Fisher et al., 2012; Leroux et al., 2002; 
Wall et al., 2015);

Livestock: (Hugh-Jones & Blackburn, 2009; Wall 
et al., 2015):

Wildlife: (Fisher et al., 2012)

Disease control for 
humans

2.2.3.2 (Schierstaedt et al., 2020) (Hanski et al., 2012; Ling et al., 2015; Pepper et 
al., 2009)

(Ehrmann et al., 2018; Lahiri et al., 2014) (Brooker et al., 2006; Jourdan et al., 2018; Wall et 
al., 2015)
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Ecosystem service
CICES 
Class or 
Group

National references from Germany International references

Regulating and maintenance soil-related ecosystem services

Regulation of soil 
quality

2.2.4.1, 
2.2.4.2

(Cesarz et al., 2017; Cortois et al., 2016; 
Eisenhauer et al., 2012; Leimer et al., 2016; 
Plaas et al., 2019; Schrader et al., 2020)

(Bender & van der Heijden, 2015; Delgado-
Baquerizo et al., 2016; Sofo et al., 2020; van der 
Heijden et al., 2008; Vries & Wallenstein, 2017)

When temperature rises: (Lang & Luster, 
2022)

(Blouin et al., 2007; Wijnhoven et al., 2006)

Water filtration / 
Regulation of water 
quality

2.2.5.1, 
2.2.5.2

(Andriuzzi et al., 2015; Bandowe et al., 2019; 
Leimer et al., 2016)

(Blanchart et al., 1999; Frankenberger & Arshad, 
2001; Kayalvizhi & Kathiresan, 2019)

? (Blanchart et al., 1999; Mao et al., 2019; Wijnho-
ven et al., 2006)

Global climate 
regulation

2.2.6.1 (Dewitz et al., 2023; Dilly et al., 2005; Don et 
al., 2008; Lange et al., 2015)

(Creamer et al., 2016; Crowther et al., 2019; 
Graaff et al., 2015; Minasny et al., 2017; Rillig, 
2004)

(Karsten & Drake, 1997) (Lubbers et al., 2013; Schädel et al., 2016)

Micro and regional 
climate regulation  
& Ventilation and 
transpiration

2.2.6.2 (Huang et al., 2024) ?

? (Couradeau et al., 2016)

Provisioning soil-related ecosystem services

Cultivated terrestrial 
plants for nutrition, 
materials or energy

1.1.1 See „Regulation of soil quality“ (CICES 2.2.4.1, 2.2.4.2)

Wild plants, fungi 
and animals (terrest-
rial and aquatic) for 
nutrition, materials 
or energy

1.1.5, 1.1.6 (Dörfelt et al., 2022) Mushrooms: (Falandysz & Borovička, 2013; Men-
ta & Pinto, 2016; Pérez-Moreno, 2021; Uprety et 
al., 2012; Yun & Hall, 2004);

Insects: (Belluco et al., 2013; Nicholas B. Comer-
ford et al., 2013; Del Toro et al., 2012; Paoletti et 
al., 2000; van Huis, 2003)

(Dörfelt et al., 2022) Mushrooms: (Falandysz & Borovička, 2013; 
Motiejūnaitė et al., 2019; Persson, 2016)

Genetic material 1.2.1 (Collins et al., 2023) (Hyman, 2019; Ling et al., 2015; Mergeay et al., 
2003; Pepper et al., 2009; Riesenfeld et al., 2004; 
Yamaki et al., 1994)

(Leroch et al., 2013; Peters et al., 2014) (Leroux et al., 2002)

Surface water, 
groundwater and 
freshwater  for 
drinking, energy 
and material (water 
storage and water 
provision)

4.2.1 (Overholt et al., 2022) (Blanchart et al., 1999; Overholt et al., 2022)

? (Blanchart et al., 1999; Blouin et al., 2007; Mao 
et al., 2019)

Material/Biomass 4.3.1, 4.3.2 Soil in general (Amelung, et al., 2018b) 

For soil organic matter, see also „Regulation 
of soil quality“ (CICES 2.2.4.1, 2.2.4.2) and 
soil organic carbon (Global climate regulati-
on, CICES 2.2.6.1)

(Angst et al., 2024; Zanella et al., 2018);

Soil in general (Comerford et al., 2013; Mumtaz 
et al., 2019) 

? ?
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Ecosystem service
CICES 
Class or 
Group

National references from Germany International references

Provisioning soil-related ecosystem services 

Foundation / Basis 
for infrastructure

- (Morel et al., 2015) (Dominati et al., 2010; O‘Riordan et al., 2021)

? (Matthews & Wilson, 2005; Reichman & Seab-
loom, 2002)

Cultural soil-related ecosystem services

Physical and experi-
ential interactions

3.1.1. (AGUM, 2024; Bundesverband Boden e.V., 
2024; Senckenberg Museum für Naturkunde 
Görlitz, 2024) and Table 8.6 in (Wirth et al., 
2024a)

(Bere & Westersjø, 2013; Brevik & Burgess, 
2013; Kecinski et al., 2018; Motiejūnaitė et al., 
2019)

? (Brevik & Burgess, 2013; Kecinski et al., 2018)

Sport and recreation 
/ Tourism

3.1.1.1, 
3.1.1.2

Soil in general: (Bundesverband Boden e.V., 
2024; BvBoden – Bundesverband Boden e. 
V., 2023)

Soil in general: (Motiejūnaitė et al., 2019; 
UNESCO, 2024);

Mushroom picking as activity: (Bere & Westersjø, 
2013); see also CICES 1.1.5.1

? ?

Intellectual and 
representative/emoti-
onal interactions

3.1.2 (AGUM, 2024; Milbert, 2024; Senckenberg 
Museum für Naturkunde Görlitz, 2024; 
Xylander, 2020) and Table 8.6 in Wirth et al. 
(2024a)

(Brevik et al., 2018; Craig et al., 2016; FAO, 
2024; Hanyu et al., 2014; Motiejūnaitė et al., 
2019)

(Gebhard, 2020; Ullrich, 2021) (Brevik et al., 2018; Cooper et al., 2012; Craig et 
al., 2016; Polák et al., 2020)

Soil as archive 3.1.2 Soil biodiversity: (Amendt et al., 2020; Dluss-
ky & Wedmann, 2012; Köhler et al., 2018, 
2019, 2020; Moine et al., 2017; Prud’homme 
et al., 2015, 2016, 2018);

Soil: (Acksel et al., 2016; Acksel et al., 2019; 
Maxwell et al., 2016; Morel et al., 2015)

Soil biodiversity: (Prud’homme et al., 2018);

Soil: (Acksel et al., 2019)

? Soil biodiversity: (Cahn, 2023; Davidson, 2002; 
Motiejūnaitė et al., 2019; Tryon, 2006; Walimbe, 
2021)

Soil and soil biodi-
versity for science

3.1.2.1 All scientific studies related to soil/soil biodiversity

Soil for education 3.1.2.2 (AGUM, 2024; Beugnon et al., 2024; Bv-
Boden – Bundesverband Boden e. V., 2023; 
Kucharzyk, 2022; Senckenberg Museum für 
Naturkunde Görlitz, 2024; StMLU, 2006; 
Xylander, 2020; Xylander & Zumkowski-
Xylander, 2018) and Table 8.6 in (Wirth et al., 
2024a)

(Beugnon et al., 2024; ICBA, 2025; Motiejūnaitė 
et al., 2019; Paoletti et al., 2000);

Soil: (FAO, 2024; ISRIC, 2025)

(Randler et al., 2013) ?

Culture or heritage 3.1.2.3 (Acksel et al., 2016; Köhler et al., 2018, 2019) Soil in general: (Brevik et al., 2016; Feller et al., 
2015; Landa et al., 2009);

Mushrooms: (Dugan, 2008; Yamin-Pasternak, 
2008)

? (Zucconi et al., 2022)
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Ecosystem service
CICES 
Class or 
Group

National references from Germany International references

Cultural soil-related ecosystem services

Aesthetic 3.1.2.4 Soil in general: (BvBoden – Bundesverband 
Boden e. V., 2023; Feller et al., 2015; Toland 
& Wessolek, 2009; Ullrich, 2021);

Insects whose life cycle can be partially in 
soils: Ullrich, 2021

(Feller et al., 2015; Motiejūnaitė et al., 2019)

(Gebhard, 2020; Randler et al., 2013) Disgust: see CICES 3.1.2, (Dugan, 2008; Polák et 
al., 2020)

Spiritual, symbolic 
and other interac-
tions

3.2.1.1, 
3.2.1.2

Soil in general: (Feller et al., 2015; Toland & 
Wessolek, 2009; Wagner, n.d.);

Mushrooms: (Wagner, n.d.)

(Comerford et al., 2013; Dugan, 2008; 
Motiejūnaitė et al., 2019; Pérez-Moreno, 2021; 
Yamin-Pasternak, 2008)

? ?

Entertainment or 
representation

3.2.1.3 (NABU, n.d.)

Soil in general: (AGUM, 2024; Kucharzyk, 
2022; Milbert, 2024; Senckenberg Museum 
für Naturkunde Görlitz, 2024; Xylander & 
Zumkowski-Xylander, 2018), and Table 8.6 in 
Wirth et al. (2024a)

(Feller et al., 2015; Motiejūnaitė et al., 2019);

Soil in general: (FAO, 2024)

? ?

Non-use values 
and other cultural 
services

3.2.2.1, 
3.2.2.2

(Xylander, 2020) (Decaëns et al., 2006; Motiejūnaitė et al., 2019; 
Phillips et al., 2020)

? ?

   Considering potential uncertainties in our findings, it 
should be mentioned that the aim of this literature re-
view was not to be exhaustive or complete, but to get an 
idea about knowledge and research gaps on the nation-
al level in Germany in comparison to internationally 
available peer-reviewed literature. The type of a litera-
ture review depends, among others, on the scale, scope, 
the definition of terms and, therefore, the differentiation 
between the terms (setting the boundary of investiga-
tion), and the used search terms in the query (Grant & 
Booth, 2009). Still, it is striking that more than half of 
all species in the world are found in the soil (Anthony 
et al., 2023), but the share of globally published peer-
reviewed research on SBD remains marginal.

5. Conclusion

The analysis of the causal chain (ES cascade) from SBD 
via soil communities, soil structures, soil functions to 

soil-related ES and values for people is challenging: 
1) due to the multiple interactions with the biosphere, 
pedosphere, atmosphere, and anthroposphere, 2) the 
indirect influences and interactions that are not easy to 
measure, and 3) lack of respective data and monitoring 
programs. Therefore, the complexity of data collection 
and analysis is already a huge challenge. However, more 
ambitious studies should be encouraged, e.g. by funding 
respective science and education programs. In view of 
data collection, monitoring and analysis, (physical) soil 
science and soil ecology should work more integrative in 
the future in order to merge efforts and resources. 
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