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Abstract 

Healthy soils and the biodiversity therein are the prerequisite for the supply of manifold ecosystem services that are essential for 
human well-being. Detailed knowledge, especially at the national level, is important for effective policy-making to safeguard 
healthy functional soils for future generations. Hence, synthesis of the state of soil biodiversity and related ecosystem functions, 
the driving forces affecting the soil as a habitat, avenues for sustainable soil management, and the role of stakeholders at different 
levels is required. Here, we present the eleven key messages of the first comprehensive soil biodiversity assessment in Germany, 
based on the currently available and accessible literature and expert knowledge. Among others, we highlight the high biodiver-
sity of soils in Germany, their role for climate regulation and other ecosystem services, the impact of multiple concurrent dri-
vers, as well as actions and schemes already in place to sustainably manage soil biodiversity and to raise awareness in different 
groups of the public. We conclude that national assessments of the available literature and data are an important step towards 
the incorporation of soil biodiversity in national policies and to provide the basis for national long-term systematic monitoring.

Keywords  Biodiversity change | Human impact | Soil protection | Soil health | Policy-making | Literature synthesis

al. 2024). Here, we present the eleven main conclusions 
from this national soil biodiversity report (see Fig. 1 for 
a guide on the covered topics and a high-level synthesis 
of the main results). The sequence of the conclusions 
is not based on their significance, but on the structure 
of the original soil biodiversity report (Eisenhauer et 
al. 2024). All conclusions are based on the available 
literature and data from Germany at the time of the 
release of the original national soil biodiversity report 
in 2024. Hence, while some of the conclusions are more 
specific for Germany, Central Europe, and temperate 
ecosystems, others are generic and may also apply to 
many other regions of the world. We hope that this 
short synthesis will inform and inspire future national 
to global soil biodiversity assessments (Guerra et al. 
2024). Moreover, by involving societal stakeholders in 
all their complexity, we intend to enhance awareness by 
reflection and learning about the relevance and intrinsic 
value of soil biodiversity. The overall aim is to enable 
decision-makers to develop and implement specific 
strategies for soil biodiversity protection, conservation, 
restoration and a comprehensive soil health assessment.

Key messages

1. Soils are biologically highly diverse and 
our knowledge varies greatly among diffe-
rent taxonomic groups.

According to recent estimates, 59 % of all terrestrial 
species worldwide are directly associated with the soil 
(Anthony et al. 2023). The level of knowledge varies 

Background

Given the progressing anthropogenic environmental 
changes, there is growing concern regarding the fate 
of biodiversity as well as the ecosystem functions and 
services they provide (Díaz et al. 2019, Isbell et al. 
2023). Consequently, numerous recent biodiversity 
assessments have been conducted at the global (IPBES 
2019, Isbell et al. 2023), regional (IPBES 2018), and 
national levels (Wirth et al. 2024). In most of these 
biodiversity assessments, a significant fraction of global 
biodiversity was not covered or is underrepresented, 
such as the biodiversity below the ground, although 
soil and soil organisms can be found in all terrestrial 
ecosystems and are the prerequisite for the supply of 
essential ecosystem services (FAO et al. 2020). To 
address this major gap, the recent German biodiversity 
assessment (the so-called “Faktencheck Artenvielfalt”; 
Wirth et al. 2024) dedicated a specific expert group 
as well as a systematic literature search of published 
and grey literature to soil biodiversity, and dedicated a 
separate section to this important topic in their report. 
In short, the systematic literature search and scoping 
included over 5,500 scientific papers (indexed in Web 
of Science by 31 July 2023) and grey literature reports 
(via manual search of reports by governmental and 
non-governmental organisations) covering the state 
and temporal trends of soil biodiversity, drivers of soil 
biodiversity change, and soil-related ecosystem services 
in Germany. The expert group consisted of 22 German 
soil biodiversity experts that analysed the available 
literature and wrote the section on soil biodiversity in the 
German biodiversity assessment as well as two rounds 
of revisions by 22 external experts from research and 
non-research institutions (for more details see Wirth et 
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greatly depending on the organism group and decreases 
sharply with decreasing body size and simultaneously 
increasing species diversity, e.g. an estimated 60 % 
of the world’s ant species are described, compared 

to only 0.2–2 % of its nematode species (Orgiazzi 
et al. 2016). Germany, for instance, harbours 56 
centipede species (Decker et al. 2016), 560 oribatid 
mite species (Weigmann et al. 2015), and a very 

Figure 1. Overview of the state and trends of soil biodiversity, their effects on ecosystem functions and services, direct and indirect drivers 
of biodiversity change, important instruments and management measures, as well as potentials for a transformation towards sustainability 
of soil biodiversity. The top row represents the three most important/pressing take-home messages. Each box represents the synthesized 
main topic-related findings based on the national soil biodiversity report, i.e., summarizing available information and data of the last 
decades. Arrows between boxes depict effect directions and/or dependencies. Figure modified from Eisenhauer et al. (2024).
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in space and time that require long-term systematic 
national monitoring (Guerra et al. 2024, Hohberg et 
al. 2025). However, standardised, regular, continuous, 
Germany-wide data collection for a large number 
of species groups and ecosystem functions on the 
same plots is still lacking. Recently, the National Soil 
Monitoring Centre and the National Monitoring Centre 
for Biodiversity embarked on a collaborative project to 
initiate a baseline survey of soil biodiversity for various 
soil taxa and long-term monitoring in Germany. 
However, there is still an urgent need to advance 
information on species diversity in soils in spatially 
representative and temporally meaningful monitoring 
programs using taxonomic expertise combined with 
molecular methods (Guerra et al. 2021, Nabel et al. 
2021). However, an indispensable prerequisite for 
molecular monitoring are complete and taxonomically 
sound reference libraries of species markers, which are 
largely lacking particularly for soil organisms (but see 
Collins et al. 2023, Lehmitz & Decker 2017, Schenk 
et al. 2017). Another key challenge is to differentiate 
temporal natural variation of biodiversity from long-
term trends. Furthermore, for economic proportionality 
and feasibility of implementing monitoring programs, 
the definition of operational indicators, possibly 
including specific groups of organisms and/or 
biological community parameters (e.g., diversity 
indices) is indispensable. Finally, it should be noted that 
a prospective EU Soil Monitoring and Resilience Law 
(EC - European Commission 2023) will likely require 
member states to report the status of soil biodiversity as 
a key component of soil health.

3. A high soil biodiversity is the basis for 
the multifunctionality and resilience of ter-
restrial ecosystems.

In terrestrial ecosystems, ecosystem functions are 
often provided by consortia of soil microorganisms, 
and fauna (especially invertebrates), with different 
functional groups complementing each other (Bardgett 
& van der Putten 2014, Heemsbergen et al. 2004). This 
“cooperative” biodiversity affects ecosystem functions, 
such as litter decomposition and mineralization 
(Beaumelle et al. 2020, Heemsbergen et al. 2004, 
Soliveres et al. 2016). Due to the three-dimensional 
matrix of the soil habitat, there is also a connection 
between morphological diversity (including body size 
and shape) and ecosystem functions (Motiejūnaitė 
et al. 2019). Ecosystem functions are, besides abiotic 
processes, primarily determined by the functional 
diversity, biomass, and metabolic activity of soil 

rough estimate of 2000 nematode species (Sturhan 
& Hohberg 2016). While many species occur across 
different ecosystem and land-use types, other taxa 
show distinct associations with only one or a few land-
use types. For instance, 9 out of 56 centipede species 
occur exclusively in open grassland habitats (Barber 
2009, Spelda 1999, Voigtländer 2005), and 10 out of 49 
earthworm species live exclusively in forests (Graefe et 
al. 2019). In general, we have relatively good knowledge 
of soil macrofauna taxa such as earthworms and 
millipedes, for which species lists and risk assessments 
for Germany are available (Decker et al. 2016, Lehmitz 
et al. 2016). However, these German risk assessments 
of soil macrofauna taxa prove to be exceptional, with 
only few other regional red lists including soil-dwelling 
taxa (Phillips et al. 2017). In contrast, we largely lack 
Red Lists for mesofauna, while for microfauna and 
microorganisms not even estimates of the biological 
diversity are available (Orgiazzi et al. 2016). This 
crucial lack of information becomes especially 
apparent with regards to taxa driving important 
ecosystem functions. Recent developments in the 
assessment of soil biodiversity, such as metabarcoding 
(Bonkowski et al. 2019), are however rapidly improving 
our information on the diversity as well as spatial and 
temporal distribution of soil organisms (e.g., Wang 
et al. 2024). For more information on the state of soil 
biodiversity in Germany, please refer to Hohberg et al. 
(2025).

2. For evaluating the implications of 
environmental change, an understanding 
of (long-term) temporal variation in soil 
biodiversity and ecosystem functions is 
urgently required. 

In Germany, as being the case in Europe, there is 
currently no systematic and long-term survey of soil 
organisms and soil ecosystem functions, representative 
of soilscapes and land-use types. Systematic data 
collection for soil biota in permanent observation plots 
has only been carried out for specific land-use types, 
only in a few federal states of Germany, and only for 
selected taxa (e.g., Walter & Burmeister 2022, Wolf et 
al. 2024). Long-term systematic data collection of soil 
ecosystem functions and services is only conducted 
in the long-term soil erosion monitoring in Lower 
Saxony (Steinhoff-Knopp & Burkhard 2018). At the 
European and global scale, large-scale monitoring 
activities exist, such as LUCAS (Orgiazzi et al. 2022) 
and Soil BON (Guerra et al. 2021), respectively, that 
inter alia highlighted potential small-scale variations 
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organisms (Barnes et al. 2014, Bonfanti et al. 2025, 
Heemsbergen et al. 2004). They are therefore essential 
for the maintenance of biogeochemical cycles. 
However, it remains to be explored how the multiple 
types of interactions in the soil at different spatio-
temporal scales actually affect ecosystem functioning. 
Irrespective of the land-use or soil types, it is generally 
assumed that ecosystem multifunctionality (i.e., the 
simultaneous support of several ecosystem functions) 
and the stable provisioning of ecosystem functions and 
services supported by soil biodiversity can only be 
guaranteed by the interaction of many different groups 
of soil organisms (Delgado-Baquerizo et al. 2020, 
Eisenhauer et al. 2012, Wagg et al. 2014). For more 
information on the interactive role of soil fauna and 
microbiota towards multifunctionality, please refer to 
Ruess et al. (2025).

4. Soil biodiversity is an essential driver of 
terrestrial carbon and nutrient cycling. 

In terrestrial ecosystems, typically the major part of 
the net primary production (i.e., carbon sequestered 
by plants from CO₂ via photosynthesis), which can 
amount to up to 90 % in forests, enters directly into 
the biological soil decomposition system controlled by 
microorganisms and soil animals (Gessner et al. 2010). 
These inputs fuel the major biogeochemical cycles, i.e., 
of carbon, nitrogen, and other nutrients. Therefore, soil 
animals and microorganisms are of central importance 
for ecosystem functions and nutrient storage in 
soils. These ecosystem functions, in turn, represent 
an essential basis for maintaining biodiversity and 
productivity in all land-use types, i.e., arable land, 
grassland, forest, wetland areas, as well as in coastal 
regions. Yet, the links between soil biodiversity and these 
ecosystem functions are not sufficiently understood in 
any of these land-use types. In addition, the release of 
the most important greenhouse gases (source function) 
- carbon dioxide, methane, and nitrous oxide - and 
their removal from the atmosphere (sink function) 
are important climate-relevant regulating ecosystem 
services that are performed by soil organisms (Paustian 
et al. 2016). Microorganisms in soils often act as an 
important, sometimes even the only sink of greenhouse 
gas in mineral soils, as is the case for methane (Kolb 
2009, Täumer et al. 2021) and nitrous oxide (Chen et 
al. 2021, Conthe et al. 2018). However, the quantitative 
and mechanistic relationships between soil biodiversity 
and the ecosystem function of a greenhouse gas 
sink are largely unknown. The storage of carbon 
in soils depends in addition to the management of 

cultivated soils (growth vs. removal of biomass) on the 
interaction of microorganisms, plants, and animals in 
soils. Also, in this case, the quantitative relationships 
between soil biodiversity and ecosystem function are 
not clear. Whether and to what extent anthropogenic 
nutrient inputs (e.g., through agricultural fertilisation 
or atmospheric deposition) can affect the stability and 
maintenance of these ecosystem functions in soils is 
still uncertain. For more information on the interplay 
of soil biodiversity, carbon and nutrient cycling, and 
climate change, please refer to Ruess et al. (2025).

5. The interactions of soil biodiversity with 
the structures, processes, and functions of 
its habitat supply soil-related ecosystem 
services and are the prerequisite for the 
associated aboveground life.

The supply of many ecosystem services is characterised 
by the interactions of soil biotic and abiotic elements 
and processes. Soil biodiversity-mediated ecosystem 
services are of utmost relevance to society, as a large 
proportion of them are indispensable for supporting 
the human population and their economy (Delgado-
Baquerizo et al. 2020, Fonte et al. 2023, Scherzinger 
et al. 2024, Soliveres et al. 2016). Most support for a 
positive link between soil biodiversity and ecosystem 
service exists for global climate regulation, pest control, 
and the regulation of soil quality (Kleemann et al. 
2025). Overall positive links between soil biodiversity 
and ecosystem services outweigh negative links across 
all three types of ecosystem services: regulation and 
maintenance, provisioning, and cultural (Kleemann 
et al. 2025). However, examples of negative links 
between soil biodiversity and ecosystem service exist 
for soil taxa that can act as pests in arable systems or 
disease vectors for livestock and humans (Kleemann et 
al. 2025). Relationships between soil biodiversity and 
ecosystem services have been researched primarily 
for regulating and maintenance services, but less 
so for provisioning services and cultural services 
(Kleemann et al. 2025). Moreover, the influence and 
complex interactions of changes in climate, land use 
and its intensity, and other global change drivers on 
soil biodiversity as well as their feedback effects on 
ecosystem services are hardly known (Beaumelle et al. 
2020, Phillips et al. 2024, Rillig et al. 2019). For more 
information on the links between soil, soil biodiversity, 
and soil-related ecosystem services, please refer to 
Kleemann et al. (2025).
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6. Human impacts on soils are manifold 
and often unpredictable in their 
combinatorial effect on the diversity and 
performance of soil organisms. There is a 
great need for more research in complex 
systems and multifactorial environmental 
change experiments. 

More than 60 % of European soils are rated as 
degraded, often as a consequence of soil erosion or 
mismanagement (EC - European Commission 2023). 
It is generally recognized that changes in landscape 
structure and land use, pollution, climate change, and 
invasive species are direct drivers of soil biodiversity 
change (FAO et al. 2020, Phillips et al. 2024). Land-
use change and resource exploitation (incl. land-use 
intensification) and pollution (e.g., by metals, pesticides) 
are the so far best studied (Fig. 2) and probably the most 
important drivers of soil biodiversity change (Phillips et 
al. 2024). However, the direct drivers of soil biodiversity 

have been studied to varying degrees for different soil 
organism groups and habitats (Fig. 2), so that the level 
of knowledge does not necessarily reflect the relevance 
of a driver (e.g., climate extremes, Phillips et al. 2024). 
In addition, the driver effect is strongly dependent on 
geographical factors, in particular climate, inclination, 
hydrological conditions and soil texture, so that site-
specific differences are to be expected. For instance, 
due to their larger surface areas and stabilised soil 
organic carbon, clayey soils generally have a higher 
buffering capacity than sandy soils (Matzke et al. 2009, 
Tecon & Or 2017, Vos et al. 2013). A general ranking 
of the various influencing factors is therefore difficult. 

Direct drivers of soil biodiversity often do not act in 
isolation, but typically in interaction with each other 
(Fig. 3) (Isbell et al. 2023, Rillig 2020, Rillig et al. 
2019). This can lead to a strengthening, weakening, 
or neutralisation of the driver effects. For example, 
it is generally recognized that intensively managed 
cropland soils have a particularly detrimental effect 

Climate
change

Invasive species

Land-use change and
resource exploitation

Figure 2. ‘Research interest’ based on a systematic literature search of direct driver effects on soil biodiversity in Germany. Circles 
represent the number of publications related to a respective direct driver. Lines represent the number of publications that focus on both 
respective drivers connected by the line. The size of the circles and lines is proportional to the number of publications. Figure modified 
from Eisenhauer et al. (2024).
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on soil biodiversity and functioning when extreme 
weather events such as drought occur at the same 
time (Sünnemann et al. 2023). It can be assumed 
that drivers or combinations of drivers that influence 
connectivity and habitat stability in soils also influence 
soil organisms. However, it is still unclear how specific 
driver combinations affect soil biodiversity (Rillig et 
al. 2021). Due to the complexity of the soil system, 
studies on the cause-and-effect principle are difficult 
and therefore exist mainly for individual drivers. For 
example, it remains to be seen whether, in addition to 
dramatic changes such as soil erosion, there are other 
tipping points in the system, e.g. triggered by climate 
change-induced weather extremes, at which biodiversity 
change is greatly accelerated (Bei et al. 2023). There 
is a great need for research in complex systems and 
multifactorial environmental change experiments that 
can be done either in mesocosm (Rillig et al. 2019) 
or by field studies (Rillig et al. 2023). Such research 
is particularly needed with regard to possible climate 
change-related synergies (Thakur et al. 2018), in order 
to be able to assess negative or positive consequences 
for the biodiversity of different groups of soil organisms. 
For more information on the direct and indirect drivers 
of soil biodiversity change, please refer to Bartkowski 
et al. (2025).

7. The policy frameworks were and are not 
(yet) geared towards the protection of soil 
biodiversity. 

The impact of indirect drivers (Fig. 1) on soil biodiversity 
has not yet been well studied, as the protection of soil 
biodiversity has only recently begun to receive the 
necessary attention in society, politics and the economy 
(see key message #2, EC - European Commission 2023). 
For this reason, causal relationships between changes in 
soil biodiversity and the impact of indirect drivers are 
hardly documented. In the political-legal sense, soils are 
erroneously regarded as static systems (Gonzalez Lago 
et al. 2019). Soil biodiversity has hardly been considered 
in assessments in Germany or in Europe and therefore 
receives little attention in current nature conservation 
policy. The few existing German and European legal 
texts relating to soils are inadequate in terms of effective 
soil protection, in particular for the conservation of 
soil biodiversity (Köninger et al. 2022). Current plans 
to implement (e.g., EU Directive on Soil Monitoring 
and Resilience (EU SML) or the Nature Restoration 
Regulation) or reform soil-related policy frameworks can 
improve deficiencies of the past. The upcoming EU SML 
will implement a systematic, harmonized European 
monitoring and data sharing and evaluation program 

Figure 3. Examples of direct drivers and their effects on different levels/scales of soil biodiversity. Figure modified from Eisenhauer et 
al. (2024).
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for soil health descriptors including soil biodiversity. 
However, to be effective, such overarching policies need 
to be channelled into implementation, e.g., through 
incentives for soil-friendly management. Existing 
incentive systems at national and European levels, such 
as agri-environmental and climate measures or eco-
schemes under the Common Agricultural Policy (CAP), 
hardly address soils (Bartkowski et al. 2021) or soil 
biodiversity (Köninger et al. 2022). At the same time, by 
setting the boundaries within which land management 
takes place, the CAP already impacts soil biodiversity 
(Scherzinger et al. 2024), though in a rather implicit and 
unsystematic way. There is a need to align the CAP with 
overarching policy strategies and frameworks, such as 
the EU Soil Monitoring and Resilience Law and Nature 
Restoration Regulation.

8. Soil biodiversity benefits from low-
intensity land use and management in both 
protected and unprotected areas.

In protected areas, which so far are exclusively based on 
the conservation of aboveground biodiversity (Guerra et 
al. 2022), aboveground-targeted management is expected 
to also benefit soil biodiversity, which may not always 
be the case, e.g., when hotspots of aboveground and 
soil biodiversity do not overlap (Cameron et al. 2019). 

In general, measures for the protection and conservation 
of soil biodiversity largely depend on habitat type. In 
agriculture, the switch from intensive to more extensive/
conservation practices (e.g., reduced ploughing, 
reduction of pesticides, site-adapted diversified cropping 
systems, use of organic fertilisers, permanent soil cover, 
and maintenance of field margins) have positive effects on 
soil biodiversity (Filser et al. 2025, Phillips et al. 2024). 
In grasslands, soil biodiversity benefits from increased 
plant diversity (Eisenhauer et al. 2013, Scherber et al. 
2010) and reduced management intensity (e.g., less 
grazing, mowing) (Phillips et al. 2024). The promotion 
of native plant species is an important measure in both 
grasslands and forests (e.g., Kohyt & Skubała 2020). In 
forests, the establishment of heterogeneous stands of 
different ages and tree species is also beneficial for soil 
biodiversity (Ganault et al. 2021). All of this can usually 
be achieved through an adaptation of management 
measures, whereas in floodplains, peatlands and salt 
marshes, an initial stimulus measure (e.g., dyke relocation, 
rewetting) is usually required for restoration (Günther & 
Assmann 2005). In urban areas, one-off measures such 
as unsealing (Renella 2020), the establishment of green 
roofs and green roadsides (Mody et al. 2020, Schrader 
& Böning 2006), as well as biodiversity-friendly 
management of urban green spaces and private gardens 
(Joimel et al. 2019, Tresch et al. 2019) contribute to the 
preservation of soil biodiversity. For more information 

Mosses and lichens

Time

Grasses and small shrubs

Litter and humus

Leaf litter
O horizon

Topsoil
A horizon

Subsoil
B horizon

Parent material
C horizon

Mole

Earthworm

Nematodes

Springtails

Bacteria

Fungi

Figure 4. Pedogenesis and the physical and biological components of soils. Pedogenesis is the formation of soil through weathering of 
bedrock and the decomposition of organic material. Soil biodiversity, from microorganisms, protists, enchytraeids, nematodes, springtails, 
mites, earthworms (and many more) to other macrofauna, influences pedogenesis and soil formation through their activity in space and 
time (Angst et al. 2024, Gadd 2010, Kaviya et al. 2019). Figure modified from Eisenhauer et al. (2024).
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on potential instruments and measures for the protection 
of soil biodiversity, please refer to Filser et al. (2025) and 
Scheunemann et al. (2025).

9. The preservation of non-degraded soils 
and spatial heterogeneity must have high 
priority.

Soil protection is the basis for healthy and resilient 
ecosystems. Due to extremely long soil formation 
processes (Fig. 4) (ca. 1 cm and less per 100 y, Akca et 
al. 2024, Verheijen et al. 2009) and the slow formation 
of complex communities of soil organisms with their 
indispensable ecosystem functions and services, any soil 
degradation has long lasting and potentially irreversible 
consequences. Conversely, given that the dispersal 
capacity of most soil organisms is very limited (Joimel 
et al. 2018, Lehmitz et al. 2011, Steiner & Schrader 
2002), measures promoting soil biodiversity are likely to 
be more effective the longer they last (e.g., Eisenhauer 
et al. 2010). In addition, given their potential to store 
carbon, the restoration of habitats such as floodplains and 
peatlands is urgently needed to protect specialised species 
and maintain the diversity of different soil communities 
and functions (Lehmitz 2014). It is generally recognized 
that small-scale habitats and higher plant diversity create 
diverse niches and are important for soil biodiversity 
in all land-use types (Brunet et al. 2010, Scherber et 
al. 2010). Landscape elements such as field margins, 
species-rich meadows, different heights in peatlands 
and floodplains (Plum & Filser 2005), or deadwood in 
forests create habitats for species adapted to the local 
conditions, which thus also promotes soil biodiversity. 
The diversity of habitats themselves must therefore also 
be protected in order to preserve the diversity of different 
communities and their functions (Vanbergen et al. 2007). 
It is also generally recognized that soil biodiversity at 
the landscape level is increased by the coexistence of 
different habitats (e.g., moors, forests, and open land, 
Vanbergen et al. 2007).

10. Various stakeholders have direct and 
indirect influences on soil biodiversity.

Land users have the most relevant direct influence on 
soil biodiversity as they decide about the management 
measures of their land (e.g., through the use of pesticides 
and fertilisers in agricultural fields, decisions on tillage 
practice, or the removal of deadwood in forests). They 
have an interest in preserving soil health to make their 
activities viable in the long term; however, their action 

space is often severely restricted, e.g., through limited 
market power, natural variability (pests, drought, etc.), 
and dependence on infrastructure (Gütschow et al. 
2021). Furthermore, their decisions are influenced by 
numerous other stakeholder groups and their actions, 
including landowners, who may determine how land 
is managed; consumers, who demand goods whose 
production has consequences for soil biodiversity; 
politicians, authorities, researchers, associations and 
educational institutions, who determine training content 
and set guidelines and incentives for soil management. 
In addition, the civil society influences politicians and 
decision-makers and can draw (or distract) their attention 
to the importance of soil biodiversity. The interplay of 
these different influences determines how soils are 
managed, which ultimately has consequences for soil 
biodiversity. Multiple challenges arise in this context. 
First, many stakeholder groups are not yet aware of the 
importance of soil biodiversity and their own direct and/
or indirect impacts on soil biodiversity. Second, the 
diffusion of responsibility and associated social dilemmas 
present another challenge that further complicates both 
individual and collective action towards protection of 
soil biodiversity. This calls for raising awareness and 
improving knowledge on the importance of soils and 
their biodiversity; at the same time, awareness and 
knowledge are known to not be sufficient to trigger 
action (Albarracín et al. 2024, Toomey 2023), especially 
when it comes to public goods such as soil biodiversity. 
Here, there is a need for collective action, coordinated 
by institutions such as policies or social norms (Ostrom 
1990). For more information on the actor groups, their 
action spaces and options, please refer to Bartkowski et 
al. (2025).

11. Raising awareness of the importance of 
soil biodiversity is a key basis for sustaina-
ble land use and maintaining/restoring soil 
health. 

Soils and soil organisms are rarely perceived positively by 
society (e.g., as something valuable and worth protecting) 
or recognized at all (Phillips et al. 2020, Xylander 2020). 
The lack of positive associations makes soil and soil life 
protection more difficult compared to protection efforts 
in other ecological/environmental sectors. Early life 
experiences with the living world in the soil are often 
emotionalising and lasting - constituting a precondition 
for the willingness to value soil biodiversity in later years 
and to take care for soil health maintenance (Hoover 
2021, but see also van Heezik et al. 2021). Pedagogical 
concepts for soil awareness and their integration into 
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everyday school life exist, but are still insufficiently 
implemented in schools and teaching curricula. A central 
approach for raising awareness is to familiarise young 
people with the biological diversity of soil through multi-
sensory exploration, collecting and touching soil animals, 
and microscoping, but also smelling soil - combined 
with an explanation tailored to the target groups. This 
requires appropriate training for teachers, as well as 
the development of extracurricular teaching in this area 
and easy-to-use teaching materials. Universities and 
education policy have duties here (Xylander 2024). Media 
presence, museum exhibitions, implementing innovative 
digital media, and transdisciplinary approaches including 
artists as well as the integration of citizen science in soil 
biodiversity monitoring complement sensitization in 
school education and beyond. For more information on 
the soil biodiversity awareness in Germany, please refer 
to Xylander & Glante (2025).

Conclusions

National assessments of soil biodiversity are urgently 
needed and require the transdisciplinary collaboration 
of various scientists and stakeholders from all levels of 
society, from public and private sectors, that consequently 
can provide the sound foundation for sustainable actions 
and policy- and decision-making towards biodiverse 
healthy soils (Guerra et al. 2024). Here, we displayed 
how such an assessment can highlight the national soil 
biodiversity, past, current and future drivers, and existing 
knowledge gaps while also highlighting the multiple 
possible avenues of sustainable action for the protection 
and restoration of soils and soil biodiversity on all societal 
and political levels. However, a long-term systematic 
national monitoring, based inter alia on a national 
assessment, is required to fill in highlighted gaps, update 
the knowledge on state and trends, and integrate soil 
biodiversity in conservation activities and regulations.

Acknowledgments

We acknowledge funding by the German Federal Ministry 
of Education and Research within the Research Initiative 
for the Conservation of Biodiversity (FedA) under the 
funding code 16LC2001B and by the German Research 
Foundation (Deutsche Forschungsgemeinschaft, DFG; 
FZT 118, 202548816; Ei 862/29-1). We also thank 
Monica Farfan, Daniela Leitner, and Gabriela Rada for 
their contributions and support in creating the figures.

References

Akca, E., Aldrian, U., Alewell, C., Anzalone, E., Arcidiacono, 
A., Arias Navarro, C., Auclerc, A., Aydinsakir, K., Ballabio, 
C., Balog, K., Baragaño, D., Baritz, R., Beltrandi, D., 
Bernatek-Jakiel, A., Bøe, F., Borrelli, P., Breure, T., Briones, 
M., Broothaerts, N. &  Zupanc, V. (2024). The state of soils 
in Europe (C. Arias Navarro, R. Baritz & A. Jones, Eds.). 
Publications Office of the European Union. https://doi.
org/10.2760/7007291

Albarracín, D., Fayaz-Farkhad, B. & Granados Samayoa, J. 
A. (2024). Determinants of behaviour and their efficacy as 
targets of behavioural change interventions. Nature Reviews 
Psychology, 3(6), 377–392. https://doi.org/10.1038/s44159-
024-00305-0

Angst, G., Potapov, A., Joly, F.-X., Angst, Š., Frouz, J., Ganault, 
P. & Eisenhauer, N. (2024). Conceptualizing soil fauna 
effects on labile and stabilized soil organic matter. Nature 
Communications, 15(1), 5005. https://doi.org/10.1038/
s41467-024-49240-x

Anthony, M. A., Bender, S. F. & van der Heijden, M. G. A. 
(2023). Enumerating soil biodiversity. Proceedings of the 
National Academy of Sciences, 120(33), e2304663120. 
https://doi.org/10.1073/pnas.2304663120

Barber, A. D. (2009). Centipedes (J. H. Crothers & P. J. 
Hayward, Eds.; Vol. 58). Field Studies Council.

Bardgett, R. D. & van der Putten, W. H. (2014). Belowground 
biodiversity and ecosystem functioning. Nature, 515(7528), 
505–511. https://doi.org/10.1038/nature13855

Barnes, A. D., Jochum, M., Mumme, S., Haneda, N. F., Farajallah, 
A., Widarto, T. H. & Brose, U. (2014). Consequences of 
tropical land use for multitrophic biodiversity and ecosystem 
functioning. Nature Communications, 5(1), 5351. https://doi.
org/10.1038/ncomms6351

Bartkowski, B., Bartke, S., Hagemann, N., Hansjürgens, B. & 
Schröter-Schlaack, C. (2021). Application of the governance 
disruptions framework to German agricultural soil policy. 
SOIL, 7(2), 495–509. https://doi.org/10.5194/soil-7-495-
2021

Bartkowski, B., Eisenhauer, N., Glante, F., Lachmann, C., 
Römbke, J., Rillig, M. C., Ristok, C., Schmidt, A. & Babin, 
D. (2025). The options of different actor groups to address 
drivers of soil biodiversity change. Soil Organisms, 97(2), 
129–142. https://doi.org/10.25674/448

Beaumelle, L., De Laender, F. & Eisenhauer, N. (2020). 
Biodiversity mediates the effects of stressors but not nutrients 
on litter decomposition. eLife, 9, e55659. https://doi.
org/10.7554/eLife.55659

Bei, Q., Reitz, T., Schnabel, B., Eisenhauer, N., Schädler, M., 
Buscot, F. & Heintz-Buschart, A. (2023). Extreme summers 
impact cropland and grassland soil microbiomes. The ISME 
Journal, 17(10), 1589–1600. https://doi.org/10.1038/s41396-
023-01470-5

https://doi.org/10.25674/448


SOIL ORGANISMS 97 (2) 2025

153Conclusions of the German soil biodiversity assessment

Bonfanti, J., Potapov, A. M., Angst, G., Ganault, P., Briones, 
M. J. I., Calderón-Sanou, I., Chen, T.-W., Conti, E., Degrune, 
F., Eisenhauer, N., Ferlian, O., Hackenberger, D., Hauer, 
A., Hedde, M., Hohberg, K., Krogh, P. H., Mulder, C., 
Perez-Roig, C., Russell, D.,   Berg, M. P. (2025). Linking 
effect traits of soil fauna to processes of organic matter 
transformation. Functional Ecology, 39(2), 446–461. https://
doi.org/10.1111/1365-2435.14720

Bonkowski, M., Dumack, K. & Fiore-Donno, A. M. (2019). The 
Protists in Soil—A Token of Untold Eukaryotic Diversity. In 
J. D. van Elsas, J. T. Trevors, A. S. Rosado & P. Nannipieri 
(Eds.), Modern Soil Microbiology, Third Edition (3rd ed., p. 
16). CRC Press.

Brunet, J., Fritz, Ö. & Richnau, G. (2010). Biodiversity in 
European beech forests – A review with recommendations 
for sustainable forest management. Ecological Bulletins, 53, 
77–94.

Cameron, E. K., Martins, I. S., Lavelle, P., Mathieu, J., Tedersoo, 
L., Bahram, M., Gottschall, F., Guerra, C. A., Hines, J., Patoine, 
G., Siebert, J., Winter, M., Cesarz, S., Ferlian, O., Kreft, H., 
Lovejoy, T. E., Montanarella, L., Orgiazzi, A., Pereira, H. M., 
… Eisenhauer, N. (2019). Global mismatches in aboveground 
and belowground biodiversity. Conservation Biology, 33(5), 
1187–1192. https://doi.org/10.1111/cobi.13311

Chen, Q., Long, C., Chen, J. & Cheng, X. (2021). Differential 
response of soil CO2, CH4, and N2O emissions to edaphic 
properties and microbial attributes following afforestation in 
central China. Global Change Biology, 27(21), 5657–5669. 
https://doi.org/10.1111/gcb.15826

Collins, G., Schneider, C., Boštjančić, L. L., Burkhardt, U., 
Christian, A., Decker, P., Ebersberger, I., Hohberg, K., 
Lecompte, O., Merges, D., Muelbaier, H., Romahn, J., Römbke, 
J., Rutz, C., Schmelz, R., Schmidt, A., Theissinger, K., Veres, 
R., Lehmitz, R., … Bálint, M. (2023). The MetaInvert soil 
invertebrate genome resource provides insights into below-
ground biodiversity and evolution. Communications Biology, 
6(1), 1–12. https://doi.org/10.1038/s42003-023-05621-4

Conthe, M., Wittorf, L., Kuenen, J. G., Kleerebezem, R., van 
Loosdrecht, M. C. M. & Hallin, S. (2018). Life on N2O: 
Deciphering the ecophysiology of N2O respiring bacterial 
communities in a continuous culture. The ISME Journal, 
12(4), 1142–1153. https://doi.org/10.1038/s41396-018-0063-7

Decker, P., Voigtländer, K., Spelda, J., Reip, H. S. & Lindner, 
N. (2016). Rote Liste und Gesamtartenliste der gefährdeten 
Hundertfüßer (Myriapoda: Chilopoda) Deutschlands. In H. 
Gruttke, S. Balzer, M. Binot-Hafke, H. Haupt, N. Hofbauer, 
G. Ludwig, G. Matzke-Hajek & M. Ries (Eds.), Rote Liste 
gefährdeter Tiere, Pflanzen und Pilze Deutschlands, Band 4: 
Wirbellose Tiere (Teil 2) (Vol. 70, pp. 327–346). Bundesamt 
für Naturschutz. 

Delgado-Baquerizo, M., Reich, P. B., Trivedi, C., Eldridge, 
D. J., Abades, S., Alfaro, F. D., Bastida, F., Berhe, A. A., 
Cutler, N. A., Gallardo, A., García-Velázquez, L., Hart, S. 

C., Hayes, P. E., He, J.-Z., Hseu, Z.-Y., Hu, H.-W., Kirchmair, 
M., Neuhauser, S., Pérez, C. A. &  Singh, B. K. (2020). 
Multiple elements of soil biodiversity drive ecosystem 
functions across biomes. Nature Ecology & Evolution, 4(2), 
210–220. https://doi.org/10.1038/s41559-019-1084-y

Díaz, S., Settele, J., Brondízio, E. S., Ngo, H. T., Agard, J., 
Arneth, A., Balvanera, P., Brauman, K. A., Butchart, S. 
H. M., Chan, K. M. A., Garibaldi, L. A., Ichii, K., Liu, J., 
Subramanian, S. M., Midgley, G. F., Miloslavich, P., Molnár, 
Z., Obura, D., Pfaff, A.,   Zayas, C. N. (2019). Pervasive 
human-driven decline of life on Earth points to the need 
for transformative change. Science, 366(6471), eaax3100. 
https://doi.org/10.1126/science.aax3100

EC - European Commission. (2023, July 5). Proposal for 
a DIRECTIVE OF THE EUROPEAN PARLIAMENT 
AND OF THE COUNCIL on Soil Monitoring and 
Resilience (Soil Monitoring Law). European Commission. 
h t tps : / /eur- lex .europa .eu / lega l -conten t /EN/TXT/
HTML/?uri=CELEX:52023PC0416

Eisenhauer, N., Beßler, H., Engels, C., Gleixner, G., Habekost, 
M., Milcu, A., Partsch, S., Sabais, A. C. W., Scherber, C., 
Steinbeiss, S., Weigelt, A., Weisser, W. W. & Scheu, S. 
(2010). Plant diversity effects on soil microorganisms support 
the singular hypothesis. Ecology, 91(2), 485–496. https://doi.
org/10.1890/08-2338.1

Eisenhauer, N., Dobies, T., Cesarz, S., Hobbie, S. E., Meyer, R. 
J., Worm, K. & Reich, P. B. (2013). Plant diversity effects on 
soil food webs are stronger than those of elevated CO2 and N 
deposition in a long-term grassland experiment. Proceedings 
of the National Academy of Sciences, 110(17), 6889–6894. 
https://doi.org/10.1073/pnas.1217382110

Eisenhauer, N., Reich, P. B. & Isbell, F. (2012). Decomposer 
diversity and identity influence plant diversity effects on 
ecosystem functioning. Ecology, 93(10), 2227–2240. https://
doi.org/10.1890/11-2266.1

Eisenhauer, N., Ristok, C., Guerra, C. A., Tebbe, C. C., Xylander, 
W. E. R., Babin, D., Bartkowski, B., Burkhard, B., Filser, J., 
Glante, F., Hohberg, K., Kleemann, J., Kolb, S., Lachmann, 
C., Lehmitz, R., Rillig, M. C., Römbke, J., Ruess, L., Scheu, 
S.,   Wellbrock, N. (2024). Bodenbiodiversität. In C. Wirth, 
H. Bruelheide, N. Farwig, J. M. Marx & J. Settele (Eds.), 
Faktencheck Artenvielfalt—Assessment zum Erhalt der 
biologischen Vielfalt in Deutschland (pp. 917–1048). oekom.

FAO, ITPS, GSBI, CBD & EC. (2020). State of knowledge 
of soil biodiversity—Status, challenges and potentialities, 
Report 2020. FAO. https://doi.org/10.4060/cb1928en

Filser, J., Doms-Grimm, L. X. & Ristok, C. (2025). Reviving 
Soil Biodiversity in Agricultural Land. Soil Organisms, 
97(2), 159–172. https://doi.org/10.25674/445

Fonte, S. J., Hsieh, M. & Mueller, N. D. (2023). Earthworms 
contribute significantly to global food production. Nature 
Communications, 14(1), 5713. https://doi.org/10.1038/
s41467-023-41286-7

https://doi.org/10.25674/445


Christian Ristok & et al.154

SOIL ORGANISMS 97 (2) 2025

Gadd, G. M. (2010). Metals, minerals and microbes: 
Geomicrobiology and bioremediation. Microbiology, 156(3), 
609–643. https://doi.org/10.1099/mic.0.037143-0

Ganault, P., Nahmani, J., Hättenschwiler, S., Gillespie, L. 
M., David, J.-F., Henneron, L., Iorio, E., Mazzia, C., Muys, 
B., Pasquet, A., Prada-Salcedo, L. D., Wambsganss, J. & 
Decaëns, T. (2021). Relative importance of tree species 
richness, tree functional type, and microenvironment 
for soil macrofauna communities in European forests. 
Oecologia, 196(2), 455–468. https://doi.org/10.1007/s00442-
021-04931-w

Gessner, M. O., Swan, C. M., Dang, C. K., McKie, B. G., 
Bardgett, R. D., Wall, D. H. & Hättenschwiler, S. (2010). 
Diversity meets decomposition. Trends in Ecology & 
Evolution, 25(6), 372–380. https://doi.org/10.1016/j.
tree.2010.01.010

Gonzalez Lago, M., Plant, R. & Jacobs, B. (2019). Re-
politicising soils: What is the role of soil framings in 
setting the agenda? Geoderma, 349, 97–106. https://doi.
org/10.1016/j.geoderma.2019.04.021

Graefe, U., Römbke, J. & Lehmitz, R. (2019). Die Waldbindung 
der Regenwürmer (Lumbricidae) Deutschlands. In W. H. O. 
Dorow, S. U. P. Blick & A. Schneider (Eds.), Waldbindung 
ausgewählter Tiergruppen Deutschlands. Lumbricidae, 
Araneae, Opiliones, Pseudoscorpiones, Heteroptera, 
Coleoptera, Aculeata, Macrolepidoptera, Aves (pp. 17–25). 
Bundesamt für Naturschutz.

Guerra, C. A., Bardgett, R. D., Caon, L., Crowther, T. W., 
Delgado-Baquerizo, M., Montanarella, L., Navarro, L. M., 
Orgiazzi, A., Singh, B. K., Tedersoo, L., Vargas-Rojas, R., 
Briones, M. J. I., Buscot, F., Cameron, E. K., Cesarz, S., 
Chatzinotas, A., Cowan, D. A., Djukic, I., van den Hoogen, 
J., … Eisenhauer, N. (2021). Tracking, targeting, and 
conserving soil biodiversity. Science, 371(6526), 239–241. 
https://doi.org/10.1126/science.abd7926

Guerra, C. A., Berdugo, M., Eldridge, D. J., Eisenhauer, 
N., Singh, B. K., Cui, H., Abades, S., Alfaro, F. D., 
Bamigboye, A. R., Bastida, F., Blanco-Pastor, J. L., de los 
Ríos, A., Durán, J., Grebenc, T., Illán, J. G., Liu, Y.-R., 
Makhalanyane, T. P., Mamet, S., Molina-Montenegro, M. 
A.,   Delgado-Baquerizo, M. (2022). Global hotspots for soil 
nature conservation. Nature, 610(7933), 693–698. https://
doi.org/10.1038/s41586-022-05292-x

Guerra, C. A., Eisenhauer, N., Tebbe, C. C., Xylander, W. E. 
R., Albert, C., Babin, D., Bartkowski, B., Burkhard, B., 
Filser, J., Haase, D., Hohberg, K., Kleemann, J., Kolb, S., 
Lachmann, C., Rillig, M. C., Römbke, J., Ruess, L., Scheu, 
S., Scheunemann, N.,   Ristok, C. (2024). Foundations 
for a national assessment of soil biodiversity. Journal of 
Sustainable Agriculture and Environment, 3(3), e12116. 
https://doi.org/10.1002/sae2.12116

Günther, J. & Assmann, T. (2005). Restoration ecology 
meets carabidology: Effects of floodplain restitution on 

ground beetles (Coleoptera, Carabidae). Biodiversity & 
Conservation, 14(7), 1583–1606. https://doi.org/10.1007/
s10531-004-0531-4

Gütschow, M., Bartkowski, B. & Felipe-Lucia, M. R. (2021). 
Farmers – action space to adopt sustainable practices: A study 
of arable farming in Saxony. Regional Environmental Change, 
21(4), 103. https://doi.org/10.1007/s10113-021-01848-1

Heemsbergen, D. A., Berg, M. P., Loreau, M., van Hal, J. R., 
Faber, J. H. & Verhoef, H. A. (2004). Biodiversity Effects 
on Soil Processes Explained by Interspecific Functional 
Dissimilarity. Science, 306(5698), 1019–1020. https://doi.
org/10.1126/science.1101865

Hohberg, K., Ristok, C., Eisenhauer, N., Tebbe, C. C. & Scheu, 
S. (2025). Status and trends in soil biodiversity—A national 
survey of Germany. Soil Organisms, 97(2), 103–114. https://
doi.org/10.25674/449

Hoover, K. S. (2021). Children in nature: Exploring the 
relationship between childhood outdoor experience and 
environmental stewardship. Environmental Education 
Research, 27(6), 894–910. https://doi.org/10.1080/13504622
.2020.1856790

IPBES. (2018). The IPBES regional assessment report on 
biodiversity and ecosystem services for Europe and Central 
Asia. 894.

IPBES. (2019). Global assessment report on biodiversity and 
ecosystem services of the Intergovernmental Science-Policy 
Platform on Biodiversity and Ecosystem Services (E. S. 
Brondizio, J. Settele, S. Díaz & H. T. Ngo, Eds.). IPBES 
secretariat. http://ipbes.net/global-assessment

Isbell, F., Balvanera, P., Mori, A. S., He, J.-S., Bullock, J. M., 
Regmi, G. R., Seabloom, E. W., Ferrier, S., Sala, O. E., 
Guerrero-Ramírez, N. R., Tavella, J., Larkin, D. J., Schmid, 
B., Outhwaite, C. L., Pramual, P., Borer, E. T., Loreau, M., 
Omotoriogun, T. C., Obura, D. O.,   Palmer, M. S. (2023). 
Expert perspectives on global biodiversity loss and its 
drivers and impacts on people. Frontiers in Ecology and the 
Environment, 21(2), 94–103. https://doi.org/10.1002/fee.2536

Joimel, S., Grard, B., Auclerc, A., Hedde, M., Le Doaré, N., 
Salmon, S. & Chenu, C. (2018). Are Collembola – flying 
– onto green roofs? Ecological Engineering, 111, 117–124. 
https://doi.org/10.1016/j.ecoleng.2017.12.002

Joimel, S., Schwartz, C., Maurel, N., Magnus, B., Machon, 
N., Bel, J. & Cortet, J. (2019). Contrasting homogenization 
patterns of plant and collembolan communities in urban 
vegetable gardens. Urban Ecosystems, 22(3), 553–566. 
https://doi.org/10.1007/s11252-019-00843-z

Kaviya, N., Upadhayay, V. K., Singh, J., Khan, A., Panwar, 
M. & Singh, A. V. (2019). Role of Microorganisms in Soil 
Genesis and Functions. In A. Varma & D. K. Choudhary 
(Eds.), Mycorrhizosphere and Pedogenesis (pp. 25–52). 
Springer. https://doi.org/10.1007/978-981-13-6480-8_2

Kleemann, J., Steinhoff-Knopp, B., Eisenhauer, N., Ristok, C., 
Xylander, W. E. R. & Burkhard, B. (2025). The unexplored 



SOIL ORGANISMS 97 (2) 2025

155Conclusions of the German soil biodiversity assessment

links between soil, soil biodiversity, and soil-related 
ecosystem services. Soil Organisms, 97(1), 5–25. https://doi.
org/10.25674/442

Kohyt, J. & Skubała, P. (2020). Oribatid mite (Acari: Oribatida) 
communities reveal the negative impact of the red oak 
(Quercus rubra L.) on soil fauna in Polish commercial 
forests. Pedobiologia, 79, 150594. https://doi.org/10.1016/j.
pedobi.2019.150594

Kolb, S. (2009). The quest for atmospheric methane oxidizers 
in forest soils. Environmental Microbiology Reports, 1(5), 
336–346. https://doi.org/10.1111/j.1758-2229.2009.00047.x

Köninger, J., Panagos, P., Jones, A., Briones, M. J. I. & 
Orgiazzi, A. (2022). In defence of soil biodiversity: Towards 
an inclusive protection in the European Union. Biological 
Conservation, 268, 109475. https://doi.org/10.1016/j.
biocon.2022.109475

Lehmitz, R. (2014). The oribatid mite community of a German 
peatland in 1987 and 2012 – effects of anthropogenic 
desiccation and afforestation. Soil Organisms, 86, 131–145.

Lehmitz, R. & Decker, P. (2017). The nuclear 28S gene fragment 
D3 as species marker in oribatid mites (Acari, Oribatida) from 
German peatlands. Experimental and Applied Acarology, 
71(3), 259–276. https://doi.org/10.1007/s10493-017-0126-x

Lehmitz, R., Römbke, J., Graefe, U., Beylich, A. & Krück, S. 
(2016). Rote Liste und Gesamtartenliste der Regenwürmer 
(Lumbricidae et Criodrillidae) Deutschlands. In H. Gruttke, S. 
Balzer, M. Binot-Hafke, H. Haupt, N. Hofbauer, G. Ludwig, 
G. Matzke-Hajek & M. Ries (Eds.), Rote Liste gefährdeter 
Tiere, Pflanzen und Pilze Deutschlands, Band 4: Wirbellose 
Tiere (Teil 2) (Vol. 70, pp. 565–590). Landwirtschaftsverlag.

Lehmitz, R., Russell, D., Hohberg, K., Christian, A. & Xylander, 
W. E. R. (2011). Wind dispersal of oribatid mites as a mode 
of migration. Pedobiologia, 54(3), 201–207. https://doi.
org/10.1016/j.pedobi.2011.01.002

Matzke, M., Stolte, S., Arning, J., Uebers, U. & Filser, J. (2009). 
Ionic liquids in soils: Effects of different anion species 
of imidazolium based ionic liquids on wheat (Triticum 
aestivum) as affected by different clay minerals and clay 
concentrations. Ecotoxicology, 18(2), 197–203. https://doi.
org/10.1007/s10646-008-0272-3

Mody, K., Lerch, D., Müller, A.-K., Simons, N. K., Blüthgen, N. 
& Harnisch, M. (2020). Flower power in the city: Replacing 
roadside shrubs by wildflower meadows increases insect 
numbers and reduces maintenance costs. PLOS ONE, 15(6), 
e0234327. https://doi.org/10.1371/journal.pone.0234327

Motiejūnaitė, J., Børja, I., Ostonen, I., Bakker, M. R., 
Bjarnadottir, B., Brunner, I., Iršėnaitė, R., Mrak, T., 
Oddsdóttir, E. S. & Lehto, T. (2019). Cultural ecosystem 
services provided by the biodiversity of forest soils: A 
European review. Geoderma, 343, 19–30. https://doi.
org/10.1016/j.geoderma.2019.02.025

Nabel, M., Selig, C., Gundlach, J., v.d. Decken, H., Klein, M. 
& Jessel, B. (2021). Bodenreport: Vielfältiges Bodenleben –  

Grundlage für Naturschutz und nachhaltige Landwirtschaft 
(p. 54). Bundesamt für Naturschutz (BfN). https://www.bfn.
de/sites/default/files/2021-04/210108_BodenBioDiv-Report.
pdf

Orgiazzi, A., Bardgett, R. D., Barrios, E., Behan-Pelletier, V., 
Briones, M. J. I., Chotte, J. L., De Deyn, G. B., Eggleton, P., 
Fierer, N., Fraser, T., Hedlund, K., Jeffrey, S., Johnson, N. C., 
Jones, A., Kandeler, E., Kaneko, N., Lavelle, P., Lemanceau, 
P., Miko, L., … van Der Putten, W. H. (2016). Global Soil 
Biodiversity Atlas. (D. H. Wall, Ed.). European Commission, 
Publications Office of the European Union.

Orgiazzi, A., Panagos, P., Fernández-Ugalde, O., Wojda, 
P., Labouyrie, M., Ballabio, C., Franco, A., Pistocchi, A., 
Montanarella, L. & Jones, A. (2022). LUCAS Soil Biodiversity 
and LUCAS Soil Pesticides, new tools for research and policy 
development. European Journal of Soil Science, 73(5), 
e13299. https://doi.org/10.1111/ejss.13299

Ostrom, E. (1990). Governing the Commons: The Evolution of 
Institutions for Collective Action. Cambridge University Press.

Paustian, K., Lehmann, J., Ogle, S., Reay, D., Robertson, G. P. 
& Smith, P. (2016). Climate-smart soils. Nature, 532(7597), 
49–57. https://doi.org/10.1038/nature17174

Phillips, H. R. P., Beaumelle, L., Eisenhauer, N., Hines, J. & 
Smith, L. C. (2020). Lessons from the WBF2020: Extrinsic 
and intrinsic value of soil organisms. Soil Organisms, 92(2), 
121–127. https://doi.org/10.25674/so92iss2pp121

Phillips, H. R. P., Cameron, E. K., Eisenhauer, N., Burton, V. 
J., Ferlian, O., Jin, Y., Kanabar, S., Malladi, S., Murphy, R. 
E., Peter, A., Petrocelli, I., Ristok, C., Tyndall, K., Putten, W. 
van der & Beaumelle, L. (2024). Global changes and their 
environmental stressors have a significant impact on soil 
biodiversity—A meta-analysis. iScience, 27(9). https://doi.
org/10.1016/j.isci.2024.110540

Phillips, H. R. P., Cameron, E. K., Ferlian, O., Türke, M., Winter, 
M. & Eisenhauer, N. (2017). Red list of a black box. Nature 
Ecology & Evolution, 1(4), 0103. https://doi.org/10.1038/
s41559-017-0103

Plum, N. M. & Filser, J. (2005). Floods and drought: Response 
of earthworms and potworms (Oligochaeta: Lumbricidae, 
Enchytraeidae) to hydrological extremes in wet grassland. 
Pedobiologia, 49(5), 443–453. https://doi.org/10.1016/j.
pedobi.2005.05.004

Renella, G. (2020). Evolution of Physico-Chemical Properties, 
Microbial Biomass and Microbial Activity of an Urban 
Soil after De-Sealing. Agriculture, 10(12), 596. https://doi.
org/10.3390/agriculture10120596

Rillig, M. C. (2020). Experimental tools for addressing effects 
of complex substance mixtures in soil: TECHNICAL 
COMMENT. Soil Organisms, 92(1), 5–7. https://doi.
org/10.25674/so92iss1pp5

Rillig, M. C., Ryo, M. & Lehmann, A. (2021). Classifying human 
influences on terrestrial ecosystems. Global Change Biology, 
27(11), 2273–2278. https://doi.org/10.1111/gcb.15577



Christian Ristok & et al.156

SOIL ORGANISMS 97 (2) 2025

Rillig, M. C., Ryo, M., Lehmann, A., Aguilar-Trigueros, C. 
A., Buchert, S., Wulf, A., Iwasaki, A., Roy, J. & Yang, 
G. (2019). The role of multiple global change factors in 
driving soil functions and microbial biodiversity. Science, 
366(6467), 886–890. https://doi.org/10.1126/science.
aay2832

Rillig, M. C., Van Der Heijden, M. G. A., Berdugo, M., Liu, 
Y.-R., Riedo, J., Sanz-Lazaro, C., Moreno-Jiménez, E., 
Romero, F., Tedersoo, L. & Delgado-Baquerizo, M. (2023). 
Increasing the number of stressors reduces soil ecosystem 
services worldwide. Nature Climate Change, 13(5), 478–
483. https://doi.org/10.1038/s41558-023-01627-2

Ruess, L., Kolb, S., Eisenhauer, N. & Ristok, C. (2025). 
Soil biodiversity promotes key ecosystem functions 
by its complex structure and interactions—State and 
perspectives. Soil Organisms 97(2), 115–128. https://doi.
org/10.25674/450

Schenk, J., Hohberg, K., Helder, J., Ristau, K. & Traunspurger, 
W. (2017). The D3-D5 region of large subunit ribosomal 
DNA provides good resolution of German limnic and 
terrestrial nematode communities. Nematology, 19(7), 
821–837. https://doi.org/10.1163/15685411-00003089

Scherber, C., Eisenhauer, N., Weisser, W. W., Schmid, B., 
Voigt, W., Fischer, M., Schulze, E.-D., Roscher, C., Weigelt, 
A., Allan, E., Beßler, H., Bonkowski, M., Buchmann, 
N., Buscot, F., Clement, L. W., Ebeling, A., Engels, C., 
Halle, S., Kertscher, I.,   Tscharntke, T. (2010). Bottom-
up effects of plant diversity on multitrophic interactions 
in a biodiversity experiment. Nature, 468(7323), 553–556. 
https://doi.org/10.1038/nature09492

Scherzinger, F., Schädler, M., Reitz, T., Yin, R., Auge, H., 
Merbach, I., Roscher, C., Harpole, W. S., Blagodatskaya, 
E., Siebert, J., Ciobanu, M., Marder, F., Eisenhauer, N. & 
Quaas, M. (2024). Sustainable land management enhances 
ecological and economic multifunctionality under ambient 
and future climate. Nature Communications, 15(1), 4930. 
https://doi.org/10.1038/s41467-024-48830-z

Scheunemann, N., Doms-Grimm, L. X., Ristok, C. & 
Lehmitz, R. (2025). Sustainable measures for the protection 
and restoration of soil biodioversity in Germany. Soil 
Organisms, 97(2), 173–187. https://doi.org/10.25674/447

Schrader, S. & Böning, M. (2006). Soil formation on green 
roofs and its contribution to urban biodiversity with 
emphasis on Collembolans. Pedobiologia, 50(4), 347–356. 
https://doi.org/10.1016/j.pedobi.2006.06.003

Soliveres, S., van der Plas, F., Manning, P., Prati, D., Gossner, 
M. M., Renner, S. C., Alt, F., Arndt, H., Baumgartner, V., 
Binkenstein, J., Birkhofer, K., Blaser, S., Blüthgen, N., 
Boch, S., Böhm, S., Börschig, C., Buscot, F., Diekötter, 
T., Heinze, J.,   Allan, E. (2016). Biodiversity at multiple 
trophic levels is needed for ecosystem multifunctionality. 
Nature, 536(7617), 456–459. https://doi.org/10.1038/
nature19092

Spelda, J. (1999). Verbreitungsmuster und Taxonomie 
der Chilopoda und Diplopoda Südwestdeutschlands: 
Diskriminanzanalytische Verfahren zur Trennung 
von Arten und Unterarten am Beispiel der Gattung 
Rhymogona Cook, 1896 (Diplopoda: Chordeumatida: 
Craspedosomatidae). Abhandlung der einzelnen Arten 
[Dissertation]. Universität Ulm.

Steiner, S. & Schrader, S. (2002). Substrate zur 
Dachbegrünung: Ein Lebensraum für Regenwürmer? Neue 
Landschaft, 6, 51–54.

Steinhoff-Knopp, B. & Burkhard, B. (2018). Soil erosion by 
water in Northern Germany: Long-term monitoring results 
from Lower Saxony. CATENA, 165, 299–309. https://doi.
org/10.1016/j.catena.2018.02.017

Sturhan, D. & Hohberg, K. (2016). Nematodes of the order 
Tylenchida in Germany – the non-phytoparasitic species. 
Soil Organisms, 88(1), 19–41.

Sünnemann, M., Beugnon, R., Breitkreuz, C., Buscot, F., 
Cesarz, S., Jones, A., Lehmann, A., Lochner, A., Orgiazzi, 
A., Reitz, T., Rillig, M. C., Schädler, M., Smith, L. C., 
Zeuner, A., Guerra, C. A. & Eisenhauer, N. (2023). Climate 
change and cropland management compromise soil 
integrity and multifunctionality. Communications Earth 
& Environment, 4(1), 1–9. https://doi.org/10.1038/s43247-
023-01047-2

Täumer, J., Kolb, S., Boeddinghaus, R. S., Wang, H., Schöning, 
I., Schrumpf, M., Urich, T. & Marhan, S. (2021). Divergent 
drivers of the microbial methane sink in temperate forest 
and grassland soils. Global Change Biology, 27(4), 929–
940. https://doi.org/10.1111/gcb.15430

Tecon, R. & Or, D. (2017). Biophysical processes supporting 
the diversity of microbial life in soil. FEMS Microbiology 
Reviews, 41(5), 599–623. https://doi.org/10.1093/femsre/
fux039

Thakur, M. P., Reich, P. B., Hobbie, S. E., Stefanski, A., 
Rich, R., Rice, K. E., Eddy, W. C. & Eisenhauer, N. (2018). 
Reduced feeding activity of soil detritivores under warmer 
and drier conditions. Nature Climate Change, 8(1), 75–78. 
https://doi.org/10.1038/s41558-017-0032-6

Toomey, A. H. (2023). Why facts don’t change minds: Insights 
from cognitive science for the improved communication 
of conservation research. Biological Conservation, 278, 
109886. https://doi.org/10.1016/j.biocon.2022.109886

Tresch, S., Frey, D., Bayon, R.-C. L., Mäder, P., Stehle, 
B., Fliessbach, A. & Moretti, M. (2019). Direct and 
indirect effects of urban gardening on aboveground and 
belowground diversity influencing soil multifunctionality. 
Scientific Reports, 9(1), 9769. https://doi.org/10.1038/
s41598-019-46024-y

van Heezik, Y., Freeman, C., Falloon, A., Buttery, Y. & Heyzer, 
A. (2021). Relationships between childhood experience of 
nature and green/blue space use, landscape preferences, 
connection with nature and pro-environmental behavior. 

https://doi.org/10.25674/450
https://doi.org/10.25674/450
https://doi.org/10.25674/447


SOIL ORGANISMS 97 (2) 2025

157Conclusions of the German soil biodiversity assessment

Landscape and Urban Planning, 213, 104135. https://doi.
org/10.1016/j.landurbplan.2021.104135

Vanbergen, A. J., Watt, A. D., Mitchell, R., Truscott, A.-M., 
Palmer, S. C. F., Ivits, E., Eggleton, P., Jones, T. H. & Sousa, 
J. P. (2007). Scale-specific correlations between habitat 
heterogeneity and soil fauna diversity along a landscape 
structure gradient. Oecologia, 153(3), 713–725. https://doi.
org/10.1007/s00442-007-0766-3

Verheijen, F. G. A., Jones, R. J. A., Rickson, R. J. & Smith, 
C. J. (2009). Tolerable versus actual soil erosion rates in 
Europe. Earth-Science Reviews, 94(1), 23–38. https://doi.
org/10.1016/j.earscirev.2009.02.003

Voigtländer, K. (2005). Habitat preferences of selected Central 
European centipedes. Peckiana, 4(2005), 163–179.

Vos, M., Wolf, A. B., Jennings, S. J. & Kowalchuk, G. A. 
(2013). Micro-scale determinants of bacterial diversity in 
soil. FEMS Microbiology Reviews, 37(6), 936–954. https://
doi.org/10.1111/1574-6976.12023

Wagg, C., Bender, S. F., Widmer, F. & van der Heijden, M. G. 
A. (2014). Soil biodiversity and soil community composition 
determine ecosystem multifunctionality. Proceedings of the 
National Academy of Sciences, 111(14), 5266–5270. https://
doi.org/10.1073/pnas.1320054111

Walter, R. & Burmeister, J. (2022). 35 Jahre 
Bodendauerbeobachtung landwirtschaftlich genutzter 
Flächen in Bayern. Band 5: Regenwürmer. (No. 2; 
Schriftenreihe Der Bayerischen Landesanstalt Für 
Landwirtschaft, p. 83). Bayerische Landesanstalt für 
Landwirtschaft (LfL).

Wang, H., Yang, J., Finn, D., Brunotte, J. & Tebbe, C. 
(2024). Dataset: Temporal dynamics in the compositional 
relationships of cropland microbiomes [Dataset]. https://doi.
org/10.3220/DATA20240627155423-0

Weigmann, G., Horak, F., Franke, K. & Christian, A. (2015). 
Acarofauna Germanica – Oribatida; Verbreitung und Ökologie 
der Hornmilben (Oribatida) in Deutschland. Peckiana, 10. 

Wirth, C., Bruelheide, H., Farwig, N., Marx, J. M. & 
Settele, J. (Eds.). (2024). Faktencheck Artenvielfalt—
Bestandsaufnahme und Perspektiven zum Erhalt der 
biologischen Vielfalt in Deutschland. oekom. https://doi.
org/10.14512/9783987263361

Wolf, M., Schönthaler, K. & Ölmez, C. (2024). Übersicht 
über Indikatoren in der bodenbezogenen Berichterstattung 
Deutschlands und der EU (No. 23/2024; p. 182). 
Umweltbundesamt. https://www.umweltbundesamt.de/sites/
default/files/medien/11850/publikationen/23_2024_texte_
uebersicht_ueber_indikatoren.pdf

Xylander, W. E. R. (2020). Society´s awareness for protection 
of soils, its biodiversity and function in 2030 – We need a 
more intrinsic approach. Soil Organisms, 92(3), 203-212-
203–212. https://doi.org/10.25674/so92iss3pp203

Xylander, W. E. R. (2024). Mehr Bewusstsein für 
Bodenbiodiversität: Defizite, Bedarfe, Transferansätze und 

-formate in Deutschland. Natur und Landschaft, 99(09), 445–
451. https://doi.org/10.19217/NuL2024-09-03

Xylander, W. E. R. & Glante, F. (2025). Deficits, needs, solution 
attempts and transfer formats for implementing a “Soil 
Biodiversity Awareness” in Germany. Soil Organisms, 97(1), 
27–36. https://doi.org/10.25674/458




