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Introduction

In the past decades, there has been an increasing awareness of the importance of Nature
Conservation of Soil Biodiversity. Approximately 59% of all biodiversity on the planet is
comprised of soil living organisms (Anthony et al. 2023), ranging from microorganisms to
vertebrate species (FAO et al. 2020, Anthony et al. 2023). Soil biodiversity plays a central
role in soil health and ecosystem services, as the activities of soil biota support the delivery
of various ecosystem services, such as carbon sequestration, nutrient cycling, prevention
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of soil erosion, pest control, and cleaning of air and water (Banerjee and van der Heijden
2023, Creamer et al. 2022, Pulleman et al. 2012). However, soil biodiversity is currently
threatened by intensive agriculture and forestry as well as soil sealing in urban
environments. Protecting soil biodiversity and thus its ecosystem functions and services
will have positive effects on a number of sustainability development goals (SDGs),
including water quality and food security, among others (FAO et al. 2020, Kdninger et al.
2022). Nevertheless, recent work did not find positive effects of current conservation
practices on soil biodiversity and its ecosystem functions (Zeiss et al. 2022). The authors
suggest this is predominantly because the priorities and the decision-making paradigms
used for selection of sites for conservation do not take into account soil biodiversity, its
associated ecosystem functions, or the value of belowground ecosystems to human well-
being and economic development (Bardgett and van der Putten 2014, FAO et al. 2020,
Zeiss et al. 2022). While biodiversity-friendly management approaches, such as ecological
intensification (Kleijn et al. 2019), regenerative agriculture and agroecology (Barrios et al.
2023, FAO 2023, Grilli et al. 2023) are receiving increasing attention, studies focused on
conservation of soil biodiversity and its ecosystem functions are still limited (Bardgett and
van der Putten 2014, FAO et al. 2020, Zeiss et al. 2022). Thus, there is a stark need for
identifying knowledge gaps and new research and innovation to help protect and conserve
soil biodiversity, the ecosystem services they provide, and their impact on human health
and economics.

Recently, soil health and biodiversity has also gained increasing attention in European
policy. The EU aim is to move well beyond the current status of having only 30-40% of
healthy soils. To reach this goal, the EU has put a great effort in setting legal frameworks
and strategies that focus on soil health. These frameworks include the soil strategy and the
proposal for the Soil monitoring and resilience law. Additionally, the EU biodiversity strategy
for 2030 and the upcoming Commission proposal for a Nature Restoration and Resilience
Law are aimed to protect and restore aboveground and belowground species and habitats.

The EU Soil Mission “A Soil Deal for Europe” has at its centre the protection and
restoration of degraded soils across Europe. Soil biodiversity protection and restoration are
integral to many of the Soil Mission’s eight objectives, which are to:

reduce desertification

conserve soil organic carbon stocks

stop soil sealing and increase re-use of urban soils
reduce soil pollution and enhance restoration
prevent erosion

improve soil structure to enhance soil biodiversity
reduce the EU global footprint on soils

improve soil literacy in society
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The Soils for Europe (SOLO) project has identified Nature Conservation of Soil Biodiversity
as the overarching theme of the Soil Mission objectives in research and innovation even
though it is currently not a stated objective of the Soil Mission. This Think Tank (TT) aims to
further the Soil Mission's research and innovation agenda through the TT's collective
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knowledge of the ecological importance of soil biodiversity to soil health and its economic
and societal impact, which also contributes to the soil strategy and the EU biodiversity
strategy. The integrative nature of soil biodiversity conservation across the mission
objectives is a key feature as soil biodiversity is the basis of soil functions and ecosystem
services.

The TT on Nature Conservation of Soil Biodiversity is led by researchers from Lund
University and University of Leipzig. TT members represent the areas of research and
policy from a range of universities, NGOs, industry and policy bodies. Through literature
reviews and transdisciplinary work with stakeholders and researchers, this TT is assessing
knowledge gaps and developing possibilities for research and innovation in future
roadmaps, as needed for improving knowledge on conservation of soil biodiversity. The TT
has identified current knowledge and knowledge gaps with an initial four-pronged
approach:

. A literature review of the most recent research into gaps of knowledge regarding
nature conservation of soil biodiversity (September 2023)

. Online workshop with TT members (November 2023)

. In-person workshop (December 2023)

. Future reassessment of knowledge gaps after public review (January 2024)

From an initial TT online workshop in November 2023, preliminary gaps in knowledge,
based on expert knowledge and input from TT members, are presented here in summary.
Together with comments from public review, this document will serve as the basis for
recommendations and further work of the TT.

State-of-the-Art for Conservation of Soil Biodiversity

Soil biodiversity is defined by FAO et al. (2020) “as 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”. To
paraphrase Orgiazzi (2022), this, ideally, includes all organisms whose interface with soils
is key to their life histories. This large abundance and diversity of taxa is a challenge in
researching the importance and roles of soil biodiversity as is the fact that most soil biota
are very small and require specialized expertise to identify.

Nature conservation approaches for biodiversity

In conservation theory and practice, biodiversity can be maintained and protected through
two general conservation approaches; 1) protec ting areas and species and 2) integrating
conservation in use and management of land (Hummel et al. 2019, Niesenbaum 2019).
Methods employed may differ among different land-use perspectives.
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Protected areas

The Convention on Biological Diversity (CBD) definition of protected area is: “A
geographically defined area, which is designated or regulated and managed to achieve
specific conservation objectives”. These areas are chosen for conservation for varying
desired outcomes, both ecological and cultural. The IUCN categorises protected areas
depending on the level of protection (Table 1).

Table 1.
The IUCN categories of protected areas (Lausche 2011).

Category Description
No.

Category la  Strict nature reserves function to preserve the biodiversity and sometimes geomorphological features
of an area and allow only light human traffic

Category Ib  Wilderness areas are generally larger than nature reserves and have less stringent regulations

Category Il National Parks - areas protected for the preservation of ecosystem functions but with more allowance
for human visitation

Category Il Protection of national monuments or features, either natural or influenced by humans
Category IV Area managed for continuous protection of a species or habitat
Category V  Protected landscape or seascape with the allowance of for-profit activities

Category VI  Areas protected but with the sustainable use of natural resources

This current system of categorising protected areas continues to be utilised even though
these focus on management practices rather than monitoring biodiversity outcomes
(Boitani et al. 2008), particularly soil biodiversity conservation (Guerra et al. 2022, Zeiss et
al. 2022). Cameron et al. (2019) found a considerable mismatch between aboveground
and belowground biodiversity, so if only areas with the highest aboveground diversity are
protected a large portion of soil biodiversity rich areas are at risk for degradation. Zeiss et
al. (2022) examined soil biodiversity and ecosystem services across nature conservation
areas and non-conserved areas across Germany and found that, while conserved areas
are assumed to have positive effects on non-target ecosystems, there was no evidence of
these conservation measures having positive influence on soil biodiversity or benefits
regarding associated ecosystem functions. In evaluating the aims in selecting these sites,
multiple reasons were found for the lack of observed effects. Firstly, there is a lack of
emphasis on site selection for conservation based on the value of soil biodiversity and
associated ecosystem services as evidenced by language used in selection justifications.
Secondly, Zeiss et al. (2022) found an emphasis on threats to chemical and physical
properties of soil in the selection language instead of emphasis on the value of the
belowground ecosystems and the functions that influence abiotic factors.

Protected species

Species of soil organisms that are protected for being rare are atypical because knowledge
of specific species' abundances and distributions are, for the most part, lacking (Phillips et
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al. 2017, Karam-Gemael et al. 2020) . Lists of endangered soil organisms are generally
comprised of rare fungal species (Mueller et al. 2022) or earthworms (Stojanovi¢ et al.
2008) , although the IUCN is beginning to establish a working group to guide the
identification of threatened soil species, and here knowledge of taxa and their distributions
and threats are crucial.

Integration of conservation into sustainable use

Protected areas have long been the most important tools in conservation. However, with
increased focus on ecosystem services and human well-being the focus is changing from
protection of (threatened) species towards sustainable use (Hummel et al. 2019), and thus
ecosystem functions and services. Sustainable use is defined as “The use of components
of biological diversity in a way and at a rate that does not lead to the long-term decline of
biological diversity, thereby maintaining its potential to meet the needs and aspirations of
present and future generations” (EC 1993). This approach is widely used, especially in
agriculture and forestry. Examples of integration of conservation are e.g. agro-ecological
intensification, agroforestry and extensive forest technical management. The EU Common
Agricultural Policy (CAP) provides several suggestions on how to protect soil biodiversity,
e.g. moving from conventional to reduced tillage, banning burning of organic material, and
maintenance of grasslands. However, discussions and data concerning soils and their
sustainable use have long focused on either their vulnerability to physical impacts (e.g.,
soil erosion, mining) or improvements to their food production potential (e.g., through
fertilisation). These narrow perspectives, often missing indicators and being disconnected
from environmental monitoring, limit a wider discussion on the ecological importance of soil
biodiversity and its role in maintaining ecosystem functioning beyond food production
systems (Guerra et al. 2021). This prevailing emphasis has also prevented soils from
becoming a more mainstream “nature conservation priority” (Guerra et al. 2021). In 2018,
no indicators of soil biodiversity could be provided to monitor the environmental
performance of the post-2020 CAP, due to lack of data (Kdninger et al. 2022).

Research on soil biodiversity and conservation

Soil biodiversity, ecosystem functions and services

Soils contain diverse communities and these can be found at very small scales, which is a
challenge in research on soil biodiversity. The evolvement of molecular techniques has in
the last decades led to accumulation of scientific papers on soil biota, especially on soil
microorganisms, and thus our knowledge of soil biodiversity is increasing rapidly (Mishra et
al. 2022).

In the past decades, there has been a growing body of knowledge and awareness on the
importance of soil biodiversity to ecosystem functioning and processes (Bardgett and van
der Putten 2014, Barrios 2007, Creamer et al. 2022, Delgado-Baquerizo et al. 2020, FAO
et al. 2020, Giller et al. 1997) though this is relatively small compared to what we do not yet
understand. The research in the 1970s and -80s, such as the Man and the Biosphere
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(MAB) programme of UNESCO programme, created knowledge on the significance of soil
organisms in ecosystem functioning globally (Persson and Lohm 1977) . The scientific
scope of ecosystems ecology today emphasises functions and the role that soil biodiversity
plays in understanding decomposition, energy fluxes or resilience aspects (e.g. de Ruiter
et al. 2002) . Notably, the Tropical Soil Biology and Fertility Programme (TSBF) was
established in 1984 under the patronage of the MAB programme of UNESCO and the
Decade of the Tropics initiative of the International Union of Biological Sciences (IUBS).
The objective of the programme was to develop appropriate and innovative approaches for
sustaining tropical soil fertility through the management of biological processes and organic
resources (Woomer and Swift 1994) .

Ecosystem research has been developed over the years through the concept of soil food
webs and the direct and indirect interactions among soil organisms in order to determine
how the diversity of species and functional groups influence the energy and nutrients fluxes
in soil (de Ruiter et al. 1993, de Ruiter et al. 1998). The importance of soil biodiversity to
ecosystem functions has been investigated in experimental systems, with much support
found for the importance of the soil food web to ecosystem functions (Wagg et al. 2014).
However, linking the diversity of soil organisms to ecosystem functions at different spatial
and temporal scales in real ecosystems is a difficult process within the array of interacting
soil organisms, and studies produce mixed results (de Vries et al. 2013, FAO et al. 2020,
Nielsen et al. 2010, Schuldt et al. 2018, Veen et al. 2019).

Soil biodiversity conservation and policy

The importance of soil biodiversity to ecosystem functioning and human well-being are
often lacking in nature conservation literature and policy instruments. The conservation
status of most soil organisms is almost completely unknown, but there is evidence that
protected/conservation areas do not necessarily protect soil biodiversity (Cameron et al.
2019, Ciobanu et al. 2019, Guerra et al. 2021, Zeiss et al. 2022). While chemical and
physical properties are relatively well known, we now have access to the high-resolution
and molecular tools needed to study biodiversity and function in soil (Guerra et al. 2021).
As part of the 2018 LUCAS survey, 885 locations throughout the EU were sampled to
study taxonomical and functional diversity in soil by metabarcoding. This may allow us to
develop a suite of biodiversity indicators that may be considered for official inclusion in
assessments and reviews of EU policies (Orgiazzi et al. 2022, Kdéninger et al. 2023,
Labouyrie et al. 2023). The identification of indicator organisms of e.g. biodiversity or
deteriorated communities is still an unanswered research question that currently is
receiving a lot of focus (e.g. the EU Horizon project SOB4ES: https://sob4es.eu/).

Koninger et al. (2022) analysed how EU legislation and directives address conservation of
soil biodiversity. Most of the legislations and strategies only address the threat to soil
biodiversity indirectly, e.g. the Biodiversity Strategy for 2030 and the Farm to Fork strategy.
The same goes for the 17 EU directives that Kéninger et al. (2022) identified. All of them
address issues, e.g. soil pollution, that could benefit soil biodiversity, but they do not
explicitly address soil biodiversity per se. Soil biodiversity monitoring schemes in the EU
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member states often only focus on chemical and physical properties, but rarely on sail
biology (Kéninger et al. 2022), and out of the 196 parties of the CBD only a few had
national targets (for 2011 — 2022) considering conservation of soil and soil biodiversity
(Guerra et al. 2021).

Drivers of soil biodiversity change

Both spatial and temporal environmental variations play an important role in determining
the distribution and coexistence of species. Thus, natural and anthropogenic processes
drive the change of species distribution in soil. In ecological terms, the distribution of
species are often caused by trade-offs in life history, but changing environmental
conditions instigates extremes in these trade-offs (Jousset et al. 2017). For example,
species with a highly specialised niche space may be abundant in a small number of
locations but rare overall and would be adversely affected by increasing homogeneity of
soil habitats due to human activities.

To identify the main drivers of soil biodiversity change, Work Package 3 (WP3) of the
SOLO Project has identified Driving forces, Pressures, State, Impact, and Response
measures (DPSIR) as fundamental components of soil health. Knowledge from previous
research across the four land-use types of agriculture, forest, urban and industrial areas,
and natural areas has contributed to a creation of an inventory of drivers of changes, with a
focus on their potential to motivate the future change. This work is ongoing and will be
integrated in the SOLO project roadmap during 2024.

Soil biodiversity conservation awareness and information sharing

To contribute to conservation and sustainable management of soil biodiversity, a few
initiatives and research networks have been established over the years. Agreements and
definitions of the conservation of soil biodiversity were brought to the international agenda
by FAO in cooperation with the Convention on Biological Diversity (CBD) with the
International Initiative for the Conservation and Sustainable Use of Soil Biodiversity,
established in 2002. In 2012, the FAO set up the Global Soil Partnership (GSP) to further
increase attention and work on soils, due to their vital importance for food and agriculture.
Another important initiative is the Global Soil Biodiversity Initiative (GSBI), a network of
scientists, policy and public, that was established in 2011 and has given an international
platform for assessing and synthesising knowledge on soil biodiversity.

The collection of data on soil biodiversity is a challenge that is also raised by e.g. the GBIF
(Global Biodiversity Information Facility), an international network and data infrastructure
funded by the world's governments and aimed at providing open access to data about all
types of life on Earth. In addition, the European Cost Action Edaphobase will create the
structures, capacities and procedures necessary for expanding the existing data platform
on soil fauna (“Edaphobase*) into an open, publicly available data warehouse for Europe-
wide soil biodiversity data as well as for developing tools that use and evaluate this data.
Additionally, efforts such as the Soil Biodiversity Observation Network (SoilBON) https://
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www.globalsoilbiodiversity.org/soilbon are aimed toward systematically collecting
observational data on soil biotic and abiotic factors worldwide to assess the condition of
soil biodiversity and functions with a focus on the effects of protection/conserved status of
the land area (Guerra et al. 2021).

Knowledge Gaps for Nature Conservatioon of Soil Biodiversity

The knowledge gaps for nature conservation of soil biodiversity and their related
bottlenecks are detailed here. Table 2 represents a "quick reference" to these.

Table 2.

Table 2. Knowledge gaps and bottlenecks to closing knowledge gaps related to the nature
conservation of soil biodiversity. Time frames to fill or accomplish are defined as Short — 1-5 years;
Med — 5-10 years; Long — 10-20 years. SB — Soil biodiversity

No. Knowledge Gap Time frame to filllaccomplish Dependent on filling the gap or
Short Med Long bottleneck

Data and method standardisations

1 Standard SB indicators X X

2 Standard methods

3 Model improvement X X

Conservation

4 Conservation methods X X 6;7;8
5  Characteristics of SB to focus X 7;8

conservation
Bottlenecks
Taxonomy, ecology and distributions
6  Unknown taxa & distributions
7 Unknown species’ ecologies
8  Drivers of distributions X X 7

Threats to soil biodiversity

9 Unknown threats X X 78
10  Unknown extinction risks X X 7:8
11 Invasive species as risks X 6;7;8

Need for Indicators, Methods, Modeling and Expertise for Conserving and
Monitoring Soil Biodiversity (Table 2. Gaps 1,2,3)

One of the major barriers in the capacity to develop effective soil conservation practices
and policies is the lack of standardised indicators and methods to collect data to provide
baselines and trends in monitoring conservation of soil biodiversity (from now on SB).
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Different methods used by different research groups to measure the same taxonomic
groups and their functions, although acceptable for local conservation purposes, result in
incomparable datasets across different regions and temporal scales. Additionally, it
remains unknown if, and to what degree, the spatial and temporal resolution of the
measurements of environmental parameters are adequate to the actual resolution of SB
presence and abundance data thus far (Eisenhauer et al. 2021, Géabor et al. 2022). The
question remains, what standard indicators and methods provide substantial information on
the levels of soil biodiversity and associated ecosystem functions? (Guerra et al. 2021).

Predictive_modeling. Modern statistical analyses such as Scenario Modelling, Species
Distribution Modelling (Salako et al. 2023), General Dissimilarity Modelling, and Niche-
Space Modelling can be effective ways to predict adequate habitat and select areas for
conservation of SB. These can also overcome some sampling bias but cannot be a “silver
bullet” due to the small-scale heterogeneity of communities in soil. Success of these
techniques will require (1) further collation and harmonisation of observational soil-
biodiversity data at an international level (including a paradigm change among researchers
and funding agencies regarding open-access data sharing (e.g. Michener 2015, Tedersoo
et al. 2021), (2) improved precision in the association between observational SB data and
environmental and climate metadata, as well as (3) a strategy to increase capacity-building
efforts in these efforts as well as training new taxonomic experts and local stakeholders/
practitioners to conduct accurate assessments and use models. How can experts,
methods, and models be further developed and honed to provide an effective portfolio of
best practices?

The Multifunctionality of and Conservation Practices that Protect Soil
Biodiversity (Table 2. Gaps 4 & 5)

Richness vs. Function. What about soil biodiversity needs protecting? In contrast to
aboveground life, which is more easily observed and vastly more investigated, the richness
and ecosystem functions of soil invertebrate and microbial taxa are still in need of
clarification. This leads to the question, what aspect(s) of SB should be the target of
conservation? While the overall diversity (species richness) of taxa in soil is important in
and of itself (Phillips et al. 2020), the functional aspects of soil faunal and microbial life
cannot be lost in the process of protecting taxonomic diversity (Phillips et al. 2020). Active
restoration and conservation require attention to this complexity of species diversity and
other biodiversity facets (e.g. size variation, life history traits) (Eisenhauer et al. 2021,
Guerra et al. 2022Eisenhauer et al. 2021, Guerra et al. 2022) as well as a diversity of
functions (Nielsen et al. 2010Nielsen et al. 2010).Maintenance of species richness,
community composition, and ecosystem functions are not often synonymous, and
investigations into a trait-based approach to SB conservation and restoration are largely
lacking (Guerra et al. 2022). Auclerc et al. (2022) summarised the importance of functional-
trait approaches to restoration with soil invertebrates, but also detailed critical knowledge
gaps. These include:
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1. the lack of use of trait-based techniques for restoration and, therefore, a dearth of
evidence of its benéefits,

2. general lack of knowledge of the roles invertebrates play in ecosystems,
3. a lack of representation of these data in current trait-based databases, and
4. the complex relationships of function to traits (Auclerc et al. 2022)

What conservation methods protect soil biodiversity? Since conservation management and
site selection have typically not considered SB and its ecosystem functions, it is still
unclear how current conservation affects SB and how to adjust current conservation and
restoration practices to positively impact soil biodiversity across the EU and regionally. We
know that current site selections and management practices do not generally benefit SB (
Zeiss et al. 2022), but potential biodiversity-friendly management options exist that could
be "scaled-up" (Barrios et al. 2023). However, regions across Europe must be evaluated
for what specific SB communities and associated functions they are capable of supporting.
Guerra et al. (2022) showed that, globally, areas that may rank highly in one ecological
dimension, such as species richness, may not rank highly in another. This suggests that
potential sites for conservation are not equal, nor can they be treated similarly, when
considering what areas to conserve and what restoration/conservation practices are
effective when targeting SB.

Bottlenecks Filling Gaps in Knowledge of Soil Biodiversity
Conservation

A number of challenges and bottlenecks to filling these gaps in knowledge to conserve SB
require an expansion of toolsets and innovative approaches to tackle. Developing a
fundamental understanding of the following will lead to knowledge of the great majority of
taxa inhabiting soils, habitat suitability and, therefore, distributions, which are critical to
conserving SB and furthering goals of the Soil Mission. In brief, we explain these
bottlenecksand the importance of advancing the science of soil-dwelling taxa to inform how
to effectively conserve and restore soil life. We discuss 1) the barriers to discovering and
describing the numerous and diverse, yet unknown, taxa in soils, 2) the lack of
understanding of ecologies and functions of these microbes and invertebrates and how this
drives their distributions, and 3) the threats to SB, such as invasive species, and extinction
risks.

Problem of Unknown Taxa (Table 2. Bottleneck 6)

Many soil taxa are simply unknown to science and awaiting description (Orgiazzi et al.
2016) because:
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A. soil fauna and microbes are often cryptic and difficult to observe without disturbing their
functioning and habitat, and the variance in the diversity of these communities is significant
over just millimetres (Rillig et al. 2015);

B. microbial taxa are difficult, sometimes impossible, to isolate and culture with our current
methodologies. This is compounded by the differences in methods necessary to detect and
quantify different soil organisms due to heterogeneity in their ecologies (ranging from
water-related to truly terrestrial species), size classes (ranging from microbes to
megafauna), and distribution patterns (White et al. 2020, Decaens 2010, Eisenhauer et al.
2021);

C. for invertebrate taxa, specialised taxonomic expertise is often needed to identify species
within groups of soil animals. Expertise in many soil fauna groups is rare, leading to a
perpetual cycle of infrequent opportunities for knowledge transfer and a dwindling body of
experts;

D. and, lastly, we lack a unified definition of soil biodiversity to use as a basis for policy
development and regulatory measures (Rillig et al. 2019, FAO et al. 2020, Orgiazzi 2022).

This lack of understanding of what soil-dwelling taxa exist leads to a fundamental
roadblock in pursuit of other information vital to SB conservation, such as their distributions
and understanding the ecosystem functions and services they provide to humans and
other life on Earth.

Problem of Unknown Ecologies, Distributions, & Drivers (Table 2.
Bottlenecks 7 & 8)

We lack critical information on the ecologies of most soil taxa, the habitats in which they
dwell, and what drives their distributions (Cameron et al. 2018) to be able to understand
how and where conservation can be achieved for different taxonomic groups. In the same
wheelhouse as function, ecology includes “how and what” biota interact, procreate, and
consume in their environment to drive ecosystem functions and services for human well-
being. Studies in the ecology and life histories of soil-dwelling species are time-consuming
and detail-oriented undertakings necessary to understand their ecosystem functions and
effects on other life, yet they are often considered not innovative enough to be funded.
Current knowledge in invertebrate ecology is based on manipulative landscape
experiments and some direct observation and mesocosm experiments, the latter two of
which are rare research approaches in ecology, but common in biological control. In
microbial research, the current methods include molecular methods for identification (i.e.
metabarcoding, “shotgun” approaches), which many fewer studies on the functional genes
that reveal what different microbes digest and release.

Current understanding of distributional patterns is based on expert knowledge,
observational data from landscape gradient studies, and/or available records in museum
collections, but these vary in utility. One common issue if the lack necessary environmental
and climate metadata to associate taxa to habitat characteristics is missing from
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publications and essentially non-existent in museum records (Gotelli et al. 2023). While
large-scale efforts are underway to coalesce observational data on species’ occurrences in
international databases, again the required environmental and climate metadata is often
missing in uploaded datasets. Experimental research on the response of soil taxa
presence and diversity to environmental predictors is patchy (Phillips et al. 2023), biased
towards unrealistic levels of edaphic parameters change and unrepresentative for the
tropics (Cameron et al. 2018, Guerra et al. 2020), and not directly comparable across
ecosystems.

Drivers. Data and theory on the influence of drivers on small- and broad-scale distributions
are widely lacking (Thakur et al. 2020, Eisenhauer et al. 2021), rendering conservation
assessments and priorities difficult (Decaens et al. 2006). This includes the drivers of
community dissimilarity in soil taxa across ecosystems, along with their uniqueness (e.g.,
endemic species, specialisation for given habitats). For instance, while disturbed habitats
can show high species richness and total densities, these are often caused by generalist
species, leading to a homogenization of SB and loss of diversity at the landscape scale in
a region or country (Gossner et al. 2016, Delgado-Baquerizo et al. 2021, Guerra et al.
2021, Banerjee et al. 2024). Recent work revealed the ubiquity of complex interactions
between multiple co-occurring environmental drivers that could affect distributions or
evolutionary tactics (Rillig et al. 2019), yet these are poorly studied. These complexities,
including effects of land-use and human pressures, are needed in an integrated evaluation
of current practices. Extrapolation of conclusions from agricultural research investigating
increasing SB for increased ecosystem function can be a starting point for developing best
practices. Long-term studies and experiments focusing on specific techniques, such as
dead wood management in forests, recognition of trees as “hot spots” of soil biological
activity and encouraging heterogeneous soil habitat through diversification of plant species
(Eisenhauer et al. 2018) are needed to understand their direct and indirect effects on SB.

Considering qualitative (functional) attributes of soil life during assessment of site-scale
measures will vastly improve conservation of SB at broader scales i.e. landscape scale
(Ciobanu et al. 2019, Zeiss et al. 2022). These would inform, specifically, the proportion of
species within a local community specifically adapted or specialised to the site/habitat as a
first approximation in assessing “intact” habitats for soil health as well as land-use
measures and conservation.

Threats to Soil Biodiversity and Understanding Risks of Species’ Extinction
(Table 2. Bottlenecks 9 & 10)

The current knowledge on threats and, especially, extinction risks for soil-dwelling biota is
little and inconsistent, but vital to knowing where and how to start conserving this diverse
biotic group. We have more questions than answers: Which potential aboveground
biodiversity threats are also threats to SB? What known threats need redefined thresholds
to inform conservation decisions? How do we define threats to SB that may be overlooked
in conventional conservation thinking (e.g. intentional foreign microbial inocula)?
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Unknow extinction risks. The vulnerability of soil invertebrate and microbial organisms,
including rare species, is almost entirely unknown and little progress has been made (the
best being Decaens et al. 2008). Bottlenecks to conservation of SB include identifying very
rare/threatened, endemic, and vulnerable species and their habitats for protection
(Veresoglou et al. 2015).

Currently, abundance and distribution baselines and thresholds for soil organisms
comparable to those for above-ground organisms do not exist though they are urgently
called for by policy (EEA 2023). “Red Listing” of soil invertebrate organisms is rare (Phillips
et al. 2017, Mueller et al. 2022), for one reason, because typical criterion for listing, such
as “population size” in a region or country, are inappropriate for organisms in substrate
such as soil. Few studies have incorporated IUCN criteria (i.e. IUCN 2022) for identifying
threatened or endangered soil species (Marchan and Dominguez 2022, Salako et al. 2023
). However, this necessitates answers to some fundamental, yet wholly uninvestigated,
questions: What defines rarity for soil taxa? How appropriate for the myriad of soil taxa are
local abundance, habitat specificity, and/or geographical distribution in determining rarity?
How do we determine susceptibility to extinction for soil biota?

To identify and have threatened species recognized, this requires knowledge of the species
and its detailed functional criteria, especially in the case of species that are highly sensitive
to climate shift, invasion of exotic species, etc. Moreover, standardised assessment
criterion for rare or threatened taxa across the EU as is necessary for European and EU
regional efforts of conservation (van der Putten et al. 2023). With these standards, we can
identify the taxa at risk, create a preliminary list of what species/OTUs are threatened, and
identify conservation practices, concrete management options, and potential sites for
conservation. This is critical to predict the fate of soil organisms under global change and
ensure their conservation.

Invasive Species’ Knowledge and Risks (Table 2. Bottleneck 11)

A corollary to the identification of rare, threatened, and endemic species is, what are the
criteria to designate something as invasive with regards to SB? This has not been taken
into consideration, primarily, because the directionality of invasions in soils is difficult to
determine, and we are unaware of the identity of most local and invasive soil taxa. It is also
unknown what environmental or economic damage 'invasive' organisms can cause to soils
and ecosystems, unlike similar studies in, for example, agricultural settings. The two
barriers to finding out this information are that:

1. there is little way to track invasion or origin of a present microbial OTU and

2. specifically for microbes, there is no conceptual models to think about what a species is
in the way other species are conceptualized.

Increasing the taxonomic information of soil biota communities, starting with that in already
vulnerable ecosystems, such as those susceptible to the increasing oscillations in heat and
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temperature regimes, will be critical to provide the foundation to monitor the influence of
soil invasive species on the functioning and stability of our ecosystems.

Conclusion

Conservation of soil biodiversity is a multifaceted process involving, what we expect will be,
a multitude of approaches that will benefit the large-scale diversity of soil life across
Europe as well as the needs and environments of the regions within Europe. Developing
effective ways to conserve and monitor the trends in soil biodiversity across the complex
functions of these communities is as important as the communities themselves and should
be taken into account in considering their protection. To do this, increasing cooperation
between soil ecologists and other disciplines for, as examples, chemical analyses and
molecular and morphological identification, continue to be integral to developing a full
understanding of the soil biodiversity community. In this regard, one of our responsibilities
for the future of soil health and should be plans for current and future monitoring and
‘assessments’ i.e. Soil Biodiversity Observation Network (SoilBON), Global Soil
Biodiversity Observatory (GLOSOB) (Eisenhauer et al. 2021, Guerra et al. 2022, Nielsen et
al. 2010).

References

. Anthony M, Bender SF, van der Heijden MA (2023) Enumerating soil biodiversity.
Proceedings of the National Academy of Sciences 120 (33). https://doi.org/10.1073/
pnas.2304663120

. Auclerc A, Beaumelle L, Barantal S, Chauvat M, Corte J, De Almeida T, Dulaurentg A,
Dutoit T, Joimel S, Sere G, Blight O (2022) Fostering the use of soil invertebrate traits to
restore ecosystem functioning. Geoderma 424 https://doi.org/10.1016/j.geoderma.
2022.116019

. Banerjee S, van der Heijden MA (2023) Soil microbiomes and one health. Nature
Reviews Microbiology 21 (1): 6-20. https://doi.org/10.1038/s41579-022-00779-w

. Banerjee S, Zhao C, Garland G, Edlinger A, Garcia-Palacios P, Romdhane S, Degrune
F, Pescador D, Herzog C, Camuy-Velez L, Bascompte J, Hallin S, Philippot L, Maestre
F, Rillig M, van der Heijden MA (2024) Biotic homogenization, lower soil fungal diversity
and fewer rare taxa in arable soils across Europe. Nature Communications 15 (1).
https://doi.org/10.1038/s41467-023-44073-6

. Bardgett R, van der Putten W (2014) Belowground biodiversity and ecosystem
functioning. Nature 515 (7528): 505-511. https://doi.org/10.1038/nature 13855

. Barrios E (2007) Soil biota, ecosystem services and land productivity. Ecological
Economics 64 (2): 269-285. https://doi.org/10.1016/j.ecolecon.2007.03.004

. Barrios E, Coe R, Place F, Sileshi GW, Sinclair F (2023) Nurturing soil life through
agroforestry: the roles of trees in the ecological intensification of agriculture. In: Uphoff
N, Thies JE (Eds) Biological Approaches to Regenerative Soil Systems. 2nd edition.
Taylor and Francis, London, 265-278 pp. https://doi.org/10.1201/9781003093718-27

. Boitani L, Cowling RM, Dublin HT, Mace GM, Parrish J, Possingham HP, Pressey RL,
Rondinini C, Wilson KA (2008) Change the IUCN Protected Area Categories to Reflect



https://doi.org/10.1073/pnas.2304663120
https://doi.org/10.1073/pnas.2304663120
https://doi.org/10.1016/j.geoderma.2022.116019
https://doi.org/10.1016/j.geoderma.2022.116019
https://doi.org/10.1038/s41579-022-00779-w
https://doi.org/10.1038/s41467-023-44073-6
https://doi.org/10.1038/nature13855
https://doi.org/10.1016/j.ecolecon.2007.03.004
https://doi.org/10.1201/9781003093718-27

Preliminary assessment of the knowledge gaps to improve nature conservation ... 15

Biodiversity Outcomes. PLoS Biology 6 (3). https://doi.org/10.1371/journal.pbio.
0060066

Cameron E, Martins |, Lavelle P, Mathieu J, Tedersoo L, Gottschall F, Guerra C, Hines
J, Patoine G, Siebert J, Winter M, Cesarz S, Delgado-Baquerizo M, Ferlian O, Fierer N,
Kreft H, Lovejoy T, Montanarella L, Orgiazzi A, Pereira H, Phillips HP, Settele J, Wall D,
Eisenhauer N (2018) Global gaps in soil biodiversity data. Nature Ecology & Evolution 2
(7): 1042-1043. https://doi.org/10.1038/s41559-018-0573-8

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

Ciobanu M, Eisenhauer N, Stoica |, Cesarz S (2019) Natura 2000 priority and non-
priority habitats do not differ in soil nematode diversity. Applied Soil Ecology 135:
166-173. https://doi.org/10.1016/j.aps0il.2018.12.009

Creamer RE, Barel JM, Bongiorno G, Zwetsloot MJ (2022) The life of soils: Integrating
the who and how of multifunctionality. Soil Biology & Biochemistry 166 https://doi.org/
10.1016/j.s0ilbio.2022.10856 1

Decaens T, Jimenez JJ, Gioia C, Measey GJ, Lavelle P (2006) The values of soil
animals for conservation biology. European Journal of Soil Biology 42 https://doi.org/
10.1016/j.ejsobi.2006.07.001

Decaens T (2010) Macroecological patterns in soil communities. Global Ecology and
Biogeography 19 (3): 287-302. https://doi.org/10.1111/j.1466-8238.2009.00517.x
Delgado-Baquerizo M, Reich P, Trivedi C, Eldridge D, Abades S, Alfaro F, Bastida F,
Berhe A, Cutler N, Gallardo A, Garcia-Velazquez L, Hart S, Hayes P, He J, Hseu Z, Hu
H, Kirchmair M, Neuhauser S, Pérez C, Reed S, Santos F, Sullivan B, Trivedi P, Wang
J, Weber-Grullon L, Williams M, Singh B (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

Delgado-Baquerizo M, Eldridge D, Liu Y, Sokoya B, Wang J, Hu H, He J, Bastida F,
Moreno J, Bamigboye A, Blanco-Pastor J, Cano-Diaz C, lllan J, Makhalanyane T, Siebe
C, Trivedi P, Zaady E, Verma JP, Wang L, Wang J, Grebenc T, Penaloza-Bojaca G,
Nahberger T, Teixido A, Zhou X, Berdugo M, Duran J, Rodriguez A, Zhou X, Alfaro F,
Abades S, Plaza C, Rey A, Singh B, Tedersoo L, Fierer N (2021) Global
homogenization of the structure and function in the soil microbiome of urban
greenspaces. Science Advances 7 (28). https://doi.org/10.1126/sciadv.abg5809

de Ruiter PC, Vanveen JA, Moore JC, Brussaard L, Hunt HW (1993) Calculation of
nitrogen mineralization in soil food webs. Plant and Soil 157 (2): 263-273. https://
doi.org/10.1007/bf00011055

de Ruiter PC, Neutel AM, Moore JC (1998) Biodiversity in soil ecosystems: the role of
energy flow and community stability. Applied Soil Ecology 10 (3): 217-228. https://
doi.org/10.1016/s0929-1393(98)00121-8

de Ruiter PC, Griffiths B, Moore JC (2002) Biodiversity and stability in soil ecosystems:
patterns, processes and the effects of disturbance. In: Loreau M, Naeem S, Inchausti P
(Eds) Biodiversity and Ecosystem Functioning: Synthesis and perspectives. Oxford
University Press, Oxford. https://doi.org/10.1093/0s0/9780198515708.003.0009



https://doi.org/10.1371/journal.pbio.0060066
https://doi.org/10.1371/journal.pbio.0060066
https://doi.org/10.1038/s41559-018-0573-8
https://doi.org/10.1111/cobi.13311
https://doi.org/10.1016/j.apsoil.2018.12.009
https://doi.org/10.1016/j.soilbio.2022.108561
https://doi.org/10.1016/j.soilbio.2022.108561
https://doi.org/10.1016/j.ejsobi.2006.07.001
https://doi.org/10.1016/j.ejsobi.2006.07.001
https://doi.org/10.1111/j.1466-8238.2009.00517.x
https://doi.org/10.1038/s41559-019-1084-y
https://doi.org/10.1126/sciadv.abg5809
https://doi.org/10.1007/bf00011055
https://doi.org/10.1007/bf00011055
https://doi.org/10.1016/s0929-1393(98)00121-8
https://doi.org/10.1016/s0929-1393(98)00121-8
https://doi.org/10.1093/oso/9780198515708.003.0009

Farfan M et al

de Vries F, Thebault E, Liiri M, Birkhofer K, Tsiafouli M, Bjornlund L, Jorgensen HB,
Brady MV, Christensen S, de Ruiter P, d'Hertefeldt T, Frouz J, Hedlund K, Hemerik L,
Hol WHG, Hotes S, Mortimer S, Setala H, Sgardelis S, Uteseny K, van der Putten W,
Wolters V, Bardgett R (2013) Soil food web properties explain ecosystem services
across European land use systems. Proceedings of the National Academy of Sciences
of the United States of America 110 (35): 14296-14301. https://doi.org/10.1073/pnas.
1305198110

EC (1993) Convention on Biological Diversity. In: O. J. o. t. E. Communities (Ed.)
Document 21993A1213(01 No. L 309/3.

EEA (2023) Soil monitoring in Europe - Indicators and thresholds for soil health
assessments. https://doi.org/10.2800/956606

Eisenhauer N, Hines J, Isbell F, van der Plas F, Hobbie SE, Kazanski CE, Lehmann A,
Liu M, Lochner A, Rillig MC, Vogel A, Worm K, Reich PB (2018) Plant diversity
maintains multiple soil functions in future environments. eLife 7 https://doi.org/10.7554/
elife.41228

Eisenhauer N, Buscot F, Heintz-Buschart A, Jurburg S, Kuesel K, Sikorski J, Vogel H,
Guerra C (2021) The multidimensionality of soil macroecology. Global Ecology and
Biogeography 30 (1): 4-10. https://doi.org/10.1111/geb.13211

FAO, ITPS, GSBI, SCBD, EC (2020) State of knowledge of soil biodiversity - Status,
challenges and potentialities, Report 2020. FAOQ. https://doi.org/10.4060/cb1928en
FAO (2023) Harnessing the potential of the 10 Elements of Agroecology to facilitate
agrifood systems transformation: from visual narratives to integrated policy design.
https://doi.org/10.4060/cc4049en

Gabor L, Jetz W, Lu M, Rocchini D, Cord A, Malavasi M, Zarzo-Arias A, Bartak V,
Moudry V (2022) Positional errors in species distribution modelling are not overcome by
the coarser grains of analysis. Methods in Ecology and Evolution 13 (10): 2289-2302.
https://doi.org/10.1111/2041-210X.13956

Giller KE, Beare MH, Lavelle P, Izac AMN, Swift MJ (1997) Agricultural intensification,
soil biodiversity and agroecosystem function. Applied Soil Ecology 6 (1): 3-16. https:/
doi.org/10.1016/S0929-1393(96)00149-7

Gossner M, Lewinsohn T, Kahl T, Grassein F, Boch S, Prati D, Birkhofer K, Renner S,
Sikorski J, Wubet T, Arndt H, Baumgartner V, Blaser S, Bluethgen N, Boerschig C,
Buscot F, Diekoetter T, Jorge LR, Jung K, Keyel A, Klein A, Klemmer S, Krauss J, Lange
M, Mueller J, Overmann J, Pasalic E, Penone C, Perovic D, Purschke O, Schall P,
Socher S, Sonnemann |, Tschapka M, Tscharntke T, Tuerke M, Venter PC, Weiner C,
Werner M, Wolters V, Wurst S, Westphal C, Fischer M, Weisser W, Allan E (2016) Land-
use intensification causes multitrophic homogenization of grassland communities.
Nature 540 (7632). https://doi.org/10.1038/nature20575

Gotelli N, Booher D, Urban M, Ulrich W, Suarez A, Skelly D, Russell D, Rowe R,
Rothendler M, Rios N, Rehan S, Ni G, Moreau C, Magurran A, Jones FM, Graves G,
Fiera C, Burkhardt U, Primack R (2023) Estimating species relative abundances from
museum records. Methods in Ecology and Evolution 14 (2): 431-443. https://doi.org/
10.1111/2041-210x.13705

Grilli G, Cofré N, Marro N, Videla M, Urcelay C (2023) Shifts from conventional
horticulture to agroecology impacts soil fungal diversity in Central Argentina.
Mycological Progress 22 (3). https://doi.org/10.1007/s11557-023-01872-x



https://doi.org/10.1073/pnas.1305198110
https://doi.org/10.1073/pnas.1305198110
https://doi.org/10.2800/956606
https://doi.org/10.7554/elife.41228
https://doi.org/10.7554/elife.41228
https://doi.org/10.1111/geb.13211
https://doi.org/10.4060/cb1928en
https://doi.org/10.4060/cc4049en
https://doi.org/10.1111/2041-210X.13956
https://doi.org/10.1016/S0929-1393(96)00149-7
https://doi.org/10.1016/S0929-1393(96)00149-7
https://doi.org/10.1038/nature20575
https://doi.org/10.1111/2041-210x.13705
https://doi.org/10.1111/2041-210x.13705
https://doi.org/10.1007/s11557-023-01872-x

Preliminary assessment of the knowledge gaps to improve nature conservation ... 17

Guerra C, Heintz-Buschart A, Sikorski J, Chatzinotas A, Guerrero-Ramirez N, Cesarz S,
Beaumelle L, Rillig M, Maestre F, Delgado-Baquerizo M, Buscot F, Overmann J, Patoine
G, Phillips HP, Winter M, Wubet T, Kuesel K, Bardgett R, Cameron E, Cowan D,
Grebenc T, Marin C, Orgiazzi A, Singh B, Wall D, Eisenhauer N (2020) Blind spots in
global soil biodiversity and ecosystem function research. Nature Communications 11
(1). https://doi.org/10.1038/s41467-020-17688-2

Guerra CA, Bardgett RD, Caon L, Crowther TW, Delgado-Baquerizo M, Montanarella L,
Navarro LM, Orgiazzi A, Singh BK, Tedersoo L, Vargas-Rojas R, Briones MJI, Buscot F,
Cameron EK, Cesarz S, Chatzinotas A, Cowan DA, Djukic |, Van Den Hoogen J,
Lehmann A, Maestre FT, Marin C, Reitz T, Rillig MC, Smith LC, De Vries FT, Weigelt A,
Wall DH, Eisenhauer N (2021) Tracking, targeting, and conserving soil biodiversity: A
monitoring and indicator system can inform policy. Science 371 (6526): 239-241. https://
doi.org/10.1126/science.abd7926

Guerra CA, Berdugo M, Eldridge DJ, Eisenhauer N, Singh BK, Cui H, Abades S, Alfaro
FD, Bamigboye AR, Bastida F, Blanco-Pastor JL, de los Rios A, Duran J, Grebenc T,
lllan JG, Liu YR, Makhalanyane TP, Mamet S, Molina-Montenegro MA, Moreno JL,
Mukherjee A, Nahberger TU, Pefaloza-Bojaca GF, Plaza C, Pico S, Verma JP, Rey A,
Rodriguez A, Tedersoo L, Teixido AL, Torres-Diaz C, Trivedi P, Wang J, Wang L, Wang
J, Zaady E, Zhou X, Zhou XQ, Delgado-Baquerizo M (2022) Global hotspots for soil
nature conservation. Nature 610 (7933): 693-698. https://doi.org/10.1038/
$41586-022-05292-x

Hummel C, Poursanidis D, Orenstein D, Elliott M, Adamescu MC, Cazacu C, Ziv G,
Chrysoulakis N, van der Meer J, Hummel H (2019) Protected Area management:
Fusion and confusion with the ecosystem services approach. Science of the Total
Environment 651: 2432-2443. https://doi.org/10.1016/j.scitotenv.2018.10.033

IUCN (2022) Guidelines for Using the IUCN red list categories and criteria. Version 15.
URL: https://www.iucnredlist.org/documents/RedListGuidelines.pdf

Jousset A, Bienhold C, Chatzinotas A, Gallien L, Gobet A, Kurm V, Kuesel K, Rillig M,
Rivett D, Salles J, van der Heijden MA, Youssef N, Zhang X, Wei Z, Hol WHG (2017)
Where less may be more: how the rare biosphere pulls ecosystems strings. Isme
Journal 11 (4): 853-862. https://doi.org/10.1038/ismej.2016.174

Karam-Gemael M, Decker P, Stoev P, Marques M, Chagas Jr A (2020) Conservation of
terrestrial invertebrates: a review of IUCN and regional Red Lists for Myriapoda.
ZooKeys 930: 221-229. https://doi.org/10.3897/zookeys.930.48943

Kleijn D, Bommarco R, Fijen TM, Garibaldi L, Potts S, van der Putten W (2019)
Ecological Intensification: Bridging the Gap between Science and Practice. Trends in
Ecology & Evolution 34 (2): 154-166. https://doi.org/10.1016/j.tree.2018.11.002
Kodninger J, Panagos P, Jones A, Briones MJI, Orgiazzi A (2022) In defence of soil
biodiversity: Towards an inclusive protection in the European Union. Biological
Conservation 268 https://doi.org/10.1016/j.biocon.2022.109475

Koninger J, Ballabio C, Panagos P, Jones A, Schmid M, Orgiazzi A, Briones MI (2023)
Ecosystem type drives soil eukaryotic diversity and composition in Europe. Global
Change Biology 29 (19): 5706-5719. https://doi.org/10.1111/gcb.16871

Labouyrie M, Ballabio C, Romero F, Panagos P, Jones A, Schmid M, Mikryukov V,
Dulya O, Tedersoo L, Bahram M, Lugato E, van der Heijden MA, Orgiazzi A (2023)
Patterns in soil microbial diversity across Europe. Nature Communications 14 (1).
https://doi.org/10.1038/s41467-023-37937-4



https://doi.org/10.1038/s41467-020-17688-2
https://doi.org/10.1126/science.abd7926
https://doi.org/10.1126/science.abd7926
https://doi.org/10.1038/s41586-022-05292-x
https://doi.org/10.1038/s41586-022-05292-x
https://doi.org/10.1016/j.scitotenv.2018.10.033
https://www.iucnredlist.org/documents/RedListGuidelines.pdf
https://doi.org/10.1038/ismej.2016.174
https://doi.org/10.3897/zookeys.930.48943
https://doi.org/10.1016/j.tree.2018.11.002
https://doi.org/10.1016/j.biocon.2022.109475
https://doi.org/10.1111/gcb.16871
https://doi.org/10.1038/s41467-023-37937-4

Farfan M et al

Lausche BJ (2011) Guidelines for protected areas legislation (No. 81). IUCN.

Marchan DF, Dominguez J (2022) Evaluating the Conservation Status of a North-
Western Iberian Earthworm (Compostelandrilus cyaneus) with Insight into Its Genetic
Diversity and Ecological Preferences. Genes 13 (2). https://doi.org/10.3390/
genes13020337

Michener W (2015) Ecological data sharing. Ecological Informatics 29: 33-44. https://
doi.org/10.1016/j.ecoinf.2015.06.010

Mishra A, Singh L, Singh D (2022) Unboxing the black box-one step forward to
understand the soil microbiome: A systematic review. Microbial ecology 85 (2): 669-683.
https://doi.org/10.1007/s00248-022-01962-5

Mueller G, Cunha KM, May T, Allen J, Westrip JS, Canteiro C, Costa-Rezende DH,
Drechsler-Santos ER, Vasco-Palacios A, Ainsworth AM, Alves-Silva G, Bungartz F,
Chandler A, Goncalves S, Krisai-Greilhuber |, Irsenaite R, Jordal JB, Kosmann T,
Lendemer J, McMullin RT, Mesic A, Motato-Vasquez V, Ohmura Y, Naesborg RR, FerMi
C, Saar |, Simijaca D, Yahr R, Dahlberg A (2022) What Do the First 597 Global Fungal
Red List Assessments Tell Us about the Threat Status of Fungi? Diversity-Basel 14 (9).
https://doi.org/10.3390/d14090736

Nielsen UN, Ayres E, Wall DH, Bardgett RD (2010) Soil biodiversity and carbon cycling:
a review and synthesis of studies examining diversity—function relationships. European
Journal of Soil Science 62 (1): 105-116. https://doi.org/10.1111/j.
1365-2389.2010.01314.x

Niesenbaum R (2019) The Integration of Conservation, Biodiversity, and Sustainability.
Sustainability 11 (17). https://doi.org/10.3390/su11174676

Orgiazzi A, Bardgett R, Barrios E, Behan-Pelletier V, Briones M, Chotte J-, Deyn GB,
Eggleton P, Fierer N, Fraser TD, Hedlund K, Jeffery S, Johnson N, Jones A, Kandeler E,
Kaneko N, Lavelle P, Lemanceau P, Miko L, Wall D (2016) Global Soil Biodiversity Atlas.
European Commission

Orgiazzi A (2022) What is soil biodiversity? Conservation Letters 15 (1). https://doi.org/
10.1111/conl. 12845

Orgiazzi A, Panagos P, Fernandez-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). https://doi.org/10.1111/ejss.13299

Persson T, Lohm U (1977) Energetical significance of the annelids and arthropods in a
Swedish grassland soil. Ecological Bulletins 23

Phillips H, Cameron E, Eisenhauer N, Burton V, Ferlian O, Jin Y, Kanabar S, Malladi S,
Murphy R, Peter A, Petrocelli I, Ristok C, Tyndall K, Putten Wvd, Beaumelle L (2023)
Global change and their environmental stressors have a significant impact on soil
biodiversity -- a meta-analysis. Authorea, Inc. https://doi.org/10.22541/au.
167655684.49855023/v1

Phillips HP, Cameron E, Ferlian O, Tuerke M, Winter M, Eisenhauer N (2017) Red list of
a black box. Nature Ecology & Evolution 1 (4). https://doi.org/10.1038/s41559-017-0103
Phillips HP, Beaumelle L, Eisenhauer N, Hines J, Smith L (2020) Lessons from the
WBF2020: extrinsic and intrinsic value of soil organisms. SOIL ORGANISMS 92(2)
https://doi.org/10.25674/s092iss2pp121

Pulleman M, Creamer R, Hamer U, Helder J, Pelosi C, Peres G, Rutgers M (2012) Soil
biodiversity, biological indicators and soil ecosystem services-an overview of European



https://doi.org/10.3390/genes13020337
https://doi.org/10.3390/genes13020337
https://doi.org/10.1016/j.ecoinf.2015.06.010
https://doi.org/10.1016/j.ecoinf.2015.06.010
https://doi.org/10.1007/s00248-022-01962-5
https://doi.org/10.3390/d14090736
https://doi.org/10.1111/j.1365-2389.2010.01314.x
https://doi.org/10.1111/j.1365-2389.2010.01314.x
https://doi.org/10.3390/su11174676
https://doi.org/10.1111/conl.12845
https://doi.org/10.1111/conl.12845
https://doi.org/10.1111/ejss.13299
https://doi.org/10.22541/au.167655684.49855023/v1
https://doi.org/10.22541/au.167655684.49855023/v1
https://doi.org/10.1038/s41559-017-0103
https://doi.org/10.25674/so92iss2pp121

Preliminary assessment of the knowledge gaps to improve nature conservation ... 19

approaches. Current Opinion in Environmental Sustainability 4 (5): 529-538. https://
doi.org/10.1016/j.cosust.2012.10.009

Rillig M, Antonovics J, Caruso T, Lehmann A, Powell J, Veresoglou S, Verbruggen E
(2015) Interchange of entire communities: microbial community coalescence. Trends in
Ecology & Evolution 30 (8): 470-476. https://doi.org/10.1016/j.tree.2015.06.004

Rillig M, Ryo M, Lehmann A, Aguilar-Trigueros C, 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). https://doi.org/10.1126/science.aay2832
Salako G, Russell DJ, Stucke A, Eberhardt E (2023) Assessment of multiple model
algorithms to predict earthworm geographic distribution range and biodiversity in
Germany: implications for soil-monitoring and species-conservation needs. Biodiversity
and Conservation 32 (7): 2365-2394. https://doi.org/10.1007/s10531-023-02608-9
Schuldt A, Assmann T, Brezzi M, Buscot F, Eichenberg D, Gutknecht J, Hardtle W, He J,
Klein A, Kiihn P, Liu X, Ma K, Niklaus P, Pietsch K, Purahong W, Scherer-Lorenzen M,
Schmid B, Scholten T, Staab M, Tang Z, Trogisch S, von Oheimb G, Wirth C, Wubet T,
Zhu C, Bruelheide H (2018) Biodiversity across trophic levels drives multifunctionality in
highly diverse forests. Nature Communications 9 (1). https://doi.org/10.1038/
s41467-018-05421-z

Stojanovi¢ M, Milutinovi¢ T, Karaman S (2008) Earthworm (Lumbricidae) diversity in the
Central Balkans: An evaluation of their conservation status. European Journal of Sail
Biology 44: 57-64. https://doi.org/10.1016/j.ejsobi.2007.09.005

Tedersoo L, Kungas R, Oras E, Koster K, Eenmaa H, Leijen A, Pedaste M, Raju M,
Astapova A, Lukner H, Kogermann K, Sepp T (2021) Data sharing practices and data
availability upon request differ across scientific disciplines. Scientific Data 8 (1). https://
doi.org/10.1038/s41597-021-00981-0

Thakur M, Phillips HP, Brose U, De Vries F, Lavelle P, Loreau M, Mathieu J, Mulder C,
Van der Putten W, Rillig M, Wardle D, Bach E, Bartz MC, Bennett J, Briones MI, Brown
G, Decaéns T, Eisenhauer N, Ferlian O, Guerra CA, Kénig-Ries B, Orgiazzi A, Ramirez
K, Russell D, Rutgers M, Wall D, Cameron E (2020) Towards an integrative
understanding of soil biodiversity. Biological Reviews 95 (2): 350-364. https://doi.org/
10.1111/brv.12567

van der Putten W, Bardgett R, Farfan M, Montanarella L, Six J, Wall D (2023) Soil
biodiversity needs policy without borders. Science 379 (6627): 32-34. https://doi.org/
10.1126/science.abn7248

Veen GF, Wubs ERJ, Bardgett RD, Barrios E, Bradford MA, Carvalho S, De Deyn GB,
de Vries FT, Giller KE, Kleijn D, Landis DA, Rossing WAH, Schrama M, Six J, Struik PC,
van Gils S, Wiskerke JSC, van der Putten WH, Vet LEM (2019) Applying the
Aboveground-Belowground Interaction Concept in Agriculture: Spatio-Temporal Scales
Matter. Frontiers in Ecology and Evolution 7 https://doi.org/10.3389/fevo.2019.00300
Veresoglou S, Halley J, Rillig M (2015) Extinction risk of soil biota. Nature
Communications 6 (1). https://doi.org/10.1038/ncomms9862

Wagg C, Bender SF, Widmer F, van der Heijden MA (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

White H, Ledn-Sanchez L, Burton V, Cameron E, Caruso T, Cunha L, Dirilgen T, Jurburg
S, Kelly R, Kumaresan D, Ochoa-Hueso R, Ordonez A, Phillips HP, Prieto I, Schmidt O,



https://doi.org/10.1016/j.cosust.2012.10.009
https://doi.org/10.1016/j.cosust.2012.10.009
https://doi.org/10.1016/j.tree.2015.06.004
https://doi.org/10.1126/science.aay2832
https://doi.org/10.1007/s10531-023-02608-9
https://doi.org/10.1038/s41467-018-05421-z
https://doi.org/10.1038/s41467-018-05421-z
https://www.sciencedirect.com/journal/european-journal-of-soil-biology
https://www.sciencedirect.com/journal/european-journal-of-soil-biology
https://doi.org/10.1016/j.ejsobi.2007.09.005
https://doi.org/10.1038/s41597-021-00981-0
https://doi.org/10.1038/s41597-021-00981-0
https://doi.org/10.1111/brv.12567
https://doi.org/10.1111/brv.12567
https://doi.org/10.1126/science.abn7248
https://doi.org/10.1126/science.abn7248
https://doi.org/10.3389/fevo.2019.00300
https://doi.org/10.1038/ncomms9862
https://doi.org/10.1073/pnas.1320054111
https://doi.org/10.1073/pnas.1320054111

20

Farfan M et al

Caplat P (2020) Methods and approaches to advance soil macroecology. Global
Ecology and Biogeography 20 (10): 1674-1690. https://doi.org/10.1111/geb.13156
Woomer PL, Swift MJ (Eds) (1994) Biological Management of Soil Fertility. John Wiley,
U.K., 252 pp.

Zeiss R, Eisenhauer N, Orgiazzi A, Rillig M, Buscot F, Jones A, Lehmann A, Reitz T,
Smith L, Guerra CA (2022) Challenges of and opportunities for protecting European soil
biodiversity. Conservation Biology 36 (5). https://doi.org/10.1111/cobi.13930



https://doi.org/10.1111/geb.13156
https://doi.org/10.1111/cobi.13930

	Introduction
	State-of-the-Art for Conservation of Soil Biodiversity
	Nature conservation approaches for biodiversity
	Protected areas
	Protected species
	Integration of conservation into sustainable use
	Research on soil biodiversity and conservation
	Soil biodiversity, ecosystem functions and services
	Soil biodiversity conservation and policy
	Drivers of soil biodiversity change
	Soil biodiversity conservation awareness and information sharing

	Knowledge Gaps for Nature Conservatioon of Soil Biodiversity
	Need for Indicators, Methods, Modeling and Expertise for Conserving and Monitoring Soil Biodiversity (Table 2. Gaps 1,2,3)
	The Multifunctionality of and Conservation Practices that Protect Soil Biodiversity (Table 2. Gaps 4 & 5)

	Bottlenecks Filling Gaps in Knowledge of Soil Biodiversity Conservation
	Problem of Unknown Taxa (Table 2. Bottleneck 6)
	Problem of Unknown Ecologies, Distributions, & Drivers (Table 2. Bottlenecks 7 & 8)
	Threats to Soil Biodiversity and Understanding Risks of Species’ Extinction (Table 2. Bottlenecks 9 & 10)
	Invasive Species’ Knowledge and Risks (Table 2. Bottleneck 11)
	Conclusion

	References

