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A B S T R A C T

Soil and soil-biodiversity protection are increasingly important issues in environmental science and policies, 
requiring the availability of high-quality empirical data on soil biodiversity. Here we present a publicly available 
data warehouse for the soil-biodiversity domain, Edaphobase 2.0, which provides a comprehensive toolset for 
storing and re-using international soil-biodiversity data sets, following the FAIR (Findable, Accessible, Interop
erable, and Reusable) principles. A major strength is the possibility of annotating biodiversity data with 
exhaustive geographical, environmental and methodological metadata, allowing a wide range of applications 
and analyses. The system harmonises and integrates heterogeneous data from diverse sources into standardised 
formats, which can be searched together using numerous filter possibilities, and offers data exploration and 
analysis tools. Edaphobase features a strict data transparency policy, comprehensive quality control, and DOIs 
can be provided for individual data sets. The database currently contains >450,000 data records from >35,0000 
sites and is accessed nearly 14,000 times/year. The data curated by Edaphobase 2.0 can greatly aid researchers, 
conservationists and decision makers in understanding and protecting soil biodiversity.

1. Introduction

Soil and soil-biodiversity protection are increasingly important is
sues in global environmental policy agendas (FAO and ITPS, 2015; 
Ronchi et al., 2019; FAO et al., 2020; EU Commission, 2021; FAO, 
2022). Existing challenges include the sustainable use and preservation 
of the multi-functionality of soils (i.e., Vrebos et al., 2017), which relies 
on rich soil biodiversity (Loreau et al., 2001). Healthy functioning of the 
soil ecosystem enables the delivery of multiple ecosystem services, such 
as food provisioning for the growing human population, water purifi
cation, carbon sequestration to stabilise climate, and resilience against 
multiple natural and anthropogenic pressures (Fan et al., 2023), 
including soil pollution (Stolte et al., 2016), warming, drought, heavy 
metal contamination (Rillig et al., 2021), plastic residues (Rillig and 
Lehmann, 2020; Li et al., 2022) and pesticides (Zhou et al., 2020; Riedo 
et al., 2021). Most of these ecosystem services are supported and 

regulated by the activities of soil organisms, including fauna and mi
croorganisms (Gardi and Jeffery, 2009; Turbé et al., 2010; Adhikari and 
Hartemink, 2016). Soil organisms are crucial for key ecological func
tions that underlie ecosystem services, such as soil aggregate formation 
(Scheu and Schulz, 1996; Frouz et al., 2006; Coleman et al., 2017; Shelef 
et al., 2019, 2020), plant litter and other detritus decomposition (Smith 
and Bradford, 2003; Castro-Huerta et al., 2015), and nutrient cycling 
(Coleman et al., 1993; Jeffery et al., 2010; Shelef et al., 2013).

Developing management practices for soil protection and conserva
tion requires data- and knowledge-based evaluation of the composition 
and functioning of soil-organism communities (Dunbar et al., 2013). For 
that, high-quality, spatially explicit (georeferenced) empirical quanti
tative data on soil biodiversity are urgently needed for the evaluation of 
effects of, e.g., agricultural intensification or soil-management practices 
(Mathews et al., 2020) as well as for developing efficient soil manage
ment and protection policies. Yet, the effects of soil organisms on many 
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ecosystem functions, as well as the response of soil organisms to envi
ronmental changes, remain poorly understood. A number of recent an
alyses attempting to understand the role of soil biodiversity as mediated 
by a suite of environmental factors across large biogeographical regions 
have collated, synthesised and harmonised datasets assembled to anal
yse individual groups of soil organisms (e.g., van den Hoogen et al., 
2019; Phillips et al., 2021; Potapov et al., 2023). However, assembling a 
complex ecologically multidimensional dataset from multiple individual 
datasets requires a huge work investment, which has essentially been 
limited to very few attempts. As such, establishing a sustainable and 
curated infrastructure for standardised, quality-controlled data is 
essential for generating and providing the knowledge needed for pro
tecting soils and the biodiversity therein.

The last decade has shown an increased awareness throughout all 
science domains of the need to share and provide research data publicly 
(Van den Eynden and Corti, 2014; Alter and Vardigan, 2015; Gewin, 
2015), following FAIR data principles (Wilkinson et al., 2016; Jacobsen 
et al., 2020; https://www.go-fair.org/fair-principles). However, in view 
of the challenges discussed above, applying the FAIR principles in soil- 
biodiversity data remains difficult due to the highly fragmented avail
ability of data sets, lack of globally accepted data-generation methods 
and disparate understandings of the role of ‘essential portions’ of soil 
biodiversity and therefore of the necessary data to be collated. None
theless, protocols for assessing the current status of soil biodiversity 
must be science- and data-based (using quantitative data and stand
ardised methods: Potapov et al., 2022), comprising broad-scale yet site- 
specific information on species taxonomic diversity, functional diversity 
and environmental metadata (Emmerling et al., 2002; Ramirez et al., 
2015; Wall et al., 2015; Römbke et al., 2018; Sechi et al., 2018). How
ever, to date, there have been more calls in this direction than concrete 
responses and actions. A recent call for collaboration presents an 
incentive for sharing data by co-constructing a European Atlas of Soil 
Fauna (Tsiafouli et al., 2022).

In recent decades advanced methodologies for mapping biodiversity 
and relating it to environmental drivers have been developed (Ferrier 
et al., 2007; Guisan et al., 2017). Some Proof-of-Concepts (PoC) have 
illustrated the viability of mapping soil biodiversity for establishing 
potential baselines (Rutgers et al., 2016; Salako et al., 2023). However, 
these methods are based on time-consuming hand collation of both 
biodiversity data and environmental data. International biodiversity 
databases such as GBIF, PREDICTS, TRY, BOLD or DiSSCo, although 
focusing on global diversity of plants and animals, still have limited data 
on soil organisms and often no data on species abundances, habitat types 
or soil types and other environmental characteristics of the sites of 
occurrence. More importantly, these databases are often not operational 
for soil ecological assessments or advancing decision-support tools, as 
they hardly contain information on functional traits of organisms (cf. 
TRY database of plant functional traits [Kattge et al., 2020] or BETSI 
database for soil animal traits [http://betsi.cesab.org/]), and in many 
cases they lack the environmental metadata needed to provide details 
about the ecosystems where soil biota were collected.

Therefore, a data warehouse specifically designed for the soil- 
biodiversity domain is an essential step forward. The major challenge 
in developing state-of-the-art data repositories and warehouses is to 
build a unified framework for integrating an inherently massively 
multidisciplinary field (in this case, species taxonomies, occurrences and 
abundances, including their functional traits and molecular data; but 
also information about land use, vegetation cover, and soil chemical and 
physical properties, etc.). Development of such a data-diverse multi
disciplinary repository requires at least three steps. Firstly, researchers 
with different expertise (e.g. taxonomists, soil scientists, ecologists) 
must agree to collaborate, combine, and share their data, thereby 
establishing a culture of data visibility, management and re-use. Sec
ondly, a data infrastructure must be established and maintained where 
shared data can be assimilated and disseminated in the long term. 
Thirdly, efficient data collection, standardisation and software 

application tools must be developed to meet the data workflow and 
visualisation needs of data users. Many scientific disciplines have 
already developed data resources that successfully facilitate data- 
intensive research such as molecular and biotechnological data. Due 
to the complexity and high variability of the methods used to record and 
assess soil-organism communities, integrating heterogeneous data 
sources - including the various levels of morphological and molecular 
taxonomic identification and the difficulties in combining numerical 
counts and molecular sequences - into complexly linked datasets needed 
for assessing soil biodiversity and functioning at broad spatio-temporal 
scales constitutes a further challenging task. Also, detailed methodo
logical metadata are required to enable internal comparability of data 
used for common meta-analyses. Finally, quality control of uploaded 
data as well as applying internal data filters and quality-assessment tools 
are critically needed procedures for assembly of soil biota datasets.

Here, we present the first and largest international data warehouse 
devoted solely to the soil-biodiversity domain, Edaphobase 2.0. This 
database has evolved from an earlier version (Burkhardt et al., 2014), 
which focused on the entry of data for the major soil invertebrate-animal 
taxa occurring in Germany and neighbouring countries. Based on this 
earlier version, we developed an advanced data repository, which in
cludes elements of a data warehouse and provides a comprehensive set 
of tools to (i) store soil-biodiversity data accompanied by detailed 
metadata, and (ii) re-use the data for new analyses, following the FAIR 
(Findable, Accessible, Interoperable, and Reusable) principles. Much of 
the current development was undertaken within the framework of the 
EU COST Action ‘EUdaphobase’ (https://www.eudaphobase.eu/), a 
consortium of ca. 100 soil scientists, biologists and software experts 
from over 30 countries from Europe and beyond, establishing a 
consensus on data collation and re-use goals as well as on stand
ardisation, data structures and policies. In Edaphobase 2.0, heteroge
neous data are harmonised and stored in standardised formats, which 
can be searched using numerous filter possibilities (e.g., by taxa, re
gions, habitat types, data sources, etc.) and offers basic analytical tools 
allowing data exploration aimed for a wide range of applications. Eda
phobase 2.0 features a strict data transparency policy, quality control, 
and DOIs can be provided for individual data sets. The open-access data 
curated by Edaphobase 2.0 can greatly aid researchers, conservation 
scientists and decision makers to further progress in understanding and 
conserving soil biodiversity and protecting soils.

2. Methods

2.1. Edaphobase data management

The Edaphobase data warehouse is open and free for submission of 
soil-biodiversity data by any and all data providers, whereby recognition 
of data providers is a key priority. The data warehouse is structured in a 
manner that allows all soil-biodiversity data to be easily obtained and be 
appropriately linked to relevant metadata in order to answer scientific 
questions or to assess ecological and distributional information on soil 
organisms (see below, Section 2.1.3 and Fig. 3a). To this goal, the core 
focus is on taxonomic and observational data, whereby possibilities and 
guidelines for submitting exhaustive geographical, environmental and 
methodological metadata are also provided.

2.1.1. Data sources and intellectual rights
Data from various source types of data providers are integrated in 

Edaphobase, for instance raw data from research projects or monitoring 
programs; published literature; unpublished reports and theses, museum 
collections, etc. Detailed information on the data source helps to orga
nise data for further re-uses and interpretations as well as allowing 
proper citation of data sets used in meta-analyses and data syntheses. 
Metadata for the source of a data set includes the project name and 
principal investigator (for project sources), the collection name, 
collection-object number and collection manager (for museum sources), 
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or the author, journal, article title, volume and page numbers, DOI (for 
literature sources), etc.

Data providers retain the ownership rights to their data while 
acknowledging that data uploaded to Edaphobase are open access ac
cording to CC-BY licences, although certain restrictions to data access 
can be superimposed. The provider of the original data set can specify a 
priori the public-access extent to which their data will be made avail
able: (i) open access (ii) permanently restricted public access to sensitive 
parts of the data set (‘anonymised’), or (iii) temporarily blocked for 
release (‘embargoed’ until the original study is published, etc.). While 
these safeguards have been installed according to data-providers con
cerns, in reality 95 % of all datasets are open access (see Section 3.3
below). Anonymised data sets are not hidden entirely, but only the 
sensitive aspects (primarily: location data or related methodological 
metadata) of individual data records within the data set (viable to the 
public as “available upon request”). The source metadata, non-sensitive 
data and similar remain open and publicly available. Anonymised sec
tions or embargoed data can be made available to a specific data user 
upon request to the original data owner. Further information can be 
found in the Edaphobase data policy (Senckenberg, 2023).

2.1.2. Taxonomic system of soil biodiversity taxa
The taxonomic module is the core module of the system. To be un

ambiguous, a taxon is defined by a nomenclatural full name (including 
describing author and year) and is hierarchically classified within a 
systematic tree representing the ‘taxonomic backbone’ of Edaphobase. 
This backbone is based on available taxonomic databases and resources 
(i.e., Ghilarov and Krivolutsky, 1975; Bellinger et al., 1996ff; Csuzdi and 
Zicsi, 2003; Weigmann, 2006; Degma and Guidetti, 2007; Boyko et al., 
2008; de Jong et al., 2014; DriloBase Project, 2014ff; Peter et al., 2019; 
GBIF, 2020; Ahyong et al., 2023; Sierwald and Spelda, 2023; etc.), 
revised and kept up-to-date by the European taxonomic expert(s) 
responsible for the respective taxon group in Edaphobase. For Fungi and 
Prokarya, the system is linked to the internationally renowned databases 
Mycobank (Robert et al., 2013), UNITE (Nilsson et al., 2018) and the 
BacDive system (Reimer et al., 2022), which provide curated, up-to-date 
taxonomies as data layers to Edaphobase. Based on the systematic tree, 
taxa at any hierarchical level can be queried and the system will find 
data on all subordinate taxa. Synonyms of taxon names are linked to 
their valid names so that older taxonomic designations can be found and 
appropriately handled.

2.1.3. Observational data and metadata
Edaphobase allows data to be submitted as individual data sets 

(containing multiple observation records) and metadata valid for an 
entire data set. Number of individuals (relative and/or absolute), nu
merical densities and biomass are examples of soil-biodiversity obser
vation records, while taxon-identification and sampling methods, 
preparation and morphological or molecular methods often describe the 
entire data set and can therefore be considered as metadata. Nonethe
less, the system allows different metadata to be linked to individual data 
records within a data set. The inclusion of metadata enhances data re- 
use and assists in filtering data appropriate for specific analyses. Three 
types of metadata are handled in Edaphobase based on information on 
(i) the dataset itself and its source, (ii) the sampling locations and (iii) 
the methods (field, laboratory, taxon identification).

2.1.3.1. Observational data. Besides qualitative information about spe
cies occurrences (‘presence’ in a specific sample, site, etc.), Edaphobase 
can host quantitative data linked to a specific taxon and sample/site. 
Quantitative data can be expressed in absolute counts per sample, 
density or biomass per area or volume, activity density (for traps), 
dominance (relative abundance), frequency, etc. The main harmo
nisation units within Edaphobase are individuals/m2 and g/m2 (for 
area-based sampling methods; data fields for sampling depth also exist) 

and individuals/trap/time period (for trap-based methods). Absolute 
counts are automatically harmonised to these units, provided that the 
number of samples and sampling effort are also given (i.e. number of 
samples per plot or site, sampled area or exposition time). To maintain 
computational efficiency with the database, raw records of ‘absence’ are 
generally not stored. However, for data sets at the community level, 
based on the ‘scope’ data field in the metadata (see below, Section 
2.1.3.4) the system generates absences (‘pseudo-absences’; species 
contained in the data set are assigned with zero occurrence values if not 
included in a sample or site listed in the dataset) for data-aggregation 
functions. This is done, e.g., to allow correct aggregation of sample- 
level data to ‘site’-level summaries, which represents the main spatial 
harmonisation level of Edaphobase (see below, Section 2.1.3.3). Mea
surements and observations on individual specimens (i.e., morpholog
ical or ecological characteristics, as well as stabile-isotope, fatty-acid or 
gut-content analyses) as well as molecular data can be included in a 
submitted data set for individual taxa.

2.1.3.2. Metadata regarding the data set. Full metadata concerning a 
data set is required during submission and allows easy access of the 
individual data set as well assessment of re-use possibilities and correct 
citation of the data set by users. Mandatory metadata for each individual 
data set includes the dataset title, the source & source type, the author or 
PI, region/country of origin, locations & geo-coordinates, taxonomic 
groups(s) contained, DOI (when requested by the data provider), etc. 
This metadata can be accessed in the publicly available online Eda
phobase Portal (https://portal.edaphobase.org), and is included in all 
downloaded data files, whereby this metadata is never limited. Even in 
download tables of collated data (which includes records from various 
data sets), all metadata for each data point (derived from the data set 
containing the point) is provided.

2.1.3.3. Environmental and geographical metadata. An important meta
data category (‘site description’) includes data fields for information on 
the location (incl. geographical coordinates), sampling date(s), local 
weather (i.e. temperature, precipitation etc. during or, e.g., shortly 
before the sampling period), climate (long-term averages of sampling 
sites or areas), vegetation (species specific, including cover percent
ages), habitat (biotope) and microhabitat type, land use as well as spe
cific soil properties (i.e., physical, chemical, hydrological parameters, 
etc.). Each field can be linked to the associated methods used for their 
generation as well as the dates of the measurement period, in order to 
associate such metadata with the soil-biological data. In contrast to 
other data repositories, environmental metadata can be linked to 
observational data at various (hierarchical) spatial and geographical 
scales. Both biodiversity data and metadata can be entered and linked 
from the subsample level to an individual sample, plot represented by 
several samples, site represented by several plots, or selected region/ 
country (Fig. 1). This is established by specifically linking environ
mental and methodological data to spatio-temporal variables (sampling 
event [i.e. date or time period], individual sample [i.e., a soil core or 
trap], subsample [i.e., vertically divided soil core or exposition period of 
a trap] and - if the data are not at a sample level - linkage to a specific 
plot or site). These spatial hierarchical levels are specifically defined 
(https://service.edaphobase.org/Edaphobase_datafield_documenta 
tion). The ‘site’ (of occurrence) is the main spatial harmonisation level of 
Edaphobase for cross-data set analyses. Any data available at more 
specific spatial levels (plot, sample, sub-sample) are automatically 
aggregated (via sums or means, as appropriate) in Edaphobase to the site 
level. Nonetheless, all original data (including sample-level data or 
treatments in separate plots) is retained in the system, allowing further 
options for the user. For instance, data can be specifically filtered to 
obtain treatment comparisons by choosing to group (aggregate) data at 
the “plot” level, which will isolate treatment data in contingency tables, 
provided that such data is indeed given by data contributors. 
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Furthermore, sample-level data can be specifically filtered and down
loaded for analyses of local-scale (site) spatial heterogeneity.

2.1.3.4. Methodological metadata. Submitted methodological metadata 
allows provision of information on the fieldwork during a sampling 
event and/or in the laboratory (i.e., sampling date, sampling methods, 
extraction methods, species identification, etc.). An important set of 
methodological metadata are data fields describing the ‘data scope’, 
which stores information on the goal/purpose of data collection and the 
type of biological data included in the dataset. They can be considered as 
describing the objectives and goals of a sampling event or survey. The 
information allows selective data filtering for improved data re-use 
functionality, since not every data set is appropriate for every type of 
analysis. The four data fields within ‘data scope’ are: sampling effort 
(single observations or systematic survey), quantification level (quan
titative or qualitative [presence/absence]), selected species or 
community-composition level, and sample-level or (aggregated) site- 
level data. Again, these data fields are defined and explained in detail 
and available to the public (https://service.edaphobase.org/Edaphob 
ase_datafields and https://service.edaphobase.org/Edaphobase_datafie 
ld_documentation).

2.2. Data model

To integrate all submitted data sets, Edaphobase implements a 
‘hybrid’ relational data model in the database-management system 
PostgreSQL (Fig. 2). The model combines a conventional relational 
model and an entity-attribute-value (EAV) information system 
(Nadkarni et al., 1999). One major advantage of the EAV model is the 
flexibility to introduce new attributes (=datafields/variables) without 
requiring major changes in the underlying data model. The EAV system 
also creates space for complex hierarchies and supports efficient data 
exploration (since zero values are excluded).

This core database is stored only on internal servers to ensure secu
rity and prevent external manipulation (‘hacking’). The database is 
transferred daily from this transaction-optimised schema to a read-only 
analysis-optimised schema in the publicly available Edaphobase Data- 
Query Portal (https://portal.edaphobase.org). Thereby, all data sets 
are pre-prepared in a manner that can be queried and combined as 
efficiently as possible in the Query Portal. This procedure also protects 
personal data of, i.e., data providers, which are only maintained in the 

internal database and not sent to the Data-Query Portal. The following 
technologies are used for the Data-Query Portal: Qooxdoo framework 
for graphical user interface (GUI) and OpenLayers for map presentation, 
MapServer for portions of the map management system, PHP for 
communication between database and front end, PostgreSQL for 
persistence, PostGIS for persistence and GIS calculations.

2.3. Sustainability

The Senckenberg Society is committed to sustainably maintaining 
the data infrastructure in the future, which is considered to be a “flag
ship product” of the entire institution. Currently, an Edaphobase man
ager and two software developers for the system have permanent 
positions; permanent scientific staff of the Department of Soil Zoology at 
Senckenberg have large portions of their daily tasks devoted to man
aging and further developing the Edaphobase system. This staff is 
augmented by further personnel from third-party financed projects, 
ensuring the sustainability and permanent availability of the Edapho
base data warehouse.

3. Results

3.1. Data warehouse

Edaphobase 2.0 is a sustainable, yet dynamic data repository, 
implementing structures of a data warehouse (Kimball and Ross, 2002; 
Inmon, 2005), that stores data sets containing occurrence and abun
dance information on soil organisms, their spatial and temporal distri
bution coupled with the habitat parameters of their sites of occurrence, 
and makes these data sets available to the public. Current developments 
include linking the system to trait databases to also allow representation 
of functional aspects of soil biodiversity (see Discussion). Heterogeneous 
data from various source types (such as literature, museum collections, 
unpublished or raw project data) are integrated, quality checked, and 
homogeneously structured within the database. An open-access Data- 
Query Portal (https://portal.edaphobase.org) allows exploration and 
download of data sets, as well as more complexly filtered queries 
throughout all data sets about species' communities in specific sites, 
habitat types or specific environmental conditions (soil, climate, etc.), 
creation of distribution maps for individual taxa, etc. It also provides 
basic data-exploration tools at both species and community levels. The 
following soil-organism groups are currently included: Crassiclitellata 
(earthworms), Enchytraeidae (potworms), Diplopoda (millipedes), 
Chilopoda (centipedes), Isopoda (woodlice), Collembola (springtails), 
Oribatida (moss mites or armoured mites), Mesostigmata (predatory 
mites), and Nematoda (roundworms). Recently, Tardigrada (water 
bears), Diplura (two-pronged bristletails), Protura (proturans) and mi
croorganisms - including Fungi and fungi-like organisms as well as 
Prokaryota (Bacteria and Archaea) - have been included. Edaphobase 
can be easily expanded to include other soil-organism groups, whereby 
protists are the current next target.

3.2. Edaphobase structure

The structure of any database is guided by the goals and re
quirements of data usage (cf. Bray, 2002; Dick et al., 2017). The main 
focus of Edaphobase is providing a data infrastructure for understanding 
the distribution of soil biodiversity and the drivers thereof as well as its 
responses to environmental changes (Fig. 3a). The data-linkage between 
species-occurrence data and spatial, environmental and species' trait 
data is a major strength of the database and is specifically built to assist 
with exploring information on species' distributions and environmental 

Fig. 1. Hierarchical spatial levels available in Edaphobase, from the most local 
(‘Sub-Sample’ in the upper left) clockwise to the broadest level (‘Country’ in the 
lower left). Data can be entered at any hierarchical level. Each spatial level is 
nested in the next higher level (if provided) and Edaphobase automatically 
aggregates lower-level data to higher spatial levels. ‘Site’ is the spatial har
monisation level for data analyses across all data sets (whereby data only at a 
regional or country level is not included).
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preferences (niche space). To manage all data sets in an understandable 
manner, the data fields1 included in the database are organised into five 
major data categories (see Fig. 3b for data categories and their 
connections).

Data fields are hierarchically organised into categories (classes and 
subclasses, Fig. 3b and Supplementary Table 1), each category con
taining a set of data fields for entry of detailed biodiversity data (ca. 225 

data fields) or - source, methodological or environmental - metadata (ca. 
430 data fields; see below and Methods Section A.3 for a definition of 
Edaphobase metadata). Every data field has a unique identifier, name, 
definition, data format (number, string, element from a list, boolean) 
and measurement unit for numeric variables. For categorical variables, a 
selection list of possible standardised data entries (‘authority’ list) un
derlies each data field, which can be amended and expanded as needed 
(e.g., when suggested by a user and approved by the Edaphobase ad
ministrators). This information is publicly available at https://service. 
edaphobase.org/Edaphobase_datafields. For every data field, the data- 
field description also includes the data (sub)category to which it 

Fig. 2. Schematic overview of the ‘hybrid’ relational data model underlying the Edaphobase Data Warehouse. Most quantitative and categorical data entries are 
stored in the EAV part of the database (on the right of the figure, blue shading), with general data and metadata in the conventional relational database (left in the 
figure, grey shading). Major data-field classes (categories) in red ovals, and subclasses in blue ovals; examples of specific data fields in blue boxes. Red text denotes 
data relationships to the EAV tables; blue text relationships (properties) between relational tables. For more details of table relationships in the data model, see 
Supplementary Fig. 1).

Fig. 3. Overview of Edaphobase data-field groups and their connections. a: Conceptual framework of how different data groups are combined in Edaphobase in order 
to answer different types of research and assessment questions. b: The main data-field classes (categories) and associated sub-classes in Edaphobase.

1 ‘Data field’, ‘variable’, ‘attribute’ are essentially synonyms referring to a 
specific data content. We use ‘data field’ here to represent a database ‘field’ or 
‘cell’ into which a specific data (‘variable’ values) can be entered.
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belongs, the lowest possible spatial hierarchical level to which the data 
can be linked, and if the data field is mandatory, recommended, auto
matically generated, etc. The minimum mandatory dataset requires full 
metadata describing the dataset itself, as well as data on the taxa, site of 
occurrence (including geo-coordinates), and sampling date. Recom
mended are furthermore quantitative data (densities, biomass, etc.) as 
well as metadata on the sites of occurrence (habitat type, soil properties, 
land use) and methods used (field sampling, laboratory, molecular, 
taxon identification). All data records in a data set are thereby linked to 
their source (e.g., literature citation, collection, online resource, project, 
as well as the data provider's and owners' names, etc.). An ontology of 
the Edaphobase data fields and the associated data structure is currently 
being developed, which will allow improved linking of Edaphobase to 
other relevant databases in the future.

The taxon module is the taxonomic backbone of Edaphobase. A 
complete hierarchical taxonomy is maintained for each soil-organism 
group contained in Edaphobase (see https://service.edaphobase.org 
/Edaphobase_taxonomy_ontology for an ontology of Edaphobase's 
taxonomic backbone; Aldana-Martín et al., submitted). Taxon names are 
linked to the describing author and year of description for unambiguous 
identification. Taxonomic synonyms are also indicated so that taxa can 
be found both by currently valid as well as by older names. The taxo
nomic backbone for each group is based on external expert sources (see 
Section 2.1.2 for examples) or - where available - directly linked to 
taxonomic databases (i.e., MycoBank, BacDive for fungal and bacterial 
taxonomies) in order to maintain curated, up-to-date taxonomies. A 
taxonomic expert for each group is responsible for its maintenance. A 
platform of soil-biodiversity taxonomy is currently being developed to 
reinforce this curation and standardisation process.

Additional modules manage information on descriptive data of the 
sites of occurrence, sampling and other methodological details, which 
are all connected to the soil-biodiversity observational data (more in
formation provided in the Methods section). For each observation within 
a data set (i.e., a record of a taxon at a site using a specific method), an 
individual data record of multiple data fields is constructed. Together, 
this information provides specific answers to the questions ‘what was 
found where, when, by whom, and how?’. In total, >650 possible data 
fields are included, allowing harmonised and highly linked data-entry 
possibilities for each data set. Of these, only 17–22 (depending on the 
data content) are mandatory (see above) to ensure minimum informa
tion is provided for each taxon occurrence. The hierarchical structure 
grouping data fields into categories (described above) facilitates finding 
the required data field for specific information. While the nomenclatures 
used for labels of the data fields have been established in European 
consensus (i.e. via online discussion fora and meetings within the EU 
COST Action ‘EUdaphobase’) to be intuitively understandable by soil- 
biodiversity researchers, where possible the DarwinCore equivalents 
are associated (see https://service.edaphobase.org/Edaphobase_datafi 
elds for details).

3.3. Edaphobase data content

For the 13 soil-organism higher-level taxonomic groups (‘clades’ 
sensu Hedde et al., 2022) presently included in Edaphobase, over 
450,000 records have been compiled for over 14,000 taxa at >35,000 
sites worldwide. Of these records, 95 % are currently open access and 
available for general re-use, while ca. 5 % contain restricted-access data 
(e.g., due to sensitive data on protected species, privately owned loca
tions, etc.). At the time of this writing, no data set is embargoed (e.g. due 
to unpublished studies or thesis work). Data on the various soil-organism 
groups are being continuously added to Edaphobase. Presently, the 
majority of data records concern invertebrate animal groups such as 
Collembola, Oribatida and Diplopoda (24.4 %, 16.7 % and 19.3 %, 
respectively, Table 1). Many data sets, especially concerning recently 
included groups (e.g., Fungi, Prokaryota, Tardigrada, Protura, Diplura), 
have been uploaded by different users and are in the process of quality 

review and will be imported and available soon. Data from multiple 
source types are integrated, with currently 32.8 % originating from 
various museum collections, 44.2 % from literature (published articles, 
unpublished reports, theses, etc. uploaded by diverse users) and 22.9 % 
from unpublished external sources such as raw project data. Fig. 4 shows 
the global distribution of the occurrence locations currently registered in 
the database. Edaphobase presently contains data for 170 countries, 
representing all continents including Antarctica. Since the initial 
geographic focus in the first version of Edaphobase was Central Europe 
(Burkhardt et al., 2014), the extent of most data currently deposited in 
Edaphobase is centred in – but not limited to – this area (see Supple
mentary Table 2 for the distribution of all data records among global 
countries).

3.4. Data integration

3.4.1. Data standardisation
To maintain consistency between data sets for their comparability, 

Edaphobase uses standardised vocabularies for data entry in categorical 
variables (‘authority lists’; see https://service.edaphobase.org/Edaphob 
ase_datafields for details). Where possible, established standards are 
used (e.g., soil data fields based on FAO/WRB vocabularies, harmonised 
with international databases such as ISRIC and LUCAS and following 
INSPIRE metadata guidelines; land use and habitat types following 
CORINE and European EUNIS programs, ISO standards for country and 
regional names. See www.edaphobase.org for further details). However, 
in many cases (for instance, microhabitat types, field and laboratory 
methods, etc.), lists are created based on the expertise and consensus 
among soil biologists and their common usage in existing literature. The 
standardised data-entry possibilities are either simple lists or hierar
chical where appropriate. New data fields or standardised data-entry 
nomenclatures not yet included in Edaphobase can be suggested by 
external data providers and added if determined appropriate and useful 
by the Edaphobase Steering Committee at Senckenberg. This ensures 
that data deriving from, e.g., new (future) techniques can also be 
integrated.

3.4.2. Data upload
All submitted data sets are uploaded to Edaphobase via specific 

software (‘Upload Wizard’) designed as a Java 8 application written in 
Eclipse iDE. This data-upload tool is publicly accessible (https://service. 
edaphobase.org/uploadWizard), does not require any advanced com
puter skill (not an “installed” program integrated in the operating sys
tem; but rather an app loaded to the home computer and therefore 
functioning cross-system [windows, mac or linux]), and is fully docu
mented (https://service.edaphobase.org/Data_upload_information). 
The software is open source (© Senckenberg Society for Nature 

Table 1 
Distribution of data records according to taxonomic major groups and sources 
contained in Edaphobase (accessed on 11 December 2023). ‘Other’ includes 
groups such as Tardigrada, Protura, Diplura, Fungi and Prokaryota, which have 
been recently added to the database.

Taxonomic group Data-source type Total

Collection Literature Raw data

Diplopoda 55,691 26,879 4569 87,139
Chilopoda 30,082 18,053 2725 50,860
Isopoda 5229 5772 3234 14,235
Lumbricidae 3115 10,544 12,696 26,355
Enchytraeidae 1 4423 8051 12,475
Nematoda 9103 36,718 45,821
Collembola 11,918 75,983 22,170 110,071
Oribatida 17,592 10,227 47,523 75,342
Gamasina 10,195 10,201 98 20,494
Other 5465 1066 2565 9096
Total 148,391 199,866 103,631 451,888
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Research) and was specifically developed to assist in harmonisation and 
integration of heterogeneous data sets. A data-upload app was opted 
over an in-browser solution due to its technical advantages, e.g., higher 
security (i.e. checking and avoiding compromised files, trojans, etc.), 
much more and faster automated quality control (see below, Section 
3.4.4), advanced control of the User Interfaces (GUIs) and User Experi
ence (UX), etc. Existing data from a data provider (in CSV, Excel or 
Access format) can be uploaded to the Upload Wizard in its original 
format and nomenclatures (‘as is’), whereby multiple files can be com
bined to create one data set, and the software guides the semantic 
annotation of the data fields and data entries of the files (‘maps’ them) to 
Edaphobase nomenclatures and formats. While the original files are 
maintained, for each uploaded observation or record within the entire 
data set (i.e. of one taxon in one site or sample, at one date), Edaphobase 
creates an individual data record consisting of multiple data fields and 
all records and files are combined into one coherent (citable, e.g., via a 
DOI or the internal data-set ID) data set. During this submission process 
and subsequently in the Portal database itself after data import, data 
provider-defined units are transformed to SI units (where possible), 
taxon quantities given in absolute numbers are transformed to stand
ardised densities (provided that information on sample numbers/repli
cates, sample sizes/areas, etc. is given), or sample-level data are also 
aggregated to the site level to allow comparison across heterogeneous 
data sets. DOIs can be supplied - at the data provider's request (to avoid 
multiple DOIs in case the dataset has been submitted to other re
positories) - for all uploaded data sets, following the DataCite scheme 
(DataCite Metadata Working Group, 2021). The DOI URL directs 
directly to the Edaphobase Portal, where a landing page is provided for 
the specific data set (e.g., https://doi.org/10.26129/491e-nv14, Suppl. 
Fig. 2). A user manual (https://service.edaphobase.org/Edaphobase 
_data-upload_manual) as well as an instructional video (https://service 
.edaphobase.org/Video_Edaphobase-data-upload) are available to 
guide the upload process and use of the software.

3.4.3. Data templates
While the data-upload software allows the import and integration of 

digitised data, data templates have also been developed to facilitate data 
digitisation by all providers and thus expedite comparable data sharing. 
As spreadsheets are the most widely used way to store data, the data 
templates have been designed in Excel®. These templates include 
mandatory data fields for both observational data (i.e. the taxon) and 
metadata (e.g., name of the dataholder/s, source of data, coordinates of 

the sampled areas, sampling date, methodologies, etc.) as well as addi
tional recommended data fields for soil-biodiversity assessments. All 
fields are defined in the template and accompanied by instructions and 
an example data set is provided. The Soil Fauna Data Template (Fig. 5) 
was made publicly available in the recent Call for Collaboration 
(Tsiafouli et al., 2022), which can be found via the link https://drive.goo 
gle.com/drive/folders/1Om94lMTiZP_Uu-ob1xQfJYcslCxnbkR0 and 
updated versions via the link https://service.edaphobase.org/Edapho 
base_data_templates. This template is focussed on soil animals identi
fied morphologically (file SFDT [‘Soil Fauna Data Template’]), but has 
been modified in a further template to allow the inclusion of molecularly 
identified organisms (invertebrates, fungi, prokaryotes), which is 
available at the same link (file SSDT [‘Soil Sequence-Data Template’]). 
The templates were specifically designed to ease the upload process in 
Edaphobase via the data-upload software (see the previous section; http 
s://service.edaphobase.org/uploadWizard).

3.4.4. Quality control
Maintaining the highest possible quality standard of data is a key 

priority of the Edaphobase system, ensuring comparability and therefore 
advanced data re-use possibilities of all data sets. This is sustained by a 
multi-step quality control and review process (Fig. 6) during the data 
set-submission process.

3.4.4.1. Pre-import quality control. The first steps of the quality control 
are automatically performed by the Upload Software during the initial 
data-submission process. They check that all variable names as well as 
species names or vocabularies of categorical data-field entries match 
Edaphobase standards. This increases comparability and prevents, e.g., 
typographical errors and spelling mistakes in taxonomic assignments or 
specific categorical data entries. Numerical data are screened to check if 
they fit within their possible and plausible ranges. “Possible” ranges 
exclude numeric data entries that are impossible, i.e. animal abundances 
below 0, or soil pH values below pH 0 or above 14. “Plausible” ranges 
are based on available data (or literature) for the variable in question (i. 
e., Tóth et al., 2016, for heavy metal levels in European soils). Since 
biological data depend on the organism group and the geographic/cli
matic region, plausible ranges are currently evaluated according to 
outliers in available data (in Edaphobase itself or in a submitted data 
set), whereby the parameter-free Hampel-Test (Dietrich and Schulze, 
2014) is used with outliers defined as beyond 5× the median distance 
from the median (equivalent to ca. 1.5 standard deviations above - for 
maximally plausible values - the median). Such feedback regarding 
“plausibility” is given to data providers during data upload, who retain 
the final decision if such data is a “mistake” or actually true (many or
ganism groups can exceptionally occur in very large population 
numbers).

To allow data providers to check for data-entry errors before final 
data upload, the software further creates boxplots of the quantitative 
data and tests for outliers, visualises frequency of terms for categorical 
variables (‘word clouds’) and creates maps of the occurrence sites based 
on the provided geo-coordinates. After full confirmation of correctness 
by the data provider, data submission proceeds via automatic upload of 
the data set to Edaphobase servers.

3.4.4.2. Peri- and post-import quality review. Between initial data-set 
upload and final import to the database, a manual review of the data 
is also performed by an international review board of taxon experts 
(‘peri-import quality review’), similar to the peer review process after 
submitting a paper to a journal. The manual quality review part is un
dertaken by an international Review Board (similar to an editorial board 
of a journal) and is thus a community peer effort, currently spread 
among many reviewers throughout Europe. They carry this out via a 
standardised checklist, which – as opposed to a journal manuscript re
view – does not evaluate the scientific content and generation of the 

Fig. 4. Geographical distribution of the occurrence locations included in Eda
phobase 2.0 (Screenshot from the Edaphobase Query Portal, accessed on 6 
December 2023).
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data, but rather ensures that the data is complete (mandatory data), 
correct (e.g., geo-coordinates, avoiding non-atomized data), consistent 
(no data schizophrenia) and informative (i.e., can be re-used in further 
statistical analyses). Questions arising from this manual review are sent 
by e-mail to the data provider. After the exchange of information and 
data revision, the revised version of the data set is imported and inte
grated into the data warehouse. However, before the data is released and 
can be openly shared, the data provider receives a link to the data 
(temporary access link) and must confirm the correctness of the data (or 
request corrections) by going through an automated tutorial-like guide 
of the data set directly in the online Edaphobase Portal (‘post-import 
quality review’).

3.5. Data query and exploration

3.5.1. Data queries
Basic queries can be carried out by users without registration via the 

online open-access Edaphobase Data-Query Portal (https://portal. 
edaphobase.org). To hinder data misuse (“robots”) and safeguard the 
rights of data providers, users must register to the system for full access, 
i.e. to access detailed data, to view specific results in maps, to create 
customisable tables (i.e. ‘flat’ data-record tables or contingency ‘matrix’ 
tables), to use data-exploration tools, and to download queried-data 
tables. The log-in is easy, non-restrictive and free of charge. Only one 
log-in account is needed for all components of the system (i.e., 

mandatory for the data-upload software, in order to log the specific data 
provider).

A primary function of the Portal is the query of individual data sets 
via its DOI, (internal) data-set ID, the data provider's or author's name, 
project name or article title, etc., and to view them in maps and tables 
within the online Portal and as well as download for further analyses by 
the user. An additional strength of the system (representing data ware
house aspects), however, is that data from all data sets can be queried 
together in a topic-specific manner. Such overall data queries are spec
ified by the user by choosing filters for various topics of interest. Soil- 
biodiversity data from specific countries, regions or sites (location fil
ter) can be chosen from hierarchical lists or a customised polygon on a 
map. Taxonomic names, including or excluding synonyms, can be 
searched at the level of species, genus, family or major soil-organism 
groups (i.e. Nematoda, Diplopoda, Fungi, etc.; taxon filter). Data can 
be filtered for one specific taxon or simultaneously for several taxa. 
Queries can be further refined so that only data from specific sites, 
specific habitat or land-use types, certain soil parameters, etc. are 
shown. Additionally, data can be filtered according to management 
practices (e.g. organic vs conventional, tillage vs no-till, pesticide or 
fertilizer treatments), provided data providers have included this in
formation in their uploaded data sets (see Section 2.1.3.3 “Environ
mental and geographical metadata”, above).

Furthermore, queries can be further refined for individual countries 
or be focused on specific time periods, such as sampled years or seasons. 

Fig. 5. Example of a data template for data digitisation and upload (https://service.edaphobase.org/Edaphobase_data_templates).

Fig. 6. Overview of the workflow in the quality-review process during data-set upload and final import into Edaphobase. Left: Data upload by the data provider 
(owner) and automated quality control by the upload software (primarily regarding data standardisation, valid data entries, etc.). Middle: Manual quality review by 
external experts (primarily regarding data content for integration in the overall Edaphobase dataset and re-use purposes). Right: Final import of a data set into 
Edaphobase and quality control (primarily regarding correct importation) by the data owner in the online Edaphobase Portal. Blue: procedures and workflow be
tween Data Upload software (Wizard) and data owner; Grey and Green: procedures and workflow between data reviewer and data owner; Brown: procedures and 
workflow between Data-Query Portal and data owner.
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These search options and more can be combined according to the user's 
choice, selected as displayed data fields (data columns) in output tables 
or in categorised maps. In the map or table views of the query results, 
further data fields can be selected and grouped to show biodiversity 
patterns according to species (groups), habitat types, soil parameters, 
time periods, etc.

3.5.2. Data exploration (basic data analyses)
As an expanded functionality beyond standard data repositories, 

Edaphobase also offers basic descriptive analyses and visualisations 
through the ‘EdaphoStat’ function (Hausen et al., 2017). The tool ex
amines the data from all data sets for a chosen group or taxon and, from 
this, calculates the ecological niche width and optima for any set of 
selected habitat parameters. The results are displayed as bar charts of a 
species' occurrence frequency along a user-defined habitat gradient (e. 
g., habitat type, soil types, etc.), as regressions of a species' occurrence 
along a (user defined) quantitative habitat parameter (e.g., soil pH, soil 
organic matter content, average annual temperature, etc.), or as niche- 
space diagrams (2D scatterplots) of one or two species' occurrence(s) 
in relation to two quantitative habitat parameters, etc. (Fig. 7).

A further function within this data-set exploration tool is ‘Edapho
Class’, which determines the probabilities of site-specific species 
composition of soil communities based on specified habitat properties. 
After selecting a set of habitat conditions (such as habitat type and soil 
pH or organic matter content), this function searches the entire database 
for all species (of the selected taxonomic major group) recorded under 
these conditions and builds a histogram of the species occurrence fre
quencies based on the (selected) environmental conditions where the 
major group has been recorded (Fig. 8). ‘EdaphoStat’ and ‘EdaphoClass’ 
functions are useful tools for data exploration, also to assist with further 
statistical analysis of soil biodiversity data after being downloaded by a 
user.

3.6. Data download, data use and data sharing (data policy)

Data download is available for all registered users of Edaphobase. 
Data can be freely used following Edaphobase terms and conditions and 
any data-owners' restrictions on public availability (see Methods Section 
2.1.1, above). For instance, data providers must be cited when any 
derived results/analyses are published or made publicly available. 
Complete data sets or – in the case of queries throughout all data sets – 
raw data ‘flat’ tables (i.e., a spreadsheet of observations in rows and all 
variables [e.g., sources, taxon, site, coordinates, …] in columns) or user- 

specified contingency (‘matrix’) tables (e.g., species x sites, whereby all 
cells contain the same unit [e.g., individuals/m2]) can be downloaded as 
CSV or Excel files and saved locally to continue offline data exploration 
and analyses by the individual user.

The Edaphobase Data Policy (Senckenberg, 2023; https://service. 
edaphobase.org/Edaphobase_Data_Policy) regulates how data sets and 
their owners should be cited in publications using Edaphobase data. 
Besides providing a suggested citation for Edaphobase in general, it 
suggests recommendations for: (1) offering individual data providers co- 
authorship, (2) citation suggestions for references as well as (3) 
acknowledgement sections, depending on the scope and the degree of 
contribution of specific data sets to the overall analysis. Since data- 
providers' personal contact information is not made publically available, 
Edaphobase provides services to data users for contacting specific data 
providers.

Edaphobase transfers soil-biodiversity data to GBIF, the BonaRes Soil 
Data Centre and other general biodiversity data infrastructures such as 
national research-data infrastructures. During the upload procedure (see 
Results Section 3.4.2), the data provider has the option to allow or 
restrict such further data sharing, either to all cooperating data in
frastructures or only to individual data repositories. This allows data 
providers to upload data once, alleviating the time-consuming need to 
upload to multiple repositories (i.e., Edaphobase and GBIF); but also 
avoids duplicate data uploads (i.e., if uploaded separately to both Eda
phobase and GBIF).

4. Discussion

Scattered and non-systematically stored data is a major obstacle to
wards quantitative assessments of broad-scale geographical patterns of 
soil biodiversity, estimation of the local and regional drivers of this 
distribution, as well as the use of this information in land and soil 
management planning. Edaphobase is to our knowledge the first data 
repository that provides geographically referenced and quantitative 
taxonomic data, accompanied by environmental metadata to allow 
detailed assessments of soil biodiversity distribution and its relation to 
local environmental variables. By combining data on taxonomy, abun
dance and distribution of soil organisms with edaphic, climate and other 
environmental conditions of the sampled locations, it provides a unique 
platform for sharing, re-using and synthesising soil-biodiversity data for 
multiple scopes in research, education, management and policy. Eda
phobase is currently the most exhaustive data source for soil- 
biodiversity, as it includes not only published data, but also data 

Fig. 7. Examples of visualisations that can be created by the EdaphoStat data-analysis tool available in the Edaphobase Data-Query Portal. Left: Column chart of the 
occurrence frequency of Supraphorura furcifera (Collembola) across EUNIS habitat-type classifications (showing its preference for woodland sites). Right: Niche-space 
diagram of the occurrences of Mesophorura krausbaueri and M. tenuisensillata (Collembola) in relation to soil C/N ratio and soil pH, showing potential niche parti
tioning between the two species.
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contained in unpublished museum collections, technical and project 
reports, PhD and MSc theses, etc. of diverse data providers, which is 
often difficult to find and access.

Integrating and harmonising such heterogeneous data sets remains a 
major challenge. One approach to this is to achieve consensus among 
both data providers and data users. To this end, recent Edaphobase 
developments are based on a collective effort of a broad group of ca. 100 
soil ecology experts from >30 countries in and around Europe working 
within the framework of the EU COST Action ‘EUdaphobase’ and 
building on an earlier version of Edaphobase (Burkhardt et al., 2014). 
This broad consortium enabled exhaustive expertise coverage, through 
reviewing, amending and expanding the available possibilities for data 
set entries, standardising vocabularies and their definitions to make 
them understandable for a wide range of soil ecologists. Thereby, many 
international standards are used (the inclusion of more global standards 
is still needed and currently planned). Edaphobase therefore strives to 
collate, integrate and make heterogeneous data sets on soil-biodiversity 
available to scientists, stakeholders and the public in a harmonised 
manner. The resultant >650 data fields allow the integration of soil 
biodiversity related data for the majority of repository and classification 
formats and needs. This complexity can, however, be overwhelming for 
most researchers and data users. Therefore, the user interfaces 
throughout the Edaphobase system organises the data according to hi
erarchical thematic categories to facilitate data filtering. Furthermore, 
the suggested templates and guidelines for data digitisation help to 
reduce this complexity. Finally, publicly available recorded webinars 
(https://service.edaphobase.org/Edaphobase_webinars) explain the 
data structures and how to use the Edaphobase system.

Another challenge in achieving data harmonisation and integration 
is technical. Despite the consensus in building integrative data sets, in
dividual researchers and projects follow their own vocabularies and data 
structures during data collection. To transform these to standardised 
vocabularies and data structures is not only time consuming, but highly 
error-prone. Therefore, within the EUdaphobase COST Action frame
work, the data upload software was developed and tested, which an
notates (‘maps’) individual, previously digitised data sets to Edaphobase 
standards and transforms these data sets to Edaphobase data structures 
to allow the best possible integration (see Results Section 3.4.2). 
Nonetheless, complexly linking soil-biodiversity data to precise spatial, 

geographical and environmental metadata is challenging for data pro
viders. Therefore, the upload software is constantly being further 
developed, intending, e.g., to collect user-specific terminologies to 
create thesauri, where machine-learning techniques will help further 
automate such semantic-annotation procedures, further reducing the 
effort needed by data providers.

A third Edaphobase tier of data harmonisation and integration is the 
multi-step quality control procedures that all submitted data sets un
dergo in Edaphobase 2.0 (see Results Section 3.4.4). While the data-set 
upload software performs a control check for correct taxonomy, stand
ardised data structures and vocabularies, and offers data providers 
procedures for correcting possible erroneous data, manual quality con
trol after data upload confirms that the data set is appropriate for future 
re-use. As this is time consuming, an international review board, anal
ogous to an editorial board of a scientific journal, has been established. 
Members are not only taxon specialists, but also understand statistical 
assessment procedures in order to ensure the highest possible data re- 
use. Finally, data providers review their uploaded data sets in Edapho
base itself, to ensure that all harmonisation and integration steps are 
correct. While the Edaphobase quality control does not score the scien
tific quality of a dataset, provision of methodological metadata (i.e., 
regarding fieldwork and laboratory methods, molecular pipelines, 
morphological identification procedures, or the content scope of the 
dataset) allows a data user to assess the suitability of individual datasets 
for his/her assessment needs.

Overall, Edaphobase provides valuable information for all interested 
in understanding and protecting the importance of soil biodiversity in 
terrestrial ecosystems. A large variety of individuals and organisations 
will benefit from such a domain-specific data repository. For instance, 
soil biologists, ecologists and researchers can use Edaphobase to access 
information on soil biota, their distribution, and ecological correlations. 
Environmental scientists and consultants can use the system to support 
environmental impact assessments and soil conservation/management 
planning. Agricultural and horticultural practitioners can gain support 
in understanding the role of soil biodiversity in soil health and fertility 
and to make informed decisions about their management practices. Land 
managers and policy makers can use Edaphobase to make informed 
decisions on land use and management practices, including conservation 
and restoration of soil biodiversity. Researchers and students can use the 

Fig. 8. Example of output from the EdaphoClass function of the Data-Query Portal. Bar chart showing the occurrence frequencies of earthworm species collected in 
arable-field sites with a soil C/N ratio ranging between 8 and 14 and a soil pH between 5.2 and 6.5.
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system as a resource for their studies and research projects, including 
data collection, comparison and analysis.

Although the ready-to-use Edaphobase platform is publicly avail
able, further effort is still required in multiple dimensions. To ensure a 
better representation of soil biodiversity at larger spatial and temporal 
scales, an international multidisciplinary cooperation network, 
constantly collating widespread data from multiple soil ecology disci
plines is needed. For instance, there are large gaps in probably existing 
data from eastern Europe, while much existing data from western 
Europe has not yet been made publicly available. The COST Action 
EUdaphobase has worked intensively to fill these data gaps (cf. Tsiafouli 
et al., 2022; https://www.cost.eu/cost-events/the-european-atlas-of-so 
il-fauna/). A number of EU-funded research projects (i.e. MINOTAUR 
[https://ejpsoil.eu/soil-research/minotaur], eco2adapt [https://www. 
eco2adapt.eu/], MicroEco [https://www.biodiversa.eu/2023/04/19/ 
microeco/], INTACT [https://intactproject.eu/]) on soil biodiversity 
as well as national soil monitoring programs (i.e., the developing 
German National Soil Monitoring Centre) are currently considering 
using Edaphobase as a data repository in their data management plans, 
which will significantly enlarge the database's spatial coverage at least 
within the European territory. Furthermore, the recent paradigm change 
that researchers' routine tasks also include public sharing of data 
generated in research and monitoring programs must continue (e.g., 
Osawa, 2019; Sim et al., 2020; Tenopir et al., 2020; Tedersoo et al., 
2021). This is a non-trivial activity and requires not only effort, but a 
better understanding of data and data structures, including the provision 
of methodological and environmental metadata linked to biodiversity 
data. Since this had not been required in the past Edaphobase version, 
currently only approximately 40 % of Edaphobase data includes such 
metadata. Another future perspective for data collation is using artificial 
intelligence and text mining tools for screening earlier publications and 
enhancing Edaphobase with data on soil biodiversity from papers, re
ports and books. Finally, and related to data sharing, incentives for 
publicly providing research data are imperative. Motivation factors for 
sharing data have been identified as scientific progress, data sharing 
policies of funding agencies and publishers, safeguards against scientific 
fraud, enhanced collaboration and, in particular, increased authorships 
(e.g., Schmidt et al., 2016; Bierer et al., 2017; Chawinga and Zinn, 2019; 
Pasquetto et al., 2019). Edaphobase offers basic incentives for sharing 
data, e.g. making data owners and research projects publicly trans
parent, offering citable DOIs for individual data sets and the require
ment that all publications using Edaphobase data acknowledge or cite 
the individual data owners, in order to increase the visibility of re
searchers and their activities. Nonetheless, data sharing remains an 
abstract concept. Recently, the call for collaboration in producing a 
European Atlas on Soil Fauna (Tsiafouli et al., 2022) intends to give a 
concrete example for the value of data sharing. Questionnaires are 
available for potential data providers (https://service.edaphobase.or 
g/Data_provider_questionnaire) and stakeholders (https://service.ed 
aphobase.org/Stakeholder_survey) to not only assess their potential in
terests and constraints in data-sharing possibilities, but especially to 
determine their data and information needs in order to further develop 
the Edaphobase soil biodiversity data warehouse.

To increase the usefulness of the data infrastructure for overall soil 
biodiversity assessments, the system has been expanded within the 
EUdaphobase COST Action framework from a ‘pure’ soil invertebrate 
animal database to include molecularly generated data as well as data 
sets on soil microorganisms. For instance, the system now includes 
necessary data-entry options for molecular data (i.e. molecular taxon- 
identification methods as opposed to morphological methods, 
including metadata on bioinformatic pipelines). While Edaphobase does 
not intend to host sequences themselves (which would duplicate suc
cessful sequence-data infrastructures, i.e. NCBI, BOLD), taxa identified 
via sequencing are annotated with sequence accession numbers depos
ited elsewhere. Most recently, Edaphobase has been also expanded to 
allow upload of data on fungi, fungi related organisms and prokaryotes. 

Permanent linkages (‘APIs’: Application Programming Interfaces) with 
more taxonomically oriented international databases (i.e. MycoBank 
[Robert et al., 2013] and Unite [Nilsson et al., 2018] for Fungi, the 
BacDive system [Reimer et al., 2022] for prokaryotes) ensures a sus
tainable taxonomic ‘backbone’ for these soil-organism groups. Further
more, data entry possibilities for soil microbial summary parameters (i. 
e., soil respiration, microbial biomass, metabolic quotient, etc.) have 
been introduced in Edaphobase. Such data-set uploads as well as their 
data re-use within Edaphobase are currently being tested for large-scale 
regions within Europe.

A further ongoing development involves the representation of func
tional soil biodiversity within the data infrastructure. The current 
approach is to integrate morphological, behavioural and physiological 
trait data and to link these with corresponding taxa, in order to aggre
gate taxon-specific observational data to ecological or functional groups, 
and then relate these to site characteristics (as is currently done for taxa 
data). Also within the EUdaphobase COST Action framework, ongoing 
work includes collating trait data for, i.e., earthworms, collembola, 
nematodes and protozoa. Recent work developing a soil-faunal trophic 
trait ontology (Le Guillarme et al., 2023) as well as a tool for developing 
data knowledge graphs linking trophic traits to taxa (Le Guillarme and 
Thuiller, 2023) is a promising direction. Current Edaphobase activities 
are developing APIs to permanently connect soil-faunal trait databases 
such as BETSI (https://portail.betsi.cnrs.fr/) and EcoTaxonomy (http 
://ecotaxonomy.org/), as external data layers to Edaphobase, linking 
via soil fauna taxonomies. Considering that this functionality is esti
mated to require ca. 6–7 person-months to technically develop and ca. 
2.5 full-time staff are available from own resources (see Section 2.3
“Sustainability” above), this will be available within the next 4–5 
months. To include traits for further soil-organism groups, future work 
will intensify the linkage to the BacDive system, which includes pro
karyotic functional characteristics; and the FungalTrait database (Põlme 
et al., 2020) is also a promising potential partner. The goal is for users to 
be able to query taxonomical and trait data associated with other bio
logical data (e.g., which species and traits are associated with a partic
ular edaphic community), or query trait-associated data linked to a 
combination of non-biological data (e.g., which ecological or functional 
groups are expected to be found under specific environmental condi
tions or be influenced by certain land- or soil-use methods).

These activities highlight the potential of various soil biodiversity- 
related data repositories as data layers in a widely distributed data 
network. The developed software linkages to the fungal and bacterial 
databases as well as the mentioned trait databases exemplify how 
multiple data infrastructures can be combined in a domain-specific 
manner to increase overall data usage and assessment for further and 
more complex research and assessment questions. Further possibilities 
for a networked data platform could include linkages between other 
external data sources to augment gaps in environmental metadata 
missing from submitted data sets (e.g., ISRIC or LUCAS for European soil 
data), or with national monitoring or specialised initiatives (e.g., Soil 
BON, NETSOB/GLOSOB) to increase overall soil biodiversity data 
coverage.

Linking Edaphobase with other databases requires high levels of 
interoperability (cf., Edwards et al., 2000; Marenco et al., 2007; 
Berendsohn et al., 2011). The controlled vocabularies mentioned above, 
which include numerous international standards, is a basic prerequisite. 
These are all well documented (https://service.edaphobase.org/Edaph 
obase_datafields) and resolvable via unique and persistent identifiers 
(as are all datasets, taxa and sites). As Edaphobase exchanges data to 
GBIF and elsewhere via ABCD and DarwinCore (Wieczorek et al., 2012; 
TDWG, 2014) procedures, web application wrappers (via XML formats) 
are already in place and Edaphobase data fields therefore annotated 
with the corresponding DarwinCore equivalents (where applicable). The 
programming interfaces mentioned above allow data exchange between 
database layers, and are being continually developed further by the 
Edaphobase team. Furthermore, and within the EUdaphobase COST 
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Action framework, formal ontologies for all data structures are currently 
being developed (Aldana-Martín et al., in prep.) to explicitly enable this 
connection with other databases. Based on these ontologies, semantic 
web services are being developed to link Edaphobase in research-data 
infrastructures via middleware software services.

While Edaphobase has several strengths as a data storage and sharing 
platform, it also faces some challenges that need to be addressed to 
improve its usefulness and impact., such as (1) limited coverage: ac
tivities are currently focused on Europe and has limited information 
from other regions, which limits its usefulness for global comparisons 
and studies; (2) data incompleteness: it still lacks data on some soil fauna 
groups (e.g., protozoa, prostigmatid mites) and regions (i.e. south
eastern Europe, Scandinavia), which limits its ability to provide a 
comprehensive picture of soil biodiversity as a whole for all regions; 
further, many data sets do not or only patchally include metadata on 
methods and environmental parameters.

Despite such challenges, Edaphobase data has been used numerous 
times (see Figs. 9 & 10 for Edaphobase access and usage) for funda
mental and applied studies. Already in previous development stages, the 
system was used, i.e., for descriptions of soil-faunal distribution and 
environmental correlations at a national scale (Jänsch et al., 2013; 
Römbke et al., 2013) or in broad-scale analyses of anthropogenic im
pacts on biodiversity (Bowler et al., 2017). More recently, to name just a 
few examples, Edaphobase data has been used in analyses of the global 
distribution of soil biota (Phillips et al., 2019; van den Hoogen et al., 
2019; Potapov et al., 2023), in studies of the effects of environmental or 
management changes on soil fauna (Russell and Gergocs, 2019; Pižl 
et al., 2023), to develop red lists of soil biota (Lehmitz et al., 2016; Reip 
et al., 2016; Phillips et al., 2017), to quantify reference conditions for 
monitoring programs (Jenssen et al., 2021; Salako et al., 2023), to 
develop methods of species abundance estimates (Gotelli et al., 2023), 
and tools for ecological network analyses (Marzidovsek et al., 2022), 
among many others.

In summary, the Edaphobase platform for soil-biodiversity data has 
great potential to be a valuable solution for anyone involved in soil 
biodiversity research, monitoring, and conservation, as well as decision- 
and policy-making and education. Both providing and gaining soil 
biodiversity data and information to and from EUdaphobase is 
straightforward, user-friendly, and beneficial. The existing community 
working within the framework of the EUdaphobase COST Action is large 
enough to maintain and further develop a sound data infrastructure. We 
hope to transform the EUdaphobase consortium into an overarching 
platform by inclusion of a worldwide stakeholder community. Edapho
base represents an exceptional tool that can still be discovered by further 
data holders and data users.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.apsoil.2024.105710.
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