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Biodiversity Variables (EBVs) at a European in the freshwater, marine, and terrestrial realms. Generating EBVs will require implementing
scale workflows, including data collection, integration, and modelling. Here, we present the first

conceptual representation of EBV workflows for guiding the future implementation of EBVs in a
Keywords: European BON based on insights from an EU-wide stakeholder consultation that engaged hun-

Biodiversity monitoring

Data flows

Essential Biodiversity Variables
Environmental policy

dreds of experts in science, policy, and practice. Results suggest that implementing EBV work-
flows requires to incorporate advanced monitoring methods, enhance geographic, taxonomic, and
temporal coverage, harmonize heterogeneous data, apply metadata standards, and develop new

Model-based data integration spatial models and quantitative indicators. Recommendations include enhancing monitoring
Novel monitoring methods techniques such as digital sensors, DNA-based methods and citizen science for species-focused
Stakeholder engagement EBVs, as well as satellite and aerial remote sensing for ecosystem-focused EBVs. For operation-

alizing a European BON, species-focused EBVs require better national, regional, and European
data integration of different data types and data providers. In contrast, monitoring of ecosystem-
focused EBVs would benefit from a centralized coordination of ground truth data collection and
new Earth Observation products. The key components of the EBV workflows, along with the
requirements and implementation needs identified here, together with emerging tools and pro-
jects, will help to shape the future implementation of EBV workflows at a European scale.

1. Introduction

Global biodiversity loss is a major threat to human wellbeing and has accelerated in recent decades (Diaz et al., 2019). To halt
biodiversity loss, scientific and political institutions are responding with new multilateral agreements and environmental legislation.
For instance, the COP15 of the Convention on Biological Diversity (CBD) convened in 2022 to the Kunming-Montreal Global Biodi-
versity Framework (GBF) with a set of goals for 2050 and milestones and targets for 2030 to reach a world living in harmony with
nature. At the same time, the European Union (EU) recently adopted the EU Biodiversity Strategy for 2030 and the Nature Restoration
Law, which aims to extend protected areas, increase the amount of strictly protected areas and restore at least 20 % of the EU land and
sea. To effectively track the progress of policy targets, a robust biodiversity monitoring network is needed (Gonzalez et al., 2023;
Moersberger et al., 2024). In Europe, existing monitoring networks suffer from taxonomic, spatial, and temporal gaps and biases, and
lack of harmonisation and comparability, limiting their capacity to support and inform current and future legislation (Hermoso et al.,
2017; Santana et al., 2023).

To improve monitoring efficiency and robustness, the Group on Earth Observations Biodiversity Observation Network (GEO BON)
developed a framework based on the concept of Essential Biodiversity Variables (EBVs). EBVs are defined as a minimum set of
measurements necessary to detect changes in biodiversity across time and space (Pereira et al., 2013). EBVs are classified into six
classes: three classes focus on species (genetic composition, species populations and species traits) and three on communities and
ecosystems (community composition, ecosystem functioning and ecosystem structure). GEO BON has also developed a globally co-
ordinated strategy based on Biodiversity Observation Networks (BONs), which can be national, subnational, regional or thematic, to
sustain an operational monitoring (Navarro et al., 2017). Following the principles of GEO BON, the EuropaBON network (Pereira et al.,
2022), with the mandate from the European Commission, developed a proposal for an integrated biodiversity monitoring framework in
the European Union (Kissling et al., 2024a). Through a participatory process, EuropaBON identified 84 EBVs to measure biodiversity
across Europe’s freshwater, marine, and terrestrial realms, encompassing all six EBV classes and a wide range of taxonomic groups and
ecosystems (Junker et al., 2023). The network provided practical recommendations to boost the efficiency of the European biodiversity
observation network and proposed the establishment of an EU Biodiversity Observation Coordination Centre (Liquete et al., 2024), all
with the goal of fostering the generation and use of high-quality data to underpin the biodiversity knowledge-base used across EU
policies. The proposed EBVs are measurable with existing technologies, but the details of how exactly to generate them still need to be
specified.

Generating EBVs requires workflows that specify the procedures for data collection (e.g. species distributions, community
composition, or habitat structure), integration (e.g. cleaning, standardising, harmonising, and merging the data), and spatially explicit
models (Boyd et al., 2023; Fernandez et al., 2020; Kissling et al., 2018a). For the collection of raw data, monitoring programs in the EU
often focus on structured field-based monitoring programs for species and communities, and on satellite remote sensing for ecosystems
and land cover monitoring (Santana et al., 2023). However, since monitoring data remain incomplete and fragmented, building an
effective BON in Europe would benefit from the integration of additional data obtained from other sources and monitoring techniques
(Kiihl et al., 2020; Liquete et al., 2024; Proenca et al., 2017). The monitoring community in Europe is actively advancing the adoption
of techniques that augment data coverage and cost-effectiveness (Dornelas et al., 2023; van Klink et al., 2022). For instance,
DNA-based methods such as amplified fragment length polymorphism (AFLP), microsatellites and environmental DNA (eDNA), along
with digital sensors like camera traps, audio devices, and GPS tags, can provide data for species-focused EBVs (Hoban et al., 2022;
Steenweg et al., 2017). Airborne remote sensing methods with drones, airplanes, and weather radar provide additional data on
communities, ecosystems, and habitats. Overall, citizen science initiatives provide important additional observations through un-
structured or semi-structured programs (Pocock et al., 2018), especially for species-focused EBVs (Jetz et al., 2019). However, the
integration of data from these diverse monitoring techniques into EU reporting streams still needs to be fully realised (Moersberger
et al., 2024).

Data integration and modelling are essential for EBV workflows because they allow incorporating heterogeneous data and filling
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gaps in data cubes (Fernandez et al., 2020; Kissling et al., 2018a). Achieving this requires a coordinated effort to standardise metadata,
harmonise different data formats, develop model-based data integration, ensure data accessibility and interoperability, establish nodes
to coordinate monitoring, and develop and assess the uncertainty of spatial models (Hardisty et al., 2019; Kissling et al., 2018a; Isaac
et al., 2020). In Europe, the degree of data integration, data sharing, and modelling varies among biodiversity initiatives with sig-
nificant gaps and bottlenecks in the availability and accessibility of raw data, the automatisation of dataflows, and the development of
spatially-explicit models, user-friendly software, and open-access code (Moran-Ordonez et al., 2023a; Santana et al., 2023). Currently,
most biodiversity monitoring in Europe that is connected to various nature legislations, such as the Birds Directive, the Habitats
Directive, the Water Framework Directive, and the Marine Strategy Framework Directive, only produces qualitative indicators of the
status and trends of species and habitats (European Environment Agency., 2020). Some quantitative indicators exist, such as the
Grassland Butterfly Index and the Farmland Bird Index, and are now being used to support the EU Nature Restoration Law. Never-
theless, the underlying raw data used for EU-wide assessments are often not openly accessible. The scientific community addresses
these challenges by developing innovative techniques and methods for improving data integration and modelling (Dornelas et al.,
2023). Despite these efforts, there is currently no comprehensive overview for how data integration and modelling for implementing
EBVs in a European BON could be conducted and advanced for the marine, freshwater, and terrestrial realms.

Here, we present the first conceptual representation of workflows to guide the future implementation of EBVs in the EU. We outline
EBV workflows that highlight the current capacities and needs for implementing and standardising transnational and transinstitutional
data streams covering data collection, data integration and modelling. Using a comprehensive stakeholder consultation, we identify
specific areas where workflows can be improved to support EBV generation for a new European BON. Specifically, we (1) assess the
potential use of various monitoring techniques (structured field-based monitoring, citizen science, DNA-based methods, digital sen-
sors, satellite remote sensing, and aerial or other remote sensing techniques) for complementing the collection of EBV-relevant data at
the EU scale; (2) exemplify marine, terrestrial and freshwater EBV workflows of current monitoring initiatives in the EU; and (3)
identify specific needs and requirements for advancing EBV workflows and how this aligns with tools and projects currently in
developement. Leveraging these insights, we visualise workflows for both species-focused and ecosystem-focused EBVs and discuss
how emerging tools and projects in Europe are currently being developed to support them. These results can help to advance the
implementation of EBV workflows and guide actions for establishing a European BON.
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Fig. 1. Methodological framework for this study, including data collection through (a) EuropaBON assessments and (b) a stakeholder workshop,
with (c) subsequent data processing, (d) results parts, and (e) discussion.
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2. Materials and methods
2.1. Methodological approach

Our analysis is based on two main inputs (Fig. 1): a review of the EuropaBON monitoring gaps and bottlenecks assessments (Fig. 1a)
and a stakeholder consultation workshop (Fig. 1b). The information was processed (Fig. 1¢) to derive three main analyses, namely (1)
an evaluation of monitoring techniques, (2) examples of EBV workflows, and (3) a summary of requirements and needs for imple-
menting EBV workflows at a European scale (Fig. 1d). In the discussion, we then visualise generalised workflows for species-focused
and ecosystem-focused EBVs and discuss future directions (Fig. 1e). Details of each of these steps are provided below.

2.2. EuropaBON monitoring assessments status

We retrieved preliminary information on the status of workflows for the European biodiversity monitoring from two EuropaBON
monitoring assessments (Fig. 1a). The first assessment was a comprehensive gap analysis (Santana et al., 2023) which summarised the
potential of using current biodiversity monitoring data to produce EBVs across Europe at a spatial and temporal resolution and
taxonomic and ecosystem scope as identified by EuropaBON (Junker et al., 2023). It specified the geographic, temporal and taxonomic
gaps in data collection for each EU member state using criteria such as country coverage, taxonomic and ecosystem coverage,
standardised sampling protocols, temporal replication, length of time series, existing monitoring capacities, sampling frequency and
density, and accessibility of raw data (Santana et al., 2023). This assessment covered 44 (63 %) of the 70 EBVs identified by Euro-
paBON at that point in time (Junker et al., 2023), focusing on EBVs for which transnational integration initiatives exist and which rely
on data derived from structured field-based monitoring programmes.

The second EuropaBON assessment was an analysis of EBV workflow bottlenecks in Europe (Moran-Ordonez et al., 2023a). It
identified limitations in the current data flows of EU biodiversity monitoring programmes using sixteen criteria related to data
collection and sampling, modelling, interoperability, IT infrastructure, and data integration (Moran-Ordonez et al., 2023a). This
analysis included 36 EBVs (51 %) of the 70 EBVs identified by EuropaBON at that point in time, representing initiatives that had
developed transnational workflows based on structured field-based monitoring data.

From these two assessments, we retrieved preliminary information about the current implementation of workflows for ~50-60 %
of the EBVs. The gap analysis (Santana et al., 2023) provided information on data collection and sampling efforts, whereas the
workflow bottleneck analysis (Moran-Ordonez et al., 2023a) provided information on data integration and modelling activities at
transnational and European level. We entered the information from the two assessments into EBV workflow templates that were
specifically designed for our stakeholder workshop (Fig. 1b). The information available from the two assessments thus served as a
baseline input for the expert consultation in the workshop.

2.3. Stakeholder consultation workshop

We conducted an online stakeholder workshop on 22-24 February 2023 with the aim to co-design the future freshwater, marine
and terrestrial EBV workflows for a European BON. The workshop had 520 self-enrolled participants from 49 countries, with diverse
expertise across terrestrial, marine, and freshwater realms, covering all EBV classes, various monitoring techniques, and the three
workflow components (data collection, data integration and modelling) (Lumbierres and Kissling, 2023). Most workshop participants
(67 %) had expertise in in-situ monitoring while 24-37 % had experience in citizen science, DNA-based methods, digital sensors,
satellite remote sensing, and aerial or other remote sensing. The majority (85 %) had experience with data collection, whereas about
half (40-50 %) were familiar with data integration and modelling (Lumbierres and Kissling, 2023). Before the workshop, an input
document was provided to the registered participants containing background on the 70 EBVs as identified by EuropaBON together with
some examples of EBV workflows (Kissling and Lumbierres, 2023). In the workshop, participants were then asked to provide
EBV-specific information on workflow components, and the use of monitoring techniques for collecting EBV-relevant data. Addi-
tionally, participants identified EU or national initiatives that can generate EBV-relevant data, and were asked to highlight emerging
tools and specify future needs and requirements for operationalising EBVs at a EU scale.

Three different online documents were used to obtain information from the participants: (1) surveys of monitoring techniques, (2)
whiteboards for monitoring techniques, and (3) EBV description tables (workflow templates) (Fig. 1b). During the workshop, we
conducted a set of online surveys to assess the relevance of different monitoring techniques for collecting data for each EBV (see
example survey in Appendix A). The online surveys consisted of six separate questionnaires, i.e. one for each monitoring technique
(structured field-based monitoring, citizen science, DNA-based methods, digital sensors, satellite remote sensing, and aerial remote
sensing). The survey respondents had to indicate the importance of a specific monitoring technique for each of the 70 EBVs, with
possible responses being "yes," "partially," "no," or "I don’t know". Participants were asked to reply to the questionnaire that contained
the monitoring technique in their field of expertise. The number of responses per survey varied for each questionnaire, ranging from 14
to 41.

Structured whiteboards (provided as online Miro Boards) were used to obtain information on the overarching needs and re-
quirements for implementing specific biodiversity monitoring techniques at the European scale (see Miro Boards in Appendix B). Six
Miro Boards were used, one for each of the following monitoring techniques: structured field-based monitoring, unstructured citizen-
science observations, DNA-based methods (e.g. microsatellites and metabarcoding), digital sensors (e.g. cameras and acoustic de-
vices), satellite remote sensing, and aerial and other remote sensing (including drones, airplane remote sensing surveys and weather

"o
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radar). The boards were structured to represent the three different EBV workflow components (data collection, data integration,
modelling) and aspects of interoperability and IT infrastructure. Participants were allocated to a breakout group according to their
expertise in a monitoring technique and asked to add their suggestions for implementation requirements into the whiteboard. An
online discussion was fostered amongst the participants of each break-out group to aggregate the identified needs into broader the-
matic topics (Lumbierres and Kissling, 2023).

A collection of EBV workflow templates (provided as Google Docs) was further used to gather information on workflow descriptions
for each EBV (see example of EBV workflow template in Appendix C). At the time of the workshop, 70 EBVs had been identified (see
EBV list in Appendix D). The templates were organised in three rows to capture information about the different workflow components,
i.e. data collection, data integration, and modelling (Lumbierres et al., 2024). Additionally, each workflow component was described
in three columns to represent different implementation levels. The first column (’Current initiatives’) aimed to capture information on
workflows as they are currently implemented, e.g. for European-level integration initiatives of biodiversity monitoring schemes or the
current regulatory reporting under EU policies such as the Water Framework Directive (WFD), the Land Use and Coverage Area frame
Survey (LUCAS), or the European Butterfly Monitoring Scheme (eBMS). Before the workshop, some information on current initiatives
was pre-filled with information from the EuropaBON assessments. The second column ("Emerging tools and projects’) captured
emerging tools and EU projects that are developing new data collection, data integration, and modelling tools, but which still need to
become operational for EU regulatory policies reporting. The third column ("Future needs’) captured the requirements and needs for
future EBV workflow implementation, i.e., what is additionally needed to operationalise EBVs across Europe.

Table 1

Harmonised categories to describe expert-derived requirements and needs for implementing and enhancing EBV workflows and monitoring tech-
niques consistently and comparably. The categories are separated into three EBV workflow components (data collection, data integration, and
modelling).

Harmonized categories Definition

Data collection

Development of data collection protocols Development of systematic procedures for data collection tailored for EBV production at the EU scale and
adapted to the social and ecological characteristics of EU member states.

Use of monitoring methods other than structured field-based monitoring

schemes, i.e. monitoring methods such as citizen science, DNA-based methods, digital sensors, satellite

remote sensing and aerial remote sensing.

Utilisation of advanced data collection methods

Improvement of raw data

Increase or adjustment of the taxonomic scope
Expansion of geographical coverage

Increase temporal coverage

Data integration

Integration and harmonisation of multi-source data
Implementation of metadata and data standards

Improvement of data availability and accessibility

Establishment and improvement of databases

Automatization of data streams
Creation, support, or improvement of coordination
and integration nodes

Strengthening of capacity building

Modelling
Identification and prioritisation of metrics

Addition and improvements of predictors

Development of spatial models

Development of data pre-processing models
Development of indicators
Assessment of uncertainties and biases

Improvement of model accessibility, software, and
code

Enhancement of raw data through additional measurements, e.g. to improve accuracy, detail, or resolution,
including additional measurements or augmenting the number of replicates at each monitoring site.
Modify the sampling design to increase or adjust the included biological entities, such as species or
ecosystem types.

Expand the spatial extent and resolution of monitoring, including the location and density of sampling sites
or monitoring in additional countries, ecosystems, and regions.

Increase sampling frequency and promote the creation of denser time series.

Combine data collected using different methods and sources.

Development and adoption of controlled vocabularies, ontologies, and consistent structure that describes
data and their metadata systematically.

Improve the availability and accessibility of raw data under the FAIR guiding principles (Wilkinson et al.,
2016). This includes mobilising data and creating legal data agreements for data sharing.

Set up and manage databases, including both data repositories and reference databases. Data repositories
are platforms to store and share raw and processed data, using a persistent taxa record identifier. Reference
databases compile annotated data for training and validation, with relevance for taxonomy, Al species
recognition, metabarcoding, and remote sensing image analysis.

Improve the automation of data handling, including automated data collection, automatization of data
transfers, and automated harmonisation of EBV-relevant data.

Strengthen the organisations or institutions at national, regional, or European scale that are responsible for
coordinating the sampling and integration of biodiversity monitoring data

Develop programs to enhance the skills of monitoring practitioners, including training in the EBV
framework, sampling methods, and taxonomic expertise.

Select the best metrics for an EBV to effectively capture the spatial and temporal change of the targeted taxa,
community, or ecosystem status.

Expand the set of predictor variables to enhance model predictions and improve the accessibility and
accuracy of variables.

Develop or improve models to produce spatially explicit EBVs, including SDMs, classification algorithms,
spatial interpolation or upscaling algorithms. This allows to derive continuous probability surfaces (i.e.,
wall-to-wall estimates) for species and habitats. Tailor models to specific areas and taxonomic groups.
Develop models for preparing and refining data before EBV production, such as Al species identification
models and imputation models to fill data gaps.

Develop indicators for quantifying ecological or biodiversity change, and other decision support tools,
including trend analysis and attribution to drivers of biodiversity change.

Better assess the potential errors, biases, and uncertainties inherent in EBV-relevant models.

Improve the availability and accessibility of models through the development of user-friendly interfaces,
promotion of open-source code, and training for programming and modelling.
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2.4. Data processing

After the workshop, the three types of documents were processed (Fig. 1c). For the monitoring techniques surveys, we analysed the
data by computing the percentages of positive, partial, and negative responses for each combination of EBV and monitoring technique.
These results were summarised by EBV class, separately summing the "yes," "partially," and "no" responses of EBVs in the same EBV
class for each survey. Subsequently, the percentages of positive, partial, and negative responses were calculated for each EBV class and
monitoring technique.

For the EBV workflow templates and the whiteboards, information was first quality-checked and verified by proofing that each
listed integration initiative or project was part of an active monitoring scheme and pertinent to the specific EBV, using the initiatives’
websites, a reference database on European monitoring initiatives (Moran-Ordonez et al., 2023b), and other data on biodiversity data
workflows collected in the previous EuropaBON assessments (Moran-Ordonez et al., 2023a; Santana et al., 2023). We ensured that the
requirements and needs for implementation which were listed in the EBV workflow templates were correctly placed for each workflow
component (data collection, data integration and modelling) and implementation level ("Current initiatives’, ’Emerging tools and
projects’ or "Future needs’). We further completed missing information in the EBV workflow templates, e.g. initiative names or sources
if workshop participants had not provided sufficient details by reviewing the sources provided by the participants and other online
information. We then summarised the initiatives’ primary workflow tasks, stating the data collection methods and geographical or
taxonomical coverage and identifying the types of modelling and databases utilised. The cleaned and quality-checked EBV workflow
templates are available on Zenodo (Lumbierres et al., 2024). For both the EBV workflow templates and the whiteboards, we also
harmonised the information on the requirements and needs for EBV implementation. We developed categories and definitions to
describe the information provided by the participants in a consistent way (Table 1) and assigned each requirement or need listed by the

a) Structured field-based monitoring b) DNA-based methods

Genetic composition
Species populations
Species traits
Community composition
Ecosystem functioning
Ecosystem structure

\ Genetic composition
\ Species populations [ INENENGEE
1 Species traits
1 Community composition
} Ecosystem functioning

i Ecosystem structure

0% 25% 50% 75% 100% 0% 25% 50% 75% 100%
c) Citizen science d) Digital sensors
Genetic composition [l Genetic composition -
Species populations [ IININEGEEGEEE Species populations [ NG
Species traits [ INIEG_—— Species traits  [INEEG_—_——
Community composition [l Community composition [l
Ecosystem functioning [N Ecosystem functioning [l
Ecosystem structure [N Ecosystem structure [
0% 25% 50% 75% 100% 0% 25% 50% 75% 100%
e) Satellite remote sensing f) Aerial or other remote sensing
Genetic composition | | Genetic composition [Ji
Species populations [l \ Species populations [l
Species traits [N } Species traits [N
Community composition [l \ Community composition [N
Ecosystem functioning [INNNENEGdEEEEEEEE \ Ecosystem functioning [ NNENEG
Ecosystem structure [ NNRNENENEEE \ Ecosystem structure [ NNNERNEEE
0% 25% 50% 75% 100% 0% 25% 50% 75% 100%
. Yes Partial ‘ No

Fig. 2. Relative importance of different monitoring techniques for data collection by EBV class. Results show the % answers (yes, partial, no) from
online surveys conducted during the stakeholder workshop, asking whether a monitoring technique is of central importance for an individual EBV.
Answers for individual EBVs were aggregated by EBV class.
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participants to one of these categories (see the list of all requirements and needs classified into harmonised categories in 'Data
availability’). We matched the emerging tools listed in the EBV workflow templates with the harmonised categories (see the list of
emerging tools and projects classified into harmonised categories in "Data availability’).

2.5. Outputs

The processed information from the three types of documents of the stakeholder workshop led in three main results (Fig. 1d). First,
we present an evaluation of monitoring techniques by quantifying their potential to support EBV data collection across Europe. The
surveys were aggregated into EBV classes for each monitoring technique. Second, we present visualisations of EBV workflows as
described in the 70 EBV workflow templates (Lumbierres et al., 2024). Since not all the EBV workflows could be visualised here, we
selected three examples that represent the marine, freshwater and terrestrial realms as well as species-focused and ecosystem-focused
EBVs. Third, we present the requirements and needs for implementing EBV workflows at the EU scale. This was derived from the 70
EBV workflow templates and the six whiteboards for monitoring techniques, i.e., summarising needs and requirements as identified by
the workshop participants. The needs and requirements were compared to how emerging tools and projects in the EU initiatives
address these challenges. We present this by comparing the number of EBVs associated with each need and requirement with the
number of EBVs that have initiatives dedicated to these needs.

3. Results
3.1. Evaluation of monitoring techniques

The online surveys showed that monitoring techniques vary in their importance for each EBV class (Fig. 2). Structured field-based
monitoring was considered of central importance for monitoring all EBV classes (Fig. 2a). However, the highest importance was
identified for species populations and community composition, with > 90 % of the survey answers considering structured field-based
monitoring to be at least partially relevant (Fig. 2a). DNA-based methods were regarded as the primary method for genetic compo-
sition, with 98 % of the survey answers seeing it as centrally important (Fig. 2b). With 83 %, DNA-based methods were also considered
at least partially relevant for species populations EBVs (Fig. 2b). Citizen science was considered a central data collection method for
species populations and species traits EBVs, with 95 % of the survey answers viewing it as at least partially important (Fig. 2c). Digital
sensors were most relevant for monitoring species populations and species traits (Fig. 2d), with 85 % of the survey answers considering
it at least of partial use. Satellite and aerial remote sensing techniques were judged to be especially important for monitoring ecosystem
functioning and ecosystem structure, with satellite remote sensing being of higher relevance than aerial or other remote sensing
(Fig. 2e,f). Remote sensing was considered less relevant for the other four EBV classes.
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3.2. Examples of EBV workflows

The 70 EBV workflow templates revealed significant variability in their components and development levels (see completed
templates in 'Data availability’). Despite this variability, certain patterns emerged within specific EBV classes and realms, indicating
some commonalities in how these workflows are structured. Below we provide one example and visualisation for the marine, fresh-
water and terrestrial realms, respectively.

The first workflow visualisation is for the EBV ‘Species distributions of marine mammals’ (Fig. 3), representing an example of
species populations EBVs. The primary data collection involves ship transect surveys, complemented with shore-based and aerial
surveys. Advanced methods, such as marine drones, GPS tracking, and hydrophones, are being deployed to complement data
collection. However, these data still have limited integration at a European scale. Each regional sea is managed by its respective
Regional Sea Conventions, which operate with varying monitoring programs, investments, and protocols. In recent years, substantial
efforts have been made to aggregate and harmonise different marine datasets through the European Marine Observation and Data
Network (EMODnet). Species distribution models are produced for some mammal species (e.g. distribution of harbour porpoise
Phocoena phocoena across the Baltic Sea), but those are limited to specific regions, and have a coarser resolution than that suggested for
the EBV. Some initiatives and projects such as the MARine COastal BiOdiversity Long-term Observations (MARCO-BOLO, UKRI Ho-
rizon Europe), the Marine Biodiversity Observation Network (MBON) or the Intergovernmental Oceanographic Commission (I0C), are
underway to coordinate the development and integration of EBVs with Essential Ocean Variables (EOVs) (Miloslavich et al., 2018).
The data collection and integration components observed in the marine mammal species distribution EBV workflow, such as the
diverse monitoring methods and region-specific integration bodies, reflect common characteristics across most marine species-focused
EBVs.

A second workflow visualisation illustrates the EBV ‘Harmful and non-harmful freshwater algal blooms’ (Fig. 4), representing an
example of freshwater ecosystem EBVs. Two parts can be distinguished, one based on in-situ lake water sampling and one based on
satellite remote sensing data. The first is associated with the regulatory monitoring under the WFD, which is representative of most of
the freshwater community composition EBVs. Water samples are collected in lakes and rivers using standardised protocols. In the case
of algal blooms, the biovolume of cyanobacteria and their proportion of total phytoplankton biovolume are collected. A few countries
report these data to the Water Information System for Europe (WISE). The second part of the workflow on algal blooms is linked to
remote sensing data from the European Union’s space programme Copernicus. The European Space Agency (ESA) operates satellites
and is responsible for collecting satellite remote sensing data through its Earth Observation (EO) missions. The data are processed and
further analysed by the Copernicus program, which ESA co-manages with the European Commission, providing a range of EO
products. Information on algal blooms is included in the Lake Water Quality products of Copernicus, published every 10 days at 100 m
resolution. This information, however, is currently not included in the WFD reporting because it only focuses on in-situ data. Moreover,
many countries report the phytoplankton community EBV as Ecological Quality Ratio (EQR) values (rather than providing the bio-
volume raw data for cyanobacteria and phytoplankton), indicating the deviation from reference conditions. Since national EQR values
are not always directly comparable, the European Environment Agency (EEA) or the data providers normalise them to a harmonised
scale, ranging from 1 (best conditions) to 0 (worst conditions). The example of harmful and non-harmful algal blooms illustrates that
community composition data from in-situ monitoring (derived from water samples) and satellite data from the Copernicus program are
neither integrated nor used complementary for WFD reporting. A stronger European integration, including citizen science
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observations, could help to improve both early warning systems and regulatory monitoring under the WFD (Fig. 4).

The third workflow visualisation illustrates the EBV ‘Community abundance and taxonomic diversity of pollinator insects’ (Fig. 5),
representing an example of a terrestrial community composition EBV. Current European-wide monitoring for pollinators is limited to
butterflies and moths collected by the eBMS, which uses standardised protocols for transect sampling and a citizen science app to
gather data on species counts. European data integration for the eBMS is coordinated by Butterfly Conservation Europe. The data are
then used to estimate species trends, and in a European context, specifically the Grassland Butterfly Index. Since the approval of the EU
Pollinators Initiative and the increased focus on pollinator monitoring within the Common Agricultural Policy (CAP), there has been
growing interest in developing a comprehensive, systematic EU Pollinator Monitoring Scheme. This proposed scheme aims to expand
the taxonomic scope of current monitoring efforts and multiple methods have been piloted by the SPRING project (Strengthening
Pollinator Recovery through Indicators and Monitoring), which seeks to enhance taxonomic capacity for pollinating insects and
prepare for the implementation of an EU Pollinator Monitoring Scheme. Similar to pollinators, other in-situ monitoring schemes,
particularly for species-focused EBVs, could benefit from diversifying monitoring methods and incorporating advanced technologies,
enabling an expanded geographic, temporal, and taxonomic scope. However, like pollinator monitoring, achieving this will require
enhanced European integration to ensure standardised and harmonised data across initiatives.

3.3. EBV implementation requirements and needs

After harmonising the information from the 70 EBV workflow templates, a total of 483 requirements and needs and 257 emerging
tools and projects were identified (see completed templates in ’'Data availability’). These expert-based suggestions were well
distributed across the three workflow components (Fig. 6a—c).

For data collection, the use of advanced data collection methods was identified as the highest need, closely followed by the
expansion of geographical coverage, the increase or adjustment of taxonomic scope, the development of data collection protocols, and
the increase of temporal coverage (Fig. 6a, dark green bars). Examples included the expansion of camera trapping networks across
Europe, a wider coverage of marine biodiversity monitoring in the Mediterranean, Macaronesia and the Black Sea, and broadening the
taxonomic scope of monitoring beyond the species listed in Annexes II and IV of the Habitats Directives (Council Directive 92/43/
EEC). Among the emerging tools and projects identified by the experts, numerous initiatives were listed that focus on the use of
advanced data collection methods and the development of data collection protocols. However, compared to the identified re-
quirements and needs, there were fewer emerging tools and projects mentioned for targeting the expansion of geographical coverage,
the increase or adjustment of taxonomic scope, and the increase of temporal coverage (Fig. 6a, compare light green with dark green
bars).

For data integration, the integration and harmonisation of multi-source data was identified as the most important need, closely
followed by the improvement of data availability and accessibility, the implementation of metadata and data standards, and the
creation, support or improvement of coordination and integration nodes (Fig. 6b, dark green bars). Additionally, the establishment of
databases and automatization of data streams was considered important. Several emerging tools and projects were highlighted as
addressing these needs, albeit with strong differences when compared to the needs (Fig. 6b, compare light green with dark green bars).
For instance, few emerging tools and projects were identified relative to the need for improving data availability and accessibility and
creating, supporting, or improving coordination and integration nodes (Fig. 6b). In contrast, the integration and harmonisation of
multi-source data, the implementation of metadata and data standards, and the establishment and improvement of databases showed a
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Fig. 6. Expert-based assessment of the requirements and needs for EBV workflow implementation relative to emerging tools and projects that
address them. Shown is the number of EBVs for which needs and requirements have been identified (dark green bars) vs. the number of EBVs for
which emerging tools and projects address these needs (light green bars). Three components of EBV workflows are differentiated, namely (a) data
collection, (b) data integration, and (c) modelling. See Table 1 for the definition of categories.

comparable number of EBVs for the needs and requirements vs. the emerging tools and projects (Fig. 6b). Examples included the work
of the B-Cubed project for standardising access to biodiversity data and the development of novel databases for marine genetics,
species traits of freshwater organisms, or terrestrial camera trap data.

For modelling, the development of spatial models and indicators was identified as the most important need (Fig. 6¢, top dark green
bar). For example, EBVs on the distribution and abundance of species require the use of species distribution models to derive
continuous wall-to-wall estimates and spatially-explicit indicators across Europe. Several emerging tools and projects were highlighted
which partly address this, e.g. through the development of Bayesian dynamic abundance models for amphibians, or mapping tools.
Additional needs identified by experts were the improvement of model accessibility, software, and code, the addition and improve-
ment of predictors, and the identification and prioritisation of metrics for EBVs (Fig. 6¢, dark green bars). While the emerging tools and
projects matched well with the identified needs for the development of models and indicators and for the improvement of model
accessibility software and code (Fig. 6¢, compare light green with dark green bars), fewer emerging tools and projects were identified
for the addition and improvement of predictors, the identification and prioritisation of metrics, and the assessment of uncertainties and
biases. This could indicate a lack of emerging tools and projects for those categories.
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4. Discussion

In this paper, we provide the first comprehensive overview of the information required to develop EBV workflows at a European
scale, based on stakeholder engagement across 70 species-focused and ecosystem-focused EBVs spanning freshwater, marine, and
terrestrial realms. Our results show the potential contributions of diverse monitoring techniques, suggesting that a wider range of
monitoring methods need to be incorporated into current and future workflows. Selected workflows illustrate how biodiversity data
are currently collected, integrated, and modelled, how current monitoring can be improved and expanded with advanced monitoring
technologies and incorporated into the regulatory reporting to EU policies, and how European integration can be strengthened while
building on existing national and regional integration nodes. An expert-based assessment of the requirements and needs for EBV
workflow implementation further revealed that many emerging tools and projects are already addressing the identified requirements
and needs, but also highlighted substantial remaining gaps. Below, we discuss a synthesis of EBV workflows (Fig. 7) for both species-
focused and ecosystem-focused EBVs. Our discussion is structured into the three main workflow components: data collection, data
integration, and modelling.

4.1. Data collection

For EBV data collection, the surveys of monitoring techniques showed that new methods are available to complement current
monitoring methods. For species-focused EBVs, data collection through citizen science, digital sensors and DNA-based methods were
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repeatedly identified as crucial for complementing existing data streams (Fig. 7a). For instance, a citizen science app has now been
developed by the eBMS to conduct 15-minute counts of butterflies (European Commission, et al., 2024a), whole genome sequencing
and de novo genome sample analysis are implemented for monitoring genetic diversity (O’Brien et al., 2022), and wildlife camera
networks with automated data streams and machine learning are used to monitor mammal distributions (Kissling et al., 2024b; Tuia
et al., 2022). Moreover, across the 70 workflow templates the workshop participants identified the utilisation of advanced data
collection methods as the highest needs for advancing EBV workflow implementation (Fig. 6a). Although our results support the
promise that recent technological advances offer great potential to enhance species monitoring by expanding geographic, taxonomic,
and temporal coverage (Besson et al., 2022; Dornelas et al., 2023; van Klink et al., 2022; Moran-Ordonez et al., 2023a), they also
present technical challenges and raise concerns about data quality. Citizen science data can suffer spatial and taxonomic biases, as well
as issues related to data quality, such as inconsistent sampling effort, observer error, and uneven geographic coverage (Kosmala et al.,
2016; Bowler et a., 2022; Prenda et al., 2024). DNA-based monitoring methods face rapid DNA degradation, short environmental
persistence, are prone to contamination, and can yield false positives or negatives (Rishan et al., 2023). Digital sensor technologies
have detection biases linked to equipment placement and species or habitat sensitivity and frequently produce false triggers (Burton
et al., 2015; Gibb et al., 2019). These limitations can be mitigated through sampling designs that are extensive and representative,
standardised protocols, clear training, replication in sampling and across observers, and statistical modelling to account for systematic
biases (Bowler et al., 2022; Burton et al., 2015; Gibb et al., 2019; Kelling et al., 2019; Prenda et al., 2024; Rishan et al., 2023; Valdez
et al., 2023). Moreover, the use of novel and advanced monitoring techniques also creates new challenges for coordination, data
integration and modelling, including the integration of multi-source species data (Isaac et al., 2020), the development of new metadata
(e.g. Bubnicki et al., 2023), and the use of artificial intelligence for species identification from images, sound and DNA (Borowiec et al.,
2022; Tuia et al., 2022; van Klinck et al., 2022). Finally, some managers may hesitate to adopt new methods due to concerns about
disrupting time series and compromising data comparability for legal assessments and policy trend analyses.

For ecosystem-focused EBVs, satellite remote sensing is currently providing the best source for spatially contiguous data with a
synoptic (regional to near-global) coverage and pre-defined temporal lags (Fig. 7b). However, in the context of EBVs, ground truth data
that are needed to validate the satellite products are often repurposed from projects that were originally not designed for validation.
For instance, vegetation surveys from the European Vegetation Archive (EVA) are combined with satellite imagery to train and
validate models for mapping terrestrial EUNIS habitats (Bruelheide et al., 2024; Miicher et al., 2015). Promising examples of in-situ
data collection specifically designed for EO product validation exist, such as the in-situ Land Use/Cover Area Frame Survey (LUCAS)
Copernicus module from the EU space programme with > 130,000 ground truth points for validating land cover and land use products
across Europe (d'Andrimont et al., 2024). However, the ground truth data for land cover validation do not necessarily provide the
appropriate data for mapping ecosystem distributions of terrestrial habitats. Nevertheless, some other existing EO products from
Copernicus can be directly used as an EBV, such as the High Resolution Vegetation Phenology and Productivity (HR-VPP) data for
monitoring terrestrial ecosystem phenology or the Burnt Area product for monitoring fire disturbance (Lumbierres et al., 2024).
However, many other ecosystem-focused EBVs are currently lacking equivalent EO products. Moreover, a recurrent suggestion from
workshop participants is that satellite data should be complemented with aircraft surveys, drones, and weather radar (Fig. 7b), e.g. to
obtain high resolution data on vegetation structure and habitat condition (Dronova et al., 2021; Kissling et al., 2023) or to monitor
aerial biomass flows of migrating birds, bats and insects (Shamoun-Baranes et al., 2021). However, these monitoring techniques face
some challenges for continental-scale monitoring, including the standardisation of metadata on sensor characteristics and survey
designs protocols, integration of heterogeneous data, and development of robust metrics and transferable models (Kissling et al.,
2024c).

4.2. Data integration

Our results highlight the critical need for improved harmonisation and standardisation of data, along with the creation and
strengthening of national, regional and EU-wide integration nodes to coordinate a consistent integration and aggregation of biodi-
versity monitoring data at the national and EU level. For species-focused EBVs, data from ongoing monitoring schemes (e.g. marine
trawling and ship surveys, terrestrial point counts or transect surveys, and electrofishing or sampling from boats in freshwater)
together with unstructured data (e.g. citizen science observations) and expert opinion are often used to fulfil the requirements for EU
policy reporting (Fig. 7a). However, the different data sources are typically not combined and integrated, but insted entered locally or
nationally into various spreadsheets and databases that are not necessarily interoperable. The information is subsequently used to
make national-level assessments that are provided by EU member states via reporting forms to the EEA (European Environment
Agency, 2020). In most cases, national and sub-national data are summarised into qualitative indicators (descriptive or categorical
measures that capture non-numerical information) which may be combined at the EU level into supra-national indicators to describe
the status and trends of species (Rigal et al., 2023). Consequently, data access at the EU level is often restricted to the derived and
aggregated data (e.g. qualitative indicators and trends). Nevertheless, many data flows from national or regional nodes to European
integration nodes have already been established but are usually dependent on loose governance structures (Moran-Ordonez et al.,
2023a), e.g. through the European Bird Census Council (EBCC), Butterfly Conservation Europe, the WISE-2 platform for the WFD, or
EMODnet and WISE Marine for the MSFD. Access to raw data remains difficult, which limits the transparency, accessibility, and
reproducibility of biodiversity information at the national and EU level. Some initiatives are addressing these challenges by developing
harmonised data models to aggregate biodiversity data from multiple sources across Europe. For example, Enetwild has developed a
model to integrate different types of wildlife data—including hunting statistics, occurrence records, and abundance estimates—for the
wild boar across Europe (ENETWILD-consortium et al., 2024).
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For ecosystem-focused EBVs, data integration for satellite remote sensing products is conducted through centralised EO programs
at the EU level (Fig. 7b), especially through the ESA and the Copernicus program. Other types of remote sensing data often lack such
European integration and EU-wide harmonisation because the raw data are collected at the local or national scale. For instance,
airborne laser scanning (ALS) surveys from which high-resolution metrics of vegetation structure can be calculated are usually con-
ducted at a national scale (Kissling et al., 2023). Without European coordination, the data are heterogeneous and difficult to access,
complicating the consistent calculation of habitat condition metrics. Similarly, weather radar networks have great potential for the
continuous and long-term monitoring of aerial biomass of birds, bats, and insects, but sharing and standardising weather radar for
biodiversity data across European countries encounters many challenges often derived from standardisation that is targeting other
purposes (Shamoun-Baranes et al., 2022). The monitoring of habitats with drones is typically done at single sites or within protected
areas (Diaz-Delgado and Miicher, 2019), and the lack of standards and best practices for sensor use procedures and metadata gen-
eration constrain possibilities for data integration (Barbieri et al., 2023). Hence, remote sensing data that are not obtained by satellites
require improved standardisation and harmonisation across Europe because the data are usually collected locally or nationally without
European or transnational coordination. This also applies to new technology to collect ground truth data, e.g. citizen science apps for
algal blooms (Mishra et al., 2020) and phenocams for plant phenology EBVs (Brown et al., 2016). In this context, the proposed Eu-
ropean Biodiversity Observation Coordination Centre (EBOCC) could play an important role in achieving a better standardisation and
harmonisation for both signal and ground truth data across Europe (Liquete et al., 2024).

4.3. Modelling

Our results show that the most identified requirement for modelling is the development of spatial models to allow generating
continuous spatio-temporal data cubes by integrating diverse data types and filling gaps in coverage (Fernandez et al., 2020; Kissling
et al., 2018a). However, few EU monitoring initiatives produce spatially-explicit products and those that do not often align with the
EBV requirements identified by EuropaBON (Fig. 7a, Moran-Ordonez et al., 2023a). For species-focused EBVs, many emerging tools
and projects are developing and refining models, particularly species distribution models (SDMs) (Fig. 7, Jetz et al., 2019). SDM
developments can be seen across realms, e.g., for freshwater invertebrates (da Silva et al., 2023), marine turtles (Almpanidou et al.,
2021) and terrestrial birds (Herrando et al., 2024). Spatially-explicit products for species abundance remain limited due to scarce data
(Jetz et al., 2019). However, some examples exist where various data sources are combined to produce high-resolution abundance
maps at the European scale, such as for wild boar (ENETWILD-consortium et al., 2024). Similarly, data scarcity limits the production of
spatially-explicit models for species traits (Kissling et al., 2018b), but operationalising monitoring methods like citizen science offers
the potential to complement existing data and create large-scale trait products at the species level (Capinha et al., 2024). Our results
show that few tools are currently available to assess bias and uncertainty in spatial models, which may limit their applicability for
policy and decision-making. One example addressing this gap is ROBITT, a tool designed to assess the risk of bias in studies of temporal
trends (Boyd et al., 2022).

For ecosystem-focused EBVs, some current EO products from the Copernicus program are very similar to the EBVs (Fig. 7b). For
example, the EBV fire disturbance regimes closely resembles the Burnt Area product from Copernicus, which uses deep learning on
Sentinel-3 imagery to map fire-induced spectral changes globally at a 300 m resolution (European Commission et al., 2024b). Simi-
larly, the EBV on terrestrial ecosystem phenology aligns with the Vegetation Phenology products from the 300 m Land Surface
Phenology collection from Copernicus, derived from smooth seasonal trajectories of the Plant Phenology Index (PPI) based on
reflectance data from the Sentinel-3 imagery. In the marine realm, EMODnet offers several spatial products analogous to marine EBVs.
For example, EMODnet Seabed Habitat, with iterations from 2011 to 2023, utilises spatial distribution models based on logistic
regression of different habitats (Populus et al., 2017). These models could help derive EBVs such as hard coral cover, seagrass cover,
and macroalgal canopy cover. Many other new modelling frameworks are being developed to integrate remote sensing data with
various types of ground truth data, e.g. random forest models of barrier density in European rivers (Belletti et al., 2020), convolutional
neural networks (CNNs) to map seagrass and macroalgae in the coastal zone (Liu et al., 2022) and Gaussian process regression to
interpolate bird densities measured by weather radars at high temporal resolution (Nussbaumer et al., 2019). The development of
these new models could also address several other needs highlighted by workshop participants, including the identification and
prioritisation of metrics, the assessment of uncertainties and biases, and the improvement of predictors. Some tools for harmonising
predictor variables at the European scale are already available, e.g., Ecodatacube (Witjes et al., 2023). Additionally, initiatives that
produce ready-to-use R packages such as ‘Wallace’ for producing SDMs (Kass et al., 2018) or mapping tools such as ‘AquaMaps’ for
marine species distributions (Scarponi et al., 2018) can further streamline the modelling process. Finally, a crucial requirement
identified is the development of indicators for policy, which necessitates further processing of EBV data cubes to meet specific targets
(Fernandez et al., 2024). Therefore, improving the EBVs will refine the quality of indicators, allow for better integration of data
sources, and enhance the tracking of biodiversity change across Europe.

5. Conclusions

Our results provide a forward-looking perspective on the development of EBV workflows in Europe, building on a comprehensive
stakeholder engagement and considering novel technologies, emerging tools and ongoing projects. Most of the described EBV
workflows still need to be technically developed, but our work offers a first conceptual representation of workflow elements that can
guide future implementation. The development stages of the analysed EBVs vary widely, from EBVs that have established monitoring
networks and protocols, to EBVs that are monitored only at small spatial extents or in pilot phases, or those that currently lack any
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systematic data collection and thus require the development of new monitoring schemes. The development stage of a technology and
the upscaling capacity of tools and monitoring methods also vary substantially, constraining the feasibility of already implementing
them in ongoing biodiversity monitoring schemes. Operationalising EBVs therefore requires to develop solutions across all workflow
components, including data collection (e.g., harmonising taxonomy and assessing data quality and bias), data integration (e.g.,
standardising and harmonising data), and modelling (e.g., ensuring adequate computing infrastructure and regular updates).
Advancing these EBV workflows will be crucial for effective biodiversity monitoring across Europe. At the same time, it is essential to
build on existing networks and workflows that are already in place, despite their current limitations, while progressively improving
data accuracy, expanding monitoring coverage, and integrating advanced technologies and emerging tools to meet the requirements
and needs identified for each workflow. Successful implementation of EBV workflows and gradual expansion will require enhanced
coordination ensuring strong collaboration between monitoring institutions, policymakers, and researchers. The EU Biodiversity
Observation Coordination Centre proposed by EuropaBON could play an essential role in coordinating these efforts and ensuring their
success.
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