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2. Summary

This document corresponds to milestone MS24 and presents the conceptual and technical design for
integrating use cases of invasive alien species (IAS) of Union concern into a Virtual Research Environment
(VRE). Based on the EU Regulation 1143/2014/EC (IAS Regulation), it focuses on key aspects (presence
status, distributions, and temporal trends) that can be addressed using spatiotemporal data and
modelling. The framework uses the list of species of Union concern, addressing the EU regulation
mentioned above, and authoritative species checklists (EASIN and GRIIS) to define the taxa of interest,
whose occurrences are then sourced from GBIF and realm-specific systems (OBIS and monitoring
datasets). These data are combined with environmental predictors in spatial and temporal analyses to
generate outputs such as distribution maps, trends, and potential invasion risk assessments. These
outputs support monitoring, reporting, and management at Member State and EU-wide scales, linking
legal obligations and stakeholder needs with data and VRE use cases (Virtual Laboratories) in a
reproducible, policy-relevant manner.

3. List of abbreviations

IAS Invasive alien species

EASIN European Alien Species Information Network
EMODnet European Marine Observation and Data Network
EU European Union

GBIF Global Biodiversity Information Facility

GRIIS Global Register of Introduced and Invasive Species
IUCN International Union for Conservation of Nature
NGOs Non-Governmental Organizations

OBIS Ocean Biodiversity Information System

SDM Species distribution model

VL Virtual Laboratory

VRE Virtual Research Environment
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4. Conceptual framework

4.1. Purpose

The overarching goal of this milestone is to define a conceptual and technical framework for integrating
use cases of invasive alien species (IAS) of Union concern into a Virtual Research Environment (VRE),
thereby supporting regulatory implementation, monitoring, and management through reproducible data
flows and analyses. The VRE is built around specific Virtual Laboratories (VLs), each focused-on species
distribution and temporal trends across freshwater, terrestrial, and marine realms. These VLs provide
platforms for IAS-specific analyses and are co-designed with stakeholders (NATURA 2000 site managers,

EU Member states and associated countries, NGOs) to address specific management needs.

4.2. Scope

e Realms: Terrestrial, freshwater, and marine ecosystems
e Spatial scales: Regional (incl. Natura 2000 sites), national, EU-wide assessments
e Biological levels: Species

Link to EU IAS Regulation:
http://data.europa.eu/eli/reg/2014/1143/0j

Link to EU List of IAS of Union concern:
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:02016R1141-20250807

Link to EASIN
https://environment.ec.europa.eu/topics/nature-and-biodiversity/invasive-alien-species en

Link to relevant national checklists (GRIIS):
https://griis.org/

4.3. Introduction (Why IAS are a problem)

IAS are organisms that are introduced intentionally or unintentionally into regions where they do not
naturally occur. Once established, they can have severe negative consequences for biodiversity,

ecosystems, and human well-being. The IAS impacts extend across multiple dimensions *2:

Environmental impacts

e |AS are one of the five major drivers of biodiversity loss in Europe and worldwide 3!,

e They threaten native species, disrupt ecological interactions, and degrade habitats 4],

e Their presence can reduce ecosystem resilience and the ability to provide essential services such

as clean water, fertile soils, and pollination 2],


http://data.europa.eu/eli/reg/2014/1143/oj
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:02016R1141-20250807
https://environment.ec.europa.eu/topics/nature-and-biodiversity/invasive-alien-species_en
https://griis.org/
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Economic impacts
e IAS impose heavy financial burdens on agriculture, forestry, fisheries, and infrastructure 78!,
e In the European Union, their overall economic impact is estimated at around EUR 12 billion per
year, a figure that continues to rise I,

Human health impacts
e Certain IAS affect public health by causing severe allergies, skin burns, or act as vectors or
reservoirs of disease %,
e These health effects can increase healthcare costs and reduce quality of life 2,

Given their consequences, effective monitoring, management, and prevention mechanisms targeting IAS
are necessary %% Expedited detection and timely response can limit ecological and economic damage,
while concerted effort by Member States avoids new introductions and diminishes the distribution of
established species %1, A virtual integration of species occurrence data, environmental predictors, and
modeling frameworks can facilitate evidence-based decision-making, prioritize management actions, and
inform stakeholders on existing and potential threats, and ultimately support the conservation of
biodiversity, ecosystem services, and human health.

4.4, Regulatory background

The IAS Regulation (EU Regulation 1143/2014/EC and implementing acts) establishes the Union list and
requires monitoring, prevention, and management measures at the Member State level 2]
Implementing rules and updates to the Union list have been published and remain active policy drivers
for coordinated monitoring and reporting [**3l. Effective implementation requires turning lists and legal
obligations into operational use cases: (a) where species are (distribution), (b) where they are spreading
(trends/range expansion), (c) which sites are at risk (connectivity/propagule pressure), and (d) how
management measures perform. EASIN and other EU services already curate and aggregate IAS
information that the VRE can reuse.

The IAS Regulation mandates monitoring systems and official controls. Commission Implementing
Regulation (EU) 2024/574 3 specifies technical formats for reporting (Article 24(1)), including:

For each IAS of Union or regional concern:

e Species information: Scientific name and optionally common name.

e Presence status: Current presence, confirmed absence, presence in contained holdings, or
uncertain/unknown.

e Distribution: Spatial mapping of species presence across Member States, including marine
ecosystems.

e Reproductive status and patterns: Self-sustaining, limited, or occasional reproduction, and
reproductive mode (sexual, asexual, both, unclear).
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e Introduction and spread patterns: Predominant introduction and spread mechanisms during the
reporting period.

e Permits issued: Research, ex-situ conservation, medicinal, or other authorized activities.

e Rapid eradication and management measures: Geographic coverage, methods, effectiveness, and
monitoring.

e Impacts (optional): Effects on biodiversity, ecosystem services, protected sites, human health, or
the economy.

e Involvement in regional listing: Participation in listing IAS of regional concern.

Across species and activities:

e Pathway action plans: Analysis and prioritization of unintentional introduction pathways, status
of action plans.

e Monitoring system: Description of coverage and use in monitoring eradication or control
effectiveness.

e Official control system: Measures to prevent intentional introductions, including competent
authorities.

e Public information and participation: Communication and engagement measures for citizens.

e Cost of actions: Costs or efforts for compliance, potentially broken down by category, including
cost recovery systems.

Reporting occurs every six years. Surveillance systems must dynamically detect newly appearing IAS and
build upon existing monitoring systems (e.g., Habitats, Water Framework, Marine Strategy Framework
Directives). Official controls verify goods and inspect establishments with permits for research or ex-situ
conservation.

Among all parameters that require monitoring, the following will be addressed by the VRE based on a
spatial analysis and modeling of species occurrence data. Specifically, these include:

e Species information

e Presence status

e Current and future distributions

Since reporting under the IAS Regulation is mainly happening at the national scale, providing summaries
of results produced by the VRE at the Member state level might be useful. We will also collaborate with
the OneSTOP project partners (onestop-project.eu) to align modeling efforts and maintain consistency.

4.5. Available resources

The IAS Portal (https://ias.eea.europa.eu/) is the European Environment Agency platform supporting the
implementation of the EU IAS Regulation. Designed for mandatory reporting, it hosts information from
the 2015-2018 reporting period and provides key resources such as the Union species list, data viewers



http://onestop-project.eu/
https://ias.eea.europa.eu/
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for spatial information, and national summaries from Member States. The most crucial piece of
information in this respect is the list of IAS of Union concern
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:02016R1141-20220802&from=EN

EASIN (easin.jrc.ec.europa.eu/easin/) serves as the European Commission's Joint Research Centre’s
central platform for IAS of Union concern data and provides authoritative information crucial for
implementing the EU IAS Regulation. Its core offerings include the official and updated IAS list of Union
concern, detailed species fact sheets with taxonomy, ecology, and introduction pathways, and interactive
spatial tools that map species observed distributions over time and across land cover and use.
Furthermore, EASIN catalogs historical introduction data, making it an important resource for establishing
baselines, tracking spread, and supporting the monitoring and reporting obligations of Member States.

GRIIS (https://griis.org/), managed by the IUCN, presents validated and verified national and subnational
checklists of alien and invasive alien species.

OBIS (https://obis.org) is a global open-access data platform that aggregates and shares information on
the diversity, distribution, and abundance of marine life. Established under the Intergovernmental
Oceanographic Commission, OBIS provides standardized, quality-controlled data from research,
monitoring, and citizen science initiatives. It supports marine biodiversity assessments, ecosystem
management, and global initiatives such as the Marine Strategy Framework Directive and the Convention
on Biological Diversity.

OneSTOP (onestop-project.eu) seeks to minimize terrestrial IAS impacts by integrating novel detection
(eDNA, Al) with a data-driven prioritization system. It develops an automated pipeline for rapid IAS data
dissemination, which includes streamlining data-sharing workflows, automating the publishing of national
and European GRIIS checklists, generating timely occurrence alerts, and ensuring data harmonization.
Also, it leverages predictive models and future scenarios to map species distributions, integrate real-time
data for dynamic forecasts, scan for emerging threats, assess impacts on Red List species, and strategically
guide resource allocation.

GuardIAS (guardias.eu) is a sister project of OneSTOP, which focuses on aquatic systems (marine and
freshwater) and applies a similar integrated approach to aquatic IAS.

4.6. Potential integrated use cases across realms

e Species information
Generate counts and trends of IAS per Member State and Natura2000 site. Provide standardized
identifiers (scientific names, with optional common names) to ensure compatibility with
regulatory reporting formats. These outputs can be reused directly for Article 24 reporting [*3! and
allow stakeholders to track changes in IAS over space and time.

e Presence status
Assess the current state of each species: confirmed presence in the environment, presence only
in contained holdings (e.g., aquaculture, botanical gardens), or uncertain/unknown status. VRE


https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:02016R1141-20220802&from=EN
http://easin.jrc.ec.europa.eu/easin/
https://griis.org/
https://obis.org/
http://onestop-project.eu/
http://guardias.eu/
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workflows can combine authoritative lists (EASIN/Union list and GRIIS) with GBIF, OBIS, and
monitoring datasets to produce up-to-date presence grids and state-level summaries.
Distributions

Map both the realized and potential distributions of IAS. Current distributions can be inferred
from occurrence data, while potential distributions can be modeled using species distribution
models (SDMs) under present and future climate conditions. These outputs help identify at-risk
habitats, assess invasion stages (emerging vs. widespread), and guide prioritization of
management efforts.

Temporal trends

Assess the temporal trends of IAS at the levels of different spatial units (Natura 2000 sites,
Member states). Trends can be calculated based on “raw” occurrence data (accounting for
spatiotemporal trends in sampling effort), or, if data availability and quality permit, based on, for
example, occupancy models.

4.7. Implementation

The potential VRE and its VLs will be implemented using the R programming language, which provides
extensive libraries for biodiversity informatics, spatial analysis, and species distribution modeling. User-
facing components will be delivered through interactive dashboards, offering an intuitive graphical user
interface (GUI).

The design of the VRE will strictly follow the FAIR principles (Findable, Accessible, Interoperable, Reusable)
to ensure long-term scientific and policy relevance:

Rich and standardized metadata: All datasets and workflows will include detailed provenance
documentation, specifying data source, date, version, and spatial/temporal resolution.

Data governance and quality assessments: Built-in checks will ensure data consistency and
reliability by adhering to data standards of authoritative systems (e.g., EASIN, GRIIS, OBIS, and
GBIF), where such standards are available and applicable.

Reproducible workflows: Version-controlled scripts and containerized environments (e.g., via
Docker) will enable fully repeatable and auditable analyses, supporting trustworthiness for
regulatory reporting. A workflow engine will centralize workflow runs and act as a compute
backend to the VRE.

Additionally, Virtual Laboratories (VLs) in the VRE, based on different use cases of IAS of Union concern,
will be scalable, from individual Natura 2000 sites to EU-wide analyses, and interoperable with existing
EU infrastructures such as EASIN, GBIF, and Copernicus. This ensures that outputs can be directly used for
both regulatory compliance and stakeholder decision support.

4.8. Data resources

Authoritative checklists

EASIN / EU list: Authoritative records for Union concern species

10
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e GRIIS: National checklists for invasive species

The EU-level and national-level checklists for invasive species need to be ingested into the BMD data
catalogue to consistently identify relevant species when running analyses at the levels of Natura200 sites,
within Member states, or across Member states. For spatial and temporal analysis, the Union list will be
filtered to include only species with a confirmed presence in Europe for which sufficient occurrence data
is available.

Species occurrence data
e  GBIF and OBIS: Occurrence records for species defined by the authoritative checklists.
e Subsets of monitoring datasets: Relevant species records in monitoring datasets where available.

Environmental predictor data
e CHELSA Bioclimatic variables
e CORINE land cover/use data
e Other realms/taxon-specific environmental factors

5. Design of a Virtual Research Environment

5.1. VRE design workflow

Fig. 1 illustrates the conceptual framework used for defining the VRE and its VLs, focused on IAS of Union
concern . The workflow begins by defining monitoring requirements based on:

e Input from relevant stakeholders. Stakeholder input will be gathered through co-design
workshops, for example, in the form of user stories, and will inform workflow design, user
interfaces, and data presentation to ensure the VLs are practical, user-friendly, and aligned with
end-user needs. They will be incorporated iteratively throughout the design and prototyping
phases to refine outputs and confirm usability.

e Requirements defined by the IAS Regulation

Based on the identified monitoring needs, we can design multiple VLs addressing IAS of Union concern.
This requires the input of multiple work packages of BMD and thus should be a collaborative process. To
design specific VLs in the VRE, we need to define four conceptual key components:

e Task: Short description of the specific monitoring task/question the VRE addresses. These tasks
are derived from monitoring needs defined based on stakeholder requirements (e.g., based on
user stories) and directives. [WP1] [WP5]

e Data: Description of relevant required and available datasets. [WP2] [WP5]

e Methods: Description of data analysis and modeling methods. [WP5]

e Qutputs: Description of outputs (required/provided) and their formatting. [WP1] [WP5]

11
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/ VRE on IAS \

[ Stakeholders }
VLI
[ Task J[ Data ][Methods}[Outputs]
Monitoring
needs VLIl
[ Task ][ Data ][Methods][Outputs]

[IAS Regulation] K /

Figure 1: Conceptual representation of the VRE design workflow. The VRE is designed to integrate

multiple VLs for IAS use cases, based on monitoring needs.

The complete workflow as well as model parametrization will be documented in a FAIR way, following the
protocol suggested by Zurell et al. (2020) *51. While this is specifically for species distribution models, we
will adapt the respective parts also for temporal analyses.

5.2. VL list

VLs in the VRE correspond to specific IAS use cases across terrestrial, freshwater, and marine realms 4,
The tables summarize the relevant task, data, methods, outputs, and key issues for each realm.

Table 1: VL for assessing the spatial distribution of terrestrial IAS

Task Assess the distribution of terrestrial IAS:

Current distribution (realized and potential) and future potential distribution of
terrestrial IAS

N -
N\
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Data

Occurrence data:
e GBIF records on all terrestrial species on Union List and National
checklists
e Global occurrence data is important to characterize the full
environmental niche of the species
e Regional occurrence data (e.g., within Europe) can then be used to build
regional SDMs that use outputs of global models as an input (nested
distribution modeling approach)
Predictor data:
e CHELSA Bioclim: 19 bioclimatic variables as input to global SDMs
e Chelsa Bioclim + other environmental predictors as inputs to regional
SDMs. Potentially useful variables include datasets on human landscape
modification, transportation infrastructure (roads & railways), soil
conditions, land cover, topographic variables
O The selection of specific datasets depends on their integration in
the BMD data catalogue

Methods

1. Current presence status inside Member states and/or Natura2000 sites:
Occurrence based on GBIF data, summaries per Natura2000 site (e.g.,
identity and number of invasive species)

2. Current potential/realized distributions: Nested/hierarchical SDMs,
contrast potential habitat suitability predictions from SDMs with realized
distributions from GBIF data to infer range filling and invasibility of
habitats, or contrast global SDMs with regional SDMs to infer stage of
invasion

3. Future potential distributions (derived from climate-based SDMs)

Outputs

Presence status for distribution maps and area trends, identity and number of
potential invaders under current and future conditions

Issues

e Invasive species are not at equilibrium with their environment, meaning
that tailored modeling approaches should be used

Table 2: VL for assessing temporal trends for terrestrial IAS

Task

Assess temporal trends in the occurrence of terrestrial IAS

Data

Occurrence data:
e GBIF records on all terrestrial species on Union List and National
checklists within Member states
Predictor data:
e Data on spatiotemporal trends in sampling effort, for example number of
occurrences for target-group taxa
e  For occupancy models: environmental predictor data similar to SDMs
(climate, soil, topography, etc.)

Methods

Trends could be calculated using:

13
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1. Occupancy models, which separately model species occurrence and the
observation process.

2. The Frescalo method, which relies on local frequency scaling to correct
for spatiotemporal sampling biases

3. Simple summaries of IAS occurrence number trends relative to
spatiotemporal indicators of sampling effort.

Outputs Graphs and statistics summarizing trends in IAS abundance/ richness per spatial
unit (Natura2000 site, Member state) over time
Issues e Thorough calculation of population trends usually requires systematically

collected data (i.e., survey-type data), including information on absences
and sampling effort. The lack of this information will make inferences of
trends less robust.

Table 3: VL for assessing freshwater IAS distributions

Task Assess the spatial distribution of freshwater IAS:
Current and future potential distributions of freshwater invasive species
Data Occurrence data:
e GBIFrecords of all freshwater IAS on the Union list and National checklists
within Member states.
e |AS records in monitoring data TREAM [*¢], RivFishTIME [*7), & BioTIME [8!
Predictor data:
e CHELSA Bioclim (key predictors for this VL)
e Land cover/use
e Elevation
e Hydrographic data '
e River basin and sub-catchment
e Flow accumulation
e Stream slope
e Stream order
e Stream power and compound topographic index
e Other factors: Human footprint index, inland water navigation, and
distance to nearest port
The selection of specific datasets depends on their integration in the BMD data
catalogue.
Methods 1. Current presence status: Summarize GBIF occurrences per Member State

and/or per river catchment within Member States (identity and number
of invasive species).

2. Current potential distributions: Develop SDMs, preferably using the
Random Forest algorithm with down-sampling; compare predicted
suitable habitats with observed occurrences to infer range filling and
habitat invasibility.

14
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3. Project the climate-based SDMs onto future climate scenarios to forecast
changes in suitable habitats.

Outputs Presence status of freshwater IAS per spatial unit (Member state and/or river
catchment within Member States), distribution maps and area trends, identity
and number of potential invaders under current and future conditions

Issues e Invasive species are not at equilibrium with their environment, meaning

that tailored modeling approaches should ideally be used.

e  Whether and how to reflect dispersal capacity and dispersal pathways in
projections of future distributions. This would require information on
dispersal capacities (e.g., species-specific dispersal kernels).

Table 4: VL for evaluating temporal trends for freshwater IAS

Task

Assess temporal trends in the occurrence of freshwater IAS

Data

Occurrence data:
e  GBIFrecords of all freshwater IAS on the Union list and National checklists
within Member states.
e |AS records in monitoring data TREAM [*¢], RivFishTIME [*7), & BioTIME [8!
Predictor data:
e Data on spatiotemporal trends in sampling effort, for example number
of occurrences for target-group taxa
e CHELSA Bioclim, land cover/use, hydrographic and other relevant
factors’ data

Methods

The following approaches may be employed to adjust for sampling and detection
biases in species occurrence data to obtain spatiotemporally adjusted estimates:
e QOccupancy models
e The Frescalo method
e Sampling effort-corrected summaries
Temporal trends can then be analysed using linear models or generalized additive
models, with potential drivers of change included to explain observed patterns.

Outputs

Graphs and summary statistics describing temporal changes in IAS occurrence/
richness per spatial unit (Member State and/or river catchment within Member
States) over time

Issues

Uneven spatial and temporal coverage of occurrence records; sampling and
reporting bias may affect trend interpretation; absence data are often missing,
limiting precise trend estimates

Table 5: VL for assessing spatial distributions of marine I1AS

Task

Assess the presence status and spatial distribution of marine IAS:
Current and future potential distributions of marine invasive species

Data

Occurrence data:

15
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GBIF records of all marine IAS on the Union list and National checklists
within Member states;

OBIS (Ocean Biodiversity Information System; https://obis.org) for global
marine species observations;

EMODnet Biology (https://emodnet.ec.europa.eu/en/biology) for
harmonized biological datasets across European marine regions;
AquaNIS (https://aquanisresearch.com/) for verified records of aquatic
non-indigenous and cryptogenic species;

BioTIME 28!

Predictor data:

Bio-ORACLE v2.2 (https://www.bio-oracle.org/downloads-to-email-
v2.php?version=2 2) and MARSPEC (https://marspec.weebly.com/)
datasets for marine environmental variables (e.g., sea surface
temperature, salinity, chlorophyll-a, current velocity, dissolved oxygen,
pH);

EMODnet Seabed Habitats (EMODnet Seabed Habitats) for benthic
substrate type, depth zones, and habitat classification;

EMODnet Chemistry marine chemical data
(https://emodnet.ec.europa.eu/en/chemistry);

EMODnet Physics in situ ocean physics time-series data and vertical
profiles (https://emodnet.ec.europa.eu/en/physics);

Copernicus Marine Service (CMEMS - https://marine.copernicus.eu/) for
physical and biogeochemical parameters at high spatial and temporal
resolution.

Main shipping routes
(https://github.com/newzealandpaul/Shipping-Lanes)

Methods

Current presence status: Summarize marine IAS occurrences per Member
State, MSFD subregion, and regional sea (identity and number of
species), based on harmonized data from occurrence data repositories
(e.g., OBIS, EMODnet Biology, AquaNIS, GBIF).

Current potential distributions: Fit SDMs (e.g., MaxEnt, Random Forest)
using marine environmental predictors (Bio-ORACLE, MARSPEC,
EMODnet, CMEMS); compare predicted suitable habitats with observed
occurrences to assess range filling and habitat invasibility.

Future potential distributions: Use climate-based SDMs to project
suitable habitats for marine IAS under future oceanographic and climate
scenarios (e.g., CMIP6, SSP2-4.5, SSP5-8.5) to identify areas at potential
risk of establishment or expansion.

Outputs

Presence status of marine IAS per spatial unit (Member State and/or MSFD
subregion, and regional sea), distribution maps and area trends, identity and
number of potential invaders under current and future conditions

Issues

Invasive species are not at equilibrium with their environment, meaning
that tailored modeling approaches should ideally be used.
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e  Whether and how to reflect dispersal capacity and dispersal pathways in
projections of future distributions. This would require information on
dispersal capacities (e.g., species-specific dispersal kernels).

Table 6: VL for evaluating temporal trends for marine IAS

Task Assess temporal trends in the occurrence of marine IAS
Data Occurrence data:

e  GBIF records of all marine IAS on the Union list and National checklists
within Member states;

e OBIS (Ocean Biodiversity Information System; https://obis.org) for global
marine species observations;

e EMODnet Biology (https://emodnet.ec.europa.eu/en/biology) for
harmonized biological datasets across European marine regions;

e AquaNIS (https://aquanisresearch.com/) for verified records of aquatic
non-indigenous and cryptogenic species;

e BioTIME [*8],

Predictor data:

e Bio-ORACLE v2.2 (https://www.bio-oracle.org/downloads-to-email-
v2.php?version=2 2) and MARSPEC (https://marspec.weebly.com/)
datasets for marine environmental variables (e.g. sea surface
temperature, salinity, chlorophyll-a, current velocity, dissolved oxygen,
pH);

e EMODnet Seabed Habitats (EMODnet Seabed Habitats) for benthic
substrate type, depth zones, and habitat classification;

e EMODnet marine chemical data
(https://emodnet.ec.europa.eu/en/chemistry);

e EMODnet in situ ocean physics time-series data and vertical profiles
(https://emodnet.ec.europa.eu/en/physics);

e Copernicus Marine Service (CMEMS - https://marine.copernicus.eu/) for
physical and biogeochemical parameters at high spatial and temporal
resolution.

e Main shipping routes
(https://github.com/newzealandpaul/Shipping-Lanes)

Methods The following approaches may be employed to adjust for sampling and detection

biases in marine species occurrence data to obtain spatiotemporally adjusted
estimates:

e  QOccupancy models
The Frescalo method

Bias-correction methods (e.g., target-group background, spatial thinning)
Sampling effort-corrected summaries
Temporal trends can then be analysed using linear models or generalized additive

models, with environmental and anthropogenic drivers included to explain
observed patterns.
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Outputs Graphs and summary statistics describing temporal changes in IAS occurrence/
richness per spatial unit (per Member State, MSFD subregion, and regional sea)
over time

Issues Uneven spatial and temporal coverage of occurrence records; sampling and

reporting bias may affect trend interpretation; absence data are often missing,
limiting precise trend estimates.

Table 7: VL for DNA-based analysis of invasive taxa for the marine environment

Task Environmental DNA based monitoring of the arrival and spread of new non-
indigenous taxa in marine environments (also known as Non-Indigenous Species
(NIS)) and for assessing trends in their introduction. And provide insight into
community structure and ecological processes.
Data o Marker genes (16S/18S rRNA, ITS and COl)
e High throughput sequence (PEMA Sequence Retriever)
e  WoORMS: An authoritative classification and catalogue of marine names
(https://www.marinespecies.org/ )
e WriMS:  World Register  of  Introduced Marine  Species
(https://www.marinespecies.org/introduced/ )
e FactorsFile is the metadata contains the SamplelD and AreaType for
metaMDS
Methods e Three existing eDNA based workflows for identification of invasive taxa in

marine environments can be improved. All three workflows share a
common core analysis structure: The process begins by employing the
PEMA pipeline to analyze the raw eDNA sequencing data. The resulting
Operational Taxonomic Units are then linked to species records using the
WoRMS and WriMS data. This step determines the status of each
identified species (i.e. indigenous, non-indigenous or newly introduced)
at the sample site. Besides the linking of PEMA output data to WoRMS
and WriMS data the workflows each feature a unique addition:

o Workflow 1 - DNA-based trend for the arrival of new non-
indigenous taxa: does Nonmetric Multidimensional Scaling of the
PEMA output data using metaMDS.

o Workflow 2 - DNA-based trend in the distributional range of
invasive taxa: analyses the geographical expansion of the invasive
species.

o Workflow 3 - DNA-based taxonomic relatedness: measures the
phylogenetic and taxonomic relatedness among the identified
invasive species using taxondrive.

e The three workflows use the following algorithms / pipelines:

o Pipeline for Environmental DNA Metabarcoding Analysis (PEMA)
[20)§s used to process raw sequencing data from environmental
samples and provide information on the community composition
of organisms present. It supports the downstream analysis of
four marker genes (16S/18S rRNA, ITS and COI), by allowing the
user to train the classifiers with custom reference databases
(https://github.com/hariszaf/pema).
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o Data analysis by calling the taxondive ?!! (solution provided by
vegan), which finds indices of taxonomic diversity and
distinctness, which are averaged taxonomic distances among
species or individuals in the community
(https://github.com/vegandevs/vegan ).

o metaMDS 22I: Nonmetric Multidimensional Scaling with stable
solution from random starts, axis scaling and species scores
(https://github.com/vegandevs/vegan ).

Outputs Clustering into Operational Taxonomic Units (OTUs) or inferring Amplicon

Sequence Variants (ASVs).

Figures of indices of taxonomic diversity and distinctness, which are averaged
taxonomic distances among species or individuals in the community.

By integrating with the Biodiversity meets Cubes framework, the species
occurrence data from our workflows will be transformed into standardized data
cubes, making them readily usable across other virtual research environments.

Issues

Reference database incompleteness: The single biggest hurdle. The taxonomic
assignment step is only as good as the reference databases (e.g., SILVA, UNITE)

PEMA uses tools like Swarm and VSEARCH for clustering and error mitigation, but
these errors can never be fully eliminated

6. Technical implementation

6.1. Spatial analyses

Species distribution models will be built using state-of-the-art approaches for modeling invasive species.
Specifically, considering the following aspects will be important:

1.

Accounting for spatial sampling bias: Given the use of GBIF data mainly containing
opportunistically sampled presence-only data, the models should account for spatial sampling
bias. This can be achieved, for example, via specific background-sampling approaches (e.g., target-
group background sampling 2%,

Minimizing impacts of niche truncation: When SDMs are fitted within spatial extents that do not
encompass the whole species range, the estimated environmental niche can be truncated, making
the model less reliable when projecting across space and time. To avoid this issue, global
occurrence data (encompassing the entire range) should be used. Spatially nested SDMs offer an
effective approach to address this issue 2!, The combination of global and regional models has
also been shown to be effective for improving SDMs of IAS and understanding invasion dynamics
[22]

Use of well-performing SDM algorithms: Flexible machine learning algorithms such as Maxent,
random forest, and boosted regression trees yield the highest predictive performance for
presence-only data in most cases 23 However, hyperparameter optimization is important (see
below).

Optimization (tuning) of algorithm hyperparameters: Optimizing algorithm hyperparameters is
important to help regularize models and avoid overfitting. This can be achieved based on cross-
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validations of the model. To simulate model transfer, spatial/environmental block cross-validation
can be used %2

5. Identification of model extrapolation: The training data available for building SDMs often do not
capture the full domain of environmental conditions for which predictions should be made. This
causes model extrapolation. Regions where extrapolation occurs should be flagged as having
higher uncertainty. Extrapolation can be detected, for example, using a so-called MESS analysis
(univariate extrapolation %)), or based on the Mahalanobis distance in order to also capture
multivariate extrapolation (new combinations of variable values 27)).

6. Considering multiple climate scenarios and models: For SDM projections to future climate
conditions, options should be provided to compare different SSP (emission) scenarios. Bioclimatic
variables based on different climate models should either be combined into ensemble predictions
(i.e., averaging across all climate models), or the range/uncertainty across predictions based on
individual climate models should be provided.

6.2. Temporal analyses

Without systematically collected data on species abundance, which most likely will not be available for
this use case, approaches that robustly estimate population trends are limited. A robust approach for
opportunistically sampled presence-only data (i.e., corresponding to most data available via GBIF) are
occupancy models. While occupancy models require so-called detection histories containing presence-
absence data collected through repeated visits to a set of study sites (e.g., collected through surveys),
opportunistic occurrence data can be aggregated into detection histories for their use in occupancy
models 281, Occupancy models employ a hierarchical modeling approach to separately model species
occupancy (presence/absence) and the observation process (detection/non-detection). In the context of
opportunistic data, non-detections can be inferred from visits to a site (e.g., pixel in a raster grid) without
the target species being detected, while the length of species lists compiled by observers (“list length”)
can be used as a proxy for sampling effort. For details on the implementation of occupancy models for
opportunistic data, see, for example: Kéry et al 2010 !, van Strien et al 2013 % Dennis et al 2017 3. In
R, occupancy models can be fit, for example, using the unmarked package (https://cran.r-
project.org/web/packages/unmarked/index.html).

A second robust approach for analyzing temporal trends based on opportunistic occurrence data is the
Frescalo method 2. Instead of the site-level, Frescalo operates at a broader, neighborhood scale
(typically around 10-100 km size) to correct for uneven recording effort. Its core principle is local
frequency scaling, which adjusts the observed frequency of a species based on how well-recorded a given
area and time period were, using other species as a reference. For details on the implementation of the
Frescalo method for unstructured data, see Goury et al 2025 3 |n R, the Frescalo method can be
implemented using the sparta package (https://github.com/BiologicalRecordsCentre/sparta).

Finally, trend indices could be generated by setting occurrence record numbers in relation to indicators
of sampling effort (for example, number of records for target-group taxon, or number of observers), could
be calculated 31, In addition, a resampling-based abundance index could be calculated B!,
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The three described approaches differ in their levels of data availability requirements (occupancy models
> Frescalo > trend indices) and which of them can be used in VREs thus depends on data availability for
different regions/taxa. For comparability and consistency, using the same approaches across target IAS
and sites (Natura2000 sites and/or Member states) would be desirable. Which of these approaches will
be feasible will depend on the spatiotemporal availability of occurrence records for IAS, as well as for
reference species used to infer sampling effort.

6.3. User interface and outputs

User interfaces for the VREs / VLs should be easily accessible to non-technical users. The selection of target
species and/or target spatial units (e.g., Natura2000 sites, Member states) could thus be implemented via
a user-friendly dashboard, for example using (searchable) dropdown menus, or similar. The selection of
target species should be informed by the EU- and national-level species lists, depending on the area of
interest specified by the user. Given the non-technical user audience, VRE / VLs should run largely
automatized based on minimal user input (i.e., not requiring manual parametrization of models or
analyses).

Outputs can be grouped into visual and non-visual outputs (e.g., graphs/maps vs. numbers), as well as
displayed outputs and downloadable outputs. Displayed outputs could be shared with users via the
visualization engine developed in Work Package 4. Occurrence data points and SDM prediction maps can
be displayed in interactive web maps. Similarly, graphs for temporal trends could be displayed in
interactive plots.

Downloadable outputs could be provided to users via the Single Access Point (SAP) developed within BMD
(Work Package 6). These may include:
e Continuous and binary (thresholded) distribution maps, for example in a GeoTIFF format
e Species occurrence points, for example in a CSV or Shapefile format
e Tables containing summaries of occurrence numbers and distribution area trends, for example in
a CSV format
e Underlying R scripts that run the implemented analyses (only if this is requested by
stakeholders/users)

VREs / VLs should be accompanied by non-technical explanations of the implemented analyses.
Uncertainties associated with the outputs should be clearly stated, also regarding the general limitations
of SDMs. For example, presence-only SDMs only predict the potential distribution of a species
(environmentally suitable habitat), while the realized distribution of a species is furthermore influenced
by other factors (biotic interactions with other organisms and dispersal limitations). When calculating
range sizes based on model predictions (i.e., binarizing continuous predictions of habitat suitability), the
influence of threshold selection should be indicated through the comparison of multiple thresholds.

7. Conclusion and future steps
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This MS24 presents the conceptual framework for integrating invasive alien species (IAS) use cases of
Union concern in the Virtual Research Environment (VRE). By aligning regulatory requirements under the
IAS Regulation (EU Regulation 1143/2014/EC) with standardized data, workflows, and outputs, the
proposed VRE, which cover species information, presence status, distributions, and trends, provide a
reproducible and scalable solution for monitoring, reporting, and management.

Stakeholder feedback will play a central role in refining the VRE. Input from regulatory authorities, site
managers, and NGOs will inform user interfaces, workflow design, and data presentation, ensuring the
VREs are practical, user-friendly, and directly supportive of decision-making.

The next steps include workflow prototyping (Q4 2025), stakeholder co-design workshops, and Single
Access Point integration, in line with deliverable D5.2 and the upcoming milestones MS5.3.1 (IAS
prototype) and MS5.4.1 (evaluation). By involving stakeholders throughout these phases, we can ensure
the VRE not only meets regulatory requirements but also genuinely addresses the needs of the end-users.
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