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Abstract
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begin to address these challenges, the European Reference Genome Atlas (ERGA) promotes the standardisation of methodologies
for high-quality reference genome sequencing and analysis as part of the global network of the Earth BioGenome Project. ERGA
is also proactively developing best practices to engage stakeholders in biodiversity genomics research, starting with examining
case studies and conducting mapping efforts to familiarise researchers with pathways to effective engagement. An emerging
theme is the researchers’ experience of variable perceptions amongst stakeholders of the value and utility of reference genomes and
genomics data in biodiversity conservation and management. Addressing this issue calls for consensus on standardised genome-
wide data generation methods and applications that will help to deliver the highest standards for accuracy, interpretability, and
comparability. We believe converging on consensus methods standardisation is essential for fostering the stakeholder trust and
confidence required to successfully promote widespread adoption of genome-wide genetic diversity assessments in biodiversity
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Abstract

Biodiversity resilience relies on genetic diversity, which sustains the persistence and evolutionary potential of
organisms in dynamic ecosystems. Genomics is a powerful tool for estimating genome-wide genetic diversity,
offering precise and accurate estimates of the status and trajectory of genetic diversity within species and



populations. However, the widespread integration of genomic information into biodiversity conservation and
management efforts faces challenges due to a lack of standardised genome-wide data generation methods and
applications. The heterogeneity of approaches can make it difficult to consistently interpret the results and
clearly communicate key information to stakeholders such as practitioners and decision-makers. To begin to
address these challenges, the European Reference Genome Atlas (ERGA) promotes the standardisation of
methodologies for high-quality reference genome sequencing and analysis as part of the global network of
the Earth BioGenome Project. ERGA is also proactively developing best practices to engage stakeholders
in biodiversity genomics research, starting with examining case studies and conducting mapping efforts to
familiarise researchers with pathways to effective engagement. An emerging theme is the researchers’ experi-
ence of variable perceptions amongst stakeholders of the value and utility of reference genomes and genomics
data in biodiversity conservation and management. Addressing this issue calls for consensus on standardised
genome-wide data generation methods and applications that will help to deliver the highest standards for
accuracy, interpretability, and comparability. We believe converging on consensus methods standardisation
is essential for fostering the stakeholder trust and confidence required to successfully promote widespread
adoption of genome-wide genetic diversity assessments in biodiversity conservation and management.
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1. Introduction

Genetic diversity is central to species resilience and adaptability, playing a crucial role in enabling organisms
to respond to environmental changes and anthropogenic pressures, as well as determining their evolutionary
potential for long-term survival and adaptability within dynamic ecosystems (Kardos et al., 2023; Kardos
& Luikart, 2021). Being able to assess genetic diversity is therefore an essential requirement for building
informed strategies for conservation and management of biodiversity and ecosystem services. Several direct
and indirect methods can be employed to assess genetic diversity. However, high levels of accuracy and
precision, as well as true comparability across assessments, can only be achieved through the analysis of
genome-wide data at the population level. This approach combining reference quality genome assemblies
with whole genome re-sequencing (WGS) data, which we refer to as the assessment of genome-wide
genetic diversity , can substantially enhance the resolution and accuracy of evidence available to practi-
tioners and other stakeholders to inform the development of practical biodiversity conservation applications
(Fuentes-Pardo & Ruzzante, 2017; Hogg, 2024). Despite the many opportunities offered by using WGS
data, the integration of genomic information into conservation efforts to study genetic diversity within and
between species, or conservation genomics, faces many challenges. Some of these include the costs involved,
the need for specialised expert knowledge, and the difficulties of interpreting and communicating results to
stakeholders (Cook et al., 2023; Shafer et al., 2015). Efforts to integrate genomics data are further hampered
by the lack of standardised procedures for data generation, processing, and analysis on the one hand, and
the regional disparities in access to genomics resources and technologies on the other (Gomez-Cabrero et al.,
2014; Mulder et al., 2017). This means that working towards achieving the highest standards for accuracy,
interpretability, and comparability could further widen the feasibility gap for adoption and implementation
in resource-limited regions (Wilson et al., 2016). Beyond practical considerations, the priorities and preferred
approaches of different scientific and stakeholder communities also often vary (Grill, 2021; Taylor et al., 2017),
which further complicates the standardised integration of genomic information to achieve common conserva-
tion and management objectives. Routes to address these challenges must be sought to enable the widespread
and effective use of WGS data within global biodiversity research and conservation management frameworks.
While researchers have an important role to play especially on the methodological and technological side,
to fully succeed it is also essential to engage with stakeholders effectively to co-develop pathways to achieve
meaningful genomics data integration. Stakeholders are people or organisations who affect or are affected



by species conservation and management decisions. These may include policymakers, conservationists, nat-
ural site managers, non-governmental organisations, landowners, farmers, environment agencies, the general
public or other entities. A chequered history of stakeholder engagement provides both positive and negative
foundations on which to build fruitful interactions, but an important first step for researchers is to recognise
the importance of understanding stakeholder needs and limitations to be able to effectively communicate
the value of integrating standardised genomics approaches in applied species conservation and management
(Bateman & Balmford, 2023; Supple & Shapiro, 2018). Key to the success of stakeholder engagement and
the integration of genomic information is to first build consensus within the scientific community on har-
monised genomics research standards and best practices. Promoting broadly standardised and validated
genomics methodologies to define a unified approach to genomics data across the scientific community could
substantially advance the acceptance of genomics and its application by stakeholders, especially policymak-
ers. Recognising this, the international community of researchers driving reference genome generation for
eukaryotic biodiversity, connected through theEarth BioGenome Project (EBP) , has been building con-
sensus on standards for reference resources (Lawniczak et al., 2022; Lewin et al., 2018). Regional initiatives
that form part of the EBP network, including the African BioGenome Project (AfricaBP) (Ebenezer
et al., 2022), Australia’s Threatened Species Initiative (TSI) (Hogg et al., 2022) and the European
Reference Genome Atlas (ERGA) (Mazzoni et al., 2023) bring diversity of experience to the consensus
building process. This community-driven agreement on reference genome resources and standards greatly
facilitates communicating their importance and utility to stakeholders. However, despite increasing recogni-
tion by the scientific community (Formenti et al., 2022; Hogg, 2024; Theissinger et al., 2023), when it comes
to genetic diversity assessments the necessary advances are yet to be achieved. To begin to address these
needs, we start by outlining the aspirations and practicalities of employing genome-wide genetic diversity as-
sessments for within-species monitoring. Next we examine how standards support the production and use of
reference genomes and contrast this with the status of community consensus on standards for the production
and use of WGS data in biodiversity research and conservation management. This appraisal is supported
by reviewing the context of key barriers that need to be overcome to achieve the standardisation necessary
for proper integration and widespread deployment of genome-wide genetic diversity assessments. Finally,
we explore the landscape of stakeholder engagement with applied genomics research using results from a
workshop and interviews mapping stakeholders involved in biodiversity conservation research projects from
several European countries. While it is clear that many challenges arise from the heterogeneity of methods,
data, approaches, resources, and other factors, community consensus on standards is urgently required to
improve alignments of biodiversity genomics research with real-world conservation demands and stakeholder
needs.

2 Genome-wide genetic diversity for within-species monitoring

At the Conference of the Parties (COP) to the Convention on Biological Diversity (CBD), the importance
of maintaining genetic diversity within and between populations was recognised and emphasised as being
critical for species adaptability and survival (COP 15, 2022). Complementing other biodiversity data, build-
ing a comprehensive understanding of species genetic information is key to monitoring and understanding
biodiversity, which can be leveraged for species conservation and management (DeWoody et al., 2021; Hogg,
2024; Lewin et al., 2018; Mazzoni et al., 2023; Supple & Shapiro, 2018; Theissinger et al., 2023), as well
as for sustainable bioeconomy (D’Amato et al., 2020; Huddart et al., 2022) and biosecurity applications
(Glidden et al., 2021; Marselle et al., 2021; Robinson et al., 2024). A variety of direct and indirect meth-
ods can be employed to assess genetic diversity, however, comprehensive within-species genetic monitoring
requires reference genome assemblies with WGS data for genome-wide genetic diversity assessments.



2.1 Genomics informs collation of Essential Biodiversity Variables

To monitor biodiversity changes, the CBD endorses two levels of metric abstraction: Essential Biodiversity
Variables (EBVs) and Biodiversity Indicators. EBVs are direct interpretations of scientific or observational
data, presented in a harmonised, standardised, and scalable manner (Pereira et al., 2013). Biodiversity
Indicators, derived from EBVs, are designed to be intuitive and widely understood measures that form
the basis of consistent species and ecosystem monitoring. A subset of EBVs is dedicated to capturing
spatial and temporal variability in intraspecific genetic composition, i.e. measuring the status and trajectory
of genetic diversity within species. The Group on Earth Observations Biodiversity Observation Network
(GEO BON) has proposed four genetic composition EBVs: (i) intraspecific genetic diversity, (ii) genetic
differentiation, (iii) effective population size (N ), and (iv) inbreeding. The group’s technical descriptions
and feasibility assessments of these genetic EBVs acknowledge the increasing importance of DNA-based data
for deriving accurate estimates (Hoban et al., 2022). Proposed improvements to overcome the limitations
of the current genetic diversity goals and targets also advocate tracking the number of populations or
species being monitored with DNA-based methods (Hoban, Bruford, et al., 2023). Nevertheless, concerns
have been raised about how the lack of standardisation and scalability of various genetic and genomic
approaches impact the feasibility of widespread employment of DNA-based methods for collating genetic
EBVs. Recent progress has been made in integrating genetic composition EBVs into the CBD’s Global
Biodiversity Framework (GBF) goals and targets, albeit with the incorporation to date of only a limited
set of Biodiversity Indicators (Hoban, Bruford, et al., 2023). These include the headline indicator focused
on N . as an indirect measure of genetic diversity monitoring, specifically the proportion of populations
within species with an effective population size greater than 500. This headline indicator is supported by the
complementary indicator focused on species demography as an indirect measure of population differentiation,
specifically the proportion of distinct populations maintained within species. These key indicator proxies for
genetic diversity and differentiation, respectively, can be estimated using various non-DNA-based methods.
While these methods can provide temporally informative data at a local level (e.g. through changes in N  of
a certain population measured with the same proxies), true genetic diversity and population differentiation
levels can only be accurately measured through DNA data analysis. DNA-based metrics can be estimated
using data from single loci to entire genomes, where the marker type and density typically depend on specific
research questions and available resources. As technologies have advanced, approaches for accessing genetic
content and estimating genetic diversity have evolved over time (Figure 1 ). Regardless of the sequencing
method and number of markers employed, the use of reference genomes increases accuracy and reproducibility
for DNA-based estimates (Anilkumar et al., 2023). Used as universal points of comparison for each species,
reference genomes serve as critical benchmarks in genetic composition analysis: the common backbone onto
which population-derived DNA marker data are mapped. However, while marker-derived data across sparse
genomic regions can be informative for estimating several measures of genetic diversity, genome-wide genetic
diversity screening is needed to study genetic variation at fine-scale resolution (e.g. for current levels of
inbreeding), as well as for understanding the demographic and evolutionary forces shaping the observed
variation (Sucha¢kova Bartotiovd et al., 2023; Sundell et al., 2023; Van Der Valk et al., 2024).

2.2 Genome-wide data offer key advantages over proxies or markers

The full potential of WGS data can be exploited when anchored on chromosome-level genome assemblies for
accurate and comprehensive estimations of genetic indices. First, by capturing the complete genetic variation
along the genome, WGS approaches provide a detailed account of the evolutionary variance underlying every
estimate, and take advantage of the large amount of data to deliver precise and accurate estimates. Second,
using genome-wide data enables the incorporation of linkage disequilibrium as a property to estimate genetic
indices, such asN . or runs of homozygosity (RoH, useful for inbreeding estimations), and to understand
and estimate phenomena that leave regional/local signatures on the genome and are outliers when compared
to the genome-wide norm, such as selection or introgression (Allendorf et al., 2024; Gargiulo et al., 2024).
An important outcome of these two key advantages of using genome-wide data is that the resulting genetic
composition EBV estimates are much more comparable across species. For instance, heterozygosity within



a population can serve as a valuable metric for estimatingN ., which is essential for assessing the threat
of genetic drift in small populations and the associated extinction risk - a key factor influencing manage-
ment prioritisations (Hoban, Da Silva, et al., 2023; Waples, 2022; Willi et al., 2020).N . also determines
the efficacy of positive natural selection, influencing the ability of a species to respond to environmental
changes (Charlesworth, 2009; Flanagan et al., 2018). Therefore, species with reduced N , are often associa-
ted with an increased risk of inbreeding depression (Duntsch et al., 2023; Ruiz-Lopez et al., 2012). WGS
approaches have the advantage of accurately and precisely estimating inbreeding in species without known
pedigrees (Hedrick & Garcia-Dorado, 2016; Kardos et al., 2015), thereby increasing their applicability for
near-inaccessible species like those present in underwater habitats (Kardos et al., 2023). Genome-wide data
can also help identify the genetic basis of inbreeding depression (Kardos et al., 2016), which can improve
the implementation of genetic rescue plans (Fitzpatrick et al., 2020). Beyond nucleotide-based variation,
genome-wide genetic diversity can provide insights into more complex variation, such as structural variants,
which can be manifested as variations in copy number (deletions, insertions, and duplications), orientation
(inversions) or chromosomal position (translocations) (Bhati et al., 2023; Lee et al., 2023). In addition, WGS
data can answer important questions about the molecular basis of qualitative and quantitative traits that re-
main largely unresolved. These questions include analysing gene interactions (epistasis; (Carre et al., 2024))
as well as connections among genomes of other species inhabiting the same ecosystem (community genomics;
(Bernatchez et al., 2024)). Studying genome-wide genetic diversity also enables powerful assessments of local
adaptation (Hoban et al., 2016; Sang et al., 2022). In addition, between-population genome-wide genetic
diversity helps determine species and population boundaries, quantifying differentiation that is crucial for
developing conservation strategies and defining conservation units (Coates et al., 2018; Lehnert et al., 2023;
Pearman et al., 2024). Taken together, the advantages offered by genome-wide data and reference genomes
provide compelling arguments for the integration of such genomic information into conservation manage-
ment efforts to study genetic diversity within and between species. Increased access to genome-wide genetic
diversity estimates should also extend future integrated analyses of genetic diversity data with ecological and
environmental data for characterising key trends impacting how species respond to environmental changes
and anthropogenic pressures (Figure 1 ). This will form the foundation for building informed strategies for
conservation and management of biodiversity and ecosystem services that respond to real-world conservation
demands and stakeholder needs.

2.3 Bioeconomy and biosecurity also benefit from genome-wide approaches

The One Health framework, which emphasises the links between human, animal, and environmental health,
highlights the importance of incorporating genomics approaches in protecting human health and wellbeing
(Marselle et al., 2021; Urban et al., 2023). In this context it is important to recognise that beyond con-
servation management applications, genome-wide approaches are equally relevant to the bioeconomy and
biosecurity sectors. Understanding the genetic diversity of populations and species can guide the sustainable
management of natural resources, including fisheries, forestry, agriculture, and management of wild carniv-
orous populations (Andersson et al., 2024; Aronsson et al., 2023). For example, knowledge of the genetic
basis of desired phenotypic traits, including biomass and resistance to pathogens, can be used for genomics-
informed breeding and selection programmes (Norman et al., 2018). Similarly, in the context of biosecurity
and disease, having access to genome-wide genetic diversity data could help understand how species evolve
and adapt to pathogen pressures, providing valuable insights into transmission dynamics and resistance
mechanisms (Alves et al., 2022; Hessenauer et al., 2020; O’Hanlon et al., 2018). Planetary changes driven
by human activities are greatly affecting global infectious disease distribution and prevalence (Nova et al.,
2022), with potentially devastating consequences for many species of direct bioeconomic relevance and more
broadly for key ecosystem services providers. Considering such applications of genome-wide genetic diversity
monitoring and assessments beyond species of conservation concern substantially broadens the variety of
potential stakeholders. This diversity cannot be ignored when building strategies to effectively communicate
the value of integrating standardised genomics approaches in applied species conservation and management.



3 Consensus methods and standards advance science and enhance
confidence

3.1 Reference genome methods standardisation is promoting their production
and use

Recent advances in long-read sequencing and assembly scaffolding technologies have substantially enhanced
the scale and quality of data production for reference genome generation (Li & Durbin, 2024; Marx, 2023).
Consequently, chromosome-scale reference genomes are now becoming the standard for studies aiming to
understand genome structure and organisation, as well as species and population genetics and evolution
(Blaxter et al., 2022; Formenti et al., 2022; Theissinger et al., 2023). In response to these new technologies
and decreasing costs, numerous reference genome initiatives have been established that focus on target
species from different taxonomic groups or geographical regions. Collectively they contribute to the EBP’s
“moonshot” effort for biology (Lewin et al., 2018), to build reference genome resources for the vast majority of
eukaryotic organisms that are currently not represented in public genome repositories (Stephan et al., 2022).
As part of the global EBP network of reference genome projects, this scientific community exemplifies
how large international collaborative efforts can work towards consensus to establish standards and best
practices for producing high-quality reference genomes (Lewin et al., 2022). Through the EBP community
work coordinated by five technical standards committees, reference genome methods standardisation has
converged on common best practices and recommendations for all stages of production, from sampling to
sequencing and assembly through to deposition in open international data repositories (Lawniczak et al.,
2022). For example, quantitative assembly standards include achieving the highest quality assemblies with an
error rate of less than 1/10,000, megabase N50 contig continuity, and chromosome-scale N50 scaffolding (N50:
half of the genome is assembled in contigs or scaffolds of length N50 or more). The practical importance
of standards - the use of existing ones and the development of new ones where needed - was recently
highlighted through the ERGA Pilot Project’s implementation of a decentralised approach for the large-
scale production of reference genomes (Mc Cartney et al., 2023). ERGA’s work on standards has continued
through theBiodiversity Genomics Europe (BGE) project, supported by the European Union’s Horizon
Europe programme for research and innovation. Developing and promoting such standards is essential to
build community consensus. This needs to go hand in hand with providing guidance on how to achieve them,
for example through training platforms like the ERGA Knowledge Hub (ERGA Knowledge Hub, 2024).
In the face of changing technologies and methods, such standards are not immutable, however, setting
standards provides a clear target towards which the community can aim. This encourages streamlining
and standardisation of the best practices, combinations of methods, and quality control procedures, that
mostly routinely enable the attainment of the high-quality target standards. In the field of reference genome
generation, community efforts towards defining consensus methods and standards are promoting the scaled-
up production and use of chromosome-scale reference genome assemblies.

3.2 Genetic diversity assessments would benefit from enhanced methods stan-
dardisation

Genetic diversity assessment approaches in conservation management have a long-standing history that
started with the introduction of allozymes in the early 1970s (Prakash et al., 1969). These markers enabled
researchers to analyse genetic variation and relatedness among individuals, informing species conservation
and management decisions (Allendorf, 2017). The advent of genomics and next-generation sequencing tech-
nologies has revolutionised conservation practices relying on genetic data. Estimates that were once based
on only a few genetic loci are now made with millions of markers across the whole genome (Allendorf, 2017;
McMahon et al., 2014; Supple & Shapiro, 2018). These technological advances have provided conservation
biologists with unprecedented accuracy and precision in understanding the genetic makeup of populations,
identifying adaptive genetic variations, and detecting subtle evolutionary changes over time (Hogg et al.,



2022; Supple & Shapiro, 2018). Furthermore, data that support establishing correlations between variation
along the genome and environmental parameters and/or adaptive phenotypes enable the prediction of future
evolutionary gaps and identify means to mitigate them (Capblancq et al., 2020; Ferreira et al., 2023; Hoste
et al., 2024; Razgour et al., 2019; Waldvogel et al., 2020). Combining WGS data with high-quality reference
genomes is empowering researchers to examine genetic diversity at an ever finer scale and providing precise
estimates of population health, crucial for effective management (Hogg et al., 2022; Shafer et al., 2015;
Supple & Shapiro, 2018). Despite these advances in technologies and methods for DNA-based approaches,
several challenges remain to be overcome to achieve community consensus on methods and standards, which
are necessary to advance the science and enhance stakeholder confidence. The main challenges arise from
the variety of sampling strategies, library preparation protocols, and sequencing techniques used, the dif-
ferent degrees to which the whole genome is represented by the data, the variable consistency of analysis
stringencies applied, and the potential biases these and other variables may each introduce (Hoban et al.,
2016; Lachance & Tishkoff, 2013; Meirmans, 2015; Schmidt et al., 2024). Techniques that target subsets of
the entire genome, such as medium- to high-density single nucleotide polymorphism (SNP) panels (Helyar
et al., 2011) or reduced representation sequencing techniques like restriction site-associated DNA (RAD)
sequencing (Baird et al., 2008), are not designed to detect fine-scale genomic variation. These methods pro-
vide an incomplete picture of the genetic landscape and introduce substantial heterogeneity across studies
due to variations in choices of molecular laboratory techniques, the specific genomic regions being targeted,
and variable approaches to circumvent analytical challenges (Cariou et al., 2016; Davey et al., 2011, 2013;
Shafer et al., 2017). Alternative low-coverage whole genome sequencing (IcWGS) approaches have gained
popularity for their cost-effectiveness and potential to provide meaningful data (Lou et al., 2021). However,
when read depths are too low to confidently call individual genotypes, IcWGS requires specialised analysis
tools to account for genotype uncertainty. Additionally, the sequencing effort distribution design, number
of samples, and per-sample sequencing depths all affect the accuracy of estimating genetic diversity, linkage
disequilibrium, and allele frequency, as well as detecting population structure and signatures of selection.
This variety of DNA-based approaches to conduct genetic diversity assessments contributes to the difficulties
of consistently interpreting the results and clearly communicating key information to stakeholders (Taylor et
al., 2017). Community consensus on methods standardisation is therefore essential for accurate and compa-
rable applied population genomics studies to deliver results that can meaningfully inform conservation and
management actions. Focusing on approaches that use WGS data to assess genome-wide genetic diversity
offers an effective means to reduce heterogeneity across studies and establish robust frameworks for obtaining
comparable indices of population health and status. When properly implemented, WGS approaches can be
robust to different technologies, library preparations, and other methodological variations, whereas achiev-
ing similar robustness with other DNA-based methods is much more challenging. Consensus standards on
analysis best practices are equally critical, from the perspective of research scientists but also considering
practitioners and other stakeholders to ensure translatability into applied actions (Hogg, 2024; Hogg et al.,
2022). This should include working towards a common understanding of how to best take advantage of
machine learning and artificial intelligence (AI) approaches to exploit the high dimensional input data for
accurate population genetics inferences (Korfmann et al., 2023; Schrider & Kern, 2018; Van Oosterhout,
2024). Converging on consensus community standards also needs to consider the importance of providing
training and guidance on how to achieve them, for example through platforms like the TSI’s Applied Conser-
vation Genomics Hub (TSI Applied Conservation Genomics Hub, 2024). Notwithstanding other important
barriers to standardisation in applied research (Box 1 ), in the same manner as for the field of reference
genome generation, defining scientific community consensus on methods and standards will greatly promote
the scaled-up production and use of WGS data for genome-wide genetic diversity assessments.



4 ERGA stakeholder mapping workshop: first steps towards engage-
ment

Expanding and improving the scope of genomics research in biodiversity conservation requires involving rele-
vant stakeholders and rights holders (Leventon et al., 2016; Segelbacher et al., 2022; Supple & Shapiro, 2018).
This involves the cooperative participation of local communities, policymakers, and scientists in conservation
efforts to ensure their effectiveness and sustainability (Reed, 2008). Such collaborative approaches are de-
signed to align conservation objectives with socio-economic interests and generate a sense of ownership and
responsibility (Skarlatidou et al., 2019; Sterling et al., 2017). Additionally, inclusive stakeholder engagement
can lead to more accurate and context-specific solutions to biodiversity challenges that enhance ecosystem
resilience (Cumming et al., 2022; Reed et al., 2009; Spoouner et al., 2021). When the ERGA Citizen Science
Committee launched its stakeholder identification survey in 2022, biodiversity genomics researchers missed
crucial information about their potential stakeholders. The survey collected responses from researchers across
Europe and revealed that identifying and involving relevant stakeholders remains a substantial challenge,
which prevents the establishment of effective relationships between researchers and stakeholders. This high-
lighted the need to continue efforts to map and engage stakeholders to build pathways towards comprehensive
and meaningful involvement. The survey also revealed that some scientists currently perceive the idea of
imposing a requirement of stakeholder participation in their research projects as a burden rather than an
opportunity. This highlighted the need for training within the ERGA community on the importance of
stakeholder engagement, starting by providing tools to recognise and map stakeholders according to guide-
lines in the BiodivERsA Stakeholder Engagement Handbook (Durham et al., 2014). This is the initial phase
of building a conceptual framework for best practices for stakeholder engagement in biodiversity genomics.
It will include interviews with stakeholders from various sectors, such as politics, industry, practitioners,
local communities, and citizens. The final phase of the project will involve developing a comprehensive plan
to describe clear pathways to effective stakeholder participation throughout the research process. Here we
present our approach to the initial phase of how to recognise and map relevant stakeholders for biodiversity
genomics research through a stakeholders mapping workshop involving researchers from across Europe.

4.1 Materials and methods

As part of the development of the distributed genomics infrastructure supporting reference genome gener-
ation for the ERGA community, the ERGA Citizen Science Committee, in collaboration with the ERGA
Pilot Project (Mc Cartney et al., 2023) and members of the BGE Project, organised a workshop aimed
at strengthening researchers’ capacities to recognise relevant stakeholders. The online workshop involved
39 researchers participating in the ERGA Pilot Project with a broad geographical representation covering
23 European countries. The goals were to identify, prioritise, and map international, national, and local
stakeholders involved in or potentially interested in their biodiversity genomics research projects. During
the workshop, participants were randomly assigned to six groups, each with a dedicated mediator, in order to
foster interactions and discussions in smaller groups and promote the collection of opinions and ideas. Each
group was presented with instructions for completing the three main goals: first, to identify stakeholders and
stakeholder groups potentially interested in their projects; second, to prioritise the relevant stakeholders by
their perceived interest and influence with respect to their projects; and third, to map the stakeholders by
their interests and influence, as well as local, regional, and international dimensions. To prioritise putative
engagement actions, during the online stakeholder mapping workshop participants wrote the names of iden-
tified stakeholder groups on virtual stickers. They then placed them in one of four categories based on their
perceived influence and interest levels. The categories and the stakeholder identification stages are described
in the BiodivERsA Stakeholder Engagement Handbook (Durham et al., 2014), summarised here as: Involve
, High influence and low interest - keep these stakeholders adequately informed and maintain regular contact
to ensure no major issues arise; Inform , Low influence and low interest - monitor these stakeholders and
keep them regularly updated as needed, tailoring communications to meet their needs;Collaborate , High
influence and high interest - essential stakeholders that must be fully engaged, enlist their full help, create



partnerships, galvanise support for the project, and keep them satisfied; Consult , High interest and low
influence - provide these stakeholders with enough information and interaction to keep them updated and
address their concerns, but avoid overwhelming them with too much information. This exercise aimed to
encourage the participating researchers to consider not only what categories of stakeholders and stakeholder
groups might potentially be interested in their research projects, but also to begin to consider how engage-
ment priorities and strategies could differ depending on the perceived influence and interest levels of different
stakeholders. Following the workshop, each mediator prepared a summary report detailing the main points
of discussion and comments collected from the participants, as well as a list of identified stakeholders mapped
during the workshop and the prioritisation categories to which they were assigned (Involve , Inform , Col-
laborate ,Consult ). Data were then aggregated into a single dataset for analysis, and the mediators further
categorised the list of stakeholders by Class and by Country status , based on the following criteria: Class -
Clitizens nonprofit denotes nonprofit organisations that engage with the public, including community groups,
citizen science organisations, and local community associations;Industry - private sector companies involved
in relevant industries, such as biotech firms, environmental consultancies, and agricultural companies; Pro-
tected areas - organisations that manage or oversee protected natural areas, such as national parks, marine
protected areas, and nature reserves; Public institution - government agencies or public bodies involved
in environmental management, scientific research, and policy-making, including environmental protection
agencies and public research institutes;Research communities - collaborative groups composed of multiple
research entities, such as universities, research institutes, and other scientific organisations working together
on common projects; Zoo aquarium - zoos, aquariums, botanical gardens, and other facilities that manage
living collections of animals and plants for conservation, research, and public education purposes; and for
Country status -Strengthening countries or Widening countries , based on the EU country designations as
part of the strategy for widening participation and spreading excellence, with stakeholder groups being as-
signed to the country where they are based or officially registered. This allowed for the testing (y-squared
tests) of associations between Country status and Class , as well as further explorations of potential asso-
ciations with pairwise comparisons between Country status and each Class conducted using two-proportion
z-tests. Data analyses were performed using Rv.4.4.1 (R Core Team, 2024).

4.2 Results and discussion

In total, the workshop activities resulted in the successful identification and mapping of 384 stakeholders
(Additional File 1). After categorisation by the mediators by Class and by Country status there remained
283 stakeholders in the dataset for analysis as 101 were identified as international bodies and therefore could
not be assigned to a specific country. While the excluded stakeholders represent important organisations in
the landscape of relevant bodies to consider for comprehensive mapping, here the focus was on national-level
stakeholders to be able to compare across countries. Across the categories, there were 167 stakeholders from
12 Strengthening countries and 116 from 11 Widening countries, with the majority of both Strengthening
(59%) and Widening (53%) countries being classed as public institutions (Figure 2 ). This predominance
may be explained by the familiarity of researchers with public institutions as a result of their frequent
interactions and collaborations with them. These interactions and collaborations are often an integral part
of the research process. It follows therefore to suppose that researcher awareness or familiarity with other
stakeholder classes is much lower, which emphasises the utility of activities that strengthen researchers’
capacities to recognise relevant stakeholders. For four of the six classes, the numbers and proportions of
identified stakeholders were greatest for Strengthening countries, while for the classes Protected areas and
Zoo aquariums there were more identified in Widening countries (Figure 2 ), with a statistically significant
association between Country status and Class (df =5, N =283: Z = 15.71, p = 0.007). Pairwise comparisons
showed a significantly higher proportion of the two classes with more stakeholders in Widening countries
compared to Strengthening countries - Protected areas (Z = -2.38, p = 0.018) and Zoo aquarium (Z = -2.95,
p = 0.003). No significant differences were found for the remaining classes ( Citizens nonprofit : Z = 0.95, p
= 0.340; Public institution : Z = 1.12, p= 0.260; Industry : Z = 0.74,p = 0.460; Research community : Z
= 0.72, p = 0.470). The higher proportion of Protected areas and Zoo aquariums with more stakeholders in
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Widening countries can be attributed to several factors. Firstly, Widening countries often feature biodiversity
hotspots, regions with exceptionally high levels of species diversity and endemism. Researchers may therefore
be more likely to consider bodies such as natural parks protecting these unique ecosystems as relevant
stakeholders for their projects. Secondly, Widening countries may prioritise conservation efforts as part of
their development strategies, recognising the ecological, economic (e.g. tourism), and social value of their
natural resources, which leads to increased researcher engagement with or knowledge of stakeholders focused
on conservation. The process of interactively grouping stakeholders based on their perceived influence and
interest levels into four stage categories (Inform , Consult , Collaborate , and Involve ) stimulated discussions
that prompted participants to evaluate how they recognise and prioritise relevant stakeholders. Across all
384 identified stakeholders, the largest groups were Inform (31%) and Collaborate (30%) and the smallest
group was Consult (15%), with Involve accounting for 24%. When considering only national stakeholders the
proportions remained almost identical, with 30% for Inform and Collaborate , 15% for Consult , and 25% for
Involve (Figure 3 ). Unlike the categorisations of stakeholders by Class , there was no statistically significant
association between Country status and stage category, and there were no statistically significant differences
between Strengthening and Widening countries for any of the four stage categories. Discussions during the
categorisation process revealed that stakeholders could be grouped into different stage categories depending
on the current status of their research projects. This fluidity suggests that stakeholders’ roles can evolve as
projects progress, for example transitioning from Involve (high influence and low interest) to Collaborate (high
influence and high interest) when the project has succeeded in generating more tangible results. Another
important point that was raised repeatedly with respect to assessing a stakeholder’s interest level was the
highly variable perception of the value and utility of reference genomes and WGS data in conservation and
biodiversity management. Participants described how they noted a growing positive consideration of the
importance of genetic diversity assessments. However, they also recognised a disconnection between this and
the perceived relevance of genome-wide genetic diversity assessments amongst practitioners. Taken together,
these quantitative and qualitative observations, based on input from 39 researchers representing 23 European
countries considering 384 identified national and transnational stakeholders, suggest a need for additional
efforts that aim to improve researcher-stakeholder interactions. On the one hand, researcher awareness of and
capacity to recognise relevant stakeholders in biodiversity genomics is an area that would benefit from further
development. On the other hand, a demystification of genomics-based approaches to applied conservation
and management would help to foster wider and more meaningful stakeholder engagement. In this regard,
developing and promoting community-consensus standardised and validated genomics methodologies for
assessing genome-wide genetic diversity could substantially advance the integration of genomic information
in the conservation and management of biodiversity and ecosystem services.

5 Case studies of stakeholder engagement in biodiversity genomics

To provide concrete examples of how stakeholder engagement and genomics data integration can enhance
conservation efforts, we conducted interviews with representatives of three research projects. These case
studies highlight the practical challenges and successes of applying genomics to conservation and manage-
ment, in partnership with stakeholders. They demonstrate the value of collaboration between researchers
and various stakeholders, including conservation organisations, citizen scientists, and policymakers. Through
the sharing of their experiences, these case studies illustrate how genomic insights can inform conservation
strategies, influence policy decisions, and support biodiversity management. The following summaries detail
the goals, methodologies, and outcomes of these projects emphasising the role of genomics and stakeholder
engagement in advancing conservation efforts.
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5.1 Genomic insights for fungal conservation

Project goals and methodology: Sweden is home to some 5300 fungal species identified in forests
(Knutsson et al., 2020). Despite protection programmes for some fungi, their genetic diversity is not thor-
oughly explored, and genomics data are not yet integrated into their conservation efforts. This project used
reference genomes and WGS data to understand population structure and inform three specific conservation
programmes, including contributions to red list assessments. The Swedish Species Information Centre (SSIC)
served as a key stakeholder, collaborating with local county administrations responsible for implementing
the conservation measures. The project involved generating high-quality reference genomes and sequencing
multiple samples from three species of conservation concern. To achieve a broad geographical sampling of the
analysed species, citizen scientists were engaged, providing valuable contributions to the collection process.
Despite challenges in DNA extraction, the study successfully applied population genomics methods (principal
component analysis - PCA, Admixture) to characterise population structure. The results highlighted a spec-
trum of diversity among fungal species, ranging from distinct taxa to intraspecific diversity. These diversity
level assessments are essential for future conservation efforts.Importance of genomics and stakeholder
engagement: The project used genomics due to its efficiency in resolving population structure in relation
to monitored distributions of the selected target species. Genomics can provide a comprehensive picture
of genetic diversity, essential for understanding population structure and informing conservation strategies,
where comprehensive coverage, accuracy, and long-term value make it the preferred method. A total of ap-
proximately 100 samples were analysed per species. The Science for Life Laboratory (SciLifeLab) conducted
the genomics work, ensuring high-quality data through standardised protocols and repeated extractions. Ob-
taining high quality and quantity of DNA and RNA from different samples such as annual fleshy fruit bodies
and perentail thicker fruit bodies was challenging due to the presence of secondary compounds and a rich
community of associated bacteria, fungi, and algae. SciLifeL.ab’s expertise was invaluable in overcoming these
difficulties, producing near-chromosome-level assemblies for all three species using the tools and standards
advocated by the EBP. The possibility for extensive method development and testing to optimise extractions
was critical for producing reliable data and allowed for the standardisation of genomics methodologies across
different species. Assembly and annotation were performed by the National Bioinformatics Infrastructure
Sweden (NBIS), following community standards to ensure high-quality results. Stakeholder engagement was
a key component of the project, involving non-academic partners such as the SSIC, county boards, and citi-
zen scientists. The stakeholders initiated the species selection and sampling design, asking the questions they
needed genomic information for, and SciliifeLab produced the necessary data. This collaboration allowed
stakeholders to contribute valuable field knowledge, conduct sample collection, and work with researchers
to interpret genomics data for conservation strategies. Because the initiative comes from the stakeholders,
the collaboration can influence policy decisions and will eventually support Swedish Red List updates and
species action programmes. The project demonstrated the effectiveness of WGS in conservation genomics as
well as the importance of adapting extraction protocols to allow for standardising sequencing and assembly
methodologies to obtain high-quality data. For fungi, and many other groups, obtaining high-quality DNA
and RNA extracts for chromosome-level assemblies is a substantial challenge. Due to their complex biological
structures and life processes, many fungi present unique challenges in obtaining sufficient DNA compared to
other eukaryotes. Highlighting this aspect is crucial for advancing genomics research across all eukaryotes.

5.2 Genomic research on Swiss butterflies

Project goals and methodology: Switzerland is home to over 200 butterfly species, yet their cryptic
diversity remains largely unexplored. This project used WGS data to identify the evolutionary relationships
of putative cryptic species that are often labelled as distinct subspecies, and to potentially resolve them. This
research, important for the upcoming Swiss butterfly book that is a community-based not-for-profit effort
of Swiss lepidopterists, involved sequencing approximately 200 individuals across seven species complexes to
perform population genomics inferences. Despite challenges in balancing the number of pairs and individuals,
the study successfully applied population genomics methods (PCA and Admixture) to characterise gene flow
and population structure. The results highlighted a spectrum of diversity among cryptic species, ranging
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from distinct taxa to intraspecific diversity and postglacial lineages, but also highlighted that further studies
are needed beyond the Swiss scale (e.g. for thePhengaris alcon /P. rebeli complex (Lucek et al., 2024).
These diversity level assessments are essential for future conservation efforts and for revising the Swiss Red
List in collaboration with national stakeholders. The researchers’ experience underscores the importance
of standardising genomics methodologies to ensure reliable data. Standardisation is critical in conservation
genomics, where various techniques compete. The interviewed researcher emphasised that while many in
the scientific community advocate for different methods, WGS remains the most reliable technique. This is
due to its comprehensive coverage, accuracy, and long-term value. This point was stressed in the interview,
highlighting that stakeholders and policymakers prefer a single, straightforward approach over a multitude of
options. This simplifies decision-making processes and enhances research outcomes. This preference aligns
with the project’s choice to focus on WGS, which has become more cost-effective and less labour-intensive
with advancements in sequencing technologies.Importance of genomics and stakeholder engagement:
The project focused on genomics due to its ability to resolve taxonomic issues that traditional barcoding and
other genetic resources could not. Previous studies, e.g. (Litman et al., 2018). revealed barcoding limitations,
which may be resolved with low-density genomics data (Jospin et al., 2023), but only between strongly
divergent lineages. This prompted the shift to WGS, which offers higher resolution and more comprehensive
data. In this context, benefits from the use of genomics include a better understanding of cryptic biodiversity,
enhanced data quality, and future-proofing the data for further research. However, challenges such as financial
constraints, computational needs, and limited analytical support were addressed by outsourcing library
preparation to standardised centres. In addition, they were addressed by using standardised data processing
pipelines. Stakeholder engagement was integral, involving hobbyists, museums, consultants, and cantonal
offices. Their collaboration contributed substantially by providing valuable field knowledge, facilitating the
application of genomics data through species background and interpretation for conservation strategies, and
influencing policy decisions. This was exemplified by the recognition of newly identified species and Red
List updates, e.g.Erebia bubastis, (Jospin et al., 2023). This partnership demonstrated the effectiveness of
standardised genomics methods in conservation genomics. It underscored the importance of continued efforts
to promote such practices for transnational biodiversity conservation. Additionally, the researcher noted
evolving attitudes within the scientific community, where younger generations and international collaborators
recognise the value of genomics data. This shift suggests a growing acceptance of standardised genomics
approaches. This could further enhance the integration of comprehensive genomic data into conservation
efforts globally.

5.3 Genomic insights into aspen adaptation

Project goals and methodology: This project investigates the genetic adaptation of aspen (Populus
tremula ) in Sweden and Norway. To gain new insights, transects running from north-to-south and east-
to-west were sampled. Following previous work, this study examines adaptations to varying environmental
factors, such as day length and temperature. A primary aim of the project is to identify genetic varia-
tion contributing to these adaptations using Genome-Wide Association Studies (GWAS) to understand the
adaptive potential of aspen trees to future climate conditions. While having only limited economic value,
aspen plays a key role in biodiversity and ecosystem services, supporting various insect communities. This
ecological role makes the findings crucial for informing conservation efforts. Population genetics data enables
a holistic understanding of the ecosystem by studying the interaction of tree genotype and the hosted insect
populations within a Planetary Biology framework. Generating a reference genome was essential for this
study. To generate the reference genome, whole genome sequencing methods including PacBio and optical
mapping were used, while population re-sequencing was performed using Illumina short-read data. The
expertise of the ScilLifeLab was essential to the success of all stages of the project. The main challenges
faced were ensuring high-quality DNA extraction and sufficient sequencing depth. Overall, the genomics
data provided understanding of population structure and adaptation mechanisms, and provided actionable
insights for conservation and biodiversity management.Importance of genomics and stakeholder en-
gagement: Whole genome re-sequencing data were used as this offers extensive possibilities and is relatively
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easy to generate. Moreover, genomics approaches provide a deeper understanding of genetic adaptations and
biodiversity, which traditional methods cannot achieve. However, the use of whole genome data presented
practical challenges, such as data storage, computational complexity, managing metadata, and ensuring
data accessibility. Despite these challenges, genomics data offered invaluable insights into the species. The
demand for genomics data in the project was initially driven by purely basic research interests. The Na-
tional Institute for Tree Breeding (Skogforsk) was the main stakeholder, who provided practical insights
and helped implement and maintain the field trials comprising all genotypes that were re-sequenced. Skog-
forsk also faced very practical challenges, such as dealing with moose in field settings, which informed the
experimental approaches. Stakeholder engagement was crucial throughout the project.

6 Discussion

A comprehensive understanding of species genetic composition is essential to monitor and understand biodi-
versity, complementing other biodiversity biomonitoring data for integrated and effective species conservation
and management. Assessments of genetic diversity are performed using a variety of direct and indirect meth-
ods. However, the heterogeneity of methods, data, approaches, resources, and other factors, can make it
difficult to consistently interpret the results and clearly communicate key information to stakeholders. As
set out above, the advantages offered by using reference genomes and genome-wide data for genetic diversity
assessments provide compelling arguments for the widespread integration of such genomic information into
biodiversity conservation and management efforts. Community consensus on methods and standards can
greatly advance biodiversity research and enhance stakeholder confidence, through promoting the scaled-up
production and use of WGS data for genome-wide genetic diversity assessments. Consensus on standardised
genome-wide data generation methods and applications will help to build a framework that supports achiev-
ing the highest standards for accuracy, interpretability, and comparability. This process comes with several
challenges, such as responding to changing technologies and methodologies, but particularly with respect to
overcoming barriers to the adoption and implementation of standardised best practices worldwide. Neverthe-
less, demonstrating to stakeholders that the research community is converging on standardised genome-wide
genetic diversity assessments is a key step towards fostering trust and confidence to promote widespread
adoption. In this regard, initiating stakeholder mapping efforts such as those presented here through the
work of the ERGA Citizen Science Committee is important for the establishment of effective relationships
between researchers and stakeholders. As well as highlighting several common concerns amongst researchers
and some differences across the 23 European countries involved, an emerging theme was the researchers’
experience of variable perceptions amongst stakeholders of the value and utility of reference genomes and
WGS data in conservation and biodiversity management. The three presented case studies on fungi, butter-
flies, and trees therefore likely represent the positive end of the perception spectrum, as they each highlight
how effective stakeholder engagement and genomics data integration can enhance conservation and manage-
ment efforts. Altogether, we conclude that researchers have an important task ahead to address methods
standardisation for genome-wide genetic diversity assessments, and that to achieve widespread adoption,
enhanced engagement with stakeholders is necessary to co-develop pathways for the meaningful integration
of genomics data in biodiversity conservation and management.
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BOX 1. Achieving standardisation in applied research requires
overcoming barriers

Research community consensus is required to achieve the necessary methods and technology standardisation
that would facilitate proper integration and widespread deployment of genome-wide genetic diversity assess-
ments for within-species monitoring. However, the success of the integration of genomic information and
meaningful stakeholder engagement further depends on taking into account additional barriers to achieving
standardisation in applications research worldwide (Wilson et al., 2016). Building a framework that sup-
ports achieving the highest standards for accuracy, interpretability, and comparability must therefore also
seek routes to overcome barriers to their adoption and implementation in resource-limited regions.

Access to genomics data needs to be more evenly distributed

Standardising conservation genomics data generation methods and applications is challenging due to the
uneven distribution of access to genomics data worldwide. Particularly in resource-limited regions, access to
and the ability to generate comprehensive genomics data are often severely limited, resulting in an incomplete
understanding of global biodiversity. This imbalance in the availability of genomics data limits efforts to
identify and protect threatened species and genetically distinct populations, which is essential for developing
standardised conservation management strategies (Pearman et al., 2024). The implementation of universal
standards and methodologies to enhance accuracy and comparability will be near-impossible without support
for equitable access to genomics resources and the means to generate them. Open access to data archived at
public repositories like the European Nucleotide Archive (Yuan et al., 2024) provide the means to share and
use relevant genomics datasets like reference genomes and WGS data. However, not all produced data are
archived in such repositories, and the use or reuse of public datasets is complicated by the lack of standardised
methods and reporting (metadata) for data generation. To begin to address these disparities, international
collaborations and funding initiatives must prioritise enhanced access to and local ability to generate data
in underrepresented regions. Robust biodiversity genomics data analyses require access to consistent and
high-quality data from diverse geographical and ecological contexts. Advancing methods standardisation
and reporting is therefore needed to improve access to genomics data and abilities to contribute to data
production, promoting an equitable distribution that reduces barriers to achieving standardisation in applied
research on genetic diversity.

Communication needs strengthening to maximise impact and reach

Clear communication of conservation genomics endeavours and outcomes is challenging, and when it fails
it can lead to misunderstandings and biases in stakeholder and public perception. Constructive stakeholder
engagement is needed as the research community builds consensus on methods and technology standard-
isation for genome-wide genetic diversity assessments, and for this to be effective clear communication is
essential (Kadykalo et al., 2020). The numerous different DNA-based genetics or genomics techniques used
in biomonitoring can easily cause confusion to non-specialist researchers, stakeholders, or laypersons (Garner
et al., 2016). For example, one common source of confusion is the misunderstanding of the resolution of
different techniques, i.e. between species identification through DNA barcoding, or community species char-
acterisation through DNA metabarcoding, and assessments of within-species genetic diversity through RAD
sequencing, lcWGS, or WGS approaches. Species identification and community characterisation for biomon-
itoring are essential for observations data collection efforts that support large-scale modelling of species
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distributions across time and space, however, there are inherent limits to the extended application of such
data for population genetics that could lead to false expectations and incorrect inferences (Couton et al.,
2023). These and other misconceptions can hamper public and stakeholder understanding of the distinct and
complementary roles each different method plays in biodiversity conservation and management. Effective
scientific mediation is therefore an important tool that cannot be ignored, especially when communicating
with policymakers to inform decision-making and resource allocation. Professional science communicators
and accessible communication strategies can bridge the gap between complex genomics-based approaches
and practical conservation policies. Ensuring that the nuances and specific applications of different tech-
niques are clearly understood and easily distinguishable will help to achieve standardisation in applications
research worldwide.

Glossary

African BioGenome Project (AfricaBP): this initiative is a coordinated pan-African effort to build
capacity and infrastructure to generate, analyse, and deploy genomics data for the improvement and sus-
tainable use of biodiversity and agriculture across Africa (Ebenezer et al., 2022).Biodiversity Genomics
Europe (BGE): this project is a joint effort of two genomics communities: iBOL Europe, which focuses
on DNA barcoding, and the European Reference Genome Atlas (ERGA), which focuses on genome sequenc-
ing, collectively aiming to accelerate the use of genomic science to enhance understanding of biodiversity
(https://biodiversitygenomics.eu/).Bioeconomy: a concept at the policy and industry levels that entails
the usage of renewable biological resources from land and sea, like crops, forests, fish, animals, and mi-
croorganisms, to produce food, materials, and energy (D’Amato et al. 2020).Biosecurity: a concept that
encompasses the policy and regulatory frameworks that analyse and manage risk in the sectors of food
safety, animal and plant life and health, including associated environmental risks, as well as mitigation and
prevention strategies. CARE principles: the acronym stands for Collective Benefit, Authority to Control,
Responsibility, and Ethics, a set of principles aiming to address concerns related to protecting the rights
and interests of people and the purpose of data to ensure equitable outcomes (Carroll et al., 2020).Earth
BioGenome Project (EBP): an international initiative that aims to coordinate global efforts to sequence,
catalogue, and characterise reference-quality genomes of all of Earth’s eukaryotic biodiversity (Lewin et al.,
2018).Effective population size (N,) : in population genetics, N , measures the number of individuals
in a population who contribute offspring to the next generation, with values often far lower than the num-
ber of individuals (census size), and is crucial in determining the level of variability in a population and
the effectiveness of selection relative to drift (Charlesworth, 2009).European Reference Genome Atlas
(ERGA): a pan-European scientific community of experts in genome sequencing and analysis that aims
to coordinate the generation of reference-quality genomes for all eukaryotic species in Europe (Mazzoni et
al., 2023).FAIR principles: the acronym stands for Findability, Accessibility, Interoperability, and Reuse,
a set of principles used to assess the capacity of computational systems to find, access, interoperate, and
reuse data with no or minimal human intervention (Wilkinson et al., 2016).Genome-wide genetic di-
versity: the total diversity (or variation) found across the entire genome of a species, encompassing all
types of genetic variations, including single nucleotide polymorphisms (SNPs), insertions and deletions (in-
dels), copy number variations, and structural variants.One Health: a concept centred on an approach that
recognises that human, animal, plant, and ecosystem health are inextricably interconnected and because of
this, should be sustainably balanced and optimised (Marselle et al., 2021).Reference genome: the digital
representation of the complete DNA sequence of a species, typically obtained from assembling contiguous se-
quences produced by long-read technologies into complete, high-quality chromosome-level genome assemblies
(Li & Durbin, 2024; Marx, 2023).Strengthening countries: European Union member states and coun-
tries associated to the Horizon Europe Programme designated as well-performing in research and innovation
indicators, generally characterised by stronger research institutional frameworks and support.Threatened
Species Initiative (TSI): Australia’s national project to improve conservation practices through the use of
cutting-edge genomics technology and advanced computational biology to transform the way the conservation
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industry manages wildlife recovery programs (Hogg et al., 2022).Whole-genome re-sequencing (WGS):
the sequencing of an individual’s entire genome content to identify genetic variation by comparing it to a
reference genome, ranging from single nucleotide polymorphisms (SNPs), to insertions, deletions, and copy
number variations (Bentley, 2006).Widening countries: European Union member states and countries
associated to the Horizon Europe Programme designated as under-performing in research and innovation
indicators, generally characterised by weaker research institutional frameworks and support.
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Figure legends

Figure 1. Advancing horizons in biodiversity genomics. In the past, access to genetic content of species
was limited and approached using many different protocols and markers. This has greatly advanced with the
scaling up of reference genome production today and in the near future, with new genomics analysis tools
in the future leveraging artificial intelligence (AI) and machine learning methods. With respect to genetic
diversity estimates, these were built using “genetic proxies” and today with the initial use of DNA-based
approaches through whole genome re-sequencing (WGS), single nucleotide polymorphism (SNP) panels, and
restriction site-associated DNA sequencing (RADseq). Routine access to genome-wide genetic diversity esti-
mates in the near future should stimulate the development of future methods that enable integrated analyses
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of genetic diversity data with ecological and environmental data for identifying and understanding key trends.
These advances need stakeholder engagement to translate the science into practical biodiversity conserva-
tion and management actions. Whereas in the past there was some resistance to using genetic information,
today genetic approaches are more widely accepted and being implemented for species of high conservation
concern. In the near future this should extend to genome-wide data supporting indicator estimates for mon-
itoring essential biodiversity variables and species genetic diversity assessments. Longer-term future data
integration efforts will demand new analysis techniques for complex datasets, where widespread adoption
will require continued stakeholder engagement and the demonstration of key practical benefits of genome-
wide genetic diversity assessments.Figure 2. Stakeholders identified during the workshop categorised by
Class and Country status . The bars show numbers of stakeholders identified in 23 European countries
categorised as Strengthening (N=12) and Widening (N=11) countries and categorised by Class. A total of
283 stakeholders that were assigned to a specific country (i.e. excluding international organisations) were
identified, 167 from Strengthening and 116 from Widening countries. Country statuses are defined by the
FEuropean Union’s country designations and are indicated on the map in Figure 3. Definitions of the six
classes of stakeholders are provided in the Materials and methods section.Figure 3. Proportions of the 283
identified stakeholders assigned to stage categories of influence and interest for 21 European countries. The
categories and the stakeholder identification stages are described in the BiodivERsA Stakeholder Engage-
ment Handbook (Durham et al., 2014): Inform (low influence and low interest), Consult (high interest and
low influence), Collaborate (high influence and high interest), and Involve (high influence and low interest).
Across all countries the categories with the most stakeholders were Collaborate and Inform, both with 84
stakeholders, followed by Involve with 72 and Consult with 43 stakeholders. Countries are labelled using
their ISO 3166-1 alpha-2 codes. The total number of stakeholders mapped for each country is shown in
parenthesis. Stakeholders from Luxembourg and Romania were also present in the dataset, but are not
shown in the figure due to low sample size (N=2 for each).

Additional files

Additional File 1: Additional File_1_Dataset_stakeholders_workshop.xlsx (Excel). This spreadsheet contains
the data collected on identified stakeholders during the workshop and their categorisation.
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