Integrated use of enhanced natural history collections is key to solve the biodiversity
crisis
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Introduction

Global biodiversity loss is arguably the biggest problem facing humanity. Climate change,
changes in land and sea use and other factors are synergistically eroding biodiversity to an
unprecedented speed and extent, with cascading impacts on humanity and our livelihoods
(1). Scientific advice on safeguarding biodiversity depends on all available information to
understand past and current developments, and predict future responses of Earth’s
ecosystems. This challenge requires integrative research across space, time, methods, and
taxa, and integration of these data into a new generation of biodiversity models (2, 3). Such
research is currently thwarted because biodiversity data are stored in different formats and
databases (4, 5), and the largest sources of biodiversity data are still contained in physical
repositories that are not fully accessible: collections of geological and biological specimens
(Figure 1). To overcome this shortfall, natural history collections must be developed into
specimen-based, integrated, and digitally accessible research platforms. We propose that a
new conceptual framework, Collectomics, is required to underpin this vision; this aegis
embraces the entirety of collection-based research, although we focus here on how it
enables and fuels the research necessary to effectively confront the Anthropocene
biodiversity crisis (Figure 2). Current technological developments provide an unprecedented
opportunity to unleash the full potential of collections by fully integrating the myriad data
dimensions from collection objects.

The extended natural history collection

Natural history collections comprise a vast, de-centralised, continuously growing global
infrastructure of biodiversity data, central to taxonomy, phylogenetics, biogeography and
Earth system research (6); scientific specimens with their associated data and archives
contribute to effectively all areas of geo- and biosciences. Global collections are an
irreplaceable archive preserving data continuously from the beginning of the Anthropocene
and long before. This encompasses a much longer time scale than the decade-scale series
usually captured in biodiversity monitoring programs (7). As such, collections are
increasingly recognised as the most important data source to provide comparative baselines
on historical time scales and in deep time (8,9). Recent calls to increase attention to the
value of collections have focussed on their potential for critical areas such as drug discovery
or emergent diseases (10); yet the potential value of collections remains largely untapped
even in modern biodiversity research, because the vast scope of collections dwarfs current
efforts at data mobilisation.



Mobilising global metadata is often the focus of collections’ contributions to biodiversity (6).
In parallel, developments in biodiversity and ecosystem research revolve around the
ambition to bridge multiple scales from species-level to ecosystem-level perspectives, by
using trait-based approaches and models (5, 11). Specimens in collections preserve trait
data across different realms, taxonomic groups and temporal and spatial scales, yet recent
developments in ecosystem research have been largely disconnected from collection-based
research.

The real added value of collection-based data is therefore not only large-scale occurrence
data over time and space, but that the information is tied to physical specimens (12, 13).
Type specimens are the definitive authority for taxonomic species descriptions, increasingly
in demand for the global quest to describe extant and extinct life on earth and conserve
living species diversity (9, 14, 15). Biodiversity studies at small and large scales are
increasingly hampered by cascading errors of species identification, especially as cryptic
species are revealed by DNA data (16). The preservation of physical voucher specimens
underpins replicability of all collections-based research, including species discovery, and
ensures the interoperability of data across different data dimensions (6, 17). Painstakingly
assembled datasets from collections have revealed fundamental mechanisms of Earth-
system dynamics, such as mass extinctions and tipping points, latitudinal diversity gradients,
and evolution through escalation (18, 19). The next generation of collection-based
approaches share the focus on specimens as a physical database, but with the promise of
accelerating and expanding access (15).

The conceptual extension from a physical specimen to its structural and functional properties
mirrors the development in ecosystem research, moving away from counting species to
measuring how species interact with their environment and contribute to ecosystem
functioning (11). Museum specimens physically preserve a wealth of data, including
genomes, morphological traits, environmental signatures, and many more dimensions that
inform the understanding of ecological and evolutionary processes and ecosystem functions.
The potential of the “extended specimen” (13) is increasingly unlocked with rapidly
advancing technologies, such as biogeochemical methods, genome sequencing,
hyperspectral imaging, or X-ray tomography, as well as future advances that cannot be
imagined now (6,12, 20). Integrating multiple data dimensions of the extended specimen will
enable research centred on different levels of organization (e.g., genes, traits, functions,
ecosystems, Earth system) and might bridge geo- and biosciences, as well as genomics,
ecological and evolutionary research (21). Ultimately, this might enable multi-scale
approaches to understand biodiversity dynamics and the consequences of biodiversity loss,
from genetic diversity over trait diversity to changes in ecosystems and the Earth system
(22). This new generation of trait-based research remains indivisibly tied to taxonomic
research, linking trait datasets with species’ geographical distribution and phylogenetic data.

Future perspectives and challenges

Unleashing the potential of collections to support biodiversity in the Anthropocene depends
on increasing accessibility of collections data, their integration across disciplines, and
ensuring the Findability, Accessibility, Interoperability, and Reusability (FAIR) for past,
present and future collection objects and data (6). This is possible now, as tremendous
developments in digitisation and the build-up of global research networks offer
unprecedented opportunities to develop collections into integrated research platforms (23).
Rapidly developing applications from artificial intelligence and machine learning finally
promise realistic major advances in mobilising specimen data (20, 24), as well as the long-
anticipated applications for computer-aided species identification, and trait recognition (20,
25). Ongoing mass digitization of the temporal and spatial data attached to physical
specimens will provide the main reference for large-scale and long-term studies of
biodiversity. What is still needed are fully interoperable repositories of genomes, traits and



other data that can bridge the two ends of the spectrum: from detailed insights from single
specimens to large-scale analyses of ecosystems (4, 5).

The aim of biodiversity research reaches beyond describing patterns and processes under
current conditions, to understanding ecosystem changes in the context of past, ongoing and
future global change. Species-specific approaches fall short in describing the diversity of
global ecosystems, but can be generalized with trait-based approaches that describe the
functional diversity of life on Earth (26). For example, trait-based approaches have enabled
important insights into ecosystem resilience to climate change based on dynamic vegetation
models (22). Such models started with a relatively coarse classification of plant diversity into
a few functional types, but recent developments can actually incorporate the full variability in
plant form and function into mechanistic and predictive modelling frameworks (27). Further
advances in biodiversity models will require cross-taxon approaches that go beyond a plant-
centred understanding of ecosystems and the integration of trait data from across taxa and
trophic levels (3). While animal trait data are notoriously difficult to measure in the wild,
collections provide a huge and largely untapped resource for compiling such datasets and
using them in biodiversity models.

One challenge to our vision of integrating specimen-based and ecosystem-based research
is the integration of specimen-based data across collections, taxa and research disciplines
(5). Established repositories for each of these particular kinds of data exist (e.g., occurrence
records, genetic sequences, phylogenetic trees, morphological or physiological traits), but
they are rarely interoperable. While there are established global data standards for
collections, with unique specimen-based permanent identifiers (28), current practices do not
require other data repositories to connect to these standard specimen identifiers. Our
envisioned integrative research agenda requires global initiatives of data sharing and
integration, aiming at decentralized, but highly connected and interoperable networks of
biodiversity data. This conceptual framework provided by Collectomics is intended to support
this integration and emphasize the centrality of specimen-based data.

Collectomics

Collectomics is not a new way to use collections, it is a succinct term to rally efforts around
the many facets of science that could benefit from collections-based research. It aspires to
increase the integration with other types of relevant data, such as those derived from
remote-sensing or large citizen-science initiatives (29). Global data mobilization of the
authoritative data source for biodiversity — natural history collections — is further important
for equitable accessibility for science and society (14). In the context of Anthropocene
biodiversity loss, resources and contextual data are most needed in tropical countries of the
Global South (30); however, collections resources that underpin the understanding of global
biodiversity, especially type material, are mainly in Europe and North America. Accelerating
mass digitization has a vast potential to make collections data available where they are
actually needed.

Overcoming the shortfalls that impede global solutions to the biodiversity crisis requires all
available resources, and is in urgent need of a new approach integrating collection-based
and ecosystem-based research. We have identified two main levels where this integration
will be essential: (i) describing biodiversity trends in space and time, and (ii) gaining a
multidimensional understanding from genes through traits to ecosystems and Earth system
dynamics. To unleash the full potential of natural history collections, we call for efforts to
increase accessibility of collections data by establishing globally standardised, interoperable,
and extensible data models centred on the specimen identifier, to allow seamless integration
with species-based repositories. This promotes approaches combining data from across
different biological levels (e.g., genomes, individuals, populations) with other data



dimensions from extant and extinct organisms, such as their biotic and abiotic environments,
to build a new generation of biodiversity models.

The benefits of collections are manifestly not limited to biodiversity and Earth system
research, given their importance to many realms of science as well as bio-inspired design,
art, education and countless other channels. Collections represent key scientific
infrastructure and some of the oldest continuously maintained and expanded scientific
resources on Earth. Collectomics is a new framework that is fundamental to integrate the
modern applications of collections, including their pivotal role in finding solutions to
Anthropocene challenges.
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Figure 1. Natural history collections are iconic in biodiversity research and yet much of their

potential impact remains untapped. Photograph by Sven Trankner, Senckenberg Museum
Frankfurt, Germany.
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Figure 2. Collectomics describes the multiple ways collection-based research interacts
synergistically with other research fields across scales (indicated by different shades of
blue). Digital solutions can shift collections from decentralised physical repositories (1)
towards fully integrated and interconnected research platforms (2), readily accessible to
science and society across the globe. These platforms interact with other big-data
approaches (e.g., remote sensing, citizen science) and are expected to underpin and inspire
new developments in biodiversity research (3), e.g., in analyses of biodiversity trends across
scales or process-based models of ecosystem functions. By linking this endeavour to data
and approaches from Earth sciences, Collectomics can ultimately contribute to providing
solutions to the Anthropocene challenges (4).



