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Improving understanding of how biodiversity and ecosystems
respond to environmental change is necessary to guide policy
and management. To this end, the bioDISCOVERY project of
the international programme on global change, Future Earth,
initiates and supports international networks of scientists to
advance research on monitoring and observations, scenarios
and models, and assessments of biodiversity and
ecosystems. bioDISCOVERY activities seek collective
solutions to key research challenges, and provide support for
the international science community by participating in the
development of global databases. This global working-group
approach is essential for directing cutting-edge science
toward supporting international policies, addressing urgent
environmental issues, and closing research gaps through
transdisciplinary integration and mobilisation of the scientific
community.
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Introduction

It is well documented that biodiversity at all levels —
that is, genes, species, communities and habitats — is
being heavily impacted by global-scale changes includ-
ing habitat degradation and loss, overexploitation, inva-
sive species, pollution, and climate change [1]; and that
pressures on biodiversity from these drivers are likely to
increase in the future. Several factors impede the use of
observations and models of biodiversity to inform deci-
sion making at local to international scales that seeks to
slow the loss of biodiversity. First, it is difficult to
monitor changes in biodiversity in a consistent manner
across multiple scales, to transform observations into
informative indicators, and to attribute these changes to
direct and indirect drivers [2,3]. Second, projections of
future biodiversity dynamics are underused to support
proactive policy and management, in part because of
high uncertainty and weak coupling with ecosystem
services and socio-economic development [4-6]. Third,
a multitude of barriers — one of the foremost being the
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lack of structured and sustained dialog between scien-
tists and decision makers — hamper the translation of
scientific findings into policy and ecosystem manage-
ment guidelines [6]. Each of these challenges could be
overcome by using the momentum arising from release
of new global assessments to fuel greater dialog with the
policy community [7].

Since its inception more than a decade ago, the bio-
DISCOVERY project, in collaboration with a wide range
of partners, has helped mobilise the scientific commu-
nity to address these issues. bioDISCOVERY is an
international research project, now part of the Future
Earth international research platform,’ that strives to
foster collaborative interdisciplinary activities on biodi-
versity and ecosystem science. This scientific network
seeks to integrate observations, indicators, and scenarios
to support policy and decision-making for global envi-
ronmental management. bioDISCOVERY builds upon a
component of the former DIVERSITAS programme
(see Box 1).

bioDISCOVERY is actively responding to recent
changes in the international science-policy landscape,
particularly the launch of the international science-
policy platform on biodiversity and ecosystem services,
IPBES? [8,9°,10°], and the 2030 Agenda for Sustainable
Development and its Sustainable Development Goals
(SDGs® [11]). These priorities are served by the mis-
sion to improve the understanding of biodiversity and
ecosystem responses to global environmental change,
and to support decision-making and policy setting on
various levels and scales. bioDISCOVERY is built
on the recognition that integrated observation and
modelling approaches are the underpinning of global
assessments of biodiversity change. Thus, bioDIS-
COVERY activities are centred around three compo-
nents: first, monitoring and observations, second, models
and scenarios, and third, supporting assessment bodies
(Figure 1).

"This paper outlines how these three components of bio-
DISCOVERY as well as associated activities (Figure 2)
can help improve understanding of biodiversity and eco-
system response to global environmental change, and how
they contribute to closing knowledge gaps. We highlight
how the use of observations and models provide new
insights into biodiversity and ecosystem responses, includ-
ing feedbacks among the drivers of change. Indicators and
scenarios can then assist in identifying policy and man-
agement decisions that ensure the conservation and sus-
tainable use of biodiversity and ecosystems globally.

! Future Earth is the international platform for research for global
sustainability science (www.futureearth.org).

2 www.ipbes.net

* www.sustainabledevelopment.un.org
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Box 1 bioDISCOVERY

bioDISCOVERY is an international research programme fostering
collaborative interdisciplinary activities on biodiversity and ecosys-
tem science. Using a network approach, we promote the use of
observations, indicators, models and scenarios to support policy and
decision-making for informed global environmental management.

The mission of bioDISCOVERY is to stimulate and advance inter-
disciplinary collaborative research on feedbacks between global
change drivers and the biodiversity, functioning and services of
natural ecosystems. This science supports decision-making and
policies that ensure the conservation and sustainable use of biodi-
versity worldwide. Synthesis and catalysing work forms the back-
bone of bioDISCOVERY activities, which are centred around three
components: Monitoring & Observations, Models & Scenarios and
Supporting Assessment Bodies.

bioDISCOVERY was established in 2006 under the auspices of
DIVERSITAS, the international programme on biodiversity science.
Initially, the project was to cover the ‘origins and maintenance of
biodiversity’, but it was soon recognised that the scope was too
ambitious, and two closely related projects arose — bioGENESIS,
which was to provide an evolutionary framework for biodiversity
science [66], and bioDISCOVERY, focused on assessing, monitoring
and predicting biodiversity change [67]. bioDISCOVERY brought
together interdisciplinary groups of scientists from the fields of bio-
diversity science, ecology, evolutionary biology and land system
science to collaborate in activities under three foci, first, strength-
ening biodiversity assessments, second, improving observation and
understanding biodiversity change, and third, improving biodiversity
projections. Efforts brought about key contributions to the Conven-
tion on Biological Diversity [4,60,61] and the Intergovernmental
Science-Policy Platform on Biodiversity and Ecosystem Services
(IPBES) [38,54], led to the establishment of the GEO Biodiversity
Observation Network (GEO BON) [2], and significantly advanced
science underpinning observations and predictions of biodiversity
change [22,34°°].

In 2015, bioDISCOVERY transitioned to Future Earth, the interna-
tional platform for research for global sustainability (www.futureearth.
org) as part of the integration of DIVERSITAS programs into Future
Earth; the project office moved to the University of Zurich in

2017. Future Earth is built on the legacy of the four ICSU global
environmental change programmes, DIVERSITAS, IGBP, IHOPE and
WCRC, and was created with the objective of strengthening links
between science, policy and society, and to address the grand
challenges of sustainable development [70]. bioDISCOVERY now
has the opportunity to mobilise a wider range of disciplines and
partners in order to achieve its goals.

Observations and indicators

Time series of observations track the responses of spe-
cies, communities, and ecosystems to environmental
change, provide insight into the mechanisms underpin-
ning observed responses to global change, and contribute
to improving models and scenarios of biodiversity and
ecosystems.

Earth observations provide measures of taxonomic, func-
tional and structural diversity (or their proxies) at various
spatial and temporal scales [12°,13]. Remote sensing
allows assessment of ecosystem properties that underpin
the supply of ecosystem services [14,15]. Increasingly,
physical metrics from remote sensing allow reliable prox-
ies for ecosystem properties with minimal requirements
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bioDISCOVERY framework. Structure of the bioDISCOVERY science plan with its three components and their relationship to policy and decision
support. Integrative research forms the basis for activities in the components. Arrows indicate the flow of information.

for local validation [16]. Thus, remote sensing can help to
close gaps in biodiversity observation data collected on
the ground [17,18], and provide global spatial assessments
of select traits [19]. Recent work provides the precursors
for a coherent set of Essential Biodiversity Variables
(EBVs) derived from satellite remote sensing [20], which
can be matched with field observations of key variables at
sites worldwide. For instance, combining observations of
nutrient and carbon fluxes with remote sensing allows
inferences about ecosystem functioning at continental to
global scale [21], and parallel inferences about spatiotem-
poral variation of ecosystem service provisioning [15].

Knowledge of (functional) traits of species assists in
further explaining variability in ecosystem function
[21]. Traits are the outcome of evolutionary and commu-
nity assembly processes [22], and are thus a better pre-
dictor of ecosystem dynamics and functioning than spe-
cies identity [23] 1. Functional or trait diversity in plants
(both inter-specific and intraspecific variation in traits)
can predict collective contributions to ecosystem func-
tioning better than taxonomic diversity [24]. Knowledge

about the relationship between environment and traits
allows us to build new models that predict future vegeta-
tion based on plant functional traits [25]. Such knowledge
may further help to identify species that, based on their
traits, are particularly sensitive to environmental change
(either positively or negatively [26°]).

Experiments, which are fundamental complements to
observational studies, help to clarify the cause-effect
relationships associated with specific drivers, which the
observational studies can only hint at. By manipulating
key environmental drivers, their impacts on biodiversity
and ecosystems can be assessed directly. Experiments not
only provide a way to distinguish between cause and
effect in observed relationships, but also allow us to
investigate future conditions that cannot be observed
currently [27°]. Furthermore, they link general theory
and complex natural situations by isolating causal mech-
anisms [28], although this reductionist approach is most
helpful when experimental conditions are realistic depic-
tions of current or potential future environmental condi-
tions [29]. To be able to link ecosystem function to
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bioDISCOVERY activities. Key components of bioDISCOVERY including monitoring and observations, supporting assessment bodies, as well as
scenarios and models. Colours indicate the status of the given activity (green = higher maturity and ongoing activity; yellow = envisaged activities).

ecosystem services, it is necessary to describe specific
mechanistic connections, and to place small-scale ecosys-
tem function assessments in the context of large-scale
patterns of ecosystem services (e.g. [30-33]). Given that
data to inform cross-scale, mechanistic models are often
inadequate, there is a need for strategic collection of this
data and strategic design of observations and experiments
to guide predictions of species’ and ecosystem responses
to global environmental change [34°°].

Within the Observation and Indicators component of bio-
DISCOVERY, the focus of activities continues to be the
‘nuts and bolts’ of improving science approaches by
combining observation sets, in particular remote sensing,
and /7 situ measurements of biodiversity, functional traits
and ecosystem functions, and linking these approaches by
models to provide an integrated understanding of biodi-
versity and ecosystem change at multiple scales. For
example, remotely sensed data can be used to improve
the accuracy and performance of species distribution
models [13,17].

Observations of biodiversity and ecosystem responses to
environmental change help to identify /ndicators to moni-
tor change and responses to change. Indicators have been
shown to be useful in comparing different ecosystems
[35] and are valuable tools of communication because
they are both simple and informative [36]. A successful
implementation of policy requires robust data and a

diverse set of indicators [37]. However, data are often
lacking to inform indicators and adequately assess biodi-
versity trends. In particular, a new generation of indica-
tors that consider less-studied taxonomic groups, and are
standardised across regions to allow for global compar-
isons and measure change over multiple time points, are
needed to support policy and decision-making [38].
There is also a lack of indicators of ecosystem functioning
[39]. As these research gaps are filled, bioDISCOVERY is
poised to synthesising information from multiple indica-
tors into coherent messages that can inform decision-
making.

Building on comparative indicators of marine ecosystem
condition [40], we see particular opportunities for advanc-
ing freshwater and marine indicators. Such efforts can
complement IPBES and GEO-BON (Group on Earth
Observations — Biodiversity Observation Network) pro-
cesses nicely. Moreover, synthetic indicators can guide
management decisions by accounting for the delivery of
land-based and air-based stressors to water bodies along
with direct human impacts (see [41]).

Our activities (see Figure 2) foster and advance the use of
remote sensing to document changes in biodiversity,
ecosystem functioning and ecosystem services. Combin-
ing remote sensing, local field monitoring, and broad
survey networks will elucidate uncertainties in quantifi-
cation of these response variables in space and time.

www.sciencedirect.com
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Experiments will be used to understand cause-effect
relationships that underpin changes in biodiversity and
ecosystem dynamics. Linking 7z situ observations and
experiments will also provide insight into the role of
micro-evolution in shaping species’ response to environ-
mental change. Our understanding of the links between
environmental conditions, species traits (and their varia-
tion) and ecosystem properties and function is still incom-
plete [21], and further progress will require a combination
of observation and experiments. Using a trait-based
approach, remote sensing will be able to predict func-
tional biodiversity change at larger scales [42°°].

Models and scenarios

Projections of future ecosystem and biodiversity change
are limited by incomplete understanding of the underly-
ing processes, insufficiency of available modelling tools,
and a lack of data to validate and parameterise models
[43]. Computational ecology is a key emerging field that
can provide projections of biodiversity change [44], yet
current models exclude many important biological pro-
cesses that shape species’ responses to environmental
change [34°°]. There is a need for modelling approaches
that integrate biodiversity composition and ecosystem
function, and account for the interactions between the
two [45]. This approach will facilitate testing for inter-
actions between composition and function, and projecting
biodiversity and ecosystem futures more realistically [45].

Existing global change scenarios are often dominated by
climatic shifts, whereas ecological dynamics are not well
integrated into most modelling frameworks [46°°]. For
example, a number of important ecological processes are
entirely absent from Integrated Assessment Models [47].
To improve projections of biodiversity and ecosystem
change, we need models that account for a broad range of
global-change drivers to explore the future of biodiversity
[47]. Furthermore, multi-model comparison approaches
have highlighted the benefit of incorporating information
from model ensembles based on different assumptions
and driver interactions (e.g. [48]). Further work is needed
to improve model projections and reveal sources of uncer-
tainty [49], thereby providing a more robust basis for
decision-making [50]. For example, uncertainties in
future projections can stem from input parameter vari-
ability, scenario uncertainty, or model uncertainty [51]. In
this context, paleo-ccological evidence is not only useful
and important to quantify the relationship between cli-
mate change and ecosystem response, but also can be
used to test the ability of models (in particular dynamic
global vegetation models) to simulate ecosystem pro-
cesses [43].

Biodiversity and ecosystem services are shaped by local,
regional and global change drivers and responses, hence
scenarios used in IPBES and other syntheses need to
integrate across multiple scales [46°°]; and responses will

have to be implemented at local scales [52]. There is
particular need to develop more local-scale scenarios that
can leverage mechanistic understanding from observa-
tions and experiments. For example, Teh ¢ 4/ have
synthesised projection from well-parameterised local
models to understand patterns of change in Canada’s
coastal marine ecosystems [53].

Taken together, the Models and Scenarios activities within
bioDISCOVERY (see Figure 2) promise to enhance
understanding of past and future biodiversity changes
in response to diverse natural and anthropogenic drivers,
and their consequences for ecosystem functioning and
services. Our approach will generate improved predic-
tions of environmental change, and allow exploration of
how different policy scenarios might mediate losses of
biodiversity, ecosystem function, and ecosystem ser-
vices. The development of ‘nature visions’, linking tar-
gets for biodiversity conservation with sustainable devel-
opment targets, allow better representation of socio-
ecological systems. It also informs decision-making in
human-modified systems [54]. In particular, future work
will focus on assessing the impact of a suite of socio-
economic pathways (SSPs) on biodiversity and ecosys-
tem services, how policy options for conservation and
restoration of biodiversity may mediate SSP outcomes,
and the feasibility of achieving Aichi Target 15 and
climate mitigation through large-scale restoration efforts.
To this end, Metzger e7 a/. [55] have proposed a frame-
work for scenario-based restoration planning. We also
intend to expand the time horizon for scenarios — using
‘deep time’ to understand sources of uncertainty and
improve future predictions.

Supporting assessment bodies

Policy and decision-making support

Setting environmental policies and making management
decisions can be informed by scenarios and models [6,56]
derived from robust input data [37], but appropriate
indicator frameworks [57,58°,59] are then needed to
measure both the positive and negative impacts on bio-
diversity and ecosystem function. The more rigorous the
models, inputs, and scenarios, the clearer and stronger
will be the messages conveyed by the scientific commu-
nity to decision-makers. Spatial scale is at the crux of this
challenge; observations, models, and indicators all need to
address the interface between local management and
global policy. If well integrated, there can be abundant
synergies with IPBES, IPCC, and sustainable develop-
ment agendas.

Efforts of the bioDISCOVERY scientific community
have brought about key contributions to the Convention
on Biological Diversity, in particular into the Global
Biodiversity Outlook 3 [4] and 4 [60,61], but also the
visioning process for the 2020 Aichi Targets [62]. Con-
tributions to the Intergovernmental Science-Policy
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illustration of the iterative science-policy process. lllustration of the science-policy process, using as example the process leading to the
development of indicators for use in IPBES assessments. The process begins with need that is being identified (in this case, indicators for use in
assessments). bioDISCOVERY convened the scientific community to mobilise new indicators, and to assess already existing indicators. This lead

to the development of new indicators for freshwater systems. The IBPES Task Force on Knowledge and Data and the MEP and Bureau then
reviewed the list of indicators identified by the scientific experts, and made recommendations on their use. Indicators accepted for the IPBES

process where than processed by the IPBES TSU on Knowledge and Data and UNEP-WCMC to provide products for use in assessments. In a

parallel stream, the scientific community, under the guidance of the IPBES TSU on Values, and in collaboration with IPBES experts, was tasked to
develop bundles of indicators and narratives for inclusion in IPBES assessments. Blue indicates the scientific community, green the various IPBES
bodies, red other partners involved in the process. * bioDISCOVERY acted as a convener, the meetings and workshops included participants from
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Platform on Biodiversity and Ecosystem Services
(IPBES) have focussed on knowledge generation for
use in the various assessments, for example the synthesis
of information for indicators [38] (Figure 3), and support-
ing the work of the IPBES Technical Support Unit and
expert group on scenarios [54]. Activities also led to the
establishment of the GEO BON [63], which significantly
advances observations and predictions of biodiversity
change [22,34°°].

In the future, case studies on vulnerable coastal marine
and freshwater ecosystems will serve as a focus for
integrating the components of bioDISCOVERY, yield-
ing lessons and insights into the challenges of integrat-
ing observations, mechanistic models, and future sce-
narios. Coral reefs in particular are degrading rapidly
under a multitude of anthropogenic threats. They are
not only ‘running the climate gauntlet’ [29], but are also
stressed from changes in community structure due to
overfishing [64], species invasions [65] and pollution
[66]. At the same time, reefs and other coastal ecosys-
tems provide a wide range of ecosystem services [29]
that are vital for sustaining human livelihoods and food
security. Working with global reef observations collated
regionally and globally through the Global Coral Reef
Monitoring Network focused on the use of Essential
Ocean Variables (Bax ¢7 4/., in review; Miloslavich ez a/.
in review) and Essential Biodiversity Variables [3] rele-
vant to coral reefs, bioDISCOVERY will help develop
and model indicators to inform the urgent policy action
that is needed [67]. We are launching parallel efforts in
the world’s freshwaters, integrating large-scale observa-
tions of shifting quantity and quality of water with
improved global assessments of fishery and biodiversity
patterns.

Another integrative activity that connects all bioDIS-
COVERY priorities, and cross-cuts across terrestrial,
freshwater and marine realms, will focus on the resilience
and adaptive capacity of biodiversity and ecosystems to
global environmental change. We currently have a limited
understanding of the impacts of disturbances on the
stability of ecosystems [68], but biodiversity and its
variation from intraspecific and interspecific to across
landscape variation play crucial roles in the long-term
resilience of ecosystem functions and services [69].
Anthropogenic activities change the suite of traits and
species interactions that shape ecosystem functioning,
potentially eroding system resilience [39]. Our work on
the links between biodiversity, ecosystem functioning,
and ecosystem services will help to elucidate the role of
biodiversity in buffering ecosystems against ongoing
global change.

Conclusions

We have outlined bioDISCOVERY’s vision and priorities
for integrating detailed results (observations and model-
ling) with synthetic analyses (indicators and scenarios) to
support environmental policy-setting and decision-mak-
ing on global and local scales. This research network
approach focuses on global capacity building through
collaborations among early-career researchers, established
experts, and end-users. In addition to fostering syntheses
of biodiversity research across diverse communities, we
have identified compelling opportunities for bioDISCOV-
ERY to contribute to scenario training programmes.

bioDISCOVERY’s success in the activities outlined
above relies on the participation of researchers across
many disciplines and spanning terrestrial, marine and
freshwater habitats. Our ultimate goal is to develop
innovative perspectives on biodiversity and ecosystem
services based on high-quality data, methods and models,
and present them for use at the science-policy interface.
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