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Monitoring biodiversity change through effective global
coordination
Laetitia M Navarro1,2, Néstor Fernández1,2, Carlos Guerra1,2, Rob
Guralnick3, W Daniel Kissling4, Maria Cecilia Londoño5, Frank
Muller-Karger6, Eren Turak7,8, Patricia Balvanera9,
Mark J Costello10, Aurelie Delavaud11, GY El Serafy12,13,
Simon Ferrier14, Ilse Geijzendorffer15, Gary N Geller16,17,
Walter Jetz18,19, Eun-Shik Kim20, HyeJin Kim1,2,
Corinne S Martin21, Melodie A McGeoch22,
Tuyeni H Mwampamba9, Jeanne L Nel23,24, Emily Nicholson25,
Nathalie Pettorelli26, Michael E Schaepman27,
Andrew Skidmore28,29, Isabel Sousa Pinto30, Sheila Vergara31,
Petteri Vihervaara32, Haigen Xu33, Tetsukazu Yahara34,
Mike Gill35 and Henrique M Pereira1,2,36

The ability to monitor changes in biodiversity, and their societal

impact, is critical to conserving species and managing

ecosystems. While emerging technologies increase the

breadth and reach of data acquisition, monitoring efforts are

still spatially and temporally fragmented, and taxonomically

biased. Appropriate long-term information remains therefore

limited. The Group on Earth Observations Biodiversity

Observation Network (GEO BON) aims to provide a general

framework for biodiversity monitoring to support decision-

makers. Here, we discuss the coordinated observing system

adopted by GEO BON, and review challenges and advances in

its implementation, focusing on two interconnected core

components — the Essential Biodiversity Variables as a

standard framework for biodiversity monitoring, and the

Biodiversity Observation Networks that support harmonized

observation systems — while highlighting their societal

relevance.
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Introduction
The agreement on the Aichi Biodiversity Targets by the

Parties of the Convention on Biological Diversity (CBD)

[1], the Sustainable Development Goals of the UN

Agenda 2030 (Resolution 70/1), and the establishment

of the Intergovernmental Platform on Biodiversity and

Ecosystem Services (IPBES) [2] are encouraging

responses to the biodiversity crisis [3]. However, for these

international efforts to be successful, our ability to assess

biodiversity change must drastically improve. The con-

cept of biodiversity itself is complex and multifaceted,

embracing several dimensions of life on earth, from genes

to species and ecosystems, operating at multiple scales

[4,5]. The data currently supporting biodiversity assess-

ments vary spatially, temporally, and/or thematically (e.g.

taxons, realms) [6,7��]. This impairs our ability to derive

meaningful conclusions about the intensity and drivers of

biodiversity change [8], their consequences for the deliv-

ery of benefits to society [9], and to assess the effective-

ness of conservation measures [7��]. Furthermore, spatial

gaps are particularly problematic when available

biodiversity data do not overlap with areas of current

and predicted increases in impacts, for example from

habitat loss and fragmentation [6,10��].

To address these challenges, the Group on Earth Obser-

vations Biodiversity Observation Network (GEO BON)

was established in 2008, as a global initiative that aims to

improve the acquisition, coordination and delivery of

biodiversity observations and related services to users

including decision-makers and the scientific community

[4]. Ten years later, GEO BON has developed a globally

coordinated strategy for the monitoring of biodiversity

change based on two fundamental components: an Essen-

tial Biodiversity Variables (EBVs) framework [11], and a

system of coordinated Biodiversity Observation Net-

works (BONs) for sustained, operational monitoring.

Here, we review progress made in the development of the

EBVs and their conceptual framework, discuss the ratio-

nale for BONs as a mechanism to measure and interpret

EBVs, and the challenges in establishing BONs. Finally,

we reiterate the societal relevance of a coordinated bio-

diversity observation system.

A global observing system for biodiversity
GEO BON, the biodiversity flagship of the Group on

Earth Observations (GEO), aims to integrate existing

biodiversity monitoring efforts, currently scattered across

regions, to build a coordinated and harmonised system of

observing systems for biodiversity. The development of

this observing system is driven by the needs of users [12],

ranging from the scientific community, to local commu-

nities, industry and NGOs, to national and sub-national

policy makers, and intergovernmental bodies. GEO

BON’s approach is based on the interconnection between

the EBV framework and the BON development process

(Figure 1). These two components are connected via

capacity building and knowledge exchange mechanisms

for tools, techniques, and best practices. As a result, GEO

BON’s structure has evolved from being originally orga-

nized around realms (e.g. marine, terrestrial) and moni-

toring methods (in situ, remote sensing), to a cross-realm

and cross-method approach centred on the different

levels of organization of biodiversity, and related ecosys-

tem services [13]. This structure is organized around the

top-down development of the EBV framework, within

working groups, and the bottom-up development of

BONs that both test the framework and increase biodi-

versity observation capacity (Figure 1).

Inspired by the Essential Climate Variables (ECVs) [14],

GEO BON put forward the concept of Essential Biodi-

versity Variables. These are a minimum set of biological

state variables, complementary to one another, that are

needed to detect biodiversity change [11]. The EBV

approach provides guidance to the various biodiversity

observation systems and facilitate data sharing across
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habitats and regions. EBVs are produced by integrating

biodiversity observations (primary data), obtained via in
situ monitoring or remote sensing, in space and time,

often through the use of models and other environmental

observations and ancilliary data [15] (Figure 2). EBVs are

organized around six classes (Genetic Composition, Spe-

cies Populations, Species Traits, Community Composi-

tion, Ecosystem Structure, and Ecosystem Function

[11]). Variables are prioritized from the many potential

biodiversity change variables based on relevance, sensi-

tivity to change, generalizability across realms, scalability,

feasibility, and data availability [16]. These criteria make

EBVs well-suited to be the building blocks of biodiversity

indicators (Figure 2), such as those used to track progress

against the international and national targets for biodi-

versity and sustainability [17�,18,19], and within IPBES

assessments [20]. EBVs are also important for supporting

the development of global and regional change scenarios

(Figure 2). Properties such as scalability make them

particularly useful for the next generation of multi-scale

scenarios [21].

Alongside EBV development, GEO BON has been facil-

itating the development of Biodiversity Observations

Networks (BONs) to improve the coordination and

harmonization of observation systems. BONs are orga-

nized around three categories: thematic BONs that focus

on a specific biological theme, such as the freshwater and

marine realms; national BONs that are endorsed by

national governments; and regional BONs. Species and

ecosystems, and the pressures that affect them, are not

constrained by political borders. Therefore the regional

and thematic BONs connect monitoring efforts for dif-

ferent dimensions and scales of biodiversity. National

BONs are directly oriented to serve the needs of national

and sub-national policy-makers and correspond to the

operational scale of many monitoring initiatives. In par-

ticular, they address policy needs for reporting on multi-

lateral environmental agreements (e.g. CBD, Ramsar

Convention) and support processes such as ecosystem

accounting, Environmental Impact Assessment, or land

and ocean use planning. In practice, BONs produce, test

and apply tools to deliver EBV-relevant data that can be

upscaled and downscaled to support sustainable develop-

ment and conservation decisions [22,23�]. By being part of

a global framework and a system of observation systems,

BONs also reinforce the scientific basis of both biodiver-

sity monitoring and indicator development.

Progress in the development of EBVs across
the dimensions of biodiversity
After an initial phase during which the EBV concept has

been consolidated, disseminated to, and endorsed by

stakeholders (e.g. [16]; UNEP/CBD/COP/DEC/XI/3),

160 Environmental change issues

Figure 1
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Essential Biodiversity Variables require the integration of primary biodiversity observations from multiple sources. GEO BON coordinates and

promotes EBV development by facilitating collaboration between biodiversity experts–organised in Working Groups- and Biodiversity Observation

Networks. The EBVs, and derived indicators, can then be used for assessments at multiple spatial and temporal scales to support policy and

decision making processes.
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the development of EBVs has faced the challenge of

producing global coverage of spatially and temporally

consistent observations. Major progress in the production

of EBVs is expected for variables enabled by satellite

remote sensing observations [24]. An example is the

Global Forest Change project [25] which, building on

freely available and consistently processed Landsat

images, delivers decade-long time series of data which

can be used to produce EBVs on ecosystem extent and

fragmentation from sub-national to global scales. Further

agreement and community support on a prioritized list of

EBVs is important in order to encourage space agencies

and the Committee on Earth Observation Satellites

(CEOS) to invest into new products that fill critical gaps

in monitoring biodiversity change [26,27].

For EBVs that rely on in situ observations, GEO BON

faces challenges emerging from the lack of global moni-

toring schemes, the integration of datasets resulting from

different collection methods, and technical issues related

to data product structure, storage, workflow execution,

and legal interoperability [10��,12]. Consequently, EBV

production workflows are now being designed to provide

the necessary steps from identification and aggregation of

candidate datasets to the elaboration of consistent and

reproducible EBVs [28�]. The development of suitable

data standards is key in this process. The Darwin Core

[29] has already catalysed the global sharing of species

occurrence data. Its recent Event Core extension now

connects related sampling events and the proposed Hum-

bolt Core standard [30] extends this to capture inventory

processes broadly — all aimed at capturing more relevant

information for EBV production (e.g. absences, abun-

dance). Further advances in the coordinated production

of EBVs will require developing data standards and

minimum information specifications that can be applied

accross all EBV classes.

Below, we outline recent progress and perspectives for

coordinating the production of EBVs within the multiple

dimensions of biodiversity.

Genetic level

Variables informing on genetic diversity of populations,

structure and inbreeding based on the number and fre-

quency of alleles measured across time and species are

Monitoring biodiversity change Navarro et al. 161
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From observations to the production of EBVs and indicators. In this example, integrated data from different primary sources of observations (e.g.

in situ, remote sensing) are combined within biodiversity models to produce layers of spatial and temporal variation in ecosystem extent and

species distribution EBVs. In some cases one EBV can be an input for a model to produce another EBV. This information is then integrated and

summarised within reporting units ((1) and (2) in the figure) to calculate an indicator of biodiversity change, which can then be used, for instance,

for reporting progress towards an Aichi conservation target. Note that this indicator can be processed within any spatial unit (e.g. from an

ecoregion, to a country, or an entire biome). EBVs and models can also be used to project changes in the indicator using scenarios. Although

both raw observations and indicators might change in the future, including with the development of new observation techniques and the

expression of new user needs, the EBVs should, by definition, remain the same.
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considered key candidate EBVs. They directly inform on

the genetic status at the population and species levels and

are suitable for monitoring genetic erosion over time [31].

While a consultation process for agreeing on a prioritized

list of genetic composition EBVs has still to be completed,

the scarcity of studies collecting genetic information from

populations over time, and their uneven taxonomic and

geographic coverage, are major challenges for producing

these variables in alignment with the requirements of

global, regional, and national reporting and assessments

regarding safeguarding genetic diversity as stated in the

Aichi Biodiversity Targets and elsewhere (e.g. CBD’s

Nagoya Protocol) [32]. Progress is needed in the imple-

mentation of coordinated genetic monitoring systems

with these requirements in mind, for example, combining

monitoring of a necessarily reduced set of (indicator)

species with models of genetic variation [33]. The popu-

larization of Next Generation Sequencing and other

techniques that provide highly detailed genetic informa-

tion, and a wider use of the vast amount of biological

material stored in museum collections as a complement to

contemporary genetic monitoring [34], have the potential

to boost the production of more comprehensive temporal

series of genetic data and of EBVs.

Species level

Species-level EBVs capture dimensions of biodiversity

related to populations and traits. For species populations,

spatiotemporally explicit data on their distribution and

abundance are growing, thanks to increased data collec-

tion, sharing, and integration activities, and to a rapid

growth in citizen science that fill important data gaps

[35,36]. The development of the species distribution

EBV has benefitted from data infrastructures such as

the Global Biodiversity Information Facility (GBIF),

the Ocean Biogeographic Information System (OBIS),

and Map of Life [37]. Moreover, increasingly sophisti-

cated modelling approaches that combine species obser-

vations with remotely sensed environmental data make

the global monitoring of species distributions and abun-

dance increasingly tractable [38,39��]. However, major

gaps in the spatial, taxonomic, and temporal coverage

continue to impose constraints on the global and regional

production of Species Populations EBVs [10��,40]. Future

directions include the implementation of workflows for

data integration [28�,37] and the development of models

that link in situ observations to environmental covariates

supporting EBV production [39��,41]. An on-going prior-

ity application of the Species Distribution EBV is moni-

toring invasive alien species from national to global scales

[42,43].

The development of species trait EBVs has been slowed

by the challenge of measuring traits repeatedly across

time. Most available datasets (e.g. plants [44]) do not

provide within species temporal variation of traits. Excep-

tions are repeated measurements of fish body size and

plant phenology [19], and work is under way to integrate,

standardize, and harmonize such measurements.

Ecosystem level

Because of the interdependence between ecosystem

composition, structure and function, and all other

dimensions of biodiversity, EBVs at the ecosystem level

provide a synoptic perspective of critical components of

biodiversity change. Satellite information that can sup-

port monitoring of structural and functional aspects of

ecosystems globally has been recently detailed [24], but

agreement on EBVs per structure and function still

needs to be reached. Adapted workflows for translating

potentially usable datasets into EBVs, as recently done

for species populations [28�], now need to be considered

for ecosystems. One suggested priority for monitoring

ecosystems is developing metrics incorporating descrip-

tions of properties such as canopy height, leaf area,

biomass [45], as well as structural biochemical compo-

nents. For ecosystem function EBVs, a typology of

ecosystem functions that underpins the identification

of EBVs has been proposed [46]; these EBVs now need

to be agreed on to better inform global initiatives and to

quantify the status, degradation and collapse of ecosys-

tems (e.g. [47]).

Development of EBVs addressing community composi-

tion within ecosystems has received far less attention to

date than ecosystem structure and function. Existing

approaches to deriving variables of potential relevance,

such as alpha and beta diversity, typically involve esti-

mating these collective variables from observations and

models of multiple individual species [48]. Rapid

advances in observation technologies such as metage-

nomic analysis of eDNA samples, and hyperspectral

remote sensing, provide unprecedented potential for

direct large-scaled monitoring of community changes

[39��,49,50]. Most significantly, this includes the potential

to move beyond deriving variables simply as an aggregate

function of species co-occurring at a given location, to

consider the full diversity of traits and relationships of

individual organisms into measures of overall community

composition.

A cross-scale approach for identifying EBVs
and users’ needs
To date, the process of identifying and prioritizing EBVs

has largely been based on expert knowledge about glob-

ally relevant biodiversity measurements [11]. While nec-

essary, this approach has not yet been systematically

driven or informed by users’ needs at the regional,

national, or local scales. There is a need to make biodi-

versity data more relevant for a range of users (e.g. CBD,

IPBES, national and local authorities, NGOs) [51], and a

need to have stronger connections to data providers to

ensure data quality and comparability across scales. This

leads to the development of a complementary bottom-up

162 Environmental change issues
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approach to formulating a consistent set of EBVs globally

(Figure 3) by considering context-specific user needs

across a range of applications at sub-global scales (e.g.

[23�]). This approach mobilizes local knowledge, placing

it in a broader context, by focusing on the relationships

between variables to understand information needs under

specific management and conservation contexts (Fig-

ure 3). By promoting a global biodiversity infrastructure

based on multiple nodes, it also allows data to be quickly

mobilized and standardized across scales, while empow-

ering local and national organizations to develop their

own monitoring schemes.

Developing monitoring systems and
observation networks
The development of Biodiversity Observation Networks

aims to build a global community of practice for the

collection, curation, analysis and communication of bio-

diversity data. Such a community will organize, enhance

and link existing monitoring and observation systems and

facilitate the exchange of standards in methods, tools, and

frameworks to provide data and information to users,

while avoiding the duplication of efforts across separate

initiatives. The development of BONs should be focused

on feasible implementation, building upon existing data,

observation platforms, and monitoring programs such as

the International Long Term Ecological Research Net-

work [52].

Current status of the network of BONs

BONs frame their observation systems to directly address

user needs, making them diverse, flexible, and autono-

mous in the way they operate. There are currently seven

formally endorsed BONs within GEO BON [22,53–57].

National BONs, in China, France, and Colombia, have

developed intensive monitoring schemes [54] or biodi-

versity (meta)data hubs [53]. The China BON is a notable

example of a systematic, country-wide monitoring design

with broad spatial and taxonomic extent: 441 sites are part

of an observation system of over 9000 transects and point

counts for birds, amphibians, mammals, butterflies, and

vascular plants with the participation of volunteer citizen

scientists at each site [54]. Illustrating a different

approach, the French BON has set as its initial aim to

document existing data, acquisition methods and stan-

dards to facilitate their access, sharing, and use by

researchers and decision makers, and to support biodi-

versity management and national reporting [53].

Regional BONs are also diverse and autonomous. The

Asia Pacific BON is active in promoting research colla-

borations, capacity building, and a culture of data sharing

[56]. The Arctic BON focuses on linking and integrating

existing biodiversity observation efforts and data to sup-

port conservation planning and policy-making [55]. The

publication in 2017 of the ‘State of the Arctic Marine

Biodiversity Report’ [58] was the culmination of the first

five-year implementation phase for the Arctic Marine

Biodiversity Monitoring Plan.

Monitoring biodiversity change Navarro et al. 163

Figure 3

EBV

user needs

guidelines and
support

data

mobilisation

data

mobilisation

Plot, Local,

Landscape scale

National monitoring system

[cross-comparison and EBV prioritisation]

decision
support

decision
support

Regional, Ecosystem, and/or

Management scale

variable

identification

indicators and

modelling frameworks
data

mobilisation

Global scale

monitoring

Policy, Management, and Conservation options

Cross-border

Harmonisation

Biodiversity

Monitoring

Current Opinion in Environmental Sustainability

A cross-scale approach for global biodiversity monitoring. National monitoring systems have to rely on a key set of policy, management and

conservation options/questions to define their monitoring priorities that provide information for decision making. Once these priorities are set,

indicators and modelling frameworks can be identified and described to produce effective monitoring systems that allow for data mobilization

across scales. On the other side, while nations collaborate to mobilize data to inform EBVs, GEO BON contributes to the national efforts by

providing guidance and support for BON development and data standards. In parallel, nations provide user needs for the development of EBVs

while contributing to the global data pool on biodiversity and ecosystems. Green arrows indicate biodiversity data mobilization flows, black arrows

indicate decision support flows, and finally red arrows indicate the identification of user needs.
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At the global scale, the Marine BON (MBON) is working

in coordination with the Global Ocean Observing System

(GOOS) and the Ocean Biogeographic Information Sys-

tem (OBIS) to develop Essential Ocean Variables [22,59].

The MBON facilitates the development of a common

framework for the integration of marine biodiversity

observations with environmental variables [13]. The goal

is to facilitate the sharing of regional observations through

common data standards while offering access to the

advanced geospatial analysis tools of OBIS, which would

in turn support future World Ocean Assessments of the

UN [59], or the needs of the Barcelona Convention for

instance. MBON is also working with the remote sensing

community to define new satellite sensor specifications

to, inter alia, monitor EBVs in coastal wetlands and

aquatic environments [27]. The recently endorsed Fresh-

water BON (FWBON) is also using the EBVs for orga-

nizing and prioritizing the steps needed to monitor the

different components of freshwater biodiversity and facil-

itate its global assessment [13,57], while supporting the

needs of the Ramsar Convention.

A process for BON development

The general approach for BON development is guided by

a framework that ensures the resulting system directly

serves users’ needs [60], while allowing for interoperabil-

ity with other observation systems (Figure 4a). This

framework emphasises the establishment of conduits

between data collection, management, analysis, and com-

munication that are driven and validated by the users.
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Framework and development process of Biodiversity Observation Networks (BONs). (a) Conceptual framework for national and regional

biodiversity observation Systems organized around the interaction between (and integration of) basic and applied science, and end-users. (b) Nine

step process for BON development defined around the engagement of the different stakeholder groups; the assessment of user needs and

available data, tools, and platforms; the design of the BON per se; and finally, its implementation.
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Building the BONs around user needs further contributes

to ensuring their sustainability beyond the lifespan of the

funded projects that might have initiated the process of a

BON development.

In practice, GEO BON suggests a stepwise, iterative

approach to establishing and implementing BONs, draw-

ing upon existing processes, standards, and tools. An

example of such sequenced process is divided into nine

steps applied to build each component of an observing

system (Figure 4b) and involves four development

phases: engagement, assessment, design, and implemen-

tation. This flexible approach has been used and adapted

for the Arctic [55], Australia’s New South Wales [23�] and

is more recently being applied in Colombia.

The assessment phase of the development process of

BONs (Figure 4b) aims to capitalize on existing infra-

structures, monitoring efforts, and capacity, while identi-

fying strength and weaknesses in terms of EBV develop-

ment. For instance, the French BON identified over 130

in situ observation infrastructures, mostly observing EBVs

within the species traits, species populations, and genetic

composition classes [53]. Similarly, a Finnish assessment

of the national indicators and the biodiversity monitoring

programs underlying them [18] showed that aside from

species populations and ecosystem structure, most EBV

classes are still poorly covered by the Finnish monitoring

system. The same observation was made for the

Colombia BON which identified nonetheless over 100 dif-

ferent tools for biodiversity observation, data manage-

ment and reporting [61]. These assessments thus help

governments and organizations to prioritize and strategi-

cally fill key gaps in their existing or developing observa-

tion systems.

BON-in-a-Box: a catalogue for knowledge exchange

Core to the establishment of a globally harmonized sys-

tem of systems is the need for the scientific community to

share data, knowledge and tools to ensure the accessibil-

ity, interoperability, and reporting of biodiversity infor-

mation across scales [62] (Figure 4a). There are excellent

tools, protocols and software that facilitate effective bio-

diversity monitoring, but these are not necessarily easily

discoverable or available. With this in mind, GEO BON

has developed BON-in-a-Box as a technology transfer and

capacity-building mechanism to improve the quantity,

quality and interoperability of biodiversity observations

and further support BONs development (e.g. Colombia

[61]). BON-in-a-Box is an online catalogue that will

connect decision makers, scientists and tool developers

around the world, ensuring access to the latest technolo-

gies and methodologies (https://boninabox.geobon.org/).

BON-in-a-Box will also allow the thematic BONs and

working groups to provide regional and national BONs

with state-of-the-art approaches and tools for biodiversity

observations. Having such a platform for capacity

building and knowledge exchange will further support

the integration of the top-down EBV development pro-

cess with the bottom-up approach for BON design.

From biodiversity monitoring to addressing
societal needs
Policy relevance and indicators

The policy relevance of GEO BON was acknowledged

early on. Its establishment was recognised by the Con-

ference of the Parties of the CBD (UNEP/CBD/COP/

DEC/IX/15), and it has been identified as a key partner of

the IPBES [2]. EBVs have also been proposed by the

IPBES as an appropriate framework to determine com-

mon metrics for the biodiversity modelling, reporting, and

observation communities [20]. In practice, monitoring

progress towards conservation and sustainable develop-

ment targets and the effectiveness of policy decisions,

will be facilitated by BONs that apply the EBV frame-

work [17�,32] (Figure 1). For instance, the linkages

between the Intergovernmental Oceanographic Commis-

sion of UNESCO and GEO BON are based on the value

chain between data collectors (GOOS), a community of

practice that shares standards (MBON), and the data

hosting and analysis services established by OBIS as a

contribution to BON-in-a-Box. Furthermore, to support

national reporting needs for CBD Aichi Target 9,37 a

modular approach was designed to set up national

schemes to monitor the occurrence of invasive alien

species while allowing cross-border cooperation, and

accommodating for varying capacity [42,43].

Although EBVs themselves can be conceptually linked to

many of the Aichi Targets [11,32] and Sustainable Devel-

opment Goals [13], it is the indicators derived from them

that are particularly useful to stakeholders [17�,18] (Fig-

ure 2). GEO BON and its partners are therefore devel-

oping a set of Global Biodiversity Change indicators [48]

that directly report on the progress towards some of the

Aichi Targets, and can inform the IPBES assessments.

For instance, indicators that combine EBVs on species

populations and/or community composition, and ecosys-

tem structure, such as the ‘Species Habitat Indices’ and

the ‘Biodiversity Habitat Index’ [48] can inform Aichi

Targets 5 (‘habitat loss halved or reduced’) and 12

(‘reducing risk of extinctions’). Highlighting the rele-

vance of EBVs as the building blocks of these indicators

can further increase awareness amongst policy makers of

the value of globally coordinated monitoring.

Monitoring ecosystem services

Monitoring the contribution of nature to people [63] is

critical to inform policy [64,65]. Data on ecosystem
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37 Target 9: By 2020, invasive alien species and pathways are identified

and prioritized, priority species are controlled or eradicated and mea-

sures are in place to manage pathways to prevent their introduction and

establishment.
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services suffers from the same patchiness and incom-

pleteness as biodiversity data. This is further complicated

by the need to integrate ecological and social data. How-

ever, there have been some promising methodological

developments in recent years [66,67��]. These include

the integration of national statistics (e.g. census data) with

in situ measurements, community monitoring, remote

sensing and model outputs [9,66]. Therefore, an impor-

tant step to advance the monitoring of ecosystem services

is the definition of a conceptual and operational frame-

work for Essential Ecosystem Service Variables (EESV)

and the development of multidisciplinary interoperable

data standards [13,67��]. The EESV framework includes

several classes of variables, covering the different com-

ponents of the ecosystem service flow from ecosystems to

society, the different types of values of ecosystem ser-

vices and the actual benefits obtained by society [11].

EESVs explicitly link the monitoring of ecosystem ser-

vices to identifying progress towards meeting the SDGs

and Aichi targets, as demonstrated in a recent assessments

on current use of ecosystem service data in reporting [68].

Mainstreaming EBVs

The value of EBVs to policy will be determined by the

degree to which they enable the production of indicators

and their incorporation into decision making to help

countries meet their internal and international obligations.

Since they were proposed in the 1990s, the ECVs are now

widely accepted and used to structure national reporting to

the UN Framework Convention on Climate Change, for

global climate annual assessments, and to support the

work of the Intergovernmental Panel on Climate Change

[14]. Similarly, EBVs need to be both accessible and

usable by a variety of stakeholders regardless of their

familiarity with their production process. To be useful,

EBV datasets will need to adhere to scientific standards of

peer-review, replicability and sensitivity to detect

changes, as well as the inclusion of uncertainty metrics,

all of which must be fully reported. A transparent process

needs to be developed for the endorsement of EBV

datasets by the GEO BON community to ensure appro-

priate data and metadata for measuring biodiversity

change. EBV data products need to be made freely avail-

able according to Open Data principles, i.e. be accessible

without restrictions on use, modification and sharing [28�].
Moreover, EBV data products and indicators should be

resourced in a way that maximizes discoverability. One

such mechanism is a GEO BON Portal that enhances the

accessibility of endorsed EBV datasets. This online clear-

inghouse will serve as the biodiversity equivalent of the

Global Observing Systems Information Centre (GOSIC)

for climate variables [14], and will feed into the Global

Earth Observation System of Systems (GEOSS).

Conclusion
The biodiversity crisis [3] calls for both the adoption of a

common framework for biodiversity monitoring, and the

establishment of a system of harmonised biodiversity

observation systems that supports it. In ten years of

existence, GEO BON, largely as a volunteer effort,

designed a monitoring framework around Essential Bio-

diversity Variables which supports the development of

biodiversity change indicators. The next decade will be

critical for the development of those EBVs and will

require their refinement across all levels of biodiversity,

the widespread use of common data and metadata stan-

dards, and the design of workflows. GEO BON has also

facilitated the establishment of several national, regional,

and thematic BONs, and developed a capacity building

and knowledge transfer platform to further improve the

design of biodiversity observation systems.

Future advances in the development of EBVs and gen-

eration of the corresponding data are expected given the

current trend in technological improvement for in situ
data acquisition, better availability of satellite remote

sensing data, widespread use of emerging genetic tech-

niques and genomic libraries, and the use of models to

produce spatially and temporally comprehensive EBV

data products. These developments further benefit from

the establishment of national and sub-national biodiver-

sity observation systems and the involvement of end-

users in the process so as to produce policy relevant

indicators (Figures 1 and 2). Ten years from now,

GEO BON envisions a wide and robust network of

national and regional BONs, with multiple EBV products

openly available that cover the different dimensions of

biodiversity and components of ecosystem services, all of

which contributing to well informed local to global assess-

ments of the status and trends of biodiversity and its

contribution to society.
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Proenç a V, Martin LJ, Pereira HM, Fernandez M, McRae L,
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Araki H, Javadi F, Núñez-Farfán J, Mori AS, Zhou S et al.:
Understanding and monitoring the consequences of human
impacts on intraspecific variation. Evol Appl 2017, 10:121-139.

34. Habel JC, Husemann M, Finger A, Danley PD, Zachos FE: The
relevance of time series in molecular ecology and
conservation biology. Biol Rev 2014, 89:484-492.

35. Amano T, Lamming JDL, Sutherland WJ: Spatial gaps in global
biodiversity information and the role of citizen science.
BioScience 2016, 66:393-400.

36. Pimm SL, Alibhai S, Bergl R, Dehgan A, Giri C, Jewell Z, Joppa L,
Kays R, Loarie S: Emerging technologies to conserve
biodiversity. Trends Ecol Evol 2015, 30:685-696.

37. Jetz W, McPherson JM, Guralnick RP: Integrating biodiversity
distribution knowledge: toward a global map of life. Trends
Ecol Evol 2012, 27:151-159.

38. Wilson AM, Jetz W: Remotely sensed high-resolution global
cloud dynamics for predicting ecosystem and biodiversity
distributions. PLoS Biol 2016, 14:e1002415.

39.
��

Bush A, Sollmann R, Wilting A, Bohmann K, Cole B, Balzter H,
Martius C, Zlinszky A, Calvignac-Spencer S, Cobbold CA et al.:
Connecting Earth observation to high-throughput biodiversity
data. Nat Ecol Evol 2017, 1:176.

This paper discussed the potential of emerging technology, including
high-throughput DNA, biodiversity modelling, and automated recording
devices, combined with Earth Observations to more efficiently and timely
monitor biodiversity and biodiversity change.

40. Meyer C, Kreft H, Guralnick R, Jetz W: Global priorities for an
effective information basis of biodiversity distributions. Nat
Commun 2015, 6 ncomms9221.

41. Ferrier S, Jetz W, Scharlemann J: Biodiversity modelling as part
of an observation system. The GEO Handbook on Biodiversity
Observation Networks. Springer; 2017:239-257.

42. Latombe G, Pyek P, Jeschke JM, Blackburn TM, Bacher S,
Capinha C, Costello MJ, Fernández M, Gregory RD, Hobern D
et al.: A vision for global monitoring of biological invasions. Biol
Conserv 2017, 213:295-308.

43. McGeoch MA, Genovesi P, Bellingham PJ, Costello MJ,
McGrannachan C, Sheppard A: Prioritizing species, pathways,
and sites to achieve conservation targets for biological
invasion. Biol Invasions 2016, 18:299-314.

44. Kattge J, Dı́az S, Lavorel S, Prentice IC, Leadley P, BöNisch G,
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