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ABSTRACT

Much biodiversity data is collected worldwide, but it remains challenging to assemble the scattered knowledge for
assessing biodiversity status and trends. The concept of Essential Biodiversity Variables (EBVs) was introduced to
structure biodiversity monitoring globally, and to harmonize and standardize biodiversity data from disparate sources
to capture a minimum set of critical variables required to study, report and manage biodiversity change. Here, we
assess the challenges of a ‘Big Data’ approach to building global EBV data products across taxa and spatiotemporal
scales, focusing on species distribution and abundance. The majority of currently available data on species distributions
derives from incidentally reported observations or from surveys where presence-only or presence—absence data are
sampled repeatedly with standardized protocols. Most abundance data come from opportunistic population counts or
from population time series using standardized protocols (e.g. repeated surveys of the same population from single or
multiple sites). Enormous complexity exists in integrating these heterogeneous, multi-source data sets across space, time,
taxa and different sampling methods. Integration of such data into global EBV data products requires correcting biases
introduced by imperfect detection and varying sampling effort, dealing with different spatial resolution and extents,
harmonizing measurement units from different data sources or sampling methods, applying statistical tools and models
for spatial inter- or extrapolation, and quantifying sources of uncertainty and errors in data and models. To support the
development of EBVs by the Group on Earth Observations Biodiversity Observation Network (GEO BON), we identify
11 key workflow steps that will operationalize the process of building EBV data products within and across research
infrastructures worldwide. These workflow steps take multiple sequential activities into account, including identification
and aggregation of various raw data sources, data quality control, taxonomic name matching and statistical modelling
of integrated data. We illustrate these steps with concrete examples from existing citizen science and professional
monitoring projects, including eBird, the Tropical Ecology Assessment and Monitoring network, the Living Planet
Index and the Baltic Sea zooplankton monitoring. The identified workflow steps are applicable to both terrestrial and
aquatic systems and a broad range of spatial, temporal and taxonomic scales. They depend on clear, findable and
accessible metadata, and we provide an overview of current data and metadata standards. Several challenges remain
to be solved for building global EBV data products: (z) developing tools and models for combining heterogeneous,
multi-source data sets and filling data gaps in geographic, temporal and taxonomic coverage, () integrating emerging
methods and technologies for data collection such as citizen science, sensor networks, DNA-based techniques and
satellite remote sensing, () solving major technical issues related to data product structure, data storage, execution
of workflows and the production process/cycle as well as approaching technical interoperability among research
infrastructures, () allowing semantic interoperability by developing and adopting standards and tools for capturing
consistent data and metadata, and (v) ensuring legal interoperability by endorsing open data or data that are free from
restrictions on use, modification and sharing. Addressing these challenges is critical for biodiversity research and for
assessing progress towards conservation policy targets and sustainable development goals.

Key words: big data, biodiversity monitoring, data interoperability, ecological sustainability, environmental policy, global
change research, indicators, informatics, metadata, research infrastructures.
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I. INTRODUCTION fact and ongoing conservation efforts, biodiversity continues

to be lost globally at an alarming rate (Tittensor et al.,

The diversity of life on Earth is intrinsically and pragmatically ~ 2014). Current extinction rates of species may be 100

essential, and provides vital services to humanity (Millennium ~ times higher than the ‘background’ rate from fossil records

Ecosystem Assessment, 2005). Despite recognition of this  (Pereira, Navarro & Martins, 2012; Ceballos et al., 2015).
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Many populations of widespread and threatened species are
declining (Butchart et al., 2010; Tittensor et al., 2014) and
invasive alien species continue to spread into many parts
of the world (van Kleunen et al, 2015). Combined with
human exploitation of terrestrial and marine ecosystems,
these factors result in an Earth system that is stretched
beyond sustainability (Newbold ez al., 2016). Reversing such
trends 1s part of the focus of the 20 Aichi Targets developed
by Parties to the United Nations (UN) Convention on
Biological Diversity (CBD), and of the 17 Sustainable
Development Goals (SDGs) identified by the UN 2030
Agenda for Sustainable Development.

Enormous challenges remain for global biodiversity con-
servation and ecological sustainability, even for simply assess-
ing reliably the progress towards achieving Aichi Targets
and SDGs, especially at a global scale. These include finding
mechanisms to fill known data gaps (Meyer et al., 2015; Skid-
more ¢ al., 2015; Amano, Lamming & Sutherland, 2016),
to standardize data and make them available and accessible
(Reichman, Jones & Schildhauer, 2011), and to develop the
technical tools and sustainable e-infrastructure that supports
discovery, analysis, access, dissemination and persistent
storage of the increasingly complex data sets needed to
quantify biodiversity change at a global scale (Hardisty,
Roberts & The Biodiversity Informatics Community, 2013;
Hobern et al., 2013; Kissling et al., 2015; Hugo et al., 2017).

To address these challenges, the Group on Earth
Observations Biodiversity Observation Network (GEO
BON) has introduced the framework of Essential Biodiversity
Variables (EBVs) (Pereira etal, 2013). EBVs can be
considered to be biological state variables with three key
dimensions (time, space, and biological organization) that
are critical to document biodiversity change accurately
(Schmeller etal, in press). Moreover, EBVs represent
harmonized data that are conceptually located on a
continuum between primary data observations (‘raw data’)
and synthetic or derived indices (‘indicators’) (Fig. 1). Similar
to Essential Climate Variables — which are designed to
provide an empirical basis for understanding past, current
and possible future climate variability and change (Bojinski
etal., 2014) — the EBV framework has been developed to
help in prioritizing a minimum set of essential measurements
for the consistent study, reporting and management of the
major dimensions of biodiversity change (Pereira ez al., 2013).

A total of 22 candidate EBVs are proposed by GEO
BON within six EBV classes (i.e. genetic composition,
species populations, species traits, community composition,
ecosystem functioning and ecosystem structure) (Pereira
etal., 2013). These categories of critical biodiversity data
provide the motivation and necessary framework for
standardizing the global biodiversity data needed for
research, management and policy (Getjzendorffer ez al., 2016;
Proenca et al., in press). EBVs thus provide the foundation
for consistent derivation of biodiversity indicators that allow
repeated assessments of progress against national and global
conservation targets and sustainability goals (Turak et al., in
press b; Pereira et al., 2013). EBVs can contribute to a range of
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policy initiatives, such as the global and regional assessments
conducted through the Intergovernmental Platform on
Biodiversity and Ecosystem Services (IPBES, 2016) or annual
reporting by countries to the CBD against their National
Biodiversity Strategies and Action Plans (NBSAPs).

A major concern that arises from these efforts is how
to build useful EBV data products with global coverage
using current technology (Kissling et al., 2015). From several
perspectives, this is the ‘Big Data’ challenge in biodiversity
science today (Hampton etal., 2013). It requires dealing
with massive volumes of data not readily handled by the
usual data tools and practices, establishment of relationality
between different data, ensuring data quality, aggregation,
cross-referencing and making such data searchable and
available (Kelling et al., 2015; Enquist et al., 2016; La Salle,
Williams & Moritz, 2016; Wilkinson e al., 2016). Ideally,
the primary data required to build EBV data products
should be contributed from any research or observation
infrastructure, no matter at which spatial or temporal scale
they had been collected. Multiple scientific, technical and
legal challenges — such as the need for data harmonization
and metadata standardization, provision of analytical tools
and services for EBV data processing, and open access
licenses that allow the interoperability and sharing of relevant
data — have to be addressed to produce reliable EBV data
products (Kissling et al., 2015).

Quantifying and predicting variations in species
distributions and population size is of high importance
for biodiversity research, management and policy efforts.
For instance, knowledge on the geographic distribution of
species and variation in population structure and abundance
is central to understanding ecological and biogeographical
dynamics (Begon, Townsend & Harper, 2006; Lomolino
et al., 2010). Moreover, species distribution and abundance
underpins policy indicators to quantify population trends and
extinction risk for threat categorization (Butchart ez al., 2010),
assessments of range dynamics (Schurr ¢t al., 2012), spread
of invasive species (McGeoch et al., 2010) and biodiversity
responses to climate change (Stephens efal, 2016) and
habitat conversion (Newbold e al., 2016). Within the EBV
concept, such essential knowledge is captured in the EBV
class ‘species populations’, represented by three candidate
EBVs (Pereira etal, 2013, 2017): ‘species distribution’,
‘population abundance’ and ‘population structure’. Given
the societal and scientific relevance of geographic data on
the distribution and abundance of species (e.g. Butchart ¢t al.,
2010; McGeoch et al., 2010; Jetz, McPherson & Guralnick,
2012; Schmeller etal., 2017) and a high maturity level
of the research infrastructure and biodiversity monitoring
community (e.g. Constable et al, 2010; Ahumada, Hurtado
& Lizcano, 2013; Hobern et al., 2013; Sullivan e al., 2014;
La Salle ez al., 2016), it is important to explore which barriers
and bottlenecks currently prevent the global implementation
of species distribution and abundance EBVs.

Here, we review the wider scientific, technical and legal
issues pertinent to building EBV data products at a global
scale. We specifically focus on the candidate EBVs ‘species

Biological Reviews (2017) 000—000 © 2017 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.
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Fig. 1. Essential Biodiversity Variables (EBVs) are part of an information supply chain, conceptually positioned between raw data
(i.e. primary data observations) and indicators (i.e. synthetic indices for reporting biodiversity change to policy and management).
They can be illustrated as a data cube with three basic dimensions (taxonomy, time and space), covering different species (sp;, spe,

. .) at different points in time (¢;, ¢o, . . .) and different locations (xy;, xp2, . . .). From the observations (i.e. sampling of raw data),
different EBV data products can be obtained with different steps of data processing. We here distinguish EBV-useable data sets,
EBV-ready data sets and derived and modelled EBV data. They represent measurements with comparable measurement units or
similar observation protocols (EBV-useable data sets), harmonized data sets (EBV-ready data sets) and data products derived from
processing data with statistical models (derived and modelled EBV data). These EBV data products can be used in various ways
to derive indicators (Ind 1, Ind 2, ...) that quantify spatiotemporal changes in species distributions and population abundances or
other aspects of biodiversity. The four images under raw data are freely available at http://www.clipartpanda.com
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distribution’ and ‘population abundance’ in the EBV class
‘species populations’. We start by defining the two selected

summarize scientific, technical and legal constraints on
implementing EBV workflows at a global scale.

EBVs and their key dimensions (space, time and taxonomy),
attributes (extent, resolution, measurement unit) and uncer-
tainties. We then provide a brief overview of existing sources
of species distribution and abundance data, discuss key
requirements for data harmonization and highlight emerging

II. EBV DEFINITION

methods and technologies for data collection. We propose 11
key workflow steps for building EBV data products on species
distributions and population abundances and highlight legal
and technical barriers for a workflow-oriented production
of EBV data products. We summarize continuing efforts
to develop relevant metadata standards for EBV workflows
and outline how metadata standards for EBV data products
could be developed. Finally, we conclude with the current
challenges for building global EBV data products and

(1) The species distribution EBV

The EBV ‘species distribution’ can be defined as the presence
or absence of species, based on observations with specified
spatial and temporal dimensions. In most cases, the species
distribution EBV is therefore represented through a binary
variable that reflects presence—absence of a species across
its geographic range. Beyond a binary quantification, species
distributions can be estimated by using species distribution
models (SDMs) to predict relative likelihoods, probabilities of

Biological Reviews (2017) 000-000 © 2017 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.
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observation or probabilities of occupancy, dependent on the
available data (MacKenzie et al., 2006; Elith & Leathwick,
2009; Guillera-Arroita et al., 2015).

(2) The population abundance EBV

The candidate EBV ‘population abundance’ can be defined
as population sizes based on observations with specified
spatial and temporal dimensions. The population abundance
EBV 1is therefore represented by a continuous variable
expressing harmonized quantities for each taxon across
space and time. Depending on the available type of raw
data, methods mostly estimate relative abundance or relative
density, but others may be useful for estimating actual
densities (e.g. counts per unit area). Interpolation of localized
measurements with geostatistical methods or modelling
of abundance across a species’ geographic range with
environmental covariates provides ways to obtain spatially
explicit representations of population abundance (Potts &

Elith, 2006).

(3) Relationship between species distribution and
population abundance EBVs

The species distribution EBV and the population abundance
EBV are closely related to each other. The population
abundance EBV contains richer information than the
species distribution EBV, 1.e. a continuous variable that
describes not only the presence of populations of a species
but also the population size per unit area throughout its
geographic range. Species distribution data are usually much
easier to collect than population abundance data because
they only require the recorded presence of one individual
rather than estimates of the absolute or relative number
of individuals. Hence, only a few large-scale and long-term
monitoring projects, such as the North American Breeding
Bird Survey (Sauer etal, 2013) or the Pan-European
Common Birds Monitoring Scheme (Stephens et al., 2016),
have measured annual trends in species abundances at a
continental scale.

Many data sets that are potentially relevant to producing
the population abundance EBV only exist as time series
for one or more discrete (local) populations. Such data are
useful for the development of biodiversity indicators, like the
aggregated population trends among vertebrate species used
in the Living Planet Index (Loh et al, 2005; Collen et al.,
2009). Even if these data are confined to a few locations, it is
crucial to identify such cases clearly because they might be
useful for building EBV data products.

In the following section, we explain how the EBV
framework can be conceptualized and which dimensions,
attributes and uncertainties are relevant for building EBV
data products. We further highlight ideal versus minimum
requirements of EBV data products and show examples
of projects that have relevant data for building EBV
data products on species distributions and population
abundances.

W. Daniel Kissling and others

III. OPERATIONALIZING THE EBV
FRAMEWORK

(1) From raw data to indicators

A fundamental tenet of the EBV framework is that all
EBV data sets lie conceptually between raw data and
indicators (Fig. 1). For a given EBV, raw data can come
from diverse sources, including field observation campaigns
(Dickinson, Zuckerberg & Bonter, 2010; Proenca et al., in
press), i situ sensor networks (Porter et al., 2005), remote
sensing (Skidmore ¢t al., 2015; Lausch et al., 2016) and DNA
sequencing (Creer ef al., 2016). From those raw data, several
EBV data products can be built (Fig. 1). First, data that use
observation protocols to measure relevant phenomena with
comparable units are identified (‘EBV-useable data sets’).
Multiple data sets can then be combined and harmonized
to a common format with standardized units, having been
quality-checked and error corrected (‘EBV-ready data sets’).
Data gaps in space or time (illustrated as empty fields in
the data cube of Fig. 1) could be filled by applying statistical
techniques for inter- or extrapolation (‘derived and modelled
EBV data’), as well as through targeted future sampling.

Depending on the nature of the raw data, not all of these
processing steps may be needed to build a specific EBV.
Nevertheless, the aggregated, harmonized and modelled
EBV data products should allow derivation of indicators of
the state of biodiversity and estimation of temporal changes in
critical aspects of biodiversity (Butchart et al., 2010; McGeoch
et al., 2010; Pereira et al., 2013; Tittensor et al., 2014).

(2) Dimensions, attributes and uncertainties of
EBVs

Building EBVs with heterogeneous types of data requires
identification and clear definition of the key dimensions,
attributes and uncertainties of EBV-useable data sets,
EBV-ready data sets and derived and modelled EBV data.
Three basic dimensions are of particular importance: space,
time and taxonomy (Fig. 1). Some of this dimensionality can
be represented in more than one axis. For instance, the
spatial dimension can be represented by latitude, longitude,
water depth and altitude. The dimensions and their axes can
form a data cube (Fig. 1). The data cube can be conceptually
useful to encapsulate a multidimensional view of a specific
EBV (Schmeller et al., in press).

The three dimensions (space, time, taxonomy) can be
specified with attributes related to the extent, resolution and
measurement unit along which the dimension is expressed
(Table 1). For instance, the extent may simply be the spatial
and temporal coverage of records across sampling locations,
or how many and which species are documented in the data
cube (Meyer, Weigelt & Kreft, 2016). Resolution might refer
to the spatial and temporal grain size and the taxonomic
resolution of the data (Table 1). For instance, the spatial
resolution of abundance data refers to a discrete point,
a study area, or a volume (c.g. from water samples); the
temporal resolution is associated with the periodicity of

Biological Reviews (2017) 000—000 © 2017 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.
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Table 1. Examples of key dimensions, attributes and uncertainties related to Essential Biodiversity Variables (EBVs) of species
distribution and population abundance

EBV attributes

Dimension Extent Resolution Measurement units Uncertainties

Space Geographical coverage (e.g. Spatial resolution (e.g. Meters, cubic meters, Precision and accuracy of
of grid cells, sampling grid cell size, polygons, kilometers, degrees, coordinates and volumes,
locations, satellites, etc.) resolution of satellite etc. wrongly recorded

sensors, volume, etc.) coordinates, imprecise
sampling locations

Time Temporal coverage (e.g. Temporal grain (e.g. date Hours, days, weeks, Variation in length of time
length of time series, or time window of months, years, series, precision of time of
continuous recording, sampling, sampling decades, etc. collection, etc.
time period of collection frequency)
of records, etc.)

Taxonomy Taxonomic coverage (e.g. Species, genus, higher Taxonomic entity for Identification and observation

how many and which

taxonomic level, etc.

which species

uncertainty, ambiguous

species are documented)

distribution and
abundance data are
sampled

scientific names, synonyms,
differences in taxon
concepts, etc.

monitoring; and the taxonomic resolution reflects at which
taxonomic level data are collected, e.g. at the species, genus
or a higher taxonomic level. Measurement units refer to
the quantities that are expressed, such as kilometres, days,
number of individuals, or which taxonomic entities are
chosen and according to which taxon concept. Such attribute
information should ideally be recorded in the metadata
associated with the raw data (discussed further in Section VI).

Each of the three attributes (extent, resolution and unit)
of the three dimensions (space, time and taxonomy) further
comes with uncertainties related to the spatial, temporal and
taxonomic information that makes up the EBV data cube
(Table 1). For instance, imprecise or faulty geo-referencing of
collection localities and an outdated taxonomy or incorrect
specimen identification increases uncertainty by decreasing
the precision and accuracy of geographical and taxonomic
information on species occurrences (Meyer et al, 2016).
Similarly, biodiversity monitoring projects across the world
vary tremendously in observation efforts per site, sampling
frequencies and length of time series, which results in large
temporal uncertainties when analysed jointly (Proenga et al.,
in press). For EBVs, uncertainties should be quantified in
as much detail as possible. Identified gaps and biases could
guide national and international efforts for mobilizing new
distribution and population abundance data sets (Meyer ¢t al.,
2015; Amano et al., 2016; Proenga et al., in press).

(3) Ideal versus minimum requirements of EBV
data products

Building species distribution and abundance EBVs might
require multiple data products (e.g. for specific taxa, regions,
or time frames). Ideally, an EBV data product should contain
consistent quantitative measurements or estimates across
space and time, allowing a genuine comparison of changes in
species populations over regional to continental extents and
from years to decades. As such, an ideal EBV product would

derive from consistent observations at regular intervals
collected across an optimally designed configuration of
sample locations, allowing conclusions across a range of
spatial and temporal scales. However, such ideal data
sets do not exist, and given the variation in the design of
sampling programs, as well as legislative, social and political
constraints, it is unlikely that an equal monitoring effort
across taxa, ecoregions or jurisdictional boundaries can ever
be achieved (Proenga et al., in press; Turak et al., in press a).
It is therefore important to define how ideal requirements for
an EBV data product differ from what is minimally required
(Table 2).

The aim of defining minimum requirements is to provide
guidelines about which data sets are useful in the context
of EBVs. For instance, from field observation campaigns
one would ideally like to have presence—absence or density
estimates from standardized sampling with global coverage at
fine resolution derived from continuous long-term time series
with the highest adequate temporal resolution (Table 2).
However, presence-only or relative abundance estimates
might be the only data available across a large spatial and
temporal extent (Table 2). Hence, the ideal requirements
might only be achievable for a few selected taxa and regions.
If ideal requirements are not met, it might be necessary
to systematically select a subset of the available data. For
example, if data are unavailable across the full geographic
range of a species, it may be preferable to track changes
in biodiversity at smaller geographic extents, e.g. within
particular ecoregions (Turak et al., in press a). More generally,
identifying ideal and minimum requirements (e.g. Table 2)
can serve as a benchmark to evaluate which existing data
sets are appropriate for building EBV data products and
to report on the relative value of each product to assess
biodiversity change. To date, no guidelines exist for how
minimum requirements for EBV data products should be
defined. We therefore suggest that GEO BON and the wider
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Table 2. Ideal versus minimum requirements of Essential Biodiversity Variables (EBVs) data in relation to species distribution and
abundance measurements and their spatial, temporal and taxonomic extent and resolution

EBV dimensions and attributes

Ideal requirements

Minimum requirements

Species distribution and
abundance measurements

Spatial extent

Spatial resolution

Temporal extent

Temporal resolution

Taxonomic extent

Taxonomic resolution

Presence—absence and density of individuals
derived from widely accepted, standardized or
explicit sampling protocols, including
quantification of uncertainty and recording
sampling covariates

Global coverage, with the capacity to provide
high-quality information for global assessments
(e.g. Aichi targets, Sustainable Development
Goals)

Fine-scale estimates of population abundance
across subnational (e.g. a protected area),
national, regional/continental and global
extent

Continuous long-term time series of abundance
or occupancy over several decades suitable to
assess potential biodiversity change

Temporal resolution (hours, days, weeks, months,
years) that is adequate to detect population
dynamics for a specific taxon

Maximum possible number of species covering a
wide variety of taxa and life forms, and
providing information on various dimensions of
global change and different ecosystem
functions and services

Updating compilations of taxonomic names and
associated concepts of all species and their

Presence-only or (relative, qualitative or
ordinal) density estimates across space
and time based on raw observations or
modelling but only if derived from
widely accepted protocols with
consistency across space/time

Adequate spatial coverage to provide
reliable information on biodiversity
trends for policy decision making (e.g. at
regional or national level)

Statistically driven design that allows
combining scattered, high-quality
information at the scale of policy or
management interest (e.g. national
extent)

Repeated measurements at policy-relevant
time intervals to differentiate between
fluctuations and trends, including a
baseline

Reliable species distribution and
abundance estimates for at least two
time slices at the same spatio-temporal
resolution, with relevance to policy
and/or management

Selected species representing particular
taxonomic or functional groups,
representative of overall diversity and
environments within spatial extent

Clearly defined taxonomic units following
known taxonomic authorities

synonyms

scientific community further develops our recommendations
on minimum requirements of EBV data products.

(4) Examples of projects with EBV-relevant data
products

Due to the vast variability in spatial, temporal and taxonomic
resolution and extent, as well as measurement units
considered by different species distribution and abundance
data sets, there is currently no comprehensive global database
that fulfils all ideal requirements for EBV data products (see
Table 2). As an alternative, different species distribution
and abundance EBV data products could be built based
on consistent global or regional data sets that are available
for particular taxa. Herein, we selected as examples four
projects that have compiled such data sets, covering both
the terrestrial and marine realms (Table 3). We use these
projects to identify how EBV-useable data sets, EBV-ready
data sets and derived and modelled EBV data are produced
from raw observations and how projects implement the data
processing in a workflow environment.

The four projects were (z) eBird, a citizen-science program
collecting massive information on bird species distributions,

abundances and trends; (i) the TEAM network, wildlife
monitoring surveys of ground-dwelling mammals and birds
using camera traps in tropical forests; (xz) the Living
Planet Index (LPI) data set, a collection of over 18500
time series records of more than 3700 vertebrate species
worldwide; and (i) the Baltic Sea zooplankton monitoring
(BALTIC) data set, about 60000 abundance measurements
of marine zooplankton collected at 26 stations from the
national plankton monitoring programs in the Baltic region
(Table 3). These projects represent data sets covering a
range of spatial and temporal extents and resolutions,
different measures of species distribution or abundance,
and various statistical modelling and data analysis tools. An
overview is provided in Table 3 and a detailed description of
these projects is provided as online Supporting Information
in Appendix S1 Tables S1-S5.

IV. DATA AND TOOLS FOR BUILDING EBV
DATA PRODUCTS

In principle, a single point measurement of species
distribution or abundance could be incorporated into
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Table 3. Characteristics of four Essential Biodiversity Variable (EBV)-relevant projects, including eBird, the Tropical Ecology
Assessment and Monitoring (TEAM) network, the Living Planet Index (LPI) and national plankton monitoring programs in the

Baltic region (BALTIC)

Characteristics eBird TEAM LPI BALTIC
Spatial extent Global (predominately Tropical forests Global Baltic Sea
Western worldwide
Hemisphere)
Spatial resolution Three million local 23 tropical forest sites 5598 sites with varying 26 marine stations in
sites, model (120200 km? resolution, not the Baltic Sea
resolution is 3 km? resolution) stratified

Temporal extent
Temporal resolution

Taxonomic extent

Taxonomic resolution

Measure of species
distribution or
abundance

Statistical model or
data analysis

Data after modelling
or analysis

2000—present
Hourly and daily,
weekly after
modelling
Birds

Species

Checklists (counts of
individuals of a
species during a
search)

Spatiotemporal
exploratory model
(STEM)

Predicted relative
abundance, trends,

2007 —present

1970 present

2006 —present

7-day time periods, Varies among locations Monthly
annual after
modelling
Ground-dwelling Vertebrates Zooplankton
mammals and birds
Species Species Species
Presence/absence Population size, Number of individuals

derived from
camera-trap records

Bayesian dynamic
occupancy model

Geometric mean of
relative occupancies

density, catch per
unit effort, or
abundance indices
Generalized Additive
Model (GAM)

Geometric mean of
average change in

per m®

Summary statistics

Mean abundance

habitat use

Key references Fink et al. (2010);
Kelling et al. (2015);
Sullivan ez al. (2014)

(2014)

Ahumada et al. (2013);
Beaudrot et al.
(2016); Jansen et al.

abundance or
average annual rates
of changes

Collen et al. (2009);
Loh et al. (2005)

http://sharkdata.se/;
Appendix S1

an EBV data product. However, the attributes and
uncertainties of all dimensions of the point measurement
or a set of consistent point measurements should ideally
be expressed in standardized metadata to allow integration
with other data (see Section VI). Additionally, information
about the sampling protocol needs to be accessible. With
data from many diverse sources, a set of algorithms
would be required to convert multiple data points into
common measurement units comparable across space, time
and taxonomy (EBV-ready data sets). However, there
1s enormous complexity in harmonizing distribution and
abundance estimates (Chave, 2013; Azaele etal, 2015;
Proenca ¢t al., in press) and no effort has yet been undertaken
to combine all available data into one EBV data product at
a global scale. Below, we highlight and summarize different
types of distribution and abundance data, key aspects
to consider when combining multi-source data sets, and
emerging methods and technologies for data collection.

(1) Distribution data

A diverse set of species distribution data types is available.
Here, we summarize them as opportunistic incidence
records, presence—absence data and repeated surveys

(Table 4).

The most common type of observation data is opportunis-
tic incidence records, which are often incidentally reported
or aggregated without a specific sampling protocol. Oppor-
tunistic incidence records generally refer to presence-only
observations (Peterson etal., 2011). Such presence-only
records — e.g. derived from museum or herbarium collec-
tions and unstructured citizen observations — contain vast
amounts of information about where and when organisms
have been observed, but do not report searches that did not
find the species (i.e. absences). Presence-only data are often
subject to bias in space and time, such as uneven sampling
and variation in detectability among species and habitats
(Isaac & Pocock, 2015). These biases can severely impact the
potential usefulness of these data for EBV data products.

A second type of data is presence—absence data such as
those available from checklists or atlas projects (Table 4).
These are often produced through surveys where sites
are visited to record whether they are ‘occupied’ (species
presence) or not (species absence) (MacKenzie e al., 2006).
For these data, the main issue is whether the species has been
reliably detected (true wversus false absence). For instance,
occupied sites may be visited and yet no individuals may
be detected (= false absence). Hence, measuring absences is
more time consuming and subject to bias even in rigorously
controlled field assessments (Isaac & Pocock, 2015).
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Table 4. Examples of data types considered candidates for building Essential Biodiversity Variable (EBV) data products on species
distribution and abundance, including their advantages and disadvantages

Type of data Examples

Advantages Disadvantages

Species distribution data
Opportunistic incidence
records

Presence-only data from
museum or herbarium
collections

ChecKlists, atlas or
camera-trap data

Presence—absence data

Vast amounts of data available,
casily aggregated across
infrastructures, common
minimum data set

More information content
(absences) than opportunistic

Mostly opportunistically collected, often
without details of survey effort or
method, usually no true absences,
hard to estimate detection
probabilities, wide variation in data
quality

Measuring absences is time consuming
and depends on species and habitats

incidence records

Repeated surveys Monitoring schemes,

repeated atlas projects

Abundance data
Opportunistic population
counts

Large-scale citizen science
projects, eBird, aerial
surveys of wide-ranging or
aggregating fauna, some
vegetation surveys

Soay sheep on St. Kilda,
capture histories, North
American Breeding Bird
Survey, UK Butterfly
Monitoring Scheme,
LTER Network, TEAM

Population time series

Standardized protocols for
sampling, occurrences from
multiple points in time

Massive amount of data

Repeated population surveys
with standardized protocols at
fixed sites over multiple years

Often restricted geographically to
Europe and North America,
temporal extent varies among surveys

Not sampled repeatedly at fixed sites,
sometimes sampled without
standardized protocols

Auvailable for few species, spatial and
temporal resolution depends on
organism size and life history,
geographic bias towards Europe and
North America, variation in sampling
protocols or their applicability, some
methods are resource-intensive

LTER, Long-Term Ecological Research; TEAM, Tropical Ecology Assessment and Monitoring.

A third source of data comes from repeated surveys
that use a standardized protocol for sampling occurrences
(and sometimes absences) at multiple points in time
(Guillera-Arroita, 2017), for example monitoring schemes
(Proenga et al., in press) or repeated atlas projects (Jetz et al.,
2012). This provides occurrence information from multiple
points in time (Table 4), but data are often geographically
restricted to wealthier countries (Proenga et al., in press).

Another source for distribution data are expert range
maps which are expert-drawn outlines of species distributions
(Jetz et al.,, 2012). Examples are distribution maps of birds
provided by BirdLife International (http://datazone.birdlife
.org/home) or those of mammals and amphibians provided
by the International Union for Conservation of Nature and
Natural Resources (IUCN, http://www.iucnredlist.org/).
Expert range maps (Jetz et al., 2012) provide rough estimates
of the outer boundaries of areas within which species are
likely to occur, albeit patchily. However, range maps contain
large spatial and temporal uncertainties which limit their
applicability for measuring changes in species distributions
across time.

(2) Abundance data

For population abundance data, two major data types
can be distinguished: opportunistic population counts and
population time series (Table 4).

Opportunistic population counts are often derived from
mitiatives and projects that do not sample repeatedly at
fixed sites (T'able 4). Even when collected with standardized
protocols and metadata documentation (regarding survey
effort, sampling method, etc.), such data are difficult to
analyse due to various sources of bias that need to be
accounted for (Kelling ¢/ al., 2011; Hochachka & Fink, 2012).

A second type of abundance data is population time series
(Table 4). These can result from repeated and consistent
population surveys from single-species or multi-species
monitoring schemes. Single-species population time series
are often produced in conservation monitoring programs,
e.g. of threatened or invasive species and for populations
of economically important species with commercial or
recreational value. Another valuable type of data is time
series of populations of multiple species that are repeatedly
recorded with standardized protocols at networks of sites.

Examples of population time-series are complete counts
of all individuals (Coulson et al., 2001), capture histories
of marked individuals using capture—recapture methods
(Nichols, 1992), citizen science monitoring schemes such
as the North American Breeding Bird Survey (Sauer
etal., 2013) and the UK Butterfly Monitoring Scheme
(Pollard & Yates, 1993), or projects such as the Long
Term Ecological Research (LTER) Network (www.lternet
.edu), the US National Ecological Observatory Network
(NEON) (http://www.neonscience.org/) and the Tropical
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Ecology Assessment and Monitoring (TEAM) Network
(www.teamnetwork.org). Data availability is biased towards
Europe and North America (McRae, Deinet & Freeman,
2017; Proenga etal., in press). Moreover, many of the
large-scale monitoring schemes provide indices of relative
abundance rather than actual population sizes.

(3) Key aspects for building EBV data products

The typical data characteristics outlined above suggest that
EBV data products will usually need to be built from multiple
sources, e.g. mixing data from various opportunistic counts,
repeated surveys or from observations that were sampled
with different protocols or at different spatial and temporal
resolutions. Hence, several aspects must be considered when
building EBV-ready data sets or when producing derived
and modelled EBV data products.

(a) Harmonizing measurement units from different data sources

Measurement units present a multi-layered consideration for
building EBV-ready data sets, particularly those relating to
population abundance. First, abundance is not easily derived
from population density when the surveyed area is not
reported. Second, measurements of abundance are different
for different types of organisms: most vertebrates are usually
counted as individuals, plants and fish are usually measured
as biomass or percentage cover, and aquatic meiofauna in
terms of unit volume. Third, constraints in the way data
are collected produce data sets with a great variety of units
for measuring abundance. Some of these issues could be
overcome by developing a set of well-validated correction
factors, or by combining abundance data from different
sources (e.g. using geometric means) (Buckland et al., 2011).
However, this requires at least that metadata are sufficiently
informative (see Section VI).

(b) Dealing with different spatial scales

Spatial scale, i.e. resolution (grain size) and extent, is a
pervasive issue in ecology (Chave, 2013). Most metrics in
ecology depend on the spatial resolution at which they are
measured, including species abundance and distribution.
For building EBV-ready data sets, it is necessary that the
spatial units of sampling are well defined and that data
can be converted and standardized to consistent spatial
extents and resolutions. Population data sets collected at high
spatial resolutions can provide sensitive metrics of occurrence
and abundance patterns across scales, but high-resolution
information rarely covers broad spatial extents. More often,
EBV data products will need some type of rescaling to
combine observations collected at different spatial scales. The
rescaling procedure can have important consequences for the
consistency of the EBV data product because few ecological
measurements increase in direct proportion with spatial
scale (e.g. probability of occupancy does not scale linearly
with sampled area). There is a growing theoretical and
methodological literature that explores scaling relationships

11

of distribution and abundance information across resolutions
and extents (e.g. Storch, Marquet & Brown, 2007; Nichols
et al., 2008; Keil, Wilson & Jetz, 2014; Pagel et al., 2014;
Azaele etal, 2015). However, such methods have not
yet been applied in the wider context of building global
data products from multi-source observational data. It
therefore remains unclear whether such approaches can be
generalized and how they can be implemented within EBV
workflows.

(¢) Correcting for imperfect detection

Imperfect detection needs to be accounted for when
estimating species distributions and population parameters
(Kéry & Schaub, 2012), and is particularly important in
monitoring applications. A species that is not detected
in a survey might be either not there (true absence) or
undetected (false absence). A range of statistical models and
tools has been developed to correct for imperfect detection
and to address different data types (Guillera-Arroita, 2017).
In general, accounting for imperfect detection requires
information about the observation process (e.g. number
of visits, observers, or detection methods), meaning that
sampling detection covariates and accurate metadata on data
collection and processing is crucial for building EBV-ready
data sets. For example, distance sampling corrects for
detection probability in transect counts as a function of
distance and other covariates (Buckland et al, 2015). If
data structures allow separate estimation of detection and
occupancy parameters, the detection probability can be
estimated statistically (MacKenzie et al., 2006; Royle &
Dorazio, 2009). Hence, methods for imperfect detection
play a crucial role in building EBV data products.

(d) Interpolation and extrapolation

Original observations from which species distribution and
abundance EBVs can be derived are by necessity sparse
and heterogeneous. Moreover, for most biodiversity data
sets the distribution of search effort across space and time is
irregular, and the data available in a particular area or time of
year may be limited (Kelling ez al., 2015). This means that in
addition to aggregating and harmonizing data (i.e. producing
EBV-ready data sets), a significant amount of spatial and
temporal interpolation (e.g. gap filling) and extrapolation
(i.e. prediction beyond sampled space or time) might be
required for producing derived and modelled EBV data
products. One possibility is to apply geostatistical models for
spatial interpolation (e.g. kriging or co-kriging) to estimate
abundance or occupancy in places where sample data is
limited (Meng, Liu & Borders, 2013). Another possibility is
to use SDMs for filling in the geographical or temporal gaps
between locations with data (Elith & Leathwick, 2009; Fink
et al., 2010). Whilst most of these methods are commonly used
and well suited for interpolation, their use for extrapolation
is prone to error and high uncertainty (Elith & Leathwick,
2009).
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(e) Quantifying uncertainties

Uncertainties in EBV data products might derive from
uncertainties in the underlying raw data (e.g. when producing
EBV-ready data sets) or from the applied models (e.g.
when producing derived and modelled EBV data). Data
uncertainties are evident in all key dimensions of species
distribution and abundance EBVs, e.g. due to inaccuracy and
imprecision in raw data collection (Table 1). This can relate
to the accuracy of geographic coordinates, the precision
of time of collection, or spelling errors and orthographic
variants In taxon names. Several tools have already been
applied to quantify uncertainties of geographic coordinates,
sampling dates and taxon names (Guralnick et al., 2006;
Belbin etal, 2013; Lepage, Vaidya & Guralnick, 2014;
Enquist et al., 2016; Meyer et al., 2016). However, assessments
of data uncertainties are often lacking and high-throughput
processing tools for quantifying uncertainties must be
developed for EBV data products.

Data uncertainties can be further exacerbated by
uncertainties in models, e.g. through covariates, model fitting
and parameter estimation (Beale & Lennon, 2012). Different
methods can account for uncertainty from different sources
when deriving indicators. The most common way is to use
the data to generate pseudo-replicates of the parameters
from bootstrapping and then to propagate this distribution
into aggregated indicators (O’Brien et al., 2010). Another is
to use hierarchical models (Gelman et al., 2013) or to employ
Monte Carlo Markov Chains to solve simultaneously for
the parameters and calculate the derived indicators as a
by-product under a Bayesian framework (Royle & Dorazio,
2009; Ahumada et al,, 2013). Such methods are important
when building EBV data products.

(4) Emerging methods and technologies for data
collection

Although large amounts of species distribution and
abundance data are already available from traditional
surveys, huge gaps exist in their geographic, temporal and
taxonomic coverage (Fernandez et al., 2015; Meyer et al.,
2015, 2016; Amano etal, 2016; Proenga et al., in press).
A number of emerging methods and technologies could
potentially help to fill these gaps (Fig. 2).

(a) Citizen science

One opportunistic way to improve data coverage is to
mobilize more data from species monitoring projects
and field observation campaigns (Stephenson et al., 2017;
Proenca et al., in press). This includes citizen science projects
(Chandler etal, in press; Dickinson efal., 2010) which
can have several advantages over traditional field surveys
(Fig. 2). Assuring the usefulness of citizen-science data for
EBV data products requires careful design of data-input
and management procedures and recording of associated
information such as sampling effort, species absence and
other data-collection variables (Sullivan e al., 2014; Isaac &
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Pocock, 2015; Kelling ez al., 2015). Citizen science data may
also require additional cleaning to protect the privacy of
volunteers, and additional metadata documentation to meet
conditions of attribution (Bowser, Wiggins & Stevenson,

2013).

(b) Sensor networks

The wn situ collection of species distribution and abundance
information can be accelerated by building networked sensor
mstruments (Porter ef al,, 2005). For instance, networks of
camera traps allow monitoring the spatiotemporal dynamics
of terrestrial birds and mammals in tropical forests (Kays
et al., 2009; Jansen et al., 2014). Such camera-trap networks
have been successfully applied in many terrestrial systems
to measure species occupancy and abundance (Burton et al.,
2015), but only recently have they been deployed in marine
systems (Bicknell e/ al., 2016). Extending the use of camera
traps within marine, terrestrial and freshwater research
domains can provide valuable new data and insightful
images on species distributions and abundances. Lessons
from terrestrial systems (e.g. imperfect detection, effective
sampling area, multi-species inference) will help to facilitate
a successful transition of such methods to other environments
(Bicknell et al., 2016).

Beyond camera traps, the development of new networked
sensors for automatic species recognition based on sound
detection (Jeliazkov et al., 2016) also offers novel possibilities
to calculate large-scale temporal trends of species distribution
and abundances. Comprehensive tracking of animal
movements from space may further enable the distributed
monitoring of species occurrence (Kays et al., 2015), although
this approach might largely be limited to terrestrial and
marine birds and mammals (Kissling, 2015). Overall,
sensor networks have many advantages over traditional
surveys (Fig. 2). They allow a less costly and much more
comprehensive sampling than field observations.

(¢) DNA-based techniques

Recent progress in molecular techniques related to
high-throughput DNA sequencing has disclosed unprece-
dented perspectives for monitoring biodiversity (Creer et al.,
2016). In particular, DNA (meta-)barcoding (i.c. analysis
of one or a few orthologous but variable DNA regions)
or metagenomics (i.e. shotgun sequencing of genomic frag-
ments) are rapid and cost-effective means for taxonomic
identification of hundreds or thousands of organisms in both
terrestrial and aquatic environments (Bourlat ef al., 2013;
Segata et al., 2013; Creer et al., 2016; Leray & Knowlton,
2016). These approaches can provide presence/absence data
for macro- and micro-organisms from given locations at a
particular time. However, the DNA-based techniques cur-
rently do not allow reliable estimation of absolute population
abundances because the number of sequence reads is relative
to the sum of the abundances of the other species in a given
sample (Aylagas, Borja & Rodriguez-Ezpeleta, 2014).
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Emerging methods and their advantages over traditional field surveys

~

Effective approach to
collect fine-grained
observational data over
broad (e.g. regional to
continental) extents and
decadal time scales

Potential for combining
electronic sensor data with
human observations

Collection of species
occurrence records
even in data-poor (but
biodiversity-rich) regions

Extensive sampling on
private lands

Less costly compared
to obtaining the same
amount of repeated
observations over large
areas from traditional
surveys

Detection of rare species
which usually cannot be
sighted frequently

Sampling of remote areas,
extreme environments,

or at times that otherwise
would not be feasible

High-frequency
observations without

Taxonomic identification

is largely observer-
independent (but requires
accurate and unambiguous
taxonomies and reference
sequences)

Automated identification
allows dense
spatiotemporal sampling

Identification of
incomplete individuals
(e.g. from gut contents) or
immature life stages (e.g.
larvae, spores)

Identification of cryptic and

Fewer data providers
(primarily national

space agencies) make
coordination easier

and hence simplify the
acquisition of observations

Periodic and spatially
contiguous sampling at a
global scale

Less sovereign political
and policy barriers greatly
simplify the acquisition of
observations

Globally consistent data
collection

observer disturbance

N

inconspicuous organisms

/

Fig. 2. Emerging methods and technologies for data collection include citizen science, sensor networks, DNA-based techniques
and satellite remote sensing. They have several advantages over traditional i situ field surveys for collecting species distribution and
abundance data. The images are freely available at http://www.clipartpanda.com

Despite advantages, several problems exist with
DNA-based surveys. Common marker sequences (e.g. 18S,
28S and 16S rRNA genes, or the ribosomal internal
transcribed spacer) may not yield sufficient variation for
species identification. Mitochondrial genes (e.g. cytochrome
oxidase I) can identify species, but their use in large-scale and
long-term projects is constrained by tremendous variation
in primer use, amplification steps and sequencing platforms
(Bucklin et al, 2016). Most species also have insufficient
reference sequences in public archives such as GenBank,
and a universal taxonomic system that allows combining the
operational taxonomic units (OTUs) with the traditional
Linnacan names 1is still lacking (Kéljalg etal, 2016).
Nevertheless, DNA-based techniques have many advantages
for assessing species distributions when compared to
situ field observations, including identification of cryptic
organisms or incomplete individuals (Fig. 2).

(d) Satellite remote sensing

Satellite remote sensing can play a crucial role in building
EBV data products, including those on species distributions
and population abundances (Pereira etal., 2013; Skid-
more et al., 2015; Lausch et al., 2016; Pettorelli et al., 2016).
Nevertheless, measuring species distributions and population

abundances from satellite remote sensing has various restric-
tions when identifying individual plants or animals. One key
bottleneck is spatial resolution. For instance, the accurate
identification of individual animals such as large wildlife in
open savannah habitats (Yang et al., 2015) or penguins on
ice (Witharana & Lynch, 2016) requires very high-resolution
satellite images with a spatial resolution preferably below
1 m. However, such global remote-sensing products with
very high resolution are currently only available through
commercial satellite operators, and are costly. As new
spaceborne hyperspectral instruments become available,
species distribution monitoring from space will become
increasingly common and viable, especially for monitoring
plant species that characteristically dominate specific
vegetation types. The planned launches of next-generation
satellites such as EnMAP (http://www.enmap.org/) will
allow scaling up towards global monitoring.

Future research should widen the applications for
mapping species distributions and abundances from both
airborne and spaceborne spatial imagery to a larger number
of animal and plant species from diverse habitats and biomes.
This has several advantages compared to i situ observations,
including a much more consistent and contiguous data
collection at broad spatial scales (Fig. 2). With appropriate
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ground-truthing, this makes satellite remote sensing an ideal
method for understanding biodiversity change at national,
continental and global scales (Schimel, Asner & Moorcroft,

2013).

V. WORKFLOWS FOR BUILDING EBV DATA
PRODUCTS

(1) Importance of workflows for building EBV data
products

The overview in the previous section shows that building
EBV data products requires a substantial level of integra-
tion of data from a large and dispersed number of data
providers, as well as complex preparation and processing
steps. Historically, similar work has involved sets of com-
puter ‘scripts’. Often, these are implemented in a variety
of programming languages and executed via different user
interfaces, with non-automated tasks interspersed through-
out the process. However, for consistently producing and
replicating EBV data products it would be advantageous to
develop and preserve all data access, integration and pro-
cessing steps as an open-source and freely available service in
a workflow-oriented e-infrastructure that supports curation,
sharing and collaboration (Gardenfors et al., 2014; Enquist
et al., 2016; Hardisty et al., 2016; La Salle et al., 2016; Hugo
et al.,2017). The development of this kind of workflow in such
an environment not only supports the automation of routine
tasks, but also allows formation of analytical protocols that are
robust, transparent and reusable, thereby improving repro-
ducibility of ecological research (Borregaard & Hart, 2016).

Some individual workflows with relevance to abundance
and distribution data have already been developed. Examples
include occurrence retrieval and taxonomic data cleaning
and integration (Mathew et al., 2014) and creating, applying,
projecting and visualizing models for species distributions
and range shifts (De Giovanni et al., 2016). So far, these
individual workflows have not been exploited for EBV
production but they illustrate many of the important steps.
Here, we identify key workflow steps that are needed to build
EBYV data products on species distributions and population
abundances from multi-source data sets. We then show how
the previously mentioned projects (i.e. eBird, TEAM, LPI
and BALTIC) relate to these workflow steps. Finally, we
highlight legal and technical aspects that are important for
a workflow-oriented production of EBV data products at a
global scale.

(2) Workflow for building species distribution and
abundance EBV data products

It is possible to identify the most generic key steps of a
workflow system that allows the building of EBV data
products related to species distributions and abundances
(Fig. 3). This includes multiple sequential activities, such as
identification and aggregation of various raw data sources,
data quality control, including duplicate data checks and
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taxonomic name matching, and statistical modelling of
integrated data. We identified 11 workflow steps of key
relevance (Fig. 3) in relation to the three major types of EBV
data sets (Fig. 1). We discuss each step briefly below.

(a) EBV-useable data sets

The first series of workflow steps is aimed at gathering
EBV-useable data sets (orange in Fig. 3). This process begins
with identifying and importing the relevant raw data (step 1,
Fig. 3). For in situ species distribution and abundance data,
raw observations are currently mostly derived from natural
history collections, national and international monitoring
programs, or research surveys including those utilizing
citizen science. For some of these, the Global Biodiversity
Information Facility (GBIF) serves as a global aggregation
infrastructure that speeds up the discovery and retrieval
process. For a workflow implementation the available raw
data need to contain not only relevant measurements
on species distributions or abundances (e.g. opportunistic
mncidence records, checklists, density estimates), but also
accessible metadata (e.g. in relation to spatial and temporal
extent and resolution, measurement units, sampling strategy,
taxonomy) that facilitate an automatic and standardized
process of data extraction and processing (e.g. Fegraus ez al.,
2011).

In a second step, data-sharing agreements and licenses
(if available) must be checked and enforced (step 2, Fig. 3).
Not all data are freely available or useable, and some uses
may be restricted in certain contexts (e.g. commercial use)
or through certain conditions (e.g. requiring citation or
another form of attribution). While including standardized
and machine-readable data licenses would allow this step to
be integrated with step 1, machine-readable licenses are not
currently consistently applied to biodiversity data. Licenses
and other key considerations related to legal interoperability
are discussed below.

In a third step, a basic data consistency and completeness
check must be performed to identify whether the data are
complete and whether they have time formats, measurement
units, spatial information and species identity descriptors that
can be mapped to known standards (step 3, Fig. 3). This is
important because available data sets are often incomplete
or archived in a way that partially or entirely prevents their
reuse (Roche et al., 2015). These first three steps allow to
compile data into EBV-useable data sets for subsequent
processing in a standardized way.

(b) EBV-ready data sels

In the next sequence of workflow steps, harmonized
(EBV-ready) data sets can be produced that are standardized.
They will have undergone rudimentary quality control, with
corrections applied where relevant (green in Fig. 3). This
requires aggregation of data sets from different sources
(step 4, Tig. 3). Combining different types of data (e.g.
opportunistic population counts and population time series,
or population time series from different sources) into the
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Data sets with measurements and Harmonized data sets (common format, Data inter- or extrapolated, \
observation protocols in right format standardized units, quality-checked) or statistically analysed
EBV-useable EBV-ready Derived & modelled
data sets data sets EBV data

1. Identify and import raw data
and associated metadata

2. Check data-sharing agree-
ments and licenses

3. Check data completeness and
consistency (e.g. dates, units,
spatial information etc.)

BN 4. Combine and join data sets
from different sources

5. Match taxonomy

6. Check data quality and clean
data (errors, outliers, dupli-
cates etc.)

My 7.Check data coverage and fit
for purpose, create input files

8. Identify analysis tool (and
covariates if needed)

9. Apply statistical analysis

10. Calculate uncertainty

11. Visualize results

Fig. 3. Workflow steps of key relevance for building Essential Biodiversity Variable (EBV) data sets for species distributions and
abundances. The workflow steps are grouped into three major types of EBV data sets (see Fig. 1): EBV-useable data sets (orange),
EBV-ready data sets (green) and derived and modelled EBV data (blue). Each of the EBV data sets should ideally be published with

relevant metadata.

same EBV is not trivial because each data type represents
different sampling schemes, measurement units and spatial
and temporal resolutions. It might therefore be most feasible
to combine different data sets that have the same data type
or those collected for similar purposes.

Another key step is to match taxonomic names (Boyle ¢/ al.,
2013), e.g. to relate synonyms to accepted species names if
they derive from different taxonomic treatments (step 3,
Fig. 3). As a minimum, this requires standardized lists or
backbone taxonomies such as those from the Catalogue
of Life, the World Register of Marine Species, or those
directly maintained by specific research communities (e.g.
AmphibiaWeb, ReptileBase, Mammal Species of the World,
1Plant). Nevertheless, such a process can be complicated
(requiring additional tools) because of numerous taxonomic
revisions and inconsistencies over time. Tools such as
Avibase (Lepage et al., 2014), which provides taxon concept
mapping across different bird taxonomic resources, may
be particularly relevant, but are rare outside well-studied
taxonomic groups or geographic regions.

A data quality check and cleaning of data is then
needed (step 6, Fig.3). This includes identifying and

annotating errors, outliers, wrong identifications and

duplicates which may arise from merging heterogeneous
data sets (Fernandez et al., 2015; Meyer et al., 2016). Many
e-Science infrastructures have already developed tools for
cleaning and correcting outliers, errors and duplicates, e.g.
in relation to taxonomy and geo-referencing (Constable
et al., 2010; Kelling et al., 2011; Belbin et al., 2013; Enquist
etal., 2016; La Salle et al., 2016). Of course, not all issues
can be automatically detected or corrected, and community
assistance is needed to help improve the quality and cleaning
of the data (e.g. Constable et al., 2010; Kelling et al., 2011).
The six steps described above are fundamental for
producing EBV-useable and EBV-ready data sets (Fig. 3).

(¢) Derived and modelled EBV data products

A further set of workflow steps must be performed if EBVs
are being interpolated or extrapolated (e.g. for gap filling) or
further processed with specific analysis tools (blue in Fig. 3).
This requires checking data coverage and fitness for purpose,
and then creating input files for subsequent modelling (step
7, Fig. 3). This process should allow for the custom selection
of specific taxa or groups of taxa required for a particular
purpose, as well as the ability flexibly to aggregate data
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spatially into grid cells or temporally into time bands of a
specific resolution and extent.

The next workflow step is to choose an appropriate
analytical tool (e.g. a specific statistical model) and, if
required, relevant covariates (step 8, Iig. 3). This depends
on the type of data (e.g. presence-only, presence—absence,
abundance) and the specific purpose (e.g. inter- or
extrapolation, spatial prediction, temporal modelling of
occupancy). The choice can include various species
distribution, occupancy and abundance models (Fink et al.,
2010; Conn et al., 2015; Beaudrot ¢t al., 2016). For some (but
not all) model applications, various detection and habitat
covariates might be needed (Fink et al., 2010; Beaudrot ¢t al.,
2016).

The analytical tools can then be applied (step 9, Fig. 3).
A next step is to calculate and report uncertainty of the
analysis (step 10, Fig. 3). A final step of the workflow is to
generate visualizations that can be provided together with
the underlying data (step 11, Fig. 3). The last two steps might
not always be needed to produce a derived and modelled
EBV data product.

(d) Publishing EBV data products

Arelevant and important aspect of the workflow is to publish
the EBV data products and associated metadata (Fig. 3).
This should include not only the EBV data products but
also the raw data sets used (or links to them), the scripts,
analytical tools and software applied, machine-readable
workflow metadata, and licensing information. In addition,
dashboards with numbers and summary statistics, geospatial
layers, maps and animations for occurrence and abundance
predictions, predictive performance metrics and predictor
importance information for the covariates that were used
in the models, and conditions for reuse should also be
published. Each data product should have a persistent
identifier, such as a Digital Object Identifier (DOI), so
that it is traceable and provides appropriate credit (Hugo
etal, 2017). The content and structure of metadata
should be in a standardized form to allow accessibility
via machine-to-machine interactions, but this must still be
developed for EBV data products (see Section VI).

(3) Application of workflow to empirical examples

To demonstrate the application of the above-described
workflow, we investigated how the various workflow steps
have been implemented by eBird, TEAM, LPI and BALTIC
(Table 3) when applied to building EBV-useable and
EBV-ready data sets (Fig. 4) as well as derived and modelled
EBV data products (Fig. 5). A detailed description of the
workflow steps used in each of the projects is provided in
Appendix S1 Tables S1-S5.

The comparison of the generic workflow steps with those
realized in specific projects (Figs 4 & 5) largely demonstrated
congruency. All workflow steps for derived and modelled
EBYV data (Fig. 5) and most steps for building EBV-useable
and EBV-ready data sets were realized by these projects
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(Fig. 4). However, some of the generic workflow steps
for building EBV-useable and EBV-ready data sets — e.g.
the matching of taxonomic names (step 5) and data
quality-control procedures (step 6) — were implemented at
different points in the workflow (Fig. 4). Moreover, workflow
steps such as checking data-sharing agreements and licenses
(step 2) or combining data sets from different sources (step 4)
are often done by these projects before the EBV workflow
starts. For instance, data-sharing agreements and licenses
(step 2) were already arranged between data aggregators and
key data providers before step 1. This allowed the raw data
to enter the workflow, e.g. by agreeing to use data for all
non-commercial purposes or by signing specific data-sharing
agreements (Fig. 4).

Of key importance is the publication of data products
(Fig. 3). The eBird data (i.e. EBV-useable and EBV-ready
data sets) can be requested from the eBird portal (http://
ebird.org/ebird/data/download; this requires registration
and login). Additional bar charts, maps, graphs, tables
and visualization tools can also be explored (see http://
ebird.org/ebird/explore). For TEAM, the camera trap data
(i.e. EBV-useable and EBV-ready data sets) are publicly
available (http://www.teamnetwork.org/data/query) and
the modelled occupancy time series for each population
at cach site (i.e. derived & modelled EBV data) can be
downloaded (http://wpi.teamnetwork.org/wpi/dashboard).
The LPI provides the individual records for each time
series (Le. the EBV-useable data set) — excluding about
3000 time series with confidential data — through its data
portal (http://livingplanetindex.org/data_portal) as well as
with the latest publication (McRae et al., 2017) and as part
of the Living Planet Report (http://www.livingplanetindex
.org). All data used in BALTIC were downloaded from the
Swedish LifeWatch portal (Gardenfors et al., 2014) for marine
monitoring data (EBV-useable data set), while processed
data were stored in the data archives of Environment
Climate Data Sweden (https://ecds.se/ under file identifier:
ccc84507-49¢1-43df-9887-97d2232bcb89), including the
harmonized data (EBV-ready data set) and the statistically
analysed data (derived & modelled EBV data). Despite these
publishing efforts by all four projects, their data sets are
published in different ways, and limited consistency and
adoption of data and metadata standards is apparent.

(4) Legal interoperability in EBV workflows

The above-mentioned workflow assumes legal interoperabil-
ity, 1.e. a condition where: (z) the legal use conditions can
be clearly and readily determined for each data set; (i)
the legal use conditions for each data set allow for both
creation and use of combined, or derivative products; and
(u7) users can legally access and use each data set with-
out seeking authorization from data rights holders on a
case-by-case basis (RDA-CODATA Legal Interoperability
Interest Group, 2016). Legal interoperability is therefore an
important requirement for automated workflows and for the
successful development of EBV data products. However,
there are many cases where raw data and data sets might not

Biological Reviews (2017) 000—000 © 2017 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.


http://ebird.org/ebird/data/download
http://ebird.org/ebird/data/download
http://ebird.org/ebird/explore
http://ebird.org/ebird/explore
http://www.teamnetwork.org/data/query
http://wpi.teamnetwork.org/wpi/dashboard
http://livingplanetindex.org/data_portal
http://www.livingplanetindex.org
http://www.livingplanetindex.org
https://ecds.se

Building global EBVs

17

-

1. Identify and import raw
data and associated
metadata

Workflow steps

2. Check data-sharing
agreements and licenses

3. Check data completeness
and consistency (e.g.
dates, units, spatial
information etc.)

4. Combine and join
datasets from different
sources

5. Match taxonomy

6. Check data quality

outliers, duplicates etc.)

eBird

eBird checklists with metadata
from web portal

Project’s data is publicly available
for non-commercial use

All data passed through data-
quality filters based on historic
eBird data and expert opinion.
Unusual records are flagged for
further review

Data come from the same web
portal. No additional data joining
is needed at this stage

Taxonomy matches the annual
updates of the Clements checklist
(a globally standardized bird
taxonomy), done in step 1

Data quality checks done in step 3

TEAM

Camera trap images with metadata
from memory cards, initially
identified to species

Project’s data is publicly available
for non-commercial use

Each data set (site) is checked for
spatial and temporal consistency
and continuity, and whether
species are within their geographic
ranges

Data come from the same web
portal. No additional data joining
is needed at this stage

Taxonomy follows the IUCN Red
List and taxonomic matching is
doneinstep 1

Images of difficult-to-identify
species are shared with experts

LPI

Population time series with
metadata from literature, websites,
and online databases

Most raw data publically
available, otherwise data-sharing
agreements were signed

Basic quality checks (e.g.
consistency of method and survey
effort across time)

Data come from different studies
and sites, and are combined in one
database

Taxonomy follows IUCN Red List
except for mammals, taxonomic
matching is done in step 1

Data quality checks and removal of
duplicates done in step 3

~

Marine monitoring data with basic
metadata from web portal

BALTIC

Data are freely available from
the data aggregator, including
commercial use

Basic cleaning and formatting,
e.g. regarding latitude/longitude,
time format, tabular structure
with same headers, metadata
templates, etc.

Data come from the same web
portal. No additional data joining
is needed at this stage

Taxonomic names from Swedish
Taxonomic backbone (before step
1), matching with European Marine
Taxonomic backbone

Correction of location names and
mismatches in spatial coordinates

and clean data (errors,

/

Fig. 4. Workflow steps 1—6 in relation to four projects with Essential Biodiversity Variable (EBV)-relevant data products. The
workflow steps follow Iig. 3. Additional details about these projects are summarized in Table 3 and Appendix S1.

be ‘findable, accessible, interoperable and reusable’ (FAIR
principles; Wilkinson et al., 2016), and this can constrain legal
interoperability.

(a) Constraints on legal interoperability

Key constraints on legal interoperability emerge from
restrictions on data use, modification and sharing. For
instance, legal interoperability is constrained when data sets
are protected by different intellectual property rights (IPRs),
e.g. U.S. copyright law or E.U. Database protection. Other
restrictions on data access and re-use can come from national
security regulations, protection of endangered species, other
types of confidentiality, individual use agreements (e.g.
contracts, licenses and disclaimers) as well as incompatible
data policies of different data sets for the same species. In
many situations, individual researchers and research teams
act as if data were proprietary, and the use of data is not
necessarily designated as open. When data sets are made
accessible only on a case-by-case basis or if they are kept
secret, legal interoperability is not achievable.

Restrictions on data access, use and sharing therefore have
severe consequences for building EBV data products. For
mstance, including copyrighted or otherwise restricted raw

data in EBV data products can impede quality control, limit
data aggregation and restrict re-usability. Building EBV data
products that involve proprietary data or sensitive data (e.g.
because of threatened or endangered species) could lead to
situations where different results are produced by different
researchers. Moreover, legal interoperability becomes a key
issue when combining data from multiple sources because
the most restrictive access rights of an included data set will
dictate the access rights of the whole EBV data product.
Existing legal mechanisms therefore need to be promoted
and enforced to ensure open access and legal interoperability
(RDA-CODATA Legal Interoperability Interest Group,
2016).

(b) The need for common-use licenses

One of the most efficient approaches that help to assure legal
interoperability are common-use licenses. The best-known
set of common-use licenses are the Creative Commons (CC)
licenses (Carroll, 2006). Six CC licenses describe different
conditions for re-use, and one designation (CCO) supports
a full waiver of copyright in favour of placing work in
the public domain (Table 5). When combining data from
multiple sources with different CC licenses, the resulting EBV
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K Workflow steps
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A Bayesian occupancy model is
fitted using Monte Carlo Markov
Chain (MCMC) algorithms using
JAGS (Just Another Gibbs Sampler)

LPI
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Chain method (CM), generalized
additive model (GAM), mixed-
effects model; geographic,
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each time series, then either an
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or mixed-effects models are fitted
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~

BALTIC

Data filtering (annual, seasonal,
diurnal, depth slices, adults,
frequent species), averaging of
replicates

Summary statistics (mean,
min, max abundance as well as
abundance range), no covariates

Calculation of summary statistics

calendar year

Uncertainty is estimated by
randomly resampling training data
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and 90th percentiles are calculated
across ensembles of 100 local
models

10. Calculate uncertainty

Geospatial layers for occurrence
and abundance predictions, maps
and animations

11. Visualize results

N

The Bayesian model estimates
distributions of all parameters

Occupancy trend for each
population at each site, or as
combined occupancy trend using
the Wildlife Picture Index

change

Bootstrapping is used to produce
95% confidence intervals for
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uncertainty is propagated through
the time series

Uncertainty is not calculated

Boxplots showing abundance

Indices of abundance over time
trends over years

/

Fig. 5. Workflow steps 7—11 in relation to four projects with Essential Biodiversity Variable (EBV)-relevant data products. The
workflow steps follow Fig. 3. Additional details about these projects are summarized in Table 3 and Appendix S1.

data product will incorporate the accumulated restrictions
imposed by each source of data. Since not all licenses are
compatible with each other (Table 5), this can have severe
consequences for aggregating data from multiple sources. For
instance, if one data set licensed with CCO (i.e. placed in the
public domain) is combined with data licensed as CC BY (i.e.
attribution only) and also combined with data licensed as CC
BY-NC (i.e. with attribution and only for non-commercial
uses), then the resulting EBV data product will contain
the most stringent license type (here, CC BY-NC). This
is problematic because it limits the re-use of the EBV
data product by imposing conditions of attribution and
non-commercial use. Moreover, two of the six CC license
types are incompatible with each other because they do not
permit modification (Table 5).

Hence, the ideal data sets for building EBV products are
those in the public domain, with no restrictions on re-use
and attribution (i.e. no need to specify source and license). If
conditions for re-use are limited to attribution, the only legal
requirement will be to include sufficient metadata to indicate
the data source and the appropriate standardized license, if
one is needed. Two Creative Commons designations (CCO
and CC BY) are therefore recommended for denoting open
data (Table 5), while the remaining five impose restrictions

on re-use. International data-sharing principles, such as those
from the Group on Earth Observations (GEOSS, http://
www.earthobservations.org/dswg.php), endorse CCO and
CC BY. We recommend following this endorsement when
building EBV data products.

(5) Technical requirements for a workflow-oriented
production

There are multiple technical requirements related to a
workflow-oriented production of global EBV data products.
Interoperable computing infrastructure and promotion of
the development, sharing and use of workflows is needed
(Hardisty et al., 2013; Géardenfors etal, 2014; Kissling
etal, 2015; Enquist etal., 2016). This includes agreeing
and adopting appropriate structural formats for EBV data
products, for means of data storage and for the execution
and implementation of EBV workflows.

(@) Structural formats of EBV data products

The structure and format of the three types of EBV data
(EBV-useable data sets, EBV-ready data sets and derived and
modelled EBV data) must be further investigated. The format
and specification should facilitate interdisciplinary research
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Table 5. Overview of Creative Commons (CC) licenses and designations (https://creativecommons.org/) and their compatibility
when combining data from multiple sources. Combining data from multiple sources with different licenses will result in the most
stringent license type. Several licenses are compatible with each other, but those that do not permit modification are not compatible
with others. The most flexible is the CCO designation, which represents a full waiver of copyright in favour of placing work in the
public domain. For the building of Essential Biodiversity Variable data products, CC0 and CC BY are recommended because they
either impose no restrictions on re-use (GCCO) or only require attribution (CC BY)

[CC BY-NC]

modification; with attribution. Does

License symbol License name Description Compatible with
No Rights Reserved [CCO] Copyright holder chooses to opt out of Any
PUBLIC . . . .
copyright, placing work in the public
domain
Attribution [CC BY] Permits access and use; including Any
modification; for any purpose; with
¥ attribution
Attribution-ShareAlike [CC Permits access and use; including CCo, CC BY
BY-SA] modification; for any purposes; with
LA attribution. All derivative works must
use this license
Attribution-NonCommercial Permits access and use; including CCo, CC BY

Attribution-NonCommercial-

ShareAlike [CC BY-NC-SA]

Attribution-NoDerivs [CC
BY-ND]

Attribution-NonCommercial-
NoDerivs [CC BY-NC-ND]

not permit commercial use

Permits access and use; including
modification; with attribution. Does
not permit commercial use. All
derivative works must use this license

CCo, CC BY, CC BY-NC

Permits access and use; for any purpose; None
with attribution. Does not permit
modification

Permits access and use; with attribution. None

Does not permit modification; does
not permit commercial use

and other uses. It should allow manipulation by a wide range
of software tools and be accessible to a range of end users.
Many established file formats currently exist, including the
Darwin Core Archive (DwC-A) for raw data, the Network
Common Data Format (NetCDF) widely used in Earth
sciences and the Web Map Service (WMS) for geospatial
data (e.g. raster and vector) from the Open Geospatial
Consortium (OGC) (Hugo et al., 2017). GEO BON and the
wider scientific community (e.g. data producers and product
developers) should therefore develop recommendations and
agreements on the most appropriate data models and file
formats for EBV data products.

(b) Data storage

EBV data products must be stored and managed on a
long-term, semi-permanent basis. It is presently unclear
who can take the burden of the storage commitment, and
how this will be funded. The means of investment will
depend on whether the semi-permanent storage of EBV data
products will be done centrally (i.c. in a single repository,
perhaps with duplicated mirror sites) or as a network of
distributed, independent but interoperable storage services.
The GEO BON Secretariat may host a selection of derived
and modelled EBV data, but rely on partners such as
GBIF nodes to host other EBV data products, including
EBV-useable and EBV-ready data sets. Any large-scale

trusted data repository for EBV data products must offer
quality assurance as well as publishing and archival services
so that different Biodiversity Observation Networks (BON)
and other actors can contribute to, manage and publish
high-quality EBV data products.

(¢) Execution and implementation of workflows

Implementing the large-scale execution of workflows for EBV
data production requires appropriate computing infrastruc-
ture. This probably requires workflow management systems
that allow an automated execution of data-intensive scien-
tific workflows on distributed computing infrastructures by
multiple users (Deelman et al., 2009; Liu et al., 2015; Hardisty
et al., 2016). Since infrastructure providers want to be flexible
in terms of which computing environment and technologies
they use, a workflow solution neutral to specific hardware
architectures and execution models is needed. The particular
software for managing these workflows is less critical than
the use of a standard execution-independent mechanism of
workflow representation. An open question is who can take
on the responsibility and cost of implementing specific EBV
workflows. It is probably not the role of data publishers,
and few existing biodiversity research infrastructures are
currently well funded, sustained and able to do this.

Two basic options for the technical production cycle exist.
The first option is a ‘create-on-demand’ process that requires
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ready access to relevant raw data, the workflow and process-
ing capacity at any time of interest. It requires that the source
data for computing EBV data products are compliant with
technical and semantic interoperability standards to allow
on-demand machine translation and mapping of algorithms.
The second option is a periodic and systematic production
of EBV data products (e.g. annually). This reflects that EBV
data products are published/archived as an ever-extending
data archive that can be consulted for a specific place or area
of interest (local, regional, national) at the time of interest.
The differences between create-on-demand and periodic
systematic production are fundamental for how the technical
production processes are defined, how infrastructures are
organized and how access and use permissions for raw data
are handled. A mixture of both approaches may be needed,
e.g. with the GEO BON Data Portal hosting periodic EBV
data products, but on-demand EBV data products being
hosted/offered by GEO BON partners.

VI. METADATA AND DATA-SHARING
STANDARDS

(1) The need for standardized metadata to describe
EBYV data products

The development of EBV data products from multi-source
observation data in a workflow-oriented e-infrastructure
depends on standardized metadata to make data findable,
accessible, interoperable and reusable (FAIR principles;
Wilkinson et al., 2016). When a community agrees to such
standardization efforts, the result is consistently presented
information that can be searched using known terms.
Together with controlled vocabularies (i.e. carefully selected
lists of words and phrases) and ontologies (i.e. formal
statements of relationships among concepts represented by
vocabulary terms) this facilitates sharing and discovery of
biodiversity data because it allows consistency for inter-
operability and machine reasoning (Thessen & Patterson,
2011; Michener & Jones, 2012). The ideal metadata for
assessing fitness-for-purpose of potential EBV-useable data
sets (¢f. Fig. 3) would provide information about the extent,
resolution, measurement units and uncertainties of spatial,
temporal and taxonomic data dimensions. This would
allow machine-readable discovery and aggregation of large
numbers of candidate data sets (Wilkinson et al, 2016).
For a data set to be considered EBV-ready (see Fig. 3),
its structure needs to be transformed and harmonized
into interoperable formats and units. Furthermore, the
often-complex workflows required to consistently reproduce
derived and modelled EBV data products (see Fig. 3) must
document data provenance, i.e. a record of the data’s origin
and what has been done with it. This includes recording
the modelling and processing steps in a consistent manner.
Below, we provide a brief assessment of the current state
of the art by highlighting current standards and common
formats for sharing biodiversity data.
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(2) Current standards for sharing biodiversity data

To date, there is no agreed schema for documenting EBV
data products, but there are many ongoing efforts that can
facilitate the capture of metadata for ecological data (e.g.
Michener et al., 1997; Fegraus et al., 2005; Wieczorek et al.,
2012; Walls etal, 2014). Here, we summarize the most
relevant existing standards related to species distribution and
abundance EBVs (Table 6).

(@) The Darwin Core standard and the Event Core

The Darwin Core (DwC) provides a set of terms that
facilitate the exchange of information about the occurrence of
organisms in nature and the resulting specimens in biological
collections (Wieczorek et al., 2012). As originally conceived,
it is a data and metadata standard for reporting incidental
observations or specimens (summarized under ‘opportunistic
incidence records’ in Section IV.1). To help organize the
169 terms currently in the standard, these are grouped into
several categories or classes. A list of terms and descriptions
is available at http://rs.tdwg.org/dwc/terms/.

Until recently, the DwC has been insufficient to provide
detailed reporting on many aspects of inventories because
no DwC terms existed to report the scope, effort and
completeness of surveys (which is critical information for
assessing potential absence of species). New DwC terms
have begun to close these gaps, including better capture
of quantities found within sampling units. These include
biomass or number of individuals as proxies of abundance,
capture of sample effort reporting and identifiers relating
parent—child relationships between events to represent
hierarchical sampling designs.

In addition, a new organization of the data in the DwC
has recently been proposed that is particularly suitable for
EBV data products. The vast majority of records in DwC
format are ‘occurrence core’ records that have broad use
for reporting opportunistic incidence records in that pro-
file format. However, there is now the possibility to make
the ‘event’ the core, and to place occurrence records as
related to that event (Wieczorek et al., 2014). This enables
data holders to share structured survey data such as popu-
lation time series or presence—absence data (GEO BON,
2016), for instance through GBII’s Integrated Publish-
ing Toolkit (IPT) (http://www.gbif .org/sites/default/files/
gbif__IPT-sample-data-primer_en.pdf). However, standard
details about sampling method and effort are not required
in these ‘Event Core’ fields. One possible option is to utilize
extensions for various kinds of inventories, with the caveat
that this may create new challenges with heterogeneous data
and interpretation. In sum, new models of publishing bio-
diversity data extend the DwC approach from its basis in
reporting opportunistic incidence records to more structured
surveys with detailed methods and abundance data.

(b) The Ecological Metadata Language
The Ecological Metadata Language (EML) is an extensive

metadata standard for environmental data sources
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Table 6. A list of the most relevant existing standards related to species distribution and abundance Essential Biodiversity Variables
(EBVs). The relevance of each standard is highlighted for different types of EBV data sets (see EBV workflow in Fig. 3). The first
three standards are more focal to species distribution and abundance data and do not cover derived and modelled data.

Relevance for EBV data sets

EBV-useable and Derived and
Standard Explanation EBV-ready data sets modelled EBV data
Simple Darwin Core Used to standardize occurrence records (e.g. X —
DwC) opportunistic incidence records) or taxon
checklists
Darwin Core ‘event’ Used to report sampling events and associated X —
taxa or recovered specimens
Humboldt Core A detailed specification for reporting inventory X —
process and type, including scope, method and
completeness assessment
Biocollections Ontology An ontology for representing sampling processes X X
BCO) for biological data, including inventory
processes
Ecological Metadata A broad standard and language for reporting X X
Language (EML) information about data sets coming from
ecological studies
Extensible Observation OBOE is a broad ontology for reporting X X
Ontology (OBOE) and observations and measurements of entities from
Observations and evidence, along with context O&M has a
Measurements (O&M) similar remit with application focus for sensor
networks
ISO 19115 A standard for describing spatial and temporal
distribution of digital geographic data
ISO 19157 A standard for reporting geographic data quality
including outputs from processing steps of
geographic input data
PROV A broad family of recommendations to report and X X

exchange provenance information of digital

data objects

(Michener et al., 1997; Jones et al., 2001; Michener & Jones,
2012). It uses controlled vocabularies (i.e. predefined,
authorized terms) and specifically targets long-term
observation data. Some EML modules describe the data set’s
spatial, temporal and taxonomic coverage, and since these
metadata elements can be accessed at the data discovery
stage, powerful filtering becomes possible (e.g. based on
taxonomic criteria without downloading and inspecting
large data sets). Other EML modules describe methods and
protocols of sampling or processing or contain information
on responsible persons and organizations, software resources,
or access rules. EML metadata and DwC data files can be
bundled into DwC archives, which are self-describing zip
files produced during data publication. These are ultimately
harvested by data aggregators such as GBIF. For this, data
publishers use EML standard fields to describe ownership,
creation and licensing (Robertson ez al., 2014).

(¢) Other specifications and standards

A number of other specifications and standards can serve
the need for metadata associated with EBV workflows.
Several ontologies have been developed with the aim of
improving data aggregation and integration across the

biodiversity domain, including the Biological Collections
Ontology (BCO) (Walls et al., 2014), the Population and
Community Ontology (PCO) (Walls etal, 2014), the
Environmental Ontology (ENVO) (Buttigieg et al., 2016)
and genomic standards such as the Minimum Information
about any (x) Sequence (MIxS) (Yilmaz et al., 2011). For
i situ biotic inventory processes, the Humboldt Core
provides a vocabulary for describing spatial, temporal,
environmental and taxonomic information (https://mol
.org/humboldtcore/). It includes methodology and effort
reporting and a way to assess how a survey and
inventory was performed and what was collected (e.g.
abundance information and how it was recorded). Other
ontologies for describing observations and measurements
based on digital or material sample evidence include the
Observation and Measurements ontology (O&M) and the
Extensible Observation Ontology (OBOE) (Table 6). For
Earth observation data, the ISO 19115/19157 metadata
standard allows detailed documentation of spatial and
temporal data characteristics, measurement units, legal and
licensing restrictions, data quality and provenance. The ISO
standard is widely used to describe satellite products and
other environmental data, and is a core component of the
Global Earth Observing System of Systems (GEOSS). These
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standard reporting mechanisms may themselves be linked
to general models for provenance such as PROV (Missier,
Belhajjame & Cheney, 2013) to assure both human and
machine-readable information about provenance.

(3) Metadata standards for EBV data products

Practical integration of the above-mentioned standards must
still be achieved in the context of the species distribution
and abundance EBVs. Lack of such integration was
evident when investigating the four example projects (see
Section V). However, aggregators such as GBIF already
provide workflow services that utilize community-developed
standards for expression of occurrence data, e.g. by creating
a centralized resource in DwC format with additional
complementary metadata files in EML (Robertson et al.,
2014). This includes the steps needed to produce EBV-ready
data sets (workflow steps 4—6 in Fig. 3), e.g. to combine
and join data sets of opportunistic incidence records using a
shared taxonomic backbone, and with capacity to perform
geographic quality checks (e.g. Otegui & Guralnick, 2016).
The recent extension of DwC terms and new publishing
mechanisms for an ‘event core’ further extend the DwC
ability to serve multi-species distribution and abundance data
from surveys, monitoring networks and other inventories.

There has been no focus so far on standard metadata
approaches for derived and modelled EBV data products.
ISO 19115/19157 can provide a suitable starting point
for these modelling steps as it has flexible and exten-
sive provenance options for describing (in a structured,
machine-readable format) how a data set was generated (e.g.
algorithms, inputs, outputs and processing steps). Such an
approach allows development of reproducible workflows for
EBYV products, especially if standardized identifiers and con-
trolled vocabularies are used (Guralnick et al., 2015). EML
can also provide a detailed description of methods applied
to data, but this is currently done via an unstructured textual
description and not via controlled vocabularies. Semantically
rich approaches such as the BCO and the PCO (see Section
VI.2¢) that focus on inputs and outputs as part of workflow
steps could further be useful for the EBV production chain.

In an EBV workflow, uncertainties in terms of data, model
algorithms and parameters must be effectively characterized
and reported. These can come from heterogencous data
that vary in spatial, temporal and taxonomic dimensions
(Table 1). Such uncertainties can propagate and reverberate
through the EBV production chain. They must be
clearly quantified, described and ultimately controlled. For
traditional geospatial metadata, ISO 19157 explicitly allows
various facets of data uncertainty to be captured. This could
be particularly relevant if metadata documents are to be
linked to modelled and derived EBV data products (see
Fig. 3). When the ISO standard is combined with other
controlled vocabularies (e.g. Yang et al., 2013), detailed
quantitative reports of errors can be constructed in a
machine-readable form. This would allow the propagation
of statistical uncertainty information throughout the EBV
workflow to be recorded.
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VII. CONCLUSIONS

(1) In this review, we have provided a first overview
about how to operationalize the EBV concept for species
distribution and abundance data at a global scale. We
discussed (¢) important data and tools for building EBV
data products, (i) the potential for a workflow-oriented
production of EBVs, and (iiz) relevant standards for capturing
consistent machine-readable metadata to drive interop-
erability. We also addressed several challenges associated
with building global EBV data products from multi-source
data sets in a workflow-oriented e-infrastructure. Many of
these topics reflect aspects of the ‘Big Data’ challenge in
biodiversity science today.

(2) Building global EBV data products on species
distributions and abundances requires multiple data sets
on presence (and absence) or population size of species to
be combined and harmonized. This can be achieved by
developing workflows that take multiple sequential activities
into account, including identification and aggregation of
various raw data sources, data quality control, taxonomic
name matching and statistical modelling of integrated
data. All data access, integration and processing steps
should be provided as an open and free service in a
workflow-oriented e-infrastructure that supports curation,
sharing and collaboration. We urge funding agencies to
provide financial resources that support the building of EBV
data products, the implementation and development of EBV
workflows, and the coordination and cooperation of research
infrastructures to achieve these goals.

(3) Harmonizing data from opportunistic records and
counts, presence—absence data, repeated surveys and popu-
lation time series will be a major step towards building global
EBV data products of species distribution and abundance.
Combining such heterogeneous, multi-source data sets across
space, time, taxonomy and different sampling methods
requires the development of tools and models for data and
model integration. Key scientific issues include correcting for
imperfect detection, dealing with different spatial resolution
and extents, harmonizing measurement units from different
data sources, applying methods for spatial inter- or extrapo-
lation and developing tools for quantifying and propagating
sources of uncertainty in data and models. We recommend
that innovation in this field is promoted by developing meth-
ods and tools that support harmonization and integration
of disparate raw observations into EBV-useable, EBV-ready
and derived and modelled EBV data products.

(4) The identification of key workflow steps is highly
relevant for building global EBV data products. This helps
to establish analytical protocols that are robust, transparent
and reusable, thereby improving reproducibility of ecological
research. Existing projects, research infrastructures and
citizen science efforts already operationalize many generic
workflow steps. We demonstrate that the identified workflow
steps are applicable to both the terrestrial and aquatic systems
and a broad range of spatial, temporal and taxonomic scales.
Nevertheless, these workflow steps still must be integrated
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or combined for global EBV data production. It is therefore
imperative to develop and implement such analytical
protocols and workflows in a sustained e-infrastructure that
allows global EBV data production.

(5) In line with the FAIR principles (Wilkinson et al., 2016),
itis of vital importance to document metadata with controlled
vocabularies and ontologies and to improve (meta-)data
standards and procedures for building global EBV data
products. Metadata should capture information about the
extent, resolution, measurement units and uncertainties of
the spatial, temporal and taxonomic data dimensions, as well
as conditions for data access and use. They should further
describe the provenance of EBV data products with metadata
on modelling and processing steps. Data standards already
provide means to share and discover data sets and their
properties. Although no specific metadata standards and
information models have yet been developed specifically for
EBVs, recent developments on biodiversity data standards
are particularly suitable for building EBV data products on
species distribution and abundance. Engagement with the
existing bio-geospatial standards communities can catalyse
progress towards an information model that allows semantic
interoperability for integrating multi-source data sets when
building global EBV data products.

(6) Building reliable and representative global EBV
data products requires filling of data gaps in geographic,
temporal and taxonomic coverage. This necessitates a
renewed effort in data mobilization and expanding existing
biodiversity-monitoring initiatives worldwide, including
citizen science projects. In addition, field observations on
species distributions and population abundances need to be
supplemented with data from sensor networks, DNA-based
techniques and satellite remote sensing. New computing
infrastructure as well as storage capacity is needed for
processing, building and storing such EBV data products.
Agreement is also needed on the most effective and efficient
data structures and representation formats.

(7) Building global EBV data products from multiple
sources will benefit from open data or data that are
free from restrictions on use, modification and sharing.
Governmental mechanisms, such as intergovernmental
agreements, as well as national legislation, regulations,
or policies and non-governmental mechanisms such as
‘common-use’ licenses or simple normative (versus legal)
agreements need to be promoted and enforced to ensure
open access and legal interoperability. An important step is
the endorsement of the CCO designation and C.C BY license
when building EBV data products. Any restrictions on re-use
and attribution will affect the processing of multi-source data
sets in a workflow-oriented e-infrastructure and constrain the
usefulness of EBV data products for science and policy advice.

VIII. ACKNOWLEDGEMENTS

This paper emerged from the first two workshops of the
Horizon 2020 project GLOBIS-B (GLOBal Infrastructures

23

for Supporting Biodiversity research; http://www.globis-
b.eu/). We thank Carsten Meyer and one anonymous
reviewer for constructive comments on a previous version,
Jacco Konijn for administrative support, Jan van Arkel for
graphical support, and Jérg Freyhof, Renato De Giovanni,
Ligiang Ji, Francisco Hernandez, Dimitris Koureas, Jesus
Marco de Lucas, David Manset, Jeffrey Manuel, Eise
van Maanen and John W. Watkins for discussions during
the workshops. We are grateful to Jorg Ireyhof, Helen
Matthey, the Group on Earth Observations Biodiversity
Observation Network (GEO BON) and the German Centre
for Integrative Biodiversity Research (1Div) for hosting our
first workshop in Leipzig, Germany, from 29 February to 2
March 2016. We further thank Antonio Torralba Silgado,
Juan Miguel Gonzalez Aranda, Jesus Miguel Santamaria,
Clara Lujan, Alfonso Herrera, the University of Seville,
and the Joint Research Unit LifeWatch Spain-JRU LW.ES
for supporting our second workshop in Sevilla, Spain,
from 13—15 June 2016. Financial support came from the
European Commission (grant 654003). C. A. additionally
received funding from the LifeWatchGreece infrastructure
(MIS 384676), funded by the Greek Government under
the General Secretariat of Research and Technology
(GSRT), ESFRI Projects and National Strategic Reference
Framework (NSRF). M. O. was supported by the Swedish
LifeWatch project funded by the Swedish Research Council
(Grant no. 829-2009-6278), and J.E. by the Australian
Research Council (grant FT0991640).

IX. REFERENCES

References marked with asterisk have been cited within the supporting information.

AHUMADA, J. A., HurTADO, J. & L1zcaNo, D. (2013). Monitoring the status and
trends of tropical forest terrestrial vertebrate communities from camera trap data: a
tool for conservation. PLoS ONE 8, €73707.

Amano, T., LAMMING, J. D. L. & SUTHERLAND, W. J. (2016). Spatial gaps in global
biodiversity information and the role of citizen science. Bioscience 66, 393 -400.

AvLAGAs, E., BORJA, A. & RODRIGUEZ-EZPELETA, N. (2014). Environmental status
assessment using DNA metabarcoding: towards a genetics based marine biotic index
(gAMBI). PloS One 9, €90529.

AzAELE, S., MARITAN, A., CORNELL, S. J., SUWEIS, S., BANAVAR, J. R., GABRIEL,
D. & KuNiN, W. E. (2015). Towards a unified descriptive theory for spatial ecology:
predicting biodiversity patterns across spatial scales. Methods in Ecology and Evolution
6, 324-332.

BeALE, C. M. & LENNON, J. J. (2012). Incorporating uncertainty in predictive species
distribution modelling. Philosophical Transactions of the Royal Society B: Biological Sciences
367,247-258.

BEAUDROT, L., AHUMADA, J. A., O’BRIEN, T., ALVAREZ-LOAYZA, P., BOEKEE, K.,
CAMPOS-ARCEIZ, A., EICHBERG, D., EsPINOsA, S., FEGRAUS, E., FLETCHER, C.,
GajapeRrsAD, K., Harram, C., HURTADO, J., JANSEN, P. A., KUMAR, A, etal.
(2016). Standardized assessment of biodiversity trends in tropical forest protected
areas: the end is not in sight. PLoS Biology 14, ¢1002357.

BrGoN, M., TowNSEND, C. R. & HARPER, J. L. (2006). Ecology: From Individuals to
Fcosystems, Fourth Edition. Blackwell Publishing, Malden.

BELBIN, L., DALy, J., HirscH, T., HOBERN, D. & LASALLE, J. (2013). A specialist’s
audit of aggregated occurrence records: an ‘aggregator’s’ perspective. Jookeys 305,
67-76.

BickNELL, A. W. J., GODLEY, B. J., SHEEHAN, E. V., VOTIER, S. C. & WiTT, M. J.
(2016). Camera technology for monitoring marine biodiversity and human impact.
Frontiers in Ecology and the Environment 14, 424—432.

BojiNskI, S., VERSTRAETE, M., PETERSON, T. C., RICHTER, C., SIMMONS, A. &
Zemp, M. (2014). The concept of essential climate variables in support of climate
research, applications, and policy. Bulletin of the American Meteorological Society 95,
1431-1443.

Biological Reviews (2017) 000—000 © 2017 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.


http://www.globis-b.eu/
http://www.globis-b.eu/

24

BOrRREGAARD, M. K. & HART, E. M. (2016). Towards a more reproducible ecology.
Ecography 39, 349—353.

BourirAT, S. J., BOrJA, A, GILBERT, J., TAYLOR, M. 1., DaviEs, N., WEISBERG,
S. B., GrirriTH, J. F., LETTIERI, T., FIELD, D., BENZIE, J., GLOCKNER, F.
O., RopriGUEZ-EZPELETA, N., FarTH, D. P., BEAN, T. P. & OBSsT, M. (2013).
Genomics in marine monitoring: new opportunities for assessing marine health
status. Marine Pollution Bulletin 74, 19—-31.

BowsSER, A, WIGGINS, A. & STEVENSON, R. (2013). Data Policies for Public Participation
in Scientific Research: A Primer. DataONE, Albuquerque.

BovLg, B, Hopkins, N, Lu, Z., RAYGOzA GARAY, J. A,, MozzHERIN, D, REES, T,
Martasci, N., Narro, M. L, P1er, W. H., MckAy, S. J., LOWRY, S., FREELAND,
C., PreT, R. K. & EnquisT, B. J. (2013). The taxonomic name resolution service:
an online tool for automated standardization of plant names. BMC Bioinformatics 14,
16.

Buckranp, S. T., REXsTaD, E. A., MARQUES, T. A. & OEDEKOVEN, C. S. (2015).
Distance Sampling: Methods and Applications. Springer, Cham.

Buckranp, S. T., STUDENY, A. C., MAGURRAN, A. E., ILLIAN, J. B. & NEWSON, S.
E. (2011). The geometric mean of relative abundance indices: a biodiversity measure
with a difference. Ecosphere 2, 1-15.

BuckuiN, A., LINDEQUE, P. K., RODRIGUEZ-EzPELETA, N., ALBAINA, A. &
LenTINIEMI, M. (2016). Metabarcoding of marine zooplankton: prospects, progress
and pitfalls. Journal of Plankton Research 38, 393—400.

BurTon, A. C., NEILSON, E., MOREIRA, D., LADLE, A., STEENWEG, R., FISHER,
J. T., BAYNE, E. & BouTtin, S. (2015). Wildlife camera trapping: a review and
recommendations for linking surveys to ecological processes. Journal of Applied Ecology
52,675-685.

BuTcHART, S. H. M., WALPOLE, M., COLLEN, B., VAN STRIEN, A., SCHARLEMANN,
J. P. W, ALmonp, R. E. A, BaiLLig, J. E. M., BomHARD, B., BROwN, C.,
BruNO, J., CARPENTER, K. E., CARR, G. M., CHANSON, J., CHENERY, A. M.,
CSIRKE, J., etal. (2010). Global biodiversity: indicators of recent declines. Sczence
328, 1164-1168.

BuTTIGIEG, P. L., PariLis, E., LEwis, E. S., SCHILDHAUER, M. P., WaLLs, R. L. &
MuncaLr, C. J. (2016). The environment ontology in 2016: bridging domains with
increased scope, semantic density, and interoperation. Journal of Biomedical Semantics
7,1-12.

CARROLL, M. W. (2006). Creative commons and the new intermediaries. Michigan State
Law Review 45, 45—65.

CeBALLOS, G., EHRLICH, P. R., BARNOSKY, A. D., GARCIA, A., PRINGLE, R. M. &
PALMER, T. M. (2015). Accelerated modern human—induced species losses: entering
the sixth mass extinction. Science Advances 1, €1400253.

CHANDLER, M., SEE, L., Copras, K., BONDE, A. M. Z., LOPEZ, B. C., DANIELSEN, F.,
LEGIND, J. K., MASINDE, S., MILLER-RUSHING, A. ., NEWMAN, G., ROSEMARTIN,
A. & Turak, E. (in press). Contribution of citizen science towards international
biodiversity monitoring. Biological Conservation https://doi.org/10.1016/j.biocon
.2016.09.004.

CHAVE, J. (2013). The problem of pattern and scale in ecology: what have we learned
in 20 years? Fcology Letters 16, 4—16.

CoLLEN, B. E. N., Lon, J., WHITMEE, S., McRAE, L., AMIN, R. & BAILLIE, J. E.
M. (2009). Monitoring change in vertebrate abundance: the Living Planet Index.
Conservation Biology 23, 317—327.

ConN, P. B, Jounson, D. S., Hokr, J. M. V., HooTeN, M. B., LoNDON, J. M. &
BoVENG, P. L. (2015). Using spatiotemporal statistical models to estimate animal
abundance and infer ecological dynamics from survey counts. Ecological Monographs
85, 235-252.

CoNsTABLE, H., GURALNICK, R., WIECZOREK, J., SPENCER, C., PETERSON, A. T.
& The VertNet Steering Committee (2010). VertNet: a new model for biodiversity
data sharing. PLoS Biology 8, ¢1000309.

CouLson, T., CatcHPOLE, E. A., ALBON, S. D., MORGAN, B. J. T., PEMBERTON,
J. M., CLutToN-BrOCK, T. H., CRAWLEY, M. J. & GRENFELL, B. T. (2001). Age,
sex, density, winter weather, and population crashes in Soay sheep. Science 292,
1528-1531.

CREER, S., DEINER, K., FREY, S., PORAZINSKA, D., TABERLET, P., THOMAS, W. K.,
PorTERr, C. & Bix, H. M. (2016). The ecologist’s field guide to sequence-based
identification of biodiversity. Methods in Ecology and Evolution 7, 1008—1018.

DeeLmaN, E., GannoN, D., SHieLps, M. & TAYLOR, L. (2009). Workflows and
e-science: an overview of workflow system features and capabilities. Future Generation
Computer Systems 25, 528—540.

DE Grovanni, R., Wirriams, A. R., ErnsT, V. H., KuLawik, R., FERNANDEZ, F.
Q. & HARDISTY, A. R. (2016). ENM components: a new set of web service-based
workflow components for ecological niche modelling. FEeography 39, 376—-383.

DICKINSON, J. L., ZUCKERBERG, B. & BONTER, D. N. (2010). Citizen science as an
ecological research tool: challenges and benefits. Annual Review of Ecology, Evolution,
and Systematics 41, 149—172.

Evurrn, J. & Leatawick, J. R. (2009). Species distribution models: ecological
explanation and prediction across space and time. Annual Review of Ecology, Evolution,
and Systematics 40, 677—697.

EnquisT, B. J., ConprT, R., PEET, R. K., SCHILDHAUER, M. & THIERS, B. M. (2016).
Cyberinfrastructure for an integrated botanical information network to investigate

W. Daniel Kissling and others

the ecological impacts of global climate change on plant biodiversity. Peerf Preprints
4, ¢2615v2.

FrGraus, E. H., ANDELMAN, S., JoNEs, M. B. & SCHILDHAUER, M. (2005).
Maximizing the value of ecological data with structured metadata: an introduction
to Ecological Metadata Language (EML) and principles for metadata creation.
Bulletin of the Ecological Society of America 86, 158—168.

FeGraus, E. H., LIN, K., AHUMADA, J. A,, BAru, C., CHANDRA, S. & Youn, C.
(2011). Data acquisition and management software for camera trap data: a case
study from the TEAM Network. Ecological Informatics 6, 345—353.

FERNANDEZ, M., Navarro, L. M., Apraza-QUEVEDO, A., GALLEGOS, S.
C., MArQuUES, A., ZamBrRANA-TOrRrRELIO, C., Worr, F., Hamirton, H.,
AGUILAR-KIRIGIN, A. ], AGUIRRrE, L. F., ALVEAR, M., Aparicio, J,
APAZA-VARGAS, L., ARELLANO, G., ArRMIJO, E., etal. (2015). Challenges and
opportunities for the Bolivian Biodiversity Observation Network. Biodiversity 16,
86-98.

*FIng, D., Damouras, T., Bruns, N. E., LA SortTe, F. A, HOCHACHKA,
W. M., Gomgs, C. P. & KELLING, S. (2014). Crowdsourcing meets ecology:
hemisphere-wide spatiotemporal species distribution models. A7 Magazine 35, 19— 30.

Fink, D., HocHAcHkA, W. M., ZUCKERBERG, B., WINKLER, D. W., SHABY, B,
MunsoN, M. A., HOOKER, G., RiEDEWALD, M., SHELDON, D. & KELLING, S.
(2010). Spatiotemporal exploratory models for broad-scale survey data. Ecological
Applications 20, 2131 -2147.

GARDENFORS, U., JONssON, M., Osst, M., WrREMP, A. M., KinpvALL, O. &
NILssoN, J. (2014). Swedish LifeWatch — a biodiversity infrastructure integrating
and reusing data from citizen science, monitoring and research. Human Computation
1, 147-163.

GEIJZENDORFFER, I. R., REGAN, E. C., PEREIRA, H. M., BROTONS, L., BRUMMITT, N.,
GavisH, Y., HaAsk, P, MARTIN, C. S., MIHOUB, J.-B., SECADES, C., SCHMELLER,
D. S, StoLL, S., WETZEL, F. T. & WALTERS, M. (2016). Bridging the gap between
biodiversity data and policy reporting needs: an essential biodiversity variables
perspective. Journal of Applied Ecology 53, 1341-1350.

GELMAN, A., CARLIN, J., STERN, H., DuNnsoN, D., VEHTARI, K. & RuBIN, D. (2013).
Bayesian Data Analysis, Third Edition. Chapman and Hall, Boca Raton.

GEO BON (2016). The Event Core: Moving Beyond Presence-only Data. Group on Earth
Observations Biodiversity Observation Network (GEO BON) Secretariat, Leipzig.

*GORrsKy, G., Ouman, M. D.; PicHERAL, M., GASPARINI, S., STEMMANN, L.,
RoMAGNAN, J.-B., CAwooD, A., PESANT, S., GARcia-Comas, C. & PREJGER, F.
(2010). Digital zooplankton image analysis using the ZooScan integrated system.
Journal of Plankton Research 32, 285—303.

GUILLERA-ARROITA, G. (2017). Modelling of species distributions, range dynamics
and communities under imperfect detection: advances, challenges and opportunities.
Ecography 40, 281295,

GUILLERA-ARROITA, G., LAHOZ-MONFORT, ]. J., ELITH, J., GORDON, A., KUujaLA,
H., LenTINI, P. E., McCaRrRTHY, M. A., TINGLEY, R. & WINTLE, B. A. (2015).
Is my species distribution model fit for purpose? Matching data and models to
applications. Global Ecology and Biogeography 24, 276—292.

GURALNICK, R. P., CELLINESE, N., DECK, J., PyLE, R. L., KUNZzE, J., PENEV, L.,
WaLts, R., HAGEDORN, G., AcosTI, D., WIECZOREK, J., CATAPANO, T. & PAGE,
R. (2015). Community next steps for making globally unique identifiers work for
biocollections data. Jookeys 494, 133—154.

GuURALNICK, R. P., Wikczorek, J., Beaman, R., Himans, R. J. & The
BioGeomancer Working Group (2006). BioGeomancer: automated georeferencing
to map the world’s biodiversity data. PLoS Biology 4, ¢381.

HAMPTON, S. E., STRASSER, C. A., TEWKSBURY, J. J., GRam, W. K., BUDDEN, A. E.
& BATCHELLER, A. L. (2013). Big data and the future of ecology. Frontiers in Ecology
and the Environment 11, 156—162.

HarpIsTY, A, ROBERTS, D. & The Biodiversity Informatics Community (2013). A
decadal view of biodiversity informatics: challenges and priorities. BMC' Ecology 13,
16.

HArDISTY, A. R., BacaLL, F., BEARD, N., BALCAZAR-VARGAS, M.-P., BALECH,
B., BArRCZA, 7., BOURLAT, S. J., DE GilovanNI, R., DE JoNG, Y., DE Lro, F.,
DoBogr, L., DonviTO, G., FELLOWS, D., GUERRA, A. F., FERREIRA, N, etal.
(2016). BioVelL.: a virtual laboratory for data analysis and modelling in biodiversity
science and ecology. BMC Ecology 16, 49.

HosEerN, D., AposToLico, A., ARNAUD, E., BELLO, J. C., CaNHOS, D., DUuBoIs,
G., FieLp, D., Garcia, E. A., HarpisTy, A., HARrrIsON, J., HEIDORN, B.,
KrisnTALKA, L., MaTA, E., PAGE, R., PARR, C., PRICE, J. & WILLOUGHBY,
S. (2013). Global Biodiversity Informatics Outlook: Delivering Biodiversity Knowledge in the
Information Age. GBIF Secretariat, Copenhagen.

HocHacHkA, W. & FINK, D. (2012). Broad-scale citizen science data from checklists:
prospects and challenges for macroecology. Frontiers of Biogeography 4, 150—154.

Huco, W., HoBerN, D., KoLjALG, U., TuaMA, E. O. & SAARENMAA, H. (2017).
Global infrastructures for biodiversity data and services. In The GEO Handbook on
Biodiversity Observation Networks (eds M. WALTERS and R. J. SCHOLES), pp. 259-291.
Springer International Publishing, Cham.

IPBES (2016). In Summary for policymakers of the methodological assessment of scenarios and models
of biodiversity and ecosystem services of the Intergovernmental Science-Policy Platform on Biodiversity
and Ecosystem Services. (eds S. FERRIER, K. N. NINAN, P. LEADLEY, R. ALKEMADE, L.

Biological Reviews (2017) 000—000 © 2017 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.


https://doi.org/10.1016/j.biocon.2016.09.004
https://doi.org/10.1016/j.biocon.2016.09.004

Building global EBVs

A. AcosTa, H. R. AkgarAYA, L. BRoTONS, W. W. L. CHEUNG, V. CHRISTENSEN,
K. A. HarHasH, J. KABUBO-MARIARA, C. LuNDQUIST, M. OBERSTEINER, H.
PEREIRA, G. PETERSON, R. PicHS-MADRUGA, N. RAVINDRANATH, (. RONDININT
and B. A. WINTLE). Secretariat of the Intergovernmental Science-Policy Platform
on Biodiversity and Ecosystem Services, Bonn.

Isaac, N.J. B. & Pocock, M. J. O. (2015). Bias and information in biological records.
Biological Journal of the Linnean Society 115, 522—531.

JanseN, P. A, AHumADA, J. A., FEGRAUS, E. & O’BrIeN, T. (2014). TEAM: a
standardised camera trap survey to monitor terrestrial vertebrate communities in
tropical forests. In Camera Trapping: Wildlife Research and Management (eds P. MEEK and
P. FLEMING), pp. 263—270. CSIRO Publishing, Collingwood.

JEeLiazrov, A, Bas, Y., KerBir1OU, C., JULIEN, J.-F., PENONE, C. & LE Vior, L.
(2016). Large-scale semi-automated acoustic monitoring allows to detect temporal
decline of bush-crickets. Global Ecology and Conservation 6, 208—218.

JETZ, W., MCPHERSON, J. M. & GURALNICK, R. P. (2012). Integrating biodiversity
distribution knowledge: toward a global map of life. Trends in Ecology & Evolution 27,
151-159.

Jongs, M. B., BErRxLEY, C., BoJiLOVA, J. & SCHILDHAUER, M. (2001). Managing
scientific metadata. IEEE Internet Computing 5, 59—68.

Kays, R., Croroor, M. C., Jerz, W. & WIKELSKI, M. (2015). Terrestrial animal
tracking as an eye on life and planet. Science 348, aaa2478.

Kays, R., KRANSTAUBER, B., JANSEN, P., CARBONE, C., ROWCLIFFE, M., FOUNTAIN,
T. & TiLak, S. (2009). Camera traps as sensor networks for monitoring animal
communities. In 2009 IEEE 34th Conference on Local Computer Networks, pp. 811-818.
Ziirich, Switzerland.

KE1L, P., WiLsoN, A. M. & JeTz, W. (2014). Uncertainty, priors, autocorrelation and
disparate data in downscaling of species distributions. Diversity and Distributions 20,
797-812.

KELLING, S., FINK, D., LA SORTE, F. A, JOHNSTON, A., BRUNS, N. E. & HOCHACHEKA,
W. M. (2015). Taking a ‘Big Data’ approach to data quality in a citizen science
project. Ambio 44, 601-611.

KeLLING, S., Yu, J., GERBRACHT, J. & WoNG, W. K. (2011). Emergent filters:
automated data verification in a large-scale citizen science project. In 2011 IEEE
Seventh International Conference on e-Science Workshops (eScienceW), pp. 20—27. Stockholm,
Sweden.

K&ry, M. & ScHAUB, M. (2012). Bayesian Population Analysis using WinBUGS. A Hierarchical
Perspective. Academic Press, Burlington.

KissLING, W. D. (2015). Animal telemetry: follow the insects. Science 349, 597.

KissLiNnG, W. D., HArDISTY, A., GARCIA, E. A., SANTAMARIA, M., DE LEO, F.,
PrsoLE, G., FREYHOF, J., MANSET, D., WisskL, S., Kon1jN, J. & Los, W. (2015).
Towards global interoperability for supporting biodiversity research on essential
biodiversity variables (EBVs). Biodiversity 16, 99—107.

vAN KLEUNEN, M., Dawson, W., EssL, F., PERGL, J., WINTER, M., WEBER,
E., Krert, H., WEIGELT, P., KARTESZ, J., NIsHINO, M., ANTONOVA, L. A,
BARCELONA, J. F., CaBEzas, I. J., CARDENAS, D., CARDENAS-TORO, ]J., ctal.
(2015). Global exchange and accumulation of non-native plants. Nature 525,
100-103.

Kovjare, U, TEDERSOO, L., NiLssoN, R. H. & Aarenkov, K. (2016). Digital
identifiers for fungal species. Science 352, 1182—1183.

LA SALLE, J., WiLL1AMS, K. J. & MoRr1TZ, C. (2016). Biodiversity analysis in the digital
era. Philosophical Transactions of the Royal Society B: Biological Sciences 371, 20150337.
LauscHh, A., BANNEHR, L., BEckmann, M., BoeawMm, C., FEILHAUER, H., HACKER,

J. M., HEuricH, M., JuNG, A., KLENKE, R., NEUMANN, C., PAUSE, M., RocCHINI,
D., ScnaEpmaN, M. E., SCHMIDTLEIN, S., ScHuLz, K., SELSAM, P., SETTELE, J.,
SKIDMORE, A. K. & Corp, A. I. (2016). Linking Earth Observation and taxonomic,
structural and functional biodiversity: local to ecosystem perspectives. Ecological

Indicators 70, 317—339.

LEPAGE, D., VAIDYA, G. & GURALNICK, R. (2014). Avibase — a database system for
managing and organizing taxonomic concepts. Jookeys 420, 117-135.

Leray, M. & KNowLTON, N. (2016). Censusing marine eukaryotic diversity in the
twenty-first century. Philosophical Transactions of the Royal Society B: Biological Sciences
371, 20150331.

Liu,J., PacrTT, E., VALDURIEZ, P. & MATTOSO, M. (2015). A survey of data-intensive
scientific workflow management. Journal of Grid Computing 13, 457—493.

Lomn, J., GrREEN, R. E., RickerTs, T., LAMOREUX, J., JENKINS, M., Karos, V. &
RANDERS, J. (2005). The Living Planet Index: using species population time series
to track trends in biodiversity. Philosophical Transactions of the Royal Society B: Biological
Sciences 360, 289-295.

LomoriNno, M. V., RippLE, B. R., WHITTAKER, R. J. & Brown, J. H. (2010).
Biogeography. Sinauer Associates, Sunderland.

MacKenzig, D. I, NicHows, J. D., RoYLE, J. A., PoLLock, K. H., BaiLey, L. L.
& HinNgs, J. E. (2006). Occupancy Estimation and Modeling. Elsevier Academic Press,
Amsterdam.

MatHEw, C., GONTsCH, A., OBsT, M., Vicario, S., HAaNEs, R., WiLLIAMS, A.,
DE JONG, Y. & GOBLE, C. (2014). A semi-automated workflow for biodiversity data
retrieval, cleaning, and quality control. Biodiversity Data Journal 2, e4221.

McGeocH, M. A., BUTCHART, S. H. M., SPEAR, D., MARrATIs, E., KLEYNHANS, E. J.,
SyMES, A., CHANSON, J. & HorFMANN, M. (2010). Global indicators of biological

25

invasion: species numbers, biodiversity impact and policy responses. Diversity and
Distributions 16, 95—108.

MCcRAE, L., DEINET, S. & FREEMAN, R. (2017). The diversity-weighted living planet
index: controlling for taxonomic bias in a global biodiversity indicator. PLoS One 12,
€0169156.

MENG, Q,, Liu, Z. & BORDERs, B. E. (2013). Assessment of regression kriging for
spatial interpolation — comparisons of seven GIS interpolation methods. Cartography
and Geographic Information Science 40, 28—39.

MEYER, C., KrEFT, H., GURALNICK, R. & JETZ, W. (2015). Global priorities for an
effective information basis of biodiversity distributions. Nature Communications 6, 8221.

MEYER, C., WEIGELT, P. & KrEFT, H. (2016). Multidimensional biases, gaps and
uncertainties in global plant occurrence information. Feology Letters 19, 992-1006.

MICHENER, W. K., BRUNT, J. W., HELLY, J. J., KIRCHNER, T. B. & STAFFORD, S. G.
(1997). Nongeospatial metadata for the ecological sciences. Ecological Applications 7,
330-342.

MicHENER, W. K. & JoNEs, M. B. (2012). Ecoinformatics: supporting ecology as a
data-intensive science. Trends in Ecology & Evolution 27, 85—93.

Millennium Ecosystem Assessment (2005). Ecosystems and Human Well-Being: Biodiversity
Synthesis. World Resources Institute, Washington.

MissiERr, P., BELHAJjAME, K. & CHENEY, J. (2013). The W3C PROV family of
specifications for modelling provenance metadata. In Proceedings of the 16th International
Conference on Extending Database Technology, pp. 773—776. ACM, Genoa.

NewsoLrD, T., Hupson, L. N., ARNELL, A. P., ConTU, S., DE PALMA, A., FERRIER,
S., Hiur, S. L. L., Hoskins, A. J., Lysenko, I, PaiLLips, H. R. P., BURTON, V.
J., Cane, C. W. T, EMERSON, S., Gao, D., Pask-HALE, G., etal. (2016). Has
land use pushed terrestrial biodiversity beyond the planetary boundary? A global
assessment. Science 353, 288—291.

Nicnous, J. D. (1992). Capture-recapture models. BioScience 42, 94—102.

NicHoLs, J. D, BAILEY, L. L., O’CoNNELL, A. F. Jr., TaraNncy, N. W., CAMPBELL
GraNT, E. H., GILBERT, A. T., ANNAND, E. M., HusanD, T. P. & HiNEs, J.
E. (2008). Multi-scale occupancy estimation and modelling using multiple detection
methods. Journal of Applied Ecology 45, 1321—1329.

O’BrieN, T. G., BaILLIg, J. E. M., KRUEGER, L. & CUKE, M. (2010). The wildlife
picture index: monitoring top trophic levels. Animal Conservation 13, 335—343.

OTtEGUL J. & GURALNICK, R. P. (2016). The geospatial data quality REST API for
primary biodiversity data. Buinformatics 32, 1755—-1757.

PAGEL, J., ANDERSON, B. J., O’HArA, R. B., CRaAMER, W., FOox, R., JELTSCH, ., ROY,
D. B, THoMAs, C. D. & SCHURR, F. M. (2014). Quantifying range-wide variation
in population trends from local abundance surveys and widespread opportunistic
occurrence records. Methods in Fcology and Fvolution 5, 751—760.

PereIRA, H. M., BELNAP, J., Boum, M., BRumMITT, N., GARCIA-MORENO, J.,
GREGORY, R., MARTIN, L., PENG, C., PROENCA, V., SCHMELLER, D. & VAN
Swaay, C. (2017). Monitoring essential biodiversity variables at the species level.
In The GEO Handbook on Biodiversity Observation Networks (eds M. WALTERS and R. J.
SCHOLES), pp. 79-105. Springer International Publishing, Cham.

PeREIRA, H. M., FERRIER, S., WALTERS, M., GELLER, G. N., JoNnGmAN, R. H.
G., ScHoLes, R. J., BRurorp, M. W., BRummITT, N., BUTCHART, S. H. M.,
CarDOs0, A. C., Coors, N. C., DuLLoo, E., Farth, D. P., FREYHOF, ]., GREGORY,
R.D., etal. (2013). Essential biodiversity variables. Science 339, 277—278.

PerREIRA, H. M., Navarro, L. M. & MARTINs, 1. S. (2012). Global biodiversity
change: the bad, the good, and the unknown. Annual Review of Environment and
Resources 37, 25—50.

PeETERSON, A. T., SOBERON, ]J., PrarsoN, R. G., ANDERsON, R. P,
MARTINEZ-MEYER, E., NAKAMURA, M. & ArAUJO, M. B. (2011). Ecological Niches
and Geographic Distributions. Princeton University Press, Princeton.

PeTTORELLI, N., WEGMANN, M., SKIDMORE, A., MUCHER, S., Dawson, T. P.,
FerNnANDEZ, M., Lucas, R., ScHagpman, M. E.; Wang, T., O’CoNNOR, B.,
JonemaNn, R. H. G., KEMPENEERS, P., SONNENSCHEIN, R., LEIDNER, A. K.,
Bonm, M., et al. (2016). Framing the concept of satellite remote sensing essential
biodiversity variables: challenges and future directions. Remote Sensing in Ecology and
Conservation 2, 122—131.

PoLLARD, E. & YaTEs, T. J. (1993). Monitoring Butterflies_for Ecology and Conservation: The
British Butterfly Monitoring Scheme. Chapman & Hall, London.

PORTER, J., ARZBERGER, P., BRAUN, H.-W., BRYANT, P., GAGE, S., HANSEN, T\,
Hanson, P., LiN, C.-C., LiN, F.-P., KraTz, T., MICHENER, W., SHAPIRO, S. &
WiLLIaMms, T. (2005). Wireless sensor networks for ecology. BioScience 55, 561-572.

Ports, J. M. & EriTh, J. (2006). Comparing species abundance models. FEcological
Modelling 199, 153—163.

PrROENCA, V., MARTIN, L. J., PEREIRA, H. M., FERNANDEZ, M., MCRAE, L., BELNAP,
J., Bonm, M., BRUMMITT, N., GARCIA-MORENO, J., GREGORY, R. D., HONRADO,
J. P., JURGENS, N., OPIGE, M., SCHMELLER, D. S., Tiaco, P. & VAN Swaay,
C. A. M. (in press). Global biodiversity monitoring: from data sources to essential
biodiversity variables. Biological Conservation https://doi.org/10.1016/j.biocon.2016
.07.014.

RDA-CODATA Legal Interoperability Interest Group (2016). Legal interoperability
of research data: principles and implementation guidelines (eds P. UHLIR and G.
CLEMENT), p. 41. Research Data Alliance, New York.

Biological Reviews (2017) 000-000 © 2017 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.


https://doi.org/10.1016/j.biocon.2016.07.014
https://doi.org/10.1016/j.biocon.2016.07.014

26

Rercuman, O. J., JoNes, M. B. & SCHILDHAUER, M. P. (2011). Challenges and
opportunities of open data in ecology. Science 331, 703-705.

RoBERTSON, T., DORING, M., GURALNICK, R., BLoOoM, D., WIECZOREK, J., BRAAK,
K., OTEGUL, ., RUSSELL, L. & DESMET, P. (2014). The GBIF Integrated Publishing
Toolkit: facilitating the efficient publishing of biodiversity data on the internet. PLoS
One 9, ¢102623.

RocHE, D. G., KrRuuk, L. E. B., LANFEAR, R. & BINNING, S. A. (2015). Public
data archiving in ecology and evolution: how well are we doing? PLoS Biology 13,
€1002295.

RovLE, J. A. & Dorazio, R. M. (2009). Hierarchical Modeling and Inference in Feology:
The Analysis of Data fiom Populations, Metapopulations and C: ]
London.

SAUER, J. R, LINK, W. A., FALLON, J. E., PARDIECK, K. L., DAVID, J. & ZIOLKOWSKI,
J-(2013). The North American Breeding Bird Survey 1966201 1: summary analysis
and species accounts. North American Fauna 79, 1-32.

ScHIMEL, D. S., AsNER, G. P. & MOORCROFT, P. (2013). Observing changing
ecological diversity in the Anthropocene. Frontiers in Ecology and the Environment 11,
129-137.

SCHMELLER, D. S., MIHOUB, J.-B., BOWSER, A., ARVANITIDIS, C., COSTELLO, M.
J., FERNANDEZ, M., GELLER, G. N., HOBERN, D., KissLING, W. D., REGAN, E.,
SAARENMAA, H., TURAK, E. & Isaac, N. J. B. (in press). An operational definition of
essential biodiversity variables. Biodiversity and Conservation. https://doi.org/10.1007/
s10531-017-1386-9.

ScHMELLER, D. S., WEATHERDON, L. V., Lovau, A., BoNDEAU, A., BROTONS, L.,
BrRUMMITT, N., GEIJZENDORFFER, L. R., HAASE, P., KUEMMERLEN, M., MARTIN,
C. S., MiHOUB, J.-B., RoccHINI, D., SAARENMAA, H., STOLL, S. & REGAN, E.
C. (2017). A suite of essential biodiversity variables for detecting critical biodiversity
change. Biological Reviews https://doi.org/10.1111/brv.12332.

SCHURR, F. M., PAGEL, J., CABRAL, J. S., GROENEVELD, J., Bykova, O., O'HARA,
R. B., HarTIG, F., KissLiNG, W. D., LINDER, H. P., MIDGLEY, G. F., SCHRODER,
B., SINGER, A. & ZIMMERMANN, N. E. (2012). How to understand species’ niches
and range dynamics: a demographic research agenda for biogeography. Journal of
Biogeography 39, 2146-2162.

SEGATA, N., BOERNIGEN, D., TickrE, T. L., MorGaN, X. C., GARRETT, W. S. &
HUTTENHOWER, C. (2013). Computational meta’omics for microbial community
studies. Molecular Systems Biology 9, 666.

SKIDMORE, A. K., PETTORELLI, N., Coops, N. C., GELLER, G. N., HANSEN, M.,
Lucas, R., MUcHER, C. A., O’CoNNOR, B., PAcaniNi, M., PEREIRA, H. M.,
ScHAEPMAN, M. E., TURNER, W., WANG, T. & WEGMANN, M. (2015). Agree on
biodiversity metrics to track from space. Nature 523, 403-405.

STEPHENS, P. A, Mason, L. R., GReEN, R. E.; GREGORY, R. D., SAUER, J. R.,
ALISON, J., AUNINS, A., BRoTONS, L., BuTcHarT, S. H. M., CAMPEDELLI, T,
Cnopokiewicz, T., CHYLARECKIL, P., CROWE, O., ELTs, J., ESCANDELL, V., et al.
(2016). Consistent response of bird populations to climate change on two continents.
Science 352, 84—87.

STEPHENSON, P. J., BRoOKks, T. M., BurcHART, S. H. M., FEGRAUS, L., GELLER,
G. N, Hort, R., HuTTON, J., KINGSTON, N., LONG, B. & MCRAE, L. (2017).
Priorities for big biodiversity data. Frontiers in Ecology and the Environment 15, 124—125.

StorcH, D., MARQUET, P. A. & BROWN, J. H. (2007). Scaling Biodiversity. Cambridge
University Press, Cambridge.

SULLIVAN, B. L., AYCRIGG, J. L., BARRY, J. H., BONNEY, R. E., BRUNS, N., COOPER,
C. B., Damoutras, T., DHONDT, A. A., DIETTERICH, 1., FARNSWORTH, A., FINK,
D., FITZPATRICK, J. W., FREDERICKS, T., GERBRACHT, J., GOMEs, C., ct al. (2014).
The eBird enterprise: an integrated approach to development and application of
citizen science. Biological Conservation 169, 31—40.

*SuLLIVAN, B. L., Woob, C. L., ILi¥r, M. J., BoNNEY, R. E., FINK, D. & KELLING,
S. (2009). eBird: a citizen-based bird observation network in the biological sciences.
Biological Conservation 142, 22822292,

THESSEN, A. E. & PATTERSON, D. J. (2011). Data issues in the life sciences. Jookeys
150, 15-51.

TrrTeENsor, D. P., WarrorLe, M., HiLr, S. L. L., Bovce, D. G., BRITTEN, G.
L., Burcess, N. D., BurcHAarT, S. H. M., LEADLEY, P. W, REGAN, E. C.,
ALKEMADE, R., BAUMUNG, R., BELLARD, C., BouwMAN, L., BOWLES-NEWARK,
N. J., CHENERY, A. M., etal. (2014). A mid-term analysis of progress toward
international biodiversity targets. Science 346, 241244

Turak, E., BraziLr-Boast, J., Coonky, T., DrieLsma, M., DeraCruz, J.,
DUNKERLEY, G., FERNANDEZ, M., FERRIER, S., GILL, M., JoNEs, H., KOEN,
T., LEys, J., McGEOCH, M., MIHOUB, J.-B., SCANES, P., et al. (inpress a). Using the
essential biodiversity variables framework to measure biodiversity change at national
scale. Biological Conservation https://doi.org/10.1016/j.biocon.2016.08.019.

Turak, E., HArRrisoN, 1., DupGeoN, D., ABeLL, R., BusH, A., DARwALL, W.,
Finvayson, C. M., FERRIER, S., FREYHOF, J., HERMOSO0, V., Jurre-BiGNoLL, D.,

es. Academic Press,

(Recewed 27 January 2017; revised 4 July 2017; accepted 5 July 2017 )

W. Daniel Kissling and others

LINKE, S., NEL, J., PaTrICIO, H. C., PITTOCK, ]., etal. (inpress b). Essential
biodiversity variables for measuring change in global freshwater biodiversity.
Biological Conservation https://doi.org/10.1016/j.biocon.2016.09.005.

WaLts, R. L., DECK, J., GURALNICK, R., BASKAUF, S., BeamaN, R., BLum, S.,
Bowers, S., Burticiec, P. L., Davies, N.,; ENDRESEN, D., GaNporro, M.
A., HANNER, R., JANNING, A., KRISHTALKA, L., MATSUNAGA, A., etal. (2014).
Semantics in support of biodiversity knowledge discovery: an introduction to the
Biological Collections Ontology and related ontologies. PLoS One 9, ¢89606.

WIECZOREK, J., BANKI, O., BLuM, S., DECK, J., DORING, M., DROGE, G., ENDRESEN,
D., GOLDSTEIN, P., LEARY, P., KRISHTALKA, L., Tuama, L. O., RoBBINS, R. J.
ROBERTSON, T. & YiLMAz, P. (2014). Meeting Report: GBIF Hackathon-workshop
on Darwin Core and sample data (2224 May 2013). Standards in Genomic Sciences 9,
585-598.

WIECZOREK, J., BLoom, D., GURALNICK, R., BLuM, S., DORING, M., GIOVANNI,
R., RoserTsoN, T. & Viecrais, D. (2012). Darwin Core: an evolving
community-developed biodiversity data standard. PLoS ONE 7, ¢29715.

WILKINSON, M. D., DUMONTIER, M., AALBERSBERG, . J., APPLETON, G., AXTON,
M., BAAK, A., BLOMBERG, N., BOITEN, J.-W., DA S1LVA SANTOS, L. B., BOURNE, P.
E., BouwMAN, J., BROOKES, A. J., CLARK, T., CROsAs, M., DiLLO, L, et al. (2016).
The FAIR Guiding Principles for scientific data management and stewardship.
Sctentific Data 3, 160018.

WiTHARANA, C. & Ly~ncH, H. (2016). An object-based image analysis approach for
detecting penguin guano in very high spatial resolution satellite images. Remote Sensing
8, 375.

*Woob, C., SULLIVAN, B, IL1FF, M., FINK, D. & KELLING, S. (2011). ¢Bird: engaging
birders in science and conservation. PLoS Biology 9, ¢1001220.

YANG, X., BLOWER, J. D., BASTIN, L., LUsH, V., ZABALA, A., MASO, ]., CORNFORD,
D., Diaz, P. & LumspekN, J. (2013). An integrated view of data quality in earth
observation. Philosophical Transactions of the Royal Society A: Mathematical, Physical and
Engineering Sciences 371, 20120072,

YANG, Z., WANG, T., SKIDMORE, A. K., bE LEEUW, J., SAID, M. Y. & FREER, ].
(2015). Spotting east African mammals in open savannah from space. PLoS ONE 9,
e115989.

YiLmaz, P., Kortmann, R, F1ELD, D., KNIGHT, R., COLE, J. R., AMARAL-ZETTLER,
L., GiLeerT, J. A., KarscH-MizracHI, L., JoHNSTON, A., COCHRANE, G.,
VAuGHAN, R., HUNTER, C., PARK, J., MORRISON, N., ROCCA-SERRA, P,
etal. (2011). Minimum information about a marker gene sequence (MIMARKS)
and minimum information about any (x) sequence (MIxS) specifications. Nature
Biotechnology 29, 415—420.

*ZUCKERBERG, B., FINK, D., LA SorTE, F. A., HocHACHKA, W. M. & KELLING,
S. (2016). Novel seasonal land cover associations for eastern North American
forest birds identified through dynamic species distribution modelling. Diversity and
Distributions 22, 717-730.

X. SUPPORTING INFORMATION

Additional supporting information may be found in the
online version of this article.

Appendix S1. Information on projects.

Table S1. Principal steps of the information supply chain
to build Essential Biodiversity Variable (EBV) data sets as
applied to the Baltic Sea zooplankton monitoring (BALTIC)
data set with indication of abundance records and taxa
available for trend analysis.

Table S2. Detailed description of workflow steps used in the
eBird project.

Table S3. Dectailed description of workflow steps used in
the Tropical Ecology Assessment and Monitoring (TEAM)
project.

Table S4. Detailed description of workflow steps used in the
Living Planet Index (LPI) project.

Table S5. Detailed description of workflow steps used in the
Baltic Sea zooplankton monitoring (BALTIC) project.

Biological Reviews (2017) 000—000 © 2017 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.


https://doi.org/10.1007/s10531-017-1386-9
https://doi.org/10.1007/s10531-017-1386-9
https://doi.org/10.1111/brv.12332
https://doi.org/10.1016/j.biocon.2016.08.019
https://doi.org/10.1016/j.biocon.2016.09.005

