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Abstract Human-driven global change is causing ongoing declines in biodiversity

worldwide. In order to address these declines, decision-makers need accurate assessments

of the status of and pressures on biodiversity. However, these are heavily constrained by

incomplete and uneven spatial, temporal and taxonomic coverage. For instance, data from
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regions such as Europe and North America are currently used overwhelmingly for large-

scale biodiversity assessments due to lesser availability of suitable data from other, more

biodiversity-rich, regions. These data-poor regions are often those experiencing the

strongest threats to biodiversity, however. There is therefore an urgent need to fill the

existing gaps in global biodiversity monitoring. Here, we review current knowledge on best

practice in capacity building for biodiversity monitoring and provide an overview of

existing means to improve biodiversity data collection considering the different types of

biodiversity monitoring data. Our review comprises insights from work in Africa, South

America, Polar Regions and Europe; in government-funded, volunteer and citizen-based

monitoring in terrestrial, freshwater and marine ecosystems. The key steps to effectively

building capacity in biodiversity monitoring are: identifying monitoring questions and

aims; identifying the key components, functions, and processes to monitor; identifying the

most suitable monitoring methods for these elements, carrying out monitoring activities;

managing the resultant data; and interpreting monitoring data. Additionally, biodiversity

monitoring should use multiple approaches including extensive and intensive monitoring

through volunteers and professional scientists but also harnessing new technologies.

Finally, we call on the scientific community to share biodiversity monitoring data,

knowledge and tools to ensure the accessibility, interoperability, and reporting of biodi-

versity data at a global scale.

Keywords Biodiversity monitoring � Paraecologists � Citizen science � Remote

sensing � New technologies
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17 Muséum National d’Histoire Naturelle, Département Ecologie et Gestion de la Biodiversité, UMR
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Introduction

Human-driven global change is causing ongoing declines in biodiversity worldwide, as

shown in recent assessments of progress towards international biodiversity policy targets

(e.g. Convention on Biological Diversity (CBD); Butchart et al. 2010; Tittensor et al.

2014). However, these assessments were constrained by incomplete and uneven spatial,

temporal and taxonomic coverage of the underlying biodiversity data. For instance, data

from Europe and North America contribute disproportionately to such assessments (e.g.,

the Living Planet Index (LPI): see Collen et al. 2009; Loh et al. 2005; Pereira et al. 2010).

While improvements in the calculation of the LPI have been made to address the bias

towards more developed countries (McRae et al. 2016), suitable data is still lacking in the

most biodiversity-rich areas, where the strongest negative pressures often occur (McRae

et al. 2012). Effective capacity building is therefore essential to fill data gaps in these

regions systematically (Böhm and Collen 2015). These data gaps are similar across ter-

restrial, freshwater and marine systems. For example, ocean sampling shows a strong bias

in sampling effort and data availability towards temperate regions in the northern hemi-

sphere (www.iobis.org, Mora et al. 2008; Costello et al. 2017). Despite freshwater and

terrestrial systems being more accessible to humans than most ocean environments, and

terrestrial species monitoring in particular having a long-standing history (Marsh and

Trenham 2008; Schmeller 2008; Schmeller et al. 2012a), biases towards temperate

Northern hemisphere regions persist here as well.

There are many obstacles to developing monitoring capacity at the global scale (Sch-

meller et al. 2015). Other than in a few localized areas, the current state of biodiversity

monitoring is not sufficient to detect the trends and status of most species and habitats or

for attributing drivers to these trends (Hoffmann et al. 2014). Baseline information is

currently lacking for many species and habitats, particularly in the marine realm (Lotze and

Worm 2009) and within lower trophic levels. In order to obtain best possible data on the

status and trends of biodiversity and the pressures affecting it, a cross-scale perspective

(local to global) is needed to devise, deliver, and support capacity building in biodiversity

monitoring across systems (terrestrial, freshwater, marine), geographic regions, and taxa

(Schmeller et al. 2015). Such efforts are also important to support international conser-

vation policy by providing coherent, standardized, and harmonized global data sets

(Schmeller and Bridgewater 2016). The Global Earth Observation System of Systems

(GEOSS) aims to fill knowledge gaps in earth observation by linking up existing resources

and facilitating the creation of new monitoring initiatives (Conference of Parties COP 10

decision X/7; http://www.cbd.int/decision/cop/?id=12273). GEOSS is being developed by

the Group on Earth Observation (GEO). The Group on Earth Observation—Biodiversity

Observation Network (GEO BON) is one of nine societal-benefit areas under GEO and is

the main global facilitator network for biodiversity monitoring. GEO BON is focused on

building capacity and facilitating the tracking of biodiversity change in the context of

progress towards global biodiversity policy targets, thus allowing the evaluation of the

current status and future trends of global biodiversity. The efforts to implement GEO BON

have been recognized as important by the Parties to the Convention on Biological Diversity

(COP 9 decision IX/15; http://www.cbd.int/decision/cop/default.shtml?id=11658) and by

the Intergovernmental Platform on Biodiversity and Ecosystem Services (IPBES).

Here, we develop a framework for capacity building in biodiversity monitoring. We

define capacity building within the context of biodiversity monitoring and as outlined by

the Convention on Biological Diversity (CBD). We review how the type of monitoring
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program may affect on-the-ground capacity building in terrestrial, freshwater, and marine

systems. We summarize current strategies for identifying and prioritizing global biodi-

versity monitoring that could be utilized by Biodiversity Observation Networks (BONs) to

drive capacity building efforts. Our goal is to identify capacity building activities which

will ultimately allow data from various national monitoring programs, regional biodiver-

sity observation networks (RBONs), and global NGOs to be combined into coherent

datasets to assess the status and trends of biodiversity, and the drivers of biodiversity

change, across the world (Schmeller et al. 2015).

A capacity building framework in biodiversity monitoring

Capacity building constitutes an integral part of the CBD and is featured in the original text

of the convention as well as in the Aichi Biodiversity Targets under Strategic Goal E

(‘Enhance implementation through participatory planning, knowledge management, and

capacity building’; Böhm and Collen 2015). While not properly defined, the term—as used

in the CBD context—includes the training of, and knowledge exchange between, people

and the strengthening of institutions (Korn et al. 2004). Therefore, capacity building

includes wide-ranging activities, such as holding workshops, training courses, and con-

ferences; creating and disseminating publications; facilitating data management and

sharing; finding funding; and sourcing of technology to build the strength of research

institutions, government organizations, and non-governmental organizations. Different

capacity building activities are likely to reach different audiences and across different

spatial scales. For example, some activities aim at distributing knowledge to large audi-

ences (one-to-many flow of capacity) across large geographical scales (e.g., via dissemi-

nation of knowledge in literature through open access publishing, web-based learning,

conferences), while others directly target (sometimes one-to-one) audiences in specific

locations (e.g., through workshops, correspondence, and mentoring schemes; Böhm and

Collen 2015). Here, we make use of this wide definition of capacity building and consider

both institutional and people-based capacity building, including the management of Big

Biodiversity Data (Hardisty and Roberts 2013; Hoffmann et al. 2014) and the mobilization

of monetary resources to build new monitoring capacities in the most biodiversity-rich

regions (Pereira et al. 2010).

There are six steps to implementing biodiversity monitoring: (i) identifying monitoring

questions and aims; (ii) identifying the key components, functions, and processes to

monitor and the precision (e.g., sample size) required to answer the questions identified in

step (i); (iii) identifying the most suitable monitoring methods for these elements, (iv),

carrying out monitoring activities; (v) managing the resultant data; and (vi) interpreting

monitoring data. Biodiversity Observation Networks (BONs) can be key players in driving

forward all of these steps by identifying knowledge gaps and removing regional biases,

identifying synergies across habitats, linking sampling approaches across spatial scales;

ensuring data connectivity and coordination, and verifying policy relevance and applica-

tion (Fig. 1). Most new terrestrial monitoring programs established across the world and

especially in developing regions in Asia, South America and Africa (Cui et al. 2014;

Jürgens et al. 2012; Magnusson 2014; Yahara et al. 2014), monitor progress towards the

objectives of the Strategic Plan for Biodiversity of the CBD (http://www.cbd.int/sp/targets/

). Only with policy-relevant data, which are current, reliable, comparable among sites, and

understandable (Schmeller et al. 2015), may international conventions and processes like
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the CBD and the Intergovernmental Platform for Biodiversity and Ecosystem Services

(IPBES) succeed in producing a reliable trend analysis of global biodiversity (Schmeller

and Bridgewater 2016; Vohland and Nadim 2015).

Biodiversity monitoring data can differ in spatial and temporal coverage, effort of

monitoring per site, involvement of experts and volunteers, and sampling frequency.

Biodiversity data are generally collected through one of four schemes: (i) extensive

monitoring programs, (ii) intensive monitoring programs, (iii) ecological field studies, and

(iv) satellite remote sensing (Proença et al. in press). A robust and effective biodiversity

monitoring program to fill global data gaps will include a combination of these and build

capacity across a wide range of stakeholders (Figs. 1, 2). Below we review the capacity

needs for each approach.

Fig. 1 Framework for biodiversity observation networks (BONs) to build capacity in biodiversity
monitoring
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Building capacity for extensive monitoring programs

Extensive monitoring programs have high spatial coverage with relatively little effort

expanded per monitoring site. They are generally run over long time periods and capture

data on species populations, presence and absence, and community composition (Proença

et al. in press). Large extensive monitoring systems can require several thousand people to

monitor selected species if the number of sites is high. The necessary knowledge levels to

carry out the monitoring are relatively low, as programs are often aimed at common,

charismatic, or conspicuous taxa (e.g. birds, butterflies; Schmeller et al. 2012a; van Swaay

et al. 2008). Therefore, capacity building for such programs may focus on activities aimed

at building large networks of volunteers with basic skill levels (Schmeller et al. 2017).

Large-scale distribution of simple monitoring protocols, publications to aid species

identification, and the involvement of relevant non-governmental organizations and citizen

scientists (including utilization of traditional ecological knowledge) provide effective ways

to maximize the success of extensive monitoring programs (Schmeller et al. 2009).

Building capacity in participatory monitoring networks

Traditionally, local residents and indigenous people are the primary witnesses of biodiversity

change, but are generally the least involved in current biodiversity monitoring programs,

despite their imminent value (Dı́az et al. 2015). These communities can share additional

Fig. 2 Framework for capacity building in biodiversity monitoring with regard to the type of monitoring
program, including extensive and intensive monitoring schemes, ecological studies, and remote sensing
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information on biodiversity change, as they often hold relevant traditional ecological or local

knowledge drawing on personal experience which may have been handed down through many

generations (Dı́az et al. 2015). This information is especially important in remote areas where

long-term, repeated monitoring is difficult to implement or has been implemented belatedly.

Therefore, the involvement of volunteers and local communities in monitoring is key to

maximizing sampling effort, by acquiring a broad picture of environmental change and bio-

diversity status (Engel and Voshell 2002; Schmeller et al. 2009, 2012a). An additional benefit

from participation of locals in biodiversity monitoring is the concomitant increase in envi-

ronmental awareness, trust in the policy outputs supported by the collected observation data,

and management through their involvement (Danielsen et al. 2003). Newly established BONs

should therefore place particular importance on developing the capacity of community-based

or volunteer-based monitoring efforts, while learning from previous experiences and ensuring

these monitoring efforts are sustained into the future by being cost-effective and sustainable

beyond the point where initial project funding stops (Danielsen et al. 2003).

Moreover, there are important synergies that come about when integrating different

kinds of groups of people into coordinating monitoring systems or networks (Chandler

et al. in press). For example, the Brazilian Program for Biodiversity Research (PPBio) used

a system based on regional hubs and the involvement of local people, with qualifications

ranging from doctoral degrees to no formal education (Magnusson et al. 2013). Since its

inception in 2004, it has successfully trained over 1000 local people through formal and

informal courses (Magnusson et al. 2013). PPBio was created by the Brazilian Ministry of

Science and Technology, but operates as a loose consortium of research organizations with

activities in all Brazilian biomes. It involves activities in all aspects of biodiversity

research, including monitoring, biological-collection maintenance and data availability.

However, it is best known for the installation of spatially standardized field sites that

follow the RAPELD system (Rapid Assessment in long-term ecological research sites;

Magnusson et al. 2005, 2013). Local people trained in the RAPELD system in one area are

in high demand for installation of infrastructure and training courses in other areas. They

have deep traditional knowledge of local biological processes, as well as the newer

demands resulting from the globalization of even the most remote areas.

Participatory monitoring networks (PMNs) or community-based networks are socially

complex and their success or failure depends on cultural and historical elements that vary

strongly between regions, communities and groups (Bell et al. 2008; Vandzinskaite et al.

2010). Therefore, networks developed in industrialized countries, which are often based on

volunteer participation (Schmeller et al. 2009), may differ substantially from those in more

resource-constrained countries, where involvement may often be driven by having a say in

the management of local biodiversity. Thus, different strategies for motivating participants

will need to be employed, taking local customs and culture into consideration, in order to

promote the longevity of the monitoring program (Fig. 3). These are crucial points and

often lead to controversy about the effectiveness and advantages of PMNs (Danielsen et al.

2003, 2005, 2006; Schmeller et al. 2009, 2012a; Yoccoz et al. 2001, 2003).

The role of new technology in extensive monitoring programs

Where the establishment of citizen science or PMNs is difficult, due to remoteness of a

region or recurring costs of training or travel, new technology can play a key part in

providing standardized methods for extensive monitoring of biodiversity. For example, by
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installing a network of camera traps in an area at certain spatial intervals, and sending

photos via satellite to an office computer for data analysis, we can observe species living

under environmental conditions difficult for human observers. Examples of such species

include penguins (http://www.penguinlifelines.org/; Newbery and Southwell 2009), cari-

bou (Rangifer tarandus), and ptarmigan (Lagopus spp.; Tape and Gustine 2014). Cameras

may also be used in unmanned aerial vehicles (UAV), as used to investigate Antarctic moss

beds (Lucieer et al. 2014). Important advances have been made in estimating densities and

population sizes from camera trap data using Random Encounter Models and Non-In-

stantaneous Plot Sampling (Rowcliffe et al. 2008, 2011, 2012), and in integrating data

derived from different monitoring techniques (Popescu et al. 2014). Current research and

technological advances make data from camera traps highly suitable for robust long-term

biodiversity monitoring of animals of sufficient size (usually mammals; e.g. Rich et al.

2014) and for indicator development (e.g. Wildlife Picture Index; Nichols 2010). Install-

ment and maintenance of camera traps in the field may again rely on help from local

communities, while the large quantities of photo imagery may also call for a large amount

of enthusiastic volunteers ready to invest their time to analyze those images at their desks

(Sheil et al. 2013) or via mobile apps and social media encouraging citizen science (e.g.

InstantWild, Andrews 2013; Enjoy Moths, Lin et al. 2015).

Similarly, soundscapes, including anthrophony, geophony, and biophony, allow

simultaneous monitoring of a number of species (e.g., amphibians, birds, and mammals,

including marine mammals and birds) in remote areas. They may also allow monitoring of

disturbance caused by human activities and natural disturbances (McWilliam 2016; Smith

and Pijanowski 2014). Advances have been made in automatically analyzing soundscapes

Understand
Socio ecological background
• Peer group
• Traditions
• Cultures
• Inner workings

Setup
Infrastructure
• Data management
• Data entry tools
• Training programs

Create
Formal and recurring training programs
• Mentoring schemes
• Identify, train and mentor future conservation 
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• www.edgeofexistence.org
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Collaborations
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• Check for future employment possibilities
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authorities, research organisations

Give
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• Acknowledge, involve and give feedback to

volunteers
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• scientific reports
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Fig. 3 Recommendations for capacity building in volunteer-based/community-based monitoring
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and also creating 3D sound profiles, via sound patch analyses and acoustic gap analyses

(Eldridge et al. 2015; Pijanowski and Farina 2011; Pijanowski et al. 2011; https://www.

recordtheearth.org/index.php). These advances render soundscaping highly usable for

biodiversity monitoring to sample species that create typical sounds (singing of birds,

croaking of amphibians, chirping of grasshoppers, etc.). Similarly, hydrophones can be

used for monitoring marine species (Lammers et al. 2008; Nedelec et al. 2015; Wiggins

and Hildebrand 2007). Rollout of standardized protocols for soundscaping and camera

trapping across large regions can provide extensive monitoring based on recording the

presence of species as well as population sizes and abundances; recently, this has been

explored widely in the marine biome (Erbe et al. 2016; Merchant et al. 2016; Sánchez-

Gendriz and Padovese 2016).

The development of machine olfaction systems, also termed artificial noses, and cur-

rently often used in industry and environmental monitoring (Bourgeois et al. 2003;

Dickinson et al. 1998), may also have important potential for extensive biodiversity

monitoring programs (Scott et al. 2006). Using such technology would allow the gener-

ation of a smellscape of the environment, and may help detect biomolecules, such as

pheromones or other species-specific molecules (Raiteri et al. 2002). Indirect automated

species monitoring would then be possible across large spatial scales. Artificial noses may

also allow for the monitoring of ecosystems and their functioning, especially in cases

where pollution may lead to disruption of natural smellscapes that might be important for

intra- and interspecific interactions (Van Donk et al. 2016). Due to the interest of industry

in automated olfaction systems, systems of analysis and data curation have already been

developed (Scott et al. 2006) and derived systems for biodiversity monitoring may

therefore be relatively easy to develop.

Whether to use technology to achieve biodiversity monitoring or PMNs depends on the

objectives of the project (e.g. additional objectives of environmental education and locally-

driven sustainable resource management suggest some form of PMNs, while simple bio-

diversity data collection in remote areas may suggest the use of specialized technologies)

and project budget, as use of technology is constrained primarily by expenditure. Given the

technology itself and the technicalities of resulting data analysis techniques, much higher

technical skill levels are needed than for citizen science-based field monitoring, requiring

input from the scientific community to transfer skills to their peers. However, on occasion,

new technologies can be coupled with citizen science to achieve maximum outputs for

monitoring. In France, new technologies have facilitated extensive bat monitoring by

citizen scientists, because participants were motivated by the opportunity to use cutting-

edge technology. Since no particular skills were needed in the field, this approach allowed

anyone to participate (Penone et al. 2013). Generally, when developing new analysis

methods, citizen scientists’ involvement should be considered, e.g. to identifying relevant

photos from camera trapping or patterns in sonograms or smellscapes, using e.g. Zooni-

verse (https://www.zooniverse.org/) as a blue print (Simpson et al. 2014).

Building capacity for intensive monitoring programs

Intensive monitoring programs invest in effort per site at the expense of geographic

coverage, and are typically hypothesis-driven, aiming at monitoring ecological responses

to environmental change (e.g., ecosystem functioning and species interactions; Proença

et al. in press). These have a low spatial coverage compared to extensive monitoring
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programs, but are important for scaling and interpolation when combined with extensive

monitoring programs. The higher effort results from the aim to gather high resolution

biodiversity data over long time periods at high sampling frequencies. Generally, high-

resolution data for many invertebrate taxa are sparse across all realms, especially in the

highly biodiverse tropics and subtropics and in freshwater habitats (Cardoso et al. 2011).

While invertebrates are often not the focus of extensive, citizen science-driven monitoring

programs, they may be monitored in intensive monitoring networks by recombining

information collected by enthusiasts at their favorite sites, e.g. on spiders or cave biodi-

versity (Gollan et al. 2010).

Intensive monitoring programs rely on specialist capacity and skills, and may include

capacity building aimed at professional development (e.g. mentoring schemes, workshops

etc.). As monitoring effort needs to be maintained across many years or decades to yield

precise, comparable data that allow the accurate measurement of impacts on organisms,

communities, habitats, and ecosystems across time and space (Costello et al. 2015; Sch-

meller et al. 2015), capacity building of well-trained data recorders with reliable taxonomic

knowledge and survey skills is needed on the ground (Fig. 3).

Intensive monitoring programs may use the same new technology as introduced for

extensive monitoring programs. However, in intensive monitoring programs such tech-

nologies may be used in conjunction with additional field observations and at much higher

spatial and temporal resolution (deployment), depending on the scientific questions asked.

In addition, more costly approaches, such as environmental DNA (eDNA), are good means

to complement field observations and to improve taxonomic, spatial and temporal coverage

of intensive monitoring programs. Environmental DNA approaches offer the possibility of

monitoring elusive and rare species and undetected invasive species, with the further

advantage that sampling eDNA is non-invasive and can be applied to all realms (Bohmann

et al. 2014; Foote et al. 2012; Thomsen et al. 2012), potentially in a more cost-effective

manner (Foote et al. 2012). First used to detect plant DNA in soil (Paget et al. 1998) and

for large mammals (Martellini et al. 2005), much progress has been made in detecting even

smaller DNA traces (Thomsen et al. 2012) and in analyzing large amounts of data (Lodge

et al. 2012). The cost of analyses, especially next-generation techniques, is decreasing

rapidly, and the range of questions that can be answered is increasing as quickly; this may

allow the closing of taxonomic and spatial gaps. Therefore, it is worthwhile for scientists

and trained experts (i.e. paraecologists and parataxonomists, see below) to collect material

for genetic analyses; in certain environments, the involvement of citizen scientists for data

collection may be possible (see freshwater biodiversity monitoring below), potentially

paving the way for eDNA to become a standard technique in both intensive and extensive

monitoring programs.

Most important in the setup of any monitoring systems is the establishment and

effective use of an infrastructure across sites, and this is of particular importance in the

case of intensive monitoring systems. Long-term ecological research networks (LTER)

comprise monitoring sites where intensive monitoring programs are applied over long

timescales. The global long-term ecological research network (iLTER) has made important

advances in developing an e-infrastructure that unifies and harmonizes data from

approximately 600 plots across terrestrial, freshwater and marine realms worldwide. At

these plots long-term site-based ecological and socio-economic research and monitoring is

conducted, providing invaluably rich biodiversity data at very high resolution (Haase et al.

2016). LTER-Europe has established the metadata documentation and retrieval system

DEIMS (Drupal Ecological Information Management System; http://data.lter-europe.net/

deims/) that allows for information searches about sites, parameters, data sets, and people,
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and the interactive web tool ECOPAR (Parameters and Methods for Ecosystem Research

& Monitoring; http://www.ufz.de/ecopar) that facilitates the selection of indicators,

parameters and standard methods (Haase et al. 2016). However, building further capacity

in bioinformatics and e-infrastructures is needed to ensure that such networks can con-

tribute to the understanding of global environmental changes and their impacts on

ecosystem structures, processes and functions, and in turn help to tackle grand ecological

and socio-economic challenges through focused long-term research (Haase et al. 2016).

Building capacity in intensive monitoring for freshwater systems

Today’s freshwater monitoring is hampered by low taxonomic resolution of freshwater

species (Friberg et al. 2006). In the few nations that have made use of aquatic biodiversity

monitoring (Liess and von der Ohe 2005; Schäfer et al. 2012) to inform freshwater policy

(e.g. EU Water Framework Directive, U.S. Clean Water Act), the use of a coarse taxo-

nomic level (family-level, e.g. South African Scoring System; Dickens and Graham 2002)

severely affects data quality. For example, several benthic invertebrate families consist of

more than 100 species with often vastly different ecosystem requirements, ecological

thresholds and indicative properties, making family-level resolution insufficient for

detecting species-specific sensitivities to stressors (Lenat and Resh 2011).

Due to insufficient taxonomic knowledge, species-based freshwater monitoring pro-

grams are currently unrealistic in certain areas (e.g., least developed countries), so that

monitoring programs at genus or family level may serve as a practical starting point.

However, high resolution biodiversity data are urgently needed for the conservation of

species, especially threatened and endemic species within global biodiversity hotspots

(Darwall et al. 2011). Taxonomic training programs, together with funding for field

monitoring and surveys, are required to address capacity shortfalls. Further, freshwater

biodiversity data need to be coupled with the landscape context in which the freshwater

habitats occur (Costa and Magnusson 2010; Magnusson 2014) and data availability for

most regions is still poor, particularly in developing countries (Tonkin et al. 2016).

Recent progress in eDNA techniques (Deiner et al. 2015) and metagenomics may help

to overcome some of these issues. As the eDNA approach is based on filtered water

samples, sampling could be supported by trained citizen scientists. The resulting taxon list

is at the (sub-) species level, allowing for more detailed assessments of freshwater

ecosystems. In addition, recent advance in metagenomics allow the identification of all

taxa of a benthic invertebrate sample (based on e.g. kick-sampling with a hand net) to

species level, and much progress has been made in terms of quantifying such samples

(Elbrecht and Leese 2015).

Building capacity in intensive marine biodiversity monitoring

The establishment of intensive monitoring networks is particularly needed for the marine

realm, since marine biodiversity monitoring is still lagging behind terrestrial monitoring

programs (Duffy et al. 2013), mostly because marine research is expensive and logistically

challenging. The frequent requirement for specialized technologies and equipment, such as

oceanographic research vessels and submersibles, adds costs to data collection exceeding

those typically experienced in terrestrial or freshwater systems. This limits the number of
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research organizations and projects with the capability to carry out biodiversity monitoring,

and generally precludes the use of citizen scientists for in situ data collection in favor of

intensive monitoring programs or ecological field studies. There are currently only a

handful of volunteer-based monitoring programs for marine species: sea turtles (State of

the World’s Sea Turtles; SWOT; http://www.seaturtlestatus.org/); marine fish (the REEF

Volunteer Fish Survey Project, www.reef.org; SeaSearch http://www.seasearch.org.uk/),

cetaceans (the Australian National Whale and Dolphin Sightings and Strandings Database;

https://data.marinemammals.gov.au/), and jellyfish (jellywatch, http://www.jellywatch.org/).

Professional networks and collaborations are largely responsible for disseminating data

and building capacity in the field of marine monitoring. The ten-year global Census of

Marine Life programme improved access to data on marine life, and identified unexplored

regions and knowledge gaps (Costello et al. 2010, 2013a, b, 2015, 2017). Further global

initiatives, such as the Global Coral Reef Monitoring Network (GCRMN; http://gcrmn.org/),

and Kelp Ecosystems Ecology Network (KEEN; http://www.kelpecosystems.org/), have

provided rigorous quantitative baselines through intensive monitoring (Costello et al. in

press). They have compiled data to provide trends on taxa of interest, strengthened com-

munication and reporting, and provided technical assistance between partner institutions.

Nevertheless, there are still methodological issues to consider when developing marine

biodiversity monitoring programs (Heslenfeld and Enserink 2012; Zampoukas et al. 2013).

For example, in areas where it is difficult to provide adequate biodiversity monitoring

coverage, intensive and extensive sampling regimes should be utilized in parallel, with

multiple measures being employed at key sites (intensive research and monitoring) and

simpler, cost-effective sampling across wider areas (extensive sampling); these efforts

should be supplemented with modelling approaches to infer patterns of status, trends and

the causal mechanisms of biodiversity change (Gill et al. 2011). Actual marine monitoring

programs could be developed in close collaboration with different private industries, which

maintain a large fleet of vessels and offshore rigs. If such a cost-efficient measure could be

used by independent observers, more data on marine biodiversity could be collected

(Martinez-Cedeira et al. 2003).

Building capacity through the employment of paraecologists
or parataxonomists

In the terrestrial realm, local participatory programs, such as those discussed for extensive

monitoring programs, have been extended to involve ‘‘paraecologists’’ or ‘‘paratax-

onomists’’ (Schmiedel et al. 2016). These are often specialists with good-to-excellent local

knowledge, or members of the local community who have received special technical

training in ecological or taxonomic survey techniques to provide more in-depth monitoring

and to provide a link between researchers and the local community, for example. Thus,

paraecologists and parataxonomists are more technically trained than citizen scientists

(Basset et al. 2004). The involvement of local community members as paraecologists and

parataxonomists helps to facilitate the communication between land-users and researchers

and contributes to research activities and local development (www.paraecologist.org).

Paraecologists and parataxonomists are involved in a number of activities relating to

biodiversity monitoring, such as biodiversity assessment, DNA barcoding (Janzen and

Hallwachs 2011), knowledge sharing, outreach activities, and climate-change adaptation.

They work full-time in a professional research environment, either independently or in a
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team with academic and non-academic colleagues. This requires that they work in a

meticulous, reliable, verifiable and well-documented manner. The skills that are required

from paraecologists and parataxonomists cannot be taken for granted in rural environ-

ments, where formal employment and professional training are limited. The paraecologist

or parataxonomist approach is thus one important approach in building local monitoring

capacity, but respective programs inevitably require long-term funding and mentoring, on-

the-job training and specialized training courses, and therefore generate higher per-person

costs than for volunteer networks established for extensive monitoring programs.

BIOTA Southern Africa, an example of intensive monitoring, actively involved

members of local land-user communities who live in the immediate vicinity of Biodiversity

Observatory sites (Jürgens et al. 2010, 2012; Schmiedel et al. 2010). Up to eight parae-

cologists were employed to support the biodiversity assessment and monitoring on the

standardized observation sites in Namibia and South Africa from 2004 until 2010 (Sch-

miedel et al. 2010). The involvement of paraecologists helped both the scientists and local

communities; scientists were better able to understand the land users’ perspective of the

natural and social environment, as well as the constraints, challenges and incentives for

their land-management decisions, and paraecologists were advantageous for researchers,

particularly when conducting research in a new environment and on data-deficient, poorly

studied species. The paraecologists became instrumental in knowledge exchange between

scientists and land users, helping to expand the local knowledge base by referring to

observational data, which aided local management decisions. The paraecologist program in

BIOTA also resulted in important awareness-raising and environmental education among

local communities, thus contributing towards the empowerment of the land-user com-

munities. An added benefit of paraecologist training can be to increase identification skills

of the trainees from well-monitored species groups such as birds and butterflies to lesser

studied groups such as other insect groups, spiders or molluscs, allowing for better taxo-

nomic coverage of the monitoring program.

Building capacity for ecological field studies

Ecological field studies are defined as experimental or observational studies located out-

doors (Martin et al. 2012). They are not part of monitoring programs, and although the

methods may be similar to the ones used in intensive monitoring programs, the aims are

often more diverse, focusing on delivering answers to specific ecological questions. They

are distinct from monitoring programs due to their usually local scale and their tendency to

be carried out over shorter time frames. Methods of both extensive and intensive moni-

toring programs may be applied in ecological studies, but ecological studies aim to answer

a more diverse array of ecological questions than intensive programs and therefore may

employ more complex field protocols and experimental setups to answer questions relating

biodiversity to ecosystem structure and function, as well as to drivers and pressures (Haase

et al. 2016).

Due to their answering specific ecological questions, ecological field studies are largely

carried out independently and cover a wide variety of ecosystem types, plot sizes,

infrastructure, and instrumentation, with individual sites measuring a wide range of abiotic

and biotic parameters according to site-specific protocols. As such local studies often yield

important data on ecological processes and specific impacts of different drivers and

pressures; these data can be compiled and used as monitoring data and can be combined
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with data from extensive as well as intensive monitoring programs to understand better the

observed large scale patterns of species occurrence and abundance. Mobilizing such data

has been considered an important and urgently needed advance in biodiversity monitoring

(Hoffmann et al. 2014). Challenges occur due to current data policies. Data would need to

be processed, structured, and unified to enhance data mobilization and interoperability and

to allow data from different ecological studies to contribute to a larger-scale understanding

of biodiversity patterns (Egloff et al. 2016). In fact, ecological studies can be included in

global scale indicators, much like extensive and intensive monitoring programs, as

exemplified by the use of vertebrate population time series data derived from different

monitoring programs, including ecological field studies, for the Living Planet Index

(Collen et al. 2009). Capacity building in ecological field studies should therefore focus on

finding and developing solutions in biodiversity informatics and engineering technologies,

to allow for systematic information management (Koureas et al. 2016). Existing e-in-

frastructures, such as the Global Biodiversity Information Facility (GBIF), already offer

data standards and publishing tools for mobilizing and integrating species locality data—in

particular the Darwin Core vocabulary for documenting occurrences of species in time and

space (http://rs.tdwg.org/dwc/terms/simple/index.htm). More recently, these standards

have been extended to support integration of a richer set of data elements common to a

wide variety of ecological studies. This has enabled GBIF to move beyond cataloguing

only species’ presence records to also handle ‘‘sampling-event datasets’’ (http://www.gbif.

org/publishing-data/summary#datasetclasses) which report sets of species recorded in a

single sample, including links to metadata on sampling methods and measure of relative

abundance of species sampled. These processes and infrastructure will enable the inte-

gration and simultaneous discovery of the widest possible range of ecological and other

species-based data to support large-scale biodiversity monitoring, and will assist with

addressing the fragmented landscape of ecological studies to maximize impact on our

understanding of global and regional biodiversity patterns (Koureas et al. 2016).

Building capacity in remote sensing for biodiversity monitoring

Earth observations are an important information source for biodiversity monitoring and

conservation applications, providing continuous, standardized data on many aspects of

ecosystem distribution, structure, function, composition and dynamics (Duro et al. 2007;

Kachelriess et al. 2014; Pettorelli et al. 2012, 2014a, 2016). They can provide information

on numbers of individuals, species distributions or community composition. Numerous

studies have highlighted the potential key role of satellite data in macroecology, plant

ecology, animal population dynamics, habitat-selection and habitat-use studies, movement

ecology, and paleoecology (Pettorelli et al. 2011). For example, remote sensing can help

track changes in species diversity of plants (specifically alpha diversity; Rocchini et al.

2016) by providing repeated measures over large, often global scales. On a species level,

remotely-sensed satellite imagery has been used to monitor emperor penguins (Aptenodytes

forsteri; Barber-Meyer et al. 2007), Weddell seals (Leptonychotes weddellii; LaRue et al.

2011) and polar bears (Ursus maritimus; Stapleton et al. 2014) and offers many more

opportunities for monitoring plant species (He et al. 2011). As an example of the potential

of this technology to link local studies with global assessments, remotely-sensed satellite

imagery of the seven known Ross Sea emperor penguin colonies were collected (Barber-

Meyer et al. 2007, 2008), and images classified to distinguish between areas containing
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penguins, only guano, or bare ice. Other researchers then refined and expanded the tech-

nique to identify new emperor penguin-colony locations (Fretwell and Trathan 2009) and

to generate a global, synoptic survey of penguin species from space (Fretwell et al. 2012;

Lynch and LaRue 2014).

Remote sensing is likely to improve our ability to predict species distributions over time

(He et al. 2015), thus enabling the filling of data gaps for remote or logistically difficult

regions, and to put drivers of decline into the context of species population parameters (e.g.

range changes Pettorelli et al. 2014a). A key feature of satellite imagery is that it can be

applied retrospectively across wide regions, providing a unique opportunity to reanalyze

historic data and make use of previously unavailable information, thus allowing analysis of

trends over time (e.g. forest loss; Hansen et al. 2013). New algorithms to analyze remotely

sensed imagery are allowing more sophisticated processing workflows and a wider

application of remote sensing in monitoring of terrestrial species (Stepanian et al. 2014).

Because remote-sensing technology is logistically less intense, is developing rapidly and

there is increased accessibility of data, greater temporal and spectral coverage is expected

in the future, with many more biological-monitoring applications likely to be forthcoming.

However, the benefits of remote-sensing technology often remain inaccessible to the

communities that need them the most (Turner 2013). Although a variety of products based

on earth-observation data are now freely available, a significant proportion is not. More

importantly, training in the technical knowledge necessary to make use of remote sensing

data is hampering the accessibility of remote sensing data (Turner et al. 2015). This

includes high equipment costs, since remote sensing techniques require access to high-end

computer and memory resources, software packages for data analysis and display, and

access to the relevant expertise for processing and analyzing large datasets (Kachelriess

et al. 2014). Although open access solutions are on the rise (e.g., packages for R, QGIS and

GRASS), the frequent lack of clear documentation, the partial absence of a graphical user

interface, and the need to be technically versed at the interface of the two disciplines

(Pettorelli et al. 2014b), mean that remote sensing is currently aimed mostly at highly

trained specialists. However, some user-friendly applications are in or have been developed

that will lower the threshold for the access and application of remotely sensed information

(e.g. TerraLook; http://terralook.sourceforge.net/).

Considering the power of remote sensing to provide information on species and

ecosystem processes over global scales, even given the potential cost and technical know-

how required, building capacity in this growing area of research and monitoring is vital in

order to fill current gaps in the coverage of biodiversity monitoring. Building this capacity

needs to address data-access issues, methodological collaborations (Pettorelli et al.

2014a, 2016), institutional capacity and individual training needs. In that regard, new

approaches may also need to be developed, allowing participation of volunteers in image

analysis, such as Zooniverse (https://www.zooniverse.org/; Simpson et al. 2014).

In terms of data access, collaborations with agencies holding remotely-sensed data need

to be improved to make these data freely available to biodiversity-monitoring projects (i.e.

taxpayer-funded satellite images need to be made available free of charge where possible;

Turner 2013). In many cases, initiating collaborations between the data providers (the

remote sensing community) and biodiversity-monitoring researchers is likely to provide an

incentive for data sharing, as well as the technical know-how to develop new algorithms and

provide data validation and calibration services to help with specific monitoring needs

(Pettorelli et al. 2016). In terms of institutional and individual capacity, access to training

opportunities is vital, focusing on the use of free analysis tools, especially in developing

countries (Asner et al. 2011; Schietti et al. 2014). Dissemination of and training in remote-
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sensing techniques through workshops (specifically aimed at ecologists and conservation

practitioners), conferences, open access journals (e.g., RSEC, Pettorelli et al. 2014a; Nature

Conservation, Henle et al. 2012) is important for building a new generation of scientists able

to carry out integrated, multi-disciplinary approaches (Pettorelli et al. 2014a). Given the up-

and-coming nature of remote sensing for ecology and biodiversity monitoring, the devel-

opment of user-friendly, intuitive, and centralized data portals to enhance communication

and exchange of experiences about remote-sensing products is key.

Overarching recommendations for capacity building in biodiversity
monitoring

Key recommendations for biodiversity monitoring (see also Figs. 1, 3) include that:

(1) A consistent monitoring program should comprise at least three elements:

(i) surveillance or hypothesis-driven monitoring covering different habitat

types, with sampling carried out in regular intervals as recommended in the

European Nature Directives to build a baseline database;

(ii) an operational and periodic evaluation program where deficits in the

network are detected and addressed;

(iii) high-resolution monitoring sites in biodiversity hotspots, where monitoring

should be carried out even more frequently.

(2) When selecting new monitoring sites, several factors need to be considered:

(i) availability of reference sites or sites in natural condition reflecting the

different habitat types of the region being investigated;

(ii) determination of the types and impacts of anthropogenic activity to be

monitored, which will affect site selection (e.g. along a gradient of

pollution);

(iii) practicality of supplementing biological measurements with physical

measurements (e.g. temperature, turbidity, etc.) in order to determine the

mechanisms influencing biodiversity state and trends.

(3) Consistent monitoring should be organized by BONs or similar networks:

(i) placement of monitoring sites, scaling of monitoring efforts, and combi-

nation of monitoring data may be overseen by a BON or similar network

(ii) organization of capacity building for citizen scientists, paraecologists or

parataxonomists in taxonomic identification skills and knowledge of actual

ecological monitoring in the field by trained experts may be developed by

BONs or similar networks.

(iii) BONs or similar networks should provide repeated gap and power analyses

to continuously improve the biodiversity monitoring agenda (Fig. 1).

(4) To increase capacity, biodiversity monitoring need to tap into different sectors of

society including the private sector and citizen scientists (Fig. 3), as in the following

examples:

Integrating monitoring protocols for Essential Biodiversity Variables (EBVs;

Proença et al. in press; Pereira et al. 2017; Schmeller et al. in press) with monitoring
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needs for Environmental Impact Assessments may allow more data to become

available through private sector engagement. Citizen science approaches have

already been established through the tourism industry (e.g. presence of lichen species

on the Antarctic peninsula to ground truth satellite remote sensing data; Casanovas

et al. 2013). Expanding such cost-effective collaborations is paramount, as is the need

to couple these collaborations with extensive environmental education to disseminate

information on the state of nature to a wider audience. Additionally, new data sources

for biodiversity monitoring may come from social media using natural language

processing (Lin et al. 2015), and can, where social media or deposited photographs

are geo-referenced, improve spatial data availability, thus increasing the predictive

power of species distribution and other modeling approaches.

Effective monitoring programs are needed in countries with high proportions of

global biodiversity, particularly in the tropics. Such monitoring programs should

include the implementation of biodiversity observatories for long-term monitoring,

and especially for freshwater and marine monitoring. Building capacity for

biodiversity monitoring in biodiversity-rich countries relies on the establishment of

technical expertise and the establishment and strengthening of institutions for long-

term monitoring. Cross-organizational partnerships between developed and devel-

oping countries are likely to be a primary driver. Additionally, the involvement of

citizen scientists, communities and paraecologists or parataxonomists may provide

possible solutions, specifically as the acquisition of knowledge is a major

motivational factor. Formal and recurring training is therefore not only important

for technical staff, but also for citizen science and community engagement, requiring

continued adequate funding and mentoring of training schemes. Similarly, any

scheme intended to engage with local paraecologists or parataxonomists and

communities requires understanding of cultural differences and language limitations

to positively influence levels of participation. These challenges, including budget

requirements, mentorship, personal commitment, long-term perspectives, learning

and working opportunities, cultural differences, and community envy, can be

significant and should be dealt with adequately (Schmiedel et al. 2016).

(5) Finally, several non-exclusive approaches may help to focus the limited resources

available for initial capacity building in biodiversity monitoring:

(i) Focus on target taxa, organisms and variables that are necessary to answer

specific questions set by global biodiversity indicators (Biodiversity

Indicator Partnership, http://www.bipindicators.net/) (Geijzendorffer et al.

2016; Mace and Baillie 2007; Tittensor et al. 2014).

(ii) Use the theory-driven EBV concept to detect information needs. EBVs

hold the potential to streamline monitoring efforts for key data types, to

standardize indicator computations and to identify existing information

gaps with regard to temporal, spatial and taxonomic coverage (Geijzen-

dorffer et al. 2016; Pereira et al. 2013).

(iii) Identify Key Biodiversity Areas (KBAs). KBAs provide a highly

structured approach, led by the IUCN (Eken et al. 2004), to identify sites

of global importance for biodiversity conservation. Standardizing moni-

toring efforts across these areas could provide a basis of a truly global

extensive (or even intensive, through participation of local research

organizations) monitoring scheme (Anderson 2002; van Swaay and Warren

2003; Darwall et al. 2011).
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(iv) Local and topical priorities relevant to the needs of key biodiversity policy

instruments, particularly in terms of reporting by the Contracting Parties, to

achieve maximum impact and sustainability through support from national

governments (Henle et al. 2013). Such an emphasis on topical priorities

(e.g., species or habitats of special concern) can help determine where to

focus initial capacity building; these efforts can then be complemented by

other local, national and regional monitoring activities, following from the

determination of national conservation responsibilities for species and

habitats (Schmeller et al. 2008a, b, 2012b, 2014).

Conclusions

Monitoring provides the data to document the status and trends of biodiversity, to inform

conservation policy and to evaluate the effectiveness of existing regulations and policies.

The challenges in building sufficient capacity in the field of biodiversity monitoring are

different and manifold, depending on the monitoring system, ecosystem and taxa in

question. In areas where it is difficult to provide adequate biodiversity-monitoring cov-

erage, a multi-pronged approach with different monitoring programs should be imple-

mented (e.g. intensive and extensive-sampling regimes, and earth observations), including

the necessary capacity building activities. Here, multiple measures may be employed at

key sites (intensive research and monitoring) and simpler, cost-effective sampling across

wider areas (extensive sampling), with modeling approaches to infer patterns of status,

trends and the causal mechanisms of biodiversity change (Gill et al. 2011). Integration of

the different sampling regimes and resulting data should be overseen by BONs to ensure

most efficient data use.

It is important to extend and harmonize existing networks, bringing players from novel

sectors of society (e.g. private industries in marine system monitoring) to increase data

collection opportunities, while developing statistical techniques to address any caveats

such new approaches might bring. Taxonomic training is particularly important in the

marine and freshwater realm, so that species- or genus-level monitoring can improve

existing family-level biodiversity monitoring. In terrestrial monitoring, motivated citizens

may help to collect biodiversity data across extensive (citizen science) and intensive

monitoring systems (paraecologists, parataxonomists). Expanding involvement of local

communities and the general public would increase the cost efficiency of monitoring.

New technologies can greatly enhance traditional field monitoring. Technologies may

range from installing sound recorders, olfaction systems, or camera traps to the storage and

analysis of Big Biodiversity Data. Two technologies are particularly promising; environ-

mental DNA and satellite remote sensing. The use of eDNA will allow the detection of

elusive species and determine the diversity at a given site (e.g. in intensive/extensive

monitoring networks), while remote sensing can help to monitor populations of large

characteristic species and provide data on changes in ecosystem structure and function.

Where it seems unlikely that sufficient monitoring effort can be achieved in situ, and where

satellite or remotely sensed data may provide a more cost-effective way of monitoring

large areas of inaccessible habitat (Degraer et al. 2008; Phinn et al. 2008; Wabnitz et al.

2008), capacity building needs to increase technical and data-storage capabilities for

remote-sensing studies. Incorporating such techniques into monitoring protocols and
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biodiversity indicators provides valuable tools in monitoring large and remote ecosystems,

such as marine ecosystems (Secades et al. 2014). As with all new technologies, more

research is needed to validate and calibrate the methods, as well as to build technical know-

how across global networks.

To date, many tropical and subtropical countries with limited resources are lagging

behind with monitoring biodiversity, despite their species-rich fauna and flora. The sci-

entific community of nations with more experience in monitoring programs should assist

with the selection of appropriate monitoring sites, with overcoming taxonomic challenges,

and in devising monitoring programs in species-rich environments, through technology

transfer as stated in the CBD and Aichi Targets (Böhm and Collen 2015). However, it is

imperative that such technical support is done in response to the clearly articulated needs

and interests of those countries (e.g. supporting their sub-national and national reporting

requirements on biodiversity conservation). Separate from technological advances, the

management aspect of biodiversity monitoring needs to keep pace and consider the human

dimension (Fig. 3).

More rapid sharing and transfer of state-of-the-art tools and approaches for establishing

and maintaining biodiversity monitoring systems is needed. Too often, multiple organi-

zations are developing their own biodiversity-data management systems, thereby creating

redundancies and non-standardized structures that limit interoperability of data (Schmeller

et al. 2015). GEO BON’s development of BON in a Box is a solution to this issue as it

provides a means for rapid sharing and discoverability of the latest and best tools in use for

biodiversity data collection, management and analysis.

Data currently unavailable and unexploited must be evaluated, published and converted

to an electronic shared format, and potential information gaps need to be identified. Bio-

informaticians, ecologists and other stakeholders must interact to find the most suit-

able process to allow more effective decision-making and better implementation of

quantitative procedures that form the basis of modern ecology (Benedetti-Cecchi et al.

2003).

Here, we advocate that appropriate resourcing is needed to support the development of

new biodiversity monitoring programs as well as the expansion or maintenance of existing

ones, to close gaps in biodiversity data collection and deliver information that facilitates

better conservation decisions, to link together existing and planned observation systems

around the world, and to promote common technical standards.
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A, Luther-Mosebach J (2012) The BIOTA Biodiversity Observatories in Africa—a standardized
framework for large-scale environmental monitoring. Environ Monit Assess 184:655–678

Kachelriess D, Wegmann M, Gollock M, Pettorelli N (2014) The application of remote sensing for marine
protected area management. Ecol Ind 36:169–177

Korn H, Schliep R, Epple C (2004) In: Report of the International Workshop ‘‘Capacity-Building for
Biodiversity in Central and Eastern Europe’’, Bonn

Koureas D, Hardisty A, Vos R, Agosti D, Arvanitidis C, Bogatencov P, Buttigieg PL, de Jong Y, Horvath F,
Gkoutos G (2016) Unifying European Biodiversity Informatics (BioUnify). Res Ideas Outcomes
2:e7787

Lammers MO, Brainard RE, Au WW, Mooney TA, Wong KB (2008) An ecological acoustic recorder
(EAR) for long-term monitoring of biological and anthropogenic sounds on coral reefs and other
marine habitats. J Acoust Soc Am 123:1720

LaRue MA, Rotella JJ, Garrott RA, Siniff DB, Ainley DG, Stauffer GE, Porter CC, Morin PJ (2011)
Satellite imagery can be used to detect variation in abundance of Weddell seals (Leptonychotes
weddellii) in Erebus Bay. Antarct Polar Biol 34:1727–1737

Lenat DR, Resh VH (2011) Taxonomy and stream ecologyâ€’’the benefits of genus-and species-level
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Pettorelli N, Wegmann M, Skidmore A, Mücher S, Dawson TP, Fernandez M, Lucas R, Schaepman ME,
Wang T, O’Connor B, Jongman RHG, Kempeneers P, Sonnenschein R, Leidner AK, Böhm M, He KS,
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Schmeller DS, Arvanitidis C, Böhm M, Brummitt N, Chatzinikolaou E, Costello MJ, Ding H, Gill MJ,
Haase P, Julliard R, Garcı́a-Moreno J, Pettorelli N, Peng C, Riginos C, Schmiedel U, Simaika JP,
Waterman C, Wu J, Xu H, Belnap J (2017) Case studies of capacity building for biodiversity moni-
toring. In: Walters M, Scholes RJ (eds) The GEO handbook on biodiversity observation networks.
Springer, Cham, pp 309–326. doi: 10.1007/978-3-319-27288-7_13

Schmeller DS, Mihoub JB, Bowser A, Arvanitidis C, Costello MJ, Fernandez MJ, Geller GN, Hobern D,
Kissling WD, Regan EC, Saarenmaa H, Turak E, Isaac NJB (in press). An operational definition of
Essential Biodiversity Variables Biodiversity and Conservation

Schmiedel U, Dengler J, Luther-Mosebach J, Gröngröft A, Muche G, Petersen A, Strohbach B, Jürgens N
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