'.) Check for updates

Received: 3 July 2021 Accepted: 18 July 2021

DOI: 10.1111/2041-210X.13695

: . BRITISH
PERSPECTIVE Methods in Ecology and Evolution E el

A laboratory for conceiving Essential Biodiversity Variables
(EBVs)—The ‘Data pool initiative for the Bohemian Forest
Ecosystem’

Hooman Latifi®2 | Stefanie Holzwarth® | Andrew Skidmore*> | Josef Briina® |
Jaroslav Cervenka’ | Roshanak Darvishzadeh* | Martin Hais® | Uta Heiden’ |
Lucie Homolova'® | Peter Krzystek!? | Thomas Schneider'? | Martin Stary’ |
Tiejun Wang* | Jorg Miillert®14 | Marco Heurich®1>1¢

'Department of Photogrammetry and Remote Sensing, Faculty of Geodesy and Geomatics Engineering, K. N. Toosi University of Technology, Tehran, Iran;
’Department of Remote Sensing, University of Wiirzburg, Wiirzburg, Germany; *Earth Observation Center (EOC), German Aerospace Center (DLR), Wessling,
Germany; 4Faculty of Geo-Information Science and Earth Observation (ITC), University of Twente, Enschede, The Netherlands; 5Department of Environmental
Science, Macquarie University, Sydney, NSW, Australia; éInstitute of Botany of the Czech Academy of Sciences, Prihonice, Czech Republic; 7Sumava National
Park, Vimperk, Czech Republic; ®Department of Ecosystem Biology, Faculty of Science, University of South Bohemia, Ceské Budé&jovice, Czech Republic;

9The Remote Sensing Technology Institute (IMF), German Aerospace Center (DLR), Wessling, Germany; 10Global Change Research Institute of the Czech
Academy of Sciences, Brno, Czech Republic; *'Faculty of Geoinformatics, Munich University of Applied Sciences, Munich, Germany; *Institute of Forest
Management, TUM School of Life Sciences Weihenstephan, Technische Universitat Miinchen, Freising, Germany; **Bavarian Forest National Park, Grafenau,
Germany; !4Field Station Fabrikschleichach, Department of Animal Ecology and Tropical Biology, Biocenter, University of Wirzburg, Rauhenebrach, Germany;
5Chair of Wildlife Ecology and Wildlife Management, University of Freiburg, Freiburg, Germany and Faculty of Applied Ecology, Agricultural Sciences and
Biotechnology, Institute for Forest and Wildlife Management, Koppang, Norway

Correspondence
Hooman Latifi Abstract
Email: hooman.latifi@kntu.ac.ir 1. Effects of climate change-induced events on forest ecosystem dynamics of com-

Funding information position, function and structure call for increased long-term, interdisciplinary and

Akademie Véd Ceské Republiky, Grant/ integrated research on biodiversity indicators, in particular within strictly pro-
Award Number: 67985939; Horizon 2020

Framework Programme, Grant/Award
Number: 834709 and H2020-EU.1.1 of forest supersites generally relies on long-term funds from national agencies

tected areas with extensive non-intervention zones. The long-established concept

Handling Editor: Aaron Ellison and goes beyond the logistic and financial capabilities of state- or region-wide
protected area administrations, universities and research institutes.

2. We introduce the concept of data pools as a smaller-scale, user-driven and rea-
sonable alternative to co-develop remote sensing and forest ecosystem science
to validated products, biodiversity indicators and management plans. We dem-
onstrate this concept with the Bohemian Forest Ecosystem Data Pool, which has
been established as an interdisciplinary, international data pool within the strictly
protected Bavarian Forest and Sumava National Parks and currently comprises 10
active partners. We demonstrate how the structure and impact of the data pool
differs from comparable cases.

3. We assessed the international influence and visibility of the data pool with the

help of a systematic literature search and a brief analysis of the results. Results
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vation missions.

KEYWORDS

1 | INTRODUCTION
1.1 | Background

Reporting on the status of biodiversity calls for increased and intensi-
fied forest ecological research, inter-alia by integrating multi-source
data over space and time at finer spatial resolution. The indispensa-
ble and mostly aggregate measures known as Essential Biodiversity
Variables (EBVs; Pereira et al., 2013) are suggested as a result of
implementation of intergovernmental science-policy platforms like
the Group on Earth Observations Biodiversity Observation Network
(GEO BON, http://geobon.org) and are conceptualized to support
climate change assessment and enable attentive and integrated bio-
diversity monitoring (Jetz et al., 2019). These variables were initially
stirred by the Essential Climate Variables (ECVs, https://public.wmo.
int/en/programmes/global-climate-observing-system/essential-
climate-variables), were selected among a larger number of variables
in terms of scalability, temporal sensitivity, feasibility and relevance,
and define essential measurements to capture biodiversity change,
while being complementary to one another. In particular, the EBVs
are well compatible with common space-borne remote sensing es-
timations of biodiversity due to their feasibility for being spatially
continuous, thereby enabling upscaling from local sampling to larger
spatial domains (Pereira et al., 2013).

On the one hand, many biodiversity indicators (including the
EBVs) are commonly relevant to be investigated on large-scale do-
mains encompassing multiple ecosystem types (Dyer et al., 2017).
On the other hand, only approximately 2% of the entire vascular
plant species have been estimated to have any trait measurements
at a regional level (Jetz et al., 2016). In this context, remote sensing
data and methods offer new avenues for biodiversity monitoring
across different spatiotemporal domains. For example, the remote
sensing-enabled EBVs (RS-EBVs; Pereira et al., 2013; Skidmore
et al,, 2015) have been suggested for harmonizing remote sens-
ing support for quantification of biodiversity traits, and have been
stated to substantially support monitoring ecosystem function,

structure, community composition and species traits (Vihervaara

primarily suggest an increase in the impact and visibility of published material dur-
ing the life span of the data pool, with highest visibilities achieved by research
conducted on leaf traits, vegetation phenology and 3D-based forest inventory.

4. We conclude that the data pool results in an efficient contribution to the concept
of global biodiversity observatory by evolving towards a training platform, func-
tioning as a pool of data and algorithms, directly communicating with management

for implementation and providing test fields for feasibility studies on earth obser-

bohemian forest ecosystem, data pool, forest ecosystem science, remote sensing, remote

sensing-enabled essential biodiversity variables

et al., 2017). In-situ data are additionally required not only for col-
lecting information on quantity, quality and dynamics of vegetation
traits, but also for calibrating, validating and simulating those traits
using physically based remote sensing approaches. Quantification
and monitoring ecosystem function at a local level, as well as link-
ages to global ecosystem functions, will become a reality with the
launch of global imaging spectroscopy systems, as proposed by
European Space Agency (ESA, https://www.esa.int/) and National
Aeronautics and Space Administration (NASA, https://www.nasa.
gov/; Ustin & Middleton., 2021). Nevertheless, enough representa-
tive test sites with a high level of ecological complexity are needed
as focus regions for in-situ data sampling efforts to explore new re-
mote sensing sensors and technologies and evaluate their usefulness
for practical measurement of species traits and ecosystem functions
(Skidmore et al., 2015).

1.2 | Supersites, long-term ecological research
(LTER) sites and data pools: A conceptual
differentiation

The diverse and partially geographical- and financially dependent
trends of forest ecosystem research entail free/open sharing policies
for in-situ and remote sensing data sources. One way to achieve this
is through the establishment of supersites or data pools that enforce
integrated data collection and multidisciplinary, synergetic research
and practice. A supersite has been defined as a comprehensively
equipped research area including multiple ecosystem categories and
fluxes, thus conducting extensive experiments to collect information
on many mechanistic processes is enabled, which leads to better un-
derstanding the ecosystem properties. If supersites are networked
on national level, then international networks like long-term ecologi-
cal research (LTER), European long-term ecosystem research (eLTER)
and international long-term ecological research (iLTER) can also be
formed with the aim to minimize replications while providing plat-
forms for joint research, information exchange and application for
research funds (Mikkelsen et al., 2013) (Appendix 1).
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Supersites have a long tradition in ecosystem observatory and
management, with the main aim to provide statistically, geograph-
ically and climatically representative data that could be eventually
applied as model-ready inputs for retrievals of both ecosystem
status and dynamics (Karan et al., 2016). In summary, supersites
commonly require (a) active, long-term data acquisition opera-
tions, supported by (b) appropriate funding and infrastructural
capacity and (c) following well-established data acquisition, shar-
ing and archiving protocols (see Fischer et al. (2011) and Karan
et al. (2016) for recommendations on supersite selection and
management).

These result in long-term investments in acquiring and archiving
remote sensing data, combined with field measurements on fixed
field stations (e.g. Flux Towers) and periodic measurements of bio-
physical attributes on representative locations (e.g. permanent sam-
ple plots). Examples of well-established forest supersites include
Petawawa Research Forest (PRF, https://www.nrcan.gc.ca/scien
ce-and-data/research-centres-and-labs/forestry-research-centres/
national-research-forests/13171) in Canada (White et al., 2019),
Warra Tall Eucalypt supersite in Australia established within the
terrestrial ecosystem research network (TERN) (https://supersites.
tern.org.au/), as well as the LTER system (https://Iternet.edu/ and
https://www.lter-europe.net). Whereas the main features of the

three site types are summarized in Figure 1, other well-known and

Supersite

Sites aimed to focus research activities on

LTER, eL

comparable constructions and management arrangements are sum-
marized in Appendix 1.

Successful and sustainable development of such constructions
involve defining consistent guidelines, continuous funding as well
as various data sharing policies that vary from supersite to super-
site. While most supersites necessitate massive investments from
national funding agencies coupled with a high administrative burden,
smaller-scale data pools are less complex thanks to straightforward
local management, less funding requirements and flexibility for aug-
mented multi-sector and multidisciplinary research.

Data pools are also not restricted to certain measurements/in-
strumentations; thus they enable the provision of a greater variety
of data. They commonly include open and catalogued metadata,
without the need for the data to be necessarily open. The data pool
is a mechanism to share data and information based on a contribu-
tion from partners, which differs with the US- and EU-based con-
cepts of fully open global data.

Furthermore, data pools have a flexible structure to operate
around specific thematic or disciple objectives, for example for val-
idation of RS-EBVs (see Morsdorf et al., 2020 for recent example of
Laegeren in Switzerland with thematic focus on joint use of radia-
tive transfer models and LiDAR-derived forest structure for upscal-
ing leaf-level RS-EBVs to canopy level). In the same manner, data

pools may be thematically and/or geographically clustered based on

and iLTER Data pool

A mechanism to share data and

Definition

Pros for EO cal/val
and applications

Cons for EO cal/val
and applications

FIGURE 1 Info-box:

limited number of regions of highest
priority for the community

Collecting rich datasets by prioritizing
limited resources of data providers
Spatial focal points for measurement and
long-term observations

Compilation and consolidation of data and
metadata

Providing efficient data on accessible
platforms to enable ongoing research
Mostly providing open access data

Long-term funding for inter-agency
platform

Communication among stakeholders
Ensuring in-situ data availability over the
lifetime of EO missions.

Consistent guidelines for supersite
selection and management

Long-term funding should be guaranteed
Tendency towards investing resources on
sites with currently assured long-term data
and funds

An essential component of global efforts to
better understand ecosystems

They improve knowledge on ecosystem
structure and function

They improve knowledge on long-term
ecosystem response to environmental,
societal and economic drivers

Sites are chosen to represent major
ecosystem types or biomes

Emphasizing the study of ecological
phenomena over long periods

Data collection over multiple core areas
Opportunity for LTER-b based research
focus

Baseline data as a means of comparison
with shorter-term results in sub-disciplines
and sub-regions

Occasional budget constraints

Choosing the most efficient way to meet

LTER data management needs
Achieving economy of scale in data

management for a spatially dispersed

network

Should data be archived, or published as

products?

information based on a contribution from
partners

Principle: direct collaboration of science
and practice

Main focus: RS-EBVs

Simple local management

Comparatively less funding requirements
Flexibility for multi-sector and
multidisciplinary research

Not restricted to certain measurements
Enabling provision of a high variety of
data

Validation of RS-EBVs

Potential test field for new EO data cal/val
Educational and training assets

Mainly based on within-network
confidence building

Financial instability for repeated and/or
demanding field and in-situ
measurements

No independent budget for administration,
field work, research and assistants

The use of data is limited to data pool
(TS

main definition, pros and cons of supersites, LTER sites and data pools for earth observation applications.
Abbreviations: cal/val, calibration/validation; eLTER, European long-term ecosystem research; iLTER, international long-term ecological
research; LTER, long-term ecological research; RS-EBV, remote sensing-enabled essential biodiversity variable
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spatial domains with specific ecosystem characteristics. In an ideal
set-up, such data pools could be defined in a way to couple a small
core of thematic/local stakeholders with a multidisciplinary network
from research-and-development institutions, thereby forming an ac-
tive initiative to foster the entire workflow of conceptualization, re-
search and implementation. This is advantageous as it converts the
data pool to a pool of ideas, in which each new idea primarily builds
on previous results and analysis. Hence, this further supports the de-
velopment of methods and leads to growing knowledge on the focal
region and its ecological processes. Nevertheless, data pools require
a significant initial effort to build confidence, ongoing coordination,
as well as dissemination of results and provision of deliverables for
subsequent research works. Their existence and characteristics (e.g.
in comparison to the supersites) could also be promoted through
relevant and operational Copernicus services (https://www.coper
nicus.eu/en/copernicus-services).

One may also note that the data pool principle is based on sharing
intellectual properties, that is, data, methods and know-how instead
of reallocating the data ownership or a sole data transfer. Therefore,
data remain under the originator/owner's custody, but both data and
science sharing become the norm as trust builds. This follows a dif-
ferent data sharing policy than it is typically implemented in super-
sites, in which data should be made publicly available since they are

obtained using public funding (see Clarke et al., 2011).

2 | THE BENEFIT OF STRICTLY
PROTECTED AREAS AS A FOCAL REGION

The current global extent of strictly protected areas (PAs)
(International Union for Conservation of Nature (IUCN) categories
la, Ib and Il) follows a distribution listed in (https://www.protectedp
lanet.net/region), comprising non-intervention ecosystems that
can be subject to joint research, particularly on RS-EBVs (Reddy
et al.,, 2020). In view of the previously hypothesized ‘global biodiver-
sity observatory’ (Jetz et al., 2016), data pool provides an example
of integrating remote sensing spatial data, model-based approaches
and in-situ trait and biodiversity measurements. Examples of such
variables are species occurrence (from EBV category: species popu-
lations), biophysical plant traits (from EBV category: species traits),
vegetation height and fragmentation metrics (from EBV category:
ecosystem structure) and vegetation phenology (from EBV category:
ecosystem function) (see Skidmore et al., 2015). Areas under strictly
protected IUCN categories, as well as other globally endorsed PAs
like United Nations Educational, Scientific and Cultural Organization
(UNESCO) programs World Heritages, Biosphere Reserves and Man
and the Biosphere would provide higher logistical and financial fea-
sibility to survey most of these traits. Ecosystem research within the
strictly protected zones is merited based on their pristine natural/
near-natural condition, within which processes and interactions can
be surveyed (Stolton et al., 2015). Furthermore, intensive research
within PAs has been stated to be beneficial with protective ef-

fects for ecosystem conservation via benefiting local communities,

increasing the awareness to safeguard biodiversity as well as the
possibility for fundraising (Laurance, 2013).

Here, we introduce the remote sensing data pool initiative for
the Bohemian Forest (Sumava mountains) ecosystem, which is a
seamless case of a direct collaboration of science and practice for
RS-EBVs on a transboundary PAs level, comprising entities from uni-
versities, space agency and PAs management. It is a landscape-level,
participatory and reasonable alternative of typical supersites to
develop validated practical products, EBVs and management plans

based on remote sensing and forest ecosystem science.

3 | CASE: THE BOHEMIAN FOREST
ECOSYSTEM DATA POOL

3.1 | Geographical domain

The focal region of this data pool comprises a transboundary region
of the approximately 24,240 ha Bavarian Forest National Park in
Germany and 68,460 ha Sumava National Park in the Czech Republic.
It consists of contiguous land use types within the Central European
temperate and high altitude zones, including diverse natural and
near-natural habitats ranging from temperate coniferous, deciduous
and mixed stands to deadwood and recovered areas formerly af-
fected by European bark beetle (Ips typographus L.), peat bogs, small
clear-cut patches and other disturbances to habitat types (Figure 2).

The area is also identified as the Inner Bavarian Forest and com-
prises one of the largest contiguous forest ecosystems in Central
Europe. In this case, the German-Czech border corresponds the
Bohemian Forest ridgeline, which is also the watershed between
the Danube and Elbe rivers and is considered as a part of European
Green Belt (www.europeangreenbelt.org). The interactions between
various site factors such as climate and soil are clearly reflected in
this focal region, especially in the altitude-dependent zonation of
the forests (Cailleret et al., 2014).

3.2 | Construction of the data pool

The idea to establish a data pool initiative to enable research and
development based on RS-EBV-based data collection dates back
to the concept suggested by Heurich (2006) for ‘establishment
of a test area of remote sensing sensors’, a data pool in which
multi-scale aerial photography, phenocam data, seasonal LiDAR
and interferometric RADAR could be integrated with extensive
field inventory and corresponding precise geodetic infrastruc-
ture (Heurich, 2006). This was later followed by personal com-
munications within the core network of Bavarian Forest National
Park (BFNP, https://www.nationalpark-bayerischer-wald.bayern.
de), University of Wirzburg (UW, https://www.uni-wuerzburg.
de), the Faculty Geo-Information Science and Earth Observation
at the University of Twente (ITC, https://www.itc.nl/) and the

German Remote Sensing Data Center of the German Aerospace
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FIGURE 2 Sampling locations of the main data acquisition campaigns within the data pool region (Bavarian Forest and Sumava

National Parks). HySpex data coverage has been shown as one of the examples of earth observation data within the data pool (please refer
Appendix 3a for the full list)
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Center (DFD-DLR, https://www.dIr.de/eoc), and led to an initial
cooperation agreement. The data pool was officially established
in 2015 by a final cooperation agreement among those as well as
Sumava National Park (SNP, https://www.npsumava.cz), Munich
University of Applied Sciences (MUAS, https://www.hm.edu),
Technical University of Munich (TUM, https://www.tum.de/), The
Czech Global Change Research Institute (CzechGlobe, https://
www.czechglobe.cz), University of South Bohemia (USB, https://
www.jcu.cz) and the Czech Academy of Sciences (IBOT, https://
www.ibot.cas.cz) (Figure 3). The latest agreement released in April
2021 extended the network to three further institutions includ-
ing Helmholtz-Zentrum fir Umweltforschung (UFZ, Germany,
https://www.ufz.de), Ludwigs-Maximilians-University Munich
(LMU, Germany, https://www.Imu.de) and K.N. Toosi University of
Technology (KNTU, Iran, https://en.kntu.ac.ir) (see the News Feed
in German: https://www.nationalpark-bayerischer-wald.bayern.
de/forschung/projekte/fernerkundungsdatenpool.htm).

The main activities of the data pool were the establishment of a
RS-EBV laboratory by (a) acquisition and archiving of large field and
remote sensing datasets, (b) considering the entire ecosystem as a
test environment for the sensors on-board the upcoming DLR/ESA
missions, (c) leveraging these multi-source data to study the dynam-
ics of natural and near-natural ecosystems, (d) facilitating a closed
collaborative environment for joint research on RS-EBVs and (e) pro-
viding the required facts and hints for the management of both PAs
and beyond (Holzwarth et al., 2019).

Main effort was put on sampling designs and measurements of
biophysical and biochemical vegetation traits. Key examples are leaf
area index (LAI; e.g. Xie et al., 2021), Chlorophyll (e.g. Ali et al., 2020;
Darvishzadeh et al., 2019), specific leaf area (SLA; e.g. Aliet al., 2016),
nitrogen (e.g. Wang et al., 2017), leaf dry matter content (LDMC; e.g.
Ali et al., 2016), carbon (e.g. Gara et al., 2019), species occurrence
(e.g. Krzystek et al., 2020) and 3D vegetation structural attributes
(e.g. Liu et al., 2018).

Training
next
generation

[ Data

I Know-how
[ Feedback/goal

We briefly assessed the international influence and visibility of
the data pool by an analysis of the resulted IS journal publications.
The word cloud created from titles of the total 69 journal contribu-
tions (Figure 4) suggests repeated occurrence of keywords such as
forest, temperate, LiDAR, mapping, tree, leaf, habitat and data. The
journal publications can be thematically clustered in topics summa-
rized in Figure 4. In addition, Figure 5 shows the geographical distri-
bution of 547 research works citing papers from the data pool, based
on which the majority of citations have been from China, Germany
and the United States.

The reader is referred to the Appendix 2a for a qualitative sum-
mary of journal publications. The Appendix 2b shows a chronological
summary of publication Impact Factors per topic, which suggests an
increase in the quantity and quality of research on topics 1,4 and 5,
as well as general dearth in extensive research on topics 8-10. The
Appendix 2c summarizes the sum of total citations during January
2014-June 2021.

3.3 | Outputs for data sharing,
training and management

3.3.1 | Remote sensing data

The data pool serves primarily for remote sensing data provision and
gives access to data from several, partly exclusive, data collection
campaigns for members. A full list is presented in Appendices 3a,b
that provides summaries on commonly and exclusively available data
sources. Examples include airborne LiDAR data acquired by Riegl
LMS-Q 680i waveform system for the entire BFNP (in 2012 and
2017), Sumava NP (in 2017) as well as across the so-called BIOKLIM
transects within BFNP (in 2016) that were formerly established
for measuring biodiversity traits (Bassler et al., 2009). In addition,

colour-infrared and RGB (CIR-RGB) aerial photography campaigns

Public
outreach via
publications

FIGURE 3 Schematic design of
structure and relationships within the data
pool
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were conducted during 1988-2020 yearly across the entire BFNP,
and during 2006-2020 across Sumava NP. Furthermore, cross-
border data by ultra-light UAV are acquired in 2018.

Information on leaf/canopy traits for remote sensing-assisted
leaf-to-canopy upscaling involves access to airborne imaging spec-
troscopy data, for which campaigns from DLR's HySpex sensor
systems along the visible, near-infrared and shortwave infrared
domains were conducted across biodiversity transects (2016, 2017
and 2020), larger within-BFNP areas (2013) and the entire area
(2015). The data acquired in 2017 were collected by NERC Airborne
Research Facility (NERC ARF; http://arsf.nerc.ac.uk) with Specim
AISA Fenix and Owl (thermal domain) systems during a European
Facility for Airborne Research (EUFAR, https://www.eufar.net)-
sponsored PhD summer school ‘RS4ForestEBV-airborne remote
sensing for monitoring essential biodiversity variables in forest
ecosystems’ (Darvishzadeh et al., 2017). Further airborne imaging
spectroscopy data acquisition is foreseen in 2021 with NASA's
Airborne visible/infrared imaging spectrometer-next generation
(AVIRIS-NG) instrument.

Additional data were recently acquired by the DLR Earth Sensing
Imaging Spectrometer. DESIS (on-board the International Space
Station from June 2018 on) in 2019 and 2020, and the site was ad-
ditionally targeted by ESA's PRecursore IperSpettrale della Missione
Applicativa (PRISMA) mission from summer 2020. The current data-
base also includes multitemporal SPOT-5 satellite data (from 2015)
as well as Advanced Land Observing Satellite (ALOS) (20 data acqui-
sitions during 2006-2017), TerraSAR-X (more than 100 data acquisi-
tions during 2007-2016) Synthetic Aperture Radar data.

3.3.2 | In-situ data

Furthermore, the field data include plot-based structural, composi-
tional and functional forest attributes for RS-EBV studies, including
leaf- and canopy-level traits. The highest effort has been on sam-
pling the leaf- and canopy-level traits of SLA, chlorophyll, leaf-level
stream density and nitrogen content, carbon content, LDMC, sto-
mata conductance, equivalent water thickness as well as tree height,
diameter, LAl and canopy closure. In addition, more spectrally rel-
evant data comprise aerial photo-based land cover and habitat type
maps, hemispherical photographs, terrestrial laser scanner point
clouds and PhenoCam data installed on fixed locations (see the full
list in Appendix 3).

3.3.3 | Implications for training and management

The data pool was primarily designed for developing and validating
useful products for managers from available and upcoming remote
sensing sensors. A bonus has been that the field data campaigns
stimulated interdisciplinary research and research directions in par-
ticular in the domain of RS-EBVs within two long-established eco-

logically contiguous, strictly protected national parks.

The research output directly impacted the monitoring and
management of the PAs, justifying the investments of the NP ad-
ministrations. For example, development of methods for single tree
detection from airborne LiDAR data in combination with digital ae-
rial photography enabled the administrations to carry out a more
precise forest monitoring, while reducing costs up to 10% compared
with traditional forest inventories (Latifi et al., 2015). Additionally,
LiDAR-derived information has formed an essential contribution in
many ecological research projects, supporting information on for-
est structure and helping to answer questions that could not be
answered with conventional forest inventory data. Nature conser-
vation management also benefited from the work by producing fine-
scale habitat models, which have helped identifying critical habitats
of rare species. These supported targeted management measures
to promote their survival (Kortmann, Hurst, et al., 2018; Kortmann,
Mueller, et al., 2018; Zielewska-Buttner et al., 2018). Applying prod-
ucts from the data pool enabled addressing fundamental ecological
questions such as the meaning of habitat amount versus fragmen-
tation for conserving rare dead wood-dependent species or the de-
velopment of multi-taxa diversity along a forest succession gradient
(Hilmers et al., 2018; Seibold et al., 2017).

These developments were also transferred to areas outside
of the two national parks such as the German exploratories for
large-scale and long-term functional biodiversity research (http://
www.biodiversity-exploratories.de/) and resulted in high-ranking
research output in both communities of remote sensing (Bae
et al., 2019) and ecology (Bae et al., 2021; Heidrich et al., 2020).
The data pool also serves as an important platform for the research
on natural disturbance, which contributes to developing methods
for the remote sensing-based detection of insect outbreaks (Latifi
et al., 2018; Oeser et al., 2021; Tanase et al., 2018). These prod-
ucts are additionally used for the NP management and the analy-
sis of the spatio-temporal dynamics of bark beetle populations
(Seidl et al., 2016) and forest development (Senf et al., 2019), with
impacts on management stretching beyond the data pool (Senf &
Seidl, 2021; Sterenczak et al., 2020). Ecological and remote sensing
concepts have been developed among groups within the data pool
which have been translated into papers and policy documents be-
yond the data pool itself. Examples are (a) biodiversity policy Used in
Convention on Biodiversity Subsidiary Body on Scientific, Technical
and Technological Advice (SBSSTA, https://www.cbd.int/sbstt
al3/about.shtml) Policy Development 2017, (b) Biodiversity Policy
Development 2018 developed letter from convention of biological
diversity (CBD, https://www.cbd.int) secretariat to committee on
earth observation satellites (CEOS, https://ceos.org) to maximize
utilization of space-borne assets by the parties to the conventions,
(c) ESA-based Copernicus Hyperspectral Imaging Mission for the
Environment (CHIME,
tal/satellite-missions/c-missions/chime-copernicus) satellite Mission

https://directory.eoportal.org/web/eopor

Advisory Group (2017—present) and (d) presentation and provision
of evidence to Netherlands House of Representatives (https://www.
houseofrepresentatives.nl) hearing and debate on monitoring illegal

poaching.


http://arsf.nerc.ac.uk
https://www.eufar.net
http://www.biodiversity-exploratories.de/
http://www.biodiversity-exploratories.de/
https://www.cbd.int/sbstta13/about.shtml
https://www.cbd.int/sbstta13/about.shtml
https://www.cbd.int
https://ceos.org
https://directory.eoportal.org/web/eoportal/satellite-missions/c-missions/chime-copernicus
https://directory.eoportal.org/web/eoportal/satellite-missions/c-missions/chime-copernicus
https://www.houseofrepresentatives.nl
https://www.houseofrepresentatives.nl

LATIFI €T AL.

Methods in Ecology and Evolution 9

The data pool additionally serves as a platform to stimulate
new research questions going beyond those that were considered
at the time of its establishment, and to provide management with
sought after indicators, information and advice. It has succeeded in
supporting multiple joint field campaigns for management purposes
or targeted for specific new research objectives. A recent review
(Holzwarth et al., 2020) demonstrated that most studies on remote
sensing of forest ecosystems in Germany are taking place in the
BFNP. In addition, an annual workshop of the data pool (since 2015)
for presentation and discussion of the accomplishments and ongoing
research provides a discussion forum among junior and senior scien-
tists of member institutions, in which new field and remote sensing
data campaigns are discussed and decided in terms of their extent,
location, sample size and required logistics.

4 | CONCLUSIONS AND OUTLOOKS

The open data/open science policy is underlined by the EU initiative
of the European Open Science Cloud (https://eosc-portal.eu) which
is implementing the FAIR (Findable, Accessible, Interoperable, Re-
usable) principles. So far, there has been no common platform on
which all data are physically stored and made available, thus only the
metadata of all available datasets is published on a data pool internal
share point. This also ensures that the data owner is always informed
about the use of the data. However, this is under consideration to be
changed in the future, as a result of increase in participation of new
institutions in the data pool.

All in all, this idea is associated with the advantages that (a) re-
search topics are enabled to be broadly defined, (b) an in-depth col-
laboration with space agency (in this case DLR) is guaranteed, (c) the
scientific results can be directly integrated into protected area man-
agement, (d) research for covering multiple aspects related to eco-
system monitoring with earth observation is repeated and broadly
networked, (e) experimental errors are corrected to a large degree
via repeated and internally connected research topics on geograph-
ically overlapping areas. Last but not least, the areas covered in the
data pool are currently regarded as fixed forest ecosystem test fields
for feasibility studies on new satellite missions (e.g. DESIS, CHIME
and EnMAP). In the future, it may be possible to contact other field
site networks to coordinate and link with local data pool initiatives,
but this should be well-thought to maintain respecting the unique
data-sharing arrangements of the data pool.

Finally, we suggest a range of future actions for reinforcing this
(and other structurally similar data pools) including increased use for
calibration of satellite data from upcoming DLR and public-private
partnership campaigns, and use of cloud-based data infrastructures
that increase training opportunities. The data pool is currently seek-
ing a cloud-based solution similar to DIAS (Data and Information
Access Services; e.g. CODE-DE developed by DLR, https://code-de.
org) to store/access and process the data.

We also propose a collaboration between similar sites to stan-

dardize data capturing to increase the possibilities for training and

testing applications to map biodiversity from space. We are plan-
ning to develop the data pool as a part/cornerstone of the suggested
‘global biodiversity observatory’ (Jetz et al., 2016) with an in-deep
integration of in-situ trait and biodiversity measurements with re-
mote sensing data. Therefore, an integration into national and inter-
national initiatives such as GEO BON will be pursued.

Finally, publishing a ‘best practice tutorial for RS-EBV data pool
establishment’, has direct implications for establishing and maintain-

ing similar constructions in other geographical parts of the globe.

ACKNOWLEDGEMENTS

Josef Brina was supported by the long-term research development
project no. RVO 67985939 from the Czech Academy of Sciences.
UT staff were supported by the Horizon 2020 research and inno-
vation programme—European Commission ‘BIOSPACE Monitoring
Biodiversity from Space’ project (Grant agreement ID 834709,
H2020-EU.1.1).

CONFLICT OF INTEREST
The authors have no conflict of interest.

AUTHORS' CONTRIBUTIONS

H.L., S.H., A.S. and M.H. designed the research and wrote the first
draft of paper; J.C., M.H., J.B. and S.H. provided the raw material on
the data pool statistics; H.L., S.H. and J.B. conducted the systematic
literature search, data processing and preparation of quantitative
results. H.L., S.H, A.S., M.H., R.D., J.M., L.H. and U.H commented
on the draft and all authors finalized it. H.L. was the corresponding

author.

PEER REVIEW
The peer review history for this article is available at https://publo
ns.com/publon/10.1111/2041-210X.13695.

DATA AVAILABILITY STATEMENT

The required data and R code to produce boxplots of data pool publi-
cations (2014-2021) are available at Github and can be retrieved via
https://zenodo.org/badge/latestdoi/390224424 under https://doi.
org/10.5281/zenodo.5146374.

ORCID

Hooman Latifi https://orcid.org/0000-0003-1054-889X
https://orcid.org/0000-0002-7446-8429

https://orcid.org/0000-0002-4839-4593

https://orcid.

org/0000-0001-7512-0574

Martin Hais https://orcid.org/0000-0001-9541-5847

Uta Heiden https://orcid.org/0000-0002-3865-1912

Lucie Homolovd https://orcid.org/0000-0001-7455-2834

Andrew Skidmore
Josef Briina
Roshanak Darvishzadeh

Peter Krzystek https://orcid.org/0000-0002-1066-1377
Tiejun Wang https://orcid.org/0000-0002-1138-8464
Jorg Miiller https://orcid.org/0000-0002-1409-1586

Marco Heurich https://orcid.org/0000-0003-0051-2930


https://eosc-portal.eu
https://code-de.org
https://code-de.org
https://publons.com/publon/10.1111/2041-210X.13695
https://publons.com/publon/10.1111/2041-210X.13695
https://zenodo.org/badge/latestdoi/390224424
https://doi.org/10.5281/zenodo.5146374
https://doi.org/10.5281/zenodo.5146374
https://orcid.org/0000-0003-1054-889X
https://orcid.org/0000-0003-1054-889X
https://orcid.org/0000-0002-7446-8429
https://orcid.org/0000-0002-7446-8429
https://orcid.org/0000-0002-4839-4593
https://orcid.org/0000-0002-4839-4593
https://orcid.org/0000-0001-7512-0574
https://orcid.org/0000-0001-7512-0574
https://orcid.org/0000-0001-7512-0574
https://orcid.org/0000-0001-9541-5847
https://orcid.org/0000-0001-9541-5847
https://orcid.org/0000-0002-3865-1912
https://orcid.org/0000-0002-3865-1912
https://orcid.org/0000-0001-7455-2834
https://orcid.org/0000-0001-7455-2834
https://orcid.org/0000-0002-1066-1377
https://orcid.org/0000-0002-1066-1377
https://orcid.org/0000-0002-1138-8464
https://orcid.org/0000-0002-1138-8464
https://orcid.org/0000-0002-1409-1586
https://orcid.org/0000-0002-1409-1586
https://orcid.org/0000-0003-0051-2930
https://orcid.org/0000-0003-0051-2930

10 Methods in Ecology and Evolution

LATIFI €T AL.

REFERENCES

Ali, A. M., Darvishzadeh, R., Skidmore, A., Gara, T. W., O'Connor, B.,
Roeoesli, C., Heurich, M., & Paganini, M. (2020). Comparing meth-
ods for mapping canopy chlorophyll content in a mixed moun-
tain forest using Sentinel-2 data. International Journal of Applied
Earth Observation and Geoinformation, 87, 102037. https://doi.
org/10.1016/j.jag.2019.102037

Ali, A. M., Darvishzadeh, R., Skidmore, A. K., van Duren, |., Heiden, U.,
& Heurich, M. (2016). Estimating leaf functional traits by inversion
of PROSPECT: Assessing leaf dry matter content and specific leaf
area in mixed mountainous forest. International Journal of Applied
Earth Observation and Geoinformation, 45, 66-76. https://doi.
org/10.1016/j.jag.2015.11.004

Bae, S., Heidrich, L., Levick, S. R., Gossner, M. M., Seibold, S., Weisser, W.
W., Magdon, P., Serebryanyk, A., Bassler, C., Schéfer, D., Schulze, E.-
D., Doerfler, I., Mdller, J., Jung, K., Heurich, M., Fischer, M., Roth, N.,
Schall, P, Boch, S., ... Miiller, J. (2021). Dispersal ability, trophic posi-
tion and body size mediate species turnover processes: Insights from
a multi-taxa and multi-scale approach. Diversity and Distributions,
27(3), 439-453. https://doi.org/10.1111/ddi.13204

Bae, S., Levick, S. R., Heidrich, L., Magdon, P., Leutner, B. F., Wollauer, S.,
Serebryanyk, A., Nauss, T., Krzystek, P., Gossner, M. M., Schall, P.,
Heibl, C., Béssler, C., Doerfler, I., Schulze, E.-D., Krah, F.-S., Culmsee,
H., Jung, K., Heurich, M., ... Mliller, J. (2019). Radar vision in the map-
ping of forest biodiversity from space. Nature Communications, 10,
4757. https://doi.org/10.1038/s41467-019-12737-x

Biassler, C., Forster, B., Moning, C., & Miiller, J. (2009). The BIOKLIM
project: Biodiversity research between climate change and wild-
ing in a temperate montane forest - The conceptual framework.
Waldékologie, Landschaftsforschung und Naturschutz, 7, 21-24.

Cailleret, M., Heurich, M., & Bugmann, H. (2014). Reduction in browsing
intensity may not compensate climate change effects on tree species
composition in the Bavarian Forest National Park. Forest Ecology and
Management, 328, 179-192.

Clarke, N., Fischer, R., De Vries, W., Lundin, L., Papale, D., Vesala, T.,
Meril4, P., Matteucci, G., Mirtl, M., Simpson, D., & Paoletti, E. (2011).
Availability, accessibility, quality and comparability of monitoring
data for European forests for use in air pollution and climate change
science. iForest - Biogeosciences and Forestry, 4(4), 162-166. https://
doi.org/10.3832/ifor0582-004

Darvishzadeh, R., Skidmore, A. K., Abdullah, H., Cherenet, E., Ali, A. M.,
Wang, T., Nieuwenhuis, W., Heurich, M., Vrieling, A., O'Connor, B.,
& Marc, P. (2019). Mapping leaf chlorophyll content from Sentinel-2
and RapidEye data in spruce stands using the invertible forest re-
flectance model. International Journal of Applied Earth Observation
and  Geoinformation, 79, 58-70. https://doi.org/10.1016/j.
jag.2019.03.003

Darvishzadeh, T., Skidmore, A. K., Holzwarth, S., Domingo, D., Torresani,
M., Neinavaz, E., Gara, T. W., & Abdullah, H. (2017). RS4ForestEBV
Scientific Report. 9th EUFAR Training Course RS4forestEBV, 3-14
July 2017. https://doi.org/10.13140/RG.2.2.12524.26248

Dyer, R. J., Gillings, S., Pywell, R. F., Fox, R., Roy, D. B., & Oliver, T. H.
(2017). Developing a biodiversity-based indicator for large-scale
environmental assessment: A case study of proposed shale gas
extraction sites in Britain. Journal of Applied Ecology, 54, 872-882.
https://doi.org/10.1111/1365-2664.12784

Fischer, R., Aas, W., De Vries, W., Clarke, N., Cudlin, P., Leaver, D., Lundin,
L., Matteucci, G., Matyssek, R., Mikkelsen, T. N., Mirtl, M., Oztiirk, Y.,
Papale, D., Potocic, N., Simpson, D., & Tuovinen, L.-P. (2011). Towards a
transnational system of supersites for forest monitoring and research
in Europe - An overview on present state and future recommendations.
iForest, 2011(4), 167-171. https://doi.org/10.3832/ifor0584-004

Gara, T. W,, Darvishzadeh, R., Skidmore, A. K., Wang, T., & Heurich, M.
(2019). Accurate modelling of canopy traits from seasonal Sentinel-2
imagery based on the vertical distribution of leaf traits. ISPRS Journal

of Photogrammetry and Remote Sensing, 157, 108-123. https://doi.
org/10.1016/j.isprsjprs.2019.09.005

Heidrich, L., Bae, S., Levick, S., Seibold, S., Weisser, W., Krzystek, P.,
Magdon, P., Nauss, T., Schall, P., Serebryanyk, A., Wodllauer, S.,
Ammer, C., Béassler, C., Doerfler, |., Fischer, M., Gossner, M. M.,
Heurich, M., Hothorn, T., Jung, K., ... Miiller, J. (2020). Heterogeneity-
diversity relationships differ between and within trophic levels in
temperate forests. Nature Ecology & Evolution, 4, 204-1212. https://
doi.org/10.1038/541559-020-01292-0

Heurich. (2006). Evaluierung und Entwicklung von Methoden zur au-
tomatisierten Erfassung von Waldstrukturen aus Daten flugzeug-
getragener Fernerkundungssensoren. Project report. Forstliche
Forschungsberichte Miinchen, ISBN 3-933506-33-6.

Hilmers, T., Friess, N., Bassler, C., Heurich, M., Brandl, R., Pretzsch, H.,
Seidl, R., & Miiller, J. (2018). Biodiversity along temperate forest
succession. Journal of Applied Ecology, 55(6), 2756-2766. https://doi.
org/10.1111/1365-2664.13238

Holzwarth, S., Heiden, U., Heurich, M., Miller, J., Stary, M., & Skidore, A.
(2019). Data pool initiative for the Bohemian Forest Ecosystem; 4 years
of success. Proceedings of ESA Living Planet Symposium, 13-17 May
2019, Milan-Italy.

Holzwarth, S., Thonfeld, F., Abdullahi, S., Asam, S., Canova, E., Gessner,
U., Huth, J., Kraus, T., Leutner, B., & Kuenzer, C. (2020). Earth ob-
servation based monitoring of forests in Germany: A review. Remote
Sensing, 12, 3570. https://doi.org/10.3390/rs12213570

Jetz, W., Cavender-Bares, J., Pavlick, R., Schimel, D., Davis, F. W.,,
Asner, G. P.,, Guralnick, R., Kattge, J., Latimer, A. M., Moorcroft, P.,
Schaepman, M. E., Schildhauer, M. P., Schneider, F. D., Schrodt, F,,
Stahl, U., & Ustin, S. L. (2016). Monitoring plant functional diversity
from space. Nature Plants, 2, 16024. https://doi.org/10.1038/nplan
ts.2016.24

Jetz, W., McGeoch, M. A., Guralnick, R., Ferrier, S., Beck, J., Costello, M.
J., Fernandez, M., Geller, G. N., Keil, P., Merow, C., Meyer, C., Muller-
Karger, F. E., Pereira, H. M., Regan, E. C., Schmeller, D. S., & Turak,
E. (2019). Essential biodiversity variables for mapping and monitor-
ing species populations. Nature Ecology and Evolution, 3, 539-551.
https://doi.org/10.1038/s41559-019-0826-1

Karan, M., Liddell, M., Prober, S. M., Arndt, S., Beringer, J., Boer, M,
Cleverly, J., Eamus, D., Grace, P., Van Gorsel, E., Hero, J.-M., Hutley,
L., Macfarlane, C., Metcalfe, D., Meyer, W., Pendall, E., Sebastian, A.,
& Wardlaw, T. (2016). The Australian SuperSite Network: A conti-
nental, long-term terrestrial ecosystem observatory. Science of the
Total Environment, 568, 1263-1274. https://doi.org/10.1016/j.scito
tenv.2016.05.170

Kortmann, M., Hurst, J., Brinkmann, B., Heurich, M., Silveyra Gonzélez,R.,
Miuiller, J., & Thorn, S. (2018). Beauty and the beast. How a bat utilizes
forests shaped by outbreaks of an insect pest. Animal Conservation,
21(1), 21-30. https://doi.org/10.1111/acv.12359

Kortmann, M., Mueller, J., Latifi, H., Seidl, R., Heurich, M., Résner, R.,
& Thorn, S. (2018). Forest structure following natural disturbances
and early succession provides habitat for two avian flagship spe-
cies, capercaillie (Tetrao urogallus) and hazel grouse (Tetrastes bona-
sia). Biological Conservation, 226, 81-91. https://doi.org/10.1016/j.
biocon.2018.07.014

Krzystek, P., Serebryanyk, A., Schnorr, C., Cervenka, J., & Heurich,
M. (2020). Large-scale mapping of tree species and dead trees in
Sumava National Park and Bavarian Forest National Park using lidar
and multispectral imagery. Remote Sensing, 12(4), 661.

Latifi, H., Dahms, T., Beudert, B., Heurich, M., Kibert, C., & Dech, S.
(2018). Synthetic RapidEye data used for the detection of area-
based spruce tree mortality induced by bark beetles. Giscience &
Remote Sensing, 55(6), 839-859. https://doi.org/10.1080/15481
603.2018.1458463

Latifi, H., Fassnacht, F. E., Mdiller, J., Tharani, A., Dech, S., & Heurich,
M. (2015). Forest inventories by LiDAR data: A comparison of single


https://doi.org/10.1016/j.jag.2019.102037
https://doi.org/10.1016/j.jag.2019.102037
https://doi.org/10.1016/j.jag.2015.11.004
https://doi.org/10.1016/j.jag.2015.11.004
https://doi.org/10.1111/ddi.13204
https://doi.org/10.1038/s41467-019-12737-x
https://doi.org/10.3832/ifor0582-004
https://doi.org/10.3832/ifor0582-004
https://doi.org/10.1016/j.jag.2019.03.003
https://doi.org/10.1016/j.jag.2019.03.003
https://doi.org/10.13140/RG.2.2.12524.26248
https://doi.org/10.1111/1365-2664.12784
https://doi.org/10.3832/ifor0584-004
https://doi.org/10.1016/j.isprsjprs.2019.09.005
https://doi.org/10.1016/j.isprsjprs.2019.09.005
https://doi.org/10.1038/s41559-020-01292-0
https://doi.org/10.1038/s41559-020-01292-0
https://doi.org/10.1111/1365-2664.13238
https://doi.org/10.1111/1365-2664.13238
https://doi.org/10.3390/rs12213570
https://doi.org/10.1038/nplants.2016.24
https://doi.org/10.1038/nplants.2016.24
https://doi.org/10.1038/s41559-019-0826-1
https://doi.org/10.1016/j.scitotenv.2016.05.170
https://doi.org/10.1016/j.scitotenv.2016.05.170
https://doi.org/10.1111/acv.12359
https://doi.org/10.1016/j.biocon.2018.07.014
https://doi.org/10.1016/j.biocon.2018.07.014
https://doi.org/10.1080/15481603.2018.1458463
https://doi.org/10.1080/15481603.2018.1458463

LATIFI €T AL.

Methods in Ecology and Evolution 11

tree segmentation and metric-based methods for inventories of a
heterogeneous temperate forest. International Journal of Applied
Earth Observation and Geoinformation, 42, 162-174. https://doi.
org/10.1016/j.jag.2015.06.008

Laurance, W. F. (2013). Does research help to safeguard protected
areas? Trends in Ecology & Evolution, 28(5), 261-266. https://doi.
org/10.1016/j.tree.2013.01.017

Liu, J., Skidmore, A. K., Jones, J., Wang, T., Heurich, M., Zhu, X., & Shi,
Y. (2018). Large off-nadir scan angle of airborne LiDAR can se-
verely affect the estimates of forest structure metrics. ISPRS Journal
of Photogrammetry and Remote Sensing, 136, 13-25. https://doi.
org/10.1016/j.isprsjprs.2017.12.004

Mikkelsen, T. N., Clarke, N., Danielewska, A., Fischer, R. (2013).
Towards supersites in forest Ecosystem monitoring and research.
Developments in Environmental Science, 13, 475-496. https://doi.
org/10.1016/B978-0-08-098349-3.00022-0

Morsdorf, F., Schneider, F. D., Gullien, C., Kikenbrink, D., Leiterer, R.,
& Schaepman, M. E. (2020). The Laegeren site: An augmented for-
est laboratory. In J. Cavender-Bares, J. Gamon, & P. Townsend
(Eds.), Remote sensing of plant biodiversity. Springer. https://doi.
org/10.1007/978-3-030-33157-3_4

Oeser, J., Heurich, M., Senf, C., Pflugmacher, D., & Kuemmerle, T.
(2021). Satellite-based habitat monitoring reveals long-term dy-
namics of deer habitat in response to forest disturbances. Ecological
Applications, 31, €2269. https://doi.org/10.1002/eap.2269

Pereira, H. M., Ferrier, S., Walters, M., Geller, G. N., Jongman, R. H.
G., Scholes, R. J., Bruford, M. W., Brummitt, N., Butchart, S. H. M.,
Cardoso, A. C., Coops, N. C., Dulloo, E., Faith, D. P., Freyhof, J.,
Gregory, R. D., Heip, C., Hoft, R., Hurtt, G., Jetz, W.,, ... Wegmann,
M. (2013). Essential biodiversity variables. Science, 339, 277-278.
https://doi.org/10.1126/science.1229931

R code and tables for Appendices 2a and 2b. Retrieved from https://
zenodo.org/badge/latestdoi/390224424. https://doi.org/10.5281/
zenodo.5146374

Reddy, C. S., Kurian, A., Srivastava, G., Singhal, J., Vorghese, A. O,
Padalia, H., Ayyappan, N., Rajeshkar, G., Jha, C. S., & Rao, P. V. N.
(2020). Remote sensing enabled essential biodiversity variables for
biodiversity assessment and monitoring: Technological advancement
and potentials. Biodiversity and Conservation, 30, 1-14. https://doi.
org/10.1007/s10531-020-02073-8

Seibold, S., Béassler, C., Brandl, R., Fahrig, L., Forster, B., Heurich, M.,
Hothorn, T., Scheipl, S., Thorn, T., & Miller, J. (2017). An experimen-
tal test of the habitat-amount hypothesis for saproxylic beetles in a
forested region. Ecology, 98(6), 1613-1622. https://doi.org/10.1002/
ecy.1819

Seidl, R., Mdiller, J., Hothorn, T., Bassler, C., Heurich, M., & Kautz, M.
(2016). Small beetle, large-scale drivers: How regional and land-
scape factors affect outbreaks of the European spruce bark
beetle. Journal of Applied Ecology, 53, 530-540. https://doi.
org/10.1111/1365-2664.12540

Senf, C., Miiller, J., & Seidl, R. (2019). Post-disturbance recovery of for-
est cover and tree height differ with management in Central Europe.
Landscape Ecology, 34(12), 2837-2850. https://doi.org/10.1007/
s10980-019-00921-9

Senf, C., & Seidl, R. (2021). Mapping the forest disturbance regimes of
Europe. Nature Sustainability, 4(1), 63-70. https://doi.org/10.1038/
s41893-020-00609-y

Skidmore, A. K., Pettorelli, N., Coops, N. C., Geller, M., Hansen, M.,
Lucas, R., Miicher, C. A., O'Connor, B., Paganini, 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. https://doi.org/10.1038/523403a

Sterenczak, K., Mielcarek, M., Kaminska, A., Kraszewski, B., Piasecka,
Z., Miscicki, S., & Heurich, M. (2020). Influence of selected habitat

and stand factors on bark beetle Ips typographus (L.) outbreak in the
Biatowieza Forest. Ecology and Management, 459, 117826. https://doi.
org/10.1016/j.foreco.2019.117826

Stolton, S., Dudley, N., Avcioglu Cokgaliskan, B., Hunter, D., Ivani¢, K.-Z.,
Kanga, E., Kettunen, M., Kumagai, Y., Maxted, N., Senior, J., Wong,
M., Keenleyside, K., Mulrooney, D., & Waithaka, J. (2015). Values
and benefits of protected areas. In G. L. Worboys, M. Lockwood, A.
Kothari, S. Feary, & I. Pulsford (Eds.), Protected area governance and
management (pp. 145-168). ANU Press.

Tanase, M. A., Aponte, C., Mermoz, S., Bouvet, A., Le Toan, T., & Heurich,
M. (2018). Detection of windthrows and insect outbreaks by L-band
SAR: A case study in the Bavarian Forest National Park. Remote
Sensing of Environment, 209, 700-711. https://doi.org/10.1016/j.
rse.2018.03.009

Ustin, S. L., & Middleton, E. M. (2021). Current and near-term advances
in Earth observation for ecological applications. Ecological Processes,
10, 57. https://doi.org/10.1186/s13717-020-00255-4

Vihervaara, P., Auvinen, A.-P., Mononen, L., Torma, M., Ahlroth, P.,
Anttila, S., Bottcher, K., Forsius, M., Heino, J., Helidl§, J., Koskelainen,
M., Kuussaari, M., Meissner, K., Ojala, O., Tuominen, S., Viitasalo,
M., & Virkkala, R. (2017). How Essential Biodiversity Variables and
remote sensing can help national biodiversity monitoring. Global
Ecology and Conservation, 10, 43-59. https://doi.org/10.1016/j.
gecco.2017.01.007

Wang, Z., Skidmore, A. K., Wang, T., Darvishzadeh, R., Heiden, U.,
Heurich, M., Latifi, H., & Hearne, J. (2017). Canopy foliar nitro-
gen retrieved from airborne hyperspectral imagery by correct-
ing for canopy structure effects. International Journal of Applied
Earth Observation and Geoinformation, 54, 84-94. https://doi.
org/10.1016/j.jag.2016.09.008

White, J. C., Chen, H., Woods, M. E., Low, B., Nasonowa, S. (2019).
The Petawawa Research Forest: Establishment of a remote sens-
ing supersite. The Forestry Chronicle, 95(3), 149-156. https://doi.
org/10.5558/tfc2019-024

Xie, R., Darvishzadeh, R., Skidmore, A. K., Heurich, M., Holzwarth,
S., Gara, T. W., & Reusen, I. (2021). Mapping leaf area index in a
mixed temperate forest using Fenix airborne hyperspectral data
and Gaussian processes regression. International Journal of Applied
Earth Observation and Geoinformation, 95, 102242. https://doi.
org/10.1016/j.jag.2020.102242

Zielewska-Buttner, K., Heurich, M., Miiller, J., & Braunisch, V. (2018).
Remotely sensed single tree characteristics enable the determina-
tion of habitat thresholds for the Three-toed woodpecker (Picoides
tridactylus). Remote Sensing, 10(12), 1972. https://doi.org/10.3390/
rs10121972

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Latifi, H., Holzwarth, S., Skidmore,
A., Brina, J., Cervenka, J., Darvishzadeh, R., Hais, M., Heiden,
U., Homolova, L., Krzystek, P., Schneider, T., Stary, M., Wang,
T., Miiller, J., & Heurich, M. (2021). A laboratory for
conceiving Essential Biodiversity Variables (EBVs)—The ‘Data
pool initiative for the Bohemian Forest Ecosystem’. Methods
in Ecology and Evolution, 00, 1-11. https://doi.
org/10.1111/2041-210X.13695



https://doi.org/10.1016/j.jag.2015.06.008
https://doi.org/10.1016/j.jag.2015.06.008
https://doi.org/10.1016/j.tree.2013.01.017
https://doi.org/10.1016/j.tree.2013.01.017
https://doi.org/10.1016/j.isprsjprs.2017.12.004
https://doi.org/10.1016/j.isprsjprs.2017.12.004
https://doi.org/10.1016/B978-0-08-098349-3.00022-0
https://doi.org/10.1016/B978-0-08-098349-3.00022-0
https://doi.org/10.1007/978-3-030-33157-3_4
https://doi.org/10.1007/978-3-030-33157-3_4
https://doi.org/10.1002/eap.2269
https://doi.org/10.1126/science.1229931
https://zenodo.org/badge/latestdoi/390224424
https://zenodo.org/badge/latestdoi/390224424
https://doi.org/10.5281/zenodo.5146374
https://doi.org/10.5281/zenodo.5146374
https://doi.org/10.1007/s10531-020-02073-8
https://doi.org/10.1007/s10531-020-02073-8
https://doi.org/10.1002/ecy.1819
https://doi.org/10.1002/ecy.1819
https://doi.org/10.1111/1365-2664.12540
https://doi.org/10.1111/1365-2664.12540
https://doi.org/10.1007/s10980-019-00921-9
https://doi.org/10.1007/s10980-019-00921-9
https://doi.org/10.1038/s41893-020-00609-y
https://doi.org/10.1038/s41893-020-00609-y
https://doi.org/10.1038/523403a
https://doi.org/10.1016/j.foreco.2019.117826
https://doi.org/10.1016/j.foreco.2019.117826
https://doi.org/10.1016/j.rse.2018.03.009
https://doi.org/10.1016/j.rse.2018.03.009
https://doi.org/10.1186/s13717-020-00255-4
https://doi.org/10.1016/j.gecco.2017.01.007
https://doi.org/10.1016/j.gecco.2017.01.007
https://doi.org/10.1016/j.jag.2016.09.008
https://doi.org/10.1016/j.jag.2016.09.008
https://doi.org/10.5558/tfc2019-024
https://doi.org/10.5558/tfc2019-024
https://doi.org/10.1016/j.jag.2020.102242
https://doi.org/10.1016/j.jag.2020.102242
https://doi.org/10.3390/rs10121972
https://doi.org/10.3390/rs10121972
https://doi.org/10.1111/2041-210X.13695
https://doi.org/10.1111/2041-210X.13695

