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Human activities have altered continental ecosystems worldwide and generated a major
environmental crisis, prompting urgent societal questions on how to best produce goods
while at the same time securing sustainable ecological services and raising needs
to better understand and predict biodiversity and ecosystems dynamics under global
changes. To tackle these questions, experimentation on ecosystems is necessary to
improve our knowledge of processes and to propose scientifically sound management
strategies. Experimental platforms able to manipulate key factors of global change and
including state of the art observation methodologies are available worldwide but how to
best integrate them has been rarely addressed. Here, we present and discuss the case of
the national research infrastructure AnakEE France dedicated to the study of continental
ecosystems and designed to congregate complementary experimental approaches in
order to facilitate their access and use through a range of distributed and shared
services. The conceptual design of AnaEE France includes five modules. Three modules
gather experimental facilities along a gradient of experimental control ranging from highly
controlled Ecotron facilities, semi-natural field mesocosms to in natura experimental sites
covering major continental ecosystems (forests, croplands, grasslands, and lakes). In
addition, AnaEE France also includes shared instruments that can be implemented in
experiments and analytical platforms specifically dedicated to environmental biology. To
promote reuse of data, generalize results and improve predictive models, AnakEE France
further gathers modeling and information systems. The implementation of AnakEE France
allowed for mutual synergies, improved the technical skills, stimulated new experiments
and helped our scientific community to enter into the big data sharing era.

Keywords: research infrastructure, experimentation, continental ecosystems, global changes, environmental
sciences, open-access platforms, modeling, data management
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INTRODUCTION

Ecosystems provide key ecological services to human societies
including provisioning services (e.g., biomass production)
and the regulation of climate conditions and element
cycles (Balmford and Bond, 2005; Cardinale et al., 2012).
Human activities are the direct or indirect cause of various
environmental pressures, including pollution, global warming,
or the degradation of natural habitats (Vitousek et al., 1997;
Pereira et al., 2010). Altogether, this has caused a rapid erosion
of biodiversity and a major perturbation of most ecological
systems and services, at the same time as increasing demands
for food and energy and stronger competition for land and
water use are expected in the near future (Howden et al., 2007;
Ehrlich and Harte, 2015). Understanding ecological responses to
global changes, and identifying possible mitigation or adaptation
strategies are therefore becoming a crucial component of the
research agenda (e.g., Olesen et al., 2011; Mooney et al., 2013).

Ecological studies indicate that living organisms are crucial
drivers of ecosystem processes, hence pointing toward studies
that address how biodiversity and ecosystems respond and
eventually adapt (Loreau, 2010). To understand and predict
ecosystem responses to a changing world, four scientific
challenges of biodiversity research must be addressed. At the
species level, we need first to understand phenotypic flexibility
in response to environmental changes. When it comes to
understand phenotypic variation, evolutionary theory begs for
the simultaneous study of genetic factors, physiological trade-
offs (i.e., the concurrent use of energy and resources by
different traits) and developmental plasticity (i.e., the ability
of a genotype to exhibit different phenotypes in different
environments) since this is the only way to account for
the interplay between genetic and non-genetic factors (e.g.,
Schlichting and Pigliucci, 1998; Vandenkoornhuyse et al., 2010).
Second, studying the momentous impacts of biotic interactions
on ecosystems dynamics entails detailed investigations of trophic
and non-trophic interactions, which is a major challenge
in the field of biodiversity science that attempts to predict
the relationship between biodiversity and the functioning of
ecosystems, including biogeochemical cycles (Hooper et al,
2005). Third, one fundamental aspect of living organisms is their
ability to evolve by means of natural selection. Recent empirical
studies in natural populations have shown that, provided genetic
variability is sufficiently high, selection can sometimes be fast
enough to interact with ecological processes (Post and Palkovacs,
2009). Thus, natural selection could alter the speed at which
ecological systems respond to global changes if the genetic
variation is not exhausted too quickly by such changes (Gonzalez
et al., 2013). Fourth, how landscape features, such as habitat
fragmentation (Legrand et al,, 2017), interact with ecosystem
dynamics, and especially with biogeochemical cycles, remains to
be understood (Thompson et al., 2017).

Experimental approaches in ecology provide one of the best
mean to achieve these goals (Schoener, 1983), although they
have sometimes been criticized due to their lack of generality
and limited spatial and temporal scales (e.g., Carpenter, 1996;
Schindler, 1998). The use of experimental approaches in ecology

and environmental sciences increased as a way to test predictions
of the core theoretical concepts of population biology, population
genetics, evolutionary biology, ecosystem science and food web
theory, which arose in the 1960s (Begon et al, 1996). Now
that modeling and analytical progresses lead to better and more
accurate understanding and prediction of matter and energy
processes through interdisciplinary approaches (e.g., Bashkin,
2002), a major focus in ecological sciences is on the production of
quantitative, experimentally testable approaches using advances
in our ability to characterize better the influence and cascading
effects of heterogeneity at lower levels on higher levels of
complexity (from genes to ecosystems, see Loreau, 2010). This
challenge strongly urges the need for building novel, collaborative
experimental infrastructures since no single effort will be able
to provide us the necessary set of tools and data to solve
interdisciplinary questions in our research community.

Up to now, most attempts to build generic experimental
facilities have been strongly scale and approach specific, and
little effort has been made to promote complementarities
among experimental facilities in terms of replication, scales
of approaches, levels of complexity, types of ecosystem, data
management and modeling, as well as methods and tools for
assessing biodiversity and ecosystem matter fluxes (Blanchfield
et al., 2009; but see Stokstad, 2011). We propose here that the
implementation of a network of experimental facilities cannot
solely copy and paste from the success stories of observatory
networks in our discipline, which have been reviewed elsewhere
(e.g., Lindenmayer et al.,, 2012; Peters et al.,, 2014). Although
complementary to observations, the logic behind experiments
involves different constraints and opportunities, and thus calls
for different solutions. The aim of this manuscript is therefore
to provide a framework for the development of a network of
experimental facilities open to a research community studying
ecosystems biology and ecology. This framework will be
illustrated by the case of the Research Infrastructure (RI) AnaEE
France, which is a set of open-access platforms offering services
to experiment on, analyse, and model ecosystems (Mougin et al.,
2015).

CURRENT NETWORKING EFFORTS IN
ENVIRONMENTAL SCIENCES AND
ECOLOGY

The large spatial and long temporal scales of global change
impacts on ecological systems implies that results from site-
based research must be scaled up in order to predict ecological
processes operating on yearly to century time scales at a
continent scale or even more (Peters et al., 2014). Local ecological
observations have proved to be essential for studying diverse
ecological phenomena such as plankton or terrestrial plant
successions, cyclic predator-prey population dynamics or lake
eutrophication (Magnuson, 1990). Some of the longest term
observations started very early: for example, records in lake
Suwa in Japan began in 1443 and those of the Anagara River in
Siberia began in 1720 (Magnuson et al., 2000). However, long-
term ecological research per se was initiated in the Rothamsted
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experimental farm in England in 1843 (Taylor, 1989), and
it has flourished since then (reviewed by Clutton-Brock and
Sheldon, 2010 for population studies). Most of these long term
observations were not performed in coordinated networks until
recently, preventing any straightforward comparisons across
time and space by lack of harmonization and/or standardization
of scientific practices (Peters et al., 2014). Efforts have been
made in the last decades to develop dedicated observation
networks (e.g., Lindenmayer et al., 2012). To achieve this goal,
key milestones includes (1) the selection of existing or de novo
construction of observational sites such that several ecosystem
types can be studied and compared; (2) the standardization
of existing methods to collect data across sites; and (3) the
development of tools for prediction, databases, and a centralized
policy management (Baker et al., 2000).

Among existing infrastructures, LTER (Long-Term Ecological
Research) is funded since 1980 and gathers 24 long-term study
sites in USA encompassing diverse continental and oceanic
ecosystems (Baker et al., 2000). More recent initiatives include
ICOS (Integrated Carbon Observation System, http://www.icos-
infrastructure.eu/) dedicated to the monitoring of greenhouse
gases budgets in 12 European countries since 2008 (Ciais et al.,
2014), NEON (the National Ecological Observatory Network)
designed to provide long-term ecological data on the US
continental scale since 2012 (Kampe et al,, 2010; Kao et al,
2012), and TERN (http://www.tern.org.au) contributing since
2008 to deliver observation data on all Australian ecosystems
(Lindenmayer et al., 2012). Other networks aim at understanding
specific ecosystem types such as GLEON (Global Lake Ecological
Observatory Network; http://gleon.org), which is a grassroots
network of limnologists, ecologists, information technology
experts, and engineers who have a common goal of building
a scalable, persistent network of lake ecology observatories
(Weathers et al., 2013).

Most of the above mentioned coordinated networks
are devoted to observational studies and do not include
experimental designs and experimental sites, and most
experimental approaches are not commonly conducted at
the same spatial and temporal scales than observational
programs (Pinto et al., 2014). Some long-term experiments have
been done for example on ecosystems fragmentation (Brudvig
et al,, 2015) or forest dynamics (e.g., Magill et al., 2004), but they
were usually not coordinated. A notable exception is the nutrient
network experiment (NUTNET), which is a collaborative project
at more than 40 grassland sites across North America, Europe,
Australia, South America, Asia, and Africa, http://www.nutnet.
umn.edu/home) to perform identical field experiments. NutNet
is a unique effort to establish a general understanding of how
fertilization (e.g., nitrogen or phosphorus runoft) and herbivory
jointly control plant communities and ecosystem services
(Stokstad, 2011). The case of the Experimental Lake Area (ELA)
in Ontario should also be mentioned (see Blanchfield et al.,
2009). Since it was created in 1968, more than 50 experiments
were conducted at the ELA ranging in duration from several
years to more than four decades. Through its ability to conduct
whole-ecosystem experiments, this network has helped to
understand many environmental concerns such as algal blooms
associated with eutrophication, the effects of acid rains on

lakes, the environmental impacts of aquaculture and dam
development, or the effects on synthetic hormones on fish.

In parallel to this, laboratory experiments were performed
since the beginning of modern ecological sciences (for example
see Park, 1962), but most were uncoordinated among each other
as well as with experiments done in semi-natural or natural
conditions (Schoener, 1983). Laboratory or field experiments
were designed for a single researcher-question approach and
have been extremely successful, but they were not meant to be
repeated by other researchers or to be used to respond to wider
set of questions. Important initiatives that span multiple research
questions exist and include for example the Silwood Park Ecotron
dedicated to biodiversity research (Lawton, 1996), the Cedar
Creek long-term experiment (Tilman et al, 2012), the Jena
experiment (Roscher et al., 2005), the Harvard Forest laboratory
(Stott, 1991), or the Landscape Earth Observatory (Pangle
et al., 2015). Yet, until very recently, there was little attempt
to coordinate experimental research in the field of ecological
and environmental sciences, and few examples of coordinated
experimental projects. Below, we focus on a new French
project called AnaEE France (Analysis and Experimentation on
Ecosystems), which was initiated in parallel to the European
project called AnaEE in an attempt to improve synergies and
global impacts of experimental research in our discipline (Chabbi
and Loescher, 2017a).

MAIN OBJECTIVES AND
IMPLEMENTATION OF ECOSYSTEM
EXPERIMENTAL RESEARCH
INFRASTRUCTURE

Ecologists working on ecosystems have only recently recognized
the necessity of network-based approaches for the building of
common instrumentation and facilities (Swanson and Sparks,
1990; Robertson et al., 2012; Peters et al., 2014). However, this
approach has been rarely applied to experimental platforms
(Chabbi and Loescher, 2017a). Clear advantages to gather a
community around a distributed research infrastructure include
(1) the improvement of integration and complementarities
among experimental set-ups and instruments, and hence an
increase in research efficiency, (2) a more inclusive and
collaborative decision-making process to build new experimental
facilities or abandon old fashioned ones, (3) the construction of
information systems for the sharing of data and models, and (4)
the optimization of funds. Here, we propose that the building
of an experimental infrastructure in ecological sciences, such as
our case study of AnaEE France, must respond to the three major
challenges listed below and we suggest a method to do so based
on the work done in France as well as the conclusions of a similar,
ongoing integration process at the European level (Chabbi et al.,
2017b).

Allowing for Integrative Study of
Biodiversity and Ecosystem Functioning
Ecosystems are characterized by four main essential
characteristics. First, their dynamics are typically difficult
to predict (Scheffer and Carpenter, 2003; Pereira et al., 2010)
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due to, for example, tipping points, high sensitivity to initial
conditions, or complex non-linear response curves. Second,
most ecological processes are characterized by a strong spatial
structure. Many living organisms have limited dispersal ability
and display complex dispersal responses with respect to variation
in the environment (Clobert et al., 2012). Thus, some ecological
processes cannot be understood properly if the spatial structure
is ignored (Peterson, 2000). Third, there is a strong functional
heterogeneity among individuals, among species and among
trophic levels which all have a major influence on the functioning
and stability of ecosystems services (Loreau, 2010). For example,
inter-individual and inter-specific heterogeneity in plastic
responses to social and physical environments are currently
pointed out has having major effect on ecosystem functioning
(Jacob et al., 2015). Fourth, the interplay between the evolution
of this biological diversity and ecological dynamics can be the key
to predict the ecosystem state even on the short term (Post and
Palkovacs, 2009; Schoener, 2011). For example, global changes
shift the state of the environmental, which leads to changes in
the shape and strength of selection on individual and species
traits and feedbacks into ecological dynamics (Reiss et al., 2009).
To account for these four essential properties, we acknowledge
that integrated experimental set-ups should offer a high level of
replication over multiple gradients of temporal and spatial scales
and strong capacity to unravel complex biological processes.

Coping With Trade-Offs Imposed by the

Size and Complexity of Experimental Units

Ecologists have developed experimental tools ranging from
chemostats on a bench or complex climate chambers of Ecotrons
to more or less complicated field set-ups. Such tools have been
rarely taught in term of complementarities or in term of choosing
the appropriate level of testability, replication, realism and multi-
disciplinarity. Experimental approaches at small spatial and
temporal scales (e.g., laboratory microcosms) offer a high degree
of replication and environmental control, and are extremely
powerful tools to validate general theories (Caswell, 1988), but
they might lack realism and complexity (Figure 1, see Benton
et al,, 2007; Drake and Kramer, 2012). On the other hand, large
scale, field experiments offer a high degree of natural complexity
but are often poorly controlled and replicated (Osmond et al,,
2004; Leuzinger et al, 2011; Haddad et al, 2017). More
complex, larger experimental set-ups also often allow for more
multidisciplinary research programs, with some large-scale field
experiments often congregating a wider community of users from
ecology, geosciences or even social sciences. In addition, it has
been suggested that small-scale experimental approaches have a
stronger internal validity (i.e., a high certainty to attribute causal
effects to a given set of factors) but often lack external validity
(i.e., a lower generalization capacity, De Boeck et al., 2015).
In between these two extreme scales, mesocosm approaches
(semi-natural experimental facilities) are an oft-used solution
to manipulate a few biotic and/or abiotic factors while leaving
some natural fluctuations operating on the system (Stewart et al.,
2013). Technical and budgetary constraints impose a strong
trade-off between replication power and biological complexity,

and the environmental control and measurement capacity of
experimental units (reviewed in Petersen et al., 1999; Stewart
etal., 2013).

Altogether, this implies (1) that not a single experimental
set-up can optimize all components and we will need new
experimental tools characterized by a capacity to somehow
escape from technical and budgetary constraints (Haddad,
2012), and that (2) the optimization of each component of
the experimental set-up should be carefully thought given the
ecosystem type, research question, and available technologies.
More generally the novelty of experimental approaches will lie
in both their possibility to recreate ill investigated ecosystems as
well as enabling to study complex biotic and abiotic interactions
with a high level of replication. Such experimental set ups are
very costly and can only be programmed and managed by an
entire scientific community. These new types of experimental
set-ups will be key for speeding up research on ecosystems and
addressing key scientific challenges.

Allowing for Feedback Loops Between

Theory and Experimentation

Many theories have flourished in ecology during the last decades,
but most have only been partially tested and some are even
untested. Theory validation has been attempted in chemostats,
Ecotrons, or in semi-natural conditions, but theory evaluation
(i.e., assessment of the part of variance explained in the natural
systems variation) still remains rare (Figure 1, but see Schmid
et al, 2002; Tilman et al, 2014). It is therefore urgent to
organize experimental set-ups in such a way that they can be
complementary and compatible with models and allow more
efficient model-data interactions.

A Proposed Method

Challenges to develop experimental approaches spanning
multiple scales, covering a range of processes and complexity, and
tightly coupled with ecological models are multiple. A research
infrastructure can cope with these challenges more easily than
independent site-based approaches if it provides an efficient
access to cutting edge experimental facilities and modeling tools,
and if it facilitates the scientific process by offering fluent links
between data collected in different experiments and models. We
propose a method based on six key ingredients to achieve these
overarching goals:

1. A selection of front edge resources including experimentation,
analytical and data-models platforms. The core elements of the
research infrastructure (RI) should include experimentation
platforms ranging from highly controlled experimental
setups to long term experiments in natural ecosystems
but also analytical tools (dedicated to data acquisition)
and information systems dedicated to data management,
model implementation and experimentation-data-model
integration. Each experimentation platform must present
outstanding characteristics and a strong originality (see
for example, Legrand et al., 2012; Verdier et al, 2014). In
addition, each experimentation platform must be supported
by a strong and skilled staff to perform high quality research.
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Replication power

Relationship with Theory

Tools Laboratory Ecotron Field Natural
Microcosms  mesocosms  mesocosms  ecosystems
Strong
Control capacity \
Weak
Biological and / Strong
spatial complexity Weak

Very strong \ / \

Usually small

Theory

theoretical research validation =

Multi-disciplinarity

/ Strong
Weak

FIGURE 1 | The design of an experimental set-up typically involves several trade-offs. Here, experimental set-ups were arranged by size from small laboratory
microcosms, highly controlled laboratory mesocosms inside Ecotrons, field mesoscosms and natural ecosystems. Control capacity describes the level of
environmental control that the experimental set-up can offer and it typically decreases from enclosed, laboratory systems to natural ecosystems (Petersen et al.,
1999). Complexity defines the number of species, trophic levels or ecosystem types, as well as the spatial complexity in the environment, and it typically increases
from laboratory to natural systems. Replication power is related to the maximum number of experimental units and, given budgetary and technical constraints, it
decreases with the spatial scale and technological complexity of the experimental set-up. Internal validation defines the extent to which the experimental set-up can
be used to test for a given theory and it trade-offs with theory evaluation as spatial scale increases (De Boeck et al., 2015). Multidisciplinarity is the extent to which
several disciplines can work together in the experimental set-up, and it increases on average with spatial scale (Stewart et al., 2013).

“ evaluation

The RI will have the responsibility to manage the life cycle
of all platforms by promoting new ideas, facilitating the
construction of new platforms and evaluating their quality
and management.

2. A standardized and centralized access policy to the platforms.
Access to each platform must follow standardized procedures
similar to the open-access policy recently adopted for data
access and services should be open to both the academic and
private sectors. The RI should be the appropriate entity to
decide for shared procedures dedicated to project submission,
pricing policy and data dissemination.

3. A standardized catalog of resources, data and models. The
complex management and operation of the RI requires to
describe each of its component using standardized metadata.
This description includes the platforms themselves, the results
of the experiments performed in each platform, and the
models. The RI should provide strict metadata guidelines,
make them semantically consistent and expose them in
efficient querying interface for the discovery and access to the
RI resources, data and models.

4. Harmonization of measurements and methods. In order to
facilitate the handling of data of different origins and to
ensure their comparability, the infrastructure should define
a policy for the acquisition, processing and qualification
of measurements. It is important to share and harmonize

protocols. Harmonization implies to identify equipment,
instruments and data, and may include a standardization
of the protocols, for example standard procedures to
use specific sensors. In particular, a procedure to design
and describe experimental protocols must be adopted and
shared.

. Promoting data access and reuse. The infrastructure data

policy has to contribute to the development of an open-
science through the sharing and reuse of data from ecosystem
studies. Intellectual property rules and data sets’ identifiers
must guarantee that most data produced by the RI platforms
will be accessible and citable by the international research
community. Data can be directly delivered by a database
interface proper to the infrastructure, through web services
or in modeling environments that integrate data in modeling
activities.

. Contributing to the agenda of the scientific community. The RI

should attract a scientific community that shares an interest
on the use of experimental platforms and their management.
It is therefore a central place to foster discussions on a range
of topics such as cutting edge science which can be done
with the infrastructure, experimentation-model coupling,
implementation of new technologies and data synthesis
(see for example this review dedicated to fragmentation
experiments produced by AnaEE France, Haddad et al., 2017).
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THE CASE STUDY OF ANAEE FRANCE

The RI AnaEE France was built according to the above
methodology in order to join efforts from various French
research organizations to upgrade and integrate existing
experimental tools on ecosystems in France. During the last 25
years, we developed independently some experimental facilities
in France to study various types of continental ecosystems. These
facilities were usually built by single research teams without
considering of their overall complementarities. The construction
of AnaEE France thus involved a first step to define criteria for
selecting among existing platforms followed by a second step to
define a general and complementary organization and propose a
central management plan. We discuss below each of these steps
and conclude by showing the added values of the RI for the
research community.

Selection and Organization of the

Resources

Experimental facilities in AnaEE France focused on continental
ecosystems (aquatic and terrestrial) and were selected for their
originality, large community of users, and open access to the
international research community. They were also chosen on
the basis of their complementary tools and approaches to
offer opportunities for scaling up and down from in vitro to
in natura approaches within a unique infrastructure and with
the same access rules, and to allow feedbacks between models
and experiments. In order to compare data by using a common
framework, and to use comparable measures and standards
across platforms, we anticipated the need for a common set
of analytical platforms and a common procedure for collecting
data using the same instruments with a mobile laboratory.
Thus, the distributed and coordinated network of experimental
platforms of AnaEE France was associated with a selection of
some analytical and modeling platforms.

Existing experimental platforms were first ranked along a
control axis (Figure 2) leading to three categories of platforms
including controlled environment facilities (Ecotrons), semi-
controlled field mesocosms in which some environmental and
biotic factors could be manipulated and field experiments with
in natura ecosystems. Each experimental platform must allow
for the simultaneous manipulation and monitoring of ecosystem
processes through a multi-disciplinary approach (see Mougin
et al.,, 2015 for more technical details on each platform type).
Experimental platforms were selected based on their ability to
manipulate a range of distinct, representative ecosystems types
including forests, grasslands, croplands and aquatic ecosystems
(Mougin et al., 2015). In addition, we included analytical
platforms offering tools to describe the most relevant biotic
and abiotic conditions (including metabarcoding, Yang et al.,
2014) and we designed a new e-service dedicated to data
management and modeling. Modeling services were based
on platforms hosting models and modules, offering model
coupling facilities, direct access to the data and statistical tools
(sensitivity analysis, parameter estimation, error assessment,
output visualization).The modular structure of the proposed
RI allowed for a better internal organization, but synergies

between modules were promoted through regular workshops and
meetings (see below). A full list of the services is summarized in
Mougin et al. (2015) and is also available on a dedicated web site
(http://www.anaee-france.fr/).

General Organization, Types of Services,

and Access Policy

The first goal of the construction of the infrastructure was to
build a coherent set of experimental, analytical and data-model
platforms with respect to the different key conditions defined
in sections Main objectives and Implementation of ecosystem
experimental research infrastructure. The second goal was to
ensure a smooth infrastructure management and an open access
policy. We first defined the three main kinds of AnaEE France
services, which include (1) access to experimental and analytical
facilities, instruments, and modeling platforms; (2) access to
archived samples and collections of biological resources; and
(3) access to data sets. The two first kinds of services require
matching the demands with the offers in terms of technical,
financial and logistic needs, while the data access is regulated
by a general license defining the rights and duties associated
with the use of data. To implement the data access policy, users
are asked to register and commit to properly cite the source
and authorship of the downloaded data sets. We developed a
single access point with updated information on services and
fees, open calls for projects, and a review process to evaluate
the scientific and technical relevance of proposed projects (see
Figure 3). The general policy for access fees (i.e., the economic
model of the RI) is to ask users to cover part of the running
costs of the services for projects coordinated by academics and to
charge additional fees corresponding to manpower and renewal
of instruments for projects coordinated by private partners.
Approved users are requested to sign an agreement with AnaEE
France including information on data and patent protection,
copyright and ownership. A core part of the general policy for
access rules and fees is mandatory to all services but additional
specificities can be included by each platform. Each platform has
a dedicated panel of reviewers with peer-reviewers in charge of
selecting projects and scheduling the access to the platform. The
novelty of this approach is not only about the common rules
related to access policy and data management but stands in the
construction of unique web portal an data base dedicated to
project submission and implementation (see Figure 4).

Information Systems

The AnaEE France information system is based on a distributed
architecture gathering information about databases located in
different centers, some modeling platforms and a portal for
metadata and access to the resources (Figure 5). The databases
information system was designed to store data, to make them
available and to manage access rights. Two complementary
systems were developed in parallel for the management of data
generated by experimental platforms, including one dedicated to
long-term experiments (i.e., decades) conducted with in natura
platforms (accessible for instance at https://si-acbb.inra.fr for
experiments on agrosystems) and one dedicated to short-
term (i.e., months or years) research projects operated with
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Experimental platforms

Analytical platforms Modeland information systems

FIGURE 2 | General organization of the experimental facilities along a gradient of size of the experimental set-ups complemented by analytical facilities, modeling
platforms and information systems. The degree of control of environmental conditions diminishes from Ecotrons to field experiments (see Figure 1).
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FIGURE 3 | Project submission procedure. The flow chart illustrates the standard project submission review and selection which includes either external review for
funding or internal review when funding is not based on external, peer-review.

Ecotrons and field mesocosms. Since the goal of the information ~ of variables and metadata across platforms, data querying
systems for long term experiments is to deliver core data, tools  and the management of rights. For short-term experiments, a
were developed for on line data stream, the standardization  dedicated web application, called ISIA (Information System for
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FIGURE 4 | Information system for the administration of AnaEE Rl including dedicated web applications for project submission (Project Proposal Administration),
project implementation (Experiment Design Event Measures) and data management (Management Analysis Sample). The diagram shows the flow path from project
submission to data production and storage, and associated databases dedicated to project and exploitation metadata, database structure and raw data.

Infrastructure Administration), was designed and implemented
(see Figure4). The aim of ISIA is to collect the information
of the whole experimental cycle within a single environment
and database including the project submission, the experimental
design, the experimental protocols and the raw data. To identify
all data available in the information systems, a web portal was
developed. Thanks to semantically rigorous annotation, data can
be found either from predefined filters or through open queries.
To increase the functionalities of the modeling platforms and
promote data reuse, web services were designed to transfer data
from the information systems to the modeling platforms.

Metadata

The annotation of resources using metadata (data about data)
is a key to promote their discovery and reuse. When based on
common standards, it directly contributes to build an efficient
interoperability between raw data, models and experiments.
Metadata is used in three main mechanisms including discovery
(identification of the data sources that contain a given
information), exploration (evaluation of the match between data
and users’ needs) and exploitation (use and access conditions of
the data sources). Exploitation of metadata are usually managed
within the data information systems, whereas discovery metadata
are most frequently managed in a dedicated environment
allowing compatibility with international standards and the
harvesting by different catalogs (e.g., GEOBON at a global scale
in the field of biodiversity research). We used two international

metadata standards developed for environmental sciences and
ecology: the geospatial metadata standard ISO19115/19139
compatible with the EU INSPIRE directive (Anonymous, 2013),
and the Ecological Metadata Language (EML, Fegraus et al,
2005). Currently, the description of all resources of AnaEE France
(http://w3.avignon.inra.fr/geonetwork_anaee) follows uses of the
GeoNetwork (http://geonetwork-opensource.org/) software.

In addition to these standards, there are international
initiatives to develop metadata standards such as OGC’s Sensor
Web Enablement (SWE) to implement data flow from sensors
to web interface and a series of Metadata Language (e.g.,
SensorML) to describe sensors and associated data sets. However,
these standards do not fix the vocabulary and semantic links
between concepts, and there exist several initiatives led by
different groups of ecologists, agronomists or geoscientists to
develop thesaurus and ontologies. To fulfill our specific needs,
we therefore developed our own semantic referential tools
by using vocabularies derived from different existing thematic
thesauri (GEMET, EnvThes, AGROVOC, TAXREE etc.) and
by collecting the vocabularies used in the different distributed
platforms of the infrastructure. These terms were then gathered
in an AnaEE France Thesaurus, which is supported by the
VOCBENCH software and shared with the whole AnaEE
community. The AnaEE thesaurus is publicly accessible through
the AgroPortal semantic repository (http://agroportallirmm.
fr/; Jonquet et al., 2016). In order to provide an accurate
description of data resources and to allow their interoperability
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FIGURE 5 | The distributed architecture of the AnaEE-F information system includes a discovery catalog to access metadata information about platforms, datasets,
or models, a portal to access metadata about observations or model variables including a semantic referential and an ontology, and a data repository to store digital
object identifies (DOI) of data sets from information systems of in natura and mesocosm experiments. Data sets from experiments are linked with model factories to

with modeling platforms, existing databases and models were
semantically annotated using ontologies. We used the OBOE
ontology (https://github.com/NCEAS/oboe/; Madin et al., 2007;
Schildhauer et al., 2016) developed for scientific observations and
measurements in ecology as the core element of our ontology.
Extensions to OBOE are developed for the specific needs of
AnaEE France and others thematic ontologies are also used such
as wgs84_pos for spatially-located objects to describe their spatial
patterns and SSN-SensorML to describe sensors and methods.
The AnaEE ontology is developed using the Protégé collaborative
software and will be accessible through AgroPortal as well.

Harmonization

Current monitoring, measurements and experimental protocols
in AnaEE France are not standardized due to various historical,
logistical or monitoring constraints. Substantial improvements
are expected on the short-term in order to improve data
traceability and facilitate comparisons across experiments.
Harmonization of data and protocol description is an outcome
of the use of the shared information systems, which provide
an integrated, semantically correct and shared description of
each data set. Standardization of protocols and measurements,
including accuracy assessment, curation procedure and the
use of shared instruments will be a key objective to improve
data quality and make them comparable across datasets. For
example, methodological developments are implemented on
different platforms to improve methods as for soil moisture
sensor calibration or soil gas sampling techniques. These studies

can take advantage of the variety of sites contexts and newly
improved methods can then be more quickly deployed in the
different platforms.

Community Building Activities
AnaEE France involves a large technical and scientific
community dedicated to the platform management (about
300 permanent staff) and a wide community of users (about
300-400 projects per year). The high technical skill, the
variety of experimental approaches and the range of scientific
domains addressed by the AnaEE France community give it the
legitimacy to play a leading role in the scientific community
on topics related to the experimentation on ecosystems and
methodological developments. In AnaEE France, significant
effort has been therefore paid for community building
activities. Working groups on methodological issues most
relevant for the development of the infrastructure have been
established. These groups address topics about measurements
and experimental protocol standardization, the development
of new instruments or experimental set-ups, or the use of
model organisms and ecosystems. For example, working groups
were established to address some of them as for instance
the review of concepts and methods to measure biodiversity,
dedicated sensors, and tools to analyse and model biodiversity
data.

The RI also raises opportunities to develop both training
and teaching based on technologies and data available in all
platforms. In AnaEE France, the infrastructure was used to
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organize and offer some training on best techniques or practices,
and to foster or develop experiment-oriented teaching. Outreach
activities were also developed for the general public. By their very
nature, research infrastructures offer also other possibilities of
developing synthesis works such as comparisons of ecosystem
indicators or reviews of management practices. In the field of
ecosystem science, an infrastructure can help developing general
measures of the state of the environment such as CO, storage
capacities, or tools to characterize and measure biodiversity.
These tools can be made available to scientists as well as to public
agencies and policy makers.

PERFORMANCE INDICATORS AND SOME
EXAMPLES

The RI AnaEE France was officially started at the end of 2011
and we have been producing summary statistics since then,
which may indicate trends in the performance of experimental
research tools over the last four years (Table1). Since the
beginning, financial and human support by our funding agencies
has been steady (annual budget around 10 M€ and full-time
equivalent manpower of about 145 persons), and most of the
resources from the RI have been invested into the upgrading of
existing platforms and the construction of new platforms (22
services including 3 newly constructed). At the same time, the
leverage effect on regional and national funding programmes
for associated platforms was important and in constant increase
(from 2 to 5 M€) and the revenues secured from user fees and
external projects increased from 0.2 to 1.4 M€ due to some
average increase in occupancy rate, a new fee policy and an
increase in the number of funded projects. A fairly high number
of research projects was hosted each year with fluctuations
caused by inter-annual changes in the average duration of each
project. A reasonable number (20%) of projects involved foreign
laboratories. In addition, we have importantly increased the use
and re-use of data and models generated by each service (10 times

increase after 4 years). This was accompanied by an increase in
the number of publications including technical publications, and
in the performance statistics of training activities. Current efforts
will continue to raise the number of private sectors projects,
improve further harmonizing of measurements and methods,
and deploy the newly developed information systems.

Examples of remarkable, recent studies conducted in AnaEE
France include experiments on climate change usually difficult
to perform within the realm of a single laboratory. For example,
collaborations between in natura and Ecotrons platforms
make it possible to conduct short-term climate simulation
experiments on intact pieces of soil-plant ecosystems extracted
from long-term study sites. Using this approach, Roy et al.
(2016) recently uncovered that elevated atmospheric CO;
concentrations predicted for the future should compensate
the negative effect of a summer drought stress on grasslands,
and therefore influences the resilience to warming of this
ecosystem. Such extreme weather events are also predicted to
increase extinction risks of numerous species on earth, but large
scale experimental demonstration are missing and it remains
unknown if species can compensate climate warming by means
of dispersal (Sinervo et al, 2010). Recently, an experiment
performed in one AnaEE France platform (see Legrand et al,
2012) allowing joint manipulations of climate conditions and
habitat fragmentation was able to show that neither dispersal nor
acclimation can prevent the rapid extinction of lizard populations
by 2050 with a further 2.5°C increase in mean temperature
(Bestion et al., 2015a,b).

CONCLUSION AND PERSPECTIVES

There are still too few attempts to network together relevant
experimental facilities from the same country in the scientific
fields of biodiversity, agronomy and ecology. Learning from
grand challenges in ecological research, we propose guidelines for
the construction and operation of such a research infrastructure.

TABLE 1 | Performance indicators of AnaEE France since its construction in 2011.

2012 2013 2014 2015
Occupancy rate 0.48 0.55 0.59 0.61
Number of external projects 136 372 486 242
International projects 11 (>8%) 73 (>20%) 87 (>18%) 51 (>21%)
Private sector projects 10 (>7%) 15 (>4%) 19 (>4%) 9 (>4%)
Data & sample use requests 33 90 185 402
Total number of publications 107 145 193 254
Including research-development publications 0 21 19 29
Number of persons trained 230 329 269 441
Number of workshops organized 1 4 5 7
AnaEE France specific cost (investment and functioning) 2,318,279 4,482,025 4,949,833 5,237,297
Costs supported by grants and research organizations 10,589,000 10,442,000 9,551,000 11,077,000
Revenues generated by the use of services (€) 200,000 870,000 1,613,000 1,451,000
Manpower (FTE) 140.3 145.40 1451 145.60

*One of these workshops led to a special issue in Ecography.
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In the case of AnaEE France, experimental set-ups were selected
from a range of control capacity and a capacity to handle a
representative set of ecosystem types. The infrastructure included
analytical and modeling platforms, and dedicated information
systems. Standardized methods and practices, solutions for data
storing and access, modeling platforms, and training activities
were developed to increase the quality of all services and promote
synergies among existing platforms. Experimental set-ups and
services usually have a limited lifetime. By organizing the life
cycle of platforms together with the financial bodies, it is expected
that a long term sustained and optimized effort in progressing
in the understanding of ecosystems and the management of
ecological services will be initiated in France. Now in its fifth
year of life, AnaEE France is fulfilling its initial objectives and
the number of projects and researchers using these services is
encouraging.

Experimental infrastructures are not the only tools which
have to be developed in a coordinated way to optimize research
in the ecology-environment domain. Long term observations
of ecosystems and socio-ecosystems are other important
infrastructures, and well-established observational networks
do exist. Links between experimental and observational
infrastructures should be established or strengthened if
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