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Abstract

This chapter addresses collection and integration of large amounts of data from a variety of sources when
developing agronomic approaches at the landscape and territory levels. Data commonly used in agro-
environmental studies are climate, soils, land cover and land use (including cropping practices). They are
used as inputs for indicator- or model-based assessment methods. Additional information is now required
for agroecological studies, such as spatial distribution of weeds, pests and diseases; biodiversity; or
landscape features. Gathering and using this scattered and heterogeneous information for integrated
studies at watershed, regional or national levels still requires further methodological efforts. Remote
sensing is a source of data that continuously progresses in spatial and temporal resolution, and
accessibility. Such integrative approaches are illustrated for a case study in France. The next challenges
and opportunities for data collection, integration and governance are discussed, with a focus on mainland
France.
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Introduction: what kind of agro-environmental data for which end-uses?

In agronomy, studies are increasingly performed at watershed, regional and national levels, generally
supported by integrated assessment and modeling (Jakeman and Letcher, 2003) and combining input data
on the physical and biological environment, land cover, cropping practices and socio-economics (Ewert et
al., 2009; Ewert et al., 2011; Justes et al., 2012; Boiffin et al., 2014). These studies refer to emerging fields



of agronomy such as (i) landscape and territorial agronomy (Benoit et al., 2012), which focuses on
relationships among farming practices, natural resources (e.g. soil, water, biodiversity) and landscape
patterns, and (ii) global agronomy (Makowski et al., 2014), which operates at larger spatial scales.
Analyzing interactions between agriculture and the environment or assessing performances of crop-
production systems at supra-farm levels now requires collecting data on the spatial distribution of land-
cover types and characteristics of farming systems (Janssens et al., 2009). Previously, these agro-
environmental data had to be collected and organized in databases to make them easily and freely re-
usable for a wide range of applications and stakeholders. In most cases, however, the literature mentioned
a lack of accessible and reliable data on physical (e.g. available soil water content) and technical
characteristics (e.g. farm practices) as a main obstacle to rapid development of these new fields. One
methodological challenge is to improve the description and location of cropping systems at the regional
level (Leenhardt et al., 2010). According to Sebillotte (1974), cropping systems are defined at field and
farm levels by several decisions made by a farmer: (i) the choice of land cover (nature of crops and
grasslands), (ii) their spatial (crop planning at field or islet levels) and temporal arrangements (crop
sequences) and (iii) the land-use management for crop production and other services. A second challenge
lies in describing relationships between cropping systems and natural resources, such as water resources
or landscape biodiversity. Doing so requires data on characteristics and the location of these natural
resources but also on spatio-temporal interactions between cropping systems and these resources.

Data needed to characterize cropping systems in agronomic or environmental studies at supra-field levels
usually concern climate, soils, land cover and cropping practices but increasingly landscape features and
biodiversity; these data serve as inputs for indicator- or model-based assessment methods (e.g. Bockstaller
et al., 2008; Constantin et al., 2015a; Tibi and Therond, 2018). Most common data come from
meteorological stations that cover France, soil prospection and mapping, and periodic surveys at the farm
level for farming practices. Besides historical and recent climatic records, climatic projections based on
Intergovernmental Panel on Climate Change (IPCC) scenarios are increasingly used to assess impacts of
climate change on agriculture and potential adaptation options (Brisson and Levrault, 2010). In addition,
remote sensing (satellite imagery) can deliver more easily land-cover and crop-management information
about large areas with a good spatial resolution (ca. 1-10 m) and temporal frequency (ca. 10-15 days).
Collecting and using this scattered and heterogeneous information effectively for integrated assessment
approaches at the territory level still requires methodological efforts.

In this chapter, we describe the agro-environmental data currently available to agronomists in France for
such territorial surveys and integrated studies, with a focus on the crop-production sector. A case study
illustrates the practical use and integration of these data. Finally, we discuss the practical and
methodological problems that integrating these data into coherent chains of models poses for producing
relevant information in agro-environmental studies.

A. Data description

Tables 1 to 6 in the Appendix present a brief overview of the data detailed in Section A: data collection
networks, methods used to collect data, spatial and temporal scales, data accessibility for research and
data providers.

Two important components of the socio-ecological system were omitted from this review: livestock
production and socio-economics (markets, prices). These data are usually produced at the farm level.
Economic and agricultural data of the Farm Accountancy Data Network (RICA) can be used, for instance,
to produce indicators of environmental impacts of agricultural systems (Samson et al., 2012).

1. Environmental data

1.1. Climatic data



The main variables recorded at local weather stations (at a height of 2 m) are temperature (minimum and
maximum), relative humidity (minimum and maximum), precipitation (amount and intensity), wind (speed
and direction) and global solar radiation. Additional variables may include photosynthetically active
radiation, wetness duration, the actinothermic index and soil temperature at different depths. Variables
such as potential evapotranspiration using Penman or Penman-Monteith equations (Penman, 1956;
Monteith, 1965) can be calculated from measured variables. Data are usually recorded hourly and then
aggregated into daily values.
Météo-France! is the main provider of climatic data in France. It manages a network (Radome) of more
than 600 automatic weather stations throughout France. Other private and public organizations
supplement this network, including INRAE, which manages a national agroclimatic network? of 55 weather
stations to collect data close to long-term experiments and phenotyping platforms. Historical records are
also available over long time series through web applications (“Publithéque3“ and “Climatik*” from Météo-
France and INRAE, respectively).
According to the spatio-temporal scales of the studies, Météo-France provides either raw data or
processed products, such as:

- 10-day, monthly or annual data summaries at multiple spatial scales

- past climatic series after statistical correction and homogenization as a baseline reference when

exploring climate change
- an 8-km-resolution daily atmospheric reanalysis for mainland France (SAFRAN), composed of 8602
cells (8 km x 8 km) available from September 1958 to the present (Vidal et al., 2010) (Figure 1)
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Figure 1. Annual amount of precipitation (mm) using daily atmospheric reanalysis for mainland France
(1961-1990); SAFRAN 8 km x 8 km cells (source: Météo-France)

When studying agroecosystems at watershed or territory levels, methods of spatio-temporal “data
rebuilding” may be necessary. For instance, agrometeorologists from INRAE have helped (i) reconstitute
altitudinal gradients of temperature in hilly or mountains areas (Huard, 2011); (ii) apply statistical methods
of regionalization to climate projection data (Déqué, 2007); (iii) project climatic data (mainly precipitation)
at a finer scale to characterize relationships between climatic variables and physical properties of the

1 http://www.meteofrance.fr/

Zh ttp://w3.avignon.inra.fr/carto/

3 http://publitheque.meteo.fr/okapi/accueil/okapiWebPubli/index.jsp
“h ttps://intranet.inra.fr/climatik_v2
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environment that influence the landscape and (iv) reconstitute finely climatic data for impact models that
require such downscaling.

For climate change studies, the DRIAS® portal provides climatic projections on the SAFRAN grid obtained
after running three regional climatic models (ensemble approach using CNRM2014, IPSL2014 and CORDEX)
and for the greenhouse-gas-emission scenarios of the IPCC (i.e. SRES, RCP). Most of these data are free-
of-charge for research uses, and some of them are not restricted to users in France.

Climatic data are used intensively to explore climate change (e.g. Brisson and Levrault, 2010) or in
agrometeorological studies (e.g. phenological survey, drought survey, crop suitability). Agro- and eco-
climatic indicators are calculated from historical records or for future scenarios when evaluating the
vulnerability of crops and cropping systems to climatic variation and long-term change (Caubel et al.,
2015).

1.2. Soil data

In the late 1990s, a national study (Bornand, 1997) identified weaknesses of French soil inventory and
monitoring programs. Given the growing concern for preservation of national soil resources, the French
ministries for Agriculture and Environment, the French environment and energy management agency
(ADEME) and INRA decided to join forces to build a French soil information system to provide national soil
data that met the needs of policy makers and researchers. The GIS Sol® (French Soil Scientific Interest
Group) was launched in 2001.

Since then, soil data have been collected at the national level according to complementary inventory and
monitoring strategies that rely on both using legacy data and acquiring new data. Data collection is
coordinated by the INRAE InfoSol Unit in Orléans through networks of ca. 30 regional institutions with
skills in soil science and ca. 20 laboratories that analyze soil.

A harmonized multi-scale soil inventory program provides soil maps associated with spatial databases.
Currently, a 1:1 000 000 geographical database’ is available for all of mainland France (Figure 2), while a
1:250 000 scale, which covers 94% of mainland France, should be finished by 2023 (Laroche et al., 2014).
Soil maps and databases are also available at larger scales that range from 1:100 000 to 1:10 000 (Richer
de Forges et al., 2014), with the latter developed more often for areas that represent larger zones with a
specific issue (e.g. drainage). Besides the 1:1 000 000 database, which is the French contribution to the
European Union (EU) Geographical Soil Database (2004), these databases are developed according to
national specifications, including the French national soil data standard DoneSol (Grolleau et al., 2004).
Once validated, databases are available on request to INRAE or regional data providers. Gradually, they
will be available through web platforms called Websol® (Vinatier et al., 2013), developed by a group of
data providers in the framework of the Mixed Technological Network (RMT) “Soils and Territories”® which
promotes the use of soil data for decision making.

> http://www.drias-climat.fr/

® The French Soil Scientific Interest Group includes the Ministry of Ecology and Solidarity Transition; Ministry of Agriculture
and Food, French Environment and Energy Management Agency; French National Research Institute for Agriculture, Food and
Environment; French National Research Institute for Development and National Institute of Geographic and Forest
Information.

7 https.//doi.org/10.15454/BPN57S

8 http://infosol.websol.fr

% http://www.sols-et-territoires.org
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Figure 2. Two maps from the GIS Sol (1:1 000 000 scale): (a) dominant soil types (14 classes) and (b)
available soil water content (mm). Source: https://www.gissol.fr

In addition, monitoring programs provide two types of information about dynamics of soil parameters.
First, a soil test database, which is computerized and standardized, collects results of analyses performed
for farmers by soil analysis laboratories. This program currently stores more than 20 million analytical
results going back to the 1990s and covers all of mainland France. For confidentiality reasons, individual
results are not accessible. Statistical results at several levels of spatial aggregation are accessible to the
public via an interactive map on a web server'® and via download from the INRAE data portal! (Saby et
al., 2014). Temporal data can be compared visually in 5-year periods. Statistical data from a specific
program to collect heavy metal analyses (BDETM) (Duigou et al., 2011) is also available for download from
the INRAE data portal®. These programs provide spatial and temporal views of the distribution and
dynamics of many parameters in agricultural topsoil layers in France. The data are contained in a national
database that is integrated within the national soil information system. The quality of all data, particularly
their consistency, is checked. Second, a national soil-monitoring network was established in 2001
(Arrouays et al., 2003). It is based on a grid of 16 km x 16 km cells, with 2200 sites expected to be sampled
every 15 years. At each site, composite samples are taken from topsoil (0-30 cm) and subsurface (30-50
cm) layers. Samples are analyzed several times to measure agronomic parameters, contaminants, and
physical and biological properties. Agricultural practices are also monitored at the sites. The first sampling
campaign was performed in 2009 and contributed greatly to the first detailed assessment of the state of
soils in France (Antoni et al., 2011). The second campaign began in 2016, will end in 2027 and will soon
enable changes in parameters to be detected. Once their consistency has been checked, the data will be
available on request from INRAE, except for the exact location sampling sites, according to national rules
on personal data. Data are also increasingly available through web services!® and on the INRAE data
portal®.

Samples from inventory and monitoring programs are archived in a National Soil Archive managed by
INRAE. It enables (i) detection of potential analytical changes and comparison of analytical results between
sampling campaigns, (ii) a posteriori analysis according to emerging issues or new analytical methods and
(iii) development of innovative approaches for mapping new soil parameters at the national level.

10 https://webapps.gissol.fr/geosol/

1 https://data.inra.fr/dataverse/gissol/
12 https://doi.org/10.15454/4GNNOS

3 http://www.gissol.fr
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Data collected according to these approaches are contained in the integrated national soil information
system. Its components enable one not only to store collected data, but also to check data quality, process
data from multiple sources in a consistent manner, store processed data and scripts, and provide digital
products such as web services or dynamic mapping of soil properties. Each step from storage to digital
products is traced, and updates to collected data also update the digital products.

Data are widely used to understand and map spatial distributions of soil properties, such as contents of
phosphorus (e.g. Delmas et al., 2015), trace elements (e.g. Saby et al., 2011), organic contaminants (e.g.
Villaneau et al., 2011) or carbon (e.g. Martin et al., 2011a), as well as microbial communities (e.g. Dequiedt
et al., 2011). They also enable detection of changes in soil properties such as carbon content (e.g. Orton
et al., 2012) or agronomic parameters such as phosphorus content (e.g. Lemercier et al., 2008).

On areas of bare soil, remote sensing can help greatly to estimate permanent properties of soils. For
instance, reflectance data can be used to map topsoil organic carbon content (Vaudour et al., 2013) or clay
content (Shabou et al., 2015). These methods are not yet operational, but they are promising. Digital soil
mapping approaches were recently developed to produce, according to GlobalSoilMap specifications
(Mulder et al., 2016, Roman Dobarco et al., 2019), national maps of soil properties and their associated
uncertainties, which have high potential as input data for modeling. Data from the national soil
information system have already been used in a variety of crop and soil models, such as STICS (e.g.
Durandeau et al., 2010), CENTURY and RothC (e.g. Martin et al., 2011b).

1.3. Biodiversity data

According to the Convention on Biological Diversity from the United Nations (1992), biodiversity is “the
variability among living organisms from all sources including, inter alia, terrestrial, marine and other
aquatic ecosystems and the ecological complexes of which they are part; this includes diversity within
species, between species and of ecosystems”. We focus here on networks that collected data on a single
component of biodiversity or on indicators of biodiversity that are of key interest for agriculture.

From an historical perspective, observation of biodiversity in agricultural areas focused initially on plant
pathogens, animal pests and weeds because of their potential to damage crops. The main motivation was
to help design strategies to control these pests, or at least to warn farmers about potential biotic threats.
With the recent advent of agroecology and the growing awareness of detrimental impacts of intensive
agriculture on biodiversity, data collection was expanded to include non-pest organisms in a definition of
general biodiversity (pest and non-pest species). Consequently, we present data-collection networks for
pests (plant pathogens, animal pests, and weeds) and general biodiversity on agricultural land separately.

1.3.1. Data on plant pathogens, animal pests and weeds

In the late 19™ century, pests such as the Colorado beetle (Leptinotarsa decemlineata), late blight
(Phytophthora infestans) on potatoes (Solanum tuberosum) and phylloxera (Daktulosphaira vitifoliae) on
grapevines (Vitis vinifera L.) exerted such levels of biotic stress that monitoring pest species and creating
a warning system about them became essential to farming. To this end, the French government created
the “Phytopathological Service® in 1911, which became the Plant Protection Service®® in 1941. This
service produced agricultural pest warnings'® for several crops as early as 1943 (Agerberg et al., 2011).
These warnings were broadcast on a regular basis at departmental or regional levels, with a frequency
that depended on the season. In 2010, the French Ministry of Agriculture organized a Territory Biological
Monitoring!” system within the national ECOPHYTO program for pesticide reduction, which serves as a
basis for developing warning bulletins on plant health (“Bulletins de Santé du Végétal” or BSV).

14 Service phytopathologique

15 Service de la Protection des Végétaux

16 “avertissements Agricoles” until 2009, then re-named “Bulletins de Santé du Végétal”
7 surveillance Biologique du Territoire



The “Flora Biovigilance Network”!® was established by the French Ministry of Agriculture in 2002. Its main
objective is to monitor potential unintended effects of innovative cropping practices (including genetically
modified crops) on flora and fauna in agroecosystems (Délos et al., 2006; Fried et al., 2007). In its early
years, ca. 1000 crop fields throughout France were monitored annually. In each field, vegetation was
monitored comprehensively, along with cropping practices, key soil properties (pH and texture) and the
field environment. Fried (2007) and Borgy (2011) used the underlying database to analyze drivers of weed
community patterns.

In the ECOPHYTO program, epidemiological surveillance networks were created to share basic
observations at the field level in the national database Epiphyt. Data on epidemics and infestations are
collected in agricultural and non-agricultural areas for a wide range of crops using harmonized protocols.
The Vigiculture network, launched by the main French extension institutes (Arvalis-Institut du Végétal,
Terres Inovia), contributes greatly to development of the Epiphyt database.

As mentioned, no data on pests seem to have been collected at the landscape level itself. However, data
on pests are also available in archives of extension institutes and Chambers of Agriculture (Agerberg et al.,
2011). These data are scattered and difficult to identify but may contain specific data on a given pest
collected at the landscape level, such as from systematic monitoring of phoma stem canker (Leptosphaeria
maculans and L.biglobosa) in oilseed rape (OSR) fields in a 4.5 km x 4.5 km square in the Centre region by
Terres Inovia (Boillot et al., 2008), a regional agronomic survey of phoma black stem (Phoma macdonaldii)
on sunflower in 34 commercial fields over 5 years in the Lauragais region (Bordat et al., 2011) and annual
surveys of sunflower diseases by Terres Inovia (2016). Other potential sources of information include
archives of Regional Federations for Defense against Pests'® and Departmental Federations of Defense
Groups against Pests®, but it is unlikely that their data were collected at the landscape level.

1.3.2. Data on general biodiversity (pest and non-pest species)

The Territory Biological Monitoring system has two axes: (i) an epidemio-surveillance?! program for plants,
for which warning bulletins on plant health are only the “tip of the iceberg” (e.g. forest health; regulated
and emerging organisms, with an active monitoring network and passive monitoring via unsupervised
reports), and (ii) monitoring of unintentional effects? (e.g. pesticide resistance, potential impacts of
pesticides on non-target organisms). For the latter axis, several partners (i.e. Chambers of Agriculture,
Regional Federations for Defense against Pests, private companies and INRAE) collect data from multiple
field networks on earthworms in fields and birds, flora and coleopterans in field margins. These data are
not collected at the landscape level, but can be considered to represent regional landscapes if the
associated fields are georeferenced.

The French Ministry of Ecology published a summary document with the data available on biodiversity
(Pappalardo et al., 2010). Although it focuses on natural areas, it contains large amounts of information
about networks that monitor biodiversity. Among them, the Soil Quality Measurement Network (RMQS)?,
through its BIODIV component, monitors biological components of agricultural soils in temperate zones
and their activity. It evaluates parameters that define structural and functional biodiversity, and analyzes
potential relationships among parameters used to describe soil quality and biological components. It
considers a wide range of organisms, such as microorganisms, nematodes, micro-arthropods, earthworms
and total macrofauna (Figure 3).

18 Réseau Biovigilance Flore

19 FREDON: Fédérations Régionales de Défense contre les Organismes Nuisibles

20 EDGDON: Fédérations Départementales des Groupements de Défense contre les Organismes Nuisibles
2 Epidémiosurveillance végétale

22 syivi des Effets Non Intentionnels (ENI)

23 Réseau de Mesure de la Qualité des Sols (RMQS)
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Figure 3. Example of data available in the BIODIV network of the Soil Quality Measurement Network:
abundance of springtails (Collembola) in Brittany (France), expressed as number of individuals per m? on
0-5 cm soil layer.

A network to monitor ecosystem services provided by biodiversity in agricultural landscapes (SEBIOPAG)?*
was launched in 2013. It relies on five sites (workshop zones and/or long-term ecological research sites,
Figure 4). It is a research instrument of Ecoscope, the flagship program of the French Foundation for
Research on Biodiversity?>. Besides monitoring ecosystem services, SEBIOPAG also monitors their drivers
(e.g. landscape structure, cropping practices) and the dynamics of both as a function of global changes
(e.g. in land use, climate, the economic context or regulations). The ecosystem services studied are pest
regulation by beneficial organisms and pollination, with a special focus on the influence of weeds on
pollination and predation.

Armorique
LTER, ZA
Dijon
Plaine de Sadéne

Plaine et Val de Sévre
LTER, ZA 3

Vergers de la Basse
Vallée de la Durance

LTER : Long Term Ecological Research
ZA : Zone Atelier

Figure 4. The five French sites of the SEBIOPAG network.

Several partners of the Mixed Technological Network (RMT) on “Biodiversity and Agriculture”? launched
initiatives to characterize biodiversity in agroecosystems. The “Biodiversity” network of the national
agricultural education program?’ contributes to three specific networks: Apiformes, Agrifaune and
Messicoles (albeit with no data collected at the landscape level). The Apiformes network monitors wild

24 Réseau pour I'étude des Services Ecosystémiques assurés par la BlOdiversité dans les Paysages Agricoles
(http://sebiopag.inrae.fr)

2% Fondation pour la Recherche sur la Biodiversité (FRB)

26 http://www.rmt-biodiversite-agriculture.fr/

27 Réseau thématique “Biodiversité” de I'enseignement agricole (http.//www.reseau-biodiversite.educagri.fr/)
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and domesticated bees and trains students in agricultural secondary schools about them. It observes
several sites repeatedly according to harmonized protocols. The Agrifaune network?, created in 2006,
launched a program in 2008 to monitor agricultural, environmental, economic and faunal performances
at the farm level.

Since 2009, the Ministry of Agriculture has coordinated the Agricultural Observatory of Biodiversity?,
which aims to (i) develop a database on associated biodiversity and (ii) heighten awareness of this
biodiversity and provide methodological support to farmers for observing it. This observatory relies on
scientific participatory approaches performed by the National Museum of Natural History and is a part of
the Vigie-Nature program, for which a network of volunteers monitors common species of flora and fauna
throughout France. Currently, it provides four protocols to farmers who volunteer to collect data on bees,
butterflies, earthworms and terrestrial invertebrates. Explanatory variables are also collected, such as
observation dates, weather variables, cropping practices and landscape characteristics.

In addition to national initiatives, Regional Biodiversity Observatories®® were launched in 2011 in
association with the National Biodiversity Observatory3!. Their main objectives are to (i) analyze and share
information about regional biodiversity, (ii) summarize available information, (iii) monitor biodiversity, (iv)
assess the stresses exerted by and impacts of corrective measures, (v) improve knowledge about
biodiversity, (vi) communicate, (vi) provide support to local authorities and (vii) bring together local
stakeholders.

The ARBRE®? network was established in 2010 by volunteer farmers to integrate biodiversity more into
their production systems to address agricultural challenges such as preserving beneficial organisms,
decreasing erosion, preserving pollination and facing territorial challenges (e.g. water quality, landscape
organization). It was funded by the Maine et Loire General Council, the EU and the Fondation de France.
It aims to (i) integrate non-pest biodiversity into production systems and use ecosystem services they
provide to decrease inputs (e.g. use beneficial organisms to limit pest populations, i.e. biological control
by conservation); (ii) rediscover flora and fauna on farms and prepare for future changes in the EU
Common Agricultural Policy (CAP); (iii) share observations, experiences and thoughts among farmers and
with specialists; iv) develop local references on impacts of innovative cropping practices; (v) share and
adapt results of current research projects; (vi) help limit the loss of biodiversity and (vii) install landscape
infrastructure favorable to wild species and domestic heritage species.

The French Breeding Bird Survey is a monitoring program (established in 2001) in which skilled
ornithologists volunteer to count birds according to a standard protocol in the same field each year (Jiguet
et al., 2012). It was used notably to analyze whether effects of crops on skylarks (Alauda arvensis) differ
between the field and landscape levels (Sausse et al., 2015).

The Center for Research through Banding Bird Populations®® coordinates banding activities of the National
Museum of Natural History as well as the Temporal Monitoring of Common Birds** program, which is
composed of two complementary activities: (i) monitoring spatio-temporal dynamics of common nesting
bird populations using a network of listening stations and (ii) monitoring the two main demographic
parameters of bird populations (adult survival and reproductive success) by live capture. Similarly, the
SPIPOLL* network quantifies pollinating insects at the national level. It is a participatory scientific project
that monitors changes in their diversity over time, along with the structure of pollinating networks.
Participants upload pictures that they have taken of pollinating insects into an online database that can be
used to perform spatial analyses once the species have been identified.

28 http://www.oncfs.gouv.fr/Amenager-et-developper-les-territoires-ru150/Le-reseau-Agrifaune-ar264
2% observatoire Agricole de la Biodiversité (http.//observatoire-agricole-biodiversite.fr/)

30 opservatoires Régionaux de la Biodiversité (ORB)

31 Observatoire National de la Biodiversité (ONB)

32 ARBRE: Agriculteurs Respectueux de la Biodiversité et de la Richesse de I'Environnement (“Farmers Respectful of
Biodiversity and Environmental Wealth”)

33 Centre de Recherches par le Baguage des Populations d’Oiseaux (CRBPO)
34 suivi Temporel des Oiseaux Communs (STOC)
35 Suivi Photographique des Insectes POLLinisateurs
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1.4. Monitoring the status of vegetation, air and soil

This section briefly reviews the observation networks that help monitor gaseous emissions from
agricultural land, soil water content and vegetation growth and senescence. These data can be used
directly to monitor and assess impacts of agroecosystems on the environment.

1.4.1. ICOS network for flux data

In France, flux data are monitored in 14 ICOS (Integrated Carbon Observation System) sites equipped with
flux towers that cover different ecosystems: forests, croplands and grasslands. The national networks are
the backbone of the ICOS research infrastructure (> 40 sites in western and northern Europe, Figure 5)%.
Fluxes of CO,, CHa, N,O, H,0 and heat are measured by eddy covariance along with ecosystem variables
(at vegetation and soil levels) to understand processes behind the exchange of energy and greenhouse
gases between the ecosystems and the atmosphere. Data are freely available for research through the
FluxNet network (http://fluxnet.ornl.gov/obtain-data).

» Combined Atm+Eco
Atmospheric

Ecosystem
Ocean
/\/ Ocean shipping lines

Figure 5. Current ICOS stations for atmospheric, ecosystem and ocean measurements.

1.4.2. Remote sensing for monitoring vegetation and soil status

Reflectance data measured in the visible (0.38-0.75 um), near-infrared (0.75-1.4 um) and short-
wavelength infrared (1.4-3.0 um) domains are a unique source of information to monitor key variables
and properties of soil and vegetation, such as leaf area index, fraction of vegetation cover and canopy
structure. Combining reflectance data from different wavelength domains allows vegetation indices (e.g.
normalized difference vegetation index) to be calculated, which are effective for monitoring seasonal
vegetation dynamics.

Many remote-sensing products are now produced operationally and becoming increasingly reliable. To
obtain these products, it is necessary to correct for atmospheric effects and to detect clouds (Hagolle et
al., 2015). Observations at high spatial resolutions (ca. 10-30 m) from Sentinel-2 (since 2015), SPOT (since
1986) and Landsat (since 1972, temporal resolution = 16 days), the main sources of high-resolution data,
can be used. Observations at medium spatial resolutions from MODIS (250-1000 m, since 2002), SPOT-
VEGETATION (1000 m, 1998-2014) (Figure 6), PROBA-V (since 2013) and Sentinel-3 (300 m, since 2016)
can also be used, with the advantage of daily revisits.

36 https://www.icos-cp.eu/observations
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Due to cloud cover, synthetic products at a lower temporal resolution of ca. 15 days are produced
operationally from these daily observations. These data are generally free and can be downloaded from
public web sites of THEIAY, Copernicus, ESA or NASA. THEIA provides Sentinel-2 and Landsat data
(http://www.cesbio.ups-tlse.fr/multitemp/), as well as SPOT archive data through the SPOT World
Heritage program. Long-term archives of Landsat data are available from the US Geological Survey
(http://landsat.usgs.gov/).

Many operational products have been developed to monitor vegetation, including biophysical variables
and phenological or water-stress indices. For instance, global time series of many operational products are
available, mostly from medium-resolution satellites (ca. 500-1000 m), and provide unique information
about biophysical variables of vegetation, such as fraction of green vegetation cover, leaf area index, and
fraction of absorbed photosynthetically active radiation (http://land.copernicus.eu/global/products/;
Baret et al., 2013).

These operational products can be used for many applications, such as monitoring changes in agricultural
and forest practices, monitoring vegetation phenology (e.g. leaf unfolding, flowering and senescence
dates) (Guyon et al., 2011), evaluating impacts on vegetation structure (e.g. defoliation) due to weather
anomalies (i.e. severe droughts) or to insect damage (Samalens et al., 2012; Bories et al., 2012), monitoring
long-term trends due to climate change (Nemani et al., 2003) and calculating indices of vegetation water
status to estimate crop vyields or forest fire risks. Operational methods to calculate more elaborate
products such as root-zone soil moisture or soil water-holding capacity, which require combining remote-
sensing data and soil-vegetation-atmosphere models, are not yet available.

Anomalie de I'indice de végétation 21/08/2003 Anomalie de I'indice de végétation 21/08/2005

| |
Figure 6. Observations of vegetation anomalies from the SPOT-Vegetation satellite on 21 August in (a)
2003 and (b) 2005. Source: French National Centre for Space Studies (CNES).

Observations made in the thermal infrared domain (e.g. from MODIS or MSG-2) at medium spatial
resolution provide daily and global estimates of surface temperature and can be used to monitor
vegetation water status and irrigation practices. However, few operational products are available to date
for agriculture or forestry (mainly for monitoring fire risk).

Observations made in the microwave domain (from active (radar) or passive systems) use low-frequency
radiation (1-100 GHz). They have low or very low sensitivity to atmospheric and solar illumination effects
and can sense through vegetation, especially at the lowest frequencies (1-10 GHz); the lower the
frequency, the greater the ability to penetrate the atmosphere, clouds and vegetation. These observations
thus have the great advantage of allowing vegetation and soil to be monitored under cloud cover. They
may have multi-configuration capabilities (i.e. view angle, polarization and frequency) that allow several
land-surface parameters to be obtained simultaneously (Wagner et al., 2007). Radar sensors based on the
Synthetic Aperture Radar (SAR) technique can have high or very high spatial resolutions (e.g. ca. 10 m for
Sentinel-1) (Torres et al., 2012).

37 THEIA (Péle Thématique Surfaces Continentales) (www.theia-land.fr)
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Microwave observations are sensitive to vegetation (e.g. biomass, water content, canopy structure) and
soil (e.g. soil moisture, roughness, texture) characteristics. Over short vegetation or bare soil, radar can
combined with optical data to monitor vegetation characteristics (e.g. canopy type, biomass, crop height)
or soil conditions (e.g. soil moisture, change in roughness due to agricultural practices) (Fieuzal et al., 2011,
2013). Over forests, observations are sensitive mainly to vegetation characteristics and are combined with
space-borne Lidar and optical data to map forest dynamics and estimate biomass; these products are now
available at a relatively coarse resolution (Asner et al., 2012, Saatchi et al., 2011). The ESA’s future Earth
Explorer Biomass mission (launch scheduled for 2021) will use very low frequency (P-band) radar to
monitor the global carbon cycle in forests. The microwave domain has high potential (especially the recent
Sentinel-1 SAR sensors), but methods that use it are not yet operational. For instance, distinguishing soil
and vegetation effects may be complex. In addition, speckle (granular noise) effects degrade the quality
of images obtained from coherent imaging systems such as SAR. Conversely, operational soil moisture
products at coarse resolution (ca. 25 km) have been available since 1980 by combining active (ERS-1 & -2
since 1991, ASCAT) and passive (AMSR-E since 2003, SMOS since 2010) sensors through the ESA/CCI
initiative; they allow analysis of the global water cycle, with applications in meteorology and drought
monitoring (Al-Yaari et al., 2014). Long-term time series of a vegetation index (vegetation optical depth)
also can be produced from passive microwave observations, and it is used increasingly to monitor seasonal
changes in the leafy and woody components of vegetation cover.

2.  Agricultural practices

2.1. Land use and land cover

In a common sense, land-cover data document how much of an area is covered by forests, grasslands,
crops, water and other land-cover types. Land-use data show how people use the landscape, whether for
production, conservation or mixed uses. Types of land cover can be managed or used quite differently.
Land cover can be determined by analyzing satellite and aerial imagery. The resulting maps provide
information to help managers understand the current landscape better and observe changes over time.
With this information, managers can evaluate past decisions and gain insight into potential effects of their
decisions before they are implemented. However, land-use management cannot be determined directly
from satellite imagery; this information comes instead from surveys at field and farm levels.

2.1.1. The French Land Parcel Identification System

In the EU, each Member State must perform detailed administration and monitoring of annual Common
Agricultural Policy (CAP) subsidies allocated to farmers through the development of a geographic
information system called "Land Parcel Identification System" (LPIS). Although regulatory requirements
were uniform, the Member States chose different technological solutions for their LPIS (Inan et al., 2010;
Sagris et al., 2013). Since 2006, the French LPIS, called “Registre Parcellaire Graphique” (RPG), has been
created annually by farmers when they apply online for CAP subsidies.

On a 1:5000 orthorectified aerial photograph, farmers must draw or digitize the boundaries of their
physical blocks of fields (hereafter, “islets”) and provide information about the areas of the crops grown
within each one (Figure 7a). The RPG database provides these geographic and attribute data annually for
ca. 6 million islets in France (covering 27 million ha). It completely covers the agricultural land with crops
and grasslands. It is much less comprehensive for agricultural land not eligible for CAP subsidies, such as
vineyards and orchards (Cantelaube et al., 2013). In the database, each islet is tagged to one of ca. 400 000
farms by an identifier. Farmers who contract for agri-environmental measures (funded by the second pillar
of the CAP) must also digitize the boundaries of the areas concerned within the RPG islets (e.g. conversion
to organic farming, extensive grassland management, decrease in pesticide applications).

The RPG islets correspond to one or more contiguous fields with the same crop bounded by easily
identifiable and permanent landscape objects (e.g. road, river, forest) (Inan et al., 2010). Depending on
the region, the mean size of islets ranges from less than 3 ha to more than 7 ha (Figure 7b). Islets with only
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one crop field (possibly with an additional fallow area) represent less than 40% to more than 70% of the
total area, depending on the region (Figure 7c).

; Average area of % of area of
gUlW islets per district 4§ islets with one
b (ha) crop field
W <3 W <=41
335 B 4.54
| 57 @ 54.69
n > W »69

(a) (b) ()

Figure 7. (a) Example of “Registre Parcellaire Graphique” (RPG) islets digitized by farmers on a 1:5000
orthorectified photograph; (b) Average area of islets in the 2009 RPG per district (county) in France; (c)
Percentage of the total area in 2009 RPG islets covered by islets with a single crop field (possibly with an
additional fallow area).

Currently, the RPG database is the most comprehensive and accurate source of data available on
agricultural land use in crop and livestock farming systems throughout France (Cantelaube et al., 2013).
Only an anonymized and greatly simplified version of the RPG database is available for research purposes.
In it, the ca. 120 categories that farmers can use to describe land use in their islets are aggregated into 28
classes.

Leenhardt et al. (2012a) developed a three-step method to determine crop sequences within agricultural
islets based on analyzing annual RPG data. The first step determines temporal connections between islets
over time by analyzing their spatial intersections. The second determines crop sequences within the islets
by using algorithms that seek to identify, within each connected islet, areas of land use that recur between
years, either directly or after aggregation or disaggregation of areas. These two steps determine crop
sequences on a mean of 85% of the total area of RPG islets (see details in Levavasseur et al., 2016). The
third step interpolates these crop-sequence data to islet areas not estimated by the first two steps. The
method provides data for 95-99% of the total area of RPG islets, depending on the region. To date, it has
been applied to 2006-2014 (9 years) but it should be applied to each newly available annual RPG. To
address the potentially large number of estimated sequences in a territory (e.g. several thousand in a 1000
km? territory), a typology of sequences was developed. It groups crop sequences that are considered to
express the same fixed or flexible sequence and, in turn, provides more usable information about the
diversity and spatial distribution of crop sequences.

The RPG and crop-sequence databases provide key data for analyzing the characteristics, diversity and
spatial distribution of land use in farming systems for any type of territory in France (e.g. Natura 2000,
watershed, administrative region). For instance, in studies performed for the French Ministry of Ecology,
these databases were used to analyze (i) crop and sequence diversity on French farms and potential
impacts of CAP cross-compliance rules (Fuzeau et al., 2012; Allaire et al., 2013) and (ii) dynamics of
permanent grasslands in small agricultural regions (Faiq et al., 2013). In participatory methods developed
to design new spatial distributions of cropping systems, these data can be used to assess areas concerned
by changes envisioned by stakeholders : e.g. address water deficits at the watershed level (Murgue et al.,
2015), or develop interactions between crop and livestock farming systems at the local level (Moraine et
al., 2016). Data on crop area and sequences on farms can also be used to allocate spatially other key
descriptive data of farming systems. For instance, they were identified and used as spatial drivers of crop-
management practices in the Aveyron River watershed, in southwestern France (Murgue et al., 2014a;
Murgue et al., 2016). Finally, these data can be used as input data in computer models that simulate
interactions between agricultural activities and the environment. For instance, in the MAELIA multi-agent
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modeling and simulation platform, which simulates behavior of social-ecological systems (SES), these data
are used to define the spatial structure of the agricultural landscape and to simulate spatial dynamics of
land use (Therond et al., 2014; Murgue et al., 2014b).

Data from the simplified version of the RPG on areas concerned by agri-environmental measures and on
crop sequences are accessible from the “Observatoire du Développement Rural” (ODR) platform
(https://odr.inra.fr/intranet/carto_joomla/), according to a variety of access conditions.

2.1.2. Teruti and Teruti-Lucas surveys

Teruti and Teruti-Lucas data are collected by the French Ministry of Agriculture for all of mainland France.
These surveys have provided annual land-cover and land-use data since 1981 for a constant sample of
observation sites. Four time series are available: 1981-1990 and 1992-2003 for the Teruti survey, and 2006-
2010 and 2012-2014 for the Teruti-Lucas survey. The sample of observation sites was changed completely
in 1991 and 2005. The survey was not performed in 2011. From 1981-2004, 25 classes were used to
describe land use and 81 classes for land cover, 36 of which were cropland. Since 2005, the classification
changed to 38 classes of land use and 88 classes of land cover, 41 of which were cropland.

Until 2010, data were collected by field observations. Since 2012, the RPG has been used to describe land
cover of the sites on agricultural land. The survey follows a two-level sampling method. Before 2005,
France was divided into 4700 cells of 12 km x 12 km (Figure 8a). The first sampling level consisted of
selecting aerial photographs. In most regions, four out of eight aerial photographs (positions 1-4, Figure
8b) were selected within each cell. In total, 15 579 aerial photos were selected every June during the
survey period. One aerial photograph covered ca. 3.24 km?2. Since 2005, the main sample has been formed
by intensifying the Lucas Eurostat survey. Unlike Teruti points, Teruti-Lucas points are georeferenced. The
first sampling level is based on 32 498 cells, which correspond to the intersections of 3 km x 3 km cells in
aregular grid (Figure 9a). Before 2005, the second sampling level was built from 36 sampling points evenly
distributed (ca. 300 m apart) within the area of an aerial photograph (Figures 8b, 8c). Since 2005, each cell
of the first sampling level has contained 25 evenly distributed sampling points (300 m apart) (Figure 9b).
The first two lines (i.e. 10 points) constitute the final sample. Land cover or land use in France is recorded
in a matrix with sampling points in rows and annual data points in columns. The corpus of land cover or
land use contains 555 382 sampling points before 2005 and 322 191 points after 2005.
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Figure 8. Diagram of the two-level sampling method of the Teruti land-cover survey from 1992-2003. (a)
France was divided into 4700 cells. (b) Eight aerial photographs were taken in each cell. (c) Thirty-six
sampling points were evenly distributed within each aerial photograph. One Teruti sampling point covered
ca. 100 ha.
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Figure 9. Diagram of the two-level sampling method of the Teruti-Lucas land-cover survey since 2005. (a)
France is covered by regularly spaced cells. (b) Twenty-five sampling points are evenly distributed within
each cell. Points 11-25 are included in the Lucas survey. One Teruti-Lucas sampling point covers ca. 178 ha
in most French departments.

Since 2006, the Teruti-Lucas survey has been available on the website of the French Ministry of Agriculture
(https://stats.agriculture.gouv.fr/disar/), with variable amounts of detail about classifications, aggregated
by administrative region or at the national level. Teruti and Teruti-Lucas surveys have two main goals. The
first is to analyze land-use changes in France (e.g. sealing of agricultural land, forest dynamics, conversion
of grasslands into cropland). These land-use changes have been used, for instance, to estimate dynamics
of soil carbon stocks (Martin et al., 2019). The second goal, enabled by the fixed sample structure within
each type of survey (i.e. time series), examines the annual succession of land-cover types of the areas of
sampling points classified as agricultural land to establish their crop sequences. Agronomic studies were
performed using these surveys to analyze spatial differentiation of crop sequences in France and its
dynamics (Mignolet et al., 2004; Mignolet et al., 2007; Leenhardt et al., 2012b; Xiao et al., 2014; Xiao et
al., 2015). These studies also resulted in development of data-mining software that automates analysis of
spatio-temporal patterns in land-use and land-cover data (Le Ber et al., 2006).

2.1.3. Contribution of remote sensing to land-use and land-cover mapping

Temporal variations in reflectance data (or vegetation indices) can be useful for distinguishing among
different vegetation types to produce land-cover or land-use maps (Waldner et al., 2015; Inglada et al.,
2015). In 1985, the EU initiated the CORINE Land-Cover program, which inventories land cover in 44
classes. Its database is operationally available for most areas of Europe, but with a limited spatial
resolution (at a scale of 1:100 000, minimum polygon size = 25 ha) and temporal repetitivity (ca. every 5
years). In 2016, THEIA started producing operationally a yearly land-use map of France, based on multi-
temporal signatures of Sentinel-2 at a spatial resolution of 10 m. The number of land use classes (from 17
in 2016 to 23 in 2019) and temporal frequency of the releases will increase regularly. Thus, future release
may allow inter-annual crop successions and forest changes to be monitored. Reprocessing, which consists
of processing all data measured since the Sentinel-2 launch using the most recent version of the
classification algorithm, will be performed regularly to produce consistent historical time series.

To obtain information about smaller objects (e.g. hedges, hedgerow networks, linear strips of woody
vegetation and orchards, drainage ditches, drainage networks), optical observations at higher spatial
resolution (very high resolution, ca. 1-2 m), such as those made by IKONOS, QuickBird, Pleiades-HR or
GeokEye-1 can be processed using pattern-recognition techniques such as object-based image analysis,
whose image classification approximates that of human perception by dividing the image into “image
objects” (groups of contiguous pixels). Coherent small ground features can be delineated at different
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scales and provide an appropriate representation of meaningful patches or ecological entities (Fauvel et
al., 2014). Optical data can be combined with Lidar or radar data depending on the application (Bailly et
al., 2001; Bargiel, 2013; Betbeder et al., 2014). These methods are now operational (except for linear
strips) but require specific expertise. Very-high-resolution images can be expensive, but the ISIS service of
THEIA can provide Pleiades-HR observations at lower cost for research institutes.

2.2.Crop management

A comprehensive data set of crop-management variability at the landscape or regional level is likely the
most critical point for all studies that address agriculture and the environment at these levels. The nature
of the information to be collected depends on the questions that are addressed. For instance, monitoring
agriculture’s reliance on pesticides in a given area requires collecting details about pesticide applications
in a representative subset of farms in the area. Then, analyzing potential antagonisms among pesticide
use, economic profitability and environmental issues (e.g. energy consumption) would require
supplementing the data on pesticide applications with many details about cropping practices, inputs and
yields, to be able to calculate indicators of economic profitability and environmental impacts. In such a
study, however, the need for a representative data set is less important than capturing the range of
variability in cropping practices in the area. Assessing the significance of cultivated genetic diversity on the
performance of farming systems would also require knowing the cultivars grown for each crop species at
the farm level. Spatial comprehensiveness may become an objective if consequences of the spatial
arrangement of cultivars will be considered. Field surveys at national or local levels may provide
information about crop management. Networks of demonstration farms are currently being organized and
are good sources of detailed information. Compiling large data sets on crop management from a variety
of sources requires using dedicated information systems that share the same ontology to describe
characteristics such as agricultural practices, equipment, inputs and cultivars.

2.2.1. Field surveys

In France, the main official source of information about agricultural practices on commercial farms comes
from individual surveys called “Pratiques Culturales” (i.e. Cropping Practices), which were initiated in 1986
by the Ministry of Agriculture and are performed every 5 years for crops and grasslands (1986, 2001, 2006,
2011 and 2017). Their initial objective was to assess consequences of public-action programs to decrease
water pollution by nitrates from agricultural activities according to the EU Nitrates Directive (91/676/CEE).
They were extended to other agricultural sectors, such as viticulture (in 2006), fruit trees (in 2012) and
vegetables (in 2014). They were also extended to other objectives, especially evaluating the efficacy of the
ECOPHYTO program, for which intermediate partial surveys on pest-management practices are performed
(in 2014 for crops).

The main objective of these surveys is to characterize the cropping practices (e.g. tillage, sowing, use of
inputs, harvest) of the main types of agricultural production in mainland France and overseas
departments. In 2017, 14 crops were included in the survey: bread and durum wheat, barley, triticale,
grain and forage maize, oilseed rape, sunflower, field pea, soybean, sugar beet, potato, temporary
grasslands, permanent meadows and sugarcane. The data have been used, for instance, to calculate
regional references for the level of pesticide use based on the Treatment Frequency Index (TFl) estimated
for each surveyed field and averaged at the regional level for each crop (Agreste, 2013). Then, regional
reference TFls were calculated as a weighted average of all crop TFIs in each region, with the weights equal
to the proportion of each crop in the region. These regional reference TFIs have been used extensively to
monitor the ECOPHYTO program to identify cropping systems with low/medium/high levels of pesticide
use compared to the distribution of pesticide use in each region.

Plots are sampled from the fields that applied for CAP subsidies. For each type of crop, at least 90% of the
area sown nationally must be covered by the survey. In each administrative region, the French
departments surveyed must cover altogether at least 85% of the area sown regionally. In each region, the
cropping practices of 100-2300 fields are described, depending on the variability in yield within the region.
Consequently, 1000-3000 plots are sampled at the national level for each major crop, following a
procedure that aims for representativeness.
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All cropping practices from the harvest of the preceding crop to harvest of the surveyed crop are collected:
fallow management; primary and secondary soil tillage (date, depth and equipment); sowing (equipment,
variety, sowing date and rate), mineral and organic fertilization; weed, pest and disease control (products,
dates and rates); irrigation (dates and amount) and harvest (date and yield). Only general information
about soil type and the plot environment is provided. Some descriptors of the cropping system (limited to
the five previous years) are given: preceding crops, plowing (or not) and organic or mineral fertilization (or
none). Other qualitative descriptors are mentioned, such as the existence of labels or specifications (e.g.
organic farming) and the use of decision support methods. All of this information is collected directly on
farms by investigators who meet with each farmer.

Schmidt et al. (2010) used 2006 data from this survey to understand drivers of pesticide use in oilseed rape
(OSR), which has high herbicide and insecticide use in France. Fields from the survey were characterized
by the cropping system in which OSR occurred and the crop management applied to it. Variables used to
characterize cropping systems were relative frequencies of OSR, cereals and spring crops in the crop
sequence and frequencies of plowing and organic fertilization. Principal component analysis followed by
hierarchical clustering applied to elementary field data yielded six types of cropping strategies. The
variables used for crop management were related to soil tillage, sowing and fertilization of OSR. Using the
same clustering method, six types of crop management were identified. Among the 36 possible cropping
systems that resulted from combining cropping strategies and crop management, 13 represented more
than two-thirds of surveyed areas, which illustrates that crop management depends on the cropping
strategy into which OSR is inserted. Cropping system groups differed significantly in mean TFI. High TFI
(total or herbicide-only) were observed for fields where OSR was frequently grown and plowed
occasionally, while OSR inserted in more diversified and frequently plowed systems resulted in lower
pesticide use. The 36 types were distributed widely among regions. For instance, in the central “stony-soil
belt” (Lorraine, Burgundy, Poitou-Charentes), short crop sequences with simplified soil tillage and high
herbicide use predominated. A similar approach was adopted to describe cropping systems that included
maize in order to support decision making of the French High Council for Biotechnologies about adoption
of genetically modified cultivars (Ballot et al., 2017a). Studies also used specific data from these surveys
to support public decision making, such as two recent expert assessments that addressed the use of
glyphosate and neonicotinoid insecticides and existing alternatives, respectively (Reboud et al., 2017;
Vergriette et al., 2018).

Another study based on these surveys is that of Aouadi et al. (2015), who analyzed the influence of the
farming context and environmental factors on cropping systems in the Burgundy region. They subjected
ca. 800 fields from the 2006 survey to multivariate analysis and hierarchical clustering to build a typology
of production situations (i.e. farming contexts) and cropping systems that differed in crop sequence and
levels of pesticide and fertilizer use.

At the crop level, extension institutes perform surveys more frequently (e.g. postal surveys of OSR and
sunflower by Terres Inovia every 2 years; Wagner and Quere, 2005). These data update knowledge about
farmers’ current practices and how they change over time. For instance, 1200 responses were analyzed in
a 2011 survey of sunflower production. As before, they have been used to build typologies of crop
management systems (Sarron et al., 2017) and thus differentiate recommendations depending on the
system. Crop-management systems can be inferred from this type of data accessible at the field level. In a
perspective of supporting public decision making, these surveys are useful for (i) capturing dynamics of
cropping systems in France at the regional level and (ii) identifying mechanisms and promising avenues.

2.2.2. Pilot farms

The DEPHY farm network was established in 2010, when 3000 farmers volunteered to demonstrate that it
was possible to reduce their pesticide use according to the ECOPHYTO program (Figure 10). Their farming
systems include arable crops, vineyards, orchards, vegetables, horticulture and tropical crops. An
information system (Agrosyst, Box 1) was built to ease storage and analysis of the huge amount of data
collected. Although several networks of reference farms are active in several regions, the DEPHY network
currently has the most farms and information collected about these practices.
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Figure 10. Distribution of pilot farms in the DEPHY network (2017), in which agricultural practices
target a significant decrease in pesticide application (French national program ECOPHYTO) : orchards,
tropical crops, field crops and mixed farming, horticultural crops, vegetables, vineyards.

Source: http://agriculture.gouv.fr/quoi-de-neuf-dans-les-fermes-dephy

The unique value of the dataset produced by a large farm network such as DEPHY comes from combining
(i) a large number of cropping systems with a huge variability in cropping practices in a wide variety of
production situations (e.g. soil type; climatic conditions; type of farm; livestock presence or not; ability to
irrigate or not; local markets for industrial crops such as sugar beets, potatoes and other vegetables) and
(ii) detailed description of the entire farming/cropping system, including crop sequences and details about
crop management for each crop. Unlike the information collected by the Ministry of Agriculture (see
section 2.2.1) for a wide range of farms but only once every 5 years, DEPHY does not require formulating
hypotheses to build consistent crop sequences or track changes in practices.

Box 1. Agrosyst, a web-based application to describe cropping systems

Agrosyst is a web-based application that was developed primarily to describe the cropping systems of the
DEPHY demonstration farm network and to pool the information into a single database. Currently, it can
also be used for purposes outside the DEPHY network and aims to become the main tool for describing
and evaluating cropping systems in France. It provides a browsing interface with software features that
facilitate data entry (Figure 11). It is based on a complex database with tables that provide standards for
soil types, cultivars, equipment, etc., and other data that are used to calculate key indicators of economic
performance and environmental impact.
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Figure 11. Screenshot of the Agrosyst interface: page that describes within-farm crop diversity

Farms are described with several variables for the agricultural area, the proportion of that area covered
by each crop, equipment, soil types and, if present, type(s) of livestock production. The minimum spatial
information is the commune, but the exact location of the farm may be recorded. The landscape
environment may be described roughly at either the farm or field level (e.g. distance to the river, buffer
and grass strips, hedgerows, trees), but this information is not yet precisely georeferenced. Details about
crop management (i.e. sequence of practices, equipment used, inputs, yield and quality of harvested
products) may be recorded either at the cropping-system level, using a synthetic approach with a spatial
resolution of the farm level, or at the field level, with a finer spatial resolution. The barycenter of each field
may be georeferenced, along with information about the field’s area. For perennial crops, the age and
spatial arrangement of orchards/vineyards, as well as grass strips between rows, may be described.
Agrosyst also includes features to describe the decision model used to manage crops, for instance using a
tolerance threshold for pests and weeds that may trigger pesticide application. Once a cropping system is
described completely, indicators of sustainability can be calculated (although some indicators remain
under development at present). The system also can record the monitoring of crop health, pests and
beneficial organisms, but this feature has not been used extensively.

Recent studies have demonstrated the value of the dataset produced by the DEPHY network to gain
knowledge about agriculture’s reliance on pesticides (measured by TFI) and the potential to decrease it.
Based on the variability in TFI for 1000 cropping systems on non-organic arable farms (0.8-16.8), Lechenet
et al. (2016) identified clusters of production situations with contrasting levels of pesticide use. Within
each type of production situation, they identified combinations of cropping-system features associated
with either low or high pesticide use. This confirmed the theory of Integrated Pest Management (IPM),
which asserts that combining many pest management measures with limited individual effectiveness may
decrease the need for pesticides even more effectively. It also demonstrated that (i) IPM-based
management strategies were not unique, (ii) different strategies could lead to low reliance on pesticides
in a given type of production situation and (iii) strategies can differ significantly among production
situations, indicating that there is no “one size fits all” solution to solve the problem of pesticide reliance
across a large and diverse country. Finally, Lechenet et al. (2017) used the same dataset to study
relationships between pesticide use and both productivity and profitability at the cropping-system level.
They showed that decreasing pesticide use could be antagonistic with maintaining productivity or
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profitability in a few production situations, but that in most situations, IPM-based strategies to decrease
reliance on pesticides could be adopted without decreasing either productivity or profitability (Lechenet
etal., 2017). Moreover, Urruty et al. (2016) showed that adopting IPM-based cropping systems would tend
to decrease the sensitivity of crop yield to abiotic stresses caused by the variability in climatic conditions
over several years, thus increasing system robustness. Finally, the degree to which pesticide use on arable
farms in the network could be decreased without any loss of profitability was estimated by simulating the
adoption by each farmer of the proper management strategy already used by another farmer in the same
type of production situation. These results based on detailed information at the cropping-system level for
a wide range of situations at the national scale undoubtedly have great significance for farmers, advisors
and policy makers.

B. Integrating agro-environmental data at regional and national levels: a case study

A recent French case study is presented to illustrate the practical use and integration of available physical
and management data through modeling at the regional level. It concerns water-resource management at
the regional level using MAELIA.

Background - In future decades, water scarcity will continue to be a major constraint for human activities,
particularly agriculture, in many regions of the world (Rijsberman, 2006). Although climate change is
widely recognized as a key driver of water availability (Bates et al., 2008; Vorésmarty et al., 2000), socio-
demographic, economic and technological changes can be also major drivers of hydrological droughts
(Marchetal., 2012; Moss et al., 2010; Vérosmarty et al., 2000), which are periods “with inadequate surface
and subsurface water resources for established water uses of a given water resource management system”
(Mishra and Singh, 2010). Drought depends not only on resource levels but also on water use and
management systems. It emerges from interactions within and between the four main core sub-systems
of a socio-ecological system (Ostrom, 2009): (i) resource systems (e.g. hydrological systems), (ii) resource
units (e.g. water volume and flow), (iii) users (e.g. individuals and collectives that use resource units) and
(iv) governance systems (e.g. institutions that regulate water use). In agricultural landscapes, where
irrigation is the main determinant of water issues, water deficits at the watershed level result from daily
site-specific interactions between farm crop-management strategies, hydrology of water resources and
water-resource management (Mazzega et al., 2014; Therond et al., 2014). The spatial distribution of
cropping systems strongly determines dynamics of the state of water resources (e.g. surface water,
groundwater, reservoirs) (Martin et al., 2016; March et al., 2012; Leenhardt et al., 2012b). Participatory
and modeling assessment methods support and guide stakeholders in designing and assessing potential
solutions to natural-resource management problems (Voinov et al., 2016; Leenhardt et al., 2014; Voinov
and Bousquet, 2010; Bots and Daallen, 2008). One scientific challenge is to ensure that these methods
represent key interactions at the spatial and temporal resolutions that make sense to address the problem
at hand (Therond et al., 2014).

Integrative modeling - MAELIA® was developed to help stakeholders address drought issues in
watersheds where irrigated agriculture is the main water consumer. MAELIA represents the structure and
simulates the dynamics of the four core sub-systems of investigated SES. It represents daily site-specific
conditions of crop management in the fields of each farming system and states of several water resources
resulting from irrigation withdrawals, hydrological flow and water-resource management. MAELIA
provides scientists and stakeholders with a generic software architecture that must be used locally to
address a watershed-specific water-deficit problem. It was used to help assess options for change
envisioned by local stakeholders in the Aveyron watershed in a three-step participatory method: (i) co-
modeling of the agricultural landscape (Murgue et al., 2014a; 2016), (ii) co-design of options for change in
the structure or functioning of the SES (Murgue et al., 2014b; 2015) and (iii) ex ante assessment of effects
of potential changes in water resources (Martin et al., 2016).

38 http://maelia-platform.inra.fr/
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Hydrology is modeled using equations from the Soil and Water Assessment Tool (Arnold et al. 1993), a
semi-distributed model in which the hydrological balance is estimated and spatially allocated into “sub-
watersheds” at a daily time step. These latter are subdivided into non-spatialized “hydrologic response
units” that represent a unique combination of land cover, soil type and slope. They can represent
variability in evapotranspiration and runoff within each sub-watershed. Equations of the generic crop
model AgYield (Constantin et al., 2015b) are used to simulate crop growth, soil water dynamics, run-off,
percolation and crop yield at the field level. The multi-agent architecture of MAELIA represents the
decision-making process of water users (including farmers) and of water-governance systems (dam
managers and state services) regarding water-use restrictions.

Data-integration approach - Describing the databases used when applying MAELIA in France provides a
good overview of the wide variety of data requested. Soils are described as finely as possible using the
finest-scale soil map available (e.g. 1:1 000 000, see section A). Stakeholders can help improve this soil
map in a participatory mapping exercise (see example in Murgue et al.,, 2016). Sub-watersheds are
delineated by analyzing BD ALTI®, the French digital elevation model (25 m x 25 m cells) developed by the
French National Institute of Geographic and Forest Information (IGN). Within these sub-watersheds (mean
of 25 km?) homogeneous response units are determined by analyzing the intersection of the CORINE Land-
Cover Database (for non-agricultural land use, section A), the French LPIS (for agricultural land use, section
A), the BD ALTI® and the soil map. SAFRAN climate data (see section A) are tagged to each sub-watershed
by averaging climate data of the climate cells weighted by the proportion of their area within the
watershed. Due to the small size of sub-watersheds, their climate data is tagged to all of their fields. The
French LPIS provides fine-scale spatial description of the islets of fields of crop and livestock farming
systems. Analyzing the annual LPIS provides information about crop areas and sequences in each islet (see
section A). CORINE Land Cover is used to identify areas with other key irrigated farming systems, such as
orchards. Characteristics and spatial distribution of water resources are provided by three key French
georeferenced databases: (i) BD Carthage®, developed from collaboration of the five French regional water
agencies and the IGN, provides data on all rivers and the largest reservoirs; (ii) BD TOPO®, developed by
IGN, provides data on the spatial distribution of hill reservoirs and (iii) the groundwater database
developed by the French Geological Survey. All of these databases are available for all of mainland France.
Data on characteristics of small reservoirs (e.g. volume, nature of water use); hydraulic networks for
irrigation that connect irrigated fields to water resources; regulatory zones for water-use restrictions; and
domestic, industrial and agricultural withdrawal stations must be collected locally by local organizations
(e.g. state services, irrigation collectives).

Finally, applying MAELIA to a watershed requires describing water users and management strategies.
These strategies correspond to decision rules that define the conditions required to trigger technical
practices (e.g. irrigation, water release, water-use restriction). These conditions depend on (i) the state of
the biophysical (e.g. soil, plant, weather, water resource, maximum or minimum flows) and socio-
economic (e.g. workforce availability, water-use restriction) contexts of the action situations and (ii)
priorities among competing activities or potential resources. In MAELIA, these decision rules are
represented using the typical syntax: “IF INDICATOR OPERATOR THRESHOLD THEN ACTION ELSE ACTION”.
Simulating these decision rules represents the spatio-temporal dynamics of human activities in the
watershed (e.g. agricultural practices in fields). Parameterizing these decision rules requires collecting data
on INDICATORS and associated THRESHOLD values (see details in Murgue et al., 2014; 2016). Information
about strategies of dam and water-restriction managers can be collected in a few interviews with key
informants (e.g. local state services).

Once MAELIA is applied locally, Murgue et al. (2015) developed a method to support local stakeholders in
designing options for change. In their case study, local stakeholders envisioned two main changes to try
to limit recurring water deficits in the Aveyron watershed: (i) replacing on the “warmest soils” ca. 20% of
current late-flowering maize cultivars with early cultivars that would be sown ca. two weeks earlier and
(ii) replacing ca. 40% of maize monocropping by a two-year sequence of maize-winter wheat in not-too-
hydromorphic soils. Fine-scale description of implementation conditions provided by stakeholders helped
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identify the fields concerned by changes and develop corresponding spatially explicit scenarios in the
MAELIA georeferenced database. Simulation results revealed that the first option for change has little
effect on water withdrawals over a 10-year simulation of the past, while the second decreases them by a
mean of 4.2% (Martin et al., 2016). Substantial decrease in the water deficit in this watershed seems be
possible only through significant changes in cropping and farming systems. Such important changes can
be envisioned through iterative design and assessment cycles.

Data collection strategy - Using MAELIA to address watershed-specific water-deficit problems requires
integrating a large amount of heterogeneous data. MAELIA can be used initially with raw data to start a
participatory modeling process, assuming that the geodatabase will be improved over time according to
future requirements and opportunities. The main challenge in this quality-improvement process may be
to develop a web-based communication system to allow water users to provide data on their crop
management strategies themselves (Debril and Therond, 2014). Different strategies can be used to collect
this key information. Murgue et al. (2016) recommend first holding a participatory workshop with local
agricultural experts to develop a typology of cropping systems and identify determinants of their spatial
distribution (i.e. production situations), and then to survey representative farms in the production
situations identified. A test of a less resource-consuming method, based only on expert interviews, is
currently being evaluated (Rizzo et al., 2019).

C. Perspectives for data collection and integration

1. Practical aspects of using agro-environmental data: from France to Europe

Data availability - Data required by landscape- and territory-level agronomy for local to regional and
national studies are increasingly available and benefit from higher spatial and temporal resolutions. This
is particularly true for climatic and soil data. Climatic grid data are now commonly used in agronomy to
study past and future impacts of climate change on cropping systems (e.g. Shelia et al., 2019). Soil maps
at 1:250 000 will be soon available for all of France, which will improve representation of soil diversity at
watershed and regional levels (Richer de Forges et al., 2019).

At the same time, climatic and soil data can be used easily at the European level with the same resolution
as at the national level, since most of the exploration studies are relevant at the continental level,
especially when considering climate change (Donatelli et al., 2012). The ambition of the European Soil Data
Centre® is to be the single reference point for and to host all relevant soil data and information at the
European level, delivering freely upon request a wide range of resources, including maps and datasets.
The European Climate Assessment & Dataset (ECA&D) project distributes information about changes in
weather and climate extremes, as well as the daily dataset (E-OBS) needed to monitor and analyze these
trends*®. E-OBS is a daily gridded observational dataset based on ECA&D information and originally
developed and updated in the ENSEMBLES (EU-FP6) and EURO4M (EU-FP7) projects. The full dataset
covers 1950-2015 and contains 43 055 series of observations for 12 variables at 10 571 meteorological
stations throughout Europe and the Mediterranean. Overall, 76% of these daily series can be downloaded
from the ECA&D website for non-commercial research and education.

Spatial representations based on geographic information systems are increasingly preferred to station-
based approaches in regional and national studies. Land-cover maps are derived from various sources (see
Section A) but unfortunately are not produced annually (e.g. CORINE Land Cover) or have restricted access
(e.g. RPG, Teruti-Lucas). New remote-sensing products (e.g. Sentinel-2) could likely fill this gap routinely
at the field level in coming years or be complementary (Bontemps et al., 2015).

Cropping-practice data are not available each year, however, and only a small proportion of farms in
France are investigated every 5 years. This information is necessary for observing major trends in farm
practices and estimating environmental and economic performances of cropping and farming systems.

39 http.//esdac.jrc.ec.europa.eu/
40 https.//surfobs.climate.copernicus.eu/dataaccess/access_eobs.php
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Since climatic conditions may influence the practices observed during a given year, efforts should be
concentrated on increasing the frequency and spatial extent of surveys of agricultural practices and
collecting the decision rules behind crop-management practices. If not possible, sampling of the spatio-
temporal variability in the practices should be optimized by combining multiple data sources and clustering
these data to increase the representativeness of the data from surveys. However, this diversity and
heterogeneity of information from multiple sources and stakeholders could also be difficult to manage
and integrate.

To develop a fine-scale geographic information system for cropping systems in France, new developments
underway at INRAE aim to supplement the French LPIS and associated crop-sequence data (section A) with
data on cropping practices from either the “Pratiques Culturales” surveys of the Ministry of Agriculture or
other surveys (e.g. by French technical Institutes) (e.g. Syppre project; L'Herbier et al., 2016). Combined
with crop models, satellite imagery could supply additional information about farm practices (e.g. sowing
date, tillage, irrigation) and soil data (Atzberger, 2013).

Data access - Soil and climate data are now freely available for research goals at both national (INRAE,
Météo-France) and European levels (EU Joint Research Centre). However, land-use and cropping-practice
data, which come from surveys performed by the French Ministry of Agriculture or declarations of farmers
who applied for CAP subsidies, are less easily available. While summary data are freely available (e.g. at
departmental or regional levels), anonymized individual data are available only for consultation (but not
downloading) through a secure data-access center (“Centre d’Acces Sécurisé a Distance”) after signing an
agreement with the French Committee on Statistical Confidentiality. For this reason, combining individual
information about farms and farmers from different sources is strongly restricted. This was reinforced by
the recent General Data Protection Regulation of the EU (no. 2016/679), which limits use of personal data
even more.

Collecting data using public funds will probably not be sustainable in the future. Because of technological
progress, data on cropping practices could be entered directly by farmers on web services, through
participatory approaches. Farmers could be encouraged to benefit from analysis based on the entire
dataset and/or recommendations built from their own data and decision support systems. This approach
is already offered to members of farming cooperatives through commercial decision support systems. For
instance, a single template is used to collect information about cropping practices to calculate optimal
fertilizer rates. This template could be used to support a wider range of decisions. Living labs built to test
and refine technical or organizational innovations in agriculture should be based on such data sharing. In
addition, farmers who receive public subsidies increasingly have to justify their agricultural practices,
especially in environmentally vulnerable zones, and this will provide another source of data.

Data interoperability - As mentioned, it is impossible to match the wide variety of information available at
the farm level for reasons of confidentiality and data resolution (Janssens et al., 2009). Therefore, most
studies use clusters of cropping practices at the regional level, with difficulties combining physical,
agronomic and economic information completely at farm or field levels. However, soil and climatic data
are now routinely matched using climatic grids (8 km x 8 km cells at the national level, 25 km x 25 km cells
at the European level). The detailed description of farming and cropping systems or natural resources
often requires supplementing available databases with local expert knowledge (e.g. on crop management
practices). The future challenge will be to develop sound methods to integrate and hybridize data from
available generic databases and local experts to develop a consistent description of the territory
investigated (Murgue et al., 2016; Rizzo et al., 2019).

2. Additional agro-environmental data to collect and integrate in the near future

Biodiversity data - Many networks produce valuable information about biodiversity and its dynamics over
time, but no example of full integration of biotic and abiotic data at regional or national levels was found
in the literature. Consequently, no maps of the resulting incidence or crop damage of changes in cropping
systems can be produced routinely. One reason is likely the lack of crop models that combine both biotic
and abiotic factors, but also insufficient coverage of a country by observation and sampling networks. New
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sensors are being developed to capture spores and pollen in the atmosphere and analyze their
composition and concentration, thus improving predictions of future epidemics of plants. Recently, Terrat
etal. (2017) used the RMQS, which covers all of France with 2173 sites, to describe the taxonomic richness
of soil microbiota throughout France and relate it to soil characteristics, climatic conditions,
geomorphology, and land use.

Ecosystem services - While relationships between farming practices/systems, biodiversity (planned,
associated and landscape heterogeneity) and ecosystem services to farmers and society still require large
amounts of research, fine-scale mapping of ecosystem services is advancing greatly (Tibi and Therond,
2018). This mapping allows the spatial configuration of ecosystem services to be analyzed and in turn can
support land-use planning and ecosystem management (Malinga et al., 2015; Martinez-Harms and
Balvanera, 2012). In the EU, the “Mapping and Assessment of Ecosystems and their Services” program asks
Member States to implement a National Ecosystem Assessment (MAES, 2014). In France, it was managed
by the Ministry of Ecology and called “Evaluation Frangaise des Ecosystéemes et des Services
Ecosystémiques” (EFESE)*'. From 2014-2017, INRAE was responsible for identifying and evaluating at a fine
scale ecosystem services provided by French agroecosystems. This important study was based on
integrating (i) data on soil, climate, crop sequences, crop and grassland management practices and semi-
natural habitats and (ii) landscape composition and configuration indicators and crop and grassland
modeling (Therond et al., 2017; Tibi and Therond, 2018).

3. Concluding remarks

Collecting and integrating georeferenced data as inputs for models used in landscape agronomy and
integrated assessment has continued to progress, especially with the advent of remote sensing and, more
generally, the big-data and open-source movements. However, integrating physical characterization and
human activities (e.g. socio-economic performances, work schedules) remains a methodological challenge
in agriculture. It depends in part on political decisions about data access, which increasingly require open-
source licenses for data collected with public funds while increasing the protection of personal data.

41 https://www.inrae.fr/sites/default/files/pdf/etude-efese-resume-en-anglais-1.pdf
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APPENDIX

Table 1. Climatic data

Type of Variables Methods used | Spatial Temporal Data Main data
data to collect or scale scale accessibility | providers
generate the
data
Historical Observed: Automatic 600 Daily data Free for Météo-France
data temperature, weather Météo- (integrated research or other
precipitation, wind stations France from hourly | objectives providers such
speed, radiation stations data) as INRAE
+ 50 INRAE | Historical
Calculated: reference stations data (long-
evapotranspiration + other term series)
private
and public
networks
SAFRAN 8 km | 8602 grid Daily data Free for Météo-France
resolution cells from (from 1958) | research
atmospheric SAFRAN (8 objectives
reanalysis km x 8 km)
over France
Future Regional 8602 grid Daily data Free DRIAS portal
climatic climatic cells from available www.drias-
series models under | SAFRAN (8 | until 2100 climat.fr
RCP scenarios | km x 8 km)
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Table 2. Soil data

Type of data Variables Methods Spatial scale Temporal | Data Data
used to scale accessibility | provider
collect or
produce the
data

National and Physico- Field National: Once Free (on INRAE

local soil maps | chemical data prospection 1:1 000 000 - request) InfoSols

& related Now digital 1:250 000

databases soil mapping Local:

(inventory) 1:10 000 -

1:100 000

National soil Physico- Topsoil >20 M soil Every 5yr | Available at

test database | chemical data sampling (0- analyses from | (from the | aggregated

(monitoring) 30 cm) farm fields 1990s) level

Agricultural
topsoils

Soil Quality Physico- Composite Grid of 16 km | From Free (but

Measurement | chemical data + | samples (0-50 | x 16 km cells: | 2001 anonymized)

Network contaminants, cm) 2200 sites (every 15

(monitoring) biological yr)

components,
etc.
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Table 3. Data on weeds, pests and diseases

Data collection Variables Methods used Spatial scale | Temporal Data Data
network to collect or scale accessibility | provider
produce the
data
Réseau Weed Field survey 1000 fields Annual from | Free for Ministry of
“Biovigilance presence (weed-free and | (georeferenc | 2002 scientific Agriculture
Flore” and sprayed areas) ed) partners
abundance
(incl. field
margins) +
related crop
management
data
Réseau de Injury Field Network of Several Free for Ministry of
surveillance incidence or | observations fields observations | scientific Agriculture
épidémiologique | severity Epiphyt portal each year partners
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Table 4. Land-cover data

Type of | Variables Methods used Spatial scale Temporal Data Data provider
data to collect or scale accessibility
produce the for research
data
RPG Directly: Farmer Each islet of each Annual Anonymized | Ministry of
(French | Sown crops | declaration farm that receives From 2006 | and Agriculture (SSP
LPIS) (type, area) | (online) CAP subsidies: simplified service)
27 M ha version*

Indirectly: Full data set

Crop Spatial and Ca. 95% of the islet | 2006-2014 INRAE (ODR

sequences algorithmic area Service unit)

(using processing of

algorithms) | annual RPG
Teruti & | Land use Sampling and Teruti: 4700 cells of | From 1981 | Regional Ministry of
Teruti- (25-38 survey then 12 km x 12 km (Teruti) aggregated Agriculture (SSP
Lucas classes) and | aerial data freely service)

land-cover photography Teruti-Lucas: one From 2005 | available*

(81-88 (from 2010) sample every 178 (Teruti-

classes) ha (georeferenced) | Lucas)
CORINE | Land-cover Remote sensing: | Every 5 years From 1985 | Free Agence
Land (44 classes) Landsat, SPOT, Européenne pour
Cover etc. I'Environnement

Elements of (EV)

agricultural

landscape
IOTA2 Land-cover Remote sensing: | Annual From 2016 | Free THEIA

(20 classes Landsat,

in 2016) Sentinel-1 & -2

* Restricted use of individual data can be made possible via a “Secret Committee” agreement and secure
remote access.
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Table 5. Crop management data

Type of data | Variables Methods Spatial scale Temporal Data Data
used to scale accessibility | provider
collect or for research
produce
the data

“Pratiques Cropping Farm 1000-3000 Every 5 Restricted Ministry of

Culturales” practices for surveys fields per years (since | use* Agriculture

field crops (14), crop, 1986 for (ssp
grasslands, representing | field crops) service)
horticultural 90% of sown + some
crops and area data for
vineyards previous 5
years
“Colza” & Cropping Postal ca. 1000 Every 2-3 Available for | Terres
“Tournesol” | practices for surveys fields per years (from | research Inovia
oilseed and year (TBC) 1996 — partners
protein crops sunflower)

ECOPHYTO- Farm structure, | Farm 1900 farms Annual Available for | INRAE

DEPHY crop surveys research

“Farm management, partners

network” + (decision AgroSyst

rules; field (database)
landscape;

weed, pest and

disease

statuses)

* Restricted use of individual data can be made possible via a “Secret Committee” agreement and secure
remote access.
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Table 6. Soil and vegetation survey data (remote sensing)

Type of Variables Methods used to | Spatial scale | Temporal Data Data provider
data collect or scale accessibility
produce the data for research
Canopy Observed: reflectance Remote sensing: Free THEIA
data (visible, near-infrared, www.theia-
short-wavelength Landsat 10-1000 m 16 days land.fr
infrared) SPOT (depending
Sentinel on the 5-6 days
Calculated: MODIS sensor)
normalized difference NASA
vegetation index www.modis.gs
(NDVI), leaf area index fc.nasa.gov/da
(LAI), + Historical ta
fraction of absorbed archives
photosynthetically available
active radiation
(FAPAR), biomass
Crop Thermal infrared MODIS ca. 250 m Daily Free
water (surface temperature)
status
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