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Abstract

Crop losses from pests threaten global food security and safety. In the last six decades,
pest control using chemical pesticides has resulted in important yield gains per unit
area, worldwide. However, the long-term sustainability of chemical pest control has
been increasingly thrown into doubt due to the negative impact on human health, bio-
diversity, and the environment. Consequently, there is an urgent need to improve the
science of crop protection in order to tackle the five key challenges of 21st century agri-
culture holistically: (i) maintaining or improving agricultural productivity, (i) producing
healthy food, (iii) reducing the negative impacts of agriculture on ecosystem and
human health, (iv) ensuring the economic viability of farms, and (v) adapting agriculture
to climate change. Agroecological Crop Protection (ACP) can be a powerful approach to
address these challenges, as we demonstrate in this paper. ACP is the application of the
principles of agroecology to crop protection in order to promote virtuous and sustain-
able changes in agriculture and food systems. ACP combines multiple approaches and
disciplines including ecology, agroecology, and Integrated Pest Management. It pro-
motes a crop protection system compatible with healthy agricultural and food systems,
agroecological principles and the “one health” approach. We predict that ACP will meet
the challenge of pesticide-free agriculture in the future. In this paper, we will first present
the scientific, agricultural and social components of ACP. We will then analyze the
research approaches, questions, methods and tools needed to adopt ACP. Finally,
we suggest key mechanisms to facilitate the transition to ACP, which will ultimately pro-
vide sustainable food, feed, and fuel in a context of major global change.

1. Introduction

Protection against pests (sensu lato, including animal pests, pathogens
and weeds) is an essential component of agroecosystem management and
prevents large scale yield losses (Oerke, 2006). Since the 1960s, pest control
has relied on chemical pesticides which have led to numerous negative
externalities, including unintended effects on human health (essentially from
manipulation and application of plant protection products, and residues on
food) and changes to biodiversity. Today, most humans are exposed to
chemical pesticides, and a paradigm shift in crop protection is needed to
reduce this exposure and the negative effects it causes.

Deguine et al. (2020) defined Agroecological Crop Protection (ACP) as
the reduction of pest impacts through the reorganization of cropping prac-
tices and the improvement of agroecosystem sustainability by harnessing its
ecological functions. This requires the optimization of interactions between
plant, animal and microbial communities both below and above ground,
within and around agroecosystems. In this paper, we present to the interna-
tional community ACP as the application of agroecological principles to
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crop protection in order to foster positive and sustainable changes in agri-
cultural food systems, with the ultimate objective of eliminating pesticides
and solving the major agronomic, food, socio-economic, environmental
and health challenges of the 21st century. ACP can be implemented in
any physical, chemical and biological environment and any socio-economic
context (Aubertot and Robin, 2013). The aim of ACP is to dismantle out-
dated practices (e.g., intensive agroecosystems in the global North and
South) and to support agroecological transitions that are already underway
(Cote et al., 2019; Hubert and Couvet, 2021).

Agroecological Crop Protection combines ecology, agroecology,
Integrated Pest Management (IPM), Organic Farming (OF) and permaculture.
Ecology is the guiding principle for crop protection (Altieri, 1980; Deguine
et al,, 2017; Kogan and Heinrichs, 2020; Nicholls and Altieri, 2004;
Shennan et al., 2005; Stenberg, 2017; Thomas, 1999). The stimulation of
ecological processes such as natural pest regulation through improved soil
health and improved interactions between plant and animal communities,
is a rich source of innovative crop protection models (Brévault and Clouvel,
2019). Second, ACP is part of agroecology, a practical alternative to
conventional agriculture (Altieri, 1989; Dalgaard et al., 2003; Gliessman,
2016; Hubert and Couvet, 2021; Malézieux, 2017; Wezel et al., 2009,
2014). Wezel et al. (2009) defined agroecology as a set of (i) scientific, dis-
ciplinary and interdisciplinary fields, (i) agronomic and landscape practices
that are part of an orderly strategy for practical implementation in the field,
and (iil) evolving and strengthened interactions between food system stake-
holders. Third, ACP draws on the experiences of crop protection over the
past half century under the aegis of IPM. Lessons learned from IPM should
help ACP avoid similar pitfalls (Brévault and Bouyer, 2014; Deguine et al.,
2021) and promote the transition of agricultural food systems toward zero
chemical pest control. Fourth, ACP is also inspired by organic farming
(Boisclair and Estevez, 2006; Francis, 2009; Lockeretz, 2007; Muneret
etal., 2018; Simon et al., 2014; Zehnder et al., 2007), where chemical pes-
ticides are banned, and stakeholders are unified across the food system. Fifth,
ACP aims to redesign farming systems, from production objectives to crop-
ping systems and pest management, as in permaculture (Ferguson and
Lovell, 2014; Hirschfeld and Van Acker, 2021; Mollison, 2010; Mollison
and Holmgren, 1978). This methodological development is in line with
the most advanced level of the Efficiency, Substitution, Redesign frame-
work for classifying transitions to sustainable agricultural systems (Hill
and MacRae, 1996).
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Agroecological Crop Protection requires a substantial shift away from
conventional crop protection. ACP is not simply a case of understanding
and managing biotic stresses or biotic X abiotic stress interactions (Rickerl
and Francis, 2004; Wezel et al., 2020), rather, it requires multidimensional
thinking (Francis et al., 2003). ACP must be set in a wider context, including
its goals (i.e., plant protection in a sustainable food system) and its difterent
interactions (soil-plant—human—animal health, crop health—harvest quality,
crop health and its economic and social standards, etc.). More globally, ACP
consistently meets most of the United Nations’ 17 sustainable development
goals (UN, 2021). We emphasize that a sustainable alternative to the current
model of intensive agriculture is made possible by designing agroecology-
based plant protection solutions which promote sustainable food systems.
Here, we present the scientific foundations and principles of ACP, how
to facilitate ACP implementation, and research required to further enhance
its efficacy and large-scale deployment.

2. Agroecological crop protection as an ambitious
scientific field

Relying on ecological processes within diversified agroecosystems is
challenging and requires a paradigm shift toward an integrative approach
far beyond the intensive agriculture model (Meynard et al., 2012; Simon
et al., 2017). Research goes beyond the monocrop field—the usual area
of study of agronomists—to consider the whole agroecosystem at supra-
field level (including field margins and landscape), as well as the different
layers, functions and temporal dimensions of the agrosystem’s interactions
(Aguilera et al., 2020; Garland et al., 2021). Moving from mono-
disciplinary to multi-disciplinary and system-based approaches, as well as
linking research and practical applications, help lead the crop protection sec-
tor away from a product-based approach to a chain-based approach at a
regional scale, and encourage a question-driven rather than a research driven
approach (Lamichhane et al., 2019). This section briefly presents the key pil-
lars of ACP and how to facilitate the transition from the conventional crop
protection systems to ACP and the key issues related to its implementation.

2.1 Prevention, biodiversity conservation and soil health:
The three pillars of ACP

Developing preventive approaches to pest management in agroecosystems is
the priority research area in ACP. New agroecological strategies, based on
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plant genetic resources and cropping practices (Section 3), are required to
reduce pest infestations or the risks of build-up of pest populations.

Natural pest regulation is a complex ecosystem service (ES) that is gen-
erally positively associated with a high level of richness or diversity of natural
enemy communities. Optimizing plant—animal-microbial interactions
promotes the healthy ecological functioning of agroecosystems, therefore
making them less vulnerable (Beillouin et al., 2021; Bianchi et al., 2006;
Chaplin-Kramer et al., 2011; Dainese et al., 2019; Eisenhauer et al.,
2012; Lemanceau et al., 2015; Molina and Pugliese, 2022; Quijas et al.,
2010; Ratnadass et al., 2012; Tamburini et al., 2020; Veres et al., 2013).
Promoting a high level of abundance and diversity of pest natural enemies
(conservation biological control) has long been recognized as a nature-based
strategy with which to regulate pest populations (Anjos et al., 2022; Duru
et al., 2015; Ferron and Deguine, 2005; Gurr et al., 2004; Landis et al.,
2000; Lichtenberg et al., 2017; Nicholls and Altieri, 2004; Ratnadass
et al.,, 2012, 2021; Simon et al., 2014; Zehnder et al., 2007). This requires
an intimate knowledge of their life cycle as well as better resource
management.

Soil health plays a crucial role in ACP on many levels. By ensuring good
ecological functioning and providing sustainable ES, healthy soils play a key
role in plant growth, development and overall plant health. Soil health also
promotes biological regulation pathways which impact pest development
(Kibblewhite et al., 2008; Sahu et al., 2019): quantifying this biological pest
control links the concept of soil health to that of plant health (Janvier et al.,
2007; Kulagowski, 2021). Mainly driven by soil biota, soil functionality and
vitality are key components of soil health, (Janzen et al., 2021). Links with
soil physico-chemical properties need to be integratively addressed
(Kibblewhite et al., 2008; Vogel et al., 2018).

2.2 Socio-technical systems as catalyzers in the transition
to agroecological crop protection

Agroecological transition including ACP needs to be conceptualized, man-
aged and governed at multiple organizational levels (Duru et al., 2015;
Meynard et al., 2017), among which landscape or territory levels have
recently emerged as key (Landis, 2017; Vialatte et al., 2019). Multiple
stakeholders (farmers, technicians, input suppliers, market actors, policy
makers) have different ES preferences and potential conflicts of interest
(Ratnadass et al., 2021), hence hindering change within socio-technical
systems (Vialatte et al., 2019, 2022). These systems regulate crop and pest
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management strategies at all levels, and should be thoroughly studied in the
ACP scaling-up process (Geels, 2011). In designing ACP strategies, inter-
actions and routines between local stakeholders do matter. Choices should
be made explicitly and negotiated jointly with all stakeholders (Barnaud
and Antona, 2014), while keeping in mind that farmers are inter-
dependent on ecological functions and services (Barnaud et al., 2018).
For example, hedgerow management around a given field might provide
ES (pest regulation, soil erosion control), beneficial to both the owner of
the field and neighboring farms. ACP encourages farmers not only to
change their own individual practices but also to do so collectively at
the landscape level.

To assist in this change, agronomists have suggested connecting produc-
tion systems and agricultural landscapes using synergy between agriculture
and livestock farming (Moraine et al., 2016). One major challenge is to
identify lock-ins and levers of collaborative landscape management, for an
agroecological transition which is adapted to each individual territory.
Lock-ins may be technical, economic, social, political, regulatory or indus-
trial (Meynard et al., 2018). For instance, most current agri-environmental
schemes in Europe involve contracts with individual landowners; collective
contracts and incentives would be required for landscape-level management
(Prager et al., 2012). Furthermore, public and private farm advisory services
often have a narrow scope, excluding landscape-level processes when focus-
ing on a small range of crops. Addressing environmental issues at local and
larger scales is essential for the successful implementation of ACP (Dhiab
et al., 2020).

2.3 Challenges facing the implementation of ACP:
Relationships between stakeholders, nature
and spatio-temporal scales
ACP implementation requires four key components: (i) The production or
mobilization of practical tools from different disciplines and the empirical
knowledge of farmers and advisors; (i1) A reassessment of the (often hier-
archical) relationships between actors from different sectors (farmers,
service providers, technicians, scientists, retailers, consumers and the public);
(ii1) The incorporation of different time frames, different agricultural activities
and different ecological processes into decision-making; (iv) The consider-
ation of different organizational levels, from basic (e.g., plant, field, farm)
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to landscape, and their connections (e.g., introducing ecological infrastructure
into or around a field).

Agroecological research seeks to understand the ecological interactions
between trophic levels and to apply them to managed agroecosystems.
Its three main steps, which may overlap, are: observation of nature, imple-
mentation of process-based experimentation, and participatory re-design
of cropping systems (enhancing natural processes). Malézieux (2012)
defined “nature” as wild or barely managed systems; here and in the fol-
lowing sections, we extend this definition to “natural” aspects of agroeco-
systems. Agroecosystem designs which mimic natural processes should,
however, only be utilized if they originate from different knowledge
sources, 1.e., disciplinary and experience-based sciences, via an interactive,
participatory scheme with the complementarity of researchers, technicians
and farmers (Le Gal et al., 2011).

Working with nature (rather than attempting to constrain it) is one of the
basic principles of ACP. This requires major changes in the way techniques
and their spatio-temporal organization are implemented (Larrere, 2002). At
an operational level, several studies have shown the importance of biodiversity
in pest management (Beillouin et al., 2021; Ratnadass et al., 2012; Stomph
et al., 2020; Thomine et al., 2022). However, the integration of biodiversity
into agroecosystems and the use of nature as a driver of “positive action”
(Barbier and Goulet, 2013), requires both a reassessment of actors’ roles in
the production process, and the introduction of crops with various natural ele-
ments. Protecting crops requires triggering their self-defense response, taking
into account their complex physiology and behavior, and humans must let
plants do some of this work their own way. To prevent disease from gaining
a foothold due to extremely homogenized or standardized cropping environ-
ments, the “wild” aspect of plants must be acknowledged with room for
maneuver in terms of adaptation to environmental change. The plant should
thus be seen as an organism that actively interacts with its environment,
thereby increasing the processes and interactions between animals, plants,
biotic and abiotic factors, at a large spatio-temporal scale. Effects of agroeco-
logical practices have been documented at field scale (Petit et al., 2021). The
landscape scale remains complex, with some clues provided by the recent
expansion of organic agriculture (Muneret et al., 2018). Questions remain
as to which landscape characteristics would most benefit local pest manage-
ment practices.
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3. Agroecological crop protection as an orderly strategy
of best agronomic and landscape practices

This section presents the seven generic principles of the ACP strategy
and their adaptation to the diverse contexts encountered.

3.1 Seven major principles of ACP strategy

The implementation of ACP in the field has seven principal assumptions:
(i) Ecological processes and functions are the cornerstone of the strategy
(Altieri, 1989).

(ii) A systems redesign (R) at the field, landscape and regional level is cho-
sen rather than input efficiency improvement (E, e.g., modeling tools
for chemical treatments, fertilizer management, precision farming), or
substitution of technical levers (S, i.e., replacement of chemical prod-
ucts by alternatives) (Hill, 2004).

(iii) The approach is systemic and participatory. Levels at which the eco-
logical processes of natural pest regulation take place (i.e., climate,
agroecosystem, landscape) combine with social organization levels
at which agricultural management is implemented (i.e., field, farm),
as well as the socioecological landscape integrating stakeholders, value
chains and market linkages.

(iv) Successive agronomic and landscape management practices must be
implemented in order (Fig. 1). Usually, no further intervention should

take place until the previous step is complete (Gonzilez-Chang
et al., 2020).

As alast SRR R Compliance
resort, curative 6. ot e 1. with regulatory
practices o Y measures

Preventive

practices at the i 2
cropping s of agronomic : .

system level . and landscape
K practices

orderly strategy . Landscape
management
and practices

Regular Farm-level
monitoring 4. 3. agroecological
of the plots management

Fig. 1 Orderly strategy of agronomic and landscape practices in Agroecological Crop
Protection (ACP).
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(v) In compliance with regulations, priority is given to preventive mea-
sures, with curative measures (preferably non-chemical) only used if
deemed essential. Some interventions may take time to achieve their
maximum effect: for example, hedges begin to provide ES only sev-
eral years after planting. Other improvements in pest control become
evident 4 years after conservation agriculture 1s introduced (predation
of seed-eating carabids; Petit et al., 2020).

(vi) Scales of ACP are broad and are seen from the viewpoint of collective
management (Petit et al., 2020). Farmers and other key stakeholders
will be invited to get involved. Upstream sectors (e.g., the production
of healthy seeds from well-adapted varieties) and downstream sectors
(e.g., new outlets with improved standards) sectors will also have to be
involved.

(vii) While valuing traditional agroecological techniques, use of the most
recent technologies (Migliorini et al., 2020; Shah et al., 2021), such as
drones, should be considered (Burgués and Marco, 2020; Libran-
Embid et al., 2020).

3.2 Preparation and implementation of agroecological crop
protection on a broad scale

ACP success criteria need a carefully designed strategy, which is proposed by
Deguine et al. (2021). This includes a regulatory crop protection frame-
work; improved awareness and motivation of agricultural actors; ACP train-
ing for farmers and advisers; joint phytosanitary and sustainability priorities;
collective actions and R&D partnerships; political support before, during
and after the agroecological process.

ACP begins with a transition phase which includes halting calendar-
based chemical treatments. Plant biodiversity at the scale of cropping, farm-
ing and landscape systems, is planned with a special focus on soil interactions.
The training of local farmers must be carried out by technical boards
supported by public policies.

Short-term management has long been the norm in chemical crop pro-
tection. The efficacy of insecticides on target pests or collateral impacts on
beneficial fauna, have rarely been assessed in the medium or long-term. In
ACP, practices must be appropriately managed at both spatial and temporal
scales. Its practices are implemented at the landscape, regional or even national
scale, embracing area-wide pest management (Vreysen et al., 2007). ACP also
draws on engineering and communication experience to augment its impact:
the area-wide management of the rice planthopper in Asia is an example
(Heong et al., 2021b).
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3.3 Preventive measures: The core of ACP strategy

Chemical pesticides remain the first choice for pest management on most
farms, including those who label themselves as IPM, but are actually in
contradiction with IPM’s founding principles (Deguine et al., 2021).
In ACP, halting pesticide use is required to allow bioecological equilibria
to become reestablished in agroecosystems. The vast array of preventive
measures is subdivided into six categories: discontinuation of pesticides,
prophylaxis, soil health management, diversification of vegetation
(Beillouin et al., 2021; Tamburini et al., 2020), biological control, and
other measures.

If last-resort curative measures are required, chemical pesticides must be
optimized and must not interfere with the biological regulations in place
(i.e., targeted use of low risk and species-specific pesticides with little or
no impact on natural enemies, with strict timing and application methods,
and drift-reduction measures). This strategy requires reliable pest monitor-
ing and early warning systems.

3.4 Observation, knowledge sharing, risk evaluation
and decision-making: Cornerstones of ACP

A key benefit of ACP is to predict future changes in crop health status.
Epidemiosurveillance systems inform farmers about the likelihood of pest
infestation at different scales, worldwide. These predictions often use phyto-
sanitary and yield loss risks models, using data accumulated over many sea-
sons. At the landscape scale, local economic and environmental interest
groups allow farmers to share field practices and adopt a collective and
consistent local strategy.

Similarly, farmers may observe the plant health status at the farm or field
level. When this is done regularly and accurately, the farmer is able to gauge
soil health, pest populations, interactions with natural enemies, beneficial
organisms or disease risk. The farmer can use sentinel plots or plants (e.g.,
roses at vineyard margins as a sentinel for powdery mildew, botrytis and
red mite), or varying observation circuits depending on farm size and crops
grown. An example is the Fall Armyworm Monitoring and Early Warning
System (FAMEWS, http:/www.fao.org/fall-armyworm/monitoring-tools/
famews-global-platform/en), which aims to reduce or eliminate the need for
chemical pesticides. ACP field monitoring requires targeted training and
support, and must be independent of the vested interests of chemical
phytosanitary companies (Dhiab et al., 2020; Villemaine et al., 2021).
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3.5 A generic ACP strategy adaptable to any crop type
and any agricultural context

The generic nature of ACP is an advantage, and means dedicated strategies
can be tailored to many contexts and pests, as well as different stages of crop
growth. Specific field practices are adapted to local situations, production
objectives and demand for food. The eftectiveness of ACP has been docu-
mented across both tropical and temperate conditions (Deguine et al.,
2017). A plot level schematic representation of ACP for animal pests and
pathogens is presented in Figs. 2 and 3, respectively.
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Fig. 2 Agroecological management of animal pests with a focus on the plot level.
Numbers and colors in the boxes refer to the six agronomic and landscape practices
in Agroecological Crop Protection (see Fig. 1): [1] Compliance with regulatory measures;
[2] Agroecological management of pest populations at the landscape level; [3]
Agroecological management of pest populations at the farm level; [4] Ongoing moni-
toring of the plots (soil, biodiversity, trophic groups, etc.); [5] Preventive practices at the
cropping system level; [6] Last resort curative practices. Most ACP measures are preven-
tive; their level of use depends on the cropping system and production. Biological con-
trol includes conservation biological control that promotes abundance and activity of
natural enemies (NE) at various scales through the conservation of resources and hab-
itat, and restriction of disruptive practices (e.g., mowing, pesticide use) and the provi-
sion of NE with plant food resources and habitats (e.g., companion plants meeting the
trophic needs of NE). Effect of conservation biological control measures may vary by
pest, NE species or functional groups, landscape and practices.
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Fig. 3 Agroecological management of plant pathogens with a focus on the plot level.
Numbers and colors in the boxes refer to the six agronomic and landscape practices in
Agroecological Crop Protection (see Fig. 1): [1] Compliance with regulatory measures;
[2] Agroecological management of pest populations at the landscape level; [3]
Agroecological management of pest populations at the farm level; [4] Ongoing moni-
toring of the plots (soil, biodiversity, trophic groups, etc.); [5] Preventive practices at the
cropping system level; [6] Last resort curative practices. Most ACP measures are pre-
ventive; their level of use depends on the cropping system. Adapted from Attoumani-
Ronceux, A., Aubertot, J., Guichard, L., et al., 2010. Guide pratique pour la conception de
systémes de culture plus économes en produits phytosanitaires. Application aux
systéemes de polyculture. Ministéres chargés de I'agriculture et de I'environnement, RMT
Sdcl.

Similarly, agroecological weed management is well-documented, using a
combination of methods which rely on ecological interactions between crops,
weeds, soil and/or other taxa, assisted by agroecosystem management, with
curative weed control only as a last-resort (Barberi, 2019). Agroecological
weed management has three components: preventive, cultural and curative
measures, which, coupled to regulatory measures and regular weed monitor-
ing, allow the full array of approaches to be used (Fig. 4). Preventive measures
are applied before a crop cycle, mainly to reduce weed emergence in the sub-
sequent crop. Cultural measures are applied during a growing cycle to increase
crop/weed competition while curative measures reduce in-crop weed devel-
opment. Agroecological weed management aims to maximize the disturbance
to weeds (Barberi, 2002) and to promote biotic interactions that regulate
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Fig. 4 Agroecological Weed Management (AWM). Numbers and colors in the
boxes refer to the six agronomic and landscape practices in Agroecological Crop
Protection (see Fig. 1): [1] Compliance with regulatory measures; [2] Agroecological
management of pest populations at the landscape level; [3] Agroecological manage-
ment of pest populations at the farm level; [4] Ongoing monitoring of the plots (soil,
biodiversity, trophic groups, etc.); [5] Preventive and cultural practices at the cropping
system level; [6] Last resort curative practices. For each of these six components (where
a component has a different mechanism/approach to weed management), there is
more than one box of the same color, with examples of practices for each component.
Arrows indicate the weed life cycle stage(s) affected by each mechanism/approach.
Those which operate at higher spatial scales or across spatial scales (e.g., seed predation,
crop rotation) are indicated in the lower part of the graph. This design mainly refers to
AWM in annual cropping systems (e.g., arable or vegetable crops) and for annual weeds,
but many of the measures have general applicability.

weeds (Petit et al., 2018). Cropping system diversification results in taxonom-
ically and functionally diverse weed communities. These communities gen-
erally cause lower yield loss (Adeux et al., 2019), and contribute to ES
(pollination, natural pest control and soil fertility) (Barberi et al., 2018;
Yvoz et al., 2021).

4, Agroecological crop protection promoting social
interactions among agricultural stakeholders

This section highlights three key changes needed to promote ACP via
the promotion of interactions between different actors to market diversifi-
cation strategies.
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4.1 Reorganizing the interactions between different

agricultural stakeholders, ecological processes

and institutions
Agroecosystem management frameworks highlight the need for trans-
disciplinarity and the importance of social coordination. One integrative
approach concept (Fig. 5) consists of four main components providing mul-
tiple ES and disservices in the following areas: (i) ecological, (ii) social,
(i11) institutional and (iv) agricultural landscape. Interactions between these
components include competition and predation between taxonomic groups,
conflicts and cooperation between actors, complementation or edge eftects
between socioecosystems. These components are affected by the socio-
political and economic context, stakeholders and other external drivers
(migration, urbanization, climate change). They are connected via four key
processes: (i) the landscape ES provided to multiple taxonomic groups;
(i1) the interaction of ES beneficiaries with ES co-producers which influence
landscape management; (iii) the role of institutions in ES management who
manipulate social and socio-ecological interactions, and (iv) individual and
collective management, together with ecological functions, and the resulting
co-production of ES and disservices at landscape level.

4.2 Joint initiatives to re-integrate nature into crop protection

Examples of innovative ACP schemes have been described in the scientific
literature. Closely related to the systems for which they were developed
(e.g., Shennan et al., 2005), such schemes not only constitute documented
evidence of the practical implementation of concepts of agroecology, but they
also show that contextualization is necessary. In Sulawesi (Indonesia), shade
trees in cocoa agroforestry systems naturally regulate pests, using farmers’
empirical knowledge (Wartenberg et al., 2020). Similarly, in California, part-
nerships between farmers, project coordinators and researchers gave rise to a
significant reduction in organochlorine use in orchards (Warner, 2008). In
Cuba, biocontrol began a century ago with a classical approach based on input
substitution. This approach relied on association with other cultural tech-
niques, and was supported by public policies that turned the country into a
world leader of entomopathogen production in the 1990s (Karp et al.,
2018; Pérez-Alvarez et al., 2019; Settele and Settle, 2018). In Andra
Pradesh (India), a “zero budget natural farming” program was launched in
2015 that now involves tens of thousands of farmers (Bharucha et al.,
2020). Much of the program focuses on plant protection and plant health,
for which local, natural products are used.
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Fig. 5 Shift between (A) the current agricultural organization (“Business as usual”, BAU)
and (B) the implementation of Agroecological Crop Protection (ACP). ACP implemen-
tation involves the redesign of socio-technical and economic systems, and of their inter-
actions with the ecological system. In ACP deployment scenario, notably under the
action of public policies supporting crop diversification, value chains are more diversi-
fied, with multi-actor innovations and markets: the overall influence of the global
market is decreased as compared to BAU scenario. ACP involves diversification of agri-
cultural landscapes (diverse crops in space and time, semi-natural habitats), resulting in
increasingly complex ecological networks, which in turn support numerous ecological
functions and ecosystem services. These agroecosystems are more adaptable and resil-
ient to global changes, in which agriculture has a lower impact. Arrow size represents
effect strength. Ecosystem functions and services are symbolized by pictograms; barplot
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Global changes:
ical invasions, pollution,
habitat destruction, climate change...




18 Jean-Philippe Deguine et al.

In France, the DEPHY Ferme network links 3000 farms backed by the
national Ecophyto plan (Lamichhane et al., 2019). In parallel, two sets of
approximatively 40 experimental networks (DEPHY Expe) have been
funded since 2011, to test cropping systems less reliant on chemical pesticides.

In Asian mango and citrus orchards, weaver ants (Oecophylla smaragdina,
Hymenoptera) have been used for over 1700 years to combat pests. This is
the oldest known example of biological control in agriculture (Huang and
Yang, 1987). In the Mekong Delta (Vietnam), smallholder farmers use
weaver ants to protect their orchards in an ACP-type framework. An out-
reach program targets the farmers still using intensive pesticides, through
simultaneous information, training, ad campaigns and participatory research
(Van Mele and Cuc, 2000). The possibility of using O. smaragdina ants
in other commercial fruit crops is being studied. Researchers working with
farmers and project coordinators, are able to develop a highly eftective ACP
strategy. Similar research has been conducted on sister species O. longinoda in
Africa (Adandonon et al., 2009).

Beyond the conventional farmer field schools (FAO, 2019a), these
approaches lead to the development of social groups dedicated to crop pro-
tection and sustainable agriculture more broadly, combining empirical knowl-
edge and scientific innovation. These groups have been involved in numerous
schemes sharing the benefits of co-learning and “social ecology,” “liberation
education” and “epistemic change” (Pretty, 2020; Pretty et al., 2020). Beyond
the realms of science and agriculture, there are many examples of open science
benefitting from naturalists and citizen contributions (e.g., https:/www.
inaturalist.org/projects/che-bestiolina-c-e-nella-mia-siepe). Economic and
environmental interest groups enable neighboring farmers to share ideas, agro-
ecological know-how, and ACP tools and practices (Aulagnier, 2020).
Interactive, collaborative knowledge management and exchange tools drive
the agroecological and ACP transition at the national level (GECo platform:
https:// geco.ecophytopic.fr/), and the international level, including countries
in the Global South (http:/www.fao.org/agroecology/home/en/; http://
www.endureinformationcentre.eu/?rvn=2; https://www.boost-ae.net/en/
1/home.html).

4.3 Multi-actor and market diversification strategies

for redesigning production systems
Diversification of agricultural activities remains the best option when
redesigning systems toward agroecology. This relies on: (i) a wide range
of actors signing up, (i) research and development, and (iii) market
opportunities.
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This can be achieved by facilitating exchanges and co-design (Meynard
etal., 2012; Simon et al., 2017). Prost et al. (2017) showed that the hybrid-
ization of heterogeneous knowledge “catalyses both the design process and
knowledge production,” especially when actors have diverging interests
and/or viewpoints: this not only helps improve innovation, but also helps
identify trade-offs (Penvern et al., 2015). ACP in mango crops in R éunion
is a relevant example (Deguine et al., 2017).

Much has been written about farmers’ contributions to the design of new
production systems. Farmers have: (i) valuable experiential and local knowl-
edge (Baars, 2011); (i) diverse objectives, affecting agroecosystem design
and management (Prost et al., 2017); (ii1) the ability to convert their knowl-
edge into workable solutions (Toffolini et al., 2017). An in-depth analysis
reveals that farmers have diverse views on functional biodiversity, influenc-
ing the choice of best practices in their own production system (Penvern
et al., 2019).

The difficulty of marketing ACP-derived goods and services can be an
obstacle to its adoption (IPES-Food, 2020). Visibility and consumer recog-
nition is a challenge without a recognized quality label, such as that of
organic farming. However, “nested markets” exist; although often localized,
they are well-represented worldwide. Organic certification offers added-
value in the short term but does not cover all aspects of agroecology.
Short-circuiting the incumbent food system could also reconnect farms to
the food system (Magrini et al., 2019).

5. Research approaches to agroecological crop
protection

In this section, we summarize the research approaches required for
ACP, from a systemic approach in the design of healthy agroecosystems
to designing and managing orchards based on ACP.

5.1 A systemic approach for healthy agroecosystems

A shift to a system-wide approach requires re-defining the system as more
than just the crop (soil, plant diversity and other features crops interact with).
Re-defining the system means interactions can be identified and understood
and in particular, the areas requiring action become evident. For example,
target pest populations are parts of metapopulations that require large-scale
management, as seen in area-wide pest management approaches (Brévault
and Bouyer, 2014; Vreysen et al., 2007). Changing the boundaries of the
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system, which is also defined by its purpose, may have major consequences
on its ability to achieve its given purpose, and hence on the success of crop
protection attempts.

5.2 Interdisciplinarity and transdisciplinarity in ACP

Further research is needed to assess the direct and indirect economic ben-
efits of the biodiversity-based strategies at the core of ACP. Surprisingly,
<1% of research papers in the field of “economic entomology” actually
cover the economic aspects of crop protection (Onstad and Knolhoff,
2009). Transdisciplinarity is encouraged in ACP just as in agroecology
(Fernandez Gonzalez et al., 2020). In addition, ACP scientists may benefit
from reaching out to nutritionists, food toxicologists and food safety reg-
ulators (Wyckhuys et al., 2020a,b). Anthropological studies are useful for
exploring the cultural dimensions of ACP practices. New ACP-derived
ecological knowledge cannot be standardized due to different environ-
mental contexts. This boosts interest in “local,” “peasant” or “traditional”
knowledge. To make good use of nature, knowledge must be “intimate,”
i.e., developed with both humans and non-humans during meetings,
training, discussions, etc. This evolutive model of knowledge combines
scientific, experiential, intellectual and sensory insights. Anthropology
allows us to build bridges between culture and practices (“means of action
on culturally defined materials”). Anthropology also helps to determine
the status accorded by actors to elements of the agroecosystem, as well
as their relationships, and this provides a collective drive in crop protection
(Larrere, 2002).

Farmers need know how to effectively apply ecological principles to
their farm’s site-specific context. This was the aim of the FAO-endorsed
farmer field school program in the 1990s and resulted in tangible reductions
in chemical inputs on millions of farms. Yet, its successes have so far been
scattered and short-lived. Socio-technical facets such as markets, user pref-
erences, policy environments or vested interests of technology manufac-
turers, prevent improvements in sustainability (Deguine et al., 2021). In
crop protection, these issues have not received the exposure they deserve,
and insufficient attention has so far been given to multi-stakeholder innova-
tion systems (Schut et al., 2014; Van der Jagt et al., 2020). Transdisciplinary
weed research shows how the mobilization of natural and social sciences can
integratively analyze difficulties at multiple levels and dimensions, hand-
in-hand with stakeholders (Jordan et al., 2016). Without this type of
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integrative adapted support (e.g., Chaplin-Kramer et al., 2019), individual
farmers are unlikely to bear the costs of switching production methods.
Reaching a “tipping point” in sustainable crop health management may
then become more unlikely.

5.3 Participatory approaches as a key route to ACP

Participatory approaches such as farmer field schools (see below) or local
agricultural research committees can offer non-formal education, fill critical
knowledge gaps and engage farmers in “discovery-based” learning (Braun
and Duveskog, 2011). For instance, consultative farmer field schools are use-
ful tools for cropping systems (Bakker et al., 2021). These can shore up
farmers’ knowledge of ecology, (re-)establish their awareness of biological
control and ultimately remove their reliance on pesticide (Wyckhuys
et al., 2019). By coupling the above approaches with information and com-
munications technology (ICT), locally-validated practices can be shared
through on- and off-line farmer networks and information can be tailored
to the heterogeneous socio-ecological context of smallholder agriculture
(Heong et al., 2021a; Nelson et al., 2019; Sinclair and Coe, 2019). Crowd-
sourced citizen science, farmer-to-farmer educational videos or phone-based
sensors and observation aids, e.g., digital microscopes, can all be integrated into
ICT platforms (van Etten et al., 2019).

Participatory approaches work in two directions: complementing
farmers’ knowledge and expertise with scientific information, but equally
drawing on it. Participatory plant breeding is a good example of collabora-
tion in the co-construction of solutions and has been developed to meet the
needs of low-input, small scale farmers, leading to fundamental changes
in the way crop genetic diversity is managed (Sperling et al., 2001).
Inspired by farmers’ traditional management of crop genetic diversity
and by co-construction with stakeholders, participatory plant breeding is
built on site-specific context of soil-crop-water management. Well adapted
to exploiting crop biodiversity potential, it has rapidly developed over the
last 20 years (Ceccarelli and Grando, 2020). Participatory plant breeding
matches the social dimension of ACP, and involves five key aspects:
(1) decentralizing breeding to the farm; (ii) breeding multiple and diverse
varieties and populations; (iii) promoting potentially promising traits
(e.g., competitiveness against weeds); (iv) making use of a broad genetic
base; and (v) incorporating the empirical knowledge of farmers and other
stakeholders into the process. In addition, participatory plant breeding
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allows the simultaneous adoption of crop varieties or populations devel-
oped far away from the local network, as shown for rice in Nepal (Joshi
et al., 2001), maize in Brazil (Machado and Fernandes, 2001) and barley
in Syria (Ceccarelli et al., 2001).

A participatory plant breeding program on common wheat in France
(Goldringer et al., 2020; Riviere et al., 2013) has developed varieties with
long stalks that were more competitive against weeds and provided more
organic matter to the soil, or bedding for animals. Genetically heterogenous
and phenotypically diverse (van Frank et al., 2020), they adapt to changing
environments and contribute to the farm’s resilience. At the end of the value
chain, participatory systems can provide guarantees to consumers while
avoiding the entry barriers of third-party certification (Home et al., 2017).

5.4 A transdisciplinary case study: Designing and managing
ACP orchards

Fruit orchards are one of the most pesticide-intensive systems. Substitution
strategies maximize ES and pest regulation in multi-species, mixed
fruit-vegetable or grazed orchards (Alaphilippe et al., 2013; Lauri et al.,
2018). To compensate for the lack of empirical knowledge on unconven-
tional orchards, co-design workshops take place with representatives from
different concerns and disciplines (Simon et al., 2017).

During this process, ecologically-based pioneer orchards will require
work to be re-organized (Legendre et al., 2021). Scales and agroecosystem
dynamics are connected; the number of items to observe, monitor and man-
age increases (e.g., number of crop species, pests), with new indicators, more
frequent interventions and increased coordination between and within tasks.
However, some uncertainty will persist, and a period of vigilance, constant
learning and adaptation will be necessary.

To design sustainable agroecosystems, Belmin et al. (2022) suggest using
the full range of available knowledge, whether holistic or reductionist, both
on the agronomic system and the human system. In addition, they strongly
recommend considering the long, non-linear, transformational nature of
agroecosystem design.

6. Agroecological crop protection research needs

This section highlights six research needs for ACP ranging from build-
ing sustainable seed resources and breeding to the integration of human and
social sciences into the ACP framework.
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6.1 Sustainable seed resources and breeding

Seed management provides immense added-value to the sustainability of
food systems. The argument driving seed system improvements is that even
modest expenditure can bring about major benefits, even in high-risk/
challenging field contexts (Sperling et al., 2001). The type, quality and
phytosanitary status of the seeds of spacially adapted varieties not only deter-
mines the productivity of a given crop, but also the sustainability of the
entire food system.

The use of certified seeds limits contamination of seed-borne pests and
diseases and ensures improved seed germination, seedling vigor, crop estab-
lishment and yield under field conditions (Hitaj et al., 2020; Lamichhane,
2020). However, the main paradox is that key certified seed and plant
resources are either not readily available for farmers or not adapted to
the local pedo-climatic conditions (Chable et al., 2012). As most seeds
are still marketed in “one-size-fits-all” package with a priori treatment
for all cropping situations (Lamichhane, 2020), millions of farmers cannot
choose the type of seeds for their fields. A wider choice of seeds (i.e.,
farm-saved, untreated, certified or pesticide-treated seeds) would increase
profit margins for farmers while providing sustainable environmental and
human health.

Having access to a range of crop varieties will allow farmers to make stra-
tegic management choices to sustain their farms. Countries need to under-
stand the R&D status of the seed sector, the importance of genetic resources,
plant breeding and related research, for the development of ACP at a
national level, as in Switzerland (FOAG, 2008, 2016).

In the transition to ACP, the breeding focus should be on new crops,
including minor and non-cash crops (e.g., cover crops) providing a range
of ES with a particular emphasis on adaptation to climate change and
reduced reliance on cropping system inputs (Lamichhane and Alletto, 2022).

In France, the yield gap between conventional and organic cropping sys-
tems is highly variable (20-60%). Boosting plant breeding research and a
cooperative selection process between breeders and stakeholders produces
selection criteria adapted to sustainable cropping systems (i.e., yield, bread
value or biscuit quality, competitiveness against weeds). In this collaborative
framework, the results of work on breeding are discussed during regular
informal meetings and open days, including field trial visits. Field experi-
ments are shared with partner networks, while breeding work (crosses, nurs-
ery and results analysis) is conducted at public research stations (Rolland
et al., 2021).
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6.2 The electrochemical soil-plant health model and a
re-examination of the soil health concept
There is increasing evidence to support the importance of reduction-
oxidation and acid-base reactions in the soil-plant system (Husson et al.,
2021). This model postulates that Eh (redox potential) and pH homeostasis
are key in soil-plant health and are fundamental to interactions between soil,
plants and associated microbiota. Significant Eh-pH spatio-temporal varia-
tions have been linked to soil structure, organic matter and biological activ-
ity, affecting plant nutrition and plant-weed interactions (Husson, 2013).
Maintaining Eh-pH homeostasis is an energy-intensive process for
plants, particularly in changing environments (Soares et al., 2019). The alter-
ation of Eh-pH homeostasis through abiotic and biotic stresses increases
susceptibility to pests (Anjum et al., 2016). In particular, plant oxidation
increases susceptibility to most pathogens and renders plants more easily
digestible by herbivorous pests, in contrast to sustained reduced conditions.
Plants regulate and compartmentalize Eh-pH conditions both internally in
plant tissues and externally in their rhizosphere by recruiting a specific
microbiota through root exudation (Rolfe et al., 2019). In turn, rhizosphere
microbiota contribute to soil structure and redox regulation, thereby
improving plant protection (Mhlongo et al., 2018). Overall, a soil-plant
health model integrating Eh-pH homeostasis would help understand soil
processes in ACP.

6.3 A new outlook for plant health by controling
microbiota-mediated plant-soil feedback

Crop diversification is a major agroecological lever (Beillouin et al., 2021;
Duru et al., 2015; Tamburini et al., 2020; Zhang et al., 2020). In particular,
it influences plant-soil feedback through soil microbiota (Marques et al.,
2020). Several studies have demonstrated the beneficial eftects of crop rotation
on soil microbial biomass, diversity and function (Kim et al., 2020; Lienhard
et al., 2013; McDaniel et al., 2014; Yang et al., 2020). However, the extent
of benefits is dependent on the type and timing of agroecological practices
(Garland etal., 2021; Wang et al., 2020), and pedological contexts (Degrune
etal., 2019). To date, the role of soil microbiota has been mainly seen from
the perspective of soil health (Lehmann et al., 2020; Zhang et al., 2020),
rather than plant health (Hirt, 2020). Soil microbiota is a major stimulus
of biodiversity both below and above ground, improving ecosystem mul-
tifunctionality (Delgado-Baquerizo et al., 2016). Moreover, soil and plant
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microbiota are a major feature of the phytobiome, a recent concept
encompassing plants, their environment and the surrounding community
of organisms (Beans, 2017; Bell et al., 2019).

Plant microbiota, and its associated rhizosphere, affects plant fitness via
biomass production, acquisition of nutrients and phenology (Compant
et al., 2020) or stress resistance (Liu et al., 2020; Vannier et al., 2019).
Plant microbiota 1s expected to contribute to 60% of biocontrol products
by 2025, for a $11 billion market globally (Sessitsch et al., 2018).
Consequently, understanding and optimizing plant—microbiota interac-
tions in ACP constitutes one of the biggest challenges of 21st century
agriculture.

Soil-borne pest management represents a promising opportunity for
ACP in two ways: (1) altering soil microbiota composition via crop rotation
or cover crops, selected plant genotypes or organic amendments; and (ii)
transplanting beneficial microbiota into soil (Arif et al., 2020; Fan et al.,
2020; Peralta et al., 2018; Pineda et al., 2017). For instance, altering the soil
microbiota to induce plant resistance to aboveground pests has been theo-
rized (Pineda etal., 2017), and applied to major insect pests, namely the thrips
Frankliniella occidentalis and the mite Tetranychus urticae (Pineda et al., 2020).

Volatile organic compounds constitute a major component of the plant—
insect—microbiota interactions described above (Garbeva and Weisskopf,
2020). The volatile environment of crops, the odorscape, and plant—
insect—microbiota interactions need to be better understood (Friman
et al., 2021; Marques et al., 2020; Mony et al., 2020), to maximize the
efficacy of ACP solutions.

6.4 The potential and limitations of “at scale” innovations
and proofs of concept

Organic farming is a useful model to study the potential levers and implica-
tions of upscaling ACP. Constrained by its specifications, organic systems are
proof of concept that chemical-free agriculture is possible, even if it more
often uses the substitution approach than being chemical pesticide-free
(see below). This is especially true if preventive pest management is used
(Zehnder et al., 2007), as well as a combination of technical alternatives
and premium pricing (to compensate for lower yields). Development of
organic systems prefigures future challenges linked to large-scale ACP
implementation (i.e., food productivity and sovereignty), as well as limits
(biopesticide or pesticide alternatives, with as yet unknown ecotoxicological
profiles) (Bahlai etal., 2010; Legrand et al., 2011).This scaled-up production,
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its accessibility to farmers, and its economic sustainability, will require the
involvement of stakeholders and numerous regulatory processes. Outbreaks
of pests previously controlled with chemical pesticides are a risk (Bianchi
et al., 2013), even if manageable through natural regulations (Muneret
etal., 2018). Processing and valorization at upstream (producers) to down-
stream (consumers) level are performed within short food circuits, key
levers in the reduction of post-harvest chemical pesticide use. One feature
of organic farming (unlike ACP) is its use of pesticides (copper, sulfur, bio-
pesticides) and intensive soil tillage to control weeds, which could nega-
tively impact soil function. Nonetheless, organic farming as a model for
ACP may also extend the scope of research to nutrients, soil fertility man-
agement (Nicholls and Altieri, 2004), and indeed the entire food system.

The agricultural systems in Cuba and Sikkim (India) mentioned below
are examples of scaling out and scaling up of organic farming at the state
level. In both these cases, agriculture can be considered as organic by default,
as in sub-Saharan Africa (Ratnadass, 2020), for different reasons and via dif-
ferent routes. In Cuba, organic production became compulsory during the
“Special Period” when imports of petroleum, agrochemicals and farm
machinery from the Soviet bloc ceased. This was further aggravated by
restrictions imposed by the US trade embargo at the beginning of the
Revolution (Acosta de la Luz, 2001; Altieri and Toledo, 2011). Sikkim’s
organic transition began in 2003 with a resolution in the state assembly to
convert all agricultural land to organic (Meek and Anderson, 2020). An
interesting point is that scaling up organic systems in Sikkim goes against cer-
tain agroecological principles (Meek and Anderson, 2020). In contrast, in
Cuba, many farmers still view increasing production as a higher priority than
maintaining agroecological commitments (Nelson et al., 2009), and may
return to conventional or integrated production if this option becomes
politically and economically viable.

6.5 Supporting farmers in their adoption of innovative
methods

Identifying and understanding factors, decision criteria and values driving
farmers’ adoption of new crop protection and pest management methods
are necessary to see how farmers design their strategy and accept certain
practices when piloting a new system (Larrere, 2002). Compared to conven-
tional agriculture, the effectiveness and benefits of ACP measures should be
quantified, for example via life cycle impact assessment, accounting for
pluri-spatio-temporal scales and ES (Alaphilippe et al., 2013). Quantified,
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these outcomes can be used to assess different scenarios in a given country or
territory, in diverse of production situations, and the resulting macro-
economic consequences will be of interest to farmers (food production,
farming income, energy saving, pesticide use, etc.).

Shifting from conventional farming to ACP overturns many practices;
this can be seen by some farmers as taking a gamble. This is especially true
in an economic crisis without insurance safety nets. Conventional crop pro-
tection takes short-term views and is often considered less risky (although
rarely studied to date), whereas delegating crop protection to plants and ben-
eficial organisms should be seen as a form of long-term insurance. Another
barrier is the perception of “going backwards” when renouncing high-tech,
with the fear of what neighbors may think. The adoption of technology to
support “smart” pest management (e.g., plant and soil sensors) has been suc-
cessful. Beyond mere food production, the management of complex systems
and contributions to ES should be highlighted: enthused by agroecology,
some farmers are motivated by a more interesting professional activity.

6.6 Exploration of human and social sciences

To improve under-developed ACP markets, the benefits of product quality,
human health, environmental and societal vigor need to be acknowledged
by all actors, providing added-value and financial returns for producers
(Loconto and Hatanaka, 2018). To foster the agroecological values of
ACP, more focus should be placed on standardization, case studies, and
the way actors reorganize rules, markets and networks (Lamine et al.,
2019). A new field of research on alternative marketing strategies, using con-
sumers as food ambassadors, is opening up. These “ambassadors” mediate
between producers and consumers, re-creating their dialog on a larger scale
(Andersson and Ekman, 2009).

The ontological turn of repopulation of social sciences by non-human
entities (Descola, 2005) compels us to think beyond nature and culture
(Houdart and Thiery, 2011), and takes non-scientific views of the world
seriously (Henare et al., 2007). It offers an ontological explanation of the
changes of attitude toward plant life. ACP practitioners benefit from the
“wilderness” in their production systems (see Section 4.1); their willingness
to increase it will determine the extent of variation in production systems,
and the development of “diplomatic” vegetable supply systems (Javelle,
2020). Social sciences will focus on a continuum of interacting components:
plants (cultivated or not), animals (wild, bred, or domesticated, pests,
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beneficials), microorganisms and humans (with a wide range of roles in
society). ACP thus entails a new approach toward social and human sciences.
Usually, human ecology is defined as “the study of the form and the devel-
opment of the community in human populations” for which the unit of anal-
ysis “is not the individual but the aggregate which is either organized or in the
process of being organized” (Hawley, 1950, cited by Frisbie, 2001). We pro-
pose to go beyond human ecology to better analyze the links between social
structures, such as the social organization of food supply chains, or in
agroecosystem “‘structures.”

7. Methodological breakthroughs in agroecological
crop protection

In this section, we briefly describe the five key methodological devel-
opments forming the basis of ACP research.

7.1 New methods to characterize soil functions

Harnessing the microbial functions and managing soil interactions in an
agroecosystem designed to suppress disease, for instance, presents great
potential (see Section 6.3) (Chave et al., 2014; Chellemi et al., 2016).
Classical microbiological assays have revealed the groups playing a major role
in soil function (Agaras et al., 2014). More recently, high-throughput
nucleic acid sequencing has provided access to hidden taxonomic and func-
tional diversity (Nelkner et al., 2019), while metatranscriptomics identifies
the functional groups contributing to disease suppression (Hayden et al.,
2018). Drawbacks of these methods (e.g., incomplete reference databases),
are countered by classical microbiological methods using high-throughput
cell culture “culturomics” (Kambouris et al., 2018).

Recent advances have led to a better understanding of the key processes,
including Eh-pH spatio-temporal variability at various scales (see Section 6.2),
reflecting the importance of soil structure in Eh-pH regulation (Husson
et al., 2018; Liptzin and Silver, 2015). Fenton reactions should receive more
attention: coupled with enzymatic activity, they strongly impact soil organic
carbon mineralization (Merino et al., 2020; Yu and Kuzyakov, 2021). At the
plant-leaf level, improvements in Eh-pH measurement make them useable as
plant health indicators (Husson et al., 2018). However, electrochemical mea-
surement methods remain too sensitive, fastidious and time consuming. Near
Infrared Spectrometry is currently under development and would assist the
measurement and use of these indicators.
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An integrative approach to soil health assessement, capturing the emerg-
ing properties of soil biota interactions (rather than biota structure), can
focus on resulting soil functions (Kibblewhite et al., 2008; Lehmann
et al.,, 2020). This concept is developed in a set of soil health indicators,
Biofunctool®, which assesses three soil biological activity functions: carbon
transformation, nutrient cycling and structural maintenance (Brauman and
Thoumazeau, 2020). Thus, nine in-field, cost-effective indicators assess
impacts of agricultural management practices on soil health (Thoumazeau
et al., 2019). Better ways of measuring pest regulation functions are still
needed, especially soil disease suppressiveness. Few certified indicators can
be applied to a wide range of contexts, and methodological improvements
are required to improve their reliability (Bunemann et al., 2018; Janvier
et al., 2007).

7.2 Above-ground functional biodiversity and trophic
interactions

Farms are the management units of agroecosystems. Assessing biodiversity at

farm level is crucial (Herzog et al., 2017). An example is “Syrph the Net,”

the database of European Syrphidae (Speight, 2020). Ecological networks

using holistic system-level evaluations have also been developed in recent

years, and provide complementary information (Ma et al., 2019).

Semi-natural habitats surrounding fields can play a significant role in pest
and natural enemy movements, although their impact on pest levels and
management is poorly documented (Holland et al., 2016). Several methods
can trace insect movements across the agricultural landscape mosaic, ranging
from simple use of transects and directional trapping, to various marking/
tracking DNA-based methods (El Sheikha, 2019). Tracking devices are suf-
ficiently small to fit on pests and natural enemies such as carabid beetles
(Batsleer et al., 2020). However, simple and efficient habitat-scale methods
without the need for species sampling or identification, are still to be
developed.

In plant-diversified systems, interaction networks are complex, involv-
ing small species with poorly understood behaviors. Unpicking trophic and
non-trophic links and understanding how they are modified by agroecolog-
ical practices is one of the major challenges facing ACP. Inference of links
between pests and regulatory species is largely based on two factors:
(1) co-occurrence measurements, recently improved through machine
learning (Bohan et al., 2017), and (ii) use of ratios of stable isotopes of nitro-
gen ("°N/'"*N) and carbon (*C/'?C), helping position each species within
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the food web (Ponsard and Arditi, 2000). However, these methods rarely
provide evidence of trophic links. DNA metabarcoding can identify plants
or animals consumed by a given organism (Derocles et al., 2018). Of limited
use, this method has good potential for studying food webs and detecting
new trophic interactions. Advances in digital technology make in situ imag-
ery in the field possible, and artificial intelligence algorithms are now used in
automatic observation and minimal disturbance detection (Tresson et al.,
2019), providing a dynamic picture of interactions.

7.3 New methods to characterize field odorscapes and to
dispense volatiles

Natural pest regulation can be partly managed with volatile organic com-
pounds (VOC). Deployment depends on our ability to develop new
methods to describe odorscapes created by multiple components in space
and time, and to dispense blends activating key regulations in agroeco-
systems. Real-time VOC characterization in the field urgently requires
new, high-resolution technologies such as PTR—time of flight—-MS, although
adapting them to field conditions is challenging (Turlings and Erb, 2018).
Analyzing complex VOC data using machine-learning algorithms such as
Random Forests or based on artificial neural networks will also be essential
(Vivaldo et al., 2017). Other developments include the need to upgrade pest
monitoring sensors in the field (Turlings and Erb, 2018). Current advances in
high-throughput phenotyping methods for modern crop breeding may over-
come many of these challenges (Jin et al., 2020). Advances in formulation
and diffusion technology will be necessary to combine different com-
pounds, adjust carriers, ensure their continuous release, prevent early evap-
oration or degradation, or adjust emission rates and temporal release
patterns of emitted volatile organic compounds (Garbeva and Weisskopf,
2020). Microorganisms, inoculated on the plant or in its environment
(Garbeva and Weisskopt, 2020), can also be used as natural emitters, over-
coming the various limitations of chemical volatile dispensers (Mofikoya
et al., 2019).

7.4 Renewal of experimental and systemic modeling

Agroecological Crop Protection involves a range of practices whose future
impacts are difficult to assess (Lechenet et al., 2017). There is a need to
account for cross effects, as well as cascading relationships between technical
levers and other agroecosystem elements. Systemic experimental designs can
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test and quantify the impact of cropping systems with adjacent semi-natural
habitats on pests and natural enemy distribution at the farm scale (Gagic
et al., 2021).

Modeling key components of agroecosystems is necessary to: (i) better
understand how they work, (i1) integrate existing knowledge, and (iii) design
ACP strategies. Any modeling framework can be used for ACP, provided
that it includes cropping practices and environmental conditions affecting
pest or injury dynamics. For the sake of simplicity, here we address only
three important fields of modeling for ACP: qualitative modeling, network
analysis and modeling of crop damages.

Aubertot and Robin (2013) propose a qualitative method to integrate all
forms of available knowledge in a decision tree. This approach allows all rel-
evant knowledge sources to be combined, including experts, farmers,
advisers, simulation models, and datasets obtained from field experiments
or diagnosis of commercial fields. It is particularly suitable for ACP, a field
with significant knowledge gaps (Deguine et al., 2021).

During the last 20 years, network analysis has been a dynamic field:
studies examining the relationship between food web structure (e.g., con-
nectance, size, modularity) and ecosystem operation (stability of communi-
ties) (Dunne et al., 2002) identified the importance of food web stability in
pest regulation (Crowder et al., 2010). With a reduced number of trophic
groups, dynamic models are useful to understand the role of cropping prac-
tices on pest management (Malard et al., 2020) and more widely on ES
(Tixier et al., 2013b). The next challenge will be to link such tools to the
overall management of agroecosystems, especially the soil-plant system
(Tixier et al., 2013a). Semi-quantitative (Gaucherel et al., 2017) and statis-
tical methods (especially structural equation modeling) are holistic tools to
establish the links between food webs and other ecosystem processes
(Poeydebat et al., 2017).

Pest damage was initially modeled using descriptive or explanatory
methods as a decision-making tool in chemical protection, rather than for
long-term damage-limiting strategies. These models simulate pest effects
on crop carbon processes such as carbon fixation and storage (Boote et al.,
1983). While helping to understand and assess damage mechanisms, these
approaches were limited to only one pest, or a host-pest couple (Bevacqua
et al.,, 2016) at the plant or field scale, per cropping cycle (Caubel et al.,
2017), with little or no crop feedback. Improvements are required to upscale
from plant—pest interactions to agroecosystem functions and the key
processes triggering pluriannual epidemics, which combine fine-grained
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mechanistic models (e.g., Zaffaroni et al., 2020) and landscape models
(Poggi et al., 2018), or integrating ecological concepts into agronomic
models (Wood et al., 2015).

7.5 New tools to enhance the individual and collective
innovation process

Integrating diverse agro-food contexts and other key community actors may
help innovate ACP strategies. This is because a range of methods to imple-
ment ACP can be built which take into account the expectations of each
group. This implies researching and adopting tools supporting facilitation
between actors. Many tools now take biological processes into account in
participatory research approaches with stakeholders (Barnaud et al., 2018;
Prost et al., 2017). However, questions remain about the best way to inte-
grate soil and plant health indicators in ACP.

Serious games may aid in the local adaptation of new systems by improv-
ing learning outcomes, personal or social development and engagement, and
user-centered learning (Campo and Dangles, 2020; Rebaudo and Dangles,
2013). Several games encourage crop protection learning and engagement in
farming communities. An example is the Azteca Chess game, which teaches
biological pest control to coffee farmers (Garcia-Barrios et al., 2017) or the
Innomip game board, which helps support coordinated management of
invasive potato pests (Rebaudo et al., 2014). Use of serious games can mod-
ify farmers’ views of entomofauna and support the adoption of agroecology,
tipping the balance toward beneficial insects at the expense of pests.

In addition, social networks and crowdsourcing, such as the citizen science
application iNaturalist, can be used to create and share entomological knowl-
edge with farming communities (https://www.inaturalist.org/projects/agri-
andes-ecuador). Importantly, many now have access to mobile devices: an
opportunity to increase the participation of women and young farmers.

Another area of research looks at the performance of ACP strategies (see
Section 6.5), raising questions about relevant scales and indicators. This
change of perspective also addresses the “clean field” and “zero defect”
myths and the variability of agricultural products.

8. Supporting farmers in the transition
to agroecological crop protection

This section describes six strategies supporting farmers in their transi-
tion to ACP.
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8.1 Co-construction of knowledge in ACP systems

The effectiveness of ACP systems depends on their adaptation to local envi-
ronmental conditions. As such, farmers have extensive (but not always
explicit) knowledge of their agroecosystems (see Section 4.1). With their
unique position observing nature and production situations, the farmer is
well placed to identify the conditions when plant resistance to pests is at its
most effective, and transmute them into agricultural management (Molia
etal., 2015). In this sense, the farmer is no longer a recipient of advice, but
becomes co-designer of new management strategies (Malézieux, 2017).

Supporting farmers redesigning their activity in design workshops or
more formalized multi-stakeholder setups (e.g., innovation platforms)
(Dabire et al., 2017) makes use of exploratory solutions to empower farmers
to propose and implement specific adaptions to cropping systems (Leclere
et al., 2021). Farmers thus directly contribute to agricultural knowledge
(Reau et al., 2012). Using existing knowledge and data from trial results
is essential, and it would be worthwhile identifying farmers with successful
ACP strategies, to inspire and motivate new ACP research and design pro-
jects (Laurent et al., 2021; Quinio et al., 2021; Périnelle et al., 2021;
Salembier et al., 2016).

Managing crop health at the territory scale requires coordination and
organization in rural communities (see Section 4.2). New ACP approaches
should include social capital, common goods, group decision-making,
inter-group relations, commitment and persuasion; these play a role in
the influence farmers have on the decisions taken by their peers (Coll and
Wajnberg, 2017). Creating crop protection networks between farmers
(Nelson et al., 2019) and partnering with researchers, development organi-
zations, farmer organizations, policy designers, pesticide sellers (and other
broader networks), has much potential.

8.2 Making products and equipment available for farmers

Farmers transitioning to ACP, require seeds of locally adapted varieties,
(Bergtold et al., 2019) (see Section 6.1), but farmers often use their own
propagation materials without considering pest presence. Introducing min-
imal quality standards with safe agronomic and prophylactic practices could
avoid the spread of diseases (Sastry, 2013).

Farmers also need access to appropriate mechanization and digital tools as
they transition to ACP. Examples of solutions are small-scale machinery
hire, tool-sharing, call platforms (Anidi et al., 2020), agricultural machinery
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(Baudron et al., 2015), and various patent-free methods (Giotitsas, 2019).
Digital technologies offer better technical support to farmers (Santos
Valle and Kienzle, 2020; Wei, 2020) during the systemic design of pro-
duction systems (Schnebelin et al., 2021). Such area-wide pest manage-
ment requires cross-farm, community-wide, and sometimes national
cooperation.

8.3 The specific role of bioproducts in ACP

Bioprotection is a set of potentially appealing practices for farms
transitioning to ACP (see Sections 3.1 and 3.3) (Belmain et al., 2022).
ACP requires a rethinking of relationships between farmers and input sup-
pliers. As plant pests compete with humans for the same resources (crops and
their products), the term “pest,” in this context, has solely economic impli-
cations. However, pests must be considered in a broader context, addressing
all aspects of sustainabililty. Pest management strategies are no longer
designed to destroy pests, but rather repel and manage them. Now, it is a
question of cohabiting with pests and fostering biodiversity, of which pests
are a part. This will dramatically reduce the demand for plant protection
products (Gliessman, 2016; Mishra et al., 2015). This paradigm shift is likely
to modify the current industrial power struggle: conventional players will
have to reinvent themselves, while new opportunities will appear for smaller
pioneering companies, promoting new bioproducts and strategies adapted to
local conditions.

Most farmers (particularly in the Global South) have little access to
high-quality inputs for ACP (e.g., biopesticides and microorganisms) which
tend to be far more expensive than older chemical pesticides (Schlapfer,
2020). Similarly, soil biostimulants (amendments, microbial treatments) or
biofertilizers (nitrogen fixing bacteria, mobilizers of specific nutrients such
as zinc, sulfate, or mycorrhizal fungi) enhance plant health but are inacces-
sible. Microbial biocontrol supply chains can be delicate to manage due to
the short lifespan of living components, limited or unpredictable demand,
and low farmer awareness. It is possible to envisage a system in which vendors
are no longer paid by quantity sold, but on the savings made on pesticides.
Moreover, suppliers must meet smallholder needs and diversified investment
challenges, promoting non-market strategies for ACP (Wyckhuys et al.,
2020a). This may entail group coordination and cost efficiencies, while low-
ering transactional risks for farmers. Finally, registration authorities have to
revisit data requirements faced with new biopesticides.
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8.4 ACP enhancement via downstream market conditions

The economic profitability of ACP is crucial to: (i) generate viable incomes
for farmers, (i) minimize risks related to the modification of production sys-
tems, and (iil) recover any production overcosts.

Cropland certification may offer more remuneration, better market con-
ditions, and help share the risk (or perceived risk) of more sustainable pest
management strategies with consumers. Such standards have been found to
promote sustainability in more than 133 countries (Tayleur et al., 2017), of a
global cropland coverage with an 11% annual increase between 2000 and
2012. Very few standards explicitly promote ACP practices. For instance,
several GlobalGAP crop standard criteria only record farmers’ practices
with no mandatory reductions in pesticide use (Schreinemachers et al.,
2012). Label organizations have a great potential to attract farmers to
ACP and other sustainable methods by establishing standards supporting
this shift. This is a particularly powerful tool; these organizations link pro-
ducers with key retailers and, ultimately, consumers. IP-Suisse (www.
ipsuisse.ch) and Biosuisse (www.bio-suisse.ch) are examples of this
approach in Switzerland.

Voluntary sustainability standards must focus on better efficiency and
strengthened links with the transformation sector. Food processing and
storage are fundamentally affected by ACP. Conversely, damaged products
can be repurposed instead of being discarded, and chemical preservatives
can be reduced with appropriate food processing technologies (Penvern
et al., 2015).

Downstream market conditions must represent the seasonality of agro-
ecological production. Direct contact between producers and consumers is
an important tool in reconnecting consumers to agricultural seasons. In the
management of apple scab, Vanloqueren and Baret (2004) identify almost
two dozen protection strategies operating on different levels (fungal patho-
gen, tree, orchard and marketing system). In a systemic and agroecological
framework, these strategies are complementary, providing links between
technical and institutional innovation. ACP becomes embedded in
agroecosystems and the wider food system (food processing, product quality,
consumer expectations and value chains), as well as in regulatory and polit-
ical standards (sociotechnical systems). Consequently, ACP will contribute
to the emergence of new political and sociotechnical opportunities for inno-
vations in food systems (Busch, 2011). Market reorganization is necessary
to provide diversified markets for diversified farmers, with a guaranteed
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remuneration supporting additional sustainable production. Again, digita-
lization makes traceability easier to achieve which in turn will improve
communication, extend interactions with consumers or create direct

marketing chains (Schnebelin et al., 2021).

8.5 Instruments and policy tools supporting ACP

Transition to ACP will strongly depend on our capacity to change (and
modernize) the sociotechnical environment. Ecological science provides
powerful tools which support the transition to ACP by facilitating the cre-
ation of sustainable agroecosystems (Lavigne et al., 2021). Improved avail-
ability of key services, inputs and supplies are supported by public policies at
both the local and international scale. Market innovations could further
remunerate ACP farmers and impart a positive image of agriculture, work-
ing with nature, not against it. Regardless of the scale of decision-making
and application of these mechanisms, favorable public policies can be placed
into three main categories:

(i) Creating a favorable downstream environment for ACP: These policies pro-
vide financial facilities for ACP practitioners, such as payment instru-
ments for ES, lower pesticide residues in harvested products (de Blas
Ezzine et al., 2017), and training. Some policies ban specific products
or regulate pesticides (Rhiannon et al., 2019; Vryzas et al., 2020);
however, such policies are hindered by the short-term financial inter-
ests of agribusiness (Aulagnier and Goulet, 2017; Niederle et al., 2021;
Sabourin et al., 2018). Banning plant protection products has often led
to the development of alternative control methods (via ACP), but not
in all countries. This has distorted competition between farmers from
different countries, often at the expense of good agroecological prac-
tices. On the other hand, care should be taken when prohibiting her-
bicides, as alternative methods such as conventional tillage can lead, in
some cases, to increased soil erosion and increased long-term carbon
emissions.

(ii) Improving ACP: This is the technical aspect of improving and adopting
ACP methods, such as supporting research and the communication/
publication of results (Colmenarez et al.,, 2016; Lefebvre et al.,
2015). Incentives for the creation of new ACP companies, training
in new professions, or subsidies/laws to make bioinputs more afford-
able than conventional inputs (Goulet, 2021) are needed. In funding
scientific research, there are large discrepancies between genetic
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engineering, chemical pesticides or big data solutions, vs nature-
based solutions (biological control, area-wide pest management,
multi-level biodiversity, systems analysis, and preventive measures).
These discrepancies have a major eftect on research, delivery and
dissemination (Vanloqueren and Baret, 2004). Funding and imple-
mentation at the international level must be strengthened and must
stringently control chemical pesticides. This is essential to incentivize
transition to ACP.

(iii) Global regulation & support for agroecological transitions: We need broad
policies encouraging and supporting cooperation and innovation in
agroecology through farmer organizations and cooperatives, e.g.,
Ecoforte policy in Brazil from 2012 to 2019 (Giraldo and McCune,
2019; Niederle et al., 2021). Proactive ACP policies will ultimately
have little impact if they are not part of a collective global transition
toward more sustainable food systems (Gliessman, 2016, 2021;
Rastoin, 2018).

(iv) Promoting and supporting ACP: One of the main obstacles hindering
ACP public policies is the financial interests and influence of agribusi-
ness and the agrochemical industry, and seed/agri-food companies and
their lobbies (Le Coq et al., 2020). Insights provided by the technical
trajectory of IPM can guide the scaling out of ACP.

The co-construction of ACP knowledge requires farmer training and high
levels of stakeholder engagement—and needs to take into account farm-
level preferences and needs of growers. The alignment of national and inter-
national stakeholders is also needed. Heong et al. (2021a) recommends
introducing organizational arrangements, incentive systems and communi-
cation strategies to sustain adoption of IPM- or ACP-based ecological
practices and support the new norms and systems.

8.6 From public policy to ecological literacy: Pitfalls to avoid
in the popularization of ACP

An enabling policy environment is crucial when promoting ACP world-
wide (Wyckhuys et al., 2022). Furthermore, considering the pesticide
industry’s vested interests, it is crucial to pay attention to any ambiguities that
seep into policy. The experience of IPM showed that although sustainability
is a priority in public policies, practical notions of how pest management
should be achieved, and to what extent crop production should be protected
“at all costs” and the interpretation of policies may differ (Deguine et al.,
2021). France provides an example of the need for a clear policy to ensure
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systemic changes: assessment of reduced use of plant protection products
(Ecophyto Plan) showed negative results (an increase of 20% in their use)
after more than 10 years. The agricultural sector, as well as the administra-
tion, attributed these poor results to the absence of substitute products or
methods (Guichard et al., 2017). Political and socio-technical analyses,
however, show that the cause instead stemmed from an inadequate consid-
eration of the upstream and downstream changes required by the technique
(Delon, 2015). The failure was mainly due to the abandonment of a sys-
temic approach (Aulagnier, 2020; Aulagnier and Goulet, 2017; Cornu,
2014). As shown by IPM, some policy mechanisms can have unintended
effects (Matyjaszczyk, 2019). Thus, ACP-enabling policies do not automat-
ically generate the supportive context needed for their adoption. A critical
review of policies, implementation mechanisms and ex-anfe impacts is
thus needed.

As shown by IPM, there are various pitfalls which growers and farming
communities must avoid. A notable weakness is growers’ poor ecological
literacy combined with well-anchored beliefs and perceptions on the diffi-
culty and/or incompatibility of ecological pest management (Parsa et al.,
2014; Wyckhuys etal., 2019). This results in a lack of empowered ecological
decisions, meaning grower knowledge can be circumvented by pesticide
solutions. Building an ACP knowledge base helps to avoid falling into
the trap of focusing on pest monitoring and economic thresholds, which
lends itself to appropriation of pesticide industry paradigms (Deguine
et al., 2021).

Another pitfall to avoid while implementing ACP is the limited integra-
tion of local preferences and knowledge. While research and innovative
technologies are being produced, a lack of attention to growers’ community
preferences can limit the success of ACP. Iflocal, indigenous grower knowl-
edge is ignored or missed, the opportunity to integrate eftective technologies
and take advantage of the acceptability of locally-preferred practices could be
missed (Abate et al., 2000; Nampeera et al., 2019).

As knowledge, norms and practices are changing, policies that bind
these together are crucial (Wyckhuys et al., 2022). This support should
at the very least (1) promote market entry and increasing returns from bio-
control or other ACP technologies, (2) encourage research that enables
context-specificity of ACP recommendations, and (3) break current path
dependencies and challenge the narratives around pesticide-dependent
practices.
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9. Conclusion

Agroecology is an efficient and practical way to create healthy, safe and
sustainable food systems in the future (ECR, 2021; FAO, 2019b; HLPE,
2019). The aim of this paper was to promote ACP as a compelling and pow-
erful crop protection concept which is inspired by principles of ecology,
agronomy and agroecology, and to develop sustainable agriculture and food
system challenges with “One Health” at its core. We provided evidence that
the success of ACP implementation and dissemination will be determined by
stakeholders and the socio-technical system, as it is the case for agroecology
in general (Cote et al., 2022). In the current context of climate change,
global biodiversity loss and spread of invasive pests, stable and well-adjusted
agroecosystems are expected to be more resistant and resilient (Lamichhane
etal., 2015). Research toward large-scale ACP deployment should focus on
biological issues and ecological issues (e.g., related to biodiversity and soil
health) as well as social issues (e.g., systemic and participatory approaches)
to enhance its socio-economic and environmental performance. In this
regard, ACP promotes research on pesticide-free agriculture (Jacquet
etal., 2022). Another challenge for ACP research is the need for cooperative
studies to obtain new knowledge (description, classification and understand-
ing of the biology, ecology and socio-economy of agroecosystems and food
systems) and to prevent and manage risks related to crop pests and diseases,
without favoring one over the other. This is in agreement with Chevassus-
au-Louis (2006): “The challenge for agricultural research is to move from a linear and
sequential vision to a vision of a system in which the three aspects of description, under-
standing and management develop simultaneously and interactively, so that each
activity benefits as quickly as possible from the results of the others” and with
Shennan et al. (2005): “An agroecological approach to agriculture involves the appli-
cation of ecological knowledge to the design and management of production systems so
that ecological processes are optimized to reduce or eliminate the need for external
inputs. Nowhere is this more apparent than in the management of agricultural pests.”
ACP is fully consistent with these holistic positions in its aim to renew crop
protection practices.

Acknowledgments

We thank Pierre Ferron and Philippe Lucas, who contributed significantly to the first
thoughts and reflections on ACP some years ago and who encouraged us to write this



40 Jean-Philippe Deguine et al.

paper. We extend our thanks to Nasser Rebai for providing appropriate references, Isabelle
Goldringer for her relevant comments on the manuscript, Anna Doizy for her help in
organizing the references, Martine Duportal for creating the figures and graphics, and
Andrew Hobson for proofreading and correcting the English version of the manuscript.

Declarations

®  Funding: The authors have no relevant financial or non-financial interests to disclose.

®  Conflicts of interest/ Competing interests: The authors have no conflicts of interest to declare
that are relevant to the content of this article. They certify that they have no affiliations
with or involvement in any organization or entity with any financial interest or
non-financial interest in the subject matter or materials discussed in this manuscript.

®  Lthics approval: The authors approve.
®  Consent to participate: The authors consent to participate.
®  Consent for publication: The authors consent for publication.

®  Availability of data and material: All the data used to write this bibliographic review come
from the publications listed in the reference list.

®  Code availability: Not applicable.

®  Authors’ contributions: Designing and conceptualization: J.-P. Deguine; Coordination and
methodology: J.-IN. Aubertot, S. Bellon, F. Cote, J.-P. Deguine, J.R. Lamichhane, P.-E.
Lauri, F. Lescourret, A. Ratnadass, E. Scopel; Writing—Original draft: all coauthors;
Figures: J.-N. Aubertot, P. Barberi, T. Brévault, J.-P. Deguine, S. Petit, A.
Ratnadass, A. Rusch, S. Simon, A. Vialatte. Review, Editing and Supervision: J.-P.
Deguine, J.R. Lamichhane.

References

Abate, T., van Huis, A., Ampofo, J., 2000. Pest management strategies in traditional agricul-
ture: an African perspective. Annu. Rev. Entomol. 45, 631-659. https:/doi.org/10.
1146/annurev.ento.45.1.631.

AcostadelaLuz, L., 2001. Produccién de plantas medicinales a pequenia escala: una necesidad
de la comunidad. Rev. Cuba. Plant Med. 6, 62—66.

Adandonon, A., Vayssieres, J.-F., Sinzogan, A., Van Mele, P., 2009. Density of pheromone
sources of the weaver ant oecophylla longinoda affects oviposition behaviour and damage
by mango fruit flies (diptera: tephritidae). Int. J. Pest Manag. 55, 285-292. https://doi.
org/10.1080/09670870902878418.

Adeux, G., Vieren, E., Carlesi, S., Barberi, P., Munier-Jolain, N., Cordeau, S., 2019.
Mitigating crop yield losses through weed diversity. Nat. Sustain. 2, 1018-1026.
https:/doi.org/10.1038/5s41893-019-0415-y.

Agaras, B.C., Wall, L.G., Valverde, C., 2014. Influence of agricultural practices and seasons
on the abundance and community structure of culturable pseudomonads in soils under
no-till management in Argentina. Plant Soil 382, 117-131. https:/doi.org/10.1007/
s11104-014-2095-8.

Aguilera, G., Roslin, T., Miller, K., Tamburini, G., Birkhofer, K., Caballero-Lépez, B.,
Lindstrom, S.A.-M., C“)ckinger, E., Rundlof, M., Rusch, A., etal., 2020. Crop diversity
benefits carabid and pollinator communities in landscapes with semi-natural habitats.
J. Appl. Ecol. 57, 2170-2179. https://doi.org/10.1111/1365-2664.13712.


https://doi.org/10.1146/annurev.ento.45.1.631
https://doi.org/10.1146/annurev.ento.45.1.631
https://doi.org/10.1146/annurev.ento.45.1.631
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0015
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0015
https://doi.org/10.1080/09670870902878418
https://doi.org/10.1080/09670870902878418
https://doi.org/10.1080/09670870902878418
https://doi.org/10.1038/s41893-019-0415-y
https://doi.org/10.1038/s41893-019-0415-y
https://doi.org/10.1007/s11104-014-2095-8
https://doi.org/10.1007/s11104-014-2095-8
https://doi.org/10.1007/s11104-014-2095-8
https://doi.org/10.1111/1365-2664.13712
https://doi.org/10.1111/1365-2664.13712

Agroecological crop protection for sustainable agriculture 41

Alaphilippe, A., Simon, S., Brun, L., Hayer, F., Gaillard, G., 2013. Life cycle analysis reveals
higher agroecological benefits of organic and low-input apple production. Agron.
Sustain. Dev. 33, 581-592. https:/doi.org/10.1007/s13593-012-0124-7.

Altieri, M.A., 1980. The need for an agroecological approach to pest management. Environ.
Manag. 4, 467—468.

Altieri, M.A., 1989. Agroecology: a new research and development paradigm for world agri-
culture. Agric. Ecosyst. Environ. 27 (1—4), 37—46. https:/doi.org/10.1016/0167-8809(
89)90070-4.

Altieri, M.A., Toledo, V.M., 2011. The agroecological revolution in Latin America: rescuing
nature, ensuring food sovereignty and empowering peasants. J. Peasant Stud. 38,
587—612. https://doi.org/10.1080/03066150.2011.582947.

Andersson, M., Ekman, P., 2009. Ambassador networks and place branding. J. Place Manag.
Dev. 2, 41-51. https://doi.org/10.1108/17538330910942799.

Anidi, O., Mayienga, S., Mpagalile, J., 2020. Use of information and communications tech-
nology tools for tractor hire services in Africa. FAO.

Anjos, D.V., Tena, A., Viana-Junior, A.B., Carvalho, R.L., Torezan-Silingardi, H.,
Del-Claro, K., Perfecto, 1., 2022. The effects of ants on pest control: a meta-analysis.
Proc. R. Soc. B 289, 20221316. https://doi.org/10.1098/rspb.2022.1316.

Anjum, N.A., Khan, N.A., Sofo, A., Baier, M., Kizek, R., 2016. Redox homeostasis man-
agers in plants under environmental stresses. Front. Environ. Sci. 4, 35. https:/doi.org/
10.3389/fenvs.2016.00035.

Arif, 1., Batool, M., Schenk, P.M., 2020. Plant microbiome engineering: expected benefits
for improved crop growth and resilience. Trends Biotechnol. 38, 1385—-1396. https:/
doi.org/10.1016/j.tibtech.2020.04.01.

Aubertot, J.-N., Robin, M.-H., 2013. Injury profile SIMulator, a qualitative aggregative
modelling framework to predict crop injury profile as a function of cropping practices,
and the abiotic and biotic environment. I. Conceptual bases. PLoS One 8, ¢73202.
https://doi.org/10.1371/journal.pone.0073202.

Aulagnier, A., 2020. Y a-t-il une alternative aux pesticides? laviedesidees.fr. https:/
laviedesidees.fr/IMG/pdf/20210119_pesticides.pdf.

Aulagnier, A., Goulet, F., 2017. Des technologies controversées et de leurs alternatives. Le cas
des pesticides agricoles en france. Sociol. Trav. 59 (3). https:/doi.org/10.4000/sdt.840.
(Accessed 16 December 2022).

Baars, T., 2011. Experiential science; towards an integration of implicit and
reflected practitioner-expert knowledge in the scientific development of organic
farming. J. Agric. Environ. Ethics 24, 601-628. https://doi.org/10.1007/5s10806-
010-9281-3.

Bahlai, C.A., Xue, Y., McCreary, C.M., Schaafsma, A.W., Hallett, R.H., 2010. Choosing
organic pesticides over synthetic pesticides may not effectively mitigate environmental
risk in soybeans. PLoS One 5, e11250. https:/doi.org/10.1371/journal.pone.
0011250.

Bakker, T., Dugué, P., de Tourdonnet, S., 2021. Assessing the effects of farmer field schools
on farmers’ trajectories of change in practices. Agron. Sustain. Dev. 41, 1-15. https:/doi.
org/10.1007/513593-021-00667-2.

Barberi, P., 2002. Weed management in organic agriculture: are we addressing the right
issues? Weed Res. 42, 177-193. https:/doi.org/10.1046/7.1365-3180.2002.00277 .x.

Barberi, P., 2019. Ecological weed management in sub-saharan africa: prospects and impli-
cations on other agroecosystem services. Adv. Agron. 156, 219-264. https://doi.org/10.
1016/bs.agron.2019.01.009.

Barberi, P., Bocci, G., Carlesi, S., Armengot, L., Blanco-Moreno, J., Sans, F., 2018. Linking
species traits to agroecosystem services: a functional analysis of weed communities. Weed
Res. 58, 76-88. https:/doi.org/10.1111/wre.12283.


https://doi.org/10.1007/s13593-012-0124-7
https://doi.org/10.1007/s13593-012-0124-7
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0045
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0045
https://doi.org/10.1016/0167-8809(89)90070-4
https://doi.org/10.1016/0167-8809(89)90070-4
https://doi.org/10.1016/0167-8809(89)90070-4
https://doi.org/10.1080/03066150.2011.582947
https://doi.org/10.1080/03066150.2011.582947
https://doi.org/10.1108/17538330910942799
https://doi.org/10.1108/17538330910942799
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0065
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0065
https://doi.org/10.1098/rspb.2022.1316
https://doi.org/10.1098/rspb.2022.1316
https://doi.org/10.3389/fenvs.2016.00035
https://doi.org/10.3389/fenvs.2016.00035
https://doi.org/10.3389/fenvs.2016.00035
https://doi.org/10.1016/j.tibtech.2020.04.01
https://doi.org/10.1016/j.tibtech.2020.04.01
https://doi.org/10.1016/j.tibtech.2020.04.01
https://doi.org/10.1371/journal.pone.0073202
https://doi.org/10.1371/journal.pone.0073202
https://laviedesidees.fr/IMG/pdf/20210119_pesticides.pdf
https://laviedesidees.fr/IMG/pdf/20210119_pesticides.pdf
https://laviedesidees.fr/IMG/pdf/20210119_pesticides.pdf
https://doi.org/10.4000/sdt.840
https://doi.org/10.4000/sdt.840
https://doi.org/10.1007/s10806-010-9281-3
https://doi.org/10.1007/s10806-010-9281-3
https://doi.org/10.1007/s10806-010-9281-3
https://doi.org/10.1371/journal.pone.0011250
https://doi.org/10.1371/journal.pone.0011250
https://doi.org/10.1371/journal.pone.0011250
https://doi.org/10.1007/s13593-021-00667-2
https://doi.org/10.1007/s13593-021-00667-2
https://doi.org/10.1007/s13593-021-00667-2
https://doi.org/10.1046/j.1365-3180.2002.00277.x
https://doi.org/10.1046/j.1365-3180.2002.00277.x
https://doi.org/10.1016/bs.agron.2019.01.009
https://doi.org/10.1016/bs.agron.2019.01.009
https://doi.org/10.1016/bs.agron.2019.01.009
https://doi.org/10.1111/wre.12283
https://doi.org/10.1111/wre.12283

42 Jean-Philippe Deguine et al.

Barbier, J.-M., Goulet, F., 2013. Moins de technique, plus de nature: pour une heuristique
des pratiques d’écologisation de I'agriculture. Nat. Sci. Soc. 21, 200-210. https:/doi.
org/10.1051/nss/2013094.

Barnaud, C., Antona, M., 2014. Deconstructing ecosystem services: uncertainties and con-
troversies around a socially constructed concept. Geoforum 56, 113—123. https:/doi.
org/10.1016/j.geoforum.2014.07.003.

Barnaud, C., Corbera, E., Muradian, R., Salliou, N., Sirami, C., Vialatte, A., Choisis, J.-P.,
Dendoncker, N., Mathevet, R., Moreau, C., et al., 2018. Ecosystem services, social
interdependencies, and collective action. Ecol. Soc. 23. https:/doi.org/10.5751/ES-
09848-230115.

Batsleer, F., Bonte, D., Dekeukeleire, D., Goossens, S., Poelmans, W., Van der Cruyssen, E.,
Maes, D., Vandegehuchte, M.L., 2020. The neglected impact of tracking devices on ter-
restrial arthropods. Methods Ecol. Evol. 11, 350-361. https:/doi.org/10.1111/2041-
210X.13356.

Baudron, F., Sims, B., Justice, S., Kahan, D.G., Rose, R., Mkomwa, S., Kaumbutho, P.,
Sariah, J., Nazare, R., Moges, G., et al., 2015. R e-examining appropriate mechanization
in eastern and southern Africa: two-wheel tractors, conservation agriculture, and private
sector involvement. Food Secur. 7, 889-904. https:/doi.org/10.1007/s12571-015-
0476-3.

Beans, C., 2017. Core concept: probing the phytobiome to advance agriculture. Proc. Natl.
Acad. Sci. U. S. A. 114, 8900-8902. https:/doi.org/10.1073/pnas.1710176114.

Beillouin, D., Ben-Ari, T., Malézieux, E., Seufert, V., Makowski, D., 2021. Positive but
variable effects of crop diversification on biodiversity and ecosystem services. Glob.
Chang. Biol. 27, 4697—4710. https:/doi.org/10.1111/gcb.15747.

Bell, T.H., Hockett, K.L., Alcala-Brisenio, R.I., Barbercheck, M., Beattie, G.A., Bruns,
M.A., Carlson, ].E., Chung, T., Collins, A., Emmett, B., et al., 2019. Manipulating wild
and tamed phytobiomes: challenges and opportunities. Phytobiomes J. 3, 3-21. https:/
doi.org/10.1094/PBIOMES-01-19-0006-W.

Belmain, S.R., Tembo, Y., Mkindi, A.G., Arnold, S.E]J., Stevenson, P.C., et al., 2022.
Elements of agroecological pest and disease management. Elementa 10, 1. https:/doi.
org/10.1525/elementa.2021.00099.

Belmin, R., Malézieux, E., Basset-Mens, C., Martin, T., Mottes, C., Della Rossa, P.,
Vayssieres, J.-F., Le Bellec, F., 2022. Designing agroecological systems across scales: a
new analytical framework. Agron. Sustain. Dev. 42, 1-18. https:/doi.org/10.1007/
$13593-021-00741-9.

Bergtold, J.S., Ramsey, S., Maddy, L., Williams, J.R., 2019. A review of economic consid-
erations for cover crops as a conservation practice. Renew. Agric. Food Syst. 34, 62-76.
https:/doi.org/10.1017/S1742170517000278.

Bevacqua, D., Grechi, I., Génard, M., Lescourret, F., 2016. The consequences of aphid infes-
tation on fruit production become evident in a multi-year perspective: insights from a
virtual experiment. Ecol. Model. 338, 11-16. https://doi.org/10.1016/j.ecolmodel.
2016.07.022.

Bharucha, Z.P., Mitjans, S.B., Pretty, J., 2020. Towards redesign at scale through zero budget
natural farming in Andhra Pradesh, India. Int. J. Agric. Sustain. 18, 1-20. https:/doi.org/
10.1080/14735903.2019.1694465.

Bianchi, FJ., Booij, C., Tscharntke, T., 2006. Sustainable pest regulation in agricultural land-
scapes: a review on landscape composition, biodiversity and natural pest control. Proc.
R. Soc. B 273, 1715-1727. https:/doi.org/10.1098/rspb.2006.3530.

Bianchi, F.J.J.A., Ives, A., Schellhorn, N., 2013. Interactions between conventional and
organic farming for biocontrol services across the landscape. Ecol. Appl. 23,
1531-1543. https:/doi.org/10.1890/12-1819.1.


https://doi.org/10.1051/nss/2013094
https://doi.org/10.1051/nss/2013094
https://doi.org/10.1051/nss/2013094
https://doi.org/10.1016/j.geoforum.2014.07.003
https://doi.org/10.1016/j.geoforum.2014.07.003
https://doi.org/10.1016/j.geoforum.2014.07.003
https://doi.org/10.5751/ES-09848-230115
https://doi.org/10.5751/ES-09848-230115
https://doi.org/10.5751/ES-09848-230115
https://doi.org/10.1111/2041-210X.13356
https://doi.org/10.1111/2041-210X.13356
https://doi.org/10.1111/2041-210X.13356
https://doi.org/10.1007/s12571-015-0476-3
https://doi.org/10.1007/s12571-015-0476-3
https://doi.org/10.1007/s12571-015-0476-3
https://doi.org/10.1073/pnas.1710176114
https://doi.org/10.1073/pnas.1710176114
https://doi.org/10.1111/gcb.15747
https://doi.org/10.1111/gcb.15747
https://doi.org/10.1094/PBIOMES-01-19-0006-W
https://doi.org/10.1094/PBIOMES-01-19-0006-W
https://doi.org/10.1094/PBIOMES-01-19-0006-W
https://doi.org/10.1525/elementa.2021.00099
https://doi.org/10.1525/elementa.2021.00099
https://doi.org/10.1525/elementa.2021.00099
https://doi.org/10.1007/s13593-021-00741-9
https://doi.org/10.1007/s13593-021-00741-9
https://doi.org/10.1007/s13593-021-00741-9
https://doi.org/10.1017/S1742170517000278
https://doi.org/10.1017/S1742170517000278
https://doi.org/10.1016/j.ecolmodel.2016.07.022
https://doi.org/10.1016/j.ecolmodel.2016.07.022
https://doi.org/10.1016/j.ecolmodel.2016.07.022
https://doi.org/10.1080/14735903.2019.1694465
https://doi.org/10.1080/14735903.2019.1694465
https://doi.org/10.1080/14735903.2019.1694465
https://doi.org/10.1098/rspb.2006.3530
https://doi.org/10.1098/rspb.2006.3530
https://doi.org/10.1890/12-1819.1
https://doi.org/10.1890/12-1819.1

Agroecological crop protection for sustainable agriculture 43

Bohan, D.A., Vacher, C., Tamaddoni-Nezhad, A., Raybould, A., Dumbrell, A]J,
Woodward, G., 2017. Next-generation global biomonitoring: large-scale, automated
reconstruction of ecological networks. Trends Ecol. Evol. 32, 477-487. https:/doi.
org/10.1016/j.tree.2017.03.001.

Boisclair, J., Estevez, B., 2006. Insect pest management in organic agriculture: acting in har-
mony with complexity. Phytoprotection 87, 83-90.

Boote, K., Jones, J., Mishoe, J., Berger, R., 1983. Coupling pests to crop growth simulators
to predict yield reductions [mathematical models]. Phytopathology 73, 1581-1587.
Brauman, A., Thoumazeau, A., 2020. Biofunctool: un outil de terrain pour évaluer la santé
des sols, basé sur la mesure de fonctions issues de I'activité des organismes du sol. Etude et

Gestion des Sols 27, 289-303.

Braun, A., Duveskog, D., 2011. The farmer field school approach—history, global assessment
and success stories. In: Background paper for the IFAD Rural poverty report.

Brévault, T., Bouyer, J., 2014. From integrated to system-wide pest management: challenges
for sustainable agriculture. Outlooks Pest. Manage. 25, 212-213. https:/doi.org/10.
1564/v25_jun_05.

Brévault, T., Clouvel, P., 2019. Pest management: reconciling farming practices and natural
regulations. Crop Prot. 115, 1-6. https:/doi.org/10.1016/j.cropro.2018.09.003.

Bunemann, E.K., Bongiorno, G., Bai, Z., Creamer, R.E., De Deyn, G., de Goede, R.,
Fleskens, L., Geissen, V., Kuyper, T.W., Mader, P., et al., 2018. Soil quality—a critical
review. Soil Biol. Biochem. 120, 105-125. https:/doi.org/10.1016/].50ilbio.2018.01.030.

Burgués, J., Marco, S., 2020. Environmental chemical sensing using small drones: a review.
Sci. Total Environ. 748, 141172. https:/doi.org/10.1016/j.scitotenv.2020.141172.

Busch, L., 2011. Standards: Recipes for Reality. Mit Press, Cambridge.

Campo, P., Dangles, O., 2020. An overview of games for entomological literacy in support of
sustainable development. Curr. Opin. Insect Sci. 40, 104—110. https:/doi.org/10.1016/
j.€0is.2020.05.018.

Caubel, J., Launay, M., Ripoche, D., Gouache, D., Buis, S., Huard, F., Huber, L., Brun, F.,
Bancal, M.O., 2017. Climate change effects on leaf rust of wheat: implementing a
coupled crop-disease model in a french regional application. Eur. J. Agron. 90,
53—66. https://doi.org/10.1016/j.¢ja.2017.07.004.

Ceccarelli, S., Grando, S., 2020. Participatory plant breeding: who did it, who does it and
where? Exp. Agric. 56, 1-11. https:/doi.org/10.1017/S0014479719000127.

Ceccarelli, S., Grando, S., Bailey, E., Amri, A., El-Felah, M., Nassif, F., Rezgui, S.,
Yahyaoui, A., 2001. Farmer participation in barley breeding in Syria, Morocco and
Tunisia. Euphytica 122, 521-536. https:/doi.org/10.1023/A:1017570702689.

Chable, V., Louwaars, N., Hubbard, K., Baker, B., Bocci, R., et al., 2012. Plant
breeding, variety release, and seed commercialization: laws and policies applied to the
organic sector. In: Organic Crop Breeding, pp. 139-159. https:/doi.org/10.1002/
9781119945932.

Chaplin-Kramer, R., O’'Rourke, M.E., Blitzer, E.J., Kremen, C., 2011. A meta-analysis of
crop pest and natural enemy response to landscape complexity. Ecol. Lett. 14, 922-932.
https:/doi.org/10.1111/7.1461-0248.2011.01642.x.

Chaplin-Kramer, R., O'Rourke, M., Schellhorn, N., Zhang, W., Robinson, B.E.,
Gratton, C., Rosenheim, J.A., Tscharntke, T., Karp, D.S., 2019. Measuring what mat-
ters: actionable information for conservation biocontrol in multifunctional landscapes.
Front. Sustain. Food Syst. 3, 60. https:/doi.org/10.3389/f5ufs.2019.00060.

Chave, M., Tchamitchian, M., Ozier-Lafontaine, H., 2014. Agroecological engineering to
biocontrolsoil pests for crop health. In: Ozie-Lafontaine, H., Lesueur-Jannoyer, M. (Eds.),
Sustainable Agriculture Reviews 14. Springer, Cham, pp. 269-297. https:/doi.org/
10.1007/978-3-319-06016-3.


https://doi.org/10.1016/j.tree.2017.03.001
https://doi.org/10.1016/j.tree.2017.03.001
https://doi.org/10.1016/j.tree.2017.03.001
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0210
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0210
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0215
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0215
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0220
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0220
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0220
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0220
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0220
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0220
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0225
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0225
https://doi.org/10.1564/v25_jun_05
https://doi.org/10.1564/v25_jun_05
https://doi.org/10.1564/v25_jun_05
https://doi.org/10.1016/j.cropro.2018.09.003
https://doi.org/10.1016/j.cropro.2018.09.003
https://doi.org/10.1016/j.soilbio.2018.01.030
https://doi.org/10.1016/j.soilbio.2018.01.030
https://doi.org/10.1016/j.scitotenv.2020.141172
https://doi.org/10.1016/j.scitotenv.2020.141172
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0250
https://doi.org/10.1016/j.cois.2020.05.018
https://doi.org/10.1016/j.cois.2020.05.018
https://doi.org/10.1016/j.cois.2020.05.018
https://doi.org/10.1016/j.eja.2017.07.004
https://doi.org/10.1016/j.eja.2017.07.004
https://doi.org/10.1017/S0014479719000127
https://doi.org/10.1017/S0014479719000127
https://doi.org/10.1023/A:1017570702689
https://doi.org/10.1023/A:1017570702689
https://doi.org/10.1002/9781119945932
https://doi.org/10.1002/9781119945932
https://doi.org/10.1002/9781119945932
https://doi.org/10.1111/j.1461-0248.2011.01642.x
https://doi.org/10.1111/j.1461-0248.2011.01642.x
https://doi.org/10.3389/fsufs.2019.00060
https://doi.org/10.3389/fsufs.2019.00060
https://doi.org/10.1007/978-3-319-06016-3
https://doi.org/10.1007/978-3-319-06016-3
https://doi.org/10.1007/978-3-319-06016-3

44 Jean-Philippe Deguine et al.

Chellemi, D., Gamliel, A., Katan, J., Subbarao, K., 2016. Development and deployment of
systems-based approaches for the management of soilborne plant pathogens.
Phytopathology 106, 216—225. https:/doi.org/10.1094/PHYTO-09-15-0204-RVW.

Chevassus-au-Louis, B., 2006. Refonder la recherche agronomique: Legons du passé, enjeux
du siecle. In: Legon Inaugurale Du Groupe ESA, Angers, 27 Septembre 2006. Elsevier.

Coll, M., Wajnberg, E., 2017. Environmental pest management: a call to shift from a
pest-centric to a system-centric approach. In: Coll, M., Wajnberg, E. (Eds.),
Environmental Pest Management: Challenges for Agronomists, Ecologists, Economists
and Policymakers. John Wiley & Sons, pp. 1-18.

Colmenarez, Y., Vasquez, C., Corniani, N., Franco, J., et al., 2016. Implementation
and adoption of integrated pest management approaches in Latin America: challenges
and potential. In: Gill, HK., Goyal, G. (Eds.), Integrated Pest Management (IPM):
Environmentally Sound Pest Management. Intech, Rijecka, pp. 1-18. https:/doi.
org/10.5772/64098.

Compant, S., Cambon, M.C., Vacher, C., Mitter, B., Samad, A., Sessitsch, A., 2020. The
plant endosphere world—bacterial life within plants. Environ. Microbiol. 23 (4),
1812-1829. https:/doi.org/10.1111/1462-2920.15240.

Cornu, P., 2014. Crise des “grandes cultures” et émergence de I'agronomie systémique en
france au tournant des années 1970-1980 (coord.). In: Antoine Bernard de Raymond, F.G.
(Ed.), Sociologie Des Grandes Cultures. Au cceur Du Modéle Industriel Agricole. Editions
Quae, pp. 27—44.

Cote, F.-X., Poirier-Magona, E., Perret, S., Roudier, P., Rapidel, B., Thirion, M.-C., 2019.
The Agroecological Transition of Agricultural Systems in the Global South. Quae,
Versailles. https:/doi.org/10.35690/978-2-7592-3057-0.

Cote, F.-X., Rapidel, B., Sourisseau, J.-M., et al., 2022. Levers for the agroecological tran-
sition of tropical agriculture. Agron. Sustain. Dev. 42, 67. https:/doi.org/10.1007/
$13593-022-00799-z.

Crowder, D.W., Northfield, T.D., Strand, M.R., Snyder, W.E., 2010. Organic agriculture
promotes evenness and natural pest control. Nature 466, 109—112. https:/doi.org/10.
1038/nature(09183.

Dabire, D., Andrieu, N., Djamen, P., Coulibaly, K., Posthumus, H., Diallo, A.M.,
Karambiri, M., Douzet, J.-M., Triomphe, B., 2017. Operationalizing an innovation plat-
form approach for community-based participatory research on conservation agriculture
in Burkina Faso. Exp. Agric. 53, 460. https:/doi.org/10.1017/S0014479716000636.

Dainese, M., Martin, E.A., Aizen, M.A., Albrecht, M., Bartomeus, 1., Bommarco, R.,
Carvalheiro, L.G., Chaplin-Kramer, R, Gagic, V., Garibaldi, L.A., etal., 2019. A global
synthesis reveals biodiversity-mediated benefits for crop production. Sci. Adv. 5,
eaax0121. https:/doi.org/10.1126/sciadv.aax0121.

Dalgaard, T., Hutchings, N.J., Porter, J.R., 2003. Agroecology, scaling and interdisciplinar-
ity. Agr. Ecosyst. Environ. 100 (1), 39-51. https:/doi.org/10.1016/S0167-8809(03)
00152-X.

de Blas Ezzine, D., Le Coq, J.-F., Guevara Sanginés, A., et al., 2017. Los pagos por servicios
ambientales en américa latina. Gobernanza, impactos y perspectivas. Universidad
Iberoamericana, Mexico.

Degrune, F., Boeraeve, F., Dufréne, M., Cornélis, J.-T., Frey, B., Hartmann, M., 2019. The
pedological context modulates the response of soil microbial communities to agroeco-
logical management. Front. Ecol. Evol. 7, 261. https:/doi.org/10.3389/fevo.2019.
00261.

Deguine, J.-P., Gloanec, C., Laurent, P., Ratnadass, A., Aubertot, J.-N., 2017.
Agroecological Crop Protection. Springer Sciencet+Business Media BV, Dordrecht.
https:/doi.org/10.1007/978-94-024-1185-0_1.


https://doi.org/10.1094/PHYTO-09-15-0204-RVW
https://doi.org/10.1094/PHYTO-09-15-0204-RVW
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0300
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0300
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0300
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0300
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0300
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0305
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0305
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0305
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0305
https://doi.org/10.5772/64098
https://doi.org/10.5772/64098
https://doi.org/10.5772/64098
https://doi.org/10.1111/1462-2920.15240
https://doi.org/10.1111/1462-2920.15240
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0320
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0320
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0320
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0320
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0320
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0320
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0320
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0320
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0320
https://doi.org/10.35690/978-2-7592-3057-0
https://doi.org/10.35690/978-2-7592-3057-0
https://doi.org/10.1007/s13593-022-00799-z
https://doi.org/10.1007/s13593-022-00799-z
https://doi.org/10.1007/s13593-022-00799-z
https://doi.org/10.1038/nature09183
https://doi.org/10.1038/nature09183
https://doi.org/10.1038/nature09183
https://doi.org/10.1017/S0014479716000636
https://doi.org/10.1017/S0014479716000636
https://doi.org/10.1126/sciadv.aax0121
https://doi.org/10.1126/sciadv.aax0121
https://doi.org/10.1016/S0167-8809(03)00152-X
https://doi.org/10.1016/S0167-8809(03)00152-X
https://doi.org/10.1016/S0167-8809(03)00152-X
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0355
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0355
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0355
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0355
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0355
https://doi.org/10.3389/fevo.2019.00261
https://doi.org/10.3389/fevo.2019.00261
https://doi.org/10.3389/fevo.2019.00261
https://doi.org/10.1007/978-94-024-1185-0_1
https://doi.org/10.1007/978-94-024-1185-0_1

Agroecological crop protection for sustainable agriculture 45

Deguine, J.-P., Aubertot, J.-N., Flor, R.]., Lescourret, F., Wyckhuys, K.A., Ratnadass, A.,
2021. Integrated pest management: good intentions, hard realities. A review. Agron.
Sustain. Dev. 41, 38. https:/doi.org/10.1007/s13593-021-00689-w.

Deguine, J.-P., Ratnadass, A., Robin, M.-H., Sarthou, J.P., Aubertot, J.-N., 2020.
Agroecological Crop Protection. Definition. Dictionary of Agroecology. https:/
dicoagroecologie.fr/en/encyclopedia/agroecological-crop-protection/.

Delgado-Baquerizo, M., Maestre, F.T., Reich, P.B., Jeffries, T.C., Gaitan, J.J., Encinar, D.,
Berdugo, M., Campbell, C.D., Singh, B.K., 2016. Microbial diversity drives multi-
functionality in terrestrial ecosystems. Nat. Commun. 7, 1-8. https:/doi.org/10.
1038/ncomms10541.

Delon, J., 2015. L’usage des produits phytosanitaires dans le milieu agricole: Les
représentations et rationalités des agriculteurs. In: Mémoire de Master 2 Gestion de
I’Environnement et Valorisation des Ressources Territoriales. Albi.

Derocles, S.A., Bohan, D.A., Dumbrell, AJ., Kitson, J.J., Massol, F., Pauvert, C.,
Plantegenest, M., Vacher, C., Evans, D.M., 2018. Biomonitoring for the 21st century:
integrating next-generation sequencing into ecological network analysis. Adv. Ecol.
Res. 58, 1-62. https:/doi.org/10.1016/bs.aecr.2017.12.001.

Descola, P., 2005. Par-dela nature et culture. Gallimard, Paris.

Dhiab, H., Labarthe, P., Laurent, C., 2020. How the performance rationales of organi-
sations providing farm advice explain persistent difficulties in addressing societal goals
in agriculture. Food Policy 95, 101914. https:/doi.org/10.1016/j.foodpol.2020.
101914.

Dunne, J.A., Williams, R.]J., Martinez, N.D., 2002. Network structure and biodiversity loss
in food webs: robustness increases with connectance. Ecol. Lett. 5, 558-567. https:/doi.
org/10.1046/j.1461-0248.2002.00354..x.

Duru, M., Therond, O., Martin, G., Martin-Clouaire, R., Magne, M.-A., Justes, E.,
Journet, E.-P., Aubertot, J.-N., Savary, S., Bergez, J.-E., etal., 2015. How to implement
biodiversity-based agriculture to enhance ecosystem services: a review. Agron. Sustain.
Dev. 35, 1259-1281.

ECR, 2021. The European committee of the regions. In: Opinion. Agro-ecology. ECR
Group in the Committee of the Regions. 142nd plenary session, 3, 4, 5 February
2021, Bruxelles.

Eisenhauer, N., Reich, P.B., Scheu, S., 2012. Increasing plant diversity effects on produc-
tivity with time due to delayed soil biota eftects on plants. Basic Appl. Ecol. 13, 571-578.
https:/doi.org/10.1016/j.baae.2012.09.002.

El Sheikha, A., 2019. Tracing insect pests: is there new potential in molecular techniques?
Insect Mol. Biol. 28, 759-772. https:/doi.org/10.1111/imb.12601.

Fan, P., Lai, C., Yang, J., Hong, S., Yang, Y., Wang, Q., Wang, B., Zhang, R., Jia, Z.,
Zhao, Y., et al., 2020. Crop rotation suppresses soil-borne fusarium wilt of banana
and alters microbial communities. Arch. Agron. Soil. Sci. 68 (4), 447-459. https:/
doi.org/10.1080/03650340.2020.1839058.

FAO, 2019a. Farmers Taking the Lead-Thirty Years of Farmer Field Schools. FAO, Rome,
Italy.

FAO, 2019b. The Ten Elements of Agroecology, Guiding the Transition to Sustainable
Food and Agricultural Systems. Forty-First Session. FAO, Rome, Italy.

Ferguson, R.S., Lovell, S.T., 2014. Permaculture for agroecology: design, movement, prac-
tice, and worldview. A review. Agron. Sustain. Dev. 34, 251-274. https:/doi.org/10.
1007/513593-013-0181-6.

Fernandez Gonzilez, C., Ollivier, G., Bellon, S., 2020. Transdisciplinarity in agroecology:
practices and perspectives in Europe. Agroecol. Sustain. Food Syst. 45 (4), 523-550.
https:/doi.org/10.1080/21683565.2020.1842285.


https://doi.org/10.1007/s13593-021-00689-w
https://doi.org/10.1007/s13593-021-00689-w
https://dicoagroecologie.fr/en/encyclopedia/agroecological-crop-protection/
https://dicoagroecologie.fr/en/encyclopedia/agroecological-crop-protection/
https://dicoagroecologie.fr/en/encyclopedia/agroecological-crop-protection/
https://doi.org/10.1038/ncomms10541
https://doi.org/10.1038/ncomms10541
https://doi.org/10.1038/ncomms10541
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0385
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0385
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0385
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0385
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0385
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0385
https://doi.org/10.1016/bs.aecr.2017.12.001
https://doi.org/10.1016/bs.aecr.2017.12.001
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0395
https://doi.org/10.1016/j.foodpol.2020.101914
https://doi.org/10.1016/j.foodpol.2020.101914
https://doi.org/10.1016/j.foodpol.2020.101914
https://doi.org/10.1046/j.1461-0248.2002.00354.x
https://doi.org/10.1046/j.1461-0248.2002.00354.x
https://doi.org/10.1046/j.1461-0248.2002.00354.x
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0410
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0410
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0410
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0410
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0415
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0415
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0415
https://doi.org/10.1016/j.baae.2012.09.002
https://doi.org/10.1016/j.baae.2012.09.002
https://doi.org/10.1111/imb.12601
https://doi.org/10.1111/imb.12601
https://doi.org/10.1080/03650340.2020.1839058
https://doi.org/10.1080/03650340.2020.1839058
https://doi.org/10.1080/03650340.2020.1839058
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0435
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0435
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0440
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0440
https://doi.org/10.1007/s13593-013-0181-6
https://doi.org/10.1007/s13593-013-0181-6
https://doi.org/10.1007/s13593-013-0181-6
https://doi.org/10.1080/21683565.2020.1842285
https://doi.org/10.1080/21683565.2020.1842285

46 Jean-Philippe Deguine et al.

Ferron, P., Deguine, J.-P., 2005. Crop protection, biological control, habitat management
and integrated farming. A review. Agron. Sustain. Dev. 25, 17-24. https:/doi.org/10.
1007/978-90-481-2666-8_29.

FOAG, 2008. Variétés végétales et semences (WWW Document). Federal Office for
Agriculture, Bern, Switzerland. URL https:/www.blw.admin.ch/blw/fr/home/
nachhaltige-produktion/pflanzliche-produktion/saat--und-pflanzgut.html.  (accessed
3.29.2022).

FOAG, 2016. Sélection végétale (WW W Document). Federal Office for Agriculture, Bern,
Switzerland. URL https:/www.blw.admin.ch/blw/fr/home/nachhaltige-produktion/
pflanzliche-produktion/pflanzenzuechtung.html. (accessed 3.29.2022).

Francis, C., 2009. Organic Farming: The Ecological System. American Society of
Agronomy, Inc, Madison, USA.

Francis, C., Lieblein, G., Gliessman, S.R., Breland, T.A., Creamer, N., Harwood, R.,
Salomonsson, L., Helenius, J., Rickerl, D., Salvador, R., et al., 2003. Agroecology:
the ecology of food systems. J. Sustain. Agric. 22, 99—118. https:/doi.org/10.1300/
J064v22n03_10.

Friman, J., Pineda, A., van Loon, J.J., Dicke, M., 2021. Bidirectional plant-mediated inter-
actions between rhizobacteria and shoot-feeding herbivorous insects: a community ecol-
ogy perspective. Ecol. Entomol. 46, 1-10. https:/doi.org/10.1111/een.12966.

Frisbie, P.,2001. Human ecology: insights on demographic behavior. In: Int. Encyclopedia Soc.
Behavioral Sci, pp. 6978-6984. https:/doi.org/10.1016/B0-08-043076-7/02091-X.

Gagic, V., Holding, M., Venables, W.N., Hulthen, A.D., Schellhorn, N.A., 2021. Better
outcomes for pest pressure, insecticide use, and yield in less intensive agricultural land-
scapes. Proc. Natl. Acad. Sci. U. S. A. 118 (2), e2018100118. https:/doi.org/10.1073/
pnas.2018100118.

Garbeva, P., Weisskopf, L., 2020. Airborne medicine: bacterial volatiles and their influence
on plant health. New Phytol. 226, 32—43. https:/doi.org/10.1111/nph.16282.

Garcia-Barrios, L., Cruz-Morales, J., Vandermeer, J., Perfecto, I., 2017. The azteca chess
experience: learning how to share concepts of ecological complexity with small coffee
farmers. Ecol. Soc. 22 (2), 37. https:/doi.org/10.5751/ES-09184-220237.

Garland, G., Edlinger, A., Banerjee, S., Degrune, F., Garcia-Palacios, P., Pescador, D.S.,
Herzog, C., Romdhane, S., Saghai, A., Spor, A., et al.,, 2021. Crop cover is more
important than rotational diversity for soil multifunctionality and cereal yields in
European cropping systems. Nat. Food 2, 28-37. https://doi.org/10.1038/543016-
020-00210-8.

Gaucherel, C., Théro, H., Puiseux, A., Bonhomme, V., 2017. Understand ecosystem regime
shifts by modelling ecosystem development using Boolean networks. Ecol. Complex. 31,
104-114. https:/doi.org/10.1016/j.ecocom.2017.06.001.

Geels, F.W., 2011. The multi-level perspective on sustainability transitions: responses to
seven criticisms. Environ. Innov. Soc. Trans. 1, 24—40. https:/doi.org/10.1016/j.eist.
2011.02.002.

Giotitsas, C., 2019. Open source agriculture: a social movement? In: Open Source
Agriculture. Springer, pp. 25-68. https:/doi.org/10.1007/978-3-030-29341-3_4.
Giraldo, O.F., McCune, N., 2019. Can the state take agroecology to scale? Public
policy experiences in agroecological territorialization from latin america. Agroecol.
Sustain. Food Syst. 43, 785-809. https:/doi.org/10.1080/21683565.2019.1585402.

Gliessman, S.R., 2016. Transforming food systems with agroecology. Agroecol. Sustain.
Food Syst. 40 (3), 187-189. https:/doi.org/10.1080/21683565.2015.1130765.

Gliessman, S.R., 2021. Agroecology: The Ecology of Sustainable Food Systems. CR C Press,
Boca Raton, USA.

Goldringer, 1., van Frank, G., Bouvier d’Yvoire, C., Forst, E., Galic, N., Garnault, M.,
Locqueville, J., Pin, S., Bailly, J., Baltassat, R., et al., 2020. Agronomic evaluation of


https://doi.org/10.1007/978-90-481-2666-8_29
https://doi.org/10.1007/978-90-481-2666-8_29
https://doi.org/10.1007/978-90-481-2666-8_29
https://www.blw.admin.ch/blw/fr/home/nachhaltige-produktion/pflanzliche-produktion/saat-%20-und-pflanzgut.html
https://www.blw.admin.ch/blw/fr/home/nachhaltige-produktion/pflanzliche-produktion/saat-%20-und-pflanzgut.html
https://www.blw.admin.ch/blw/fr/home/nachhaltige-produktion/pflanzliche-produktion/saat-%20-und-pflanzgut.html
https://www.blw.admin.ch/blw/fr/home/nachhaltige-produktion/pflanzliche-produktion/saat-%20-und-pflanzgut.html
https://www.blw.admin.ch/blw/fr/home/nachhaltige-produktion/pflanzliche-produktion/pflanzenzuechtung.html
https://www.blw.admin.ch/blw/fr/home/nachhaltige-produktion/pflanzliche-produktion/pflanzenzuechtung.html
https://www.blw.admin.ch/blw/fr/home/nachhaltige-produktion/pflanzliche-produktion/pflanzenzuechtung.html
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0470
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0470
https://doi.org/10.1300/J064v22n03_10
https://doi.org/10.1300/J064v22n03_10
https://doi.org/10.1300/J064v22n03_10
https://doi.org/10.1111/een.12966
https://doi.org/10.1111/een.12966
https://doi.org/10.1016/B0-08-043076-7/02091-X
https://doi.org/10.1016/B0-08-043076-7/02091-X
https://doi.org/10.1073/pnas.2018100118
https://doi.org/10.1073/pnas.2018100118
https://doi.org/10.1073/pnas.2018100118
https://doi.org/10.1111/nph.16282
https://doi.org/10.1111/nph.16282
https://doi.org/10.5751/ES-09184-220237
https://doi.org/10.5751/ES-09184-220237
https://doi.org/10.1038/s43016-020-00210-8
https://doi.org/10.1038/s43016-020-00210-8
https://doi.org/10.1038/s43016-020-00210-8
https://doi.org/10.1016/j.ecocom.2017.06.001
https://doi.org/10.1016/j.ecocom.2017.06.001
https://doi.org/10.1016/j.eist.2011.02.002
https://doi.org/10.1016/j.eist.2011.02.002
https://doi.org/10.1016/j.eist.2011.02.002
https://doi.org/10.1007/978-3-030-29341-3_4
https://doi.org/10.1007/978-3-030-29341-3_4
https://doi.org/10.1080/21683565.2019.1585402
https://doi.org/10.1080/21683565.2019.1585402
https://doi.org/10.1080/21683565.2015.1130765
https://doi.org/10.1080/21683565.2015.1130765
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0535
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0535

Agroecological crop protection for sustainable agriculture 47

bread wheat varieties from participatory breeding: a combination of performance and
robustness. Sustainability 12, 128. https:/doi.org/10.3390/5u12010128.

Gonzilez-Chang, M., Wratten, S.D., Shields, M.W., Costanza, R., Dainese, M.,
Gurr, G.M., Johnson, ]J., Karp, D.S., Ketelaar, J.W., Nboyine, J., et al., 2020.
Understanding the pathways from biodiversity to agro-ecological outcomes: a new,
interactive approach. Agric. Ecosyst. Environ. 301, 107053. https:/doi.org/10.1016/
j.agee.2020.107053.

Goulet, F., 2021. Characterizing alignments in socio-technical transitions. Lessons from agri-
cultural bio-inputs in Brazil. Technol. Soc. 65, 101580. https:/doi.org/10.1016/j.
techsoc.2021.101580.

Guichard, L., Dedieu, F., Jeuffroy, M.-H., Meynard, J.M., Reau, R., Savini, I., 2017. Le
plan ecophyto de réduction d’usage des pesticides en france: décryptage d’un échec et
raisons d’espérer. Cah. Agric. 26, 1-12. https:/doi.org/10.1051/cagri/2017004.

Gurr, G.M., Scarratt, S., Wratten, S.D., Berndt, L., Irvin, N., 2004. Ecological engineering,
habitat manipulation and pest management. In: Gurr, G.M., Wratten, S.D., Altieri, M. A.
(Eds.), Ecological Engineering for Pest Management: Advances in Habitat Manipulation
for Arthropods. CSIRO Publishing Collingwood, Australia, pp. 1-12.

Hawley, A.H., 1950. Human Ecology; A Theory of Community Structure. Ronald Press,
New York.

Hayden, H.L., Savin, K.W., Wadeson, J., Gupta, V.V., Mele, P.M., 2018. Comparative
metatranscriptomics of wheat rhizosphere microbiomes in disease suppressive and
non-suppressive soils for rhizoctonia solani AG8. Front. Microbiol. 9, 859. https:/
doi.org/10.3389/fmicb.2018.00859.

Henare, A., Holbraad, M., Wastell, S., 2007. Introduction: thinking through things. In:
Henare, A., Holbraad, M., Wastell, S. (Eds.), Thinking Through Things: Theorising
Artefacts Ethnographically. Routledge, London, New York, pp. 1-31.

Heong, K.-L., Lu, Z.-X., Chien, H.-V., Escalada, M., Settele, J., Zhu, Z.-R., Cheng, J.-A.,
2021a. Ecological engineering for rice insect pest management: the need to communi-
cate widely, improve farmers’ ecological literacy and policy reforms to sustain adoption.
Agronomy 11, 2208. https:/doi.org/10.3390/agronomy11112208.

Heong, K.L., Zhu, Z.R., Lu, Z.X., Escalada, M., Chien, H.V., Cuong, L.Q., Cheng, J.,
2021b. Area—wide management of rice planthopper pests in Asia through integration
of ecological engineering and communication strategies. In: Area—Wide Integrated
Pest Management: Development and Field Application. CRC Press, Boca Raton,
pp. 617-631. https://doi.org/10.1201/9781003169239.

Herzog, F., Lischer, G., Arndorfer, M., Bogers, M., Balazs, K., Bunce, R.G., Dennis, P.,
Falusi, E., Friedel, J.K., Geijzendorfter, I.LR., et al., 2017. European farm scale habitat
descriptors for the evaluation of biodiversity. Ecol. Indic. 77, 205-217. https:/doi.
org/10.1016/j.ecolind.2017.01.010.

Hill, S.B., 2004. Redesigning pest management: a social ecology approach. J. Crop Improv.
12, 491-510. https:/doi.org/10.1300/J411v12n01_09.

Hill, S.B., MacRae, R J., 1996. Conceptual framework for the transition from conventional
to sustainable agriculture. J. Sustain. Agric. 7 (1), 81-87. https:/doi.org/10.1300/
J064v07n01_07.

Hirschfeld, S., Van Acker, R, 2021. Ecosystem services in permaculture systems. Agroecol.
Sustain. Food Syst. 45 (6), 794-816. https://doi.org/10.1080/21683565.2021.1881862.

Hirt, H., 2020. Healthy soils for healthy plants for healthy humans: how beneficial microbes
in the soil, food and gut are interconnected and how agriculture can contribute to human
health. EMBO Rep. 21, €51069. https:/doi.org/10.15252/embr.202051069.

Hitaj, C., Smith, D.]J., Code, A., Wechsler, S., Esker, P.D., Douglas, M.R., 2020. Sowing
uncertainty: what we do and don’t know about the planting of pesticide-treated seed.
Bioscience 70, 390—403. https:/doi.org/10.1093/biosci/biaa019.


https://doi.org/10.3390/su12010128
https://doi.org/10.3390/su12010128
https://doi.org/10.1016/j.agee.2020.107053
https://doi.org/10.1016/j.agee.2020.107053
https://doi.org/10.1016/j.agee.2020.107053
https://doi.org/10.1016/j.techsoc.2021.101580
https://doi.org/10.1016/j.techsoc.2021.101580
https://doi.org/10.1016/j.techsoc.2021.101580
https://doi.org/10.1051/cagri/2017004
https://doi.org/10.1051/cagri/2017004
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0560
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0560
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0560
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0560
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0565
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0565
https://doi.org/10.3389/fmicb.2018.00859
https://doi.org/10.3389/fmicb.2018.00859
https://doi.org/10.3389/fmicb.2018.00859
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0575
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0575
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0575
https://doi.org/10.3390/agronomy11112208
https://doi.org/10.3390/agronomy11112208
https://doi.org/10.1201/9781003169239
https://doi.org/10.1201/9781003169239
https://doi.org/10.1016/j.ecolind.2017.01.010
https://doi.org/10.1016/j.ecolind.2017.01.010
https://doi.org/10.1016/j.ecolind.2017.01.010
https://doi.org/10.1300/J411v12n01_09
https://doi.org/10.1300/J411v12n01_09
https://doi.org/10.1300/J064v07n01_07
https://doi.org/10.1300/J064v07n01_07
https://doi.org/10.1300/J064v07n01_07
https://doi.org/10.1080/21683565.2021.1881862
https://doi.org/10.1080/21683565.2021.1881862
https://doi.org/10.15252/embr.202051069
https://doi.org/10.15252/embr.202051069
https://doi.org/10.1093/biosci/biaa019
https://doi.org/10.1093/biosci/biaa019

48 Jean-Philippe Deguine et al.

HLPE, 2019. Agroecology and other innovative approaches for sustainable agriculture
and food systems that enhance food security and nutrition. High Level Panel of
Experts on Food Security and Nutrition of the Committee on World Food
Security, Rome, Italy.

Holland, J.M., Bianchi, FJ., Entling, M.H., Moonen, A.-C., Smith, B.M., Jeanneret, P.,
2016. Structure, function and management of semi-natural habitats for conservation bio-
logical control: a review of European studies. Pest Manag. Sci. 72, 1638—1651. https:/
doi.org/10.1002/ps.4318.

Home, R, Bouagnimbeck, H., Ugas, R., Arbenz, M., Stolze, M., 2017. Participatory guar-
antee systems: organic certification to empower farmers and strengthen communities.
Agroecol. Sustain. Food Syst. 41, 526-545. https:/doi.org/10.1080/21683565.2017.
1279702.

Houdart, S., Thiery, O., 2011. Humains, non-humains. Comment repeupler les sciences
sociales. Lectures, Les livres.

Huang, H., Yang, P., 1987. The ancient cultured citrus ant. Bioscience 37, 665—-671. https:/
doi.org/10.2307/1310713.

Hubert, H., Couvet, D., 2021. In: La transition agroécologique. Quelles perspectives en
France et ailleurs dans le monde ? Tomes 1 et 2. Presses des Mines, Paris.

Husson, O., 2013. Redox potential (Eh) and pH as drivers of soil/plant/microorganism
systems: a transdisciplinary overview pointing to integrative opportunities for
agronomy. Plant and Soil 362 (1), 389—417. https:/doi.org/10.1007/s11104-012-
1429-7.

Husson, O., Brunet, A., Babre, D., Charpentier, H., Durand, M., Sarthou, J.-P., 2018.
Conservation agriculture systems alter the electrical characteristics (Eh, pH and EC)
of four soil types in France. Soil Tillage Res. 176, 57-68. https:/doi.org/10.1016/j.
still.2017.11.005.

Husson, O., Sarthou, J.-P., Bousset, L., Ratnadass, A., Schmidt, H.-P., Kempf, J.,
Husson, B., Tingry, S., Aubertot, J.-N., Deguine, J.-P., etal., 2021. Soil and plant health
in relation to dynamic sustainment of Eh and pH homeostasis: a review. Plant and Soil
466, 391-447. https://doi.org/10.1007/s11104-021-05047-z.

IPES-Food, 2020. The added value(s) of agroecology: unlocking the potential for transition
in West Africa. IPES-Food Panel, Brussels, Belgium.

Jacquet, F., Jeuftroy, M.-H., Jouan, J., Le Cadre, E., Litrico, 1., Malausa, T., Reboud, X.,
Huyghe, C., 2022. Pesticide-free agriculture as a new paradigm for research. Agron.
Sustain. Dev. 42, 8. https:/doi.org/10.1007/513593-021-00742-8.

Janvier, C., Villeneuve, F., Alabouvette, C., Edel-Hermann, V., Mateille, T., Steinberg, C.,
2007. Soil health through soil disease suppression: which strategy from descriptors to
indicators? Soil Biol. Biochem. 39 (1), 1-23. https:/doi.org/10.1016/].s0ilbio.2006.
07.001.

Janzen, H.H., Janzen, D.W., Gregorich, E.G., 2021. The ‘soil health’ metaphor: illuminating
or illusory? Soil Biol. Biochem. 159, 108167. https:/doi.org/10.1016/j.s0ilbio.2021.
108167.

Javelle, A., 2020. L’acceptation de la part “sauvage” des plantes pour développer des systemes
maraichers “diplomatiques”. La Pensée écologique 6, 16-26.

Jin, X., Zarco-Tejada, P., Schmidhalter, U., Reynolds, M.P., Hawkesford, M].,
Varshney, R.K., Yang, T., Nie, C., Li, Z., Ming, B., et al., 2020. High-throughput esti-
mation of crop traits: a review of ground and aerial phenotyping platforms. IEEE Geosci.
Remote Sens. Mag. 1, 1-33. https:/doi.org/10.1109/MGRS.2020.2998816.

Jordan, N., Schut, M., Graham, S., Barney, J., Childs, D., Christensen, S., Cousens, R.,
Davis, A., Eizenberg, H., Ervin, D.E., et al., 2016. Transdisciplinary weed research:
new leverage on challenging weed problems? Weed Res. 56, 345-358. https:/doi.
org/10.1111/wre.12219.


http://refhub.elsevier.com/S0065-2113(22)00109-2/optA2iX8nvD5V
http://refhub.elsevier.com/S0065-2113(22)00109-2/optA2iX8nvD5V
http://refhub.elsevier.com/S0065-2113(22)00109-2/optA2iX8nvD5V
http://refhub.elsevier.com/S0065-2113(22)00109-2/optA2iX8nvD5V
https://doi.org/10.1002/ps.4318
https://doi.org/10.1002/ps.4318
https://doi.org/10.1002/ps.4318
https://doi.org/10.1080/21683565.2017.1279702
https://doi.org/10.1080/21683565.2017.1279702
https://doi.org/10.1080/21683565.2017.1279702
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0630
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0630
https://doi.org/10.2307/1310713
https://doi.org/10.2307/1310713
https://doi.org/10.2307/1310713
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0640
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0640
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0640
https://doi.org/10.1007/s11104-012-1429-7
https://doi.org/10.1007/s11104-012-1429-7
https://doi.org/10.1007/s11104-012-1429-7
https://doi.org/10.1016/j.still.2017.11.005
https://doi.org/10.1016/j.still.2017.11.005
https://doi.org/10.1016/j.still.2017.11.005
https://doi.org/10.1007/s11104-021-05047-z
https://doi.org/10.1007/s11104-021-05047-z
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0660
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0660
https://doi.org/10.1007/s13593-021-00742-8
https://doi.org/10.1007/s13593-021-00742-8
https://doi.org/10.1016/j.soilbio.2006.07.001
https://doi.org/10.1016/j.soilbio.2006.07.001
https://doi.org/10.1016/j.soilbio.2006.07.001
https://doi.org/10.1016/j.soilbio.2021.108167
https://doi.org/10.1016/j.soilbio.2021.108167
https://doi.org/10.1016/j.soilbio.2021.108167
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0680
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0680
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0680
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0680
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0680
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0680
https://doi.org/10.1109/MGRS.2020.2998816
https://doi.org/10.1109/MGRS.2020.2998816
https://doi.org/10.1111/wre.12219
https://doi.org/10.1111/wre.12219
https://doi.org/10.1111/wre.12219

Agroecological crop protection for sustainable agriculture 49

Joshi, K., Sthapit, B., Witcombe, J., 2001. How narrowly adapted are the products of dec-
entralised breeding? The spread of rice varieties from a participatory plant breeding pro-
gramme in Nepal. Euphytica 122, 589-597. https:/doi.org/10.1023/A:1017553206891.

Kambouris, M.E., Pavlidis, C., Skoufas, E., Arabatzis, M., Kantzanou, M., Velegraki, A.,
Patrinos, G.P., 2018. Culturomics: a new kid on the block of OMICS to enable person-
alized medicine. Omics 22, 108—118. https:/doi.org/10.1089/0mi.2017.0017.

Karp, D.S., Chaplin-Kramer, R., Meehan, T.D., Martin, E.A., DeClerck, F., Grab, H.,
Gratton, C., Hunt, L., Larsen, A.E., Martinez-Salinas, A., et al., 2018. Crop pests and
predators exhibit inconsistent responses to surrounding landscape composition. Proc.
Natl. Acad. Sci. U. S. A. 115, E7863-E7870. https://doi.org/10.1073/pnas. 1800042115.

Kibblewhite, M., Ritz, K., Swift, M., 2008. Soil health in agricultural systems. Philos. Trans.
R. Soc. B 363, 685-701. https:/doi.org/10.1098/rstb.2007.2178.

Kim, N., Zabaloy, M.C., Guan, K., Villamil, M.B., 2020. Do cover crops benefit soil
microbiome? A meta-analysis of current research. Soil Biol. Biochem. 142, 107701.
https:/doi.org/10.1016/j.50ilbi0.2019.107701.

Kogan, M., Heinrichs, E., 2020. Integrated Management of Insect Pests: Current and Future
Developments. Burleigh Dodds Science Publishing Limited, Cambridge, UK.

Kulagowski, R., 2021. Performances and Impacts of Conservation Agriculture Cropping
Systems on Magnesian Soils in New-Caledonia. (PhD thesis). University of New-
Caledonia.

Lamichhane, J.R., 2020. Parsimonious use of pesticide-treated seeds: an integrated pest man-
agement framework. Trends Plant Sci. 25, 1070-1073. https:/doi.org/10.1016/].
tplants.2020.08.002.

Lamichhane, J.R., Alletto, L., 2022. Ecosystem services of cover crops: a research roadmap.
Trends Plant Sci. 27 (8), 758-768.

Lamichhane, J.R., Barzman, M., Booij, K., Boonekamp, P., Desneux, N., Huber, L.,
Kudsk, P., Langrell, S.R., Ratnadass, A., Ricci, P., etal., 2015. Robust cropping systems
to tackle pests under climate change. A review. Agron. Sustain. Dev. 35, 443—459.
https:/doi.org/10.1007/513593-014-0275-9.

Lamichhane, J.R., Messéan, A., Ricci, P., 2019. Research and innovation priorities as
defined by the ecophyto plan to address current crop protection transformation chal-
lenges in France. Adv. Agron. 154, 81-152. https:/doi.org/10.1016/bs.agron.2018.
11.003.

Lamine, C., Niederle, P., Ollivier, G., 2019. Alliances et controverses dans la mise en
politique de Iagroécologie au Brésil et en France. Nat. Sci. Soc. 27, 6-19. https:/
doi.org/10.1051/nss/2019015.

Landis, D.A., 2017. Designing agricultural landscapes for biodiversity-based ecosystem ser-
vices. Basic Appl. Ecol. 18, 1-12. https:/doi.org/10.1016/j.baae.2016.07.005.

Landis, D.A., Wratten, S.D., Gurr, G.M., 2000. Habitat management to conserve natural
enemies of arthropod pests in agriculture. Annu. Rev. Entomol. 45, 175-201. https:/
doi.org/10.1146/annurev.ento.45.1.175.

Larrére, R, 2002. Agriculture: artificialisation ou manipulation de la nature. Cosmopolitiques
1, 158-173.

Laurent, A., Makowski, D., Aveline, N., Dupin, S., Miguez, F.E., 2021. On-farm trials
reveal significant but uncertain control of botrytis cinerea by aureobasidium pullulans
and potassium bicarbonate in organic grapevines. Front. Plant Sci. 12, 143. https:/
doi.org/10.3389/1pls.2021.620786.

Lauri, P.—E., Pitchers, B., Dufour, L., Simon, S., 2018. Apple farming systems—current ini-
tiatives and some prospective views on how to improve sustainability. In: XXX
International Horticultural Congress Thc2018: International Symposium on Cultivars,
Rootstocks and Management Systems of 1281. Acta Horticulturae, pp. 307-322.
https:/doi.org/10.17660/ActaHortic.2020.1281.42.


https://doi.org/10.1023/A:1017553206891
https://doi.org/10.1023/A:1017553206891
https://doi.org/10.1089/omi.2017.0017
https://doi.org/10.1089/omi.2017.0017
https://doi.org/10.1073/pnas.1800042115
https://doi.org/10.1073/pnas.1800042115
https://doi.org/10.1098/rstb.2007.2178
https://doi.org/10.1098/rstb.2007.2178
https://doi.org/10.1016/j.soilbio.2019.107701
https://doi.org/10.1016/j.soilbio.2019.107701
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0720
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0720
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0725
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0725
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0725
https://doi.org/10.1016/j.tplants.2020.08.002
https://doi.org/10.1016/j.tplants.2020.08.002
https://doi.org/10.1016/j.tplants.2020.08.002
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0735
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0735
https://doi.org/10.1007/s13593-014-0275-9
https://doi.org/10.1007/s13593-014-0275-9
https://doi.org/10.1016/bs.agron.2018.11.003
https://doi.org/10.1016/bs.agron.2018.11.003
https://doi.org/10.1016/bs.agron.2018.11.003
https://doi.org/10.1051/nss/2019015
https://doi.org/10.1051/nss/2019015
https://doi.org/10.1051/nss/2019015
https://doi.org/10.1016/j.baae.2016.07.005
https://doi.org/10.1016/j.baae.2016.07.005
https://doi.org/10.1146/annurev.ento.45.1.175
https://doi.org/10.1146/annurev.ento.45.1.175
https://doi.org/10.1146/annurev.ento.45.1.175
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0765
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0765
https://doi.org/10.3389/fpls.2021.620786
https://doi.org/10.3389/fpls.2021.620786
https://doi.org/10.3389/fpls.2021.620786
https://doi.org/10.17660/ActaHortic.2020.1281.42
https://doi.org/10.17660/ActaHortic.2020.1281.42

50 Jean-Philippe Deguine et al.

Lavigne, C., Mckey, D., Barot, S., Porcher, E., 2021. Mise en oeuvre des apports de
Iécologie a Tagroécologie. In: Hubert, H., Couvet, D. (Eds.), La Transition
Agroécologique. Quelles perspectives en France et ailleurs dans le monde ? Tome 2.
Presses des Mines, Paris, pp. 119-132.

Le Coq, J.-F., Sabourin, E., Bonin, M., Freguin-Gresh, S., Marzin, J., Niederle, P.,
Patrouilleau, M.M., Vasquez, L., 2020. Public policy support for agroecology in Latin
America: lessons and perspectives. J. Ecol. 5, 129-138. https:/doi.org/10.17352/gje.
000032.

Le Gal, P.-Y., Dugué, P., Faure, G., Novak, S., 2011. How does research address the design
of innovative agricultural production systems at the farm level? A review. Agr. Syst. 104,
714-728. htps:/doi.org/10.1016/j.agsy.2011.07.007.

Lechenet, M., Deytieux, V., Antichi, D., Aubertot, ]J.-N., Barberi, P., Bertrand, M.,
Cellier, V., Charles, R., Colnenne-David, C., Dachbrodt-Saaydeh, S., et al., 2017.
Diversity of methodologies to experiment integrated pest management in arable
cropping systems: analysis and reflections based on a european network. Eur.
J. Agron. 83, 86-99. https:/doi.org/10.1016/.€ja.2016.09.012.

Leclere, M., Jeuftroy, M.-H., Loyce, C., 2021. Design workshop with farmers as a promising
tool to support the introduction of diversifying crops within a territory: the case of cam-
elina in northern France to supply a local biorefinery. OCL 28, 1-14. https://doi.org/10.
1051/0cl/2021023.

Lefebvre, M., Langrell, S.R., Gomez-y-Paloma, S., 2015. Incentives and policies for inte-
grated pest management in Europe: a review. Agron. Sustain. Dev. 35, 27-45.
https:/doi.org/10.1007/s13593-014-0237-2.

Legendre, A., Heddad, N., Cerf, M., Penvern, S., 2021. Experimenting sustainable
orchards: how to cope with different territorial levels? In: Congress of the International
Ergonomics Association. Springer, pp. 191-195. https:/doi.org/10.1007/978-3-030-
74602-5_29.

Legrand, A., Gaucherel, C., Baudry, J., Meynard, J.-M., 2011. Long-term effects of organic,
conventional, and integrated crop systems on carabids. Agron. Sustain. Dev. 31,
515-524. https://doi.org/10.1007/513593-011-0007-3.

Lehmann, J., Bossio, D.A., Kogel-Knabner, 1., Rillig, M.C., 2020. The concept and future
prospects of soil health. Nat. Rev. Earth Environ. 1, 544-553. https:/doi.org/10.1038/
$43017-020-0080-8.

Lemanceau, P., Maron, P.-A., Mazurier, S., Mougel, C., Pivato, B., Plassart, P., Ranjard, L.,
Revellin, C., Tardy, V., Wipf, D., 2015. Understanding and managing soil biodiversity:
a major challenge in agroecology. Agron. Sustain. Dev. 35, 67-81. https:/doi.org/10.
1007/513593-014-0247-0.

Libran-Embid, F., Klaus, F., Tscharntke, T., Grass, I., 2020. Unmanned aerial vehicles for
biodiversity-friendly agricultural landscapes—a systematic review. Sci. Total Environ.
732, 139204. https:/doi.org/10.1016/j.scitotenv.2020.139204.

Lichtenberg, E.M., Kennedy, C.M., Kremen, C., Batary, P., Berendse, F., Bommarco, R.,
Bosque-Pérez, N.A., Carvalheiro, L.G., Snyder, W.E., Williams, N.M., et al., 2017. A
global synthesis of the effects of diversified farming systems on arthropod diversity within
fields and across agricultural landscapes. Glob. Chang. Biol. 23, 4946—4957. https://doi.
org/10.1111/gcb.13714.

Lienhard, P., Tivet, F., Chabanne, A., Dequiedt, S., Lelievre, M., Sayphoummie, S.,
Leudphanane, B., Prévost-Bouré, N.C., Séguy, L., Maron, P.-A., et al., 2013. No-till
and cover crops shift soil microbial abundance and diversity in Laos tropical grasslands.
Agron. Sustain. Dev. 33, 375-384. https://doi.org/10.1007/513593-012-0099-4.

Liptzin, D., Silver, W.L., 2015. Spatial patterns in oxygen and redox sensitive biogeo-
chemistry in tropical forest soils. Ecosphere 6, 1-14. https:/doi.org/10.1890/ES14-
00309.1.


http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0780
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0780
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0780
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0780
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0780
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0780
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0780
https://doi.org/10.17352/gje.000032
https://doi.org/10.17352/gje.000032
https://doi.org/10.17352/gje.000032
https://doi.org/10.1016/j.agsy.2011.07.007
https://doi.org/10.1016/j.agsy.2011.07.007
https://doi.org/10.1016/j.eja.2016.09.012
https://doi.org/10.1016/j.eja.2016.09.012
https://doi.org/10.1051/ocl/2021023
https://doi.org/10.1051/ocl/2021023
https://doi.org/10.1051/ocl/2021023
https://doi.org/10.1007/s13593-014-0237-2
https://doi.org/10.1007/s13593-014-0237-2
https://doi.org/10.1007/978-3-030-74602-5_29
https://doi.org/10.1007/978-3-030-74602-5_29
https://doi.org/10.1007/978-3-030-74602-5_29
https://doi.org/10.1007/s13593-011-0007-3
https://doi.org/10.1007/s13593-011-0007-3
https://doi.org/10.1038/s43017-020-0080-8
https://doi.org/10.1038/s43017-020-0080-8
https://doi.org/10.1038/s43017-020-0080-8
https://doi.org/10.1007/s13593-014-0247-0
https://doi.org/10.1007/s13593-014-0247-0
https://doi.org/10.1007/s13593-014-0247-0
https://doi.org/10.1016/j.scitotenv.2020.139204
https://doi.org/10.1016/j.scitotenv.2020.139204
https://doi.org/10.1111/gcb.13714
https://doi.org/10.1111/gcb.13714
https://doi.org/10.1111/gcb.13714
https://doi.org/10.1007/s13593-012-0099-4
https://doi.org/10.1007/s13593-012-0099-4
https://doi.org/10.1890/ES14-00309.1
https://doi.org/10.1890/ES14-00309.1
https://doi.org/10.1890/ES14-00309.1

Agroecological crop protection for sustainable agriculture 51

Liu, H., Brettell, L.E., Qiu, Z., Singh, B.K., 2020. Microbiome-mediated stress resistance in
plants. Trends Plant Sci. 25 (8), 733—743. https:/doi.org/10.1016/j.tplants.2020.03.014.

Lockeretz, W., 2007. Organic Farming: An International History. CABI, Wallingford, UK.

Loconto, A., Hatanaka, M., 2018. Participatory guarantee systems: alternative ways of defin-
ing, measuring, and assessing ‘sustainability’. Sociol. Rural. 58, 412—432. https:/doi.org/
10.1111/soru.12187.

Ma, A., Lu, X., Gray, C., Raybould, A., Tamaddoni-Nezhad, A., Woodward, G.,
Bohan, D.A., 2019. Ecological networks reveal resilience of agro-ecosystems to changes
in farming management. Nat. Ecol. Evol. 3, 260-264. https:/doi.org/10.1038/s41559~
018-0757-2.

Machado, A.T., Fernandes, M.S., 2001. Participatory maize breeding for low nitrogen tol-
erance. Euphytica 122, 567-573. https:/doi.org/10.1023/A:1017543426136.

Magrini, M.-B., Martin, G., Magne, M.-A., Duru, M., Couix, N., Hazard, L.,
Plumecocq, G., 2019. Agroecological transition from farms to territorialised agri-food
systems: issues and drivers. In: Bergez, J.-E., Audouin, E., Therond, O. (Eds.),
Agroecological Transitions: From Theory to Practice in Local Participatory Design.
Springer, Cham, pp. 69-98.

Malard, J.J., Adamowski, J.F., Diaz, M.R., Nassar, J.B., Anandaraja, N., Tuy, H.,
Arévalo-Rodriguez, L.A., Melgar-Quifionez, H.R., 2020. Agroecological food web
modelling to evaluate and design organic and conventional agricultural systems. Ecol.
Model. 421, 108961. https:/doi.org/10.1016/j.ecolmodel.2020.108961.

Malézieux, E., 2012. Designing cropping systems from nature. Agron. Sustain. Dev. 32,
15-29. https:/doi.org/10.1007/513593-011-0027-z.

Malézieux, E., 2017. Agroecology, a 21st century agricultural revolution? In: Deguine, J.-P.,
Gloanec, C., Laurent, P., Ratnadass, A., Aubertot, ]J.-N. (Eds.), Agroecological Crop
Protection. Springer Science+Business Media BV, Dordrecht, pp. 2—6. https:/doi.
org/10.1007/978-94-024-1185-0.

Marques, E., Kur, A., Bueno, E., von Wettberg, E., 2020. Defining and improving the rota-
tional and intercropping value of a crop using a plant—soil feedbacks approach. Crop. Sci.
60, 2195-2203. https:/doi.org/10.1002/csc2.20200.

Matyjaszezyk, E., 2019. Problems of implementing compulsory integrated pest management.
Pest Manag. Sci. 75, 2063-2067. https:/doi.org/10.1016/j.scitotenv.2020.139204.
McDaniel, M., Tiemann, L., Grandy, A., 2014. Does agricultural crop diversity enhance soil
microbial biomass and organic matter dynamics? A meta-analysis. Ecol. Appl. 24,

560-570. https:/doi.org/10.1890/13-0616.1.

Meek, D., Anderson, C.R., 2020. Scale and the politics of the organic transition in Sikkim,
India. Agroecol. Sustain. Food Syst. 44, 653—672. https://doi.org/10.1080/21683565.
2019.1701171.

Merino, C., Kuzyakov, Y., Godoy, K., Cornejo, P., Matus, F., 2020. Synergy eftect of per-
oxidase enzymes and fenton reactions greatly increase the anaerobic oxidation of soil
organic matter. Sci. Rep. 10, 1-12. https:/doi.org/10.1038/541598-020-67953-z.

Meynard, J.-M., Dedieu, B., Bos, A.B., 2012. Re-design and co-design of farming systems.
An overview of methods and practices. In: Farming Syst. Res, pp. 405-429. https://doi.
org/10.1007/978-94-007-4503-2_18.

Meynard, J.-M., Jeuffroy, M.-H., Le Bail, M., Lefevre, A., Magrini, M.-B., Michon, C.,
2017. Designing coupled innovations for the sustainability transition of agrifood systems.
Agr. Syst. 157, 330-339. https://doi.org/10.1016/j.agsy.2016.08.002.

Meynard, J.-M., Charrier, F., Le Bail, M., Magrini, M.-B., Charlier, A., Messéan, A., et al.,
2018. Socio-technical lock-in hinders crop diversification in France. Agron. Sustain.
Dev. 38, 54. https:/doi.org/10.1007/s13593-018-0535-1.

Mhlongo, M.IL,, Piater, L.A., Madala, N.E., Labuschagne, N., Dubery, I.A., 2018. The
chemistry of plant—microbe interactions in the rhizosphere and the potential for


https://doi.org/10.1016/j.tplants.2020.03.014
https://doi.org/10.1016/j.tplants.2020.03.014
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0855
https://doi.org/10.1111/soru.12187
https://doi.org/10.1111/soru.12187
https://doi.org/10.1111/soru.12187
https://doi.org/10.1038/s41559-018-0757-2
https://doi.org/10.1038/s41559-018-0757-2
https://doi.org/10.1038/s41559-018-0757-2
https://doi.org/10.1023/A:1017543426136
https://doi.org/10.1023/A:1017543426136
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0875
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0875
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0875
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0875
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0875
https://doi.org/10.1016/j.ecolmodel.2020.108961
https://doi.org/10.1016/j.ecolmodel.2020.108961
https://doi.org/10.1007/s13593-011-0027-z
https://doi.org/10.1007/s13593-011-0027-z
https://doi.org/10.1007/978-94-024-1185-0
https://doi.org/10.1007/978-94-024-1185-0
https://doi.org/10.1007/978-94-024-1185-0
https://doi.org/10.1002/csc2.20200
https://doi.org/10.1002/csc2.20200
https://doi.org/10.1016/j.scitotenv.2020.139204
https://doi.org/10.1016/j.scitotenv.2020.139204
https://doi.org/10.1890/13-0616.1
https://doi.org/10.1890/13-0616.1
https://doi.org/10.1080/21683565.2019.1701171
https://doi.org/10.1080/21683565.2019.1701171
https://doi.org/10.1080/21683565.2019.1701171
https://doi.org/10.1038/s41598-020-67953-z
https://doi.org/10.1038/s41598-020-67953-z
https://doi.org/10.1007/978-94-007-4503-2_18
https://doi.org/10.1007/978-94-007-4503-2_18
https://doi.org/10.1007/978-94-007-4503-2_18
https://doi.org/10.1016/j.agsy.2016.08.002
https://doi.org/10.1016/j.agsy.2016.08.002
https://doi.org/10.1007/s13593-018-0535-1
https://doi.org/10.1007/s13593-018-0535-1

52 Jean-Philippe Deguine et al.

metabolomics to reveal signaling related to defense priming and induced systemic resis-
tance. Front. Plant Sci. 9, 112. https:/doi.org/10.3389/fpls.2018.00112.

Migliorini, P., Barberi, P., Bellon, S., Gaifami, T., Gkisakis, V.D., Peeters, A., Wezel, A.,
2020. Controversial topics in agroecology: a European perspective. Cienc. Investig.
Agrar. 47, 159-173. https:/doi.org/10.7764/ijanr.v4713.2265.

Mishra, J., Tewari, S., Singh, S., Arora, N.K., 2015. Biopesticides: where we stand? In:
Arora, N.K. (Ed.), Plant Microbes Symbiosis: Applied Facets. Springer, New Delhi,
pp- 37-75. https:/doi.org/10.1007/978-81-322-2068-8_2.

Mofikoya, A.O., Bui, T.N.T., Kivimdenpaa, M., Holopainen, J.K., Himanen, S]J.,
Blande, J.D., 2019. Foliar behaviour of biogenic semi-volatiles: potential applications
in sustainable pest management. Arthropod Plant Interact. 13, 193-212. https:/doi.
org/10.1007/511829-019-09676-1.

Molia, S., Bonnet, P., Ratnadass, A., 2015. Support for the prevention of health risks. In:
Sourisseau, J.-M. (Ed.), Family Farming and the Worlds to Come. Springer,
pp. 267-283. https:/doi.org/10.1007/978-94-017-9358-2_16.

Molina, G.A.R., Pugliese, D.E.V., 2022. Redesign the agroecosystem through biodiversity:
revising concepts and integrating visions. Agroecol. Sustain. Food Syst. 46 (10),
1550-1580. https://doi.org/10.1080/21683565.2022.2121952.

Mollison, B., 2010. Permaculture Two: Practical Design for Town and Country in
Permanent Agriculture. Tagari, Tasmania.

Mollison, B., Holmgren, D., 1978. Permaculture One: A Perennial Agriculture System for
Human Settlements. University of Tasmania, Hobart.

Mony, C., Vandenkoornhuyse, P., Bohannan, B.J., Peay, K., Leibold, M.A., 2020. A land-
scape of opportunities for microbial ecology research. Front. Microbiol. 11, 561427.
https:/doi.org/10.3389/tmicb.2020.561427.

Moraine, M., Duru, M., Therond, O., 2016. A social-ecological framework for analyzing
and designing integrated crop—livestock systems from farm to territory levels. Renew.
Agric. Food Syst. 32, 43-56. https:/doi.org/10.1017/51742170515000526.

Muneret, L., Mitchell, M., Seufert, V., Aviron, S., Pétillon, J., Plantegenest, M., Thiéry, D.,
Rusch, A., et al., 2018. Evidence that organic farming promotes pest control. Nat.
Sustain. 1 (7), 361-368. https:/doi.org/10.1038/541893-018-0102-4.

Nampeera, E.L., Nonnecke, G.R., Blodgett, S.L., Tusiime, S.M., Masinde, D.M.,
Wesonga, J.M., Murungi, L.K., Baidu-Forson, ].J., Abukutsa-Onyango, M.O., 2019.
Farmers’ knowledge and practices in the management of insect pests of leafy amaranth
in Kenya. J. Integr. Pest Manag. 10, 31. https:/doi.org/10.1093/jipm/pmz029.

Nelkner, J., Henke, C., Lin, T.W., Pitzold, W., Hassa, J., Jaenicke, S., Grosch, R., Puhler,
A., Sczyrba, A., Schluter, A., 2019. Effect of long-term farming practices on agricultural
soil microbiome members represented by metagenomically assembled genomes (MAGs)
and their predicted plant-beneficial genes. Genes 10, 424. https:/doi.org/10.3390/
genes10060424.

Nelson, E., Scott, S., Cukier, J., Galan, A.L., 2009. Institutionalizing agroecology: successes
and challenges in Cuba. Agric. Hum. Values 26, 233-243. https:/doi.org/10.1007/
s10460-008-9156-7.

Nelson, R., Coe, R., Haussmann, B.I., 2019. Farmer research networks as a strategy for
matching diverse options and contexts in smallholder agriculture. Exp. Agric. 55 (S1),
125—144. https:/doi.org/10.1017/S0014479716000454.

Nicholls, C.I., Altieri, M.A., 2004. Agroecological bases of ecological engineering for
pest management. In: Gurr, G.M., Wratten, S.D., Altieri, M.A. (Eds.), Ecological
Engineering for Pest Management: Advances in Habitat Manipulation for
Arthropods. CSIRO Publishing, Collingwood, pp. 33-54.

Niederle, P.A., Petersen, P., Coudel, E., Grisa, C., Schmitt, C., Sabourin, E., Schneider, E.,
Brandenburg, A., Lamine, C., 2021. Rupturas na transi¢io agroecoldgica: mudanga


https://doi.org/10.3389/fpls.2018.00112
https://doi.org/10.3389/fpls.2018.00112
https://doi.org/10.7764/ijanr.v47i3.2265
https://doi.org/10.7764/ijanr.v47i3.2265
https://doi.org/10.1007/978-81-322-2068-8_2
https://doi.org/10.1007/978-81-322-2068-8_2
https://doi.org/10.1007/s11829-019-09676-1
https://doi.org/10.1007/s11829-019-09676-1
https://doi.org/10.1007/s11829-019-09676-1
https://doi.org/10.1007/978-94-017-9358-2_16
https://doi.org/10.1007/978-94-017-9358-2_16
https://doi.org/10.1080/21683565.2022.2121952
https://doi.org/10.1080/21683565.2022.2121952
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0965
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0965
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0970
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf0970
https://doi.org/10.3389/fmicb.2020.561427
https://doi.org/10.3389/fmicb.2020.561427
https://doi.org/10.1017/S1742170515000526
https://doi.org/10.1017/S1742170515000526
https://doi.org/10.1038/s41893-018-0102-4
https://doi.org/10.1038/s41893-018-0102-4
https://doi.org/10.1093/jipm/pmz029
https://doi.org/10.1093/jipm/pmz029
https://doi.org/10.3390/genes10060424
https://doi.org/10.3390/genes10060424
https://doi.org/10.3390/genes10060424
https://doi.org/10.1007/s10460-008-9156-7
https://doi.org/10.1007/s10460-008-9156-7
https://doi.org/10.1007/s10460-008-9156-7
https://doi.org/10.1017/S0014479716000454
https://doi.org/10.1017/S0014479716000454
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1010
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1010
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1010
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1010

Agroecological crop protection for sustainable agriculture 53

institucional e desmantelamento das politicas publicas no Brasil. TAFS Project, PP-AL
Network “Public policies & Rural Development https:/www.researchgate.net/
publication/353035899_Rupturas_na_transicao_agroecologica_mudanca_institucional
e_desmantelamento_das_politicas_publicas_no_Brasil.

Oerke, E., 2006. Crop losses to pests. J. Agric. Sci. 144, 31-43. https:/doi.org/10.1017/
S0021859605005708.

Onstad, D.W., Knolhoff, L.M., 2009. Finding the economics in economic entomology.
J. Econ. Entomol. 102, 1-7. https:/doi.org/10.1603/029.102.0101.

Parsa, S., Morse, S., Bonifacio, A., Chancellor, T.C., Condori, B., Crespo-Pérez, V.,
Hobbs, S.L., Kroschel, J., Ba, M.N., Rebaudo, F., et al., 2014. Obstacles to integrated
pest management adoption in developing countries. Proc. Natl. Acad. Sci. U. S. A. 111,
3889-3894. https://doi.org/10.1073/pnas.1312693111.

Penvern, S., Kouchner, C., Ruynat, L., Simon, S., Lamine, C., 2015. From orchard to
agri-food system redesign to reduce pesticide use. Acta Hortic. 1137, 333-341.
https:/doi.org/10.17660/ActaHortic.2016.1137.46.

Penvern, S., Fernique, S., Cardona, A., Herz, A., Ahrenfeldt, E., Dufils, A., Jamar, L.,
Korsgaard, M., Kruczynska, D., Matray, S., et al., 2019. Farmers’ management of
functional biodiversity goes beyond pest management in organic European apple
orchards. Agric. Ecosyst. Environ. 284, 106555. https://doi.org/10.1016/j.agee.
2019.05.014.

Peralta, A.L., Sun, Y., McDaniel, M.D., Lennon, ]J.T., 2018. Crop rotational diversity
increases disease suppressive capacity of soil microbiomes. Ecosphere 9, ¢02235.
https:/doi.org/10.1002/ecs2.2235.

Pérez-Alvarez, R., Nault, B.A., Poveda, K., 2019. Effectiveness of augmentative biological
control depends on landscape context. Sci. Rep. 9, 1-15. https://doi.org/10.1038/
s41598-019-45041-1.

Périnelle, A., Meynard, J.-M., Scopel, E., 2021. Combining on-farm innovation tracking
and participatory prototyping trials to develop legume-based cropping systems in west
africa. Agr. Syst. 187, 102978. https:/doi.org/10.1016/j.agsy.2020.102978.

Petit, S., Cordeau, S., Chauvel, B., Bohan, D., Guillemin, J.-P., Steinberg, C., 2018.
Biodiversity-based options for arable weed management. A review. Agron. Sustain.
Dev. 38, 1-21. https:/doi.org/10.1007/513593-018-0525-3.

Petit, S., Deytieux, V., Cordeau, S., 2021. Landscape-scale approaches for enhancing bio-
logical pest control in agricultural systems. Environ. Monit. Assess. 193, 1-13. https:/
doi.org/10.1007/510661-020-08812-2.

Petit, S., Muneret, L., Carbonne, B., Hannachi, M., Ricci, B., Rusch, A., Lavigne, C., 2020.
Landscape-scale expansion of agroecology to enhance natural pest control: a systematic
review. Adv. Ecol. Res. 63. https:/doi.org/10.1016/bs.aecr.2020.09.001.

Pineda, A., Kaplan, 1., Bezemer, T.M., 2017. Steering soil microbiomes to suppress above-
ground insect pests. Trends Plant Sci. 22, 770-778. https://doi.org/10.1016/j.tplants.
2017.07.002.

Pineda, A., Kaplan, I., Hannula, S.E., Ghanem, W, Bezemer, T.M., 2020. Conditioning the
soil microbiome through plant—soil feedbacks suppresses an aboveground insect pest.
New Phytol. 226, 595-608. https:/doi.org/10.1111/nph.16385.

Poeydebat, C., Tixier, P., De Bellaire, L.D.L., Carval, D., 2017. Plant richness enhances
banana weevil regulation in a tropical agroecosystem by affecting a multitrophic
food web. Biol. Control. 114, 125-132. https:/doi.org/10.1016/j.biocontrol.
2017.08.009.

Poggi, S., Papaix, J., Lavigne, C., Angevin, F., Le Ber, F., Parisey, N., Ricci, B., Vinatier, F.,
Wohlfahrt, J., 2018. Issues and challenges in landscape models for agriculture: from the
representation of agroecosystems to the design of management strategies. Landsc. Ecol.
33, 1679-1690. https:/doi.org/10.1007/s10980-018-0699-8.


https://www.researchgate.net/publication/353035899_Rupturas_na_transicao_agroecologica_mudanca_institucional_e_desmantelamento_das_politicas_publicas_no_Brasil
https://www.researchgate.net/publication/353035899_Rupturas_na_transicao_agroecologica_mudanca_institucional_e_desmantelamento_das_politicas_publicas_no_Brasil
https://www.researchgate.net/publication/353035899_Rupturas_na_transicao_agroecologica_mudanca_institucional_e_desmantelamento_das_politicas_publicas_no_Brasil
https://www.researchgate.net/publication/353035899_Rupturas_na_transicao_agroecologica_mudanca_institucional_e_desmantelamento_das_politicas_publicas_no_Brasil
https://doi.org/10.1017/S0021859605005708
https://doi.org/10.1017/S0021859605005708
https://doi.org/10.1017/S0021859605005708
https://doi.org/10.1603/029.102.0101
https://doi.org/10.1603/029.102.0101
https://doi.org/10.1073/pnas.1312693111
https://doi.org/10.1073/pnas.1312693111
https://doi.org/10.17660/ActaHortic.2016.1137.46
https://doi.org/10.17660/ActaHortic.2016.1137.46
https://doi.org/10.1016/j.agee.2019.05.014
https://doi.org/10.1016/j.agee.2019.05.014
https://doi.org/10.1016/j.agee.2019.05.014
https://doi.org/10.1002/ecs2.2235
https://doi.org/10.1002/ecs2.2235
https://doi.org/10.1038/s41598-019-45041-1
https://doi.org/10.1038/s41598-019-45041-1
https://doi.org/10.1038/s41598-019-45041-1
https://doi.org/10.1016/j.agsy.2020.102978
https://doi.org/10.1016/j.agsy.2020.102978
https://doi.org/10.1007/s13593-018-0525-3
https://doi.org/10.1007/s13593-018-0525-3
https://doi.org/10.1007/s10661-020-08812-2
https://doi.org/10.1007/s10661-020-08812-2
https://doi.org/10.1007/s10661-020-08812-2
https://doi.org/10.1016/bs.aecr.2020.09.001
https://doi.org/10.1016/bs.aecr.2020.09.001
https://doi.org/10.1016/j.tplants.2017.07.002
https://doi.org/10.1016/j.tplants.2017.07.002
https://doi.org/10.1016/j.tplants.2017.07.002
https://doi.org/10.1111/nph.16385
https://doi.org/10.1111/nph.16385
https://doi.org/10.1016/j.biocontrol.2017.08.009
https://doi.org/10.1016/j.biocontrol.2017.08.009
https://doi.org/10.1016/j.biocontrol.2017.08.009
https://doi.org/10.1007/s10980-018-0699-8
https://doi.org/10.1007/s10980-018-0699-8

54 Jean-Philippe Deguine et al.

Ponsard, S., Arditi, R.., 2000. What can stable isotopes (615N and 613C) tell about the food
web of soil macro-invertebrates? Ecology 81, 852—-864. https://doi.org/10.1890/0012-
9658(2000)081[0852:WCSINA]2.0.CO;2.

Prager, K., Reed, M., Scott, A., 2012. Encouraging collaboration for the provision of eco-
system services at a landscape scale—rethinking agri-environmental payments. Land Use
Policy 29, 244-249. https://doi.org/10.1016/j.Jandusepol.2011.06.012.

Pretty, J., 2020. The agroecology of redesign. J. Sustain. Org. Agric. Syst. 70 (2), 25-30.
https:/doi.org/10.3220/LBF1605102089000.

Pretty, J., Attwood, S., Bawden, R., Van Den Berg, H., Bharucha, Z.P., Dixon, ]J.,
Flora, C.B., Gallagher, K., Genskow, K., Hartley, S.E., et al., 2020. Assessment of
the growth in social groups for sustainable agriculture and land management. Glob.
Sustain. 3 (E23). https:/doi.org/10.1017/5us.2020.19.

Prost, L., Berthet, E.T., Cerf, M., Jeuffroy, M.-H., Labatut, J., Meynard, J.-M., 2017.
Innovative design for agriculture in the move towards sustainability: scientific challenges.
Res. Eng. Des. 28, 119-129. https:/doi.org/10.1007/500163-016-0233-4.

Quijas, S., Schmid, B., Balvanera, P., 2010. Plant diversity enhances provision of ecosystem
services: a new synthesis. Basic Appl. Ecol. 11, 582-593. https:/doi.org/10.1016/j.baae.
2010.06.009.

Quinio, M., Salazar, P., Gardarin, A., Petit, M.-S., Jeuffroy, M.-H., 2021. Capitaliser les
connaissances avec les acteurs pour concevoir des systémes agroécologiques. Agron.
Environ. Soc. 11, 1-14. https:/doi.org/10.54800/ccall18.

Rastoin, J.-L., 2018. Accélérer la transition vers une alimentation durable par un
changement de paradigme scientifique et économique et des politiques publiques
innovantes. Food Syst. 2018, 17-27. https:/doi.org/10.15122/isbn.978-2-406-
08722-9.p.0017.

Ratnadass, A., 2020. Crop protection for agricultural intensification systems in
Sub-Saharan Africa. Sustain. Agric. Rev. 39, 1-34. https:/doi.org/10.1007/978-3~
030-38881-2_1.

Ratnadass, A., Fernandes, P., Avelino, J., Habib, R., 2012. Plant species diversity for sustain-
able management of crop pests and diseases in agroecosystems: a review. Agron. Sustain.
Dev. 32, 273-303. https:/doi.org/10.1007/513593-011-0022-4.

Ratnadass, A., Avelino, J., Fernandes, P., Letourmy, P., Babin, R., Deberdt, P.,
Deguine, J.-P., Grechi, ., Naudin, K., Rhino, B., et al., 2021. Synergies and tradeoffs
in natural regulation of crop pests and diseases under plant species diversification. Crop
Prot. 146, 105658. https:/doi.org/10.1016/j.cropro.2021.105658.

Reau, R., Monnot, L.-A., Schaub, A., Munier-Jolain, N., Pambou, 1., Bockstaller, C.,
Cariolle, M., Chabert, A., Dumans, P., 2012. Les ateliers de conception de systémes
de culture pour construire, évaluer et identifier des prototypes prometteurs. Innov.
Agron. 20, 5-33.

Rebaudo, F., Dangles, O., 2013. An agent-based modeling framework for integrated pest
management dissemination programs. Environ. Model. Softw. 45, 141-149. https:/
doi.org/10.1016/j.envsoft.2012.06.014.

Rebaudo, F., Carpio, C., Crespo-Pérez, V., Herrera, M., de Scurrah, M.M., Canto, R.C.,
Montaiiez, A.G., Bonifacio, A., Mamani, M., Saravia, R., et al., 2014. Agent-based
models and integrated pest management diftusion in small scale farmer communities.
In: Peshin, R., Pimentel, D. (Eds.), Integrated Pest Management. Springer,
Netherlands, pp. 367-383.

Rhiannon, L., den Uyl, R., Runhaar, H., 2019. Assessment of policy instruments for pes-
ticide use reduction in Europe; learning from a systematic literature review. Crop Prot.
126, 104929. https://doi.org/10.1016/j.cropro.2019.104929.

Rickerl, D., Francis, C.A., 2004. Agroecosystems Analysis. American Society of Agronomy,
Madison. https:/doi.org/10.2134/agronmonogr43.


https://doi.org/10.1890/0012-9658(2000)081[0852:WCSINA]2.0.CO;2
https://doi.org/10.1890/0012-9658(2000)081[0852:WCSINA]2.0.CO;2
https://doi.org/10.1890/0012-9658(2000)081[0852:WCSINA]2.0.CO;2
https://doi.org/10.1016/j.landusepol.2011.06.012
https://doi.org/10.1016/j.landusepol.2011.06.012
https://doi.org/10.3220/LBF1605102089000
https://doi.org/10.3220/LBF1605102089000
https://doi.org/10.1017/sus.2020.19
https://doi.org/10.1017/sus.2020.19
https://doi.org/10.1007/s00163-016-0233-4
https://doi.org/10.1007/s00163-016-0233-4
https://doi.org/10.1016/j.baae.2010.06.009
https://doi.org/10.1016/j.baae.2010.06.009
https://doi.org/10.1016/j.baae.2010.06.009
https://doi.org/10.54800/cca118
https://doi.org/10.54800/cca118
https://doi.org/10.15122/isbn.978-2-406-08722-9.p.0017
https://doi.org/10.15122/isbn.978-2-406-08722-9.p.0017
https://doi.org/10.15122/isbn.978-2-406-08722-9.p.0017
https://doi.org/10.1007/978-3-030-38881-2_1
https://doi.org/10.1007/978-3-030-38881-2_1
https://doi.org/10.1007/978-3-030-38881-2_1
https://doi.org/10.1007/s13593-011-0022-4
https://doi.org/10.1007/s13593-011-0022-4
https://doi.org/10.1016/j.cropro.2021.105658
https://doi.org/10.1016/j.cropro.2021.105658
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1150
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1150
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1150
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1150
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1150
https://doi.org/10.1016/j.envsoft.2012.06.014
https://doi.org/10.1016/j.envsoft.2012.06.014
https://doi.org/10.1016/j.envsoft.2012.06.014
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1160
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1160
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1160
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1160
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1160
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1160
https://doi.org/10.1016/j.cropro.2019.104929
https://doi.org/10.1016/j.cropro.2019.104929
https://doi.org/10.2134/agronmonogr43
https://doi.org/10.2134/agronmonogr43

Agroecological crop protection for sustainable agriculture 55

Riviere, P., Pin, S., Galic, N., De Oliveira, Y., David, O., Dawson, J., Wanner, A.,
Heckmann, R., Obbellianne, S., Ronot, B., et al., 2013. Mise en place d’une
méthodologie de sélection participative sur le blé tendre en France. Innov. Agron.
32, 427—-441.

Rolfe, S.A., Griffiths, J., Ton, J., 2019. Crying out for help with root exudates: adaptive
mechanisms by which stressed plants assemble health-promoting soil microbiomes.
Curr. Opin. Microbiol. 49, 73-82. https:/doi.org/10.1016/.mib.2019.10.003.

Rolland, B., Auzanneau, J., Bouchet, J.-P., 2021. A cooperative original experience to
improve winter bread wheat organic breeding strategies. In: 20th Organic World
Congress, Rennes, France. (abstract).

Sabourin, E., Le Coq, J.-F., Fréguin-Gresh, S., Marzin, J., Bonin, M., Patrouilleau, M.M.,
Viazquez, L.L., Niederle, P., et al., 2018. Public policies to support agroecology in Latin
America and the Caribbean. Perspectives, 1—4. https:/doi.org/10.19182/agritrop/
00020.

Sahu, P.K., Singh, D.P., Prabha, R, Meena, K.K., Abhilash, P., 2019. Connecting microbial
capabilities with the soil and plant health: options for agricultural sustainability. Ecol.
Indic. 105, 601-612. https:/doi.org/10.1016/j.ecolind.2018.05.084.

Salembier, C., Elverdin, J.H., Meynard, J.-M., 2016. Tracking on-farm innovations
to unearth alternatives to the dominant soybean-based system in the Argentinean
Pampa. Agron. Sustain. Dev. 36, 1-10. https:/doi.org/10.1007/513593-015-
0343-9.

Santos Valle, S., Kienzle, J., 2020. Agriculture 4.0-agricultural robotics and automated
equipment for sustainable crop production. In: Integrated Crop Management.
vol. 24. FAO, Rome.

Sastry, K.S., 2013. Plant virus transmission through vegetative propagules (asexual reproduc-
tion). In: Sastry, K.S. (Ed.), Seed-Borne Plant Virus Diseases. Springer, India,
pp. 285-305. https:/doi.org/10.1007/978-81-322-0813-6_9.

Schlapfer, F., 2020. External costs of agriculture derived from payments for agri-environment
measures: framework and application to Switzerland. Sustainability 12, 6126. https:/doi.
org/10.3390/5u12156126.

Schnebelin, E., Labarthe, P., Touzard, J.-M., 2021. How digitalisation interacts with
ecologisation? Perspectives from actors of the French agricultural innovation system.
J. Rural. Stud. 86, 599-610. https:/doi.org/10.1016/j.jrurstud.2021.07.023.

Schreinemachers, P., Schad, 1., Tipragsa, P., Williams, P.M., Neef, A., Riwthong, S.,
Sangchan, W., Grovermann, C., 2012. Can public GAP standards reduce agricultural
pesticide use? The case of fruit and vegetable farming in Northern Thailand. Agric.
Hum. Values 29, 519-529. https:/doi.org/10.1007/s10460-012-9378-6.

Schut, M., Rodenburg, J., Klerkx, L., van Ast, A., Bastiaans, L., 2014. Systems approaches to
innovation in crop protection. A systematic literature review. Crop Prot. 56, 98—108.
https:/doi.org/10.1016/j.cropro.2013.11.017.

Sessitsch, A., Brader, G., Pfaffenbichler, N., Gusenbauer, D., Mitter, B., 2018. The contri-
bution of plant microbiota to economy growth. J. Microbial. Biotechnol. 11, 800-805.
https:/doi.org/10.1111/1751-7915.13290.

Settele, J., Settle, W.H., 2018. Conservation biological control: improving the science base.
Proc. Natl. Acad. Sci. U. S. A. 115, 8241-8243. https:/doi.org/10.1073/pnas.
1810334115.

Shah, T.M., Nasika, D.P.B., Otterpohl, R., 2021. Plant and weed identifier robot as an agro-
ecological tool using artificial neural networks for image identification. Agriculture 11,
222 https://doi.org/10.3390/agriculture11030222.

Shennan, C., Gareau, T.P., Sirrine, J., et al., 2005. Agroecological approaches to pest man-
agement in the US. In: Pretty, J. (Ed.), The Pesticide Detox: Towards A More
Sustainable Agriculture. Earthscan Publications Ltd, London, pp. 193-211.


http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1170
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1170
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1170
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1170
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1170
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1170
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1170
https://doi.org/10.1016/j.mib.2019.10.003
https://doi.org/10.1016/j.mib.2019.10.003
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1180
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1180
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1180
https://doi.org/10.19182/agritrop/00020
https://doi.org/10.19182/agritrop/00020
https://doi.org/10.19182/agritrop/00020
https://doi.org/10.1016/j.ecolind.2018.05.084
https://doi.org/10.1016/j.ecolind.2018.05.084
https://doi.org/10.1007/s13593-015-0343-9
https://doi.org/10.1007/s13593-015-0343-9
https://doi.org/10.1007/s13593-015-0343-9
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1200
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1200
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1200
https://doi.org/10.1007/978-81-322-0813-6_9
https://doi.org/10.1007/978-81-322-0813-6_9
https://doi.org/10.3390/su12156126
https://doi.org/10.3390/su12156126
https://doi.org/10.3390/su12156126
https://doi.org/10.1016/j.jrurstud.2021.07.023
https://doi.org/10.1016/j.jrurstud.2021.07.023
https://doi.org/10.1007/s10460-012-9378-6
https://doi.org/10.1007/s10460-012-9378-6
https://doi.org/10.1016/j.cropro.2013.11.017
https://doi.org/10.1016/j.cropro.2013.11.017
https://doi.org/10.1111/1751-7915.13290
https://doi.org/10.1111/1751-7915.13290
https://doi.org/10.1073/pnas.1810334115
https://doi.org/10.1073/pnas.1810334115
https://doi.org/10.1073/pnas.1810334115
https://doi.org/10.3390/agriculture11030222
https://doi.org/10.3390/agriculture11030222
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1245
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1245
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1245

56 Jean-Philippe Deguine et al.

Simon, S., Rusch, A., Wyss, E., Sarthou, J.-P., 2014. Conservation biocontrol: princi-
ples and implementation in organic farming. In: Bellon, S., Penvern, S. (Eds.),
Organic Farming. Prototype for Sustainable Agricultures. Springer, Dordrecht,
pp. 83—-105.

Simon, S., Lesueur-Jannoyer, M., Plénet, D., Lauri, P.-E., Le Bellec, F., 2017. Methodology
to design agroecological orchards: learnings from on-station and on-farm experiences.
Eur. J. Agron. 82, 320-330. https:/doi.org/10.1016/j.€ja.2016.09.004.

Sinclair, F., Coe, R, 2019. The options by context approach: a paradigm shift in agronomy.
Exp. Agric. 55, 1-13. https://doi.org/10.1017/S0014479719000139.

Soares, C., Carvalho, M.E., Azevedo, R.A., Fidalgo, F., 2019. Plants facing oxidative
challenges—a little help from the antioxidant networks. Environ. Exp. Bot. 161,
4-25. https://doi.org/10.1016/j.envexpbot.2018.12.009.

Speight, M.C.D., 2020. StN key for the identification of the genera of European Syrphidae
(Diptera). In: Speight, M.C.D., Castella, E., Sarthou, J.-P., Vanappelghem, C. (Eds.),
Syrph the Net, the database of European Syrphidae. vol.105. Syrph the Net
Publications, Dublin.

Sperling, L., Ashby, J.A., Smith, M.E., Weltzien, E., McGuire, S., 2001. A framework for
analyzing participatory plant breeding approaches and results. Euphytica 122, 439-450.
https:/doi.org/10.1023/A:1017505323730.

Stenberg, J.A., 2017. A conceptual framework for integrated pest management. Trends Plant
Sci. 22, 759-769. https://doi.org/10.1016/j.tplants.2017.06.010.

Stomph, T., Dordas, C., Baranger, A., de Rijk, J., Dong, B., Evers, J., Gu, C., Li, L.,
Simon, J., Jensen, E.S., et al., 2020. Designing intercrops for high yield, yield stability
and efficient use of resources: are there principles? Adv. Agron. 160, 1-50. https:/
doi.org/10.1016/bs.agron.2019.10.002%20.

Tamburini, G., Bommarco, R., Wanger, T.C., Kremen, C., Van der Heijden, M.G.,
Liebman, M., Hallin, S., 2020. Agricultural diversification promotes multiple ecosystem
services without compromising yield. Sci. Adv. 6, eabal715. https:/doi.org/10.1126/
sciadv.abal715.

Tayleur, C., Balmford, A., Buchanan, G.M., Butchart, S.H., Ducharme, H., Green, R.E.,
Milder, J.C., Sanderson, F.J., Thomas, D.H., Vickery, J., et al., 2017. Global coverage of
agricultural sustainability standards, and their role in conserving biodiversity. Conserv.
Lett. 10, 610-618. https:/doi.org/10.1111/conl.12314.

Thomas, M.B., 1999. Ecological approaches and the development of "truly integrated" pest
management. Proc. Natl. Acad. Sci. U. S. A. 96, 5944-5951. https://doi.org/10.1073/
pnas.96.11.5944.

Thomine, E., Mumford, J., Rusch, A., Desneux, N., 2022. Using crop diversity to lower
pesticide use: socio-ecological approaches. Sci. Total Environ. 804, 150156. https:/
doi.org/10.1016/j.scitotenv.2021.150156.

Thoumazeau, A., Bessou, C., Renevier, M.-S., Trap, J., Marichal, R., Mareschal, L.,
Decaéns, T., Bottinelli, N., Jaillard, B., Chevallier, T., et al., 2019. Biofunctool: a
new framework to assess the impact of land management on soil quality. Part A: concept
and validation of the set of indicators. Ecol. Indic. 97, 100-110. https:/doi.org/10.1016/
j-ecolind.2018.09.023.

Tixier, P., Duyck, P.-F., Cote, F.-X., Caron-Lormier, G., Malézieux, E., 2013a. Food
web-based simulation for agroecology. Agron. Sustain. Dev. 33, 663—670. https://doi.
org/10.1007/513593-013-0139-8.

Tixier, P., Peyrard, N., Aubertot, J.-N., Gaba, S., Radoszycki, J., Caron-Lormier, G.,
Vinatier, F., Mollot, G., Sabbadin, R., 2013b. Modelling interaction networks for
enhanced ecosystem services in agroecosystems. Adv. Ecol. Res. 49, 437—480. https:/
doi.org/10.1016/B978-0-12-420002-9.00007-X.


http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1250
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1250
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1250
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1250
https://doi.org/10.1016/j.eja.2016.09.004
https://doi.org/10.1016/j.eja.2016.09.004
https://doi.org/10.1017/S0014479719000139
https://doi.org/10.1017/S0014479719000139
https://doi.org/10.1016/j.envexpbot.2018.12.009
https://doi.org/10.1016/j.envexpbot.2018.12.009
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1270
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1270
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1270
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1270
https://doi.org/10.1023/A:1017505323730
https://doi.org/10.1023/A:1017505323730
https://doi.org/10.1016/j.tplants.2017.06.010
https://doi.org/10.1016/j.tplants.2017.06.010
https://doi.org/10.1016/bs.agron.2019.10.002%20
https://doi.org/10.1016/bs.agron.2019.10.002%20
https://doi.org/10.1016/bs.agron.2019.10.002%20
https://doi.org/10.1126/sciadv.aba1715
https://doi.org/10.1126/sciadv.aba1715
https://doi.org/10.1126/sciadv.aba1715
https://doi.org/10.1111/conl.12314
https://doi.org/10.1111/conl.12314
https://doi.org/10.1073/pnas.96.11.5944
https://doi.org/10.1073/pnas.96.11.5944
https://doi.org/10.1073/pnas.96.11.5944
https://doi.org/10.1016/j.scitotenv.2021.150156
https://doi.org/10.1016/j.scitotenv.2021.150156
https://doi.org/10.1016/j.scitotenv.2021.150156
https://doi.org/10.1016/j.ecolind.2018.09.023
https://doi.org/10.1016/j.ecolind.2018.09.023
https://doi.org/10.1016/j.ecolind.2018.09.023
https://doi.org/10.1007/s13593-013-0139-8
https://doi.org/10.1007/s13593-013-0139-8
https://doi.org/10.1007/s13593-013-0139-8
https://doi.org/10.1016/B978-0-12-420002-9.00007-X
https://doi.org/10.1016/B978-0-12-420002-9.00007-X
https://doi.org/10.1016/B978-0-12-420002-9.00007-X

Agroecological crop protection for sustainable agriculture 57

Toffolini, Q., Jeuffroy, M.-H., Mischler, P., Pernel, J., Prost, L., 2017. Farmers’ use of
fundamental knowledge to re-design their cropping systems: situated contextualisation
processes. NJAS Wageningen J. Life Sci. 80, 37—47. https:/doi.org/10.1016/j.njas.
2016.11.004.

Tresson, P., Tixier, P., Puech, W., Bagny Beilhe, L., Roudine, S., Pages, C., Carval, D.,
2019. CORIGAN: assessing multiple species and interactions within images. Methods
Ecol. Evol. 10, 1888—1893. https:/doi.org/10.1111/2041-210X.13281.

Turlings, T.C., Erb, M., 2018. Tritrophic interactions mediated by herbivore-induced plant
volatiles: mechanisms, ecological relevance, and application potential. Annu. Rev.
Entomol. 63, 433-452. https:/doi.org/10.1146/annurev-ento-020117-043507.

UN, 2021. Sustainable Development Goals (WWW Document). United Nations, New York.
URL, https:/www.un.org/sustainabledevelopment/blog/2015/09/summit-charts-new-
era-of-sustainable-development-world-leaders-to-gavel-universal-agenda-to-transform-
our-world-for-people-and-planet/. (accessed 4.5.2022).

Van der Jagt, A.P., Raven, R., Dorst, H., Runhaar, H., 2020. Nature-based innovation
systems. Environ. Innov. Soc. Trans. 35, 202-216. https:/doi.org/10.1016/j.eist.
2019.09.005.

van Etten, J., de Sousa, K., Aguilar, A., Barrios, M., Coto, A., Dell’Acqua, M., Fadda, C.,
Gebrehawaryat, Y., van de Gevel, J., Gupta, A., et al., 2019. Crop variety management
for climate adaptation supported by citizen science. Proc. Natl. Acad. Sci. U. S. A. 116,
4194-4199. https:/doi.org/10.1073/pnas.1813720116.

van Frank, G., Riviére, P., Pin, S., Baltassat, R., Berthellot, J.-F., Caizergues, F.,
Dalmasso, C., Gascuel, J.-S., Hyacinthe, A., Mercier, F., et al., 2020. Genetic diversity
and stability of performance of wheat population varieties developed by participatory
breeding. Sustainability 12, 384. https:/doi.org/10.3390/5u12010384.

Van Mele, P.LJ., Cuc, N., 2000. Evolution and status of oecophylla smaragdina (fabricius) as
a pest control agent in citrus in the mekong delta, Vietnam. Int. J. Pest Manage. 46,
295-301. https:/doi.org/10.1080/09670870050206073.

Vanloqueren, G., Baret, P.V., 2004. Les pommiers transgéniques résistants a la tavelure.
Analyse systémique d’une plante transgénique de “seconde génération”. Le Courrier
de ’Environnement de 'INRA 52, 5-21.

Vannier, N., Agler, M., Hacquard, S., 2019. Microbiota-mediated disease resistance in
plants. PLoS Pathog. 15, e1007740. https:/doi.org/10.1371/journal.ppat. 1007740.
Veres, A., Petit, S., Conord, C., Lavigne, C., 2013. Does landscape composition affect pest
abundance and their control by natural enemies? A review. Agric. Ecosyst. Environ. 166,

110-117. https:/doi.org/10.1016/j.agee.2011.05.027.

Vialatte, A., Barnaud, C., Blanco, J., Ouin, A., Choisis, ]J.-P., Andrieu, E., Sheeren, D.,
Ladet, S., Deconchat, M., Clément, F., et al., 2019. A conceptual framework for the
governance of multiple ecosystem services in agricultural landscapes. Landsc. Ecol. 34,
1653—-1673. https://doi.org/10.1007/s10980-019-00829-4.

Vialatte, A., Tibi, A., Alignier, A., Angeon, V., Bedoussac, L., Bohan, D.A., Bougherara, D.,
Carpentier, A., Castagneyrol, B., Cordeau, S., et al., 2022. Promoting crop pest control
by plant diversification in agricultural landscapes: a conceptual framework for analysing
feedback loops between agro-ecological and socio-economic effects. Adv. Ecol. Res. 65,
133-165. Elsevier. https:/doi.org/10.1016/bs.accr.2021.10.004.

Villemaine, R., Compagnone, C., Falconnet, C., 2021. The social construction of alterna-
tives to pesticide use: a study of biocontrol in Burgundian viticulture. Sociol. Rural. 61,
74-95. https:/doi.org/10.1111/soru.12320.

Vivaldo, G., Masi, E., Taiti, C., Caldarelli, G., Mancuso, S., 2017. The network of plants
volatile organic compounds. Sci. Rep. 7, 1-18. https:/doi.org/10.1038/s41598-017-
10975-x.


https://doi.org/10.1016/j.njas.2016.11.004
https://doi.org/10.1016/j.njas.2016.11.004
https://doi.org/10.1016/j.njas.2016.11.004
https://doi.org/10.1111/2041-210X.13281
https://doi.org/10.1111/2041-210X.13281
https://doi.org/10.1146/annurev-ento-020117-043507
https://doi.org/10.1146/annurev-ento-020117-043507
https://www.un.org/sustainabledevelopment/blog/2015/09/summit-charts-new-era-of-sustainable-development-world-leaders-to-gavel-universal-agenda-to-transform-our-world-for-people-and-planet/
https://www.un.org/sustainabledevelopment/blog/2015/09/summit-charts-new-era-of-sustainable-development-world-leaders-to-gavel-universal-agenda-to-transform-our-world-for-people-and-planet/
https://www.un.org/sustainabledevelopment/blog/2015/09/summit-charts-new-era-of-sustainable-development-world-leaders-to-gavel-universal-agenda-to-transform-our-world-for-people-and-planet/
https://www.un.org/sustainabledevelopment/blog/2015/09/summit-charts-new-era-of-sustainable-development-world-leaders-to-gavel-universal-agenda-to-transform-our-world-for-people-and-planet/
https://doi.org/10.1016/j.eist.2019.09.005
https://doi.org/10.1016/j.eist.2019.09.005
https://doi.org/10.1016/j.eist.2019.09.005
https://doi.org/10.1073/pnas.1813720116
https://doi.org/10.1073/pnas.1813720116
https://doi.org/10.3390/su12010384
https://doi.org/10.3390/su12010384
https://doi.org/10.1080/09670870050206073
https://doi.org/10.1080/09670870050206073
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1365
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1365
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1365
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1365
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1365
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1365
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1365
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1365
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1365
https://doi.org/10.1371/journal.ppat.1007740
https://doi.org/10.1371/journal.ppat.1007740
https://doi.org/10.1016/j.agee.2011.05.027
https://doi.org/10.1016/j.agee.2011.05.027
https://doi.org/10.1007/s10980-019-00829-4
https://doi.org/10.1007/s10980-019-00829-4
https://doi.org/10.1016/bs.aecr.2021.10.004
https://doi.org/10.1016/bs.aecr.2021.10.004
https://doi.org/10.1111/soru.12320
https://doi.org/10.1111/soru.12320
https://doi.org/10.1038/s41598-017-10975-x
https://doi.org/10.1038/s41598-017-10975-x
https://doi.org/10.1038/s41598-017-10975-x

58 Jean-Philippe Deguine et al.

Vogel, H.-J., Bartke, S., Daedlow, K., Helming, K., Kogel-Knabner, I., Lang, B., Rabot, E.,
Russell, D., StoBel, B., Weller, U., et al., 2018. A systemic approach for modeling soil
functions. Soil 4, 83-92. https:/doi.org/10.5194/50il-4-83-2018.

Vreysen, M.J.B., Robinson, A.S., Hendrichs, J., Kenmore, P., 2007. Area—wide integrated
pest management (AW-IPM): principles, practice and prospects. In: Vreysen, M.].B.,
Robinson, A.S., Hendrichs, J. (Eds.), Area—Wide Control of Insect Pests. Springer,
Dordrecht, pp. 3-33. https:/doi.org/10.1007/978-1-4020-6059-5_1.

Vryzas, Z., Ramwell, C., Sans, C., 2020. Pesticide prioritization approaches and limitations
in environmental monitoring studies: from Europe to Latin America and the Caribbean.
Environ. Int. 143, 105917. https:/doi.org/10.1016/j.envint.2020.105917.

Wang, C.H., Wu, L., Wang, Z., Alabady, M..S., Parson, D., Molumo, Z., Fankhauser, S.C.,
2020. Characterizing changes in soil microbiome abundance and diversity due to differ-
ent cover crop techniques. PLoS One 15, €0232453. https:/doi.org/10.1371/journal.
pone.0232453.

Warner, K.D., 2008. Agroecology as participatory science: emerging alternatives to technol-
ogy transfer extension practice. Sci. Technol. Hum. Values 33, 754—777. https:/doi.
org/10.1177/0162243907309851.

Wartenberg, A.C., Blaser, W.J., Roshetko, ].M., Van Noordwijk, M., Six, J., 2020. Soil fer-
tility and theobroma cacao growth and productivity under commonly intercropped
shade—tree species in Sulawesi, Indonesia. Plant and Soil 453, 87-104. https:/doi.
org/10.1007/s11104-018-03921-x.

Wei, C., 2020. Agroecology, information and communications technology, and small-
holders” food security in Sub-Saharan Africa. J. Asian Afr. Stud. 55, 1194-1208.
https:/doi.org/10.1177/0021909620912784.

Wezel, A., Bellon, S., Doré, T., et al., 2009. Agroecology as a science, a movement and a
practice. A review. Agron. Sustain. Dev. 29, 503-515. https:/doi.org/10.1051/agro/
2009004.

Wezel, A., Casagrande, M., Celette, F., Vian, J.-F., Ferrer, A., Peigné, J., 2014.
Agroecological practices for sustainable agriculture. A review. Agron. Sustain. Dev.
34, 1-20. https://doi.org/10.1007/s13593-013-0180-7.

Wezel, A., Herren, B.G., Kerr, R.B., Barrios, E., Gongalves, A.L.R., Sinclair, F., 2020.
Agroecological principles and elements and their implications for transitioning to sustain-
able food systems. A review. Agron. Sustain. Dev. 40, 1-13. https:/doi.org/10.1007/
$13593-020-00646-z.

Wood, S.A., Karp, D.S., DeClerck, F., Kremen, C., Naeem, S., Palm, C.A., 2015.
Functional traits in agriculture: agrobiodiversity and ecosystem services. Trends Ecol.
Evol. 30, 531-539. https:/doi.org/10.1016/j.tree.2015.06.013.

Wyckhuys, K., Heong, K., Sanchez-Bayo, F., Bianchi, F., Lundgren, J., Bentley, J., 2019.
Ecological illiteracy can deepen farmers’ pesticide dependency. Environ. Res. Lett. 14,
093004.

Wyckhuys, K.A., Aebi, A., van Lexmond, M.F.B., Bojaca, C.R., Bonmatin, J.-M.,
Furlan, L., Guerrero, J.A., Mai, T.V., Pham, H.V., Sanchez-Bayo, F., et al., 2020a.
Resolving the twin human and environmental health hazards of a plant-based diet.
Environ. Int. 144, 106081. https:/doi.org/10.1016/j.envint.2020.106081.

Wyckhuys, K.A., Lu, Y., Zhou, W., Cock, M.J., Naranjo, S.E., Fereti, A., Williams, F.E.,
Furlong, M.J., 2020b. Ecological pest control fortifies agricultural growth in Asia—Pacific
economies. Nat. Ecol. Evol. 4, 1522-1530. https:/doi.org/10.1038/541559-020-
01294-y.

Wyckhuys, K.A., Zou, Y., Wanger, T.C., Zhou, W., G¢, Y.D., Lu, Y., 2022. Agro-ecology
science relates to economic development but not global pesticide pollution. J. Environ.
Manage. 307, 114529. https://doi.org/10.1016/j jenvman.2022.114529.


https://doi.org/10.5194/soil-4-83-2018
https://doi.org/10.5194/soil-4-83-2018
https://doi.org/10.1007/978-1-4020-6059-5_1
https://doi.org/10.1007/978-1-4020-6059-5_1
https://doi.org/10.1016/j.envint.2020.105917
https://doi.org/10.1016/j.envint.2020.105917
https://doi.org/10.1371/journal.pone.0232453
https://doi.org/10.1371/journal.pone.0232453
https://doi.org/10.1371/journal.pone.0232453
https://doi.org/10.1177/0162243907309851
https://doi.org/10.1177/0162243907309851
https://doi.org/10.1177/0162243907309851
https://doi.org/10.1007/s11104-018-03921-x
https://doi.org/10.1007/s11104-018-03921-x
https://doi.org/10.1007/s11104-018-03921-x
https://doi.org/10.1177/0021909620912784
https://doi.org/10.1177/0021909620912784
https://doi.org/10.1051/agro/2009004
https://doi.org/10.1051/agro/2009004
https://doi.org/10.1051/agro/2009004
https://doi.org/10.1007/s13593-013-0180-7
https://doi.org/10.1007/s13593-013-0180-7
https://doi.org/10.1007/s13593-020-00646-z
https://doi.org/10.1007/s13593-020-00646-z
https://doi.org/10.1007/s13593-020-00646-z
https://doi.org/10.1016/j.tree.2015.06.013
https://doi.org/10.1016/j.tree.2015.06.013
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1455
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1455
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1455
https://doi.org/10.1016/j.envint.2020.106081
https://doi.org/10.1016/j.envint.2020.106081
https://doi.org/10.1038/s41559-020-01294-y
https://doi.org/10.1038/s41559-020-01294-y
https://doi.org/10.1038/s41559-020-01294-y
https://doi.org/10.1016/j.jenvman.2022.114529
https://doi.org/10.1016/j.jenvman.2022.114529

Agroecological crop protection for sustainable agriculture 59

Yang, T., Siddique, K.H., Liu, K., 2020. Cropping systems in agriculture and their impact on
soil health—a review. Glob. Ecol. Conserv. 23, e01118. https:/doi.org/10.1016/].
gecco.2020.e01118.

Yu, G.-H., Kuzyakov, Y., 2021. Fenton chemistry and reactive oxygen species in soil: abiotic
mechanisms of biotic processes, controls and consequences for carbon and nutrient
cycling. Earth Sci. Rev. 214, 103525. https:/doi.org/10.1016/j.earscirev.2021.103525.

Yvoz, S., Cordeau, S., Ploteau, A., Petit, S., 2021. A framework to estimate the contribution
of weeds to the delivery of ecosystem (dis)services in agricultural landscapes. Ecol. Indic.
132, 1082. https:/doi.org/10.1016/j.ecolind.2021.108321.

Zaffaroni, M., Cunnifte, N.J., Bevacqua, D., 2020. An ecophysiological model of plant—pest
interactions: the role of nutrient and water availability. J. R. Soc. Interface 17, 20200356.
https:/doi.org/10.1098/1sif.2020.0356.

Zehnder, G., Gurr, G.M., Kihne, S., Wade, M.R., Wratten, S.D., Wyss, E., 2007.
Arthropod pest management in organic crops. Annu. Rev. Entomol. 52, 57-80.
https://doi.org/10.1146/annurev.ento.52.110405.091337.

Zhang, ]J., Heijden, M.G., Zhang, F., Bender, S.F., 2020. Soil biodiversity and crop diver-
sification are vital components of healthy soils and agricultural sustainability. Front.
Agric. Sci. Eng. 7, 236. https://doi.org/10.15302/j-fase-2020336.

Further reading

Attoumani-Ronceux, A., Aubertot, J.-N., Guichard, L., et al., 2010. Guide pratique pour la
conception de systemes de culture plus économes en produits phytosanitaires. In:
Application aux systémes de polyculture. RMT SdCI. Ministéres chargés de I'agriculture
et de ’environnement, Paris, France.


https://doi.org/10.1016/j.gecco.2020.e01118
https://doi.org/10.1016/j.gecco.2020.e01118
https://doi.org/10.1016/j.gecco.2020.e01118
https://doi.org/10.1016/j.earscirev.2021.103525
https://doi.org/10.1016/j.earscirev.2021.103525
https://doi.org/10.1016/j.ecolind.2021.108321
https://doi.org/10.1016/j.ecolind.2021.108321
https://doi.org/10.1098/rsif.2020.0356
https://doi.org/10.1098/rsif.2020.0356
https://doi.org/10.1146/annurev.ento.52.110405.091337
https://doi.org/10.1146/annurev.ento.52.110405.091337
https://doi.org/10.15302/j-fase-2020336
https://doi.org/10.15302/j-fase-2020336
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1505
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1505
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1505
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1505
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1505
http://refhub.elsevier.com/S0065-2113(22)00109-2/rf1505

	Agroecological crop protection for sustainable agriculture
	Introduction
	Agroecological crop protection as an ambitious scientific field
	Prevention, biodiversity conservation and soil health: The three pillars of ACP
	Socio-technical systems as catalyzers in the transition to agroecological crop protection
	Challenges facing the implementation of ACP: Relationships between stakeholders, nature and spatio-temporal scales

	Agroecological crop protection as an orderly strategy of best agronomic and landscape practices
	Seven major principles of ACP strategy
	Preparation and implementation of agroecological crop protection on a broad scale
	Preventive measures: The core of ACP strategy
	Observation, knowledge sharing, risk evaluation and decision-making: Cornerstones of ACP
	A generic ACP strategy adaptable to any crop type and any agricultural context

	Agroecological crop protection promoting social interactions among agricultural stakeholders
	Reorganizing the interactions between different agricultural stakeholders, ecological processes and institutions
	Joint initiatives to re-integrate nature into crop protection
	Multi-actor and market diversification strategies for redesigning production systems

	Research approaches to agroecological crop protection
	A systemic approach for healthy agroecosystems
	Interdisciplinarity and transdisciplinarity in ACP
	Participatory approaches as a key route to ACP
	A transdisciplinary case study: Designing and managing ACP orchards

	Agroecological crop protection research needs
	Sustainable seed resources and breeding
	The electrochemical soil-plant health model and a re-examination of the soil health concept
	A new outlook for plant health by controling microbiota-mediated plant-soil feedback
	The potential and limitations of ``at scale´´ innovations and proofs of concept
	Supporting farmers in their adoption of innovative methods
	Exploration of human and social sciences

	Methodological breakthroughs in agroecological crop protection
	New methods to characterize soil functions
	Above-ground functional biodiversity and trophic interactions
	New methods to characterize field odorscapes and to dispense volatiles
	Renewal of experimental and systemic modeling
	New tools to enhance the individual and collective innovation process

	Supporting farmers in the transition to agroecological crop protection
	Co-construction of knowledge in ACP systems
	Making products and equipment available for farmers
	The specific role of bioproducts in ACP
	ACP enhancement via downstream market conditions
	Instruments and policy tools supporting ACP
	From public policy to ecological literacy: Pitfalls to avoid in the popularization of ACP

	Conclusion
	Acknowledgments
	Declarations
	References
	Further reading




