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Integrated Pest Management (IPM) aims to promote physical and biological regulation strategies that
help farmers contain populations of pests (pathogens, animal pests and weeds) and to finally reduce the
reliance on pesticides. It is based on the holistic combination of multiple management measures rather
than on the sum of single methods, each of them having only small effects on pests reduction. Thus, to
analyse the interactions between IPM measures and to evaluate the sustainability of their implementa-
tion, we require an approach considering the whole cropping system (CS), i.e. a functional entity whose
complexity is more than the sum of its parts. A network of European experiments at the CS level was
set up recently, and aimed at sharing data and expertise to enhance knowledge of IPM. Comparison of
existing methodologies highlighted a diversity of CS designs and experimental layouts. We deduced that
the concept of CS itself was viewed differently among scientists, and this affected experimental proto-
cols. Other differences were related to the research context and objectives. Some experiments aimed to
explore very innovative strategies and generated knowledge on both their effects on the agroecosys-
tem and their ability to satisfy a set of performance targets, while others aimed to provide quickly
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adoptable solutions for local farmers in line with the current socio-economic constraints. In some research
programmes, the experiment was part of the CS design process — and tested CS were regularly revised
based on an continuous improvement loop — while in other cases CS were kept stable across years so as to
enable the evaluation of their long-term cumulative effects. A critical aspect contributing to the diversity
among CS experiments was the distinction between a factorial design of experimental CS and systemic
approaches: factorial experiments allowed quantification of the effects of each IPM component regardless
of the consistency between components defining the CS. In contrast, systemic approaches focused on the
overall evaluation of CS designed with consideration of their consistency, hence maximising their ability
to meet the objectives. Because CS experiments represent a huge investment in terms of economics and

time, preliminary reflections of the relevance of the experimental strategy is of critical importance.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The development of the concept of agroecology (Altieri, 1999;
Wezel et al., 2009; Tomich et al.,2011; Duru et al., 2015; Lescourret
et al., 2015), which addresses the growing issue of agricultural
sustainability, has led scientists to better understand the interac-
tions between cropping practices and environmental components
(Matson, 1997; Doré et al., 1997; Steinmann and Gerowitt, 2000).
One of the objectives of the agroecological approach is to take
better advantage of ecological processes, such as biological regu-
lation of pests (pathogens, animal pests and weeds) (Bianchi et al.,
2006), crop pollination (Zulian et al., 2013), or nitrogen supply
(Gerowitt and Wildenhayn, 1997; Hauggaard-Nielsen et al., 2009).
These processes take place at multiple scales, from the plant to
the landscape (Doré et al.,, 2011; Benoit et al., 2012) and they
can be strongly affected by technical management strategies. The
management of these processes aims to provide ecosystem ser-
vices such as food/feed production, climate regulation, reduction of
pests or control of soil erosion (Millenium Ecosystem Assessment,
2005; Zhang et al., 2007). The increasing need to reconcile agri-
cultural practices with the various components of sustainability
(Foley et al., 2011) was the basis of recent political measures in
Europe. Among these measures, Integrated Pest Management (IPM)
systems (Directive 2009/128/EC, 2009), aim to foster agroecolog-
ical approaches (Barzman et al., 2015). IPM is an old concept for
pest management which — by prioritizing the combination of a
wide range of alternative technical levers to chemicals for pest
management — tends to achieve sustainable economic benefits
with the lowest risk to human health and the environment (Glass,
1975; Lechenet et al., 2014; Lamichhane et al., 2016). It has pre-
viously been at the heart of projects conducted on arable farming
systems in the past century (Holland et al., 1994). In the UK, the Box-
worth (1981-1988) and the SCARAB (1989-1996) projects aimed to
investigate the effects of contrasting pesticide regimes on wildlife
(Greig-Smith, 1991; Frampton and Cilgi, 1992), while the TAL-
ISMAN project (1989-1996) was primarily set up to investigate

the effects of pesticide regimes on crop production and economic
profitability (Perks and Lane, 1990). In Germany, the Lautenbach
Project (1978-1989) aimed to evolve on-farm Integrated Farm-
ing Systems in an interdisciplinary approach (EI Titi, 1991) and to
test the potential effects of following the rules of IPM. In addition,
the INTEX-Project (1989-1997) analysed the effects of cropping
systems and management practices focussing on aspects of sus-
tainability, such as production, impacts on the habitat, abiotic
regulation (nutrient and pollutant emissions) and social elements
(Steinmann and Gerowitt, 2000).

The design of sustainable IPM-based strategies and the assess-
ment of their relevance remains a major priority for the 21st
century agriculture. This requires a holistic approach at the crop-
ping system level, for the following reasons:

(i) A cropping system (CS) is a functional entity whose complexity
is more than the sum of its parts (Drinkwater, 2002). Consider-
ation of the CS therefore offers a way to capture the interactions
between all farming practices and provides a true representa-
tion of the consistency of the technical combination driven by
the management strategy (Meynard et al., 2003), i.e. how much
the combination of techniques enable the synergies between all
components of the CS to serve a goal of sustainability.

(ii) The assessment of agricultural performance at the CS scale
allows consideration of the inter-annual effects at the crop
sequence level (Sebillotte, 1990), such as the impacts of suc-
ceeding crops (e.g. nitrogen supply, disease pressure). This
scale is also adapted to study long-term effects of management
strategies on parameters of the agroecosystem, including the
soil organic matter content (Riley et al., 2008) and the weed
seed bank (Moonen and Barberi, 2004).

Methods that can be used to study CS include farm surveys,
modelling and CS-field experiments. Farm surveys generally aim
to (i) provide a better understanding of the links between the
diversity of CS and their environment (e.g. regional diagnosis of
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Table 1
Cropping system experiments contributing to IPM-EASE network and their main
objectives.

s field Location Key objectives of the experiment Starting
experiment year
Continuous recordings of crop performances and weeds and disease
inci in four crop with four tillage regimes
Flakkebjerg CENTS Flakkebjerg ranging from inversion tillage to direct drilling. Annual grass weeds and
. . N " " " 2003
(Denmark) cleavers (Gallium aparine), crop yields, leaf diseases, N leaching, soil
organic matter content and soil physical characteristics have particular
interest
Flakkebjerg PURE |  Flakkebjerg Assessing and comparing the performances of three cereal-based CS:a | 10
field experiment (Denmark) conventional and two IPM-based systems (with two intensities of IPM)
Assessing the medium-long term performances of four innovative
cropping systems designed to (i) comply with a main predefined
Icc Grignon (France) (low gases or low energy ,| 2008
or no pesticide use), (i) satisfy a set of environmental objectives, and (iii)
maintain high production level
. - Assessing the medium-long term performances of a range of innovative
IWM-Epoisses Dijon (France) CS based on Integrated Weed Management (IWM) 2000
(i) Assessing the performances of a range of wheat-based innovative CS
La Cage Versailles likely to conciliate a suitable profitability with environmental 1997
(France) preservation. (i) Providing a package of technical levers adoptable in the
context of the Parisian production basin
(i) Assessing the effects of grain legumes and cover crops on nitrogen
Auzeville and water dynamics and CS agronomical and environmental
LGBl i b E 2004
(France) performances. (i) Providing regional references and data for crop
models (e.g. Stics)
Assessing the performances and the feasibility drivers of five farming
systems (integration of work organization constraints for all cropping
Micro-farms of Boigneville operations as in a real farm), and notably their ability to conciliate 1990
Boigneville (France) productivity and profitability with their proper set of objectives (e.g. low
environmental impact, low workload, low reliance on exogenous N
fertilizers)
Produce new references and knowledge useful for the design of
” innovative CS less reliant on pesticides by: (i) Designing and assessing
Experimental g o ? A ?
e network (France, | 22ble and fodder CS using no pesticide, and assessing their agronomic, | .,
8 sites) Envlronmentz?l .and socio-economic pErfor.mances, (ii) Ana\ys‘lng t.he
effects of pesticide free CS on pest populations and natural biological
Testing experimentally and in practice the CS concept. Assessing the
Sa Auzeville sustainability of three production strategies corresponding to three 1665
(France) levels of farming intensification. This intensification level is defined by (i)
crop choice, (ii) nitrogen supply and (i) irrigation
Comparing the long-term effects of pest management strategies with a
Dahnsdorf factorial approach on a range of CS in order to: (i) determine the
Dahnsdorf LTE (Carmany] required necessary pesticide dosage, (ii) assess the sustainability of 1995
different plant protection strategies, (iii) provide a technical package for
plant protection in organic farming
Assessing sustainability and comparing the performances of three cereal-
Dahnsdorf PURE | Dahnsdorf )\ " oy ¢S ncluding a conventional and two IPM-based CS (two levels of | 2011
field experiment (Germany) . 2
IPM intensity)
(i) Assessing the long term agronomic, economic and environmental
CIMAS LTE pisa (taly) effects of i (low input) vs i gement CS. (ii) 1992
Testing a realistic rain fed crop sequence (for an agro-industrial context)
likely to be adopted by local farmers on a short-medium term
Assessing the effects of introducing a crop sequence starting from a
Cona PURE field Cona (ltaly) continuous maize CS infested with a population of Echinochloa crus-galli 2011
experiment resistant to ALS-inhibiting herbicides, and notably evaluating the
possibility of reversing the resistance selection process
Comparing the multi-criteria performances of combinations of tillage
. systems x N fertilization rates x winter cover crop types in order to
Cover,cropsLTE Pisa (Italy) provide local farmers with an adapted technical package likely to L
improve soil fertility
Assessing and comparing the performances of three maize-based CS
Legnaro PURE > :
fleld experiment Legnaro (Italy) including a conventional system‘and t\{vo IPM-based CS (two levels of 2011
IPM intensity)
(i) Performing agronomic, economic and environmental assessments of a
MASCOT LTE pisa (taly) five year stockless and rainfed crop sequence managed according to 2001
either conventional or organic strategy. (ii) Providing a technical package
by local farmers in the short-medium term
Poznari PURE field ) Assgssing and comparing ?he performances of three cereal—based‘
R Poznan (Poland) | cropping systems: a convent!onal C.S.and two IPM-based systems (with 2011
two intensities of IPM)
(i) A whole-systems, long-term comparison of a conventional vs
Centre for Dundee sustainable cropping system based on a six year rotation of potato,
Sustainable (Scotland) wheat, barley, oilseed rape and field beans. (i) Assessing the effect of 2009
Cropping (CSC) each cropping system on the yield and yield quality for 5 different
cultivars of each crop
JHI Dundee PURE Difidie Assgssing and comparing She performances of three cereal-based‘
i cropping systems: a conventional CS and two IPM-based systems (with | 2011
field experiment (Scotland) g i
two intensities of IPM)
(i) Testing long term effects of cereal-based crop sequence and soil
Changins crop Nyon tillage on pest dynamic, soil characteristics and CS performance. (i) 1667
rotation LTE (Switzerland) Creating differentiated environments to test other management sub-
ies (e.g. cultivar choice and fungicide
(i) Testing long term effects of soil tillage on pest dynamic, on soil
Changins soil Nyon characteristics and CS performance. (i) Creating differentiated 1969
tillage LTE (Switzerland) environments to test other management sub-strategies (e.g. choice of
cover crops)

CS experiments in green belong to the PURE European project, the RésOPest network
appearsinorange. LTE = Long Term Experiment. CS experiments are sorted according
to location country and city.

commercial fields based on multi-annual on-farm surveys, Norman
et al., 1994; Doré et al., 1997), (ii) identify the drivers of CS perfor-
mance in real farming conditions. This approach is, however, less
appropriate when the objective is to assess innovative manage-
ment strategies based on agronomic breakthroughs that possibly
overcome the current regional constraints (e.g. introduction of
crops that have so far no market opportunities). In this case, the
implementation of appropriate CS-field experiments might be the
best way to assess the performance of innovative CS. Anyway,
model-based approaches might be preferred to CS-field experi-
ments since the latter are costly, labour intensive, time consuming
and can be jeopardized by the lack of long-term funding (Soane
and Ball, 1998). Model-based approaches are thus used to test a
wide range of agronomic alternatives under a diversity of environ-
mental conditions (Tricault et al., 2009). However, models often fail
to properly simulate innovative CS unless they are supplied with
data from corresponding field experiments (Rossing et al., 1997,
Jégo et al., 2008). CS-field experiments provide an appropriate sup-
port to (i) assess CS impact on the different compartments of the
environment (Holland et al., 1994; Johnston, 1997), (ii) compare,
in a real field context, various production paradigms (Korsaeth
and Eltun, 2000; Reganold et al., 2001; Deike et al., 2008) and
(iii) discuss management strategies, e.g. crop diversification (Davis
etal.,2012),including ‘innovative’ strategies that are not frequently
found in commercial farms. Testing a CS in a realistic field context
may also provide an effective communication platform to facili-
tate the spread of technical knowledge to commercial farms and to
highlight further resources needed for the implementation of inno-
vative cropping systems (Wijnands and Vereijken, 1992; Coquil
etal., 2014).

Although there is a wealth of evidence from long-term crop-
ping system experiments related to agronomy and environmental
concerns (El Titi and Ipach, 1989; Vereijken, 1989; Viaux et al.,
1989; Peigné et al., 2009; Sainju et al., 2008; Pardo et al., 2010;
see also the review by Johnston, 1997), key questions about the
way to set up and conduct CS experiments are scattered in a
number of publications that are not always readily accessible and
sometimes published in local languages. Schillinger (2010) listed a
number of practical points for the success of CS experiments while
Debaeke et al. (2009) showed that experiments testing IPM strate-
gies based on explicit decision rules may be conducted according
to contrasted methodologies for CS design. By performing a com-
prehensive review of experimental projects on integrated farming
in the 1980’s and 1990’s in Europe, Holland et al. (1994) pointed
out a number of specificities in various experimental designs in
line with the different objectives as well as financial and logistic
constraints. Here we highlight the diversity of existing methods
in IPM-based arable CS experiments across Europe, and propose
an explicit framework to analyse this diversity by considering a
set of key questions to be taken into account before any new
field experiment on CS is initiated. We also expect that the pro-
posed classification will be helpful for future IPM experimental
programmes and help clarify questions that are disputed among
agronomists.

This article is based on a recently established European net-
work of arable CS field experiments named IPM-EASE Network
(IPM-based European Arable System Experiments Network). This
network was built to: (i) exchange ideas on the way to con-
duct an IPM-based CS experiment, from design to data analysis,
and (ii) assess and compare the performance of IPM-based CS.
This network mainly derives from the ENDURE (European Net-
work for the Durable Exploitation of Crop Protection Strategies;
http://www.endure-network.eu/), which is a self-sustained Euro-
pean consortium of research institutes, universities and extension
organisations supporting IPM. Its main target is to connect the mul-
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tidisciplinary research groups working on IPM in Europe and to
create a dynamic scientific community on crop protection.

The first level of diversity identified in the network thanks to
the exchanges regards the definition of “cropping system” itself. We
described the various perceptions of the concept existing within the
network, and we discussed the consequences of these discrepancies
on the decisional flexibility for the management of a given cropping
system. The second level of diversity concerns practical aspects of
experimental schemes. We analysed them through a SWOT analy-
sis (Strengths, Weaknesses, Opportunities, and Threats; Weihrich,
1982). SWOT matrices were built to compare various practical
aspects of CS experiments: (i) the general experimental approaches
(applied, prospective and patrimonial research experiments), (ii) how
the tested cropping systems were designed (factorial vs. systemic
design), (iii) how flexible was the CS management over time (fixed
vs. iterative design), and (iv) the way the experimental layout
could be established (spatial and temporal replication). Finally, we
discussed the links between the different levels of diversity we
highlighted, and the trade-offs we found between the experimental
objectives and the experimental layout.

2. The IPM-EASE network

IPM-EASE was established in spring 2013 and remains fully open
to new contributors. In 2016, the network gathers 27 CS experi-
ments, mostly on-station, located on 18 sites (Tables 1 and 2). The
network is composed of existing experiments set up by various
research organisations, which explains the diversity of experi-
mental objectives and CS design. These field experiments are
implemented in contrasting bio-physical and socio-economic con-
texts, they cover a diversity of research questions and therefore
they study a wide range of alternative CS, mainly based on IPM
(Table 1). Various technical options are tested across this network
referring to the crop sequence, cultivars, soil tillage (e.g. inversion
tillage, reduced tillage, direct drilling), pest management interven-
tions (mechanical weeding, optimised pesticide doses, site-specific
pesticide application) or the management of nitrogen supply. These
technical options are not necessarily tested independently but
could be combined to best satisfy given objectives (Colnenne-
David and Doré, 2015). Some additional details and feedback of
experimenters about their own cropping system experiments are
available in Supplementary information 1 and 2.

CS experiments in green belong to the PURE European project,
the RésOPest network appears in orange. LTE = Long Term Experi-
ment. CS experiments are sorted according to location country and
city.

3. Analysis of existing conceptual and methodological
diversities in experimental approaches

3.1. The various perceptions of the cropping system concept

Since the late 1970s, the cropping system has gradually evolved
as a major concept in agricultural research. This concept is com-
plex and its evolution over time has led to different definitions
(Papy, 2008). Based on the specificities of the IPM-EASE experi-
mental designs, we identified that the perception of the concept
among the experimenters varied according to the degree of deci-
sional flexibility that was considered (Fig. 1; Table 2).

The most common perception of a CS (Perception Pl in Fig. 1) is
based on a strict and narrow understanding of the definition estab-
lished by Sebillotte (1974, 1990). According to this definition, a CS
is a sequence of technical operations implemented homogeneously
onaset of plots. Each CS is therefore described as a pre-defined crop
sequence and a precise set of cropping operations associated with

each crop (Sebillotte, 1978). Any changes, either in the cultivar or in
the sequence of operations, would therefore result in a different CS.
In Fig. 1, wheat (Triticum aestivum L.) is grown on plots 1 and 2 for
this given year, while winter rye is grown in plot 3. This difference
in the crop sequence prevents plot 3 from supporting the same CS as
plots 1 and 2. Regarding the cropping operation sequence, an her-
bicide application was performed on plot 1 (high weed infestation
in wheat), while no herbicide was applied on plot 2. According to
the previous definition, the three plots consequently would support
three different CS.

Another perception of the concept (Perception PII in Fig. 1)
defines a CS as a set of decision-making rules governing the
cropping operations implemented in a given crop sequence. A
decision-making rule is a function which links the decisions to the
context elements at the plot scale, including soil and climatic con-
ditions as well as pest pressure (Sebillotte and Soler, 1988; Aubry
et al., 1998). Field observations are used as decision criteria and are
thus integrated to provide the most adapted solution. The set of
decision-making rules allows more flexibility in the management
than the previous CS definition, tending to mimic the farmer’s deci-
sion making process while maintaining the same objectives and
management philosophy throughout the experiment. InFig. 1, plots
1 and 2 share the same set of decision rules and are considered to
support the same CS, although the implementation of these rules
leads to different sequences of cropping operations in line with dif-
ferent weed pressures (high weed infestation for plot 1, low for plot
2). However, a change in the crop sequence results in a different CS,
and the CS implemented on plot 3 is here considered as different
from the two other plots.

Finally, by further increasing the level of decisional flexibility
(Perception PIII in Fig. 1), some experimenters include the choice
of successive crop species in the set of decision-making rules defin-
ing the CS (Papy et al., 2001). With this perception of the concept,
the crop sequence of each CS is not fixed a priori at the begin-
ning of the experiment. Actually, the crop cultivated in a given
year may vary depending on agronomic (e.g. soil structure, resid-
ual mineral nitrogen, weed/pest/disease infestation) and economic
(e.g. targeted gross profit) considerations. In Fig. 1, the set of deci-
sion making-rules includes the possibility of cultivating winter rye
instead of winter wheat — as the former has a higher weed compet-
itive ability than the latter— if weed infestation after the preceding
crop is high. Through this third perception of the CS concept, the
various technical managements observed on the three plots corre-
spond to a range of possible outputs for the implementation of the
same CS (i.e. the same set of decision rules). One practical advantage
of adopting this perception of the CS concept in CS experiments is
that this makes it possible to remediate any calamity striking the
CS and requiring the destruction of a crop (e.g. excessive pest dam-
age, uneven crop emergence, etc.) and its replacement by another
one sown later in the season. In such a case, the management of
crop damage might be part of the experiment. If the definition of
the tested CS includes an explicit fixed crop sequence, then any
replacement of one crop by another for any reason would severely
impair the experiment.

3.2. ASWOT analysis of the methodological diversity across CS
experiments

3.2.1. Research context and objectives

We identified three types of experimental approaches according
to contrasting expected output: i) applied research; ii) prospective
research, and ii) patrimonial research (Table 2).In applied research,
the questions integrate current and sometimes local farming issues,
and the first objective is to provide practical solutions to farmers
in the short-term (Fig. 2). Results and technical packages produced
consider local farming constraints (e.g. existing market opportu-
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Conceptual and methodological characterisation of the experiments composing the IPM-EASE network. CS definition refers to the different perceptions of the concept (PI,
PII, PIII) we discuss in the section 3.1. CS experiments in green belong to the PURE European project while the RésOPest network appears in orange.

SWOT Analysis
cs
& ‘.‘Ield Location definition Main research orientation CS Design Temporal Experlmenta! laYout
experiment (P, PII, management type of replication
Pl
Flakkebjerg | Flakkebjerg y - 3 y . .
CENTS LTE (Denmark) PI Prospective Tri-factorial Fixed Spatial replication
Flakkebjerg . )
PURE field | ©'2kkebjerg Pl Applied Systemic Fixed Temporal and spatial
A (Denmark) replication
experiment
Grignon < 3 o
Icc (France) Pl Prospective Systemic Fixed Temporal replication
IWM- Dijon . . " S
Epoisses (France) Plll Prospective Systemic Fixed Temporal replication
Fixed (except for
. organic and no-tillage N
La Cage Versailles Plll Prospective + patrimonial Systemic systems which were Temporal and spatial
(France) N N replication
designed with a step-
by-step approach)
Auzeville : Hybrid systemic- . o
LGBI (France) Pll Prospective factorial Fixed Temporal replication
Micro-farms | Boigneville . < " Temporal and spatial
of Boigneville (France) Pl Applied Systemic iked replication
RésOPest Muld sitc PIll Prospective Systemic Iterative Temporal replication
i (France) P! Y P! P
Auzeville Intermediate s i B _n
SGCI (France) Plll applied/prospective Systemic Iterative Temporal replication
Dahnsdorf Dahnsdorf Pl Intermediate Hybrid systemic- Fixed Temporal and spatial
LTE (Germany) applied/prospective multifactorial replication
iy Dahnsdorf Temporal and spatial
PURE field Pl Applied Systemic Fixed S
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nities for crops) for a wide adoption by farmers. Feasibility and
organisational aspects related to workload distribution over time
are often considered as critical aspects to assess (Pardo et al., 2010).

CS experiments with applied objectives provide the opportunity
forinteractions with farmers (Fig. 2), and may even be implemented
in partnership with farmers in their fields (Norman et al., 1994).
The experimental layout, which tends to be based on large plots
with real farm sized equipment, gives the opportunity to further
assess the CS technical feasibility, a key point to ensure the future
adoption of the technical packages produced from the results. The
interactions with farmers may foster evolutions of the experiment
according to technical considerations or observations from farmers.
In addition, addressing current issues for commercial farms may
also open a greater access to private funding sources.

On the other hand, since CS tested in applied research are, by
definition, in line with current systems, drastic changes in crop pro-
duction are not explored. The level of innovation introduced in the
CS design remains limited, and the technical and scientific ques-
tions addressed through the experiment may become obsolete in
the long-run.

In prospective research, experiments are devoted to the pro-
duction of scientific and reproducible knowledge coming from a
better understanding of (i) agroecological processes which drive

CS performance both in the short and the long-term, and (ii) inter-
actions resulting from combinations of agronomic techniques and
their effect on CS performance. The experimental CS are based on
a high innovation level in comparison with CS commonly imple-
mented in commercial farms (Fig. 2). Because strategies for pest
management are based on prophylactic levers associated with high
tolerance thresholds, risks of pest damage are typically unknown
at the beginning of the experiment. Crops with no current local
market opportunities might be introduced into these systems once
they potentially contribute to pest management(Meiss etal.,2010).
One of the risks in testing such a strategy is its potentially poor
dissemination in the short term among local commercial farms.
Nevertheless, this approach provides scientific references for the
development of future CS, which may be particularly interesting
for different stakeholders (scientists, farmers, policy makers).

The main risk of testing innovative strategies may consist of a
failure of CS management due to a lack of technical knowledge, and
potential difficulties in reaching the targeted performances (Fig. 2).
In addition, a better understanding of agroecological processes gen-
erally requires an extensive use of measuring equipment, as well
as spending significant time taking measurements. In some cases,
the time required to acquire experimental data might conflict with
CS management; e.g., time consuming weed counts might conflict
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Three contiguous plots in a given year, which might be considered as supporting either three, two or
one unique CS according to the perception of the CS concept. The crop sequence on the three plots is
based on winter cereals, either wheat (the most frequent) or rye (when the weed infestation level was
high in the previous crop, given its high competitive ability). With the most flexible perception of the
CS system concept, the decision rules for weed management could be stated as following:

Rule (i) If the level of weed infestation is high in the preceding crop then winter rye is sown;
otherwise winter wheat is sown

Rule (ii) If the level of weed infestation exceeds a threshold provided by a decision support system
then it triggers herbicide application

In the presented fictive example, these decision rules triggered the following decision in the
considered year:

Plot 1: The weed infestation in the previous crop was medium, so winter wheat was sown. An
herbicide treatment was triggered since the weed infestation in wheat exceeded the tolerance
threshold.

Plot 2: The weed infestation in the previous crop was medium, so winter wheat was sown. No
herbicide application since weed infestation was under the tolerance threshold.

Plot 3: The high weed infestation level of the previous crop triggered the sowing of winter rye instead
of wheat. No herbicide application since weed infestation was under the tolerance threshold.

Fig. 1. Impact of the perception of the CS concept on the assignment of three plots to one or several CS.

with mechanical weeding operations that cannot be delayed with-
out a loss in weeding efficiency. The highest priority might then be
given to CS management in order to secure CS performance, hence
accepting the risk of incomplete experimental datasets (‘rather
small datasets on a sound CS than large datasets on a CS lacking
consistency’). Similar rules are most often adopted when protocols
are set up for data acquisition in on-farm experiments.

Some CS experiments, and specifically those devoted to the
study of long-term effects of farming practices, have become pat-
rimonial. In such a case the experimental plots might display
differentiated biological, chemical or physical states (seed bank, soil
organic carbon content, soil structure) resulting from the long-term
implementation of contrasting farming practices (Fig. 2). Patri-
monial experiments also provide the opportunity to study the
robustness of IPM-based CS, i.e. the over-year stability of its perfor-
mances, with respect to a progressively changing environment. In
addition, the differentiated experimental plots are often an attrac-
tive support to tackle further research questions. Although these
new questions provide evolutionary perspectives for the experi-
ment and make it multidisciplinary, a challenge still lies in updating
and enriching the experiment with new research topics and tech-
nical innovations without disturbing the management continuity

of the patrimonial experiment. To that perspective, new research
questions must prioritize novel analytical methods (e.g. nutrient
status) or new research fields (e.g. mycorrhiza), rather than new
disruptive management techniques.

3.2.2. Cropping system design

Although all experiments in the network were based on CS,
we identified two contrasting approaches for their design, either
based on a factorial combination of techniques or based on a sys-
temic approach (Table 2). The two approaches produce different
experimental outputs.

Only a limited number of factors are tested with the facto-
rial approach and the cropping systems studied are the result
of all the possible combinations of these factors. The latter can
be either quantitative (e.g.N fertilization rate) or qualitative (e.g.
different varieties), or even binary (activated/deactivated, e.g. pres-
ence/absence of inversion tillage). The range of CS contributing to
the experiment derives from a combination of the management
variants for each factor, each factor varying independently from the
others and all other attributes being held constant. This enables to
(i) separate and quantify the effects of each factor, (ii) study the
interactions between these factors, and (iii) determine the opti-
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Fig. 2. SWOT analysis carried out for the various research orientations observed in the IPM-EASE network.

mal trade-offs within the range of tested factors according to the
objectives to be achieved (Fig. 3). Classical statistical methods such
as ANOVAs are used for identifying factors and interactions with
significant effects.

As CS are designed according to a limited number of factors with
deliberate contrasting values, they might lack consistency at two
levels (Fig. 3): first, it might be possible that none of the tested
combinations are fully consistent with the components of the pro-
duction situation, although this is known to be a critical aspect
that affects both CS performance (Boiffin et al., 2001) and feasi-
bility for farmers. Second, as each factor is fixed independently of
the others, tested CS might have limited intra-system consistency
(between tested factors and with elements that are kept constant
for all CS). This may entail difficulties for interpreting the results.
Forinstance, testing the effect of sowing date on weed dynamic over
several years with a factorial CS design approach would require
an assessment of a range of CS with contrasting sowing dates, by
keeping constant all other weeding techniques (Garcia et al., 2014).
If herbicide treatments are carried out on the same date for all CS
to keep everything but sowing date constant, differences in weed
regulation among CS might be due either to sowing dates or to dif-
ferent growth stages of weeds at the date of herbicide application.
Indeed, the post-emergence treatment with the same herbicide at
the same date and the same dose is likely to be more efficient on
young seedlings emerged after the late sowing than on older weeds
emerged after the early sowing. In this example, testing consistent
CS would have required the combination of early sowings with
early herbicide applications on one hand and late sowings with
later herbicide applications on the other, thereby leaving out the
principle of ‘everything else being held constant’.

In contrast with a factorial design, the systemic approach allows
the integration of an unlimited number of contrasting techniques
into the CS in question, provided that they form a consistent combi-
nation. As each CSis designed to best achieve a set of objectives, the
measurement of CS performances is a way to assess how consistent
is this technical combination.

However, only the effect of the overall combination of tech-
niques can be assessed in CS designed according to a systemic

approach. It is not possible to assess statistically the effect of a par-
ticular technique independently of the effects of the others (Fig. 3).
The experiment of Dijon-Epoisses (see Supplementary information
1 and 2.IV) provides a good example of this point. The CS based on
integrated weed management (IWM) included a weed emergence
escape strategy, with delayed sowing of winter cereals, to avoid the
emergence peak of the major winter weeds (Rasmussen, 2004 ). This
farming practice is combined with other weed management mea-
sures (e.g. diversified crop sequence, occasional ploughing, false
seed bed technique, mechanical weeding, and herbicide application
if necessary), and the control of weeds in the long-term is expected
from the combination of all those measures. Cultivars adapted to
late sowings are sown in case of delayed sowing. As late sowing is
likely to reduce the yield potential for cereals (Pardo et al., 2010),
the fertilisation rate is adapted consistently to reduce the cost of
inputs and compensate for slightly reduced yields. Moreover, this
contributes to reduce the crop disease pressure thereby reducing
fungicide frequency and associated cost. Both the specific role of
delayed sowing in the weed management and the cost-benefit ratio
of this escape strategy remain unknown since delayed sowing is
embedded in a combination of measures, and its specific effects
cannot be separated from those of the whole management strategy.

Considering the limits of both factorial and systemic approaches,
some experiments have taken advantage of the complementarity
between factorial and systemic design by introducing factorial tri-
als within plots where consistent cropping systems are tested (as
in the SGCI and MASCOT experiments, see Supplementary infor-
mation 1,2.IX and 2.XV). These factorial trials allow examination
of individual technical factors including the cultivar, the fertilisa-
tion rate, or cover crops mixtures. In this way, these trials feed
the CS prototypes with knowledge about more efficient techniques
thereby accelerating the optimisation process.

The design of any CS with a systemic approach must ensure its
agronomical consistency through a relevant technical combination.
This principle is supported by ‘systemic agronomists’, who have to
advocate the concept while collaborating with scientists from other
disciplines. Several CS experiments in the IPM-EASE network are
clearly sites for hosting multidisciplinary research that can benefit
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Fig. 3. SWOT analysis carried out for the two types of experimental design observed in the [PM-EASE network.
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Fig. 4. SWOT analysis carried out for the two approaches of temporal management of the cropping systems observed in the [IPM-EASE network.

from innovative cropping practices and/or contribute to the evalua-
tion of the IPM-based CS prototypes. The diversity of research fields
tends to enhance the scientific productivity. However scientists
from other disciplines such as soil microbiology, plant pathology or
plant breeding might not be familiar with the systemic approach.
Combination of the expectations of multiple contributors within
the same experiment might become a difficult task which requires
identification of trade-offs between the scientific approaches of the
different contributors. Otherwise, the risk is to reduce the flexibility
for the experimental design and operations (e.g. plot size, culti-
var choice, organizational aspects for data acquisition), and even to
reduce the agronomic relevance of the CS when many variants have
to be tested to satisfy the requirements of all the scientific partners
(Fig. 3).

The type of CS design process (factorial vs. systemic) might have
consequences for the status of control plots and reference CS, a
critical point that must be carefully considered when initiating a
CS experiment. In factorial CS experiments, one particular com-
bination of factors might be considered as a control. The control
plot might be either the combination with no specific measure for

pest management or with the lowest level of inputs, or it might
be the closest CS to local standard practices. In CS experiments
that follow a systemic approach, the status of control plots and
reference systems is different. CS experiments aim at testing the
capacity of innovative management strategies to attain the objec-
tives for which they were designed (Meynard et al., 2012). Thus,
a reference CS is not mandatory, and the evaluation of tested CS
(e.g. IPM-based CS) might be performed by comparing the perfor-
mances obtained with target performances fixed a priori for each
CS (Steinmann and Gerowitt, 2000; Colnenne and Doré, 2015).
In the assessment of cropping systems sustainability, such target
performances can be defined (i) by normative reference values
established from published scientific knowledge, expertise, polit-
ical decisions or regulations, (ii) by reference values established
from one or several systems (Deytieux et al., 2016). However most
CS experiments with a systemic approach in the IPM-EASE net-
work included a reference system providing reference values for
all the components of the evaluation. The values of yield, net profit,
treatment frequency, etc. observed in the reference system are
typically used to interpret the performances of each alternative
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CS, and occasionally performance might be expressed as relative
values compared to reference values. In all cases when the exper-
imental scheme included a reference system, it was designed so
as to be in line with the current local standard agricultural prac-
tices in the area. In this way, IPM-based CS might be evaluated
as potential alternatives for the corresponding agricultural con-
text. Although defining local standard practices might be difficult
in areas with a high local diversity of farming systems, the com-
parison of assessment indicators of IPM-based CS with those of
the reference CS proved to be very useful in terms of communi-
cation of the results. This is particularly true for indicators that
remain unusual for farmers so far, such as indicators of greenhouse
gas emission, or indicators of eco-toxicity (Deytieux et al., 2012).
Several experimenters experienced difficulties in managing a refer-
ence CS independently of other prototypes of the experiment while
keeping in mind the specific objectives and sets of decision rules of
each CS, and avoiding the influence of information available from
other CS for decision making in the reference CS. These difficulties,
and therefore the risk of “management mistakes”, increase when
tested CS are numerous and tested management strategies are con-
trasting. Some experiments of the IPM-EASE network, such as the
ICC experiment (see Supplementary information 1 and 2.11I), do not
have their own local reference system. Reference values used for
the evaluation of CS prototypes, with respect to current local stan-
dard agricultural practices, had then to be found elsewhere, i.e. from
data outside the experiment. Some CS experiments (e.g. SGCI and
LGBI, see Supplementary information 1 and 2.IX, 2.VI) also included
‘within CS control plots’ that were typically small areas of several
m? with either ‘no pest control’ or ‘full pest control’. These CS con-
trol plots were used either for the specific evaluation of one decision
or for assessment of one key variable useful both to understand
the CS and to interpret the results (e.g. estimation of the potential
yield, or evaluation of the change in potential weed emergence over
time).

3.2.3. Temporal management of cropping systems

In CS experiments designed to address the cumulative effects of
a given technical combination, the experimental management has
to maintain as far as possible a fixed CS over time (Table 2). By avoid-
ing any changes in the sets of decision rules, it is possible to evaluate
the effects of CS on physical, chemical or biological variables that
change over time, such as the soil organic matter content or the
weed seed bank. The continuation of fixed CS over time also makes
it possible to grasp the dynamic of new regulation processes that
requires time before the expected ecological functions become evi-
dent. For instance, CS designed to favour predators of slugs would
permit the build-up of ecological regulation services (Symondson
etal., 2002). However, this process might not be efficient in the first
seasons and thus might require several years of fixed CS before eco-
logical regulations gradually begin to operate. As the avoidance of
chemical pesticides for control of slugs is one of the essential com-
ponents to foster slug predators (Nash et al., 2008), the crop yield
is likely to be severely affected during the first years. The outputs
of such a CS experiment with fixed decision rules would provide
information about (i) the required duration for the establishment
of ecological regulation of slugs, and (ii) the efficiency of the regula-
tion service compared to anti-slug applications. However, practical
drawbacks of keeping absolutely fixed CS might arise if the com-
bination of techniques is less effective with the consequent risk of
irreversible deteriorations (e.g. weed seedbank build-up) likely to
compromise the entire experiment.

Conversely, in the MASCOT experiment and other experiments
in France (RésOpest, SGCI, see Supplementary information 1 and
2), the experiment was considered as part of the CS design pro-
cess adopting an iterative approach based on a “trial and error”
cycle, with a step by step adjustment of the technical combina-

tions and associated decision rules. This continuous improvement
of the technical management ensures a consistent and realistic
implementation of farming practices, with the objective of progres-
sively approaching to the best possible CS performance. A gradual
improvement strategy requires a continuous assessment of the
strengths and weaknesses of the CS, enabling positive interactions
between actors involved in the experiment (Fig. 4). In the case of
the MASCOT experiment, ‘field days’ were frequently organised
with local farmers. The experiment has become a demonstration
platform favouring exchanges, feedback and suggestions for the
improvement of experimental CS. Although this approach had a
great potential to improve the strategy implemented, allowing the
system management to evolve over time is likely to hinder the sci-
entificinterpretation of the links between CS performance and their
potential drivers, along with difficulties to compare CS (Fig. 4).
The two above-described approaches in CS temporal manage-
ment (fixed vs. iterative design) are two extreme options. Actually,
most of the experiments in the IPM-EASE network allow adjust-
ment of their CS at various time scales (e.g. each year in the case
of iterative design, each half crop sequence cycle or each full crop
sequence cycle). These adjustments may be anticipated and for-
malised through meta-decision rules, providing flexibility in the
evolution of the technical combinations in line with the local
perception of the CS concept. In the MASCOT experiment, comple-
mentary adjacent factorial trials were used to test new species and
mixtures as potential cover-crops, and an explicit meta-decision
rule stated that a cover crop that would appear more competitive
than those currently used could be introduced in the CS experiment.

3.2.4. Experimental layout

The experimental layout (i.e. how the CS experiment is organ-
ised in space and time) is another important aspect of the
experimental diversity that we identified in the IPM-EASE network
(Table 2).

Almost all the experiments in the [IPM-EASE network included
replications of tested CS, so that replicated data could be subjected
to statistical analyses allowing a validation of the observed effects.
The only experiment without any real replicate was the Cona PURE
field experiment, which was the only on-farm site, all the other sites
being managed by experimental stations. However, the design of
replicates varied across sites, in line with differences in the percep-
tion of the CS concept. A majority of sites included the so-called
‘spatial replicates’ (i.e. several plots corresponding to the same CS
and the same crop in the crop sequence pattern; Table 2). Spa-
tial replicates shared the same sequence of cropping operations in
sites where the perception I of the CS concept was used. At the same
time, spatial replicates shared the same set of decision rules in sites
where definition Il was used. Spatial replicates are particularly use-
ful in case of high soil spatial heterogeneity that is likely to create
variability in CS performances (Figs. 5 and 6).

When no spatial replicates of the tested CS are available, experi-
mental protocols may include replicates of measurements within a
given plot, as it is the case in the Cona PURE field experiment. How-
ever, these “pseudoreplications” have been extensively criticised
(Hurlbert, 1984), because in such a case statistical methods are
unable to separate the effects of intrinsic inter-plot heterogeneity
from the confounded effects of tested CS. When no true replicates
can be set up, it is worth to consider a meta-analysis over a range
of sites as an alternative.

A majority of IPM-EASE sites included ‘temporal replicates’ of
tested CS. In case of temporal replicates, plots corresponding to
a given CS are grown in a given year with different crops of the
crop sequence pattern. Replicates are not those of the sequence of
technical operations (hence temporal replicates are not consistent
with the perception I of the CS concept), but are those of the set
of decision rules implemented across a climatic variability gener-
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Fig. 5. SWOT analysis carried out for the two types of experimental layouts observed in the IPM-EASE network.
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WW: winter wheat, WB: winter barley, T: triticale, P: spring pea, M: maize

ated due to the differences in the weather of the following years
(Fig. 5). This type of experimental layout requires that most vari-
ables are collected at the CS level. Statistical tests might then be
used to analyse for instance the effects of CS on the cumulative
Treatment Frequency Index (Kudsk and Jensen, 2014) or on indica-
tors of economic profitability, all computed at the CS level. In such
designs, it would not be really sound to compare variables collected
at the crop level such as the crop yield in a given year, provided
that several crop species are grown each year. However, after sev-
eral years, it is still possible to use statistical tests to compare the
distribution of yields obtained across years for a single crop (e.g.
wheat or maize) in different CS. This allows analysis of the effect of
CS on yields for this particular crop.

One option for experimental layout with temporal replicates is
the case where all the crops of the crop sequence pattern are grown
each year for each CS. Then the number of plots required for tempo-
ral replication is related to the duration of the crop sequence. This

may eitherincrease drastically the number of experimental plots, or
reduce the duration of crop rotations, which would consequently
exclude an important IPM measure for arable crops (Fig. 5). This
type of experimental layout matches only with the definition II of
the CS concept, because with such a layout option the crop sequence
must be fixed at the beginning of the experiment, which limits the
potential for crop sequence flexibility foreseen with the definition
Il of the CS concept. Growing all the crops of the crop sequence
each year ensures a better assessment of the effects coming from
inter-annual variability of the weather and of pest pressure on CS
performances. This provides a picture of the whole crop sequence
since the first year of the experiment, which might accelerate the
trial/error cycle associated with iterative-design approaches. The
option of growing all crops of the rotation every year may give
the opportunity to select a “reference crop” common to all tested
CS. Such a “reference crop” strengthens the assessment of the CS
effect (e.g. pests pressure, available nitrogen) and may be partic-
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ularly interesting in providing an additional comparison between
CS when the length of the crop sequence is different from one CS
to another.

Six experiments in the IPM-EASE network (namely MASCOT, La
Cage, the PURE experiments in Flakkebjerg, Poznan, JHI Dundee and
Dahnsdorf, the Micro-farms of Boigneville experiment and Dahns-
dorfLTE, see Supplementary information 1 and 2) combined spatial
and temporal replications thereby increasing the number of treat-
ment plots, up to 648 in Dahnsdorf LTE. The increase in the number
of replicates conflicts with the size of experimental plots (Fig. 6),
and therefore drastically influences the management of the exper-
iment. At the scale of the experimental research unit the available
space to set up a CS field experiment is often limited and there-
fore the experimental design must integrate a trade-off between
(i) the number of CS tested, i.e. the number of management vari-
ants, (ii) the type and number of replicates, (iii) the duration of
the crop sequence (when the option of ‘all crops of the rotation
grown every year’ is chosen), and (iv) the size of plot units. In several
experiments which included temporal replication, such as in most
of PURE field experiments, the duration of the crop sequence was
deliberately limited to keep a reasonable number of plots whilst
still maintaining a suitable plot size. In some cases, the duration
of a funded research project may also be a limiting factor for the
diversity of the crop sequences.

The size of individual plots in IPM-EASE ranged from 25 m?
(CENTS in Flakkebjerg) to 50,000 m? (Micro-farms of Boigneville).
Small plot size associated with an experimental patchwork of crop
types might affect the dynamic of pests as compared to real agri-
cultural landscapes (Holland et al., 1994). This effect of spatial
fragmentation might skew the observed level of pest control in
CS prototypes. Likewise, the ratio length of field edges:plot area is
higher in small plots, which increases the risk of edge effects. From
a technical point of view, a small plot size is likely to influence the
decision-making process in field experiments where CS are defined
as a set of decision-making rules: tolerance thresholds that trigger
decisions may be reached differently than in a realistic field context
(e.g. whatis only a foliar disease patch in a large field could become
a full infestation in a small one). Finally, the size of experimental
plots also determines the type of equipment that can be used for
crop management. Some techniques such as mechanical weeding
require large (several meters) and long (several tens of meters)
plots. The trade-off between plot size and the number of repli-
cates is particularly challenging for on-farm experiments, where
field operations are implemented by farmers themselves. Usually,
one of the conditions required by farmers when negotiating their
active involvement in research is the layout of the experiment.
Indeed, the layout should be compatible with farmers’ system to
avoid waste of time and mistakes while performing treatments. To
facilitate farmers’ operations, experimenters may decide to set up
the experiment without a rigid randomization, although this would
decrease scientific rigor.

Experimental plot connectivity and landscape features must be
accounted for in IPM experiments. Field margin management is
often presented as an effective lever to enhance semi-natural area
within farmland and to benefit from ecological services supplied
by biodiversity (Marshall and Moonen, 2002). Many polyphagous
predators have significantly higher densities close to margins
(15-30m) and beetle banks enhance predator densities within
neighbouring crop rows (Boatman, 1994). Several experiments in
the network included landscape features potentially contributing
to biological regulations, such as grass strips (IWM LTE Dijon-
Epoisses), hedges and margins sown with perennial wildflower
mix (CSC Dundee). However, the management of field margins
has rarely contributed to the discrimination of the tested CS as
the effects can be expected only at the landscape level. Enhanced
biological regulations were mostly expected to benefit pest man-

agement over the whole relevant experiments. The CSC experiment
in Dundee was the only site where the management of field mar-
gins differed among the tested CS, as the perennial flowering
vegetation was sown only in the margins of the ‘sustainable’ treat-
ments. This was possible thanks to the large size of plots (about
3-4ha), and enabled surveys of natural enemies and pollinators
to be carried out. Most often, the management of between-plot
alleys was decided to avoid potential disturbance to within-plot
pest dynamics although the management options differed across
sites. Between-plot alleys were either intensively tilled — in order
to keep the experiment within a neutral environment by avoid-
ing both the effects of alleys and adjacent CS (e.g. ICC Grignon)
— or sown with grass to shield a given plot from the effect of
the adjacent ones, and to avoid between-plot weed dissemination
(Cordeau et al., 2011). Endocyclic pests, as defined by Aubertot and
Robin (2013), have little risk of interaction between plots. However,
tillage operations might disperse endocyclic pests’ inocula sensu
lato (such as pathogenic agents responsible for soil-borne diseases,
weed seeds, or eggs or adults of endocyclic animal pests). It is there-
fore important to perform a careful sanitation of tillage equipment
and pneumatics to prevent cross-contaminations among experi-
mental plots. It is not possible to prevent dispersal of non-, or
slightly endocyclic pests. As physical barriers between plots, such as
rye strips, are not fully efficient, it might be recommended to avoid
observations on the edge of the experimental plots since they are
not representative of the agroecosystems in question. The width of
this edge effect depends on the type of organism and may be even
larger than the experimental plot itself. One way to overcome the
problem of cross-contaminations is to analyse the spatial distri-
bution of statistical residuals and to integrate ad hoc corrections
in the statistical analysis (Kempton, 1997; Durban et al., 2001).
Hedgerows and other physical barriers are expected to reduce
pesticide drift (Lazzaro et al., 2008). For instance, in the MASCOT
experiment, hedgerows were planted to separate the organic CS
from the conventional one. The management of those landscape
features (e.g. hedgerow pruning, grass strip mowing, re-sowing)is a
key factor to reduce risks of cross-contaminations, but also impacts
on microclimate and soil conditions at the crop edge. For instance,
the regular cutting of field margins is commonly associated with
the reduction of ergot (Claviceps purpurea Tul.) that spreads from
the margin to the surrounding cereal crops (Bayles et al., 2009). The
retention of a grass cover between plots may also increase the load
bearing capacity of the ground and therefore facilitate the access
for farming equipment, experimental equipment and staff.

4. Discussion and outlook

The different aspects of diversity we identified within the IPM-
EASE network of CS experiments are actually not independent from
each other. Both the perception of the CS concept and the objectives
assigned to the experiment clearly shape the experimental design
adopted in the different sites (Table 2). We identified five major
objectives in IPM experimental research on CS, some experiments
potentially pursuing several objectives:

e Objective 1: Quantification of the effects of CS components
and their interactions. This type of issue is generally addressed
through factorial trials, most often in line with the definition I
of the CS concept (i.e. a sequence of cropping operations). This
objective necessitates the “everything else being held constant”
rule, to measure and separate the effects of CS components.
Isolating the effect of tested factors from the effect of spatial het-
erogeneity requires several spatial replicates, which contributes
— along with the high number of CS tested — to the substantial
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reduction of plot size. The technical management remains, as far
as possible, fixed over time.

Objective 2: Design of innovative CS through the experimental
iterative approach. Iterative-design of CS is mostly associated
with systemic approaches since its purpose is to get the most con-
sistent technical combination with regard to the target objectives
assigned. The iterative approach refers to the second and third
perceptions of the CS concept, with a critical importance given
to the definition and adaptation of consistent decision-making
rules. Plots supporting the same CS therefore replicate a set of
decision rules leading possibly to different cropping operation
sequences. This adaptive management of CS may benefit from
new technical options, derived from concurrent factorial trials
that address a particular aspect of CS management.

Objective 3: Assessment of the feasibility of CS prototypes in view
of the objectives and constraints assigned to each prototype. In
this case, data collection is organised to evaluate the ability of
CS to satisfy a set of objectives, generally a range of target per-
formances, under different constraints (e.g. a rain-fed cropping
system). The design of the tested CS tends to mimic the decision
making in commercial farms, where objectives and constraints
are the main drivers of implemented strategies. In the same way
as for iterative-design, CS are defined as sets of decision making
rules which may lead to different cropping operation sequences
across plots. The systemic approach is consistent with this objec-
tive, as the aim is to combine techniques into a strategy that
fits to the objectives to be fulfilled. Each CS might have its own
set of objectives and constraints. CS performances might then
be evaluated as compared to their own target, but comparison
between CS is also possible, more particularly when the objec-
tives assigned are defined on the basis of the performances of a
reference CS (e.g. economic profitability must be the same as that
of the conventional system).

Objective 4: Evaluation of long-term cumulative effects of CS
prototypes. This objective might be regarded as a variant of the
previous one. The specificity of this objective is that CS are evalu-
ated in the long-term to assess cumulative effects on biophysical
compartments (e.g. evolution in soil structure or in weed flora). As
the aim here is to measure changes in the agroecosystem, tested
CS are fixed over time as far as possible.

Objective 5: Understanding how CS influence the processes
underlying pest dynamics and damages. This objective might
be based either on factorial or systemic approaches. Generating
knowledge requires many observations and measurements on
contrasting CS and control plots to characterise the response of
the agroecosystem. In such a case, the on-going agroecological
transition should renew methodological approaches: when pes-
ticides were offering a chemical umbrella to limit damages caused
by pests, observations and measurements were used to focus on
crop development (phenology, biomass, Leaf Area Index, etc.) and
abiotic stresses. At present, biodiversity should play a major role
in agroecosystems and the number of variables to be examined in
a given CS experiment should increase to better grasp its interac-
tions with the other components of the agroecosystem. Besides
the development of bio-indicators and automatic data collection,
one way to increase the number of observations in cropping sys-
tem experiments could be a more frequent use of qualitative
scales (ordinal variables) to characterise the biocenosis. The char-
acterisation of processes affected by CS is complex and may cover
multiple research fields. Measurement of indicators over a wide
range of system components would develop the experiment as a
multidisciplinary research platform.

In all of the CS experiments — regardless of the research objec-
tives pursued — the behaviour of the agroecosystem depends
both on the tested CS and on the production situation. Although

the principles of the decision-making are easily extrapolated, the
experimental outputs are site-specific thereby raising the ques-
tion of the generic value of the knowledge produced. One way
to increase the validity domain and thus the generic value of the
results consists in the consideration of a common research ques-
tion at the scale of an experimental network. Networking allows
a cross-reflection between the experimenters from the first steps
of the experimental design (see the example of RésOPest and PURE
experiments in Supplementary information 1 and 2). It facilitates
the sharing of experience and technical knowledge that are critical
for the implementation of innovative cropping systems (Meynard
etal., 2012).It enables also a cross validation of the results, which is
useful to address the question of their generic value. Provided that
protocols are written to standardise data collection among exper-
imental sites, working at the scale of an experimental network
might moreover produce datasets for statistical analyses when
replicates of CS are lacking in each site.

Sharing experiences and analysing the diversity of methodologi-
cal approaches was the first joint activity of the IPM-EASE European
network. A further networking action will be to create a common
database with technical details for each IPM-EASE CS. This database
will support analyses — both to assess CS performances and to iden-
tify multi-purpose and sustainable CS — hence contributing to the
identification of robust IPM strategies for European agriculture.
The review and analysis we present here might thus encourage
the launching of new CS experiments and help the designers of
those new experimental initiatives make better methodological
choices in accordance with their research objectives. We rec-
ommend that anyone wishing to launch a new CS experiment
should thoroughly examine all the issues addressed here, given
that the initial methodological choices might have long-lasting
consequences. Considering the major challenge for agriculture, i.e.
reconciling crop productivity and profitability with limited envi-
ronmental impacts, we also recommend adopting holistic research
approaches wherever possible. We recommend studying farming
systems with strong internal consistency as well as in line with the
surrounding environment. This is key to the design and study of
potentially more sustainable farming systems.
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