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Abstract – Agroecological transition requires that innovative and diversified cropping systems be
developed. Conducting system experiments is an approach well-suited to the analysis of performance of
cropping systems when subjected to soil, weather and biotic stresses. Conducting system experiments
nevertheless gives rise to methodological challenges. Using the Syppre network of experiments, consisting
of five sites in France, we present an original case study that provides valuable methodological and
agronomic lessons on system experiments. The innovative cropping systems tested there are based on crop
diversification (including oilseeds and protein crops), as well as flexible tillage, technical innovations and
optimized crop management. From a methodological standpoint, we show that (i) mixed models are adapted
to a range of experimental questions and constraints; (ii) multifactorial analysis enables the characterization
of relationships between performance indicators; (iii) a multisite experimental network is an efficient
approach not only for answering agronomic questions, but also for addressing methodological issues. From
an agronomic standpoint, we showed that reconciling multiple indicators of performance is still challenging.
Overall, innovative and diversified systems improved the performance of input utilization and
environmental impacts, but with lower productivity and profitability. Introducing legume crops is a
promising strategy because this contributes significantly to reductions in mineral N fertilizer use, energy
consumption and greenhouse gas emissions, without major trade-offs against other performance indicators.
Finally, we showed that the nature of the production situation had a major influence on the performance
profile. This led us to be cautious in making overall analyses especially with regard to general conclusions.

Keywords: Crop diversification / cropping system / experimental design / multivariate analyses / mixed models

Résumé – Multiperformance de systèmes de culture innovants diversifiés à base de cultures
oléagineuses et protéagineuses : identification et résolution de difficultés méthodologiques en
considérant le réseau expérimental Syppre comme étude de cas. La transition agroécologique nécessite
le développement de systèmes de culture innovants et diversifiés. L’expérimentation système est une
approche qui permet l’analyse des performances des systèmes de culture sous l’influence du sol, du climat et
des stress biotiques. Cependant, les expérimentations système soulèvent encore des défis méthodologiques.
Nous présentons une étude originale qui a permis de tirer des leçons tant méthodologiques qu’agronomiques
sur les expérimentations système, à partir de l’analyse du réseau expérimental Syppre qui comporte cinq
sites. Les systèmes de culture innovants testés reposent sur des successions de cultures diversifiées, avec
introduction d’oléagineux et de protéagineux, ainsi que sur un travail du sol flexible, des innovations
ion to the Topical Issue: “Innovative Cropping Systems / Systèmes innovants de culture”.
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techniques et des itinéraires techniques optimisés. D’un point de vue méthodologique, nous avons montré
que (i) les modèles mixtes sont adaptés à une gamme de questions et de contraintes expérimentales ;
(ii) l’analyse multivariée permet de caractériser les relations entre les indicateurs de performance ; (iii) un
réseau expérimental multisite est un dispositif efficace pour répondre à des questions agronomiques, et pour
traiter différentes questions méthodologiques. D’un point de vue agronomique, nous avons montré que
l’atteinte de la multi-performance reste un défi. Globalement, les systèmes innovants et diversifiés ont
amélioré les performances en matière d’utilisation des intrants et d’impacts environnementaux, mais avec
une productivité et une rentabilité moindre. L’introduction de légumineuses est une voie prometteuse en
raison de leur contribution significative à la réduction de l’utilisation d’engrais azotés, de la consommation
d’énergie et des émissions de gaz à effet de serre, sans altérer de façon majeure les autres performances.
Enfin, nous avons montré que la situation de production avait une influence majeure sur le profil de
performances obtenu. Ceci invite à la prudence, notamment en ce qui concerne la généralisation de
conclusions d'analyses globales.

Mots-clés : Diversification des cultures / système de culture / plan d’expérience / analyses multivariées /
modèles mixtes
Highlight

* Experimental design theory and multivariate statis-
tics are useful to system experiments.

* Diversified cropping systems involved trade-off
between performances, in the short term.

* Introducing legume crops improved N-related and
overall performances.

* Benefits from crop diversification depended on
production situations.
Introduction

Agriculture faces multiple challenges towards achieving
sustainable development. It must ensure an adequate supply of
healthy food (FAO, 2019) and feed (Godfray et al., 2010; Foley
et al., 2011), while ensuring that farmers receive a satisfactory
income. Itmust also limit its impacts on theenvironment (Tilman
et al., 2011; Silva et al., 2019), biodiversity (Hallmann et al.,
2017; Stanton et al., 2018; Brühl and Zaller, 2019) and health
(Schwarzenbach et al., 2010). In addition, climate change
(abiotic stresses such as droughts and heatwaves, along with the
development of new biotic stresses; IPCC, 2019), current global
energy crisis, fertilizer scarcity and market price variability
require adaptative management. Research and development
activities do consider these challenges (Schiere et al., 1999;
Martin et al., 2013). However, minor adjustments of current
farming systems will not be sufficient to address the multiple
challenges outlined above. The agroecological transition is a
major process, one that calls for an in-depth review of
management systems, in particular for strengthening ecosystem
services (Zhang et al., 2007; Lescourret et al., 2015; Duru et al.,
2015; Lechenet et al., 2017). Several levers can be used to
enhance ecosystem services in the course of crop production.
One of these is crop diversification across time and space (Gaba
et al., 2014), for example by introducing legumes into the crop
sequence (Drinkwater et al., 1998; Plaza-Bonilla et al., 2017)
through intercropping (Duchene et al., 2017) ormaximizing soil
cover (Elhakeem et al., 2021)with cover crops (Plaza-Bonilla
et al., 2017). Reducing tillage and pesticide use is another one
(Vasilachiet al., 2020;Cros et al., 2021).However, despitemany
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experimental efforts, there is still a lack of knowledge about the
specific effectiveness of particular combinations of levers (Duru,
2013; Rosa-Schleich et al., 2019) in different production
situations, a concept that includes notably soil, climate, and
landscape characteristics (see the definitionproposed byAubertot
and Robin, 2013, adapted from Breman and de Wit, 1983).

Examining multiple indicators of performance of manage-
ment systems therefore necessitates the use of system
approaches. As early as 1974, Michel Sebillotte wrote about
agroecosystems: “the study of such ensembles is practically
impossible with the classic experimental approach [...] since
the range of combinations of factors that come into play is
wide. These transformations of soil andmicro-climate by crops
and associated cropping practices make it necessary to study
cropping systems” (Sebillotte, 1974).

Since the1960s, systemapproachhasbeenused inagricultural
sciences to assess the feasibility and performance of complete
management systems (Brossier et al., 2012), sometimes also with
the objective of better understanding the interactions within
agroecosystems (Doré et al., 2006).Systemexperiments involvea
wide range of action levers chosen for their expected direct or
indirect effects on agroecosystem performance. They are not
aimed at assessing the impact of each individual lever, even
though it is sometimes possible to assess the effectiveness of
individual operations (e.g., mechanical weeding by comparing
weed density before and after the operation).

However, although a method for conceptualizing the
agroecosystem is available (Lamanda et al., 2012) and the
design of cropping and/or livestock systems is now well
documented (Boiffin et al., 2001; Meynard et al., 2012;
Martin et al., 2013), there is little information in the literature
on the design of experimental plans for system experiments.
System experimenters encounter methodological problems
(Schillinger 2011; Bianconi et al., 2013) that are not well
formalized and which can hamper experiments. Bianconi et al.
(2013) explained that the failure to take certain elements into
account when developing protocols has the effect of limiting the
use of statistical methods. As a consequence, it impedes a
rigorous response to thequestions theexperiments address.They
identified the following weaknesses in particular: i) areas
dedicated to system experiments too limited; ii) sample sizes too
small; iii) experiment durations too long; iv) lackof a control.We
propose that the value of system experiments could be improved
by clearly formalizing the experimental questions in advance of
f 26



Fig. 1. Simplified conceptual diagram of the main issues of system experiments in agronomy. Experimental design must be conducted in
accordance not only with agronomic questions, but also with relevant analyses (1). At each step, the identification of methodological issues
(2) and their resolution (3) enables reliable analyses (4) that can lead to new agronomic questions (7). When carrying out data analyses, new
methodological issues may arise (5) and require adaptations (6).
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engaging in experimental design. More generally, the links
between methodological issues related to system experiments
andagronomical questions (Fig. 1) are so strong, that they should
be dealt with holistically.

In order to address both the agronomic and the
methodological issues, this paper uses a case study based
on a dataset obtained from a multisite network system
experiment implemented within the French project named
Syppre (Tauvel et al., 2019; Viguier et al., 2021). Syppre deals
with annual arable crops and seeks to test innovative cropping
system strategies that diversify the crop through introducing
oilseed and protein crops into the rotation.

In this paper, we present the main methodological issues
raised by the design of the Syppre experimental network and
the agronomic questions it addresses. With regard to the latter,
we have selected three priority questions: (i) With regard to
productivity, profitability, input use and environmental
impacts, do innovative cropping systems perform better than
the control systems in the production situations under
consideration? (ii) Are there conflicts between performance
indicators? (iii) Do diversification and the cultivation of
oilseed and protein crops result in improved cropping system
performance?

We then propose methods for answering these questions
and then apply them to the Syppre dataset in order to analyze
and discuss the agronomic questions.

Materials and methods

Description of the Syppre experimental network

Syppre, a collaborative ongoing project initiated in 2014
(Toqué et al., 2015; De Cordoue et al., 2016, 2018; Dubois
et al., 2019), consists of an experimental network of
diversified cropping systems (Cadoux et al., 2019; Tauvel
et al., 2019) implemented in five locations that are
Page 3 o
representative of France’s major regions for arable crop
production: Picardie (PIC), Champagne (CHA), Berry (BER),
Lauragais (LAU) and Béarn (BEA; Fig. 2). These different
situations enable an examination of a large range of soils,
climates, crops and value chains. In each site (Fig. 2), two
cropping systems were implemented: one innovative con-
taining at least one oilseed or protein crop in the rotation; the
other a control. The objective of this experiment was for the
innovative systems to: (i) verify their technical feasibility;
(ii) assess their performance, (iii) fine-tune them. Overall, the
experiment aimed at enhancing knowledge on agroecological
cropping systems.

Cropping system design was carried out by local expert
working groups. Regarding the innovative cropping systems,
their design was carried out according to the de novo design
method (Meynard et al., 2012), based on a prototyping process
(Vereijken, 1997) conducted in workshops. The innovative
cropping systems were designed to meet, both general
multiperformance objectives, common to the five production
situations (Tab. 1), and address local issues, specific to each
production situation (Tab. 2). Ex ante assessments of
performance were made along the lines of those described
by de Cordoue et al. (2016). An iterative design process was
then carried out until an innovative cropping system had been
selected which, a priori, could meet the objectives.

The control cropping system was defined by regional
groups drawing together their collective expertise and the
results of regional surveys on crop sequences and cropping
practices. These control systems were designed to be
representative of the dominant crop rotation in the region
under consideration, with optimized cropping practices to
ensure high technical and economic performance. Following
Debaeke et al. (2009), once a consistent set of decision rules to
trigger technical operations had been formulated, the two
cropping systems were implemented in each of the five
experiments. The innovative cropping systems were widely
f 26



Deep silt loam of 
Picardie

Clay and limestone 
soils of Berry

Humus soil of Béarn

Chalk soils of 
Champagne

Clay and limestone 
slopes of Lauragais

Fig. 2. Geographical location of the Syppre experimental platforms on a climate map (Joly et al., 2010) with soil type according to geographical
regions: Béarn, Berry, Champagne, Lauragais, Picardie. The types correspond to the following climates. Type 1: mountain climate; Type 2: semi-
continental climate and the mountain margins climate; Type 3: Modified oceanic climate of the Central and Northern Plains; Type 4: Semi-
oceanic climate; Type 5: Oceanic climate; Type 6: Semi-mediterranean climate; Type 7: Southwestern Basin climate; Type 8: Mediterranean
climate.

Table 1. Overall objectives common to the innovative cropping systems of the five platforms of the Syppre experimental network: issues,
indicators, and target. *The carbon stock will be used only for the final evaluation of systems.

Issues Indicators (unit) Targeted result

Productivity
Gross energy production (MJ.ha�1) ≥ control system

Energy efficiency (unitless) ≥ control system

Profitability

Direct margin (€.ha�1) ≥ control system

Earnings Before Interests Taxes Depreciation Amortization
(EBITDA) per Human Work Unit (HWU; €.HWU�1)

≥ control system

Input use and environmental
impacts

Treatment Frequency Index (TFI; unitless) -50% compared to regional reference

Amount of mineral nitrogen fertilizer (kg.ha�1) -20% compared to control

Primary energy use (MJ.ha�1) -20% compared to control

Greenhouse Gas emissions (GHG; teqCO2.ha�1) -20% compared to control

Carbon stock (t.ha�1)* ≥ control system
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diversified as compared to the control systems, the number of
crops being between 75 and 250% greater depending on the
platform (Tab. 2).

The experimental set-up was based on blocks repeated two
or three times depending on the platform concerned in order to
ensure the robustness of the results. In each block, all crops in
the rotation of both systems were present each year and were
randomized to avoid bias from crop/year interactions (Fig. 3).
Page 4 o
Each unit plot (one crop of one system in a given year;
Fig. 4) was between 12 and 24meters wide and between 45 and
75 meters long. This was in order for farming equipment to be
used and thus be cultivated under conditions as close as
possible to those typically encountered. Each year, cropping
practices were applied according to sets of technical decision
rules and were recorded. The experiments commenced in 2016
and are designed to have a duration of minimum ten years. As
f 26
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Fig. 3. Conceptual diagram of the experimental design of the Syppre’s experimental network. It is a simplified representation of the components
and their interactions in a given year. It is based on the models presented by (Zuur et al., 2009) in order to translate the physical and technical
components of the system experiment into statistical components. The block 1 structure is representative of the two other blocks (repetition of
the experiment), and the CHA (Champagne) platform is representative of the four other platforms (BEA: Béarn, BER: Berry, LAU: Lauragais,
PIC: Picardie). Plots are elementary units on which measurements are made. They were randomly assigned to a cropping system. An initial crop
was randomly assigned to each plot at the beginning of the experiment. All crops follow each other on each plot across the years according to the
crop sequence. In order to retain the diagram’s clarity, the randomization of the experimental layout is not presented.

Temporal dimension
Year 1 Year 2 Year 3

Spa�al 
dimension

Plot 1 Crop 1 Crop 2 Crop 3
Plot 2 Crop 2 Crop 3 Crop 1
Plot 3 Crop 3 Crop 1 Crop 2

Crops sequence over �me in a 
given plot

Crops distribu�on in a given 
year

Fig. 4. Simplified representation of the spatial and temporal dimensions of cropping systems. The diagram is based on a theoretical situation with
only three plots in a block and three crops in the considered rotation.
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pre-crop effects have a major impact on crop performance, it
was decided not to use the 2016 starting year in the analysis of
the results. The four years considered were 2017, 2018, 2019
and 2020.

Performance indicators

The detailed analysis and comparison of cropping system
performance was based on eight of the nine design objective
indicators (Tab. 1; the carbon stock will be used only for the
final evaluation of cropping systems). Two additional
indicators were also considered: total working time�to add
a social dimension to the analysis �, and the quantity of
pesticide active ingredients to complete the pesticide use
evaluation. The design objectives indicators were selected to
reflect the overall performance objectives, focusing on three
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main aspects: (i) productivity to meet an increasing demand for
food, feed, energy and materials; (ii) profitability for farmers;
(iii) low use of inputs and low environmental impacts to
minimize the overall footprint of cropping systems (Tab. 2).
A gross energy production indicator was used as a proxy for
the overall estimate of photosynthesis, while energy efficiency
was used to gauge energy production in a context of limited
energy availability. Direct margins per hectare were taken as
the indicator of profitability, with EBITDA (Earnings Before
Interests Taxes Depreciation Amortization) used to estimate
farmers’ incomes. The Treatment Frequency Index (TFI), the
amount of mineral nitrogen fertilizer, and the energy
consumption were used to assess inputs. TFI expresses the
frequency of pesticide treatments and is often considered as a
proxy for a pesticide risk indicator (Kudsk et al., 2018). TFI
was calculated as the summation of ratios of applied rates of
f 26
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each active substance divided by its standard approved rate,
weighted by the proportion of treated field area. Greenhouse
gas (GHG) emissions including direct and indirect emissions
were chosen to consider an overall environmental impact. The
soil carbon stock indicator was not selected in the analysis
because it refers to a slow biogeochemical process and its
evaluation after only five years did not appear relevant.

Diversification index, applied to overall rotation diversifi-
cation as well as diversification through oilseeds crops and
protein crops was calculated at the block level according to
Keichinger et al. (2021). Implemented cropping practices and
all other variables were collected at the plot level using the
SYSTERRE® tool (Weber et al., 2019). Performance
indicators were calculated using the same tool (SYSTERRE®,
Weber et al., 2019). The calculation of energy and GHG
emission indicators was based on emission factors, taking into
account direct and indirect emissions/consumptions,
defined within the framework of the GESTIM project
(Gac et al., 2010, 2011), then a conversion into CO2 equivalent,
all according to IPCC guidelines (IPCC, 2006).

The overall dataset does not have any missing values.

Identification of methodological issues and methods to
overcome them

Our methodological approach had three main steps:

1
 Take stock of the available knowledge (objectives,
protocol, experimental design)
2
 Identify methodological issues

3
 Propose solutions to the identified methodological issues
and a method to answer the agronomic questions
The identification of methodological issues was carried out
in two distinct stages based on a dialogue between analysts and
experimenters, completed by methodological considerations
supported by the conceptual scheme presented in Figure 3. First,
we listed methodological issues encountered by experimenters
upstream of analysis. Second, we completed this list with other
issues encountered during subsequent methodological reflec-
tions (while considering solutions, data processing).

Reaching solutions to methodological issues was based on
a conventional statistical approach whereby experiments were
organized in a loop of actions applied to our conceptual model
(Fig. 1): “planning/implementation/analysis/interpretation”
(Dagnelie, 2012). A methodological difficulty identified at
one stage may find a solution at another stage of the
experimental process. We chose to begin at the point where the
agronomic questions were formalized because these were
fundamental to the experimental design and the choice of
analyses. As Dagnelie (2012) rightly pointed out: “Data must
be consistent with the objectives and experimental questions of
the considered trial. That is, they must be thought of since the
design of the protocols”. Thus, we analyzed the agronomic
questions in order to assess:

1
 Whether they were aimed at extrapolation or not. Thus,
whether or not statistics should be used to answer them;
2
 If so, whether the question concerns a comparison, an
evolution or a relationship between variables (Tab. 3),
in order to refine the choice of statistical methods
to be used. Solutions to methodological issues were then
proposed according to whether they required (Fig. 1):
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(i) a modification to the agronomic question; (ii) a revision
of the experimental design and/or data management; (iii)
the identification of a relevant data analysis method. This
choice was made according to an identification key for
analytical methods made for this work (Tab. 3).
Four types of methodological issues were identified: i) data
entry and presentation (between agronomic question and
design, Fig. 1); ii) specificity of the agronomic and statistical
vocabularies (between agronomic question and analyses,
Fig. 1); iii) planning of experiments; iv) specificities of
system experiments.

Since the identified methodological issues were primarily
associated with agronomic questions, we chose to present them
according to these questions. Table 4–simultaneously presents
the list of methodological issues, as well as proposed solutions
based on the method presented in Table 3.

The column “actions” enables us to specify, when
necessary, the method that was implemented for the analysis
of the Syppre dataset to overcome the experimental issues.

One observes that the methodological questions common
to all agronomic questions (Tab. 4) concern experimental
design. A better knowledge of experimental design is a big step
towards solving methodological issues. In our case, the actions
proposed in Table 5 led to the writing of the equation (1): a
mixed model that answers the first agronomic question and can
be applied to each indicator.

Iijkl ¼ mþ Si þ SYij

� �þ Pk þ Bi kð Þ þ SPik þ SYPijk

� �
þ �ijkl 1ð Þ: ð1Þ

The first bracket contains the fixed effect factors and the
second bracket contains the random effect factors. Each
variable of equation (1) is defined as follows:

*
 Iijkl mean value of indicator I, at level i of factor S (system),

at level j of factor Y (year), at level k of factor P (platform)
and at level l of factor B (block)
*
 m : overall mean, quantifying the influence of: i) the two
fixed effects studied (system and year); ii) the controlled
random effects (platform and block); iii) and their
interactions allowed by the experimental design.
*
 Si: measures the mean difference induced by the level i of
factor S. The System effect is a fixed effect.
*
 Yj measures the mean difference induced by the level j of
the factor Y. The Year effect is a fixed effect.
*
 SYij: measures the mean interaction difference between
factor S at level i and factor Y at level j. This effect,
generated by two fixed effects, is also a fixed effect.
*
 Pk: measures the mean deviation induced by the level k of
the factor P. The Platform is considered as a random effect
factor.
*
 Bi (k) measures the mean deviation induced by the level l of
the factor B. Block is considered as a random effect factor
nested in the k levels of the random effect factor P
(Platform).
*
 SPik: measures the mean interaction difference between
level i of factor S and level k of factor P. This effect is
random due to the randomness of the Platform.
*
 SYPijk: measures the mean interaction difference between
level i of factor S, level j of factor Yand level k of factor P.



Table 3. Simplified table representing the identification key of possible analytical methods (Gomez and Gomez, 1984; Siegel and Castellan Jr,
1988; Cady, 1991; Federer, 1999; De’ath, 2002; Baayen et al., 2008; Zuur et al., 200; 9; Dagnelie, 2012; Payne, 2015) based on three generic
experimental questions (column 1). This table does not enable one to answer agronomic questions on a case-by-case basis, but it does provide
guidance and access to the main families of data analysis whenever possible. It is read from left to right. The user chooses at each step the line that
corresponds to a given experimental situation. The proposed analyses can be undertaken only after having verified that the data meet their
validity conditions. A good use of this table begins with the identification of the experiment’s statistical terms: factors, modalities, measurement
scale, blocks, control.

Objective Key 1 Key 2 Main families

Compare groups or systems 1 factor 2 groups / modalities Comparison tests of 2 samples �
According to scale of measurement and size

>2 groups / modalities Comparison tests of more than two samples �
According to scale of measurement and size

>1 factor No blocks Model, multi-factor ANOVA type

Blocks Mixed models

Follow an evolution over time Time factor only No control Graphics only (confounding effect with weather effect)

Control Quantitative measurements
–> Longitudinal models

Qualitative measurements
–> Longitudinal models
–> Proportional tests

>1 factor Quantitative measurements Longitudinal models

Qualitative measurements Longitudinal models
Proportional test

Study the relationships between
variables / indicators

No causal link 2 variables Quantitative & ordinal measurements
–> Correlation tests
Nominal measurements
–> Contingency coefficients
–> Correspondence Analysis

>2 variables Concordance test
Multi-factorial analyses

Causal link 2 variables Quantitative measurements
–> Regression

Qualitative measurements
–> Proportion comparisons (chi2) �
–> Correspondence Analysis

Mixed measurement scales
–> Sample comparisons

–>2 variables Quantitative measurements
–> Multiple regression
–> Principal Component Analysis

Qualitative measurements
–> Discriminant analyses
–> Multiple correspondance analysis

Mixed measurement scales
–> Model to specify
–> Mixed Factor Analysis

Page 8 of 26
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Table 4. Main methodological issues common to the three agronomic questions addressed with system experiments.

Methodological issues Solutions Actions

Should we consider that
the cropping system is
applied either:
- on a plot with a different
sequence term (temporal
dimension)
- on all the plots that each
receive a sequence term
(temporal and spatial
dimensions)

If there is only one plot per year, the studied system has
only a temporal component.
If the system has several crops present each year, the
choice will be made according to whether or not
hypotheses consider the interaction between crops and/or
the overall contribution of all crops to the considered
indicators of performance.

Manipulation of data so that rows in the
data table correspond to the statistical
units associated with agronomic
questions: the plot or all the plots of the
cropping system.
If the format of the data frame has
already been considered during the
planning phase, and that the database
easily allows extractions, this operation
can be performed with ease.

Shou ld we use da t a
collected at the plot level
or at the block level?

It depends on the question. To optimize the relationship
between variables/indicators, the scale must be as close as
possible to the underlying hypotheses of the statistical
analysis.

Tables 5, 6 and 7 show that to answer
the three agronomic questions, we used
the two levels.

Can data from the
different experimental
sites in the network
be gathered, and a
cross-cutting analysis
be conducted?

Yes, if there is a common protocol and measurements/
observations.
It is important not to give identical names in the platforms
for elements that are in fact different. For example, a block
can only be found in one platform.

The platforms become modalities of a
"platform" variable in a global data
table.
Give individual names to the blocks and
plots to make the models fit the
experimental design

Are there enough
replicates?

This question should be addressed during the planning
phase
Power tests are very difficult to implement in system
experiments, given the amount of data collected and
variables/indicators on which tests can be applied. Practical
constraints rarely allow for acceptable number of
replicates, but it is advisable to get as many as possible in
order to avoid attributing to cropping system performance
that are in fact random.
The number of replications is evaluated by taking into
account the spatial and temporal units that can be
processed as blocks.

Identification of all the components of
the experimental layout: experimental
sites, blocks, plots. This permits the
identification of the smallest statistical
unit (here, the plot) and to deduce the
number of units under the same
experimental conditions and the total
number of units involved in a given
statistical model.

Can we answer agronomic
questions that can arise
after the planning phase?

This aspect has to be taken into account when planning the
experiment. This can be achieved by ensuring that the
experiment has a control and sufficient replicates, and a
database system sufficiently flexible to allow any new
variable to be stored. Thus, data already present could be
used to answer new questions. This question is crucial for
long-term experiments.

For each new question, consider
whether the data collected are
appropriate to answer it. This was the
case for the question on the benefits of
diversification with oilseeds and protein
crops.

S. Longis et al.: OCL 2024, 31, 2
This effect is random due to the randomness of the
Platform.
*
 �ijkl: measures the difference between the value of the
experimental unit ijkl and the value predicted by the model
�ijkl model error, is what remains unexplained by the
model. The deviations �ijkl are random.
This model enables us to evaluate the effects of year (which
embeds confounded multiple effects such as weather and biotic
stresses), the type of cropping systemand their interaction,while
controlling the random effect variables “experimental platform”
and“block”, according to thecrossingsandnesting’s highlighted
during the development of the conceptual diagram (Fig. 3).
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These methodological results also highlight the need for
flexibility in data tables or databases. The performance
indicators that can be extracted from Syppre’s experiments are
extremely numerous and not all are pertinent to answering the
considered agronomic questions.

Statistical analyses

All the crops of each system are implemented each year in
the Syppre experimental network. This allows two ways for
analyzing data (Fig. 4). First, one can consider the temporal
dimension of the system under study. This consists of
analyzing the data obtained on a given plot during a complete
f 26



Table 5. Main methodological issues and solutions to answer the question "Do innovative cropping systems perform better than the control
systems in the production situations under consideration?”.

Methodological issues Solutions Actions

Should we use data collected
at the plot level or at the
block level?

In order to control, as well as possible, for possible sources of bias in the comparison of the two
cropping systems, it is advisable to use the smallest unit. We choose the plot here because the difference
between plots will be found in the random variation, whereas with the blocks it could be confused with
the effect of crops and not necessarily be found in the random variation evaluated between blocks.

How to compare cropping
systems?

Given the complexity of cropping systems, the first
step is to verify that there are no elements that
could distort the comparison by confounding effects
or by increasing random variation.
If it is a cross-cutting analysis, the different levels
of spatial scale must be controlled.
A mixed model is the most suitable statistical model
for this question, provided that its conditions of
application are respected.

Check that items that could increase random
variation cannot be controlled even if they were
not included in the experimental design.
Use of mixed models to control the site and
block effects
Lattice graphs are well-suited for visualizing all
the effects that apply to the dependent variable.

How to write a model to
compare systems without
bias?

A good knowledge of the experimental layout to
identify the relevant point.

Design of the conceptual scheme of the
experiment; identification of statistical units,
random effect variables, fixed effect variables,
the way modalities intersect or interlock.

In the context of an
experimental network, can
we compare innovative
systems with control systems
if they do not have the same
number of systems in each
block?

It is necessary that the modalities of the fixed effect
variables are balanced between blocks. If not, it is
advised to retain only common modalities for
carrying out analyses.

The Béarn platform tests three cropping systems
(one control and two innovative) whereas other
platforms only consider two. To overcome this
agronomic issue, we considered only one of the
innovative systems of this platform. The choice
was made for the most promising system (I2,
Tab. 2).

How to implement temporal
variables in statistical
models?

If one of the objectives is to study trajectories of
cropping systems’ effects, time is to be considered
here as a fixed factor, whose effects are to be
evaluated.
When this is not the case, time can be considered as
a random effect factor, allowing repetitions within
the experiment.

One of the objectives of the Syppre
experimental network is to study trajectories of
the effects of cropping systems. Time was
therefore considered here as a fixed factor to be
evaluated. A mixed model was implemented
where time was considered at the interaction
‘platform x cropping system’ level.

How to compare cropping
systems with different
rotations, possibly with
different durations?

If crop diversity is not a lever and crops should not
bias the comparison, the crop variable can be
considered as a random variable and controlled in a
mixed model.
If diversification is considered as a lever, and that
one system is more diversified than another, the
“crop effect” should not be controlled in the model,
as this would affect the comparison of systems
Duration should be a controlled factor. Its impact
can be estimated at any time, but with specific
interpretations at the end of each cropping sequence.

Implement mixed models without the “crop
variable” being controlled.
Our analyses only show the effect of time
during the sequences because no system has yet
completed its crop rotation.

How to deal with
heteroscedasticity, notably
caused by heterogeneity of
crops with regard to
variability, for comparison of
cropping systems?

It is necessary to use models whose
heteroscedasticity is corrected by a mathematical
transformation of the dependent variable.
This is not always satisfactory.

Scaling transformation for dependent variables
when necessary. Use of logarithm, square root
and inverse functions, alone or in combination.
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Table 6. Main methodological issues and solutions to answer the question “Are there conflicts between performance indicators?”.

Methodological issues Solutions Actions

Should we use data collected at
the plot level or at the block
level?

Plot is the preferred statistical unit because it is the unit on which the measurements/
observations were made and the most reliable for studying correlations.

How to study discrepancies
between performance
indicators?

Analyze non causal relationships
between many variables. Multifactorial
analyses are therefore appropriate.

Correlation analysis and Principal
Component Analysis (PCA) in our
case, since all indicators are
quantitative.

How to select variables/
indicators that will be active
variables in a multifactorial
analysis?

Clearly draw the distinction between result variables/indicators (dependent variables) and
explanatory variables/indicators (independent variables) describing: (i) cropping practices
and (ii) the production situation.
Remove from the dataset all redundant and unrelated indicators used in the analysis.

How can we easily identify
discrepancies and concordances
between indicators when an
increase in a performance
indicator can mean either an
improvement or a deterioration
of the considered performance
depending on the specific
situation?

Transform indicators whose increase
indicate a lower performance by adding
a minus sign. Rename the transformed
indicators.

We have added a minus sign in front
of indicator values whose increase
reveals a poorer performance. The
names of these indicators begin
with “m.”
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rotation. Second, one can consider the spatial dimension of the
system under study. This consists of analyzing the data obtained
onall the cropsof the rotation inagivenyear.Wefavouredspatial
dimension analyses because: (i) cropping systems arefine-tuned
over the years; (ii) the time required to observe cumulative
effects of cropping systems is not known a priori.

In order to compare innovative systems against control
systems for all the sites, a cross-cutting analysis was carried
out by indicator. Since the number of indicators was
considerably high (53), we focused on the ten indicators
presented above (see Sect. 2. Performance indicators). The
statistical unit considered was the plot to ensure the most
accurate comparison possible.

A principal component analysis was used to study links
between indicators (additional indicators included) considered
plots as statistical units. A total of 53 indicators that do not
present any redundancy (r>0.95) were used as active variables
(Table S1).

A second principal component analysis was conducted to
study performance, using blocks as statistical units. It was
based on 47 selected result indicators. Moreover, a set of 126
variables/indicators (including diversification indices) were
used to describe the performance classes. The complete
analysis was thus performed with a set of 173 variables/
indicators (Table S1). In addition, a hierarchical clustering
on principal components was performed to describe links
between cropping practices and performance. One can
remark that the two statistical units considered (plots and
blocks) led to different numbers of indicators (53 versus 47,
respectively). This is because only those satisfying the
conditions for using PCAwere kept since a given variable or
indicator has different number of observations/measure-
ments depending whether plots or blocks are considered as
Page 11
statistical units. In addition, some indicators were specific to
the statistical unit considered and therefore also contributed
to the discrepancy between the numbers of indicators
associated to each type of statistical units considered (e.g.,
yield is specific to the plot level; see Appendix 1 for the list
of indicators).

Basic statistical analyses were performed using common
functions of the R software (R Core Team, 2020). More specific
analyses were performed using the following functions:
o

*

f 2
lmer{lmerTest}, for the implementation of mixed models
(extension of simple linear modelscontaining both fixed
and random effects and random effects);
*
 xyplot{lattice}, for the creation of lattice graphs associated
to mixed models;
*
 PCA{FactoMineR}, for the implementation of Principal
Component Analyses (unsupervised machine learning
method that reduces the number of variables of a data
set, while preserving as much information as possible);
*
 plot.PCA{FactoMineR}, for the display of graphs of
Principal Component Analyses;
*
 HCPC{FactoMineR}, for the implementation and visuali-
zation of hierarchical clustering on principal components
(unsupervised machine learning method to group data into
hierarchical clusters in the form of a tree);
*
 catdes{FactoMineR}, for the description of categories,
including those resulting from a clustering operation.
Statistical analyses implemented were preceded by the
verification of the validity conditions in particular: models
residuals homoscedasticity, verification of the PCA correlations
(no redundancy, interpretation of the variables only when their
cos2 �relative contribution- were greater than or equal to 50%
for both dimensions studied to avoid interpretation errors).
6



Table 7. Main methodological issues and solutions to answer the question “Do diversification and the cultivation of oilseed and protein crops
result in improved cropping system performance?”.

Methodological issues Solutions Actions

Should we use data collected at the plot
level or at the block level?

The statistical unit is the block since the
question requires consideration of crop
diversity in the crop sequence.

We used a data frame presenting the mean
per block in a row.

How to summarize performance
indicators by block?

The method should be adapted to each
experimental situation.
In particular, we can use the median, which
is not sensitive to outliers, the mean if
outliers make sense in the summary, the sum
if one does not want a value that is weighted
by statistical individuals. If blocks do not
have the same number of plots, sums will be
affected.

The control and innovative cropping
systems were not implemented in the same
number of plots. The choice of crop
sequence is therefore important for the
overall evaluation of the systems.
We chose the mean to summarize
information since it takes into account the
number of plots.
The value of an indicator for a block-year
corresponds to the mean of its values in
the plots of the block.

How to describe crop diversification,
oilseed and protein crop rate when there
are no specific indicators?

Data extracted from the database do not
always provide variables immediately
relevant for answering specific questions.
Need for manual input: creation of variables
to describe oilseeds, protein crops and
diversification (see below) from the names of
cultivated species in the database.

Calculate diversification, oilseed and
protein crop rate in each block each year
from the plot data table.

How to describe diversification? Use simple calculation of the ratio between the number of different crops and the number of
crops in the crop sequence. Use of a diversification index (Keichinger et al., 2021).

What calculation should be used to
describe the rates of oilseeds and
protein crops?

A simple relationship between the number of oilseed/protein/crops and the number of crops
in the crop sequence.
Adaptation of a diversification index (Keichinger et al., 2021) to oilseeds and protein crops
based on their proportion in the crop sequence.

What analysis should be conducted to
measure the association between
performance indicators, diversification
and oilseed and protein crop rates?

Analyze non causal relationships between
many variables. Multifactor analysis
conducted on selected variables/indicators is
relevant to illustrate multidimensional
performance. Diversification index, oilseed
and protein crop rates are descriptive
variables. A hierarchical ascending
classification on the factorial coordinates is
thereafter recommended.

Principal Component Analysis (PCA) on a
data table where a row is a block
measured in a given year.
PCA performed on the result indicators.
Hierarchical clustering on the components
of the PCA.
Description of the classes with all
indicators, as well as diversification
indices, oilseed rate and protein crop rates.
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Results

Performance of innovative cropping systems as compared
to the control cropping systems

We present below the results of the mixed models when
applied to the indicators identified as priorities in the Syppre
project (Tab. 8). Overall, we first note that the year effect was
significant for almost all the indicators (except for total
working time). However, the year x system interaction was
never significant (Tab. 8). This indicates that the indicators
have undergone a variation over the years that was equivalent
for the control and innovative systems.
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In terms of productivity and profitability, the performance
of the innovative systems was generally worse than those of
the control systems. Gross energy production was significantly
lower in the innovative systems (Tab. 8). This result was
mainly explained by a lower productivity of the diversification
crops included in the innovative systems and sometimes by a
lower yield for the same crop, as was the case for example in
Picardie for potato and sugar beet (Tab. 9). The gross energy
production of the innovative system in Béarn was equivalent to
that of the control (Fig. 5). This is explained by the fact that the
low productivity of soybean (as compared to maize in the crop
sequence of the control) was compensated by the multiple
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Table 8. Results of the mixed models applied to the 10 main performance indicators. We indicated which transformation had been applied to
each indicator in the model, then the p-value associated with the year effect and the year x system interaction. We provide more detailed results
for the cropping system effect: Fisher’s F value and p-value. The last column is an aid to interpretation. EBITDA: Earnings Before Interests
Taxes Depreciation Amortization. yi: individual value for the considered variable. y: set of values in the entire dataset for the considered variable.
y0 represents the various unit variables (y0 = 1 unit of yi) used to standardize yi, when yi is not dimensionless and used as an argument of a
transcendental function, or added to the dimensionless numerical value 1. ICS: Innovative cropping system; CCS: Control cropping system.

Indicator (y) Transformation used Year
p-value

Year x System p-value p-value system F System Direction of
the difference
between ICS
and CCS

Gross energy production
(MJ.ha�1)

ffiffiffiffi
yi

p <1e-03 0.806 <1e-03 17.1716 ICS < CCS

Energy efficiency ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
yi þ 1ð Þ

p <1e-06 0.580 0.640 0.2243 ICS ≅ CCS

Direct margins with
aids (€.ha�1) log

yi
y0

� min
y
y0

� �
þ 1

� � 0.025 0.776 0.090 3.8534 ICS ≅ CCS

EBITDA per unit of
human work time
(€.HWU�1)

ffip yi
y0

� min
y
y0

� �
þ 1

� � <1e-04 0.269 0.029 15.9577 ICS < CCS

Total working time (h.ha�1) ffip yi
y0

� min
y
y0

� �
þ 1

� � 0.160 0.239 0.472 0.5327 ICS ≅ CCS

Treatment Frequency
Index (unitless)

log yi þ 1ð Þ <1e-02 0.776 0.101 5.4448 ICS ≅ CCS

Quantity of active pesticide
ingredients (g.ha�1)

ffiffiffiffi
yi

p <1e-02 0.994 0.820 0.0611 ICS ≅ CCS

Amount of mineral nitrogen
fertilizer (kg.ha�1)

No transformation 0.031 0.770 <1e-06 39.8222 ICS < CCS

Total primary energy used
(MJ.ha�1) log

yi
y0

� � <1e-03 0.936 0.030 35.2472 ICS < CCS

Total GHG emissions
(teqCO2.ha�1)

No transformation <1e-02 0.682 <1.e-05 35.6729 ICS < CCS
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cropping of biomass oat. For Béarn, the higher variance for the
innovative system was explained by the difference in gross
energy production from the different crops of the crop
sequence (soybean versus biomass oatþmaize), whereas the
control system is based on a monoculture of maize. Similarly,
the higher variances of the cropping systems in Béarn, Picardie
and Champagne are certainly explained by a higher difference
among crops, with crops high levels of energy production:
oatsþmaize; sugar beet and potato; sugar beet, respectively.

The EBITDA per unit of human labor time was also
significantly lower in the innovative systems than in the control
systems (Tab. 8). This was not the case for the direct margin
with aid, but the low p-value does not allow us to conclude that
the two systems were equivalent. The overall pattern was one
of lower profitability among the innovative systems. However,
graphical analysis (Fig. 6) point to differing situations across
the platforms. The direct margins were clearly lower for the
innovative systems in Picardie and Lauragais, slightly lower in
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Berry and Champagne and equivalent, or even higher, in
Béarn.

In terms of input use, technical and environmental impact
indicators, the innovative cropping systems performed better
overall than the control cropping systems. Treatment
Frequency Index (TFI) and the quantity of pesticide active
ingredients were not significantly lower in the innovative
systems (Tab. 8). However, a graphical analysis reveals
differences between platforms. TFI were lower for most of
the innovative systems, except for Lauragais (Fig. 7). This
specificity of Lauragais was explained by the difficulty of
reducing the TFI of a current system based on a short rotation
of crops (i.e., durum wheat and sunflower), less impacted by
pests than other arable crops. Regarding the quantity of
pesticide active ingredients, the performance of the innova-
tive systems was diminished compared to the TFI criterion.
For this criterion, the two systems from Béarn, Berry and
Champagne were equivalent and the innovative system in
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Table 9. Potato and sugar beet yields in the Picardie experimental platform for the innovative system and the control, for the four years analyzed.

Year

2017 2018 2019 2020

Potato

Control system (t/ha) 45.0 53.4 55.6 29.0

Innovative system (t/ha) 38.3 44.6 36.6 13.3

Innovative/control (unitless) 0.85 0.84 0.66 0.46

Sugar beet

Control system (t/ha) 99.3 105.1 93.1 73.4

Innovative system (t/ha) 87.5 101.3 72.2 50.8

Innovative/control (unitless) 0.88 0.96 0.78 0.69

Fig. 5. Lattice graph representing gross energy production for each cropping system type per year by platform in the Syppre experimental
network. A point corresponds to a measurement on a plot. The lines connect the means. BEA: Béarn, BER: Berry, CHA: Champagne, LAU:
Lauragais, PIC: Picardie, O: Innov: innovative system, X: control system,— : Evolution of the average of the innovative system, ---: Evolution
of the average of the control system.
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Lauragais was even worse than the control. Only the
innovative system in Picardie showed an improvement
compared to the control system. This shows that the overall
reduction in TFI in innovative systems was partially
compensated by the use of products with a higher
concentration of active ingredients. Lastly, we observed a
slight decrease over time of TFI (Fig. 7), an aspect that
requires further monitoring for confirmation.

The results in terms of primary energy consumption and
greenhouse gas emissions followed the same pattern with
significantly improved performance for innovative systems.
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These indicators are in fact strongly influenced by the amount
of mineral nitrogen fertilizer used, which follows the same
pattern (Fig. 8). The graphical analysis of GHG emissions
shows that this overall result was valid for all platforms. This
result is explained by the effect of (i) the introduction of
legumes, and sometimes low-nitrogen consuming diversifica-
tion crops such as sunflower or hemp in the crop sequences,
and (ii) the optimization of nitrogen management strategies.

The energy efficiency of the innovative systems was not
significantly different to that of the control systems. The high
value of the p-value (Tab. 8) and the graphical analysis (Fig. 9)
of 26



Fig. 6. Lattice graph representing direct margins with subsidies for each cropping system type per year by platform in the Syppre experimental
network. A point corresponds to a measurement on a plot. The lines connect the mean values. BEA: Béarn; BER: Berry; CHA: Champagne;
LAU: Lauragais; PIC: Picardie. O: Innov: innovative system, X: control system, — : Evolution of the average of the innovative system, ---:
Evolution of the average of the control system.
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suggest that the two types of systems were equivalent and that
overall, the reduction in energy production was compensated
by a reduction in energy consumption.

There was no significant difference between innovative
and control systems for working time (Tab. 8). However, there
were local specificities with a lower workload for the
innovative system in Lauragais and a higher one in Béarn
(Tab. 10).

Looking at all the performance criteria for each platform,
we found that in the majority of the five platforms, the
innovative systems performed better than the control systems
in terms of environmental impact and input use but performed
less well in terms of productivity and profitability (Tab. 10).
Are there antagonisms between indicators of
performance?

On the whole, the considered indicators are moderately
structured with an inertia of 33% on the first two factorial axes
of the principal component analysis (Fig. 10). However, this
allows us to highlight the indicators that are the most
structuring. The analysis shows (i) a marked opposition
between productivity indicators (negative values part of Dim 1,
and frugality in inputs, especially primary energy use), and
lower environmental impacts (positive values of Dim 1); (ii)
correlations between economic performance and productivity
indicators (the reduction in production costs does not seem to
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compensate for the decline in production) and (iii) indicators
that are independent of the others, such as energy efficiency,
which do not appear in the first dimensions of the analysis
(Fig. 10).

Dim 2 contrasts with the overall pattern observed for direct
margins and the quantity of mineral nitrogen. This would
reflect the lower profitability of the systems that integrate more
legumes and other ’low-input’ crops (’profitable’ systems at
the top, ’diversified with legumes and low-input crops’
systems at the bottom). The correlation circle crossing
dimensions one and four (not shown) allows the TFI indicator
to appear with a positive value on Dimension 1, in contrast to
the productivity indicators.

Do diversification and the cultivation of oilseed and
protein crops result in improved cropping system
performance?

The analysis of indicators at the block level was globally
consistent with that conducted at the individual plot level. The
first dimension highlighted a slope that placed the most
“productive” systems towards the negative values of Dim 1
(Figs. 11 and 12) and the most “extensive” systems on the side
of the positive values. In addition to this slope, two other trends
were visible on Dim1: the higher proportion of oilseeds with
positive coordinates and the distribution of platforms. The
projection of performance indicators on the plane of the first
two components of the PCA revealed that performance of
of 26



Fig. 7. Lattice graph representing treatment frequency Index for each cropping system type per year per platform in the Syppre experimental
network. A point corresponds to a measurement on a plot. The lines connect the mean values. BEA: Béarn; BER: Berry; CHA: Champagne;
LAU: Lauragais; PIC: Picardie. O: Innov: innovative system, X: control system, — : Evolution of the average of the innovative system, ---:
Evolution of the average of the control system.

Fig. 8. Lattice graph representing total greenhouse gas emissions for each cropping system type per year per platform in the Syppre experimental
network. A point corresponds to a measurement on a plot. The lines connect the mean values. BEA: Béarn; BER: Berry; CHA: Champagne;
LAU: Lauragais; PIC: Picardie. O.: Innov: innovative system, X: control system, —: Evolution of the average of the innovative system, ---:
Evolution of the average of the control system.
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Fig. 9. Lattice graph representing energy efficiency for each system typeper year per platform in theSyppre experimental network.Apoint corresponds
to a measurement on a plot. The lines connect the means. BEA: Béarn; BER: Berry; CHA: Champagne; LAU: Lauragais; PIC: Picardie. O: Innov:
innovative system, X: control system, — : Evolution of the average of the innovative system, ---: Evolution of the average of the control system.

Table 10. Qualitative assessment of the performance gap trend of the innovative cropping system compared to the control system for each of the
five experimental platforms. The symbols mean that the results of the innovative system are inferior (<), inferior or equal (�), equivalent (≈),
superior or equal (≥) or superior (>) to the control system. The color code refers to the level of satisfaction, which refers to the absence of
deterioration in economic performance, productivity and working time, and to the improvement in environmental performance and input use.
Green means satisfied, red dissatisfied, yellow partially satisfied. BEA: Béarn, BER: Berry, CHA: Champagne; LAU: Lauragais, PIC: Picardie).

Indicator (y) BEA BER CHA LAU PIC
Gross energy 
produc�on ≈ < < ≈ <

Energy 
efficiency > ≈ ≈ ≈ ≈

Direct margins 
with aids ≥ ≈ ≤ < <

EBITDA per unit 
of human work 
�me

≤ < < < <

Total working 
�me > ≈ ≈ < ≈

Treatment 
Frequency 
Index

< < < > <

Quan�ty of 
ac�ve pes�cide 
ingredients

≈ ≈ ≈ > <

Amount of 
mineral 
nitrogen 
fer�lizer

< < < < <

Total primary 
energy used < < < ≈ <

Total GHG 
emissions < < < < <
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Fig. 10. Correlation circle crossing the first two components of the principal component analysis performed on the result performance indicators
(53 in total) measured on plots. We represent here only the vectors whose cos2 (relative contribution) is greater than or equal to 50%. Indicators
whose name begins with "m." are those whose value has been modified by adding a minus sign so that the direction of the vector indicates an
improvement in the desired performance. Thus the arrow for "m.N_miner" indicates the direction of the decrease in nitrogen use (Tab. 6).
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cropping systems was related more to production situations
than the type of cropping system (innovative versus control;
Fig. 12).

The analysis showed a slight difference between control
and innovative systems. The cropping systems with the highest
coordinates on Dim 2 were the innovative ones (Fig. 12). They
were associated with higher proportions of legume crops, and
therefore in principle with a lower amount of applied mineral
nitrogen and lower greenhouse gas emissions, but also, more
surprisingly, with a lower TFI (Fig. 11). This unexpected link
could probably be explained by the fact that innovative
systems, with more legume crops, also implement agroeco-
logical crop protection strategies. We also noted that there was
no inversely correlated indicator on Dim 2, so there would not
be any major opposition between the performance indicators of
innovative cropping systems.
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The clustering confirmed the major influence of the
production situation on the performance profile and the minor
influence of the type of cropping system (Fig. 13; see
Appendix 2 for the descriptions of the obtained classes). With
the exception of Béarn, both systems and all values of the same
platform were always in the same cluster. The diversification
descriptors did not have a marked impact on the performance
profile. The platform in Béarn, a situation with high production
potential, was notable in this ranking. An innovative system
(Béarn I2) occupied a cluster alone (Fig. 13, cluster 1 in black).
Its factorial position (negative coordinates on Dim 1 and
positive coordinates on Dim 2) showed that this system would
be one of those best reconciling multiple performance
indicators. The description of this cluster, which was
characterized by a higher proportion of protein crops, a lower
proportion of oilseeds and a lower overall diversification,
of 26



Fig. 11. Correlation circle crossing the first two components of the principal component analysis performed on the result indicators (53 in total)
averaged by blocks. When indicators were redundant, only one was retained. We represent here only the vectors whose cos2 (relative
contribution) is greater than or equal to 50%. Indicators whose name begins with "m." are those whose value has been modified by adding a
minus sign so that the direction of the vector indicates an improvement in the desired performance. Thus, the arrow for "m.N_miner" indicates
the direction of the decrease in nitrogen use. The blue vectors are illustrative and represent the indicators we have chosen to represent
diversification as well as the oilseed and protein crop rates.
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confirmed this assumption since it presented a high value of
gross energy production, high energy efficiency, a high direct
margin, and also low TFI and mineral nitrogen input.

Lessons learned and discussion

The analysis of data collected from the Syppre experimen-
tal network demonstrates the importance in system experi-
ments of the interconnections between methodological
considerations and the agronomic questions being addressed.

The planning of experiments is the key stage in
answering agronomic questions

Beyond a non-exhaustive inventory of methodological
issues, it was possible to identify their respective potential
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impact on the experiments and the solutions to deal with them.
Among the most noteworthy solutions, we showed that the
planning of experiments is the key stage for avoiding certain
pitfalls and ensuring that agronomic issues are properly
addressed. Schillinger (2011) went as far even as to
recommend “involve a statistician from the very first to
ensure that the experimental design is valid and the most
appropriate for the study”.

We have seen that under these conditions, experimental
data can be processed with statistical tools such as mixed
models and multifactorial analyses. As in other experimental
domains, the main limiting factor is the size of the data set. It is
therefore crucial that block-based experimental designs be
used to enable spatial and temporal constraints to be managed,
while contributing to the increase of the size of the collected
data set.
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Fig. 12. Projection of individuals on the plan of the first two components of the principal component analysis of performance indicators by
block. Each main color corresponds to a platform and the systems being tested there are identified by a variation of shade.
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Experimenting in a network has many benefits

Our case study showed the benefits of working in the
framework of an experimental network with coordinated
platforms, with common objectives and standardized proto-
cols. In such a situation, the heterogeneity brought by the
platforms can be integrated in the planning phase so that
analyses are not biased. Hence, while the size of the datasets
from individual platforms was insufficient for drawing
conclusions on general agronomic questions, not specific to
platforms themselves, the entire dataset considered as a whole
was indeed sufficient for statistical tools to be employed to
address them.

We have also highlighted the value of having a control
system in these experiments. Beyond the objective of assessing
innovative cropping systems, the presence of a control system
is essential for long-term studies because it enables cumulative
system effects over time to be dissociated from pedoclimatic
effects that apply to all of the cropping systems being tested.
This appears especially important since the mixed models
allowed us to conclude that the “year” effect often had a greater
impact on the variation of indicators than the cropping system
effect per se. The year effect might well be explained by
meteorological and/or economic fluctuations, but information
on these would have to be integrated into the dataset and
analyzed for this to be confirmed.
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Cropping systems and statistical units must be clearly
defined

The statistical analyses could be completed only once two
other related methodological questions had been solved: How
to describe a cropping system in a cropping system
experiment? What is the appropriate statistical unit to
consider?

The first question had not been identified initially but was
revealed during exchanges between experimenters and
analysts in the course of the study. This highlights the
importance of these regular exchanges all along the
experimental project.

According to Sebillotte (1990), a cropping sytem is defined
as a set of management operations implemented on identically
cultivated plots (one or more fields; spatial dimension). Each
cropping system is defined by the crop sequence, and the crop
management system associated to each crop, including cultivar
choice. The crop management system (“itinéraire technique”
in French) has been defined as a logical and ordered
combination of techniques which make it possible to control
the environment and to derive a given production from it
(Sebillotte, 1974). Cropping systems are thus paced by the
cultivation of different crops (except for monocultures) and
have effects on soil properties that cumulate over the years
(temporal dimension). Due to lack of space, cropping systems
of 26



Fig. 13. Graphs resulting from the hierarchical ascending clustering performed on the PCA factorial coordinates using 53 result performance
indicators. A partition in 5 classes was made. Description of the classes resulting from this clustering operation is provided in Table S2.
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are often tested solely in terms of their temporal dimension
(Lechenet et al., 2017), which requires experimenters to wait
until the end of a rotation to conclude on the performance of the
cropping systems being tested. For the Syppre experiments, the
choice was made to consider both the temporal and spatial
dimensions with the annual reproduction of all the crops in the
rotation. In these circumstances, cropping systems can be
considered in two ways: repeated on each plot with a different
crop of the rotation each year; repeated on each block each year
with all the crops of the rotation. In this case, the annual results
of the crop sequence (spatially distributed crops of the rotation)
are considered as an annual realization of the considered
cropping system. In this approach, after short periods of time,
the cumulative impacts of preceding crops and cropping
practices are not well taken into account. However, this
approachpermits to provideuseful information in an efficientway
(i.e., in a short time), at the cost of neglecting cumulative impacts
of preceding crops, preceding cropping practices, and slow
mechanisms. The longer the experiment, the better cumulative
effects of cropping systems can reveal. Thus, there is a trade-off
between time depth of experimental approaches and relevance of
agronomic results which must be up to date for farmers.

From a methodological standpoint, the presence of all the
crops of a rotation and the repetition of the crop rotation each
year means that the rotation systems under test can be
evaluated on both their temporal and spatial dimensions.
Depending on the agronomic question being considered, it will
be possible to use the "plot" (rotation over time) or the “block”
(rotation within the plots) as the statistical unit. Thus, even if
cropping systems have not yet completed their first rotation in
time, it is still possible to draw annual conclusions and to study
the first temporal evolutions and so the transition period during
which the cumulative effects of new cropping system appear
gradually. However, this early analysis does not allow to draw
conclusions about long term processes such as weed infestation,
or soil carbon sequestration. Definitive conclusions on perfor-
mance of the tested cropping systems therefore require a longer
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time, at least one rotation length. It was possible to show that
using data per plot was more relevant for comparing cropping
systems and for studying discrepancies between indicators.
Also, the study of links between diversification and multiple
performance indicators canbeperformedonlybyusingblocks as
statistical units. In addition, when the study ofmultidimensional
performance involvesdiversification, this canonly be conducted
at the level of rotations. More generally, we believe that the
analysis of data from a system experiment requires several data
tables, the number depending on the statistical unit being
considered. In order to save time and avoid mistakes, we
recommend anticipating this multi-level aspect when construct-
ing databases. Likewise, the storage tools must permit the
simplified and personalized addition of new variables, such as
diversity indices, that are essential for answering certain
agronomic questions. To assess the implications of diversifica-
tion and the introduction of oilseeds and protein crops, we had to
conduct tedious data manipulation between two tables. To avoid
this type of inconvenience, we recommend ensuring at the
earliest stage that all the variables relevant for future analyses
have been incorporated into the dataset’s structure.

Many methodological issues remain to be resolved

We have chosen to present answers to methodological
issues of primary importance. However, there are still many
questions that merit being addressed. In particular, how to
evaluate the “preceding crop effect?”How to deal with data for
which measurements have not been carried out every year? Or
how to deal with crop data when there are two harvests per year
(a frequent situation when cover crops are cultivated for energy
purposes).

Finally, it should be borne in mind that the methodological
issues identified with the Syppre experimental network are
common to many other system experiments. Also, there are
other methodological issues that have not been addressed here
due to the diversity of objectives, themes, domains or
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experimental designs. For example, we did not include any
questions about the analysis of biodiversity measurements, the
evaluation of decision rules, or the analysis of cropping
systems when not all crops of the rotation are present each
year, or when there are no replicates.
Agronomic results
Reconciling multiple indicators of performance

There is a general consensus in the literature that
agroecology is the way for reconciling multiple indicators
of performance in production systems (Tilman et al., 2002;
Robertson et Swinton, 2005; Malézieux, 2012; Duru et al.,
2015). However, published results on concrete cases remain
scarce. Our results show that developing an innovative system
that reconciles multiple indicators of performance is not
straightforward.

A first explanation is the antagonism between indicators of
performance that was highlighted in our study. Even though we
found a pattern of positive correlations between productivity
and profitability criteria, a strong antagonism between
productivity and primary energy consumption indicators
was observed. This antagonism between productivity/profit-
ability and input use/environmental impacts has been
highlighted already in other studies (Rosa-Schleich et al.,
2019), notably in the French context (Bonnet et al., 2021). In
their study, Lechenet et al. (2014) did not detect any correlation
between the intensity of pesticide use and either productivity or
profitability. However, they did show that the productivity of
integrated systems was lower than that of conventional
systems, confirming our results which indicate the difficulty of
maintaining productivity at the same level in agroecological
systems after four years of transition. Regarding pesticide use,
our study revealed unexpected results.While TFI were reduced
in four of the five innovative systems, it was higher in one of
them. This case of Lauragais was explained by a control
system based on a rotation of two crops including sunflower,
which is one of the arable crops with the lowest TFI in France
(SSP�Agreste, 2019). The lengthening of the rotation to eight
years, with five new crops having a higher TFI was not
compensated by a reduction in the overall pest pressure and led
to an increase in the TFI at rotation level. This result underlines
the importance of considering local production conditions
when explaining performance and the capacity of systems to
reconcile multiple indicators of performance, as already
highlighted by Beillouin et al. (2019) and Duru et al. (2015).
The fact that the performance indicator clustering distin-
guished more the effects of production situations than the types
of cropping systems strengthened this conclusion and should
cause caution when generalizing the performance results of
agroecological systems. This finding also suggests that deeper
changes in local agri-food systems might help remove
obstacles to more profound diversifications in cropping
systems.

Another explanation for the difficulty of reconciling all the
objectives is the lack of hindsight in the experiment, as the
analysis only covers the first four years of experimentation.
Indeed, innovative systems require time for technical learning
(Colnenne-David et al., 2017) and the effects of strategies
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implemented to suppress weeds, animal pests and diseases are
only gradual (Deguine et al., 2017; Liu et al., 2022). The case
study revealed the difficulties in mastering innovative
techniques, such as in Picardie with the planting of potatoes
and sowing of sugar beet without plowing, or more generally in
ensuring the success of lesser-known diversification crops.
Rosa-Schleich et al. (2019) showed that the trade-off between
ecological and economic indicators of performance was
frequent in the short term and reported many examples of
improved productivity and profitability over the longer term.
However, with the lack of interaction between the cropping
system and the year effects in our results, we could not show
any progressive improvement effect of the innovative systems,
as compared to the well-mastered control systems. If this effect
had indeed existed, it would have had to be larger, in view of
the weather and biotic stress hazards from one year to the next,
if it was to be revealed within this time frame.

Future data will be useful to verify this hypothesis of
progressive improvement and possibly to specify the period of
time that has to lapse before a new balance is reached.
Furthermore, economic performance should be analyzed to
take into account: (i) their variability; (ii) a wider range of
economic drivers, not only input prices, agricultural product
prices, labor costs, but also the costs of all negative
externalities (Bourguet and Guillemaud, 2016). In any case,
this additional example of ecological-economic trade-off
highlights the importance of considering the use of financial
instruments to recognize environmental performance and/or to
support the implementation of cropping system diversification,
such as proposed by Rosa-Schleich et al. (2019).

Finally, we found that our ex-post results differed
significantly from the results obtained through the ex-ante
evaluation (Viguier et al., 2021). In particular, the ex-ante
evaluation showed an economic benefit for all five innovative
systems, which was not observed in this study. This difference
should be explained, as previously detailed, by the time needed
to attain mastery of innovative cropping systems and benefits
from their cumulative effects, as well as by a tendency to
overestimate the performance of diversification crops in the ex-
ante hypotheses, as observed by Colnenne-David et al. (2017).
Impact of diversification strategies on performance

The innovative cropping systems being tested were very
diversified in comparison to those in other studies (e.g., Bonnet
et al., 2021) and relative to the control systems. While
diversification is often considered as a major way to reconcile
multiple indicators of performance (Lin, 2011; Ratnadass et al.,
2012; Gaba et al., 2014), our results were not as definitive.

Principal component analysis did not link the level of overall
diversification to a particular performance profile, thereby
indicating that diversification was neither favorable nor
unfavorable to multiple indicators of performance. However,
this absence of a linkwaspartly explainedby themajor impact of
the production situation in performance profiles. In spite of this,
the cluster that contained only an innovative system reconciling
multiple indicatorsofperformancewascharacterizedbya lower-
than-average level of diversification. Furthermore, the detailed
platform-by-platform results, which allowed us to overcome
the production context effect, showed that, across all the
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performance criteria, the more diversified innovative crop-
ping systems showed no improvement compared to the less
diversified control cropping systems, especially in terms of
productivity and profitability. The example of Berry
illustrates this point very well: the profitability of the
innovative system was better than that of the control in 2017,
a year without major weather hazards, but worse in the three
following years when severe droughts were observed in the
spring and/or summer (Fig. 5), contrary to the common
impression (Lin, 2011). In this case, the diversification of the
system with spring crops to improve weed control rendered
the system less robust in the face of climatic events. These
results showed that it was not by diversifying to the maximum
that performance was enhanced, but rather by diversifying
with complementary crops, and by finding the correct balance
with the introduction of diversification crops best suited to the
production situation. This question of balance in the
diversification of cropping systems has been the subject of
only a small amount of research. Zampieri et al. (2020) found
that at country-level scale (France), production resilience
increased with crop diversity but levelled-off at six crops. The
question was more intensively addressed for cover crops.
Numerous studies have failed to show any benefit of species
diversification in cover crops to the average performance of a
range of criteria, or even on the stability of that performance
(Florence et al., 2019; Florence and McGuire, 2020; Smith
et al., 2020). These studies showed that the most diverse
mixtures (more than 5 to 10 species) were never the best
performing. Smith et al. (2020) explained these results by the
fact that the more diverse the mixture, the more the share of
the best performing species is reduced, at the expense of the
overall performance of the mixture. In our study, this dilution
effect could outweigh, at least in the short term, the positive
"system effect" of crop diversification (e.g., related to
improved pest control, or soil fertility) and thus explained
the mixed performance of highly diversified systems as in
Berry and Lauragais. The question of how the level of crop
diversification might be adapted according to the production
situation merits additional research effort.

Regarding the impact of legume crops, our results showed
that increasing their proportion in the rotation was correlated
with a lower consumption of mineral nitrogen and, conse-
quently, a lower consumption of primary energy and lower
greenhouse gas emissions at the scale of the rotation. This
confirms the results from numerous studies on the benefits
related to cropping systems that result from the introduction of
legumes (Drinkwater et al., 1998; Jensen et al., 2012; Reckling
et al., 2016; Liu et al., 2022). More surprisingly, our results
showed a correlation between the proportion of legumes in the
crop rotation and low TFI. However, we suggest that this was
not a causal relationship but: (i) a confusion of effects knowing
that the innovative systems had both an objective of reducing
nitrogen inputs and associated impacts (all integrated more
legumes) and also TFI (all integrated strategies to reduce the
use of pesticides); (ii) the weight of the Béarn’s innovative
system with a very high proportion of legumes (soybean, one
of the field crops with the lowest TFI in France, Agreste, 2019),
which had a strong influence on the overall results. For the
other performance indicators, we did not find any trade-off
with the proportion of legumes, thus confirming the essential
role of legumes in cropping systems’ performance.
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The impact of oilseed crop proportion could not be
interpreted in our study due to the strong effect of the
production situation.

Our results highlight the importance of continuing to
generate knowledge on agroecological strategies, taking into
account local specificities, and avoiding making general-
izations about unspecific trends. In particular, it is important
to better understand how the level of diversification can best
be balanced and to verify whether short-term performance
trade-offs fade over the longer term. In addition, many
authors argue that the production and diffusion of general
scientific knowledge is essential but by itself not enough to
support agroecological transitions (Duru et al., 2015). There
is a need to develop support approaches based on scientific
knowledge to support farmers in the re-design of tailor-made
systems adapted to their own situations (Le Gal et al., 2011;
Duru et al., 2015). Developing co-innovation approaches and
hybridizing on-station experiments and on-farm design
support are other objectives of the Syppre project (Cadoux
et al., 2019) whose results will contribute to supporting
agroecological transition.
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