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A B S T R A C T

Weeds are harmful for crop production but important for biodiversity. In order to design cropping systems that
reconcile crop production and biodiversity, we need tools and methods to help farmers to deal with this issue.
Here, we developed a novel method for multi-objective cropping system design aimed at scientists and technical
institutes, combining a cropping system database, decision trees, the “virtual field” model FLORSYS and indicators
translating simulated weed floras into scores in terms of weed harmfulness (e.g. crop yield loss, weed-borne
parasite risk, field infestation), weed-mediated biodiversity (e.g. food offer for bees) and herbicide use intensity.
255 existing cropping systems were simulated with FLORSYS, individual indicator values were aggregated into a
multi-performance score, and decision trees were built to identify combinations of management practices and
probabilities for reaching performance goals. These trees are used to identify the characteristics of existing
cropping systems that must be changed to achieve the chosen performance goals, depending on the user's risk
strategy. Alternative systems are built and simulated with FLORSYS to evaluate their multi-criteria performance.
The method was applied to an existing oilseed rape/wheat/barley rotation with yearly mouldboard ploughing
from Burgundy which was improved to reconcile weed harmfulness control, reduced herbicide use and
biodiversity promotion, based on a risk-minimizing strategy. The best alternative replaced a herbicide entering
plants via shoot tips (during emergence) and roots after barley sowing by a spring herbicide entering via leaves,
introduced crop residue shredding before cereals and rolled the soil at sowing, which reduced the risk of
unacceptable performance from 90% to 40%. When attempting to reconcile harmfulness control and reduced
herbicide use, the best alternative changed the rotation to oilseed rape/wheat/spring pea/wheat, replaced one
herbicide in oilseed rape by mechanical weeding, delayed tillage before rape and applied the PRE herbicide
before oilseed rape closer to sowing. This option reduced the risk of unacceptable performance to 30%. None of
the initial or alternative cropping systems succeeded in optimal performance, indicating that more diverse
cropping systems with innovative management techniques and innovative combinations of techniques are
needed to build the decision trees. This approach can be used in workshops with extension services and farmers
in order to design cropping systems. Compared to expert-based design, it has the advantage to go beyond well-
known options (e.g. plough before risky crops) to identify unconventional options, with a particular focus on
interactions between cultural techniques.

1. Introduction

Weeds are considered to be the most harmful pests among those
targeted by pesticides, potentially leading to important crop production
losses (Swinton et al., 1994; Oerke, 2006). Weeds can also host and
propagate other bioagressors such as pathogen fungi (Wisler and Norris,
2005; Bonin et al., 2013) or parasitic plants (Gibot-Leclerc et al., 2003).
Thanks to their efficacy and their relatively simple use, herbicides have
been used widely and frequently in arable crops (Eurostat, 2016). As a

result, they are now increasingly found in ground and surface water
(Barbash et al., 2001; Lopez et al., 2015; Ulrich et al., 2015) and cause
health problems (Vinson et al., 2011; Waggoner et al., 2013) while an
increasing number of weed species are becoming resistant to a larger
range of herbicide mode of actions (Heap, 2016). Moreover, weeds are
the most important component of plant biodiversity in agricultural
landscapes and contribute to feeding other components of agricultural
biodiversity (Marshall et al., 2003; Petit et al., 2011). Consequently,
French (http://agriculture.gouv.fr/plan-ecophyto-2015) and European
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legislation (CE) N°1107/2009 aim to restrict herbicide use and avail-
able products.

To date no alternative curative weed control technique is as efficient
and robust as herbicides. The most frequent alternative, i.e. mechanical
weeding, is less or not efficient at all in the crop row, less selective of
weed vs. crop plants, often damages weed plants insufficiently and
requires several successive operations for sufficient efficacy
(Chicouene, 2007). Herbicide-parsimonious weed management strate-
gies need to combine all cropping system components aiming at weed
control (Liebman and Gallandt, 1997). Various long-term field trials
currently assess innovative cropping systems and weed flora impact on
crop production and biodiversity (e.g. Gerowitt, 2003; Chikowo et al.,
2009; Davis et al., 2012) but they can only test a small number of
systems in a small number of locations. Recently, the DEPHY farm
network was set up in France to monitor hundreds of farms over time
but with little or no access to biophysical state variables (Pillet et al.,
2014). In addition to these methods, in silico approaches test a large
range of agricultural systems with simulation models to identify those
answering to objectives (Loyce and Wéry, 2006). Models allow us to
assess many and diverse cropping systems at the long-term and with
different weather data for their impact on weed flora (Storkey and
Cussans, 2007; Colbach et al., 2014a).

Different approaches exist for model-based cropping system design
but all follow the same basic steps (Bergez et al., 2010): (1) generation
of candidate cropping systems, (2) simulation, (3) evaluation and
selection, and (4) possibly further loops where new candidates are
generated based on the first results. If the list of possible candidates is
small, then the candidate systems can present the complete list of all
possibilities (e.g. a list of crop rotation in ROTAT, Dogliotti et al., 2003;
or a list of rotations with herbicide programmes in ECOHERBI, http://
ecoherbi.florad.org/; or rotation including cover crop and no till in
PRACT, Naudin et al., 2015), but this cannot apply to cropping systems
which combine many components with many possible options. Candi-
date systems are thus often proposed by experts in workshops aiming to
design cropping systems (Hossard et al., 2013; Reckling et al., 2016),
with the risk of missing innovative approaches that are outside the
imagination and expertise of the workshop participants. Optimizing an
objective via mathematical or numerical algorithms can overcome this
obstacle, e.g. using a linear combination of crop proportions weighted
by their agronomical values and penalties for their disadvantages to
optimize crop rotations (Schönhart et al., 2011) Cropping system design
though is a multi-criteria problem requiring a multi-objective optimiza-
tion where several objectives and inputs are simultaneously optimized
(Ould-Sidi and Lescourret, 2011). Solving optimization problems with
complex models is a tedious task requiring to find compromise solutions
to integrate antagonisms and synergies between the model performance
criteria (deVoil et al., 2006; Groot and Rossing, 2011; Ould-Sidi and
Lescourret, 2011; Grechi et al., 2012). Automatic optimization based on
algorithms would be difficult in our case because we have to optimize
many and often antagonistic objectives as well as many management
levers with many options. Moreover, modelling weed dynamics is
complex and their simulation is slow. Indeed, weed dynamics must be
considered at a multi-annual scale, and a larger number of inputs are
necessary to realistically predict them in cropping systems (Colbach,
2010).

Consequently, the objective of the present paper was to develop a
method for simulation-based multi-criteria design of cropping systems
and to apply it to designing systems reconciling weed harmfulness
control, herbicide use reduction and promotion of weed-mediated
biodiversity. Instead of an automatic algorithm-based optimization,
we propose a manual method that combines the knowledge produced
by a large-scale evaluation of existing cropping systems and expert
knowledge. The method is aimed at scientists and technical institutes
that design agroecological cropping systems. The weed dynamics model
used in the present study was FLORSYS which is a process-based cropping
system model that answers all our requirements, i.e. it predicts the

dynamics of a multi-specific weed flora and its impact on crop
production and biodiversity (Colbach et al., 2014a).

2. Material and methods

2.1. A short presentation of FLORSYS

2.1.1. Weed and crop life cycle
FLORSYS is a virtual field on which cropping systems can be

experimented and a large range of crop, weed and environmental
measurements estimated. The structure of FLORSYS is presented in detail
in previous papers (Gardarin et al., 2012; Munier-Jolain et al., 2013;
Colbach et al., 2014b; Colbach et al., 2014c; Munier-Jolain et al., 2014;
Mézière et al., 2015b).

The input variables of FLORSYS consist of (1) a description of the
simulated field (daily weather, latitude and soil characteristics); (2) all
the simulated crops (including cash, undersown, associated, cover and
multi-annual crops) and cultivation operations in the field, with dates,
tools and options; and (3) the initial weed seed bank which is either
measured on soil samples or, more feasible, estimated from regional
flora assessments (Colbach et al., 2016). These input variables influence
the annual life cycle which applies to annual weeds and crops, with a
daily time-step. Pre-emergent stages (surviving, dormant and germinat-
ing seeds, emerging seedlings) are driven by soil structure, temperature
and water potential. Post-emergent processes (e.g. photosynthesis,
respiration, growth, etiolation) are driven by light availability and air
temperature. At plant maturity, weed seeds are added to the soil seed
bank; crop seeds are harvested to determine crop yield (in t/ha and in
MJ/ha). In case of multi-annual crops (e.g. lucerne, ryegrass), seedlings
can also be the offspring of vegetative older plants. Perennial weeds are
not included in FLORSYS.

Life cycle processes also depend on management practices, in
interaction with weather and soil conditions on the day the operations
are carried out. Herbicides can enter plants via leaves (“foliar”), shoot
tips during emergence (“pseudo-root”) or roots (“root”). Multiple entry
modes are possible. Foliar herbicides only kill emerged weeds on the
day of spraying, the other herbicides persist and act over several days
and weeks. Systemic herbicides circulate inside the target plant and
their efficiency depends less on dosage. FLORSYS parameters are
currently available for 25 frequent and contrasting weed species.
Further details can be found in section A of the supplementary material
online.

2.1.2. Domain of validity
FLORSYS was evaluated with independent field data from a large

range of contrasting cropping systems from several regions and years,
including innovative techniques such as conservation agriculture or
cover crops as well as those options that were identified as potential
solutions in the present study (e.g. fallow mowing, rolling etc). The
evaluation showed that daily species densities and, particularly,
densities averaged over the years were generally well predicted and
ranked in the model's original region, i.e. Burgundy (Colbach et al.,
2016). At more southern latitudes, a corrective function was used to
keep weeds from flowering during winter. This correction improved
prediction quality sufficiently so that FLORSYS could be used here to
assess cropping systems in terms of weed flora and crop yield.

2.1.3. Assessing weed impacts on crop production and biodiversity
The weed densities simulated by FLORSYS are translated into a set of

indicators depicting the weed flora impact on crop production and
biodiversity (Mézière et al., 2015b; Colbach et al., 2017a) (see section
A.4 online). Weed harmfulness indicators consider direct harmfulness
for crop production (crop yield loss, harvest pollution by weed debris),
technical harmfulness (harvesting problems due to green weed biomass
blocking the harvest combine), indirect harmfulness due to pest
survival and dispersal by weeds (increase in yield loss due to weed-
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borne take-all disease in cereals, parasite risk due to the holoparasitic
plant Phelipanche ramosa), and sociological harmfulness (field infesta-
tion by weed biomass during crop growth) which reflects the farmer's
worry of being thought incompetent by his peers even if there is no
effect on yield loss.

The second series of indicators concern weed-mediated biodiversity.
Two indicators assess plant biodiversity, i.e. species richness (the
number of weed species), and species equitability (Pielou's index).
Three other indicators assess weed contribution to feed other organisms
in the agro-ecosystems, considering the seasons of activity and food
shortage: weed seeds on soil surface in autumn and winter to feed field
birds, lipid-rich seeds on soil surface in summer to feed carabids, and
weed flowers in spring and summer to feed domestic bees.

2.2. Methodology

2.2.1. The different steps
The method was based on two different parts, each with four steps

(Fig. 1). The objective of the first part is to establish guidelines for
choosing cultural techniques, based on the effects of combinations of
techniques on weed impact and herbicide use. Step I.1 simulates
indicators of weed impact in existing cropping systems with FLORSYS,
step I.2 chooses the optimization criteria, step I.3 sets up a multi-
criteria performance scale and I.4 builds decision trees that identify
combinations of management practices for reaching performance goals.

The second part uses the decision tree and the database to improve
existing cropping systems step by step, aiming to optimize the chosen
optimization criteria. For each existing cropping system that is to be
improved, step II.1 evaluates the performance of the existing system.
Step II.2 identifies inappropriate practices in the existing cropping
system and pertinent changes to improve the system's performance,
depending on the performance goal and risk strategy. Step II.3 uses the
conclusions of steps II.1 and II.2 to propose alternative systems and to
test them with FLORSYS. Based on these results, II.4 combines and tests
the best options in a further series of alternative systems.

2.2.2. Simulate weed impact indicators in cropping systems (step I.1)
A total of 255 arable cropping systems was simulated with FLORSYS

during the evaluation step which was described in a previous paper

(Colbach et al., 2017a). These systems covered six contrasting regions
from France (Burgundy, Paris Basin, Aquitaine, Poitou-Charentes,
Lorraine, Picardie) and Spain (Catalonia). They mainly differed in
terms of rotational diversity, tillage and herbicide use intensity (section
B online).

Each cropping system was simulated over 27 years to evaluate long-
term efficiency of weed control, repeating the basic rotational pattern
(e.g. oilseed rape/wheat/barley) over time, starting with typical
regional seed banks and soils. Each cropping system was repeated with
10 weather series consisting of 27 randomly chosen weather years from
the INRA Climatik platform, using the same 10 series for the cropping
systems of each region.

2.2.3. Choose optimization criteria (step I.2)
Most users only aim to optimize a few weed impact criteria. For

instance, farmers would be mostly interested in controlling weed
harmfulness, ecologists would focus on promoting weed contribution
to biodiversity whereas French legislation requires a reduction in
herbicide use. The major concerns of farmers were identified from
surveys and interviews of farmers and advisors (Colas et al., 2015;
Mézière et al., 2015b). Weed-related biodiversity functions were
identified from ecological studies (Ricou et al., 2014). Proxies for
herbicide impact on ground and surface water were taken from farm
network studies on herbicide use intensity (Lechenet et al., 2014). The
simplest proxy is the treatment frequency index (TFI), i.e. the number
of herbicide treatments applied at regulatory dosage per year. For
instance, a herbicide applied at half dosage of the whole field, or at full
dosage over half the field counts as 0.5. Antagonisms and synergies
among the chosen optimization criteria were investigated with Princi-
pal Component Analyses (PCA) on weed impact indicators averaged
over the 27 simulated years for each “cropping system x weather
repetition”.

2.2.4. Set-up a multi-criteria performance scale (step I.3)
To make weed impact indicator performances comparable, the

values calculated by FLORSYS for each cropping system and weather
repetition were averaged over the 27 simulated years and translated to
class-based scores, ranging from A (best) to E (worst) (see examples in
Table 1.A). Indicator values were transformed into values relative to the

Fig. 1. Step-wise methodology for using FLORSYS to design cropping system aiming to reconcile multiple weed impact objectives, based on the evaluation current or probable farming
practices (Nathalie Colbach © 2017).
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best possible value for definite scales (e.g. yield loss varies from 0 to
100%) or the best value observed in the database in the case of
indefinite scales (e.g. bee food offer is nil or positive, without
limitation). Class thresholds (e.g. > 95%) were chosen to discriminate
the best performance. Less stringent thresholds can be used for
secondary indicators.

If several weed impact indicators are used, the individual scores are
combined into an overall score which equates the worst individual
score. If one indicator is considered more important, this rule can be
amended to partially upgrade the overall score if the dominant
indicator scores better (e.g. the overall score is upgraded from C to B-
if the dominant score scores B or better and the worst of the other
indicators scores C) (see examples in Table 1.B). The choice of
dominant vs other evaluation criteria was again based on surveys and
interviews of farmers and advisors (Colas et al., 2015; Mézière et al.,
2015b) but other scoring classes and combinations are possible if the
objective is, for instance, to focus on trophic resources for pollinators.

2.2.5. Build decision trees for overall performance (step I.4)
Overall performance score was analysed depending on cultural

practices, using classification and regression trees (CART, Breiman
et al., 1984; Hothorn et al., 2006). These trees generate clusters (tree
leaves) that are both homogeneous with respect to the response
variable (here the overall score) and discriminated through sequences
of binary splits (branches) on input variables (here cultural techniques).
Decision trees were shown to overcome the complexity of numerous
interactions between explanatory variables and non-linear relationships
between explanatory and target variables (De'ath and Fabricius, 2000;
Tittonell et al., 2008; Ferraro et al., 2009; Delmotte et al., 2011). We
used the ctree function of the R party package, which estimates the

distribution of the response variable in each tree leave, instead of the
average value. The branches of the tree identified combinations of these
descriptors and constituted management strategies that led to different
performance scores. Instead of showing the most probable performance
score for each management strategy, the tree leaves show the distribu-
tion of scores, i.e. the probabilities for achieving A, A-, …and E scores,
respectively. This allows us to conclude not only whether a strategy A is
better than a strategy B in average, but also whether this applies for
instance in 90% of situations or only in 60%, which makes a huge
difference to farmers. The best strategies were those with the lowest
risk of an E score to take into account that most farmers focus on
minimizing the risk of failure even at the cost lowering their average
performance (Ridier et al., 2013).

Cultural practices were described by the same 31 synthetic cropping
system descriptors as in a previous paper (Colbach et al., 2017a)
(section B.4 online). These descriptors consisted of rotational variables
(e.g. proportion of winter crops in the rotation) and average cultural
practices during the simulation (e.g. mean number of tillage operations
per year).

2.2.6. Evaluate an existing cropping system (step II.1)
A given cropping system can be evaluated with FLORSYS, which can

take several hours of simulation time but precisely calculates both the
overall and individual performance probabilities. Evaluating the same
cropping system with a multi-criteria decision tree (by finding the
combination of practices characterizing the system in the tree and
reading the corresponding performance in the leaf) only estimates the
probabilities of the overall performance resulting from combining
several weed impact indicators. There is also a loss of prediction
quality. The decision tree allows an instantaneous evaluation but
cannot predict the effects of small modifications in the cropping system
because the cropping system descriptors used as explanatory variables
in the tree are less detailed than the list of cropping operations
introduced into FLORSYS. For example, two cropping systems differing
only in the brand of the applied herbicide, but with the same relative
rate and the same mode of entry will have the same performance
according to the decision tree whereas FLORSYS will predict different
performances if one brand is more efficient than the other. The decision
tree can also affect a given cropping system to the wrong tree leaf.

2.2.7. Identify inappropriate practices in the existing cropping system and
pertinent changes to improve performance (step II.2)

Comparing the branch with the analysed cropping system to the
branches leading to the best results allows us to identify potential
changes in cropping system characteristics that would improve the
system's performance (e.g. spray more than 0.6 foliar-only herbicides
per year). To translate these guidelines into operation dates and options
(e.g. which herbicide products to apply at which rate and when), we
analysed the operations of the best cropping systems answering to the
guidelines. Moreover, some identified guidelines hide a more complex
change that requires modifying several cropping system components
(e.g. increasing the proportion of multiannuals in the rotation also
requires tillage, sowing and herbicide strategies adapted to these
crops). Looking at examples from the database is also helpful to
understand and translate weird-looking guidelines that point to very
particular systems.

2.2.8. Propose and test prospective cropping systems (steps II.3 and II.4)
Alternative cropping systems were built by modifying the inap-

propriate practices identified in step II.2, and simulated with FLORSYS,
using the same principles as in step I.1. The resulting individual and
overall scores were compared to those of the initial system (step II.1).

A second design loop can be carried out (step II.4), for instance by
combining the best options identified in step II.3. The final output will

Table 1
Performance thresholds for scoring individual (A) and overall (B) weed impact in the
simulation study. Class thresholds were chosen to discriminate the best performance. Less
stringent thresholds were used for biodiversity indicators whose maximum values were
often extreme outliers, with few cropping systems achieving these results.
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be one or several cropping systems that improve the multi-functional
performance. To avoid changing and testing new cropping systems
indefinitely, the user must define a stopping criterion based either on
the number of steps (e.g. limit to two steps) or on the performance of
the new systems (e.g. the risk of a bad score is below 10%). Here, the
iteration was limited to two steps.

3. Results

3.1. Simulate weed impact indicators in cropping systems (step I.1)

The 255 simulated cropping systems resulted in a large range of
variation in terms of weed impact indicators (Fig. 2). For instance, crop

Fig. 2. Range of variation in indicator values averaged over 27 years of weed harmfulness for crop production (A-F), weed contribution to biodiversity (G-K) and herbicide use intensity
(L) for the 255 cropping systems simulated with FLORSYS. Whiskers and boxes show 5, 25, 50, 75 and 95 percentiles of the distribution; values outside the 5–95 percentile range are shown
by dots. TFI is treatment frequency index, i.e. number of herbicide treatments at full dosage per year.
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yield loss averaged over the 27 simulated years ranged from−20% (i.e.
a yield gain) to an extreme of loss of +90% (Fig. 2.A). The rare cases of
yield gain correspond to systems where the weeds changed the soil
climate, .e.g. a drier and colder soil delayed the emergence of spring
crops and protected them from frost. Weed-borne parasite risk and yield
loss caused by weed-borne disease were generally low but with frequent
very extreme values (Fig. 2.E-F). Biodiversity indicators did not cover
the whole possible range of variation. For instance, species richness was
limited to a range of approximately 5–22 species, compared to a
potential range of 0–25 species (Fig. 2.F). Herbicide use varied from
0 to 8 treatments at full dosage per year, with a median of 1.5 (Fig. 2.L).

3.2. Choose optimization criteria (step I.2)

Five weed impact indicators were chosen for the optimization
process, one for each of the impact types. Direct and sociological weed
harmfulness were assessed via yield loss and field infestation. Parasite
risk was included as an example of indirect weed harmfulness. Bee food
offer was chosen as an example of weed contribution to biodiversity
which interests both ecologists and farmers. The last optimization
criterion was herbicide use intensity characterized via the treatment
frequency index, as a proxy for herbicide impact on ground and surface
water.

The Principal Component Analysis of the weed impact indicator
values simulated for the 255 cropping systems showed that the three
chosen harmfulness indicators were highly correlated, and that they
were also correlated with weed-mediated bee food offer (Fig. 3). In
other words, those systems with the best biodiversity service were also
often those with the highest weed harmfulness, and vice-versa. Conse-
quently, it would be difficult to find systems that reconciled harmful-
ness control and biodiversity promotion in the simulated database.
Conversely, herbicide use intensity was located on an axis perpendi-
cular to the other four indicators, i.e. it would be easier to identify
systems that reconciled low herbicide use with low weed harmfulness.

3.3. Set-up a multi-criteria performance scale (step I.3)

To facilitate the comparison of cropping-system performance, the
five weed impact indicators were first ranked into performance classes
(individual scores) and then aggregated into a single score (overall

score). The same performance thresholds were used to score weed
harmfulness and herbicide use (Table 1.A). Less stringent thresholds
were used for biodiversity because this indicator is less important to
farmers than most harmfulness indicators (Colas et al., 2015). When
aggregating the individual scores into the overall performance score,
crop yield loss was chosen as the dominant indicator which could
partially compensate for lower performances of other indicators
(Table 1.B). This criterion is the main concern for farmers, and thus
makes the proposed weed management strategies more acceptable to
farmers.

3.4. Build decision trees for overall performance (step I.4)

Decision trees were used to predict the probabilities of overall
performance scores from combinations of cultural techniques. The
decision tree identified ten management strategies resulting in ten
performance patterns (leaves in Fig. 4) that differed in terms of
herbicide use, weed harmfulness (reduced yield loss, field infestation,
parasite risk) and biodiversity (bee food offer). Nine cropping system
descriptors were necessary to discriminate them (variables in the nodes
splitting the branches).

The best strategy (leaf n° 1) consisted of tillage during the first
198 days after crop harvest, with the last herbicide sprayed no later
than 178 days before harvest, less than 60% of multi-annual crops in
the rotation, mouldboard ploughing at least every 2 years, and foliar-
only herbicides at least 2 years in 3. This combination ensured that the
30% maximum harmfulness and 50% minimum biodiversity targets
(class D or better) were reached with a 63% probability though the 20%
harmfulness/60% biodiversity target (class C-) was only reached in 3%
of situations. The foliar herbicides were crucial: if their frequency was
too low as in leaf n° 5 closest to leaf n° 1, targets were missed with a
90% probability (class E).

The second best strategy (leaf n° 2) presented a 50% risk of missing
the lowest target and at best reached a C- score (yield loss< 20%, other
harmfulness< 30% observed maximum, bee food>60% observed
maximum) with a 10% probability. It also included tillage during the
first 198 days after crop harvest, but combined with spring/summer
herbicide treatments, crop residue shredding at least every three years,
and rolling prior or at crop sowing.

3.5. Evaluate an existing cropping system (step II.1)

As a reference cropping system to be improved step by step to
reconcile weed harmfulness control, herbicide use reduction and
biodiversity promotion, we chose a classical system from Burgundy,
with an oilseed rape/wheat/barley rotation and yearly mouldboard
ploughing (Table 3). The multi-criteria evaluation with FLORSYS shows a
high risk (90%) of a bad (E score) overall performance, with at best a
10% chance of a D-score performance (Fig. 5.A). The individual score
greatly varied between weed impact indicators. Performance was worst
for yield loss, with 90% risk of an E score (i.e. of at least 30% yield loss),
and best for parasite risk, with only 30% of a C score or worse (i.e. more
than 10% of maximum parasite level). The evaluation of the cropping
system with the decision tree for harmfulness, herbicide use and
biodiversity (Fig. 4) came roughly to the same conclusion for the
overall performance score. It placed the system into the fifth best
strategy out of 10, if strategies were ranked by increasing E-scores.

3.6. Identify inappropriate practices in the existing cropping system and
pertinent changes to improve performance (step II.2)

The comparison of the system's descriptors with the descriptors of
the best strategies identified those that did not meet the requirements
for optimal management (Table 2). In total, six cropping system
descriptors were identified that could be modified in the current system
to potentially improve its performance, i.e. proportion of multiannual

Fig. 3. Synergies and antagonisms between the chosen optimization criteria. Principal
Component Analysis on weed impact indicator values per “cropping system x weather
repetition”, averaged over simulation for the 255 tested cropping systems. Weed benefits
in green, harmfulness in purple, herbicide use intensity in black. Bee food hides field
infestation (Nathalie Colbach © 2017). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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crops in the rotation, the timing of the first tillage, crop residue
shredding and rolling frequency, herbicide types or numbers in cash
crops and the timing of the last herbicide application during the cash
crop.

To translate the broad guidelines into precise operation dates and
options, the cropping systems from the database answering to the
required management rules were analysed. For instance, the decision
tree advised to introduce crop residue shredding and late rolling. To
determine in which crops and at which dates to do this, there were
several ways to exploit the database: (1) to identify the cropping
systems that were included in the corresponding tree branch (here n° 2)
to check whether they apply the required techniques to the crops of the
system to be improved (here oilseed rape, wheat and barley), (2) to
rank, by decreasing E-score probability, the cropping systems including
the required crops and techniques, and copy their strategy. In the
present example, branch n°2 did not include any of the required crops,
so we looked at the whole database to identify the best system with crop
residue shredding before cereals and to fix the date of shredding
(usually 4–10 days after previous crop harvest).

3.7. Propose and test prospective cropping systems (steps II.3 and II.4)

The reference system includes herbicides that were withdrawn from
the market since the system was identified in farm surveys. Before using
the guidelines of Fig. 4 to improve the system, the herbicide pro-
grammes were modified to use only authorized products (details in
section B.5.2 online). The decision tree of Fig. 4 indicates that the
performance remains unchanged as spraying dates, relative rates and
herbicide entry modes did not change. As the new products have a
slightly different efficacy spectrum, FLORSYS simulations though showed
a slight improvement in overall performance and yield loss. Conversely,
parasite risk and field infestation deteriorated (Fig. 5.B vs. A).

Based on the analysis of step II.2, four alternative cropping systems
were tested (Fig. 5.C-E) to reconcile weed harmfulness control,
herbicide use reduction and biodiversity promotion, corresponding to
the changes required by the best three strategies of the decision tree.
Replacing either the root-entering herbicide (alternative A1) or the

root + pseudo-root herbicide (entering both via roots and shoot tips) in
barley by a spring foliar herbicide entering via leaves (alternative A1')
improved overall performance (Fig. 5.C and D). The second option
produced the best results, improving all indicators, except herbicide use
(Fig. 5.D). Among the two other alternatives, crop residue shredding
before cereals combined with rolling the soil at crop sowing (Fig. 5.G)
the most reduced the risk of E score performance. None of the
alternatives notably reduced herbicide use or improved bee food.

A further option was tested which combined the two best individual
alternatives, i.e. A1' (replacing a pseudo-root + root herbicide in barley
by a foliar one) and A2 (introducing crop residue shredding before
cereals and rolling on sowing day). The risk of bad performance (E
score, 40%) was nearly as low as for the best individual strategy (30%,
A1') whereas the best possible performance was better (10% C score,
instead of 30% C- in A1') (Fig. 5.G).

The performance of the best alternatives (A1', A2) was better than
the best performance among the initial 255 systems in the database
whose probability of bad performance was 50% and of best perfor-
mance was 10% C score (section D.1 online).

3.8. Effect of evaluation and optimization criteria

The decision trees, the best existing systems in the database, and the
proposed alternatives greatly depended on the chosen optimization
criteria. If only the four indicators of weed harmfulness and herbicide
use were considered, the decision tree used 20 descriptors and resulted
into 40 different strategies, among which many with quite good results
(Appendix A). The best strategy resulted in 100% of A- score and
consisted of rotations of spring and/or winter crops sown before 1 Oct,
with the last tillage during the three weeks before cash crop sowing,
using multi-entry herbicides only, with less than 2.6 applications on
cash crops per year. This strategy differed from the best strategy
identified for reconciling all five optimization criteria. If the number
of criteria was further reduced to only crop yield loss and herbicide use,
there was little change in the guidelines of the decision tree (Appendix
A). This is due to the high correlation among the harmfulness indicators
(section 3.1).

Fig. 4. Decision tree for identifying guidelines to reconcile herbicide use reduction, weed harmfulness control (crop yield loss, field infestation, parasite risk), and weed-mediated
biodiversity (bee food offer) based on current farmers' practices. Terminal tree nodes show probabilities of weed impact scores (see Table 1) for each strategy, and are numbered with
increasing E score probability. N indicates the number of “cropping system x weather” scenarios corresponding to each node. The blue bold pathway shows the performance of the
cropping system of Table 3 (Nathalie Colbach © 2017). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Multi-criteria evaluation with FLORSYS simulations of the existing Burgundy cropping system of Table 3 (A), the same but updating the herbicide programme to currently
authorized products (B), and six alternative systems using authorized herbicides and based on the guidelines of the decision tree of Fig. 4 for reconciling weed harmfulness control,
herbicide use reduction (with frequency treatment index on graph) and biodiversity promotion (C-G). For determination of weed impact scores, see Table 1 (Nathalie Colbach © 2017).
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The existing cropping system that we aimed to improve corre-
sponded to the worst of 38 strategies in terms of two-indicator (crop
yield loss and herbicide use) performance (data not shown). There were
thus considerably more cropping system descriptors whose modifica-

tions would potentially improve the system's performance, particularly
as the two-indicator decision tree was also built with twice the number
of descriptors as the five-indicator decisions tree of Fig. 4. Eight
descriptors could potentially be changed to achieve the six best

Table 2
Management strategies for reconciling multiple weed impact objectives identified from a decision tree and ranked by increasing probability of E score. Each line corresponds to a terminal
leaf node, and the strategy descriptors describe the tree branches. Example of reduced herbicide use, reduced weed harmfulness (crop yield loss, field infestation, parasite risk) and
improved biodiversity (bee food offer). For weed impact scores, see Table 1. Strategy 5 (bold) corresponds to the cropping system of Table 3 that was improved in steps II.2-II.4); italics in
strategies 1–4 (i.e. better than strategy 5) refer to practices that are not implemented in strategy 5 and that potentially improve the performance of this cropping system.

Table 3
Cultural operations in a classical Burgundy cropping system an oilseed rape/wheat/barley rotation, based on statistics from the Biovigilance-Flore network (Fried et al., 2008; Colbach
et al., 2016).
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performances. These differed from those identified in the five-indicator
tree of Fig. 4, and in several cases required to have a look at the best
systems in the database to get pointers on how to respect the guidelines
of the decision tree. For instance, the guideline requiring to harvest
crops other than spring crops before 24 April (Appendix A) corre-
sponded to systems including a 3-year lucerne (for fodder production)
that was followed by a spring crop.

Seven alternatives were designed to reconcile reduced yield loss and
reduced herbicide use (Table 4). The alternative replacing oilseed rape
by lucerne (A2) deteriorated performance, the one resulting from the
sixth best strategy (A6) changed nothing, and the five remaining
alternatives reduced the risk of an E score, to 60% or less (A3, shortened
rotation replacing one herbicide by mechanical weeding) and, at best,
to 20% (A1, lengthened rotation, replacing one pseudo-root by one
multi-entry herbicide). While the reference systems at best produced a
D score, some alternative systems had a probability of at least 30% of a
B- score (A4, A5).

The most efficient changes were not always those expected. For
instance, the system that most lengthens and diversifies the rotation
(A2) produced the worst result; the one that simplified tillage and
added a further herbicide in barley (while also replacing one pseudo-
root by one multi-entry herbicide, shifting PRE herbicides in OSR closer
to sowing) was the best alternative (A4). The ranking of the alternatives
did not necessarily follow that of the decision tree strategies, e.g.
alternative A2 based on the second-best strategy performed worst.

Similarly, the O system changed the rotation to oilseed rape/wheat/
spring pea/wheat, replaced one herbicide in oilseed rape by mechanical
weeding, delayed tillage before rape and applied the PRE herbicide
before oilseed rape closer to sowing. It combined several individual
alternatives to reconcile reduced harmfulness and herbicide use
(Table 4) but did not perform better than the best alternative used to
design system O (A4) though with a lower herbicide use (0.95 instead of
1.4 for A4). It also scored better than the worst of the O-inspiring
alternatives (A3', A5, A6). According to the decision tree, it should
though have performed much better, with a 0% risk of an E score and
83% chance of a B- score (strategy 5 in Appendix A).

In conclusion, the decision trees and optimizing guidelines de-
pended on the optimizing criteria, and the more antagonistic the weed
impact indicators were, the worse the multi-criteria performance was
and the fewer optimizing strategies were identified. Changing indivi-
dual techniques according to the decision tree guidelines in an existing
cropping system did not always lead to the expect performance,
pointing to an important interaction among techniques. Similarly,
combining individually interesting techniques could result in a worse
performance than each individual change.

4. Discussion

4.1. Novel method for cropping system design

We developed a simulation-based method for multi-objective crop-
ping system design, combining multi-criteria evaluation of a large set of
cropping systems, decision rules based on decision trees and simula-
tions of prospective cropping systems with a “virtual field” model. This
work benefits from a set of indicators developed in previous studies
which translate weed outputs of a cropping system model into
indicators for assessing weed-related harmfulness and biodiversity
(M& zière et al., 2015b; Colbach et al., 2017a), and used the combina-
tion of these indicators with the virtual-field model FLORSYS to identify
cropping system strategies for reaching single (Colbach et al., 2017a) or
combined biodiversity and production objectives (Mézière et al.,
2015a). Compared to Mézière et al's (2015a) study, our decision trees
are more complete and more robust, as they are based on more and
more contrasting cropping systems and regions. The comprehensive
multi-criteria score used here is the result of a logical combination of
performance classes that ensures that a well performing indicator
cannot compensate the bad performance of another indicator. This
made it easier to rank the management strategies and to identify those
answering best to our requirements. The conclusions drawn in the
present study depend, of course, on the domain of validity and the
prediction quality of the FLORSYS model. For a discussion of the limits
inherent to FLORSYS (e.g. missing weed types or biophysical processes),

Table 4
Multi-criteria performance simulated by FLORSYS for existing reference cropping systems (R) and alternative systems (A, O) aiming to reconcile weed harmfulness control and reduced
herbicide use. For weed impact scores, see Table 1.
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see our previous simulation study (Mézière et al., 2015a) as well as the
recent evaluation of the model (Colbach et al., 2016).

Our method was based on a simulation of biophysical processes
responsible for effects of cultural techniques. Other models use expert
knowledge to evaluate the advantages and disadvantages of the
technique to optimize (e.g. crop rotation, Dogliotti et al., 2003;
Schönhart et al., 2011), resulting in simpler models that allow to
investigate all possible options (Dogliotti et al., 2003) and/or to
determine the optimal solution via mathematical or numerical optimi-
zation (deVoil et al., 2006; Schönhart et al., 2011). This approach is
difficult to adapt to the particular case of weed dynamics and their
impacts on crop production and biodiversity, because of the multi-
annual scale needed to assess weed impacts and the high number of
interacting cultural techniques that affect these weed impacts. This
explains why most weed studies are limited to an assessment of weed
management strategies existing in fields or proposed by experts
(SELOMA, Stigliani and Cosimo, 1993; WeedSOFT, Neeser et al.,
2004) whereas we were able to go further and propose new cropping
systems from our simulations.

To our knowledge, this is the first simulation-based method going
beyond the evaluation of weed management strategies by designing
innovative strategies. Moreover, the method aims to reconcile multiple
objectives and not simply to control weed infestation. There are a few
decision tools for weed management that evaluate crop yield loss and
the economic return of the scenarios proposed by the user but these
mostly consider a single weed species, focus on herbicides and are
based on a very simplistic relationship between weed density and crop
yield loss (e.g. RIM, Pannell et al., 2004).

There are several models for multi-criteria evaluation and design of
crop management strategies for other aims. For instance, BETHA (Loyce
et al., 2002b, 2002a) automatically generates crop management plans
from an agronomic model which includes simple relationships that
predict crop production quantity and quality from the crop manage-
ment plan and the pedoclimate, and then performs a multi-criteria
evaluation to rank the proposed crop management plans. Applying this
approach to our case would be difficult because of the multiannual
scale of cultural practices and weed impacts to consider.

SIMBA takes BETHA's approach to the multiannual scale (Tixier
et al., 2008). It combines a decision-rule model with a multiannual
process-based cropping system model for banana crops, evaluates
systems with a series of economic and environmental indicators.
However, because of the number of management inputs, only indivi-
dual decision rules can be optimized, using a mean climatic year. This
shows that automatic optimization algorithms would be difficult to use
in our case, where management inputs are even more numerous, with
considerable interactions among themselves and with pedoclimatic
conditions.

Though it is slow and manual, our approach accounts for interaction
among techniques and with pedoclimate. Our method moreover
identifies the major cultural practices and combinations, and makes
them visible to users. This is essential for workshops co-designing
cropping systems with farmers and advisors, and is major pedagogic
asset to make cropping practices evolve. More importantly, our method
not only considers average effects, but also includes probabilities of
success or disaster. The latter is particularly important as farmers are
often more interested in reducing the risk of bad results or the
variability in production, rather than in increasing average production
or income over the years (Ridier et al., 2013).

4.2. Implications for reconciling multiple objectives

Our method made it possible to improve existing cropping systems
with changes that would very probably not have been proposed by
experts in workshops for designing cropping systems. Indeed, most of
the changes operated in the cropping systems (e.g. introduce rolling at
crop sowing, change the timing of ploughing) do not belong to the

strategies known for controlling weeds (Van Acker, 2009; Lutman et al.,
2013). Moreover, experts are certainly very efficient in designing
cropping systems aiming to introduce a small number of techniques
(e.g. Reckling et al., 2016) or at a single objective (e.g. reduce disease
incidence, Hossard et al., 2013) while accounting for famers' produc-
tion context (i.e. physical, chemcial and biological components of the
field other than the crop and the socio-economical context that
influence the farmer's decisions, Aubertot and Robin, 2013). But it is
considerably more difficult to optimize combinations of techniques and
to propose systems aiming to optimize several objectives as we did here,
particularly when needing to consider multi-annual effects as in weed
control. Consequently, expert-based multi-objective design is rare
(Colnenne-David and Dore, 2015).

Our method made it possible to improve cropping system perfor-
mance in terms of multiple objectives, particularly when focusing on
weed harmfulness control and reduced herbicide use only. But even
though the tested alternatives outperformed the best systems of the
database on which the decision was based, none of the improved
systems succeeded in reconciling weed harmfulness control, reduced
herbicide use and biodiversity promotion. A previous study was already
unsuccessful in identifying current farmers' practices that reconciled
these three objectives (Mézière et al., 2015a). Here, we arrived at the
same conclusion, despite analyzing ten times the number of cropping
systems and including four new regions as well as prospective cropping
systems (direct sowing, cover crops, Colbach et al., 2014d; glyphosate-
tolerant maize, Bürger et al., 2015). One solution is to investigate more
and different systems. Another is to include production situations in our
decision trees, as farmers adapt their strategies to the production
context, and a strategy efficient in a given context can be deficient in
another (Lechenet et al., 2016).

The present method was more successful to propose systems that
reconcile less antagonistic objectives, e.g. weed harmfulness control
and reduced herbicide use, moving from an existing system with a 90%
risk of inacceptable performance to a system with only 30% risk. But
even this easier objective showed the difficulty to design multi-
performant systems. Indeed, combining individually good strategies
into a new strategy did not necessarily result in a better performance,
because of the many implicated processes and the strong interactions
between practices. These interactions also explain why FLORSYS and the
decision tree predicted similar performances for systems that were
included in the database but could differ in their assessment of novel
combinations of cultural techniques. Moreover, we only tested a small
number of possible alternatives for each decision rule (e.g. different
shredding dates, introducing different spring crops, different manage-
ment options for lucerne). It was also often difficult to know which
changes were best, as the cropping system descriptors used in the
guidelines averaged practices over the years and often over different
crops. For instance, “apply one herbicide per year in average” can mean
both “apply two herbicides every two years” or “apply one herbicide
every year”. It is thus quite probable that we missed better alternatives.

Here, we chose to minimize the risk of unacceptable performance
when designing the new cropping systems, assuming that farmers are
risk adverse (Ridier et al., 2013). If we had decided to maximise the
probability of the best performance instead, the decision rules and
practice changes would have been different. For instance, we would
have introduced multi-annuals or switched to no till in order to improve
the chance of a good performance while accepting a higher risk of
inacceptable performance, instead of changing herbicide programmes
and introducing rolling and crop residue shredding.

4.3. Where to go from here?

The previous analysis concluded that the present method must still
be improved. The cropping-system database should be enlarged by
increasing the diversity of the cropping systems and practices. This
diversity can be increased by including innovative practices. For
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instance, site-specific weed management only sprays herbicides on
weed patches which reduces pesticide use while still controlling weeds
(Berge et al., 2013). Similarly, our database included few systems with
multi-specific crop canopies which exploit resources better, in parti-
cular when chemical input are reduced (Liebman and Dyck, 1993;
Corre-Hellou et al., 2011). It is also mostly limited to French pedo-
climatic conditions; to be applicable outside France and correctly assess
interactions between cropping systems and pedo-climate, further
regions and cropping system types must be included (e.g. no till organic
systems, permanent crop cover, crop mixtures).

The diversity of the database can also be increased by including
random combinations of practices. But FLORSYS can require more than
100 variables to describe a cropping system and simulations are time-
consuming, which limits the range of exploration. A feasible alternative
would be to run a broad sensitivity analysis on a reasonable number of
random cropping system. This would not only add new management
practices to the database and the decision trees, but also point to the
practices and practice combinations to investigate in depth.

A more diverse database would also decrease the correlation
between cultural practices that occur in farming practices. We tried
to remedy to this problem by a careful selection of cropping system
descriptors and by the use of decision trees which can handle correlated
predictors. The results of the trees can still be difficult to interpret, as
some influential predictors can be hidden by others, and the selected
variables are not always the ones that are the easiest to interpret. One
solution is to look at surrogate splits, i.e. alternative variables that
would have produced a similar partition in the tree, and use these to
guide cropping system improvement. Here, we tried another approach
when we analysed the cropping systems found in the target leaf to
identify practices that were generally associated to the practice
identified by the target leaf.

The decision trees can be improved further, by increasing the
number and precision of the cropping system descriptors in the decision
tree, and by including production situations. A solution would be to
build separate trees for each production situation (Lechenet et al.,
2016). This would help to adapt strategies to farmers' constraints and
objectives, and thus facilitate the adoption of the innovative strategies.

To leave room for manoeuvre to farmers, methods for optimizing
cropping systems must result in a set of optimal strategies instead of
proposing a single solution (Ould-Sidi and Lescourret, 2011; Groot
et al., 2012). The optimization step faces two major problems: (1) how
to explore a large space of search, and (2) how to integrate multi-
criteria evaluation (Bergez et al., 2010; Groot et al., 2010; Grechi et al.,
2012). In future, we could increase the range and speed of exploration
by developing new optimization algorithms that emulate our manual
approach, i.e. by including search strategies based on decision trees to
overcome the constraints due to the number of inputs and outputs to be
optimized and the length of the simulations.

The way to upscale from individual criteria to a multi-criteria
evaluation is crucial (Crespo et al., 2010; Ould-Sidi and Lescourret,
2011; Dury et al., 2012). There are many procedures for aggregating
scores, depending on how indicators compensate each other: weighted
sums, weighted products, or hierarchical decomposition through the

Analytic Hierarchy Process approach (Saaty, 1990). Our performance
score has the advantage to weight optimization criteria (e.g. crop yield
loss is the most and bee food offer the least important) without allowing
compensation between indicators (e.g. a high bee food offer does not
cancel out a high yield loss). However, the score masks individual
performances (e.g. a bad overall performance can be due to either yield
loss or bee food). Conversely, multivariate decision trees identify
clusters of cropping systems that show similar performance profiles
with respect to the whole set of indicators, but comparing strategies is
more difficult.

There is a complete different avenue of improvement, which
consists in integrating innovative management techniques and asso-
ciated biophysical processes into FLORSYS. For instance, the model
version used here assumes that weed populations are all sensitive to
herbicides, which is a highly optimistic point of view. As a conse-
quence, we recently included herbicide resistance in the model, starting
with resistance to glyphosate (Colbach et al., 2017b; Colbach et al.,
2017c) which is used over large acreage and often associated with
simplified tillage or direct sowing, two practices attempting to reduce
environmental impacts of agriculture (e.g. Holland, 2004). Including
perennial weeds in FLORSYS would also be needed to correctly assess the
effect of these practices.

5. Conclusion

The present work developed an innovative method for multi-
objective cropping system design, combining a cropping-system data-
base, decision trees and a “virtual field” model. Thanks to the
complementarity of data and methods, we were able to design multi-
performant cropping systems, without using complex and time-con-
suming optimization methods. To be truly multi-performant, the
method must still be improved by exploring more diverse cropping
systems to build decision trees thar are more detailed in terms of
cropping practices, with a better prediction of averages and probabil-
ities of the multiple performance criteria. The method must also be
adapted to be usable as a decision-aid tool by non-modellers and,
particularly, extension services and farmers. To this end, future users
have to be involved to understand their needs and have a practical use
of the tool (Prost et al., 2012), e.g. via survey or workshops, to identify
the positive and negative points to improve (Colas et al., 2016). The
decision tree and method for improving cropping systems step by step
are also a valuable tool for workshops co-designing cropping systems
with farmers and advisors. Finally, we focused on multi-criteria
evaluation of weed impacts, but cropping systems must also be
evaluated for other economic, social and environmental effects
(Pelzer et al., 2012).
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Appendix A. Management strategies for reconciling multiple weed impact objectives identified from a decision tree and ranked by
increasing probability of E-score. Each line corresponds to a terminal leaf node, and the strategy descriptors describe the tree branches.
For determination of weed impact scores, see Table 1. Only scenarios with less than 5% of E scores are listed. Scenarios were ranked by
decreasing A-, B etc scores. Sowing and harvesting dates refer to cash crops. Red italics show conditions that are not fulfilled by the
existing cropping system of Table 3 which does not belong to the strategies listed here.
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Appendix B. Supplementary data

Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/j.eja.2017.04.005.
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