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Summary

Weeds are both harmful for crop production and
important for biodiversity, while herbicides can pollute
the environment. We thus need new cropping systems
optimising all cultural techniques, reconciling agricul-
tural production, herbicide reduction and biodiversity
conservation. Here, we show how to (i) develop mod-
els quantifying the effects of cropping systems on weed
dynamics, (i) integrate interactions between weeds and
other organisms, (iii) predict the impact on production
and biodiversity and (iv) use the model for multicrite-
ria evaluation and multiobjective design of cropping
systems. Among the existing weed dynamics models,
we chose the one closest to our requirements to illus-
trate these different steps, that is, FLorSys which pre-
dicts multispecific weed dynamics as a function of
cultural techniques and pedoclimate. We have illus-
trated the development of interaction submodels with
the example of a crop pathogen whose propagation is

increased when infecting grass weeds. To evaluate the
weed flora impact, predicted weed densities were trans-
lated into indicators of harmfulness (crop yield loss,
technical harvest problems, harvest pollution, field
infestation, crop disease increase) and biodiversity
(weed species richness and equitability, trophic
resources for birds, insects and pollinators). Simula-
tions were run over several years and with different
weather scenarios (i) to optimise cultural techniques to
control harmful weeds, (ii) to analyse the impact of
changing agricultural practices (e.g. simplified tillage
and rotations, no-till, temporary crops) on weed den-
sity, species and trait composition and (iii) to evaluate
cropping systems for their ability to reconcile agricul-
tural production and biodiversity, thus identifying
levers for designing sustainable cropping systems.

Keywords: weed, model, cropping system, integrated
weed management, biodiversity, decision aid, simula-
tion, agroecology.
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Introduction

Weeds are among the most harmful pests, reducing
crop yields, impairing the quality of crop production

and causing technical problems during harvests (e.g.
Oerke, 2006). They can also host other pests such as
crop pathogens (e.g. take-all disease of cereals, Gutter-
idge et al., 2006). Consequently, farmers largely rely
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on herbicides to control weeds, which are the main
obstacle for switching to Integrated Pest Management
(INRA, 2010). Because of the inappropriate use of her-
bicides, resistance to herbicides has been spreading
worldwide (Powles & Yu, 2010), thus increasing man-
agement costs for farmers (Service, 2013). Moreover,
herbicide use must be decreased because of recent
national and European legislation (e.g. French ECO-
PHYTO plan, EU directive 2009/128). In agricultural
landscapes, weeds are also the main component of wild
vegetation biodiversity, and they are an important tro-
phic resource or habitat for many other biodiversity
components (Marshall ez al., 2003; Carvalheiro et al.,
2011; Petit et al., 2011).

Because of their dual nature, pest vs. biodiversity,
weeds are a particularly interesting case study when
designing innovative cropping systems relying on little
or no pesticides. Weeds are greatly impacted, in terms
of both abundance and functional composition, by
agricultural practices (Bond & Grundy, 2001; Buhler,
2002). Indeed, since the onset of agriculture, a large
part of crop management thus aimed at eliminating
weeds (Mazoyer & Roudart, 1997). Conversely, more
recently, some innovations were excluded because of
their severe effect on biodiversity (e.g. GM crops,
Freckleton et al., 2003). Moreover, replacing herbicides
by alternative methods can have unexpected side-
effects on crop production. For instance, experimental
cropping system prototypes relying less on herbicides
presented a reduced crop production, not because of
crop/weed competition, but because some management
measures reduced the yield potential (Pardo et al.,
2010).

Effects of cropping practices on weeds and associ-
ated organisms are difficult to evaluate over the long-
term because weed seeds can survive for several years
in the soil (Gardarin ez al., 2010b). Moreover, a given
cultural technique has variable and contradictory
effects, depending on environmental conditions and
other cropping system components (e.g. the efficiency
of mechanical weeding depends on soil moisture during
the operation, Kurstjens et al., 2000). In addition, the
number and diversity of cultural techniques and weed
species is enormous (Lososova et al., 2004; Fried et al.,
2008).

Thus, in past years, a multitude of indicators have
been developed for evaluating cropping system effects,
ranging from indicators of practices that are easy to
handle but have a low explanatory potential, to pre-
dictive indicators, that is, mechanistic, process-based
models which both predict and explain effects but are
more difficult to use (Payraudeau & Van Der Werf,
2005). Models are essential tools to quantify and syn-
thesise the effects of cropping practices on the

dynamics and the composition of the weed flora and
the resultant harmfulness and benefits for both agri-
cultural production and biodiversity. They are not
only research tools (addressing questions such as
which species traits are selected by environmental fil-
ters? Which traits are necessary to become a domi-
nant and difficult to manage ‘super’ weed?) but are
also essential to produce advice for stakeholders and
decision-makers, ranging from farmers (Which rota-
tion minimises harmful weeds? Which management
solutions to compensate herbicide reduction?) to pol-
icy makers (Which rotation maximises ecosystem ser-
vices? Does simplified tillage result in species shifts?).
Methodologies have thus been developed for simula-
tion-based cropping system design, but current crop
and cropping system models often lack submodels for
biotic components (weeds among them), and the eval-
uation and optimisation steps of these design method-
ologies are hindered by the multiplicity of
interactions, criteria and scales to consider, particu-
larly in the case of weeds (e.g. short-term yield loss
vs. long-term seed survival, biodiversity vs. crop pro-
duction) (Bergez et al., 2010).

Consequently, the objective of the present paper is
to illustrate how to (i) design models quantifying the
effects of cropping systems on multispecific weed
dynamics, (ii) integrate interactions between weeds and
other organisms, (iii) translate the simulated weed flora
into impacts on agricultural production and on biodi-
versity and (iv) use these models for multicriteria
assessment and multiobjective design of cropping sys-
tems, focusing particularly on the consequences of
weed flora. Among the existing weed dynamics models,
the one closest to our requirements was chosen to illus-
trate these different steps.

Looking for a suitable model

What kind of model do we need?

To understand and predict the variability in effects
observed for the different cultural techniques in a large
range of situations without re-parameterisation, mech-
anistic models are best; these decompose the life cycle
of weeds (or other organisms) into elementary pro-
cesses depending on biophysical effects of cropping
systems, in interaction with biological (e.g. weed stage)
and environmental variables (e.g. soil structure) (Col-
bach et al., 2005; Colbach, 2010). Indeed, it is not suf-
ficient to quantify the average effects of techniques;
farmers also need to know the probability of success
of a management strategy and the risk of obtaining
the opposite effect of the one they were originally
aiming at.
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Figure 1 shows a proposal for organising and link-
ing process-based models to quantify the effects of
cropping systems on the benefits and harmfulness of
weeds for agricultural production and biodiversity.
This model association consists of four predictive com-
ponents, computing (i) the effects of cropping systems
on weed flora, that is, an association of several, inter-
acting species, (i) the effects of cropping systems on
other organisms that affect both weeds and agricul-
tural production, (iii) the interactions between weeds
and these other organisms and (iv) the effects of weeds
and other organisms on agricultural production and
on biodiversity.

The main input is necessarily the cropping system,
that is, all management variables that affect weeds
and/or the other modelled organisms, either directly
(e.g. herbicides kill weeds) or indirectly via environ-
mental conditions (e.g. tractor wheels compact the soil
which hinders weed emergence). Inputs must also
include pedoclimatic conditions to take account of
regional differences and, most importantly, to integrate
interactions between cropping systems and environ-
mental conditions (Colbach, 2010).

Models of weeds and other organisms must be mul-
tiannual, allowing simulations over several years or
even decades, to take account of long-term effects of
cropping systems via long-living propagules such as
the weed seedbank (Gardarin et al., 2010b). The mod-
els needs a daily time step because farming operations
are carried out at this scale, and not at the scale of the
minute or the month. Such a detailed scale is also nec-
essary to integrate interactions with pedoclimate, for
example, the efficiency of mechanical weeding depends
on soil moisture during the operation (Kurstjens et al.,
2000). Some crop models work with an even smaller

_—— — ——— _———— -y

Cropplng system | Pedochmate |

g e

|Weed dynamics model | |0ther dynamics models|

Crop - Crop
Weed flora [¢ Interaction Other organisms
l model ‘
| Indicators |

v
| Agricultural production | | Biodiversity |

Fig. 1 Model association linking models and indicators to evalu-
ate cropping systems and weed management strategies for their
ability to reconcile agricultural production and weed-related bio-

diversity Glnput variables |, | Models |, Biotic components |,
Outputvariables (Nathalie Colbach ©2014).
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time step (e.g. hourly, Boote et al., 2013), but this is
difficult to reconcile with the multiannual scale needed
for weed dynamics models.

Among the existing weed-dependent organisms, we
should focus on species that are strongly impacted by
cropping systems (since we want to evaluate them) and
that affect crop production and/or biodiversity. The
first guild that springs to mind are soilborne crop
pathogens because they rarely disperse from field to
field (Prew, 1980) and are thus most affected by field
history; in addition, they can infect weeds which thus
transmit crop diseases in time and in space (Gutteridge
et al., 2006).

These models predict detailed variables describing
crops, weeds and other organisms (e.g. daily weed den-
sity or biomass, proportion of diseased crop plants).
These must be translated into indicators that reflect
the consequences of weeds for agricultural production
and biodiversity.

Which models fit our requirements?

Among the weed dynamics models found in literature,
there is to date no model that fits the proposal of
Fig. 1, though there are models that correspond to the
various components. The FrLorSys model (Gardarin
et al., 2012; Munier-Jolain et al., 2013, 2014; Colbach
et al., 2014a) was built by our team to answer most of
our requirements, that is, mechanistic, multispecific,
multiannual with a daily time step, including most
cropping systems components influencing weeds, pro-
ducing detailed crop and weed variables that facilitate
links with other models and indicators (Holst et al.,
2007; Freckleton & Stephens, 2009; Colbach, 2010).
This model will be used here to illustrate (i) how to
link a weed dynamics model with other models and
indicators to fit the requirements of Fig. 1, and then
(i) how to use the resultant model combination to
answer both scientific (e.g. Which species traits are
selected in which cropping systems) and practical ques-
tions (e.g. When best to sow to reduce harmful grass
weeds? Which cropping systems to minimise weed
harmfulness and maximise weed-related biodiversity?).

How to predict the impact of cropping
systems on weed flora?

The weed life cycle of FLorSys

The input variables of FLORSYs are (i) the cropping
system to be tested (Table 1), (ii) pedoclimate consist-
ing of daily weather and soil characteristics (e.g. tex-
ture, organic matter content), (iii) the weed community
present on the first day of the simulation, that is, the
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Table 1 Effects of cropping system on the weed life cycle (density and timing of stages) as simulated by FLorSys (Gardarin et al., 2012;

Munier-Jolain et al., 2013, 2014; Colbach et al., 2014a)

Cropping system Intermediate effect

Effect on weeds

Tillage (including post- Fragments soil

sowing mechanical

depth and soil structure

Crop species and variety Choice of cultivation
(including under sown, techniques
associated and Sowing season
temporary crops)

Sowing date Crop emergence date

Date of last tillage

Sowing density

canopy
Sowing pattern Variability in light availability
in canopy
Irrigation Increases soil moisture
Herbicide Efficiency depends on active

ingredient and the farmer’s
technical ability; it decreases
with canopy density, seed

depth (for root-entering

herbicides) and weed stage

Mowing & harvesting

operations
Manure Adds layer on soil surface
All traffic Increases soil compaction via

wheel traffic

Buries and excavates seeds
weeding) depending on tool, tillage

Light availability in canopy

Reduces light availability in

Decreases mortality of germinated seeds

Seed burial decreases germination and increases pre-
emergent mortality due to insufficient seed reserve
Seeds on soil surface germinate badly because of
insufficient seed/soil contact

Germinated seeds close to soil surface often die
because the top soil dries faster

Imbibed seeds are exposed to light if inverting tool

Triggers germination flush if the soil is moist

Destroys germinated seeds, seedlings and plants; adds
newly produced seeds to seedbank when killing
mature plants

See effects of techniques

Selects weed species that are non-dormant at sowing

Shading reduces photosynthesis and thus biomass
accumulation and results in etiolation

The earlier the weed seedlings emerge relative to the
crop, the better they survive

The later the last tillage, the more weed seeds have
germinated already and are killed by tillage

Shading reduces photosynthesis and thus biomass
accumulation and results in etiolation

Irregular sowing leads to canopy gaps where weeds
grow and reproduce better

Increases germination and emergence

Foliar herbicides kill emerged plants, root-entering
herbicides kill unemerged and emerged plants
resulting from shallow seeds, pseudoroot herbicides
kill emerging seedlings; root-entering and pseudoroot
herbicides persist and act during several days.

Adds newly produced seeds to seedbank when killing
mature plants; these seeds germinate if soil is moist
Cut plants and reduce biomass; the older the plants at

mowing and the less biomass remains, the higher
mortality.
Add newly produced seeds to seedbank when killing
mature plants; these seeds germinate if soil is moist
Improves germination of surface seeds, slightly
decreases germination and emergence of buried seeds
Adds seeds to soil seedbank
Increases mortality of germinated seeds

The effect of other management techniques (e.g. nitrogen fertiliser) is not yet implemented in FLORSYs.

seed density of each species. FLORSYS comprises a sub-
model from STICS (Brisson et al., 1998) to predict soil
climate and another one from DéciBIé (Chatelin et al.,
2005) to predict soil structure; these intermediate vari-
ables drive a large part of the pre-emergence submodel

of FLORSYs.

The core of FLorSys is a generic life cycle valid for
all annual weed species (Fig. 2), consisting of a succes-
sion of life stages interacting with cropping system
components. Shallow non-dormant weed seeds germi-

nate after rain or tillage in moist conditions; only seeds
close to the soil surface whose roots cross moist soil
layers succeed in emerging. Dormant and/or buried
weed seeds germinate rarely; their disappearance is
mostly due to in situ mortality. Crop plants emerge
from sown seeds, depending on sowing depth and tem-
perature.

Pre-emergent processes are simulated for an aver-

age m? of the simulated field. After emergence, weed
and crop plants are placed on a field subsample (e.g.
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Plants/m?3
Crop seeds En:ergted
Soil temperature plants
Seed depth
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seeds
Radiation
X . Seed depth emperature
Fig. 2 Crop and weed life-cycle simulated Soil moisture §6050'1 Biomass |e———— Light
. eed age ) 5 .
by FrLorSys (Gardarin et al., 2012; Mu- Soil temperature = production micro-climate

nier-Jolain et al., 2013, 2014; Colbach

et al., 2014a). linked by func-
tions (<@=) depending on cultural tech- I:E

niques, Plant variables, Seed variables and

Pedoclimatic conditions, with mortality

processes («=--) (Nathalie Colbach
©2014).

8 x 4 m?), the crop plants according to their sowing
pattern (e.g. row-sown or broadcasted) listed in the
input variables, the weeds in patches. The above-
ground part of plants is represented by a cylinder,
with height, diameter and leaf distribution depending
on the species, plant stage and past shading condi-
tions, which can lead to etiolation. Each day, light
availability is calculated in each point of this 3D-
canopy, resulting in biomass accumulation and subse-
quent plant-cylinder growth. At weed maturity, seed
production is calculated as a function of biomass
and the seeds added to the soil seedbank. Crop seeds
are exported during harvest and are used to calculate
crop yield.

The effect of cropping systems on weeds

The relationships between the life stages depend on
environmental variables and management techniques
(Table 1). For instance, tillage buries and excavates
seeds, it breaks dormancy and triggers germination,
but it also uproots seedlings and plants and covers
them with soil. All these effects vary with the tillage
tool and depth, tractor speed, soil moisture, as well as
weed species and stages. This principle, that is, break-
ing the impact of a technique into individual effects
that interact with environmental conditions and weed
variables, was used for all cultural techniques.

Parameterising weed species with functional
relationships

The detailed life cycle and the biophysical representa-
tion of the cropping system effects require a large

© 2014 European Weed Research Society 54, 541-555
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number of parameters to describe the behaviour of
each species in FLorSys. Consequently, we developed
a method based on functional relationships, where
model parameters are estimated from species traits
or, in some cases, from expert knowledge. For
instance, the thicker the seed coat, the lower the
seed mortality rate in the soil and the higher the
seed dormancy level (Gardarin et al., 2012; sece
details in Table S1). To date, all pre-emergent pro-
cess parameters (seed mortality, dormancy, germina-
tion, pre-emergent growth) can be estimated from
seed traits (mass, shape, area, coat thickness, lipid
content), taxa (dicotyledonous vs. monocotyledonous)
and usual emergence period in the field (Gardarin
et al., 2010a,b,c, 2011; Gardarin & Colbach, in
press).

Model ‘validation’

The model complexity complicates the evalua-
tion with independent field observations (‘valida-
tion’). Different approaches must be combined in
such a case. First, the potential domain of validity
should be determined from the model structure
(Table 2.1). For instance, FLorSys was developed
for arable, annual crops in temperate climates.
Drought-sensitive species might thus be overesti-
mated when simulating un-irrigated fields in drier
regions, because the model does not integrate crop/
weed competition for water, even though it consid-
ers some water-dependent processes (e.g. germination
driven by soil water potential, pre-emergent weed
seedling mortality due to drought; Gardarin ez al.,
2012).
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Table 2 Domain of validity and evaluation (‘validation’) of FLORSYS

Process What is correctly predicted Limits of domain of validity Reference
1. Analysis of model structure
Reproduction 16 annual weed species Disregards perennials and Model
infrequent annuals structure
Water availability Temperate climates, irrigated Overestimates drought- Hypothesis
fields sensitive species inunirrigated
fields in dry regions?
Competition for nitrogen Well-fertilised fields Underestimates oligotrophic Hypothesis
species in nitrogen-poor
conditions?
Phenology Fields at Burgundy latitude Bad prediction of flowering Hypothesis

2. Validation of submodels
Emergence flush after seed
shed or burial

Light interception in
heterogeneous canopies

Timing, ranking of situations,
magnitude of emergence
density, including for species
whose parameters were
estimated with functional
relationships

Incident photosynthetically
active radiation, ranking of

dates of day-length-sensitive
species?

Emergence is overestimated if
seedling loss due to disease

PAR:i is badly predicted on
cloudy days in dense and

Gardarin (2008)

Munier-Jolain
et al. (2013)

situations
Weed species abundance
Potential crop yield Magnitude

Soil seedbank* Ranking of situations,

magnitude of densities

3. Validation of complete model

Weed density over the years To be done

Ranking of species and regions

homogenous canopies in

winter
The modelled species are Colbach et al.
overestimated to the (2014b)

detriment of perennials and
infrequent annuals

Plant loss is overestimated if Colbach et al.

sudden frost with snow (2014a)
Surface seed density is Colbach et al.

overestimated in long-term (2006)

no-till

*Evaluation for one grass weed species only, Alopecurus myosuroides Huds.

In a second step, individual model components
should be evaluated by comparing predictions to
independent observations (Table 2.2), usually by
setting up specific experiments. For instance, Gar-
darin (2008) sowed weed seeds of different species
at different depths, soil moistures and temperatures
and monitored emergence and final seed survival,
showing that FrLorSys correctly predicted the tim-
ing and magnitude of emergence, including for spe-
cies whose parameters were estimated from
functional relationships, except when rot killed
seedlings.

Finally, the complete model must also be tested in a
large range of cultural and pedoclimatic conditions, a
step that is currently underway for FLorSys. Because
of the multiplicity of input variables and the multian-
nual model scale, it is unconceivable that sufficient spe-
cific validation experiments could be set up, but also
difficult to find existing trials and surveys that
recorded the necessary data.

How to integrate biotic interactions

Principle

We illustrated the integration of biotic interactions
with the soilborne crop pathogen Gaumannomyces gra-
minis vs. tritici causing take-all disease in straw cereals
and important yield losses (up to 50%, Schoeny et al.,
2001). This fungus mostly depends on the cropping
system (Ennaifar ef al., 2007) and can infect several
grass weeds (Gutteridge et al., 2006). Simple models
already existed in the literature predicting (i) disease
incidence from past crops, crop management variables
and weather variables (Ennaifar ez a/., 2007) and (ii)
the resultant crop yield loss from disease incidence and
nitrogen fertiliser (Schoeny et al., 2001).

After linking these two equations to FLORSys, two
additional submodels were developed (Méziere et al.,
2013) quantifying: (i) the increase in crop disease due
do diseased grass weeds in the current as well as in
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previous crops, by adding the density of grass weeds
(weighted by the disease susceptibility of their species)
to the density of disease-susceptible crop plants in the
above-described disease equation, and (ii) the decrease
in seed production of diseased grass weeds by applying
the crop yield loss equation weighted by the weed spe-
cies susceptibility. This model combination was named
TAKEALLSYS.

Consequences for bioagressor management

A simulation study with the FLORSYS-TAKEALLSYS
association of a large range of cropping systems and
two pedoclimates showed that the pathogen had no
significant effect on the multiannual dynamics of grass
weeds such as Alopecurus myosuroides Huds. (black-
grass) and cannot be used for biological control.
Moreover, the disease-related crop yield loss did not
notably increase in integrated weed management sce-
narios, which do thus not result in a new pest problem.
Finally, this yield loss can greatly increase in cropping
systems that do not control A.myosuroides, particularly
in untilled fields (Méziére et al., 2013).

How to estimate direct and indirect
benefits and harmfulness of weeds?

Principle

Daily weed variables (weed seedbank, plant densities,
biomass. . .) predicted by FLorRSYs were translated into
indicators that reflect the consequences of weeds for
agricultural production and biodiversity and allow the
assessment and rank the performance of cropping sys-
tems. Indicators are considered here as ‘(i) an informa-
tive function, that is, to supply simplified information
about a complex system (e.g. an agrosystem), or an
unmeasurable criteria (e.g. biodiversity, sustainability)
(...); (i) a decision aid function to help to achieve the
initial objectives, for example, the sustainability of a
farming system’ (Bockstaller & Girardin, 2003).

First, five harmfulness indicators were developed to
take account of the criteria most frequently listed by
farmers via an Internet survey (Méziere et al., 2015):
(1) crop yield loss, (ii) harvest pollution by weed seeds,
stems and leaves, (iii) harvesting problems due to green
weed biomass blocking the combine and (iv) field infes-
tation represented by weed biomass averaged over
cropping seasons. A fifth indicator was added: (v) the
increase in crop disease in the presence of weeds pre-
dicted by TAKEALLSYS.

The indicators for weed contribution to biodiversity
were developed in collaboration with ecologists
(Méziere et al., 2015). Two of them reflect the weed
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contribution to vegetation biodiversity: (i) species rich-
ness, that is, the number of weed species present dur-
ing the cropping seasons and (ii) Pielou’s index for
species equitability, that is, the dominance of the weed
flora by one or a few species. The other three indica-
tors appraise weeds as a trophic resource for other
organisms in the agro-ecosystems, considering the sea-
sons of activity and food shortage: (iii) the number of
weed seeds weighted by the species contribution to
farmland bird diet and present on soil surface in
autumn and winter (Wilson et al., 1999; Marshall
et al., 2003), (iv) lipid-rich seeds on soil surface in
summer to feed insects such as carabids (A Trichard,
pers. comm) (Trichard et al., in preparation) and (v)
weed flowers weighted by the species contribution to
feed domestic bees in spring and summer (Bockstaller
et al., 2012).

Antagonisms and synergies between harmfulness
and biodiversity

A large range of contrasting cropping systems were
identified by farm surveys in two regions, simulated
with FLorRSYs over several years and repeated with dif-
ferent weather series (Méziere et al., 2015). Antago-
nisms and synergies between weed-related harmfulness
and biodiversity were identified by determining correla-
tions between the indicator values, showing that weed
harmfulness generally increased with increasing weed-
related biodiversity (i.e. positive correlation coefficient
values in Table 3). These correlations were though
weak (i.e. low correlation values), and others were neg-
ative, showing that increased biodiversity could occur
with decreased harmfulness (e.g. trophic resource for
insects vs. yield loss or field infestation). Consequently,
there are cropping systems that may reconcile agricul-
tural production and biodiversity.

How to use the model for evaluating and
designing cropping systems?

In this section, FLorSys and its companion model and
indicators were used to illustrate how models can be
used to optimise cultural techniques and cropping sys-
tems for managing weeds, to reconcile agricultural pro-
duction and biodiversity.

Optimising cultural techniques

Models such as FLorSys can be used to optimise indi-
vidual cultural techniques to minimise harmful weeds.
Simulations showed that management strategies must
be tested with different weather scenarios. Indeed,
a given option can reduce weed infestation on average
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Table 3 Antagonisms and synergies between weed harmfulness and contribution to biodiversity. Spearman correlations between annual
values of indicators simulated with the FLorSys model association in 26 cropping systems identified by farm surveys in Burgundy and
Poitou-Charentes. Each system was simulated over 30 years and repeated 20 times with randomly chosen weather scenarios from its ori-

ginal region (Méziere et al., 2015)

Harmfulness indicators

Harvest Harvesting Field Additional

Biodiversity indicators Crop vyield loss* pollutiont problemsi infestation§ crop diseaseq
Species richness** 0.24 0.10 0.10 0.20 ns
Species equitabilityft 0.08 0.18 0.11 0.14 —0.06
Trophic resource for

Birdsii ns ns ns 0.09 -0.13

Insects (carabids)§§ -0.13 0.22 0.20 -0.13 ns

Pollinators (domestic bees)|q ns 0.16 0.13 ns ns

ns, not significantly different from zero at P = 0.05.

*Relative yield difference between weed-infested and weed-free fields.
tWeed seeds and plant debris in crop harvest.

1Green weed biomass above cutting height.

§Average weed biomass in crop.

Y[Relative crop disease incidence in weed-infested vs. weed-free fields.
**Number of weed species in crop.

fiPielou’s index.

{iPreferred weed seeds on soil surface in autumn and winter.
§§Lipid-rich seeds on soil surface in summer.

Y[qPreferred weed flowers in spring and summer.

(e.g. delayed sowing), but only be efficient in certain
settings (e.g. delay after 31 October) and weather years
(e.g. 57-64% of years according to regions); it can
even result in the opposite of the initial objective (e.g.
delaying sowing from 3 October to 10 October
increased weed emergence by 10% in 7-14% of the
weather scenarios) (Table 4).

Moreover, a management option can be efficient in
the short term (e.g. a summer catch crop decreases
weed-related yield loss in the following winter wheat,
first year of Fig. 3), but disastrous in the long term
(e.g. the summer catch crop limits opportunities for
false seedbed techniques, thus leaving more weed seeds
to emerge in subsequent crops, years 2, 4 and 6 of

Fig. 3). More generally, inadequate management in
1 year (e.g. no herbicides during the first year of
Fig. 3) can impact weed dynamics and crop production
for several years (the yield loss took several years to
decrease in Fig. 3 despite herbicides being applied dur-
ing years 2-10). Management scenarios must thus
always be evaluated over several years.

Changing cultural techniques modifies the density
and composition of the weed flora

Simulations were carried out in three French regions
to study the impact of modified agricultural practices
on weed floras. Typical current regional cropping sys-

Table 4 Effect of delaying wheat sowing date on blackgrass emergence (Alopecurus myosuroides Huds.) after sowing simulated with the
monospecific prototype of FLorSys. Frequency analysis with 10 weather repetitions from Northern France and Burgundy (based on

Colbach et al., 2005)

Northern France

Burgundy

Delay sowing date

% Years where weed emergence

% Years where weed emergence

From To Decreased by >10% Increased by >10% Decreased by >10% Increased by >10%
3 October 10 October 7 7 14 14

10 October 17 October 7 0 0 7

17 October 24 October 7 7 0 7

24 October 31 October 14 7 50 0

31 October 7 November 57 0 64 0

7 November 14 November 50 0 71 0

Frequency analysis with 10 weather repetitions from Northern France and Burgundy (based on Colbach ez al., 2005).
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Fig. 3 Long-term effect of cultural techniques on weed-induced
crop yield loss (mean and standard-error of 10 weather repeti-
tions) simulated with FLorSys. Effect of summer fallow (control,
triangles), catch crop (squares) and association with field bean in
separate rows (circles) on yield loss of a herbicide-free winter
wheat and on yield of the nine subsequent, herbicide-sprayed
crops in Burgundy (based on Colbach et al., 2014a) (Nathalie
Colbach ©2014).

tems as well as possible prospective systems were iden-
tified via farm surveys (Colbach er al., 2009; Méziere
et al., 2015), the Biovigilance-Flore database which
monitors cropping systems and weed floras in France
(Fried et al., 2008) and expert opinion. These systems
were simulated with FLorRSys, showing the disastrous
effect on weed control of simplified rotations and till-
age, direct sowing or earlier sowing (Colbach et al.,
2014b). More interestingly, by applying ecological ana-
lytical methodologies (i.e. RLQ analyses) to the simu-
lated weed flora, these simulations allowed the
understanding of which species traits were selected in
the different cropping systems. For instance, increasing
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mouldboard ploughing frequency selected species with
thick-coated seeds with low lipid content (Fig. 4).
Indeed, thick seed coats increase the persistence of bur-
ied seeds (Gardarin et al., 2010b; Gardarin & Colbach,
in press). Seeds can thus survive for several years after
burial by ploughing and are still viable when another
ploughing carries them back to soil surface after a few
years where they can germinate and emerge. Con-
versely, in unploughed or untilled fields, seeds that ger-
minate early and fast after triggering by rain or tillage
(which also present a high lipid content, Gardarin
et al., 2011) might be at an advantage because they
can avoid predation, which is high on the soil surface
(Cromar et al., 1999).

These practice-trait correlations can be used to pre-
dict the behaviour of weed species other than those
used in the simulation study (Fig. 5); for instance,
based on its seed coat thickness and seed lipid con-
tent, a species such as Polygonum lapathifolia (L.) Gray
(POLLA in Fig. 5) should be more adapted to fre-
quent ploughing than Papaver rhoeas L. (PAPRH), an
assumption verified in field observations (e.g. mould-
board ploughing decreased P. rhoeas densities, Ciruje-
da et al., 2003).

How to reconcile agricultural production and weed-
related biodiversity

The analysis of weed harmfulness and weed-related
biodiversity concluded that there are cropping systems
that reconcile crop production and biodiversity. To
identify these systems, a typology of cropping systems
was built based on their performance, that is, their val-
ues for the ten harmfulness and biodiversity indicators.
Ten profiles were identified (Fig. 6), the most

Management Selected weed seed traits

Weed taxa Usual weed emergence period

practice Coat Mass Shape Lipid
thickness index content ratio

Q=

Area/mass  Monocot. Dicot. Onset End Duration

Early Late Early Late  Short Long

Increased rotation
length

Delayed crop
sowing date
Catch crop before
cash crop

More mouldboard
ploughing

More tillage

Q0 @ oe—
—1

[~
[~

Glyphosate before
no-till sowing
Other herbicides in
no-plough fields

]
B

SN

Fig. 4 Weed seed traits selected by modified agricultural practices. Pearson correlations determined by RLQ analyses applied to weed
flora simulated with FLorRSYs in 30 cropping systems in three regions (Burgundy, Poitou-Charentes, Aquitaine). Red and green triangles
show negative and positive correlations, blue triangles effects of qualitative variables (based on Colbach et al., 2014b) (Nathalie Colbach

©2014).
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interesting being profile 5, which maximises biodiver-
sity (the profile’s pie chart comprises a lot of green)
and minimises weed harmfulness (little blue or pink in
the pie). Only one management pathway leads to this
profile, that is, cropping systems with less than one till-
age operation per year averaged over the rotation, usu-
ally no-till systems. Consequently, direct drilling does
not necessarily reduce agricultural production, as sug-
gested by the important increase in weed densities seen
in the previous section, particularly when accompanied
by cultural measures to compensate the absent tillage.
Other profiles (e.g. profile 2) can be reached by several
management pathways. Multiple pathways are particu-
larly interesting, as farmers can choose the option best
adapted to their objectives and constraints.

Discussion

Models: going beyond ‘reality’

Models are considered here as a simplified representa-
tion of a system, to understand and take decisions and
to paraphrase a famous modellers’ maxim, ‘they are all
wrong but some are useful’ (Box & Draper, 1986). So,
when and how are models such as FLorRSys useful and
what can they do that experiments, field surveys or
expert opinion cannot?

Here, FLorRSYs was used as a virtual field where
numerous and diverse cultural techniques were moni-
tored in detail over the long term, which is essential to
produce robust advice. Additional combinations of
cropping system variables must still be simulated to
check the decision trees of the previous section and to

techniques. The faster the model, the more and the
longer systems can be tested. For instance, the faster,
monospecific FLorSys version was used to test 100 000
cropping systems over 20 years (Colbach et al., 2013).

FLorSys produces quantitative predictions. In the
example of section ‘Optimising cultural techniques’,
FLorSys not only predicted that later sowing would
reduce weed emergence (which experts are able to do
as well), but also how much (which field trials could
also do, but only for a few situations) and determined
probabilities of success and risk of failure necessary
for farmers to take their decisions (which only a huge
network of field surveys could do and only for a few
cultural practices). The long-term simulation scale is
also essential for weeds, because management options
can be useful over the short term, but disastrous over
the long-term as illustrated in section ‘Optimising cul-
tural techniques’. Long-term field trials do exist (Moss
et al., 2004; Chikowo et al., 2009), but they usually
only test a few systems and do not have any true repli-
cation, in contrast to model-based approaches (Pary-
sow & Gertner, 1997).

Some weed dynamics models developed in the past
(Holst et al., 2007; Freckleton & Stephens, 2009; Col-
bach, 2010) can tackle the multiplicity and multiannu-
ality aspects of cropping system simulations and are
often faster than the more complex FLorSys. However,
the latter is probably the one model closest to a virtual
field, allowing the experimenter to ‘measure’ a large
number of weed, crop or soil variables that are often
impossible to monitor in the field. This makes the pro-
duced results and advice more robust, because under-
standing the causes of an effect makes it easier to

improve them by integrating additional cultural  judge their domain of validity. This detailed output
Frequent
/a"yi_t.\ 25(}ﬁouldboai‘d ploughing
= 5 O ®-oco
€ 2007 Fig. 5 Predicting the adaptation to
& mouldboard ploughing frequency from
4 1504 B AL two seed traits for unstudied species (")
ch Wowsr based on the correlations between agricul-
ﬁ Onvera tural practices and seed traits estimated
2 S i Powres golA with with RLQ analyses of 16 weed spe-
n;_a 3 : 1001 Egm cies (O®) simulated with FLorSys (based
2| 3| 3 PoV®  @cHEAL on Colbach et al., 2014b). The larger the
% <0 AomO symbols, the heavier the seeds; open sym-
$ GALAP  sreme SOLNI are bols show monocotyledons. Seed mortal-
n o . Py Mmzﬂi g e . = B e sldboard ity decreases and seed dormancy increases
& o ogsa MM e oo SOV e AT g1 6ughing with increasing seed coat thickness (Gar-
w " 0" X 0'. 5 0'. 3 ol. . 0'.5 darin et al., 2010b; Gardarin & Colbach,
in press); seeds with a high lipid content
o |- Seed lipid content (g g™1) germinate earlier and faster (Gardarin
g |2 Late and slow Germination Early and fast > et al., 2011). Species are identified with
L] EPPO codes (Nathalie Colbach ©2014).
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Fig. 6 Cropping system typology (with principal component analysis followed by clustering) based on weed harmfulness and weed-
related biodiversity performances simulated with FLorSys. Identification of management strategies to reach the different performance
profiles (with regression trees from PCA co-ordinates) (based on Méziere, 2013) (Delphine Méziere ©2013).

also made possible the connection of a series of diverse
and very precise indicators to assess the impact of
weeds on crop production and biodiversity, drawing
on weed variables that are difficult to access in fields
(e.g. weed seeds on soil surface) and at a scale impossi-
ble to achieve in surveys (e.g. daily or weekly).

Some of the trait-based conclusions of section
‘Changing cultural techniques. .. (e.g. ploughing selects
thick-coated seeds because of their better persistence)
could be drawn from expert knowledge, but a weed
dynamics model is necessary to take account of all
traits (e.g. ploughing possibly also selects large-seeded
species, as these germinate and emerge better when
buried, Gardarin et al., 2010a) and life-cycle processes,
leading to trade-offs (e.g. produce many small seeds
with low survival probability vs. few heavy seeds with
a higher survival, Moles & Westoby, 2006). Such
analyses could also be carried out on data collected in
field surveys for which the RLQ method of section
‘Changing cultural techniques...” was initially applied
(Fried et al., 2012). Simulations replace and enlarge
the survey data and, in the particular case of mecha-
nistic models based on functional traits, they can go
much further in understanding plant response to com-
binations of management techniques and their effects
on crop production and biodiversity components (Qué-
tier et al., 2007).

© 2014 European Weed Research Society 54, 541-555

Modelling as a dynamic and iterative process

Modelling does not result in an optimal product fin-
ished once and for all. Rather, a model is a dynamic
product resulting from an iterative process, where the
product is alternatively evaluated to determine where it
is wrong and where useful, and improved to take
account of new knowledge and user requirement. Once
a workable version of a model is finished and running,
model evaluation (‘validation’) is essential to confirm
the modelling choices, to determine the model’s
domain of validity and prediction error and to identify
model parts that need to be improved. This step is
unfortunately still comparatively rare for weed dynam-
ics models (Holst et al., 2007). Here, we showed that
though the FLorSys model association already encom-
passes a large range of processes and produces logical
results, it neglects several processes that are crucial for
cropping system design, for example, crop/weed com-
petition for water or nitrogen (Igbal & Wright, 1997).
Similarly, only a small number of biological interac-
tions are integrated here (plant/plant and plant/fun-
gus), though others could potentially regulate weeds
(e.g. weed seed predation by insects, Trichard et al.,
2013) and be used in agroecological management prac-
tices. The robustness of some trait/parameter relation-
ships also needs checking, particularly when no
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functional assumption exists to explain the relation-
ship, for example, the earlier and faster germination of
lipid-rich seeds (Gardarin et al., 2011) whose correla-
tion may be contingent of the analysed species dataset.

The range of indicators for evaluating cropping sys-
tems can also evolve. They are crucial for optimising
cropping systems (see section ‘Which methods and tools
for optimising cropping systems’) and need thus to be
extended to answer the requirements of the model end-
users, by including for instance additional organisms
(e.g. wild bees and other pollinators) or environmental
processes (e.g. land cover for reducing erosion or
nitrate leaching, herbicide use and toxicity).

Model development thus is an interactive loop, suc-
cessively improving the model to take account of new
knowledge and user requirements. Such a progressive
expansion is certainly necessary, but the danger is to
produce an obese monster too slow and too difficult to
operate, particularly for non-modellers, with the addi-
tional danger of amplifying prediction error resulting
from the enormous amount of required input variables
and parameters. Metamodelling is a possible solution,
where the mechanistic model is used to run a huge
number of virtual experiments whose results are then
used to build a simpler and faster empirical model for
decision aid (Colbach, 2010), using a principle similar
to that of the decision trees of Fig. 6.

Which methods and tools for optimising cropping
systems

Like FLorSys, most crop and cropping system models
are much too complex to be usable for directly design-
ing and optimising cropping systems as a function of a
set of objectives and constraints. Simulation-based
cropping system design therefore combines generating
a large number of candidate systems with evaluation
methods to select the best solutions. GSEC loops con-
sisting of generation, simulation, evaluation, compari-
son and choice of systems are considered best to find
the optimal systems (Bergez et al., 2010). Here, we
propose to adapt this iterative loop (Fig. 7) where
cropping systems candidates are proposed by stake-
holders (ranging from farmers to regulators), from
expert opinion and, particularly, from judiciously com-
bining management variables identified in the decision
trees such as the one presented in Fig. 6. These sys-
tems are then simulated with the FLorSys model asso-
ciation, which predicts the harmfulness and
biodiversity performance which is judged by stakehold-
ers, thus discriminating acceptable cropping systems to
be communicated to farmers from unacceptable crop-
ping systems which need to be improved. The knowl-
edge synthesised in the decision trees and the

knowledge produced by the practice-trait correlations
of Fig. 4 can both be used to improve those cropping
systems rejected by stakeholders at the previous step.

This iterative loop leaves open a huge field of meth-
odological development and many methods are avail-
able for each step (Bergez et al., 2010). Here, we
propose to start the loop with a relatively small num-
ber of candidate situations, which must be compen-
sated later when the cropping systems deemed
unsatisfactory by the multicriteria evaluation are
improved, using optimisation rules. Simulation-based
optimisation is a huge field in operational research,
also implicating artificial intelligence-based techniques,
which we will not attempt to broach here. These meth-
ods are essential to reduce the number of explored sit-
uations and to avoid missing interesting candidates.
Lately, there has been a shift to more participatory
methods, involving end-users to ensure that the result-
ing cropping system innovations are indeed feasible
and adopted by farmers (Hossard et al., 2013), which
has often not been the case in the past (Vanloqueren &
Baret, 2008).

Conclusion

Models are the result of an iterative and complemen-
tary loop between experiments, field surveys and expert
opinion on one hand, formalisation of knowledge and
simulations on the other hand. Because of their syn-
thetic and quantitative nature, models can go much

Stakeholders

— Practice-trai
(farmers, ..., Expert Decision trees Cr;rcrzlc:ﬁtc:;t
olicy makers opinion Figure 6 )

Py ) (Fig ) (Figure 4)

= _~

Cropping system
candidate

FLORSYS model association
(Figure 1)

—

1:

Stakeholders —> Acceptable ll Unacceptable

Accepted cropping
system

Fig. 7 Contribution of the FLorSys model association and the
present simulation results to designing weed management strate-
gies for reconciling agricultural production and weed-related bio-
diversity (Nathalie Colbach ©2014).
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further in terms of multicriteria evaluation and multi-
objective design of cropping systems. This is particu-
larly true when aiming at reconciling potentially
antagonistic objectives like agricultural production,
biodiversity conservation and low pesticide use.
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