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Abstract Agriculture since the 1950s has shown pro-
nounced trends toward specialisation and intensification.
Intensive measures have been taken for crop protection
against pests through the widespread use of chemical pesti-
cides in order to reduce the loss of agriculture yield. Al-
though crop protection practices have reduced the overall
potential losses of 50 % to actual losses of about 30 %, crop
losses due to pests still vary from 14 to 35 % according to the
country. Moreover, consequences of this intensive agricul-
ture are now well known with an important increase of
atmospheric CO2 concentrations, water pollution and biodi-
versity loss. Current challenge is thus to design alternative
sustainable cropping systems which maintain food produc-
tion while reducing externalities. Application of ecological
principles to agroecosystems has been proposed for that
purpose. Nonetheless, it is difficult since crop systems are
characterised by frequent and high disturbances, high nutri-
ent input and high pressure of human activities. Here, we
review the current knowledge in weed science and functional
ecology and propose a conceptual framework to analyse
weed community assembly in arable fields. Cropping sys-
tems are highly variable in their combination of agricultural
techniques. We designed a trait-based approach of functional
diversity (1) to establish a comparative description of the

environmental gradients created by cropping systems and (2)
to characterise the response of weeds to environmental gra-
dients. We categorise the effects of cropping systems on the
environment into disturbance and resource gradients. Distur-
bances induced by actual and previous agricultural practices
are split into physical and chemical components, whose
regime are defined by disturbance timing and frequency.
Resource availability in arable fields is described by the
value of effect traits of crops, such as plant height, that are
related to their use of resources. Finally, we provide a list of
relevant response traits of weeds to each component of the
two gradients.
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1 Introduction

The intensive use of agroecosystem during the last decades
to provide products for consumption and processing toward
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specialisation and intensification in use of purchased seed,
fertiliser, pesticides and fuel, has resulted in a great reduction
of biodiversity (Robinson and Sutherland 2002) and nega-
tive environmental impacts such as water pollution or nitro-
gen excess (Tilman et al. 2011; Cardinale et al. 2011). In
particular, heavy agricultural reliance on synthetic chemical
pesticides for crop protection against pests has been
recognised for water pollution (IFEN 2007) and biodiversity
loss (Stoate et al. 2001). Despite the efficiency of chemical
pesticides to reduce the overall potential crop production
losses of 50 % to actual losses of about 30 %, crop loss
induce by pest still vary from 14 to 35 % according to the
country (Oerke 2006). Thus, contemporary agriculture now
faces conflicting challenges due to the need of increasing or
expanding production while simultaneously reducing envi-
ronmental impacts. According to agroecology principles, by
understanding ecological processes, agroecosystems can be
manipulated to improve production efficiency and sustain-
ability, with fewer negative environmental or social impacts
and lower use of external inputs (Gliessman 2006; Altieri
1989; Altieri and Rosset 1995; Wezel et al. 2009). Among
others, a major challenge is to design new management rules
to regulate pest communities based on population dynamic
predictions and biotic regulations using concepts and theo-
ries from the ecology of more natural ecosystem.

However, agroecosystems contrast with natural ecosys-
tems and other more diverse man-managed systems from
several points. First, agroecosystems constitute outstanding
environments with intense and frequent disturbances. There
are only few other environments that are subjected to a
similar disturbance regime: for example, river banks
subjected to flood regimes (Bornette et al. 2008), areas
subjected to fire (Bossuyt and Honnay 2008) or areas dis-
turbed by animals’ activity (Lavorel et al. 1998). Moreover,
the frequencies and intensities of disturbances obey to hu-
man decision rules, hence environmental variability is highly
unpredictable for species which are characterised by fast
dynamics and adaptive capacity to changing conditions.
Second, agroecosystems are artificially nutrient-rich ecosys-
tems because of the significant resource inputs from
fertilisation and irrigation, in order to ensure an optimal
growth and biomass production of crop plants. As a result,
arable fields are high productive environments, and during
certain periods, resource availability exceeds crop uptake,
allowing the growth of other plant species. Third,
agroecosystems, and especially arable fields, are generally
dominated by one species, the crop. As a consequence, the
‘dominance-diversity’ profil (Whittaker 1965; Grime 1998)
is largely deviated with important differences between the
number of crop plants and the number of plants of the most
abundant weed species. Such deviation may have important
consequences on ecosystem functioning, because the func-
tional structure of the community as a whole is mostly

related to one species. Finally, agroecosystems are very
original systems because few environments are both highly
disturbed and nutrient rich compared with other ecosystem.
Moreover, nutrient amount is regulated in order to favour
crop production and thus varies from crop to crop and among
fields. Given all these specific features, agroecosystems rep-
resent an original system to investigate structural properties
of community dynamics or species assembly.

Weeds are a major problem in crop production because of
their competition for resources with crops, with a potential
crop loss up to 34 % each year (Oerke 2006). In parallel,
weeds have recently been acknowledged for functionalities
to other taxa in the agroecosystem (Marshall et al. 2003;
Nicholls and Altieri 2013; Petit et al. 2011), being at the basis
of trophic chain (Fig. 1). Weeds are facing intense and
frequent disturbances of different natures such as soil tillage,
herbicide spray and crop harvest. This partly explains why
weed seeds have the ability to survive in the soil remaining
dormant for a number of years, up to 30 years (Roberts and
Feast 1973). The composition, structure and dynamic of the
seed bank result from the temporal change in crops and
associated crop management practices (Dessaint et al.
1990; Clements et al. 1996), hence weed community reflects
the past cropping history and diversity at a site (Ulber et al.
2009; Smith et al. 2010). However, most of the studies on
weed communities focus on the effect of one factor on
weeds, e.g. herbicides (Manalil et al. 2011) or different soil
tillage systems (Albrecht and Auerswald 2009) but rarely
considered management practices as a whole (see Ryan et al.
2010 for exception). Moreover, management practices vary
from farm to farm and with pedoclimatic conditions (Fried
et al. 2008). Therefore, general principles on the response of
weed species to management practices and environmental
conditions remain to be established. To address this issue,
weed research needs to move from a too narrow perspective
focusing on specific problems in crop production due to
weeds (e.g. yield loss or toxicity) to an understanding of
the processes underlying species assembly, i.e. the processes
related to the coexistence of species, the recognition of
groups of species that respond similarly to a set of environ-
mental conditions or management practices or that similarly
affect the ecosystem (Booth and Swanton 2002; Weiher et al.
2011; Navas 2012)

The aim of the present paper is to propose a standardised
characterisation of the environmental conditions created by
cropping systems, defined as the crops and crop sequences
and the management techniques used on a particular field
over a period of years to investigate the response of weed
species and the structure of communities they form among
comparable conditions. Our assumption is that the under-
standing of both occurrence and abundance of weeds along
environmental gradients depending on agricultural practices
would improve our ability to predict weed dynamics to
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further design sustainable management measures. We pro-
pose to characterise the species response to gradients using
traits instead of identifying patterns of species diversity for
two reasons : (1) different combinations of resource and
disturbance levels are known to lead to similar patterns in
species diversity (Huston 1979) whereas combination of
traits responding to one or other gradients are different
(Garnier and Navas 2011), (2) characterising the response
to gradients of traits that are mechanistically sound should
allow to predict the structure of communities in a larger
range of environmental conditions (Shipley et al. 2006;
McGill et al. 2006). Here, we first propose a conceptual
framework to characterise the cropping systems on the basis
of properties that affect plants performance, i.e. resource and
disturbance levels. Description of gradients is an excellent
way to do this (Austin 1980; Garnier et al. 2007) and could
provide a template to detect how weed respond to cropping
systems. Second, we identify weed traits responding to these
gradients. The response–effect framework proposed by
(Lavorel and Garnier 2002) and (Suding et al. 2008) is
increasingly used to investigate species assembly patterns
through the identification of response traits that show a
consistent response to a particular environmental gradient
and of effect traits that modulate one or several ecosystem
functions. The utility of the trait-based approach for
characterising weed response to management practices has
been clearly established in weed science (Lososvà et al.
2006; Storkey 2006; Fried et al. 2009; Gunton et al. 2011;
Fried et al. 2012) but without leading yet to predictions.
Therefore, we propose to identify which traits of weeds
respond to standardised resource or disturbance gradients
characterising the cropping systems. Finally, we discuss the

application of our framework given the specific properties of
agroecosystem, including how it could be used to detect the
effect of weeds on agroecosystem functioning.

2 Resource and disturbance gradients in arable fields

The description of environmental gradients has been a major
concern in community ecology because of the clear impact
of environmental gradients on species distribution: see ear-
lier references in Austin (1980) and Garnier et al. (2007).

Environmental gradients are usually spited into several
factors or characteristics that impact plant traits. Complex
gradients, e.g. gradients of altitude or post-cultural succes-
sion, are usually described by the variable used to design
plant records, which is rarely the one acting directly on plant
functioning (Austin and Smith 1989) and which limits gen-
eralisation and comparison among sites. Therefore, the gra-
dients are often split into resource and disturbance compo-
nents (Grime 1979) in order to compare highly contrasted
environmental situations, including situations with distur-
bances of very different types. Translating cropping systems
into environmental gradients is challenging because of the
complexity of the system and the dependency of man-
agement practices on local conditions, crop types and
socio-economic constraints. Following Garnier et al.
(2007), we suggest splitting this complex system into
three main components: (1) the local conditions characterising
the site independently of actual land use, such as cli-
matic, soil or history conditions, (2) resource availability
and (3) disturbance levels that directly depend on manage-
ment and crop type.

Fig. 1 Weeds provide shelter
and food for various taxa of the
agroecosystems such as those
illustrated on these photographs,
either beneficial species for
pollination services or crop pests
(Fried, personal communication).
Therefore, the wise
agroecological management of
weeds should keep weed species
of functional interest for
regulation, e.g. biocontrol or
trophic resources and cultural
services
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2.1 Local conditions

Climate and soil conditions and land-use history constrain
the cropping system and management practices; for example,
the effects of frosts during winter or low pH soils cannot be
quickly compensated for by management and highly con-
strain management options. Hence, these environmental
drivers have significant direct and indirect effects on weed
species distribution in interaction with management prac-
tices (Navas 2012). Their influence has been especially
documented at large spatial scale by national and regional
comparisons (e.g. Fried et al. 2008). At that scale, the envi-
ronmental factors that significantly influence weed commu-
nities are soil pH and texture, site rainfall and temperature
(Maillet 1981; Fried et al. 2008; Cirujeda et al. 2011). His-
tory of land use can also influence today species communi-
ties (e.g. Roman land use and communities established in
forests; (Sciama et al. 2009), yet its effects are often merged
into soil effects. Climatic conditions can be described by a
large number of variables, most of them being redundant,
e.g. temperature and solar radiation (Pakeman et al. 2009).
Therefore, synthetic indices based on combination of vari-
ables such as aridity or rainfall effectiveness indices or linear
combination of variables in multivariate analyses can be
relevant (Garnier et al. 2007) with the latter being useful also
for including categories of soils that cannot be easily differ-
entiated by continuous variables.

2.2 Resource gradients

In arable fields, the resource gradients can be described by
indices related to the amount of resources available for other
plant species than the crop. This is not an easy task because
this requires getting synthetic indices indicating the global
productivity of the site and the interaction milieu (sensu
(McGill et al. 2006) detected by weeds. It is highly relevant
to consider this two-level characterisation because for a
given crop type, the weed species that can potentially estab-
lish in high productive conditions are most probably differ-
ent than the ones that can potentially establish in low-
productive conditions (Cousens and Mortimer 1995; Moss
et al. 2004).

The potential productivity at a site, defined as the
favourability of environmental conditions for plant growth,
although dictated by local conditions, such as bedrock, soil
and climatic properties, is strongly modulated by fertilisation
and/or irrigation and by crop demand according to variety
and sowing density. Most of the methods used to evaluate
site potential productivity are based on soil variables. How-
ever, these variables had failed in detecting soil fertility.
Indeed, soil nutrient or water contents are not proxies of
nutrient or water availability for plants because they strongly
interact with soil characteristics such as texture, pH and

organic matter content. Another approach formerly devel-
oped for grasslands is to calculate nutrient indices that depict
plant nutrient status by comparing the actual resource con-
centration of a community to a reference obtained for mono-
cultures established under optimal growth conditions (see
references in Garnier et al. 2007). However, the lack of
references for other communities than those dominated by
grasses (but see Cruz et al. 2006) for mixed grasslands,
constrains the generalisation of these indices to other com-
munities. Moreover, there are experimental constraints on
getting a synthetic index of crop water status. Current pro-
cedures require regular and time-consuming estimates of soil
water content (Boulant et al. 2008; Gross et al. 2008) and/or
of crop hydrological parameters and leaf area indices
(Larcher 2003). To summarise, the level of potential produc-
tivity at a site can be assessed by synthetic indices which
reveal the nutrient and water status of species. However, their
generalisation to a larger set of species requires further
methodological work.

For all these reasons, we recommend another approach of
resource gradients occurring in crop systems by characterising
the effect traits of crop plants that are directly related to
resource use, according to the trait-based framework proposed
by Navas and Violle (2009) and Violle et al. (2009a). The
framework describes a cascade of relationships between plant
traits, resource depletion and competitive outcome (Fig. 2).
The effect traits of the dominant species grown in monocul-
ture (such as the crop) are used to quantify the amount of
resources available for the other plants in the community
(such as weeds) to which the latter plants respond by changes
in values of response traits.

Competition for light is considered to be the primary
cause modulating high-density community structure (Weiner
1988, 1990). Therefore, traits related to light interception are
accurate candidates for assessing competition for light. Light
interception by crop plants is generally highly efficient be-
cause of their large stature favoured by local productive
conditions. Furthermore, crop plants have a competitive
advantage over weeds in the run for light because they are
theoretically established earlier and favoured by manage-
ment practices such as high seed density (Weiner et al.
2010). As a consequence, crop plants are generally taller
than weeds in the early stage, which may favour asymmetric
or partial size asymmetric competition for light (Schwinning
1996). Violle et al. (2009a) found that the measurement of
plant height at canopy closure depicted light depletion over
the growing season from plant establishment to seed produc-
tion under the cover of 18 monocultures differing in growth
form and phenology. Moreover, this instantaneous measure-
ment was also a proxy of water shortage under monoculture
cover over the growing season because of the allometric
relationship between plant height and root depth. The rela-
tionship between plant height and light capture is a very
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well-known relationship largely used for plant growth
modelling (see references in Navas and Violle 2009 and
Violle et al. 2009a); however, the novelty of the study by
Violle et al. (2009a) was to extend this result to inter-specific
comparisons and to demonstrate that a unique measure of
height over the season is a proxy of year-round use of re-
sources. However, because the measurement of plant height at
canopy closure might be difficult in large comparative exper-
iments as a consequence of differences in phenology among
crops, this trait can be approximated by plant maximal height,
a trait classically used to assess competitive ability for light
(Westoby et al. 2002) and tolerance to environmental con-
straints (Cornelissen et al. 2003). Similarly, in cultivated
stands where soil cover is incomplete (e.g. root crops…), plant
height might be replaced by plant lateral spread, another size-
related trait that is a proxy of plant competitive ability (Navas
and Moreau-Richard 2005; Gross et al. 2007). Although easy
to measure, plant maximal height is only slightly correlated to
the use of resource over the season (Violle et al. 2007) and the
same should be true for maximal lateral spread (Gross et al.
2007). Therefore, other traits corresponding to the period of
time during which resources are used should be also consid-
ered (Navas and Violle 2009). Crop sowing date and onset of
flowering are relevant candidates since they limit the two ends
of the period of resource use by the crop, are related to plant
maximal height (Sun and Frelich 2011) and are major traits
determining weed species distribution (Gunton et al. 2011).

To summarise, we propose to describe the resource gradients
in arable field by crop traits i.e. plant height and phenology that

directly affect the resource pool available for weeds. Moreover,
the values of crop traits reflect cropping systems and depict
local resource availability (Table 1). A high sowing density
increases the competitive advantage of crop plants over weeds
(Weiner 1986) through changes in crop height (Xiao et al.
2006) and date of canopy closure (Weiner et al. 2010). Row
spacing influences the relative impact of intra-specific (occur-
ring on a row among crop plants) versus inter-specific relations
among crop and weeds, through plant height distribution
(Benjamin et al. 1985; Weiner et al. 2010).

2.3 Disturbance gradients

Disturbance is here defined as “…any relatively discrete
event in time that disrupts ecosystem, community, or popu-
lation structure and changes resources, substrate availability,
or the physical environment” (White and Pickett 1985). The
disturbance regime in arable ecosystems is cyclic in relation
to the temporal succession of different types of disturbances
(Kropáč et al. 1971). Several components are commonly
used to describe the regime of disturbances (Sousa 1984;
Garnier et al. 2007; White and Pickett 1985; Kühner and
Kleyer 2008). Although we are aware of the effect of distur-
bances at the landscape scale, the disturbed area here is the
field. We propose to describe the cropping system into three
parts: legacy from past disturbance regimes, regime of dis-
turbance and types of disturbances. The description of the
legacy from past disturbance regimes gives insights into the
initial state of the weed flora of an arable field since weed

Fig. 2 Trait-based framework
modified from Violle et al.
(2009a). The effect traits of the
crop modify the amount of
resources available for the weeds
inducing changes in values of
response traits

Table 1 Description of man-
agement practices that influence
crop effect traits, therefore
impacting the level of resources
available for weeds

The most impacted resource by
each cropping system is set in
italics. See text for references

Management practices Crop functional traits/characteristics Resource

Sowing density Plant height or plant lateral spread (root crops) Light, nutrients, and water
Date of canopy closure

Sowing date Plant height or plant lateral spread (root crops) Light, nutrients, and water
Date of canopy closure

Row spacing Plant height or plant lateral spread (root crops) Light, nutrients, and water
Date of canopy closure

Fertilisation Plant growth rate plant height or plant lateral
spread (root crops)

Nutrients and light

Plant phenology

Irrigation Plant growth rate plant height or plant lateral
spread (root crops)

Water and light

Plant phenology

Agroecological weed control using a functional approach



flora composition and structure are partially related to previ-
ous crop sequence (Ball 1992; Chikowo et al. 2009). The
regime of disturbance is described by four temporal items:
the onset, the frequency, the return interval and the end of the
disturbances. The type of disturbances refers either to the
physical disturbances that include soil tillage and mechanical
weed control or to chemical disturbances such as herbicide
treatments. The different levels of these two types are iden-
tified by the magnitude of the disturbances, i.e. the intensity
which is a measure of the strength of the disturbance and the
severity which is a measure of the damage caused by the
disturbance. These components are described below, with
illustration of different levels by examples found in Northern
Europe (Table 2).

2.3.1 Legacy from past disturbance regimes

The legacy from past disturbance regimes refers to the re-
gimes of disturbances induced by the crops cultivated at a
site the preceding years. A crop sequence is defined as a
succession of annual crops with or without intercrops (catch
crops). In a field, the current weed community is the expres-
sion of the seed bank which does not only include seeds
produced the year before (it has been shown that the preced-
ing crop has a major effect on the composition of the
emerged weed flora; Fried et al. 2008) but also seeds pro-
duced the previous years since seed longevity of many weed
species easily exceed one decade in the soil (Lewis 1973).
Although of crucial importance in understanding the current
weed flora, the cropping history variables that are relevant
for this investigation and hence should be detailed, are still
debated. Following Bohan et al. (2011), we propose to detail
the field history into broader crop management classes
depending on the seasons of sowing, the practice with the
largest impact on weed communities and crop type including
the main weed target for herbicide application (see Table 3
for a detailed description). The past disturbance regimes can
thus be ranked based on the degree of variation in the crop
sequence and associated management practices, by comput-
ing the mean and the coefficient of variation in the transitions
between successive crops in a crop sequence (see Fig. 3 for
examples), as described thereafter.

The transition between two successive crops can be classi-
fied into five levels. The level 1 (i.e. c.v. equals 0) corresponds
to a monoculture which refers to the successive cultivation of
a single crop species (e.g. a crop sequence of maize) and
therefore results in nearly similar and regular inter-year dis-
turbances i.e. sowing dates, herbicides in terms of treatment
dates and modes of action. This level also refers to situations
close to a monoculture where crops are of similar type, e.g.
winter barley and winter wheat, sorghum and maize, have
close sowing dates and have herbicides belonging to the same
chemical families. Level 2 corresponds to a pattern of two

crops with similar sowing dates but of different crop type,
while level 3 denotes patterns of two crops of similar type (and
similar herbicide targets) but with different sowing date. Level
4 indicates large differences between the two crops of the
patterns which differ in sowing dates, crop type and associated
herbicides. Level 5 represents the transition between an annu-
al crop and a catch crop. Such transitions occur in crop
sequences with inter-crop cultivated for environmental pur-
poses, i.e. decrease of fertiliser uses. Finally, level 6 refers to a
crop sequence with one or more perennial crops which have
been shown to highly affect weed communities trajectories,
mainly due to change in disturbance regimes such as shifting
from ploughing to mowing de Gournay (1963); Meiss et al.
2010).

2.3.2 Regime of disturbances

To move from the disturbance event to the disturbance re-
gime that is needed to describe a gradient, we propose to
include the temporal characteristics of agricultural practices
such as the period of occurrence limited by the onset and end
of disturbances, frequency and the return interval of distur-
bances over the crop growth period. The duration of distur-
bances can be neglected because of very short value in
cropping systems.

In arable fields, the onset of disturbance corresponds to
the sowing date of the crop, a major factor shaping weed
community composition by favouring species able to germi-
nate and emerge at the same time than the crop species
(Gunton et al. 2011; Smith 2006; Milberg et al. 2001). Three
groups of annual crops can be distinguished on the basis of
sowing date: winter crops that are sown from late summer
(winter oilseed rape) to autumn (winter cereals), crops sown
in late winter (spring cereals and spring pea) and summer
crops that are established during spring (sugar beet, potatoes,
maize, sunflower, soybean and sorghum). We propose to
encode the sowing date in Julian weeks to take into account
the differences in date that occur within groups and among
sites and years.

The end of disturbance corresponds to the date of the
management that ends the period during which weeds can
complete their life cycle. Most often, this date corresponds to
crop harvest, characterised by crop plant reaping and stubble
grounding. Otherwise, the end of disturbance corresponds to
stubble ploughing when this practice is significantly delayed
in time relative to harvest. As for the onset of disturbances,
we propose to encode the end of disturbance in Julian weeks.
The period of time between the onset and the end of distur-
bances corresponds to the crop growth period that limits the
period when annual weeds must establish and complete their
life cycle.

The frequency of disturbance is the number of distur-
bances per unit time. We propose to use the crop growth
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period as unit time. The rationale behind this choice is to
select a period of time relative to the life span and growth
rates of weeds to allow comparison among ecosystems and
the detection of general patterns (White and Jentsch 2001).

The return interval of the disturbance is calculated as the
average period of time separating two successive disturbances,
whatever their types, over the crop growth period: a given
number of disturbances can be either spread over the whole

Table 2 Seven parameters are used to describe the disturbance regime and types of disturbance that characterise a cropping system

Category of
parameter

Parameter Levels/unit Description Examples or comments

History Legacy from past
disturbance
regimes

1 –Same crop as actual Monoculture of maize

–Different crop species but similar crop types
(and herbicides target) and sowing date

Winter wheat after winter barley
and sorghum after maize

2 Different crop types (with different herbicides
target) but similar sowing dates

Winter wheat after winter oilseed
rape and sunflower after maize

3 Different sowing dates but similar crop types
(and similar herbicides target)

Maize after winter wheat

4 Different sowing dates and different crop types
(with different herbicides target)

Maize after oilseed rape and winter
wheat after sunflower

5 Catch crop after an annual crop Catch plants cultivated for
environmental purpose

6 Perennial forage crops (which imply different
disturbance regime)

Winter wheat after lucerne or clover

Regime of disturbance Onset of disturbance Julian weeks Date of soil preparation for crop sowing

End of disturbance Julian weeks Date of harvest (or stubble ploughing) The duration varies between spring
crops (about 16 weeks) and winter
crops (36 weeks)

Frequency Nb*Time-1 Number of disturbances per unit of time The crop growth period is used as
unit of time

Return interval days Average period of time separating two
successive disturbances

All disturbance events are considered

Types of disturbance Chemical
disturbances

0 No herbicide For example, organic farming systems

1 Selective broadleaf or grass herbicides
of <50 % of the recommended dose

Synthetic auxin (2.4D) ACCase
inhibitors (fenoxaprop-P-ethyl)

2 Selective broadleaf or grass herbicides
of >50 % of the recommended dose

3 Broad-spectrum herbicides of <50 %
of the recommended dose

ALS inhibitors (sulfonylureas,
nicosulfuron etc.)

4 Broad-spectrum herbicides of >50 %
of the recommended dose

5 Non-selective herbicides of <50 %
of the recommended dose

Glycine (glyphosate)

6 Non-selective herbicides of >50 %
of the recommended dose

Physical
disturbances

0 No tillage

1 Mechanical weeding or minimum tillage,
depth of soil disturbance at <5–10 cm,
and no soil inversion

Brushes (1–2 cm), rotary hoe (5 cm,
and ; weeder harrow (2–3 cm)

2 Mechanical weeding or reduced tillage,
depth of soil disturbance at >10 cm,
and no soil inversion

Cultivator

3 Conventional tillage with soil inversion and
depth of soil disturbance at <25 cm

Mouldboard plough

Harvest of root crops

4 Conventional tillage with soil inversion
depth of soil disturbance at >25 cm

Mouldboard plough

Categorical parameters include different items that are numbered. Units of continuous parameters are given. Crop types are designed according to
taxonomic position, sowing date and herbicide application (see Table 3). See text for more details on rationales of categories
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period of crop production or restricted to a very short period,
leading to highly contrasted values of return intervals. This is of
importance because a long return interval may allow weed
emergence, growth and sometimes seed setting.

2.3.3 Types of disturbances

Chemical disturbances Chemical disturbances mainly refer
to herbicide applications. Here, we assume that other pesti-
cides such as fungicides do not affect weed performance. The
remaining weed communities after herbicide treatment will
depend on the selectivity of the herbicide, the applied dose and
the sensitivity of the plant. Chemical disturbances can be
described by the active ingredient of herbicide and the dose
which refers to the severity and the intensity of the distur-
bance, respectively. Herbicides have different spectrums
according to the active ingredient. Some selective herbicides
have narrow spectrums and hence are limited in the number of
weed species that can be controlled (Brown 1990), e.g. some
ACCase inhibitors control more specifically grasses while
phenoxycarboxylic acid herbicides strictly control broadleaf
species. On the opposite, broad spectrum herbicides (e.g. ALS
inhibitors like sulfonylurea herbicides) are more effective in
controlling a large number of weed species. Finally, non-
selective herbicides (e.g. glyphosate) can affect a wide range

of weed species (annual and perennial and grass and broadleaf
species). The dose is usually recommended for a given crop;
however, to reduce their herbicide use, farmers can reduce the
dose modulating the efficiency of the herbicides (Andersson
1996). We, thus, propose to classify chemical disturbances
according to their severity, i.e. spectrum and their intensity, i.e.
dose (Table 2). Given the variability in the efficiency of an
herbicide in controlling weed species, the classification re-
mains categorical. The first level is the level 0 which refers to a
‘no-herbicide’ application such as in organic cropping sys-
tems. The two following levels, 1 and 2, include specific weed
control of broad-leaf or grass weed species. These two levels
vary according to the dose applied: less than or 50 % of the
recommended dose for level 1 and between more than 50 and
100 % of the recommended dose for level 2. Similarly, the
levels 3 and 4 include large spectrum weed control with less
than or 50 % of the recommended dose for level 3 and
between more than 50 and 100 % of the recommended dose
for level 4. Finally, the levels 5 and 6, which also diverge
according to the dose applied, refer to non-selective herbicides
that can be systemic, e.g. glyphosate. When several herbicides
are used with nested effects, we suggest taking the highest
level (recommended dose) which would be the more relevant
measure of the treatment severity. For the specific case of the
combined use of an herbicide controlling broadleaf species
and one controlling grass species, the level of severity would
be 3 or 4 according to the dose applied, assuming that their
effect would be roughly similar to large spectrum herbicides.

Physical disturbances Physical disturbances related to crop
management are due to the use ofmachines that cause changes
in soil environment and biomass destruction at both above-
and below-ground levels. Above-ground physical distur-
bances are related to crop reaping and stubble grounding.
Considering that they act similarly among crops, they are
not described in more details thereafter. Conversely, below-
ground physical disturbances can be highly contrasted,
depending on the environmental context. They include three
different kinds of operation: (1) tillage that splits the soil up,
prepares the soil before crop sowing and burry weeds and crop
residuals, (2) mechanical weeding during crop growth espe-
cially for crops with wide rows and (3) harvest of root crops
that involves specific harvesting machines, i.e. for sugar beet
or potato, and consists in digging furrows in the soil. The
outcome of below-ground disturbances varies with respect to
both the characteristics of the operation, such as depth, inver-
sion angle, width, speed, number of passes and the tool and
the characteristics of the soil that is being tilled, such as
texture, structure and moisture (Roger-Estrade et al. 2004;
Roger-Estrade et al. 2009). However, depth and inversion
appear to be of major importance on weed biomass destruc-
tion and seed movements into the soil profile (Mohler and
Galford 1997; Roger-Estrade et al. 2006).

Table 3 Classification of crop types

Taxonomic
classification
and growth form

1. Annual cereals, i.e. Avena sativa, Hordeum
vulgare, Secale cereale, Sorghum bicolour,
Triticum aestivum, Triticum durum, Zea mays,
and ×Triticosecale

2. Annual legumes, i.e. Glycine max, Pisum
sativum, Vicia faba

3. Root crops, i.e. Beta vulgaris and Solanum
tuberosum

4. Oleaginous, i.e. Brassica napus and
Helianthus annuus

5. Perennial forage species, i.e. Lolium perenne,
Medicago sativa, and Trifolium pratense

Season of sowing 1. Autumn and winter crops: H. vulgare,
S. cereale, T. aestivum, B. napus, M. sativa,
and P. sativum

2. Late winter (early spring crops): A. sativa,
P. sativum, and H. vulgare

3. Spring crops: B. vulgaris, H. annuus, Z. mays,
and G. max

Herbicide spectrum 1. Grass

2. Broadleaf

1. Both

Following Bohan et al. (2011), we proposed to categorise specific crops
and simplify (amalgamate) cropping sequences by assuming that there
are similarities between crops and their management. We adapted their
classification to assign to each crop type a taxonomic classification, a
season of sowing dates and herbicide spectrum
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We propose to describe these disturbances into five levels of
magnitude depending on soil depth and inversion (see Fig. 4
for an illustration). Level 0 corresponds to a soil disturbance
limited to the seed row in conservation tillage systems (no
tillage and direct seeding under cover), where most of crop and
weed residuals remain on the soil. Levels 1 and 2 correspond to
reduced tillage systems without soil inversion, that involve the
use of chisel plow, field cultivator or other implements. Min-
imum tillage (level 1) implies a disturbance down to approx-
imately 10 cm while a reduced tillage (level 2) includes deeper
cultivation down to 15 cm. The threshold between the two
levels is based on weed seed response: most of the seeds are
concentrated within the top 5-cm soil layers (Reuss et al.
2001), whereas only few species depending on seed mass
can emerge below 10 cm (Gardarin et al. 2010a). Levels 3
and 4 correspond to regular and deep ploughing with soil

inversion that are generally related to the use of mouldboard
plough. Theworking depth is between 10 and 25 cm for level 3
and below 25 cm for level 4, with the consequence of depletion
of bud and rhizome reserves and prevention of perennial
species regrowth (Brandsæter et al. 2010). Level 4 also corre-
sponds to root crop harvest that does not include soil inversion
but may cause compaction (Koch et al. 2008).

3 Weed response traits to management practices

Trait-based approaches are widely used in ecological studies
ranging from the individual to the ecosystem. Considerable
effort has been devoted to the identification of traits sensu
(Violle et al. 2007) that are relevant proxies of plant

(a)

(b)

(c)

Fig. 3 Legacy from past disturbance regimes. The variation in the past
disturbance regimes is based on the magnitude of the inter-year transition
in the crop sequence. This transition is characterised by the change in
sowing dates and in herbicide target between two successive crops, to
which we assign a value. The mean of the transition refers to magnitude
of differences between successive crops in the succession. The coefficient
of variation of the differences between transitions is computed: the lower
this value, the lower the variation in the crop sequence. When no changes
are observed, the value of the variation is 0, i.e. for a monoculture. a
Example of a monoculture of winter wheat. The same crop is grown

during six successive years with approximately the same sowing year
each cropping season. Each pattern of two successive crops corresponds
to a level 1. No variation in the crop sequence are observed, hence the
crop sequence can denoted by a value of 0. b Example of a diverse crop
sequence. The crop sequence includes crops sown in winter and in spring
with 2 years of maize crop in a monoculture. c Example of a crop
sequence with a cash crop and two successive years of Lucerne. The
occurrence of a cash crop is treated as a crop. The mean is higher than the
preceding one suggesting higher differences if crop types (sowing dates
and herbicide targets) in the crop sequence
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functioning (Garnier et al. 2007; Cornelissen et al. 2003;
McIntyre 2008). Similarly, many response traits of weeds
to major crop systems have been identified so far (Storkey
2006; Fried et al. 2012; Navas 2012). However, since envi-
ronmental differences among crop systems represent com-
plex gradients, these traits may not be relevant to characterise
and interpret the whole range of weed responses to the direct
gradients we identified here (Garnier and Navas 2011).
Therefore, we propose a three-step procedure for detecting
traits responding to each one of the direct gradients. A first
step involves using a priori classification—or functional
types—of weeds based on differences in life form, morphol-
ogy or resource acquisition types, as traditionally performed
in early weed research (Hakansson 2003). A second step is
the selection of traits representative of suites of co-varying
traits that show meaningful relationships with plant func-
tions, as largely documented in the ecological literature
(Weiher et al. 1999); for example, the leaf-height-seed
(LHS) scheme summarises the major dimensions of variation
in plant responses to environment (Westoby 1998),
distinguishing traits related to resource use (L), competition
ability (H) and regeneration (S). A second advantage of this
framework is that it can be used for comparing species
among sites and studies in order to establish predictions of
community assembly and functioning under a large range of
environmental conditions (Garnier and Navas 2013). Lastly,
its advantage over classifications identifying two, e.g. the r/K
strategies (MacArthur and Levins 1967) or three strategies,
e.g. the CSRs strategies (Grime 1977) is that weeds are not
included into a single category (namely the r and R strategies
for the two cited classifications, respectively) because these
species span a large range in LHS variations. However, some
dimensions of weed responses to management cannot be
described with this scheme; hence a third step is the identifi-
cation of a set of more specific traits. In what follows, we
illustrate this procedure with results from published literature.

3.1 Functional types

Classifications based on life-form are among the most popular
for weed researchers because they can be very useful to discrim-
inate weeds according to their responses to below-grown

disturbances (Hakansson 1995); for example, soil tillage pre-
vents the establishment of phanerophytes, chamephytes and
most of the hemicryptophytes, while its effect on therophytes
and perennial species (geophytes with bulbs and tubercules or
rhizomes) is more difficult to predict. According to the condi-
tions in which tillage is carried out, perennial weeds with
rhizomes or bulbs can either be favoured (division and dispersal
of vegetative propagules) or disadvantaged (drying out of the
propagules) (Lemieux et al. 1993). In no-tillage or reduced-
tillage systems, different studies showed that perennial and
biennial species are favoured by the discrepancy of soil tillage
(Navas 1991; Zanin et al. 1997), leading to more diverse weed
communities in such cropping system (Swanton et al. 2006;
Légère et al. 2011). Conversely, the densities of annual weeds
were found higher than those of perennial weeds in conventional
than in reduced tillage (Frick and Thomas 1992; Staniforth and
Wiese 1985). Finally, clonal growth is frequently associated
with early successional or recently disturbed habitats, where it
may serve as a means for quickly exploring and claiming space
during an inter-crop period without mechanical intervention.
Moreover, the movement of foliar-applied herbicide into the
plant can vary among species according to life form, with a
transport through phloem towards roots or organ storages for
perennial species (Gauvrit 1996; White and Jentsch 2001).
Therefore, a classification based on life form may be relevant
to identify the response of weeds to physical or chemical distur-
bances and to the end of disturbances.

3.2 LHS framework

The first plant function dimension taken into account into the
LHS framework is the resource use dimension. This dimen-
sion is related to the fundamental trade-off occurring between
the acquisition rate and conservation of resources by plants
and is described by a leaf trait syndrome including the specific
leaf area (SLA; leaf area-biomass ratio) (Wright et al. 2004).
SLA appears to be the most relevant trait to describe the
resource use of plants because of high responsiveness to
nutrient and light availabilities and easiness of measurement
(Garnier and Navas 2011). Very few data on SLA ofweeds are
available so far, probably because resource use strategies of
weeds were thought to be poorly variable in productive crop

Fig. 4 Physical disturbances induced by various agricultural tools which are ordered according to their levels of magnitude of disturbances (a, c, d
INRA; b Naturagriff; e, f Farcy, personal communication)
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systems. Assimilation rates at light saturation in the field have
been documented to be largely determined by SLA for weeds
(Storkey 2005), suggesting that this trait might be of interest to
distinguish different strategies of resource acquisition by
weeds (Table 4).

The second axis of plant functioning of the LHS scheme is
competition ability. That dimension is captured by plant
height, a trait also associated with whole plant fecundity, seed
dispersal and generation time after disturbance (Westoby et al.
2002). The link between plant height and competition ability
is explained by the positive relationship between that trait and
light and water acquisition over a growing season (Violle et al.
2009b and references therein). The differential of dynamics of
height growth among interacting plants is also of major influ-
ence on competitive outcome (Navas and Violle 2009) as

demonstrated for annual weed stands (Turnbull et al. 2004)
and maize–weed interactions (McDonald et al. 2010). Repro-
ductive height at which flowers and seeds are produced is also
a good indicator of plant reproduction success and dispersal
(Bazzaz et al. 2000). Moreover, reproductive output of a plant
can be linearly related to its size (Weiner 1988) and see
empirical evidences in (Warwick and Thompson 1987) for
Panicummiliaceum; (Sans andMassalles 1994) for Diplotaxis
erucoides). Furthermore, plant height is constrained by the
frequency of disturbances, with smaller plants being found in
more disturbed places (Díaz et al. 1992; Sonnier et al. 2012;
Fried et al. 2012). Therefore, the analysis of plant height in
different cropping systems could give insights into weed
response to competition and their capacity to reproduce and
disperse according to disturbance regime and timing (Table 4).

The third dimension of plant functioning, regeneration, is
captured by seed mass. Seed mass affects almost all aspects
of plant ecology, including dispersal, seedling establishment
and persistence (Salisbury 1942; Harper et al. 1970;Westoby
1998; Weiher et al. 1999; Fenner and Thompson 2005).
Larger seeds confer an advantage of higher seedling sur-
vival under competitive environment (Turnbull et al. 1999;
Marshall 1986), at least on a relatively short term (Moles and
Westoby 2004), and a greater success of emerging from burial
(Gardarin et al. 2009, 2010a) but are less dispersible due to
their greater mass (Fenner 1985). Therefore, seed mass de-
termines both competitive and colonising ability via a trade-
off between the production of numerous small seeds and fewer
larger seeds from a given quantity of resource allocated to
reproduction (Rees and Westoby 1997; Turnbull et al. 1999;
Moles and Westoby 2004). Seed mass may also be related to
persistence in the soil (Bekker et al. 1998; Fenner and
Thompson 2005)( and to disturbances (McIntyre et al. 1999).
In arable land, seed mass negatively correlates with the inten-
sity of disturbances: small-seeded species have a better chance
to escape the effects of frequent disturbance than large-seeded
species that are favoured under dense plant cover (Albrecht
and Auerswald 2009). Therefore, seed mass is a relevant
candidate to study the response of weeds to change in the
crop sequence, below-ground disturbances and the frequency
of disturbances (Table 4).

3.3 Specific response traits

As stressed above, a third group of traits of weeds must be
identified to specifically address weed response to some
major events of the crop cycle. Evidence for most of the
traits discussed below remains to be documented for a large
number of species and situations; hence, analysis should be
conducted on this topic in the future.

First, seed coat thickness has recently been recognised to
be negatively correlated with seed mortality in the seed bank
(Gardarin et al. 2010b). A thick seed coat can provide the

Table 4 Summary of weed response traits to crop effect traits assessing
the resource gradient assessed by crop effect traits and to the seven
parameters defining the disturbance gradient, which are discussed in the
text

Gradient parameter Weed response traits

Resource
gradients

Crop height at canopy
closure

SLA

Height growth rate

Crop maximal height SLA

Height growth rate

Maximal plant height

Seed mass

Date of sowing Life form germination date

Flowering date Maximal plant height

Disturbance
gradient

Legacy from past
disturbance

Life form

Seed mass

Seed coat thickness

Germination date

Onset of disturbance Germination date

End of disturbance Life form

Flowering date

Seed setting

Frequency Maximal plant height

Seed mass

Flowering date and range

Return interval SLA

Height growth rate

Flowering date and range

Chemical disturbance Life form

Leaf surface traits

Plant phenology

Physical disturbance Life form

Seed mass

Seed coat thickness

Flowering date and range

SLA specific leaf area
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seed embryo with efficient protection against external ag-
gressions caused by microorganisms and other abiotic fac-
tors, such as temperature and moisture variations. Moreover,
seed coat properties can be related to seed dormancy (Baskin
and Baskin 1998), which could result in a correlation be-
tween mortality and dormancy. A relationship between these
two processes is also expected as there is no advantage in
being dormant and avoiding early germination if the seeds do
not survive to germinate in later seasons. These promising
results make seed coat thickness an easy-to-measure trait that
can be used to predict soil seed persistence in the seed bank
and thus to predict weed response to crop sequence and
below-ground disturbances.

Second, leaf surface traits can affect the wetting and
penetration of foliar applied herbicides (Hull et al. 1982).
Leaf surface traits include the cuticle (epicuticular wax,
pectin and cutin), the hairiness (number of trichomes) and
the surface cells (number of stomata and cell size). These
traits vary according to leaf age and development (Hess
1985; Wanamarta and Penner 1989). Among surface leaf
traits, the epicuticular wax is considered to be an effective
barrier to herbicide absorption (DiTomaso 1999; Pierce et al.
2001): the spray droplet coverage decreases when the
amount of epicuticular wax increases, leading to a reduction
in herbicide quantity in contact with the leaf surface (Hess
and Falk 1990). According to the number of trichomes, leaf
hairs can retain herbicide droplets or intercept droplets, hold-
ing them away from the leaf surface or increasing the foliar
uptake (Grangeot et al. 2006). The easier control of seedlings
is mainly explained by occurrence of fewer and shorter hairs.
Nevertheless this tolerance to herbicide is generally compen-
sated for by addition of surfactants or wetting agents which
reduce the surface tension of water droplets and increase the
surface contact with plant. Therefore, the screening values of
these traits for detecting weed response to herbicide remains
to be established.

Finally, the temporal aspect of plant establishment and
development which is seldom taken into account for other
species, determines weed response to agricultural distur-
bances (Ghersa and Holt 1995). Opportunities for germina-
tion and seed production are highly dependent on the phe-
nological weed traits and the timing of disturbances defined
by the dates of crop sown and harvest. Gunton et al. (2011)
demonstrated that the germination and flowering dates are
important descriptors of weed community composition. The-
se results, confirmed by Fried et al. (2012), have shown that
weeds with late germination date are more abundant in late-
sown wheat fields than species with early germination date.
Dynamics of height growth that depend on both resource and
disturbance regime at a site, modulate competitive outcome
between weeds and crop (McDonald et al. 2010). Lastly,
onset of flowering depends on the intensity and frequency
of soil disturbances, and determines seed production before

herbicide application (Storkey 2006; Fried et al. 2012). As a
consequence, we suggest that germination onset and range,
flowering onset and range and phenology of growth are
relevant traits for studying weed responses to the timing
and frequency of disturbances. Clearly, more research is
needed to define relationships among all phenological traits
before selecting the most representative.

4 Conclusions and perspectives

In this paper, we proposed an agro-ecological framework for
comparing the response of weed species and the functional
structure of communities they form among environmental
conditions created by cropping systems. We believe that our
framework, which encapsulates concepts from both agrono-
my and ecology, will improve the understanding of weed
community assembly and allow predicting weed flora under
environmental conditions generated by new and more sus-
tainable cropping systems.

Beyond being original, the description of cropping sys-
tems into environmental gradients would allow to analyse
the distribution of weed response traits along these gradients
and to test for processes that underlie weed species assembly
(Cornwell and Ackerly 2009; Garnier and Navas 2011).
Such an investigation represents an alternative to current
models of agricultural effects on weed communities, e.g.
Colbach et al.’s (2006) which rely on detailed cropping
system×environment interactions to predict weed dynamics.
To that aim, the test of the validity of the method we pro-
posed to assess environmental gradients remains to be done.
This test requires gathering datasets on disturbance compo-
nents due to agricultural practices. Contrary to other dis-
turbed environments, disturbances in arable fields are driven
by human decision. As a consequence, information is needed
not only on the agricultural techniques (herbicide and
fertiliser use, ploughing, tillage and mechanical weed control
regime) but also on the farming practices, i.e. the decision
rules of famers which generated the combination of tech-
niques and their timing of applications. These should be
collected by means of a questionnaire which must be care-
fully built to get all the data required to describe the regimes
and types of disturbances (see Table 2). Further investiga-
tions are also needed to characterise the effect traits of crops
in a large range of cropping systems occurring in highly
distinct regions.

Beside precise data on agricultural practices, local condi-
tions (i.e. soil and climatic conditions) and crop traits, it is
necessary to select the relevant response traits of weeds and
to define how to measure their attributes. We suspect that the
use of current trait databases (e.g. LEDA (Kleyer et al. 2008)
or TRY (Kattge et al. 2012) is not appropriated for weeds
because of sampling specificity. Indeed, the standardised
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procedures for measuring traits on plants, e.g. Cornelissen
et al.’s (2003), are not appropriate for most of weeds because
of a rather low density in managed fields and location in
shady environment induced by crop coverage. Furthermore,
individual plants within a local population might exhibit
different ecological strategies because they establish and
grow at different periods over the crop growth period. We,
thus, suggest that guidelines for sampling weed traits in
relation to crop development should be established, address-
ing specifically the estimation of the intraspecific variability
of traits that might be of importance to depict the weed
community response to cropping system (Violle et al.
2012). This would require rethinking the sampling period
of arable flora, usually done at the seedling stage, so that it
matches with the filters studied.

In this paper, we focused on weed response traits to
gradients. The identification of their effect traits, and how
they influence agroecosystem processes, is however a crucial
issue for future research. A sustainable weed management
should be designed to decrease weed negative impact on
crop production while preserving their positive impact on
trophic network and local environmental conditions (Storkey
and Westbury 2007). To reach that aim, a first step is to
identify traits related to each process of interest in the
agroecosystem. Some of them have already been deter-
mined, for example, weed traits related to competition with
the crop are similar to those identified here for characterising
the impact of crops on resources, namely plant stature
depicted by plant height, basal area or root depth, plant
growth rate and phenology. However, traits that could relate
to positive effects of weeds on agroecosystem have been
seldom documented so far (Navas 2012), although there
are some information for other kind of plants (de Bello
et al. 2010): occurrence of herbivores is generally related to
tissue chemistry, leaf morphology and kind of seed; pollina-
tor provision is explained by floral traits such as accessibility,
attractiveness and nectar production; soil protection depends
on canopy size or growth form root architecture; seed pre-
dation by granivorous rodents (Janzen 1971) or birds is
related to seed coat (Lundgren and Rosentrater 2007) or seed
energy content (Collas et al., unpublished data). Thus, our
conceptual framework could be adapted to investigate weed-
invertebrate interaction as long as the response/effect traits
are known.

To conclude, we propose an application of contemporary
ecology theory to man-managed ecosystems, the use of
which would give important insights for supporting decision
making in weed management. Ecological theory is already
being used for making resource management decisions im-
provement in conservation; however, its inappropriate appli-
cation has led to detrimental management outcomes (but see
Driscoll and Lindenmayer 2012 for further details). Adapta-
tion of ecological theory to agroecosystems is therefore

needed. Similar attempts should be done to properly charac-
terise environmental gradients and factors affecting weeds at
landscape scale.
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