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Abstract Reducing pesticide use in agriculture is necessary
to preserve natural resources. However, pest control without
pesticides is a challenging issue. In particular, weed infes-
tation may cause severe losses of crop yield. Weeds have
been traditionally managed solely at the field level. How-
ever, larger scales must be considered because invasive
and herbicide-tolerant weeds are spreading over larger
scales. This review discusses three spatial scales at
which agricultural management might affect the dispers-
al of weeds and, in turn, their distribution and abun-
dance in agricultural fields. The main points are: (1) at
the field level, crop and margin management impact mass
effect, i.e., local exchanges between the field margin and
the cultivated field; (2) at the farm level crop allocation,
the management of field boundaries and agricultural circu-
lation in the farm strongly impact the intensity and direc-
tion of weed dispersal; and (3) at the landscape level, the
spatial farms distribution controls the distribution of weed
habitat and, in turn, landscape species pool and long-distance
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weed dispersal. We conclude that weed dispersal is
driven by agricultural management at multiple scales.
Weed scientists should thus extend their view on weed
dispersal from within-field scales to among-field and land-
scape scales.

Keywords Weed management - Field boundary - Agricultural
circulation - Land use allocation - Connectivity - Concerted
management

1 Introduction

There is increasing evidence that land management options
have an impact on the functioning of the agro-ecosystem
over a wide range of spatial and managerial scales encom-
passing the field, the farm, and the landscape level (Firbank
et al. 2008). There is obviously little consensus as to an
“optimum” scale for management as economically impor-
tant biodiversity (species to be harvested, pest species, nat-
ural enemies) vary in their ecological requirements and
respond to their environment at different spatial scales
(Aviron et al. 2009; Gabriel et al. 2010). Among the taxa
requiring effective management within agro-ecosystems,
arable weeds are an important target, as they are a key group
both in terms of arable crop productivity and farmland
biodiversity (Petit et al. 2010). Identifying effective weed
management options is crucial as weeds limit crop produc-
tivity by competing with the crop for available sunlight,
water, and nutrients (Bastiaans et al. 2000; Oerke 20006).
Weeds are also at the basis of the agro-ecosystem food web
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and as such support many taxa, ¢.g., invertebrates (Bohan et
al. 2007), farmland birds (Gibbons et al. 2006).

Fig. 1 Delphinium consolida

Fig. 2 Adonis annua

Weed communities are strongly shaped by the manage-
ment applied within individual fields. Crop type (Hallgren et
al. 1999; Fried et al. 2009a), preceding crop (Fried et al.
2008), sowing date (Gunton et al. 2011), crop succession
(Bohan et al. 2011), tillage systems (Mayor and Dessaint
1998; Cardina et al. 2002), levels of fertilizers, and herbicide
inputs (Dieleman and Mortensen 1999; Storkey et al. 2010)
have been recognized to account for variations in weed
assemblages. Yet, some problematic weed management
issues require weed scientists to consider weed dispersal
within and among different fields at the landscape level.
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These issues include the spread of invasive annual weed
species such as the common ragweed (Chauvel et al.
2006), the spread of herbicide resistance in problematic
weed species (Dauer et al. 2009; Délye et al. 2010), and
the issue of contamination by gene flow in the context
of genetically modified (GM) crops (Colbach 2009; Le
Bail et al. 2010). The conservation of (rare) arable
weeds also raises concern, given the drastic decline of
arable weeds over the last decades, described in several
ecological diachronic studies carried out across Europe
(e.g., Andreasen et al. 1996; Hyvonen and Huusela-
Veistola 2008; Fried et al. 2009b). These management
issues have revealed the current gap in knowledge as to
the geographical extent, the intensity, and the role of
dispersal in the dynamics of weed communities. More
to the point, it is unclear whether or not the spatial
arrangement of management decisions at different scales
may potentially represent a lever to hinder or favor
weed spread and persistence in agro-ecosystems. It has
often been assumed that the large-scale spatial dynamics
of weeds is so strongly dominated by local processes
occurring in the field (Freckleton and Watkinson 2002)
that the consideration of factors operating at larger
spatial scales, e.g., dispersal capacity, habitat availabili-
ty, and connectivity (Ehrlén and Eriksson 2003) is not
required. On the other hand, an increasing number of
empirical studies suggest that some large-scale factors
(i.e., acting at scales beyond the field) strongly impact
weed diversity both at local and regional scales (Gabriel
et al. 2005; Poggio et al. 2010).

Fig. 3 Papaver rhoeas and Centaurea cyanus in oilseed rape
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Fig. 4 Patches of Centaurea cyanus within a crop

We consider here three spatial scales at which agri-
cultural management might affect the dispersal of weeds
and therefore their distribution and abundance in agri-
cultural fields: (a) the local management of the crop and
its boundaries and its impact on weed seed movements
within and between the two habitats (b) the activities
carried out at the farm level and their impact on weed
seed movements and weed distribution at the farm level,
and (c¢) the shaping of landscape spatial patterns by
agricultural production and its effect on long distance
weed dispersal. At each scale, a comprehensive but non-
exhaustive analysis of the impact of different agricultur-
al activities on weed dispersal was carried out to assess
the importance of management at each scale on the large-scale
spatial dynamics of weeds.

2 Dispersal constraints at the field level

Field management includes the succession of agricultur-
al practices that are carried out in the field (crop) as
well as practices devoted to the boundaries of the field
(e.g., hedgerows, grassy banks, fences, walls, ditches)
which are known to vary according to soil character-
istics and vegetation structure, the cropping system in
the adjacent field and work organization at a farm level
(De Snoo 1999; Le Cceur et al. 2002). Crop management
and boundary management both affect the distribution
of weeds in the core and the margins of cultivated field
as well as potential propagule exchanges between crops
and the field margins. Here, we use the terminology field
margin as defined by Marshall and Moonen (2002), i.e., the
whole of the crop edge, any margin strip present (whether
naturally occurring or set up for conservation or environmen-
tal purposes) and the semi-natural habitat associated with the
boundary.

2.1 Effects of local management for weeds within the crop

Soil tillage and, to a lesser degree mechanical weeding, can
disperse seeds over several meters parallel to the tractor
movement (Rew and Cussans 1997; Grundy et al. 1999;
Marshall and Brain 1999) and up to a meter in the perpen-
dicular direction (Forcella and Lindstrom 1988; Roger-
Estrade et al. 2001). Harvesters also increase weed patch
spread by several orders of magnitude, especially if harvest
time coincides with seed set (Rew et al. 1996; Woolcock and
Cousens 2000; Blanco-Moreno et al. 2004; Humston et al.
2005). There can substantial within-field spread of weeds
from weed patches if weed density in the patch is interme-
diate or high (Wang et al. 2003; Boyd and White 2009;
Humston et al. 2005). The spatial dynamics of annual weeds
within the crop has been modeled with a neighborhood
metapopulation level that considered the crop as a set of
neighboring 1-m cells, allowing the within-crop spatio-
temporal heterogeneity in habitat conditions within the crop
to be variable (Perry and Gonzalez-Andujar 1993). Simula-
tions show that dispersal between neighboring cells en-
hanced the persistence of the metapopulation in most
conditions and that often modeled populations could persist
in very small number for many generations, a pattern that
bears resemblance with results derived from empirical long-
term monitoring of blackgrass (Wilson and Brain 1991).

2.2 Effects of local management for weeds within the field
margin

Field margins often shelter higher diversity and abundance
of weed species than the core of cultivated fields (e.g.,
Marshall 1989; Romero et al. 2008; Kovacs-Hostyanszki
et al. 2011). One likely explanation is the inability of many
weed species to successfully establish within the crop
because environmental constraints imposed by farming
practices are too harsh, whereas these constraints are
relaxed at the margin because crop management is less
efficient (Wilson and Aebischer 1995; Kleijn and van der
Voort 1997). However, herbicide application and drift in the
crop edge often reduce the diversity of weed communities in
margins (Kleijn and Snoeijing 1997; Aude et al. 2003). The
practice of not spraying the crop edge significantly increases
weed species diversity and abundance in the crop edges (De
Snoo 1997) and in the adjacent field margin (De Snoo and van
der Poll 1999). Fertilizers applied in the crop can concentrate
in the crop edge and subsequent addition in nitrogen and
phosphorous can alter weed communities (Rew et al. 1992;
Tsiouris and Marshall 1998). Fried et al. (2009b) showed that
many weed species that used to be frequent within the core of
crops in the 1970s are now restricted to crop margins, as a
result of a shift towards more intense crop management prac-
tices. In addition, field margins can be seen as uncultivated
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corridor-like habitats that could potentially enhance weed
dispersal along well-connected networks of linear elements,
although there is to our knowledge no evidence of such
mechanism in weeds. A recent study (Van Geert et al. 2010)
showed that linear landscape elements may act as functional
biological corridors facilitating pollen dispersal through
pollinator movements.

2.3 Field boundary management and local weed dispersal

Weed exchanges between the field and its boundary seem to
occur in both directions (Marshall 1989) with some species
located in the field that are able to exploit disturbed zones
within the boundary and other species mainly occurring in
the boundary and spreading into the field (Marshall 1989;
Rew et al. 1996; West et al. 1997). Short distance seed
dispersal from the margin to the field may explain why
boundaries are often perceived by farmers as a source for
crop infestation (Marshall and Smith 1987; Cordeau et al.
2011a) but also clearly contributes to enhanced weed diver-
sity levels within generally impoverished cultivated fields
(Roschewitz et al. 2005; Gabriel et al. 2006). Indeed, diver-
sity within a field depends not only on the conditions within
the crop, but also to connectivity at short distances between
neighbouring habitats. Predicting weed species richness thus
requires taking into account such neighborhood effects and
therefore the spatial arrangement of the landscape elements
(Wagner et al. 2000). Some authors also suggest that bound-
aries characterized by vertical and dense vegetation may be
functioning as seed-trapping structures for anemochorous
weeds (Bullock and Moy 2004; Poggio et al. 2010). In some
cases, crops can be regarded as sink habitats fed by a
constant propagule arrival from the nearby field margin
“source” (vicinism sensu Zonneveld 1995). For example,
in Argentina, most native perennial species occurring within
fields could neither complete their life cycles nor produce a
sufficient amount of propagules to sustain self-perpetuating
populations in fields (Poggio et al. 2010). Also, because the
propagation of weeds is clearly influenced by landscape
arrangement at a very fine spatial scale, seed exchanges
can be altered by the management of field margins, e.g.,
the establishment of wildflower mixes sown strips or grass
strips between the boundary and the crop can significantly
decrease weed ingress into the field (Smith et al. 1994; West
et al. 1997; de Cauwer et al. 2008; Cordeau et al. 2011D).
Such strips can also buffer boundaries from crop manage-
ment practices such as herbicide drift (Marshall 2009).

3 Dispersal constraints at the farm territory level

Farm territorial management is the overall organization of
farming activities on the farm territory, which accounts for
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production objectives, availability and organization of
workforce, land and equipment resources (Aubry et al.
1998). Three types of activities are organized at the farm
level, those related to production with implications in terms
of land use allocation and crop/grassland management,
those of land maintenance (e.g., field boundaries mainte-
nance) and those of laying-out, which aims to install, re-
move, or significantly change the structure of some
elements or groups of elements of the farm territory, such
as field shape and patterns (Thenail et al. 2009). These three
kinds of activities suppose a circulation of machinery be-
tween fields within the farm territory. All these activities,
including circulation of machinery, potentially affect weed
dispersal either directly or through changes in the availabil-
ity of habitat and their spatial arrangement (size, isolation) at
the farm level.

3.1 Effects of land-use allocation at the farm level

The choice of a cropping system at a field level is relative to
the choices applied to the other fields within the farm
territory. Crops are allocated to their fields by farmers
according to rotational principles, within environmental
(water supply, soil properties), socio-economic, and agro-
nomic constraints (Rounsevell et al. 2003; Maxime et al.
1995; Papy 2001). On top of this, there are also adjustments
of crop management practices at the farm level within the
year in relation to the climatic conditions and due to con-
straints of work organization (Papy et al. 1988). The result-
ing land use allocation at the farm level usually clearly
departs from randomness. Land use allocation often con-
cerns several fields, e.g., when fields are small and/or far
from the farmstead, a similar allocation minimizes costs
because the different fields can be sown together, sprayed
with pesticides together, fertilized and finally harvested
together. Neighboring fields can also be allocated similarly
because they share similar environmental constraints
(Castellazzi et al. 2007; Thenail et al. 2009; Schaller
et al. 2010). Conversely, the location of fields used for the
multiplication of crop seeds will be constrained by minimum
isolation distance in order to avoid contamination that would
alter the quality of cultivars (Wang et al. 1997). The resulting
spatial pattern of land-use types has impacts on weed popula-
tions at the farm level. For example, Colbach (2009) used a
spatially explicit cropping system model to evaluate the im-
pact of the spatial distribution of fields belonging to a single
farm (clustered vs. scattered, see Fig. 5a) on the genetic harvest
impurity of non-GM oilseed rape crops via a particular weed
type, i.e., crop volunteers. Simulations show that clustered
farms presented lower harvest impurity levels than farms com-
posed of scattered fields, regardless of the cropping system
type (intensive conventional vs. +organic) and the mean size of
fields (Fig. 5b).
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Fig. 5 Simulation of the a
GENESYS model (Colbach,
2009). a Spatial pattern of fields
at the farm level: scattered (/eff)
and clustered (right). b
Contamination rate in non-GM
harvests according to the spatial
pattern of fields (scattered vs.
clustered) for five systems. The
first letter of the system refers to
the management (/ intensive; O
organic) and the second letter
refers to the size of individual
fields (S 1-2 ha; M 56 ha; L

13 ha). IM intensive medium
field size; OM organic medium
field size; OS organic small
field size; IL intensive large
field size; OL organic

large field size

% GM seeds in non-GM harvests

100

10

-

0.1
0.01

0,001

3.2 Effects of agricultural circulation within the farm

Agricultural circulation is a key issue in farm territorial
management and includes all the movements in farms with
machinery or animals, by the mean of vehicles or by foot,
for, e.g., the transport of product or material, the move of
dairy cows to milking place, the implementation of crop
management practices, or the survey of crop growth or
animals in pasture (Gibon et al. 1988; Morlon and Trouche
2005a, b). These movements result in the transportation of
weed seeds by the machines from one field to another within
the farm territory. Harvesters have been shown to carry
significant weed seed loads (on average 30,000 seeds per
harvester) when harvest coincides with weed seed matura-
tion (Boyd and White 2009). The transport of harvests from
one field to another and from fields towards the silo also
affects the distribution of weeds at the farm level (Pessel and
Lecomte 2000). Weed seed can also move between pad-
docks with machinery (McCanny and Cavers 1988) or be
transported after ingestion by cattle and shed directly in
pastures or spread via manure in arable fields (Pleasant
and Schlather 1994). Seeds of many weed species can also
get hooked on cow or sheep coat, according to their mass and
morphology (RGmermann et al. 2005).

| [ |
11

m Scattered
Clustered

[
I T
| L I oL

3.3 Effects of laying-out the farm territory

Altering the size and shape of fields or the distribution of
semi-natural elements within the farm territory can affect
weed distribution. Farmers implement such structural
changes in order to adapt the structure of their farm territory
to their objectives, after land consolidation programs or
independently (Fig. 6). In terms of impacts on weeds, field
enlargement reduces the density of field edges, a habitat
usually rich in weed species. Simulations testing the effect
of field size on the level of harvest impurity in non-GM
oilseed rape crops mainly due to crop volunteers showed
that farms with small fields presented a significantly higher
harvest impurity levels than farms with large fields (Colbach
et al. 2009). Few studies have however assessed the impact
of structural changes on a possible shift in weed communi-
ties, and to our knowledge, none at the farm level.

4 Dispersal constraints at the landscape scale
Landscape patterns result from the diversity of farm territo-

rial management at field and farm level and the fine inter-
weaving of farm territories as well as the amount and spatial
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Fig. 6 Examples of joint
dynamics of field laying-out
and crop rotations (aerial
photos, ZA Pleine-Fouggres):
(i) «bocagey islet with removed
hedgerows, changes in field
patterns and land-use conver-
sion, (if) «openfield» islet

with year to year adaptation of
field patterns according to
crop rotation and required
surface

patterns of non cultivated land. The structuring of farm
territories at the landscape scale results from two combined
processes. Segmentation occurs when geographical areas
differentiated by their physical environment, climate, but
also social-economical development contribute to a “selec-
tion” of types of farming systems and associated land use
(Thenail 2002; Mignolet et al. 2007). The complementary
process is an aggregation of individual farms and farming
activities leading to mosaics of different levels and types of
heterogeneity. In the UK for example, organic farms have
been shown to be inherently aggregated in areas environ-
mentally less favorable for arable agriculture (Gabriel et al.
2009) and as such located in more diverse and complex
landscapes than conventional farms (Norton et al. 2009).
In addition, landscape patterns can be impacted by collec-
tive concerted actions, i.e., situations where multiple land
managers within a landscape coordinate their crop manage-
ment actions. This has been studied in the case of farmers
sharing the same machinery to harvest crops, and/or when
harvesting of nearby fields belonging to different farmers is
done by the same company of agricultural services. In these
cases, in order to facilitate the harvest, crop location on
fields can be coordinated between several farmers (Morlon
and Trouche 2005b; Capitaine 2005). Another type of coor-
dination of cropping system beyond the farm level exists
between farmers and cooperatives in order to achieve for a
same crop, a same targeted quality at the cooperative level
(Le Bail et al. 2006). Finally, concerted actions for crop
spatial arrangement and weed management could be an
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important lever for controlling herbicide resistance in nox-
ious weeds at the landscape level (Dauer et al. 2009). This
diversity of processes creates an important heterogeneity in
the spatial distribution of factors affecting weed dispersal
across the landscape.

4.1 Effects of landscape spatial patterns on weed communities

A number of studies have compared the weed flora among
fields located in landscapes strongly differing in terms of
land use composition, e.g., proportion of semi-natural hab-
itats, grassland, and arable land and structure, e.g., mean
field size (see Table 1). Overall, this corpus of studies
provides evidence that weed diversity measured both at the
field and at landscape level is driven by landscape character-
istics (Table 1, RWL) and local practices at the field level
(Table 1, RWF), and that these effects are independent one
from another at least for part of the studies (Table 1, inde-
pendence FL). Weed diversity is in general higher in “com-
plex landscapes” than in simple ones, as often been shown
in other taxa (Heikkinen et al. 2004; Rundolf and Smith
2006). A common explanation is that complex landscapes
harbor more diverse habitats and therefore more ecological
niches, hence a larger regional species pool (Tews et al.
2004; Tamme et al. 2010). For weeds, this view is supported
by the fact that beta diversity is higher in complex land-
scapes than in simple ones, i.e., that weed communities in
different fields located within a complex landscape differ
more strongly one from another than weed communities
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Table 1 Summary results of studies that have tested the effect of landscape variables on weed diversity

Landscape RWL relation weed/ RWF relation weed/field  FL field management and landscape Reference and country
variable landscape management variables independent?
Mean field size  ns N/A Baessler and Klotz 2006;
Germany
) N/A Gaba et al. 2010; France
ns AES (+) Yes Marshall 2009; UK
ns OF (+) No Hawes et al. 2010; UK
Percentage of =) Nitrogen (—) Yes Gabriel et al. 2005; Germany
arable land ) Nitrogen (—) Yes Gabriel et al. 2006; Germany
ns OF (+) Yes Holzschuh et al. 2007,
Germany
=) OF (+) Yes Roschewitz et al. 2005,
Germany
ns Nitrogen (—) Yes José-Maria et al. 2010 ; Spain
) N/A De la fuente et al. 2010;
Argentina
=) Nitrogen (—) No Kovacs-Hostyanszki et al.
2011; Hungary
Edge density ) Nitrogen (—) Yes Gabriel et al. 2005; Germany
) Herbicide (—) Not checked Guerrero et al. 2010; Spain
()] AES (+) Yes Concepcion et al. 2008; Spain
(+)?* ns No Weibull et al. 2003; Sweden
ns N/A Baessler and Klotz 2006;
Germany
+) N/A Poggio et al. 2010; Argentina
Habitat diversity ns N/A Gaba et al. 2010; France
ns Herbicide (—) Not checked Guerrero et al. 2010; Spain
ns AES (+) Yes Concepcion et al. 2008; Spain
ns OF (+) No Ekroos et al. 2010; Finland
ns ns No Weibull et al. 2003; Sweden
ns OF (+) No Boutin et al. 2008; Canada
) Nitrogen (—) Yes Gabriel et al. 2005; Germany

RWL correlation between weed diversity and landscape variable; RWF correlation between weed diversity and field management (4ES=agri-
environmental scheme; OF=organic farming system; herbicide=number of herbicide applications; nitrogen=amount of nitrogen fertilization); N/
A, non-applicable as no field management data was available in the survey; ns p>0.05; (-) significant negative correlation; (+) significant positive
relationship; independence indicates when there is a significant correlation between the field management variable and the landscape variable tested

in each study (yes, no, not checked)

Denotes that the relationship was only true in conventional farming systems

recorded in different fields within a simpler landscape,
which are more similar to each other (Roschewitz et al.
2005; Gabriel et al. 2006; Poggio et al. 2010). Complex
landscapes also often shelter more natural and semi-natural
habitats which can increase the landscape weed species pool
(Le Cceeur et al. 1997). Landscape composition can indeed
impact weed diversity, for example, the proportion of land-
scape occupied by annuals crops is often inversely correlat-
ed to weed richness (Table 1). Yet, other landscape metrics,
such as landscape diversity failed to explain weed biodiver-
sity in any significant way (Table 1) which might suggest
that land use types used to quantify landscape diversity are

maybe not well matched with what constitutes habitat or
niche diversity for weeds. Metrics describing landscape
structure (grain) such as the size of fields or the edge density
in a given landscape also appear to impact weed diversity,
smaller-grain landscapes sheltering more weed species. This
result is quite intuitive as the dispersal of propagules from
field boundaries to the core field leads to increased weed
diversity in the field (see “Introduction” section) and there-
fore the denser the network of field boundaries (i.e., edge
density), the higher the probability that many species ran-
domly immigrate in the field (spatial mass effect or vicini-
ty). This is true for field margins but could also well apply
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for any alternative weed habitat neighboring the field (set-
aside, fallow crop, ...). This view is supported by analyses
showing that individual core fields located in a complex
landscape are not only more dissimilar to each other in terms
of weed communities, but each field also harbors more weed
species (Roschewitz et al. 2005; Boutin et al. 2008; Poggio
et al. 2010).

4.2 Evidence for long distance dispersal in weeds

The recurrent success of alien weed species (Chauvel et al.
2006) and the important turnover observed in weed com-
munities over decades, with a substantial number of “new”
species (Fried et al. 2009b) are indirect evidence that weed
dispersal does occur over large spatial and temporal scales.
Quantitative estimates of seed dispersal at the landscape
level remain scarce and obtaining these by direct measure
remains problematic (Nathan 2006). Seed immigration from
neighbouring fields has been shown to explain 30 % of feral
oilseed rape populations occurring at the landscape level
(Pivard et al. 2008). There is also empirical evidence for
long distance seed dispersal along road networks with vehi-
cle traffic (von der Lippe and Kowarik 2007; Garnier et al.
2008), trucks transporting contaminated crop seeds (Donald
and Ogg 1991), or through the circulation of machinery used
for roadside verges management (Vitalos and Karrer 2009).

4.3 Functional approaches for weed dispersal constraints
over large scales

Within communities, the response of individual species and
the scale at which it occurs has been shown to be mediated
by a number of species life-history attributes, such as the
species dispersal ability (Butaye et al. 2001; Fahrig 2001) or
its degree of habitat specialization (Devictor et al. 2008;
Liira et al. 2008). As a result, communities are assemblages
of species with different spatial strategies (Tscharntke and
Brandl 2004). In the case of weeds, one can thus hypothe-
size that not all species will respond to landscape patterns in
the same way, according to their life-traits such as their
degree of habitat specialization (Fried et al. 2010), as the
dispersal type (dispersal over space), the level of seed per-
sistence and dormancy (dispersal over time), the reproduc-
tion mode. The relevance of trait-based approach in
landscape scale weed research can be illustrated with a case
study summarized in Table 2. We conducted a weed survey
in two adjacent landscapes in Brittany (part of the LTER site
of Pleine-Fougeéres/Armorique http://osur.univ-rennes].ftr/
zoneatelier-armorique/), a traditional hedgerow network
landscape (“bocage”) and a landscape that was originally
similar to the first one but which went through a reallotment
program in the early 1990s. The shift in winter-wheat weed
communities following the reallotment led to an important
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decline in weed diversity at the field level but also at the
landscape level. The interesting point is that this loss of
weed species was not random. The realloted landscape
harbored significantly less entomogamous plants and more
anemogamous plants than the adjacent hedgerow network
landscape. As landscape structure (habitat density, connec-
tivity) affects on-farm biodiversity, including pollinators
(Holzschuh et al. 2009, 2010); it would be interesting to
assess whether the loss of entomogamous weed species in
the realloted landscape could be linked to a parallel decline
of insects or a change in the interactions between weeds and
pollinators (Tscharntke and Brandl 2004; Gonzalez et al.
2011).

5 Discussion
5.1 Weed dispersal at multiple scales

From this review, we can conclude that weed dispersal is
impacted by agricultural management at the three spatial
scales we have addressed here. Substantial evidence was
gathered that suggest a role of large scale factors in the
assemblage of weeds within cultivated fields. Our analysis
suggests that from a weed's perspective, agricultural land-
scapes are non-random spatio-temporal arrangements of
more or less suitable patches of habitat (fields, margins)
which organization is strongly shaped by farmers' decisions
at different spatial scales (Fig. 7). First of all, the overall
species pool is partly determined by landscape character-
istics such as the heterogeneity of habitat types. Second,
long distance weed dispersal events, whether they occur
naturally or through anthropogenic activities do occur and
are regulated by the landscape spatial pattern, i.e., clustering
of crop types, density of network of transportation, density
and connectivity of networks of field margins. These long
distance events suggest a metapopulation structuring of
weeds at the landscape level. Third, because neighboring
effects between the core of fields and their margins have a
strong effect on what species are actually present within the
crop and because weed assemblages occurring in field mar-
gins are affected by landscape characteristics (density, con-
nectivity), short distance dispersal and its associated local
scale population functioning (spatial mass effect) does actual-
ly translate the effect of large-scale factors into the crop itself.

5.2 Implications for weed management

This analysis shows that in the case of weed management,
we are confronted with a spatial scale mismatch between
ecological processes (here, weed dispersal across the field
and the landscape) and management processes developing at
the field and farm level (Cumming et al. 2006). The farm
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Table 2 Comparison of land-
scape attributes, weed diversity,

Bray Curtis similarity indices
between fields within a land-
scape type and the proportion of
individual plants divided into the
three main reproduction types
for two adjacent landscapes
(realloted and not realloted)

Landscape non-realloted Landscape realloted t
Landscape attributes at 300 m
Hedgerow density 93.86+6.01 42.29+2.64 7.85%*
Percentage of arable crop 11.99+2.51 44.60+2.79 —8.70**
Percentage of permanent grassland 36.63£3.16 13.00+£2.38 5.97**
Weed diversity
Field (« diversity) 2.10£0.13 1.15+0.21 3.86%*
Landscape (y diversity) 3.73 2.65 -
Similarity Bray-Curtis 0.26+0.01 0.39+0.03 -
Weed reproduction mode
Percent anemogamy 25.32+5.37 63.51£8.03 —3.95%*
Percent autogamy 26.90+5.40 17.24+6.92 1.06
Percent entomogamy 47.78+5.56 19.25+5.94 3.43%*

T test n=15 winter wheat fields
within each landscape type

territory is a key management unit but weed population
processes do not recognize boundaries between farms. Sim-
ilar interactions have been shown for agri-environmental
schemes that are implemented at the field/farm level but
are expected to provide biodiversity benefits at the land-
scape level (Aviron et al. 2009). Resolving such mismatches
requires a better articulation between the representation of
ecological and managerial processes using available theo-
retical frameworks such as hierarchichal theory and social—
ecological systems (Pelosi et al. 2010). Building on the

Total species pool

previous point, it appears logical to assess the conditions
for efficient collective concerted actions on weed manage-
ment, together with the effects of non-concerted spatial ag-
gregation of management activities. There are indeed too few
documented examples where multiple land managers within a
landscape coordinate their crop and weed management
actions. However, some examples of collective management
between farmers have been studied in the case of farmers
sharing the same machinery to harvest crops, and/or when
harvesting of nearby fields belonging to different farmers is

Dispersal constraints

Landscape
L lexi
Segmentation/ Agregation andscape complexity
Landscape management > =) Habitat diversity
Concerted management (Ecological niches)
. Farm
Agricultural Land locati
o and use allocation . "
aCtlw,tles Agricultural circulation i ;ﬁzgﬂ,z:x:rgkiment of fields,
! Laying out farm territory
H =) Long distance weed dispersal
! & (Metapopulation, connectivity)
1
v Field
Environmental Field margins N Field margins
. Field margin management
constraints Crop management =) Short distance weed dispersal
! (Mass effect, short distance

Habitat species pool

connectivity)

@

Internal dynamics
Ecological species pool

Community

Geographical species pool

Fig. 7 The functional trait-based community assembly conceptual
framework, modified from Booth and Swanton (2002). The geograph-
ical pool of species is determined by dispersal constraints that are
affected by agricultural activities carried out at the field, farm, and

landscape levels. These activities affect the diversity and spatio-
temporal arrangement of weed habitats at various ecological spatial
scales and have thus implications on the number of ecological niches
available as well as on connectivity at short and large distances

#I’%!#& Im @ Springer
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done by the same company of agricultural services. In these
cases, in order to facilitate the harvest, crop allocation in fields
can be coordinated between several farmers (Morlon and
Trouche 2005b; Capitaine 2005). Another type of coordina-
tion of cropping system beyond the farm level exists between
farmers and cooperatives in order to achieve for a same crop a
same targeted quality at the cooperative level (Le Bail et al.
2006). Based on such experiences, it should be possible to use
scenario modeling to explore how alternative configurations
of collective organizations between farmers and other land
users may affect the distribution of weed diversity and of
problematic weeds over the landscape.
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