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Abstract Agricultural intensification has led to the decrease

of the diversity of wild and domestic pollinators. For instance,

honeybees declined by 59 % in 61 years in the USA. About

35 % of major crops in the world depend on pollination ser-

vices, and 3–8 % of world crop production will disappear

without pollinators. Indeed, pollination provides several eco-

system services such as enabling crop and honey productions,

regulating weeds and other cultural services. Agricultural in-

tensification has also decreased weed diversity by about 50 %

in 70 years because massive herbicide sprays have reduced the

competition between weeds and crops. Nevertheless, weeds

are at the basis of agricultural foodwebs, providing food to

many living organisms. In particular, weeds provide flowers

for pollinating insects including honey and wild bees. Here,

we review the decline of weeds and bees.We discuss the effect

of bees and pollination on crop production. We describe the

complex interactions between bee pollinators, e.g. honey and

wild bees, and landscape habitats such as crop fields and semi-

natural elements. For that, we focus on spatial and temporal

effects on flower resources. We show that weed abundance

can reduce crop yields, thus inducing conflict with farmers.

But weed abundance enhances regulating services by ensuring

the survival of honeybees in the absence of oil seed crops.

Weed abundance also enhances pollination services and, in

turn, honey yield for the benefit of beekeepers. Weed abun-

dance has also improved the survival of wild flora and the

socio-cultural value of landscapes, a major request from the

public. From those findings, we present a conceptual frame-

work allowing to define ecological engineering options based

upon ecosystem services of weeds and pollinators.
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1 Introduction

The world population is still increasing, and consequently, the

demand for food is growing. Over the last 40 years, the de-

mand for food has been met by increased crop yields obtained

through generalized use of external inputs such as fertilizers

and pesticides and improved technology. However, agricultur-

al intensification has had a direct effect on water, soils, land-

scapes and biodiversity. There is clear evidence that agricul-

tural intensification has led to the loss of biodiversity (Geiger

et al. 2010; Robinson and Sutherland 2002; Kleijn and

Sutherland 2003; Tscharntke et al. 2005), a decline in land-

scape diversity with the disappearance of semi-natural ele-

ments of all types (Benton et al. 2003) and ultimately a reduc-

tion in ecosystem functioning (Cardinale et al. 2012). Loss of

biodiversity does not simply alter ecosystems per se, it also

results in the partial or complete loss of services provided to

humans by these ecosystems (Costanza et al. 1997; Chapin

et al. 2000). The demand for provisioning services over the

past century has been met at the expense of other services,

including, paradoxically, those indirectly profitable to crops,

such as pest regulation and crop pollination, or those which

affect the sustainability of food production such as prevention

of soil erosion and preservation of genetic resources. In paral-

lel, greater public awareness has raised public expectations,

especially with regard to public goods (water, air) and cultural

services such as the conservation of flagship species (Tilman

et al. 2002). In the context of global change and relative un-

certainty (depletion of non-renewable resources such as phos-

phorus, unstable agricultural prices and imprecision of climat-

ic scenarios), the future of intensive farming systems may,

therefore, appear challenging: new systems are required to

take account of changing economic and environmental aims

(reduction of pesticides, biodiversity conservation, health) and

must be adapted to changes in land use and climate, as well as

being acceptable to all stakeholders. The trade-off between

food production and biodiversity is so critical that it no longer

concerns farmers alone, especially because biodiversity is be-

lieved to support most ecosystem services (Gabriel et al. 2013;

Phalan et al. 2011).

It is, therefore, essential to understand the consequences of

biodiversity loss on the provision of ecosystem services

(Ehrlich and Ehrlich 1981), which requires account to be tak-

en of existing constraints or trade-offs between different eco-

system services (Foley et al. 2005; Bennett et al. 2009).

Therefore, to go beyond the sole aim of producing food, the

challenge is to find the best compromise between crop yields

and societal benefits, either for the farmers themselves (e.g.

health) or for those who live in the countryside (e.g. public

goods). Promoting biodiversity may improve the provision of

a range of services and compensate for the reduction in the use

of pesticides and herbicides (e.g. the French Plan Ecophyto)

through better biological control, a common basis for both

agro-ecology and ecological intensification (Bommarco

et al. 2013; Gaba et al. 2014). It is, therefore, important to

identify the processes that explain why various species im-

prove ecosystem functioning and services, in particular crop

production, either directly or indirectly.

The relationship between weed flora, i.e. the agricultural

wild plants, and crops is complex: crop production may con-

flict with weed flora abundance (Fried et al. 2008; Meiss et al.

2008), but weed flora also plays a functional role by produc-

ing seeds for granivores, maintaining flagship species and

providing flowers for insects (Biesmeijer et al. 2006;

Marshall et al. 2003), in particular pollinating insects such as

bees. Bees provide the bulk of pollination services (Winfree

et al. 2011), especially in farmland habitats (Klein et al. 2007;

Ollerton et al. 2011). Bees rely on floral resources for their

diet, either mass flowering crops (the availability of which is

reduced in time to their period of flowering) or weeds (which

provide less flowers than crops, but more constantly, spatially

and temporally). In addition, the dependency of bees to crops

versus weeds depends on their taxonomic group, i.e. honey-

bee, bumblebees or wild bees (Rollin et al. 2013). Weed abun-

dance may thus have several consequences on bees and polli-

nation, and ultimately in the delivery of ecosystem services. A

study of annual cropping systems can, therefore, provide use-

ful information on the interplay between services provided to

various, possibly competing, stakeholders. First weed abun-

dance may reduce yields and thus be in conflict with farmers.

Weed abundance can, however, enhance regulating services

by maintaining pollinators and pollination services. Indeed

pollinators may improve crop yields, at least for some annual

crops (Carvalheiro et al. 2011). Therefore, weed abundance

may also benefit farmers. Second, by ensuring pollination,

weed abundance may increase honey yields hence being a

benefit for beekeepers. Finally, weed abundance may benefit

for the general public by ensuring the persistence and survival
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of wild flora and improving the socio-cultural value of

landscapes.

This paper focuses on the key service of pollination and

considers (i) the interplay between the pollination of crops and

wild plants, i.e. weeds; (ii) the competition between wild and

honeybees and their associated pollination function; and (iii)

the resulting conflicts or common interests between all those

who benefit from pollination in farmlands, i.e. farmers, bee-

keepers and general public. We first review the literature on

the decline of weeds and bees resulting from agricultural in-

tensification (Sect. 2). We then scan the literature on the ef-

fects of bees, both wild and domestic, and pollination on crop

production (Sect. 3). This in-depth literature review is then

used as a basis for a new and original conceptual framework

linking two interrelated ecological networks, “weeds and wild

bees” and “crops and honey bees”. The many different aspects

of pollination in farmland systems, which improves yields for

farmers and beekeepers as well as affecting broader societal

services, are used to demonstrate how these two networks

interact with the network of farmers, general public and bee-

keepers (Sect. 4). Finally, we discuss ecological engineering

options based on weeds and pollinator bees for sustainable

management of biotic interactions to provide provisioning,

regulation and cultural services within an agricultural land-

scape (Sect. 5).

2 The effect of agricultural intensification on weeds

and bees

2.1 Agriculture and biodiversity

European agricultural landscapes have changed significantly

over the past decades, under the influence of the Common

Agricultural Policy (CAP), which set out to increase food

production (Godfray et al. 2010; Pe'er et al. 2014).

Agriculture intensification resulted in an increase in cultivated

areas, a decrease in the semi-natural features in the landscape

(forests, hedgerows, permanent grasslands) and a decline in

land use heterogeneity (Benton et al. 2003; see Fig. 1 for an

illustration). Crop yields have been improved by generalized

use of fertilizers and pesticides (Tilman et al. 2002). Evidence

has shown that this has resulted in a major loss of biodiversity

in farmland landscapes, with a decline in all taxa (Donald et al.

2001), affecting ecosystem functioning (Tilman et al. 2012)

and the provision of services (Cardinale et al. 2012). This

decline has affected not only threatened species and species

dependent on conservation measures (Donald et al. 2001;

Bretagnolle et al. 2011) but also ordinary biodiversity

(Green et al. 2005) and has more recently been shown to have

affected functional biodiversity (Tscharntke et al. 2005;

Biesmeijer et al. 2006). In particular, the pollination service

provided by several insect families is currently threatened

because these insects are disappearing from agricultural land-

scapes (Potts et al. 2010a, b). In parallel with the decline in the

bee population, the economic activity that relies on honey-

bees, beekeeping, has also declined significantly in many

parts of Western Europe (Ellis et al. 2010). The decline in

weeds and the decline in bees (notably honeybees), which

play a substantial role in the agricultural economy, as de-

scribed below, may appear to be unrelated, but as will be seen

in Sec. 3, are actually strongly interconnected.

2.2 Weeds and crops: ecological and agricultural debts

of use of herbicides

Weed flora in arable fields is often considered to be a major

constraint for crop production (Milberg and Hallgren 2004)

because weeds use some of the resources that are essential for

crop growth, e.g. water, nitrogen, light, and often cause high

financial losses (Oerke 2006). Since the mid-19th century,

chemical weed control, i.e. the application of herbicides, has

reduced yield losses and controlled weeds. In parallel with the

use of herbicides, improved seed cleaning techniques

(Spahillari et al. 1999), the limited set of crop species sown

by farmers (Knox et al. 2011) resulting in reduced diversity of

crops, the loss of traditional crops such as flax (Mirek 1976)

and the increasing application of mineral fertilizers (Robinson

and Sutherland 2002), has caused a significant decline in the

diversity of arable plants throughout Europe (Andreasen and

Streibig 2011; Sutcliffe and Kay 2000; Baessler and Klotz

2006; Hyvonen 2007; Fried et al. 2009a, 2012; Storkey

et al. 2010). The long-term survey between the 1950s/1960s

and 2009, of 392 fields in 10 different study areas in central

and northern Germany, showed a significant loss of diversity

locally with a mean loss of 65 % (from 24 species to only 7)

(Meyer et al. 2013). A significant loss of diversity has also

been observed in the overall weed seed bank over recent de-

cades in number of European countries (Robinson and

Sutherland 2002; Roberts 1981; Roberts and Feast 1973;

Chancellor 1986), though recent changes in agricultural man-

agement since the 1990s (e.g. organic farming and reduced

pesticide input) may have helped to slow down the decline of

the arable flora in terms of species number (Richner et al.

2015). The characteristic species or the threatened arable

weeds are, however, still in decline (Richner et al. 2015).

The response of weeds to agricultural intensification has

been associated with a decrease in the abundance of many

species, even to the point of extinction, and the dominance

of a small number of species (Meyer et al. 2013). There have

also been weed community shifts with the selection of groups

of species. The frequency of archaeophytes has generally de-

clined (Preston et al. 2004), while the trend for the frequency

of neophytes is less clear (some studies have reported an in-

crease (Lososova and Simonova 2008) and others have shown

a decrease (Meyer et al. 2013)). Species with a particular
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combination of traits have flourished as a result of the signif-

icant changes in crop rotation and increasing herbicide pres-

sure (Storkey et al. 2010; Fried et al. 2012). Winter wheat has

allowed the increase of small weeds, with fairly light seeds,

that can germinate over a long-time frame during the growing

period (Fried et al. 2012). There has also been an increase in

the abundance of species with traits associated with the ability

to escape herbicides either bylate germination (Fried et al.

2012) or by the development of resistance (e.g. Alopecurus

myosuroides; Delye et al. 2007, 2010). The marked decline in

arable weed diversity has also caused a decline in the func-

tional biodiversity of agro-ecosystems. Most of the weed spe-

cies that are known to be very important for farmland birds or

insects (Marshall et al. 2003; Storkey 2006; Eraud et al. 2015),

i.e. Chenopodium album, Fallopia convolvulus, Polygonum

aviculare, Polygonum persicaria, Sinapis arvensis and

Stellaria media, have decreased significantly over the last

30 years (Fried et al. 2009b).

Intensive weed management strategies are now

questioned because of their harmful effects on the envi-

ronment and biodiversity and also because of the rapid

worldwide spread of herbicide resistance (Jasieniuk 1996;

Neve and Vila-Aiub 2009; Manalil et al. 2011). Growers

currently use a lower number of herbicides (Delye et al.

2013) increasing the selection pressure on weeds and

hence increasing the number of resistant weeds which

can survive the application of herbicides by a variety of

mechanisms (Powles and Yu 2010; Beckie and Tardif

2012). Since non-chemical weeding can only be as effec-

tive as herbicides by combining several different methods

(Bastiaans et al. 2008), this may lead to changes in the

composition and structure of the arable plant community,

probably increasing species abundance and diversity.

2.3 Collapses in wild and domestic bee populations

in farmlands

There are several taxonomic groups of bee, including honey-

bees Apis mellifera, bumblebees (genus Bombus) and solitary

bees (Michener 2007). In France for instance, there are about

35 species of bumblebee and approximately 950 additional

species of wild, solitary bees (Kuhlmann et al. 2013; see

Fig. 2 for some illustrations). All are currently on the decline

in farmland landscapes (see Gonzalez-Varo et al. (2013) for a

review): honeybees (VanEngelsdorp et al. 2008), bumblebees

(Winfree et al. 2008; Cameron et al. 2011) and wild bees

(Biesmeijer et al. 2006; Potts et al. 2010a, b). Honeybee pop-

ulations are declining worldwide, in Europe (Potts et al.

2010b), Asia and Australia (Oldroyd and Nanork 2009) and

North America (VanEngelsdorp et al. 2008; Ellis et al. 2010).

In the latter, 59 % of honeybee hives disappeared in just

61 years. The decline in the wild bee populations over the past

120 years has been established using historic datasets (Burkle

et al. 2013), and in Europe, 37–65 % of bee species are of

conservation concern (Patiny et al. 2009). Many plant species,

most of which are weeds, found in natural and semi-natural

habitats are food resources for honeybees (Requier et al. 2015)

as well as wild, solitary bees. The loss of natural habitats is,

therefore, regarded as the primary cause of the decline of wild

pollinators with both a decrease in nesting and foraging sites

(Kremen et al. 2002; Winfree et al. 2009; Ricketts et al. 2008;

Steffan-Dewenter et al. 2002; Hendrickx et al. 2007).

Fig. 1 Landscape simplification

through loss of crop diversity and

increase of field size over one

human generation as illustrated

by these four photographs taken

between 1958 and 2010 of the

Long Term Ecological Research

“Zone Atelier Plaine & Val de

Sèvre”. Photos have been

georeferenced from IGN (Institut

National de l'Information

Géographique et Forestière) aerial

photography by French National

Center of Scientific Research

(CNRS) in Chizé
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The situation regarding honeybees, however, is more

complex than for wild bees, for at least two reasons.

First, the honeybee populations in farmland landscapes in

Europe consist in domesticated, introduced honeybees for

beekeeping, as well as feral or wild honeybees, i.e. the

ancestral species or subspecies. Though it is often thought

that the wild/feral populations are now virtually extinct in

Western Europe (Jaffe et al. 2010) or have hybridized with

introduced subspecies (in Germany for instance A. mellifera

hybridized with A. carnica: Moritz 1991), the situation may

be more complex and the feral population should probably

best be seen as of unknown size, further interacting,

through the large groups of males that gather as drones

from many hives and feral colonies, with the domesticated

bee population (Jaffe et al. 2010). Second, although honey-

bees and wild bees are both on the decline, honeybees are

subject to a specific syndrome known as the colony col-

lapse disorder (CCD). This was first described in North

America in 2007 (Cox-Foster et al. 2007; VanEngelsdorp

et al. 2009, 2008; Oldroyd 2007) but also reached Europe

(possibly since 1998). CCD is characterized by an abnor-

mal increase in mortality over the winter, commonly 25 %

of hives but as high as 50 % of hives. Other associated

symptoms (Aubert 2002; Saddier 2008; Winfree et al.

2009; Potts et al. 2010a; Neumann and Carreck 2010) re-

sult in both colony loss and loss of adult workers in spring

and summer (VanEngelsdorp and Meixner 2010). Once

considered as a syndrome explaining bee decline, especially

winter loss, recent work eventually led to a new paradigm:

bee decline results from a complex set of interacting drivers

(Ratnieks and Carreck 2010; Di Pasquale et al. 2013;

Alaux et al. 2010; VanEngelsdorp et al. 2009;Potts et al.

2010a), including honeybee husbandry practices (e.g.

Varroa is an invasive species introduced from Asia through

beekeeping practices: van Dooremalen et al. 2012). The

drivers involved include pathogens (Whitehorn et al.

2013), environmental factors (e.g. flowers, pesticides),

ecto-parasites (Meeus et al. 2011) and genetic factors

(Cameron et al. 2011). Despite the acknowledged role of

pathogens (especially Varroa: Ellis et al. 2010; Potts et al.

2010b) and honeybee management (Le Conte et al. 2010),

environmental factors such as land use change (Steffan-

Dewenter et al. 2002; Kremen et al. 2002), and pesticides,

especially insecticides which have both lethal and sub-lethal

effects (Henry et al. 2012; Desneux et al. 2007), and her-

bicides which further reduce floral resources (Gabriel and

Tscharntke 2007) also play an important role.

3 Interacting networks: weeds, bees, pollination

and crop yield

As we shall see now, both wild and honeybees rely to a con-

siderable extent on flowers for survival and breeding (al-

though some wild bees parasitize other bees: see Michener

2007). In intensive farmland landscapes, flowers are provided

by mass-flowering crops, such as oilseed crops (rapeseed,

sunflower) and to a lesser extent, legumes, by hedgerow

plants, and by weed communities (in both crops and grass-

lands), especially those found in annual crops. This has been

shown by a long-term study of the diet and foraging behaviour

of honeybees and wild bees in intensive cereal landscapes

(Rollin et al. 2013; Odoux et al. 2012; Requier et al. 2015).

Fig. 2 Various species of bees

found in intensive farmland

landscapes: a Bombus lapidarius;

b Andraena spp. (male); c Eucera

nigrescens and d honeybee Apis

mellifera. All photos were made

by Orianne Rollin except d

(ACTA - “Le réseau des instituts

des filières animales et

végétales“)
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3.1 Floral resources required for wild and honeybees:

weeds are limiting

Bees depend exclusively on flowers for pollen and nectar

supplies (although they also require other resources, such as

water and nesting sites). Pollen is used for brood development

(Brodschneider and Crailsheim 2010), since it contains pro-

teins, fats, mineral salts, amino acids and vitamins (Campos

et al. 2008; Manning 2001; Haydak 1970). Honeybees only

store tiny quantities of pollen in the colony because it deteri-

orates rapidly (Pernal and Currie 2000). Nectar is used for the

daily energy intake. It is the metabolic precursor for beeswax

and is processed into honey, which is their food reserve for

overwintering as bees do not forage in winter (at least not in

temperate zones, Aronne et al. (2012)). Little information is

available on the diet of honeybees in farmland landscapes,

especially in intensive cereal systems (Requier et al. 2015).

Honeybee colonies (in apiaries) comprise about 30,000 adults

and a similar number of larvae and need a continuous influx of

pollen since it is not stored, whereas the need for nectar is

more seasonal (though a large quantity is still required). In

cereal systems, mass-flowering crops, especially oilseed

crops, provide the bulk of floral resources when they are in

bloom. The main crops for honeybees in such systems include

maize (for pollen only), sunflowers (both for pollen and nec-

tar) and rapeseed (mainly for nectar) (Decourtye et al. 2011).

Maize provides the highest amount of pollen (Charriere et al.

2011; Vaissiere and Vinson 1994; Odoux et al. 2004), while

sunflowers have a lower quality pollen (Schmidt et al. 1995).

However, mass-flowering crops provide a valuable source of

food during a short period of time (Morandin and Winston

2006). As the blooming periods of oilseed crops (especially

rapeseed and sunflower) are short and separated by a gap of

about 2 months, honeybees have to rely on other resources,

wild flowers, which are not usually as abundant and dense as

the crops. Several studies have shown that honeybees then

shift their attention to the weeds found in crops, as well as

ligneous species, and may visit between one and two hundred

species (around to one hundred species, e.g. Coffey and Breen

1997; Odoux et al. 2012; Pernal and Currie 2001). They also

visit plant species from semi-natural habitats of forest frag-

ments, although to a much lesser extent (Odoux et al. 2012;

2014), but they account for a minor part of pollen resources

(Requier et al. 2015).

Although honeybees apparently select which flowers they

visit (Aronne et al. 2012), they are typically considered as

generalist foragers which use a wide variety of plants to satisfy

their needs (Seeley and Visscher 1985). Their generalist be-

haviour seems to correspond to the various needs of the hon-

eybee colony for amino acids, fats, vitamins and minerals, and

since the quantities of these nutrients vary between different

plants, honeybees forage on a wide variety of species in order

to avoid a deficiency of any particular nutrient (Weiner et al.

2010). Aronne et al. (2012) further showed that honeybees

usually select plants for their pollen content rather than for

their nectar, which is not surprising given that pollen is not

stored in hives. Indeed, many studies have shown that honey-

bee colonies perform better when pollen resources are varied

(Alaux et al. 2010; Mayack and Naug 2009).

There is a strong correlation between plant diversity and

wild bee diversity (e.g. Holzschuh et al. 2008; Potts et al.

2003; Biesmeijer et al. 2006; Hopwood 2008). Unlike honey-

bees, wild and solitary bees are not necessarily generalists,

some species being specialist flower foragers (though they

tend to pollinate a small number of families or genera rather

a single species (Rollin et al. 2013)). Wild bees are, therefore,

more selective in their choice of flower and usually forage on a

limited diversity of plants, and some wild bees may pollinate

only one plant species. Weeds are frequently visited by wild,

solitary bees: cornflowers, for instance, attract tens of different

species (Rollin 2013). Bumblebees occupy an intermediate

position between honeybees and solitary wild bees (Rollin

et al. 2013): they do not forage to any great extent in either

semi-natural habitats or in oilseed crops: they are found with

fairly uniform low abundance.Weeds are also a limiting factor

for bumblebees: after the mass-flowering of rapeseed simpli-

fied landscapes contain significantly fewer flowers than com-

plex landscapes. One study reported a sharp decline in bum-

blebees in simplified landscapes in late July with bumblebee

abundance being positively correlated with the availability of

herbaceous flowers (among other factors), suggesting that, in

simplified landscapes, bumblebee abundance is limited by

floral resources (Persson and Smith 2013).

Overall, therefore, at least in intensive cereal farming sys-

tems, (i) there is significant ecological segregation between

wild and honeybees (Rollin et al. 2013; Carvalheiro et al.

2011), (ii) both wild and honeybees depend on weeds.

Honeybees tend to be found more frequently and in greater

abundance in mass-flowering oilseed crops whereas wild, sol-

itary bees are more abundant in semi-natural features, grass-

lands and grassy strips. Bumblebees are found in both rape-

seed and sunflower habitats but also in other habitats (oilseed

rape and sunflower, Rollin et al. 2013). For both wild and

honeybees, weeds are a limiting resource, although for differ-

ent reasons: quantitatively for honeybees, especially between

the mass-flowering periods of rapeseed and sunflower and

qualitatively for the more selective wild bee foragers. The

decline in wild bee diversity is, therefore, strongly correlated

with the decline in weeds (and, more generally, wild flowers)

(Biesmeijer et al. 2006; Carvell et al. 2006), though it is un-

clear which is the cause and which is the effect.

3.2 Crop pollination by honeybees and its effect on yield

There is strong evidence that insect-mediated pollination is

declining worldwide (Gonzalez-Varo et al. 2013), owing to
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pressures related to global change. Although there has been no

precise evaluation of the relative importance of the taxa that

actually pollinate flowers, bees are the most important world-

wide, partly because they are the most frequent visitors of

flowers (Winfree et al. 2011; Neff and Simpson 1993).

Pollination by insects is vital for both crops and wild plants

(Ollerton et al. 2011): 84 % of European cultivated plants

depend on insect pollination (Williams 1994) and 70 % of

57 crops grown worldwide (Klein et al. 2007). Wild and hon-

eybees are the main pollinators of these crops (Klein et al.

2007; Garibaldi et al. 2013; Rader et al. 2012), and their pol-

lination service to crops has been valued at 153 billion euros

annually worldwide (Gallai et al. 2009), and around 22 billion

euros annually for Europe (Gallai et al. 2009) and more than

18 billion dollars in the USA (Mader et al. 2011). A more

recent study (Lautenbach et al. 2012) of 60 crops suggested

266 billion euros per year worldwide, and an estimated 3–8 %

of world crop production could be lost in the absence of pol-

linators (Aizen et al. 2009).

Experimental work has been carried out to quantify polli-

nation by bees of either crops or some wild flowers (see Fig. 3

for examples of phytometer experiments with crop plants and

weeds). The dependence of crops on pollination, in particular

by bees, varies considerably on the type of crop: wheat and

maize, for instance, do not require any pollination, whereas

many types of fruit tree rely on pollination (Klein et al. 2007).

There is also considerable variation among annual crops,

some depending on pollination, though the relative extent of

wind versus insect pollination on yield remains to be deter-

mined (Hayter and Cresswell 2006). For instance, there is

evidence that bees increase the yield from sunflowers

(Carvalheiro et al. 2011). Rapeseed can be pollinated by wind,

insects and autogamy (Delaplane and Mayer 2000; Garratt

et al. 2014), and measurements of the pollination rate by bees

and its effect on yield in cereal systems provided contradictory

results (e.g. Garratt et al. (2014) for rapeseed), partly because

the effect of bee pollination on yield is cultivar dependent

(Steffan-Dewenter 2003; Morandin and Winston 2005). For

rapeseed, Bommarco et al. (2012) found that there was an

18 % increase in seed weight when pollinators had access to

rapeseed flowers (see also Morandin and Winston (2005)) but

found no effect on the seed fructification rate. However,

Stanley et al. (2013) found an increase of over 30 % in both

seed production and seed weight. Other studies found no de-

tectable effect, rapeseed being mass-pollinated by wind (re-

view in Hayter and Cresswell (2006)). Furthermore, some

rapeseed flower traits, such as pollen production, are more

attractive to some pollinating insects than to others

(Holzschuh et al. 2013; Stanley et al. 2013). However, al-

though crop pollination by bees may significantly increase

crop production, bee abundance might be too low to pollinate

crops (Breeze et al. 2014).

3.3 Are crops pollinated by wild bees?

Recent studies have shown that bees are affected both by the

quantity of semi-natural features in the landscape and by the

intensity of field management. Moreover, many studies, ex-

perimental or empirical, have shown that pollination of crops

by bees depend on the landscape features, with greater polli-

nation in landscapes with a higher density of semi-natural

elements (Carvalheiro et al. 2010; Le Féon et al. 2013;

Kennedy et al. 2013) although the effect also depends on the

spatial scale (Steffan-Dewenter and Westphal 2008).

Similarly, the pollination services provided to crops were

shown to decrease with isolation from natural elements in

the landscape, reducing both crop yields and their stability

over time (Garibaldi et al. 2011; Chaplin-Kramer et al.

2013). In return, mass-flowering crops provide additional

food resources and can increase the density of wild pollinators

in adjacent habitats (Westphal et al. 2003).

While there is doubt about whether annual oilseed crops

are pollinated by honeybees and, if so, to what extent, there is

even greater discussion about the role of wild bees in crop

pollination. Wild bees (including bumblebees) are certainly

more efficient than honeybees in pollinating some perennial

crops (e.g. raspberries and blueberries: Willmer et al. 1994;

Javorek et al. 2002) and fruit (e.g. strawberries: Klatt et al.

2014), but little research has been carried out to determine

their role in annual crop pollination. However, wild bees do

forage on crops, and there is evidence that a diverse commu-

nity of wild bees can increase crop production in some cases

(e.g. Carvalheiro et al. 2011; Garibaldi et al. 2013). Diverse

pollinator communities have been found to improve pollina-

tion services more than poorer communities (Klein et al. 2003;

Hoehn et al. 2008; Klein et al. 2012). Indeed, wild bees and

honeybees may have mutualistic effects on pollination: the

behavioural interactions with wild bees may force honeybees

to move on to another plant, which, in particular for crops

Fig. 3 Example of a phytometer experiment conducted on cornflower in

winter barley in the Long Term Ecological Research “Zone Atelier Plaine

& Val de Sèvre”. Note that only some flowers per cornflower individuals

are bagged, in order to get control flowers

Weeds for bees? 897



which have male and female plants, may improve pollination

and crop production (Greenleaf and Kremen 2006; Brittain

et al. 2013). There does not, however, appear to be a general

rule: in some cases, wild bees have been reported to pollinate

crops without any effect on honeybees (Garibaldi et al. 2013),

in other wild bees outcompete honeybees in crop pollination

(Rader et al. 2012) and for some sunflower varieties, wild bees

did not seem to complement or compensate for a lack of pol-

lination by honeybees (Pisanty et al. 2014). It also remains to

be established whether it is the bee diversity rather than their

abundance or even presence (including honeybees) that drives

crop pollination and yield.

4 Mutualistic and antagonistic interactions

between ecosystem services and stakeholders

This in-depth literature review (Sects. 2 and 3) has shown that,

in farmland landscapes, two a priori different networks involv-

ing bee pollinators and landscape habitats would seem to co-

exist independently of each other: the ‘semi-natural elements -

wild bees’ on the one hand and the ‘crops - honeybees’ on the

other. This section describes the complex interactions between

these networks, both in terms of dependency on limiting re-

sources and by their pollination function, and suggests that the

resulting delivery of services provided by bees goes far be-

yond crop pollination and honey production, with the various

stakeholders competing for space within the landscape in con-

flicting or synergistic networks.

4.1 Interactions between wild and domestic pollinators

in weed-crop-pollinator webs

Honeybees mainly visit on oilseed crops, whereas most wild

bees forage mainly on semi-natural features (Potts et al. 2003;

Steffan-Dewenter and Tscharntke 2001; Rollin 2013). Given

this marked segregation in habitat utilization between honey-

bees and wild bees in farmland landscapes, crops are pollinat-

ed mainly by honeybees and, to a lesser extent, bumblebees

(see Sect. 3 above). However, this simplistic view is chal-

lenged by two important facts. First, by pollinating weeds,

wild bees may interact indirectly with honeybees by providing

floral ressources, since in the period between mass-flowering

of oilseed crops in cereal systems, honeybees forage almost

exclusively on weeds (Morandin and Winston 2006; Requier

et al. 2015). Indeed, wild flowers strongly depend on pollinat-

ing insects (bees, butterflies and hoverflies) for reproduction:

78–94 % of flowering species rely on pollination (Ollerton

et al. 2011; Winfree et al. 2011). Though honeybees actively

collect pollen from wild flowers, the latter are pollinated by

wild bees (Biesmeijer et al. 2006; Potts et al. 2010a), including

rare weed species (Gibson et al. 2006), and so help to ensure

the conservation of floral biodiversity in the landscape

(Biesmeijer et al. 2006). These two networks are thus inter-

connected through the weed compartment, on which they both

depend as a limiting resource, either in space (wild bees) or

time (honey bees). Second, wild and domesticated bees also

interact directly with each other in two different ways: com-

petition by depletion (of resources) and competition by behav-

ioural interference. Wild and honeybees may compete for flo-

ral resources, at least when honeybees forage on weeds be-

tween the mass-flowering periods of oilseed crops. Given the

very large size of honeybee colonies, a spill-over effect has

been suggested by Rollin (2013) and Blitzer et al. (2012), but

this has not yet been quantified accurately. Honeybees and

bumblebees may also interact through their foraging behav-

iour (Riedinger et al. 2014). Whether honeybees are antago-

nistic to other bee species was assessed by comparing the

flower visitation rates of honeybees and wild bees (including

bumblebees). Nielsen et al. (2012) found a positive correlation

between honeybee and bumblebee visitation rates, whereas

the relationship between honeybees and solitary bees varied

from being positive, negative or insignificant, depending on

the plant species. Interaction between honey and wild bees be

even more complex: analysing the effects of mass-flowering

rapeseed (a flower visited by short-tongued pollinators) on the

relative abundance of long-tongued and short-tongued bum-

blebees, Diekötter et al. (2010) found that the density of long-

tongued bumblebees visiting long-tubed flowers decreased as

the amount of rapeseed increased, leading to a distortion in

plant–pollinator interactions.

Honey and wild bees, therefore, interact in trophic net-

works in a rather complex manner and the type of trophic

interaction (antagonistic or mutualistic) depends on the season

(see Fig. 4). More importantly, these two interacting networks

further affect crop pollination, depending on weed abundance.

Carvalheiro et al. (2011) showed for instance that, when

weeds are present in sufficient numbers or when weeds are

growing sufficiently close to crops, the wild bee community is

more abundant, pushing honeybees away to pollinate crop

flowers which in turn increase crop production. Indeed, the

presence of wild bees on flowers induces behavioural interfer-

ence with honeybees, which, when disturbed, forage on other

flowers and hence help to cross pollinate individual crop

plants, increasing the success of pollination, as demonstrated

in sunflower (Greenleaf and Kremen 2006). Similarly, in or-

chards with non-Apis bees, the foraging behaviour of honey-

bees changed and the visit from a single honeybee was shown

to be more effective at pollination than in orchards without

non-Apis bees (Brittain et al. 2013). Since increasing pollina-

tor diversity may improve pollination services, through inter-

actions between species that change the foraging behaviour,

the increased diversity may enhance the functional quality of a

dominant pollinator species and increase the pollination effec-

tiveness of the individual species of pollinator. Consequently,

as agricultural production relies to a large extent on
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pollination, increasing pollinator diversity is one way of sus-

tainably improving pollinator-dependent crop yields.

4.2 Trade-offs between ecosystem services resulting

from pollination

Pollination is involved in various agro-ecological networks,

and therefore, there are various stakeholders with mutualistic

or antagonistic interactions. First, crop pollination by honey-

bees increases the crop yield for some annual crops such as

rapeseed and sunflower (see Sect. 3 above), providing provi-

sioning services by increasing financial benefits for farmers.

Honeybees also directly support beekeeping (Ellis et al. 2010).

The survival of honeybees relies on weeds when floral re-

sources are scarce between the mass-flowering periods of

crops such as rapeseed and sunflower: poppies alone can ac-

count for up to 60 % of pollen resources for hives during late

spring (Requier et al. 2015). These species of weed are usually

found in winter cereals, and in smaller abundance in semi-

natural habitats, and are often considered by farmers as pests

that compete with the crops and can severely affect yields and

revenue. Consequently, increasing pollination, i.e. by increas-

ing weeds, to improve rapeseed and sunflower yields may

significantly reduce winter cereal yields, i.e. due to the com-

petition for resources between weeds and the crop, leading to

conflicts between cereal farmers (within and between farms)

and between farmers and beekeepers. Second, pollination pro-

vides regulating services as it governs the population of many

species involved in functional biodiversity. Weeds ensure the

maintenance of wild bees to whom they provide pollen and

nectar, and in turn, pollination of weeds by wild bees ensures

the reproduction, i.e. the persistence, of several weed species.

Consequently, it impacts all species that depend on weeds, i.e.

many birds and insects that control pest invertebrates (Marshall

et al. 2003). Third, pollination is a cultural service since many

species of bees are conservation-dependent and/or pollinate-

threatened arable plant species (e.g. cornflowers) that have

conservational and aesthetic value (Clergue et al. 2005).

Indeed, the decline in pollinators has led to the loss of wild

plants which depended on insect pollination (Biesmeijer et al.

2006; Carvell et al. 2006). Moreover, the presence of wild bees

in a landscape depends on the proportion of semi-natural hab-

itats which provide shelter and habitats for these insects but

may also have aesthetic value themselves. For all these rea-

sons, pollination and pollinators such as wild and honeybees,

hoverflies and butterflies in farmland landscapes are involved

in the provision of many different ecosystem services and may

be sources of conflict between stakeholders.

Thus, besides being an important ecosystem service, polli-

nation in a farmland landscape is essential to a wide range of

stakeholders such as beekeepers, farmers and the general pub-

lic (Fig. 5). Beekeepers depend upon pollination services and

Fig. 4 Seasonal patterns of foraging for wild and honeybees. The grey

rectangles indicate the mass-flowering blooming season for rapeseed and

sunflower. The vertical lines delineate the temporal categories (called

“month”) of seasonal patterns. Month periods are also indicated. Photos

illustrate the habitat, i.e. rapeseed, winter wheat, sunflower and semi-

natural habitats, in which wild and honeybees forage
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benefit from the presence of habitats with flowers, such as

rapeseed and sunflower crops, as well as winter cereals and

semi-natural habitats that shelter weeds. However, beekeepers

are not directly involved in the management of agricultural

landscapes: it is rather cereal farmers who define land use

and have to manage the trade-offs. The provisioning services

provided by winter cereals could be increased by growing

more of this crop with an intensive weed control to reduce

crop yield losses, hence reducingweed availability and replac-

ing semi-natural habitats by crop land. Increasing winter ce-

real yields may, however, in turn reduce rapeseed and sun-

flower yields, by reducing pollination due to the decline of

bees between mass-flowering periods. The public on the other

hand depends directly upon pollination for provisioning

(food), regulation and cultural services. Their income may

come from specific ecosystem services, such as nature tour-

ism, which depend on the proportion of semi-natural habitats

and weeds in the landscape (Wratten et al. 2012). More weeds

and more bees may lead to higher profits for beekeepers or

social value for the public, whereas fewer weedsmay be better

for cereal farmers.Management strategies for multiple ecosys-

tem services may have opposite effects (reducing one service

while enhancing another), leading to trade-offs, where one

service is increased at the expense of another, and competition

for use of landscape features.

4.3 Assessing competition for spatial use of landscape

features

Land use changes can alter the spatial structure of wild plant

populations, which may in turn affect the attractiveness of

flower aggregations to different groups of pollinators at dif-

ferent spatial scales (Nielsen et al. 2012). Bees may be affect-

ed both locally by farm management and by the surrounding

landscape. Modelling the relative effects of landscape compo-

sition (nesting and floral resources), landscape configuration

(shape, connectivity) and farm management (e.g. organic

farming) on wild bee abundance and richness for 39

cropsystems, Kennedy et al. (2013) found that bee abundance

and richness were higher in diversified, organically managed

fields and in landscapes with more high-quality habitats, i.e.

suitable habitats for nesting and nearby floral resource.

Pollinator persistence depends, therefore, on maintaining

high-quality habitats around farms and on local management

practices that may offset the impact of intensive monoculture

(Deguines et al. 2014). There is a correlation between land-

scape complexity (including semi-natural features), floral di-

versity and availability and bee diversity (Duelli and Obrist

2003; Le Féon et al. 2010). Furthermore, crop pollination

relies on honeybee abundance which, to some extent, relies

on weed abundance and diversity and, to a lesser extent, on

Fig. 5 A summarised view of the interacting pollinator webs and

antagonistic stakeholder network. Antagonistic and synergic

relationships are indicated by red and green arrows, respectively. The

relationship between honey and wild bees which remains to be

established is indicated by the orange arrow. This figure shows that

even if each stakeholder interest seems to be independent from the

other, they are indeed related through the plant-pollinator trophic network
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wild bee diversity, which in turn relies on semi-natural fea-

tures within the landscape (Steffan-Dewenter and Westphal

2008). However, the spatial scale at which these features affect

pollinator abundance and pollination function has not been

fully established (Benjamin et al. 2014).

The importance of the spatial and temporal scales used

for the analysis and valuation of ecosystem services has

been widely recognized in both economics and ecology

(Thies et al. 2005; Kennedy et al. 2013). The spatial scale

is particularly critical, since most land use management is

determined at farm or even field scale, and very rarely at

landscape scale (although it may be coordinated between

adjacent farms), which means that the management may

not be optimum. Furthermore, many different services are

provided by many different organisms, even for pollination,

and so, many different optimum spatial scales should be

expected. These have been shown to vary with body size

in wild bees (Benjamin et al. 2014). The process of pollina-

tion takes place across the landscape scale. Honeybees can

travel long distances in search of desirable floral rewards

and tend to forage within 2 km of their hives if there are

attractive floral resources in the vicinity (Osborne et al.

2001), although foraging distances of up to 6 km have been

suggested (Beekman and Ratnieks 2000). Consequently, the

main factor affecting honeybee pollination is the temporal

dynamics of flowering which must ensure the presence of

floral resources, i.e. weeds during the pollination period.

Therefore, between crop mass-flowering, honeybees are af-

fected by the proportion of semi-natural habitats in the land-

scape rather than by their configuration (i.e. distribution

within the landscape). Flower strips, adjacent to

pollination-dependent crops, have proved to be effective in

increasing yields (e.g. Blaauw and Isaacs 2014), but these

reduce the area available for crops. The foraging distance of

wild pollinators, however, is usually limited to a few dozen

of metres (except for bumble bees and solitary carpenter

bees, e.g. Rao and Strange 2012). Both the presence and

the distribution of semi-natural habitats affect the diversity

of wild pollinators and are likely to have an indirect effect

on honeybees by increasing weed diversity and abundance.

However, since wild and honeybees forage on similar re-

sources between the mass-flowering periods of rapeseed

and sunflower, pollinators may be expected to compete for

resources. This raises the question of the extent to which

favouring honeybees for crop or honey production might

be detrimental to wild bees. This is an important issue since

reducing wild bee communities may reduce the abundance

of weeds that are not pollinated by honeybees and hence

reduce ul t imately the abundance of honeybees.

Understanding the dynamics of this complex network and

how the spatio-temporal composition of the landscape af-

fects relationships within this network remains a challenge

for agro-ecosystem management.

5 Management options for finding the best

compromise: ecological engineering versus ecological

intensification

Section 4 proposed a conceptual framework for enabling ag-

riculture to benefit from weed functionalities to increase crop

yield through pollination (see also Carvalheiro et al. 2011) as

well as providing regulation and cultural services (Wratten

et al. 2012). Increasing weed abundance may benefit bee-

keepers and the general public but may have an adverse effect

for cereal farmers. There is also a trade-off between semi-

natural features and cultivated areas. Making these trade-offs

explicit should be a core aim of ecosystem assessments.

However, because weeds can be both beneficial and harmful

and the ecological, agronomic, socio-economic processes in-

volved are extremely complex, diverse and interact at different

spatial scales, designing agro-ecological cropping systems

that ensure and maximise these services is far from straight-

forward.Moreover, because of the apparently conflicting aims

of the stakeholders involved, only management at landscape

scale can effectively resolve trade-offs between ecosystem

services in the long term. The benefits to the various stake-

holders must be considered at landscape or regional scale to

assess the outcomes in terms of total food production and

economic or societal benefits. This section analyses ecological

engineering options for agro-ecosystem management, from

local field scale to landscape scale, and describes the remain-

ing challenges for ecosystem service research and

management.

Many management strategies and policy initiatives have

been set up in recent years, especially within intensively

farmed landscapes, to halt the decline in bee abundance by

increasing the availability of pollen and nectar resources (re-

view in Decourtye et al. 2011; Holzschuh et al. 2010). These

include reducing the use of pesticides, changing cropping sys-

tems, introducing Agri-Environment Schemes (AES) or

flower-rich strips and managing or improving semi-natural

features at landscape scale. Most of these measures, however,

may have a significant effect on crop production, either direct-

ly by reducing yields or indirectly by reducing the area used

for the annual crops that provide the highest income (Ghazoul

2007). We give a brief review of agricultural practices and

agro-ecological infrastructures that are favourable for bees

(including landscape management by stakeholders other than

farmers) and discuss the trade-offs between these measures

and crop production.

5.1 Agro-ecological infrastructures enhancing pollination

services

Since intensive agriculture (and land use changes) has led to a

worldwide decline in bees, less intensively managed agricul-

ture should increase bee populations (see Winfree et al. 2011
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for a meta-analysis). Pesticides (including insecticides, fungi-

cides and herbicides) have been shown to have an adverse

effect on both wild and honeybees (Desneux et al. 2007),

and so, reducing the application of pesticides would help to

conserve the species richness as well as abundance of bees. At

field level, cultivating melliferous crops will increase the car-

rying capacity of the landscape (Decourtye et al. 2011; Rollin

et al. 2013). There is also some evidence that reducing field

size may improve pollination, at least by wild bees (Isaacs and

Kirk 2010) which have short foraging distances. The most

significant changes in agricultural practices are to be found

in organic farming: waggle dance studies showed that honey-

bees had a significant preference for organically managed and

AES land (Couvillon et al. 2014). Organic farming was also

found to be beneficial for cavity-nesting bees, wasps and their

parasitoids (Holzschuh et al. 2010). Agroforestry was shown

(at least in tropical systems) to sustain larger wild bee com-

munities than primary forest or agricultural land (Hoehn et al.

2010), although there is no documented evidence for temper-

ate cereal agroforestry systems.

Alternatively, the conservation of semi-natural habitats

and the use of flower strips (Whittingham et al. 2007) have

been shown to restore wild pollinator populations by in-

creasing resources, an indirect but increasingly clear indica-

tion that the availability of floral resources may act as a

limiting factor for bee populations. Recent studies have

shown that AES enhances the abundance and species rich-

ness of bees (Kleijn and Sutherland 2003; Kleijn et al.

2004). All types of semi-natural or natural features within

the landscape are critical for the survival of bees and the

pollination service. There are also several examples of ac-

tions taken by private or public bodies that have increased

pollination services through better management and restora-

tion of semi-natural features. For instance, a study of the

effects of garden habitats on wild bees by Samnegard

et al. (2011) found that a native plant (Campanula

persicifolia) was pollinated to a greater extent when semi-

natural features were present or close-by. When semi-natural

habitats are too small and/or dispersed in intensively farmed

agricultural landscapes, they cannot support viable popula-

tions of butterflies and bumblebees, which rely on dispersal

from larger patches of semi-natural grassland (Ockinger and

Smith 2007). Wild plants in field margins and hedgerows

are important sources of alternative forage for pollinating

insects, even during mass-flowering, and conservation of

field margins and hedgerows, which provide alternative for-

aging habitats for pollinators, appears to be essential for the

provision of pollination services to both crops and wild

plants (Garibaldi et al. 2011; Stanley and Stout 2014).

Overall, therefore, such measures could increase pollinator

populations, and ultimately pollination, by enhancing floral

resources. Such strategies also provide secondary benefits

for farmers and the surrounding landscape (Wratten et al.

2012), such as pest regulation, soil protection, improved water

quality and more attractive landscapes.

5.2 Critical knowledge gaps in managing trade-offs

The management options described above, however, incur

costs, either for farmers (directly or indirectly) or for other

stakeholders. Restoring plant diversity in farmland landscapes

is advocated in order to increase pollinators, but farmers rarely

adopt such practices and instead kill weeds to the point of

extinction (Ghazoul 2007). As yet, no study has accurately

quantified the two aspects of the trade-offs between ecosystem

services and stakeholders (as described in Sect. 4.2) and the

only studies so far published explored only parts of the com-

promise (Steffan-Dewenter andWestphal 2008). In order to be

fully efficient and applicable, these alternative management

strategies should, in addition to maintaining yields or at least

farmers’ incomes, (i) enable the maintenance of weeds at land-

scape scale while controlling competition on crop yield, (ii)

provide semi-natural features in the landscape to allow the

reproduction of wild bees, (iii) limit potential competition be-

tween honey and wild bees and (iv) limit potential competition

between stakeholders for spatial use of landscape features.

One way to meet these challenges is to set up spatial config-

urations that would allow for trade-offs between crops (rape-

seed, winter cereal, sunflower) and semi-natural features

along a land sparing/land sharing continuum (Green et al.

2005; O'Farrell and Anderson 2010; Tscharntke et al. 2012).

Assessing the value of these strategies requires explicit spatial

modelling such as dynamic Bayesian networks and Markov

random fields to represent stochastic spatial interactions be-

tween any structure in the spatial interaction network (regular

or not) (Tixier et al. 2013). Such a model coupled with

decision-making models (e.g. Factored Markov Decision

Processes, Tixier et al. 2013) could provide an effective means

for analyzing the effect of proposed management decisions on

ecosystem services resulting from different decisions related

to stakeholders’ aims. This requires a better understanding of

the ecological processes and a precise knowledge of the rela-

tionships between biodiversity, ecosystem services and crop

production. Stakeholders’ aims also need to be precisely de-

fined in terms of criteria (acceptable thresholds). However, the

information required is not available, and the links between

biodiversity and ecosystem services remain to be determined.

The framework proposed above was based on the goods

and services that ecosystems can provide to stakeholders and

the role that biodiversity, i.e. bees and weeds, may play in

producing them. However, as described in Sect. 2, intensive

agriculture has resulted in the significant decline in the diver-

sity of bees and weeds. It is not easy to reverse this trend. For

instance, fertilizers decrease diversity and it will take a long

time for plant diversity to recover from sustained high rates of

N enrichment (hysteresis) and it may not recover simply by
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reducing N input (irreversibility) (Isbell et al. 2013). A weed

regulation method is required to ensure that weeds are suffi-

ciently abundant for pollinators but not too abundant to reduce

crop yield. The literature provides increasing evidence that

post-dispersal seed predation may substantially contribute to

reducing the weed seed bank (Westerman et al. 2008; White

et al. 2007), hence providing biological control of weeds.

However, although both vertebrates (birds and small mam-

mals) and invertebrates have been reported as weed seed pred-

ators (O'Rourke 2006; Evans et al. 2011), few studies have

assessed their relative capacity to regulate weed populations

significantly (Whelan et al. 2008) and this is still a matter for

discussion. There are significant gaps in our understanding of

the processes that govern seed removal by weed seed preda-

tors and the consequences on weed assembly which limit the

development of efficient weed-control strategies in agro-

ecosystems.

5.3 Future avenues for research: the way forward

for managing landscapes to reduce conflict

between stakeholders

This chapter has discussed a conceptual framework, based on

a literature review, showing the potentially key, counterintui-

tive, role of weeds in increasing crop production through the

regulation of both honey and wild bees. Although this frame-

work is appealing, it also raises many important questions

which still need to be answered. Overall, there is still a lack

of basic information to guide sound management decisions at

landscape scale. There is some evidence that the diversity of

wild bees and abundance of honeybees are positively corre-

lated with the abundance and diversity of weeds at field and

landscape scales (e.g. Winfree et al. 2011) but there are still

many unanswered questions. Although crop production ap-

pears to be related to wild bee diversity and honeybee abun-

dance, there is still no quantitative estimate of the relationship

between weed diversity in arable fields, the diversity of wild

pollinators (in semi-natural habitats adjacent to fields), crop

production and the visitation rates and pollen consumption by

honeybees. Many basic questions remain unanswered: Which

species of bees pollinate crops? What fraction of crops are

pollinated based on experimental evidence? How does polli-

nation affect crop production (number of seeds, seed size, fat

content)? Can weed biodiversity be maintained in agro-

ecosystem without population outbreaks? How can ecological

and stakeholder conflicts be resolved at landscape scale?

Although there is a general call for ecological intensifica-

tion in farmland landscapes (e.g. Bommarco et al. 2013; Dore

et al. 2011), such major knowledge gaps should preclude any

recommendations or statements on management at this stage

and a more prudent strategy relying on ecological engineering

should be adopted. Experiments conducted at landscape scale,

in parallel with modelling exercises (see, e.g. Devaux et al.

2008) are perhaps the best course of action in the short term.

Experimental tests may involve monitoring well-designed,

broad, large-scale herbicide reduction plans (on the lines ofthe

French Ecophyto Plan), at least at farm scale, in order to test

basic predictions such as increased pollination services, im-

proved biological control and better conservation of threat-

ened species. Additionally, careful quantitative measurement

of crop yields, and farmers’revenues from pollination-

dependant crops and a broader economic assessment of eco-

system services at landscape level will provide invaluable in-

formation for setting up measures to adapt management of

farmland landscapes for the benefit of all stakeholders.
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