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Abstract

Agricultural intensification has led to a dramatic loss of species and associated ecosystem services
over the past centuries. In the European Union, agri-environment schemes (AES) have been developed to react to the challenges caused by agricultural intensification, to promote biodiversity and
ecosystem services. Several schemes follow either a land sparing (production and conservation goals
on separate areas) or a land sharing strategy (production and conservation goals on the same area).
Organic farming can be seen as land sharing practice, since whole fields are managed in an environment friendly way to achieve a high level of biodiversity on the fields. Other schemes, such as sowing
of flower strips along field margins, separate land for conservation from land for production. Natural
biological control of agricultural pest insects is an important, but often still unrecognized agroecosystem service that can be mediated by species-rich communities of natural enemies. In my thesis
I aim to test, which of the two AES strategies is more effective in controlling crop pests via natural
enemies. In the state of Southern Lower Saxony (Germany), I selected 10 agricultural landscapes that
contained three winter wheat fields each (one organic field, one conventional field with adjacent
flower strip and one conventional control field). The landscapes represent a gradient from small to
large fields to take the landscape structure into account. I used two transects per field (one transect
in the field edge and one in the interior, 10 m from the edge). There I surveyed the crop pests, cereal
leaf beetles (CLB) and cereal aphids as well as their natural enemies. My results indicate that control
of CLB was best under organic farming, and there were less CLB larvae at field edges than in the interior of fields independent of management type. Flower strips had ambiguous effects on the abundance of aphids. On the one hand, they supported infestation of aphids in the fields, suggesting a
disservice of this scheme. On the other hand, they also increased parasitism rates of aphids by
hymenopteran wasps, potentially outweighing this previous negative effect. Natural enemies were
supported by landscapes with small mean field sizes. However, a higher abundance of enemies in
those landscapes did not reduce crop pest densities substantially. This study demonstrates that the
two currently most popular AES in Lower Saxony, that represent either a land sharing (organic
farming) or a land sparing (flower strips) strategy, are both not yet optimized for natural pest control.
In order to meet the objectives they are targeted for, they have to be designed more carefully and
managed for the specific production system and region. I suggest several alterations in the design of
flower strips, such as longer flowering times (also before crop blooming and after harvest), perennial
application and the use of native plant species. Furthermore, regular monitoring and evaluation of
the success of AES are crucial for the optimization process.
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Natural biological control of pest insects in arable fields is an important agro-ecosystem service, but
its value is still not well recognized (Östman, Ekbom & Bengtsson 2003; Landis et al. 2008; Power
2010). Tscharntke et al. (2007) suggested complex landscapes with species-rich natural enemy
communities to be important for long-term conservation of natural biological control. However, agricultural expansion and intensification has led to a dramatic species loss during the past centuries
(Henle et al. 2008; Foley et al. 2011), also threatening abundance and species richness of natural
enemies of crop pests (Sunderland & Samu 2000; Thies et al. 2011; Zhao et al. 2015). Inputs of mineral fertilizers or antibiotics in manure and pesticides have led to a degradation of habitat quality at
local-field scales, while transformations of extensive grasslands to arable fields and destructions of
field boundaries and hedges resulted in a loss of semi-natural habitats and homogenization at landscape scales (Robinson & Sutherland 2002; Tscharntke et al. 2005). This includes changes in the
distribution and supply of resources for many species and thereby affects community compositions
and food web structures (Thies et al. 2011). For future sustainable and cost-effective agricultural
production, it is inevitable to take ecosystem services such as natural biological control into account
and promote them with appropriate management strategies (Foley et al. 2011). Biological control
can reduce the need for pesticide application, and thus not only save money for the farmers, but also
contribute to biodiversity conservation in agricultural landscapes (Bianchi, Booij & Tscharntke 2006;
Landis et al. 2008; but see Ekroos et al. 2014; Kleijn et al. 2015).

2.1

Agri-environment schemes

Agri-environment schemes (AES) have been developed to react to the challenges caused by
increased agricultural intensification. In the European Union, AES were initially designed to protect
environmentally sensitive areas by compensating farmers for income losses associated with less
intensive management (Batáry et al. 2015). Over time, the emphasis shifted to prevention of species
loss and to improve and conserve ecosystem services, such as natural biocontrol and pollination
(Ekroos et al. 2014). Today, AES are the main tool for conservation of farmland biodiversity in Europe
(Batáry et al. 2015), with payments worth over 2.7 billion $ each year to EU farmers (European
Environment Agency 2002).
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The effectiveness of agri-environment schemes in promoting farmland biodiversity has been
relatively well studied (Tscharntke et al. 2012). Most studies found mixed effects of AES and showed
that they benefited common species more than threatened ones (e. g. Kleijn et al. 2006). In contrast,
the effect of AES on biodiversity-mediated ecosystem services, such as natural pest control remain
largely unexplored (Tschumi et al. 2016). However, demonstrating benefits of agri-environmental
measures for pest control and crop yield can improve the reputation of AES and increase the likelihood of land owners to participate in such schemes (Cardinale et al. 2012).

2.2

Land sharing versus land sparing strategies of AES

One of the largest controversies in nature conservation is the land sharing versus land sparing debate
(e.g. Green et al. 2005, Phalan et al. 2011, Fischer et al. 2011). It distinguishes between two contrasting strategies of how to meet the demand for food production and conservation of biodiversity
on the same land – the integration (“land sharing”) and the separation (“land sparing”) of conservation and production (Fischer et al. 2014). The land sharing strategy includes wildlife-friendly farming
methods that aim at increasing biodiversity on farmland. Unfortunately, a likely side effect of this
strategy is that lower yields increase the need for more agricultural land in order to meet the
demands for food, feed, fibre and fuel. Researchers who favour the land sparing strategy, however,
argue that a high percentage of wild species cannot survive in farming systems, even if managed
wildlife-friendly. Therefore, they support high-yield farming to save wild land outside of farmed areas
that can be set aside to host these species (Phalan et al. 2011).
In Europe, in a similar sense as the debate in the tropics above, different AES follow either the
land sparing or the land sharing strategy. Organic farming aims at managing land in an environmentally friendly way to achieve a high level of biodiversity within the fields and to preserve natural
resources (Council of the European Union 2007). This can be seen as on-field or land sharing strategy
(Hodgson et al. 2010). Other schemes, such as the implementation of hedgerows, flower strips or
fallow land, set aside land within the agricultural landscape for the explicit goal of benefitting biodiversity. The surrounding fields serve the main purpose of producing food and other agricultural
products, achieving high quality yields. This means that actions taken for biodiversity conservation
are spatially separated from productive areas. Therefore, these latter schemes can be seen as land
sparing within the agricultural landscape (Balmford, Green & Phalan 2012; Quinn, Brandle & Johnson
2012; Gabriel et al. 2013).
In Lower Saxony, annual flower strips and organic farming are two of the most popular AES,
both in terms of area where they are applied and the amount of subsidies payed to farmers (AES
Lower Saxony 2012). Therefore, I selected these two AES as typical examples for land sparing and
land sharing for testing their effectiveness against the background of European agricultural policy.
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2.2.1 Organic farming in Lower Saxony - a land sharing strategy

Figure 1: Organic winter wheat field in Bodensee

The Council Regulation (EC) No. 834/2007 of 28 June 2007 defined the framework requirements for
organic farming and labelling of organic products within the European Union. For instance, it is prohibited to use agrochemicals, such as mineral fertilizer and synthetic pesticides (Council of the
European Union 2007). Instead fields are fertilized through the use of organic manure and nitrogenfixing legumes, whereas weed control is achieved through wider crop rotations, intercropping and
mechanical weeding (Gabriel et al. 2010). Many studies have shown that plant diversity and cover of
non-crop plant species is higher on extensively managed, organic than on conventional fields (e.g.
Fuller et al. 2005; Gabriel et al. 2006). There is some evidence that biological pest control is more
effective on organic farms than on farms managed using conventional methods (Östman, Ekbom &
Bengtsson 2001; Puech et al. 2014). According to the niche theory and intermediate-disturbance
theory, extensively managed farmland is generally characterized by high within-field heterogeneity
and low rates of disturbances caused by soil cultivation or pesticide applications (Case & Gilpin 1974;
Tscharntke et al. 2012). This provides habitat to species with different ecological niches and thereby
increases the potential for natural biological control due to higher functional diversity (Tscharntke et
al. 2007; Kleijn et al. 2011).
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Within Germany, each federal state has its own regulations concerning design of and compensation for AES. In Lower Saxony, organic farming is an AES that is applied to the whole farm and
farmers can apply for subsidies under the scheme farm commitment (Betriebliche Verpflichtungen BV1) (AES Lower Saxony 2016). One commitment period lasts five years and farmers can get up to
1,275 € per ha and year, depending on the crop type. For cropland they get subsidised with 234 € per
ha and year. Between 2011 and 2014, 32 % of expenditures for AES have been spend on this scheme
and around 75,000 ha have been managed organically in Lower Saxony (Statistisches Bundesamt
2015). This corresponds to 1.5 % of its surface area and to 2.8% of its farmed land.

2.2.2 Flower strips in Lower Saxony – a land sparing strategy

Figure 2: Winter wheat field with adjacent flower strip in Opperhausen

There are several schemes that subsidise flower strips in Lower Saxony, but the scheme for annual
flower strips (BS11 – einjährige Blühstreifen) is the most popular one. Since organic farming is not
compatible with other AES, flower strips are typically used by conventional farmers. Between 2011
and 2014 flower strips have been applied on 7,500 ha and 13 % of expenditures for AES have been
spent on them (AES Lower Saxony 2012). Farmers are subsidised with 700 € per ha flower strip per
year. If beekeepers are involved into the selection of the seed mixture, farmers get an additional
100 € per ha. Seed mixtures have to contain at least five species out of a list of 28 defined plant
species (Table S 2, Appendix) and must be designed for providing flowers between June and October.
Flower strips are 6 - 30 m wide and the area is restricted to 10 ha per farm. They have to be sown
until the 15th April of each year and 30 % of the total flower strip area per farm has to be left
untouched until the 15th February of the following year.
5
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The rest of the flower strips can be removed starting from the 15th October (ML 2016). The
application of fertilizer and pesticides is not allowed. According to the Lower Saxony Ministry of
Food, Agriculture, and Consumer Protection, flower strips shall provide food and shelter to natural
enemies of crop pests, pollinators and other wild animals (AES Lower Saxony 2016). As they maintain
common species generally, it is a scheme that supports agro-ecosystem services rather than serving
biodiversity conservation (Ekroos et al. 2014).
The positive effect of sown flower strips on natural enemies has been underpinned by several
studies (e.g. Haaland, Naisbit & Bersier 2011; Ramsden et al. 2015). A possible reason is that many
parasitoids as well as predators – both playing an important role in the regulation of herbivore
populations – require nectar or other sugar sources to cover their energetic needs once they are
adult (Wäckers & van Rijn 2012). Larvae of parasitic wasps, hoverflies or lacewings for example are
carnivorous predators of many pest insects, whereas their adult stages are melliphagous, meaning
they feed on floral nectar and pollen (Sutherland, Sullivan & Poppy 2001; Bianchi & Wäckers 2008).
Furthermore, flower strips can provide shelter for natural enemies or moderate microclimate in
which they may overwinter or seek refuge from factors such as environmental extremes or pesticides
(Landis, Wratten & Gurr 2000). Thus, flower strips provide additional food sources and habitat, also
in times when the crop plants are harvested, and may therefore be important to stabilize the populations of natural enemies.

2.3

Effects of landscape structure

Landscape structure of agricultural regions is often described in one of two ways: either as
compositional or configurational heterogeneity (Plecas et al. 2014). According to Fahrig et al. 2011,
compositional heterogeneity refers to the number and proportions of different crop types in a landscape sector. A higher total proportion of non-crop habitats usually implies a higher proportion of
intrinsically complex and more-natural habitat types (Roschewitz et al. 2005; Fahrig et al. 2011).
Configurational heterogeneity on the other hand refers to a more complex spatial arrangement of
cover types in a landscape, often resulting from smaller mean field sizes (Bianchi, Booij & Tscharntke
2006). This implies more frequent alteration of crop types and management regimes per unit area. It
may also include higher compositional heterogeneity and usually an increased proportion of noncrop habitats due to a higher density of field margins. Effects of landscape composition on biocontrol
have been tested in different studies, whereas the effect of landscape configuration is less studied
(Plecas et al. 2014).
Regarding the effectiveness of AES and landscape complexity towards biological control, there is
contradictory evidence from available studies. As many species associated with farmland require
different food resources and habitat conditions through their life cycles, they can only thrive in finegrained landscapes (Benton, Vickery & Wilson 2003). Generally, more heterogeneous landscapes are
6
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expected to positively affect populations of both crop pests and their natural enemies (Al Hassan et
al. 2012). This is because semi-natural habitats such as field margins (similar to flower strips) are
areas free of insecticide use that provide additional food sources, refuges after harvest and overwintering sites for both (Bianchi & van der Werf 2003; Thies, Roschewitz & Tscharntke 2005; Plecas et al.
2014). However, various aspects of landscape composition and configuration might have different
effects on crop pests and their enemies due to the complexity and dynamics of their interactions
(Gagic et al. 2011). Roschewitz et al. (2005) and Thies et al. (2005) found that complex landscapes
increased aphid parasitism rate but also aphid abundances, hence counterbalancing possible positive
effects on biological control. Conversely, a study by Vollhardt et al. (2008) could not show an effect
of landscape complexity on parasitism rate, whereas Bianchi et al. (2006) found that complex landscapes frequently support a greater abundance of natural enemies and lower pest populations than
large-scale, monoculture landscapes. These contradictory findings highlight the importance for
further research about the effects of landscape complexity on the effectiveness of AES regarding
natural biological control.

2.4

Edge effect

The effect of landscape complexity on within-field species richness is limited by edge effects (Zhao et
al. 2013). Many natural enemy species in fields depend on source populations from field margins to
colonize the fields after anthropogenic disturbances such as tillage, insecticide treatments or harvesting (Wissinger 1997; Landis, Wratten & Gurr 2000; Tscharntke, Rand & Bianchi 2005). As their
mobility varies between taxonomic groups, not all of them are able to enter the centre of large fields
(Krauss, Gallenberger & Steffan-Dewenter 2011; Batáry et al. 2012). For instance, Duelli et al. (1990)
showed ground-dwelling predators to be generally less mobile than flying predators. However,
Tscharntke, Rand & Bianchi (2005) suggested that also densities of flying insects such as parasitoid
wasps decrease at greater distance from field edges. Parasitoids depend on both non-crop habitats
such as field edges that provide them with floral nectar sources and favourable microclimate and on
crops that provide them with hosts (Dyer & Landis 1996). Thus, parasitism levels generally decrease
at further distance from field edges, reflecting distribution patterns of ecotone species (Tscharntke,
Rand & Bianchi 2005). When quantifying the effect of locally applied measures such as field margins
and flower strips on insect species, the decline of their effect with distance has therefore to be taken
into account. This can be done by analysing field edges separately from field centres (Krauss,
Gallenberger & Steffan-Dewenter 2011).
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2.5

Study organisms

Aphids and cereal leaf beetles are two major invertebrate pests of small grains in Central Europe
(Meindl et al. 2001; Schmidt et al. 2003). Both have been reported to cause economically important
yield losses, which are expected to become even more severe with warming climates in the future
(Olfert & Weiss 2006). I studied their abundance on winter wheat fields (Triticum aestivum L.) in
Southern Lower Saxony. Winter wheat is the most-planted crop across Germany, covering more than
20 % of all arable land (Statistisches Bundesamt 2015). In order to better understand the dynamics of
pest infestations in wheat fields, I will describe the ecology of the two crop pests and their natural
enemies in the following sections.

2.5.1 Aphids and their natural enemies
The three most common aphid species (Hemiptera: Aphididae) in winter wheat in Germany are
Sitobion avenae (Fabricius), Metopolophium dirhodum (Walker) and Rhopalosiphum padi (L.) (Alignier
et al. 2014). S. avenae is the dominant species in wheat fields, making up for 70 – 90% of aphid
individuals (Schmidt et al. 2003; Roschewitz et al. 2005).
Aphids have a complex lifecycle, involving bisexual and parthenogenetic generations, winged
and wingless individuals and usually an alternation of host plants over the year (Borror & White
1970). The three above mentioned species overwinter as eggs on different primary hosts. S. avenae
overwinter on plants of the Rubus genus, M. dirhodum on rose (Rosa) species and R. padi on Prunus
padus trees (Chinery 1987). In spring, wingless females (fundatrices) hatch and reproduce
parthenogenetically, giving live birth to one to five young per day. With an average life expectancy of
18 days this results in around 70 offspring per aphid. After two or more generations of such females
have been produced, a generation of winged females (alates) appears, that migrates to new host
plants in early June (Borror & White 1970). Secondary host plants of S. avenae, M. dirhodum and
R. padi belong to the Poaceae family and are mostly wheat and barley. There, winged and wingless
generations alternate; with wingless generations increasing local infestations and winged generations extending populations to new habitats (Chinery 1984). In early growth stages of the crop,
aphids colonize flag leaves. Later they change to the inflorescence. Mass infestations usually appear
after wheat flowering with temperatures over 20 °C and dry, sunny weather. At the end of milk
ripening populations on wheat and barley suddenly collapse, as aphids move to other, still green host
plants, such as maize (Heitefuss et al. 1993). Late in the season, winged forms return to the primary
host. A generation of males and females appears, reproduces sexually and females lay eggs that
overwinter (Borror & White 1970). During mild winters, however, aphids may abandon the development on primary hosts and viviparous parthenogenetic females overwinter (anholocyclic life cycle)
on autumn grown cereals and are already present in the crop by spring. In Western Europe,
8
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S. avenae is already considered to be autoecious, spending all stages of their life cycle on grasses and
cereals (Collins et al. 2002).
Damages of crops are caused on the one hand,
when aphids occur in large colonies and weaken the
host plants by sucking on phloem sap. On the other
hand, aphids can transmit virus infections such as Barley
yellow dwarf, when damaging plant cells with their
stylet. Furthermore the excretion of honeydew
facilitates the colonization of fungi on the leaf surface,
which also harm the plants (George 1974). All three
factors may result in considerable losses of grain, both
in quantity and quality (Dixon 1977). The threshold level
of economic damage for which an insecticide
application is recommended, is three to five aphids per
shoot (Giller et al. 1995). Economically important
damages caused by cereal aphids in Europe have been
recorded since the early 1970s. They have been related
among others to the intensification of agriculture,
including increased applications of nitrogen fertilizers in
combination with growth regulators and pesticides
(Thies et al. 2011). This is because the use of insecticides
not only reduces crop pests, but also their natural
enemies and consequently inhibits natural pest control.
Similarly, nitrogen fertilization has been found to
Figure 3: Wheat spike colonized by aphids

increase density, body size and fecundity of aphids
(Duffield et al. 1997; Gash 2012).

Outside of manmade monocultures, mass infestations of aphids are rare. On the one hand, the
survival of aphid populations in grain fields depends on semi-natural habitats: as aphids cannot survive on ploughed fields, young crops get re-colonized by aphid populations from neighbouring field
borders and grasslands (Gilabert et al. 2009). On the other hand, natural and semi-natural habitats
also host species-rich enemy communities and stable food web structures prevent aphid population
outbreaks naturally (Robinson & Sutherland 2002; Zhao et al. 2015).
Biological control of cereal aphids is of considerable economic value in Europe (Östman, Ekbom
& Bengtsson 2003). Aphids are attacked by various arthropod natural enemies, including generalist
ground-dwelling predators, more specialized vegetation-dwelling predators and highly specialized
parasitoids (Jonsson et al. 2014). Ground-dwelling predators include carabids, staphylinid beetles and
9
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spiders. They feed on aphids fallen to the ground due strong wind and rain (Winder et al. 2013).
Vegetation-dwelling predators such as lady beetles (Coleoptera: Coccinellidae), lacewing larvae (Neuroptera: Chrysopidae), hoverfly larvae (Diptera: Syrphidae), predatory bugs (Hemiptera: Heteroptera), spiders (Araneae) and parasitoid wasps (Hymenoptera: mainly Aphidiidae) contribute to biological control mainly in the later population growth phase of aphids when they multiply in the crop
(Schmidt et al. 2003). Recent findings indicate that ground-dwelling predators respond relatively
slowly to aphid infestations and control them less effectively than flying natural enemies such as lady
birds, hoverflies and parasitoids (Holland et al. 2008). Some studies even showed that parasitoids are
the most important group of all natural enemies (Schmidt et al. 2003). Females of parasitoid wasps
lay their eggs into aphids, where the larva feeds on their body substance. After undergoing several
larval stages, the larva pupates within the dead aphid body, which is then called mummy (Vollhardt
et al. 2008). Mummies are easily distinguishable from alive aphids in the field and the ratio of
mummies to total aphids can be used as a measure for aphid parasitism (Schmidt et al. 2003). All
groups of natural enemies are assumed to be enhanced by semi-natural habitats providing food resources and overwintering sites (Thies, Roschewitz & Tscharntke 2005). The use of insecticides,
however, not only reduces the number of pest insects, but also the potential for natural biological
control (Geiger et al. 2010).

2.5.2 Cereal leaf beetles and their natural enemies

Figure 4: Adult cereal leaf beetle

Figure 5: CLB larvae with typical feeding damage on wheat

Cereal leaf beetles (CLB) (Coleoptera: Chrysomelidae; Oulema ssp.) are another important group of
crop pests in Europe, Asia and North America (Ihrig et al. 2001). In central Germany, three Oulema
species occur: O. melanopus (L.), O. duftschmidi (Redtenbacher) and O. lichenis (Voet.) (Zahradnik
1985, Dr. Lehmhus (Julius Kühn-Institut), pers. comment 24th January 2017). As their larvae are not
distinguishable visually in the field, I did not analyse them separately.
CLB are univoltine, meaning that they produce one generation per year. Adults overwinter in
protected areas such as forest edges, hedgerows and woodlots (Häni et al. 2008). At the end of April,
they leave their overwintering sites and do maturation feeding on grasses. At the beginning of May,
10
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adults disperse into cereal crops (preferably oat and wheat), mate and females deposit eggs singly or
in pairs on crop leaves. The oviposition period can last until June and one female CLB produces
between 50 and 200 eggs (Schmitt 1988). After 7-15 days, the larvae (Figure 5) hatch and start the
most damaging period of their lifecycle. During their maturation, which lasts 3-4 weeks, they feed on
the superficial layer of leaves, hindering the leaves’ photosynthetic potential (Haynes & Gage 1981;
Nentwig, Poehling & Schärer 1994). Besides that, the physical injury of the leaf surface leads to an
increase in plant transpiration and a higher risk of fungi infections. One larva per flag leaf can lead to
a total yield loss of 10 % (Jossi & Bigler 1996). Therefore a density of 0.4 larvae per tiller has been
suggested as a threshold to justify the need for insecticide application (Buntin et al. 2004).
Larvae appear white or yellow. However, most of them have a shiny black appearance, as they
cover themselves with their own excrements. This is probably a defence mechanism against predators and prevents desiccation (Jossi & Bigler 1996). After the fourth instar, larvae pupate in the soil at
a depth of 2-5 cm (O. melanopus and O. duftschmidi) or inside a hardened foam cocoon on the host
plant (O. lichenis). Adults emerge a few weeks later and after feeding on corn and other grasses, they
disperse to overwintering sites from August onwards (Cooter 1991). Natural enemies of CLB are
generalist predators such as rove beetles, carabids, spiders, ladybirds, predatory bugs and lacewing
larvae, and also specialized parasitic hymenoptera (Meindl et al. 2001).

2.6

Research questions and hypotheses

To date, the effectiveness of agri-environment schemes in enhancing biodiversity has been mixed,
whereas their effect on ecosystem services such as natural biological control remain largely unexplored (Kleijn & Sutherland 2003; Kleijn et al. 2006; Batáry et al. 2015). In my study, I aim to answer
the question, whether a land sharing (organic farming) or a land sparing design (flower strips) of AES
is suited better to increase biological control by natural enemies on fields. Therefore, I compared the
abundance of crop pests and their natural enemies, levels of parasitism and the predation rate of
crop pests by natural enemies between management types. Conventionally managed fields served as
control group. I took into account the edge effect by taking samples, both at the edge and in the interior of the fields. Additionally, I tested the influence of landscape structure on natural pest control.
This was done by selecting fields along a gradient from small to large fields.
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I tested the following hypotheses:
(1) Flower strips offer more food and shelter to
natural enemies than organic fields due to a
higher density of flowers and more complex
vegetation structures. Therefore, at the field
edges, flower strips are more effective than organic farming concerning natural pest control.
Both management types perform better than
conventional farming (Figure 6).
Figure 6: First hypothesis

(2) In the field interior, organic farming is more
effective in natural pest control than flower
strips, as the positive effect of flower strips declines with distance. The difference in performance between flower strip fields and conventional fields is much smaller (Figure 7).

Figure 7: Second hypothesis

(3) Due to higher densities of natural enemies at field edges (edge effect), the effectiveness of
biocontrol is better in edge than in interior transects, independent of management type.
(4) Landscapes with smaller field sizes support populations of natural enemies better than landscapes with large fields, as they have a higher proportion of field margins and thus provide more
habitat and food resources. Therefore, also natural pest control is influenced positively by
smaller fields.
The present study is embedded into the “Land sparing – Land sharing project” (2LS Project) and part
of the larger project “Biodiversity and associated ecosystem services in small vs. large scale agriculture”, which is funded by DFG (Deutsche Forschungsgemeinschaft). The project is conducted by Dr.
Péter Batáry from the Agroecology working group at Göttingen University. The 2016 2LS field work
team consisted of two master students (Jacob Rosenthal and Carolina Steffen), a doctoral student
(Marian Mendoza García), a postdoctoral researcher (Rita Földesi) and me.

12

Material and Methods

3

Material and Methods

3.1

Study area and experimental design

The study sites were located in Southern Lower Saxony,
as a typical example of an intensive agricultural region
in Western Europe. In the counties Göttingen,
Northeim and Osterode (Harz) (Figure 8) Jacob
Rosenthal and I selected 10 villages with pairs of
organic and conventional farms (N = 10 villages x 2
farms = 20 farms in total). Maps showing the arrangement

of

crop

fields

were

obtained

from

“Servicezentrum Landentwicklung und Agrarförderung”
(Lower Saxony). Information on location and managers
of flower strips was provided by “Niedersächsisches
Ministerium für Umwelt, Energie und Klimaschutz”.

Figure 8: Location of the counties Göttingen,
Northeim and Osterode (Harz) within Germany

Figure 9: Position of villages (in white) and study fields within the counties Göttingen, Northeim and Osterode (Harz)
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Contact details of organic farmers were derived from the online portal BioC (Directory of Certified
Organic Operators 2016). With this information, a preselection of possible fields was performed in
QGIS (QGIS Development Team 2009). "Bing" areal maps from the "OpenLayers" plugin in QGIS were
used to check for landscape parameters such as forests and built-up areas. The final selection of
villages and fields was done during farmer interviews and site visits in April and May 2016.
From each village, we selected three winter wheat fields: one of the organic farm and two of the
conventional farm (one field with adjacent flower strip, hereafter called flower strip field, and one
control field without flower strip). This way we obtained 30 study fields (Figure 9) with a mean size of
10.2 ± 0.36 ha (range 0.87 - 19.2 ha). The fields of one village had a maximum distance of 2 km to
each other in order to minimize edaphic and climatological differences amongst them (see Gabriel et
al. 2010). The landscapes around the fields represented a gradient of configurational heterogeneity
(measured as mean field size), thus we studied a gradient of small to large-scale agricultural systems.
Mean field size of the landscape was calculated within a 500 m radius around each study field. This
radius is considered adequate to study responses of specialist pests and natural enemies to the landscape context (Chaplin-Kramer et al. 2011). The calculation was performed using ArcGIS for Desktop
10.2 (ESRI 2016). Landscape composition measured as percentage of arable land was kept constant
by selecting fields in the agricultural matrix away from forests and built-up areas (Figure 9).
All study edges of the selected fields were bordered by grassy field margins and a dirt road
adjacent to it (Figure 10). In each field we set up 2 transects, each 50 m long. One transect was located directly at the edge (hereafter edge transect) and the other transect parallel to it, 10 m inside
the field (hereafter interior transect). This way we had 3 x 2 = 6 transects per landscape.
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Figure 10: Experimental design of fields and transects belonging to one village

3.2

Field surveys

3.2.1 Survey of cereal leaf beetle larvae
I quantified the infestation of wheat by larvae of the CLB, as this development stage causes most
damage to crops. The number of CLB larvae was counted in transect walks from 6 th to 9th June 2016,
during the peak of larval appearance (early June) according to Ihrig et al. (2001). I walked each
transect for 10 minutes and recorded the number of CLB larvae I spotted within 1m to either side. A
direct counting of CLB larvae per wheat tiller was not feasible as the total infestation was low and
distribution of CLB larvae was scattered.

3.2.2 Survey of aphids and their natural enemies
For counting the number of aphids and their natural enemies, I randomly selected 10 tillers at five
sites per transect (10 tillers x 5 spots = 50 tillers per transect). I screened the tillers from base to spike
and counted the number of aphid and natural enemy individuals present. The organisms recorded as
natural enemies were ladybirds (adults and larvae), hoverflies (pupae and larvae), lacewing larvae
and spiders. I did not include heteroptera in the analysis, as it was not possible to identify in the field
whether individuals belonged to predatory or herbivorous species. Nevertheless their frequency on
the surveyed tillers was negligible.
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Furthermore, I registered whether
aphids were parasitized by hymenopteran
wasps (mummified aphids; Figure 11). With
this data I later determined the parasitism
rate (ratio of mummies to total number of
aphids).

Figure 11: Mummified (brown) and non-mummified (green) aphids

The survey was carried out twice, i.e. during wheat flowering (second half of June) and milk
ripening stage (beginning of July). I pooled the data from both rounds, and therefore results are
given as the sum of aphids and natural enemies on 100 tillers per transect and aphid parasitism rate
as average of the two rounds.

3.2.3 Survey of natural enemies via sweepnetting
Additionally to the survey of natural enemies directly on the wheat tillers, I carried out a sweep net
sampling to collect natural enemies along the transects. Sweep netting was standardized with 60
sweeps per transect (one sweep per footstep). I used a heavy duty sweep net with 38 cm in diameter
from the supplier BioQuip Products (www.bioquip.com). The sampling was carried out at the beginning of July. All insects in the net were collected and later identified in the laboratory. I counted the
number of ladybirds (larvae and adults; Figure 12), hoverflies (larvae and adults; Figure 13), lacewing
larvae (Figure 14), spiders, parasitoids wasps and predatory bugs. Bugs were identified to species
level by an expert (Gyula Szabó). For my analyses I selected the species that are predators of aphids
according to the book “Wanzen beobachten und kennen lernen” by Wachmann, Melber & Deckert
2008 (Table S 1, Appendix).
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Figure 12: Ladybird larva

Figure 13: Hoverfly larva

Figure 14: Lacewing larva

3.2.4 Aphid predation experiment
In order to study the biological pest control potential, I performed an experiment in which I determined the predation pressure exerted by natural enemies of aphids in the fields. I prepared 5 x 6 cm
cards of sandpaper with three pea aphids (Acyrtosiphon pisum) attached to it as artificial prey (Geiger
et al. 2010; Bertrand, Baudry & Burel 2016). The aphids were supplied alive from KatzBiotech
(www.katzbiotech.de). Before attaching them to the cards, the aphids were deep-frozen for
approximately two hours to make them immobile. Then only big, adult aphids were selected and
glued onto the rough side of the cards (Figure 15). The glue used for fixation was “Aurum Insekten
Leim” from W. Neudorff GmbH KG (www.neudorff.de). Until the cards were brought to the fields,
they were stored in a deep freezer at - 18 °C.

Figure 15: Aphid card with three pea
aphids

Figure 16: Aphid card installed in the
field

Figure 17: Aphid card predated by
slugs

On each transect, I installed five cards at a distance of approximately 10 m. Hence, there was a
total of 15 decoy aphids per transect. The cards were attached to the wheat stem directly underneath the spike with a foldover clip (Figure 16). They were folded like a tent with the rough side
pointing downwards to protect the aphids against rain. I placed the cards into the upper part of the
vegetation to make them approachable for insects that usually prey on aphids directly on the wheat
tillers. After one week, the cards were collected and the number of missing aphids was recorded. If
aphids were unequivocally predated by slugs (slime traces on the card; Figure 17), those cards were
treated as missing data, as I did not want to include the effect of slugs into the analysis. The
experiment was performed between 27th June and 7th July.
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3.3

Data analysis

Statistical analyses were conducted using the software R version 3.3.1 (R Core Team 2016). I either
used linear mixed-effects models (LMEs) or generalized linear mixed-effects models (GLMMs) to
analyse the data. All full models contained the fixed effects management (factor with three levels:
conventional, flower strip and organic), transect (factor with two levels: edge and interior), mean
field size within 500 m radius around the focal field (continuous explanatory variable) and their twoway interaction terms. Random factors were farmer nested within village, as the conventional and
the flower strip field always belonged to the same farmer. In all models the response variables were
pooled within transect and accordingly the number of observations was 60 (10 villages x 3
management types x 2 transects).
Linear mixed-effects models (LMEs) were created using the lme function from the ‘nlme’
package (Pinheiro et al. 2016). Model-formula in R-syntax: “lme (y ~ (management + transect +
mean_field_size) ^2, random = ~ 1|village/farmer)”. I used LMEs to model the effects on CLB density
(response variable: total number of CLB larvae per transect), aphid density (response variable: total
number of individuals per transect pooled from both sampling rounds) and natural enemy density
(response variable: number of predatory insect individuals caught via sweepnetting per transect). In
order to achieve normally distributed residuals and avoid heteroscedasticity, I square-root-transformed the number of CLB larvae and log-transformed the number of natural enemies. Model selection was done with stepwise backward selection based on the Akaike information criterion (AIC). For
this I used the stepAIC function of the ‘MASS’ package (Venables & Ripley 2002). The model with
the lowest AIC was selected as the final model. Restricted maximum likelihood (REML) estimations
were then used to fit this model. Model assumptions were checked visually by investigating normal
quantile-quantile plots and residuals against fitted values, as recommended by Zuur et al. (2009).
To analyse proportional data, generalized linear mixed-effects models (GLMMs) with binomial
distribution were applied. For that purpose I used the glmer function of the ‘lme4’ package (Bates
et al. 2015) with binomial error distribution (logit-link function). Model-formula in R-syntax:
“glmer (cbind (successes, failures) ~ (management + transect + mean_field_size) ^2 +
(1|village/farmer), control = glmerControl (optimizer = "bobyqa"), family = binomial)”. In this model,
the dependent variables were data frames consisting of two columns: the numbers of “successes”
versus the number of “failures”. For the parasitism rate, this was the total number of parasitized
versus the number of non-parasitized aphids per transect (pooled from both sampling rounds); for
the proportion of natural enemies to aphids, it was the total number of natural enemies versus the
total number of aphids per transect; and for the predation experiment I contrasted the number of
predated aphids (x) versus the number of non-predated aphids per transect (number total decoy
aphids – x). As some of the aphid cards were missing on the day of collection or predated by slugs,
the number of total decoy aphids (maximum 3 aphids x 5 cards = 15 aphids) was reduced accordingly
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for those transects. Of the total 300 aphid cards, 26 were dealt as missing data. In the GLMMs, fixed
and random effect terms were the same as in LMEs. However, the fixed effect mean field size had to
be rescaled because the model cannot deal with variables on very different scales. I did the rescaling
with the formula:

Ø

(Ø

)

(Ø

(Ø

)

)

. That way the rescaled values for the mean field

size ranged on a scale from 0 to 1. For the model simplification I used the drop1 function, which is
also based on the Akaike information criterion. In stepwise backward selection non-significant fixed
effects and interaction terms were removed manually until the minimal adequate model with the
lowest AIC value was obtained. Again, I checked model assumptions according to graphical validation
procedures (Zuur et al. 2009). If needed, model fit was improved with the control parameter
optimizer = “bobyqua” which is part of the ‘minqa’ package (Bates et al. 2015).
The values in the summary table (Table 7), that gives an overview of all main fixed effects, were
obtained from type II Wald chi-squared tests. These originated from the Anova function of the ‘car’
package (Fox & Weisberg 2011).
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4

Results

4.1

Cereal leaf beetle larvae

The number of CLB larvae counted per transect ranged from 3 (interior of organic field in Gladebeck)
to 134 larvae per transect (edge of conventional field in Opperhausen). Abundances differed significantly between management types and transect positions. Most CLB larvae occurred in the interior
transects of conventional fields, whereas least CLB larvae were found in the edge transects of organic
fields (Figure 18). In general, the number of CLB larvae in conventional and flower strip fields was
significantly higher than in organic fields, and interior transects hosted significantly more CLB larvae
than edge transects (Table 1). Mean field size did not have an effect on CLB abundances.

M *, T *

Figure 18: Mean number of CLB larvae per transect in relation to transect position (edge vs. interior) and management type
(conventional, flower strip or organic). Error bars represent standard error means (SEM). Results are based on type II Wald
chi-squared tests (Table 7) with *** p < 0.001, ** p < 0.01, * p < 0.05 (M: effect of management; T: effect of transect
position).
Table 1: Effects of management and transect position on the number of CLB larvae. The table shows parameter estimates
from a LME fitted using treatment contrasts (i.e. flower strip was the reference level for all comparisons). The contrast
among conventional and organic management was derived by re-fitting the model using conventional as the baseline level.
Bold font indicates significant effects (p < 0.05).

Parameter
Management
flower strip - conventional
flower strip - organic
conventional - organic
Transect (edge - interior)

Estimate ± CI

t

p

0.13 ± 0.66
-1.86 ± 1.38
-1.99 ± 1.38
0.55 ± 0.54

0.38
-2.65
-2.83
2.12

0.709
0.027
0.020
0.04

*
*
*

*** p < 0.001, ** p < 0.01, * p < 0.05, (*) p < 0.1
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4.2

Aphids and their natural enemies

4.2.1 Aphid density
I counted a total of 2457 aphids on 6000 tillers during two survey rounds, resulting in 0.4 aphids per
tiller on average. The number includes parasitized and non-parasitized aphids from all three species
that usually occur in central European cereal fields. Sitobion avenae was the most abundant species
(90 % of all individuals). As the impact of all three species is similar, I analysed the effect of management, transect position and mean field size on the three species jointly. The only predictor having a
significant effect on aphid abundance was management: flower strips had a strong effect on aphids,
increasing their number by 81 % compared to organic fields and by 103 % compared to conventional
fields (Figure 18 and Table 2). However, the mean number of aphids per tiller never exceeded the
threshold level of economic damage (3-5 aphids per tiller (Giller et al. 1995)). The highest number of
aphids per tiller was 1.55, which I counted in the first survey round in the edge transect of the
organic field in Gladebeck.

M **

Figure 19: Mean number of aphids per transect (data pooled from both rounds) in relation to transect position (edge vs.
interior) and management type (conventional, flower strip or organic). Error bars represent SEM. Results are based on
type II Wald chi-squared tests (see Table 7) with *** p < 0.001, ** p < 0.01, * p < 0.05 (M: effect of management).
Table 2: Effects of management on aphid density. The table shows parameter estimates from a LME fitted using treatment
contrasts (i.e. flower strip was the reference level for all comparisons). The contrast among conventional and organic management was derived by re-fitting the model using conventional as the baseline level. Bold font indicates significant effects
(p < 0.05).

Parameter
Management
flower strip - conventional
flower strip - organic
conventional - organic

Estimate ± CI

t

p

-30.50 ± 17.23
-26.95 ± 23.26
3.55 ± 23.26

-3.47
-2.27
0.30

0.001
0.049
0.772

**
*

*** p < 0.001, ** p < 0.01, * p < 0.05, (*) p < 0.1
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4.2.2 Aphid parasitism
Parasitism rates ranged between 8.24 ± 3.40 % in the organic edge transects and 27.07 ± 3.89 % in
the flower strip edge transects. Mean field size (removed from final model) and transect (X2 = 0.58,
d.f. = 1, p = 0.448) did not significantly influence aphid parasitism rate (Figure 20 and Table 3). However, management and the interaction of management × transect showed significant effects. In the
interior transects, parasitism rates did not differ between management types, but in the edge
transects, parasitism rates in flower strip fields was much higher than for organic or conventional
fields, respectively.

M ***, M × T ***

Figure 20: Proportion of parasitized aphids on the total number of aphids per transect (data pooled from both rounds) in
relation to transect position (edge vs. interior) and management type (conventional, flower strip or organic). Error bars
represent SEM. Results are based on type II Wald chi-squared tests (see Table 7) with *** p < 0.001, ** p < 0.01, * p < 0.05
(M: effect of management; M × T: interaction between effects of management and transect).
Table 3: Effects of the interaction between management and transect position on aphid parasitism rate. The table shows
parameter estimates from a GLMM fitted using treatment contrasts (i.e. flower strip was the reference level for all comparisons). The contrast among conventional and organic management was derived by re-fitting the model using conventional as the baseline level. Bold font indicates significant effects (p < 0.05).

Parameter
Interior transect
flower strip - conventional
flower strip - organic
conventional - organic
Edge transect
flower strip - conventional
flower strip - organic
conventional - organic

Estimate ± CI

z

p

-0.30 ± 0.39
-0.08 ± 0.46
0.22 ± 0.51

-1.53
-0.34
0.86

0.126
0.736
0.388

-1.12 ± 0.43
-1.51 ± 0.54
-0.39 ± 0.63

-5.13
-5.50
-1.23

<0.001 ***
<0.001 ***
0.221

*** p < 0.001, ** p < 0.01, * p < 0.05, (*) p < 0.1
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4.2.3 Predator-prey ratio for aphids
The numbers of natural enemies counted per tiller did not differ significantly between management
types, transects or along the gradient of field size. For the ratio of natural enemies to aphids per tiller
however, I found significant effects. The ratio ranged from 0.06 ± 0.02 in the conventional edge transects to 0.28 ± 0.12 in the organic edge transects (Figure 21). In general, the proportion of natural
enemies was significantly higher both in organic and conventional fields than in the flower strip fields
(Table 4). Transect did not have a significant effect (X2 = 1.95, d.f. = 1, p = 0.163), but there were
proportionately more natural enemies per aphid on smaller fields, i. e. natural enemy proportion
increased with decreasing mean field size .

M **, S *

Figure 21: Ratio of natural enemies to aphids (data pooled from both rounds) in relation to transect position (edge vs.
interior) and management type (conventional, flower strip or organic). Error bars represent SEM. Results are based on
type II Wald chi-squared tests (see Table 7) with *** p < 0.001, ** p < 0.01, * p < 0.05 (M: effect of management; S: effect of
mean field size).
Table 4: Effects of management, transect position and mean field size on the ratio of natural enemies to aphids. The table
shows parameter estimates from a GLMM fitted using treatment contrasts (i.e. flower strip was the reference level for all
comparisons). The contrast among conventional and organic management was derived by re-fitting the model using
conventional as the baseline level. Bold font indicates significant effects (p < 0.05).

Parameter
Management
flower strip - conventional
flower strip - organic
conventional - organic
Transect (edge - interior)
Mean field size

Estimate ± CI

z

p

0.49 ± 0.39
0.96 ± 0.69
0.47 ± 0.70
-0.23 ± 0.32
-2.02 ± 1.76

2.42
2.73
1.31
-1.40
-2.25

0.016
0.006
0.190
0.163
0.025

*
**

*

*** p < 0.001, ** p < 0.01, * p < 0.05, (*) p < 0.1
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4.3

Aphid predation experiment

Mean predation rate across all aphid cards was 38.44 ± 3.42 %. Predation rate on flower strip fields
(31.25 ± 5.11 %) was significantly lower compared to organic (43.05 ± 4.91 %) and conventional fields
(41.16 ± 7.52 %) (Figure 22 and Table 5). Transect (removed from final model) and mean field size (X2
= 2.25, d.f. = 1, p = 0.134) did not have a significant effect on predation rate.

M*

Figure 22: Percentage of predated aphids in relation to transect position (edge vs. interior) and management type (conventional, flower strip or organic). Error bars represent SEM. Results are based on type II Wald chi-squared tests (see Table 7)
with *** p < 0.001, ** p < 0.01, * p < 0.05 (M: effect of management).

Table 5: Effects of management and mean field size on the percentage of predated aphids. The table shows parameter
estimates from a GLMM fitted using treatment contrasts (i.e. flower strip was the reference level for all comparisons). The
contrast among conventional and organic management was derived by re-fitting the model using conventional as the
baseline level. Bold font indicates significant effects (p < 0.05).

Parameter
Management
flower strip - conventional
flower strip - organic
conventional - organic
Mean field size

Estimate ± CI

z

p

0.46 ± 0.40
0.58 ± 0.38
0.12 ± 0.74
1.43 ± 1.87

2.27
2.38
0.31
1.50

0.024
0.013
0.753
1.336

*
*

*** p < 0.001, ** p < 0.01, * p < 0.05, (*) p < 0.1
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4.4

Natural enemies caught via sweepnetting

Of the hymenoptera I caught, only individuals from the family Nabidae were classified as predatory
bugs, resulting in 17 individuals of predatory bugs out of 681 (Table S 1, Appendix). The total number
of natural enemies I caught with the sweepnet was not influenced by management type or transect
position, but there was a marginal significant effect of mean field size (Table 6). The number of
natural enemies was lower in areas with larger fields (Figure 23).

Figure 23: Abundance of natural enemy individuals obtained from sweepnetting in relation to mean field size, presented on
logarithmic scales.

Table 6: Effect of mean field size on the abundance of natural enemies. The table shows the parameter estimate from a
LME. Bold font indicates significant effects (p < 0.05).

Parameter

Estimate ± CI

t

p

Mean field size

- 0.65 ± 0.64

-1.97

0.056

(*)

*** p < 0.001, ** p < 0.01, * p < 0.05, (*) p < 0.1
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4.5

Summary of all models

Table 7: Summary of main fixed effects management (factor with three levels: conventional, flower strip and organic),
transect (factor with two levels: edge and interior), their interaction and mean field size within 500m radius around focal
2
field (continuous explanatory variable) on all response variables. X -values, degrees of freedom (d.f.), and p-values from
type II Wald chi-squared tests (see 3.4 Data analysis) are shown. Significant p-values of explanatory variables are indicated
in bold (p < 0.05).

Management

Transect

M×T

Ø field size

CLB larvae
density

X2 = 8.11, d.f.=2,
p=0.017 *

X2 = 4.49, d.f.=1,
p=0.034 *

-

-

Aphid density

X2 = 13.17,d.f.=2,
p=0.001**

-

-

-

Aphid parasitism X2 = 26.02, d.f.=2
rate
p<0.001 ***

X2 = 0.58, d.f.=1
p = 0.448

X2 = 27.86, d.f.=2,
p<0.001 ***

-

X2 = 10.58,d.f.=2,
p=0.005 **

X2 = 1.95,d.f.=1,
p=0.163

-

X2 = 5.05,d.f.=1,
p=0.024 *

-

X2 = 4.03,d.f.=1
p=0.048 *

-

X2 = 2.25, d.f.=1,
p=0.134

Enemies/aphids
ratio
Natural enemy
density

-

Predation
experiment

X2 = 6.03, d.f.=2,
p=0.049 *

-

*** p < 0.001, ** p < 0.01, * p < 0.05

Table 7 shows a summary for the main fixed effects of all analyses performed in this study. Management type significantly affected all studied organisms, with exception of natural enemies caught via
sweepnetting. Transect position however only influenced the number of CLB larvae. Aphid parasitism
rate on the other hand was not influenced by transect position directly, but by the interaction of
management type and transect position. The third fixed effect, mean field size, did not have an effect
on the abundance of any crop pest organism, but it affected the abundance of natural enemies both
in relation to the number of aphids on wheat tillers and absolutely when caught via sweepnetting.
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5

Discussion

The results of my study showed that the biological pest control potential of flower strips and organic
farming was different depending on the type of crop pest and the location within the field. Control of
CLB was best under organic farming and there were less CLB larvae at field edges than in the interior
of fields, independent of management type. Control of aphids was not different between organic and
conventional management, but flower strips had ambiguous effects. On the one hand, they
supported infestation of aphids in the fields, but on the other hand they also increased parasitism
rates of aphids by hymenopteran wasps. Thus I cannot give a general recommendation, whether
flower strips or organic farming are better to promote pest control services.

5.1

Organic farming vs. flower strips (land sharing vs. land sparing)

5.1.1 Cereal leaf beetle larvae
Organic farming seems to influence pest control of CLB positively, as there were significantly less CLB
larvae in organic than in conventional fields, irrespective of whether they were bordered by flower
strips or not. Several studies have shown a higher abundance of natural enemies in organic compared to conventional fields (e.g. Kromp 1989; Östman, Ekbom & Bengtsson 2001; Crowder et al.
2010; Geiger et al. 2010). This is probably related to the absence of insecticides, which appeared to
influence biological pest control negatively. Krauss, Gallenberger & Steffan-Dewenter (2011) found
insecticide treatment to have only a short-term effect on pest densities (here: aphids), while later in
the season, pest densities were even higher and natural enemy populations lower in treated compared to untreated fields. This indicates that insecticide treatment keeps predator abundances low
throughout the season and thereby significantly reduces top-down control of pest populations.
Apart from that, organic fields are characterized by more weeds in comparison to conventional
fields as the application of herbicides is banned (Fuller et al. 2005; Gabriel et al. 2006; Rader et al.
2014). A higher number and diversity of non-crop plants results in higher micro-climatic
heterogeneity within the fields (Kromp 1989). Therefore, structurally more complex organic fields are
likely to provide an elevated number of ecological niches, and thus may support a higher variety of
natural enemies (Batáry et al. 2012).
As the use of synthetic fertilizers is not allowed in organic farming, mean nitrogen inputs are
typically lower in organic than in conventional fields (Schneider et al. 2014). Improved nitrogen
nutrition changes many plant characteristics and can therefore indirectly influence herbivore density.
For example leaf area, the number of shoots per plant and nitrogen content of the plant sap tend to
increase (Honěk 1991). Also, plants supplied with optimum nitrogen levels are able to retain
photosynthetically active leaves for longer due to delayed senescence (Gash 2012). These are all
characteristics that make plant leaves more attractive to herbivores. Accordingly, positive effects of
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nitrogen fertilization have been found for aphids (Duffield et al. 1997) and other herbivorous insects
(Awmack & Leather 2002). Zhao et al. (2015) showed increasing nitrogen input to influence natural
enemies asymmetrically and species-specific, leading to disturbances in arthropod food webs and
declining predator-prey ratios. They pose two hypotheses accountable for this: the nitrogen
limitation hypothesis and the plant vigour hypothesis. The hypotheses argue that plant nitrogen
content is an important limiting factor, which determines the development rate, breeding behaviour
and fecundity of insect herbivores. In contrast to their natural enemies, these pest insects could
benefit more from increasing nitrogen input due to the direct improvement of both food quantity
and quality. Consequently, higher densities of CLB larvae in conventional fields could be a result of
higher nitrogen contents, making wheat more attractive to CLB, whereas altering food webs of
natural enemies disadvantageously.
Another factor influencing abundance of CLB and their natural enemies could be differing
microclimatic conditions inside the fields between management types. The 2016 plant survey
accompanying my study showed wheat shoot density to be lower in organic than in conventional
fields. This resulted in more light reaching the ground and a generally warmer and drier microclimate
within organic fields. According to Dr. Thies (pers. comment 31st January 2017), dry conditions could
be detrimental to CLB larvae since they are susceptible to dehydration. On the other hand, parasitoids of CLB have been shown to be positively influenced by warmer temperatures. For example,
Weber (1992) found the larval development period of Necremnus leucarthos (Nees) (Hymenoptera:
Eulophidae), a parasitoid of CLB, to be reduced by over 70 % with a temperature increase of 10 °C
(from 17 to 27 °C). This indicates that generation times of parasitoids shorten significantly in warmer
climates, leading to potentially higher rates parasitism and thus better biocontrol of CLB in organic
fields.
There was no difference between conventional fields with and without flower strip, so the
flower strip apparently did not influence natural pest control of CLB. In conclusion, my results
showed that organic farming is better for controlling CLB than conventional farming, regardless of
fields being bordered by flower strips or not. This resulted probably from a combination of different
advantages of organic farming for natural enemies and a lower attractiveness of organic wheat to
CLB.

5.1.2 Aphids
In contrast to CLB, aphid density did not differ between organic and conventional fields, but flower
strip fields contained significantly more aphids than the other two management types. This was surprising, as several studies have found flower strips to increase natural enemy abundance, suggesting
positive effects of flower strips on biological pest control (e. g. Haaland, Naisbit & Bersier 2011;
Ramsden et al. 2015). However, there are other studies indicating that semi-natural habitats and
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field margins promote aphid abundances within fields (see Tscharntke et al. 2016). Al Hassan et al.
(2013) suggested that aphid populations depend on undisturbed habitats for overwintering. As fields
are ploughed every year, aphids cannot live there permanently and populations are sustained by
recolonization from neighbouring, less disturbed habitats. Thus semi-natural habitats can be sources
and crop fields sinks in aphid population dynamics, as argued by Dunning et al. (2016). Even though
the flower strips investigated in this study are managed under the scheme “annual flower strips”, at
least 30 % of the area has to be left untouched until the next year (ML 2016). Therefore, flower strips
might serve as overwintering sites for aphids, leading to higher aphid populations in their vicinity.
According to Zhang et al. (2007), ecological processes that reduce productivity or increase production
costs in agricultural systems, such as herbivory, are regarded as ecosystem disservices. Thus, my
results indicate that flower strips are providers of disservices concerning aphid infestation levels.
Regardless of the apparently negative effect of flower strips concerning aphids, infestations in
my study fields averaged 0.4 individuals per shoot, which is well below the threshold level of economic damage of 3 - 5 per shoot (Giller et al. 1995). Therefore, the higher aphid abundances in
flower strip fields are surprising, but with current levels not alarming. In an aphid outbreak year,
however, damages could be critical without the use of insecticides. To sum up, the effects of neither
of the two agri-environment schemes (organic farming and flower strips) manifested themselves in
reduced total numbers of aphids compared to conventional fields.

5.1.3 Aphid parasitism
Regarding aphid parasitism rates however, I found positive effects of flower strips. In the interior
transects, parasitism rates did not differ between the three management types, but at the edges,
parasitism rates were significantly higher in flower strip fields than in organic or conventional fields.
These findings go alongside with a study by Ramsden et al. (2015), who also observed higher rates of
mummified aphids adjacent to floral resources. My results support the parasitoid nectar provision
hypothesis, brought up by Heimpel & Jervis (2005). The hypothesis suggests that the presence of
nectar-providing plants can improve biological control of pests by supplying parasitoids with sugar.
The hypothesis has been underpinned by different studies so far. For example, Lee & Heimpel (2008)
found floral resources to increase longevity and oviposition rate of parasitoids in the field. Another
study carried out in the laboratory found that typical lifespans ranged between 1 – 5 days for starved
parasitoids, whereas sugar-fed parasitoids lived between 2 – 8 weeks (Thompson 1999). Thus, parasitoids provided with sufficient nectar can attack more hosts during longer lifetimes.
Large monoculture fields are thought to be relatively devoid of sugar resources (Heimpel &
Jervis 2005). The presence of flower strips can therefore add valuable food sources that are vital to
support the performance of parasitoids. Ramsden et al. (2015) even claimed that providing suitable
nectar and pollen sources represents the greatest opportunity for enhancing naturally occurring
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parasitoids in agro-ecosystems. Model simulations suggest that flower strips also attract parasitoids
from the surrounding area (Bianchi, Goedhart & Baveco 2008). These are all reasons that might
explain the higher level of aphid parasitism close to flower strips in my study.
Hence, although total numbers of aphids were highest in flower strip fields, these aphids also
exhibited highest rates of parasitism, potentially outweighing the negative effect of flowers strips on
aphid infestation. The parasitism rates of 27.07 ± 3.89 % along the flower strips were close to the
value of 32 – 36 % that Hawkins & Cornell (1994) have found to be the threshold for successful
biological control. As parasitoids respond numerically to aphid abundances (host density effect)
(Schmidt et al. 2003), it is possible that levels of parasitism further increased after the date of the
survey, leading to a subsequent decrease in aphid populations. From my results I conclude that
flower strips are a suitable scheme to support melliphagous parasitoids of crop pests.

5.1.4 Predator-prey ratio for aphids
The ratio of natural enemies to aphids counted per tiller was lowest in flower strip fields and did not
differ significantly between organic and conventional fields. Since the total number of enemies was
not different between management types, this was most likely an effect of aphid density. The total
number of aphids was highest in flower strip fields, thus these fields exhibited the lowest predatorprey ratio. In organic and conventional fields I counted fewer aphids and as a result, the predatorprey ratio was higher there. Hence, management type did not affect the number of natural enemies
observed on the tillers directly, but it influenced the ratio of natural enemies to aphids. My results
indicate that in organic fields, due to higher predator-prey ratios, predation by natural enemies
might be a more important biocontrol-factor than in flower strip fields.

5.1.5 Aphid predation experiment
Similar to the previous results, predation rate of aphids was lowest in flower strip fields and there
was no difference between organic and conventional fields. Equally to the predator-prey ratio, this
relationship is inversely proportional to aphid density. Accordingly, this result might also have been a
negative aphid density effect. As aphid density was highest in flower strip fields, there was abundant
food supply for natural enemies. Therefore, in flower strip fields, there was no need for predators to
feed on aphids from the aphid cards. Consequently, fewer aphids were missing on the cards within
flower strip fields.
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5.2

Edge effect

The only group of organisms for which an edge effect was found, were CLB. I counted significantly
more CLB larvae in the interior than in the edge transects across all three management types. One
reason might be, that biological control of CLB is higher at the edges than in the interior of fields, as
many natural enemy populations are associated with field margins and have limited dispersal distances into fields (Tscharntke et al. 2007). Field margins are known to increase populations of
polyphagous predators, because they provide additional food sources, shelter from pesticide use and
favourable microclimatic conditions (Thies, Roschewitz & Tscharntke 2005). Several studies have
shown higher abundances of predatory insects close to field edges compared to field centres (Landis,
Wratten & Gurr 2000; Krauss, Gallenberger & Steffan-Dewenter 2011). Also rates of parasitism of
crop pests have found to be higher close to field edges (e. g. Landis & Haas 1992; Thies & Tscharntke
1999). For example, Thies and Tscharntke (1999) found that parasitation of a herbivorous beetle in
oil seed rape was higher in parts of wheat fields with adjacent ruderal field edge than in the interior
of large wheat fields. This finding is in accordance with Weber (1992) who showed that a parasitoid
of CLB (Necremnus leucarthros) needs constant food supply during its oviposition period. This means
that parasitoids need an environment rich in different flowering plant species. Field edges may provide parasitoids with their food demands and therefore biocontrol of CLB might be more efficient
close to field edges, as more CLB larvae get parasitized.
Another reason for higher CLB larvae density in the interior transects might be that CLB adults,
during their maturation feeding, are attracted by the interior of wheat fields. The plant survey
accompanying my study showed that the density of wheat tillers was lower and that leaves were
drier at the field edges than inside the fields. According to the plant vigour hypothesis, this could
have made wheat plants in the field interior more attractive to CLB adults (see Price 1991) so that
they colonized the field interiors rather than the edges. As they lay eggs after a short period of maturation feeding (Haynes & Gage 1981), this may lead to a higher density of eggs and thus a higher
density of larvae inside the fields.

5.3

Effect of landscape configuration heterogeneity

An effect of landscape configuration heterogeneity was found for the predator-prey ratio of aphids
and their natural enemies on wheat tillers and for the number of natural enemies caught via sweepnetting. Both numbers increased with decreasing mean field sizes. This result suggests that a higher
proportion of field margins in a landscape has a positive effect on natural enemy abundances. These
findings are in line with several other studies. For example, Alignier et al. (2014) found higher abundances of natural enemies of aphids in complex landscapes with a higher proportion of semi-natural
habitats. Thies & Tscharntke (1999) showed that also levels of parasitism increased and crop damage
decreased in structurally complex landscapes.
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Populations of crop pest, however, were not affected by mean field sizes in my study, indicating that
higher numbers of natural enemies do not necessarily translate into better pest control. This conclusion is in accordance with a meta-analysis conducted by Chaplin-Kramer et al. (2011). They assessed
46 landscape-level studies and found that natural enemies show consistent positive responses to
landscape complexity, whereas responses of pest abundances do not differ significantly. This is
because increased parasitism or predation can be offset by greater pest colonization in complex
landscapes, resulting in no net change in pest populations over a landscape gradient (Thies,
Roschewitz & Tscharntke 2005).

5.4

Assessment of hypotheses

My first two hypotheses were based on the assumption that there was an interaction between the
effects of management and transect position. I hypothesized that at field edges, flower strips performed better than organic farming regarding biocontrol (1), whereas in the field interior, organic
farming was more effective (2). I furthermore predicted that in both cases conventional farming was
least effective. As I did not find interactions, except for aphid parasitism rates, these two hypotheses
can only partly be confirmed. In the interior transects, parasitism rates did not differ between management types, but in the edge transects, parasitism rate was highest in flower strip fields and there
was no significant difference between organic and conventional fields. This result confirms my first
hypothesis and suggests that flower strips are suitable schemes for promoting melliphagous parasitoids, which are an important – if not the most important (Schmidt et al. 2003) - group of natural
enemies for aphid control. The high numbers of aphids in flower strip fields, however, demonstrated
that an increase in numbers of natural enemies does not necessarily translate into better pest
control. For aphid density, predator-prey ratio and the aphid predation experiment, organic farming
performed better in biocontrol than flower strips, but there was no difference between organic and
conventional farming. This indicates potential disservices of flower strips regarding natural pest
control, resulting from habitat improvements that favour aphids more than their natural enemies.
With respect to the control of CLB, organic fields performed best. This suggests that organic fields are
less attractive to CLB or that natural enemies of CLB are better supported by organic than by conventional farming. Flower strips cannot provide similar benefits and therefore could not show an improvement in biocontrol of CLB. I conclude, that the two schemes, organic farming and flower strips,
have different effects regarding biocontrol, depending on the group of organisms. Therefore, none of
the two could be shown to perform generally better than the other.
My third hypothesis was that biocontrol is better at field edges than in the field interior. This
hypothesis could be confirmed for CLB. For the other surveys I did not find significant differences
between edge and interior transects.
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My last hypothesis, that natural pest control is influenced positively by smaller field sizes, could also
partly be confirmed. Predator-prey ratios of aphids and their natural enemies and abundances of
natural enemies caught via sweepnetting increased for decreasing field sizes. However, higher
numbers of natural enemies did not affect pest densities. Therefore, field size did not have a direct
impact on pest control.

5.5

Limitations of the experiment

The method used for determining CLB densities (transect walks) did not allow for determining infestation rates as number of larvae per tiller. Because wheat shoot density in organic fields was lower
than in conventional fields, the ratio of larvae per tiller might have been relatively higher than the
numbers I obtained from transect walks. However, I chose the transect walk method because total
infestation of CLB was low and counting larvae per tiller would have resulted into many zero counts.
Therefore, numbers of CLB larvae should be corrected for wheat shoot density in following analyses
of my data, when results from the plant survey are evaluated.
Furthermore, the sampling of aphids was probably carried out too late. According to Dr. Krüssel
(office for crop protection of the Lower Saxon Chamber of Agriculture, pers. comment 17 th January
2017), the peak of aphid appearance had been at the end of May / beginning of June 2016 and aphid
densities had reached up to 30 individuals per tiller. With the beginning of wheat flowering, the
activity of natural enemies had led to a breakdown of aphid populations below the damage
threshold. I surveyed aphids for the first time during wheat flowering, therefore I missed the peak of
aphid infestation.
Apart from that, I suggest to carry out sweepnetting of natural enemies simultaneously or
slightly before the survey of pest insects. This allows drawing direct conclusions about the effect of
natural enemies on pest densities. In our field work period, limited time and labour resources did not
allow for simultaneous surveys and I did the sweepnetting after the survey of crop pests.
Finally, I had to deal with some constraints regarding the aphid predation experiment. In a first
trial experiment, where aphid cards were exposed for 24 h, the majority of cards did not show any
signs of predation. Therefore I extended the exposure time to one week. After this time, predation
rates were in general high enough so differences between treatments could be analysed statistically.
However, aphid cards were exposed to wind and rain for one week, and I cannot exclude that some
aphids might have been removed mechanically.
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Conclusion and Outlook

Flower strips might be suitable to support populations of pollinators and melliphagous predators
(Haaland, Naisbit & Bersier 2011; Ramsden et al. 2015), but my study could not show better biocontrol resulting from flower strips than from other management types. In contrary, especially regarding
aphid infestation, flower strips provided a disservice, as aphid densities were higher and predatorprey ratios and predation rates were lower in flower strip fields compared to organic or conventional
fields. The only survey, in which flower strips performed best, was aphid parasitism. In the edge transects, most aphids were parasitized close to flower strip fields compared to organic or conventional
fields. However, this did not result in lower aphid densities. Therefore, I suggest schemes to be designed more carefully, considering the individual needs of the species that shall be promoted. From
my observation in the fields and farmer interviews, I derived the following recommendations for the
design of future flower strips:
1)

Sowing times of seed mixtures should be more flexible. Under the current scheme, flower strips
have to be sown until the 15th of April of each year (ML 2016). However, many farmers told me
that this was often not feasible, as weather conditions were still too wet or there was frost after
the sowing date, which destroyed the young seedlings. This posed a dilemma to the farmers:
either they complied with the formalities, risking the establishment of flower strips to fail, or
they sowed the seed mixtures later, risking losing the subsidies.

2)

More attention should be directed towards diversified flowering times. According to the regulations for annual flower strips, seed mixtures shall be suited to provide insects with floral resources over the whole period between June and October (ML 2017). However, I observed some
flower strips not to come into bloom until the end of June and often strips were dominated by
one or two flowering species that might not have been able to be used by all natural enemies.
Floral resources adjacent to crop fields might be most beneficial to insects at times when
farmers do not apply insecticides, since sprayed pesticides may drift into the flower strips.
Therefore, there should also be flowers before crop blooming and after harvest.

3)

Perennial flower strips should be preferred to annual flower strips. The current AES scheme for
perennial flower strips in Lower Saxony is relatively demanding, while not compensating farmers
adequately. This makes perennial flower strips less attractive to farmers with the result that
most farmers chose the scheme for annual flower strips. However, several studies have found
schemes that include perennial vegetation to be more efficient in natural pest control (e. g.
Thies & Tscharntke 1999).
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4)

Native plant species should be given preference over exotic and crop species in seed mixtures.
Of the 28 species that are included in the list for potential seed mixtures, only five species are
native to Germany according to BfN 2016 (Table S 2, Appendix). The other 23 species are either
archaeophytic crop species or neophytes. Several authors have noted that to selectively enhance natural enemies, their special needs should be considered, rather than encouraging plant
diversity per se (Van Emden 1990; Isaacs et al. 2009). For example, not all flowers are suited for
all hymenopteran parasitoids. There are significant differences in the accessibility of nectaries as
a result of floral architecture (Landis, Wratten & Gurr 2000). Therefore, flower species have to
be chosen carefully and requirements of natural enemies have to be taken into account. As
many insects are especially adapted to some plant species, the use of native plants might be
suited best to support local natural enemy populations (Wäckers & van Rijn 2012).

This study demonstrates that the two currently most popular AES in Lower Saxony, that represent
either a land sharing (organic farming) or a land sparing (flower strips) strategy, are both not yet
optimized in their performance regarding natural pest control. Whether they provided services or
disservices to farmers depended very much on the type of crop pest. Regarding control of CLB,
organic farming was most effective, whereas flower strips increased parasitism of aphids. From my
results I can therefore not draw a general conclusion on whether the implementation of flower strips
in the current form or organic farming is a better strategy for enhancing biocontrol. Appropriate
modifications could improve the performance of flower strips. But due to edge effects, their scope
will be always limited. Alternatively, flower strips could be installed in the middle of large fields, in
order to increase the proportion of field edges within fields (Blaauw & Isaacs 2014). Having said this,
the general division of AES into either land sharing or land sparing seems very strict and the optimal
solution lies probably somewhere in between. I appeal that farmers should be allowed to apply
schemes more flexible in order to respond to local differences and unpredictable natural events. This
could also include a combination of organic farming and locally applied AES, such as flower strips.
More research is needed in order to design schemes so they meet the objectives they are targeted
for. Therefore, regular monitoring and evaluation of the success of AES are crucial (Donald & Evans
2006; Batáry et al. 2015).
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Appendix
Table S 1: Heteroptera species caught via sweepnetting. Species classified as natural enemies (according to Wachmann,
Melber & Deckert 2008) highlighted in red.

Species

Author (year)

Aelia acuminata
Amblytlyus nasutus
Capsus ater
Closterotomus norwegicus
Dolycoris baccarum
Eurydema oleracea
Eurydema sp.
Leptopterna dolobrata
Lygus gemellatus
Lygus pratensis
Lygus rugulipennis
Megaloceroea recticornis
Mirini sp.
Nabis pseudoferus
Nabis sp.
Notostira elongata
Oncotylus punctipes
Pentatomidae sp.
Polymerus nigrita
Polymerus unifasciatus
Psallus falleni
Stenodema calcarata
Stenodema laevigata
Stenodemini sp.
Stenotus binotatus
Tingidae sp.
sum individuals

Linnaeus (1758)
Kirschbaum (1856)
Linnaeus (1758)
Gmelin (1790)
Linnaeus (1758)
Linnaeus (1758)

Family

Pentatomidae
Miridae
Miridae
Miridae
Pentatomidae
Pentatomidae
Pentatomidae
Linnaeus (1758)
Miridae
Herrich-Schäffer (1835) Miridae
Linnaeus (1758)
Miridae
Poppius (1911)
Miridae
Geoffroy (1785)
Miridae
Miridae
Remane (1949)
Nabidae
Nabidae
Geoffroy (1785)
Miridae
Reuter (1875)
Miridae
Leach (1815)
Pentatomidae
Miridae
Fabricius (1794)
Miridae
Fallén (1807)
Miridae
Fallén (1807)
Miridae
Linnaeus (1758)
Miridae
Miridae
Fabricius (1794)
Miridae
Tingidae

Carnivorous/
omnivorous

No. of
individuals

no
no
no
no
no
no
no
no
no
no
no
no
no
yes
yes
no
no
no
no
no
no
no
no
no
no
no

1
11
3
100
2
1
2
61
75
3
21
70
78
7
10
49
23
6
41
6
1
6
2
47
54
1
681

II

Table S 2: Plant species for seed mixtures of annual flower strips in Lower Saxony (ML 2017). Species indigenous to
Germany (according to BfN 2016) highlighted in green.

No.
1
2
3
4
5
6
7
8
9
10
11
12
13

Plant species
Anethum graveolens
Avena sativa
Borago officinalis
Brassica napus
Brassica oleracea
Brassica rapa
Calendula officinalis
Coriandrum sativum
Fagopyrum esculentum
Helianthus annuus
Linum usitatissimum
Lupinus angustifolius
Malva sylvestris
ssp. Mauritiana
ssp. Verticillata

German trivial name
Dill
Hafer
Borretsch
Raps, Futterraps
Markstammkohl, Gemüsekohl
Rübsen
Garten-Ringelblume
Echter Koriander
Buchweizen
Sonnenblume
Saat-Lein
Schmalblättrige Lupine
Mauretanische Malve, Bechermalve

native
no
no
no
no
yes
yes
no
no
no
no
no
no
yes

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

Medicago sativa
Ornithopus sativus
Phacelia tenacetifolia
Pisum sativum
Raphanus sativus ssp. Oleiformis
Secale multicaule
Setaria italica
Sinapis alba
Trifolium alexandrinum
Trifulium resupinatum
Trigonella foenum-graecum
Vicia faba
Melilotus officinalis
Melilotus albus
Vicia sativa

Luzerne
Serradella
Rainfarn-Phazelie
Garten-Erbse
Ölrettich
Ur-Roggen/ Waldstaudenroggen
Kolbenhirse
Weißer Senf
Alexandriner Klee
Persischer Klee
Bockshornklee
Acker-Bohne
Echter/ Gelber Steinklee
Weißer Steinklee
Sommerwicke

no
no
no
no
no
no
no
no
no
no
no
no
yes
yes
no

III

