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Providing key resources to animals may enhance both their biodiversity and
the ecosystem services they provide. We examined the performance of
annual flower strips targeted at the promotion of natural pest control in
winter wheat. Flower strips were experimentally sown along 10 winter
wheat fields across a gradient of landscape complexity (i.e. proportion non-
crop area within 750 m around focal fields) and compared with 15 fields
with wheat control strips. We found strong reductions in cereal leaf beetle
(CLB) density (larvae: 40%; adults of the second generation: 53%) and plant
damage caused by CLB (61%) in fields with flower strips compared with con-
trol fields. Natural enemies of CLB were strongly increased in flower strips
and in part also in adjacent wheat fields. Flower strip effects on natural
enemies, pests and crop damage were largely independent of landscape com-
plexity (8—75% non-crop area). Our study demonstrates a high effectiveness
of annual flower strips in promoting pest control, reducing CLB pest levels
below the economic threshold. Hence, the studied flower strip offers a
viable alternative to insecticides. This highlights the high potential of tailored
agri-environment schemes to contribute to ecological intensification and may
encourage more farmers to adopt such schemes.

1. Introduction

Meeting growing demands for agricultural products, while minimizing nega-
tive environmental impacts, is among the biggest challenges to mankind [1].
Productivity increase per unit area achieved by conventional agricultural intensi-
fication has come at the cost of adverse effects on the environment, including losses
of farmland biodiversity and associated ecosystem services, which may even have
negative feedbacks on sustainable crop production [2,3]. Plant protection measures
are still predominantly based on chemical pesticides which, however, are costly
in terms of monetary investment and their impact on biodiversity and the environ-
ment [4,5]. The often concomitant simplification of agricultural landscapes further
tends to disrupt ecosystem services [6], with biological pest control considered as
being one of the services most at risk [5].

Ecological intensification, by contrast, seeks environmentally friendly
alternatives to anthropogenic chemical inputs by harnessing ecosystem services
[7]. Effective promotion of natural enemy-mediated pest control through ade-
quate habitat management, for example, may have a strong potential to
increase yields at reduced levels of pesticide inputs [8]. Besides promoting farm-
land biodiversity, a key goal of many agri-environment schemes (AES) is to
foster ecosystem services, such as biological pest control or animal provided
pollination [9,10]. Whereas biodiversity effects of AES have been repeatedly
studied in the last decade [11-13], effects of AES on ecosystem services such
as natural pest control or pollination remained much less studied and the con-
sequences of pest control on crop damage or yield were rarely quantified [14].
Sown wildflower strips tailored to the needs of functionally important arthro-
pod groups such as crop pollinators or pests” natural enemies may effectively
promote the delivery of ecosystem services in nearby crops [9,15].
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Many service-providing arthropods depend on plant-
provided resources (e.g. nectar, pollen and shelter) at least
during some life stages. These resources have become rare
in intensified agricultural landscapes, but may be effectively
substituted by sown flower strips [15-18]. Maximizing
ecosystem services through habitat management needs a
refined selection of floral resources and a well-adapted man-
agement to ensure that the right resources are provided at the
place and time they are needed. Annual flower strips within
crop rotations can meet this objective and offer a flexible tool
for practitioners to manage ecosystem services on the field
scale. However, such transient habitat elements rely on the
colonization by service providers from less disturbed peren-
nial semi-natural habitats. Therefore, their effectiveness in
providing pest-control services is expected to be contingent
on the amount of perennial habitats in the agricultural land-
scape (i.e. landscape complexity [12,19,20]). Recent studies
underline the role of floral resources for natural enemy per-
formance on the plot and field scale [6,18,21,22]. In
addition, landscape complexity can be an important driver
of natural enemy and pest assemblages at large spatial
scales [5]. Yet, there is a lack of studies simultaneously
addressing the effects of targeted floral resources on natural
enemies, pest suppression and the consequences on crops at
various levels of landscape complexity ([5,23], but e.g. [24]).

Cereal leaf beetles (hereafter CLB), Oulema sp., are among
the major cereal pests in Europe, Asia and North America,
and cause economic damage at densities above 0.4 larvae
per tiller (wheat shoot including stem, leaves and ear)
[25,26]. To date, CLB control largely relies on insecticide
use. Alternative control strategies are highly desired. To our
knowledge, this is one of the first replicated studies explor-
ing the potential of tailored agri-environmental measures to
control CLB.

Here, we examined the effectiveness of experimentally estab-
lished annual flower strips specifically designed to promote
natural control of cereal pests along a gradient of landscape com-
plexity. By focusing on CLB control by its natural enemies, we
addressed the following questions: (i) do flower strips promote
natural enemies of CLB? (ii) Do they reduce CLB densities
in adjacent winter wheat? (iii) To what extent does this translate
into lower plant damage? (iv) How does landscape complexity
interact with flower strip effectiveness?

2. Material and methods
(a) Study design

Field experiments were conducted between April and July 2012.
Thirty winter wheat fields (hereafter focal fields) were selected
along a gradient of landscape complexity in the central Swiss
plateau (cantons Zurich and Aargau). The region represents the
typical agricultural landscape of the Swiss plateau consisting of a
relatively small-scaled mosaic of arable crops (predominantly cer-
eals, maize, sugar-beet, oilseed rape and potatoes), grasslands and
forests (electronic supplementary material, table S1). Field size was
2.03 ha (+0.18 ha) on average and the minimum distance between
focal fields was 900 m (mean =+ s.e.: 7918 + 232 m). All focal fields
were managed without fungicides, insecticides or growth regula-
tors (Swiss IP extenso; [27]). Along the full length of a randomly
selected border of 15 focal fields, a standardized 3 m-wide
flower strip was sown in April 2012. In the other 15 focal fields,
a 3 m-wide winter wheat strip along the full length of a randomly
chosen border served as a control strip.

The seed mixture of the flower strips consisted of the following n

annual plant species: Anethum graveolens L. (Apiaceae), Anthemis
arvensis L. (Asteraceae), Anthriscus cerefolium (L.) Hoffm.
(Apiaceae), Centaurea cyanus L. (Asteraceae), Coriandrum sativum
L. (Apiaceae), Fagopyrum esculentum Moench (Polygonaceae) and
Papaver rhoeas L. (Papaveraceae) (see electronic supplementary
material, table S2 for quantities of seeds sown per area). These
species were selected based on a review of existing evidence for
positive effects of floral and extra-floral (C. cyanus) resources
offered by these species on the performance, fitness or population
dynamics of key natural enemies of major wheat pests, such as CLB
and aphids, i.e. ladybirds (Coleoptera: Coccinellidae), lacewings
(Neuroptera: Chrysopidae), parasitic wasps (Hymenoptera), pred-
atory bugs (Hemiptera: Heteroptera) and hoverflies (Diptera:
Syrphidae) [9,18,28—32]. A further criterion for the selection of
the plant species was that the provision of floral and extra-floral
resources, as well as shelter, matches the time at which crop pests
are most effectively controlled by their natural enemies (April—
July in the study area) along with agronomic (agronomical
unproblematic species) and aesthetical considerations [33]. No
pesticide treatments (except targeted herbicide application to indi-
vidual plants), mowing or fertilization were conducted in the
flower strips. Five flower strips had to be abandoned because
they were overgrown by spontaneous weedy vegetation and/or
the sown plant species failed to establish properly.

(b) Assessment of cereal leaf beetle density
and plant damage

CLB, Oulema sp. are major cereal crop pests in Europe, Asia and
North America [26,34]. Overwintering predominantly in woody
habitats, CLB adults disperse into cereal crops in spring, where
the larvae cause damage by removing the photosynthetic tissue
of cereal plants [25]. The economic threshold has been estimated
at 0.4 larvae per tiller [25]. Natural enemies comprise generalist pre-
dators such as ground beetles, rove beetles, ladybirds, predatory
bugs and lacewing larvae, and specialized parasitic hymenoptera
[34-37], but quantitative knowledge on the relative importance
of different CLB natural enemies is largely lacking. In the study
region, two CLB species, O. melanopus L. and O. gallaeciana
Heyden occur in wheat crops. However, O. melanopus is by far
more abundant than O. gallaeciana. As larvae of the two CLB species
cannot be easily discriminated in the field, we did not analyse them
separately. The two CLB species have a similar pest status [35].
CLB density and plant damage were assessed at two distances
(near versus far) from the flower strips or wheat control strips fol-
lowing a stratified random approach. First, a ‘near’ sector ranging
from 0.5 to 10.4 m from the strip border and a ‘far’ sector between
10.5 and 20.4 m from the strip border were defined. In a second
step, we randomly selected a distance within the ‘near” sector
and then defined the ‘far’ distance as the near distance plus
10 m. This design allows the modelling of a ‘near’ and a ‘far’ dis-
tance category as well as distance as a continuous variable. All
CLB larvae of 25 wheat tillers from two randomly selected plots
at each distance and focal field were recorded twice during
the peak of larval appearance [26,35] (end of May/mid-June;
BBCH 40-70; electronic supplementary material, table S3). Adult
CLB were sampled using standardized sweep netting (60 sweeps
at each distance and focal field, 40 cm sweep net diameter). We
assessed the second generation of beetles that develop from
larvae at the beginning of July (BBCH 77-87; electronic supple-
mentary material, table S3), which should, in contrast to the first
generation of adult beetles colonizing fields, directly reflect the
overall impacts of natural enemies on eggs, larvae and pupae.
Plant damage caused by CLB was assessed as percentage leaf
damage of the same 2 x 25 wheat tillers per distance used for
the sampling of CLB larvae in mid-June (electronic supplementary
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material, table S3) within six categories (1: less than 1%; 2: 1-5%; 3:
5-10%; 4: 10-25%; 5: 25-50%; 6: greater than 50%) [35].

(c) Sampling of natural enemies

Natural enemies were sampled at the same distances as CLB and
plant damage, and additionally in flower and control strips. Pred-
atory bugs, ladybirds (adults and larvae) and lacewings (adults
and larvae) were sampled using standardized sweep netting
(sweep net diameter: 40 cm; 60 sweeps); ground beetles were
sampled with pitfall traps (two pitfalls per distance; 10 cm
funnel diameter; 70% ethanol). Sweep net sampling was carried
out during two rounds in mid-June and at the beginning of July
(electronic supplementary material, table S3). Pitfall sampling
was carried out during three sampling rounds of one week from
5 May to 5 July (electronic supplementary material, table S3). All
captured individuals were identified to species or, if not possible
(e.g. Heteroptera nymphs), genus level. Hymenopteran parasitoids
could not be analysed in this study.

(d) Landscape complexity

To examine the effects of landscape complexity and potential inter-
actions with flower strip on natural enemies, CLB and wheat plant
damage, the percentage of non-crop area was calculated in a radius
of 750 m around focal fields (electronic supplementary material,
table S1). This scale is considered adequate to study responses of
specialist pests and natural enemies to the landscape context (e.g.
[5]). Information on land-use classes was derived from official digi-
tal land-use maps (vector25 and TLM3D, swisstopo, Wabern) and
verified using aerial photographs (SWISSIMAGE, swisstopo,
Wabern). Where necessary, additional information about agricul-
tural land use in the study year was acquired from local
administration agencies (Office of Landscape, Agriculture and
Environment of the canton of Zurich; Agrofutura AG, canton of
Aargau). The calculation of non-crop area was performed with
ArcMap 10.1 GIS software [38].

(e) Statistical analyses

Generalized linear mixed-effects models (GLMMs) were fitted to
test the effect of flower strip on natural enemies (response vari-
ables: ground beetles, predatory bugs, adult ladybirds, ladybird
larvae, adult lacewings and lacewing larvae; total number of indi-
viduals pooled from all sampling rounds) and CLB density
(response variables: total CLB larvae per 50 wheat tillers and
total number of CLB adults) within adjacent winter wheat fields.
GLMMs with Poisson error distribution (log-link function) were
used to analyse natural enemies, except for the number of
ground beetles: these data were better fitted by a Gaussian error
distribution with identity-link function. To account for overdisper-
sion in the CLB density data, GLMMs with negative binomial error
distributions (log-link function) were fitted using the Automatic
Differentiation Model Builder (glmmADMB) package [39] in
R. A linear mixed-effects model (LME) was used to model plant
damage. Mean leaf damage was calculated for each distance per
field using mean percentage values from categories attributed to
each plot. Percentages were arcsine-square root-transformed
to achieve normally distributed residuals and avoid heteroscedas-
ticity. All full models contained the fixed effects flower strip
(factor: focal field with flower strip versus focal field with wheat
control strip), distance (continuous explanatory variable) and
their interaction, as well as the covariates wheat variety, wheat den-
sity (number of wheat tillers per square metre) and focal field area,
and field identity as a random blocking factor. The model for CLB
larvae additionally included the crossed random factor sampling
round. Collinearity among covariates was assessed using pairwise
scatterplots, correlation coefficients and variance inflation factors
(VIF). Wheat height, which was positively correlated with wheat

density (correlation coefficient > |0.5] [40]) was excluded from n

the set of candidate models.

To additionally analyse natural enemies in the flower strips
themselves compared with wheat control strips, negative bino-
mial GLMs (log-link function) using the glm.nb function of the
MASS package [41] with the explanatory variable flower strip
and the covariate field area were fitted for each natural enemy
group separately. Landscape complexity and its interaction
with flower strip was included in the models described above
in order to test the hypothesis that flower strip effects are contin-
gent on landscape complexity. Moran’s I similarity spline
correlograms [42] indicated no spatial autocorrelation in the
residuals of the models.

All numerical explanatory variables were standardized prior
to the analyses (to get a predictor with mean of zero and stan-
dard deviation of one) to avoid numerical precision problems.
Model selection based on likelihood-ratio tests followed rec-
ommendations by Zuur et al. [40] and minimum adequate
models were used for statistical inference. Model assumptions
were checked according to the graphical validation procedures
recommended by Zuur et al. [40]. All statistical analyses were
done using R v. 3.1.0 software [43].

3. Results

(a) Impact of flower strips on cereal leaf beetle density
and plant damage

The number of CLB larvae was reduced by 40% in winter
wheat fields with flower strips (hereafter flower strip fields)
compared with winter wheat fields with winter wheat strips
(hereafter control fields) (table 1, figure 1a). CLB larvae
increased with distance from flower strips, but in a similar
way as from wheat control strips. Consequently, significantly
less adult CLB (—53%) re-emerged in flower strip fields than
in control fields (table 1, figure 1b). Moreover, wheat plant
damage caused by CLB was reduced by 61% in flower strip
fields compared with control fields (table 1, figure 1c). The
decrease in wheat plant damage in flower strip fields compared
with control fields tended to be higher towards the field
centres, with highest plant damage in the interior of control
fields (table 1, figure 1c).

(b) Impact of flower strips on natural enemies
Numbers of adults of all studied natural enemy groups
increased strongly in flower strips compared with wheat con-
trol strips (table 1, figure 2a—c,e), while the number of larvae
of ladybirds and lacewings did not significantly differ
(table 1, figure 24 f). In adjacent winter wheat, the number of
predatory bugs tended to be higher in flower strip fields than
control fields (table 1, figure 2b). Moreover, the number of
ground beetles was significantly higher—and that of adult
lacewings tended to be higher—in flower strip fields, but
only near flower strips (significant flower strip x distance
interaction: table 1, figure 2a,c). No significant flower strip
effects were found for the numbers of other natural enemy
groups (table 1, figure 2d—f).

(c) Interactions with landscape complexity

Landscape complexity calculated as percentage non-crop
area within 750 m radius around focal fields (mean =
47.0 £+ 3.3, range = 8.0-74.7) did not significantly influence
the numbers of CLB larvae ()(2 =027, df.=1, p=0.603),
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Table 1. Summary of main fixed effects treatment (factor with two levels: flower strip or wheat control strip), distance from flower or control strip (continuous
variable) and their interaction on wheat plant damage (arcsine-square root-transformed), cereal leaf beetle (CLB) density and the density of different natural
enemy groups in adjacent winter wheat fields and within the strips themselves (only natural enemies). Degrees of freedom (d.f), x*-values and p-values from
likelihood-ratio tests of the model selection procedure (see Material and methods section) are shown. p-values of explanatory variables that were included in
the final model are in bold lettering.

within winter wheat within strip

d.f.

pest density

(LB larvae
et e eme
Cwee . . in oot
e« s o o i
s L I
Cemet T e eme

distance 1 0.06 0.830
et s dime 1 aa e

 plant damage

wheat plat damagebyCLB o
treatment 1 439 0.036

..... d|stance11130288
'freéthienvfﬁédisfan'cvé' B 1 R 2.79 . 0098 .............................. R

naturalenemyabundance
o beétles (aduits) .....................

ceatment B , 06 e e o
e e i T RO
e s dime 1 e e
predatory bugs (adults and nymphs)
e e et am e
distance 1 0.38 0.540
et s dime o e e
IéteWings ('advult's)v R o T
..... et e o ws —osm
e s s e
et x dime o e eenm
. IéteWings ('Ia'rvva'e) R . o : R o
et o 0w 1 e
Cwe o T R
et bsme 1 e e
ladybirds (adults)
et e e ws oot
distance 1 0.44 0.507
et x dime o e e
Iédybirds (I'ar'\v/ae')v R o e
e o o s o o oso
e e ol R

- treatmen{ . d|5tan(e : 000 0964
CLB adults (y*=0.00, d.f. =1, p=1.000) or wheat plant complexity on the number of CLB larvae (¥*=341,df =1,
damage (=056, df.=1, p = 0.453). Moreover, there was p=0.065), CLB adults (x*=0.06, df.=1, p=0.813) or
no significant interactive effect of flower strip and landscape wheat plant damage (x> =0.13, d.f. = 1, p = 0.721).

69€1510T 78T g 20S Y 20id  baobuiysigndAraposielorqdsi H



[ control strip
40r1 O flower strip

~
Q
=

no. CLB larvae

10

—~

S

=

[ole]

o
1

no. CLB adults
N
<)

201

15

~
)
~

plant damage by CLB (%)

near far

Figure 1. Effects of flower strips on pest density and wheat plant damage.
Mean (41 s.e.) (a) number of cereal leaf beetle (CLB) larvae, (b) number of
adult CLBs (second generation) and (c) percentage leaf damage caused by
(LBs in winter wheat fields with wheat control strips (dark grey; n = 15)
and winter wheat fields with flower strips (light grey; n = 10). Near:
mean = 475 m, range = 0.6—10.3 m; far. mean = 14.75 m, range =
10.6—20.3 m (see Material and methods section). Statistical test summaries
are given in table 1.

Similarly, no significant effect of landscape complexity or
the interaction of flower strip x landscape complexity was
found for any of the natural enemy groups, except for a signifi-
cant flower strip x landscape complexity interaction for
ladybird larvae within winter wheat fields (X’ =499, df =1,
p=0.025; electronic supplementary material, table S4).
Ladybird larvae in winter wheat fields adjoining flower
strips tended to increase with landscape complexity (z = 1.82,
p = 0.069), whereas the slope in winter wheat fields adjoining
control strips was non-significant (z= —1.52, p = 0.127).

4. Discussion

This study demonstrates the high effectiveness of annual flower
strips in reducing CLB density and crop plant damage in

adjacent winter wheat. Among the studied natural enemies of
CLB, ground beetles, predatory bugs and lacewings showed
the strongest positive responses to flower strips, suggesting a
prominent role of these predator groups in CLB control. To our
knowledge, this is one of the first replicated studies demonstrat-
ing high effectiveness of flower strips in reducing crop damage
beyond reductions in pest densities, highlighting the potential
of tailored flower strips for conservation biological control.

The observed reductions in pest levels (CLB larvae: 40%,
second generation CLB adults: 53%) and the crop plant
damage (61%) in the presence of flower strips are remarkably
strong. CLB larvae were reduced from an average of 0.50
(£0.05) individuals per tiller to 0.30 (+0.05) individuals,
and thus below the economic threshold of 0.4 larvae per
tiller [25]. Further, these high levels of pest control in wheat
crops were not restricted to the immediate vicinity of the
flower strips, but reached up to 20 m into the fields. This con-
trasts with earlier studies in which effects of field margins
were restricted to their immediate vicinity (e.g. [44—46]). So
far, studies investigating the effect of flower strips on pest
control have mainly focused on parasitoid—host systems and
parasitism [17,28,32,47]. Parasitism usually increased in the pres-
ence of flower strips. However, high parasitism does not
necessarily translate into reductions of pest densities or crop
damage [28]. Indeed, only few studies found decreased pest
levels or reduced crop damage in adjacent crops [17,28,48]. Con-
servation biocontrol measures are far from universally successful.
No effects, or even increasing levels of crop pests and/or damage
close to flower strips, have been reported for other study systems
[17,49]. These can arise, for example, if pests benefit similarly or
even more strongly from the offered resources than their enemies
[28,50] or from increased top-down control of pest’s natural ene-
mies through (hyper-)parasitoids and predators [21,51]. The first
mechanism should not have compromised the effectiveness of
flower strips in our study system because CLB are not expected
to benefit from floral resources offered by herbaceous plant
species [35]. This may partly explain the strong reductions in
pest and crop damage.

At least two other factors may have contributed to the high
effectiveness of the tested flower strips in reducing CLB den-
sities and plant damage. (i) The careful selection of plant
species offering a large amount of floral, extra-floral and struc-
tural resources that proved to benefit natural enemies [18,30,52]
and (ii) the rather high diversity of flowering plants comprising
the flower strips, characterized by a staggered provision of
floral, extra-floral (C. cyanus) and other resources (e.g. shelter
and alternative prey) were found to be complementary in
terms of attractiveness and accessibility for different natural
enemy groups (M. Tschumi 2013, unpublished data). Thus,
species-rich flower strips may attract and benefit a higher
diversity of natural enemies than species-poor or single-
species strips [53], which may be associated with enhanced
pest control [54].

Highly increased numbers of all observed natural enemies
(except larvae) inside flower strips compared with wheat con-
trol strips confirm that the offered floral and other resources
were attractive to a broad range of natural enemies. This
may also apply to other natural enemy taxa beyond the preda-
tors assessed here that may have contributed to biological
control (e.g. parasitic wasps, rove beetles or birds). Floral
resource provisioning was dominated by F. esculentum,
C. sativum and C. cyanus at the time of CLB control (May and
June), indicating that these species were particularly relevant
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Figure 2. Effects of flower strips on natural enemy density. Mean (+1 s.e.) individual number of (a) ground beetles (adults), (b) predatory bugs (adults and
nymphs), (¢) adult lacewings, (d) lacewing larvae, (e) adult ladybirds and () ladybird larvae in winter wheat fields with wheat control strips (dark grey; n = 15)
and winter wheat fields with flower strips (light grey; n = 10). Strip: centre of flower or wheat control strip; near: mean = 4.75 m, range = 0.6—10.3 m;
far: mean = 14.75 m, range = 10.6—20.3 m (see Material and methods section). Statistical test summaries are given in table 1.

in the studied system. Yet, owing to bad weather conditions in
early spring the seed mixture was sown slightly later in the
season than in years with better weather during this time of
the year. As a consequence, the onset of flowering was some-
what later than in typical years. However, in our study year
the reduced abundance of CLB larvae started to appear
before full flowering of the strips. Thus, in addition to floral
resources, natural enemies are likely to have benefitted from
other resources offered by flower strips, such as alternative
prey, shelter and structural resources [18,55].

Contrary to the strong effects of bordering flower strips,
landscape complexity did not appear to affect CLB densities
or crop damage, neither directly nor by modulating impacts
of flower strips. This contrasts studies that have found highest
effectiveness of habitat management in landscapes with
intermediate complexity [19]. The lack of effects of landscape
complexity may be explained by the relatively small-scaled
landscape structure and the resulting moderate to high land-
scape complexity of Swiss agricultural landscapes compared

with other countries. In many European regions, arable land-
scapes comprise only 0-40% of non-crop habitats [56].
By contrast, the landscapes studied here embraced pro-
portions of non-crop habitat between 8.0 and 74.7%
(average 47.0 + 3.3%), as is typical for the Swiss plateau
[56]. Only one of our landscapes fell below the 20% threshold
that has been suggested for structurally poor landscapes
impoverished in natural pest enemies [19]. This suggests
that species pools of natural enemies were large enough
and perennial semi-natural habitats offering complementary
resources—such as adequate overwintering sites—suffi-
ciently connected to annual flower strips to support their
high performance in providing pest-control services at the
local (field) scale [52]. In cleared landscapes with low pro-
portions of permanent semi-natural habitats, however,
annual flower strips may be less effective. An alternative
reason for the low importance of landscape complexity in
our study is that the scale of 750 m radius may not be appro-
priate. Yet, analyses at the smaller scale of 250 m radius did

69515107 ‘78T § 05 Y 20id  biorbuiysiigndfranosiesorqdsi H



not yield any significant effects on leaf beetles or crop damage
either (results not shown). Nevertheless, we cannot exclude
possible effects of landscape complexity at larger scales.

Economic viability of tailored flower strips depends on
associated costs and on their benefits in terms of increased
crop yield and/or insecticide savings (electronic supplemen-
tary material B). The observed CLB reductions may enhance
wheat yield (or mitigate yield damage) by 2.5-10% ([25];
M. Tschumi 2013, unpublished data). Assuming a moderate to
high yield increase in winter wheat (i.e. greater than or equal
to 3.7%) or the substitution of insecticides, flower strips can
become economically self-sustaining or even profitable, even if
they are established on potential wheat cropping area (electronic
supplementary material B). Concurrent benefits of tailored
flower strips for aphid control, as observed for potato crops
(M. Tschumi 2013, unpublished data), may further benefit yield.

Tailored flower strips can be particularly valuable for and
facilitate the adoption of low-input or organic management,
because they provide one of few effective alternatives to insecti-
cides. In Switzerland and the EU, the creation of ecological focus
areas by farmers, including flower strips, is supported by direct
payments [57,58]. If tailored flower strips are included, these
AES compensate land opportunity and management costs,
and benefits through enhanced pest-control services could be
an additional incentive for farmers to adopt these schemes.

5. Conclusion

We conclude that tailored flower strips are an effective tool for
conservation biological control of CLBs in winter wheat at
intermediate to high levels of landscape complexity. By redu-
cing CLB larvae below the suggested economic threshold,
tailored flower strips can contribute to a reduction in insecti-
cide use in conventional winter wheat production, and thus
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