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ABSTRACT

1.

This four-year study (2018-2021) aimed at investigating the effects of flowering areas inserted
at the margin of soft wheat fields (77iticum aestivum L.) in comparison with spontaneous field
margins. The action formed part of a multidisciplinary initiative promoted by the Barilla food
company, aimed at disseminating the sustainable production of soft wheat.

Specific aims were to study the effects of flowering areas on: i) the abundance and species
richness of insect pollinators, including wild bees, syrphids, and butterflies; ii) the levels of
wheat aphid and bug infestations and iii) the assemblages of biological control agents of
aphids (coccinellids and aphid mummies as a result of parasitizazion).

Insect surveys were carried out on 61 wheat-growing farms located in Northern Italy. Insect
pollinators were sampled on all farms, whereas wheat aphids, wheat bugs, and aphid

biological control agents were investigated in a sub-sample of 20 farms.
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4. Results generally indicated a positive impact of flowering areas on multiple taxa in
comparison with spontaneous field margins. The abundance of pollinators and coccinellids
was significantly enhanced by the flowering areas. Aphid mummies showed an interaction
between strategies and distances with more mummies at 5 m in fields close to flowering areas
and at 50 m in the plots close to spontaneous field margin (control).

5. Flowering areas were validated as an important tool for promoting beneficial taxa in agro-
ecosystems. However, the successful establishment of this ecological infrastructure was
suggested to rely on several factors, which included both the selection of suitable flowering
plant species and the implementation of appropriate management practices.

Keywords: Coccinellidae, Apoidea, Lepidoptera, ecological infrastructures, agroecological
interventions, Integrated Pest Management, long-term implementation, sustainable food production,
value chain.

INTRODUCTION

The intensification of agriculture has led to a significant loss of natural habitats with negative
consequences for biodiversity (Dudley & Alexander, 2017). The use of resource-intensive
agricultural practices has been shown to influence soil, water, and air quality with serious impacts on
human health (Sabarwal et al., 2018). This trend will likely continue in the future unless specific
actions are taken to implement valuable management strategies to support biodiversity in agro-
ecosystems (Norris, 2008). Within this context, the European Commission (EU) has promoted a plan
to support biodiversity and sustainable food production, based on pesticide and fertilizer reduction
(European Commission, 2020). In the wake of this change, private companies are planning
transformations in their value chains to improve sustainability from field to market. A change of
perspective is necessary, as production processes will have to increasingly consider the social and
environmental value they add (Myers, 2005).

Among habitat management practices, agri-environmental schemes are well-known methods for

promoting farmland biodiversity. In addition to a broader focus on preserving agrobiodiversity,
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several studies have also investigated a targeted 'ecosystem service' approach, specifically
emphasizing biological control or the enhancement of pollination (Crowther et al., 2023; Hatt et al.,
2020; Holland et al., 2016; Uyttenbroeck et al., 2016). The addition of flowering areas (FA) often
constitutes a first step in agroecological management in simplified rural landscapes because of
operational feasibility.

The effect of FA on beneficial arthropods has been shown to be dependent on several variables,
including ecological factors and agronomic practices, such as the intensity of pesticide use.
Concerning the ecological factors, it is well known that landscape complexity can affect the response
of arthropods to habitat manipulation (Karp et al., 2018; Saqib et al.,, 2020), including the
implementation of FA (Batary et al., 2011; Grass et al., 2016; Tscharntke et al., 2005; Tscharntke et
al., 2012). Indeed, the effects of habitat management are usually greater in simplified rural landscapes
than in more complex landscapes (Tscharntke et al., 2012), although specific responses depend on
the considered taxa. For example, the sowing of flowering strips was shown to be more effective at
increasing the richness and abundance of syrphid species (Diptera, Syrphidae) in simplified farmlands
with a higher proportion of arable crops than in complex landscapes (Haenke et al., 2009; Scheper et
al., 2013).

The adoption of habitat management techniques to enhance biodiversity cannot be disentangled from
an evaluation of the associated ecosystem services (i.e., biological control) as well as the possible
disservices. However, the use of arguments based on ecosystem services to justify biodiversity
conservation is not without controversies. Several studies suggested that biodiversity enhances the
magnitude and/or stability of ecosystem functioning, with ecosystem services representing the subset
of services that directly benefit people. In this context, considering the costs of maintaining or
promoting biodiversity is crucial, as financial constraints typically limit the implementation of
practical conservation policies in the real world (Kleijn et al., 2015).

Some studies have demonstrated that sowing FA within wheat fields can increase aphid control, in

comparison to wheat grown in monoculture (Hatt et al., 2020; Pollier et al., 2018).Wheat aphids,
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including Sitobion avenae (F.), Rhopalosiphum padi (L.) and Metopolophium dirhodum (Walker)
(Hemiptera, Aphidae), and wheat bugs, including Aelia rostrata Boheman, Aelia acuminata (L.)
(Hemiptera, Pentatomidae), Eurygaster maura (L.) and Eurygaster austriaca (Schrank) (Hemiptera,
Scutelleridae) are Italian key pests that contribute to losses in both wheat yield and grain quality.
Wheat aphids cause direct damage by feeding on stems and leaves, as well as indirect damage by
excreting honeydew or vectoring viruses (Rabbinge et al., 1981). Bugs are mainly responsible for the
depletion in wheat quality, attributable to the injection (via saliva) of proteolytic enzymes into the
kernels (Vaccino et al., 2006). When 3-5% of the kernels are damaged, a reduction in the baking
quality is evident, which then dramatically increases when damaged kernel percentages exceed 10%
(Hariri et al., 2000).

The present four-year study (2018-2021) was aimed at investigating the impact of FA implementation
in wheat fields, by a multidisciplinary initiative, promoted by Barilla G. & R. Fratelli S.p.A (Parma,
Italy) and incorporated within the document “Carta del Mulino” (CM) (Supporting Information S1).
The general objective was to explore the contribution of FA in promoting the conservation of
beneficial insects, using a multi taxa approach. Specific aims were to study the effects of FA on: i)
the abundance and species richness of insect pollinators, including butterflies (Lepidoptera,
Papilionoidoea and Hesperiidae), wild bees (Hymenoptera, Apidae) and syrphids (Diptera,
Syrphidae); ii) wheat aphid and wheat bug infestations and iii) the assemblages of biological control
agents of aphids, including coccinellids (Coleoptera, Coccinellidae) and aphid mummies as result of

parasitizazion by hymenopteran parasitoids (Hymenoptera, Braconidae).

MATERIALS AND METHODS

Study sites and experimental design

This four-year study (2018-2021) was carried out in 61 farms located in three regions of Northern
Italy (Emilia-Romagna, Lombardy and Piedmont), where soft wheat (7riticum aestivum L.) was

grown as a primary crop. The number of farms increased from the first (n=4) to the last (n=30) year

4
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of the project. During the 2020 lockdown due to COVID-19 pandemic, given the difficulties to
cross regional borders, the number of sampled farms was lower (n=7), in comparison to the
previous years (n=20). Farms were selected based on both their adherence to the CM document and
on the availability of farmers to facilitate the sampling activities.

FA were sown in either autumn or spring on 3% of the Utilized Agricultural Area cultivated with
soft wheat in each farm, according to the CM document. Farmers could choose among a list of nine
multifloral mixtures of legumes (i.e., Vicia faba L., Medicago sativa L. and numerous species of
Trifolium L.) and herbaceous flowering plants (i.e., Onobrychis viciifolia Scop., Phacelia
tanacetifolia Benth. and Centaurea cyanus L.), based on careful consideration of the specific
conditions of each location (Supporting Information S2).

During the study, the use of insecticides was banned in all experimental plots, while other
interventions were carried out following the guidelines outlined in the Integrated Pest Management
(IPM) regulations (Pedigo et al., 1986) of the Emilia-Romagna region (Northern Italy) and the CM
document (Supporting Information S1).

The experimental plan followed a pair block design in which a single wheat field (> 2 ha) per farm
was considered as a block with two strategies (Fig. 1):

1) FA, with flowering plants sown adjacently to a margin of the wheat field;

i1) control, in the opposite side of the wheat field, which was characterized by wild plants growing
spontaneously in the field margin.

Insect pollinators (butterflies, wild bees, and syrphids) were monitored in the FA and in the
spontaneous field margins of all 61 farms. Wheat aphids, wheat bugs, aphid mummies and
coccinellids were sampled only in a subset of 20 farms (n=4 in 2018; n=5 in 2019; n=6 in 2020 and
n=6 in 2021) in two plots inside the wheat field (namely, FA plots adjacent to the areas sown with
flowering plants and control plots in the opposite field side adjacent to the spontaneous field

margin).
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Even if some farms were sampled in multiple years, because of crop rotations, wheat was never
grown in the same fields. Therefore, samples taken in different years from the same farm were

considered as different blocks.

Insect and vegetational samplings

- Pollinator insects and evaluation of percentage of flowering species
Insect pollinators (butterflies, wild bees, and syrphids) were visually checked and collected using
an entomological net along a transect of 100 m both in the FA and in the spontaneous field
margins, following the standardized method by Pollard (1977).
Most butterflies were identified directly in the field and then immediately released, as they were
often easy to identify visually. On the other hand, most of wild bees were collected and returned to
the laboratory for identification. Butterflies and wild bees were identified either to the genus or
species-morphospecies level. Instead for syrphids, only the total abundance and the relative
abundances of the dominant species were considered.
Surveys of insect pollinators were carried out once per year during the flowering period of the
plants in the mixtures (from approximately the beginning of May to the end of June) concurrently
with the assessment of plant species and abundance in both FA and spontaneous field margins
(control).
The plant abundance was estimated following the Braun-Blanquet scale (Braun-Blanquet, 1932),
modified according to Pacini et al., 2003. Further, the percentage of flowering species was
calculated by visually estimating the total soil coverage of different flowering species (defined as >
90% plants for each species at the reproductive stage) within each survey spot delimited in FA and
spontaneous field margins (totaling three spots of 50 m? per strategy in each farm) (Ashworth et al.,

2022).
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- Wheat pests and aphid biological control agents
Surveys of wheat aphids, wheat bugs, and aphid biological control agents (adults, pupae, and larvae
of aphidophagous coccinellids and aphid mummies as result of parasitizazion) were conducted
twice per year during the FA flowering period by sampling insects at three progressive distances (5
m, 25 m, and 50 m) inside the wheat field both for the FA plots and for the plots near to the
spontaneous field margin. At each distance five sampling points, 10 m apart from each other, were
replicated (Fig. 1). Wheat aphids and aphid mummies, including both aphids still parasitized and
aphids with the hole of wasp emergence, were evaluated by visually checking 1 m? of soft wheat
plants per sampling point. Wheat bugs and coccinellids were collected with a sweeping net by
performing ten sweeps back and forth at each sampling point.
All target insects were counted, except for the wheat aphids, for which only the percentages of

infested tillers were recorded. Only aphidophagous coccinellids were considered.
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Figure 1 Experimental design established in each farm. Insect pollinators were sampled once in
all the farms (n =61), whereas pests and biological control agents were sampled twice in each of

the farms included in the sub-sample (n =20).
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Statistical analysis

The number of individuals of butterflies, wild bees and syrphids was compared between FA and the
spontaneous field margin, fitting three generalized linear mixed models (GLMM) with Poisson
error distribution and logarithmic link function. Strategy (FA vs spontaneous field margins) was
used as a fixed factor and farm was included as a random block effect. Kenward—Roger method
was used to estimate the degrees of freedom.

Flowering plant percentages were compared between FA and spontaneous field margins by
Wilcoxon Signed Ranks Test for paired samples. FA and spontaneous field margin in the same farm
were considered as paired. Because of the crop rotations across years, same farms sampled in
different years were included as different blocks.

Multiple linear regressions were used for modelling the effects of wheat field margin (FA vs
spontaneous field margins) and the percentage of flowering plants in the margins on the number of
individuals of each pollinator group counted by Pollard walks. The kind of field margin was coded
as a dummy variable set at 1 for FA and 0 for the spontaneous field margin. No outliers were
detected analysing Cook’s distances, nor the numbers of large residuals exceed what could be
expected given the sample size. Standard Errors (SE), Confidence Intervals at 95% (CI 95%), and
p-values of the coefficients were calculated by bias corrected and accelerated bootstrap based on
1000 resamplings.

The number of wheat plants infested by aphids out of the total number of tillers inspected was
analyzed using a GLMM with binomial error distribution, probit link function, and Kenward—Roger
method. Strategy (FA plot vs spontaneous field margin plot) and the distances from the border
inwards into the wheat fields (5, 25, and 50 m, respectively) were included as fixed and interacting
factors. Farms were modeled as a random block factor.

Finally, to test the effects of FA on aphid mummies, wheat bugs, and coccinellids, we run GLMMs

with a similar structure as above, with the only exception of using the Poisson error distribution to
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model count data. Bonferroni sequential method was used when needed to accommodate for
multiple comparisons among the three levels of the distance factor.

Data on the wheat bugs, which were collected by sweeping nets, were converted to square meter
density using the formula reported in Tonkyn, 1980 to compare our data with the economic
thresholds reported for the Piedmont region, Italy.

The software package IBM SPSS Statistics ver. 23 (IBM Corp., Armonk, NY) (IBM 2019) was

used for all the statistical analyses.

RESULTS

Insect pollinators and percentage of flowering species

During the entire study, 1160 butterflies belonging to 33 species were sampled along the transects.
Of these, 823 were found in the FA and 337 in the spontaneous field margins. This was equivalent
to a mean of 13.49 + 1.44 and 5.52 + 0.66 (SE) per 100 m transect in FA and the spontaneous field
margin, respectively. Pieris (Lepidoptera, Pieridae) was the dominant genus, accounting for 31% of
all the butterflies sampled across the transects (Supporting Information S3). The total number of
butterfly species ranges from 29 in FA to 25 in spontaneous field margin.

Overall, 1432 wild bee individuals were collected, of which 1063 were identified to genus or
species-morphospecies level (Supporting Information S4). The large majority (1001) of individuals
were found in the FA, whereas in the spontaneous field margins only 62 wild bees were counted.
This was equivalent to a mean of 21.29 + 3.24 and 2.20 + 0.36 per FA and spontaneous field margin
transects, respectively. The total number of species/morphospecies was 81 (69 in FA and 28 in
spontaneous field margin), and Bombus was the most abundant genus (67.3%).

Syrphids were less abundant than other pollinator groups, with a total of 644 individuals, of which
454 were counted in the FA and 190 in the spontaneous field margin. The mean number per transect

was 7.44 + 1.07 and 3.11 £ 0.65 for the FA and the control, respectively. The most abundant
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species (pooling both FA and spontaneous field margin transects) was Sphaerophoria scripta (L.)
accounting for 70.41% of the individuals sampled.

GLMM showed a significantly higher abundance of butterflies (F(1, 1200=190.61; P<0.001), wild
bees (F(1, 1200=626.75; P<0.001), and syrphids (F(1, 1200=101.05; P<0.001) in FA in comparison to

spontaneous field margins (Fig. 2).
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Figure 2 Abundances of butterflies, wild bees, and syrphids sampled in the flowering areas (FA)
and spontaneous field margins (control). Asterisks indicate significant differences between

strategies (GLMMs, ***P<0.001).

The percentage of flowering plants was significantly higher in FA (median = 54.50%; 25%- 75%
percentiles = 42.38 — 72.25%) than in the spontaneous field margins (median = 11.70%; 25th- 75th
percentiles = 4.47 — 24.06%) (Z = -6.37; P<0.001). In particular, Phacelia tanacetifolia Benth.,
Papaver rhoeas L., Trifolium pratense L., Trifolium repens L., and Onobrychis viciifolia Scop were
the most abundant species in the FA. On the other hand, in spontaneous field margins the dominant

species were Ammi majus L., Convolvulus arvensis L., Matricaria chamomilla L., Papaver rhoeas

10



230 L. and Picris spp. The flowering periods of several plant species showed a partial overlap in the
231  surveys.

232 The multiple linear models, run to test the effect of wheat field margin and the percentage of

233 flowering plants on the number of individuals of butterflies (R? = 0.28; F2, 117) = 23.17; P < 0.001),
234 bees (R?=0.24; F2, 117)= 18.90; P < 0.001) and syrphids (R?= 0.12; F, 117 = 8.10; P <0.001),
235  were all statistically supported. For butterflies and syrphids, the significant factor was the

236  percentage of flowering plants in the margin where the Pollard walk transect was carried out (Tab.

237  1). On the other hand, for bees a significant effect was detected only for the presence of the FA.

238
Table 1. Effects of wheat field margin (FA vs spontaneous field margins) and the percentage of flowering plants on the
abundance of the pollinators group as assessed by Pollard walks. Linear regression models with confidence intervals,
standard errors (SE) and p-values estimated by 1000 bootstrap resamplings.
Pollinator B SE Confidence Standardized P
Group Intervals 95% B
Butterflies | Constant 3.11 0.78 1.45-4.84 <0.001
FA vs . 2.15 1.68 -0.87-5.22 0.11 0.19
Spontaneous field margins
Flowering percentage 0.16 0.04 0.08 —0.24 0.45 <0.001
Bees Constant 0.07 1.48 -3.43-3.15 0.96
FA vs . 1434 | 3.58 8.46 —21.96 0.35 <0.001
Spontaneous field margins
Flowering percentage 0.14 0.09 -0.02-0.31 0.18 0.15
Syrphids Constant 2.12 0.84 0.37-3.64 0.01
FA vs . 189 | 126 0.40 - 4.57 0.13 0.13
Spontaneous field margins
Flowering percentage 0.07 0.03 0.02-0.12 0.25 0.02
239

240  Soft wheat pests
241  The percentage of plants infested by aphids was significantly lower at 5 m in comparison to 50 m in
242 both in the wheat plots located on the side with FA and in those near to spontaneous field margins

243 (GLMM: “distance”; F2, 114)=9.26, P<0.001; Fig. 3). The maximum recorded percentage of infested

11
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tillers was 20% in the investigated farms. Hence, aphid infestations never exceeded the economic
threshold reported in the IPM guidelines of Emilia-Romagna region, which is set at 80% of tillers

with aphid colonies.
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Figure 3 Mean percentage (+ SE) of aphid infested plants obtained by visual sampling in FA and
control plots at three progressive distances from the flowering area (FA) and the spontaneous
field margin. The GLMM detected significant differences (P<0.001) among distances, which are

shown with different letters in the chart on the right.

Wheat bugs in the genus Eurygaster (n=748 outnumbered the individuals belonging to Aelia genus
(n=10). Abundances of these key pests was higher in FA plots than in control plots (GLMM:
“strategy”: F1, 114)=24.50, P<0.001; Fig. 4). Nevertheless, the mean number of wheat bugs per m?,

obtained applying the formula by Tonkyn (1980) was far below the economic threshold reported in

12



252 IPM guidelines of Piedmont region (=5 bugs / m?). A maximum density of 0.35 bugs per m? was

253  recorded considering all the farms and both the strategies.

254
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Distance from the FA or spontaneous field margin (m)
Field plots near the flowering area (FA)
—# Field plots near spontaneous field margin(control)
Figure 4 Mean number of wheat bugs sampled by the sweeping net wheat plots at three
progressive distances from the flowering area (FA) and the spontaneous field margin. The
GLMM detected significant differences (P<0.001) between strategies, which are shown by
asterisks in the chart on the right.
255

256  Biological control agents

257 A significant interaction “distance*strategy” was detected for the number of aphid mummies on
258  wheat plants, (F 2, 114)=27.37, P<0.001; Fig. 5A). At a 5 m distance from the borders, more

259  mummies were found in the wheat plots adjacent to the FA than in the plots close to the

260  spontaneous field margins, while at 50 m inwards from the border, more mummies were counted in

261  the wheat plots grown close to the spontaneous margins than in the plots near to the FA.

13
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Figure 5 Mean number of aphid mummies sampled by visual sampling. Asterisks indicate
significant differences between strategies which were compared within each distance (GLMM;

*H%kP<0.001; *P<0.05).

The most abundant species of adult coccinellids was Hippodamia variegata Goeze accounting for
the 41.53% of the total individuals, followed by Coccinella septempunctata L. (37.70%) and
Propylea quatuordecimpunctata L. (14.94%). The remaining 5.83% of coccinellid species included
few individuals of Oenopia conglobata L., and Harmonia axyridis Pallas.

The mean number of the aphidophagous coccinellids resulted significantly higher in plots adjacent
to the FA, than in wheat plots near to spontaneous filed margins (“strategy”: F (1,44) =1 7.28,
P<0.001; Fig.6B). Moreover, a significant effect of the distance was also highlighted, with more
coccinellids at 5 m than at the remaining distances, irrespective of the strategy (“distance”: F (2, 144)

=6.82, P<0.01; Fig.6B).
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Figure 6 Mean number of coccinellids sampled by the sweeping net method in wheat plots at
three progressive distances from either the flowering area (FA) or the spontaneous field margin.
The charts on the right indicate significant differences between strategies (GLMM; ***P<0.001)

and between distances (GLMM; different letters: P<0.05).

DISCUSSION

- Insect pollinators
The abundance of butterflies, wild bees, and syrphids showed a significant positive response to the
presence of the FA with an increase of 486, 939, and 190 individual numbers, respectively. Also,
the number of pollinator species was positively influenced by FA. This last result should be
interpreted as a mere attraction of FA towards pollinator insects, rather than as a stable increase in
species richness for which additional interventions are usually necessary. The availability of semi-
natural habitats at the landscape level has been identified as an important factor in providing
alternative floral resources, host plants, nesting sites, and overwintering refuges for pollinator taxa

(von Konigslow et al., 2021).
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In detail, there was an increase of 4 butterfly species and 41 wild bee species on FA compared to
spontaneous field margin. However, the number of butterfly species found on the FA in the present
study was only a small fraction of the species that might be expected for similar habitats in the
Italian checklist (Villa et al., 2009). This is partly attributable to the fact that only a single sampling
was carried out during the flowering period of the FA. Additionally, the lack of host plants for the
larvae of most of the Italian species was certainly a major driver for the low number of species
found in the present study sites.

The same points were likely also valid for the wild bees. While most bee species are polylectic, and
can collect pollen from a variety of plants, several others exhibit a narrow host range, typically
limited to a single plant family. This aspect, coupled with the lack of nesting sites, may have played
an important role in limiting the long-term persistence of wild bee species in the investigated agro-
ecosystems (Amy et al., 2018; Kennedy et al., 2013).

Finally, as multiple linear regressions revealed, abundances of butterflies and syrphids were strictly
related to the percentage of flowering species, regardless from the strategy (FA and spontaneous
field margins). On the other hand, wild bees were found to be significantly influenced by the
presence of flowering areas. These results seem to be coherent with the requirement of wild bees,
because plant species within FA were more suitable for bee foraging; for example, legumes are
particularly appreciated by long-tongued bees such as Bombus sp. Butterflies are more generalist in
plant foraging and their abundance is strongly affected by the presence of flowers, which are more
abundant within FA. Moreover, in spite syrphids are considered rather opportunistic as flower
visitors, they show strong preferences for particular flower morphologies (i.e., flowers with open
corolla and exposed nectaries). A more specific flowering mixture for syrphids (like the short-
tongue S. scripta, which was the most abundant species in our study) should include plants with
more accessible flowers (Doyle et al., 2020), for example Apiaceae, Brassicaceae, Asteraceae and

species like Lobularia maritima (L.) and Fagopyrum exculentum Moench. (Irvin et al., 2021). A
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supplementary source of attraction for syrphids could be represented by stimuli offered by aphid
infested weeds, which are typically present in spontaneous field margins of our study.

- Wheat pests and aphid biological control agents
Wheat plots near FA were in general associated with a greater abundance of biological control
agents in comparison to plots close to spontaneous field margins. The present study corroborates the
existing literature, demonstrating that an enhancement of biological control agents can be achieved
through the implementation of FA (Balzan et al., 2016; Blaauw & Isaacs, 2014; Skirvin et al., 2011;
Tschumi et al., 2016). Coccinellids were more abundant in wheat plots close to the FA than in the
plots near to the spontaneous field margins. In both FA and control plots, there was a decreasing
gradient effect from the field margin which is typical of many beneficial insects and cyclic
colonizers (Marshall & Moonen, 2002). The abundance of both aphidophagous coccinellids and
aphid mummies on wheat tillers was higher at 5 m distance from the FA than at the same distance
from the spontaneous field margins. The increased density of aphid biological control agents could
be due to both food sources and buffer effects provided by the FA. The buffer effect could be
particularly significant in agro-ecosystems with a high intensification, similar to that investigated in
the present study. In high intensification systems, the FA may have played a role as a refuge for
biological control agents, protecting them from pesticide inputs in the adjacent fields.
While aphid mummies were more abundant at 5 m from the field borders in FA plots, this pattern
was reversed in the spontaneous field margin plots, with mummies being more abundant at 50 m
from the borders. A possible explanation of these trends is that aphid parasitoids were not only
influenced by the presence of diversified floral resources but also by other ecological factors,
including host/prey availability (Toivonen et al., 2018). Another possible explanation could be that
the higher density of mummies, observed in spontaneous field margin plots at 50 m, may have been
fostered by the lower abundance of coccinellids at the same distance because predators may have a
negative influence on parasitoids through their exploitation of aphid colonies (Muller et al., 1999).

On the other hand, the higher density of coccinellids and aphid mummies on wheat plants at 5 m
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from the FA could be attributable to the strong gradient effect of these ecological infrastructures as
buffer zones, which may have compensated for the competitive interactions between predators and
parasitoids.

Coccinellids and parasitoids may have played a role in suppressing wheat aphids as the infestation
levels were always below the economic threshold, set at 80% of infested tillers by the [IPM
guidelines of the Emilia-Romagna region. Moreover, the pooled data of the aphid infested plants
showed a lower infestation at 5 m, where coccinellid density was higher, in comparison to 50 m, in
both strategies. Usually, aphidophagous coccinellids show a positive response to aphid density
(Elliott & Kieckhefer, 2000; Evans, 2003). On the contrary, only some species of hymenopteran
parasitoids exhibit a positive correlation of parasitism rates with aphid densities (Walde &
Murdoch, 1988). Nevertheless, both coccinellids and hymenopteran parasitoids may cover long
distances to find prey or hosts (Boivin et al., 2012).

Outbreaks of wheat bugs have been reported in Northwestern Italy, raising serious concerns
(Vaccino et al., 2006). An overall lower number of wheat bugs per m* was found in this study.
However, statistical analyses showed a higher density of wheat bugs sampled by the sweeping net
method in wheat plots adjacent to the FA in comparison with plots near to the spontaneous field
margins. This indicates a possible disservice attributable to the flowering mixtures. Most wheat
bugs feed predominantly on Gramineae with strong preference for wheat, however, grass species
such as Poa spp. can be exploited as well (Edde, 2022). Poa pratensis L. was used, although at a
low percentage, in some of the flowering mixtures sown in the present study, thus representing a
possible explanation for these findings. The use of grasses in the mixture should be carefully

reconsidered for flowering strips intended to be sown in agro-ecosystem dominated by cereal crops.
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CONCLUSIONS

In conclusion, FA adoption could represent an important element for pollinators and sustainable
pest management in rural landscapes dominated by arable crops, leading to opportunities for an
agroecological transition of farming systems.

General considerations for the successful establishment of these ecological infrastructures for both
natural enemies and pollinator insects should rely on: 1) the careful selection of flowering plant
species to avoid or mitigate any potential disadvantages, ii) the appropriate management practices,
and iii) the motivation of farmers in the application of sustainable production strategies.

Moreover, to render the FA more resilient and effective, it is crucial to carefully consider and limit
the use of pesticides, avoiding any insecticide sprays against pests that do not exceed the economic
thresholds.

Although soft wheat cultivation cannot directly benefit from pollinator insects, the use of FA can be
an important tool for promoting beneficial taxa that provide multiple ecosystem services in such
agro-ecosystems. FA may have a remarkable impact on the local availability of nectar and pollen
with positive consequences on the fitness and abundance of butterflies, wild bees, and syrphids on a
landscape scale. However, FA rarely provides nesting sites for bees as well as host plants for
butterfly larvae. Therefore, while FA can represent a first and relatively easy step for improving
insect abundance, their adoption is not enough to guarantee biodiversity increases in the medium-
long term. For this reason, supplementary strategies, such as perennial (semi) natural habitats and
other ecological interventions, should also be applied to improve landscape configuration and

connectivity.

Acknowledgement
We would like to thank Prof. Marini Mario and Dr. Ghesini Silvia for helping us with the
identification of butterflies, Dr. Giulia Oliveti and Dr. Antonio Fakaros for the assistance in

sampling activities and Anne Whittaker for the English language editing.

19



386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

Funding
This project was funded by Barilla G. & R. Fratelli S.p.A. The funding organization was not

involved in data collection, data analyses, or data interpretation, nor in manuscript writing.

Declaration of interests

The authors declare the following financial interests/personal relationships which may be
considered as potential competing interests:

Giovanni Dinelli reports financial support was provided by Barilla G. e R. Brothers. The funding
organization was not involved in data collection, data analyses, or data interpretation, nor in

manuscript writing.

Data availability
The data that support the findings of this study are available on request from the corresponding

author. The data are not publicly available due to privacy or ethical restrictions.

Bibliography
Amy, C., Noél, G., Hatt, S., Uyttenbroeck, R., Van de Meutter, F., Genoud, D., & Francis, F.
(2018) Flower Strips in Wheat Intercropping System: Effect on Pollinator Abundance and Diversity

in Belgium. /nsects, 9, 114.

Ashworth, A.J., Adams, T., & Jacobs, A. (2022) Long-term sustainability implications of diverse

commercial pollinator mixtures for the conservation reserve program. Agronomy, 12, 549.

Balzan, M.V, Bocci, G., & Moonen, A.C. (2016) Utilisation of plant functional diversity in
wildflower strips for the delivery of multiple agroecosystem services. Entomologia Experimentalis

et Applicata, 158, 304-319.

20



412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

Batary, P., Baldi, A., Kleijn, D., & Tscharntke, T. (2011) Landscape-moderated biodiversity effects
of agri-environmental management: a meta-analysis. Proceedings of the Royal Society B:

Biological Sciences, 278, 1894-1902.

Blaauw, B.R. & Isaacs, R. (2014) Flower plantings increase wild bee abundance and the pollination

services provided to a pollination-dependent crop. Journal of Applied Ecology, 51, 890-898.

Boivin, G., Hance, T., & Brodeur, J. (2012) Aphid parasitoids in biological control. Canadian

Journal of Plant Science, 92, 1-12.

Braun-Blanquet, J. (1932) Plant sociology. The study of plant communities. Plant sociology. The

study of plant communities. First ed.

Crowther, L.I., Wilson, K., & Wilby, A. (2023) The impact of field margins on biological pest

control: a meta-analysis. BioControl, 68, 387-396.

Doyle, T., Hawkes, W.L.S., Massy, R., Powney, G.D., Menz, M.H.M., & Wotton, K.R. (2020)

Pollination by hoverflies in the Anthropocene. Proceedings of the Royal Society B, 287, 20200508.

Dudley, N. & Alexander, S. (2017) Agriculture and biodiversity: a review. Biodiversity, 18, 45-49.

Edde, P.A. (2022). 9 - Arthropod pests of small grains: Wheat (Triticum aestivum L.) and Barley

(Hordeum vulgare L.). In Field Crop Arthropod Pests of Economic Importance (ed. by P.A. Edde),

pp- 536-611. Academic Press.

21



437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

Elliott, N. & Kieckhefer, R.W. (2000) Response by coccinellids to spatial variation in cereal aphid

density. Population Ecology, 42, 81-90.

European Commission (2020) Farm to Fork Strategy, for a Fair, Healthy and Environmentally-
Friendly Food System. Available at: https://ec.europa.ecu/food/farm2fork en (accessed on 26 March

2024).

Evans, E.W. (2003) Searching and reproductive behaviour of female aphidophagous ladybirds

(Coleoptera: Coccinellidae): a review. European Journal of Entomology, 100, 1-10.

Grass, 1., Albrecht, J., Jauker, F., Diekétter, T., Warzecha, D., Wolters, V., & Farwig, N. (2016)
Much more than bees—Waildflower plantings support highly diverse flower-visitor communities
from complex to structurally simple agricultural landscapes. Agriculture, Ecosystems &

Environment, 225, 45-53.

Haenke, S., Scheid, B., Schaefer, M., Tscharntke, T., & Thies, C. (2009) Increasing syrphid fly
diversity and density in sown flower strips within simple vs. complex landscapes. Journal of

Applied Ecology, 46, 1106-1114.

Hariri, G., Williams, P.C., & El-Haramein, F.J. (2000) Influence of pentatomid insects on the
physical dough properties and two-layered flat bread baking quality of Syrian wheat. Journal of

cereal science, 31, 111-118.

Hatt, S., Francis, F., Xu, Q., Wang, S., & Osawa, N. (2020) Perennial flowering strips for
conservation biological control of insect pests: From picking and mixing flowers to tailored

functional diversity. Integrative biological control, 57-71.

22



463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

Holland, J.M., Bianchi, F.J.J.A., Entling, M.H., Moonen, A.C., Smith, B.M., & Jeanneret, P. (2016)
Structure, function and management of semi-natural habitats for conservation biological control: a

review of European studies. Pest management science, 72, 1638-1651.

Irvin, N.A., Pierce, C., & Hoddle, M.S. (2021) Evaluating the potential of flowering plants for
enhancing predatory hoverflies (Syrphidae) for biological control of Diaphorina citri (Liviidae) in

California. Biological Control, 157, 104574.

Karp, D.S., Chaplin-Kramer, R., Meehan, T.D., Martin, E.A., DeClerck, F., Grab, H., Gratton, C.,
Hunt, L., Larsen, A.E., & Martinez-Salinas, A. (2018) Crop pests and predators exhibit inconsistent

responses to surrounding landscape composition. Proceedings of the National Academy of Sciences,

115, E7863-E7870.

Kennedy, C.M., Lonsdorf, E., Neel, M.C., Williams, N.M., Ricketts, T.H., Winfree, R., Bommarco,
R., Brittain, C., Burley, A.L., & Cariveau, D. (2013) A global quantitative synthesis of local and

landscape effects on wild bee pollinators in agroecosystems. Ecology letters, 16, 584-599.

Kleijn, D., Winfree, R., Bartomeus, 1., Carvalheiro, L.G., Henry, M., Isaacs, R., Klein, A.-M.,
Kremen, C., M'Gonigle, L.K., & Rader, R. (2015) Delivery of crop pollination services is an

insufficient argument for wild pollinator conservation. Nature communications, 6, 7414.

Marshall, E.J.P. & Moonen, A.C. (2002) Field margins in northern Europe: their functions and

interactions with agriculture. Agriculture, Ecosystems & Environment, 89, 5-21.

23



488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

Muller, C.B., Adriaanse, I.C.T., Belshaw, R., & Godfray, H.C.J. (1999) The structure of an aphid—

parasitoid community. Journal of Animal Ecology, 68, 346-370.

Mpyers, D. (2005) A review of construction companies' attitudes to sustainability. Construction

Management and Economics, 23, 781-785.

Norris, K. (2008) Agriculture and biodiversity conservation: opportunity knocks. Conservation

letters, 1, 2-11.

Pacini, C., Wossink, A., Giesen, G., Vazzana, C., & Huirne, R. (2003) Evaluation of sustainability
of organic, integrated and conventional farming systems: a farm and field-scale analysis.

Agriculture, Ecosystems & Environment, 95, 273-288.

Pedigo, L.P., Hutchins, S.H., & Higley, L.G. (1986) Economic injury levels in theory and practice.
Annual review of entomology, 31, 341-368.
Pollard, E. (1977) A method for assessing changes in the abundance of butterflies. Biological

conservation, 12, 115-134.

Pollier, A., Guillomo, L., Tricault, Y., Plantegenest, M., & Bischoff, A. (2018) Effects of
spontaneous field margin vegetation on the regulation of herbivores in two winter crops. Basic and
Applied Ecology, 27, 71-82.

Rabbinge, R., Drees, E.M., Van der Graaf, M., Verberne, F.C.M., & Wesselo, A. (1981) Damage

effects of cereal aphids in wheat. Netherlands Journal of Plant Pathology, 87, 217-232.

24



512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

Sabarwal, A., Kumar, K., & Singh, R.P. (2018) Hazardous effects of chemical pesticides on human
health—Cancer and other associated disorders. Environmental toxicology and pharmacology, 63,

103-114.

Saqib, H.S.A., Chen, J., Chen, W., Pozsgai, G., Akutse, K.S., Ashraf, M.F., You, M., & Gurr, G.M.
(2020) Local management and landscape structure determine the assemblage patterns of spiders in

vegetable fields. Scientific Reports, 10, 15130.

Scheper, J., Holzschuh, A., Kuussaari, M., Potts, S.G., Rundl6f, M., Smith, H.G., & Kleijn, D.
(2013) Environmental factors driving the effectiveness of European agri-environmental measures in

mitigating pollinator loss—a meta-analysis. Ecology letters, 16, 912-920.

Skirvin, D.J., Kravar-Garde, L., Reynolds, K., Wright, C., & Mead, A. (2011) The effect of within-
crop habitat manipulations on the conservation biological control of aphids in field-grown lettuce.

Bulletin of entomological research, 101, 623-631.

Toivonen, M., Huusela-Veistola, E., & Herzon, 1. (2018) Perennial fallow strips support biological

pest control in spring cereal in Northern Europe. Biological Control, 121, 109-118.

Tonkyn, D.W. (1980) The formula for the volume sampled by a sweep net. Annals of the

Entomological Society of America, 73, 452-454.

Tscharntke, T., Klein, A.M., Kruess, A., Steffan-Dewenter, 1., & Thies, C. (2005) Landscape

perspectives on agricultural intensification and biodiversity—ecosystem service management.

Ecology letters, 8, 857-874.

25



538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

Tscharntke, T., Tylianakis, J.M., Rand, T.A., Didham, R.K., Fahrig, L., Batary, P., Bengtsson, J.,
Clough, Y., Crist, T.O., & Dormann, C.F. (2012) Landscape moderation of biodiversity patterns

and processes-eight hypotheses. Biological reviews, 87, 661-685.

Tschumi, M., Albrecht, M., Bartschi, C., Collatz, J., Entling, M.H., & Jacot, K. (2016) Perennial,
species-rich wildflower strips enhance pest control and crop yield. Agriculture, Ecosystems &

Environment, 220, 97-103.

Uyttenbroeck, R., Hatt, S., Paul, A., Boeraeve, F., Piqueray, J., Francis, F., Danthine, S., Frederich,
M., Dufréne, M., & Bodson, B. (2016) Pros and cons of flowers strips for farmers. A review.
Biotechnologie, Agronomie, Société et Environnement= Biotechnology, Agronomy, Society and

Environment, 20, 225-235.

Vaccino, P., Corbellini, M., Reffo, G., Zoccatelli, G., Migliardi, M., & Tavella, L. (2006) Impact of
Eurygaster maura (Heteroptera: Scutelleridae) feeding on quality of bread wheat in relation to

attack period. Journal of economic entomology, 99, 757-763.

Villa, R., Pellecchia, M., & Pesce, G.B. (2009) Farfalle d’Italia 375 pp. Editrice Compositori,

Bologna.

von Konigslow, V., Mupepele, A.-C., & Klein, A.-M. (2021) Overlooked jewels: Existing habitat
patches complement sown flower strips to conserve pollinators. Biological Conservation, 261,

109263.

Walde, S.J. & Murdoch, W.W. (1988) Spatial density dependence in parasitoids. Annual Review of

entomology, 33, 441-466.

26



564

27



