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ABSTRACT

Flower strips (FS) enhance predators that can help regulate aphids. In sugar beet crops, early-season aphid
populations can spread viruses, so timely FS resources are key to attract aphid predators to reduce virus
transmission. This study aims to identify the optimal FS type(s) for supporting aphid antagonists in early spring,
track their abundances in the different FS types, and analyze the landscape factors influencing antagonist
presence.

We selected three different seed mixtures, each sown on 10 sugar beet fields managed without insecticides. FS
types were compared to sugar beet strips in fields without insecticides, and conventionally managed fields, both
served as controls. We assessed the strips by counting flowers and collecting insects with a sweep net in mid-
April, early May, and early June.

Autumn-sown annual and second-year perennial FS produced greater and earlier flower volumes than other
treatments. Over time, the flower compositions of these two FS types also became increasingly distinct from each
other. Aphid antagonists were more abundant in these FS types compared to spring-sown annual FS and controls.
Hoverfly communities differed between autumn-sown and perennial FS. Braconidae were positively linked to
forest cover within 500 m, while hoverflies showed a negative association with forest at the 2000 m scale.

Overall, autumn-sown annual and perennial FS are better suited for conservation biocontrol of aphids in sugar
beet systems than spring-sown annual FS. Hoverfly composition differences may lead to variation in aphid
suppression. From a landscape perspective, forested areas near fields within otherwise open landscapes are
important in supporting beneficial insects.

1. Introduction

has been demonstrated (Albrecht et al., 2020; Tschumi et al., 2016).
Research has either compared different plant mixtures for their attrac-

Conservation biological control aims to enhance natural enemy
populations to regulate pest species and reduce the need for pesticides.
One approach is to provide resources for beneficial insects in the vicinity
of the target crop. Flower strips (FS) have been studied in various set-
tings and their ability to support beneficial insects with floral resources

tiveness to arthropods without focusing on a specific crop (Bliimel et al.,
2024; Gardarin, 2023; Scheper et al., 2021) or examined the effect of
one FS type within a particular crop (Tschumi et al., 2016; Twardowski
et al., 2005). However, studies that compare different FS types with a
focus on arthropods relevant to a specific crop system are rare. Research
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exploring FS in sugar beet systems is particularly scarce (Twardowski
et al., 2005), despite the significant challenge posed by Myzus persicae
(Sulzer). This aphid species is a primary vector of several viruses
responsible for Virus Yellows, a major threat to sugar beet production
(Kershaw, 1965; Watson et al., 1951). In addition to M. persicae, Aphis
fabae (Scopoli), the most abundant aphid on sugar beets, also transmits
the viruses, though less efficiently (Limburg et al., 1997). The presence
of FS have been shown to reduce A. fabae populations (Twardowski
et al., 2005). Since M. persicae appears early in the season (end of April;
Landis & Van Der Werf, 1997; Mahillon et al., 2022), FS must include
early-flowering species to ensure aphid predators like ladybirds, hov-
erflies, parasitic wasps, and lacewings are present when aphids colonize
the fields (Campbell et al., 2016; Haaland et al., 2011). These natural
enemies rely on FS for pollen and nectar (e.g., Dunn et al., 2020; Kopta
et al., 2012). But spontaneous flowering species (within the FS or the
sugar beets) may also play a role, as many bloom early in the season and
contribute to resource provision (Dib et al., 2012; Laffon et al., 2024).
While adults of beneficial insects benefit from various resources, juve-
niles mainly feed on aphids (Alcala Herrera et al., 2022; Dunn et al.,
2020; Ferran & Dixon, 1993). Parasitic wasps, especially Braconidae and
Aphelinidae, lay eggs in aphids, and the larvae consume the host
(Acheampong et al., 2012; Singh & Singh, 2016). Despite their impor-
tance, the diversity of parasitic wasps remains poorly understood
(Acheampong et al., 2012; Petrovic, 2022). The attractiveness of FS to
beneficial insects depends on both their composition and timing of their
establishment (Albrecht et al., 2020). The surrounding landscape also
plays a key role by providing source populations of beneficial insects
(Shaw, 2006). Heterogeneous landscapes generally support more
beneficial insects than simplified ones (Schirmel et al., 2018; Zhao &
Reddy, 2019), though the needs of beneficial insects vary by taxa.
Parasitic wasps appear to benefit from forest cover (Haro-Barchin et al.,
2018) and semi-natural habitats (SNH; Zhao & Reddy, 2019), but
landscape effects on Braconidae are less clear. Hoverflies, lacewings and
ladybirds generally respond positively to SNH (Ouin et al., 2006;
Schirmel et al., 2018; Serée et al., 2020; Taranto et al., 2022; Woltz &
Landis, 2014). But some studies report higher hoverfly numbers in
arable-dominated landscapes (Haenke et al., 2009; Jonsson et al., 2015).
For ladybirds, the opposite was found: they were less common in land-
scapes dominated by annual crops (Woltz & Landis, 2014).

This study examined three FS types in the sugar beet systems. These
types differ in plant species composition, duration, and sowing time; two
are commercially available in Switzerland. Due to the different FS types
and sowing periods, we anticipate seasonal variations in flower
composition and volume (H1). In FS sown during the same season as the
sugar beets, most plant species are expected to flower later because of
their delayed development. An exception is Fagopyrum esculentum, a key
food plant for beneficial insects (Kopta et al., 2012). It flowers early but
lacks winter hardiness, making it ideal for the spring-sown annual FS in
our design. Additionally, we hypothesize that differences in mixture
composition will influence the composition of aphidophagous insect
communities (H2.1, Haaland et al., 2011; Hatt et al., 2017; Scheper
et al., 2021). The composition of beneficial insects may be relevant for
aphid control, as some groups or species are more effective than others
(Almohamad et al., 2007; Lillo et al., 2021). Although broad insect
groups may not show significant differences in response to FS compo-
sition, a more detailed species-level analysis is expected to reveal
distinct patterns (H2.2, Levin, 1992). Hoverflies (Syrphidae) are partic-
ularly relevant in this context, as they act as key early-season predators
of aphids (Dib et al., 2010). However, the abundance of beneficial in-
sects is influenced not only by the characteristics of the FS, but also by
the surrounding landscape. Fields embedded in a greater proportion of
natural habitats are generally expected to support a higher abundance of
beneficial insects (H3.1). However, when examining overall beneficial
insect communities at a broad taxonomic level, we do not anticipate
strong effects due to diverse ecological needs by different species (H3.2,
Hadly et al., 2009). A finer-scale analysis is likely to reveal landscape
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effects. Here, alongside other beneficials, it is particularly important to
focus on parasitic wasps, specifically the Braconidae family. They are
often overlooked in FS studies despite their crucial role in biological
control. Understanding which landscape factors promote their abun-
dance is essential.

Based on these hypotheses (H1- H3.2), the following aspects will be
addressed: (1) identifying suitable sown FS types in terms of flower
composition and early flower resources availability for aphid antago-
nists (see H1), (2) quantifying the abundance and composition of aphid
antagonists in the different FS types and controls, with a particular focus
on hoverfly species composition (see H2.1 and H2.2), and (3) examining
the relationship between landscape parameters and the presence of
aphid antagonists, with a special emphasis on Braconidae (see H3.1 and
H3.2).

2. Materials and Methods
2.1. Field selection and establishment of flower strips

This experiment investigated five treatments: (1) autumn-sown
annual FS, (2) perennial FS, (3) spring-sown annual FS, (4) sugar beet
control strips, all four on sugar beet fields managed according to IP-
Suisse standards, which — among other regulations — prohibit the use
of insecticides or fungicides (throughout this paper, we refer to this
control as control IP, IP-SUISSE, 2024), and (5) sugar beet control strips
on conventionally managed fields (in three fields, insecticides were
applied before the last sampling took place). Including control strips on
both management types allowed the assessment of whether insecticide-
and fungicide-free fields support more beneficials, as claimed by the
program (IP-SUISSE, 2024).

Fields were selected in the central Swiss plateau (cantons Zurich,
Aargau, Schaffhausen, Thurgau). The Central Swiss Plateau represents
the typical agricultural landscape of the Swiss Lowlands, represented by
small-scale crop fields, meadows, and forest fragments (Tschumi et al.,
2015).

The 6 m wide FS were established as follows:

e Autumn-sown annual FS; sown between 24. August 2022 and 7.
September 2022; mixture conventionally available (BLW, 2025),
aiming to promote beneficial insects in winter crops

e Spring-sown annual FS; sown between 9. April 2023 and 20. May
2023; mixture conventionally available (BLW, 2025), aiming to
promote beneficial insects in summer crops

e Perennial FS; sown between 19. April 2022 and 20. May 2022;
mixture newly established, aiming to attract both natural enemies
and pollinators

The farmers carried out the seedbed preparation and sowing. The
exact species composition and densities are detailed in Table S1. In total,
14 fields were sown with perennial FS, 12 with the autumn-sown annual
FS, and 13 with the spring-sown annual FS. For control treatments, a 6 m
wide sugar beet strip was selected either at the field edge or in the
center, reflecting the distribution of FS to ensure a comparable pro-
portion of edge and center placements for FS and control treatments. Out
of the pool of fields, 10 fields for each FS type were selected for the study
based on the emergence of sown species (a selection of species
depending on the FS type, with each species occurring at least once
within every 10 square meters) and a cover of less than 70 % sponta-
neous species shortly before the sampling started. For all treatments,
fields were selected to ensure the absence of other flowering elements
within a 200 m radius (see ’Landscape characterization and parameter
decision’ for definition). However, flowering elements that emerged
during the 2023 season could not be controlled.

Field sizes ranged from 0.41 ha to 5.85 ha (mean: 2.26 ha, SE: 0.19
ha), spanning elevations between 366 m and 708 m above sea level
(mean: 471 masl, SE: 10 masl). The FS sizes varied from 600 m? to 2'500
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m? (autumn-sown annual FS mean: 1'150 m?, SE: 80 m?, spring-sown
annual FS mean: 1’420 m? SE: 150 m?, and perennial FS mean: 1'300
m?, SE: 110 m?), and the minimal distances between fields were 425 m
to 10'983 m (mean: 2’594 m, SE: 347 m).

2.2. Aphid antagonists in flower strips

In each treatment (n = 10), insect sampling was conducted at three
time points — mid-April 2023, early May 2023, and early June 2023 —
using a 40 cm diameter sweep net (net bag, similar to Gemplers 15"
Sailcloth Insect Sweep Net with Birch Handle, No: R20701, https
://www.gemplers.com). Sweep netting is a widely accepted and
adequate method for many insect groups (Noyes, 1982; Quicke, 2015).
For future studies, a finer net as described by Noyes (1982) is recom-
mended, as very small insects are likely to have blown out during
collection. Sampling was repeated between early (seedling stage of
sugar beet) to mid-season (12-leaf stage of sugar beet). Sweep netting
was conducted over three consecutive days under cloudy or sunny
conditions without rain, with a minimum temperature of 10 °C. Within
each strip (control strips and FS), 60 sweeps were performed. The
collected insects were transferred to a plastic bag (PolyZip bag, 300x400
mm). The insects were stored in a cool box until they were permanently
stored at —20 °C. All plant material was removed before further pro-
cessing. The following groups were identified, and the respective in-
dividuals counted: Hoverflies (Syrphidae), ladybirds (adults and larvae,
Coccinellidae), lacewings (adults and larvae, Chrysopidae), and para-
sitic wasps. The family Braconidae was extracted from the parasitic
wasps for analysis.

The ladybird and lacewing species collected in our study are known
to be aphid predators. The other insect groups required closer exami-
nation. Parasitic wasps were identified at the family level and hoverflies
at the species level to distinguish between aphid predators or parasitoids
of aphids, and species feeding on other prey. Parasitic wasps were
identified using Baur & Klopfstein (2007) and Baur & Neumann (2024)
and hoverflies using Bot & Van de Meutter (2023), Speight (2018) and
van Veen (2014).

2.3. Flowers in the strips

The flowers in the FS and the control strips were assessed at the same
time as the insects. To achieve this, the number of flowers was recorded
across four representative 1 m? plots within a 100 m section. The
number of flowers per species was noted (for Asteraceae the capitulum
including petals was counted). Flower measurements were taken using a
ruler to assess either the length, width, and height for tubular flowers or
the diameter and depth for spherical flowers of each single flower
(except for Asteraceae where the capitulum including petals was
measured). These measurements were later used to calculate flower
volume (see e.g., Ammann et al., 2022).

2.4. Landscape characterization and parameter decision

The environment around the fields was examined within different-
sized circles. Buffers with radii of 500 m, 1000 m, 1500 m, and 2000
m were created around the fields using QGIS (QGIS Development Team,
2024). These buffers were then filled with available land-use data (LGL,
2023; Swiss Federal Office of Topography, Berne, 2023).

In some cases polygons of different layers were slightly overlapping
on the digital maps. To enable calculation, we prioritized the semi-
natural habitats as essential resources for biodiversity, then the agri-
cultural patches, followed by the forests.

For subsequent statistical models, the percentage of the landscape
covered by flowering elements and forest was calculated separately
within the different buffer zones. Flowering elements were defined as
the combined area of rotational fallows, wildflower fallows, field mar-
igins on arable land, and FS on open arable land. The mean and SE of
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forest and flowering elements for each treatment can be found in
Table S2.

Forest as well as flowering elements have been shown to be drivers
for parasitic wasps (Bennett & Gratton, 2012; Haro-Barchin et al., 2018;
Zhao & Reddy, 2019), Coccinellidae (Taranto et al., 2022; Woltz &
Landis, 2014) and hoverflies (Haenke et al., 2009; Jonsson et al., 2015;
QOuin et al., 2006; Schirmel et al., 2018).

2.5. Data analysis

All statistical analyses were conducted using R (R Core Team, 2024).
Data visualization was done using the ggplot2 package (Wickham,
2016). Generalized linear mixed models were constructed with
glmmTMB (Brooks et al., 2017), and model fit was assessed using
DHARMa (Hartig, 2022). If a post hoc analysis was required, the
emmeans package was used (Lenth, 2024).

‘Treatment’ (FS types and controls) and ‘sampling rounds’ (time
points) were included as fixed factors to model the flower volumes of
sown and spontaneous species, with the ‘field’ as a random factor. The
nbinom1 family was used, and pairwise comparisons were conducted for
‘treatment’ and ‘sampling rounds’.

The Aphelinidae were not included in the analyses since only one
individual was collected. Overall aphid antagonists — composed of
Braconidae, aphidophagous hoverflies, ladybirds adults and larvae, and
lacewings adults and larvae — as well as hoverflies and Braconidae
specifically, were modeled similarly. Ladybirds and lacewings were not
modeled separately due to insufficient sample sizes. The models
included the variables ‘treatment’ and ‘sampling round’, along with the
covariates ‘proportion of forest’ and ‘proportion of flowering areas’ in
the surrounding landscape, including their two-way interactions with
‘treatment’. The ‘proportion of forest’ and ‘proportion of flowering
areas’ were scaled. The natural logarithm (log + 1) transformation was
applied to the ‘proportion of flowering areas’ before its inclusion in the
model. We applied this transformation to address convergence issues
because the variable values, especially those within a 500 m radius
buffer, were close to zero. The ‘proportion of flowering areas’ and
‘proportion of forest” were tested for each buffer with radius of 500 m,
1000 m, 1500 m, and 2000 m separately. For each buffer, a full model
was built, and covariates were selected using the dropl function. The
best models from each distance were then compared using ANOVA. We
assessed model diagnostics using the DHARMa package (Hartig, 2022).
Additional checks for overdispersion, zero inflation, and multi-
collinearity revealed no significant issues, suggesting the model as-
sumptions were adequately met.

The full models were specified as follows:

e Overall aphid antagonists ~‘treatment’ * scale(‘proportion of forest’)
+ ‘treatment’ * scale(log(‘proportion of flowering areas’ + 1)) +
‘sampling round’ + (1|‘field’), family = nbinom1

e Braconidae ~‘treatment’ * scale(‘proportion of forest’) + ‘treatment’
* scale(log(‘proportion of flowering areas’ + 1)) + ‘sampling round’
+ (1|‘field’), family = nbinom2

e Hoverflies ~‘treatment’ * scale(‘proportion of forest’) + scale(log
(‘proportion of flowering areas’ + 1)) + ‘sampling round’ +
(1)field’), family = nbinom1

For overall aphid antagonists and Braconidae, the sample size was
150 (5 treatments x 10 replicates x 3 sampling rounds). The hoverfly
model initially included all treatments but encountered convergence
issues. Since most hoverflies were recorded in the autumn-sown annual
and perennial FS, we restricted the analysis to these two treatments to
ensure model stability, resulting in a final sample size of 60 (2 treat-
ments x 10 replicates x 3 sampling rounds). The interaction between
‘treatment’ and ‘proportion of flowering areas’ was omitted since we
found a confounding effect in the interaction with autumn-sown annual
and perennial FS; see the supplement for the rationale.
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To assess differences in the composition of flowers, aphid antago-
nists, and hoverflies across ‘sampling rounds’ and ‘treatments’, we
performed a series of pairwise PERMANOVA analyses using the pairwise.
adonis function from the vegan package (Oksanen et al., 2022). The Bray-
Curtis distance matrix was used, with the combination of ‘treatment’
and ‘sampling round’ (e.g., perennial FS mid-April, hereafter referred to
as analyzed-groups) as the explanatory variable. Sites with no recorded
plants or insects in a given sampling round were excluded from the
PERMANOVA analysis, as the Bray-Curtis dissimilarity metric cannot
compute meaningful distances for all-zero rows (joint absences are
disregarded, as they do not necessarily indicate ecological similarity). In
addition, analyzed-groups that showed less than 3 replicates were
excluded due to insufficient sample size, which violates basic statistical
assumptions required for meaningful analysis. Detailed number of rep-
licates per analyzed-group for the PERMANOVA analysis is given in
Table S3. To visualize variation in flower community composition, we
conducted non-metric multidimensional scaling (NMDS) based on the
same distance matrices used in the PERMANOVA. The analysis was
performed using the metaMDS function (vegan package; Oksanen et al.,
2022), with ordination fit assessed via stress values using stressplot.

To assess whether the matrices — each with a sample size of 150 (5
treatments x 10 replicates x 3 sampling rounds) — of aphid antagonists
and hoverflies align with the matrix of flower volumes, we performed a
Procrustes analysis using the vegan package (Oksanen et al., 2022).
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Procrustean rotation analysis is a robust and powerful method for
evaluating concordance (Peres-Neto & Jackson, 2001). As a first step, we
conducted an ordination using the rda() function without explanatory
variables on the aphid predator matrix, the hoverfly matrix, and the
flower volume matrix after applying a Hellinger transformation
(Legendre & Gallagher, 2001). The resulting ordinations were then
analyzed using the Procrustes rotation (procrustes()) and the PROTEST
permutation test (protest()) to statistically assess the concordance be-
tween the two matrices. The sample size consisted of five treatments,
each with 10 replicates, across three sampling rounds. Results of Pro-
crustes analysis for each sampling rounds separately showed similar
results with, however, slightly higher correlation values (see supple-
ment). This is due to the fact that communities within a sampling round
better concord than between the sampling rounds.

3. Results

3.1. Autumn-sown annual and perennial flower strips differ in flower
composition and volume

The patterns visualized in the NMDS ordination (Fig. 1) reveal clear
temporal and treatment-specific shifts in flowering species composition.
Overlaps between treatments and sampling rounds, such as autumn-
sown annual FS (mid-April), perennial FS (mid-April), spring-sown
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annual FS (early June), and the control treatments, are primarily due to
spontaneous species. A significant temporal gradient emerges toward
the right side of the plot for autumn-sown annual and perennial FS
(except for perennial FS mid-April to early May, p-values are listed in
Table S5). In early May, the clusters representing these treatments are
more dispersed, indicating higher variability in flowering species
composition within each strip type. As the season progresses, sown
species become dominant on the right side of the plot, with more of them
blooming later in the season. For instance, in early May, Plantago lan-
ceolata and Leucanthemum vulgare were prevalent in perennial FS, while
Anthriscus cerefolium was frequently observed in autumn-sown annual
FS. By the final sampling round in early June, the clusters representing
autumn-sown annual and perennial FS became more compact, reflecting
a reduction in species composition variability. During this period, Leu-
canthemum vulgare dominated in perennial FS, while Centaurea cyanus
was characteristic of autumn-sown annual FS. Notably, these clusters no
longer overlap with earlier ones, highlighting a distinct shift in floral
communities as the season advances (p-values are listed in Table S5). A
detailed species list and their flower volume percentages can be found in
Table S7.

The flower volumes varied across sampling rounds and treatments,
as shown in Fig. 2 (see Table S9). Overall, significantly higher flower
volumes of both sown and spontaneous species were observed in
autumn-sown annual FS and perennial FS compared to spring-sown
annual FS and control treatments (p-values are listed in Table S9). In
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300
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Mean flower volume
(cm?® per m?)
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the spring-sown annual FS, no flowers were present until the beginning
of June. The flower volume of sown species consistently increased across
sampling rounds (mid-April to early May; § = 3.66 + 0.75 SE, z = 4.92,
p < 0.001 and early May to mid-June; § = 6.60 &+ 0.77 SE, z = 8.54, p <
0.001). In contrast, the flower volume of spontaneous species remained
relatively constant over all sampling rounds (see Table S8).

3.2. Effects of strip type and temporality on aphid antagonists

Significantly higher abundances of aphid antagonists were found in
perennial and autumn-sown annual FS than in spring-sown annual FS
and control treatments (Fig. 2, p-values are listed in Table S9). This
difference reflects the general pattern of flower provision. Across all
sampling rounds, 60 ladybirds, 141 ladybird larvae, nine lacewings, 57
lacewing larvae, 179 aphidophagous hoverflies, and 958 parasitic wasps
were recorded. Ladybird larvae dominated the control treatments in
early June (see Fig. 2). The 958 parasitic wasps spanned 21 families (see
Fig. S2). 151 individuals belonged to Braconidae and 1 to Aphelinidae,
both important aphid parasitoid families. Most Braconidae specimens
(109) appeared in early June, with fewer in mid-April (22) and early
May (20). Braconidae were significantly more abundant in the autumn-
sown annual FS than in the control treatments, and the spring-sown
annual FS (Fig. 2, p-values are listed in Table S9). The perennial FS
showed more Braconidae than the conventional control (f = 2.26 + 0.58
SE, z = 3.89, p < 0.001). Overall, hoverfly abundance was lower in
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Fig. 2. Mean flower volume (cm®/m?) of sown (a) and spontaneous (b) species, and mean count of aphid antagonists (c) across treatments (n = 10) and sampling
rounds. In panels a) and b), colors indicate treatments, with standard errors. In panel c), the outlines of the bars indicate the treatments, while the fillings correspond

to insect groups.
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autumn-sown annual FS than in perennial FS, though the difference was
not statistically significant (f = -0.42 + 0.28 SE, z =-1.52, p = 0.13; see
Fig. 2, Table S9).

The aphid antagonist community in control treatments was charac-
terized by a high number of ladybird larvae by early June. This con-
trasted significantly with communities of all sampling rounds of
perennial FS and the first and third sampling rounds of autumn-sown
annual FS (pairwise PERMANOVA, for p-values and other comparisons
see Table S4). The aphid antagonist community in early May of autumn-
sown annual FS differed not significantly from the controls. The aphid
antagonist composition of spring-sown annual FS early June (the earlier
samplings were removed) was significantly different compared to the
perennial FS early May (p-values are listed in Table S4).

The Procrustes analysis revealed a weak but significant correlation
between the aphid antagonists and the flower volume composition
(Procrustes correlation: r = 0.34, p = 0.01, m? = 0.89; Fig. 3a).

3.3. Flower strip type shapes hoverfly community

Of the 189 hoverflies belonging to 15 species, we excluded 10 in-
dividuals that were not identifiable to species level. Hoverfly commu-
nities significantly differed between the analyzed-groups: ‘Autumn-
sown annual FS mid-April* versus ‘perennial FS early May‘, ‘autumn-
sown annual FS early June‘ versus ‘perennial FS early May‘, and
‘perennial FS early May‘ versus ‘perennial FS early June‘ (pairwise
PERMANOVA, for p-values and other comparisons see Table S6). Hov-
erfly communities in perennial FS in early May often significantly
differed from other communities, apparently due to the abundance of
Platycheirus clypeatus and the high numbers of Melanostoma mellinum
(Fig. 4). A significant but low correlation was detected between hoverfly
community and flower volume composition (Procrustes correlation: r =
0.28, p = 0.001, m? 0.92; Fig. 3b).

3.4. Contrasting landscape responses of aphid antagonists, hoverflies, and
braconids

Forest and flowering elements had no effect on overall aphid
antagonist abundance. However, we found a positive effect on braconids
of forests within a 500 m radius around the fields (p = 0.29 + 0.13 SE, z
= 2.24, p = 0.03; see Fig. 5b, Table S8). For hoverflies, forests within a
2000 m radius had a negative effect on their presence (f =-0.29 &+ 0.15

0.25

RDA2
RDA2

-0.25

-0.50

-0.50 -0.25 0.00 0.25 -0.5
RDA1
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SE, z = -1.98, p = 0.05; see Fig. 5a, Table S8).
4. Discussion

The investigated FS types differed in terms of flower volume and
flower composition. Autumn-sown annual and perennial FS supported
more beneficial insects with distinct communities compared to controls,
with species-specific responses linked to flower composition. While no
overall landscape effect was detected, braconids increased with nearby
forest cover, whereas hoverflies declined with forest cover at broader
scales.

4.1. Flower strip type affects flower volume and composition

Our findings confirm that the FS type influences flowering capacity
and composition over time. Perennial and autumn-sown annual FS
produced greater flower volume throughout the observation period than
spring-sown annual FS and control treatments. Most of these blooms
came from sown species.

Early-season flowers, which are crucial for sugar beet systems
(Landis & Van Der Werf, 1997) were present in perennial and autumn-
sown annual FS but absent in spring-sown annual FS. During the first
sampling round, flower volume in the former primarily consisted of
spontaneous species, such as Taraxacum officinale (Asteraceae), an
important food source for hoverflies (Branquart & Hemptinne, 2000) or
Veronica persica, which has been shown to be important for parasitic
wasps (Dib et al., 2012). Since the emergence of spontaneous vegetation
depends on the soil seed bank (Menalled et al., 2001), which is quite site
dependent, Laffon et al. (2024) suggest including Veronica persicae in
seed mixtures because of its early flowering.

In contrast to autumn-sown annual and perennial FS the flower
volume in spring-sown annual FS was low. This was likely due to
delayed soil cultivation caused by wet spring conditions in 2023, fol-
lowed by drought, hindering seedling establishment. Weather condi-
tions during the study year may have delayed flowering in spring-sown
annual FS compared to other years. These challenges are consistent with
findings from other studies on FS and may reflect broader climate
change trends (Raderschall et al., 2022). Consequently, FS sown in the
season preceding the target crop offer a more reliable option for farmers,
as management interventions such as cleaning cuts can be implemented
ahead of the main growing season. The low flower volume in the control

Treatment

-@ Autumn-sown annual FS
-@ Control IP

-@ Control conventional
-@ Perennial FS

Spring-sown annual FS

-0.4 -0.3 -0.2 -0.1 0.0 0.1
RDA1

Fig. 3. Procrustes plots showing the correlation between flower volume composition and aphid antagonist (a) and hoverfly (b) communities across treatments. Line
length indicates similarity — shorter lines mean stronger correlation. Both panels are based on the same sample size, i.e., 5 treatments x 10 replicates x 3 sampling

rounds. In (b), many points overlap due to identical patterns in both datasets.
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Hoverfly species

HENT

Xanthogramma stackelbergi
Syrphus vitripennis
Syritta pipiens
Sphaerophoria rueppeli
Scaeva pyrastri
Platycheirus albimanus
Eumerus strigatus
Pipizella viduata
Melanostoma scalare
Eupeodes corollae
Eristalis arbustorum
Platycheirus clypeatus
Episyrphus balteatus
Melanostoma mellinum

Sphaerophoria scripta

Fig. 4. Total count of hoverfly species observed across different treatments and sampling rounds (mid-April, early May, and early June). The y-axis represents the
sum of hoverfly species found in 10 replicates per treatment.
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Fig. 5. Relationship between hoverfly (a) and braconid (b) abundance and the percentage of forest within a sector of 2000 m and 500 m radius around the fields,
respectively. Points show data color-coded by treatments. Lines with 95 % confidence intervals represent model predictions. The Y-axis is log-scaled. Only autumn-
sown annual FS and perennial FS were included in the hoverfly model.
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treatments could be explained by herbicide application at the start of the
sampling period and later by shading from the sugar beet canopy.

4.2. Autumn-sown annual and perennial flower strips support early-
season aphid predators

From a pest control perspective, autumn-sown annual and perennial
FS appear to be beneficial early in the season. We found no significant
difference in total aphid antagonist abundance between these two FS
types, both supported higher numbers than other treatments. This shows
the link between flower availability and predator presence.

The diversity and temporal variation in the availability of floral re-
sources in autumn-sown annual and perennial FS attracted aphid an-
tagonists and provided them with food at a critical point in time (Pontin
et al., 2006). Several sown plant species proved particularly promising
for early-season food support (Elias et al., 2025; Kuppler et al., 2023).
For example, Leucanthemum vulgare, Plantago lanceolate, Salvia pratensis,
Hypochaeris radicata, Lotus corniculatus, Centaurea cyanus, Sinapis
arvensis and Anthriscus cerefolium began flowering as early as May.
Notably, members of the Apiaceae (Anthriscus cerefolium) and Brassica-
ceae (Sinapis arvensis) families have been shown to increase the
longevity of parasitic wasps (Russell, 2015). In addition, extrafloral
nectaries in Centaurea cyanus may provide further benefits to aphid
predators (Géneau et al., 2013). These two FS types achieved a strong
alignment between floral resource availability and the activity periods
of beneficial insects. The early establishment before the sugar beet
season may also provide overwintering habitats, further supporting
predator and parasitoid populations (Ganser et al., 2019; Gillespie et al.,
2015).

Having addressed the autumn-sown annual and perennial FS, we
next assess the overall beneficial insect dynamics observed in spring-
sown annual FS and control strips. In early June, high numbers of
ladybird larvae and Braconidae were observed in control treatments.
This is likely due to their primary reliance on aphids, either as prey or
hosts for egg-laying (Albittar et al., 2016; Ferran & Dixon, 1993). Bra-
conidae numbers in FS were similar to or even higher than in controls in
early June, likely due to their foraging for pollen, nectar, or suitable
hosts. The presence of aphids in the FS raises a potential concern: FS may
unintentionally support pest populations by providing alternative food
sources. However, most of the aphids present in sweep net samples from
FS belonged to Uroleucon jaceae, a species restricted to Centaurea and
harmless to sugar beet (Borner, 1952). These aphids may attract bene-
ficial insects that later move into sugar beet fields, potentially enhancing
pest control.

It should be noted that the sweep net method used in this study has
limitations. Due to the fabric construction of the net, very small insects
could have been blown out during sampling. As a result, groups such as
Aphelinidae may not have been reliably captured, and their abundance
is likely underrepresented in the dataset. Future studies could explore
the responses of this parasitic wasp family in more detail.

4.3. Hoverfly communities differ between autumn-sown annual and
perennial flower strips

Although overall antagonist composition did not differ significantly
between autumn-sown annual and perennial FS, the hoverfly commu-
nities showed distinct differences at the species level. These variations,
observed at specific sampling points, could influence aphid control in
adjacent sugar beet fields (Almohamad et al., 2007; Lillo et al., 2021).
These community differences are most likely driven by the distinct plant
species offered by the FS types. For example, Platycheirus clypeatus was
detected exclusively in perennial FS in early May. According to Van Der
Goot and Grabandt (1970), this species is associated with early-
flowering Plantago lanceolata, which accounted for 17 % of the flower
volume of sown species in these FS type at that time. These results
support our hypothesis that no effect would be found at higher
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taxonomic levels and underscore the value of analyzing species
composition at a finer taxonomic resolution, rather than relying solely
on broader groupings, total abundance, or biodiversity indices
(Lyashevska & Farnsworth, 2012).

4.4. Insect-group- and scale-dependent forest responses

The influence of the surrounding landscape varied depending on the
insect group considered. No significant landscape effect was found on
overall aphid antagonist abundance, most likely due to the groups
diverse composition and varying habitat requirements (Hadly et al.,
2009). Braconidae abundance increased with higher forest cover within
a 500 m radius, possibly due to greater food availability or favorable
microclimates at forest edges (Gillespie et al., 2015). The 500 m radius
aligns with the limited mobility of parasitic wasps (Gillespie et al.,
2015). The more mobile hoverflies were best explained at the 2000 m
scale. Contrary to previous studies, we found a negative effect of forest
cover on hoverfly abundance (Toikkanen et al., 2022). This may reflect
differences in general landscape configuration within a country and
habitat preferences. Power (2016) showed hoverflies associated with
open farmland to respond positively to grasslands, suggesting that
landscape factors differ when forest-dwelling species are excluded (Ouin
etal., 2006). No effect of flowering elements on hoverflies was observed,
likely because the sampling design excluded areas within 200 m of such
elements, minimizing their influence. Additionally, generalist hoverflies
may have relied on floral resources from other crops in the landscape.

5. Conclusions

Our research demonstrates that carefully designed FS can support
beneficial insects by offering a succession of flowers through strategic
plant selection. A key factor for early-season impact was establishing FS
in the season prior to sugar beet cultivation, allowing the plants more
time to develop. Interestingly, while the most effective FS types sup-
ported similar total numbers of aphid antagonists, they attracted
different communities of hoverflies, suggesting that each approach
might contribute uniquely to natural pest control. Beyond local FS type,
the surrounding landscape also played a role: we found that wooded
areas near FS in otherwise open agricultural landscapes enhances their
contribution for biological control. This finding merits further study to
optimize FS designs and to better understand how landscape structures
affect specific groups of beneficial insects.
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