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Intensively managed agricultural landscapes have degraded the provisioning of diverse and continuous forage
and shelter habitats for arthropods and weakened the delivery of ecosystem services such as insect crop polli-
nation and biological pest control. In response, farmers are incentivised to sow flower strips along field margins
to counteract resource bottlenecks. Yet, it is poorly understood how effective this diversification practice is when
combined with the supplementation of honeybee (Apis mellifera L.) hives, which is commonly used to boost insect
pollination in flowering crops. Honeybees share floral resources with wild pollinators and natural enemies of
pests, which could lead to competition for food resources. We sampled pollinators, natural enemies and their
pests as well as estimated the benefit of insect pollination in 17 organic faba bean (Vicia faba minor L.) fields in
southern Sweden either with or without sown annual flower strips and with or without added honeybee hives. In
fields with flower strips, bumblebee (Bombus spp.) densities were redistributed from field edges to interiors but
without affecting their overall densities. Flower strips enhanced silver Y moth (Autographa gamma L.) densities
and carabid beetle Shannon diversity along the field edge, and overall spider activity density. The supplemen-
tation of honeybee hives enhanced honeybee densities, overall ladybird beetle densities, black bean aphid (Aphis
fabae Scop.) densities along field edges, but deterred silver Y moths and pushed bumblebees towards the field
interior. Bean mass per plant was higher in insect pollinated plants compared with bagged, self-pollinated plants.
This insect pollination benefit was independent of honeybee hive supplementation and the flower strip treatment
suggesting that faba bean fields were not deficient in pollinator visits. We conclude that flower strips did not
provide sufficient floral resources to increase overall wild pollinator densities in faba bean fields. Yet, annual
flower strips attracted and facilitated ground-dwelling predators, especially spiders, to faba bean fields, likely by
providing beneficial shelter habitats. It is worth noting that 2018, in which we collected our data, was char-
acterised by late frosts in spring followed by an unusually hot and dry summer. While these unforeseen weather
conditions together with a relatively small sample size might limit the generalisation of our results, we argue that
conducting experiments under such conditions provide insights into the effectiveness of agri-environmental
schemes under climate change, especially considering that such weather conditions are becoming increasingly
more frequent.

1. Introduction biodiversity (Dainese et al., 2019; Foley et al., 2005). One of the main

drivers responsible for the biodiversity decline, of which insects are a

Balancing the requirements for increasing demands for agricultural
products alongside the conservation of ecosystems and biodiversity, and
the regenerative production capacity of agroecosystems, is one of the
utmost challenges of our time (Jagermeyr, 2020; Rockstrom et al.,
2017). While agricultural intensification over the last century has
greatly increased agricultural production per unit land area (Mann,
1999; Pingali, 2012) this intensification has also contributed to reduced
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major component (Raven and Wagner, 2021), is the transformation of
semi-natural habitats such as grasslands, forests or field borders into
large agricultural fields (Cousins et al., 2007), and the associated loss of
continuous and diverse food resources, nesting or shelter habitats
(Carvell et al., 2017; Kremen et al., 2002; Rivers-Moore et al., 2020).
This simplification of intensively used agricultural landscapes can be
severe enough to not only reduce species abundances and richness of
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beneficial arthropods, such as pollinators or natural enemies of pests,
but also degrade ecosystem services they provide such as insect polli-
nation and biological pest control (Dainese et al., 2019).
Environmentally-friendly farming methods are needed to support
biodiversity to ensure sustainable agricultural production. Ecological
intensification seeks to sustainably intensify agriculture by, for example,
enhancing beneficial arthropods and harness the ecosystem functions
they provide by diversifying agriculture and providing shelter and
forage resources for beneficial organisms throughout their life cycle
(Bommarco et al., 2013; Schellhorn et al., 2015).

Enhancing forage and habitat resources by sowing flower strips
along field margins is a commonly applied measure to support beneficial
arthropods and harness ecosystem services (Albrecht et al., 2020).
Flower strips can facilitate higher numbers of natural enemies of pests in
adjacent crop fields (Holland et al., 2016; Tschumi et al., 2016), and
support pollinators (Lowe et al., 2021; Zamorano et al., 2020), which in
some cases are also facilitated to the adjacent crop fields (Blaauw and
Isaacs, 2014; Rundlof et al., 2018). Flower strips can also enhance bio-
logical pest control (Tschumi et al., 2016) and insect pollination in
adjacent crop fields (Blaauw and Isaacs, 2014; Sutter et al., 2018), and in
some cases increase crop yield (Pywell et al., 2015; Rundlof et al., 2018).

However, the effect of flower strips on ecosystem services delivered
to the focal field are variable, with flower strips often failing to facilitate
pollination or pest control services despite attracting more beneficial
insects compared to unenhanced field edges (Albrecht et al., 2020).
Flower strips can both facilitate beneficial insects to a neighbouring crop
or compete with the crop by attracting them away from the field. As such
flower strips sown alongside insect pollinated fields might potentially
weaken the provision of crop pollination in the focal field (Lowe et al.,
2021; Nicholson et al., 2019). In addition, the effectiveness of sown
flower strips can also depend on the surrounding landscape structure
and the created ecological contrast they provide (Scheper et al., 2013).
As such, the benefits of flower strips are crop and region specific and
more studies are needed to better understand in which context they are
most effective (Sardinas and Kremen, 2015).

The addition of managed honeybee (Apis mellifera L.) hives to fields
during crop flowering is an additional common management practice to
supply stable crop pollination in regions, especially where pollination by
wild pollinators is inadequate (Breeze et al., 2014; Cunningham and Le
Feuvre, 2013; Marini et al., 2012). Honeybees are reported to pollinate
the greatest variety of crop species (Klein et al., 2007), but evidence
suggests that wild pollinators are just as important service providers,
and for certain crop species deliver even superior pollination than
managed honeybees (Garibaldi et al., 2013). Increased densities of
managed honeybees can, however, decrease the densities of wild bees
within the adjacent crop field (Artz et al., 2011; Lindstrom et al., 2016)
due to competition for floral resources (Wojcik et al., 2018), and lead to
lower fruit set in flowering crops (Angelella et al., 2021). Similarly,
many natural enemies of pests including ladybird beetles, hoverflies and
parasitic wasps are pollen and nectar feeders and thus share flower re-
sources with honeybees (Lundgren, 2009a; Hogg et al., 2011; Lundin
et al., 2019). The natural enemies could be negatively affected by high
densities of honeybees due to competition for resources. However, evi-
dence for resource competition between honeybees and natural enemies
of pests has not been examined. If high densities of honeybees suppress
natural enemies of pests then honeybee hives near flowering fields could
lead to increased pest densities, which subsequently might attract more
ground-dwelling predators such as carabid beetles and spiders.

Experiments manipulating local bee densities and floral resources
concurrently have not been done, making it difficult to predict if and
when sown wild flower strips can mitigate the negative effects of
resource competition from honeybee hives on wild pollinator visits to
crop plants, and potential competition with flower visiting natural en-
emies of pests.

Faba bean (Vicia faba minor L.) is a mass-flowering, nitrogen-fixating
crop grown worldwide for food and fodder (Karkanis et al., 2018). Black

Agriculture, Ecosystems and Environment 326 (2022) 107754

bean aphids (Aphis fabae Scop.) and broad bean beetles (Bruchus rufi-
manus L.) are among the most severe pests in faba bean and can dras-
tically reduce seed yield (Hansen et al., 2008; Stoddard et al., 2010) and
quality (Segers et al., 2021). Occasionally, also pea aphids (Acyrthosi-
phon pisum Harris) attack faba bean plants (Sanders et al., 2018). Faba
bean is self-fertile but benefits from pollination by insects (Bishop and
Nakagawa, 2021). Due to their deep corollas, which make it difficult to
access pollen and nectar, faba bean flowers are predominantly visited by
honeybees and bumblebees (Free, 1993). In addition, their extrafloral
nectaries (EFN), which secrete nectar on stipules below the flowers, are
attractive for natural enemies such as ladybird beetles and insect polli-
nators when floral resources are unavailable (Stoddard and Bond, 1987).
Bees exhibit different foraging behaviours when visiting faba bean
flowers. While pollen collection requires legitimate visits, where bees
enter the corolla through the front and transfer pollen, nectar foragers
can visit flowers legitimately or rob nectar through a pierced hole in the
back of the corolla (Marzinzig et al., 2018; Tasei, 1976). Since only
legitimately visiting pollinators contribute to cross-pollination, legiti-
mate visitation is the foraging behaviour that most enhances faba bean
pollination (Kendall and Smith, 1975). Nonetheless, nectar robbing can
enhance self-pollination by tripping faba bean flowers and thereby
contribute more to pollination than if flowers are not visited at all
(Kendall and Smith, 1975). Predominant foraging behaviours depend on
floral resource availability of the crop (Marzinzig et al., 2018) and the
amount of semi-natural habitat in the landscape (Raderschall et al.,
2021a). Flower resource availability near crops and wild bee densities
can influence honeybee visitation rates and movement behaviours
within crops (Brittain et al., 2013; Carvalheiro et al., 2011; Eeraerts
et al., 2020), but it remains unclear if flower resource availability and
honeybee densities affect whether pollinators predominantly visit
flowers legitimately or rob nectar. Likewise, it is unknown if combining
flower strips with increased honeybee densities in faba bean affect
natural enemies of pests, pests themselves and biological pest control.

We experimentally manipulated local flower resources by sowing
annual flower strips, and resource competition by supplementing
managed honeybee hives to faba bean fields in a crossed design. We
hypothesised that 1) flower strips enhance the densities of wild polli-
nators, insect pollination and natural enemies, and reduce pest densities
in adjacent faba bean fields, 2) added honeybee hives displace wild
pollinators and natural enemies from faba bean fields due to competition
for shared flower resources, and subsequently promote pest densities in
faba bean fields, 3) the negative effect of honeybee hives on beneficial
insects and ecosystem services is counteracted by flower strips by
mediating forage resource competition. Finally, since both the flower
strips and the honeybee hive supplementation were applied along the
edge of the faba bean fields, we hypothesised that the treatment effects
were more pronounced closer to the field edge compared with the field
interior.

2. Methods
2.1. Experimental design

We selected 17 organically managed faba bean fields in 2018 in
Skéne, a region dominated by agriculture in southern Sweden. While
each faba bean field was sown with a single cultivar, several cultivars
were grown among our experimental crop fields. Faba bean cultivars
differ in their reliance on insect pollination (Bishop and Nakagawa,
2021) and broadly belong two types with either white or coloured
flowers, that differ in tannin levels (Duc, 1997) and thus might influence
herbivory. Since it was not possible to find sufficient crop fields of a
single cultivar, we balanced flower colour type across all treatments:
white-flowered cultivars (4 fields) and coloured-flowered cultivars (13
fields) (Table S1). Presence of honeybee hives and flower strips were
manipulated in a fully crossed design, with four or five fields in each
treatment (Fig. 1). Field sizes of experimental fields (mean: 14.5 ha,
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Fig. 1. (a) Field locations in Ské&ne, Sweden
(inset) for the four treatments: Circles = fields
with honeybee hives (HB), squares = fields
without honeybee hives, filled symbols = fields
with flower strips (FS), open symbols = fields
without flower strips. (b) Schematic of the four
treatments and the respective number of repli-
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range: 2-38 ha) were similar among treatments (Tables S1 and S2). Due
to the drought in 2018 (Wilcke et al., 2020), two farmers irrigated their
faba bean fields, both of which had flower strips, and one of each hon-
eybee hive treatment.

The landscape composition surrounding focal faba bean fields was
characterised within a 2 km radius. Pasture and crop information, and
field perimeter length data, which was used as a proxy for field border
density, were extracted from the Integrated Administration and Control
System, administered by the Swedish Board of Agriculture. Forest cover
information was obtained from a digitised map layer (Terrangkartan,
Lantmateriet, 2018). Land use data was analysed in ArcMap 10.4.1
(ESRI, 2015). The percentage of arable land (mean: 74%, range:
44-90%), semi-natural habitat, including pastures and forest (mean:
13%, range: 2-32%), winter oilseed rape (Brassica napus L.) and turnip
rape (Brassica rapa L.) (mean: 4%, range: 0-12%), and average field
perimeter length were balanced among our treatments (Tables S1 and
S2). Other mass-flowering crops constituted less than 2% across all 2 km
landscape buffers and were therefore not further analysed.

2.2. Supplementing and removing honeybee hives

Honeybee hives are common in Skéne and beekeepers are required to
report the location of their beehives to the County Administrative Board.
We followed the method from Lindstrom et al. (2016) (for details see
supplementary material) to manipulate honeybee densities around each
focal field. Using hive location information from the County Adminis-
trative Board, together with information from farmers, local residents,
beekeepers and personal observations, we mapped all honeybee hives
within a 2 km radius from our focal faba bean fields. Based on whether
there were high or low abundances of honeybee hives in the landscape,
we assigned the focal fields to either the honeybee hive or the honeybee
control treatment. For the honeybee control treatments, we further
reduced stationary honeybee hives by asking beekeepers to remove
hives away from focal fields. For the eight focal fields located in land-
scapes with a high density of stationary honeybee hives, we placed
additional hives along the edge of the field at the onset of faba bean
flowering. We aimed for adding ten full-strength hives per field, but
because some of beekeepers used recently split hives with fewer hon-
eybees, we compensated for this by adding double the number of hives,
such that each field was supplemented with the equivalent of ten
full-strength honeybee hives. To the best of our knowledge, honeybee
control fields ended up with on average 2 hives within 1 km from the
crop field and 9 hives within 2 km, while honeybee supplemented fields

cations within parenthesis. Top left: faba bean
control field, top right: faba bean field with
sown flower strip and without honeybee hives
(FS); bottom left: faba bean field without flower
strip and with honeybee hives (HB) and bottom
right: faba bean field with flower strip and
honeybee hives (FSHB). (c) Photo of a faba bean
field with a sown flower strip. (d) Photo of a
faba bean field supplemented with honeybee
hives.

ended up with 13 hives within 1 km (of which three hives were sta-
tionary and 10 supplemented during faba bean bloom) and 31 hives
within 2 km from focal faba bean field centres.

2.3. Adding annual flower strips

Flower strips were sown along the edge of nine faba bean fields in
spring 2018. We aimed to scale the size of the flower strip depending on
field size, but the actual proportion of flower strip to field area varied
depending on field configuration and machine widths used for sowing
flower strips, with on average 167 m? of sown flower strip per hectare
focal faba bean field (range: 83-338 m?). The area of flower strip per
hectare faba bean field was balanced among the two levels of the hon-
eybee hive treatment (Tables S1b and Table S2a). Flower strips were
between 200 and 800 m long and 2-6 m wide and had a total area of
0.1-0.5 ha (Table Sla). The flower mixture was designed to include
flower species that attract both wild pollinators and natural enemies to
aphids and broad bean beetles, and to contain a variety of floral mor-
phologies and flowering times such that the flower strip would provide
nectar and pollen throughout faba bean flowering and beyond until late
summer. The plant species sown and their seeding rates were: dill
(Anethum graveolens L., Apiaceae, 1kg ha), cornflower (Centaurea
cyanus L., Asteraceae, 0.5 kg ha™), buckwheat (Fagopyrum esculentum
Moench, Polygonaceae, 5 kg ha™), crimson clover (Trifolium incarnatum
L., Fabaceae, 3 kg hal), Persian clover (Trifolium resupinatum L., Faba-
ceae, 5 kg ha') and phacelia (Phacelia tanacetifolia Benth, Boraginaceae,
5 kg ha!). The seeds were mixed and sown at 1-2 cm soil depth. Most
flower strips were cut after flowering. In fields without a flower strip, a
5m wide area of faba bean served as a control strip, such that the
sampling transects were located at comparable distances from the outer
field edge (Fig. S1).

2.4. Sampling design

Pollinators, foliage-dwelling natural enemies of pests (hereafter
natural enemies), ground-dwelling predators (hereafter ground preda-
tors), insect pests (hereafter pests) were sampled once per week from
faba bean bloom onset in early June (crop stage BBCH 60; Weber and
Bleiholder, 1990) until early pod set in mid-July (BBCH 72), which is the
period when aphids (Stoddard et al., 2010) and broad bean beetles
(Segers et al., 2021) colonise the plants and flower visitors pollinate the
flowers. Data was collected along two transects placed at 10 m and 50 m
from the inner flower strip or control strip edge. Ground predators were
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also sampled within the strips (Fig. S1). Each transect was divided into
four segments of 25 m length and 1 m width (S1: 50-75 m from the
nearest perpendicular field edge; S2: 75-100 m; S3: 100-125 m; S4:
125-150 m).

2.4.1. Pollinators and floral resources

We sampled faba bean pollinators weekly along each segment for
10 min net collection time. Depending on faba bean bloom duration,
pollinators were sampled 1-3 times (mean: 2.2) per field. We counted all
flower- and EFN-visiting insects and noted their foraging behaviour: 1)
legitimately pollinating, 2) nectar robbing, or 3) EFN-visiting. All pol-
linators, except bumblebee queens, honeybees and silver Y moths, were
collected and brought to the laboratory to be identified to species-level
using Lgken (1973), Edwards and Jenner (2005) and Falk (2015). At the
end of each sampling round, we measured the flower resource abun-
dance by randomly placing a 0.36 m? quadrat in each transect segment
in the faba bean field. We also quantified the flower resource of the
flower strip by placing four quadrats along an additional transect in the
flower strip, using the same segment distances as in the crop field.
Within each quadrat, we counted the number of flower units for faba
bean, each of the six sown plant species and flowering weeds. Depending
on flower morphology, a flower unit could either constitute a solitary
flower (e.g. faba bean, Rosaceae), umbels (e.g. Apiaceae, Brassicaceae),
a raceme (e.g. Polygonaceae), an inflorescence (e.g. clovers, Aster-
aceae), a cyme (e.g. Boraginaceae) or a flower stalk (e.g. Lamiaceae). We
measured the flower unit width and length for each species such that
flower unit areas could be recalculated and expressed as flower area
(cmz) per unit ground area (mz).

2.4.2. Pests and their natural enemies

We surveyed faba bean foliage weekly for natural enemies and pests.
Fields were sampled 2-4 times (mean: 3.2), depending on crop matu-
ration rate. In each transect segment, we randomly selected 20 plants (i.
e., 160 per field), which were screened for ladybird beetles (Cocci-
nellidae, egg clusters, larvae, pupae and adults), lacewings (Chrys-
opidae, eggs and larvae), hoverflies (Syrphidae, larvae and pupae) and
the common faba bean pests pea aphids, black bean aphids and broad
bean beetles (Stoddard et al., 2010; Segers et al., 2021). Because black
bean aphids are highly aggregated and individuals therefore are time
consuming to count, we estimated their abundance by grouping them
into five categories: CO = no aphids, C1 = 0-50 aphids (midpoint count
of 25), C2 = 51-100 (midpoint: 75), C3 = 101-500 (midpoint: 300) and
C4 > 500 (midpoint set at 750). The midpoint in the highest category
was set by multiplying its lower range limit (500) by 1.5 (Gordy et al.,
2019). We also counted parasitised pea aphids (mummies) as a measure
of aphid biological control.

2.4.3. Ground predators

Ground predators, including carabid beetles (Carabidae), rove bee-
tles (Staphylinidae) and spiders (Aranae), were sampled using pitfall
traps. We placed three pitfall traps in each transect at 10 m and 50 m
from the inner flower strip or control strip edge and along an additional
transect inside the flower strip or control strip (nine pitfall traps per
field). Pitfall traps were made from polypropylene beakers (12 cm
diameter) filled with 200 mL of soap water. Pitfall traps were placed
50 m apart. We emptied and refilled traps on average every 7.0 days (sd:
1.1 day) and conducted between 1 and 4 sampling rounds (mean: 1.8).
Carabid beetles, rove beetles and spiders were stored in ethanol and later
identified to species or genus level.

2.4.4. Insect pollination

We estimated the benefit of insect pollination in faba bean by
selecting one plant pair in each segment (eight per field), where one of
the plants in each pair was covered with a tulle net (2 mm mesh size) just
before anthesis, to exclude insect pollinators. The other plant remained
uncovered and was open to insect pollinators. The plants in each pair
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were close to each other and similar in height and bud numbers. Nets
were adjusted weekly for plant growth and flowers that started wilting
were uncovered to minimise netting effects on pod development. At pod
maturity, all pods of netted and open plants were harvested. Plants that
were infested by black bean aphids (N = 12 (bagged) and N = 7 (open)),
were harvested but excluded from analyses since black bean aphid
infestation negatively affects faba bean yield components (Raderschall
et al., 2021b). We counted pods per plant and beans per pod. We dried
beans at 65 °C for 48 h and weighed the dry bean mass per plant. In-
dividual bean weight was calculated by dividing bean mass with the
total number of beans per plant.

2.4.5. Broad bean beetle infestation and parasitation

To quantify the level of broad bean beetle infestation and para-
sitation, we collected 20 mature faba bean pods in each segment just
before harvest. Since infestation rate is highest on the lowest pod
bearing nodes (Seidenglanz and Hunady, 2016), we collected pods
exclusively from the 2nd or 3rd lowest pod bearing nodes. The collected
pods were transferred into cardboard tubes for 3-4 months until all
broad bean beetles and parasitoids had emerged. Pods were opened and
the number of broad bean beetle and parasitoid emergence holes, which
differ in size (Seidenglanz and Hunady, 2016), counted. A subsample of
emerged parasitoids in the cardboard tubes were all determined as Tri-
aspis thoracicus Curtis, which is a known parasitoid of Bruchus rufimanus
(Seidenglanz and Hunady, 2016). Since bean density varied among
transects and fields, thereby potentially influencing the infestation rate,
we placed a 0.36 m? quadrat in each transect segment, and collected all
pods and counted the number of beans per quadrat. The total number of
beans per quadrat was added as a covariate in the analysis (for details
see section 2.5).

2.5. Statistical analysis

We used linear mixed models or generalised linear mixed models to
conduct the statistical analyses (package: “glmmTMB”; Brooks et al.,
2017) in R version 3.6.1 for Windows (R Core Team, 2019). The amount
of variance associated with a sample by the explanatory variables was
analysed with a type III Anova (package: “car”; Fox and Weisberg,
2019). To verify that models were not overdispersed and to obtain re-
sidual diagnostics for models with Poisson, negative binomial and
binomial error distributions, we used the testDispersion and the simu-
lateResidual functions (package: “DHARMa”; Hartig, 2019). Marginal
R-square values were calculated for each model using the r2_nakagawa
function (package: “performance”; Liidecke et al., 2021), which calcu-
lates the r-square values for mixed effects models based on Nakagawa
etal. (2017). For the analyses, data was summed across segments within
transects. Full models included the honeybee hive treatment (HB or C),
the flower strip treatment (FS or C), the distance from the strip (10 m or
50 m, or within the strip for the pitfall trap data) and their two-way
interactions as explanatory variables unless specified otherwise. We
used honeybee hive treatment rather than honeybee visitation counts as
an explanatory variable, because it better reflects the factorial design of
the experiment, and because honeybee counts were only done on a few
occasions such that the hive treatment factor provides a better proxy for
honeybee densities over the whole season. We simplified models by
removing interactions between explanatory variables if p > 0.10.
Remaining models with interactions were tested against models without
interactions using a likelihood ratio test via the anova function (R Core
Team, 2019), and the more complex models including interactions were
only kept if their predictive power was significantly (p < 0.050) better
than that of the simplified model without the interaction (Zuur et al.,
2009). Field identity was used as a random effect in all models unless
specified otherwise to account for data being collected along multiple
transects within each field. Wherever final models included interactions
between explanatory variables, we conducted a post-hoc analysis to
obtain the estimated marginal means with the emmeans function and
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their pair-wise comparisons using the pairs function and visualised the
results using the emmip function (package: “emmeans” (Lenth, 2019)).
The p-values were adjusted with the Tukey method for multiple testing
where necessary. One field with the treatments of flower strip and added
honeybees, was heavily impacted by black bean aphids and water stress
and did not produce any pods. It was therefore excluded from all ana-
lyses dependent on presence of mature pods, i.e. insect pollination
benefit, broad bean beetle infestation and parasitation rate.

The densities of pollinators were summed across all sampling rounds
for each transect and analysed with three separate models using either
honeybees, bumblebees or silver Y moths as response variable. We
observed one solitary bee legitimately pollinating faba bean flowers.
Due to the low sample size we excluded this single observation from the
analysis. We used Poisson error distribution with a log link and added
the log-transformed number of sampling rounds as an offset to account
for differential sampling effort among fields (Zuur et al., 2009). The
Shannon diversity of bumblebees was first calculated for each sampling
round and transect separately to account for the different sampling ef-
forts. We then calculated the mean Shannon diversity across all sam-
pling rounds for each transect and assumed a normal error distribution
to analyse the Shannon diversity of bumblebees. The foraging behaviour
of bumblebees was analysed using the number of legitimately polli-
nating and nectar robbing bumblebees per total number of pollinators
summed across sampling rounds in two separate models with either the
proportion of legitimately pollinating, or the proportion of nectar
robbing bumblebees as the response variable. The number of EFN visi-
tors was too low (N = 34) to be analysed. We used a binomial distri-
bution with a logit link to analyse foraging behaviours.

The pollination treatment effect was analysed by comparing the yield
components between open pollinated and bagged plant pairs (107
bagged and 112 open plants) in four separate models using either bean
mass per plant, pods per plant, beans per pod, or individual bean weight
as response variable. In addition to the honeybee treatment, flower strip
treatment and transect distance, we included the pollination treatment
as an explanatory variable. We tested all two- and three-way in-
teractions between the pollination treatment and the other explanatory
variables. The three-way interaction, which included the pollination
treatment, was replicated within the two-way interaction and therefore
did not use up additional degrees of freedom. We used plant pair nested
within transect, within field identity as random effects. The square root
transformed bean mass per plant and log-transformed individual bean
weight were analysed assuming a normal error distribution. The number
of pods per plant was analysed with a Poisson error distribution and a
log link. The number of beans per pod was analysed as the number of
beans per plant with the log-transformed number of pods as an offset and
with a Poisson error distribution and a log link.

The densities of natural enemies and pests were summed across all
sampling rounds for each transect and analysed in seven separate
models using number of ladybird beetles, hoverflies, lacewings, pea
aphids, parasitised pea aphids (mummies), black bean aphids and broad
bean beetles as response variables. We added the average black bean
aphid infestation category as an additional explanatory variable to all
the models except the one for black bean aphids. This was necessary for
the ladybird beetle model to meet model assumptions and was kept for
the other natural enemies and pests for consistency. In contrast to pea
aphids that occur relatively evenly distributed among plants, black bean
aphid infestation is patchy with highly aggregated colonies that reach
large numbers that attract natural enemies. For the analysis of ladybird
beetles, hoverflies and broad bean beetles we used a Poisson error dis-
tribution with a log link. For the analysis of black bean aphids we used a
zero-inflated model by applying a single zero-inflation parameter to all
observations using the (ziformula ~ 1). The densities of lacewings and
pea aphids were analysed with a negative binomial error distribution to
account for overdispersion of the Poisson model. The log-transformed
number of sampling rounds was added as an offset to account for dif-
ferential sampling effort among fields for all models with Poisson and
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negative binomial distribution. Pea aphid parasitation rate was analysed
as the number of parasitised pea aphids (mummies) per pea aphid using
a binomial error distribution with a logit link.

The activity density of ground predators (hereafter ground predator
density) was summed per transect and across all sampling rounds.
Ground predator densities were analysed in three separate models with
carabid beetle density, spider density or rove beetle density as response
variable and with a negative binomial error distribution, as Poisson
models were overdispersed. The log-transformed number of pitfall days
was added as an offset. The Shannon diversity of ground predators was
also analysed in separate models for each species group with an assumed
normal error distribution.

Broad bean beetle infestation and parasitation was summed per
transect. Broad bean beetle infestation was analysed using the number of
broad bean beetle emergence holes as response variable and with a
Poisson error distribution and a log-link. The log-transformed number of
the sum of all beans (infested or not) from the 80 pods per transect was
added as an offset. We added the mean number of beans per quadrat and
transect as an additional explanatory variable to the model to account
for differential bean density among transects and fields. Broad bean
beetle parasitation rate was analysed using the number of parasitoid
emergence holes per broad bean beetle emergence holes using a bino-
mial error distribution with a logit link.

3. Results
3.1. Flower strip and honeybee hive treatment

Due to late frost, which delayed sowing of the flower strip in spring,
the flower strip bloom was later than planned. In addition, a record
drought and heatwave (Wilcke et al., 2020) caused early and shortened
flowering of the faba bean fields in 2018. Among the six sown plant
species in the flower strip, only phacelia and buckwheat co-flowered
with the faba bean fields and the peak bloom of the flower strip was
in mid-July, after faba bean flowering had ended (Fig. S2, Table S3).

We observed 1052 honeybees visiting faba bean flowers or EFN. The
density of honeybees was overall higher in fields with honeybee hives,
and was explained by an interaction between the honeybee hive treat-
ment and the transect distance from the flower strip (Fig. S3, Table 1). In
fields without honeybee hives, the honeybee density was higher at 10 m
(mean: 7.4, s.e.: 2.2) compared with 50 m (mean: 4.8, s.e.: 1.4) distance
from the strip, whereas in fields with honeybee hives, honeybee density
was lower at 10 m (mean: 17.5, s.e.: 5.1) compared with 50 m (mean:
20.2, s.e.: 5.9) distance from the strip (Fig. S3).

3.2. Bumblebee densities and Shannon diversity

We observed a total of 610 bumblebees representing 10 species or
species groups visiting faba bean flowers and EFN (Table S4). The
density of bumblebees was explained by both an interaction between the
flower strip treatment and the transect distance, as well as between the
honeybee hive treatment and the transect distance (Table 1). In fields
without honeybee hives, bumblebee density was higher at 10 m
compared with 50 m from the strip, whereas in fields with honeybee
hives, bumblebee density was higher at 50 m compared with 10 m dis-
tance from the strip (Fig. 2a). In fields with flower strips, the bumblebee
density was higher at 50 m compared to 10 m from the strip, while there
was no effect of transect distance on bumblebee density in fields without
flower strips (Fig. 2b). Bumblebee Shannon diversity ranged between
0 and 0.64 (mean: 0.31) across transects and was not affected by any of
the treatments (Table 1).

3.3. Silver Y moth densities

We observed a total of 82 silver Y moths, which exclusively visited
faba bean flowers legitimately. The silver Y moth density was explained
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Chi-Square (;(2) and p-values (p) from mixed-effect models for the densities of honeybees, bumblebees and silver Y moths (moths), bumblebee (BB) (Shannon) diversity,
and the proportions of legitimately visiting and nectar robbing bumblebees. Explanatory variables were honeybee hive treatment (HB), flower strip treatment (FS) and
transect distance (transect) and their two-way interactions. P-values in bold are significant at the 0.05 level. Marginal R-square values (R?) are given for each model to

represent the variance explained by the fixed effects.

Predictors Honeybees Moths Bumblebees BB diversity Legitimate BB Nectar robbing BB
Marginal R? R%=0.36 R? = 0.52 R? = 0.082 R? = 0.072 R%=10.043 R% = 0.046
72 p 72 p 72 p 72 P 72 P 272 P

Intercept 35.25 < 0.001 0.17 0.68 42.46 < 0.001 17.20 < 0.001 0.76 0.38 0.52 0.47

HB 4.35 0.037 10.61 0.0011 1.74 0.19 0.17 0.68 2.70 0.10 2.21 0.14

FS 0.79 0.38 4.20 0.041 1.59 0.21 1.42 0.23 2.70 0.10 4.47 0.035

Transect 15.36 < 0.001 0.11 0.74 8.15 0.0043 0.47 0.50 0.98 0.32 2.62 0.11

HB x FS

HB x Transect 18.80 < 0.001 10.29 0.0013

FS x Transect 5.36 0.021 5.86 0.016 5.73 0.017 5.96 0.015
a) b) Fig. 2. Estimated marginal means of the den-
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by the honeybee hive treatment, and an interaction between the flower
strip treatment and the transect distance (Table 1). Silver Y moth density
was higher in fields without honeybee hives (Fig. 2¢). In addition, silver
Y moth density was higher in fields with flower strips, but only at 10 m
distance from the strip (Fig. 2d). There was no effect of transect distance
on silver Y moth density in fields without flower strips.

3.4. Bumblebee foraging behaviour

In total we observed 300 bumblebees legitimately visiting faba bean
flowers and 251 bumblebees robbing nectar (Table S4). Among the
nectar robbers, 94% of the observations were from individuals

belonging to the B. terrestris complex (Table S4). Both the proportion of
legitimately visiting bumblebees and nectar robbing bumblebees was
explained by an interaction between the flower strip treatment and the
transect distance (Table 1). In fields with a flower strip, the proportion of
legitimately visiting bumblebees was higher at 10 m distance compared
with 50 m distance from the strip and the proportion of nectar robbers
tended to be lower at 10 m compared with 50 m distance from the strip
(Fig. 3a, b). Also, the proportion of nectar robbing bumblebees was
lower in fields with a flower strip compared with fields without a flower
strip but only at 10 m from the strip (Fig. 3b).
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3.5. The effect of insect pollination on yield components Table 2).

Bean mass per plant (g) (Fig. 4a), number of pods per plant (Fig. 4b)
and number of beans per pod (Fig. 4c) were higher, whereas individual
bean weight was lower (Fig. 4d) in open pollinated compared with
bagged plants (Table 2). Bean mass per plant was also higher in fields
with flower strips, independently of the pollination treatment (Fig. S7,
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Fig. 3. Estimated marginal means of the pro-
portion of legitimately visiting bumblebees (a)
and nectar robbing bumblebees (b) per transect
(100 m?) in fields without flower strips (crossed
out flower symbol) and with flower strips
(flower symbol), and at different transect dis-
tances (10 m and 50 m). Whiskers represent
95% confidence intervals. Alpha levels of pair-
wise comparisons of the estimated marginal
means of post-hoc tests are indicated by * <
0.050, = > 0.050 and n.s. > 0.10. Figures with
raw data points are provided in Fig. S5.

3.6. Natural enemies and pests

We counted a total of 1492 ladybird beetles, 197 hoverflies, 1398
lacewings, 14,470 pea aphids, 341 parasitised pea aphid mummies,
187,675 black bean aphids and 53 broad bean beetles on faba bean
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Fig. 4. Estimated marginal means of the effect of insect pollination on yield components in bagged and open-pollinated plants: (a) bean mass per plant (grams), (b)
number of pods per plant, (¢c) number of beans per pod and (d) individual bean weights (grams). Whiskers represent 95% confidence intervals. Alpha levels of main
effects are indicated by *** < 0.0010, ** < 0.010, * < 0.050. Figures with raw data points are provided in Fig. S6.
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Table 2

Chi-Square (¥?) and p-values (p) from mixed-effect models for bean mass per plant (grams), number of pods per plant, number of beans per pod, and individual bean
weight (grams). Explanatory variables were honeybee hive treatment (HB), flower strip treatment (FS), transect distance (transect) and pollination treatment (bagged
versus open (Poll)) and two- and three-way interactions including pollination treatment. P-values in bold are significant at the 0.05 level. Marginal R-square values (R%)
are given for each model to represent the variance explained by the fixed effects.

Bean mass per plant Number of pods Beans per pod Individual bean weight

Marginal R? R2=0.16 R2=10.17 R? = 0.027 R%2=10.20

x2 P x2 P z2 p x2 P
Intercept 40.73 <0.001 98.67 <0.001 381.64 < 0.001 140.81 < 0.001
HB 1.82 0.18 0.56 0.45 0.92 0.34 1.36 0.24
FS 5.18 0.023 3.15 0.076 <0.01 0.97 3.64 0.057
Transect 1.00 0.32 1.02 0.31 0.03 0.87 0.09 0.76
Poll 9.15 0.0025 5.70 0.017 31.12 < 0.001 20.25 < 0.001
HB x Poll
FS x Poll

Transect x Poll
HB x FS x Poll
HB x Transect x Poll
FS x Transect x Poll

plants.

The ladybird beetle density was explained by both the honeybee hive
treatment and an interaction between the flower strip treatment and the
transect distance (Table 3). The ladybird beetle density was higher in
fields with honeybee hives (Fig. 5a), and in fields with flower strips,
ladybird beetle density was higher at 50 m from the strip (Fig. 5b). The
density of hoverflies and lacewings was not affected by any of the
treatments (Table 3). Both ladybird beetles and hoverflies were more
abundant in fields with a high density of black bean aphids (Table 3).

The pea aphid density was positively correlated with the black bean
aphid infestation category (Table 3). Both the pea aphid density and
parasitation rate were explained by an interaction between the honey-
bee hive treatment and the transect distance (Table 3). In fields with
honeybee hives, the pea aphid density was higher at 50 m compared to
10 m from the strip (Fig. 5c). In contrast, the pea aphid parasitation rate
was higher at 10 m from the strip in fields with honeybee hives but
tended to be higher at 50 m from the strip when there were no honeybee
hives (Fig. 5d). The black bean aphid density was also explained by an
interaction between the honeybee hive treatment and the transect dis-
tance (Table 3). The black bean aphid density was higher along the field
edges in fields with honey bee hives (Fig. 5e). Bean aphid densities also
increased from the field edge towards the field interior in fields without
honey bees, but decreased towards the field interior in fields with honey
bee hives (Fig. 5e). The broad bean beetle density was not affected by
any treatment (Table 3).

3.7. Ground predators

We collected a total of 11897 carabid beetles from 61 species

Table 3

(Table S5). Carabid beetle density did not differ among treatments nor
with distance from the strip (Table 4). Carabid beetle Shannon diversity
ranged between 1.33 and 2.47 (mean: 1.80) and was explained by an
interaction between the flower strip treatment and transect location
(Table 4). In fields with flower strips, carabid beetle diversity was higher
within the flower strip and at 10 m distance from the flower strip
compared with 50 m from the flower strip (Fig. 6a). In fields without
flower strips, carabid beetle diversity did not differ among transect lo-
cations. We collected a total of 1189 rove beetles from 21 genera
(Table S5). Rove beetle Shannon diversity ranged between 0 and 2.09
(mean: 1.30). Neither rove beetle abundance nor Shannon diversity
were affected by any of the treatments (Table 4).

We collected a total of 3346 spiders from 52 species (Table S5).
Spider abundance was higher in fields with flower strips, independently
of transect location and honeybee hive treatment (Fig. 6b, Table 5).
Spider Shannon diversity ranged between 0.69 and 2.31 (mean: 1.60)
and was higher within the strip and at 10 m distance from the strip
compared with 50 m from the strip, irrespective of whether fields had
flower strips or honeybee hives (Fig. 6¢).

3.8. Broad bean beetle infestation rate

We observed a total of 1153 broad bean beetle emergence holes and
51 parasitoid emergence holes. The number of broad bean beetle
emergence holes per bean was explained by an interaction between the
honeybee hive and flower strip treatment (Table 5). Post-hoc tests did,
however, not reveal any significant differences between group means.
There was a tendency (p = 0.090) that the infestation rate per bean was
higher in fields with flower strips and honeybee hives compared to fields

Chi-Square (y?) and p-values (p) from mixed-effect models for ladybird beetles, hoverflies, lacewings, pea aphids, pea aphid parasitation rate, black bean aphids (bean
aphids) and broad bean beetles. Explanatory variables included in models were honeybee hive treatment (HB), flower strip treatment (FS) and transect distance
(transect) and their two-way interactions, and black bean aphid infestation category. P-values in bold are significant at the 0.05 level. Marginal R-square values (R?) are
given for each model to represent the variance explained by the fixed effects.

Ladybird beetles Hoverflies Lacewings Pea aphids Pea aphid parasitation rate Bean aphids Broad bean beetles
Marginal R? R%=0.64 R%2=0.15 R? = 0.051 R%=0.74 R? = 0.054 R? = 0.081 R? = 0.047

X2 p x2 p x2 p x2 P X2 P x2 p X2 p
Intercept 18.50 < 0.001  0.47 0.49 64.25 < 0.001 114.46  <0.001 52.36 < 0.001 152.07 <0.001 0.88 0.35
HB 11.65 < 0.001 1.23 0.27 0.70 0.40 1.43 0.23 3.25 0.071 2.82 0.093 0.12 0.73
FS 1.13 0.29 1.39 0.24 <0.01 094 0.97 0.33 0.22 0.64 <0.01 0.93 0.32 0.57
Transect 0.11 0.74 0.72 0.40 0.61 0.44 0.02 0.90 3.14 0.076 1173.50 < 0.001 <0.01 0.93
Bean aphids 35.47 < 0.001 13.95 < 0.001 0.05 0.82 60.31 < 0.001 3.28 0.070 0.19 0.67
HB x FS
HB x Transect 17.79 <0.001 10.37 0.0013 9643.32 < 0.001

FS x Transect
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Fig. 5. Estimated marginal means of natural
enemies and pests per transect in fields without
flower strips (crossed out flower symbol) and
with flower strips (flower symbol), without
honeybee hives (crossed out hive symbol) and
with honeybee hives (hive symbol): (a, b)
ladybird beetles, (c) pea aphid density, (d) pea
aphid parasitation rate, e) black bean aphid
density. Whiskers represent 95% confidence
intervals. Alpha levels of p-values for main ef-
fects (a) and pair-wise comparisons of the esti-
mated marginal means of post-hoc tests (b-e)
are indicated by *** < 0.0010, ** < 0.010, * <
0.050, m < 0.10 and n.s. > 0.10. Figures with
raw data points are provided in Fig. S8.
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without a flower strip and with honeybee hives, which was driving the
interaction (Fig. 7a). The broad bean beetle parasitation rate was
explained by an interaction between the flower strip treatment and the
transect distance (Table 5). The parasitation rate was higher at 10 m
compared with 50 m from the strip, but only in fields without flower
strips (Fig. 7b). There was a tendency for the parasitation rate to be
lower in fields with a flower strip, but only at 10 m distance from the
strip (Fig. 7b).

50 10 50

Distance from strip (m)

4. Discussion

Sowing annual flower strips and supplementing honeybee hives
along field edges affected arthropod guilds and the ecosystem services
they provide differently. Annual flower strips promoted pollinator silver
Y moths near the strip and redistributed bumblebees from faba bean
field edges to interiors without affecting their overall densities, did not
affect foliage-dwelling natural enemies, but enhanced ground spider
abundance, and near the strip also increased carabid Shannon diversity.
Interestingly, adding honeybee hives enhanced overall ladybird beetle
densities, enhanced black bean aphids along field edges, pushed
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Table 4
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Chi-Square (y2) and p-values (p) from mixed-effect models for carabid beetle density, carabid beetle (Shannon) diversity, spider density, spider (Shannon) diversity,
rove beetle density, and rove beetle (Shannon) diversity. Explanatory variables included in models were honeybee hive treatment (HB), flower strip treatment (FS) and
transect distance (transect) and their two-way interactions. P-values in bold are significant at the 0.05 level. Marginal R-square values (R?) are given for each model to

represent the variance explained by the fixed effects.

Carabid beetle density Carabid diversity Spider density Spider diversity Rove beetle density Rove beetle diversity
Marginal R? R? = 0.020 R%2=10.26 R%2=0.19 R%2=0.11 R? = 0.032 R? = 0.063
72 p x2 p 22 P 72 p 72 P 22 P

Intercept 41.56 < 0.001 199.66 < 0.001 3.62 0.057 117.62 < 0.001 3.90 0.048 46.19 < 0.001
HB 0.39 0.53 2.56 0.11 0.11 0.74 0.51 0.48 0.44 0.51 0.52 0.47
FS 0.24 0.63 7.09 0.0077 8.10 0.0044 0.05 0.82 0.47 0.49 1.42 0.23
Transect 0.32 0.85 0.81 0.67 2.75 0.25 12.07 0.0024 3.64 0.16 0.60 0.74
HB x FS 2.91 0.088
HB x Transect
FS x Transect 11.58 0.0031
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Fig. 6. Estimated marginal means of (a) carabid Shannon diversity, (b) spider abundance per pitfall day, and spider Shannon diversity in fields without flower strips
(crossed out flower symbol) and with flower strips (flower symbol) and along different transect distances (within the strip, at 10 m and 50 m from the strip). Whiskers
represent 95% confidence intervals. Alpha levels of pair-wise comparisons of the estimated marginal means of post-hoc tests (a) and main effects (b-c) are indicated
by ** < 0.010, * < 0.050, m < 0.10 and n.s > 0.10. Figures with raw data points are provided in Fig. S9.

Table 5

Chi-Square (;(2) and p-values (p) from mixed-effect models for broad bean beetle
infestation per bean (infestation) and broad bean beetle parasitation rate (par-
asitation). Explanatory variables were honeybee hive treatment (HB), flower
strip treatment (FS) and transect distance (transect) and their two-way in-
teractions, and the average number of beans in a 0.36 m? quadrat per transect
(beans per quadrat). P-values in bold are significant at the 0.05 level. Marginal
R-square values (R?) are given for each model to represent the variance
explained by the fixed effects.

Infestation Parasitation rate
Marginal R? R? = 0.078 R? = 0.099

x2 P 72 P
Intercept 8.42 0.0037 15.67 < 0.001
HB 2.82 0.093 < 0.01 0.95
FS 1.12 0.29 3.78 0.052
Transect 1.40 0.24 5.24 0.022
Beans per quadrat 212 0.15
HB x FS 4.04 0.044
HB x Transect
FS x Transect 4.35 0.037

bumblebees towards the interior of the field and depressed overall
densities of silver Y moths. Pea aphid parasitation rate tended to be
higher in fields with honeybee hives, but decreased towards the interior
of the field.

10

4.1. Local effects of flower strips on pollinator densities and bumblebee
foraging behaviour

Annual flower strips influenced the distribution of pollinator den-
sities and bumblebee foraging behaviours within faba bean fields.
Bumblebee densities were lower at 10 m from the strip compared with
50 m when flower strips were present while there was no effect of
transect distance on bumblebee densities in fields without a flower strip.
At the time of faba bean bloom, phacelia was the dominant flowering
species in the flower strip (Fig. S2, Table S3). Phacelia is highly attrac-
tive to bumblebees (Williams and Christian, 1991). It is thus possible
that phacelia attracted bumblebees from the faba bean field edge into
the flower strip, a phenomenon in line with the “concentrator hypoth-
esis”, where flower plantings temporarily compete with flowering crops
for pollinator visits (Albrecht et al., 2020; Kremen et al., 2019). This
hypothesis would need to be confirmed by sampling bumblebees in both
the field and the flower strip. In contrast to bumblebees, silver Y moth
densities were higher at 10 m compared with 50 m from the flower strip,
suggesting that flower strips facilitated moths into the crop.

We found a higher proportion of legitimately pollinating bumblebees
at 10 m compared with 50 m from the flower strip. More bumblebees
might be visiting the phacelia for nectar, which is more easily accessible
due to their shorter corolla, and use the adjacent faba bean for pollen,
which is particularly rich in protein (Pamminger et al., 2019) and must
be collected legitimately. As such, the presence of flower strips
decreased bumblebee density, but selected for legitimately visiting
bumblebees along the faba bean field edge.

Even though flower strips redistributed bumblebees and silver Y
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Fig. 7. Estimated marginal means of (a) broad
bean beetle infestation per bean and (b) para-
sitation rate in fields without flower strips
(crossed out flower symbol) and with flower
strips (flower symbol), and without honeybee
hives (crossed out hive symbol) and with hon-
eybee hives (hive symbol), and at two transect
distances of 10 m and 50 m from strips. Whis-
kers represent 95% confidence intervals. Alpha
levels for pair-wise comparisons of the esti-
mated marginal means of post-hoc tests are
indicated by * < 0.050, = > 0.050 and n.s.
> 0.10. Figures with raw data points are pro-
vided in Fig. S10.
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moths within the field, we found no effect of flower strips on the overall
densities of these wild pollinators in the crop fields. It is possible that the
relatively small areas of flower strips (range: 0.1-0.5 ha) did not provide
sufficient resources to attract pollinators from the wider landscape. The
effectiveness of flower strips to attract pollinators depends on the
ecological contrast in floral resources they provide compared with that
in the surrounding landscape (Scheper et al., 2013). Alternatively, pol-
linators were attracted to the flower strips, but did not spill over into the
crop fields. The flower strip blooming period might also have occurred
too late to affect the pollinators visiting faba bean. The hot and dry
summer delayed flower strip bloom and shortened faba bean crop
bloom, giving a very short bloom overlap between the two.

4.2. Honeybee hives redistribute bumblebees within fields and deter silver
Y moths

As expected, supplementing honeybee hives to faba bean fields
increased the overall density of honeybees foraging within the faba bean
fields. Against our hypothesis, the honeybee hive treatment did not
affect overall bumblebee densities in faba bean fields. It is possible that
the number of honeybee hives supplemented in our experimental
landscapes was not high enough to induce resource depletion and deter
bumblebees from crop fields as previously observed (Angelella et al.,
2021; Lindstrom et al., 2016). However, the presence of honeybee hives
counteracted the positive effects of flower strips on the abundance of
bumblebee queens and males in linear habitats in the same landscapes as
here (Bommarco et al., 2021). Instead, we found lower bumblebee
densities at 50 m from the strip in fields without honeybee hives, and
higher bumblebee densities at 50 m from the strips in fields with hon-
eybee hives, suggesting that high numbers of honeybees pushed bum-
blebees farther into the field centres. Redistribution of bumblebee
foragers within fields, rather than deterrence from fields, in response to
higher honeybee densities has previously been observed (Walth-
er-Hellwig et al., 2006). Silver Y moth densities on the other hand, were
lower in fields with honeybee hives indicating that they were deterred
from faba bean fields by high honeybee densities.

4.3. Benefit of insect pollination on yield components

Insect pollination increased bean mass per plant in open pollinated
compared with bagged plants on average by 27% as a result of more
pods per plant and beans per pod. Insect pollination benefits in faba
bean are commonly observed but vary substantially among experiments
and among cultivars (Bishop and Nakagawa, 2021). The insect polli-
nation benefit on bean mass per plant, pods per plant and beans per pod
were independent of the flower strip and honeybee hive treatment,

0 10 50
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suggesting that faba bean fields were not pollinator limited, where
increased visitation by honeybees and legitimately visiting bumblebees
and silver Y moths did not enhance pollination. Bean mass per plant was,
however, higher in fields with flower strips, but the effect was inde-
pendent of the pollination treatment. Since bean mass was higher in
both bagged and open pollinated plants in field with flower strips, this
effect could have been driven by two fields, with flower strips, which
were irrigated due to the extreme drought. The individual bean weight
was lower in open pollinated plants. Higher individual bean weight in
faba bean plants excluded from insect pollination is not uncommon and
might be a way for the plant to compensate for inadequate
cross-pollination (Lundin and Raderschall, 2021).

4.4. Honeybee hives promote ladybird beetles and black bean aphids
while flower strips have weak effects

Against our expectations, adding honeybee hives promoted overall
ladybird beetle densities and black bean aphids along the field edge. To
our knowledge, our finding that adding honeybee hives benefits natural
enemies of pests is unique. Ladybird beetle densities were higher in
fields with honeybee hives even though the number of black bean aphid
infestation was added as a covariate to the models. Thus, factors inde-
pendent of black bean aphids associated to the addition of honeybee
hives promote ladybird beetles. Ladybird beetles regularly feed on pol-
len (Lundgren, 2009b; Triltsch, 1997). Therefore, it could be that hon-
eybees spill pollen when flying between faba bean flowers and so make
more pollen available for ladybird beetles. Due to the flower
morphology, faba bean pollen might otherwise be difficult to access for
ladybird beetles. The pea aphid parasitation rate was lower in the field
interior compared with the field edge in fields with added honey bee
hives. This is probably because pea aphid densities were higher but not
the parasitoid wasp densities leading to a lower parasitation rate.

Among foliage-dwelling pests and natural enemies, flower strips only
had a positive effect on ladybird beetles at 50 m from the strip. It could
be that at 10 m from the flower strip, ladybird beetles were attracted
into the flower strip, though we did not confirm this by sampling inside
the flower strip. We found no effect on any other foliage-dwelling nat-
ural enemies in the adjacent faba bean fields. This is in contrast to
previous findings of flower strips facilitating higher numbers of foliage-
dwelling natural enemies into adjacent crop fields (Tschumi et al., 2015,
2016). The relatively late flower strip bloom might have prevented
sufficiently large colonisation of natural enemies to detect a spill-over
effect into the faba bean field.
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4.5. Flower strips benefit ground-dwelling predators

Carabid beetle Shannon diversity, but not overall density, was higher
inside flower strips and at 10 m from the flower strips compared with
fields without flower strips. This suggests that flower strips did not
generate overall higher carabid beetle numbers, but benefited certain
carabid beetle species more than others. There was no effect of flower
strips on rove beetle density or Shannon diversity. Carabid and rove
beetles require heterogeneous landscapes (Sutter et al., 2018) and vi-
cinity to semi-natural habitats (Duflot et al., 2016), as overwintering
habitats (Pywell et al., 2005). The fact that annual flower strips cannot
provide such overwintering habitat might explain why overall carabid
and rove beetle densities were not affected by flower strips. Spider
abundances, on the other hand, increased in their overall density irre-
spective of distance from the flower strip. Flower strips most likely
benefited spiders by providing more complex vegetation structure and a
different microclimate rather than providing food resources (Ditner
et al., 2013). The strong positive effect of flower strips on spiders could
be because such structural and microclimatic benefits already establish
soon after sowing rather than just at flowering, which gave spider
populations more time to establish and spill into the adjacent crop.

4.6. Interactions between honeybee hive and flower strip treatments
explain broad bean beetles infestation and parasitation

Broad bean beetle infestation was explained by an interaction be-
tween the honeybee hive and the flower strip treatments. Post-hoc tests
did however only reveal a tendency for increased broad bean beetle
infestation in fields with honeybee hives and flower strips compared
with fields with honeybee hives but without flower strips. Broad bean
beetles regularly feed on EFN and pollen of faba bean, but also consume
pollen of other plants such as dill, buckwheat, phacelia, cornflower and
clover, which were growing in the flower strips (Politz and Reike, 2019).
The influence of honeybee hives and flower strips on broad bean beetle
infestation could be better understood by investigating the number of
broad bean beetles in the flower strips or by further exploring the effect
of pollinators on broad bean beetles in faba beans. We found that broad
bean beetle parasitation rate was influenced by an interaction between
the flower strip treatment and transect distance. The parasitation rate
was higher along field edges in fields without a flower strip but tended to
be lower along field edges in fields with flower strips. This suggests that
flower strips might attract parasitoids away from the crop rather than
promoting broad bean beetle parasitation, a hypothesis that can be
tested by sampling parasitoids in both the field and the flower strip.

5. Conclusions

Annual flower strips in landscapes dominated by arable fields did not
provide sufficient resources to attract higher overall densities of wild
pollinators. The strips did affect the local distribution and foraging
behaviour of bumblebees possibly by providing alternative nectar re-
sources. The unusual weather in 2018 likely hampered facilitation of
pollinators and foliage-dwelling natural enemies of pests from flower
strips to faba bean fields. This because the onset of the flower strip
bloom was delayed due to a late frost in early spring, while the faba bean
bloom was preceded and hastened due to the hot and dry summer,
leading to a very short bloom overlap between the two habitats. In
contrast, annual flower strips were beneficial for spiders and enhanced
carabid diversity possibly by providing more diverse shelters and
beneficial microclimate soon after sowing. The addition of honeybee
hives had no detrimental effect on bumblebees visiting faba bean
flowers, suggesting that resource competition was not severe enough to
deter bumblebees from the crop fields. Increased honeybee densities had
an unexpected positive effect on ladybird beetle density, an effect that
deserves more attention in future research. Insect pollination increased
faba bean yield components independently of the flower strip and
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honeybee hive treatments, suggesting that faba bean fields were not
short on insect pollination this year. Our research took place under an
unusual drought year. These unforeseen weather conditions might limit
the generalisation of our results under less extreme weather conditions.
On the other hand, we believe that our work provides insights into the
effectiveness of flower strips, and the interaction between floral resource
provision and potential resource competition under climate change,
which is expected to cause an increasing frequency of exactly the kind of
dry and hot weather that occurred during our sampling (Toreti et al.,
2019).
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