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Flower strips are an effective agri-environmental measure to promote functional
biodiversity and ecosystem services in agricultural landscapes. In particular, tailored
annual flower strips are increasingly implemented to foster insect pollination and
biological pest control. While positive effects of flower strips on service providers and
associated ecosystem services were recently demonstrated, little is known about how
their effectiveness is affected by the surrounding landscape. We investigated how
landscape composition and configuration, as well as flower strip traits influence the
abundance of all insects, pollinators and natural enemies in 74 annual flower strips
across 7 years (2014–2020). Landscape characteristics such as crop diversity, mean
field size, area, and quality of semi-natural farmland habitats were assessed in a 1-
km radius surrounding flower strips and combined with flower strip traits such as
size, flower coverage, and flowering plant species richness to model insect abundance
and diversity. Total insect and pollinator abundance, as well as wild bee abundance,
richness, and diversity in flower strips were negatively affected by the share of semi-
natural farmland habitats in the surrounding landscape, suggesting a dilution effect. On
the other hand, semi-natural habitats with elevated ecological quality (i.e., biodiversity
promotion areas with high botanical and structural diversity) enhanced total insect and
pollinator abundance in flower strips. Furthermore, pollinator abundance and wild bee
abundance in specific were positively affected by the flower coverage of the strips.
Our results therefore suggest simultaneous competition and facilitation effects of semi-
natural habitats on the landscape scale depending on their ecological quality. Annual
flower strips will therefore be most effective in fostering services in landscapes of
moderate to low complexity but with a high share of semi-natural habitats with increased
ecological quality. For additional benefits for pollinator and wild bee abundance,
flower strips should be designed to yield high flower cover. Our study thus highlights
the importance of quality of ecological infrastructure and provides recommendations
to maximize ecosystem services and biodiversity by means of flower strips at the
landscape scale.

Keywords: agri-environment scheme (AES), biodiversity promotion area, agroecology, ecosystem service, natural
enemies, functional biodiversity, habitat quality, landscape composition
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INTRODUCTION

The ongoing agricultural intensification has resulted in severe
declines of farmland biodiversity and associated ecosystem
services (Robinson and Sutherland, 2002). Beyond the increase
in external inputs such as fertilizers and pesticides, the
simplification of the agricultural landscapes was identified as the
predominant driver of these declines. This includes increases
in average field size, reduction in land-use diversity, and
crop rotation, as well as the removal of natural and semi-
natural habitats such as hedges, waterbodies or small structural
elements (Stoate et al., 2001). To counteract these declines, agri-
environmental schemes (AES) were implemented across Europe,
after the reform of the Common Agriculture Policy in 1992
(Herzog et al., 2017). As a popular measure, AES often include
subsidies for the protection and creation of semi-natural habitats
such as hedges, extensively managed grasslands, or flower strips.
While earlier schemes mainly targeted at halting biodiversity
declines, they are now increasingly focused on protecting and
enhancing ecosystem services (Kleijn et al., 2011; Scheper et al.,
2013; Ekroos et al., 2014). Recently, tailored annual flower strips
were designed to flexibly enhance pollination and pest control
services at the time and place they are needed (Tschumi et al.,
2015; Tschumi et al., 2016; Ganser et al., 2019). In Switzerland,
annual flower strips are eligible biodiversity promotion areas
(BPA) and part of the official AES since 2015. The basic concept
of annual flower strips is that pollinators and natural enemies
are attracted to the flower strips from where they spill-over to
adjacent agricultural crops to enhance the respective services
(Tschumi et al., 2015; Tschumi et al., 2016; Albrecht et al., 2020).

While some studies have indeed shown high effectiveness
of flower strips in enhancing natural enemies and pest control
(Tschumi et al., 2015; Albrecht et al., 2020) and positive effects
on pollinators and crop pollination (Rundlöf et al., 2018), others
have found only weak or no effects at all (Haaland et al., 2011;
Albrecht et al., 2020). Besides flower strip traits, the surrounding
landscape influences the colonization of flower strips and spill-
over to adjacent crops. Among the most influential landscape
characteristics are the proportion of arable land (Haenke et al.,
2009; Carvell et al., 2011), forest cover (Fabian et al., 2013),
the presence of other semi-natural habitats providing floral
resources (Aviron et al., 2011; Carvell et al., 2011; Scheper et al.,
2015), and habitat heterogeneity (Fabian et al., 2013; Wix et al.,
2019). Typically, the abundance of beneficial arthropods in flower
strips increases with the share of semi-natural habitats (Krimmer
et al., 2019). This is because newly established flower strips
need to be colonized from perennial habitats and arthropods
need overwintering sites that are often not found in annual
flower strips. However, the positive correlation with landscape
complexity was often seen to level out at a higher degree
of landscape complexity which is explained by the decreasing
contrast created by the flower strips to the surrounding landscape
(Haenke et al., 2009; Carvell et al., 2011; Scheper et al., 2015;
Wix et al., 2019). Agri-environmental measures such as flower
strips were thus predicted to provide the highest benefit in
landscape of intermediate complexity (Tscharntke et al., 2012).
Moreover, some studies have even detected negative effects

of semi-natural habitats on insect abundance in flower strips.
These apparently counterintuitive effects can be explained by
a competition between habitats leading to a dilution of insects
among the floral resources in the landscape (Desaegher et al.,
2021). Hereby, a high share of suitable habitats, may results in
lower insect abundance in flower strips. It is likely that both,
facilitation and dilution effects often act simultaneously and that
the shift from one being dominant to the other may depend on
spatio-temporal conditions and specific characteristics of flower
strips and landscape features. However few studies have so far
assessed positive and negative effects of local flower strip traits
and landscape composition and configuration simultaneously.

Annual flower strips were predominantly designed to
enhance ecosystem services but are now also implemented as
biodiversity-promotion measure. However, most studies have
only investigated one functional group and with the exception
of a few taxa (see. e.g., Tschumi et al., 2016), their effect on
species diversity is largely unknown. Species- and group-specific
reactions to flower strip traits have often been documented
(Wood et al., 2015; Moquet et al., 2018). Whilst some groups
such as bumblebees, for example, react positive to flower
coverage within flower strips, others such as solitary bees do
not (Jönsson et al., 2015; Wood et al., 2015). Particularly
wild bees often show differentiated patterns, as they are more
specialized and depend upon key plants and other species-specific
factors, rather than general flower strip traits (Nichols et al.,
2019). To assess the full potential of specific flower strips and
their eligibility as biodiversity-promotion measures, it is thus
crucial that their effects on multiple functional groups and their
diversity are evaluated.

While there is increasing awareness of the different
mechanisms described above, few studies have evaluated flower
strip traits and landscape characteristics on multiple service
providing groups and diversity components simultaneously.
Using a large dataset of 74 annual flower strips across 7 years
(2014–2020), we analyzed the effect of flower strip traits and
landscape characteristics on total insect, pollinator, natural
enemy, and wild bee abundance, as well as wild bee species
richness and diversity. In specific we hypothesized that (i)
flower strip traits such as flower strip size, flower coverage,
and flower diversity would positively affect service providing
insect abundance and diversity, and (ii) landscape characteristics
associated with increasing complexity such as mean field size,
crop diversity, the abundance of other biodiversity promotion
areas, and the edge length of woody areas would positively affect
service providing insect abundance and diversity

MATERIALS AND METHODS

Flower Strips
Between 2014 and 2020, 74 flower strips were sown in the
central Swiss plateau in the cantons of Bern, Freiburg, and
Solothurn (mean altitude 548 m, range 413–981 m). The study
area represents the typical agricultural landscape of the Swiss
lowlands, characterized by a small-scale mosaic of intensively
managed crop fields, meadows, and forest fragments in a
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comparably densely populated region (Figure 1). One to four
different seed mixtures were sown in adjacent plots within one
flower strip—hereafter called seed mixture plots (n = 196; see
Supplementary Material 1 for illustration and seed composition
of the flower strips). Flower strips were established between April
20th and May 25th by local farmers and left in place for a
minimum of 100 days. No pesticides and fertilizers were used
in the flower strips. All flower strips had a minimum width of
3 m and a maximum area of 0.5 ha. We used flower strip size
(in hectares), flower coverage (in %), and flowering plant species
richness (number of flowering plant species) as explanatory
variables in the data analysis (see Table 1). Flower coverage
and flowering plant species richness (only species with ≥ 0.1%
coverage) was estimated in four representative squares (1 m2) in
every seed mixture plot (simultaneously with the insect surveys—
see below).

Landscape Characteristics
The surrounding landscape of every flower strip was described
in a 1 km radius (Figure 1). Data on agricultural land-use
provided by the cantonal agricultural offices allowed to calculate
the share of agricultural and biodiversity promotion areas
(BPA), BPA with high ecological quality, mean field size, and
crop diversity for every landscape circle (see Supplementary
Figure 2.1). BPA are extensively managed semi-natural habitats
such as meadows, pastures, or hedges that are subsidized by
the Swiss agri-environment scheme (Herzog et al., 2017). All
farmers receiving direct payments have to manage at least
7% of their farmland as biodiversity promotion areas and
today 98% of the Swiss farmland is managed under this
scheme (Herzog et al., 2017). BPA with ecological quality,
as defined by the Swiss Ordinance on Direct Payments, are
BPA with high botanical and/or structural diversity and high
ecological value (Herzog et al., 2017). A description of the
different BPA types, management requirements and quality
indicators can be found in the Supplementary Table 2.2. For
crop diversity we used the Shannon–Weaver index (H) of the
proportion of different crop types within each landscape circle
(see Supplementary Table 2.1).

In addition to agricultural land use, we quantified forest area
and total edge length for every landscape circle. Forest was
defined as the summed area of densely and loosely stocked
forests and smaller woody elements covered with trees and bushes
(in hectares). Edge length was defined as the total length of
the perimeter of forests, woody elements, and hedges (in km)
and served as proxy for landscape heterogeneity (Martin et al.,
2019). The data used to calculate these variables was obtained
through the swissTLM3D dataset (Version 1.8 provided by the
Federal Office of Topography Swisstopo) and verified using
orthophotos from 2013 to 2017 (Bundesamt für Landestopografie
Swisstopo, 2021). All spatial analyses were conducted in ArcGIS
(Version 10.8.1).

Insect Abundance and Diversity
Insects were collected repeatedly within each seed mixture plot in
intervals of 9–12 days after the start of flower blooming (between
May and July). The number of surveys varied among flower strips

with a minimum of two and a maximum of seven surveys but was
equal for all seed mixture plots within a flower strip. All insects
were collected with a sweep-net with a diameter of 40 cm. For
each survey, the sweep net was swept 20 times on a standardized
straight line at walking pace. Insect surveys were only done on
days with favorable weather conditions (temperatures between
20 and 35◦C and no rain or strong winds). Captured insects
were frozen at−18◦C and subsequently counted and categorized
into the following groups: honeybees (Apis spp.), bumblebees
(Bombus spp.), other wild bees, hoverflies (Syrphidae), parasitic
wasps (Ichneumonidae), soldier beetles (Cantharidae), rove
beetles (Staphylinidae), ladybirds (Coccinellidae), green lacewings
(Chrysopidae), ants (Formicidae), other flies (Diptera), and all
others (e.g., Heteroptera and Orthoptera). Larvae and imagines
were summed within each group. In addition, all the wild bees
from 80 seed mixture plots in 36 flower strips from the years 2015
to 2017 were identified to species level.

From these counts the following indicators for insect
abundance and diversity were calculated: (i) Total insect
abundance was defined as the mean number of all individuals,
(ii) pollinator abundance as the mean number of honeybees,
bumblebees, other wild bees, and hoverflies, (iii) natural enemy
abundance as the mean number of parasitic wasps, hoverflies,
green lacewings, and ladybirds, (iv) wild bee abundance as the
mean number of bumblebees and other wild bees, (v) wild bee
richness as the number of wild bee species, and (vi) wild bee
diversity as the Shannon-Wiener diversity index of wild bees.
The mean numbers were always calculated as the sum of all
individuals divided by the number of surveys per seed mixture
plot (see Table 2).

Data Analysis
To assess the impact of landscape characteristics and flower strip
traits on insect abundance and diversity, we fitted linear mixed-
effects models with total insect abundance, pollinator abundance,
natural enemy abundance, wild bee abundance, as well as wild
bee richness, and diversity as response variables. All explanatory
variables described above (see also Table 1) were included as fixed
effects in every model. To account for dependencies between
observations, flower strip id and year were included in the
models as crossed random effects. Pairwise correlations between
explanatory variables were assessed using Pearson’s correlation
coefficient (rs) and agricultural area was excluded from the
models due to a strong negative correlation (rs > −0.60) with
forest area. All linear mixed-effects model were fitted using the
following formula:

lmer [y∼ flower strip size+ flower coverage+ flowering plant
species richness + BPA area + BPA area with quality + forest
area+ edge length+ (1| Flower strip ID)+ (1| Year)].

To assess if the differing number of surveys had a significant
effect on our response variables, we fitted an additional linear-
mixed effects model for every response variable including
number of surveys as (only) fixed effect and flower strip id and
year as crossed random effects. As the number of surveys had no
significant effect on any response variable, it was subsequently
not included in the main models. We also tested for quadratic
effects of BPA area and BPA area with ecological quality, yet as
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FIGURE 1 | Map of the study area with the (n = 74) flower strip locations (A). Example of a study landscape with a 1 km radius surrounding flower strips in the center
and different land use types (B).

there were no significant relationships, quadratic effects were not
included in the final models.

Models were fitted using the R package lme4 (Bates et al., 2015)
and model summaries calculated using the package lmerTest
(Kuznetsova et al., 2020). Normality and homogeneity of the
residuals were visually checked by using Tukey-Ascombe and
QQ-plots. Spatial autocorrelation in the model residuals was
checked with a Morans-I test [package DHARMa; (Hartig
and Lohse, 2021)] and visually using bubble plots [package
sp; (Pebesma et al., 2021)] but no remaining autocorrelation
was detected (p > 0.05). Marginal effect plots were done
using package sjplot (Lüdecke et al., 2021). The package vegan
(Oksanen et al., 2021) was used to calculate the Shannon diversity
indices. All statistical analyses were conducted in R Version 3.6.2
(R Core Team, 2021).

RESULTS

On average we found (mean ± SD) 181.5 (±111.3) insects, 31.6
(±19.1) pollinators, 10.6 (±9.0) wild bees, and 24.2 (±18.7)
natural enemies per seed mixture plot (see Table 2). Hereby,
pollinator communities were influenced in equal parts by (mean
number of individuals ± SD) honeybees (10.8 ± 11.2), wild bees
9.5 (±8.7), and hoverflies (9.2 ± 6.5), whilst the relative share of
bumblebees was rather low (0.9± 1.4). The community of natural
enemies was dominated by the abundance of parasitic wasps
(13.1 ± 16.4) and hoverflies (9.2 ± 6.5), while green lacewings

and ladybirds were rare (1.3 ± 1.3 and 0.7 ± 0.8 individuals
per seed mixture plot, respectively). Detailed information on the
mean number of individuals for all species groups can be found in
the Supplementary Table 3.1. In 80 seed mixture plots, a total of
3’882 wild bee individuals were identified to species level. Hereby
73 different species were detected, and the mean species richness
was 3.2 (±1.4). The wild bee species Lasioglossum malachurum,
Lasioglossum pauxillum, Lasioglossum politum, Lasioglossum
laticeps, and Bombus terrestris were the five most frequently
observed species and accounted for 68% of all identified wild
bee individuals.

Biodiversity promotion areas area had a consistent negative
effect on all response variables except natural enemy abundance
(and with wild bee abundance only being p = 0.065; Tables 3, 4;
Figure 2). On the other hand, BPA area with ecological quality
tended to have a positive effect on total insect abundance
and pollinator abundance (Table 4; Figure 3). Finally, on the
landscape scale, also forest area had a positive effect on total
insect abundance (Table 3; Figure 3). From the flower strip
traits, only flower coverage had a significantly positive effect on
pollinator abundance and wild bee abundance and an almost
significant effect on natural enemy abundance (Tables 3, 4;
Figure 4). In terms of effect size, an increase in 1 ha of
BPA led to a decrease in total insect, pollinator and wild bee
abundance between 1.9 and 3.1% from the average (Figure 2),
whereas an increase in 1 ha of BPA with ecological quality led
to a predicted increase of total insect or pollinator abundance
between 2.4 and 2.9%.
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TABLE 1 | Description of flower strip traits and landscape characteristics used as
explanatory variables in all models with means ± standard deviations per flower
strip and 1 km-radius landscape circles, respectively.

Explanatory variables Mean (±SD)

Flower strip traits

Flower strip size Area of flower strip [ha] 0.1 (±0.1)

Flower coverage Cover of flowering plants
per seed mixture plot [%]

10.8 (±5.9)

Flowering plant species richness Number of flowering plant
species per seed mixture
plot [#]

3.4 (±1.3)

Landscape characteristics

Mean field size Mean area of agricultural
field units [ha]

1.0 (±0.2)

Crop diversity Shannon-Wiener index of
area of crop types

1.8 (±0.2)

BPA area Total (sum) area of BPAs
[ha]

16.9 (±6.1)

BPA area with quality Total (sum) area of BPAs
with ecological quality [ha]

6.1 (±4.1)

Forest area Total (sum) area of forests
and woody areas [ha]

61.2 (±43.7)

Edge length Total (sum) perimeter of
forests, woody areas, and
hedges [km]

16.0 (±7.1)

BPA, Biodiversity Promotion Areas.

TABLE 2 | Description of abundance and diversity indicators used as
response variables. Shown are means ± standard deviations per
seed mixture plot.

Response variables Mean (±SD)

Total insect abundance Honeybees, bumblebees, other
wild bees, hoverflies, parasitic
wasps, soldier beetles,
ladybirds, green lacewings,
roove beetles, ants, other flies,
and others

181.5 (±111.3)

Pollinator abundance Honeybees, bumblebees, other
wild bees, hoverflies

31.6 (±19.1)

Natural enemy abundance Parasitic wasps, hoverflies,
green lacewings, ladybirds

24.2 (±18.7)

Wild bee abundance Bumblebees, other wild bees 10.6 (±9.0)

Wild bee richness Number of wild bee species 3.2 (±1.4)

Wild bee diversity Shannon-Index of wild bee
species

0.8 (±0.3)

DISCUSSION

We found clear effects of landscape characteristics and flower
strip traits on the abundance and diversity of different functional
insect groups in annual flower strips. While all investigated
groups and indices except natural enemies were negatively
influenced by the area of BPA in the surrounding landscapes,
BPA with elevated ecological quality had a positive effect on
the abundance of total insects and pollinators in specific. In
addition, forest area positively affected total insect abundance.
Of the investigated flower strip traits, flower coverage was

positively correlated with pollinator and wild bee abundance
in flower strips.

Dilution Effects by Biodiversity
Promotion Areas
The area of BPA in the surrounding landscape was negatively
correlated with all biodiversity indicators, except for natural
enemy abundance. This was unexpected, as we assumed that BPA
in the landscape would increase insect abundance and diversity
in flower strips. Previous research has mostly shown positive
effects of semi-natural habitats on the abundance and diversity
of ecosystem service providers at the landscape scale (Batáry
et al., 2015; Holland et al., 2017; Zingg et al., 2019). Grassland
habitats, especially extensively managed (low input) meadows
which represented the most abundant BPA in our study, often
harbor high pollinator species richness and abundances, as they
provide mating, foraging and nesting sites (Pfiffner et al., 2018).
In our case, however, a high proportion of BPA in the landscape
apparently diluted insect abundance in flower strips. We suppose
that in our case observed insect densities in flower strips more
strongly reflect the distribution of individuals among alternative
floral resources in the surrounding landscape than the total
abundance in a given area (Haenke et al., 2009; Carvell et al.,
2011). As indicated by the intermediate landscape-complexity
hypothesis (Tscharntke et al., 2012), relative insect abundances
in flower strips may be highest in landscapes with intermediate
proportions of semi-natural farmland habitats and when moving
from moderate to high landscape complexity, dilution effects
may increasingly outperform facilitation. Indeed, most of our
study landscapes would categorize as rather complex on an
international scale, as they harbor on average 20% (±14) natural
areas (i.e., forests) and an additional 5.4% (±1.9) semi-natural
farmland habitats (i.e., BPA).

Irrespective of this result, it is the overall abundance of
service providers in the landscape that determines the strength
of provided ecosystem services. To support large and effective
populations of service providers on the long-term, a network of
diverse semi-natural habitats is indispensable (Sutter et al., 2018).
Thus, landscape level greening, i.e., a high share of biodiversity
promotion areas is crucial to maintain ecosystem services in the
long term. Particularly annual flower strips are only temporary
available habitats that can bypass resource scarcity but are
plowed in autumn (Ramseier et al., 2016). Annual flower strips
are therefore not sufficient to ensure a safe overwintering of
arthropods and need complementing perennial habitats at spill-
over distance (Ganser et al., 2019).

Facilitation Effect by Forest and
Biodiversity Promotion Areas With High
Ecological Quality
On the other hand, overall insect abundance in flower strips
increased with the area of forest in the landscapes. Natural
habitats are known to promote overall biodiversity and a share
of at least 20% is often needed to maintain high species richness
in agricultural landscapes (Tscharntke et al., 2012; Zingg et al.,
2018). Nevertheless, none of the functional groups was correlated
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TABLE 3 | Summary of linear mixed-effects models for total insect, pollinator, and natural enemy abundance with estimates (Est.), standard errors (SE), degrees of
freedom (df), t-values (t), and p-values (***p < 0.001, **p < 0.01, *p < 0.05, .p < 0.1) for all fixed effects.

Total insect abundance Pollinator abundance Natural enemy abundance

Predictors Est. SE df t p Est. SE df t p Est. SE df t p

(Intercept) 34.20 114.54 63.27 0.30 0.766 21.80 23.15 63.34 0.94 0.350 −9.60 24.31 63.38 −0.39 0.694

Flower strip size −25.52 82.51 58.89 −0.31 0.758 4.85 17.07 62.80 0.28 0.777 −8.77 17.82 61.42 −0.49 0.624

Flower coverage −0.04 1.07 176.63 −0.03 0.972 1.03 0.18 162.87 5.64 <0.001*** −0.38 0.19 163.33 −1.96 0.052.

Flowering plant species richness −1.98 5.09 174.35 −0.39 0.697 0.13 0.91 184.55 0.14 0.888 0.74 0.96 183.52 0.77 0.441

Mean field size 14.54 39.72 59.76 0.37 0.716 1.57 8.17 61.58 0.19 0.848 9.27 8.54 61.09 1.09 0.282

Crop diversity 62.07 46.86 59.78 1.32 0.190 2.06 9.66 63.12 0.21 0.831 12.00 10.09 62.03 1.19 0.239

BPA area −3.48 1.59 59.95 −2.19 0.033* −0.90 0.33 62.23 −2.77 0.007**
−0.13 0.34 61.59 −0.37 0.710

BPA area with quality 4.47 2.53 64.06 1.77 0.082. 0.93 0.51 65.01 1.84 0.070. 0.09 0.54 65.42 0.16 0.872

Forest area 0.51 0.24 59.05 2.12 0.038*
−0.02 0.05 61.95 -0.36 0.721 0.06 0.05 60.86 1.24 0.219

Edge length 0.72 1.46 60.42 0.50 0.622 0.14 0.30 62.69 0.46 0.645 0.01 0.31 61.85 0.03 0.977

Random effects

τ00 Flower strip ID 323.18 161.27 174.29

Year 4422.03 48.13 93.36

N Flower strip ID 74 74 74

Year 6 6 6

Observations 196 196 196

Marginal R2/Conditional R2 0.110/0.752 0.180/0.774 0.065/0.765

For random effects, intercept variance (τ00), and number of random effect levels (N) are shown. In addition, the number of observations and marginal and conditional R2

are given. Kenward-Roger approximation was used to compute degrees of freedom and p-values. BPA, Biodiversity Promotion Areas. Significant p-values (<0.05) and
trends (<0.1) are shown in bold.

TABLE 4 | Summary of linear mixed-effect models for wild bee abundance, wild bee richness, and wild bee diversity with estimates (Est.), standard errors (SE), degrees
of freedom (df), t-values (t), and p-values (***p < 0.001, **p < 0.01, *p < 0.05, .p < 0.1) for all fixed effects.

Wild bee abundance Wild bee richness Wild bee diversity

Predictors Est. SE df t p Est. SE df t p Est. SE df t p

(Intercept) 3.72 12.38 63.41 0.30 0.765 5.47 2.80 24.17 1.95 0.063. 1.55 0.63 22.87 2.45 0.023*

Flower strip size 4.62 9.14 63.18 0.51 0.615 2.29 1.94 23.84 1.18 0.249 0.60 0.43 22.51 1.38 0.180

Flower coverage 0.27 0.10 162.63 2.81 0.005*
−0.00 0.03 64.82 −0.17 0.868 −0.00 0.01 69.90 −0.55 0.585

Flowering plant species richness 0.28 0.49 184.82 0.59 0.558 0.09 0.12 62.14 0.75 0.454 0.01 0.03 61.48 0.43 0.672

Mean field size −0.00 4.37 61.73 −0.00 1.000 −0.96 0.91 21.76 −1.06 0.300 −0.17 0.20 20.49 −0.83 0.419

Crop diversity 1.68 5.17 63.42 0.32 0.747 −0.29 1.25 24.91 −0.23 0.819 −0.15 0.28 24.09 −0.53 0.602

BPA area −0.33 0.17 62.40 −1.88 0.065. −0.07 0.03 23.43 −2.18 0.040* −0.02 0.01 22.45 −2.25 0.034*

BPA area with quality 0.31 0.27 64.80 1.13 0.261 0.00 0.06 27.15 0.05 0.961 −0.00 0.01 26.31 −0.01 0.988

Forest area −0.01 0.03 62.33 −0.55 0.586 −0.01 0.01 25.51 −0.87 0.393 −0.00 0.00 24.84 −0.69 0.494

Edge length 0.23 0.16 62.94 1.46 0.149 0.03 0.04 22.95 0.68 0.503 0.00 0.01 21.68 0.19 0.848

Random effects

τ00 Flower strip ID 46.39 0.69 0.02

Year 11.61 0.74 0.03

N Flower strip ID 74 36 36

Year 6 3 3

Observations 196 80 80

Marginal R2/Conditional R2 0.094/0.746 0.143/0.682 0.120/0.509

For random effects, intercept variance (τ00) and number of random effect levels (N) are shown. In addition, the number of observations and marginal and conditional R2

are given. Kenward-Roger approximation was used to compute degrees of freedom and p-values. BPA, Biodiversity Promotion Areas. Significant p-values (<0.05) and
trends (<0.1) are shown in bold.

with forest area. This suggests that forests facilitate insect species
and groups that are attracted by resources offered in flower
strips but are not considered as pollinators or natural enemies

of crop pests. Although, forest edges can potentially act as
a source of pollinators, the effect may further depend up on
microclimatic conditions (Bailey et al., 2014), the vegetation
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FIGURE 2 | Relationships between (A) total insect abundance, (B) pollinator abundance, (C) natural enemy abundance, (D) wild bee abundance, (E) wild bee
species richness, (F) wild bee diversity and the total area of biodiversity promotion areas (BPA) in the 1 km radius landscape circles. Model predictions with 95%
confidence intervals and raw data points are shown.

FIGURE 3 | Relationships between (A) total insect abundance and biodiversity promotion areas (BPA) with ecological quality, (B) total insect abundance and forest,
and (C) pollinator abundance and BPA with ecological quality. Model predictions with 95% confidence intervals and raw data points are shown.

(Roberts et al., 2017), as well as the specific nesting behavior of
a given species (Odanaka and Rehan, 2020). As highlighted by
Ewers and Didham in their comprehensive review on habitat
fragmentation and edge effects (2006), different invertebrate
species are likely to vary strongly in their response to habitat
edges and the composite of often contrasting responses may
result in little to no effects on overall abundance and species
richness observed.

In addition, also the share of BPA with ecological quality
tend to promote overall insect and pollinator abundance. This
stands in contrast to overall BPA area that had a negative

effect but is more in line with our hypotheses. We assume,
that the fulfilment of ecological quality requirements led to
a pronounced improvement of landscape-scale habitat quality,
capable to foster insect populations on the large scale and the
long term. There are several reasons, why BPA with quality
may represent an overall improvement of habitat quality for
multiple insect groups: First, grassland BPA with high ecological
quality harbor a higher botanical diversity, known to be a major
driver of pollinator abundance and richness (Albrecht et al.,
2007). Second, in grassland BPA with quality, the use of hay
conditioners, knowing to tremendously reduce insect abundance
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FIGURE 4 | Relationships between (A) pollinator abundance, (B) wild bee abundance, and (C) natural enemy abundance and flower coverage. Model predictions
with 95% confidence intervals and raw data points are shown.

is not allowed (Frick and Fluri, 2001). Third, in woody BPAs
with high ecological quality (e.g., hedges) additional structural
elements such as piles of branches or stones and nest boxes
for wild bees are offered. BPA with high ecological quality
have thus previously shown to enhance different components of
biodiversity at the landscape level and may thus represent an
important key to foster pollinators and insects overall (Meichtry-
Stier et al., 2014; Zingg et al., 2019). BPA with lower ecological
quality, on the other hand, may not be sufficient to provide
sufficient key resources for many insect groups.

High Flower Coverage Promotes
Pollinator Abundance
Both, pollinator, and wild bee abundance increased with
flower coverage inside the flower strips. This corroborates our
hypotheses and shows that not only landscape, but also the
flower strip configuration and ecological quality is decisive.
Flower strips thus need to contain high flower density to support
high pollinator numbers (Krimmer et al., 2019). Yet, no effect
on species richness or diversity was observed. Species-specific
reactions to flower strip traits have often been documented
(Wood et al., 2015) and many wild bee species show a
distinct response depending on floral and nesting resources
(Pfiffner et al., 2019). Apparently, the annual flower strips
investigated here attracted mainly generalistic wild bees (98.7%
of the observed wild bee individuals were polylecthic species)
and, as a consequence, the wild bee communities observed
were dominated by few, but abundant species (68% of all
individuals belonged to only five species). Indeed, the flower
strips investigated here were often dominated by few flowering
plants such as Phacelia or Buckwheat that seem to be mainly
attractive to these few generalists. In this regard, it is not very
surprising that no effect of flower coverage on species richness
or diversity was observed. However, also flowering plant species
richness had no effect on wild bee richness and diversity. This
can be explained by the fact that the presence of key plants is
more important for wild bee diversity than flower coverage or
plant species diversity per se (Sutter et al., 2018; Warzecha et al.,
2018). Although our seed mixtures (Supplementary Table 1.1)
contained some of the key plants mentioned by Sutter et al.

(2018) and Warzecha et al. (2018), such as Phacelia tanacetifolia,
Anthemis tinctoria, and Origanum vulgare, P. tanacetifolia was
the only key plant that properly emerged. Including additional
key plants and improving their emergence may therefore be
important to support species diversity and enhance the stability
and resilience of ecosystem services (Warzecha et al., 2018).

No Effect of Configurational Complexity
From the parameters related to configurational complexity,
neither field size, nor crop diversity or edge length had a
significant effect on insect abundance or diversity. This contrasts
our expectations based on the findings that pollinators and
natural enemies and their services increase with configurational
landscape complexity (Krimmer et al., 2019; Martin et al.,
2019; Albrecht et al., 2020). A diverse cropping matrix with
small fields can provide a temporal continuity of food, nesting
sites and shelter and promote biodiversity, including pollinators
and natural enemies (Bianchi et al., 2006; Hass et al., 2018;
Sirami et al., 2019). A lack of effect of configurational
complexity measures can be explained in three ways: First, all
of our flower strips were established in rather heterogeneous
agricultural landscapes with comparably small fields (mean± SD:
1.0 ha ± 0.2), high crop diversity (mean ± SD: 15 ± 1.4
crop types according to Supplementary Table 2.1) and many
patches of non-crop areas. Hereby the contrast, or gradient,
for configurational complexity may have been insufficient to
detect any ecologically relevant effect and corroborates earlier
results from the Swiss lowland (Zingg et al., 2018). Second, field
margins in the study area are often small to non-existent or
of low ecological quality, as they are impacted by agrochemical
drift from mostly intensively managed fields. As a result, the
small field size in the Swiss lowlands does not necessarily
correlate with more habitat for insects, and unproductive
structural complexity in marginal areas may be low compared
to nearby regions in neighboring countries (Tschumi et al.,
2020). Finally, as highlighted above, the variable and often
diverging responses of individual species to habitat edges and
the complex effects of habitat edges on species interactions may
simply have blurred an ecological signal in our functional groups
(Ewers and Didham, 2006).
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No Effect on Natural Enemy Abundance
Remarkably and in contrast to our expectations, none of the
selected landscape characteristics and flower strip traits had
a significant effect on natural enemy abundance (with the
exception of a negative trend of flower coverage). A recent
meta-analysis corroborates these findings by showing that flower
strip traits and landscape context had little effect on biological
control (Albrecht et al., 2020). One explanation might be that
seed mixtures designed to promote pollination are not optimal
for the promotion of other ecosystem services such as pest
control (Windsor et al., 2021). Although in our study various
seed mixtures were used, at least some of them where specifically
designed to attract pollinators. Hereby, and in contrast to
pollinators, natural enemies strongly depend on the distribution
of their prey or hosts and cannot reproduce with floral resources
alone. Another explanation for the lack of effects might be that
the group of natural enemies consists of several groups with
highly specialized and diverging life-histories. The communities
of natural enemies in our study were mainly dominated by the
abundance of hoverflies and parasitic wasps (see Supplementary
Material 3). While hoverflies are rather generalist predators,
parasitic wasps are highly specialized on few or single host
species. Although the occurrence of both groups is driven by
the availability of resources for larvae and adults (Moquet et al.,
2018), they often have very differing requirements. Lumping
various natural enemy groups together might have resulted in too
much variance in their responses to landscape characteristics and
flower strip traits to detect any biological signal.

CONCLUSION

Our results provide evidence that both flower strip traits and
landscape characteristics are important for the abundance of
insects overall and different functional groups in annual flower
strips. This was particularly true for pollinators and wild bees in
specific. The negative effect of BPA area with standard quality
but positive effect of BPA area with high ecological quality,
suggests that to support viable populations of insects, ecological
quality (high botanical and/or structural diversity) of semi-
natural habitats is decisive. This is similarly true for the flower
strips themselves that need high flower coverage to be attractive.
To enhance overall insect abundance and pollinators in specific,
annual flower strips therefore need to be complemented by BPA
of high quality and designed to yield high flower coverage.
However, to enhance biodiversity of wild bees and likely many
other taxonomic groups, flower strips may need to be left in place

for multiple years, with high diversity perennial seed-mixtures
that also contain key plants for specialized insect species. This
study provides new insights into how landscape context and
flower strip traits in combination influence insect communities
and ecosystem service providers. Taking these findings into
account can help improving the effectiveness of flower strips in
promoting biodiversity and the delivery of associated regulatory
ecosystem services such as pollination or natural pest control.
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