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Abstract
Establishing wildﬂower strips has been suggested as an effective measure to promote pollination services, pest control or
general insect biodiversity, but little is known about the integration of these different objectives when selecting ﬂower seed
mixtures. In ten agricultural landscapes in the Netherlands, we established a wildﬂower strip (0.4 4.9 ha) with half of each
strip sown with a mixture targeting longer-tongued pollinators and the other half sown with a mixture targeting shorter-tongued
pollinators and natural enemies. We determined establishment success of sown wildﬂowers and evaluated the attractiveness of
the established ﬂower communities to multiple functional groups of ﬂower visitors: bumblebees (long-tongued pollinators),
hoverﬂies (short-tongued pollinators and natural enemies), and butterﬂies and total ﬂower-visitor richness (indicators of wider
biodiversity values). Bumblebees clearly preferred the pollinator-targeted seed mixture and were positively associated with
cover of Fabaceae and negatively with Apiaceae. Hoverﬂies consistently preferred the natural enemy mixture and were positively associated with Apiaceae. The other target groups displayed no clear responses to seed mixture type but instead were
associated with local ﬂower richness within strips. Across sites, responses of ﬂower-visitors to sown mixture types did not
depend on wildﬂower strip size, proportion of surrounding semi-natural habitat, or ﬂower variables. However, all ﬂower-visitors except butterﬂies increased with increasing established cover or richness of (sown) ﬂower species across sites. Our results
suggest that, although species-rich wildﬂower strips may beneﬁt several species groups, maximising different objectives
involves trade-offs between functional groups that prefer short- or long-corolla ﬂowers. Furthermore, our study suggests that
sowing a wildﬂower mixture does not necessarily result in a vegetation with the same composition as the seed mixture as species may establish poorly or not at all. Selection of ﬂower species for seed mixtures should therefore, in addition to insect target
group, take the establishment characteristics of plant species into account.
© 2021 Gesellschaft für Ökologie. Published by Elsevier GmbH. All rights reserved.

Keywords: Flower plantings; Pollination; Pest control; Agri-environmental measures; Bumblebees; Hoverﬂies; Butterﬂies

*Corresponding author.
E-mail address: jeroen.scheper@wur.nl (J. Scheper).
https://doi.org/10.1016/j.baae.2021.08.014
1439-1791/© 2021 Gesellschaft für Ökologie. Published by Elsevier GmbH. All rights reserved.

402

J. Scheper et al. / Basic and Applied Ecology 56 (2021) 401 415

Introduction
Agricultural intensiﬁcation and land use change have,
mainly through associated reductions in the availability of
ﬂoral resources in agricultural landscapes (Scheper et al.,
2014), caused sharp declines in many ﬂower-visiting insect
species (Bartomeus, Stavert, Ward & Aguado, 2019;
Powney et al., 2019; Van Strien, van Swaay, van Strien-van
Liempt, Poot & WallisDeVries, 2019). In addition to concern about the loss of biodiversity per se, this has raised concern about potential consequences for the delivery of
ecosystem services by ﬂower-visiting insects. Insects that
depend on ﬂowers for pollen and nectar play an essential
role in the pollination of wild plants and crops
(Ollerton, Winfree & Tarrant, 2011; Rader et al., 2016) and
many ﬂower-visiting insect species, such as aphidophagous
hoverﬂies and (parasitoid) wasps, provide natural pest control services in agricultural landscapes (ChaplinKramer, de Valpine, Mills & Kremen, 2013; Schmidt et al.,
2003).
Since the early 1990s, agri-environmental measures that
aim to enhance ﬂoral resources, such as sowing wildﬂower
seed mixtures in ﬁeld margins or set-aside ﬁelds (henceforth
referred to as wildﬂower strips), have increasingly been
implemented in many European countries to mitigate the
decline of ﬂower-visiting insects (Haaland, Naisbit & Bersier, 2011). Initially the main objective of these wildﬂower
strips was to promote biodiversity in general (Aviron et al.,
2006; Feber, Smith & Macdonald, 1996; Thomas & Marshall, 1999). However, with a steadily increasing demand
for agricultural products, measures are needed that help
increase agricultural production without negatively impacting biodiversity (Bommarco, Kleijn & Potts, 2013). Consequently, there is a growing interest in establishing
wildﬂower strips that speciﬁcally enhance the insect species
groups that provide pollination and biological pest control
services (Albrecht et al., 2020; Cresswell, Cunningham,
Wilcox & Randall, 2019).
With land being scarce, the establishment of wildﬂower
strips should ideally address biodiversity conservation, crop
pollination and natural pest control at the same time. However, these different conservation objectives are thought to
require different ﬂower seed mixtures, because foraging
traits and food preferences differ between different functional groups of ﬂower visitors. Wildﬂower strips speciﬁcally targeted at pollinating insects are often composed of
ﬂower species with long corollas such as Fabaceae to beneﬁt
bumblebees (Pywell et al., 2006; Wood, Holland, Hughes &
Goulson, 2015), the main group of wild crop pollinators in
Europe (Kleijn et al., 2015). In contrast, ﬂower mixtures targeting the main natural enemies of agricultural pests (e.g.
predatory hoverﬂies, and parasitoid and predatory wasps)
are generally dominated by short-corolla ﬂower species such
as Apiaceae and Asteraceae (Campbell, Biesmeijer, Varma
& W€ackers, 2012; Tschumi et al., 2016; Tschumi, Albrecht,
Entling & Jacot, 2015; Van Rijn & W€ackers, 2016).

However, the beneﬁts of these pollination and bio-control
mixtures for wider biodiversity of ﬂower-visiting insects
may be limited (Wood, Holland & Goulson, 2015, 2017).
Determining how plant species composition affects the
use of mixtures by different functional groups of ﬂower visitors as well as wider biodiversity values can help explore
whether it is possible to have multi-functional ﬂower strips
and what plant species these should contain. Although this
has been the focus of a number of recent studies
(Balzan, Bocci & Moonen, 2014; Campbell et al., 2012;
Korpela, Hyv€onen, Lindgren & Kuussaari, 2013;
Warzecha, Diek€otter, Wolters & Jauker, 2018), these have
been restricted to plot-scale comparisons of the attractiveness of different sown ﬂower seed mixtures to different
ﬂower visitor groups. Such studies provide valuable information, but their results are difﬁcult to scale up to implications for ﬁeld- or farm-scale management. In real-world
agricultural practice, established wildﬂower strips are generally several orders of magnitude larger than those examined
in plot-scale studies (Boetzl, Krimmer, Krauss & SteffanDewenter, 2019; Grass et al., 2016). This may affect the
attractiveness of sown wildﬂowers to different ﬂower-visitor
groups (Carvell et al., 2011; Nielsen et al., 2012). Furthermore, sowing a wildﬂower mixture does not automatically
result in a vegetation with the same composition as the seed
mixture (Bretzel, Pezzarossa, Benvenuti, Bravi & Malorgio,
2009; Schmidt, Kirmer, Kiehl & Tischew, 2020). In practice, factors such as soil type, original land use, sowing
method and weather conditions strongly inﬂuence the establishment success of wildﬂower seed mixtures, and, in turn,
ﬂower-visitor responses. Plant species that are highly attractive to target insect groups under experimental conditions
but fail to establish when sown in real-world situations have
limited value. Finally, since ﬂower-visitor responses to wildﬂower strips have been shown to depend on the availability
of alternative ﬂoral resources in the surrounding landscape
(Scheper et al., 2015), the relative attractiveness of different
sown seed mixtures may depend on the surrounding landscape as well. Evaluating the attractiveness of different seed
mixtures to ﬂower-visitors should therefore be performed at
spatial scales relevant to farming practice, and should take
variation in local and landscape environmental conditions
into account. However, to date such evaluations are lacking.
In this study we performed a landscape-scale experiment
to evaluate the attractiveness of two functionally contrasting
ﬂower seed mixtures to multiple functional groups of
ﬂower-visitors. In ten agricultural landscapes in the Netherlands we established wildﬂower strips ranging in size from
0.4 to 4.9 ha. Half of each strip was sown with a wildﬂower
seed mixture typically targeting longer-tongued pollinators;
the other half was sown with a mixture targeting shortertongued pollinators and natural enemies. We surveyed ﬂowers and ﬂower-visiting insects in the ﬂower strips to 1) compare the attractiveness of the two mixtures to pollinators,
natural enemies and the wider ﬂower-visitor community, 2)
assess whether and how responses of ﬂower-visitors are
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affected by local and landscape-scale factors such as size of
the ﬂower strips, established ﬂower cover and richness in
the strips and surrounding landscape composition, and 3)
examine which plant taxa are associated with each of the
ﬂower visitor groups. The insights gained from this study
will help develop seed mixtures for ﬂower strips that may
simultaneously realise conservation and ecosystem service
objectives.

Materials and methods
Study design
In 2012, we selected ten 50 ha study sites located in landscapes predominantly containing agricultural land in the
southern part of the Netherlands (Bukovinszky et al., 2017;
Kleijn et al., 2018). Eight sites were located on sandy soil;
two sites were located on loamy soil. The size of the study
sites was based on the average size of Dutch farms (42 ha
(CBS, 2015)), thereby reﬂecting the relevant spatial scale at
which individual farmers can implement measures to promote ﬂower-visiting insects. The study sites covered a gradient in percentage cover of open semi-natural habitat (e.g.
extensively used grasslands, fallows, ﬁeld boundaries, road
verges and ditch banks) (min = 0.3%, max = 12.0%, mean
§ SE = 5.0 § 1.4; see Appendix A: Table A1). Minimum
distance between sites was 4 km.
A wildﬂower strip was established on an agricultural ﬁeld
located in the centre of each study site. Wildﬂower strips
ranged in size from 0.4 to 4.9 ha and were sown on ﬁelds
that differed in original land use, which may affect the establishment of sown and spontaneously emerging plant species.
Four ﬁelds, owned by farmers, were intensively managed
arable ﬁelds; the other ﬁelds were extensively managed
(three former low-input grasslands and three extensively
managed arable ﬁelds) and owned by nature organisations
or Wageningen University & Research. The seed mixtures
were provided to the land owners who were responsible for
preparing the soil and sowing the mixtures. Eight wildﬂower
strips were sown in autumn 2012; the other two wildﬂower
strips were sown in early spring 2013. At each site, half of
the wildﬂower strip was sown with a seed mixture that was
composed to target longer-tongued pollinators (henceforth
referred to as “pollinator mixture”); the other half was sown
with a mixture typically targeting shorter-tongued pollinators and natural enemies (“natural enemy mixture”). The
pollinator mixture predominantly consisted of long-corolla
ﬂower species (Fabaceae species contributing 35% to the
total weight of the seed mixture, no Apiaceae species
included in the mixture), whereas the natural enemy mixture
comprised predominantly short-corolla ﬂower species (40%
Apiaceae, no Fabaceae) (Table 1). Both mixtures were sown
at a rate of 10 kg seeds/ha. In autumn 2013 (late September
- early October) all wildﬂower strips were mown, with
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cuttings removed, to suppress dominance of spontaneously
established grasses.

Surveying ﬂowers and ﬂower-visiting insects
Flower-visiting insects and ﬂowers were surveyed in 2013
and 2014, in the ﬁrst and second year after establishment of
the ﬂower strips. Flower strips were surveyed three times in
2013 (June, July and August) and two times in 2014 (June
and August). We focused on three distinct functional species
groups: bumblebees, hoverﬂies and butterﬂies. Bumblebees
are the primary group of wild crop pollinators in Europe
(Kleijn et al., 2015), while (aphidophagous) hoverﬂies can
provide both pest control and pollination services
(Pekas, De Craecker, Boonen, W€ackers & Moerkens, 2020).
Butterﬂies are often used as indicators for conservation
value (Korpela et al., 2013; Stefanescu, Pe~nuelas & Filella,
2005) and are generally appreciated by the public for their
aesthetic value (Rada et al., 2019). Flower-visitors were
sampled using standardized ﬁve-minute transect walks in
5 m £ 10 m transects. In each ﬂower strip, we randomly
located ﬁve (non-overlapping) transects in the pollinator
mixture and ﬁve transects in the natural enemy mixture on
each sampling occasion. Flower-visiting insects were surveyed on days with dry weather, low wind speeds and temperatures above 15 °C, between 9:00 and 18:00 h. Flowervisitors that could not be identiﬁed on the wing were collected using an insect net and brought to the laboratory for
later identiﬁcation. In each transect, ﬂower availability was
determined by recording ﬂower cover and species richness
of all forb species ﬂowering at the time of the survey. We
calculated the total ﬂower cover for each recorded forb species as the total number of ﬂower units (which were e.g. single ﬂowers for Papaveraceae, ﬂower heads for Asteraceae,
umbels for Apiaceae and racemes for Fabaceae) £ the mean
surface area of the ﬂower unit, divided by the transect area
(Scheper et al., 2015).

Data analysis
To examine differences in established ﬂower cover and
richness between mixtures, and whether these depended on
across-site differences in wildﬂower strip size and original
land use, we used linear mixed models and an information
theoretic approach based on data pooled over the ﬁve transects per mixture, sampling round and year. These analyses
were performed separately for total ﬂower cover in the strips
(i.e. including spontaneously established species), total
ﬂower richness, cover of established sown ﬂower species,
and the percentage of ﬂower species in the seed mixtures
that established. We constructed a model set consisting of
models containing all combinations (i.e. including an intercept only model) of the ﬁxed factors mixture (pollinator vs.
natural enemy), original land use (intensive vs. extensive)
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Table 1. Plant species included in the different wildﬂower seed mixtures, and their presence and average cover per mixture (averaged over
survey rounds and years) in the experimental ﬂower strips.
Species

Family

Proportion in
seed mix

# sites recorded

Average cover (%) § SE per site (range)

Pollinator mixture
Borago ofﬁcinalis
Centaurea jacea
Crepis biennis
Hypochaeris radicata
Lotus corniculatus
Malva sylvestris
Onobrychis viciifolia
Papaver rhoeas
Tanacetum vulgare
Trifolium incarnatum
Trifolium pratense

Boraginaceae
Asteraceae (Carduoideae)
Asteraceae (Cichorioideae)
Asteraceae (Cichorioideae)
Fabaceae
Malvaceae
Fabaceae
Papaveraceae
Asteraceae (Asteroideae)
Fabaceae
Fabaceae

0.10
0.10
0.05
0.10
0.01
0.10
0.08
0.10
0.10
0.25
0.01

10
10
7
10
8
10
2
10
10
10
8

0.029 § 0.024 (0
0.045 § 0.013 (0
0.032 § 0.019 (0
0.101 § 0.025 (0
0.002 § 0.001 (0
0.128 § 0.028 (0
<0.001 § <0.001 (0
0.276 § 0.099 (0
0.007 § 0.005 (0
0.007 § 0.003 (0
0.007 § 0.003 (0

0.636)
0.442)
0.522)
0.707)
0.027)
1.139)
0.001)
2.656)
0.269)
0.148)
0.078)

Natural enemy mixture
Achillea millefolium
Anethum graveolens
Angelica sylvestris
Anthriscus sylvestris
Cichorium intybus
Fagopyrum esculentum
Foeniculum vulgare
Pastinaca sativa

Asteraceae (Asteroideae)
Apiaceae
Apiaceae
Apiaceae
Asteraceae (Cichorioideae)
Polygonaceae
Apiaceae
Apiaceae

0.10
0.10
0.05
0.05
0.10
0.40
0.10
0.10

10
6
1
1
9
4
5
4

2.047 § 0.929 (0
0.055 § 0.034 (0
<0.001 § <0.001 (0
<0.001 § <0.001 (0
0.128 § 0.098 (0
0.102 § 0.096 (0
0.046 § 0.033 (0
0.032 § 0.021 (0

18.661)
1.715)
0.009)
0.024)
4.426)
4.411)
1.389)
0.828)

and ﬂower strip size, and all their two-way interactions.
Study site, with mixture nested within study site, was
included as a random effect. Since we were interested in the
generality of patterns across years and sampling rounds, we
also included the combination of year and sampling round
as a crossed random effect (but see Appendix A: Fig. A1 for
differences between mixtures in individual rounds and
years). All predictors were standardized (scaled and centred)
to aid comparison of effect sizes and allow model-averaging
of main effects in presence of interactions. Total ﬂower
cover and ﬂower cover of sown species were ln-transformed
to improve normality and homoscedasticity of residuals.
To examine whether abundance and richness of bumblebees, hoverﬂies and butterﬂies, and total ﬂower visitor richness differed between the pollinator and the natural enemy
mixture, and whether this was affected by local and landscape-scale environmental factors, we used an approach
similar to the previous analysis. A set of models was constructed containing all possible combinations of mixture,
ﬂower strip size, percentage of semi-natural habitat, total
ﬂower cover and richness, and cover and richness of sown
species in the mixtures. All two-way interactions with mixture were included as well. Total ﬂower cover and cover of
sown species were ln-transformed to reduce positive skew.
Individual models within the model set were restricted to
contain a maximum of three predictors to limit model complexity and the total number of models considered, given the
sample size (Burnham, Anderson & Huyvaert, 2011).

Analyses were performed using generalized linear mixed
models, with Poisson error distribution and log-link function
for butterﬂy richness and total ﬂower-visitor richness, gaussian distribution and identity-link for bumblebee richness,
and negative binomial distribution (with variance increasing
quadratically with the mean) and log-link for the other
response variables.
Finally, to get a more in-depth understanding of the
response of ﬂower-visitors to the different seed mixtures, we
used generalized linear mixed models, based on the
unpooled transect-level data, to examine how ﬂower-visitor
response variables in the transects were related to cover of
speciﬁc sown ﬂower species in the transects. In these analyses relationships between ﬂower-visitor groups and ﬂower
composition were examined within the ﬂower strips as a
whole; i.e. without distinguishing between sown mixture
types. As the range of species richness values at the transect
level was limited for the individual ﬂower-visitor groups,
analyses were only performed for abundance data of the different ﬂower-visitor groups and for total ﬂower-visitor richness. All response variables were analysed using a negative
binomial error distribution and log-link function, with variance increasing linearly with the mean for bumblebee and
butterﬂy abundance, and quadratically for hoverﬂy abundance and total ﬂower-visitor richness. Explanatory variables were total ﬂower cover and richness, and cover of sown
Borago ofﬁcinalis, Centaurea jacea, Malva sylvestris, Papaver rhoeas, Apiaceae (Anethum graveolens, Angelica
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sylvestris, Anthriscus sylvestris, Foeniculum vulgare and
Pastinaca sativa), Asteroideae (Achillea millefolium and
Tanacetum vulgare), Cichorioideae (Crepis biennis, Hypochaeris radicata and Cichorium intybus) and Fabaceae
(Lotus corniculatus, Onobrychis viciifolia, Trifolium incarnatum and T. pratense). Flower cover percentages were lntransformed (with minimum non-zero value added) to
reduce positive skew. As the focus of this analysis was speciﬁcally on associations between ﬂower-visitors and ﬂower
taxa within sites (rather than across sites), all explanatory
variables were scaled within sites, years and rounds (Van de
Pol & Wright, 2009). Models incorporated study site and
year-sampling round combination as random factors. For
each response variable we constructed an all-subsets model
set, with individual models restricted to contain a maximum
of four predictors to limit model complexity and the total
number of models.
In all analyses, we ranked models based on their Akaike
Information Criterion values (corrected for small sample
size, AICc) and restricted our candidate set to models with
DAICc < 2. We calculated full-model averaged parameter
estimates (b) for each explanatory variable in the candidate
model set to account for model selection uncertainty
(Symonds & Moussalli, 2011). Variance inﬂation factors
calculated for the predictors in the global models did not
indicate multicollinearity in any of the analyses (all VIFs <
5). Analyses were performed using R version 4.0.2 (R Core
Team, 2020).

Results
Differences in ﬂower establishment between
mixtures and sites
The degree of establishment of the sown ﬂower species
varied amongst species and sites, with ﬂower cover of the
sown species generally being low (Table 1). Achillea millefolium was present in relatively high cover in all sites. Borago ofﬁcinalis, Centaurea jacea, Hypochaeris radicata,
Malva sylvestris, Papaver rhoeas, Tanacetum vulgare and
Trifolium incarnatum were also found in all sites but had
lower average ﬂower cover. In contrast, Angelica sylvestris,
Anthriscus sylvestris and Onobrychis viciifolia were only
recorded at one or two sites, at very low cover. Aggregated
over years and rounds, on average 9.5 § 0.2 of the 11 sown
species were observed ﬂowering in the pollinator mixture
strips, whereas the average per site was only 4.0 § 0.3 of
the 8 sown species in the natural enemy mixture. Matricaria
sp. (9 sites), Capsella bursa-pastoris (8 sites) and Leucanthemum vulgare (7 sites) were the most commonly encountered spontaneously established ﬂower species.
Mixture type only affected the percentage of established
sown ﬂower species (explaining 38% of the variation,
Appendix A: Table A.2), with the percentage of established
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species ﬂowering on average per year and survey round
being higher in the pollinator (44%) than in the natural
enemy mixture (22%) (Fig. 1D). There was little support for
mixture inﬂuencing total ﬂower cover, total ﬂower richness
or sown ﬂower cover. For total ﬂower cover and cover of
sown species there was some support for interacting effects
of mixture and land use, but conﬁdence intervals for these
effects overlapped zero (Appendix A: Table A.2). Instead,
model-averaging results indicated that ﬂower cover and
cover of sown species mostly depended on the main effect
of original land use prior to sowing the wildﬂower strips,
with higher cover on intensively farmed sites (Fig. 1A,C)
than on sites managed by conservation organisations. Note,
though, that the variation explained by just this predictor
was low (Appendix A: Table A.2). Total ﬂower richness differed according to original land use as well, but was lower
on sites that were intensively farmed (Fig. 1B).

Differences in ﬂower-visitors between mixtures and
sites
A total of 2405 ﬂower-visiting insects were recorded over
the two years. Most observed ﬂower-visitors were hoverﬂies
(1385 individuals; 31 species), followed by butterﬂies (514
individuals; 28 species) and bumblebees (506 individuals; 7
species). The most frequently observed hoverﬂy species
were Eristalis tenax (14% of all hoverﬂies) and Sphaerophoria scripta (13%), whereas Pieris rapae (26%) and Polyommatus icarus (19%) were the most abundant butterﬂy
species and Bombus lapidarius (43%) and B. terrestris/lucorum (38%) the most abundant bumblebee species. Seven
Red-Listed butterﬂy species were recorded: Argynnis aglaja
(1 individual), Aricia agestis (5), Colias hyale (5), Hipparchia semele (1), Issoria lathonia (7), Lycaena tityrus (2)
and Pyronia tithonus (2). None of the bumblebees and hoverﬂies were Red Listed.
Attractiveness of the sown ﬂower seed mixtures differed
across ﬂower-visitor groups (Table 2; Appendix A: Table
A.3). Bumblebee abundance (Fig. 2A,B) and richness
(Appendix A: Fig. A.2A) were higher in the pollinator mixture, while hoverﬂy abundance (Fig. 2C) and richness
(Appendix A: Fig. A.2B) were higher in the natural enemy
mixture. In contrast, butterﬂy abundance and richness, and
total ﬂower-visitor richness, did not differ between mixture
types (Table 2; Appendix A: Table A.3). Effects of mixture
type did not depend on local or landscape factors for any of
the ﬂower-visitor groups, as indicated by the absence of
interaction effects in the candidate model sets. However,
local and landscape environmental factors did explain variation in ﬂower-visitor abundance and richness across study
sites. Bumblebee abundance increased with increasing local
ﬂower cover and percentage of semi-natural habitat across
sites (Fig. 2A,B), and the single best model (model weight
v = 1.00) containing mixture type, ﬂower cover and
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Fig. 1. (A-C) Model-estimated mean ﬂower cover (back-transformed) (A), ﬂower richness (B) and ﬂower cover of sown species (back-transformed) (C) in wildﬂower strips sown on intensively (light green) and extensively managed agricultural ﬁelds. (D) Model-estimated mean
percentage of established sown ﬂower species of the total number of sown species in the natural enemy mixture (blue) and pollinator mixture
(red) strips. Estimates represent means per 250 m2 transect area per survey round. Error bars display 95% conﬁdence intervals.

percentage semi-natural habitat explained 48% of the variation in bumblebee abundance (Table 2). Patterns for bumblebee richness were similar (Appendix A: Fig. A.2A), but
there was more model selection uncertainty associated with
the effect of semi-natural habitat (v = 0.45 for the highest
ranked model which contained semi-natural habitat), and its
95% CI overlapped zero (Appendix A: Table A.3). Hoverﬂy
abundance (Fig. 2C) and richness (Appendix A: Fig. A.2B)
increased with the number of established sown ﬂower species, although the explained variation was low. Total ﬂowervisitor richness was positively correlated with both total
ﬂower richness and the cover of established sown ﬂower
species (Fig. 2D,E), together explaining 19% of the variation. Total ﬂower-visitor richness tended to be positively
correlated with the percentage of semi-natural habitat in the
surrounding landscape as well (as indicated by the highest
ranked model, v = 0.70), but its 95% CI overlapped zero.
Across-site variation in butterﬂy abundance and richness

was not explained by any of the considered environmental
factors (Table 2; Appendix A: Table A.3). None of the
ﬂower-visitor groups were affected by wildﬂower strip size.

Associations between ﬂowers and ﬂower-visitors
In line with the varying responses of the ﬂower-visitor
groups to the sown seed mixture treatments, different
ﬂower-visitor groups responded differently to the composition of ﬂower species in the ﬂower strip transects (Table 3).
Flower cover of sown Fabaceae and Apiaceae species were
the most important factors explaining local distribution of
bumblebees within the ﬂower strips. Bumblebee abundance
was positively related with cover of sown Fabaceae species
(model averaged coefﬁcient b = 0.27) and negatively to
cover of sown Apiaceae species (b = 0.24). In contrast,
hoverﬂy abundance was positively correlated with Apiaceae
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Table 2. Model selection and model averaging results for effects of seed mixture and across-site variation in ﬂower strip size, ﬂower variables and proportion semi-natural habitat on abundance of bumblebees, hoverﬂies and butterﬂies, and total ﬂower-visitor richness. Candidate
models (D AICc < 2) are ranked in order of increasing differences in corrected Akaike Information Criterion. Model averaged parameter estimates (b) and 95% conﬁdence intervals are given for each explanatory variable. Conﬁdence intervals not overlapping zero are indicated in
bold. For each model the number of parameters (k), marginal R2 value (Rm2) and Akaike model weight (ꞷ), which indicates the probability
that a model is the best approximating model in the candidate set, is shown. SNH: proportion semi-natural habitat; Flcov: total ﬂower cover;
Flrich: total ﬂower richness; Sown ﬂcov: cover of sown ﬂower species; Sown ﬂrich: richness of sown ﬂower species.
Response

Model

Bumblebee abudance

Model 1

1.51

0.92

0.68

b
Lower 95% CI
Upper 95% CI

1.51
1.96
1.05

0.92
0.17
1.67

0.68
0.24
1.11

Model 1
Model 2
Model 3
Model 4

1.43
1.50
1.23
1.40

b
Lower 95% CI
Upper 95% CI

1.40
0.75
2.04

Hoverﬂy abundance

Butterﬂy abundance

Mixture Size SNH

Flcov

Flrich

Sown Sown
ﬂcov ﬂrich

0.15

1.16
1.26
0.98
1.10

0.02
0.18
0.22

1.13
0.46
1.80

0.27
0.31

0.07
0.23
0.36

0.07
0.28
0.42

k AICc

1.00 0.48

7
8
8
8

700.5
701.3
701.5
702.4

0.00
0.84
0.99
1.89

0.38
0.25
0.23
0.15

0.14
0.16
0.15
0.14

521.6
522.6
522.7
523.0
523.0
523.4

0.00
0.98
1.06
1.36
1.40
1.85

0.28
0.17
0.16
0.14
0.14
0.11

0.02
0.02
0.00
0.03
0.01
0.03

0.24
0.21

0.26

0.32 6
6
5
0.25 7
6
7

b
Lower 95% CI
Upper 95% CI

0.06
0.31
0.20

0.11
0.25
0.46

0.12
0.24
0.49

0.20

Total ﬂower-visitor richness Model 1
Model 2
b
Lower 95% CI
Upper 95% CI

cover (b = 0.35), and was furthermore positively, but less
strongly (b = 0.13), correlated with total ﬂower richness in
the transects. Local butterﬂy abundance increased across
transects with increasing ﬂower richness as well (b = 0.28),
but was negatively correlated with cover of sown Asteroideae (b =- 0.17). Finally, total ﬂower visitor richness was
mainly explained by total ﬂower richness (b = 0.17), cover
of sown Apiaceae (b = 0.10), and cover of sown Fabaceae
(b = 0.09), with total ﬂower visitor-richness being positively
correlated with these ﬂower variables.

Discussion
Developing multi-purpose ﬂower seed mixtures that
simultaneously address pollination, pest control and general

0.18

0.26 0.26
0.32 0.19

0.13
0.09
0.34

0.28 0.24
0.11 0.05
0.45 0.43

Rm2

8 483.8 0.00

Model 1
Model 2
Model 3
Model 4
Model 5
Model 6

0.29

D AICc v

7 488.6 0.00
6 490.2 1.76

0.70 0.24
0.30 0.19

biodiversity objectives requires insight in the attractiveness
of different seed mixtures and their component ﬂower species to different ﬂower-visitor species groups. Using a largescale ﬁeld experiment under real-world conditions, we
showed that bumblebees and hoverﬂies displayed contrasting responses to the different seed mixtures, with bumblebees clearly and consistently preferring the pollinator
mixture and hoverﬂies the natural enemy mixture. Hoverﬂies were positively correlated with local cover of Apiaceae,
while bumblebees were negatively associated with Apiaceae
but positively with Fabaceae. Butterﬂies, hoverﬂies and total
ﬂower-visitor richness were positively related to local ﬂower
species richness, whereas ﬂower richness did not feature in
any of the candidate models for bumblebees. Our study suggests that optimising ﬂower mixtures for one species group
will not beneﬁt or even comes at the expense of another
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Fig. 2. Conditional partial regression plots for effects of mixture and local and landscape environmental factors on bumblebee abundance (A,
B), hoverﬂy abundance (C) and total ﬂower-visitor richness (D,E) per 250 m2 transect area per survey round. Red: pollinator mixture; blue:
natural enemy mixture. Shaded areas indicate 95% conﬁdence intervals.

species group. Species-rich, multifunctional wildﬂower
strips may therefore beneﬁt several species groups but will
maximise neither of them.
As expected, and in line with studies that compared shortand long-corolla mixes at the smaller plot scale
(Campbell et al., 2012; Campbell, Wilby, Sutton &
W€ackers, 2017), bumblebees preferred the pollinator mixture (Fig. 2A,B; Appendix A: Fig. A.2A) while hoverﬂies

preferred the natural enemy mixture (Fig. 2C; Appendix A:
Fig. A2B). Although we have not directly observed ﬂowerinsect interactions in our study, these patterns appeared to
be mainly associated with the presence of Fabaceae species
in the pollinator mixture and Apiaceae species in the natural
enemy mixture (Table 3), despite their generally relatively
low cover (Table 1). Although most bumblebee species are
generalists, many species, including the most frequently

Table 3. Model selection and model averaging results for the associations of ﬂower-visitors with ﬂower taxa in transects within wildﬂower strips. Candidate models (D AICc < 2) are ranked
in order of increasing differences in corrected Akaike Information Criterion. Model averaged parameter estimates (b) and 95% conﬁdence intervals are given for each explanatory variable.
Conﬁdence intervals not overlapping zero are indicated in bold. For each model the number of parameters (k), marginal R2 value (Rm2) and Akaike model weight (v) is shown. Flcov: ﬂower
cover; Flrich: ﬂower richness; Api: Apiaceae; Ast: Asteroideae; Bor: Borago ofﬁcinalis; Cen: Centaurea jacea; Cic: Cichorioideae; Fab: Fabaceae; Mal: Malva sylvestris; Pap: Papaver
rhoeas.
Model

Bumblebee abundance

Model 1
Model 2
Model 3
Model 4

0.23
0.26
0.24
0.24

0.11

b
Lower 95% CI
Upper 95% CI

0.24
0.45
0.03

0.02
0.07
0.11

Hoverﬂy abundance

Butterﬂy abundance

Flcov

Model 1
Model 2
Model 3
Model 4
Model 5
Model 6
Model 7
Model 8

0.12
0.16
0.16

Flrich

Api

Ast

0.09

0.16

0.34
0.35
0.33
0.39
0.34
0.36
0.38
0.35

b
Lower 95% CI
Upper 95% CI

0.12
0.04
0.27

0.13
0.01
0.24

0.35
0.20
0.49

0.04
0.09
0.17

Model 1
Model 2
Model 3
Model 4
Model 5
Model 6
Model 7
Model 8
Model 9
Model 10
Model 11

0.10

0.28
0.30
0.28
0.27
0.28
0.30
0.27
0.26
0.27
0.28
0.29

0.06

0.19
0.16
0.15
0.19
0.15
0.17
0.18
0.18
0.15
0.20
0.16

b
Lower 95% CI
Upper 95% CI

0.09

0.09
0.10
0.09

0.04
0.08
0.17

0.28
0.16
0.40

0.03

0.01
0.06
0.07

Cen

Cic
0.12
0.13

0.13
0.12
0.14
0.11
0.15
0.10
0.13
0.12

0.15
0.14

Bor

0.06
0.09
0.20

Fab
0.26
0.27
0.27
0.27
0.27
0.15
0.39

Mal
0.15

Pap
0.16
0.18

0.17
0.19
0.09
0.09
0.27

0.10
0.07
0.06

0.13
0.04

0.17
0.31
0.03

0.00
0.04
0.05

0.02
0.07
0.11

0.01
0.07
0.05

0.05
0.04
0.04
0.04
0.02
0.00
0.03
0.03

0.01
0.05
0.06

D AICc

v

Rm2

8
8
8
8

1270.2
1270.9
1271.5
1272.0

0.00
0.77
1.30
1.89

0.39
0.26
0.20
0.15

0.13
0.13
0.12
0.12

8
7
8
8
8
8
7
8

2003.0
2003.1
2003.7
2003.8
2004.1
2004.2
2004.9
2004.9

0.00
0.11
0.72
0.86
1.08
1.17
1.95
1.96

0.19
0.18
0.13
0.13
0.11
0.11
0.07
0.07

0.11
0.10
0.10
0.11
0.10
0.10
0.10
0.10

7
6
7
8
7
7
8
8
7
8
7

1290.3
1290.3
1291.3
1291.4
1291.8
1291.8
1292.0
1292.0
1292.1
1292.2
1292.2

0.00
0.01
0.95
1.11
1.44
1.54
1.66
1.74
1.75
1.91
1.94

0.16
0.16
0.10
0.09
0.08
0.08
0.07
0.07
0.07
0.06
0.06

0.07
0.06
0.06
0.07
0.06
0.06
0.07
0.07
0.06
0.07
0.06

0.01
0.09
0.06

0.07
0.07

0.01
0.07
0.09

AICc

0.14
0.04
0.32

0.08
0.13

k
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Response

0.01
0.05
0.07
409

(continued on next page)

0.57
0.43
0.00
0.59
1835.6
1836.2
8
8

v
D AICc
AICc

0.09
0.02
0.15
0.03
0.04
0.10

0.09
0.08
0.06

0.10
0.02
0.18
0.04
0.04
0.13
b
Lower 95% CI
Upper 95% CI

0.17
0.10
0.23

0.09
0.12
0.17
0.16
0.07
Model 1
Model 2
Total ﬂower-visitor
richness

Table 3 (Continued)

Flcov
Model
Response

Flrich

Api

Ast

Bor

Cen

Cic

Fab

Mal

Pap

k

0.13
0.13
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Rm2
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observed B. lapidarius and B. terrestris/lucorum species in
the present study, have a clear preference for pollen and/or
nectar of Fabaceae plant species (Goulson, Hanley, Darvill,
Ellis & Knight, 2005, 2008; Kleijn & Raemakers, 2008)
whereas Apiaceae are rarely visited by bumblebees, despite
their pollen and nectar being accessible to them
(Goulson et al., 2008; Wood et al., 2015). The long-corolla
Fabaceae species thereby constitute key forage plants whose
availability generally beneﬁts bumblebee colony performance and reproduction (Carvell, Bourke, Osborne &
Heard, 2015; Wood et al., 2015), even when the total area of
Fabaceae is relatively small (Rundl€of, Persson, Smith &
Bommarco, 2014). Hoverﬂies, on the other hand, mostly
prefer short-corolla ﬂowers with easily accessible nectar
(Colley & Luna, 2000; van Rijn & W€ackers, 2016).
Although hoverﬂies may visit both short- and long-corolla
ﬂower species for pollen (as source of protein), ﬂower
choice of the relatively short-tongued hoverﬂies is predominantly determined by nectar accessibility (Branquart &
Hemptinne, 2000; van Rijn & W€ackers, 2016). Consequently, hoverﬂy abundance and richness is generally
strongly correlated with the cover of ﬂower species that
have easily accessible nectar (van Rijn & W€ackers, 2016),
which explains the observed attractiveness of the natural
enemy mixture containing short-corolla ﬂowers, and the
observed association with Apiaceae in particular
(Cole, Brocklehurst, Robertson, Harrison & McCracken,
2017; Colley & Luna, 2000; W€ackers & Van Rijn, 2012). In
addition to Apiaceae, we found that hoverﬂies were associated with local ﬂower richness within strips as well (Table 3).
Although hoverﬂies have relatively short tongue lengths,
there is considerable variation in tongue length amongst
hoverﬂy species, and the range of ﬂower species that individual hoverﬂy species can exploit varies accordingly as
well (Branquart & Hemptinne, 2000). The positive correlation with local ﬂower richness therefore probably reﬂects
that more diverse ﬂower communities may provide a wider
array of accessible ﬂower species to different hoverﬂy species (Fr€und, Linsenmair & Bl€uthgen, 2010).
The responses of the target groups used as indicators for
wider biodiversity values, i.e. butterﬂies and total ﬂowervisitor richness, did not differ between mixtures (Table 2).
Instead, local butterﬂy abundance and total ﬂower-visitor
richness within strips was best explained by local ﬂower
richness (Table 3), further indicating, like the results for
hoverﬂies, that more species-rich plant communities provide
foraging niches for a wider variety of ﬂower-visitors (Castagneyrol & Jactel, 2012; Ebeling, Klein, Schumacher,
Weisser & Tscharntke, 2008; Fr€und et al., 2010). For butterﬂies the association with ﬂower richness, which is generally
linked with total plant richness as well (Ebeling et al., 2008;
Ekroos et al., 2013), may also reﬂect greater availability of
larval host plants for oviposition (Dainese et al., 2017;
Holland, Smith, Storkey, Lutman & Aebischer, 2015). Local
butterﬂy abundance was furthermore negatively correlated
with cover of Asteroideae, of which Achillea millefolium
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made up the large majority (Table 1). Avoidance of this plant
species by butterﬂies has been observed before (Jennersten, 1984; Tudor, Dennis, Greatorex-Davies & Sparks, 2004)
and may be associated with unfavourable ﬂoral scent or toxic
secondary metabolites to butterﬂy species, including the - in
the present study - most abundant species Pieris rapae
(Andersson, 2003; Hasheminia, Sendi, Jahromi & Moharramipour, 2011). Total ﬂower visitor richness was additionally positively correlated with both cover of Apiaceae and Fabaceae,
which reﬂects the beneﬁt of the presence of Apiaceae in
attracting hoverﬂies and Fabaceae in attracting bumblebees.
We did not ﬁnd evidence for any interaction effects between
wildﬂower seed mixture and local or landscape environmental
variables. This suggests that the current ﬁndings on the relative
attractiveness of the different seed mixtures to different functional groups of ﬂower-visitors are robust for variation in wildﬂower strip size, ﬂower composition and surrounding
landscape across sites. All ﬂower-visitors except butterﬂies
were affected though by main effects of the considered environmental factors (Table 2; Appendix A: Table A.3). Hoverﬂy
abundance and richness and total ﬂower-visitor richness
increased across sites with increasing richness and cover of
sown ﬂower species, respectively, thereby stressing the importance of successful establishment and maintenance of the
sown ﬂower species in supporting these target groups. On the
other hand, total ﬂower-visitor richness was also positively
correlated with total richness of sown and unsown species
combined, and bumblebees with total ﬂower cover, indicating
that spontaneously established ﬂower species in wildﬂower
strips may be important in attracting ﬂower-visitor target
groups as well (Warzecha et al., 2018). In turn, variation in
richness and cover of sown and total ﬂower species across
sites was mainly explained by the original land use of the
wildﬂower strip sites, but with contrasting effects on ﬂower
cover and richness. Total and sown ﬂower cover was about
two times higher on intensively used arable ﬁelds, possibly
because these disturbed and more fertile sites provided more
suitable conditions to germinate and persist for some species
(Kiehl, Kirmer, Donath, Rasran & H€
olzel, 2010), especially
for well-performing and dominantly ﬂowering species such as
Achillea millefolium (Pywell et al., 2003). In contrast, total
ﬂower richness was higher on formerly extensively used ﬁelds
which may be attributed to lower soil fertility
(Ceulemans et al., 2014; Kleijn et al., 2009) or a more diverse
seed bank at these sites (Bekker et al., 1997) compared to
intensively managed arable land (Storkey, Meyer, Still &
Leuschner, 2012). The proportion of sown species that established in the strips did not differ according to original land use
but was consistently higher in the pollinator than in the natural
enemy mixture at all sites. This was mainly due to the particularly low establishment of Angelica sylvestris and Anthriscus
sylvestris across sites (Table 1), which may have been associated with e.g. seed dormancy or unfavourable local environmental conditions (Kleijn, 2003; Pywell et al., 2003).
Bumblebees were the only ﬂower-visitor group positively
correlated with the proportion of semi-natural habitat in the
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landscape. Bumblebees, being central-place foragers with
relatively long colony cycles, beneﬁt from semi-natural hab€
itats as they provide nesting sites (Ockinger
& Smith, 2007)
and complementary ﬂoral resources throughout the season
(Requier, Jowanowitsch, Kallnik & Steffan-Dewenter,
2020). Bukovinszky et al. (2017) indeed found a positive
relationship between B. terrestris colony growth rate and
cover of semi-natural habitat in this study system in the year
prior to the establishment of the wildﬂower strips. In contrast, non-central-place foraging hoverﬂies and butterﬂies,
particularly the common species with large ﬂight ranges, are
less dependant on semi-natural habitat (Ekroos, Rundl€
of &
Smith, 2013; Jauker, Diekoetter, Schwarzbach & Wolters,
2009). As such, these highly mobile species may aggregate
on attractive patches of ﬂoral resources from a wider surrounding area and more readily track resource pulses in agricultural landscapes, which also explains the lack of effect of
ﬂower strip size on these groups. The absence of effects of
wildﬂower strip size on bumblebees was more surprising,
since bumblebee densities have been shown to decrease
with increasing wildﬂower strip size (Carvell et al., 2011,
but see Heard et al., 2007). However, in our system, bumblebees may have readily responded to the enhanced ﬂoral
resource availability by increased production of workers
(Bukovinszky et al., 2017), and possibly males and queens
(Carvell et al., 2015; Wood et al., 2015). Taken together, the
lack of correlation between wildﬂower strip size and local
densities of ﬂower-visitors suggests that, since local densities remained constant, larger wildﬂower strips proportionally attract higher total abundances of ﬂower-visitors and
potentially support larger ﬂower-visitor populations in the
surrounding landscape as well, as was shown for wild bees
in our study area by Kleijn et al. (2018).
Our results suggest that maximising the different objectives comes with trade-offs between the functional groups
that prefer short- (hoverﬂies) and long-corolla ﬂowers (bumblebees). Diverse, multifunctional wildﬂower strips may
therefore integrate different objectives to a certain extent,
but will not optimise any of them. Which plant species to
include in a seed mixture then ultimately depends on the priority of the different conservation objectives in a given context. However, our study also shows that establishing
ﬂower-rich strips that contain the desired plant species may
be easier said than done (Bretzel et al., 2009; Schmidt et al.,
2020). In our study we have sown two different mixtures
containing eleven and eight ﬂower species, respectively, yet
several species were only recorded in a subset of sites and/or
their cover was low, especially in the natural enemy mixture.
Established cover and richness of sown species was an important determinant of variation in ﬂower-visitor richness and
abundance across sites, suggesting that the effect of sown
wildﬂower strips on ﬂower-visiting insects depends not only
on the preferences of insects for the speciﬁc plant species in
the mixture but also on the establishment rate of the plant species that were introduced. Furthermore, although the wildﬂower strips may nevertheless have been effective from an
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ecological perspective, as shown by Kleijn et al. (2018) who
found larger populations of wild bees in our study landscapes
with sown wildﬂower strips compared to control landscapes
without wildﬂower strips, relative low establishment of several
of the sown species may have negatively affected farmers’
perception of wildﬂower strip success. Whether sowing wildﬂower mixtures results in colourful vegetation made up of target species or in swards dominated by grasses and agricultural
weeds will therefore signiﬁcantly affect farmer motivation to
adopt this type of biodiversity enhancing management
(Van der Meulen, De Snoo & Wossink, 1996). Selection of
ﬂower species for inclusion in seed mixtures should therefore,
in addition to considerations with respect to ﬂower strip objectives, explicitly take establishment characteristics of sown
plant species into account.
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