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Abstract

Pollinator declines in agricultural landscapes are driven by multiple stressors, but potential inter-
actions of these remain poorly studied. Using a highly replicated semi-field study with 56 meso-
cosms of varying wild plant diversity (2–16 species) and oilseed rape treated with a neonicotinoid,
we tested the interacting effects of resource diversity and insecticides on reproduction of a solitary
wild bee. Compared to mesocosms with oilseed rape monocultures, availability of resources from
wild plants complementing oilseed rape doubled brood cell production. In addition, bee reproduc-
tion increased due to plant diversity and identity effects. Exposure to neonicotinoid-treated oilseed
rape reduced bee larval to adult development by 69%, but only in mesocosms with oilseed rape
monocultures. Availability of complementary flower resources can thus offset negative effects of
neonicotinoid-treated oilseed rape on wild bee reproduction. Policy should encourage the imple-
mentation of diverse floral resources mitigating negative effects of crop monocultures and insecti-
cides, thereby sustaining solitary bee populations in agricultural landscapes.
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INTRODUCTION

Pollinators are important for the reproduction of 88% of
flowering wild plants and increase yields of 75% of the
world’s economically most important crops (Klein et al. 2007;
Ollerton et al. 2011; Potts et al. 2016). Bees are the most
important group of insect pollinators, with solitary bees mak-
ing up over 95% of all bee species globally (Corbet et al.
1991; Goulson et al. 2015). However, wild bee populations are
declining in intensified agricultural landscapes, due to multiple
and potentially interacting stressors, threatening pollination
service provision (Goulson et al. 2015; Potts et al. 2016; Pow-
ney et al. 2019). Notable stressors driving bee declines are
habitat loss, lack of floral resources and pesticide use (Goul-
son et al. 2015; Potts et al. 2016; Woodcock et al. 2016).
With habitat loss and fragmentation, floral resource avail-

ability in agricultural landscapes is decreasing, which can be a
limiting factor for pollinator populations (Biesmeijer et al.
2006; Carvell et al. 2006; Potts et al. 2010; Scheper et al.
2014; Goulson et al. 2015; Samuelson et al. 2018). Non-crop
flowering resources are often seen as important for the persis-
tence of pollinators in the agricultural landscape, and different
methods of increasing floral resources have been discussed
and implemented (Dicks et al. 2015). Flower strips, for exam-
ple, are part of agri-environmental schemes to aid pollinators

(Blaauw & Isaacs 2014; J€onsson et al. 2015). There is still
ongoing research, however, on whether mass-flowering crops
may make other flower resources redundant, which plants in
flower strips are best for pollinators, and whether diversity,
identity or quantity of floral resources is more important
(Westphal et al. 2009; Bl€uthgen & Klein 2011; Fr€und et al.
2013; Woodcock et al. 2016). In addition to resource diversity
contributing to a more balanced diet promoting bee reproduc-
tion (‘complementarity effect’), bee reproduction could also be
affected by the presence of certain plant species in diverse
plant communities, playing an exceptional role by offering
large quantities and nutritional traits of nectar or pollen over
an extended flowering period (‘selection effect’) (Loreau &
Hector 2001; Bl€uthgen & Klein 2011; Filipiak 2019; Lawson
et al. 2020).
Another factor potentially negatively affecting solitary bee

densities and reproductive success are neonicotinoid insecti-
cides (Rundl€of et al. 2015; Woodcock et al. 2017). Neonicoti-
noids are systemic insecticides used against sucking and
chewing pest insects and are commonly applied as seed treat-
ment. They are taken up by the plant after germination and
all plant parts end up containing the insecticide to some
extent, including nectar, pollen and guttation fluid (Bonmatin
et al. 2015). Depending on the levels of uptake by visiting pol-
linators, these may be negatively affected through lethal or
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sublethal effects (e.g. impaired navigation, nest behaviour,
social networks and thermoregulation) (Gill et al. 2012;
Whitehorn et al. 2012; Fischer et al. 2014; Jin et al. 2015;
Crall et al. 2018). In contrast to honeybees and bumblebees
(Whitehorn et al. 2012; Arce et al. 2017; Tsvetkov et al.
2017), field and semi-field studies investigating these threats of
exposure for solitary bees, are still rare and inconclusive
(Rundl€of et al. 2015; Peters et al. 2016; Woodcock et al. 2017;
Ruddle et al. 2018). In particular, effects of insecticides on
pollinator reproduction, including multiple development stages
from egg to adult, are poorly understood.
In this study, we focus on the combination of the poten-

tially interacting stressors of low floral resource availability
and exposure to a neonicotinoid insecticide affecting solitary
bee reproduction. There is limited research available suggest-
ing that high amount of natural habitat, potentially because
of food or nesting resources, can buffer negative effects of
pesticides on wild bees (Park et al. 2015; Centrella et al.
2020). However, experimental evidence of the relative roles of
flower resource abundance, diversity, plant identity and expo-
sure to neonicotinoids for the performance of solitary bees is
missing. Complementary resources could reduce the number
of interactions with treated crop plants and thereby the
amount of uptake of neonicotinoid by adult bees and their
offspring. In addition, diverse flower resources may add more
and different nutrients to bees’ diets, which may counteract
potential negative effects of the insecticide (Filipiak 2019;
Lawson et al. 2020). To fill this research gap, we study the
reproductive success of the solitary bee species Osmia bicornis
in a highly replicated semi-field study with 56 mesocosms of
neonicotinoid-treated vs. untreated oilseed rape, with and
without additional flower strips of varying flowering plant
diversity (2–16 species seeded) and identity. Oilseed rape is a
mass-flowering crop plant, that relies on insect pollination for
better yields (Stanley et al. 2013; Woodcock et al. 2019). Sys-
temic insecticides have been commonly used in the past in
Europe to treat oilseed rape against sucking insect pests, until
their outdoor use has been prohibited for crops attractive to
bees in the European Union in 2013 (Elbert et al. 2008;
European Commission 2013). In other parts of the world,
however, neonicotinoid insecticides continue to be heavily
used in flowering crops, potentially threatening pollinating
insects.
We focus on comparing the importance of effects of sys-

temic insecticide exposure and complementary floral resource
availability on Osmia offspring production. We study the
influence of insecticide treatment, as well as floral resource
availability regarding quantity, plant species identity, number
of flowering plant species, and their Shannon diversity. We
address the following hypotheses:

(1) Negative effects of neonicotinoid treatment of oilseed rape
are mitigated by the availability of complementary floral
resources.

(2) Diversity of floral resources is a better predictor of repro-
ductive success compared to resource quantity alone.

(3) In addition to diversity effects (resource complementar-
ity), identity effects of specific plant species (selection
effects) promote wild bee reproduction.

MATERIALS AND METHODS

The study took place at G€ottingen University’s experimental
farm Reinshof in central Germany (coordinates:
51°29’46.1" N 9°55’53.1" E). Fifty-six mesocosms of
2 m 9 4 m 9 2 m were set up after seeding of plants in April
2018. Mesocosms either contained 50% summer oilseed rape
(variety ‘Trapper’, male fertile hybrid) and 50% flower strip
(48 mesocosms, Figure 1b) , or 100% oilseed rape (8). The
flower strips in the 48 mesocosms containing both oilseed rape
and flower strip were of different diversity levels (2, 4, 8, 12
or 16 seeded plant species; see Table S8 for details). There
was a pair of two mesocosms for each plant identity/diversity
combination, for which the configuration of the flower strips
was the same. Half of these mesocosms had summer oilseed
rape with a neonicotinoid treatment. Here, commercial sum-
mer oilseed rape seeds treated with Bayer’s MODESTO were
used. The seed treatment contained clothianidin, a neonicoti-
noid insecticide, as well as thiram, a fungicide, and beta-cyflu-
thrin, a pyrethroid insecticide. To focus on the effect of the
neonicotinoid, oilseed rape seeds in the other half of the
mesocosms were treated only with thiram and beta-cyfluthrin
as a control. Standard application rates were used (23.15 lg
of clothianidin per oilseed rape seed; see Table S6 for details).
Because of high densities of pollen beetles, all oilseed rape
plants (with and without neonicotinoid treatment) were trea-
ted with Karate Zeon (Syngenta) (standard application rate)
containing lambda-cyhalothrin, a non-systemic pyrethroid
insecticide, before mesocosms were closed on 12 June 2018,
seven weeks after seeding and three weeks before the intro-
duction of bees. Flower strips were not treated with any insec-
ticides or fungicides.
Annual plant species naturally occurring in the agricultural

landscape or being used in commercial flower strip mixes were
chosen for the flower strips. Plant species were required to be
flowering at the same time as the summer oilseed rape (June/
July) and to be attractive to O. bicornis, with bee-flower-inter-
actions on record. A set of 16 species from six different plant
families, Asteraceae, Boraginaceae, Brassicaceae, Fabaceae,
Papaveraceae and Resedaceae, was used in the experiment.
For lower diversity levels, we made sure that plant species in
each mesocosm would be from different plant families, if pos-
sible. For a detailed overview of combinations of plant iden-
tity and diversity levels, as well as instances where flowering
weed species occurred in mesocosms, which were included in
the analysis, see Table S2. Mesocosms were set-up in 20 rows
consisting of three mesocosms each (Figure 1a). For logistical
reasons, one row always either had treated or untreated oil-
seed rape. Besides that, the set-up was randomised.
Osmia bicornis, a cavity-nesting, polylectic solitary bee spe-

cies, was used as the study organism. It is a common species,
representing solitary bees in trials testing new insecticides
(EFSA 2013). Cocoons were bought from a commercial bree-
der in Northern Germany (BIENENHOTEL.DE) and taken
from 4 °C storage conditions to room temperature before the
start of the experiment. After emerging, bees were sorted by
gender and 12 males and 12 females were introduced into
each mesocosm on 3 July 2018, which marked the start of the
experiment. After mating, females readily started nesting. Bee
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nests consisting of ten wooden nesting boards with ten nesting
cavities each (8 mm diameter) were set up in the mesocosms
(Figure 1c). Furthermore, a hole of 20 cm depth and diameter
was dug in the soil and kept wet throughout the experiment
to provide mud for building nests, and plastic bowls with
water and expanded clay were set up to ensure water supply
(see Figure S3 for more photographs).
Starting on day 10 (13 July 2018) after the start of the

experiment, all mesocosms were sampled every 3–4 days, six
times in total (Table S1). Osmia bees are relatively short-lived
and the experiment was ended on day 27 (30 July 2018), when
brood cell construction had ceased (Szentgy€orgyi & Woy-
ciechowski 2013). In every sampling round, the number of
flowers of all flowering plant species in each mesocosm were
estimated, to be able to quantify resources available to nesting
bees. For flower estimations, small patches of each flowering
species were counted, and the total numbers for each meso-
cosm were then estimated based on these counts. For Aster-
aceae, we defined one flower as one flower head.
Furthermore, the nesting progress was marked on the nesting
boards, to later be able to tell when each brood cell was con-
structed.
Open flowers from treated and untreated oilseed rape were

sampled to quantify levels of neonicotinoid residues. Samples
were stored at �18 °C and analysed using a validated multi-
residue method following B€ohme et al. (2017) and validated
by spiking samples with the target substance clothianidin.
At the end of the experiment, nesting boards were carefully

removed from the mesocosms and stored at ambient tempera-
tures, protected from rain under a roof and from birds/insects
using fine mesh. Nesting boards were examined again in
December 2018 and the numbers of brood cells were counted
for each mesocosm and sampling round. Cocoons were then
removed from nesting boards, transferred to glass vials and
stored in a refrigerating unit at 4 °C. In April 2019, after
overwintering, vials were taken out of the refrigerator and
kept at room temperature. Emerging males and females were
counted. After one month, remaining cocoons were opened to
see whether there was a larva or adult inside. In total, we dis-
criminated for each mesocosm and sampling round the num-
bers of O. bicornis offspring in the following live stages:
brood cells (all cells containing at least an egg), cocoons (with
alive/dead larvae), fully developed adults inside cocoons
(alive/dead) and emerged adults (alive).

Statistical analysis

First, the number of offspring in each development stage was
compared between mesocosms with treated vs untreated oil-
seed rape to test the effects of the neonicotinoid insecticide
treatment on bee reproductive success. The unbalanced design
prompted us to separately analyse the mesocosms containing
50% oilseed rape and 50% flower strip (n = 48) and the meso-
cosms containing 100% oilseed rape (n = 8). Additionally, to
test whether O. bicornis reproduction was enhanced when
complementary floral resources were available, numbers of
individuals in the different life stages in 50% oilseed rape/
50% flower strip mesocosms were compared to those in 100%
oilseed rape mesocosms. Generalised linear mixed effects mod-
els with Poisson distribution and mesocosm ID and sampling
round as random effects were included to account for non-in-
dependence of repeated measures per mesocosm.
Second, we investigated whether floral resource abundance,

flowering plant species richness, or Shannon diversity (based
on flower estimates) are better predictors of bee reproductive
success. The number of emerged offspring in 50% flower
strip/50% oilseed rape mesocosms (n = 48) was used as the
response variable. Pairwise correlations of predictor variables
were first checked for covariances using Pearson correlation
tests. Species richness and Shannon diversity showed a strong
correlation (correlation coefficient r = 0.77, P < 0.001). Floral
resource abundance was neither strongly correlated with flow-
ering plant species richness (r = 0.18, P = 0.002), nor with
Shannon diversity (r = 0.04, P = 0.501). As a result, our mod-
els included floral abundance and either species richness or
Shannon diversity, but not both. Generalised linear mixed
effects models with Poisson distribution and mesocosm ID
and sampling round as random effects were used. The respec-
tive explanatory variables were scaled to zero mean and unit
variance to allow for comparisons of model estimates.
Third, we aggregated flower estimates over all sampling

rounds for each 50% flower strip/50% oilseed rape mesocosm
to evaluate the importance of single plant species for O. bicor-
nis reproductive success. Aggregated data were analysed using
the random forest approach (with default parameters of 500
trees and 7 variables tried at each split) with number of
emerged offspring as the response variable. This method is
able to determine important factors predicting a response
variable from a large set of different factors by calculating

(a) (b) (c)

Figure 1 (a) Overview of mesocosm setup. (b) A mesocosm with 50% oilseed rape, 50% flower strip and Osmia nesting boards. (c) A nesting board with

ten linear O. bicornis nests.
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importance scores for each one (Breiman 2001). Mean
Decrease Accuracy and Mean Decrease Gini were obtained
for each flowering plant species. The more the accuracy of the
random forest decreases when excluding a variable, the more
important the variable. Higher values therefore indicate a
higher importance for data classification. Negative values indi-
cate poorer model performance than under random permuta-
tions.
All statistical analyses were performed in R version 3.6.2

(‘R Development Core Team 2019’) using dedicated packages
lme4 (version 1.1-21, Bates et al. 2019), MuMIn (version
1.43.15, Barto�n 2019), randomForest (version 4.6-14, Liaw
et al. 2018) and ggplot2 (version 3.2.1, Wickham et al. 2019).
Models were created based on our hypotheses without any
subsequent model simplification. Significances of predictor
variables were tested using z-tests. All models met assump-
tions of normality of residuals and homoscedasticity.

RESULTS

In mesocosms with 50% oilseed rape and 50% flower strip,
the neonicotinoid treatment did not have an effect on any
stage of Osmia development (brood cells, cocoons, developed
and emerged individuals) (Figure 2a, Table S3). In 100% oil-
seed rape mesocosms, there were no differences in numbers of
brood cells , cocoons and emerged individuals, but there was
a 69% reduction in the numbers of larvae that developed into
adults inside cocoons in mesocosms with treated oilseed rape
(P = 0.004, Figure 2b, Table S3). The number of offspring
was significantly higher in 50% oilseed rape/50% flower strip
mesocosms for all stages of development compared to 100%
oilseed rape mesocosms, where flowering ended earlier
(Table S4; Table S11; Figure S4). Residue analyses confirmed
that the seed treatment was successful with treated oilseed

rape flowers containing 3.00 � 0.15 ng g�1 of clothianidin
(mean � standard error of the mean) (see Table S7 for
details).
The number of emerged offspring increased with abun-

dance, species richness, and Shannon Diversity of flowering
plants (Table S5). Comparing model estimates, Shannon
Diversity and species richness predicted the number of
emerged individuals better than flower abundance (Table S5).
Offspring numbers were significantly positively correlated with
Shannon Diversity of flowering plants for all stages of devel-
opment (Figure 3b; Table S10).Flower numbers were not sig-
nificantly correlated with Shannon Diversity of flowering
plants (Figure 3a; Table S9).
Results of the random forest analysis (with 37.47% variance

explained) emphasised the importance of two plant species,
Phacelia tanacetifolia and Raphanus sativus, predicting the
number of emerged Osmia offspring (Figure 4; Figure S2).
Flower estimates over all sampling rounds and mesocosms
were relatively high for Phacelia (median: 10925.5 flowers)
and lower for Raphanus (median: 1813.5; Figure S1).

DISCUSSION

Here, we showed with a semi-field experiment that the neoni-
cotinoid treatment of oilseed rape did not affect the offspring
production of O. bicornis bees when complementary resources
were offered. Bee development (from the larval to the adult
stage) was negatively affected only when oilseed rape was the
sole resource available, that is, in resource-poor environments
of oilseed rape monocultures. This highlights the importance
of complementary floral resources apart from mass flowering
crops for bee reproductive success in the agricultural land-
scape, which may even mitigate negative effects of neonicoti-
noid insecticides. Our results highlight the importance of
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flower resource diversity, compared to just resource abun-
dance. This is in line with other studies showing the impor-
tance of pollen diversity for pollinators, for example, for
enhancing bumblebee colony growth (Hass et al. 2019). In
addition to diversity effects, we found single plant species con-
tributing extraordinarily to the number of emerging offspring.
The two species of highest importance were Phacelia tanaceti-
folia and Raphanus sativus. Phacelia was offering large

quantities of floral resources and is known to be beneficial for
different pollinator species (Williams & Christian 1991).
Raphanus may be a beneficial resource because of the high
lipid content of its pollen (Singh et al. 1999).
Seminal studies on biodiversity-ecosystem functioning have

partitioned diversity effects into complementarity and selec-
tion effects (e.g. Hector et al. 1999; Loreau & Hector 2001 for
biodiversity-productivity relationships in grassland). Lacking
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monocultures of plant species from flower strips because of
limited mesocosm numbers, we cannot adopt the same statisti-
cal approaches to directly compare these effects here. How-
ever, using indirect analyses, our results suggest, that both
selection (plant species identity) and complementarity effects
(plant diversity) are at play influencing bee reproduction (Lor-
eau & Hector 2001). These findings have important implica-
tions for management of bee populations in human-
dominated landscapes, as they indicate that not only diverse
flower resources are key for bee maintenance (e.g. through
landscape diversification or targeted flower strips; Tscharntke
et al. 2005; Albrecht et al. 2020; Bat�ary et al. 2020), but that
also key plant species with specific traits (e.g. high nutritional
value; Filipiak 2019; Lawson et al. 2020) are needed to main-
tain bee populations.

Neonicotinoid effects on reproductive success contingent on

resource availability

Osmia reproductive success was not affected by oilseed rape
neonicotinoid treatment when complementary flower resources
were present. In resource-poor environments, however, where
oilseed rape was the only resource offered, the number of
developed offspring was 69% lower, when seeds were treated
with the systemic insecticide. Because of limited mesocosm
availability and the need for replicates for each diversity level
and insecticide treatment, the sample size for the 100% oilseed
rape mesocosms was relatively small. For future studies, larger
sample sizes are recommended.
To the best of our knowledge, neonicotinoid effects on Osmia

bees in field/semi-field studies have so far only been shown to
affect the number of brood cells (Sandrock et al. 2014; Rundl€of
et al. 2015; Woodcock et al. 2017), whereas studies showing
effects on subsequent life stages are missing. In a laboratory
study, effects on larval development have been studied by
Nicholls et al. (2017), where Osmia larvae were feeding on pro-
visions from orchard sites laced with neonicotinoids with no
effects reported. In our semi-field experiment, pollinators were
able to forage in near-natural conditions. Larvae managed to
spin cocoons, but their development to adults inside the
cocoons seemed to have been impaired, when exposed to neoni-
cotinoid insecticides from oilseed rape and without pollen pro-
visioning from complementary flowering plants. Previous
studies focusing on Osmia brood cells may thus have underesti-
mated negative effects of neonicotinoids on wild bee reproduc-
tion that intensify in subsequent developmental stages.
In environments with complementary resources, potential

negative effects of neonicotinoid treatment were mitigated, as
suggested by Park et al. (2015). This result contributes signifi-
cantly to the limited knowledge on interactive effects of floral
resource abundance and exposure to insecticides. It highlights
the importance of floral resource availability apart from mass-
flowering, and potentially insecticide-treated, crops in agricul-
tural landscapes. Complementary resources, for example from
flower strips, can increase resource diversity and abundance
throughout the season and limit exposure to pollen and nectar
containing neonicotinoids or having other unfavourable traits
(Eckhardt et al. 2014). While clothianidin has been banned
from fields in the European Union, it is still widely used in

other parts of the world, where introducing complementary,
untreated floral resources, for example by landscape diversifi-
cation, could help to mitigate potential negative effects of the
insecticide on pollinators (Simon-Delso et al. 2015; European
Commission 2018).

Floral resource abundance and diversity effects on reproductive

success

Higher offspring numbers in mesocosms with flower strips
emphasised the importance of complementary floral resources
in agricultural landscapes offering nectar and pollen through-
out the season. Mass-flowering crops can offer abundant
resources (Westphal et al. 2003), but resource availability in the
agricultural landscape decreases drastically when they stop
flowering and there are no complementary floral resources (e.g.
flower strips) available (Bl€uthgen & Klein 2011). Our study fur-
ther showed that Osmia reproductive success is not simply
determined by resource abundance but can be better predicted
using the diversity and species richness of flowering plants. This
suggests that a diverse pool of resources offers benefits addi-
tional to their combined floral resources. Focusing on the plant
species contributing most to Osmia emerging success, it can be
assumed that in addition to resource abundance (provided by,
e.g., Phacelia tanacetifolia), a diverse mix of pollen, increasing
the availability of different nutrients, is important for larval
development. Filipiak et al. (2019), for example, highlight the
need of a balanced diet for Osmia larvae. Raphanus sativus has
been shown by Singh et al. (1999) to have a high lipid content,
which may explain its importance for Osmia offspring produc-
tion. Wildflower plantings should therefore suit the needs of
target species, with different bee species relying on different key
flowering plant species (see also Mallinger et al. 2019; Nichols
et al. 2019). Future studies should focus on species-specific and
combined effects of flowering plants on bee reproduction to
identify additive and potentially interactive effect of nectar and
pollen nutrient composition (e.g. Baude et al. 2016).

CONCLUSIONS

Our study demonstrates that complementary floral resources
are of major importance for O. bicornis reproductive success.
Providing a diversity of flowering plant species can help to
sustain big pollinator populations in the agricultural land-
scape and may even mitigate potential negative effects of sys-
temic insecticides. In addition to the diversity of flowering
plants, the abundance of key plant species benefiting the bee
target species most is important. Future research should anal-
yse in more detail to what extent resource-rich environments
may mitigate insecticide applications and determine the
amount and composition of complementary resources needed.
Diverse floral resources are needed to sustain solitary bee pop-
ulations, and to mitigate crop monocultures and potential
negative effects of insecticide applications in agricultural land-
scapes. Policy should therefore encourage land managers to
increase and diversify floral resources, particularly in simpli-
fied agricultural landscapes that are dominated by mass-flow-
ering crops treated with insecticides potentially detrimental to
bee reproductive success.
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