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Abstract 1 Pollinating insects provide crucial and economically important ecosystem services
to crops and wild plants, but pollinators, particularly bees, are globally declining as
a result of various driving factors, including the prevalent use of pesticides for crop
protection. Sublethal pesticide exposure negatively impacts numerous pollinator life-
history traits, but its influence on reproductive success remains largely unknown.
Such information is pivotal, however, to our understanding of the long-term effects
on population dynamics.

2 We investigated the influence of field-realistic trace residues of the routinely used
neonicotinoid insecticides thiamethoxam and clothianidin in nectar substitutes on
the entire life-time fitness performance of the red mason bee Osmia bicornis .

3 We show that chronic, dietary neonicotinoid exposure has severe detrimental effects
on solitary bee reproductive output. Neonicotinoids did not affect adult bee mortality;
however, monitoring of fully controlled experimental populations revealed that
sublethal exposure resulted in almost 50% reduced total offspring production and a
significantly male-biased offspring sex ratio.

4 Our data add to the accumulating evidence indicating that sublethal neonicotinoid
effects on non-Apis pollinators are expressed most strongly in a rather complex,
fitness-related context. Consequently, to fully mitigate long-term impacts on
pollinator population dynamics, present pesticide risk assessments need to be
expanded to include whole life-cycle fitness estimates, as demonstrated in the present
study using O. bicornis as a model.

Keywords Clothianidin, fitness, neonicotinoid, Osmia , pesticide risk assessment,
pollinator, population dynamics, sublethal effect, thiamethoxam.

Introduction

Pollinating insects contribute significantly to agricultural pro-
ductivity (Klein et al., 2007; Garibaldi et al., 2011a), revenue
(Gallai et al., 2009) and ecosystem stability (Bascompte et al.,
2006; Fontaine et al., 2006), and are thus important compo-
nents for the maintenance of biodiversity and food security.
Recent reports on global pollinator declines (Biesmeijer et al.,
2006; Potts et al., 2010; Cameron et al., 2011) are alarming,
especially with respect to the currently high and continuously
increasing demands for pollination services (Klein et al., 2007;
Aizen et al., 2008).
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Various managed and wild pollinators have been documented
to exhibit similar population declines (Biesmeijer et al., 2006;
Goulson et al., 2008; Potts et al., 2010), despite having
different life histories and habitat requirements. This suggests
the involvement of common primary drivers, such as emerging
parasites and pathogens (Cameron et al., 2011; Nazzi et al.,
2012), or habitat degradation (Potts et al., 2010; Garibaldi
et al., 2011b). In addition, the prevalent use of pesticides in
crop protection is also suspected to represent a conspicuous
threat throughout agricultural landscapes (Desneux et al.,
2007; Vanbergen & The Insect Pollinator Initiative, 2013),
particularly including the application of systemic neonicotinoid
insecticides, which has increased strongly on a global scale
over the last decade (Elbert et al., 2008; Mullin et al.,
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2010; Jeschke et al., 2011). Neonicotinoids act as agonists
of acetylcholine receptors in insects and other invertebrates,
thereby disrupting neuromuscular signalling pathways, leading
to abnormal behaviour, immobility and death of target insect
pests (Matsuda et al., 2001; Elbert et al., 2008). Because
neonicotinoids are systemic, nontarget pollinating insects can
also be directly exposed to these compounds in flowering
crops through the translocation of residue trace levels from
vegetative plant parts into nectar and pollen, eventually
causing detrimental sublethal effects (Desneux et al., 2007;
Cresswell, 2011; Blacquière et al., 2012; Cresswell et al.,
2012). For example, in honeybees, it was demonstrated that
sublethal dietary exposure to neonicotinoids negatively affects
learning abilities and memory, as well as foraging and
homing behaviours (Decourtye et al., 2004; Decourtye &
Devillers, 2010; Belzunces et al., 2012; Henry et al., 2012;
Williamson & Wright, 2013). Moreover, there is increasing
evidence of detrimental synergism when honeybees are exposed
to a combination of neonicotinoids and the prevalent gut
parasite Nosema sp. (Alaux et al., 2010; Vidau et al., 2011;
Pettis et al., 2012) or viral pathogens (Di Prisco et al.,
2013). To date, there is neither consensus on how to target
and incorporate chronic and sublethal effect bioassays in
pesticide risk assessment guidelines for the standard model
organism, the honeybee (OEPP/EPPO, 2010a,b; Cresswell,
2011; Blacquière et al., 2012), nor any clear understanding of
whether and how honeybee responses can be extrapolated to
other pollinators exhibiting different life histories and foraging
strategies (Desneux et al., 2007; Mommaerts et al., 2010;
Biddinger et al., 2013). However, irrespective of the not
yet fully understood causal mechanisms underlying specific
aberrances after sublethal neonicotinoid exposure, it could
be assumed that even subtle side-effects collectively come
at a cost, which is likely to be translated into reduced
fitness performance. Therefore, it is surprising that life-time
reproductive success, the ultimate fitness endpoint, has received
little attention in pesticide hazard evaluations (Desneux et al.,
2007). Such information would not only be helpful for
discovering yet unknown sublethal effects, but also is pivotal
for understanding the long-term impact of insecticides on
pollinator populations.

With regard to pesticide hazard evaluations, however, the
honeybee might be a poor surrogate for pollinators in general
because of its complex perennial life cycle, which leads
to difficulties in quantifying reproductive success. Studies
of pollinator species with annual and less complex life
cycles could provide less ambiguous fitness quantifications.
For example, in bumblebees (social bees with annual life
cycles), it has been shown that chronic dietary exposure to
field-realistic trace residues of imidacloprid strongly reduced
colony performance and fitness (Mommaerts et al., 2010;
Gill et al., 2012; Laycock et al., 2012; Whitehorn et al.,
2012). In one semi-field study, Whitehorn et al. (2012)
reported that 2 weeks of neonicotinoid exposure significantly
decreased subsequent colony growth and vastly reduced
daughter queen production; using a comparable experimental
approach, very similar impacts on bumblebee colony fitness
have recently been shown for clothianidin, another member
of the neonicotinoids (Larson et al., 2013). The mechanistic

factor contributing most to apparent decreases in fitness in
chronically exposed bumblebee colonies under field conditions
is considered to be a strongly impaired foraging performance
and efficiency, as found similarly in laboratory and semi-
field studies (Mommaerts et al., 2010; Gill et al., 2012).
This evidence clearly points to dietary neonicotinoid exposure
having covert side-effects that are most likely expressed in
relatively costly bumblebee life-history performances, such
as reproductive investment, and that become most evident
only under more realistic test conditions, which allow for the
assessment of such informative endpoints (Cresswell et al.,
2012). A similar indication of the complexity of the impact of
neonicotinoids comes from the detrimental synergism observed
in honeybees that were immune challenged with gut parasites
(Alaux et al., 2010; Vidau et al., 2011; Pettis et al., 2012).
In contrast to lethal poisoning incidences that result in readily
visible and quantifiable mortality, sublethal effects of chronic
insecticide exposure may rarely be recognized or masked by
other factors in the field. If, however, sublethal effects of
neonicotinoids can still trigger severely decreased output of
daughter queens in bumblebees (Gill et al., 2012; Whitehorn
et al., 2012; Larson et al., 2013), the consequences on
local populations are probably comparable to the immediate
lethal intoxication of large proportions of workers. This
is because in bumblebees only young (mated) queens are
capable of surviving winter and establishing new colonies in
the next season. Hence, the question arises as to whether
sublethal exposure to routinely applied insecticides could
be contributing to general pollinator population declines by
negatively impacting on reproductive fitness in a manner similar
to that observed in experimental studies on bumblebees using
neonicotinoids (Bryden et al., 2013).

Solitary bees represent an important species-rich group of
wild pollinators providing crucial pollination services in both
wild and crop plants (Klein et al., 2007; Winfree et al., 2007;
Garibaldi et al., 2013). Surprisingly, solitary bees are virtually
ignored in pesticide regulations (Blacquière et al., 2012).
However, solitary bees represent much more convenient models
for fitness quantification compared to social bees (honeybees
and even bumblebees) because of the direct link between one
individual female’s performance and its reproductive success.
Furthermore, detailed investigations of the impact of pesticides
on solitary bees that differ in life-history traits (e.g. flight
season, nesting habit, habitat and feeding specialization) would
provide stronger and urgently needed insights into the wider
environmental impacts of plant protection products.

The present study reports a novel methodological approach
for quantifying the fitness effects of sublethal pesticide
exposure on solitary bees under fully controlled experimental
conditions. We assessed the impact of field-realistic dietary
exposure to the neonicotinoids thiamethoxam and clothianidin
on the life-time fitness performance of the red mason bee Osmia
bicornis (syn. O. rufa , L. 1758; Hymenoptera, Megachilidae).
We selected these particular neonicotinoids for two reasons.
First, thiamethoxam is partly metabolized into clothianidin
within plants (Maienfisch et al., 2001; Nauen et al., 2003),
such that both neonicotinoids generally co-occurr in nectar and
pollen of treated crops (Dively & Kamel, 2012; Pohorecka
et al., 2012). Second, in terms of sales, thiamethoxam is
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the second most important neonicotinoid after imidacloprid,
and several commercially available formulations are routinely
applied via foliar spraying or seed treatment for systemic
protection in 115 crops from at least 65 countries worldwide
(Elbert et al., 2008; Jeschke et al., 2011). The neonicotinoid
concentrations that we used in the present study (2.87 μg/kg for
thiamethoxam and 0.45 μg/kg for clothianidin) were selected
because they correspond to the range of field-realistic nectar
residue-levels across several commonly treated crops in general
(Blacquière et al., 2012). More particularly, they reflect residue
levels after the systemic treatment of oilseed rape with
thiamethoxam (Pohorecka et al., 2012), although considerably
higher levels may be reached (e.g. in cucurbits after drip
irrigation) (Dively & Kamel, 2012; Stoner & Eitzer, 2012).

The present study demonstrates that chronic sublethal
neonicotinoid exposure of the solitary bee O. bicornis results
in both strongly reduced reproductive success and male-biased
offspring sex ratios. The bioassay has widespread value in
that it can be readily adapted to laboratory, semi-field and
field conditions, as well as be applied to other solitary bee
species and, based on our findings, we urge that its principles
be adopted in future pesticide risk assessment guidelines.

Materials and methods

Study organism

Osmia bicornis is a common above ground cavity-nesting
megachilid species, native to Europe. It is univoltine, with
a reproductive period from April to June, and uses a broad
spectrum of floral resources. Although both males and females
feed on flowers, it is exclusively the females who invest in
brood care. Reproductive success depends on the female’s
ability to construct and provision brood cells with pollen, and to
a lower extent also nectar, for progeny development. Females
build nests in pre-made holes in wood or other structures, and
sequentially construct linearly ordered brood cells separated
by mud partitions. For the specific purpose of the present
study, we used a whole population assessment, which is a
natural situation because O. bicornis tends to be gregarious,
with large nesting aggregations commonly observed in the field
(Seidelmann, 2006; Seidelmann et al., 2010). Similar to many
other solitary bees, O. bicornis exhibits a pronounced sexual
dimorphism in body size. Males are smaller than females, and
thus are less costly to produce because they need less food
for larval development (Seidelmann, 2006; Seidelmann et al.,
2010). Typically for hymenopterans, females have full control
over offspring sex determination by regulating sperm release
from the spermatheca for fertilization: fertilized eggs give rise
to diploid daughters and unfertilized eggs result in haploid
sons (Heimpel & de Boer, 2008). Reproductive performance
and sex allocation is influenced by the female’s physiological
conditions, such as body size and health. Larger females are
able to produce more daughters as a result of their higher
provisioning performance, which is demonstrated by their
ability to forage more efficiently: they collect the same amount
of pollen and nectar in a shorter time compared to smaller
females (Seidelmann et al., 2010). Conversely, smaller females
tend to shift their limited investment towards higher proportions

of sons. In a similar manner, poor quality environments
(e.g. weather, food plant abundance) that result in low
provisioning efficiency, as well as the progressive senescence of
reproducing females, lead to a reduced larval provisioning and
a more pronounced investment in male offspring (Seidelmann,
2006; Seidelmann et al., 2010).

Experimental set-up

Rearing cages. The present study was conducted on two bee
populations kept in two identical climate controlled rooms,
equipped with a sunlight simulation system (maximum of
1000 μmol photons/m2/s) and air conditioning (York Interna-
tional, Germany). Light, temperature and humidity were con-
trolled in both rooms in parallel, simulating a natural climate,
and this was kept constant throughout the experiment (Fig. 1).
Each room contained a flight cage (4.3 × 2.4 × 1.8 m) built from
white nylon mesh (1.33 mm mesh size; Wondermesh, U.K.).
Both flight cages were designed to allow access of the experi-
menter but to prevent the escape of bees, and were equipped
identically: nectar substitutes, pollen powder, nest tubes and
nest substrates were provided and arranged in the same way
and position for each cage, with each food and nesting mate-
rial being obtained from the same supply. None of the material
used in this experiment, except the pollen (see below), had been
in contact with bees prior to the study.

Bee populations. To establish two breeding populations of
O. bicornis , cocoons were purchased from WAB Mauerbienen-
zucht (Germany). All cocoons originated from the last nesting
season, and from the same nesting site of a single source popu-
lation; upon collection in the field during the previous autumn,
cocoons were kept at 4 ◦C, and then individually transferred to
aerated containers at 22 ◦C in early May to allow the bees to
emerge. Upon hatching from cocoons, adult bees were sexed
and assigned randomly to one of the two study populations
until each contained 125 females and 75 males. All bees used
in the experiment hatched within 24 h and were released simul-
taneously into each climate room (males first and females last).
Prior to this release, all females were chilled after defecation
for 5 min at 4 ◦C and weighed to the nearest mg on a Mettler
AE260 (Mettler Toledo, Inc., Columbus, Ohio) and then indi-
vidually marked with numbered honeybee tags. Mating activity
occurred immediately after releasing the bees, and bees were
able to forage and reproduce freely.

Bee care and maintenance.

1 Food: In each flight cage, nectar substitutes (50% sugar
content, containing equal amounts of glucose, fructose and
sucrose; Hostettler’s, Zurich, Switzerland) were provided ad
libitum in twelve artificial flowers. Each flower was built
from 10-mL laboratory plastic tubes (with closable lids)
that were fixed upright to a small board hanging from the
roof of the flight cage. At the bottom of each tube, a small
piece of cardboard was fixed, serving as a landing place to
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Figure 1 Climate simulation for the two study populations of Osmia bicornis. A computerized climate programme was run in both controlled environment
rooms containing the bees and kept constant throughout the experiment. Light intensity (dotted line, left-hand y-axis) was adjusted stepwise, humidity
(solid line, left-hand y-axis) and temperature (dashed line, right-hand y-axis) were adjusted gradually at 30-min intervals and are indicated for a 24-h
period. Parameters were chosen to simulate a central European early summer day.

access nectar substitutes through two opposed holes (hand-
made, using a hot needle), just above the vessel bottom
and sufficiently large to allow the tongue of the bees to
enter (diameter 1 mm). Attraction of bees to these artificial
flowers was enhanced by simulating ultraviolet-reflective
patterns using strips of commercial photographic paper,
which were attached to the cardboard (landing place), as well
as around the holes in the black lacquered tubes (see below).
Artificial flowers were filled completely (10 mL) with freshly
prepared nectar substitutes and were replaced every 3 days
by new ones.
Bees in both flight cages were also provided with pollen, in
the form of pulverized honeybee pollen pellets (one stock;
Sonnentracht Imkerei, Germany). Microscopic examination
of the pellets indicated that they contained pollen from at
least 18 different floral resources. Pollen was gamma ray
irradiated (Leoni Studer Hard AG, Däniken, Switzerland) to
exclude honeybee pathogen spill-over effects. Four dishes
containing pollen powder were placed in each flight cage,
and their contents were replaced three times per day at
intervals of 3–4 h.

2 Nesting materials: Notched wooden boards that, when piled
on top of each other, formed successive holes (diameter
8 mm, length 16 cm) (WAB Mauerbienenzucht) were used
to build nesting blocks; each flight cage was provided with a
total of 696 nest holes. The backsides of the blocks were
sealed, and the fronts were painted with identical colour
patterns. A mixture of commercial potter’s clay and silica
sand, offered in tilted plastic trays (volume of 6 L), was
provided as nesting substrate. Each tray contained a 250-
mL water tank from which two cloth wicks extended into
the substrate to create a moisture gradient along which the

bees could choose their preferred degree of wetted substrate.
The tanks were covered with a mesh to prevent bees from
drowning and were refilled each morning.

Treatments and neonicotinoid residue analysis

To simulate chronic insecticide exposure, the experimentally
treated bee population differed from the control in that the
nectar-substitute contained the neonicotinoids thiamethoxam
and clothianidin.

Because neonicotinoids are very sensitive to direct (ultravi-
olet) light exposure (Maienfisch et al., 2001), artificial flowers
were black-lacquered and covered with tinfoil to prevent nec-
tar substitutes from direct exposure to the sunlight simulation
system, as well as neonicotinoids from degradation. Pollen was
not spiked with neonicotinoids because it could not be pro-
tected from light. Pure compounds (analytical standard; Fluka,
Switzerland) were purchased from Sigma-Aldrich (Germany),
dissolved in water, and stored at room temperature. Original
sugar syrup and pollen stocks did not contain any of these
chemicals (based on six random samples each). Sugar water
was spiked using aliquots of neonicotinoid stock solutions
to achieve concentrations of 2.87 μg/kg of thiamethoxam and
0.45 μg/kg of clothianidin, respectively; these concentrations
were confirmed through residue analyses of random samples
from each re-supply of nectar substitutes fed over the course
of the experiment.

To determine neonicotinoid residue levels in current year’s
larval food provisions and offspring bees emerging in the
subsequent year, from each flight cage (treatment and control
populations), six samples of leftover larval provisions of
ten nest cells each (from cells in which offspring failed to
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develop; see below) and six samples of ten newly-emerged,
randomly picked adult offspring each were subjected to residue
analyses. All analyses were performed by the United States
Department of Agriculture, Agricultural Marketing Service
National Standards Laboratory in Gastonia, North Carolina,
using established methods. Individual samples were analyzed
using gas chromatography (GC)-mass spectroscopy (MS) and
applicable standards for both compounds with a limit of
detection of 0.1 p.p.b. Identification of the parent compounds
was based on co-chromatography with known standards using
GC/MS and/or liquid chromatography/MS-MS.

Data collection on bee fitness

During the bee’s flight activity season, we documented female
mortality by inspecting flight cages daily for dead adult females.
We similarly tracked the cumulative numbers of completed
nests (i.e. nest entrances sealed by a nest plug).

Four weeks after all adult bees had died, climate programmes
for the rooms were stopped and nest blocks were kept in
darkness at 22 ◦C for 4 months. Then, the nest blocks were
separated to open the nest holes and to determine the number
and conditions of nest contents. Both fully developed cocoons
and undeveloped offspring were counted across all brood
cells for each nest in each population. Leftover larval food
provisions from undeveloped offspring were frozen for residue
analysis (see above) and the cocoons were set aside and kept
at 12 ◦C for 4 weeks and, subsequently, at 4 ◦C for 5 months.
Furthermore, cocoons were then transferred to 22 ◦C to estimate
hatching success and sex ratios (per nest tube and overall).
Finally, after emergence, body weights were documented for
101 randomly picked male and female offspring from each
population.

Statistical analysis

Analyses were performed using r (R Core Development Team,
2011). To explicitly test for inequality in body weights of
parental females in control and treatment populations based
on the lowest detectable difference of 1 mg, we sorted body
weights of females within groups and used a Wilcoxon signed
rank test with continuity correction based on paired differences
of body weight between bees assigned to the two different
experimental populations. A generalized linear model (GLM)
with gamma probability distribution was applied to test for
a difference in mortality between populations. We tested
for differences in the number of hatched offspring per nest
between populations using a GLM with Poisson probability
distribution. Proportional data of overall offspring mortality
and daughters produced were compared using binomial tests.
Offspring sex ratios inferred from individual nest tubes were
analyzed with a GLM with binomial probability distribution.
We tested for inequality in the central tendency, as well as for
differences in distribution of offspring body weight between
populations. A Wilcoxon signed rank test with continuity
correction was used to assess whether the location shift
in body weights between the groups of offspring deriving
from different populations was different from zero. We also

performed a Fligner-Killeen test for offspring body weight
variance homogeneity between the populations. All analyses
were conducted separately for females and males.

Results

Neonicotinoid residue analysis

None of the samples from either leftover larval food provisions
or bees collected from the control and treatment populations
contained detectable levels of thiamethoxam and clothianidin.

Bee fitness

Body weight distributions in founder females did not differ
between the control and treatment population (V = 984,
P < 0.001).

Chronic exposure to field-realistic concentrations of thi-
amethoxam and clothianidin through nectar substitute had dif-
fering effects on the various fitness parameters.

There was no effect on adult females’ longevity (Fig. 2 and
Table 1): average life-spans reached in the treatment and control
populations were 24.5 ± 7.2 and 23.8 ± 6.6 days, respectively.
However, fewer nests were completed in the neonicotinoid-
treated population: the control population completed 194 nests
over the course of the breeding period, whereas the number
in the treatment population was 22% lower (i.e. 151 nests)
(Fig. 2). Further differences were evident with respect to brood
cell number and larval mortality rate. Completed nests in the
treatment population contained 43.7% fewer total brood cells
than the control (i.e. 497 compared to 883). In addition, relative
offspring mortality was almost two-fold higher in the treatment
population; the proportion of offspring that completed larval
development and/or were able to hatch after hibernation was
thus lower compared to the control (i.e. 423 in the treatment
population compared to 808 in the control) (χ2 = 12.85,
d.f. = 1, P < 0.001), corresponding to 15% and 8.5% mortality,
respectively. Overall, chronic exposure to neonicotinoids had
a significant negative effect on the number of offspring that
emerged per nest (Fig. 3 and Table 1).

Table 1 Summary of the results of the generalized linear models (GLM)
performed to evaluate the effect of chronic exposure to neonicotinoids
(thiamethoxam and clothianidin) on adult mortality, the number of
cocoons per nest tube and offspring sex ratios of the red mason
bee Osmia bicornis

GLM Parameter Estimate SE P-value

Mortality Intercept 0.042 0.001 < 0.001
Gamma probability

distribution
Neonicotinoids −0.001 0.001 0.481

Number of cocoons per tube Intercept 1.427 0.035 < 0.001
Poisson probability

distribution
Neonicotinoids −0.397 0.06 < 0.001

Offspring sex ratio Intercept 0.224 0.071 0.002
Binomial probability

distribution
Neonicotinoids −0.342 0.12 0.004

Parameter estimates and SEs are given on the relative, canonical link
scale. For details, see Materials and methods.
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Figure 2 Cumulative survivorship and numbers of completed nest
tubes. Dashed lines represent the percentage of cumulative survivorship
of individually marked Osmia bicornis females (left-hand y-axis) plotted
against time for the control bees (black) and treatment bees chronically
exposed to neonicotinoids (grey). Mortality rates (measured as time-to-
death) did not differ between the two bee groups (P = 0.481) (Table 1).
Solid lines represent the cumulative numbers of completed nest tubes
(right-hand y-axis) for the control bees (black) and treatment bees (grey).
The treatment population completed 151 nests in total (i.e. 22% less
than the 194 nests in the control population).

Figure 3 Number of offspring per nest tube. The numbers of offspring
that hatched per nest tube are shown for the control and treatment
populations of Osmia bicornis. Thick horizontal lines represent medians,
boxes indicate 25–75th percentile range, and whiskers show the total
range of the data (outliers are given as circles). Mean ± SD numbers of
hatched offspring per nest were 4.17 ± 1.58 for the control population
and 2.80 ± 1.46 for the treatment population. Chronic exposure to
neonicotinoids (thiamethoxam and clothianidin) had a significant negative
effect on the total number of hatched offspring per nest tube (P < 0.001)
(Table 1) compared to the control bees.

Significantly male-biased offspring sex ratios were detected
across nests within the treatment population (Table 1), resulting
in a significantly lower proportion of daughters overall
(χ2 = 7.75, d.f. = 1, P < 0.003) compared to the control
population. On average, 47.1% of emerged bees in the treatment
population and 55.6% of bees in the control population were
females.

Figure 4 Offspring body weights. Body weight distributions of adult
offspring are shown for the control and treatment populations of
Osmia bicornis, based on 101 randomly picked individuals of each
sex per population. Thick horizontal lines represent medians, boxes
indicate 25–75th percentile range, and whiskers show the total range
of the data (outliers are given as circles). Mean ± SD values for
males: 42.7 ± 12.5 mg (control) and 45.2 ± 12.8 mg (treatment), and
for females: 88.6 ± 18.8 mg (control) and 87.6 ± 18.8 mg (treatment).
For each sex, offspring body weight distributions neither differed, nor
varied significantly between the experimental populations.

Taken together, the treatment population produced 47.7%
fewer offspring, including a 8.5% lower proportion of daugh-
ters, compared to the control population. The total numbers
of female offspring in the treatment and control populations,
with 199 versus 449 daughters, respectively, reveal a 2.3-fold
reduced population growth upon chronic neonicotinoid expo-
sure.

Emerged offspring from the two different populations, how-
ever, did not differ with respect to mean body weight (females:
W = 5496.5, P = 0.341; males: W = 4694.5, P = 0.329)
(Fig. 4) or body weight variance (females: χ2 = 97.8, d.f. = 90,
P = 0.269; males: χ2 = 100, d.f. = 95, P = 0.434).

Discussion

The present study aimed to develop a feasible experimental
procedure for quantifying the side-effects of chronic pesticide
exposure on the life-time reproductive success of a representa-
tive of an important group of pollinators, solitary bees, which
so far remain unconsidered in risk assessment guidelines. The
results obtained reveal some major impacts on the red mason
bee O. bicornis from low-level exposure to prevalent neoni-
cotinoids. More specifically, we contribute data that strengthen
our knowledge base regarding the ongoing debate on how
widespread neonicotinoid applications in systemic crop pro-
tection could be influencing recent pollinator declines, and that
point to the inclusion of solitary bees in future assessments.

Our findings show that while dietary exposure to field-
realistic trace residues of two neonicotinoids, thiamethoxam
and clothianidin, had no impact on the mortality of the
actively foraging adult bees (Fig. 2), with mean longevities
similar to those observed in the field (Seidelmann, 2006),
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it significantly impacted the F1 generation. Indeed, chronic
sublethal exposure to less than 3.5 μg/kg neonicotinoids in
nectar substitutes had marked negative consequences on the
fitness performance of bees: while the nest building rate
of non-exposed females approximated that reported in the
field (Seidelmann et al., 2010), exposed female bees both
completed fewer nests and constructed fewer brood cells
per nest (Fig. 3 and Table 1), thus exhibiting a reduction
in offspring production of almost 50%. Moreover, while
the offspring sex ratios of non-exposed females with more
than 50% daughters indicate good environmental conditions,
neonicotinoid exposure resulted in significantly male-biased
offspring sex ratios (Table 1), thus further compounding the
overall loss of reproductive potential. Our findings concur
with recent studies on bumblebees, where dietary exposure
to environmentally relevant residues of the neonicotinoids
imidacloprid and clothianidin caused decelerated colony growth
and a decrease of 85–100% in daughter queen production (Gill
et al., 2012; Whitehorn et al., 2012; Larson et al., 2013). These
results reveal that neonicotinoid exposure has covert side effects
that can negatively affect reproductive success and long-term
population dynamics, and also that these effects can occur
across different genera of wild bees.

Given that systemic neonicotinoids are broadly used to
combat pests on various pollinator-attractive crops, red mason
bees and related species found in agricultural landscapes could
be chronically exposed to these chemicals during most of their
breeding period, or even whole life cycles, as simulated in the
present study. Members of the genus Osmia are generalist in
their flower visitation and feed on a variety of floral resources,
and common mass-flowering crops are readily incorporated
into their diet (Westphal et al., 2003; Jauker et al., 2012;
Holzschuh et al., 2013). Although foraging in the field likely
includes alternative resources, generalist bees such as O.
bicornis commonly exploit mainly high-reward mass-flowering
plants to maximize foraging efficiency (Westphal et al., 2003;
Winfree et al., 2007; Teper & Biliński, 2009; Radmacher &
Strohm, 2010). Of special concern is that the breeding season
of O. bicornis includes the flowering period of oilseed rape,
which can contribute considerable proportions of this species’
nutrition, even if alternatives are available (Teper & Biliński,
2009; Holzschuh et al., 2013), and which is most often treated
with neonicotinoids. There could be additional exposure routes
to neonicotinoids for noncrop plants, for example, via dust drift
during drilling of coated seeds and its deposition on flowering
weeds in the surroundings of agricultural areas (Krupke et al.,
2012).

Although our reported findings on sublethal neonicotinoid
effects provide evidence of potentially severe impacts on
solitary bee populations, the present study was conducted in
a laboratory setting, and our conclusions need to be replicated
in the field. However, our results are biologically important and
carry strong weight for four reasons. First, the chosen set-up and
procedures minimized the chance that there could have been
undetected factors of either biological or mechanical nature
influencing both populations differently: it can be assumed
that the control and the treatment population did not differ
with respect to their genetic background, nor with respect
to the a priori conditions of the founder females, which

could have influenced reproductive performance and offspring
sex allocation, and that climate simulations, as well as the
equipment in both flight cages, were identical.

Second, the fact that mortality rates did not differ between the
control and treated populations (Fig. 2) makes it very unlikely
that the effects from individual females interacting in a non-
independent manner could have differed between populations,
which furthermore had approximately equal numbers of adult
females. Thus, the populations differed only with respect to the
presence or absence of neonicotinoids. Third, equal mortality
rates and longevities are indicative of the absence of repellence
and anti-feeding effects of the applied environmentally relevant
concentrations of neonicotinoids, as previously reported for
honeybees and bumblebees (Faucon et al., 2005; Gill et al.,
2012). Finally, the presence of any undetected factors, such as
microbial infections, can be assumed to have been similar in
both populations because all randomly allocated bees originated
from the same source.

Considering the general mode of neurotoxic action of
neonicotinoids in insects (Matsuda et al., 2001; Desneux et al.,
2007), toxicological effects resulting in behavioural, cognitive
or locomotive abnormalities could result in the devastating
fitness response reported in the present study in solitary
bees and previously in bumblebees (Whitehorn et al., 2012).
Physiological functions are tightly integrated with the nervous
system of a bee (Belzunces et al., 2012). Therefore, even
subtle impairments of manifold fundamental mechanisms could
collectively limit basic tasks, such as foraging performance
(Cresswell et al., 2012; Gill et al., 2012; Henry et al., 2012),
and these have been suggested to explain the decelerated
colony growth and lower reproductive success in bumblebees
(Mommaerts et al., 2010; Whitehorn et al., 2012). Compared
to honeybee colonies, which are perennial and consist of
several thousands of workers exhibiting a complex division of
labour, with a high degree of adaptive plasticity and generally
high turn-over rates, bumblebees, which are also social bees
but with small-sized colonies and annual life-cycles, appear
to express sublethal effects more strongly (Gill et al., 2012;
Whitehorn et al., 2012). The present study provides the first
evidence suggesting that the same applies to solitary bees, as
exemplified by the red mason bee O. bicornis .

In this species, reduced provisioning efficiency has been
shown to result in decreased numbers of brood cells per nest,
as well as male-biased offspring sex ratios (Seidelmann et al.,
2010), with both effects being observed in the present study
in bees exposed to neonicotinoids. These shifts in breeding
and offspring sex allocation strategies have mainly been
attributed to evolutionary adaptations in mitigating brood
parasitism (Seidelmann, 2006). Decreased foraging efficiency,
as commonly induced by poor environments, high travelling
costs or as an effect of female senescence, translates into an
increased provisioning time per brood cell, which is positively
correlated with a higher risk of brood parasitism. Accordingly,
reduced numbers of offspring per nest and an apparent shift in
offspring sex allocation towards less costly sons represent reli-
able general responses in reproductive investment to maximize
fitness under adverse conditions in this and other solitary bee
species (Seidelmann et al., 2010). The fact that our findings on
O. bicornis exposed to sublethal neonicotinoid dosages reflect
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these patterns exactly (Figs 2 and 3 and Table 1) leads us to
interpret them as most likely resulting from an overall impaired
foraging performance and provisioning efficiency, as also
demonstrated in several studies on bumblebees (Mommaerts
et al., 2010; Gill et al., 2012; Whitehorn et al., 2012) and
honeybees (Cresswell, 2011; Belzunces et al., 2012; Henry
et al., 2012; Schneider et al., 2012).

With respect to the male-biased offspring sex ratios that
we observed in O. bicornis , neonicotinoids may also have
additional negative consequences in hymenopterans. In this
order of insects, egg fertilization depends on the female
voluntarily releasing stored sperm from her spermatheca (i.e.
from where they are stored) (van Wilgenburg et al., 2006)
and neonicotinoids might directly impact this active process.
Indeed, male-biased offspring sex ratios were reported for
parasitoid wasps exposed to neurotoxic insecticides (Desneux
et al., 2007), which suggests that this may occur in other
solitary hymenopterans. The putative effects of sublethal
neonicotinoid exposure on egg fertilization in haplodiploid
nontarget insects thus deserve further research.

An important point raised by our data is indicated by the
negative effects that we observed on offspring survival in the
neonicotinoid-exposed population. Although mortality rates in
both study populations can be considered to be in the range of
what might be expected in the field (when referring to mortality
that is not caused by parasitizing arthropods, as was the case
in the present study) (Seidelmann et al., 2010), the difference
between them was significant. Given that offspring body weight
is strongly correlated with the amount of larval provisioning,
which decreases with reduced foraging efficiency (Seidelmann,
2006; Seidelmann et al., 2010), partially insufficient food
provisioning by the mothers could have caused the lower
offspring survivorship in our neonicotinoid-exposed population,
and also could have contributed to biased offspring sex ratios if
female offspring, requiring more food, were more likely to fail
during development compared to males. However, offspring
body weight means and variances of both sexes did not
differ between the treatment and control populations (Fig. 4),
which suggests that there were comparable amounts of food
provision in the two populations. Therefore, when directly
comparing mortality rates of the populations, it is possible that
the restricted offspring development evident in our treatment
population was a direct consequence of the neonicotinoids in
the nectar substitutes. If exposure to neonicotinoids did impact
bee development, this would suggest that the larval stages of O.
bicornis are more sensitive than adults because we spiked only
the nectar; in adults, nectar is a major food but it constitutes
only a very small proportion of the larval food provisions of
O. bicornis (Strohm et al., 2002), which explains why we
did not find any traceable amounts of either neonicotinoid
in the larval provision samples subjected to residue analyses.
In a field setting, the impact of neonicotinoids could be
much higher than we observed because broods of solitary
bees would be exposed to higher levels of neonicotinoids as
a result of their feeding on pollen, which, in crops treated
systemically with neonicotinoids, generally contains higher
concentrations than nectar (Blacquière et al., 2012; Dively &
Kamel, 2012). Thus, we can expect solitary bee larvae in the

field to commonly ingest greater quantities of neonicotinoids
than did our laboratory-reared offspring.

It is very noteworthy that our findings regarding the impact
of neonicotinoids in solitary bees are similar to those obtained
in a separate investigation on bumblebees by Whitehorn et al.
(2012), even though the two studies differed markedly in
experimental set-up: in both, there was a reduction in numbers
of female offspring upon field-realistic neonicotinoid exposure,
implicating long-term impacts on effective population size.
This impact is critical to population stability because small
populations are more vulnerable to stochastic environmental
processes and inbreeding depression (Goulson et al., 2008).
Of special relevance to bees, inbreeding depression can result
in detrimental diploid male production instead of female
offspring as a result of their complementary sex determination
system (Zayed & Packer, 2005; Heimpel & de Boer, 2008;
Whitehorn et al., 2009; Darvill et al., 2012). Assuming that
the outcomes of both our study and that of Whitehorn et al.
(2012), where reproductive output (offspring numbers) barely
replaced parental females, can be extrapolated to field settings,
it becomes clear that sublethal chronic neonicotinoid exposure
could have a major impact on pollinator populations.

Dispersal and gene flow among populations of wild pollina-
tors could counterbalance locally occurring detrimental effects
as a result of neonicotinoid exposure. Yet, regarding the present
dimensions of systemic neonicotinoid applications (Blacquière
et al., 2012), at some point, recurrent fitness losses in agricul-
tural landscapes may fail to be compensated by functional meta-
population networks facing additional adverse conditions such
as habitat degradation, emerging parasites or climate change
(Goulson et al., 2008; Potts et al., 2010). Wild pollinator pop-
ulation declines are not only of concern for biodiversity, but
also for food security (Garibaldi et al., 2013). In the light of
continuing honeybee losses (Winfree et al., 2007; Aizen et al.,
2008; Aizen & Harder, 2009; Potts et al., 2010; Pettis et al.,
2012), red mason bees and several related species are increas-
ingly being established for managed pollination services (Bosch
& Kemp, 2002; Teper & Biliński, 2009; Jauker et al., 2012) to
counteract suspected declines in crop pollination services. The
sustainability of their use depends on the minimization of bee
exposure to long-term sublethal environmental stressors, such
as neonicotinoids.

In conclusion, our study of the solitary bee O. bicor-
nis and several studies of bumblebees (Gill et al., 2012;
Whitehorn et al., 2012; Larson et al., 2013) concordantly
demonstrate a link between chronic sublethal neonicotinoid
exposure and reduced life-time reproductive success. Of
crucial importance, these findings indicate that the current
mandatory guidelines for pesticide risk assessment (i.e. the
tiered approach of testing for side-effects of plant protection
products on honeybees only) (OECD, 1998a, b; OEPP/EPPO,
2010a, b), is insufficient to ensure ecological sustainability for
pollinators in a broad sense. Referring to the recently published
guidance document by the European Food Safety Authority
(http://www.efsa.europa.eu/en/efsajournal/doc/3295.pdf), the
hazard evaluation schemes for pesticide regulations should
urgently implement more stringent testing of sublethal and
chronic effects on pollinators in general, and critically consider
entire life-cycle fitness assessments of selected non-Apis
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pollinators, such as the assay reported in the present study
using the solitary bee O. bicornis .
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