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Abstract – Effects of pesticides have been debated as one of the causes of worldwide declines of bee populations.
Improving the risk assessment of pesticides on bees is important to halt these declines. Pesticide risk assessment
todaymainly focuses on one bee species, the honey bee. Because of differences in life cycles among bee species, this
risk assessment needs to be adapted to take these differences into account. For both the adult and larval life stages,
development of test protocols for solitary bees is required. Here, we summarize the current knowledge on larval tier
1 tests based on the first test protocols for solitary bee larvae available in the literature. As the ecology and rearing of
solitary bees of the genus Osmia spp. are well known, we propose this genus as a model species in a first step to
develop protocols for solitary species. In addition, we discuss guidelines, relevant endpoints, and research needs for
the development of a standardized oral toxicity test protocol of solitary bee larvae.

pesticides / solitary bees /Osmia spp. / oral toxicity test / ecotoxicology

1. INTRODUCTION

The pollination service of bees contributes sig-
nificantly to agriculture and natural ecosystems
(Ollerton et al. 2011; Garibaldi et al. 2013). Un-
fortunately, wild bee populations have declined
over the last decades (Biesmeijer et al. 2006;
Carvalheiro et al. 2013; Powney et al. 2019).
The use of pesticides in agriculture has been at-
tributed as one of the underlying causes of those
declines (Goulson et al. 2015; Woodcock et al.
2017). Indeed, widespread application of pesti-
cides results in contamination of nectar and pollen
in flowering plants through which different devel-
opmental stages of bees can be exposed to pesti-

cides (Botias et al. 2015; David et al. 2016; Wood
and Goulson 2017).

Pesticide risk assessment today mainly focuses
on one bee species, the honey bee (Apis
mellifera ), while non-Apis pollinator groups such
as bumble bees and solitary bees are heavily un-
derrepresented in risk assessment studies (EFSA
2013). To account for non-Apis pollinators in risk
assessments, attempts have been made to extrap-
olate honey bee toxicity data to bumble bee spe-
cies and solitary bee species (Arena and Sgolastra
2014; Uhl et al. 2016; Heard et al. 2017). Yet,
these predictions only account for effects on adult
worker bees and they do not account for differ-
ences in nesting biology and annual life cycles
between honey bees and other bee species
(Thompson 2016; Stoner 2016). Recently, stan-
dardized tier I acute toxicity test protocols have
been developed for adult worker bumble bees by
the non-Apis working group from the Internation-
al Commission for Plant-Pollinator Relationships
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(OECD 2017a, b). However, just like honey bees,
bumble bees are social insects and life cycles and
relevant life history traits for risk assessment of
social bees differ from solitary bees in many as-
pects (Sgolastra et al. 2018a; Kopit and Pitts-
Singer 2018). For example, most social bee spe-
cies continuously feed their larvae and brood care
is provided by the worker bees, whereas larvae of
solitary bees are only provided with a single food
provision after which interaction with the mother
bee stops. As such, the death of an adult solitary
bee also leads to a complete stop of her reproduc-
tive output, whereas the death of a social worker
bee can potentially be buffered by the work of her
sister worker bees (Straub et al. 2015). In addition,
due to differences in life cycles and life history
traits, the routes through which social and solitary
bees (during all life stages) are exposed to pesti-
cides are different (Sgolastra et al. 2018a). Given
these differences in life cycles and exposure
routes between social bees and solitary bees, pres-
ent toxicity protocols are not representative nor
applicable for solitary bee species, which encom-
pass the majority of all known bee species
(Michener 2007). Therefore, updated toxicity test
protocols are crucial to determine potential effects
and assess the risks of pesticides on solitary bee
species. With robust, standardized test protocols,
the relative sensitivity between different species
can then be tested and included in risk assessment
(Thompson and Pamminger 2019).

Examples of tier 1 toxicity studies exist for
adult solitary bee species of the genus Megachile
spp. (Johansen et al. 1984; Huntzinger et al. 2008;
Scott-Dupree et al. 2009) and Osmia spp.
(Ladurner et al. 2005; Scott-Dupree et al. 2009;
Biddinger et al. 2013; Jin et al. 2015; Sgolastra
et al. 2017, 2018b). However, tier 1 toxicity pro-
tocols using adult solitary bees are only able to
assess effects on adult survival. Potential effects
on survival and development from the egg to the
larval stage until the emergence of an adult bee
cannot be assessed using these protocols, while
significant exposure to pesticides can occur dur-
ing this stage. Female solitary bees provide their
offspring with unprocessed pollen as the main
food source mixed with nectar and specific gland
secretions to create a compact pollen provision
(Norden 1984; Torchio 1989). As such, larval

exposure to pesticides will mainly occur through
the provided pollen and nectar during the larval
development, when the larvae consume relatively
large quantities of contaminated food compared to
their body size. Therefore, the larval development
is also an important life stage to evaluate the
impact of pesticides on solitary bee populations
which has received very little attention up until
now. In addition, it is also not possible to use the
results of studies of honey bees as a proxy for
solitary bees. This is because the nesting biology
and other life history traits (overlapping genera-
tions, division of reproduction (workers and
queens), cooperative brood care, etc.) between
the honey bee and solitary bees are very different
(Michener 2007). In addition, comparative studies
have not been carried out (Thompson and
Pamminger 2019).

To date, a few studies have tested the effects of
pesticides using solitary bee larvae of the genus
Megachilidae spp. (Guirguis and Brindley 1974;
Johansen et al. 1984; Peach et al. 1994; Abbott
et al. 2008; Gradish et al. 2012; Anderson and
Harmon-Threatt 2019) andOsmia spp. (Tesoriero
et al. 2003; Abbott et al. 2008; Konrad et al. 2008;
Sgolastra et al. 2015; Nicholls et al. 2017; Ander-
son and Harmon-Threatt 2019). However, differ-
ences among the different test protocols and end-
points measured in each study make it difficult to
compare results. Further standardization and val-
idation of testing protocols are necessary to iden-
tify representative endpoints for both lethal and
sublethal effects and develop a reliable toxicity
protocol for solitary bee larvae. As solitary bees of
the genus Osmia spp. are distributed worldwide
and rearing and handling methods are well
known, they are a good model species to include
in pesticide risk assessment (EFSA 2013;
Sgolastra et al. 2018a). Although we stress that
results obtained for Osmia spp. may not be fully
representative for all solitary bee genera, using
this genus as model species can provide a first
step in improving toxicity protocols of other sol-
itary bee species. Indeed, except for the harvesting
of the larvae, all elements of our protocol guide-
lines are suitable for strict solitary species that
provide their larvae with a single food provision
and then allow them to develop in an enclosed
space. As such, this protocol could be used as a
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starting point for risk assessment on other solitary
bee species once reliable methods for rearing and
testing larvae have been developed. Below we
summarize the different stages of the development
of Osmia spp. larvae from egg to adult bee. We
review and list relevant endpoints for risk assess-
ment protocols and propose a standardized proto-
col for tier 1 risk assessment with larvae from
Osmia spp., while highlighting knowledge gaps
and potential further research necessary to opti-
mize the proposed protocol.

2. SPECIES DESCRIPTION AND
RELEVANT ENDPOINTS

The term “solitary bees” encompasses multiple
genera, with differences in life cycles and body
sizes between and within genera (Michener 2007).
The basic principle of collecting pollen in a nest
cell to provide one eggwith provisions is the same
for most solitary species. Other differences in life
cycle, nesting ecology, or body size may affect the
potential impact of pesticides both on the adult
bees as during larval development. Concerning
solitary bees, Osmia spp. are relatively easy to
propagate in artificial trap nests and a lot of expe-
rience exists with a handful of species
(O. bicornis and O. cornuta in Europe,
O. l ignar ia in Canada and the USA,
O. ribifloris in the USA and Mexico, and
O. cornifrons in Japan and the USA; see
Sgolastra et al. 2018a).

Bees of the genus Osmia spp. are polylectic
bees that naturally nest in pre-existing cavities
(dead plant stems, cavities in dead wood and
stone, etc.) (Krunić and Stanisavljević 2006). Like
most solitary bee species, the yearly flight period
of Osmia spp. species is much shorter compared
to that of honey bees and bumble bees and forag-
ing preferences are very variable among different
species. Larvae ofOsmia spp. are provided with a
single food provision after which the nest cell is
closed and all interaction with the mother bee
stops. Osmia spp. have five larval instar stages
(Rust et al. 1989; Torchio 1989). The first instar
larvae remain within the egg and feed on embry-
onic fluids. From the second instar stage onwards,
the larvae emerge and start to consume the pro-
vided pollen. The feeding period can last 40–60

days during which the larvae will molt multiple
times until the fifth instar stage is reached (Krunić
and Stanisavljević 2006). After the larval devel-
opment is completed, the fifth instar defecates,
passes over into the prepupal stage, and starts
spinning a cocoon. Inside the cocoon, the prepupa
metamorphoses and stays inside the cocoon dur-
ing winter as a diapausing adult until it emerges
next spring (Krunić and Stanisavljević 2006).

To assess toxicological effects of pesticides
during larval development, hibernation, and
post-emergence life of the adult bees, both lethal
and sublethal endpoints need to be considered.
Below, we suggest primary and secondary lethal
and sublethal endpoints for larval tier 1 risk as-
sessments withOsmia spp. Primary endpoints are
those necessary to understand the immediate risks
on the individuals and consequently the bee pop-
ulation, whereas the secondary endpoints are used
as information for the drivers of this impact which
could be assessed in higher tier (semi-field or
field) studies (EFSA 2013). Different endpoints
and how to assess each endpoint are summarized
in Table I.

2.1. Lethal effects

During the egg and first instar stage, the prog-
eny will only be exposed to pesticides through
direct contact with the pollen provision, as no
feeding occurs yet. As such, failing to develop to
the second instar stage provides a first endpoint
to assess whether or not the pesticide has any
lethal effects through contact with the egg or first
instar. Contact with pesticides through dipping of
eggs in pesticide solutions has shown potential
effects through mortality in eggs of other insect
species such as ladybugs (Youn et al. 2003; Fogel
et al. 2013). One study reported negative effects of
an insect growth regulator, novaluron, on egg
hatching and larval survival in Megachile
rotundata (Hodgson et al. 2011). These results
imply that entering the larval feeding stage is a
potential endpoint to take into account, while
today this is largely overlooked in the present
toxicity studies with solitary species.

As soon as the second instar stage is reached,
the progeny will mainly be exposed to pesticides
through oral consumption of the pollen
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provisions. Therefore, from this instar stage on-
wards, toxic effects should mainly be considered
as a consequence of oral exposure. Once the pol-
len provision has been consumed and larval de-
velopment is completed, the prepupa will spin a
cocoon and develop into an adult bee. Reaching
the point of cocoon initiation is a second endpoint
to consider as it detects potential lethal effects
through oral consumption during larval develop-
ment. Reaching the point of cocoon initiation has
been found to be affected by field realistic doses
of insecticides in a larval toxicity test with
M. rotundata (Gradish et al. 2012).

Once the cocoon has been successfully spun,
bees will pupate and from here on enter hiberna-
tion as a fully developed adult bee and wait for the
next spring to emerge (Bosch and Kemp 2000;
Kemp et al. 2004). Successful emergence of the
adult bee from the cocoon after hibernation is the
third potential endpoint for lethal effects, as accu-
mulated residues in the bee might reduce the
fitness and consequently the survival rate during
hibernation. Effects of pesticides on mortality
during hibernat ion were not found for
M. rotundata (Gradish et al. 2012) or Osmia
spp. (Konrad et al. 2008; Nicholls et al. 2017).
However, in a semi-field test, Sandrock et al.
(2014) de tec ted s ign i f icant ef fec t s of
neonicotinoid insecticides on adult emergence of

O. bicornis . Successful emergence of the adult
bee is a first primary endpoint as it clearly indi-
cates risks concerning the larval development and
consequent fitness of the adult bee.

2.2. Sublethal effects

During larval development, the first sublethal
endpoint to consider is the duration to develop
from second instar to cocoon spinning initiation .
Pesticide treatments may potentially slow down
larval development, leading to potential delays in
reaching the fully developed larval stage. Delayed
larval development may impose higher risks of
development failure due to prolonged exposure to
pathogenic infections, parasitism, or adverse
weather conditions. Such a delayed larval devel-
opment by pesticides has already been detected
for honey bee larvae (Wu et al. 2011; Vázquez
et al. 2018). Effects of imidacloprid on larval
development time ofM. rotundata also have been
detected (Anderson and Harmon-Threatt 2019).
Konrad et al. (2008) also found prolonged larval
development in the presence of the lectin
Galanthus nivalis agglutinin (GNA) in
O. bicornis , again stressing the relevance of this
endpoint.

After larval development, the cocoons are sub-
jected to a winter incubation to simulate diapause

Table I.Overview of suggested endpoints and how to assess each endpoint (primary endpoints are indicated with an
asterisk)

Endpoint How to score endpoint

Development to second instar larvaa Daily observation for hatched, feeding larva

Cocoon initiationa Observation of feeding larvae up to the spinning of the first attachment points
of the cocoon

Adult emergencea,* Observation for hatched adult bee during emergence incubation

Time from second instar larva to cocoon
initiationb

Daily observation during feeding stage of larvae up to cocoon initiation

Deviation emergence dateb Comparison of adult emergence date between treatment and control

Adult longevityb,* Daily observation after emergence of adult up to death of the adult bee

Hibernation weight lossb Weight difference of cocoon before and after hibernation

Body sizeb Measure anterior wing length

Wing symmetryb Comparison of wing shape

a Lethal endpoint
b Sublethal endpoint
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and to stimulate adult emergence. Once bees have
successfully emerged from their cocoon, several
additional endpoints can be assessed on the adult
bees to detect potential sublethal effects from
pesticide treatments. A first endpoint here is the
deviation of the emergence date compared to a
negative control group . Timing of emergence can
play a large role in fitness for both male and
female individuals with regard to mismatches
with floral resources and mating opportunities
(Forrest and Thomson 2011; Schenk et al.
2018a, b). However, no data is available on how
pesticide exposure could shift timing of emer-
gence (but see Sgolastra et al. 2015). Assessing
the longevity in the absence of food is another
potential endpoint for sublethal effects. Pesticide
residue uptake during the larval stage can poten-
tially reduce the longevity of adult bees after
emergence (Wu et al. 2011; Sgolastra et al.
2015). Survival without food is recommended as
endpoint as it gives an estimate of the bees’ sur-
vival chances in natural conditions with uncertain-
ty of food sources. Especially for early spring
species, prolonged rainfall and too cold tempera-
tures can keep a solitary bee stuck in their nest for
multiple days. Bees with a lower longevity will be
more susceptible to fluctuations in food resource
availability and are likely to have a reduced fitness
in such conditions (Sgolastra et al. 2011; Weissel
et al. 2012). Therefore, longevity of the emerged
adult is the second primary endpoint.

Disturbances in development of the individual
bees are a final group of endpoints to consider.
These endpoints include weight loss during hiber-
nation, body size, and wing symmetry. Cocoon
weight can be measured before and after hiberna-
tion, to assess weight loss during hibernation .
Significant weight loss during hibernation indi-
cates energy loss in winter and reduced vitality
of the bees (Bosch and Kemp 2004). Therefore,
weight loss during hibernation can be very useful
to associate with adult emergence and adult lon-
gevity. In bumble bee queens, weight loss during
hibernation has been found to be greater for indi-
viduals exposed to neonicotinoids (Fauser et al.
2017). However, Konrad et al. (2008) found no
differences concerning hibernation weight loss for
larvae treated with the lectin GNA compared to
the negative control for O. bicornis . Body size is

related to the efficiency of food conversion by
larvae and to general fitness of the adult bee
(Bosch and Vicens 2006; Radmacher and
Strohm 2010). Body size can also be used to
control for differences within treatments as body
size may affect emergence dates and survival rate
during the winter (Beekman et al. 1998). Body
size of the adult individuals can be measured
using different metrics such as the anterior wing
length (Bosch and Vicens 2002; Ohl and Thiele
2007). Wing length has been found to be affected
by heavy metal pollution in O. bicornis , which
makes it interesting to investigate effects of pesti-
cides on body size (Szentgyörgyi et al. 2017).
Another potential endpoint that can be measured
is wing symmetry of individual bees. Fluctuating
asymmetry in bilateral body structures of insects
can be used to quantify the developmental stabil-
ity and can have a direct effect on individual
fitness resulting in negative effects on the popula-
tion over time (Lens et al. 2002). Asymmetry can
be induced by a wide range of environmental
factors, including pesticides (Beasley et al.
2013). However, no data is available on the po-
tential impact of pesticides on solitary bee wing
symmetry (see Ondo et al. 2011; Gerard et al.
2018), leaving its potential use as an endpoint
for risk assessment protocols for solitary bees
subject to future research.

3. TEST PROTOCOL

Based on our own experiences and available
larval toxicity protocols in literature (own unpub-
lished data; Guirguis and Brindley 1974;
Johansen et al. 1984; Peach et al. 1994; Tesoriero
et al. 2003; Abbott et al. 2008; Konrad et al. 2008;
Hodgson et al. 2011; Gradish et al. 2012;
Sgolastra et al. 2015; Nicholls et al. 2017; Ander-
son and Harmon-Threatt 2019), we propose a test
protocol for standardized oral toxicity tests for
larvae of solitary bees of the genus Osmia spp.
(summarized in Table II).

3.1. Harvesting of the larvae

Eggs and first instar larvae can be collected
from artificial wooden laminar trap nests during
the nesting activity of the adult females. We
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advise to gain experience when it comes to rearing
in order to effectively harvest sufficient numbers
of larvae for the test (but see Staab et al. 2018).
Depending both on this experience and on the
floral resources around the nesting site, it will
depend how many females need to be released
(own unpublished data; Pitts-Singer and Bosch
2010; Dainese et al. 2018). When working with
multiple trap nests to harvest larvae, it is important
to ensure that larvae from each trap nest are equal-
ly spread among treatments to minimize effects of
confounding factors (but see Hendriksma et al.
2011). To ensure that larvae do not feed on the
natural pollen provision, we propose that only the
eggs and first instar larvae should be included in
toxicity test to ascertain that all pollen-feeding
larval stages consume only the experimental un-
treated or treated pollen. In addition, in order to
develop a standardized toxicity test with the re-
quired sample size of one sex, female larvae
should be selected (which is also in accordance
with the honey bee and bumble bee test protocols:
Dietemann et al. 2013; Cabrera et al. 2016; OECD
2017a, b). Male bees are also essential, of course,
but priority should go to protocols targeting

female bees due to the abovementioned reason
and because they provide reproductive output
and pollination services. Female larvae can be
selected based on their size and based on the
position in the trap nest. More specifically, female
larvae have pollen provisions and brood cell that
are noticeably larger than those of males and are
usually positioned at the back of the nesting cavity
(Raw 1972; Krunić and Stanisavljević 2006). The
first instar larvae can be recognized as it remains
in the egg and a spiracular line can be noticed,
which allows the exchange of atmospheric gasses.
The second instar hatches 6 to 8 days after the egg
is laid and can be recognized as it is hatched
completely from the egg and actively feeds on
the pollen (Rust et al. 1989; Torchio 1989). We
suggest to monitor the nesting activity in each
nesting cavity and to harvest fresh eggs/first in-
stars every 3 to 4 days to make sure that the
harvested individuals are not older than the first
instar. At this point, a first assessment of larval
survival should be made (before transfer to the
treatment pollen). Larvae that show signs of dam-
age due to handling should be excluded from the
final analysis. To ensure a sufficient number of

Table II.Recommendations for protocol elements for standardized oral toxicity tests for larvae of solitary bees of the
genus Osmia spp.

Protocol elements Recommendation

Test species - O. cornuta (Europe)
- O. bicornis (Europe)
- O. cornifrons (USA and Japan)
- O. lignaria (USA and Canada)
- O. ribifloris (USA and Mexico)

Larvae rearing method Wooden laminar trap nest

Age of the larvae Egg and first instar

Feeding method New pollen method

Housing cage Sterile 48-well plate

Treatments 3 to 7 (1 negative control, 1 positive toxic control, and 1 to 5
concentrations of the test pesticide)

Replication 30 larvae

Application method Mixing treatments with new pollen

Exposure validation Pesticide residues in untreated and treated pollen
(the day of treatment and 28 days after treatment)

Incubation - Larval development: 120 days at 22 °C and 60% RH
- Prewintering: 21 days at 14 °C and 60% RH
- Wintering: 120 days at 4 °C and 60% RH
- Emergence: 22 °C and 60% RH
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individuals, additional eggs and first instar larvae
can be included in the experiment to deal with sex
uncertainty and potential losses due to damage
during transfer (Hendriksma et al. 2011).

3.2. Rearing method

Tomimic natural conditions as best as possible,
the housing cage for the larvae should have di-
mensions similar to the natural nesting cavities.
Round-bottomed glass vials or 48-well plates with
a diameter of approximately 10 mm or similar
have been found to be ideal (Becker and Keller
2015; Sgolastra et al. 2015). Using housing cages
with a larger diameter can create problems for
successful cocoon spinning (own unpublished
data; Abbott et al. 2008; Figure 1).

In existing protocols, there is considerable var-
iation concerning the method of feeding the lar-
vae. Either the original maternal pollen provision
from in the trap nest or a new artificial pollen
provision made from honeybee-collected pollen
can be provided to feed the larvae (the latter is
referred to as “new pollen method” hereafter).
When using pollen provided by the mother bee,
this pollen is spiked with a certain pesticide dos-
age. However, with this method, natural variation
in pollen composition may significantly impact

offspring development (Guirguis and Brindley
1974; Bukovinszky et al. 2017). As it is hard to
correct for this effect, we recommend the use of
the new pollen method, allowing for a controlled
provision of pollen to all larvae in the experiment.
More specifically, it is possible to standardize the
amount of pollen and the dosage of the test pesti-
cide in the pollen, with a uniform mixing of the
pesticide in the pollen provision also being more
realistic compared to a spiked pollen provision.
Undes i r ed e f f ec t s o f po l l en iden t i t y,
microparasites, or pesticide residues in the honey
bee pollen on larval mortality or development
were previously found to be negligible (own
unpublished data; Abbott et al. 2008; Konrad
et al. 2008). Another advantage of using the new
pollen method is that potential brood parasites or
microparasites associated with the natural pollen
provisions (e.g., Cacoxenus indigator , Apicystis
spp.) cannot interfere with the experiment because
they will not be transferred together with the
larvae (own unpublished data; Becker and Keller
2015). Pollen provisions for each larva can be
made by blending a batch of honey bee pollen
and mixing this with 50% untreated or treated
sugar water at a ratio 1:10 of sugar water and
pollen (own unpublished data; Abbott et al.
2008; OECD 2017b). We suggest that all harvest-
ed eggs and first instar larvae should be provided
with a pollen provision of 350 mg (Bosch and
Vicens 2002).

3.3. Pesticide application

Tier I toxicity tests should include a negative
control, a positive validated toxic control, and one
or more treatments of the test pesticide. For the
positive control, dimethoate should be included
next to the test compounds for larval toxicity tests
in accordance with honey bee larvae toxicity test
protocols (Hendriksma et al. 2011; Dietemann
et al. 2013). However, the specific concentrations
of this reference pesticide that cause effects on the
suggested endpoints remain to be determined to
serve as a suitable positive control for lethal and
sublethal endpoints.

For pesticide application in the toxicity test, a
stock solution needs to be made by diluting an
amount of the test pesticide in 50% w/v sugar

Figure 1 Hampered cocoon spinning caused by subop-
timal housing cage (15-mm-diameter well with flat
bottom of 24-well plate) (A = first attempt to spin
cocoon and B = second attempt to spin cocoon).
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water. The treated sugar water is then diluted and
mixed with the honey bee pollen at a 1:10 ratio.
Different dilutions of the stock solution can be
made in order to include different dosages of
pesticide-treated pollen. If the technical grade
product of the pesticide is used, the product is
mixed with acetone and then added to the sugar
water to improve solubility (5% acetone v/v;
OECD 2017b). If this is the case, a solvent control
treatment needs to be added in addition to the
negative control treatment. Samples of untreated
and treated pollen should be taken at least at the
day of treatment and 28 days after treatment
(Botias et al. 2015). These samples must be ana-
lyzed for residues of the test substance to quantify
the effective exposure of the test pesticide in the
different treatments. If possible, the samples
should also be screened for residues of other pes-
ticides to account for possible interaction effects
between other pesticide residues and the different
test treatments. Effects of the endpoints between
the different treatments need to be compared by
expressing the treatments on a pesticide concen-
tration base as well as by expressing the treat-
ments as the consumed dosage of the pesticide.
To achieve the latter, effective consumption of
pollen should be monitored for all larvae to accu-
rately assess the consumed dose of pesticide for
each larva throughout the experiment. Accurate
measurement of pesticide residue consumption is
necessary for the estimation of potential effects,
while the amount of pollen consumed will affect
the size of the adult bee (Radmacher and Strohm
2010; OECD 2017b) and thus needs to be taken
into account when comparing body sizes between
individuals.

3.4. Incubation

Eggs and larvae should be incubated for 120
days at 22 °C, 60% RH, and complete darkness to
facilitate larval and pupal development (Bosch
and Blas 1994; Bosch and Kemp 2003; Nicholls
et al. 2017). To complete diapause and to stimu-
late emergence in the lab, cocoons should be
subjected to a cold period. Optimal prewintering

conditions have been found between 10 and 30
days at 14 °C, and we therefore suggest a
prewintering incubation of 21 days at 14 °C
(Bosch et al. 2000; Bosch and Kemp 2004). Sub-
sequently, the bees should be subjected to a win-
tering incubation for 120 days at 4 °C for optimal
hibernation (Bosch and Blas 1994; Bosch and
Kemp 2003, 2004). After wintering incubation,
the cocoons in the 48-well plates—with the lid
placed on top of the well plate to prevent emerg-
ing bees from escaping—need to be incubated at
22 °C, 60% RH, and complete darkness to stimu-
late emergence and checked daily to record end-
points. Upon emergence, adult bees can be kept in
individual containers without food provision to
assess their longevity in the absence of food.

4. RESEARCH NEEDS

4.1. Positive toxic control

As previously mentioned, a toxic reference pes-
ticide is needed as positive toxic control for both
lethal and sublethal endpoints on larval develop-
ment. To date, most studies on solitary bee larvae
only include a negative control (see references in
Section 3). Determination of this toxic reference and
its recommended concentration that will cause ef-
fects is needed for further validation of a standard-
ized test protocol. We suggest using dimethoate as
positive toxic reference pesticide in accordance with
honey bee larval toxicity protocols (Hendriksma
et al. 2011; Dietemann et al. 2013), as this will result
in a more comprehensive and a more comparable
test protocol. As previously mentioned, the specific
concentrations of this test pesticide for both primary
endpoints remain to be validated to serve as a suit-
able positive control.

4.2. Female progeny

The main goal is to protect pollination services
and bee populations from negative effects follow-
ing exposure to pesticides. In the case of solitary
bees, the female bees build the nests and collect
and provide the food provision for the larvae. In
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this way, females ensure the reproductive output
of the population and are of prime importance of
bee populations. Just as the focus is on female
workers and queens in honey bee and bumble bee
toxicity protocols (Dietemann et al. 2013; Cabrera
et al. 2016; OECD 2017a, b), test protocols for
solitary bees need to target female individuals.
Therefore, more data on how to accurately identi-
fy females during the larval stage (e.g., based on
the size of the brood cell and their position in the
nesting cavity inside the trap nests) would reduce
the likelihood of accidently rearing male individ-
uals, which can only be assessed upon emergence,
months after the treatment has been performed.
Likewise, more data on the amount of pollen
provision that is provided to female larvae in
natural conditions would be beneficial for specific
Osmia spp. test species, in order to improve the
accuracy of lab condition experiments compared
to realistic field conditions.

4.3. Relevant pesticide treatments

A variation of concentrations of different pes-
ticides has been detected in pollen and nectar of
wildflowers as well as pollen and nectar of crops
(Botias et al. 2015; David et al. 2016; Wood and
Goulson 2017). Thorough exposure assessments
for solitary bees are needed to identify the present
pesticides and to determine their residue concen-
tration in the larvae’s food provision (EFSA
2013). Therefore, residue analysis of pollen and
nectar collected by mother bees or residue analy-
ses of food provisions of larvae under field con-
ditions in different landscapes could provide in-
sight to which pesticides solitary bee larvae are
subjected to. This will allow the identification and
assessment of potential risks of relevant pesti-
cides. In addition, the residue concentrations can
then be used to test field realistic concentrations of
relevant pesticides in higher tier testing.
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