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ARTICLE INFO ABSTRACT

Edited by Bing Yan In an acute contact test with bees the compound of interest is dissolved in a carrier solvent (frequently acetone)

and then a droplet of the solution is placed on the dorsal thorax of the bee. The volume of the droplet is

Keywords: standardised to 1 pL for honeybees and to 2 pL for bumblebees. In practice the same droplet volume is used for
Beeéesns“g bees with very different sizes. In this research the effect of the droplet volume was evaluated with acute contact
BeeGUT:

tests with dimethoate for the alfalfa leafcutter bee, the red mason bee, the honeybee and the bumblebee. The
results were analysed with a ToxicoKinetic ToxicoDynamic (TKTD) model to separate kinetic from dynamic
effects. This allows to compare the sensitivity of the bee based on the effect threshold and not on the time, species
and test dependent LDsps. The analysis of the test results indicates that the magnitude of the response of the bees
increased with increasing droplet size. The results also showed that the manifestation of effects over time is
slower for the red mason bee and the bumblebee compared to the honeybee and the alfalfa leafcutter bee. This
implies that the result of a 2 day test with a fixed dosing volume results in different response for a bumblebee
compared to the alfalfa leafcutter bee, not because of different sensitivities of the bees involved but due to the
difference of relative dosed surface ratio. So comparing the sensitivity of bee species, based on standardised tests

Acute contact test
Bee sensitivity

is biased and amplifies the sensitivity for the smaller bee species.

1. Introduction

Crop protection products are strictly regulated chemicals which
require extensive testing to ensure that they will not pose risks to
wildlife, plants and the environment. An important part of the overall
testing for crop protection products is bee risk assessment. Bees play an
important role in pollinating crops. There is a large variety of bee spe-
cies; scientists have identified more than 20,000 species of bees, but
most economically relevant crops are pollinated by a relatively small
number of species (Kleijn et al., 2015). Of these, the honeybee is very
important pollinator, even in regions where it is not native.

Standardised acute tests for honeybee testing date back to 1992
(EPPO, 1992; OECD 1998a, 1998b). More recently, in 2017, OECD
guidelines were published for testing bumblebees (OECD, 2017). Soli-
tary bees, like bees from the Osmia and Megachile family are also
frequently tested, but there is no dedicated protocol for these species yet,
but first steps have been taken for the development of standard tests for
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solitary bees. The importance of bee testing is evident but the large
variety of bees requires insight in how to conduct and interpret tests in
order to make accurate comparisons on the sensitivity of different bee
species. Due to the easy handling and rearing most testing is carried out
with honeybees (Apis mellifera). Therefore the bulk of available data is
based on honeybee tests, which in turn raises the question on whether or
not other bee species are protected if an environmental risk assessment
is based on honeybees (Arena, 2014; Thompson, 2016). To date, com-
parisons on the sensitivity of bees (apis and non-apis) to chemicals are
mainly based on the standardised acute contact tests, regardless of the
size of the bee (Valdovinos-Ntinez et al., 2009; Arena, 2014; Thompson,
2014; Uhl, 2016; Thompson, 2019).

The general setup of an acute contact test for honeybees is to
administer a droplet of 1 uL, containing the compound of interest on the
dorsal thorax of the adult worker bees, though other volumes can be
used if justified (OECD 1998b). The compound of interest is usually
dissolved in acetone or in water with addition of a surfactant like Triton
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X-100. The OECD guideline prescribes to use five doses in a geometric
series. The tests are carried out in triplicate, with 10 bees per replicate. A
toxic standard (usually dimethoate) is included in the test series to test if
the sensitivity of the cohort is within a defined range. Mortality is
recorded daily during at least 48 h and compared with control values. If
the mortality rate is increasing between 24 and 48 h whilst control
mortality remains at an accepted level, it is appropriate to extend the
duration of the test to a maximum of 96 h. The result of the test is
respectively the 48, 72 or 96 h LDsg, which is calculated from the
experimental data, assuming a constant exposure concentration.

In practice solitary bees like the alfalfa leaf cutter bee and bees from
the Osmia family are treated with the same droplet volume as the hon-
eybee, so the size of the bee is not taken into account. Only the
bumblebee test is has a standard droplet volume of 2 pL (but also here
other droplet volumes may be used if justified (OECD, 2017)). This
raises the question whether using a similar droplet volume for bees with
different sizes (an alfalfa leafcutter bee for instance is about a quarter of
the weight of a honeybee and about one tenth of the weight of a
bumblebee) influences the outcome of the test. For smaller bee species a
larger relative surface area is covered in a test, which has the potential to
affect both the kinetics and the sensitivity of the bee. Still, both tests
have a standard duration of 48 h and the droplet size used in a test is also
similar.

As was previously shown by Baas and colleagues (Baas, 2022), the
LDs that is derived from acute tests is based on the initial dose and the
assumption that this dose is constant over time. However as was shown
by Zaworra and co-workers and Nauen and co-workers by washing the
bees at different points in time (Nauen, 2015; Zaworra, 2019), the dose
on the dorsal thorax of the bee is not constant during a test but declines
over time. Further research has shown that the decline of the dose on the
bee is bee-specific (Baas, 2024). In a test with honeybees app. 45 % of
the initially applied dose if left after 48 h but for red mason bee this is
app. 2 % (based on (Baas, 2024)). This implies that:

1. The LDs based on the initial dose and assuming the dose is constant
over the exposure duration (as is current practice) underestimates
the sensitivity of a bee, since the actual dose is lower than the initial
dose.

2. The LDsq derived from an acute contact test should not be used to
compare the sensitivity of different species of bees as the decline of
the dose over time is species specific.

It can be argued that the OECD guideline is meant to standardise the
testing of bees aiming at a reliable method to generate normalized data
for the regulatory risk assessment. It does not aim to represent the
exposure of a bee under a field relevant exposure scenario like overspray
(though similar processes might play a role) and details of the exposure
are considered in higher-tier risk assessment. But the standard experi-
mental framework as described in the OECD guideline is used to derive
LDsos which are used to compare the toxicity of different compounds
and different species of bees. If LDsgs for one species of bees are
compared this is not a real problem as the ranking stays the same, but
when different species of bees are compared this is no longer the case as
the test result is species-specific. In this research we will show that the
sensitivity of smaller bees is consistently overestimate in such compar-
isons. This type of insight will (hopefully) contribute to the debate on
comparing sensitivity of different bees, a debate recently revived by the
revised guidance document on risk assessment for bees by EFSA (EFSA,
2023).

The recently published BeeGUTS paper (Baas, 2022) showed that the
physiology of the species tested and the specifics of the test, such as the
declining exposure concentration over time, can indeed be taken into
account using a ToxicoKinetic ToxicoDynamic (TKTD) approach. Thus
showing that the sensitivity of different test species can be assessed
independently from any confounding factors originating from the actual
test set-up used. The BeeGUTS model is a TKTD model that allows to
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interpret test data on how fast effects develop over time (the tox-
icokinetics) in combination with an assessment of the sensitivity of the
bee (the toxicodynamics).

To investigate the impact of the usage of the standardized honeybee
test guideline on the resulting LDs values, dedicated acute contact tests
were carried out with four different bee species that were all treated
with different droplet volumes to see if kinetics or dynamics are indeed
influenced by the test setup.

2. Materials and methods
2.1. General experimental setup

Test were carried out with 4 species of bees; the bees were chosen
with the aim to cover a large size difference with some different char-
acteristics. Typical size and weight characteristics are presented in
Table 1.

With each bee species two independent tests were carried out:

1) measurement of the covered surface area of the insect with different
droplet sizes
2) acute contact tests, also carried out with different droplet sizes

2.2. Origin of the bees and preparation for testing

Honeybees were acquired from queen-right colonies from the Team
Environmental Risk Assessment of Wageningen University and
Research. The colonies were housed at the Sinderhoeve experimental
field station (Renkum, The Netherlands) which is situated in a rural area
with only some minor extensive agriculture present. Honeybees were
obtained from three separate colonies by collecting bees from the outer
frames of the hive. Every colony populated one of the three replicates
per treatment level used in the acute contact test. Further treatment and
preparation of the bees was carried out according to OECD guidelines
213 and 214.

Bumblebees for the contact test originated from medium sized col-
onies, 10-12 weeks old, healthy, queen-right and having all brood
stages. The colonies were obtained from a commercial bumblebee
breeding company Koppert Deutschland GmbH, D-47638 Straelen. The
bumblebees were collected from the upper, non-nest area of the plastic
box under red light without the use of anaesthetics 1-2 days before
application. Collection was carried out with plastic cages within one
week after delivery. The bumblebees were collected from several col-
onies and were randomly allocated to the different treatment groups to
avoid any colony effect within a treatment group. Application of
dimethoate for bumblebees was conducted according to OECD guideline
246 (OECD, 2017b) after anesthetisation with carbon dioxide.

Red mason bees used in the ‘droplet size’ test, were obtained as co-
coons from a local supplier (De Bijen Bestuivingstechniek, Nijmegen,
The Netherlands). Cocoons were pre-selected and separated into males
and females. Cocoons containing females are generally of larger size
than those containing males. After arrival of the cocoons at the test

Table 1
Typical size and weight characteristics of the tested bee species.

Common name Scientific name Approximate Approximate size
weight e
(mg) (mm)
Honeybee Apis mellifera 100* 11-13
Bumblebee Bombus terrestris 300* 11-17

Red mason bee Osmia bicornis 70** (average) 10 - 12 (female)
Alfalfa leafcutter Megachile 30" 6-9
bee rotundata

* Thompson et al. (Thompson, 2016)
™ Uhl et al. (2016) (Uhl, 2016)
" The bees of the world (Michener, 2007)
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facility, they were stored in the refrigerator until use. Red mason bees
for the contact test originated from cocoons obtained from a commercial
solitary bee breeding company (WAB-Mauerbienenzucht, D-78467
Konstanz). Cocoons were pre-selected and separated into females and
males.

For testing a suitable number of pre-selected female cocoons were
placed in a flight cage. The cocoons were not manipulated in order to
facilitate hatching and/or sexing of the bees (i.e. cutting the cocoons
prior to hatching). Any males still present emerged earlier than the fe-
males and were removed from the cage daily. Emerged females were
non-mated. They were stored in the refrigerator at 4 °C (4 4°C) with no
food supply until enough solitary bees had been collected to start with
the test. 18 h before the start of the application the emerged females
were set in a flight cage and fed ad libitum before solitary bees were
anaesthetized for application. Before start of the application the solitary
bees were anaesthetized by chilling. CO; for anaesthesia can result in
mortality for Osmia species and was therefore avoided. Solitary bees
were anaesthetized by putting them for approx. 30 min in the refriger-
ator at 4 °C. During application the solitary bees were immobilized using
an ice bath (solitary bees are placed in a plastic box which in turn is
placed in iced water). The cold storage and chilling period were kept as
short as possible. A single droplet of dimethoate in an appropriate car-
rier (tap water + 0.1 % v/v Triton X-100) was placed on the dorsal bee
thorax using a calibrated pipette (Multipette©, Eppendorf).

Alfalfa leafcutter bees (Megachile rotundata) were obtained from a
commercial supplier (North Star Seed Ltd, Canada). Cocoons were
stored at 3 C in a climate cabinet and when needed for the experiment,
incubated at 30°C according to the protocol from the supplier. Emer-
gence of males and females peaked at approximately 18 and 24 after
starting incubation, respectively. Tests were performed using females
only.

2.3. Surface area test

The tests were carried out with a colouring agent (eosine) with
droplet sizes of 1 pL; 2 uL, 4 pL and 6 pL in the laboratories of Wage-
ningen University and Research. All tests were carried out with acetone
or tap water containing 0.1 % triton X-100 as a carrier solvent. Eosine
was kindly provided by the laboratory of Human and Animal Physiology
of Wageningen University.

Each bee was given a droplet on the dorsal thorax of the bee ac-
cording to the OECD protocol for acute contact tests with honeybees
(OECD 1998Db). For practical reasons not all bees were treated with all
droplet sizes, as it would have been not feasible to treat a small leafcutter
bee with 6 uL of liquid without the liquid falling off. See Table 2 for an
overview.

After the droplet containing eosin was applied on the bee, the bees
were immediately analysed under UV light. For this purpose the scan-
ning microscope made a picture showing the droplet size via the lumi-
nescence of the eosin. The total surface area of the insect and the area
covered by the droplet was determined by manual measurement using
the freely available software package ImageJ.

2.4. Acute contact test

The tests were carried out according to the respective OECD
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guidelines for honey bees (OECD 1998b) and bumblebees (OECD, 2017)
but with different droplet volumes; the dose (in pg/bee) was kept con-
stant for the different droplet volumes for each species of bee. Deviations
from the OECD guidelines for the alfalfa leaf cutter bee and the red
mason bee are listed below:

Red mason bees and alfalfa leaf cutter bees were cooled for ~20 and
15 min resp. at 4 degrees before the dosing and the start of the experi-
ment and were not anaesthetised with CO». The red mason bees were
kept at 22 +/- 2 °C, at a relative humidity 60 %, Light-dark rhythm
16:8 h. The alfalfa leaf cutter bees were kept at 25 +/- 2 °C at a relative
humidity of 60 % and a light-dark rhythm of 16:8 h.

All tests were carried out with dimethoate, honeybee and alfalfa
leafcutter bee tests were carried with technical grade dimethoate of
99.8 % purity and acetone as a carrier solvent. For the alfalfa leafcutter
bee an additional test was carried out with water containing 0.1 % of
Triton X-100 but this led to a high control mortality and therefore the
test was not further evaluated. The bumblebee and red mason bee tests
were carried out with a formulated product (Danadim progress grade
417 g/L), using tap water containing 0.1 % Triton X-100 (Merck
Millipore).

The bumblebee and red mason bee tests were carried out in the
laboratories of IBACON (bumblebee according to OECD, 2017b, red
mason bee according to current recommendations of the non-Apis ring
test group (ICPPR non-Apis group, 2016-2023)), the honeybee and al-
falfa leafcutter bee tests were carried out in the laboratories of Wage-
ningen University and Research.

Mortality was recorded on each day for a total of 96 h, in line with
the OECD guidelines. Additional observation on lethal effects were
carried out 4 h after the start of the experiment for the bumblebee
(OECD, 2017) and the red mason bee. Additional observations on
mortality were carried out at 4, 8, 12 and 32 h for the tests with the
honeybee and the alfalfa leafcutter bee.

For practical reasons not all tests were carried out with all droplet
sizes. Higher droplet volumes make no sense for the alfalfa leaf cutter
bee and the standard droplet size for bumblebees is 2 pL which already
leads to a low relative surface area covered. An overview of the tests is
presented in Table 3. The bumblebee tests were carried out in duplicate.

2.5. Data interpretation of the acute contact tests

The test results were interpreted with the BeeGUTS model (Baas,
2022). This is a dedicated TKTD model for the interpretation of bee tests,
based on the General Unified Threshold model for Survival (GUTS)
modelling framework. A TKTD model for data-interpretation is different
from the standard LDso data analysis in that it takes the complete sur-
vival matrix as input for the model and not just the effects at a specific
point in time and disregarding all other timepoints with observations on
effects. The development of effects over time is followed and this con-
tains kinetic information and information on the effect threshold. The
latter is by definition the LDy at infinite exposure time. This effect
threshold is important as this is a measure for the intrinsic toxicity of a
compound/species combination. Another important advantage of TKTD
data interpretation is that the exposure concentration does not need to
be constant. Any exposure scenario (constant exposure, pulsed exposure,
first order decline (as in the acute bee tests)) can be used as input for the

Table 3
Overview of the acute contact tests that were carried out with different droplet
sizes.

Table 2
Overview of the droplet size tests.
Name Droplet size
1L 2 uL 4 L 6 L

Name Droplet size

1L 2L 4 L 5uL

Apis mellifera
Bombus terrestris
Osmia bicornis * * *
Megachile rotundata * *

Apis mellifera
Bombus terrestris
Osmia bicornis * *
Megachile rotundata * *
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model.

The GUTS modelling framework unifies two independent models
with different assumptions on the death mechanism: Stochastic Death
(SD) and Individual Tolerance (IT). None of the models are considered
superior and in practice both models are used and generally the most
conservative result is used for further risk assessment. When internal
and external concentrations (over time) are available, these can be used
for the data interpretation, this is then called the full GUTS model. When
the only external concentrations are available, formally then the
reduced GUTS approach is used, as in this research. Both models use
three parameters to describe the development of toxic effects over time.
Details of GUTS approach and the underlying assumptions are described
in great detail elsewhere (Jager, 2011; Ashauer, 2016; EFSA, 2018;
Jager, 2018).

A more elaborate description of the BeeGUTS model with the pa-
rameters to calculate the exposure scenarios for the different bee species
can be found in the Supporting Information (SI).

The result of the data analysis with the BeeGUTS model are three
parameters that together describe the whole process of the development
of toxic effects. In addition control mortality is estimated as a separate
parameter:

o The effect threshold; as a measure for the intrinsic toxicity of the bee

e The dominant rate constant; as a measure for the kinetics

e The killing rate in the Stochastic Death model (a measure for the
toxicity of the compound once the effect threshold is exceeded or the
spread in the effect thresholds in the Individual Tolerance model

e Control mortality, which was estimated from the complete dataset,
in line with the recommendation from Plantade and coworkers
(Plantade, 2023)

The main advantage of an interpretation with a TKTD model is that
this results in test-independent parameters, which allows for a separa-
tion of effects of the droplet size on the intrinsic sensitivity (by
comparing the effect threshold) and the kinetics (by comparing the other
parameter values).
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3. Results
3.1. Results surface area test

In Fig. 1, an example of the pictures of the eosin test with honeybees
and bumblebees is presented.

In Fig. 2, the covered surface area in mm? for the different tests is
shown, both for acetone and for water containing 0.1 % of Triton X-100.

In Fig. 2, the surface of area covered for the different droplet sizes
using acetone or water containing 0.1 % Triton X-100 as solvent or
wetting agent in mm2 and as % of the whole bee and of the thorax size
for the different droplet volumes is shown.

3.2. Results of the Acute Contact tests

Control mortality for bumblebees and honeybees in the tests carried
out with a droplet volume of 1 and 2 pL droplet is <10 % at the end of
the 4 d (96 hr) test and so in compliance with the OECD test protocols.
Control mortality for honeybees in the test with a 4 uL droplet volume is
slightly higher at the end of the 4 d test: 13 % (the 3 d (72 hr) control
mortality was 10 %). This might be caused by the higher droplet size
itself but this was not considered to be a reason to exclude the result at 4
days, with a TKTD data analysis control mortality is estimated from the
complete dataset and not only on the controls, which gives a better
representation of control mortality (Plantade, 2023). Control mortality
in the Osmia test was also <10 % and control mortality in one of the
alfalfa leaf cutter bee tests was between 17 % and 15 % at the end of the
3 d (72 h) test. Since the survival matrix was consistent, both over time
and concentration, this gave no reason to reject any of the tests.

Dimethoate is frequently used as a positive control in bee testing and
the OECD guidelines present requirements for the 2 d LDsps derived
from the test. The 2 d (48 h) LDsg value for dimethoate calculated ac-
cording to the OECD protocol (assuming a constant exposure concen-
tration) for honeybees carried out with a 1 pL droplet volume equals
0.13 (0.11-0.15) ug/bee and 4.9 (4.3-5.6) ug/bee for bumblebees (test
1) carried out with the 2 pL droplet volume. These are both in the
required range given in the respective protocols, implying that the test
results can be accepted. The 2 d (48 h) LDs for the 2 and 4 uL droplet
volume for honeybees were 0.12 (0.10-0.14) and 0.094 (0.097-0.12)

Fig. 1. Example of eosin stained droplet on a honeybee (top row) and bumblebee (bottom row).
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Fig. 2. Top panels: surface of covered area in mm? for the different droplet sizes using acetone or water containing 0.1 % Triton X-100 as solvent or wetting agent.
Middle panels: percentage of total body size covered for the different droplet sizes. Lower panels: percentage of thorax surface area covered using either Triton X100

(left panels) or Acetone (right panels) as wetting agent or solvent.

ug/bee resp. The bumblebee test (test 1) carried out with a 5 uL droplet
volume gave a 2 day (48 h) LDsq of 5.0 (4.4-6.4) ug/bee. An example of
the survival matrix for honeybees is presented in Table 4.

The TKTD parameter estimates and the Normalised Root Mean
Squared Error (NRMSE) values (a measure for the average deviation
from the calculated vs the observed mortality) for the different tests are
listed in Table 5 for the SD model. The results of the SD model and the IT
model gave a comparable interpretation of the data, therefore only the
results of the SD model are presented in tables in the main text. A more
elaborate description of the results, including the goodness of fit values
and the results of the IT model are presented in the SI.

All tests have survival matrices that are consistent, both over time
and over concentration. The BeeGUTS model generally gives excellent

fits of the data (R? values range between 0.92 and 0.98; NRMSE values
range between 7 % and 25 %) so well within the range to accept the fits
as outlined by the EFSA guideline on TKTD modelling (EFSA, 2018).

The parameters derived from the tests were used to calculate the
LDsq values at 2 days (48 h) and 4 days (96 h), these are listed in Table 6.
Note that these values are calculated based on the parameter values
listed in Table 5, taking into account the decline of the concentration on
the bee during a test. These values are therefore different from the values
calculated according to the OECD protocol, where it is (wrongly)
assumed that the exposure concentration is constant.
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Table 4
Survival matrix for the honeybee test conducted with a droplet volume of 1 pL.
Time Dose
(hour) (ug/bee)
0 (control) 0.04 0.08 0.16 0.32 0.64
Nr of survivors
0 30 29 30 30 30 30
4 30 29 30 29 24 16
8 30 29 29 20 4 0
12 30 29 29 15 0 0
24 30 29 29 6 0 0
32 30 29 29 6 0 0
48 30 29 29 5 0 0
72 30 28 27 5 0 0
96 28 28 26 3 0 0
Table 5
Parameter values of the different tests when interpreted with the SD model.
Test Volume kq m,, by NRMSE
(uL) @ah (ug/bee) (1/(ug/ (%)
bee.d 1))
A. mellifera 1 6.1 0.086 43 8.6
(4.5-8.4) (0.070-0.10) (30-65)
A. mellifera 2 4.4 0.080 54 10.8
(3.4-5.9) (0.065-0.093) (37-79)
A. mellifera 4 3.9 0.056 42 14.5
(2.5-5.6) (0.050-0.060) (29-69)
B. terrestris, 2 1.8(1.2- 1.2(0.80-1.5) 0.28 7.8
test 1 3.0) (0.20 -
0.39)
B. terrestris, 2 3.0(1.9- 2.2(1.4-3.0) 0.28 10.5
test 2 5.4) (0.18 -
0.44)
B. terrestris, 5 4.1 (2.6 - 1.5(1.0-1.8) 0.24 8.1
test 1 7.2) (0.17 -
0.33)
B. terrestris, 5 3.7 (2.3 - 2.2(1.6-3.1) 0.24 6.8
test 2 6.8) (0.17 -
0.38)
O. bicornis 2 < 0.33 0.019 (954 - 16 (4.9 - 7.3
0.076) 1200)
O. bicornis 5 0.34 (0.12 0.059 (0.018 - 5.0 (2.7 - 11.1
-0.62) 0.11) 18)
M. rotundata 1 7.6 0.072 23 9.3
(5.0-14) (0.059-0.084) (14-36)
M. rotundata 2 15 0.045 22 8.4
(7.0-65) (0.021-0.054) (12-31)

4. Discussion
4.1. Surface area test

The droplet size test shows that when using acetone as a carrier
solvent a larger surface area of the bee is covered, both in absolute as in
relative terms. Apparently, acetone enhances the spreading of the toxi-
cant over the ‘waxy’ surface of the bees more than water containing
0.1 % Triton X-100.

The relative surface area covered was linearly related to the applied
droplet size and inversely proportional to the size of the bee. When
water containing 0.1 % Triton X-100 is used as a carrier solvent, a
droplet size of 2 pL leads to a covered relative surface area of around 2 %
for B. terrestris, about 7 % for O. bicornis, about 8 % for A. mellifera and
about 15 % for M. rotundata. With acetone these covered relative areas
comprise approximately 4, 9, 10 and 20 %, respectively.

Probably the covered area of the insect thorax is the most important
factor for the uptake of the pesticide over the cuticle of the insect (with
the same solvent). With a droplet volume of 1 uL in a test with honey-
bees, around 15 % of the area of the thorax is covered. But for the alfalfa
leafcutter bee this area increases to approximately 35 % more than
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Table 6
Calculated 2 d and 4 d LDsg values based on the TKTD parameters for the
different tests.

Test Droplet Carrier Calculated 2 Calculated 4
Volume solvent d LDsg d LDso
(uL) (ug/bee) (ug/bee)
A. mellifera 1 Acetone 0.097 0.091
(0.083-0.11) (0.075-0.11)
A. mellifera 2 Acetone 0.090 0.084
(0.076-0.10) (0.070-0.097)
A. mellifera 4 Acetone 0.068 0.061
(0.063-0.074) (0.055-0.066)
B. terrestris, 2 Triton 3.2 (2.8-3.7) 2.0 (1.7-2.3)
test 1 X100
B. terrestris, 2 Triton 4.0 (3.4-4.6) 3.0 (2.4-3.7)
test 2 X100
B. terrestris, 5 Triton 3.3(2.9-3.8) 2.3 (1.9-2.6)
test 1 X100
B. terrestris, 5 Triton 4.1 (3.6-4.9) 3.1 (2.5-3.8)
test 2 X100
O. bicornis 2 Triton 0.41 0.15
X100 (0.34-0.48) (0.12-0.21)
O. bicornis 5 Triton 0.45 0.19
X100 (0.37-0.55) (0.16-0.25)
M. rotundata 1 Acetone 0.090 0.081
(0.081-0.11) (0.070-0.094)
M. rotundata 2 Acetone 0.063 0.054

(0.046-0.070) (0.034-0.061)

doubling the relative surface area impacted for the honeybee. The
bumblebee in the standard OECD approach with a droplet size of 2 uL,
receives a coverage of around 7 % of the surface area of the thorax. In
this case, less than halve the area of the thorax is covered compared to
the honeybee. The red mason bee is comparable in size to the honeybee
and as a result the surface area covered is also comparable to that of the
honeybee.

If the results of acute contact tests need to be compared for different
species of bees, covering a similar relative surface is the starting point.
However, then there are practical limitations in reducing the droplet
volume, therefore it is recommended to use a droplet volume of 1 uL for
the alfalfa leafcutter bee, 2 pL for the honeybees and bees of similar size
and of 5 pL for the bumblebees. For smaller bees than the alfalfa leaf
cutter bee smaller droplet sizes are recommended as long as the solu-
bility of the compound of interest is sufficient.

4.2. Acute contact tests

The tests with the red mason bee and the bumblebees were carried
out without the additional observations on effects early in the test. The
lack of additional observations on effects is reflected in the larger con-
fidence intervals of the TKTD parameter values. For both species, the
confidence intervals for the parameter values overlap and therefore
differences in effects for the different droplet sizes cannot be derived
from the data. The test with the bumblebees was carried out in duplo
and here the differences in parameter values between the duplo’s are
comparable to the differences between the tests with different droplet
sizes. For both the bumblebee and the red mason bee, the confidence
intervals in the parameter values are too wide to find an effect of droplet
size on the parameter values.

The tests with the honeybees and the alfalfa leaf cutter bees, were
carried out with a dedicated protocol with additional observations on
effects early in the test. The survival matrix shows that the main changes
in the observed effects take place in the first part of the test, see Table 4.
The main effects occur in the first 24 h of the test. This implies that the
most important information on the parameter values of a TKTD model is
in the first phase of the test, which is lacking with the standard test
protocol, with observations on effects at 4, 24 and 48 h. Similar obser-
vations were done for the other droplet sizes and the alfalfa leafcutter
bees (see SI).
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From the honeybee and alfalfa leafcutter bee tests parameter values
can be derived with relatively narrow confidence intervals, see Table 4,
and therefore provide the best information on the effects of droplet size
on the TKTD parameter values. As a result, the data generated with the
dedicated protocol for the honeybee and the alfalfa leaf cutter bee were
used for further evaluation of the effect of droplet size on the parameter
values.

4.3. Effect of droplet size on the sensitivity of bees

The test with honey bees and alfalfa leaf cutter bees was carried out
with acetone as a vehicle. The bumblebee test and the red mason bee
tests were carried out with triton X-100 as a vehicle. This might have had
an effect in itself so the comparisons of the different test results carried
out with different vehicles must be carried out with some reserve.
However the data do not suggest a significant influence of the vehicle.

Fig. 3 shows the development of effects over time for the honeybee
and also shows the excellent goodness of fit of the model for the hon-
eybees (similar figures for the other bees are presented in the SI). The
differences in observed survival between the tests with the different
droplet sizes are rather subtle and are best visible in the second and third
treatment.

Despite the rather subtle differences in the observations on effects,
both the results for the tests with honeybees and the alfalfa leafcutter
bees both show that the sensitivity of the bees (expressed as the effect
threshold) is affected by the volume of the droplet used in the acute test,
see Fig. 4.

Also the calculated LDso values indicate a higher sensitivity with
increasing droplet size for the honeybee and the alfalfa leafcutter bee,

Control treatment 1 treatment 2

sunidval prob. (-)
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see Table 5. For honeybees the increase in sensitivity from a treatment
with a 1 uL droplet to a 4 uL droplet is about 25 %. For the alfalfa leaf
cutter bee the increase in sensitivity in going from a 1 pL droplet to a
2 uL droplet is also around 25 %. Though the confidence intervals of the
parameter values for the bumblebee and red mason bee tests are too
large to directly draw this conclusion, the observations on effects also
suggest an increased sensitivity with increased droplet size. The survival
matrix shows that after 4 h of exposure for bumblebees a 10 % effect is
observed in the highest exposure concentration in the 5 pL. experiment
but not in the 2 uL experiment. In addition, there is also a slight effect
(3 %) in the highest exposure concentration in one of the 5 uL experi-
ments but not in the 2 pL experiments.

It is also interesting to see that the difference between the 48 hr LDs
and the 96 h LDs is rather small (< 10 %) for the honeybee and the
alfalfa leafcutter bee (~10-15 %), but larger for the bumblebee
(~25-40 %) and the red mason bee (~65 %). Or in other words the
incipient LDsg( is almost reached in the honeybee and alfalfa leafcutter
bee tests with dimethoate in 48 h, but the bumblebee test and the red
mason bee test need more time to reach the incipient LDs( for dimeth-
oate. With the bumblebee test, this is most likely caused by the sheer size
of the bee but for the red mason bee probably by its different, more
bristle like, type of hair on its cuticle (Roquer-Beni, 2020).

The modelling results with the SD model suggest that for the
bumblebee the slower development of effects over time is not caused by
differences in the dominant rate constant but by the dynamics. The tests
for honeybees, alfalfa leafcutter bees and the red mason bee all indicate
a by value > 5 (ug/bee.d’l)’l, whereas for bumblebees this value is
significantly lower; around 0.28 (ug/bee.d )7l A (relatively) high
value for by, (with comparable values for the dominant rate constant)

treatment 5

treatment 4

treatment 3

ma (days) timea (days)

3:
o
Po
=
Ee
=
<
Do
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=
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Fig. 3. Result of the honeybee tests. Top row, test with 1 uL droplet, second row test with 2 uL droplet, bottom row test with 4 uL droplet. All tests were carried out
with one control and 5 different exposure concentrations. The dots represent the observed survival, the lines represent the calibrated model result and the green area

is the 95 % confidence interval.
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Fig. 4. Droplet volume vs effect threshold for honeybees (first panel) and alfalfa leafcutter bees (second panel).

implies that once the effect threshold is exceeded, mortality occurs
relatively fast. In the extreme case where by, is infinite, the organism dies
immediately after the effect threshold is exceeded. So bumblebees are
not only less sensitive for dimethoate than honeybees (reflected in a
lower effect threshold for honeybees) but once the threshold concen-
tration is exceeded the effects also take longer to develop. For the red
mason bee the parameter values indicate that here it is the slower uptake
kinetics (the Kq value is < 0.3 d’l, where this value is > 1.8 d! for other
bee species) that causes the slower developments of effects over time.
The results of the IT model show a lower value for the dominant rate
constant for the bumblebee and the red mason bee compared to the
honeybee and the alfalfa leafcutter bee. So with this model the slower
development of the effects over time is reflected in the dominant rate
constant.

Though the SD and IT models differ in their parameter values, the
models do not differ in their interpretation of the data: time goes slower
for bumblebees and red mason bees in the acute contact test with
dimethoate compared to the honeybee and the alfalfa leafcutter bee. Or
in other words 48 h of exposure for a bumblebee does not equal 48 h of
exposure for a honeybee. The clock ticks faster for a honeybee and al-
falfa leaf cutter bee and therefore effects have further developed falsely
indicating a higher sensitivity.

This implies that a comparison of the sensitivity of a bee, based on its
LDs( derived from a standard test must be carried out with care as this
LDsq does not reflect the actual sensitivity of a bee. This is underlined by
the observation that tests with the alfalfa leafcutter bee frequently show
effects 4 h after the start of the exposure, where it is rare to already
observe effects for honeybees or bumblebees 4 h after the start of an
exposure.

5. Conclusions

Comparing the sensitivity of different species of bees based on the
acute contact test should take into account:

e The exposure pattern of the test, because this is species dependent

e The exposure time as clock ticks faster for smaller species of bees

e The dominant rate constant and the effect threshold depend on the
relative covered surface area

Comparing the toxicity of different compounds within one species
based on the LDsg, that is based on the initial concentration and the
assumption that the dose is constant over time, underestimates the
actual toxicity of the compound but the ranking will still be valid.

To overcome these issues, it is recommended to compare the sensi-
tivity of bees, based on the time- and test independent effect threshold,
as this is a better proxy for the sensitivity of the bee. However, to obtain
the best estimates of the effect threshold additional time points early in

the test are required.

In addition, the droplet size should be adapted for different species of
bees to start the test with a comparable covered relative surface area of
the bees in a test. Droplet size advice: 1 uL for smaller bees like the al-
falfa leaf cutter bee, 2 uL for medium sized bees like the honeybee and
5 uL for larger bees like the bumblebee.
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