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Abstract: Statistical power, number of replicates and experiment complexity of semi-field and field studies on Apis and non-Apis
bee species has become a major issue after publication of the draft European Food Safety Authority (EFSA) Guidance on risk
assessment of plant protection products (PPP) on bees (Apis mellifera, Bombus spp. and solitary bees). According to this guidance
document, field studies have to be designed to be able to detect significance differences as low as 7% for certain endpoints such as
reduction in colony size. This will require an immense number of replicates which is obviously not feasible. In the present study, key
endpoints such as mortality, termination rate and number of brood cells in honeybee studies, cocoon production and flight activity in
solitary bee studies and number of gynes in bumble bee studies (just to mention some of the endpoints considered) in semi-field
studies were analyzed, with Apis mellifera, Bombus terrestris and Osmia bicornis during the past five years (2013-2017). The results
indicate huge differences in the percentage minimal detectable differences (%MDDs) (MDD expressed as median of control value of
the endpoint in percent) depending on endpoint and species tested. For honeybee semi-field studies, the lowest %MDDs recorded
were between 10% and 15% for the endpoints foraging, number of brood cells and colony strength. The highest %MDDs were
observed for the endpoint termination rate, with a %MDD of almost 50%. For the endpoints in bumble bee semi-field studies
the %MDDs varied between 17% for bumble bee colony weight and 53% for average mortality during the exposure period in the
tunnel. The %MDD for the number of gynes (young queens) was slightly below 25%. For the semi-field solitary bee test system,
the %MDDs for the measured endpoints seem to be lower than those for the other two species tested. The %MDDs for the endpoints
hatching of offspring, nest occupation and number of cocoons were 8%, 13% and 14%, respectively. Most of the %MDDs were
between 10% and 30% indicating clearly that the currently performed experimental design for the semi-field pollinator studies
allowed to determine relatively small effects on key study endpoints. The analysis indicated that for all the three bee species tested,
the semi-field test design detected low %MDDs for most of the endpoints. It was also observed that detectable differences between
the control and PPP treatments were much lower in semi-field test designs than in field studies with these bee species. The “perfect
sample size” really does not exist but test design and statistical analysis can be adapted to lower the %MDDs. Measured and
simulated (according to Student’s #-test-distribution) data and results showed that statistical evaluations parameter selection (e.g.,
alpha value), data transformation (log10) and the number of replicates had a direct effect on the ability of the test design to detect
lower or higher %MDD values. It could show that a change of alpha value from 0.05 to 0.1, increases the ability of the studies to
detect lower %MDDs. For most of the measured endpoints, increasing the number of replicates e.g., from four to eight, improved the
power of the test design by decreasing the %MDD. The reduction magnitude of the %MDD is dependent on the endpoint and
selection of statistical parameters such as the alpha value. Parameters that display effects at a biologically relevant scale will be a
better indicator for effects than parameters that are able to detect minor differences that are not biologically relevant.

Key words: Apis mellifera, Bombus terrestris, Osmia bicornis, OECD75, minimal detectable difference (MDD), statistical power.

1. Introduction on bees (Apis mellifera, Bombus spp. and solitary bees)
and required studies for European registration are

Risk assessment of plant protection products (PPP) . ) .
outlined in draft European Food Safety Authority

i (EFSA) Guidance [1, 2]. According to this guidance
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to detect significance differences as low as 7% for
certain endpoints such as reduction in colony size. An
analysis presented by Miles [3] showed that, to be
able to detect such a small difference of 7% in
honeybee field studies, 28 fields 4 km apart with a
total of 196 colonies (7 colonies/field) would be
required. This is obviously not feasible.

Risk assessment for PPP includes studies of different
tiers and scales—from laboratory studies to semi-field
and field studies [4, 5]. Laboratory studies use worst
case exposure scenarios, therefore researchers would be
at the risk of being overprotective in an unrealistic way
in risk assessment [6]. Especially for honeybees being
highly developed, socially organized insects and other
pollinator species, laboratory tests will always face the
problem of creating an artificial situation for the test
organisms in an extreme way. While laboratory studies
help to identify potential adverse effects, field studies
help to identify the consequences of these adverse
effects in the real world [7].

Under realistic field conditions, adverse effects may
possibly not occur if exposure is lower than expected
due to avoidance behavior of the honeybees (or
pollinators). Potential effects may also not cause any
problems on the level of the whole colony, if effects
are buffered within the structures of the colony or if
the effects are small in relation to biological

variability or other adverse effects of natural
environmental origin [8].

Extrapolation of laboratory data to forecast the
situation in the field is still not a standard procedure and
will need verification by testing under field conditions.
Statistical analysis of data from semi-field and field
studies seems to be a weak aspect for this approach [9].
Due to the realistic environmental context and the high
complexity of semi-field and field studies, the precision
(low variability and high repeatability) known from
laboratory studies is difficult, maybe even impossible, to
achieve [1, 10]. Studies under field conditions have to
cope with the issue of pseudo-replication [11] as well as

a low number of replicates [12].

In this paper an attempt has been made to give
insight into the limits and options of data generated
for regulatory purposes under Good Laboratory
Practice (GLP) in semi-field tunnel studies with
different pollinators.

For studies on effects of PPP on honeybee brood,
there is a study design available (OECD Guidance
Document No. 75) [13] to assess the brood development
success of honeybee colonies by exposing honeybees to
treated flowering crop within tents, thereby avoiding the
problem of pseudo-replication. Honeybee colonies are
installed in tunnels and allowed to forage on flowering
crop treated with water (control) or test item(s). For
practical reasons, the number of replicates is limited for
this test design. In addition to the normally measured
endpoints such as mortality, colony strength and
honeybee flight, the development of eggs until
emergence is assessed. Colonies remain within the flight
area (tunnel) for 7 d after application, which is
approximately the time an egg needs to develop to
capped pupae. As one of the endpoints, the termination
rate for the selected eggs (expressed as rate of eggs that
did not reach state of hatching adult honeybee) is
calculated.

For non-Apis pollinators (bumble bees and solitary
bees), guidelines are not available yet but are in
development and ring-tested by an International
Plant
(ICPPR) working group. The test design follows in
principle the honey bee OEPP/EPPO Guideline No.
170 (4) [14] including necessary adaptations. Due to

Commission for Pollinator Relationships

the lower number of individuals, bumble bees and
solitary bees are easier to be kept in the tunnels for a
longer exposure period (bumble bees at least for 14 d,
solitary bees for their whole activity period).

The calculation of p-values and the concept of
null-hypothesis significance testing (NHST) have
been questioned recently [15, 16]. On the other hand,
de Winter [17] points out the usefulness of z-test
calculations even with small numbers of replicates. An

overview is given on NHST statistics for several
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endpoints of honeybee brood, bumble bee and solitary
bee studies regulatory purposes.
Moreover, the effects of changes in test design on
NHST and minimal detectable difference (MDD)

statistics are assessed by modeling single parameters of

conducted for

the Student’s t-test formula. For some key endpoints,
also the data from OECD75 honeybee studies were
analyzed regarding MDD and power analysis.

The target was to analyze OECD75 semi-field
honeybee studies, compare the data to other pollinator
semi-field studies and to investigate options for
possible changes in study design, to optimize the
detection of significant treatment effects for such
regulatory higher tier studies. Student’s #-test statistics
was used to keep things simple and to focus on the
influence of study design decisions on information

content of the data.
2. Materials and Methods

Data from 50 GLP regulatory studies with
honeybees (Apis mellifera) performed according to
OECD75 [13], seven studies with bumble bees
(Bombus terrestris) and 10 studies with solitary bees
(Osmia bicornis), all conducted in Germany between
2013 and 2017 from Eurofins Agroscience Services
Ecotox GmbH, were used to calculate the MDD for
several key study endpoints. All studies were
conducted by enclosing the test organisms in tents
(Phacelia

tanacetifolia or winter oil seed rape) treated with

covering attractive feeding crop

test item(s), reference standard or water. An
overview on the test design for each species is

presented in Table 1. The endpoints assessed in the

For studies conducted with just one test item
treatment group and a water control, Student’s #-test
was used. For data with one control and several test
item treatments, only the first treatment group (T1)
was used for analyses to achieve similar data structure
in all studies. Only the first treatment group (T1) was
used, the data of the other treatment groups were not
included into the calculation. MDD and percentage
MDD (%MDD) calculations were done using SAS 9.3.
Boxplots were plotted to visualize distribution of
resulting MDD values for several endpoints and
pollinator species.

In the next step, only data from OECD75 honeybee
studies were taken to have a closer look at the effects
of log-transformation of data, change in numbers of
replicates, a different threshold for alpha of the
statistical analysis and different schemes for rating
MDD values. This was achieved by modeling single
parameters of the #-test and keeping the population
variance constant.

Population variance from the actual study data (50
GLP OECD75 honeybee studies) was taken for the
calculations which were based on the assumption that
a larger number of replicates would improve precision
of the parameters without changing the accuracy in a
predictable direction.

Being a post-hoc approach, with the intention to show
what can be achieved from real studies, the power term
was excluded from the formula. The aspect of power
within the data is considered later on.

The formula for calculation of MDD according to
Zar [18] is as follows:

2
studies and evaluated in this publication are S = 2sp x t(a(i),v) (1)
. . n
summarized in Table 2.
Term Meaning of term Use in this paper
5 MDD Result
sp? Population variance Result from study data—regarded as fix for modeling
n Number of replicates Matter of test design—influence of change of number of
v Degrees of freedom replicates was considered
Alpha threshold indicating highest p-value which _ _
o(i) would be regarded as statistically significantly MDD at &= 0.05 was compared to MDD for &=0.10
different from control
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MDD values were expressed as %MDD from the
mean value of the control group. The %MDD
expresses the size of the effect that can be
statistically detected between the control and test
item treatment. Benchmarks given by Cabrera et al.
[19] as well as Brock et al. [20] were used to
classify the studies, accordingly in Table 3. The
scale/effect classes proposed for bumble bees by
Cabrera et al. [19] focus on classifying more effect
categories < 50% while the scale used in aquatic
studies proposed by Brock et al. [20] focuses on
assessing/evaluating more in detail effect classes
with %MDD > 50%. Figures were prepared to plot
distribution of study data for several endpoints
according to these benchmarks and depending on
modeled changes in number of replicates, different

of %MDD classes according to Cabrera et al. [19] or
Brock et al. [20] using transformed or untransformed
data, different number of replicates or a different level
for alpha while preserving population variance as
observed in the “real world” studies.

The power of t-tests of different endpoints of the
studies in relation to the number of replicates, alpha
levels and desired %MDD were calculated and
plotted as dependency of the desired %MDD. Bar
graphs were used to represent the distribution of

data of several endpoints depending on
desired %MDD, alpha level and number of
replicates.

The following formula for calculation of power
according to Zar [18] was used:

. tB(1),v < —t(a(i),v 2
levels for alpha and transformation of data. s 25p? (@@,v) ©
Bar graphs were plotted showing the distribution n
Term Meaning of term Use in this paper
Probability of the test to fail to indicate a statistically .
f significant difference even though there is one Used for calculation of power (see below)
o Desired MDD Matter of choice
sp? Population variance Result from study data—regarded as fix for modeling
n Number of replicates Test design choice—influence of changing the number of
v Degrees of freedom replicates was considered
ai) ﬁelriza;g:zh;slg tg;id;gg:lrllg ?ilgr}lli%ség t\{algief;:feﬁ? f‘; omuld The %MDDs were calculated at = 0.05 and compared
g v sig Y to %MDD obtained for o= 0.10
control
Power |1-p Result

Bar graphs were plotted showing the distribution of
classes of power of tests for brood termination rate on
day 22 (BTR22) by varying/modeling the
desired %MDD from 20% to 50% of control, as well
as changing the number of replicates fromn =4 ton =
8 or changing alpha from 0.05 to 0.10, but keeping
population variance of the “real world” studies.

Actual power of test (%) was plotted against actual
MDD as percent of control value keeping population
variance found in “real world” studies but modeling
the situation for different number of replications and
change in alpha level. Two sets of graphs were
prepared showing the situation for a desired %MDD
0f 20% and of 50%.

A range of %MDD was modeled in relation to test

design and statistical evaluation of the study
(transformation of data, number of replicates, alpha =
significance limit) as well as target detection of
20 %MDD or 50 %MDD and displayed with color
coding as “heat-map”. Additionally, the power of the
statistical design was calculated and expressed in bar
within the These

calculations/modeling were done for honeybee,

charts heat-map.
bumble bee and solitary bee studies and the endpoints
listed in Table 2.

In theory low %MDDs should indicate high
discriminatory ability of the statistical analysis.

However, in the “real world”, other factors may be
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of importance when analyzing statistically
significant effects between two treatment groups. To
illustrate this aspect of a study design, two similar
endpoints of honeybee brood studies, BTR22 (BTR
at the end of an entire brood cycle, an endpoint that
is calculated from extremely precise photo
assessments) and the “difference between numbers
of brood cells day BFD22 + 1 to BFDO0” (an
estimated parameter) were analyzed. Both endpoints
indicate the success of the brood development
during the exposure phase of the honeybee study but
differ in MDDs and %MDDs. For this analysis, data
of the control were compared to the toxic reference
treatment and the %MDDs plotted against the MDDs
in scatter plots. Each data point in these figures
represents a single study indicating whether the
MDD was higher than the difference between
control (C) and reference substance (R) or not.

To address and illustrate the importance of the
biological relevance of effects, a constructed data set
of two fictive experiments was used; each with four
replicates. Study A with absolute MDD of 159

and %MDD of 299.1% and study B with an absolute

MDD of 2.1 and %MDD in percent to control of 4.7%.

One data set had large variation and the other small
variation in the data set as well as MDD and %MDD.
The intention was to illustrate that the structure of the
data as well as the magnitude of the expected effects
have also to be considered while

the %MDDs.

evaluating

3. Results

As shown in Fig. 1, the %MDD calculated for
different study endpoints and species tested varies
expressively.

For honeybee semi-field tunnel studies (Fig. 1), the
lowest median %MDDs were between 11% and 20%
for the endpoints foraging, number of brood cells,
compensation index (CI) and colony strength. The
highest %MDD was observed for the endpoint
termination rate, with a median %MDD of 48%.

For bumble bee endpoints (Fig. 1) the
median %MDDs in semi-field studies varied between
17% for bumble bee colony weight and 53% for
average mortality during the exposure period in the
tunnels. The median %MDD for the number of gynes
(young queens) was 23%.

For the semi-field Osmia bicornis test system, the
median %MDDs for the measured endpoints seemed
to be lower compared to the other two species tested
(Fig. 1). The median %MDDs were all around 10%:
for the endpoints hatching of offspring the % MDD
was 8%, for nest occupation the %MDD was 13% and
for the number of cocoons the %MDD was 14%.

Figs. 2-6 show the results of simulations on the
influence of the test design (four or eight replicates)
and the choice of statistical parameters (alpha value
0.05 or 0.1; one-or two-sided statistical test; non-or
log-transformed data set) on the percentage of studies
able to detect specific %MDD values for different
honeybee endpoints.

Comparing the results obtained for mortality
(Fig. 2), colony strength (Fig. 3), termination rate
(Fig. 4) and foraging (Fig. 6), it was apparent that the
results differed greatly depending on the endpoints. In
most of the selected test design/stats parameter
configurations for each of the endpoints, only few
cases/studies were able to detect %MDDs < 10%.
Considering e.g., the currently used test design for
semi-field brood honeybee studies with four replicates,
an alpha of 0.05, a one-sided test with logl0 data
transformation (5th column in each of the Figs. 2-4
and 6), only 0%, 17%, 2% and 61% of the performed
studies could detect %MDDs < 10% for the endpoints
mortality (Fig. 2), difference of colony strength BFDO
to BFD5 (Fig. 3), termination rate (Fig. 4) and
foraging (Fig. 6), respectively. If the number of
replicates increased from four to eight, an
improvement was observed with 21% to 30% more
studies detecting %MDDs < 10% for the endpoints
mortality (number of studies increased from 0% to 21%,
columns 5-6 Fig. 2), colony strength (number of studies
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increased from 17% to 47%, columns 5-6 Fig. 3) and
flight activity (increase from 61% to 91% of all
studies, columns 5-6 Fig. 6) but not for BTR (number
of studies increased from 2% to 4%, columns 5-6
Fig. 4). The situation improved also with a detection
level of %MDDs < 25%: with four replicates, an alpha
of 0.05, a one-sided test and with logl0 data
transformation (5th column in each of the Figs. 2-4
and 6) 72%, 81%, 12%, 98% of the studies
detected %MDDs < 25% and with eight replicates, an
alpha of 0.05, a one-sided test and with logl0O data
transformation (6th column in each of the Figs. 2-4
and 6), approximately 98%, 96%, 36% and 100% of
the studies performed detected %MDDs < 25% for the
endpoints mortality (Fig. 2), difference of colony
strength BFDO to BFDS5 (Fig. 3), termination rate
(Fig. 4) and foraging (Fig. 6), respectively.

Having a closer look at the endpoint difference of
colony strength BFDO to BFDS5 (Fig. 3), with a test
design of four replicates and performing a two-sided
test on non-transformed data at an alpha of 0.05 (Fig 3,
Ist column), just two of the studies conducted could

100%
90%
80%
70%

60%

50%

40%

30%

detect a %MDD < 10%. On the other hand, taking the
same endpoint difference of colony strength BFDO to
BFDS5, with the test design consisting of eight
replicates and performing one-tiled test on
log-transformed data at an alpha of 0.1 (Fig. 3, 8th last
column), almost 77% of the studies conducted could
detect a %MDD < 10%. These are extreme cases
concerning selected test design/stats parameter
configurations, showing the “worst” and so to say the
“best configurations”. For the endpoints mortality and
foraging, a test design change from four replicates,
two-sided test on non-transformed data at an alpha of
0.05 to eight replicates and performing a one-tiled test
on log-transformed data at an alpha of 0.1 (1st and 8th
last column in Figs. 2 and 6) increased the number of
studies with % MDD < 10% from 0% to 55% and from
50% to 98% for mortality and foraging, respectively.
However, this was not valid for the endpoint
termination rate (Fig. 4), where even a test design with
eight replicates and performing a one-tiled test on
log-transformed data at an alpha of 0.1 (8th last column

in Fig. 4) did not result in a major improvement
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Influence of test design (x-axis: no. of replicates, alpha and data transformation) on the distribution of honeybee

studies (y-axis: expressed as % studies in the respective class) in different %MDD as per Cabrera et al. [19] (side legend).

Endpoint considered: difference of colony strength BFDO to BFDS.
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focuses more on the sharper separation on the lower
values (many %MDDs classes between 0% and 50%)
while the class setting suggested by Brock et al. [20],
which is often used in aquatic ecotoxicology, focuses
more on the differentiation of %MDD values in the
range of 50% to 100%. If these two classification
schemes are applied to the data set (Figs. 4 and 5),
thereby changing the %MDD scale at which the
study designs detected differences, a clear different
interpretation of the study results was observed.
Using the classification of Cabrera et al. [19] only
few study design combinations are in the lowest
classification class (< 10%), while using the Brock et
al. [20] classification much more study design
combinations would be in the lowest classification
class (< 50%).

The relationship between %MDD and statistical

power will now be analyzed by varying the test design.

Fig. 7 summarizes the MDD modeling calculations for
different endpoints and species according to different
model parameter settings (data transformation, desired
MDD, replicate numbers and alpha). Bars inside each
cell indicate the power distribution of the #-tests for

100% %

0%

each endpoint according to the model settings and
population variance found in the “real world” data set.
Examples are shown in Figs. 8 and 9 and Figs. 10 and
11 for the endpoints mortality and termination rate.
Results of power analysis vary over a wide range,
depending on the endpoint that was assessed/modeled.
As a general trend in modeling, an increase of
the %MDD at which a difference to the control should
be detected (namely from 20% to 50% as in Fig. 7 and
Figs. 8-11), the %MDDs
value/position while the power is lifted up (increased).

usually keeps the
By increasing the number of replicates, the
actual %MDD shrinks while the power slightly rises.
When modeling a change of alpha from 0.05 to 0.1,
the actual %MDD shrank with a major increase in the
experimental power.

A closer look at the key endpoint BTR in OECD75
honeybee semi-field studies indicates that only the
increase of %MDD detection class from 20% to 50%
had a large impact in the power of the endpoint BTR
in honeybee studies, while increasing the number of
replicates and the alpha level from 0.05 to 0.1 had a
low impact on the power of statistical analysis (Fig. 12).
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Influence of test design (x-axis: no. of replicates, alpha and data transformation) on the distribution of honeybee

studies (y-axis: expressed as % studies in the respective class) in different %MDD classes as per Cabrera et al. [19] (side

legend).
Endpoint considered: foraging.
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Settings for modelling
Transformation
Desired MDD %C:
Replicates

Significance level alpha

Endpoints of models
Brood Index

Compensation Index

Brood Termination Rate [%]

No. of cells with eggs at BFD21
No. of cells with larvae at BFD21
No. of cells with pupae at BFD21
No. of cells with nectar at BFD21
No. of cells with pollen at BFD21
No. of cells with brood at BFD21
No. of cells with food at BFD21
No. of empty cells at BFD21

No of honeybees at BFD21

Difference of No. of cells with eggs at BFD21-BFDO
Difference of No. of cells with larvae at BFD21-BFDO
Difference of No. of cells with pupae at BFD21-BFDO
Difference of No. of cells with nectar at BFD21-BFDOD
Difference of No. of cells with pollen at BFD21-BFDO
Difference of No. of cells with brood at BFD21-BFDO
Difference of No. of cells with food at BFD21-BFDO
Difference of No. of empty cells at BFD21-BFDO
Difference of No of honeybees at BFD21-BFDO

Mortality exposure phase
Mortality at day of application
Foraging exposure phase

Bombus mortality
Bombus gyne production
Bombus weight

Osmia cocoon production
Osmia nest occupation
Osmia offspring

none none log10 log10 log10 log10 log10 log10
20 50 20 50 20 50 20 50
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B___ (H__ ml____|jn___ 0Nl _au|-_ _=HE___ _|____1N
. = - _-H0E___5_ __ B _-0____H=-__H____§
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Fig. 7 Heat-map of MDD (color coding using Cabrera et al. [19] scale and power distribution (bars in the cells) for different
endpoints and species according to the model selected (table header)).

Heat-map containing %MDD values between 8.3% and 119.0%. Bars in each cell indicate the power distribution of the #-tests for
each endpoint according to the model settings and the population variance found in the “real world” data set from actual studies.
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Fig. 8 Power (y-axis) and actual %6MDD (x-axis) of single studies depending on number of replicates and level of alpha for

honeybee mortality with a desired %MDD of 20% of control value.
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Fig. 9 Power (y-axis) and actual %6MDD (x-axis) of single studies depending on number of replicates and level of alpha for

honeybee mortality with a desired %MDD of 50% of control value.
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desired MDD as
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A 8 replicates, alpha=0.05
O 4 replicates, alpha=0.10
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Fig. 10 Power (y-axis) and actual %6MDD difference (x-axis) of single studies depending on number of replicates and level of
alpha for the endpoint honeybee brood termination rate (BTR) at BFD22 + 1 (= 22 + 1 d after the initial “brood fixing day”
(BFD)) for desired %MDD of 20% of control value.

100 KO0 ADOC TR KM i
5 b "
o0 08 oA A
O Yo X -
Of gk
20 o © X
QOO ¥ A K X
70 1 7 Y % o -
o ¥ desired MDD as

. o AKX % of control: 50%
= © X
oy o ¥ x i
g 50 Y » ¥ * 4 replicates, alpha=0.05
&2 0 ] " w A B replicates, alpha=0.05

O © ¥ O 4 replicates, alpha=0.10
30 ¥
w K
20
10
D T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100

Actual MDD as % of control

Fig. 11 Power (y-axis) and actual %6MDD difference (x-axis) of single studies depending on number of replicates and level of
alpha for the endpoint honeybee BTR at BFD22 + 1 (= 22 + 1 d after the initial BFD) for desired %MDD of 50% of control
value.
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Fig. 13 Retransformed absolute MDD from log-transformation (y-axis) and retransformed MDD as percent of mean of
control (x-axis) of single studies, with indication if toxic reference was statistically significantly different from control for
endpoint honeybee BTR at BFD22 + 1.

41 out of 44 data sets showed higher differences between control (C) and reference substance (R) than the MDD.



Which Endpoints Can Be Reliably Assessed in Semi-field Pollinator Species Testing without 155

Estimating False Positive or False Negative? MDD’s and Replicates Issue

10
A
g
8
A

g AA N
< (o] a
a
T g OA i
a o)
= 0 A
= ° (W) .
a ) Difference C-R = MDD
£ A 8.50 A
5 4 A A a /y Difference C-R < MDD
w
s 3 Q\ A
a =y
o

. oB

U
. 8
0 : : . . . : : : . .
o 5 10 15 20 25 30 35 40 45 50

Retransformed MDD as % of retransformed mean of control

Fig. 14 Retransformed absolute MDD from log-transformation (y-axis) and retransformed MDD as percent of mean of
control (x-axis) of single studies, with indication if toxic reference was statistically significantly different from control for the
endpoint “difference between number of brood cells day BFD22 + 1 to BFDO”.

24 out of 44 data sets showed higher differences between control (C) and reference substance (R) than the MDD.

Table 1 Study design of the semi-field tunnel studies conducted between 2013 and 2017 with Apis mellifera, Bombus
terrestris and Osmia bicornis and studies used for statistical analyses presented in this paper.

Apis mellifera

Test design/test organism Honeybee

Osmia bicornis
Solitary bee—red mason bee

Bombus terrestris
Bumble bee

Phacelia tanacetifolia or

Crop winter oil seed rape
Experimental unit Tunnel
Size of exp. unit (m?) 80-100
4-6
No. of replicates (Few studies with only three
replicates)

Initial colony size:
min/max/mean (no. of adults)
Initial population size (no. of
cocoons)

Exposure period in exp. units

2,405/15,665/7,443

(no. of days) 7
Post-exposure period (no. of Up to 21
days)

No. of conducted studies 50

Guideline OECD75 [13]

Phacelia tanacetifolia, or

Phacelia tanacetifolia . .
winter oil seed rape

Tunnel Tunnel

60 60

4-6 4

32/189/82 -

- 60 females/90 males

Min. 14 up to 29 Min. 20 up to 50

Up t0 23 6-8 months
7 10
No guideline, No guideline

based on Cabrera et al. [19]

The three important “shortcomings” of the MDD
approach are: (1) absolute and %MDD difference to
the control, (2) dependency of the evaluation between
absolute and %MDD difference to the control and (3)
biological relevance. Two examples from the data set

(Figs. 13 and 14) and theoretical result assumptions
(Table 4) were used to outline these points. Point 1) as
shown in Fig. 13, not only %MDD values but also
absolute values and statistical significance should be
plotted to be able to make correct data interpretation
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and conclusions (see Figs. 13 and 14 on how results study B (absolute MDD 2.1 and MDD in percent to

can expressively vary depending on the endpoint). control 4.7%) show an effect of the reference

Point 3) the question here is: will study A (absolute treatment more clearly? The answer to this last point

MDD 15.9 and MDD in percent to control 299.1%) or will be addressed in the discussion.

Table 2 Endpoints assessed in the semi-field tunnel studies (and reported in this paper) conducted with Apis mellifera,
Bombus terrestris and Osmia bicornis.

Endpoint assessed and
presented in this paper

Brood index (BI)

Species Definition/method

Measure of the brood development assessed via photo-method, at least 200
cells containing eggs per colony, pictures analyzed with HiveAnalyzer® [21].
Indicator for colony recovery assessed via photo-method, at least 200 cells
containing eggs per colony, pictures analyzed with HiveAnalyzer® [21].
Failure of the brood development assessed via photo-method, at least 200
cells containing eggs per colony, pictures analyzed with HiveAnalyzer® [21].
Number of cells with eggs, larvae or pupae estimated according to the
Liebefeld method [22].
Apis mellifera Number of cells with nectar or pollen estimated according to the Liebefeld
No. of storage cells method [22]

No. of empty cells Number of empty cells estimated according to the Liebefeld method [22].

Compensation index (CI)
Brood termination rate (BTR)

No. of brood cells

Colony strength Number of bees in the colony estimated according to Imdorf, A. ef al. [22].

Number of bees foraging on the crop recorded on a 1 m” area, at different

places in each tunnel [13].

Number of dead bees collected in the bee traps and on linen sheets laid out in

the tunnels [13].

Cumulative number of dead larvae and adults within 7 d after application

collected inside the hives and on linen sheets laid out in the tunnels.

No. of gynes (young produced Sum of queen larvae, queen pupae and emerged young queens counted after

queens) deep-freezing of the colony at the end of the study.

Weight increase of the colony (brood nest and adult bees) during the exposure

phase. Hives were weighed every 2-3 d during the exposure phase.

The percentage of released females actively nesting. Nesting females were

counted at night, when bees rested in their nesting cavities.

Number of cocoons produced per nesting female. Cocoons were collected and

counted after maturation.

The percentage of offspring (2nd generation) emerging from produced

No. of offspring cocoons. Cocoons were overwintered and bees emerging from cocoons were
counted the following spring.

Foraging activity

Mortality

Mortality
Bombus terrestris

Colony weight

Nest occupation

A . No. of produced cocoons
Osmia bicornis

Table 3 Classes of minimum detectable differences (MDD) as percent of mean of control (%MDD) for benchmarks
according to Cabrera et al. [19] and Brock et al. [20].

MDD as % of the mean of the control for different effect classes

Class 1 2 3 4 5
Cabrera et al. (2016) <10 >10<25 >25<50 >50<75 >175
Brock et al. (2015) <50 >5<70 >70 <90 >90<100 > 100

Table 4 Fictive study results and respective MDD calculations for a study with two treatments (control C and reference R)
and four replicates per treatment (C 1-4 and R 1-4).

MDD o
Study Cl 2 c3 C4 R1 R2 R3 R4 Actual difference to control /MDD
A 2.5 3.8 15 0 86 98 52 100 15.9 299.1

B 45 48 43 44 55 58 53 54 2.1 4.7
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4. Discussion

The %MDDs observed in honeybee tunnel studies
varied greatly depending on the endpoints measured.
Some endpoints such as foraging (counted endpoint)
and colony strength assessment (estimated endpoint)
have very low 9%MDD (11%-20%) while other
endpoints such as brood index and termination rate
(calculated endpoints based on extremely precise
photo assessments) have much higher %MDDs
(32%-48%). This is surprising, since lower %MDDs
were expected where the assessed endpoints were
measured very precisely (e.g., termination rate with
photo measurements) and not on endpoints where the
assessment was made by estimating and not precise
counting or measurement of the endpoint (e.g., colony
strength where the number of bees was calculated by
estimating the % coverage of the frames with bees)
[22].

Evaluation of honeybee field monitoring studies [23]
reported %MDD for colony strength in the range of
15%-21%, which is in the same range as recorded in
the semi-field brood studies. For the assessment of the
amount of brood, Rolke et al. [23] reported %MDD of
30%-40%, while the average %MDD in the 50
honeybee studies presented in this research was much
lower, around 20%. In Rolke ef al. [23] as well as in
this study, colony strength as well as the amount of
brood assessment endpoints were evaluated with the
same methods, therefore the results are directly
comparable, showing the influence of the test design
on the %MDD detectable (field monitoring vs. tunnel
semi-field study design).

None of the honeybee endpoints had %MDDs <
10%, confirming the critics of Bakker [10] to the 7%
threshold value proposed by EFSA [1, 2] for such
biological systems. However, most of the %MDDs
were between 10% and 30%, indicating clearly that
the experimental design of the semi-field honeybee
study allowed for the determination of relatively small
effects on key study endpoints.

The MDDs for bumble bee semi-field tunnel study
endpoints, varied between 17% and more than 53%
depending on the endpoint, thus being in a similar
range as the honeybees %MDDs. The number of
gynes (produced young queens), which is probably the
most important endpoint in these types of studies, was
slightly below 25%. This is a very low value
compared to the %MDD observed in bumble bee field
monitoring studies conducted in Germany by Sterk et
al. [24], where the %MDD was 45%. This difference
may indicate an effect of the test design on the
resulting MDDs. The %MDDs calculated in this study
were around 20% (with exception of bumble bee
mortality with a %MDD of > 50%), indicating clearly
that the experimental design of the semi-field bumble
bee study allowed for the determination of relatively
small effects on key endpoints.

Solitary bee semi-field studies seem to have the
lowest %MDDs compared to honey and bumble bee
endpoints. The %MDDs for the measured endpoints
were all near 10%, which is a very low value for these
types of semi-field tunnel study designs. In contrast to
honeybees and bumble bees, there is no social
structure for the solitary bees influencing behavior
and/or exposure. For Osmia bicornis field monitoring
studies conducted in Germany [25], reported much
higher %MDDs for the same endpoints as in the
semi-field studies presented in this research
with %MDD between 27%-39% and 53%-64%, for
emergence and nest occupation, respectively.

In general it can therefore be stated that semi-field
bee species test designs detect much lower differences
between the control and PPP treatments when
compared to field studies. This is certainly due to the
fact that more test-design specific parameters can be
standardized in semi-field trials when compared to
field trials [4, 5], which has a direct effect on obtained
results variability and ability to detect treatment
dependent effects.

Measured and simulated data and results showed

that statistical evaluations parameter selection (e.g.,
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alpha value), data transformation (logl0) and the
number of replicates had a direct effect on the ability
of the test design to detect lower or higher %MDD
values. However, the magnitude of this effect depends
on the endpoint.

It is very much debated if this kind of PPP side
effect studies or in general biological data should be
evaluated at an alpha level of 0.05 or other alpha
values [26]. It could be shown that change of alpha
value from 0.05 to 0.1, increases the ability of the
studies to detect lower %MDDs. By increasing the
alpha more false positive will occur, so it has to be
decided if this can be acceptable or not. To avoid this,
dose-response studies are certainly an improvement in
performing such studies. Example of dose-response
field studies were described by Overmyer et al. [27]
where a new test design for honey bee colony field
feeding study was described to better link dose and
effects in higher tier pollinator studies.

Log10 transformation of the data helps especially in
case non-normal distributed data [28]. A clear effect
could be seen for e.g., for the endpoints BTR, number
of honeybee hives cells filled with pollen and bumble
bee mortality (Fig. 7). For other endpoints the
transformation is so to say “less efficient” but still
brings lower %MDDs. It is always suggested to
transform the data before analysis. Type of
transformation should be based on the distribution of
data (normal, log-normal or others). A one-sided
statistical evaluation/test has to be preferred compared
to a two-sided evaluation. In principle negative effects
of the PPP are expected and therefore, one-sided
effect detection statistics is the correct approach. This
decreases the %MDDs observed in all assessed
endpoints, which is desirable.

For most of the measured endpoints, increasing the
number of replicates e.g., from four to eight, slightly
improves the power of the test design by decreasing
the %MDD. The reduction magnitude of the %MDD
is dependent on the endpoint and selection of
statistical parameters such alpha (e.g., 0.05 or 0.1).

The modeling presented considered two replicate
scenarios: four and eight replicates. These two test
designs were selected on the bases of commonality
(usually such studies are conducted with four

replicates, the tunnel being the replicate) and
practicability (eight replicates is probably the absolute
handled

considering the man power needed to run such trials,

maximum of replicates that can be

often conducted with several treatments). The
selection of the test design is finally dependent on
the %MDD desired in the experiment.

Interpretation of results depends extremely on the
scale used to assess and interpret the %MDDs, e.g.,
using the scale/effect classes proposed for bumble
bees by Cabrera et al. [19] which focuses on
separating more effect categories < 50% or the scale
used in aquatic studies proposed by Brock et al. [20]
that focuses on assessing/evaluating more in detailed
effect classes with % MDD > 50%. Since it appears
that the test designs currently used for semi-field
pollinators’ studies are able to detect low differences,
it is suggested to use the Cabrera et al. [19] scale to
categorize %MDD.

Data endpoints in ecotoxicology (semi-) field
studies are of very diverse structure. Parameters that
display effects in a biologically relevant size will be a
better indicator for effects than parameters that are
able to detect minor differences at a biologically not
relevant scale. In other words, it is always key to
discuss also the biological relevance of the effects and
not blindly accept minor statistical effects as
biologically relevant, e.g., for the survival and
performance of the bee colonies. Cox [29, 30] stated
that statistical significance is quite different from
scientific significance. Therefore, estimation of the
magnitude of effects is essential, regardless of whether
statistically ~significant departure from the null
hypothesis is achieved. The importance of the
statistical analysis in evaluating bee semi-field or field
studies [1, 2] is at the risk of being overestimated. The

data set should always be plotted to select optimized
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settings for statistical analysis. There is much more
than just p-values and power in a data set.

If good knowledge of the biology of the test
organism, the ecology of its environment and the
possibilities and limitations of statistical data analysis
are combined, most (semi-) field studies can add
significant knowledge to the risk assessment of PPP.
Expertise and knowledge on all of these aspects is
necessary to create study designs that allow for
generation of meaningful data, selection of relevant
endpoints and appropriate interpretation of the results.
As shown in this publication, each endpoint has its
very own assets and limitations for the reliable
detection of risks, for dealing with the variability of
measured data and for evaluation of the impact of
toxic signals on the size of the effect. Thus, the
requirements for appropriate statistical methods, the
minimum number of replicates and the maximum
acceptable %MDD of the control should be defined
individually per endpoint to allow for conclusions that

are both scientifically sound and biologically relevant.
5. Conclusions

The MDDs are a good statistical tool to evaluate
and interpret semi-field pollinator studies. However,
of both

biologically relevant data needs to be done for a

assessment scientifically sound and
proper interpretation of the result.

The %MDDs observed in OECD75 honeybee
studies varied depending on the endpoint assessed.
Most of the %MDDs were, however, between 10%
and 30%, indicating clearly that the experimental
design of the semi-field honeybee study allowed for
the determination of relatively small effects on key
study endpoints. None of the honeybee endpoints
had %MDDs < 10%, confirming the critics to the 7%
threshold value proposed by EFSA for such biological
systems.

The measured and simulated honeybee data and
results showed that statistical evaluations parameter

selection (alpha value e.g., 0.05 or 0.1), data

transformation (logl10) and the number of replicates
had a direct effect on the ability of the test design to
detect lower or higher %MDD values. The magnitude
of this effect depends on the endpoint. For most of the
measured endpoints, increasing the number of
replicates e.g., from four to eight, slightly improves
the power of the test
the %MDD.

The MDDs for bumble bee semi-field tunnel study

endpoints, varied between 17% and more than 50%

design by decreasing

depending on the endpoint, thus being in a similar
range as the honeybees %MDDs.

showed the
lowest %MDDs compared to honeybees and bumble
bee endpoints. The %MDDs for the measured
endpoints were all near 10%, which is a very low

Solitary bee semi-field studies

value for these types of semi-field tunnel study
designs.

The O. bicornis semi-field test system seems to be
the most robust study type when compared to A.

mellifera and B. terrestris.
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