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Abstract

Background: For regulatory approval of pesticides in the EU, an ecotoxicological risk assessment has to be con-
ducted including an assessment of long-term effects on mammals. For this assessment, toxicity studies are considered
which are conducted with rodents which are continuously exposed via diet over a long period. A typical observation
in these studies is a reduction of body weight. Such reductions are generally more pronounced at the end of a study
and are often used to derive an endpoint for the wild mammal long-term risk assessment. However, exposure in the
field is rather short for most modern pesticides. Therefore, the change of the magnitude of effects over exposure time
may be relevant to obtain a realistic view of effects expected in the field.

Results: Time dependence of effects observed in toxicity studies conducted with rats was evaluated, focusing on
effects on female body weight. Benchmark doses (BMD,, i.e,, 10% effect) were calculated for a total of 37 long-term
toxicity studies conducted with 13 different active substances used as pesticides. Female body weights after 14, 21,
28,42 and 70 days of dosing were used for BMD analysis per active substance to evaluate time-dependent changes
of BMD; . BMD; 4 values declined continuously with exposure duration, indicating that the longer the duration of
exposure, the greater are the effects on body weights. This continuous decline was observed for all pesticide classes
(ie. herbicides, insecticides and fungicides) from the studies analyzed. After 70 days, the BMD;, levels were about half
of the BMD, 4 at day 14.

Conclusion: The results indicate that animals respond to pesticide exposure in an exposure-time-dependent way, i.e.
effects on body weight of the animals are less pronounced when the duration of exposure is short. The greatest body
weight effects were observed at the end of toxicity studies (after longest exposure). The realism of the current wild
mammial risk assessment for plant protection products is discussed and how it could be improved by considering an
appropriate time period for the selection of endpoints in chronic toxicity studies, which reflects the exposure time of
free ranging animals in the field.
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Background

For regulatory approval of pesticides in the EU, an eco-
toxicological risk assessment has to be conducted, which
includes an assessment of long-term effects on mam-
mals. For this assessment, a number of toxicity studies
with rodents (conducted in order to determine safety to
humans) are considered to determine the potential long-
term toxicity of pesticides to wild mammals [3]. One key
study here is the rat multi-generation reproduction study,
conducted according to OECD Test Guideline 416 [8].
In that study, the animals are treated for 10 weeks in the
so-called “pre-mating phase” before the actual reproduc-
tion phase is initiated. Also in other potentially relevant
studies (e.g., the 90-day study following OECD 408, or
the chronic study following OECD 452/453), the animals
are continuously exposed via diet over a long period.
At higher doses, a typical observation in many of these
studies is a reduction of body weight, which is generally
more pronounced at the end of a study. At present, the
maximum reduction of body weight observed at the end
of studies is usually used to estimate an endpoint for use
in determining potential risk to wild mammals. How-
ever, since body weight reduction is generally most pro-
nounced at the end of such studies, the question arises to
what extent exposure duration determines the strength
of effect and how this might be of relevance for the risk
assessment. This is of particular importance, since the
exposure in the field is rather short for most pesticides
(according to EFSA [3], a default DT, of 10 days is con-
sidered as a worst case, with calculation of a weighted
average concentration over 21 days). Hence, the change
of the magnitude of effects over exposure time may be
relevant to obtain a realistic view of effects expected in
the field.

The principle that sublethal effects typically become
stronger with exposure time is a general phenomenon
that has previously been described in rodents for pes-
ticides, pharmaceuticals and heavy metals [6, 7, 9, 13].
Furthermore, mortality has been shown to depend on
exposure time as well (e.g. [14]) and an exposure time
dependence of toxicity has also been described for
aquatic organisms (e.g. [2, 10, 12]). Hence, the expo-
sure time dependence is an important and so far often
neglected aspect of the regulatory ecotoxicological
risk assessment, in particular for the long-term assess-
ment. A systematic, comprehensive analysis of the time
dependence of long-term toxicity, including a large num-
ber of substances and several time points has not been
conducted previously. Therefore, a meta-analysis was
performed considering 37 long-term toxicity studies con-
ducted on rats with 13 different pesticidal substances. As
an example, the parameter female body weight was con-
sidered and benchmark doses (BMD,; estimation of the
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dose which causes 10% effect based on dose—response
data) were calculated. A Benchmark response of 10% was
selected, corresponding to the EC,, currently required
in the EU regulation. Benchmark dose calculations were
conducted according to the report of the EFSA Scientific
Committee [4].

Materials and methods
Data description
Long-term toxicity studies on rats were collected for 13
pesticides (Table 1). To increase the scope and robustness
of the evaluation, the analysis included not only multi-
generation reproduction studies, but also studies for test-
ing sub-chronic oral toxicity, chronic oral toxicity (partly
including carcinogenicity testing) and sub-chronic neu-
rotoxicity, which all include a similar test design; i.e. start
with young adult rats which are continuously admin-
istered the test substance via the diet. Therefore, due to
the similar test design, the data from the initial 10 weeks
from all these study types were used for further analy-
sis where available. Only those substances were selected
which caused a dose-dependent decrease of at least
10-20% in female body weight (female body weight was
considered because females are more relevant for wild
mammal population growth than males). Substances
were only included when at least two suitable studies per
substance were available. The maximum was four suit-
able studies for one substance.

Furthermore, substances were chosen to represent a
variety of modes of action classes and pesticide classes
(fungicides, herbicides and insecticides). Five of the

Table 1 List of compounds for which toxicity studies were
evaluated

Commonname  Pesticide class Mode of action  CAS no.
Fenpropidin Fungicide FRAC G2 67306-00-7
Fenpropimorph Fungicide FRAC G2 67564-91-4
Fludioxonil Fungicide FRACE2 131341-86-1
Propineb Fungicide FRAC "multi-site 12071-83-9
contact activity”
Bromoxynil Herbicide HRAC C3 1689-84-5
Isoproturon Herbicide HRAC C2 34123-59-6
Propyzamide Herbicide HRACK1 23950-58-5
Prosulfuron Herbicide HRAC B 94125-34-5
Pyrazone Herbicide HRAC C1 1698-60-8
Imidacloprid Insecticide IRAC 4A 105827-78-9
Methiocarb Insecticide IRAC 1A 2032-65-7
MK-239 Insecticide IRAC 21A 119168-77-3
Pymetrozine Insecticide IRAC 9B 123312-89-0

Mode of action refers to RAC classes (IRAC (insecticides): https://www.irac-onlin
e.org, FRAC (fungicides): http://www.frac.info, HRAC (herbicides): https://www.
hracglobal.com)


https://www.irac-online.org
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selected substances were herbicides (HRAC codes: B, C1,
C3, K1), four were fungicides (FRAC codes: E2, G2 and
“multi-site contact activity”) and four were insecticides
(IRAC codes: 1A, 4A, 9B, 21A, see Table 1).

From these toxicity studies, the female body weight
data at days 14, 21, 28, 42 and 70 (=2 days) were selected.
The achieved doses were calculated for the period from
study start until the respective day of body weight meas-
urement. The data from all studies for a substance were
pooled for BMD analysis using the relative body weight
of each dose group (normalized to % of the body weight
of the respective concurrent control).

Selection of the benchmark response (BMR)

The data considered here were provided as continuous
data for groups of animals. The default BMR as pro-
posed by EFSA Scientific Committee [4] for continuous
data is 5% (change of mean response). However, accord-
ing to Commission Regulation (EU) No 283/2013 [1], the
EC,, and EC,, are relevant endpoints for the ecotoxico-
logical risk assessment; in addition, the EC; can often
not be reliably estimated since it is very near to the No
Effect Level. Therefore, the BMD,, and BMD,, were con-
sidered relevant for this analysis. A first review of the
data revealed that the 20% effect level is rarely reached
in any of the studies; therefore, BMD,, could not be reli-
ably estimated and as a consequence, it was decided to
focus on a benchmark response (BMR) of 10% effect level
(BMD, ).

Software

Benchmark dose (BMD) calculations were performed
according to EFSA Scientific Committee [4] using the
R library PROAST (version 62.10), developed by the
National Institute for Public Health and the Environment
(RIVM) of the Netherlands.

Selection of dose-response models

According to EFSA Scientific Committee [4], differ-
ent dose—response models are tested to find all plausi-
ble BMD values. The models recommended by EFSA
Scientific Committee [4] for continuous data are the
3-parameter model (called Model 3 in PROAST) and the
4-parameter model (called Model 5 in PROAST) of the
Hill and the Exponential family. Additionally, the Null-
model and the Full-model should be fitted.

The Model 5 (4-parameter model) was not used in this
analysis because a preliminary evaluation has shown
that fits with this model often resulted in very unrealistic
dose—response curves [5]. For example, for one substance
(fungicide) the fit for day 14 indicates that the maximum
benchmark response (BMR) is only about 10% (Fig. 1a).
This is biologically not reasonable, since reduction of
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body weight can be considerably larger than 10%, i.e.
there is no natural limit of body weight reduction at this
level. This can be seen from the results for other sub-
stances. There will rather be a cut-off due to mortality
when body weight decreased by a much greater amount.
Therefore, for endpoints such as body weight, it is not
suitable to consider all available models, but to select the
biologically reasonable ones (see Fig. 1b).

Calculation of confidence intervals

BMD and the lower (BMDL) and upper (BMDU) confi-
dence intervals are calculated for all models. The BMD/
BMDL/BMDU analysis results in a range of BMD and
BMDL/BMDU values. To establish the BMD confidence
interval and BMDL for the dose—response dataset of the
endpoint female body weight, the process described by
EFSA Scientific Committee [4] was followed.

Handling of alerts

An ‘alert’ occurs when the Akaike information criterion
(AIC) of the selected model differs by more than two
units from the AIC of the full model. If an alert occurred,
it was evaluated whether the difference between the AICs
was only minor (e.g. up to three units) or not, and the fit
was visually checked. If the difference of the AICs was
only minor and the visual fit was acceptable, then the fit
and BMD calculations were accepted. Otherwise, if sev-
eral data points did not match the fit, it was checked if
they were derived from the same study or not. If such
systematic deviations of responses from the fit occurred,
then the BMD calculation was conducted using the vari-
able ‘study code’ as covariate, to identify if the study dif-
fered from the other studies. If one study differed from
other studies, it was excluded from the analysis. If devia-
tions of responses were not systematic, i.e. were not
caused by one single study, then it was decided by visual
inspection if the fit was acceptable or if any data points
should be excluded (after evaluating the study reports for
any reasons of the deviation in responses).

Results

Benchmark doses (BMD,,,) and their confidence limits
(lower limit BMDL,,, upper limit BMDU,,) were calcu-
lated from body weight changes in female rats observed
in 37 long-term toxicity studies conducted with 13 differ-
ent active substances.

Overall, all BMD, , values (and confidence intervals) for
all pesticide classes (fungicides, herbicides and insecti-
cides) declined over time (Fig. 2). To further analyze the
time dependency of body weight effects after exposure
to pesticides, the BMD,, values for days 21, 28, 42 and
70 were compared to the 14-day BMD,, (which was the
earliest time point at which the BMD,, was calculated in
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Fig. 1 Example of dose-response curves (a 5-parameter Hill model, b three-parameter exponential model)

this analysis), i.e. the BMD,; at days 21, 28, 42 and 70 was
related to the weight at day 14 (which was set to 100%).
The results were similar for all pesticide classes and were,
therefore, summarized (Fig. 3).

Discussion

After 70 days of exposure, the BMD,, decreased to
about half of the value calculated for 14 exposure days.
This is a relevant finding for the wild mammal risk
assessment, since it indicates that animals respond
to pesticide exposure in a clear time-dependent way,
showing less pronounced body weight effects when
the duration of exposure is short. The strongest body
weight effects are usually observed at the end of toxicity

studies, while the default time period relevant for the
long-term risk assessment is much shorter than the
duration of a study. In a typical two-generation rat
reproduction study, the females may continuously be
exposed for up to 4 months. Long-term risk assess-
ments are usually conducted considering a default
exposure period of 21 days. Thus, there is a marked
discrepancy when using endpoints based on maximum
body weight effects for the risk assessment. For exam-
ple, the BMD,, at day 21 was 158%, 182% and 145%
of the BMD,, at day 70 for fungicides, herbicides and
insecticides, respectively (Table 2). Therefore, using
endpoints determined after 70 days of exposure adds
a considerable additional margin of safety to the risk
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Fig. 3 Relative BMD; (% of BMD,, on day 14) over 21, 28,42 and
70 days (thick line =median over all substances; upper/lower
margin of boxes = upper/lower quartile of data; upper/lower
whisker = upper/lower values within 1.5-fold of the interquartile
range; points =outlier)

assessment. To obtain a more realistic view, an end-
point should be selected which reflects the actual expo-
sure window under field conditions (e.g. 21 days).
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The factor time is rather described as a constant, such
as acute, sub-chronic or chronic. For the chronic human
consumer risk assessment, the exposure time may not be
of high relevance, since consumer exposure is continu-
ous and fairly constant in magnitude, because consum-
ers may eat freshly harvested foodstuff which will always
carry similar residue levels. However, for animals in the
field, exposure differs fundamentally from consumer
exposure, since animals living in a crop are exposed
at or shortly after application of a pesticide. Hence, the
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Table 2 Relative BMD,, for body weight
of female rats for different exposure durations

reduction

Exposure BMD,, [% of day 70 BMD,,]

duration

[days] Fungicides Herbicides Insecticides Overall (%)
(%) (%) (%)

14 223 224 195 216

21 158 182 145 164

28 135 151 130 140

42 127 127 m 123

70 100 100 100 100

exposure scenario in chronic toxicity studies (with con-
tinuous exposure over months) differs greatly from
exposure patterns in the field. This discrepancy is cur-
rently not yet addressed explicitly in the ecotoxicological
risk assessment. Such an assessment can be done read-
ily, since the information on exposure time and related
effects are generally well described in the toxicity stud-
ies. In the present meta-analysis, covering 13 pesticides,
we found that effects were clearly time dependent. This
meta-analysis, which focused on female body weight as
a commonly affected endpoint in chronic toxicity stud-
ies, is the first focusing explicitly on the time depend-
ence of chronic effects over several substances. However,
studies on specific substances (pesticides, pharmaceu-
ticals, heavy metals) already indicated a correlation of
the strength of effects and the exposure time [6, 7, 9, 10,
13-15].

In terms of the ecological risk assessment, the time
dependency of effects indicated that the use of effects
at the end of a chronic toxicity study (e.g. the final body
weight reduction) as endpoint provides an overly con-
servative worst case for the risk assessment. For exam-
ple, considering a multi-generation rat study, female
bodyweight at the end of lactation may represent effects
observed after about 3—-4 months of continuous expo-
sure. The realism of the ecotoxicological risk assess-
ment might, therefore, be increased by taking the time
dependency of such a toxicological effect into account
and choosing an endpoint which reflects the actual expo-
sure duration in the field. This would not necessarily
mean that the risk assessment is less protective than it
is when choosing an endpoint at the end of a study. On
the contrary, one might find that the most relevant effect
(e.g. body weight, litter size, etc.) is not the one observed
at the end of a study, but another one, which may not be
the strongest one at the end of the study, but the strong-
est during the actual exposure period in the field (e.g.
3 weeks, as assumed by default by EFSA [3]). Hence, con-
sidering the actual exposure period for selection of the
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endpoint for the ecotoxicological risk assessment would
reduce uncertainty and increase realism.

Conclusions

The BMD,, values for all pesticide classes (i.e. fungi-
cides, herbicides and insecticides) decreased continu-
ously with increasing exposure time. This indicates
that animals respond to pesticide exposure in a time-
dependent way, showing less pronounced effects when
exposure is short. With increasing duration of expo-
sure to a substance, animals show greater body weight
effects.

In the long-term ecotoxicological risk assessment, a
time window of 21 days to calculate exposure is consid-
ered as a default [3]. However, the present analysis has
shown that the BMD,, for this exposure time is always
much higher than after 70 days of exposure. Therefore,
the use of an endpoint which is based on the final body
weight reduction observed in a toxicity study provides
an overly conservative worst case in the risk assess-
ment. Instead, calculation of the toxicity endpoint for
the time period that is relevant for the risk assessment
(exposure time) would provide a realistic worst-case
scenario.
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