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Abstract: Wild birds and mammals that feed in agricultural habitats are potentially exposed to pesticides through various
routes. Until recently, it has been implicitly assumed that the existing European Union risk assessment scheme for birds and
mammals also covered bats (Chiroptera). However, recent publications raised concerns and, in 2019, a scientific statement
was published by the European Food Safety Authority (EFSA) that concluded that bats were not adequately covered by the
current risk assessment scheme. We review the evidence presented and assumptions made in the EFSA bat statement
relating to toxicity, bioaccumulation, and exposure pathways (oral, dermal, and inhalation), in terms of their relevance for
bats potentially foraging in agricultural areas in the European Union; we highlight where uncertainties remain and how these
could be addressed. Based on our review, it is clear that there is still much uncertainty with regard to the appropriateness of
the assumptions made in the EFSA bat statement. Significantly more information needs to be gathered to answer funda-
mental questions regarding bat behavior in agricultural landscapes, together with the relative sensitivity of bats to pesticide
exposure. Given the current critical information gaps, it is recommended that quantitative risk assessments for bats not be
performed for pesticides until more robust, reliable, and relevant data are available. The risk to bats can then be compared
with that for birds and ground-dwelling mammals, to determine the protectiveness of the existing scheme and thus whether
a bat scenario is indeed required and under what circumstances. Environ Toxicol Chem 2021;40:2978-2989. © 2021
Cambridge Environmental Assessments, part of RSK ADAS Ltd. Environmental Toxicology and Chemistry published by Wiley
Periodicals LLC on behalf of SETAC.
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INTRODUCTION The guidance for assessing the risks to birds and mammals
from potential exposure to pesticides in the European Union
was published by the European Food Safety Authority (EFSA) in
2009 and is currently under review.

Wild birds and mammals that feed in agricultural habitats
are potentially exposed to pesticides through various routes
(Brooks et al., 2017). The risks to wildlife from exposure to
pesticides are assessed in the European Union under the cur-
rent regulation concerning the placing of plant protection
products on the market (European Commission [EC], 2009).

Until recently, it has been implicitly assumed that the
EFSA (2009) risk assessment scheme for birds and mammals
also covered the potential risks to bats (Chiroptera). How-
ever, recent publications (see Stahlschmidt & Briihl, 2012)

raised concerns regarding the protectiveness of the current
This is an open access article under the terms of the Creative Commons
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distribution in any medium, provided the original work is properly cited, the use is

guidance for bats. Given the ecology and characteristics of
bats, and the protected status of all 53 European bat spe-
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assessment framework for birds and ground-dwelling mam-
mals (ESFA, 2019). Hereafter referred to as the "EFSA bat
statement,” the statement concluded that “bats would not
be adequately covered by the current risk assessment
scheme” and that there is a need to develop a new scheme
for bats (EFSA, 2019).

The EFSA bat statement reviewed the available ecological
knowledge base for bat behavior and ecology to identify the
potential exposure of bats inhabiting or foraging in areas where
pesticides might be applied. The potential risks from oral,
dermal, and inhalation exposure were discussed. Although
specific risks from dermal and inhalation exposure are in
practice currently not assessed for birds and ground-dwelling
mammals, it was considered that the characteristics of bats
make them potentially more vulnerable to such exposures. The
potential risk from simultaneous exposure to all exposure
routes was also highlighted in the EFSA bat statement.

Our aim was to review the evidence presented in the EFSA
bat statement relating to toxicity, bioaccumulation, and ex-
posure pathways, in terms of its relevance for bats potentially
foraging in agricultural areas in the European Union, and the
likely protectiveness of the existing bird and mammal risk as-
sessment scheme, highlighting where uncertainties remain and
how these could be addressed.

TOXICITY

The EFSA bat statement aimed to determine whether the
toxicological sensitivity of bats was comparable to that of birds
and ground-dwelling mammals. The key question was whether
the standard terrestrial vertebrate data set already collected for
pesticide authorizations, comprising effects on bird (usually
quail or duck species) and mammal (usually rodents or lago-
morphs) species tested in laboratory conditions, is suitable for
predicting effects on bats.

The comparison of toxicological sensitivity of bats com-
pared with ground-dwelling mammals and birds in the EFSA
bat statement was based on a literature review. The resulting
toxicity values obtained for bats were compared with those
available for mice, rats, and birds from public literature,
regulatory documents (e.g., EFSA conclusions), or databases
(e.g., the Hazardous Substances Data Base [HSDB], the Ex-
tension Toxicology Network [EXTOXNET] InfoBase, the US
National Institute for Occupational Safety and Health
[NIOSH] database, the Toxicology Data Network [TOXNET]).
The bat data identified were primarily from oral exposure
studies (n=8), but some dermal (n=4) and dietary (n=1)
studies were also available. Overall, only 13 toxicity end-
points for 12 substances were identified for bats. A more
recent review (Torquetti et al., 2020) identified a total of 37
active substances or their metabolites that had been studied
in relation to bats over the last 60 years. The authors con-
cluded that most studies were observational and represented
only 5% of bat species. There was little information available
to assess the effects of pesticides on bat populations, rep-
resenting a gap in scientific research.

In agreement with findings in Torquetti et al. (2020),
only limited information on bat sensitivity to pesticides was
likewise identified in the EFSA bat statement. The results
obtained were inconsistent, with examples of bats being
more, less, or equally sensitive compared with ground-dwelling
mammals. For example, the acute toxicity of methyl-parathion
to big brown bat (Eptesicus fuscus) was lower (median lethal
dose [LD50]=372mg/kgbodywt) than for mice (LD50=
44 mg/kg body wt; Clark, 1986). Conversely, the short-term di-
etary toxicity of deltamethrin to fruit bats (no-observed-effect
level [NOEL]=0.03 mg/kg body wt/day) was reported to be
higher compared with ground-dwelling mammals and birds
(toxicity endpoints above 1 mg/kg body wt/day; Oliveira et al.,
2017). For chlorpyrifos (Eidels et al., 2016) and imidacloprid
(Hsiao et al., 2016), comparable effects on bats and ground-
dwelling mammals were observed. It was not always possible
to determine the relative sensitivity of bats based on the data
available; for example, in a study with DDT (Hurley & Fenton,
1980), no body weight measurements were taken, and the test
substance was simply dusted on the back of isolated bats. Thus
the exposure dose experienced by the bats (in terms of
mg/kg body wt) is uncertain. Thus, comparison with known ex-
posure doses in ground-dwelling mammals is of limited value.

Based on the literature review results, the EFSA bat state-
ment authors stated that “it is not possible to draw a conclusion
on bat susceptibility to pesticides relative to other bird or
mammal species, and there is probably no relationship be-
tween toxicity to bats and other mammals or birds on which a
predictive assessment could be made.” If it is not possible to
base the risk assessment for bats on the available information
for ground-dwelling mammals or birds, then this would suggest
that additional testing would be required to confirm bat sen-
sitivity. However, rather than recommending further direct
toxicity testing for bats, the EFSA bat statement suggests the
“development of an adverse outcome pathway approach,
whenever possible.” Some relevant ex vivo and in vitro ap-
proaches developed for mammals (Boitet et al., 2018; Hodroge
et al., 2011) were discussed, and were suggested as the most
appropriate pathway for determining bat susceptibility to
pesticides. However, as there is no clear pattern of sensitivity
observed in bats versus ground-dwelling mammals for pesti-
cides, with only a limited initial database of in vivo toxicity
testing, the ability to develop ex vivo or in vitro assays is cur-
rently limited. Therefore, the use of an adverse outcome
pathway approach would still require the generation of robust
in vivo studies to determine apical adverse outcomes and to
calibrate any ex vivo and in vitro approaches developed
for bats.

There are also insufficient toxicity data to determine
whether there are differences in sensitivity between bat spe-
cies. Although studies on bats identified in the literature review
cover a range of species, only a single study/substance is
presented. Therefore, the interspecies variability of bat sensi-
tivity to individual pesticides is not included in the comparison
and is also currently unknown. To address this issue, it may be
useful to perform additional literature searches to include all
organic chemicals, not just pesticides. Literature data could
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also be used to identify worst-case European bat species in
terms of life history traits, ecology, and behavior in agricultural
landscapes. These data could then be used to inform future
testing and/or assessment strategies.

In summary, there are currently limited data available in the
literature on bat sensitivity to pesticide exposure, mainly based
on legacy compounds. Due to the scarcity of data and incon-
sistent methods used, there is not a clear indication as to
whether bats are more or less sensitive than ground-dwelling
mammals or birds. A number of different bat species were
tested in each of the studies, and no standardized guideline
was used to perform these studies. For mice, rats, and birds,
the toxicity data were primarily obtained from regulatory
studies. Therefore, the data being compared for bats and other
terrestrial vertebrates cannot be considered equivalent. Until
such time that a reliable estimate of relative sensitivity of bats
compared with birds and ground-dwelling mammals is avail-
able, our recommendation is that no quantitative regulatory
risk assessment should be undertaken.

BIOACCUMULATION

In terms of bioaccumulation, the focus in the EFSA bat
statement was to investigate whether there is greater concern
for bats than for birds or ground-dwelling mammals and,
therefore, whether the existing secondary poisoning risk as-
sessment scheme within the EFSA (2009) is sufficiently pro-
tective. This concern predominantly arises due to the
occurrence of hibernation and torpor (controlled reduction of
body temperature and metabolic rate reducing energy ex-
penditure) in bats. Bats accumulate stores of brown and
white fats during active periods that are then metabolized and
used as energy during hibernation and torpor as well as
during arousal from these states. The EFSA bat statement
postulates that high fat consumption during hibernation may
expose bats to mobilized accumulated lipophilic active sub-
stances, potentially increasing the risk of direct mortality. For
example, a study by Clark and Krynitsky (1983) investigating
dichlorodiphenyldichloroethylene (DDE) observed high resi-
dues in brown fats, which were metabolized during hibernation
and resulted in markedly increased DDE concentrations in the
body. Although no toxic effects were identified in the study,
Clark and Krynitsky (1983) questioned whether such effects may
occur in the event of higher initial fat concentrations or for
more toxic active substances. We do not consider it useful to
refer to such legacy compounds for the assessment of current
pesticide chemistry, with problematic compounds such as
these now being screened out during the mandatory assess-
ment of persistence, bioaccumulation, and toxicity (PBT).

Substances that are bioaccumulative would today be
screened out in the PBT assessment, which uses fish bio-
concentration data to protect all freshwater, marine, and ter-
restrial wildlife groups. Recommendations provided by the
EFSA (2009) are then applied to assess the risk of secondary
poisoning for any remaining substances with the potential
to bioaccumulate (log potential octanol-water partition

coefficient [Pow] > 3), using fish-eating and earthworm-eating
bird and mammal scenarios. Furthermore, the risk to any small
mammal (including bats) can also be evaluated using the in-
formation on adsorption, distribution, metabolism, and elimi-
nation from the mammalian toxicology studies undertaken in
the process of pesticide registration as well as from the me-
tabolism studies with livestock (EFSA, 2009).

In summary, some evidence exists that bioaccumulation
occurs in bats, predominantly based on legacy compounds, but
there are currently insufficient data available to robustly com-
pare the extent or kinetics of bioaccumulation observed in bats
with that of other mammals and birds. The potential for food-
chain transfer to bats could be further investigated to de-
termine whether this is already covered by the fish-eating and
earthworm-eating bird and ground-dwelling mammal risk
assessments.

EXPOSURE ROUTES

Under the current risk assessment framework for birds and
ground-dwelling mammals (EFSA, 2009), the routes of ex-
posure that are routinely assessed are dietary intake and
drinking water. These are also relevant exposure routes for
bats, which may feed on insect prey that contains pesticide
residues and drink from water sources within agricultural areas.
A number of additional exposure routes are proposed within
the EFSA bat statement (Figure 1). The risk to bats from oral
exposure via grooming and via milk (by pups) has been high-
lighted as a potential concern, and it has been proposed that
the risks to bats via dermal and inhalation exposure should be
assessed. The evidence presented in the EFSA bat statement
for each of these exposure routes is reviewed below.

Oral exposure

Food intake rates. The food-intake rate (FIR) is a key driver in
determining the extent of dietary exposure, and therefore the
data used for FIR calculation is critical. The EFSA bat statement
attempts to estimate bat-specific values based on consumption
of contaminated food, to calculate shortcut values that are di-
rectly compared with those in the EFSA statement (2009).

For the purposes of a bat-specific FIR calculation, the au-
thors of the EFSA bat statement have used data from two
studies—one on Myotis lucifugus (Kurta & Kunz, 1988) and the
other on Plecotus auritus (McLean & Speakman, 1999). Myotis
lucifugus is an endangered species of insectivorous microbat
found in North America, and P. auritus is a small Eurasian in-
sectivorous species of bat found across Europe. The daily en-
ergy requirement and weight of lactating M. lucifugus was
chosen for use in the FIR/body weight calculation, because the
data from that study was stated to be more reliable and the
species more representative of European bat species based on
their size. The relevance of the approach taken is considered in
detail below.

The method for calculating daily energy expenditure (DEE)
values (and from there, FIR values) is outlined in EFSA (2009).
The underlying data were derived from a project carried out by
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FIGURE 1: All potential exposure routes by which bats could encounter pesticides in agricultural landscapes, as proposed in the EFSA bat
statement (ESFA, 2019). Note that not all routes will be applicable to the same individual, for example, either milk or the default dietary, but

not both.

the Department for Environment, Food and Rural Affairs
(DEFRA, 2007), consolidating 608 values for 115 species from
117 studies to estimate values for mammal DEEs.

The DEFRA (2007) report does not detail exactly which
species were included in the DEE calculations, but it states
that “‘eutherian—other’ includes all terrestrial mammals (e.g.,
bat, rat) requiring relatively moist habitats.” This category,
"eutherian—other,"” is the group whose values are presented in
EFSA (2009) for the calculation of the mammal DEE. If bats are
included in this data set, it is not clear why a new bat-specific
approach was proposed in the EFSA bat statement. It is rec-
ommended that the data set used for the original EFSA (2009)
calculations be further investigated to determine whether bats
were included, and whether they fall within the range found for
other mammalian species.

The DEFRA (2007) report does not state whether data for
mammals were taken as basal metabolite rate, or what state the
animals were in (e.g., pregnant or lactating). The worst-case
was not selected for the FIR values, but instead a regression
was fitted for the various mammal groupings, with “other eu-
therian mammals” considered the most appropriate for the risk
assessment of ground-dwelling mammals. This is in contrast to
the approach taken in the EFSA bat statement, in which the
worst-case single-species data point for lactating bats was
taken as the basis for FIR calculations. The EFSA bat statement
authors are therefore comparing worst-case data (lactating
females) for one species with data for many species that may
not all be worst-case individuals (i.e., may not be lactating fe-
males), and thus this is not a like-for-like comparison. Fur-
thermore, combining the FIR of lactating females with the
smallest body weight is an unrealistically conservative combi-
nation, because lactating females will occur at the end of the
season and will be heavier.

Although only two species were used to define FIR values
(based on availability of data for pregnant and lactating
females), the EFSA bat statement actually includes data on
weight and energy consumption for é4 species of bats. For
“other eutherians” in the DEFRA (2007) report, 46 mammal

species were used. Therefore, there are sufficient data on bat
species to calculate reliable values for the DEE equation. It may
be possible to combine the bat data from DEFRA (2007) if this
can be extracted. It is recommended that the resulting bat-
specific DEE be assessed against the current ground-dwelling
mammal DEEs to determine whether they are already
protective of bats, as has been assumed until now.

An additional input into the calculation of FIR values is as-
similation efficiency. The EFSA statement (2009) says that the
assimilation efficiency of particular food items is group specific
(i.e., mammals, passerine birds, etc.) as well as being specific to
different food items. It is not explained in the EFSA bat statement
whether values from EFSA (2009) have been used in the bat FIR
calculations, or whether the assimilation efficiency for bats has
been calculated using bat-specific data. The studies that were
used to calculate the assimilation efficiency in EFSA (2009),
Crocker et al. (2002), and Smit (2005) reference data on bats
were grouped together with shrews (n =8 for bats + shrews). It is
recommended that further clarity be sought regarding the as-
similation efficiency values used in the bat FIR calculations. It may
be possible to obtain further data from the literature to calculate
more specific assimilation efficiencies for European bat species.

Oral exposure via grooming. The EFSA bat statement
proposes that self-grooming could potentially be a significant
oral exposure route for bats that have been dermally exposed
to pesticides. Although the EFSA bat statement asserts that
self-grooming is common in bats, it is not clear how prevalent
this behavior is across all bat species or how common it is in
species linked to agricultural areas that might potentially be
dermally exposed to pesticides. Reference is made to un-
published studies indicating that approximately 20% of
roosting time was dedicated to self-grooming for Pipistrellus
kuhlii and Hypsugo savii (cited as “L. Ancillotto and D. Russo,
unpublished” in the EFSA bat statement). Other factors that
would be important in determining exposure via grooming
include the proportion of body surface groomed, the efficiency
of grooming, and realistic estimates of dermal residue levels.
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Social grooming within colonies may also result in oral ex-
posure; however, based on the data cited in the EFSA bat
statement, it seems that self-grooming is likely to be a greater
potential source of exposure than social grooming, with ap-
proximately 20% of roosting time spent self-grooming versus
approximately 7-8% of time spent socially grooming for
P. kuhlii and H. savii (cited as “L. Ancillotto and D. Russo,
unpublished” in the EFSA bat statement). It is recommended
that further investigation be made into the prevalence of self
and social grooming in European bat species that may po-
tentially be exposed to pesticides in agricultural environments,
to determine the relative importance of these exposure routes.

Although the EFSA bat statement authors consider that oral
exposure via grooming is a relevant route of exposure, no
method for estimating the level of exposure is provided.
Although such a methodology could be developed, it is rec-
ommended that first the prevalence of grooming behavior in
relevant bat species be investigated, and the methods for es-
timating dermal exposure first be improved (see later section
on Dermal exposure).

Oral exposure of pups via milk. The EFSA bat statement
assumes that residues of pesticides taken up by the adult are
transferred to milk and subsequently to pups via the con-
sumption of milk. This is true, but is also true for other mammals,
for which the established guidance considers the chemical
properties of the active substance or absorption, distribution,
metabolism, and excretion (ADME) processes within the animal.

The calculation of pup exposure via milk in the EFSA bat
statement uses a pup weight of 1.28 g for a newborn common
pipistrelle (from Jones et al., 2009). Data from a study by Nagel
and Disser (1990) were used to conclude that the oral exposure
for newborn young is “equivalent to the adult exposure mul-
tiplied by 0.83 times the ratio of adult to young body weight.”
No further details are provided of how the value of 0.83 times
was calculated. The abstract for Nagel and Disser (1990) states
that residue concentrations in young were higher than those
found in adults. The authors roughly estimated that the
"quantity of chlorinated hydrocarbons transferred to the young
amounts to 83% of the accumulated residues of total DDT
in the adult females,” which may be the source of the 0.83
conversion figure stated in the EFSA bat statement.

The study by Nagel and Disser (1990) focused on residues of
chlorinated hydrocarbon pesticides in the common pipistrelle
(females, males, and offspring). The chemicals used were hex-
achlorobenzene and lindane (substances currently not approved
for use in the European Union); DDE (a breakdown product of
DDT, not currently approved for use in the European Union); and
three polychlorinated biphenyls (their use is currently highly re-
stricted in the European Union). It is recommended that this
issue be further investigated to determine how appropriate the
value of 0.83 is for current pesticides.

A case study (Hofmann & Heise, 1991) of a poisoning in-
cident of young bats in the field is also mentioned in the EFSA
bat statement. This poisoning incident was attributed to ap-
plications of the organophosphate insecticide methamidophos
and subsequent exposure via milk from adults consuming

contaminated insects. This active substance is an acutely highly
toxic organophosphate, not currently approved for the Euro-
pean market and therefore not relevant for the assessment of
current pesticide chemistry.

The data referenced in the EFSA bat statement to support
the case for oral exposure of pups via milk is therefore com-
prised of legacy chemicals and may not be appropriate for
more current chemistry. No evidence was presented for
transferral to milk for currently authorized pesticides.

The EFSA bat statement does not discuss nonlipophilic
substances. It is possible that a threshold could be set based on
chemical properties. The EFSA (2009) statement says that a log
octanol-water partition coefficent (Kow)>3 indicates a po-
tential for bioaccumulation. Therefore, for consistency, the risk
to pups from oral exposure via milk could be assessed only for
chemicals with a log Kow > 3, provided that there is evidence
for relevance of this route of exposure above this threshold, or
when residues are detected in the milk in lactating goat studies
that are used to inform the human health risk assessment.

The evidence provided in the EFSA bat statement appears
to be based on persistent and bioaccumulative substances, and
no consideration is currently given to the ADME processes that
will occur within bats. The chemical properties of a pesticide
and the ADME processes within an animal govern the residues
in milk. The EFSA bat statement does refer to metabolism
studies in milk-producing livestock as a possible way to esti-
mate exposure. Available data on residues in milk for pesticides
that are currently authorized in the European Union could be
examined, to help provide an estimation of the extent of
transfer from adult female to milk, and subsequently to pups;
for example, EFSA (2018a) provides an analysis of 582 samples
of cow's milk for pesticide residues. All pesticide residues that
were detected in cow's milk were from substances that are
currently banned in the European Union. This suggests that
exposure via residues in milk is unlikely for currently authorized
pesticides in the European Union, although it is noted that the
impact of processing milk for human consumption would need
to be considered, as would any differences in milk properties
between bats and cows, for example, fat content. It is recom-
mended that further consideration be given to the influence of
ADME processes on the likelihood of transferal of residues via
milk, including the transfer of parent active versus metabolites
because this may influence toxicity.

Although the risk to ground-dwelling mammal offspring from
exposure via milk is not currently explicitly assessed in EFSA
(2009), any effects in pups resulting from exposure via milk would
be covered by the toxicity endpoint from the multigeneration rat/
mouse study. There is no quantitative evidence provided in the
EFSA bat statement that oral exposure via milk is likely to pose a
greater risk to bat pups than to offspring of ground-dwelling
mammal species. Therefore, the risk assessment for ground-
dwelling mammals may already be protective of the risk to bat
pups. Further investigation is recommended in terms of evidence
for pesticide exposure of bat pups versus exposure of ground-
dwelling mammal offspring, together with rate of milk con-
sumption by offspring, period over which offspring feed, and fat
content of milk for bats and ground-dwelling mammals.
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In summary, the EFSA bat statement aimed to determine
whether dietary exposure of bats is within that estimated for
birds and ground-dwelling mammals under EFSA (2009). The
data used for food intake rate and assimilation efficiency
should be further investigated, in terms of their relevance for
European bat species in agricultural landscapes, and their
comparability to parameters used for birds and ground-
dwelling mammals. Further investigation should be made into
the prevalence of grooming behaviors in European bat species.
The input parameters for calculating exposure of pups via milk
should be further investigated for relevance to bat species that
are potentially foraging in agricultural areas treated with cur-
rent pesticides. Available data on residues in milk should be
further examined, to help estimate the transfer from adult fe-
male to pups and to further understand the role of ADME
processes on residue transfer.

Dermal exposure

According to the EFSA bat statement, dermal exposure is
the route that results in the highest magnitude of exposure to
bats foraging in agricultural areas treated with pesticides, due
to exposure to airborne spray droplets. An example of dermal
exposure presented in the EFSA bat statement is the method
used to cull vampire bats. Individual vampire bats are coated
with anticoagulants and released back into the colony, re-
sulting in exposure of others within the roost via grooming and
contact exposure, and ultimately leading to their death
(Johnson et al., 2014; Linhart et al., 1972). The bats in these
studies were dermally exposed to anticoagulants by dissolving
them in melted petroleum jelly and spreading the resulting
solidified paste onto the back of the bat. This type of dermal
exposure is likely to be far more severe than would occur as a
result of a bat flying through a spray cloud.

The ESFA bat statement considers the risk to bats from
dermal exposure to be higher than that of birds and other
mammals due to their large and highly vascularized wing sur-
face. Thus, there is the potential for dermal exposure and
subsequent dermal penetration to occur for bats foraging in
agricultural areas treated with plant protection products;
however, it is the extent of that dermal exposure and pene-
tration that needs to be ascertained. The key drivers of dermal
exposure will thus be the extent that bats encounter dermal
exposure, together with the ability of bat skin surfaces to
absorb any chemicals that they come into contact with.

Direct overspray. The EFSA bat statement proposes that
bats foraging in agricultural areas may encounter direct over-
spray by flying through the spray cloud. It states “There is no
evidence to suggest that bats avoid machinery. Some species
are even attracted to light..., and hawkers might be attracted
to insects that are stirred up by machinery, as seen for other
insectivorous predators in farmland .... Therefore, it cannot be
ruled out that some bats will be attracted to spraying oper-
ations, and be exposed dermally.” The primary foraging bout
of a small hawker bat at dusk/early evening is assumed for the

purposes of this scenario. However, the risks to bats from direct
overspray are largely dependent on how bats behave and thus
the extent to which they encounter it.

The EFSA bat statement assumes that bats will fly at Tm
behind the sprayer within the spray cloud either for their whole
foraging bout (which is assumed to be 2h), or will encounter
the equivalent of 1 min of exposure by flying in and out of the
spray cloud. These hypothetical scenarios have been proposed
due to a lack of empirical data on how bats actually behave
while crops are being sprayed. Although the EFSA bat state-
ment acknowledges that it is unlikely that bats would fly Tm
behind a sprayer for 2 h, it is still included within the dermal
exposure estimates. Given that some bats avoid flying while it
is raining (see Voigt et al., 2011), it is likely that they would also
avoid flying close to the sprayer to avoid becoming too wet.

Although the EFSA bat statement assumes that the direct
overspray of bats will occur while they are flying at 1 m from the
sprayer, the flight path of bats is likely to be significantly more
complex than this. Bats can move both horizontally and verti-
cally within the agricultural landscape and thus encounter both
spatial and temporal gradients of air concentrations resulting
from the spray cloud (Figure 2). A bat that is flying near the
sprayer (position a in Figure 2) will experience a higher dermal
exposure than one that is flying at the same height but further
away from the sprayer in the residual spray cloud (position b or
cin Figure 2). Similarly, a bat flying at a lower altitude (e.g., 1m
above the crop) will experience a higher dermal exposure than
if it is are flying at a higher altitude (e.g., 10 m above the crop).

Bats are unlikely to remain at a constant height/distance
away from the sprayer for the duration of their foraging bout,
and thus the dermal exposure of bats will critically depend on
the flight path that they take during the time that the spray
cloud is present and on the movement of the spray cloud over
time. This dynamic interaction between bat behavior and spray
cloud movement is discussed further in the later section, Esti-
mating exposure from direct overspray.

Direct overspray of bats will only potentially be an issue for
applications of pesticides that are made when nocturnal bats
are active. For example, some pesticides are required to be
sprayed in the evening/dusk to avoid contact with foraging
bees. For pesticides that do not require a bee label restriction,
a mitigation option for bats may be to use a similar phrasing for
spraying, for example, "Do not apply when bats may be
active.”

The EFSA bat statement refers to evidence that bats may be
attracted to artificial lighting on sprayer equipment and farm
buildings; however, the extent to which this applies to all Eu-
ropean bat species that may be foraging in agricultural areas is
unknown. A recent publication by EUROBATS (Voigt et al.,
2018) extensively reviewed the available data for the response
of bats to Artificial Light At Night (ALAN), highlighting that the
response of bats to ALAN depends on the species, in terms of
their size and foraging strategy. Therefore, it seems unlikely
that all European bat species would be equally attracted to the
activity of sprayers, with some species likely to actively avoid it.
If the species that are attracted to sprayers are associated
with particular regions, landscapes, or crop types, it may not
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FIGURE 2: Graphic depicting the movement of bats within a crop that is being sprayed. The blue arrow indicates the direction of travel of the
sprayer over time, starting travel from the top right hand side of the graphic. The transparency of the blue arrow indicates the relative air
concentration resulting from the spray cloud, with the lowest concentration being at the top right hand side (paler blue) where spraying started and
the highest being at the top left hand side (darker blue) where the sprayer is. See the text for description of dermal exposure of the bats in positions

(A), (B), and (C).

be necessary to undertake a dermal risk assessment for all
pesticide uses.

Estimating exposure from direct overspray. The EFSA bat
statement proposes that the dermal exposure of bats (de) can
be predicted by multiplying the volume of air that a bat passes
through (v) by the proportion of pesticide coming into contact
with the surface of the bat (i) and by the air concentration (ac)
per unit body weight (ow; Equation 1).

. ac
de=vxjx —

bw ()
The proportion of pesticide coming into contact with the bat
surface (i) is assumed to be 1.0. This default assumption that
the bat's wings would collect 100% of all dermally encountered
residues, with none dripping off/being shaken off by the bat, is
not plausible. Furthermore, it is assumed in the EFSA bat
statement that 100% of these encountered residues will be
absorbed across the wing membrane, which appears to be
based on high permeability of the wings of fruit bats in terms of
gas exchange; however, the relevance of gas exchange per-
meability compared with the absorption of liquids may be
questionable. It also is not clear whether the morphology and
properties of fruit bat wings are a suitable model for European
bat species, most of which are not fruit bats. The assumption of
100% dermal penetration is more conservative than even for
human health risk assessments. The default assumption for
dermal penetration in humans is 10-75%, depending on the
active substance content of the product, the log Pow, and the
molecular weight (EFSA, 2017).
In addition to the factors considered for human health risk
assessments, there are other parameters that may be relevant
in determining the extent of dermal penetration in bats. For

example, dripping/shaking-off or evaporation may occur during
bat flight that may reduce residues on the surface of the wing
and thus reduce dermal penetration. There is some evidence
that bat wings are coated in a waterproofing substance (see
Sisk, 1957; Crowley & Hall, 1994), and this may result in in-
creased dripping-off and thus reduced dermal exposure. Fur-
ther investigation is recommended into the factors that could
influence dermal penetration in bats, because it seems unlikely
to be 100%, and thus i is likely to be less than 1.0.

The EFSA bat statement proposes that the volume of air that
a bat would travel through (v) can be calculated by multiplying
the front surface area of the bat (sa) by the speed of flight (s)
and by the time spent in the spray cloud (t; Equation 2).

v=saXxsxt (2)
The front surface area (sa) is calculated in the EFSA bat state-
ment by assuming a full upward and downward wing stroke
together with the area of the circle formed by the body di-
ameter (Figure 3). The values used in the EFSA bat statement
for the area formed by wing stroke (wa), body diameter (bd),
and wing length (wl) to calculate the front surface area (sa) were
either taken from the literature or estimated.

The EFSA bat statement then calculated the volume of air
passed through by a foraging bat (v) for a small hawker and a
large ground gleaner bat flying fast (6.7 ms) or slow (2.0 ms),
and spending either 1 min or 2 h in the spray cloud. The input
values for fast (Grodzinski et al., 2009) and slow (Kalko, 1995)
flight speed (s) were taken from the literature for Pipistrellus
species. The worst-case assumption regarding the time spent
in the spray cloud (1) is based on the main foraging bout of a
bat, such as a common pipistrelle, occurring entirely within the
spray cloud, lasting up to 2h (Bartoni¢ka et al., 2008). The
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FIGURE 3: Scheme of surface area/air volume covered by bats flying through a spray cloud (wa = stroke angle of wing; wl = wing length; bd = body

diameter). Based on the EFSA bat statement (ESFA, 2019).

relevance of the cited paper may be questionable given that
the study focused on bats foraging in a floodplain forest, which
may be of limited relevance for pesticide exposure scenarios.
The EFSA bat statement acknowledges that spending 2h
within the spray cloud is not realistic, and thus an estimate that
is considered to be “closer to real behaviour of bats” is
also presented, with 1min spent in the spray cloud and
the remaining 119 min spent outside of the spray cloud. Further
investigation into realistic durations spent in spray clouds
in relevant habitats by relevant European bat species is
recommended.

For the purposes of the direct overspray exposure calcu-
lations, it has been assumed that the bat is 1 m behind the
sprayer for the duration of time spent in the spray cloud (1),
being either 1 min or 2 h. In reality, the foraging path of bats is
likely to be complex, in terms of distance from the sprayer in
the vertical plane as well as the horizontal plane. Therefore, the
combined assumption that a bat may spend 2 h at 1 m from the
sprayer seems unrealistic. Even the least worst-case assumption
of a bat spending 1 min at 1 m from the sprayer may still over-
estimate the exposure, for example, if bats actively avoid be-
coming too wet, or if bats actively avoid the noise and movement
of machinery. Further investigation into bat behavior within
pesticide-treated areas is therefore recommended.

Three models are presented in the EFSA bat statement that
could be used to estimate the air concentration component of
dermal exposure (ac): (1) the even distribution method, (2) the
terrestrial investigation model (TIM), and (3) the drift area
method. All are quite simplistic estimates of exposure that do not
adequately take into account the temporal and spatial dynamics
of the spray cloud itself. The EFSA bat statement acknowledges
this, stating "although the pesticide concentrations in the air
above the crop with time behind the sprayer could be calculated,
this is also quite complex.” Although modeling the predicted
environmental concentration in air (PEC,;) is complex, it may be
possible to use existing models or adapt those developed for
other regulatory frameworks. The available options for modeling
PEC,; for plant protection products were investigated by the
FOCUS working group on pesticides in air (Kubiak et al., 2008);
the report was finalized more than 10 years ago, and thus ap-
proaches may have since changed or new approaches may now

be available. Although modeling the spatial and temporal dy-
namics of the spray cloud would be complex, this may be a
useful higher tier refinement option and warrants further inves-
tigation, with simpler exposure models perhaps being reserved
for screening stage risk assessments.

Dermal exposure estimates have been calculated within the
EFSA bat statement for an application rate of 0.025 kg a.s./ha
using all combinations of the three models for air concentration
(even distribution, TIM, drift area), two bat species (hawker,
ground gleaner), two flight speeds (slow, fast), and two dura-
tions of time spent in the spray cloud (1 min, 2 h). The resulting
dermal exposure estimates varied enormously, being between
117 mg/kg body weight (slow, large bat spending 1min in
spray cloud using the drift area method) and 352863 mgrkg
body weight (fast, small bat spending 2 h in spray cloud using the
even distribution method). This illustrates the importance of not
only how the calculations are done, but also the input values
used within the calculations. It also illustrates the importance of
validating the results from exposure estimates against empirical
field data; if the magnitudes of the predicted dermal exposure
doses were occurring in reality, it would be expected that bat
mortality would occur in the field and frequent sightings of dead
bats would be reported by the public, which does not appear to
be the case (see the UK Wildlife Incident Investigation Scheme;
UK Health and Safety Executive, 1985).

The risk from dermal exposure via direct overspray has been
investigated elsewhere for other terrestrial vertebrates. The
EFSA bat scientific opinion on pesticide risk assessment for
reptiles and amphibians (EFSA, 2018b) assumes that the upper
surface of animals residing in the crop would be directly
oversprayed at the full application rate, with no crop inter-
ception and 100% absorption. Dermal exposure of humans to
pesticides is assessed under Regulation (EC, 2009), in terms of
the risk to workers, residents, and bystanders. In the United
States, the US Environmental Protection Agency (USEPA) uses
TIM to estimate the dermal exposure of birds, assuming the
bird is directly oversprayed while being static within the crop.
None of these existing approaches are considered directly
applicable to bats and would require additional parameter-
ization to become relevant. The most significant difference is
that they all assume that the target is static, whereas the bat
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would potentially be flying in and out of the spray cloud and
thus experiencing a gradient of exposure in space and time.
The extent of dermal exposure of bats should therefore take
into account the impact of a bat's flight path, which may be
dependent on the species and feeding guild.

Dermal exposure from residues in other matrices. Several
other sources for dermal exposure beyond direct overspray are
discussed in the EFSA bat statement. Bats that forage via
gleaning may be exposed to residues on leaves and soil while
capturing their prey. Bats may be exposed to residues present on
surfaces in their roosts. Clustering of bats within roosts may result
in contact with residues present on the body surfaces of their
neighbors that have been foraging in treated areas. No further
detail is presented in the EFSA bat statement regarding the es-
timation of such routes of exposure or their relative importance.
Further investigation is recommended into these other potential
sources of dermal exposure, in terms of their occurrence in
European bats that may be present in agricultural areas.

In summary, the EFSA bat statement aimed to determine
whether dermal exposure of bats was a concern. The primary
route of dermal exposure is considered to be via direct over-
spray while foraging within a crop that is being sprayed with
pesticides, although there is much uncertainty as to whether
this hypothetical exposure scenario actually occurs in reality.
Several methods for calculating dermal exposure via direct
overspray are presented within the EFSA bat statement; how-
ever, the underlying assumptions and input parameters require
further scrutiny to determine their relevance to realistic ex-
posure scenarios. Further investigation is recommended into
the behavior of bats in agricultural areas in the European
Union, to determine critical information regarding species
present, attractiveness to ALAN, duration of time spent in
treated areas, flight paths in terms of proximity to sprayer, and
residual spray cloud. The proportion of pesticide applications
made at times when bats would be actively foraging should be
investigated, in terms of whether this is more prevalent for
particular scenarios (e.g., crop type, product type, geo-
graphical regions, season, etc.). Further investigation is rec-
ommended into the factors that could influence dermal
penetration in bats. Spray cloud dynamics over time and space
should be further investigated.

Inhalation exposure

Inhalation exposure is not formally considered in the current
bird and mammal risk assessment framework (EFSA, 2009),
although it is mentioned in the evaluation of conservatism for
the Tier | “long-term exposure” scenario. That analysis sug-
gests that although nondietary exposure routes (such as dermal
and inhalation) may increase overall exposure of birds and
mammals to some degree, this will be limited to a short time
after application and will be potentially relevant for only an
acute risk assessment. The EFSA bat statement proposes
that exposure of bats via inhalation should be assessed, but
does not indicate whether this should be an acute or long-term/
reproductive risk assessment.

Inhalation exposure routes. The EFSA bat statement
focuses on inhalation of airborne spray droplets, and does
not formally consider vapor/volatilized fractions (although
this is highlighted in the EFSA bat statement for further con-
sideration). As for dermal exposure, the EFSA bat statement
provides exposure estimates for an example scenario for 1 min
and for up to 2 h post application. It is interesting to note that
an (unlikely worst-case) 2-h constant inhalation exposure would
result in a similar level of exposure to that anticipated via the
oral route. In reality, the duration for which droplets are air-
borne post spray would be highly scenario specific—influenced
by formulation, spray pressure, nozzle type and droplet size
spectrum, sprayer type (e.g., airblast, boom), and environ-
mental conditions such as humidity, temperature, and wind
speed. The assumptions in the EFSA bat statement could be
made more realistic by gathering further information on ap-
plication technology and bat foraging ecology.

The EFSA bat statement does not include exposure via
vapor, but does mention this as a potential source of exposure.
For volatile substances, volatilization may occur after applica-
tion, leading to a later airborne fraction. The volatilized active
substance will have different properties from spray droplets,
and will be highly compound specific; therefore the resulting
level of inhalation exposure may differ from that of airborne
spray droplets.

Estimating inhalation exposure. The EFSA bat statement
provides methods to estimate exposure via inhalation for bats,
based on respiratory rates for three bat species, and assump-
tions made about pesticide air concentrations. The proposed
model for calculating exposure via inhalation refers to con-
centration in air, and volume of air respired (breathing rate and
volume over time per unit body wt) by flying bats (worst-case
compared with roosting bats), leading to an estimate of ex-
posure in mg/kg body weight:

Inhalation exposure = Concentration in air x Volume respired

Although this model makes sense in general, there are various
assumptions/omissions warranting further investigation. The
extent of uptake via the lung membrane is likely to be highly
compound specific. This could be investigated using existing
inhalation toxicity studies, when available.

The EFSA bat statement includes a factor that accounts for
the fraction of droplets that may be inhaled, being 0.28 based
on TIM (USEPA, 2015). This assumes that only smaller droplets
will be inhaled, but the size range of droplets (and by im-
plication the fraction that may be inhaled) will depend largely
on the application scenario. Further investigation is recom-
mended into the appropriateness of the value of 0.28, because
this presumably relates to an assumed spray droplet size dis-
tribution, which may not be relevant for all spray scenarios.

The flight behavior of bats would also have a significant
effect on potential exposure to inhalable spray droplets. The
exposure estimates presented in the EFSA bat statement as-
sume that bats would spend either 1 min or 2h foraging di-
rectly behind the sprayer. For example, the even distribution
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method assumes that all the applied spray from a boom is
airborne within 0-0.5 m above the ground, and that bats forage
within this area. This is clearly unrealistic and suggests that any
inhalation exposure estimates derived with this methodology
are extreme worst-case. More realistic information on the for-
aging behavior of bats in relation to agricultural sprayers would
provide context to these assumptions.

A further consideration is that of avoidance, which is not
mentioned in the EFSA bat statement in relation to inhalation
exposure. This might be in the form of direct avoidance, be-
cause bats foraging in the treated area would likely be able to
detect the spray solution via taste or smell. Inhalation ex-
posure will also be mitigated, because although bats may
forage at dusk, not all pesticides are applied at this time.
When pesticides are applied in the daytime, while bats are
roosting, the potential for exposure to spray droplets via in-
halation would be significantly reduced. No scope for direct
or indirect avoidance currently exists in the EFSA bat state-
ment, and thus further investigation into such bat behavior is
recommended.

In summary, the EFSA bat statement aimed to determine
whether exposure of bats via inhalation was a concern. It was
not stated whether the risks from inhalation exposure are
over an acute or chronic time scale. The primary focus for
inhalation exposure is uptake of spray droplets; however,
exposure to volatile substances may occur outside of the
spray application. The assumptions used for calculating in-
halation exposure are very conservative, and it is recom-
mended that further information be gathered to increase the
realism of the exposure estimates, for example, application
technologies, bat foraging behavior, absorbance by lung
membrane, or spray droplet size distribution. The occurrence
of avoidance behavior by bats, via smell or taste, should also
be investigated.

Combined exposure via oral, dermal, and inhalation
routes. Although there is no extensive discussion regarding
the topic of combined exposure within the EFSA bat statement,
it is stated that "it is reasonable to assume that the different
exposure routes (oral, dermal and inhalation) are additive if
bats are foraging in the field when a pesticide is applied in the
evening,” and that “it is important to highlight that any risk
assessment scheme should consider the total body burden
from all exposure routes as bats foraging in the field will be
exposed to residues in insects and also via dermal and in-
halation routes.” There is no further detail regarding how to
calculate combined exposure or how to undertake a combined
risk assessment, which would be outside the scope of
the current bird and mammal risk assessment framework
(EFSA, 2009).

The EFSA bat statement proposes that if a bat were actively
foraging in a treated field during spray applications, then it
could potentially be exposed via oral, dermal, and inhalation
routes. However, the maximum internal exposure levels from
each exposure route will not be reached at the same time.
Dietary exposure will likely be the slowest, being processed
through the digestive system, absorbed across the intestinal

tract before entering the bloodstream, and transported to sites
associated with toxicity. Inhalation exposure will likely be the
quickest, because substances only need to be absorbed across
the lung membrane before being transported in the blood-
stream to the heart and then quickly circulated around the
body. Dermal exposure will be somewhere in between, mainly
being absorbed across the highly vascularized wing membrane
and into the bloodstream. The ADME processes will also vary
between the exposure routes, with dietary exposure via the
intestinal tract first passing through the liver where detox-
ification processes can occur before being transported around
the bat's body, further reducing the speed at which the max-
imum dietary exposure occurs. Therefore, because the peak
exposure via each route will likely occur at different times within
the bat, the total load at any given time is likely to be less than
(maximum DDDga) + (maximum DDDyermal) + (maximum
DDDjnhalation), Where DDD is daily dietary dose. Any assessment
of combined exposure should therefore include consideration
of the time course for internal exposure of the bat.

The route of exposure may also influence the type of effect
observed. In regulatory toxicology data packages, test organ-
isms are exposed via different routes (e.g., gavage, dietary,
dermal, intravenous) depending on the study design and pur-
pose, and these different exposure routes can affect the result
observed even if the mg/kg body weight dose is the same.
Therefore, if a combined exposure, or “total body burden,”
were calculated, it is unclear what toxicity endpoint this would
be compared with. It would seem inappropriate to combine
oral, dermal, and inhalation exposure and compare with a di-
etary toxicity endpoint, for example, particularly if it is known
that the exposure route impacts the type or extent of the effect
observed for that substance.

It is also unclear whether such a combined risk assessment is
being proposed for an acute or chronic time scale. If the main
concern is bats foraging in the field, then it would only be an
acute exposure period, whereas the bat is eating insects and
potentially flying through the spray cloud and experiencing
dermal and inhalation exposure. However, it is possible that
the EFSA bat statement authors are recommending a chronic
risk assessment on the basis of short-term exposure resulting in
long-term effects, although this is not the default approach for
birds and mammals under the current risk assessment frame-
work (EFSA, 2009).

DISCUSSION

The purpose of the present review was to evaluate the evi-
dence used and assumptions made in the EFSA bat statement,
regarding toxicity, bioaccumulation, and routes of exposure (oral,
dermal, and inhalation). Furthermore, areas where further work is
needed have been proposed, together with recommendations
on a path forward to address the most important issues.

It is clear from our review that there are many unanswered
questions in relation to the risk to bats from potential exposure
to pesticides. The answers to these questions are fundamental
to the integrity and realism of the resulting risk assessment
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framework. For example, there are currently insufficient toxicity
data available to determine whether bats are more or less
sensitive to pesticides compared with birds or ground-dwelling
mammals. Therefore it is unclear whether existing toxicity
endpoints in standard regulatory data packages are sufficiently
protective. New methods are therefore required to estimate
toxicity to bats. Similarly, it is unclear whether the risk to
bats from bioaccumulation is comparable to the risk to birds
and other mammals. In both cases, for toxicity and bio-
accumulation, this is due to insufficient evidence for a
conclusion in either direction.

In addition to there being insufficient information available
regarding the effects and bioaccumulation of substances in bats,
there is also a paucity of information regarding bat behavior in
agricultural landscapes. Such information is critical in moving
away from the currently proposed worst-case exposure assess-
ment in the EFSA bat statement, to a more realistic, exposure-
based approach. Clearly there is a hypothetical scenario in which
bats could be actively flying while pesticides are being applied,
but the real question should be how much this would actually
occur in reality, that is, what is the real risk? And does this only
occur in certain bat species, associated with certain crops, in
certain geographic regions, and so on? And if bats do occur
during pesticide applications, how do they behave during that
time—do they fly directly behind the sprayer for prolonged pe-
riods of time, as proposed in the EFSA bat statement, or are they
exhibiting a complex and dynamic flight path, moving in and out
of an equally dynamic spray cloud?

There will likely be many scenarios for which the risks to bats
are low, or are covered by the existing bird and mammal risk
assessments, and therefore developing and undertaking sepa-
rate complex, time-consuming, and potentially data-intensive risk
assessment schemes for all pesticide uses for bats may be un-
necessary. It would be better to construct a risk assessment
framework based on realistic, sound science so that time is not
wasted on low-risk chemicals, and only those with “real” po-
tential risks to bats trigger the need for further consideration. This
saves time and resources not only for industry companies at-
tempting to seek authorizations for their pesticides, but also for
the regulatory bodies that are tasked with evaluating all the
submitted dossiers. It should be a principle of pesticide regu-
lation to focus efforts where they are really required to achieve
the protection goal.

CONCLUSIONS

Based on our review of the EFSA bat statement, it is clear that
there is still much uncertainty with regard to the realism of the
assumptions made, and therefore the conservativeness of a
possible resulting risk assessment framework, for bats. Sig-
nificantly more information needs to be gathered to answer
fundamental questions, for example, which bat species are likely
to be present in agricultural areas during spray applications, how
they are behaving in terms of feeding preferences, flight paths
and duration, and the dynamics of spray cloud behavior. The
EFSA bat statement has taken a worst-case exposure-based

approach to the risks to bats, and now it is important to assess
how realistic this approach is for the target group for protection,
that is, European bats feeding in agricultural landscapes. The
usefulness of other parts of regulatory information for pesticides,
particularly from the available data in the toxicology section, to
inform a potential bat risk assessment needs to be explored
further. Given the current critical information gaps, it is recom-
mended that quantitative risk assessments for bats not be per-
formed for pesticides until such time as more robust, reliable,
and relevant data are collected to estimate the realistic risk to
bats. Once such data are available, the risk to bats can then be
compared with that for birds and ground-dwelling mammals, to
determine the protectiveness of the existing scheme and thus
whether a bat scenario is indeed required and under what cir-
cumstances.
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