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Abstract

Background: Tree bark measurements conducted between 2014 and 2017 in a biosphere reserve in Germany have
indicated the presence of pesticides from conventional agriculture in ambient air. In the present study, we quantified
pesticides and related substances in ambient air at 69 sites using passive air samplers and ventilation filter mats. It is,

to our knowledge, so far the most comprehensive data set on pesticides and their related products in ambient air in

Germany.

Results: Samples were collected in 2019 and analysed for over 500 substances. One hundred and nine (109) were
detected, including 28 that are not approved for use in Germany. In each sampling site, we identified one to 36 sub-
stances, including locations such as national parks and forests. Here, the presence of pesticides is not expected, e.g.,
on the highest mountain top in the national park “Harz” (13 substances) and in the "Bavarian Forest" (six substances).
Glyphosate was recorded in every sample. More than half of passive air samplers contained chlorothalonil, metola-
chlor, pendimethalin, terbuthylazine, prothioconazole-desthio, dimethenamid, prosulfocarb, flufenacet, tebuconazole,
aclonifen, chlorflurenol, hexachlorobenzene (HCB), and y-hexachlorocyclohexane (y-HCH). Filter mats also contained
boscalid. The statistical analysis showed that landscape classification and agricultural intensity were the primary fac-
tors influencing the number of substances detected in ambient air. Location, such as protected areas or regions of
organic farming, had only a small effect on the number of substances recorded. Medium- and long-range transport
likely accounts for these findings. Extending the current sampling method will probably detect more pesticides than
the data currently suggest.

Conclusions: Airborne pesticide mixtures are ubiquitous in Germany, which is particularly concerning for glypho-
sate, pendimethalin, and prosulfocarb. Deposition of these pesticides on organic products may disqualify them from
the market, resulting in economic losses to farmers. Air concentrations of pesticides are a relevant issue and must be
reduced.

Keywords: Pesticide, Passive air sampler, Glyphosate, Chlorothalonil, Metolachlor, Pendimethalin, Filter mat,
Ventilation system

Background in general [1]. Pesticides are the largest group of syn-

The European Union Commission’s proposal in May
2021 for a step-by-step reduction in pesticide application
to 50% by 2030 as part of the farm-to-fork strategy is a
result of the ongoing debate about the use of pesticides
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thetically produced substances released into the envi-
ronment [2], designed to protect crops from pests and
thus to secure agricultural production. Their use ena-
bles today’s predominant industrial agriculture, but their
high biological impact raises doubts about the health of
humans, animals, and the environment. Therefore, pes-
ticide application is heavily controlled. The testing of
active substances is regulated in the approval regulation
(EG) 1107/2009 and national legislations such as the
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“Pflanzenschutzgesetz” valid in Germany. The National
Action Plan of the Federal Government, which was
drawn up from the framework directive on the sustaina-
ble use of pesticides (2009/128/EC), seeks extended goals
and measures for improved protection of waterways and
preservation of biological diversity [3].

While the environmental fate of pesticides in soil and
their effects if released in water must be documented
in the approval process, the regulating authorities con-
cluded that sprayed pesticides do not drift far beyond
their application site. Today, the data are largely gen-
erated by computer modelling [4]. In Germany, two
metres for arable crops and five metres for spatial crops
are regarded as sufficient to protect public spaces from
pesticides [5]. Only for very volatile substances are these
estimates validated by field measurements and result in
altered regulations (Additional File 1) [6].

Airborne levels of pesticides are an ongoing issue.
Organic farming in particular is affected [7], as auxilia-
ries such as synthetic chemical pesticides or fertilisers are
not permitted. European Union Regulation No. 2018/848
[8] governs the process of organic agriculture and its
inspection, from seeds or animal feed to the final prod-
uct on the market. Ambient air pollution poses problems
beyond the control of the organic economy.

An example is an incident in the largest continuous
organic farming area in Europe (the biosphere reserve
Schortheide-Chorin, Germany). Here, organic grain fen-
nel was not approved for marketing, because it contained
high levels of pendimethalin. At that time, the State
Agency for the Environment Brandenburg (Landesamt
fir Umwelt, Brandenburg) commissioned the first scien-
tific analysis to record all relevant substances within the
affected areas by means of air quality tree bark monitor-
ing [9]. This study was expanded to include 47 tree bark
samples from all areas of Germany in 2018. Air quality
tree bark monitoring uses standardised samplers to col-
lect the first millimetre of the outer bark, which consists
of dead tissue, where a wide range of ambient air pollut-
ants can accumulate over a timespan of 18—24 months.
The samples were analysed for more than 500 pesticides
and related substances, including glyphosate [9-11]. Pen-
dimethalin and prosulfocarb were the most common
pesticides found in the study, but persistent organic pol-
lutants (POPs) such as dichlorodiphenyltrichloroethane
(DDT) and y-HCH, the main compound in lindane, were
also widespread. Glyphosate ranked fifth in detection fre-
quency, demonstrating air transport of this pesticide.

Human exposure to glyphosate in Germany was previ-
ously measured in urine from 2000 test subjects. Levels
did not differ significantly between individuals consum-
ing only organically produced food and those consuming
conventionally produced food, again suggesting airborne
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transport of this pesticide [12]. Since no data on pesticide
occurrence in ambient air were available from official
sources, a consortium of organic producers, suppliers,
and non-governmental organisations was formed to ena-
ble research on the incidence of airborne pesticides and
to extend the earlier work [9-11].

The commissioned study focusses on three questions:

Are pesticides and related products detectable in ambient
air in Germany?

Samples were analysed for over 500 pesticides and their
related products [13]. No other data are available for such
a wide sampling range.

Is transport of pesticides and related substances in the air
beyond the spray drift range possible?

To date, significant quantities of pesticides are not
expected to travel far. This study included many sites,
where no pesticides were expected, such as cities and
protected areas (Additional Files 2, 3, and 4). The aim was
to create an inventory of possible pesticide loads under a
wide range of conditions. All sampling sites were, there-
fore, graded according to their distances from potential
sources.

Collection of airborne pesticides is possible via active
and passive sampling. In active sampling, a defined air
volume is led through a cartridge comprising a glass fibre
filter, a polyurethane foam (PUF) disk, an AmberLite
resin core, and a second PUF disk [14]. This technique
requires a local power supply and constant maintenance.
Passive air samplers have been extensively validated in
the Global Atmospheric Passive Sampling (GAPS) net-
work [15, 16, 17] but must be considered to yield only
semi-quantitative results. The samplers enable the simul-
taneous collection of multiple substances, are relatively
inexpensive, and their use is not technically demanding
and can be accomplished by non-professional operators.
To allow a wide range of sampling points to be analysed
within the project’s budget, the study focussed on passive
air samplers exposed over 7 months.

A statistical analysis compared relevant location factors
affecting the observed concentrations.

Is pesticide identification limited to passive air samplers

or can pesticides also be detected in other materials
exposed to ambient air?

Filter mats from ventilation systems, used to purify
incoming outdoor air, were collected from 20 households
and analysed. In Germany, an energy-saving regulation
recommends a ventilation system for most new but also
for existing buildings. Because of the airtight construc-
tion of buildings used today, controlling the entry of fresh
air is essential. The filter mats were exposed over the
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Fig. 1 Passive air sampler developed by TIEM technic

same timespan as the passive air samplers, thus enabling
a comparison of collected substances and concentrations.
The filter mats can qualitatively exhibit the presence of
pesticides.

The results concentrate on the numbers of substances
detected and their levels in samples from the site. Relat-
ing the observed concentrations to pesticide use and
application, the physicochemical characteristics of the
compound detected, and to other processes that may
affect pesticide transport is a topic of further study.

Materials and methods

Definition of terms

A pesticide is the active substance of a plant-protection
product, which can contain one or more pesticides plus
formulation auxiliaries that ensure that pesticides are
easy to handle and apply and have a long shelf life.

The list of substances to be analysed (Additional Files 5
and 6) includes those that are not pesticides in the strict
sense: pesticide metabolites, safeners, synergists, auxil-
iary materials, and compounds unrelated to plant-pro-
tection products that are known to have adverse health
effects or may occur unintentionally in agricultural prod-
ucts, such as polychlorinated biphenyls (PCBs) [39].

We identified four additional substances that may be of
relevance: (hexachlorobenzene (HCB), anthraquinone,
dichlorobenzophenone (DCBP-pp), and piperonyl butox-
ide (PBO); Additional File 7). All these substances are
herein termed “pesticides and their related substances”
unless a separate listing is required.

Our laboratory findings are concentrations of a sub-
stance in polyester filters (PEF) and PUF disks, expressed
as nanograms per sample (ng/sample) for passive air
samplers or micrograms per square metre (ug/m?) for
ventilation filters. These concentrations must not be con-
fused with the concentrations of a substance in ambient
air. These were determined by model calculations only
for a few data points later in this study.

Passive air samplers

For this project, specific passive air samplers were devel-
oped by TIEM technic. The collector (Fig. 1) uses a PUF
disk, similar to the standard TE-200-PAS collectors used
by the GAPS network. The PUF disks (diameter: 14 cm;
height: 1.35 cm) were obtained from Tisch Environmen-
tal (Cleves, OH, USA) and have been validated for pes-
ticide sampling [15-18] and confirmed in the work of
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Zhang et al. [19-21]. A Swedish program analysed 101
substances in PUF disks in 2017 [14].

However, no data were available on the efficacy of these
passive air samplers in measuring glyphosate. Morshed
et al. were unable to detect glyphosate in the otherwise
effective PUF disk [22]. In a prior experiment [23], TIEM
Environmental Monitoring established the PEF (diam-
eter: 8 cm; height: 2 cm, with a round Sect. 3 cm in diam-
eter in the middle; obtained from Freudenberg Filtration
Technologies, Weinheim, Germany) as the most effective
collection medium.

Therefore, the passive air sampler developed for this
project combined the two sampling filters. An enclosed
dome open to the outside air by a wide (1.5 cm) rim holds
the PUF disk in a sheltered surrounding, while the PEF
underneath is openly exposed (Fig. 1).

The polyurethane foam (PUF) disk captures volatile
and semi-voltatile pesticides and a polyester filter (PEF)
captures glyphosate, and aminomethylphosphonic acid.

The PUF disks were purified according to Pozo et al.
[24]. The results obtained from the PUF disks used in the
TIEM technic sampler did not differ significantly from
the data obtained by TE-200-PAS collectors [25].

Sample collection

The installation of 49 samplers on site (Fig. 2) was car-
ried out by TIEM Integrated Environmental Monitoring.
Volunteers were trained in installing and replacing the
samplers and provided with tools such as nitrile gloves,
aluminium foil, tweezers, and storage and transport con-
tainers. The measurement period extended from the first
2 weeks in April to mid-November of 2019. PUF disks
were replaced in mid-June, mid-August, and early to
mid-November. TIEM Integrated Environmental Moni-
toring provided new PUF disks and volunteers stored the
used disks in temperature-controlled boxes at — 18 °C. At
the end of the sampling period, all filters were shipped
to TIEM Environmental Monitoring in temperature-
controlled boxes with cooled thermal packs to avoid
overheating and were subsequently forwarded to the ana-
lysing laboratory under the same conditions.

Sample analysis

The selection of the approximately 500 pesticides tested
was based on the active ingredients listed for plant-based
foods in the official multi-method (ASU L 00.00-115,
2018-10; QUEChERS) [26]. Some additional substances
were added by the analysing laboratory because of con-
sumer concerns. Chemical analysis was conducted by
KWALIS (Fulda, Germany), registered with the German
accreditation body (Deutsche Akkreditierungsstelle).
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Fig. 2 Example of a passive air sampler in the field

The PUF

The extraction of the PUF was carried out with dichlo-
romethane in a Soxhlet extractor [27]. The sample
extracts were examined with gas chromatography
(GC)-tandem mass spectrometry (MS/MS) (electron
ionisation) and liquid chromatography (LC)-MS/MS
(electrospray ionisation) in positive and negative mode.
The injection volume was 1.5 ul for the GC and 3 pl for
the LC.

In the extraction of the PUF, chlorpyrifos-ethyl D10
and triphenyl phosphate (200 ng each) were used as the
recovery standards. DDT pp-D8 (100 ng), bentazon D6,
atrazine-desethyl D7, HCH-alfa D6, cypermethrin D6,
deltamethrin D6, HCB 13C6, and diazinon D10 (50 ng
each) were added to the PUF material in the Soxhlet
extractor.

The samples were extracted for 24 h using at least 16
extraction cycles. After cooling, n-butyl acetate was
added as a keeper and the mixture was evaporated to
approximately 20 ml. After concentrating the extract
to 1 ml under a stream of nitrogen, on the extract was
analysed by LC-MS/MS and GC-MS/MS.

To check the recovery of the analytes in the Soxhlet
extraction of the PUF with dichloromethane, recovery
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tests were carried out at the 100-ng level. Substances
with recoveries of 60—140% are listed.

The analytes were identified by means of SRM with
2 productions with the correct ratio (deviation less
than 30% compared to the reference) according to
SANTE/11,813/2019 [28].

The analytical criteria for the identification refer to
SANTE/11813/2019 [28] by LC-MS/MS or GC MS/
MS SRM with 2 productions within 30% correct ratio to
reference.

Procedural blanks and recovery standards

To control possible contamination of the chemicals and
devices, procedural blanks were included. In addition,
pre-cleaned but unexposed PUF disks were examined to
control possible blank values on the foams. To control the
recovery during extraction and quantification, DDT-DS,
triphenyl phosphate, and chlorpyrifos-ethyl D10 were
used for GC-electron ionisation, triphenyl phosphate
and chlorpyrifos-ethyl D10 were used for LC-electro-
spray ionisation in positive mode, and bentazone-D6 was
used for LC—electrospray ionisation in negative mode
as recovery standards. The recovery was in the range of
70-120%.

PEFs and filter mats for glyphosate

Levels of glyphosate and aminomethylphospho-
nic acid (AMPA) in PEFs were validated according to
SANTE/11813/2019 [28] by KWALIS separately [29].
The analysis was conducted by means of LC-MS/MS
after extraction and derivatisation. Glyphosate and
AMPA were extracted from the PEF materials with
0.125 N hydrochloric acid and then derivatised with
fluorenylmethoxycarbonyl.

Quantification was conducted by adding the isotope-
labelled standards **C,'*N-glyphosate and *C'*N-AMPA
to the extraction solution. The identification of the ana-
lyte glyphosate -FMOC is carried out by the mass tran-
sitions 390>168 and 390>150; of the ILIS glyphosate
BBC,I°N-FMOC by the mass transitions 393>171 and
393>153.

The AMPA analyte was identified via the mass transi-
tions 332> 110 and 332> 136; of the ISTD AMPA *C"°N
via the transitions 334> 112 and 334> 138.

The mass spectrometric analysis was carried out using
a TSQ Vantage mass spectrometer (Thermo Fisher Scien-
tific, Waltham, MA, USA).

The LC separation by means of an Accela ultrahigh-
performance liquid chromatographer (Thermo Fisher
Scientific) was conducted on an RP 18AQ column
150 x2 mm (Reprosil PUR 120 C18-AQ, 5 um; Dr.
Maisch HPLC GmbH; Ammerbuch, Germany) with a
methanol-formic acid (0.01%) gradient at 40 °C.
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Additional File 5 provides details the pesticides and
related substances that were analysed and the analytical
methods and limits of quantification (LQ).

Filter mats from ventilation systems

Passive air samplers are designed to minimise particulate
contamination of the PUF disk [30] and, therefore, could
not be used to assess pesticides on airborne particles.
Instead, we collected filter mats from home ventilation
systems, which are designed to remove dust and some-
times pollen from outside air entering buildings. Twenty
volunteers submitted the filter mats in their homes for
analysis.

Sample collection

All participants were asked to install a new filter mat on
April 10, 2019 and ship it to TIEM Integrated Environ-
mental Monitoring at the end of the measurement period
(September 28 to October 8, 2019). The mats were for-
warded to the analysing laboratory. All technical data and
the characteristics of the sampling site were compiled in
a protocol. Additional File 8 contains the specifications of
the ventilation systems sampled. Unexposed filter mats
were tested as blank samples.

Sample analysis

The extraction of the filter mats was performed according
to QUEChERS (ASU L 00.00-115; [26]) in a 50-ml Falcon
tube with an acetonitrile/water mixture with the addition
of internal standards (chlorpyrifos-ethyl D10 and triph-
enyl phosphate, 200 ng each; bentazon D6, atrazine-dese-
tyl D7, HCH-alfa D6, cypermethrin D6, and deltamethrin
D6, 50 ng each) in an overhead shaker overnight for at
least 12 h. After adding the citrate salts and magnesium
phosphate, the samples were centrifuged to separate the
phases and purify the extract. The extract was measured
using LC-MS/MS and GC-MS/MS without primary and
secondary amine exchange material cleanup.

The sample extracts were analysed by GC-MS/MS
(electron ionisation) and LC-MS/MS (electrospray
ionisation) in positive and negative mode. The injection
volume was 1.5 pl for the GC and 3 pl for the LC. The
GC-MS/MS measurement was performed on a TSQ
9000 triple-stage qudrupole mass spectrometer (Thermo
Scientific) with an advanced electron ionisation source.
The GC separation was performed on a Trace 1310 GC
on a 15-m TG-5HT column (ID 0.25 mm with a film
thickness of 0.25 um; Thermo Fisher Scientific).

The LC-MS/MS measurement was performed on a
TSQ Vantage triple-stage quadrupole mass spectrom-
eter (Thermo Fisher Scientific) with electrospray ionisa-
tion in positive and negative mode. The LC separation
was conducted on an Accela 1000 ultrahigh-performance
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liquid chromatographer (Thermo Fisher Scientific) with a
125 x 2 mm RP18AQ column (Dr. Maisch) with an aque-
ous 5-mmol ammonium acetate/methanol gradient. Gra-
dients were separated by a 125 x 2 mm RP18AQ column
(Dr. Maisch).

The analytes were identified by means of SRM with
2 productions with the correct ratio (deviation less
than 30% compared to the reference) according to
SANTE/11,813/2019 [28].

The analytical criteria for the identification refer to
SANTE/11,813/2019 [28] by LC-MS/MS or GC MS/
MS SRM with 2 productions within 30% correct ratio to
reference.

To control possible contamination of the chemicals and
devices, procedural blanks were included. In addition,
unexposed filter mats were analysed to control for pos-
sible blank values.

Additional File 6 details the pesticides and related sub-
stances analysed and the analytical methods and limits of
quantification.

Data files

The limits of quantification of all substances detected in
PUF disks and PEFs are given in Additional File 9, which
includes the values recorded from passive air samplers.
Seven values were below the limits of quantification but
above the limits of detection (LD). Additional File 10
lists the findings for filter mats with limits of quantifica-
tion and the concentrations measured. One value was
below the limits of quantification but above the limits of
detection.

Selection of sampling sites and statistical analysis
Volunteers willing to supervise a sampler or to donate a
filter mat applied through a website. Sites of particular
interest, such as national parks, were solicited as well.
More than 250 sites were considered to obtain a reason-
able nationwide coverage (Fig. 3) and to represent a wide
range of sampling characteristics. Six characteristics pre-
sumed to be related to pesticide exposure were defined
before the study commenced (Table 1 and Additional
File 2) and were also used in the statistical analysis of the
data, which dealt with the relationship between site fea-
tures and pesticide concentrations [13]. The number of
sites per category is given for all passive air sampler sites
(Table 1, Additional File 3) and filter mat sites (Additional
File 4). Two factors, agricultural intensity and risk of
wind erosion, required some degree of estimation. Addi-
tional File 2 details the procedure used.

The location of the sampling sites is given with the
reference site number 1. Site number 1 may be used to
match location with the data in Additional Files 9 and 10.
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Sampling sites were selected to reflect a wide range of
conditions: intensively farmed land, areas far from agri-
cultural activity, forests, and cities. We included sites,
where high exposure to pesticides could be expected
(e.g., from intensive conventional farming) and sites,
where no relevant exposure was anticipated (e.g., organic
farming, protected areas, city centres).

The presence of currently used pesticides in ambient
air is the consequence of spraying and airborne trans-
port, sometimes by binding to particulates. The concen-
trations are likely to depend on the extent of pesticide use
at the sites of origin, the distance from the application
sites, meteorological conditions in the transport range,
and geographical properties such as soil erosion. Land
use may also be involved. This study, therefore, recorded
site characteristics for inclusion in the analysis in combi-
nations, as it is likely that these are not stand-alone fac-
tors. For example, northern Germany has large flat areas,
where soil is prone to erosion and areas with intensive
farming and wind conditions that favour medium- and
long-range airborne transport. This means that statistical
analyses of the relationship between site characteristics
and pesticide concentrations must account for high-level
interactions between factors. In view of the explora-
tory character of the analysis and the need to investigate
high-level interactions, we used regression trees [31],
i.e., a sequence of questions concerning the values of
the explaining factors, ending in a prediction of the tar-
get quantity (pesticide concentration) that holds for
all observations with the same answers in the question
sequence. Such a sequence can easily be presented as a
decision tree and is, therefore, simple to understand. The
procedure selects the decision questions such that the
final prediction of pesticide concentrations is as good as
possible, where goodness is calculated as the variance of
the difference between predicted and observed concen-
trations (the error variance). Observed concentrations
enter the calculations as logarithms to make the vari-
ance a reasonable criterion. The importance of a factor is
expressed as the coefficient of determination, the propor-
tion of the maximal error variance (using only a constant
as explanation) that is explained by the factor. The impor-
tance of the factor is in direct relation to the size of the
proportion of the maximal error variance.

Results

Table 2 lists the concentrations of pesticides and
related products measured in 49 passive air samplers
and 20 filter mats, along with the number of pesticides
detected over the study period per collection method.
Eighty substances were detected in passive air sam-
plers and 65 substances in filter mats. Glyphosate and
AMPA were found with both methods. The number of
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Table 1 Evaluation criteria for sampling sites
Factor Codein Number of

Regression tree

cases passive air
sampler

Landscape classification Alpenvorland (AVL) a 5
in regression tree: Nordostdeutsches Tiefland (NOTL) b 13
"Naturraum " Nordwestdeutsches Tiefland (NWTL) C 11
Ostliches Mittelgebirge (OMG) d 4
Stdwestdeutsches Mittelgebirge / Stufenland e 8
(SWMGS)
Westliches Mittelgebirge (WMG) f 8
Biogeographical region Atlantical a 11
"BioGeo " Continental b 38
Risk of wind erosion 0.0-1.0 a 28
"Erosion3 " 1.5-2.0 b 7
25-30 C 12
35-5.0 d 2
Protected area No a
"SchutzGebJN " Yes b
Agricultural intensity Low (Ratio 0-20%) a 10
"LwintK" Medium (Ratio 20-50%) b 13
Percentage of arable farming in a 4 km? area High (Ratio > 50%) C 26
around the sampling site
Distance to the nearest possible source Close range: a few m to 100 m a 16
"DistanzE " Middle range: 100-1000 m b 21
Far distance: over 1000 m C 12
Organic production No a 39
"BioJN" Yes (including 2 National Parks) b 10
Table 2 Pesticides and related substances detected in passive air samplers and filter mats
Parameter Passive air samplers Filter mats
Number of sampling locations 49 20
Number of substances detected 78 63

Additionally
Glyphosate and AMPA

Both detected

Both detected

Number of substances detected per sampling site 6-33 1-36
Median 19 9
Number of substances detected by only one collection method 44 29
Number of substances detected that are not approved for use in Germany 21° 11
PCBs (unintentionally products) 5

Metabolites 4 6
Number of substances detected in both collection methods 36

Number of substances detected in passive air samplers and filter mats 109

(listed in Additional File 11)

Number of substances detected that are not approved for use in Germany 28°

Substances detected that are banned under the Stockholm Convention
Details

14 (including five PCBs and five forms of DDT compounds)
Additional File 9 Additional File 10

? Including endosulfan sulfate and derivatives of DDT, which are metabolites of persistent organic pollutants (POPs) listed under the Stockholm Convention
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Table 3 Substances detected in passive air samplers at more than one third of sampling sites
Substance Active compound type Detection Maximum  Minimum  Total Median Approved
frequency (ng/ (ng/ quantity  (ng/ for use in
(N=49) sample) sample) in all 49 sample) Germany
samples
(ng)
Glyphosate Herbicide 49/49 3176.8 203 13,1223 984 Yes
Chlorothalonil Fungicide 47/49 1866.2 0 23,2473 2725 Yes
Metolachlor Herbicide 45/49 12733 0 8075.8 58.1 Yes
Pendimethalin Herbicide 44/49 3916.8 0 21,9420 1455 Yes
Terbuthylazine Herbicide 44/49 905.9 0 6061.2 773 Yes
Prothioconazole-desthio Metabolite 42/49 329.0 0 27972 35.0 Not regulated
Dimethenamid Herbicide 40/49 1556.6 0 4960.8 37.6 Yes
Prosulfocarb Herbicide 40/49 25053 0 11,8729 90.7 Yes
Aminomethylphosphonic acid Metabolite 40/49 402.6 0 25484 251 Not regulated
Flufenacet Herbicide 35/49 204.6 0 18729 20.0 Yes
Tebuconazole Fungicide 32/49 114.7 0 9843 139 Yes
Aclonifen Herbicide 27/49 479.7 0 1816.3 122 Yes
Chlorflurenol Growth regulator 27/49 229.1 0 2687.7 539 No
Hexachlorobenzene Fungicide 27/49 46.3 0 805.5 10.8 No
y-hexachlorocyclohexane Insecticide, Repellent 26/49 2674 0 1431.0 16.5 No
2-Methyl-4-chlorophenoxyacetic ~ Herbicide 22/49 90.8 0 5196 0.0 Yes
acid
Epoxiconazole Fungicide 18/49 813 0 433.0 0.0 Yes
Folpet Fungicide 17/49 7613.8 0 8958.6 0.0 Yes

substances per site ranged from six to 33 in passive air
samplers and one to 36 in filter mats. Additional File
11 lists all 109 substances detected, 28 of which are no
longer approved for use in Germany.

Thirty-six substances were measured in both passive
air samplers and filter mats, while 44 substances were
detected exclusively in passive air samplers and 29 were
detected only in filter mats.

Table 3 lists the substances that were detected in pas-
sive air samplers at more than one third of sites. Table 4
lists the substances that were detected in filter mats in
at least one third of the sampling sites. As the quality of
the filter materials was variable, the data are used only
qualitatively.

In addition to glyphosate and AMPA, we found tebu-
conazole, epoxiconazole, and folpet in both passive air
samplers and filter mats. In passive air samplers, we
commonly found high concentrations of prothiocona-
zol-desthio, dimethenamid, and prosulfocarb. The most
frequently detected substances were herbicides (nine
out of 18), while fungicides dominated in filter mats
(nine out of 12).

Figure 4 shows the 18 most abundant substances in
the PUF samples. The maximum value for a single sub-
stance was measured for folpet (7613.8 ng/sample) at

one location, and this high value may indicate proxim-
ity to a site of application.

Values for pesticides and related products detected
in more than one third of sampling sites on a logarith-
mic scale. Blue bars represent the detection frequency

Table 4 Substances detected in filter mats in at least one third
of the sampling sites

Substance Active Detection Approved for use
compound  frequency in Germany
type (N=20)

Glyphosate Herbicide 20/20 Yes

Aminomethyl- Metabolite 17/20 Not regulated

phosphonic acid

Boscalid Fungicide 13/20 Yes

Anthraguinone®  Repellent 9/20 No

Fenpropidin Fungicide 9/20 Yes

Azoxystrobin Fungicide 8/20 Yes

Tebuconazole Fungicide 8/20 Yes

Ametoctradin Fungicide 7/20 Yes

Dichlorane Fungicide 7/20 No

Epoxiconazole Fungicide 7/20 Yes

Folpet Fungicide 7/20 Yes

Mandipropamid  Fungicide 7/20 Yes

2 Substance attributable to agricultural as well as non-agricultural sources
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Fig. 4 Pesticides and related products most commonly detected in passive air samplers

relative to all sites sampled. The coloured bars indicate
the spread of the values. Blue diamonds represent indi-
vidual values. See also Additional File 9. AMPA, ami-
nomethylphosphonic acid; HCB, hexachlorobenzene;

HCH, hexachlorocyclohexane; MCPA, 2-methyl-4-chlo-
rophenoxyacetic acid. An LQ above 10 ng is only regis-
terd for Chlorfurenol (20 ng).
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Table 5 Statistical analysis for the total number of substances detected per site in passive air samplers

Statistical Parameter

Coefficient of determination

Contribution of statistical parameter
to total coefficient of determination

(%)
Landscape classification 30.1 539
Biogeographical region
Risk of wind erosion
Protected areas 59 106
Agricultural intensity 135 242
Distance to the nearest possible source 6.3 13
Organic production
Total explained proportion of variance (%) 558 100

Spatial distribution of pesticides and related products
Figure 5A shows the pesticide burden in the sampling
sites as the number of substances detected in the samples
and Fig. 5B shows only the sites with the highest number
of pesticides and related products.

Many of the sites with a high pesticide burden were in
the northern regions of Germany, where intensive agri-
culture is possible. In the mountainous southern regions,
high values may indicate vineyards and fruit crops. A
considerable number of substances per site was also
detected in unexpected places such as national parks in
the Harz (13 substances) and Bavarian Forest (six sub-
stances) air samplers and six substances respectively
(Additional File 12).

Results of the statistical analysis

For passive samplers, the statistical analysis of the num-
ber of pesticides and related substances identified land-
scape classification as the most influential factor in the
overall observed variance (Table 5). However, agricul-
tural activity in the immediate surroundings was the pri-
mary influence in the regression tree (Additional File 13;
Table 5). Medium or high agricultural activity, noted for
39 sites, increased the overall median number of pesti-
cides per site from 16.8 to 18.1.! The effect, which adds
6.3% to the total explained variance, is relatively small.

! The sample median in the regression analysis is not identical to the descrip-
tive statistical median.
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Depending further on the landscape, the median number
of pesticides increased to 23.8, with landscape contribut-
ing a total of 30.1% to the total explained variation. Land-
scape classification in general was the most important
factor in the number of pesticides and related products
we detected (Table 5), but its effects formed a complex
pattern (Additional File 13). Both factors, agricultural
activity and landscape classification, were not completely
independent. Sites in protected areas (contribution to
overall variance: 5.9%) reduced the number of substances

detected to 15.8 in two of the landscape classes, Nor-
dostdeutsches Tiefland and Westliches Mittelgebirge.
However, in the other four landscape classes, the median
increased to 23.8. Consequently, protected areas appear
to offer little to no shelter against a large number of air-
borne pesticides and their related substances. Biogeo-
graphical regions, areas with risks of wind erosion, and
areas with biological production did not differ from other
areas in the number of substances detected.

Additional File 13 shows the results as a regression tree.
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Glyphosate, pendimethalin, and prosulfocarb

Glyphosate was detected at all sampling sites in both
passive air samplers and filter mats (Fig. 6), and concen-
trations peaked at 3176.8 ng/sample (median: 98.4 ng/
sample;

Table 3). AMPA was found at most but not all sites.

Empty squares represent no detection. For filter mats,
only detection (yes/no) is given, without the actual
concentrations.

The size of the circle is proportional to the maximum
concentration detected (3916.8 ng/sample for pen-
dimethalin and 2505.3 ng/sample for prosulfocarb).

The presence of pendimethalin and prosulfocarb
adversely affects organic farming. Figure 7 shows the
spatial distribution of these pesticides in our sampling.
Pendimethalin was not detected at only five sites in pas-
sive air samplers. The values measured were high and the
geographic distribution was widespread. The median of
the values we measured (145.5 ng/sample) was below that
of chlorothalonil (272.5 ng/sample). Chlorothalonil use
was unauthorised in 2019, but application was permitted
until May 5, 2020, after our sampling period. For prosul-
focarb, we measured a maximum of 2505.3 ng/sample
(median: 90.7 ng/sample) in passive air samplers, and the
pesticide was not detected at nine sites. Filter mats barely
captured pendimethalin (maximum 18.3 ng/m?, five val-
ues detected) or prosulfocarb (maximum 5.5 ng/m?, five

values detected). The spatial distribution of multiple
other pesticides and related products is given in the main
report [13], as well as the analysis of honeybee bread and
tree bark and a comparison of the major pesticides across
sampling methods.

In the passive air samplers, our findings identified land-
scape classification and agricultural intensity as impor-
tant factors influencing most of the values measured. The
distance to the nearest potential source or an association
with organic farming had little influence on the values,
with the exception of metolachlor levels, which were sig-
nificantly lower in sites of organic farming (Additional
File 13). The data are linked in a complex manner and
must be considered separately for each substance exam-
ined. Additional File 14 lists the results of the statistical
analysis for passive air samplers. Since only 20 filter mats
from ventilation systems were available, the statistical
data are not included here.

Are pesticides and related products detectable

in ambient air in Germany?

So far, the only available data on pesticides and their
related products in ambient air in Germany was the tree
bark study of 2018 [10]. The present study expands this
database and is still the first of its kind. A large num-
ber of pesticides and related substances were detected
in German air. Glyphosate, chlorothalonil, metolachlor,
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pendimethalin, and terbuthylazine were abundant, and
high concentrations of prosulfocarb were also found. The
concentrations collected in the PUF disks and PEFs var-
ied greatly and were not restricted to values close to the
quantification limits.

Is transport of pesticides and related substances in the air
possible beyond the spray drift range?

The number of substances detected and their levels in the
samples enabled the distinction between polluted and
less polluted locations [13] and the assessment of fac-
tors influencing contamination. Although the pollution
was generally higher in agriculturally intense regions,
pesticides were also found in remote locations. Medium-
range transport of these airborne substances is the most
likely explanation. This has not yet been assumed for cur-
rently used pesticides. In general, the concentrations we
found could be explained by several factors, such as land-
scape classification and agricultural activity. However,
variables favouring medium-range transport, such as soil
erosion, wind conditions, and topography, must also be
considered and this should be done on a substance-spe-
cific basis.

Is pesticide identification limited to passive air samplers

or can pesticides also be detected in other materials
exposed to ambient air?

The detection of pesticides and their related substances
is not confined to passive air samplers. In samples of fil-
ter mats from ventilation systems, a wide range of sub-
stances was detected as well. Similar to the findings in
PEFs, glyphosate was detected in all samples. Further-
more, filter mats collect a different range of substances.
Twenty nine out of 65 substances were only detected in
filter mats. It is likely that substances specific to filter
mats originate from soil and dust particles in the air that
ventilations systems are designed to collect.

Discussion

Comparison with other European studies

So far, it is difficult to gain a conclusive overview of air-
borne pesticides in Europe. The few recent data on air-
borne pesticides focus on different ranges of pesticides
and use different collection methods.

Most of these studies excluded glyphosate; only the
French study by Marliere et al. [32] measured this pes-
ticide. This comprehensive study collected airborne
pesticides using Partisol" Sequential Air Samplers for
particulate matter and analysed them for 74 pesticides
and one metabolite (AMPA) [32]. We detected glyphosate
in all passive air samplers and filter mats, not surprisingly
as it is the most widely used plant-protection product in
Germany [38]. In France, glyphosate was detected in over
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80% of samples, which were collected at a flow rate of 30
m>/h over 48 h. The findings of that study suggest that
glyphosate is generally present in ambient air.

Altogether, 42 substances were detected in the air of
mainland France. Glyphosate, lindane, metolachlor, pen-
dimethalin, and triallate had a median above zero. Pro-
sulfocarb and folpet had the highest air concentrations.
Samples of semi-volatile substances were collected over
7 days with a flow rate of 24 m®/d. This rate increased to
720 m?/d for glyphosate, glufosinate, and AMPA, which
were collected over 48 h.

The general sampling rates in the French study for
semi-volatile substances is very low compared to the
Swedish data [14, 33], which was derived from active
sampling at a rate of 400 m®/d over 1 week but did not
measure glyphosate. A total of 116 substances were ana-
lysed, the majority in the glass fibre and PUF partition of
the sampling cartridge. Altogether, 45 substances were
detected in the PUF at the Hallahus sampling station in
the Swedish study [33], which is a comparable collection
medium to our passive air sampler. However, six sub-
stances were only found under the quantification limit.
Chlorpyrifos, prosulfocarb, terbuthylazine, and triallate
are currently used pesticides that were most frequently
detected. The highest concentrations were observed for
prosulfocarb. Pendimethalin was detected in nearly 40%
of all samples; similar to chlorpyrifos, pendimethalin is
not approved for use in Sweden.

In Italy, Estellano et al. [34] assessed the occurrence
and seasonal variations of 10 current-use pesticides
(chlorpyrifos, chlorpyrifos methyl, malathion, terbufos,
diazinon, disulfoton, dacthal, trifluralin, pendimetha-
lin, and chlorothalonil). All 10 pesticides were detected.
Chlorpyrifos in both forms was identified as the most fre-
quent pesticide with the highest concentrations. Chloro-
thalonil, which we detected at almost all sites and with
very high levels, was the least detected pesticide in the
Italian study. Pendimethalin was surprisingly more com-
monly detected in urban rather than rural settings.

An earlier extensive study in France used a Partisol
2000 low-volume sampler [35]. Between 2006 and 2008,
samples were collected and analysed for 56 currently
used pesticides, of which 41 were detected. The herbi-
cides trifluralin, acetochlor, and pendimethalin and the
fungicide chlorothalonil were detected at a frequency of
52-78%. This corresponds to our findings in Germany,
where trifluralin and acetochlor are no longer approved
but pendimethalin and chlorothalonil were widely
detected.

Degrendele et al. [36] assessed 27 currently used pes-
ticides and 10 persistent organic pollutants in the Czech
Republic using a high-volume air sampler exposed for
1 week and an air volume around 600 m3/d as well as a
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Cascade impactor air sampler. The emphasis of the study
was the determination of gas—particle partitioning and
particle size distribution in current-use pesticides and
persistent organic pollutants. Isoproturon, metazach-
lor, chlorpyrifos, terbuthylazine, S-metolachlor, and fen-
propimorph were detected in more than 65% of samples.
Chlorpyrifos, metazachlor, acetochlor, isoproturon, and
S-metolachlor were identified as substances with a total
combined maximum of (gas particulate phase) con-
centrations exceeding 100 pg/m°®. The presence of ter-
buthylazine varied by season. The substances our study
identifies as widespread, such as chlorothalonil, pen-
dimethalin, dimethenamid, and prosulfocarb, were not
analysed here. However, the occurrence of chlorothalonil,
chlorpyrifos, and pendimethalin in European air and
worldwide had been established in 2012 by Koblizkova
etal. [18].

In comparison, the present study covers the wid-
est range of analysed substances. With 109 substances
detected, the range of pesticides known to be airborne
is extended significantly. Pesticides detected with higher
frequencies, such as chlorothalonil, metolachlor, pen-
dimethalin, terbuthylazine, and prosulfocarb, were also
frequently identified in other studies. The metabolite pro-
thioconazole-desthio was assessed in the Sweden study
but not discussed [14]. Dimethenamid was included
in the France study but was only rarely detected (fre-
quency<5%). Overall, we detected pendimethalin and
prosulfocarb in over four fifths of the samples and at high
levels. The medium-distance transport of these pesticides
is clearly illustrated by Kreuger and Lindstrém [14], who
found pendimethalin in nearly 40% of all samples even
though this pesticide is not approved for use in Sweden
and probably originated in neighbouring countries such
as Denmark, Germany, and Poland.

In general, substances that were not detected in the
earlier studies had a lower detection frequency in our
data set. These pesticides contribute to the overall pes-
ticide load in the air but may have potential ecotoxico-
logical effects and still result in high air concentrations
because of their seasonal application. Their relevance
must be assessed further.

However, agriculture is country-specific, with unique
environmental conditions in soil and climate. This results
a distinctive variety of cultivars, which in turn determine
pesticide application. In a comparison with the Swedish
PUF data from Hallahus (2017), we found 24 substances
that were detected in both countries. Twenty one sub-
stances were detected in Sweden but not Germany and
43 substances were detected in Germany but not Swe-
den. Nine substances detected in Germany were targeted
but not found in the Sweden data set. The findings were
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similar for glass fibre filters and filter mats (Additional
File 15).

Pendimethalin and chlorpyrifos are not approved for
use in Sweden but were detected at low levels. For chlor-
pyrifos, this was true for Germany as well. Because of
varying environmental conditions, levels of airborne pes-
ticides may vary between areas and countries and also
between years. The growing interest in this topic renders
is likely that more insights into these variations will be
possible in the future.

Comparability to other passive sampler data

and concentration estimates for pendimethalin

and chlorothalonil

Pendimethalin and chlorothalonil are among the most
commonly detected pesticides in German air. For eco-
nomic reasons, our findings give the total values meas-
ured in three PUF disks over 7 months. To compare the
data to passive air sampler data, the pooled quantity must
be divided by three. We used the calculation given by
Estellano et al. [34] to estimate air concentrations of pen-
dimethalin, chlorothalonil, and chlorpyrifos-ethyl (Addi-
tional File 16).

Pendimethalin has been detected in air samples world-
wide [18]. The more recent data compiled by Estellano
et al. [34] in Italy used passive air sampling to measure
nine current-use pesticides, including pendimethalin and
chlorothalonil. The detection frequency of pendimethalin
was below 25% of samples. Surprisingly, higher concen-
trations were found at urban sites (maximum: 1500 pg/
m? in spring). During other sampled seasons, concen-
trations did not exceed 280 pg/m3. We compared these
values with data from the Czech Republic in 2012 [18]
and Canada in 2008 [15] in 2010 [16]. Higher values were
detected in France in 2010 [35] using Partisol 2000 low-
volume samplers, with a maximum of 117,330 pg/sample
and an average 1840 pg/m? the frequency of detection
was 66%.

The German results identify this pesticide more often
(frequency: 89.8%) but at lower levels comparable to
those recorded in France in 2010. The maximum for pen-
dimethalin was 4796 pg/m® and was by no means a sin-
gular value. Of the seven values that exceeded 1000 ng/
sample, an average concentration of 2405 pg/m® was
measured. The German average over all 49 sites, includ-
ing five sites, where the pesticide was not detected, is
543 pg/m>. These findings may reflect the wide use of
pendimethalin in Germany today. Since this study offers
only one value over 7 months, it must be expected that
the concentrations of pendimethalin are significantly
higher during times when the pesticide is applied (spring
and autumn). Pendimethalin and prosulfocarb were of
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special interest in the present study because of their
effects on organic farming [11].

Chlorothalonil was widely detected (frequency: 95.9%)
but was at the end of its approval period in Germany
(May 2020). Estellano et al. [34] detected chlorothalonil
in fewer than 25% of samples and during only two sea-
sons, with a peak measurement of 40 pg/m®. In Ger-
many, chlorothalonil concentrations reached an average
of 775 pg/m?>, even when two samples without detection
are included. The highest concentration was 3030 pg/m?,
and the average of seven samples that exceeded 1000 ng/
sample was 2291 pg/m>. These numbers are in line with
data reported by Koblizkova et al. [18], where a 2500 pg/

m® concentration was recorded in Paris and 340 pg/

m? in Kosetice (Czech Republic). However, Coscolla
et al. [35] reported considerably higher levels (maxi-
mum: 107,000 pg/m?) with an average concentration of
12,150 pg/m3, but at a lower detection frequency of 58%.

Abundant data are available for chlorpyrifos in passive
air samplers, which is not approved for use in Germany
even though it was detected along the western and east-
ern borders. The highest value corresponded to 280 pg/
m?>, Recent data from Chile suggest an air concentration
range between 444 and 14,624 pg/m> when the pesticide
is actively applied [37].

Temporal variations in pesticide levels
Our data represent sums over the entire measurement
period and do not reflect temporal patterns, so whether
the airborne concentrations were relatively constant over
the collection period or differed by season or event is
unknown. The temporal pattern of exposure was not an
aim of this study, but it is highly relevant for a toxicologi-
cal assessment.

Earlier studies had already shown that temporal varia-
tions are detectable using passive air samplers [34, 36].

Sweden is the first European country to conduct long-
term active sampling of airborne pesticides at rural sites
surrounded by forests and located more than 1 km away
from treated fields [14]; weekly data are available from
the University of Uppsala [33]. Kreuger and Lindstréom
[14] showed that most of the pesticides and their related
substances were captured in the glass fibre filter and the
first PUF disk, while only 4% of the total pesticide con-
tent was found in the AmberLite resin and second PUF
disk. Additional File 17 lists the number of substances
detected in 2017 at the Hallahus site, the southernmost
measuring station of the Swedish network. The weekly
data for the glass fibre filter and the PUF disk are listed
separately. Figure 8 shows a graphic summary of the data.
Ten to 35 substances of the 101 in the testing protocol
were detected in the PUF disk. The glass fibre filters were
analysed for 115 substances, adding six to 42 substances
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to the findings. Figure 8 shows the number of substances
detected in the PUF and glass fibre filter.

The Swedish data display a clear seasonal variation,
with the number of substances detected decreasing in
autumn (Additional File 17). A weekly maximum of
59 substances was detected twice in the first half of the
year. In autumn (October 30, 2017), only 17 substances
remained. The median over the measurement period was
36.5 for all substances in the glass fibre filter and PUF
disk. Prosulfocarb and y-HCH were detected consist-
ently throughout the year [14]. Chlorpyrifos, propyza-
mide, and triallate were also detected during much of the
year. In areas of intensive agriculture in Germany, a con-
tinuous presence of pesticide mixtures in ambient air is,
therefore, highly likely and should be the subject of fur-
ther investigation.

Comparing Swedish data with findings from passive air
samplers and filter mats

The two sampling methods in our study are likely to
reflect airborne pesticides and their related products
from differing origins. The PUF disk in the passive air
sampler is designed to sample volatile and semi-volatile
substances and exclude particles [30], while filter mats
capture dust and sometimes pollen. Therefore, filter mats
capture a different range of substances. Twenty-nine sub-
stances in filter mats were not detected in the passive
air samplers, while 44 substances were detected only in
the passive air samplers and not in filter mats. However,
while we assess these methods separately, the Swedish
study [14, 33] measured substances in glass fibre and PUF
disks simultaneously. The number of substances detected
in the Swedish study [14, 33] peaked at 59. In one exam-
ple, 37 substances were detected in the glass fibre fil-
ter and 32 in the PUF disk. The number of substances
detected by both methods, in this case 10, was subtracted
from the total to remove duplicates. We detected 36 sub-
stances in filter mats and 33 in PUF disks, much lower
than the 59 detected in Sweden in glass fibre filters and
PUF disks at a peak period.

Our data for Germany are, therefore, likely to under-
estimate the pesticide load at any one point. Combining
filter and PUF disk measurements in a passive air sampler
may increase these numbers significantly.

For future passive air sampler measurements, it may
be worthwhile to analyse the PEF not only for glyphosate
but for the 500 pesticides and related substances assessed
in filter mats so as to broaden the detectable range of
substances.

Medium- and long-range transport
In our statistical analysis, we defined distances from a
potential source for all measured sites so as to separate
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Fig. 8 Number of substances detected by active air sampling in Hallahus, Sweden, in 2017 [33]. F testing cartridge, P pesticides, PUF polyurethane
foam (first section of the testing cartridge). The red line represents all substances detected in Hallahus, Sweden. The number was calculated by
adding the total number of substances detected in the glass fibre filter (blue line) and the total number of substances detected in the PUF (yellow
line). The number of identical substances detected in both glass fibre filter and PUF (green line) was then substracted from the total to remove
duplicates.

effects from spray drift, which will only occur in prox- The FOCUS report [38] took a broader view and
imity to a field from airborne pesticides that travelled a  defined short-range transport (SRT) as 0,001-1 km,
longer distance in the air. Long-range transport in this = medium-range transport (MRT) as 1-1000 km, and long-
context is set when a source is more than 1000 m away range transport (LRT) as>1000 km from the point of
from the measurement site. application. Kreuger and Lindstréom [14] detected many

substances that did not originate in Sweden, as they are
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not authorised for use there, suggesting medium-range
transport according to the FOCUS criteria. In Germany,
which is centrally located in Europe, a similar phenom-
enon is likely. We detected chlorpyrifos at several eastern
and western sites close to the borders [13], although the
use of chlorpyrifos is not permitted in Germany.

Additional File 18 contains the European Food Safety
Authority (EFSA) conclusions on the potential for vola-
tilisation and long-range transport of the most widely
detected pesticides in this study (glyphosate, metola-
chlor, pendimethalin, terbuthylazine, and prosulfocarb).
Medium- and long-range transport are not distinguished
in the EFSA reports. The vapour pressure of these sub-
stances classifies all of them as having low volatility [13],
with the exception of metolachlor, which is of medium
volatility. EFSA maintains that a substantial loss of active
substance to the air is not to be expected; a loss to the air
over the short range is only considered for pendimetha-
lin. The potential for medium- or long-range transport is
disregarded entirely. In view of our findings, the assump-
tions incorporated into the approval processes concern-
ing the release of pesticides to the air are not adequate.
There is a need to revise current EFSA estimates of pesti-
cide releases to include estimates for medium- and long-
range air transport. This is particularly relevant for the
renewal of the approval for glyphosate.

Our findings indicate that a certain degree of long-
range transport between continents is also likely. Cur-
rent-use pesticides can be expected to travel far from
their application sites and be present in any air mass pass-
ing over land. Bearing in mind that their environmental
fate depends on their chemical properties, a worldwide
distribution, as observed already for POPs, nevertheless
must be considered possible.

Conclusion

Our findings indicate that pesticides and their related
substances are ubiquitously present in ambient air in the
Federal Republic of Germany. There is evidence that pes-
ticides and their related substances can travel through the
air at least in the medium and possibly also in the long
range. This has long been known for substances listed
under the Stockholm Convention, such as DDT, PCBs,
and y-HCH [39]. For pesticides and their related sub-
stances in current use in Germany, this is demonstrated
to this extent for the first time. The findings show clearly
that more than one substance is present in sometimes
considerable loads at any location. Considering all avail-
able data, a distinct seasonal variation must be expected
that may be primarily related to the time of pesticide
application. Future active sampling is likely to yield better
insights.
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The passive air sampler was a valuable tool for classi-
fying airborne pesticide loads. The number of pesticides
and their measured concentrations yield a good indica-
tion of the exposure at the location.

However, we must be aware that passive air sampling
may detect fewer airborne pesticides than active sam-
pling. Analysis of the PEF in the passive air sampler for
the 500 pesticides may increase the number of substances
detected significantly. In addition, the findings for the fil-
ter mats indicate that the PEF may likewise collect a dif-
ferent range of substances that are currently unidentified.

Because they are simple to use, passive air samplers
are increasingly employed in Europe and other regions.
Compilation of all available information into a common
database could be valuable for site evaluation and com-
parison of airborne pesticide levels.

Active monitoring of the airborne concentrations of
these substances is nonetheless required. Only active
sampling can yield reliable air concentration measure-
ments in the short term. In Germany, the Bundesamt fiir
Verbraucherschutz und Lebensmittelsicherheit (BVL;
Federal Office of Consumer Protection and Food Safety)
is planning to operate three sampling sites in the next
years [40]. Because of the technical requirements, the
number of sampling site will always be limited.

All further monitoring must include glyphosate, which
was detected universally.

The pesticide approval procedure used by EFSA [41-
46] underestimates the loss of pesticides to the atmos-
phere and their potential for medium- and long-range
transport for all pesticides that were frequently detected
(Additional file 18). Accordingly, a revision of the current
EFSA pesticide approval procedure to include a realis-
tic estimate for the potential loss of a pesticide to the air
and its potential for medium- and long-range transport is
recommended.

Pesticide application reduction as proposed by the
European Union Commission’s proposal in May 2021
to 50% by 2030 [1] is an important first step in reducing
the air load and relieving problems associated with pes-
ticide application. However, it is not clear from our cur-
rent data whether airborne pesticides and their related
substances are detected as a general side effect from con-
ventional farming. It is possible that our observations are
related to specific substances with an exceptionally high
potential for airborne transport. In the first case, the gen-
eral volume of pesticides used should be reduced. In the
second case, regulatory management of substances prone
to air transport could be an appropriate and expedient
solution.

The lack of data does not permit conclusions about the
health effects of inhalational exposure to pesticide mix-
tures, which are likely chronic and must be investigated.
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Similarly, effects on sensitive ecosystems require further
study.

In addition to potential health and ecological effects,
the concentrations of pesticides in ambient air also
exert significant economic consequences. European
Commission regulation 834/2007 governs the control
of organic agriculture and its products to ensure that
synthetic chemical additives such as pesticides and fer-
tilisers do not interfere with the production process.
However, organic farmers cannot protect their crops
against air pollution by pesticides such as pendimetha-
lin and prosulfocarb, which results in produce that can-
not be marketed as organic.

A search for alternatives for these pesticides is nec-
essary if the European Union’s goal of coexistence
anchored in EC Basic Organic Regulation No. 834/2007
between conventional and organic forms of production
is to apply.
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