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HIGHLIGHTS

e Outdoor air concentrations were a factor 5 to 10 higher during the spraying period as compared to the off-season period.

e Exposure to pesticides via air occurs throughout the entire year, with concentrations higher closer to the fields (<250 m).

e Concentrations in the indoor and outdoor air were moderately correlated for almost all pesticides.

e Main determinants of outdoor air concentrations were wind direction, evaporation and agricultural area surrounding a home.

ARTICLE INFO ABSTRACT
Keywords: Background: Previous research has shown that many current-use pesticides can be detected in air around
Pesticides application areas. Environmental exposure to pesticides may cause adverse health effects, necessitating accurate
Air assessment of outdoor and indoor air concentrations for people living close to spraying sites. We evaluated
Outdoor . . . . .. : . .
Indoo outdoor and indoor air concentrations of different pesticides, as well as factors influencing spatial and temporal
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E variations.

xposure . L .
Distribution Methods: We collected outdoor air samples at 58 homes located within 250 m of bulb fields and 15 control homes

located further than 500 m from any agricultural field. Outdoor air sampling following a pesticide spray event
was performed 24-h a day for 7 consecutive days. Two full day samples were collected at the same locations
during a non-use period. In homes located within 50 m from agricultural fields (N = 18), indoor air was also
sampled for the first 24 h after field spraying. Samples were analysed for a total of 46 pesticides and degradation
products. From these, 11 were actively used on nearby fields, 3 were used in bulb disinfection and 6 were
degradation products.

Results: Compared to non-use periods, pesticides concentrations were 5-10 times higher in outdoor air during
application periods. Similar concentration differences were observed between exposed homes and controls both
during pesticide use and non-use period. For 14 pesticides, there were moderate correlations (spearman >
0.4-0.7) between outdoor and indoor air concentrations. Wind direction, evapotranspiration and agricultural
area surrounding a home were the most important determinants of air concentration of the applied pesticides.
Conclusions: This study provides strong evidence suggesting that environmental exposure to pesticides via air is
not limited to the day of application and may occur year-round. The concentrations appeared higher during the
use period. Factors influencing the local fate of pesticides in air may differ significantly between compounds.
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1. Introduction

Currently there are almost 500 active ingredients (pesticides)
approved for use in the European Union (EU) (EC, 2020). These pesti-
cides differ greatly in environmental persistence, toxicity and other
physico-chemical properties. Questions are posed regarding the health
effects of acute and long-term exposures of residents to these current-use
pesticides (CUPs) (Rull et al., 2009; Galea et al., 2011; Park et al., 2020;
Dereumeaux et al., 2020).

CUPs enter the atmosphere via spray drift (Zivan et al., 2016),
volatilization from plants and soil (Bedos et al., 2002) or surface water
(Liu et al., 2018), and erosion of agricultural soils (Yang et al., 2016).
Pesticide degradation occurs, mainly via soil microorganisms (Parte
et al., 2017), sunlight (Borras et al., 2017) and atmospheric oxidants
(Socorro et al., 2017). These compounds are redistributed (Tiryaki and
Temur, 2010) into different environmental compartments (i.e. air,
water, and soil) via wind dispersion, as well as via wet (Cindoruk and
Ozturk, 2016) and dry deposition (Sauret et al., 2009). Some pesticides
and degradation products may remain in the environment long after
application. Environmental persistence is one of the main factors leading
to public concern regarding pesticide use, exposure (Saillenfait and
Malard, 2020) and possible health risks (Coscolla et al., 2017; Upad-
hayay et al., 2020).

One of the main environmental compartments where pesticides are
present is air (e.g. Lopez et al., 2017; Cordoba Gamboa et al., 2020).
Large spatial and temporal differences in CUPs concentrations in the
atmosphere have been reported (Désert et al., 2018; Villiot et al., 2018).
Distance to the site of pesticide application is an important factor for the
exposure level of residents (Brouwer et al., 2017; Teysseire et al., 2020).
Several studies have reported possible links between non-occupational
exposure via air and respiratory and allergic symptoms such as rhinitis
(Mamane et al., 2015; Raherison et al., 2019). Therefore, to assess
possible health effects of CUPs it is imperative to understand exposure
distributions and drivers of the outdoor and indoor CUPs concentrations.

The specific aims of the study where: i) to investigate differences in
air concentrations between different CUPs and to look at seasonal dif-
ferences covering the use and non-use period; ii) to study the effect of
distance from application site per CUP, by following specific spray ap-
plications and measuring the applied pesticides in outdoor and indoor
air of surrounding homes; and iii) for the applied CUPs, to evaluate
predicting factors (e.g. meteorological conditions and agricultural area
surrounding a home) via statistical models.

2. Materials and methods
2.1. Study design

The observational study was carried out from May 2016 to December
2017. Outdoor air samples were taken during periods of use and non-use
for 73 homes. 58 homes were located within 250 m from bulb fields,
labelled Location Homes (Loc Homes); 15 were located further than 500
m from any agricultural field, labelled Control homes (Controls).

We tried to include Loc Homes situated at different distances from
the bulbs fields in order to have a good representation of three different
distance categories: homes located within 50 m, between 50 and 150 m
and within 150 m and 250 m from the fields.

In the use period, measurements of CUPs in air outside homes were
carried out 24-h a day for seven consecutive days. Sampling began when
a selected field was sprayed. In the non-use period (i.e. period where the
selected CUPs were not used), measurements were carried out 24-h a
day on two consecutive days. Finally, for Loc Homes situated within 50
m (N = 18) from the selected fields, one 24-h indoor air sample was
collected on the day spraying took place (i.e. the first day).
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2.2. Pesticides & fields

A total of 46 CUPs and degradation products with a large range of
physicochemical properties (see Supplementary material 2, Figueiredo
et al., 2021) were selected for analysis (11 herbicides, 12 insecticides
and 23 fungicides). The selection was based on CUPs frequently used in
bulb fields (N = 37), CUPs used in bulb disinfection (N = 3), and
degradation products of CUPs in the former groups (N = 6). A list of all
analysed CUPs and degradation products can be found in Supplementary
material A.

Eligible fields needed to have: flower bulbs present at the time of the
study, farmers willing to participate, and at least one planned applica-
tion of the selected CUP. A total of fourteen eligible fields were available
and we randomly selected nine for the study (selected fields). Detailed
information on the spraying applications in these fields, including CUPs
used in the tank mixtures and quantities applied in each field have been
previously described (Table 2, Figueiredo et al., 2021).

2.3. Loc Homes & controls

Homes close to fields were selected to study spatial variation of at-
mospheric concentrations in relation to local spraying applications.
Homes further away were selected as controls to assess rural background
concentrations.

We initialized a recruitment process which consisted of contacting
the farmers of eligible bulb fields to participate in the study and then, in
case of acceptance, contacting residents living close to those fields. All
residential addresses within 250 m of the perimeter of the field (i.e.
potential Loc Homes) were selected using the Dutch Register of Ad-
dresses and Buildings (BAG).

Potential Controls were selected using the BAG to identify residential
addresses located more than 500 m from any agricultural fields, situated
within 20 km from a selected field and located in a not strongly ur-
banized area (i.e. <1500 addresses/kmz2). This choice falls upon the fact
that we wanted to capture the rural background concentrations. Homes
located in fully urbanized areas (e.g. city) were not selected as these
would not capture more local background effects (Coscolla et al., 2013;
Balmer et al., 2019).

In total, 80 Loc Homes and 16 Controls were included in the study.
Not all Loc Homes participated in the collection during both periods.
Three homes missed a collection during the use period (i.e. seven-day
measurements) due to holidays and four homes ended their participa-
tion while the study was ongoing.

Due to budget constraints not all samples were analysed. The selec-
tion of homes for which samples were analysed was done in a “semi-
random” fashion per experiment. To have a good spatial distribution we
randomly selected homes from predefined distance categories. In addi-
tion, homes both up and down-wind at time of the application were
selected in all cases. All samples collected from Control homes were
analysed.

In total, we analysed 369 and 134 outdoor air samples in Loc Homes
during use, and non-use period, respectively. We also analysed 89 and 26
outdoor air samples in Controls during use and non-use period,
respectively.

2.4. Sampling outdoor and indoor air

Air sampling system was constructed by TNO (OBO, 2019). In this
system, air is sampled through a standard PM10 inlet (sampling the
fraction of particles with an aerodynamic diameter smaller than 10 pm),
drawn through a glass fibre filter, and a tube containing XAD-2 absor-
bent (Amberlite XAD-2). The filter/XAD-2 combination absorbs both
gaseous and particle bound pesticides.

Sampling was started by remotely initiating air pumps using a GSM
connection. This was done at the time the farmer notified the study team
that the plan was to carry out the application on the selected field.



D.M. Figueiredo et al.

Sampling rate was controlled at 60-70 dm3/min. Sampling started with
the first inlet and filter set. After a 24 h period it automatically switched
to use the second inlet and filter set, and so on. The same procedure was
used for indoor sampling, with the only differences being that a pump
with a lower capacity (drawing air at 25 dm®/min) was used.

Outdoor air was collected, either in the front or back garden of the
home. The indoor air was collected inside the home on the ground floor.

2.5. Chemical analyses

We transferred 30 g of XAD-2 resin and the 102 mm glass fibre filter
from the sampling filter holder into a metal extracting cell. A mix of
Deuterium labelled pesticides was added to the samples to act as an
internal standard.

The samples were extracted using low temperature Accelerated
Solvent Extraction (ASE) and concentrated to a fixed volume of 1000 pl.
With each batch of samples, a reagent blank and a quality control sample
were included. The quality control consists of 5 ng/pesticides mixture
added to 10 g blank XAD-2. The pesticide concentration in the
concentrated extracts was determined using liquid chromatograph
coupled to a Mass spectrometer (LC-MS/MS). A detailed explanation can
be found in OBO 2019. The LOD (lower limit of detection in ng/m3) was
determined based on the average sample volume of air used. The lower
limit of quantification (LOQ) was estimated as 10 times the standard
deviation of the lowest concentration measured. The LOD was derived as
three times this standard deviation. Limits of detection (LODs) varied
between 0.003 and 0.03 ng/m>. The LOD specific to each pesticide can
be found in Supplementary material A.

To test the method and ensure no breakthrough of pesticides, two
containers with XAD-2 were mounted one after the other. The first
containing 8 g of XAD-2 and the second containing 4 g of XAD-2.
Pesticide recovery on the XAD in both containers and the percentage
of pesticide in the second holder indicates the degree of breakthrough.
The results of the breakthrough measurements may be found in Sup-
plemental material F.

2.6. Results below the limit of detection

Levels above the LOD but below the LOQ may be more accurate than
imputed values (Succop et al., 2004), therefore we used the LOD as
cut-off for detection. Imputation of levels below the LOD was performed
using methods proposed by Lubin et al. (2004). The imputation consists
of imputing the values below LOD based on the maximum likelihood
estimation while accounting for both correlation and distribution of all
pesticide data. Imputation was only done when the pesticide (or
by-product) was detected (>LOD) in at least 40% of the measured
samples.

2.7. Statistical analysis

During our measuring period, 7 CUPs were applied in the selected
fields and 4 on fields within 250 m of location homes. Therefore, our
focus was on this group of 11 CUPs. A full list of the 46 targeted pesti-
cides and their detection frequency in both outdoor and indoor air
samples can be found in Supplementary Material A and B, respectively.
A list of relevant physico-chemical properties of the 11 focused pesti-
cides can be found in Supplementary Material C.

Results of samples were grouped as use and non-use period separately
for each CUP. This grouping was done using the information supplied by
the farmers, who provided a list of the CUPs they used in each month.

Different statistical tests were used to analyse the data. All analyses
were performed using R, version 3.5 (R Core Team, 2017). The data was
logl0 transformed to meet the requirements of inferential statistics.
Student’s t-Test was used to determine whether CUPs concentrations
differed significantly between use and non-use periods and between Loc
Homes and Controls.
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In some of the Loc Homes (N = 7) one or more residents were farmers
(i.e. worked in agricultural sector). Therefore, samples from these homes
(Farm Homes) were excluded from the general analysis. It is known that
these farmers have a higher pesticide exposure (Curl et al., 2002)
compared to other residents. This is not solely related to applications in
the direct surroundings but also involves other factors such as the
take-home (or para-occupational) pathway (Hyland et al., 2017). This
refers to bringing home pesticides via clothing, shoes and other means
(Deziel et al., 2017; Pardo et al., 2020). The detection frequency of all
CUPs in both outdoor and indoor air samples in farm homes is shown in
the supplementary material (A and B, respectively).

Concentration of CUPs in outdoor air applied in the selected fields
were plotted as a function of distance. Here, we grouped distance by our
a-priori defined distance categories (<50 m; 50-150 m; 150-250 m;
>250 m; controls). This grouping was based on previous research done
on drift effect on air concentrations downwind at different distances
from agricultural crops (e.g. Table 5, Siebers et al., 2003). A trend line
was added to the graphs using loess regression based on polynomial
function.

Temporal variation of air concentrations is studied for CUPs sprayed
in the selected fields during the use period. Plots were created for each
applied CUP and respective location where the selected fields are
located. A detailed list of the sprayed tank mixtures per location can be
found in Figueiredo et al. (2021). Spearman’s rank correlation coeffi-
cient was used to study the relationship between indoor and outdoor air
concentrations. All 46 pesticides were included in this analysis if there
were at least 10 pairs of detectable outdoor and indoor concentrations.

Mixed-effect models were built, using the nlme R package (Pinheiro
et al., 2021), for each CUP to evaluate predicting factors of outdoor air
concentrations. This analysis was only done with data collected in the
use period and for pesticides that were applied during the measurement
period (N = 11). Controls were excluded since level in these homes were
considered mainly representative of background concentrations. We
used mixed-effect models for variable selection rather than a
fixed-effects structure to account for possible correlations in our
outcome data due to the repeated measurements taken over time (7
consecutive days). Here, an autocorrelation structure (AR1) was added
to the model making the correlations (r) decay over time with the
assumption that concentrations measured shortly after the application
are more strongly correlated (i.e. r(dayl,day2) = r(day2,day3), but r
(day1,day2) > r(day1,day7)).

For independent variables, daily average evapotranspiration, hu-
midity, cloud cover, wind speed and wind direction were retrieved from
the Royal Netherlands Meteorological Institute (KNMI). Evapotranspi-
ration is calculated based on temperature and solar radiation. Hence,
temperature was not included as an independent variable to avoid
multicollinearity, given that it is highly correlated (Pearson’s correla-
tion coefficient [95%CI] = 0.92 [0.91, 0.93]) with evapotranspiration.
Meteorological information is collected continuously and its available
from De Kooy and Schiphol meteorological stations, both located near
(<20 km) the selected fields. In addition, distance to closest agricultural
field and total area of agricultural fields within 500 m from a home
(Buffer) were taken from ArcGIS (ArcMap Version 10.4) based on the
Netherlands 2017 crops registration (“Basis registratie Percelen 2017”)
(Esri Nederland) and on the Netherlands registration of addresses and
buildings (“Basis registraties adressen en gebouwen™) (Overheid).

A stepwise algorithm was run backward and forward for variable
selection. Each model was built using a 5-fold cross validation, meaning
that the dataset was split into 5 groups (with the condition that data
from homes cannot be split). Four groups were used to build the model
and the remaining group to test model fit. This step was repeated until
all groups were used as test dataset. To see which variables were
repeatedly selected (probability of inclusion > 95%), the 5-fold cross
validation was executed 20 times resulting in 100 iterations.

From the collected information on the spraying techniques used,
most fields within 250 m from the included homes reported very similar
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application settings. These settings are: height of the boom sprayer,
distance between nozzles, speed of the boom sprayer and spraying
pressure used (see Supplementary material D). Sprayed quantities were
also quite similar between different applications (see Table 2, Figueiredo
et al., 2021). Hence, difference in application technique was not
included in data interpretation.

Finally, household use of pesticides was also not taken into account
in the interpretation of results. No home owner reported use of any of
the included pesticides. See supplementary material D for a full list of
reported used products and/or active ingredients.

3. Results and discussion
3.1. Concentrations in outdoor air

Fig. 1 shows the concentrations in the use and non-use period for both
Loc Homes and Controls. Panel A displays the 7 CUPs that were applied
in the selected fields. Panel B displays the 4 CUPs that were applied
during the measurement period in other fields located within 250 m
from Loc Homes. The highest 24-hr air concentrations were found for
CUPs that were routinely applied and sprayed in higher dosages (CBS,
2020), such as chlorpropham and pendimethalin. These were found in
concentrations up to 2754 ng/m3 and 123 ng/m3, respectively.

3.1.1. Use vs non-use period

Overall, concentrations were significantly higher (generally factor 5
to 10) in the use period than in the non-use period. For Loc Homes,
concentrations were significantly higher in the use period for all CUPs
except prochloraz. These results are not surprising, given that active
spraying occurs during the use period and weather conditions are more
favourable for pesticides to volatilise to air (warmer weather and less
rainfall). For Controls, the same result was observed, with the exception
of prochloraz and pendimethalin. For both these CUPs, concentrations in
the use period were very similar to those in the non-use period. For
pendimethalin, we hypothesize that this is a consequence of i) low
persistence as a gas in the atmosphere but high persistence in soil (see
Supplementary material C) and ii) the potential to be carried signifi-
cantly through the air (Vighi et al., 2016). This combination of factors
indicates that, although pendimethalin can reach Loc Homes and Con-
trols in the gas-phase, it will be rapidly degraded. Therefore, the effect of
spraying applications and volatilization during use period is less
important than the contribution of pendimethalin bound to small par-
ticles (i.e. particle-phase) that are carried with the wind. This also would
explain the similar concentrations in the non-use period.

The reasoning for no difference in prochloraz concentrations be-
tween Controls in use and non-use period is similar to pendimethalin.
Prochloraz also shows low atmospheric persistence (<2 h, see Supple-
mentary material C) and high persistence in soils (several months, EFSA,
2011).

Finally, CUPs in Fig. 1 with higher vapour pressures, namely chlor-
propham, pendimethalin, dimethenamid-P and s-metolachlor (Lewis
et al., 2016), show higher differences in concentrations between use and
non-use period for Loc Homes. This observation is an indication that
more volatile compounds will be found in higher concentrations in the
use period. Whilst for pesticides that have lower vapour pressure and
persist longer in agricultural soils, such as boscalid and flonicamid,
differences in concentrations between both periods are less pronounced.

3.1.2. Loc Homes vs controls

Concentrations were, overall, significantly higher (generally factor 5
to 10) at Loc Homes compared to Controls. In the use period, concen-
trations were significantly higher in Loc Homes versus Controls for
nearly all CUPs, with the exception of flonicamid and boscalid. For
boscalid, the combination of persistence in soil (dt50 > 1 year) and at-
mospheric persistence (dt50 < half-day) leads to a continuous release
(when weather conditions allow) to the atmosphere (Karlsson et al.,
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2016). These leads to an even distribution of this compound in a larger
area. However, for flonicamid, the story is inversed but the outcome is
the same. A low persistence in soil (days, Liu et al., 2014) is accompa-
nied by a higher persistence in the atmosphere, which gives enough time
for gas-phase flonicamid to travel over long distances during the use
period.

For the non-use period, concentrations were significantly higher
around Loc Homes for 8 out of the 11 sprayed CUPs. Similar to the use
period, no difference was observed for flonicamid concentrations. In
addition, no differences were observed for dimethenamid-P and tebu-
conazole. Both these CUPs are non-persistent in soil (Kocarek et al.,
2018; Matadha et al., 2020) and rapidly degrade in the atmosphere.
Therefore, given that it is a period where no sprayings occur, both
dimethenamid-P and tebuconazole concentrations in Loc Homes and
Controls are likely reflecting just background concentrations.

In sum, the differences shown in air concentrations over the use and
non-use period and between location and control homes are largely
explained by a combination of three factors. These are: persistence in the
soil, medium to long-range transport of pesticides (influenced by at-
mospheric persistence) and release into the atmosphere via volatiliza-
tion. The latter is mainly governed by some dominant physicochemical
factors, such as vapour pressure (see Houbraken et al., 2015 for detailed
explanation on volatilization) and by meteorological conditions.

3.2. Concentrations — distance from spraying field to home

A decrease in concentrations with distance from the main field is
observed for all pesticides (Fig. 2). This finding is in line with conclu-
sions drawn in other studies, where concentrations in ambient outdoor
air were higher closer to the applying fields than further away (Garron
et al., 2009; Coronado et al., 2011; Fang et al., 2017). Moreover, con-
centrations in controls are predominately governed by long-range (i.e.
regional) transport of CUPs (Guida et al., 2018).

Above the x-axis are the number of samples per category. Summary
statistics in boxplots (min, max, 1st and 3rd quartile and median). Black
dotted line indicates the detection limit (LOD). Each dot above the black
dotted line is a measured value and below is an imputed value. The blue
line represents the trend (via Loess smoothing) without accounting for
Controls, while the black line includes the controls as an additional
group.

3.3. Temporal variability of outdoor air concentrations during use period

No consistent temporal pattern in outdoor air concentrations during
the use period (day 1-7) was observed (Fig. 3). This is likely due to
shifting wind directions and the fact that these homes are located in
areas where there is an abundancy of agricultural fields in addition to
the selected field. So, our measurements do not only capture the
contribution of the selected field to air concentrations but also pesticide
drift and volatilization from other crops that might be sprayed during
that week. Also, in many of the sampling days, homes where not
downwind from most of the agricultural fields, which indicates that
measured concentrations are likely background. This explains the small
variability in concentrations seen for some of the CUPs, such as fluo-
pyram and tebuconazole (A-UP1), flonicamid (E-UP2) and prochloraz
(D-UP2).

There are however singularities that are worth pointing out. We see
that the temporal patterns are similar for CUPs present in the same tank
mixture and applied in the same selected fields (pendimethalin and
chlorpropham in C-UP1 and D-UP1; flonicamid and tebuconazole in E-
UP2). We also see a clear influence of wind direction in some of the
temporal trends, especially when most homes are located downwind of
the agricultural fields. This is the case on day 3 of C-UP2 and day 5-7 of
G-UP1 (displayed in Fig. 3). Here, we see an increase in air concentra-
tions of tebuconazole (C-UP2) and metamitron (G-UP1), when the wind
blows from east (day 3) and blows from south, respectively. These
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Fig. 3. Daily atmospheric concentrations at Loc Homes for CUPs applied in selected fields and wind direction during use period. Each plot represents a measured
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results show that concentration increases when the wind is coming from
the source in the direction of the home, even when there was no active
spraying at the source.

Our measurements also highlight important relating to temporal
variation of CUPs concentrations in air. Increases in 3-4 orders of
magnitude in concentrations can happen from one day to the other (e.g.
Metamitron day 6-7 in G-UP2). We hypothesize that, given the sudden
shift in concentrations, this is related to spray drift and not volatiliza-
tion, and is likely to only occur if a home is downwind from an ongoing
spraying application.

In summary, the temporal variability of CUPs concentrations near
houses located in areas with intensive bulb growing is determined by
two processes: 1) low background concentrations related to medium and
long range transport of CUPs used in areas further away and 2) high
concentrations related to use in the vicinity of a house located down-
wind. Air concentrations may vary several orders of magnitude.

3.4. Concentrations in indoor air

Fig. 4 shows the concentrations in indoor air of Loc Homes for both
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the use and non-use period. The observed indoor concentrations show
patterns similar to the observed outdoor air concentrations. The highest
measured 24-hr air concentrations were 25 ng/m3 and 4 ng/m3, from
chlorpropham and pendimethalin, respectively.

For most pesticides, concentrations were significantly higher in the
use period than they were in the non-use period, with the exception for
flonicamid, prochloraz and kresoxim-methyl. For prochloraz we did not
observe a difference in outdoor air concentrations between the use and
non-use period. However, for flonicamid and kresoxim-methyl we did
observe a difference in outdoor air concentrations between the use and
non-use period, which is not reflected here in the indoor air concentra-
tions. This is likely due to the fact that during the sampling day homes
were not downwind of applications. Therefore measured concentrations
in the use period are likely reflecting background concentrations.

We hypothesize that resuspended particle bound pesticides may
contribute to the observed indoor air concentrations during the non-use.
These are transported through air to the homes, settled inside the homes
and persist more easily in the indoor environment (see comparison of
pesticides in indoor and outdoor dust from Hung et al. (2018). Higher
persistence in the indoor environment can be caused by limited venti-
lation, lower photodegradation (particularly in darker zones), and
trapping surfaces (e.g. carpets).

3.5. Comparison between outdoor and indoor air concentrations

Table 1 shows the CUPs ordered by vapour pressure and the
respective spearman correlation between paired outdoor and indoor
samples (concentrations in Supplementary material C). The median day
1 indoor/outdoor ratio was 1.16, showing that overall, the concentra-
tions were very similar between both environments on day 1. The
minimum and maximum I/O ratios, 0.33 and 3.85, are found for Pen-
dimethalin and Carbendazim, respectively.

The correlation between indoor and outdoor air concentrations was
moderate for most pesticides (>0.4 for 76%). As discussed by Bennet &
Furtaw, there is a large set of parameters such as type of flooring, dust
loading and many more that are involved in the occurrence of pesticides
in the indoor environment (Bennet and Furtaw, 2004). These parame-
ters can affect individual pesticide concentrations in different ways
making it a complex system (see Fig. 1, Liang et al., 2018). Important
unknowns are the influence of indoor sources (e.g. resuspension) and
sinks (e.g. accumulation in different indoor surfaces) on indoor pesticide
concentrations (Weschler and Nazaroff, 2008; Chandra Yadav et al.,
2020). These affect the ratio of outdoor-indoor concentrations. In
addition, it should be realized that we are only looking at a small time

Table 1
Spearman correlation: Outdoor and Indoor air concentrations.
CUPs” p° 95% CI p-value
Chlorpropham 0.60 [0.26, 0.81] 0.002
S-Metolachlor 0.68 [0.39, 0.85] <0.001
Fluopyram-benzamide 0.41 [0.01, 0.70] 0.051
Pendimethalin 0.51 [0.13, 0.76] 0.012
Dimethenamid-P 0.65 [0.33, 0.83] 0.001
Toclofos-methyl 0.45 [0.06, 0.72] 0.028
Prochloraz 0.54 [0.18, 0.78] 0.007
Carbendazim 0.51 [0.14, 0.76] 0.011
Linuron 0.45 [0.06, 0.72] 0.028
Kresoxim-methyl 0.57 [0.22, 0.79] 0.004
Tebuconazole 0.42 [0.02, 0.70] 0.044
Fluopyram 0.49 [0.11, 0.75] 0.016
Flonicamid 0.33 [-0.09, 0.65] 0.118
Metamitron 0.36 [-0.05, 0.67] 0.081
Boscalid 0.43 [0.03, 0.71] 0.038
Prothioconazole-desthio 0.40 [-0.01, 0.69] 0.056
Pyraclostrobin 0.31 [-0.11, 0.63] 0.140

@ Spearman correlation coefficient/
b Ppesticides ordered by decreasing vapour pressure. Vapour pressure reported
in Supplementary material A.
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window (1 day), so concentrations indoors can be quite different from
those outdoors because equilibrium might not have been reached
(Kulmala et al., 1999). Even with this complexity we observed that
correlations seem to be higher for more volatile compounds, such as
chlorpropham and s-metolachlor. We hypothesize that this is because
gas-phase pesticides are less affected by indoor sources and sinks than
those that are mainly bound to particles and usually present in settled
dust (Wei et al., 2019). These indoor sources and sinks may cause quasi
random fluctuations in indoor concentrations thereby preventing re-
lationships between indoor and outdoor concentrations from being
found.

3.6. Variable selection for mixed effect models describing outdoor air
concentrations

Results from the variable selection of the mixed-effect models are
presented in Table 2. Wind direction was the variable selected most
consistently (>95% of the iterations for 7 CUPs) as an important
determinant of air concentrations amongst almost all CUPs. It stands to
reason since wind direction determines dispersion. We also see that for
some CUPs (Pendimethalin, Prochloraz, Tebuconazole and Metamitron)
this variable was selected less often. This means that other parameters
that determine concentration are important. In this group we find CUPs
that are either frequently applied in the Netherlands (e.g. Pendimetha-
lin) or CUPs with a high persistence in the environment, such as pro-
chloraz and metamitron (Mamy et al., 2005). Both these characteristics
can attenuate the variability of concentrations at a local scale (Chiaia--
Hernandez et al., 2017; Désert et al., 2018). This brings out variables,
such as the total area of agricultural fields within 500 m from a home
(Buffer) and evapotranspiration (EV), as more important predictors for
these CUPs.

An interesting finding is that EV was mainly selected for CUPs with
lower vapour pressure. This is counterintuitive, since it was expected
that this variable would be frequently selected for more volatile CUPs.
There are two reasons that might explain this finding. Firstly, EV is
calculated based on temperature and global radiation. Therefore, it
might be acting as a proxy for sunlight photodegradation, which is one
of the “most destructive pathways for pesticides” (cited from Katagi,
2004). However, this is unlikely given the short time scale of transport of
sprayed pesticides from the fields to the homes. Secondly, we can see
that Buffer was selected over EV for the more volatile compounds. It
seems that, for this group, buffer acts as a proxy for emission to the
atmosphere. Therefore, it is plausible that the area of agricultural crops
around homes explains more than local EV for the one-week period.

Relative humidity was also selected in all models as an important
explanatory variable for air concentrations of the three more volatile
compounds (chlorpropham, pendimethalin and prochloraz). This
finding can be partially explained as humidity goes hand in hand with
temperature, which largely affects pesticide evaporation. But, it also
might be an indicator of pesticide atmospheric degradation. For
example, pendimethalin is degraded in the atmosphere by ozone (Mattei
etal., 2019) and we know that, in sites with large leaf area index, there is
a stronger ozone-humidity correlation (Kavassalis and Murphy, 2017).

Finally, Buffer was frequently selected as an important predictor for
the more volatile compounds. Also, it seems that for some pesticides
(metolachlor-S, dimethenamid-P and kresoxym-methyl), Buffer was
selected over distance to closest field in almost all iterations. All three
pesticides were not applied in the selected field but are reported as being
applied in other fields in the vicinity (Panel B, Fig. 1).

3.7. Strengths & limitations

In our study we incorporated several pesticides with different
physico-chemical properties. The collection of samples at different dis-
tances and at different periods provided a good indication of both
temporal and spatial CUPs air concentration distribution. The inclusion
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Table 2
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Results of individual mixed effect models describing air concentrations. Percentage of the model runs in which the parameter is dominant.

CUPs” Distance (m)” Wind direction (degrees) Wind speed (m/s) Evapotranspiration (mm) Buffer Humidity (%) Cloud cover
Chlorpropham 40 100 94 0 89 100 29
Metolachlor-S 1 100 35 63 99 46 17
Pendimethalin 63 12 7 39 97 100 100
Dimethenamid-P 3 100 88 90 100 29 0
Prochloraz 93 47 1 18 100 100 55
Kresoxym-methyl 4 96 100 100 100 4 5
Fluopyram 5 100 100 100 64 14 1
Tebuconazole 8 63 73 100 12 0 0
Flonicamid 6 100 47 24 85 1 99
Boscalid 82 98 1 100 97 9 23
Metamitron 8 21 93 100 52 38 26

# Vapour pressure reported in Table S1. Italic — Selected in more than 95% of the model runs.
b Distance to closest field (meters); Buffer — Area (radius 500 m) of agricultural crops surrounding a home (m2).

of both sprayed and non-sprayed CUPs is quite unique. This allowed us
to see differences between these two and better understand their
occurrence in the environment. Moreover, the incorporation of indoor
air samples besides the outdoor air samples gave us new insights in the
concentration equilibrium between both environments.

The large number of analysed samples allowed us to build a robust
variable selection process in the empirical modelling. Also, by
measuring for consecutive days we were able to account for the temporal
variability.

Knowing the exact time of spraying for selected fields proved to be
very important, allowing us to start sampling shortly before application
and capture both drift and volatilization for an extended period (7 days).
However, this might introduce some bias. Some farmers may change
spraying practice when they are aware of our measurement target and
strategies.

As a limitation, our targeted pesticide group did not comprise all
CUPs and mixtures. Therefore, some of the drawn conclusions may not
apply to pesticides outside of this selection. Also, samples were taken
around fields where downward spraying occurred, therefore it remains
to be seen if our results can be extrapolated to other crops and appli-
cation technique (e.g. upward spraying).

Finally, when comparing concentrations between the different pe-
riods and locations we could only do an assessment based on available
data. Some information that might be relevant to understand release of
the different CUPs into the atmosphere, such as soil moisture and canopy
height, was not available. This inherently leads to a more limited
interpretation of our results.

4. Conclusions

We detected several pesticides and degradation products in air
around both homes located close to (<250 m) and further away (>500
m) from spraying fields, during and outside spraying periods. Outdoor
air concentrations were generally 5 to 10 times higher for homes close to
fields (<250 m) than control homes (>500 m) for almost all CUPs.
Outdoor and indoor air concentrations during the spraying of CUPs were
also a factor of 5-10 higher than those outside the spraying periods.

Differences in outdoor air concentrations between location and
control homes were also seen outside the spraying periods. This suggests
evaporation of earlier used pesticides in or outside the study area.
Frequently applied CUPs or CUPs with low persistence in the environ-
ment (soil or air) showed the largest contrast in average concentrations
for the above comparisons.

We saw a decrease in outdoor air concentrations with distance from
the field of application. This indicates that spatial variability in air
concentrations around homes located at least 250 m of spraying fields is
mostly driven by local spraying applications. Temporal variability in air
concentrations during the spraying period seems to be mainly driven by
local spraying applications and wind direction.

Concentrations in the indoor and outdoor air were moderately
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correlated for almost all CUPs and the observed correlations seemed to
be higher for more volatile CUPs. Given that people spend most of their
time in the indoor environment, it stands to reason that the next step in
research should be to study the impact of different indoor sources and
sinks on pesticide concentrations in indoor air and the temporal variance
of indoor air concentrations during longer periods of time. A key source
of pesticides inside houses, as suggested in literature, could be indoor
dust.

Lastly, the area of agricultural crops surrounding the receptor (at
least 250 m) seems to act as proxy for pesticide use in past years and
persistence (i.e. past applications). This parameter should be taken into
account, or at least not be neglected, in future modelling developments,
given that it might explain part of the variability in pesticide atmo-
spheric concentrations.
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