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Abstract

Pesticides are one of the only chemical contaminants that are purposefully introduced to the
environment in large quantities. After application to crops, pesticides can be volatilized into the
atmosphere and undergo medium to long-range transport. Through wet deposition, pesticides can be
removed from the atmosphere far from their initial application site, posing a variety of environmental
and health hazards, such as toxicity to terrestrial and aquatic species, crop damage, and poor air quality.
Identifying pesticides and their degradation products in wet deposition is crucial to understanding how
they are transported in the atmosphere. High-resolution mass spectrometry is a useful tool to carry out
suspect screening on complex mixtures. However, suspect screening for pesticides in atmospheric
waters is lacking. In this work, liquid chromatography coupled to quadrupole time-of-flight mass
spectrometry (LC-QToF-MS) is used for the first time to screen for suspect pesticides in wet deposition.
The composition of precipitation samples collected in the central United States from 2018 to 2021 was
screened against a library of thousands of compounds, and the presence of 23 pesticides was confirmed
using reference standards, including common herbicides such as atrazine, metolachlor, and alachlor, as

well as three species that had never before been quantified in wet deposition: diphenamid, octhilinone,
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and desthio-prothioconazole. A significant increase in the deposition flux of many pesticides was
observed at the start of planting season, suggesting local agricultural sources to the atmosphere. In
addition, pesticides not commonly used locally were also detected, suggesting regional atmospheric
transport. Using statistical analyses and air mass back trajectory calculations, the seasonal trends,
physicochemical properties, and potential origins of pesticides were examined. Overall, this work
highlights the power of liquid chromatography high-resolution mass spectrometry for identifying both
known and unexpected pesticides in precipitation, allowing for more accurate modeling of the

atmospheric transport and fate of these compounds.

Keywords

High-resolution mass spectrometry, pesticides, wet deposition, precipitation, suspect screening

1. Introduction

Agriculture is one of the largest contributors to pesticide use, accounting for approximately 85%
of all pesticides applied (Kim et al., 2017). For example, in 2018 in the U.S. state of Ohio alone, 100% of
corn fields were treated with herbicides, 19% with insecticides, and 12% with fungicides, accounting for
over 10.5 million pounds of pesticides (National Agricultural Statistics Service, 2019). After crop
application, pesticides enter the atmosphere through spray drift, volatilization, and wind erosion of soil
(Gil and Sinfort, 2005; Socorro et al., 2016; Unsworth et al., 1999). Once in the atmosphere, pesticides
can undergo long-range transport and be deposited through wet or dry deposition far from their initial
application site. Pesticides have been found in remote locations, including the Swiss Alps (Jakobi et al.,
2015) and the high Artic (Unsworth et al., 1999; Van Dijk and Guicherit, 1999). Transport of pesticides
through the atmosphere to secondary locations can contaminate waterways and drinking sources
(Albuquerque et al., 2016; Derbalah et al., 2019; Ippolito et al., 2015; Pehkonen and Zhang, 2002; Rosic
et al., 2020; Shoda et al., 2016), as well as pose dangers to wildlife and aquatic life (DeLorenzo et al.,

2001; Katagi, 2004; Kohler and Triebskorn, 2013; Zubrod et al., 2019). Pesticides, often in significant
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guantities, have been detected throughout the environment, including in tissues of aquatic species and
sediment (Abrantes et al., 2010), ambient air (Nascimento et al., 2018; Socorro et al., 2016), various
bodies of water (Metcalfe et al., 2019; Stackpoole et al., 2021), and groundwater and drinking water
(Bexfield et al., 2021), yet measurements of current-use pesticides on atmospheric aerosol particles and
in wet deposition remain sporadic (Degrendele et al., 2016; Wang et al., 2021; H. Zhang et al., 2018).
Indeed, the most recently reported deposition fluxes of herbicides in the Midwestern United States, a
region of high agricultural activity, date all the way back to 2004 (Vogel et al., 2008). More widespread
monitoring of pesticides in the atmosphere is needed to better model their fate and transport (Li et al.,
2011). While these processes are well-characterized in terrestrial and aquatic environments (de Souza et
al., 2020; Rice et al., 2007; Wauchope et al., 2002), sources and sinks of pesticides in the troposphere
remain largely unexplored.

Advances in high-resolution mass spectrometry (HRMS) have allowed this technique to become
a valuable tool for identifying a variety of atmospheric and environmental contaminants, including
pesticides, in a wide array of matrices. With HRMS, several analytical approaches can be applied,
including targeted analysis, suspect screening, and non-targeted analysis. Targeted analysis is common
when monitoring the presence of specific, known pesticides, whereas non-targeted analysis is discovery
of “unknown unknowns” (Acefia et al., 2015; Gonzalez-Gaya et al., 2021). The suspect screening
approach compares experimental data to databases with thousands of compounds in an attempt to
identify species in a sample. With the availability of multiple HRMS instruments such as time-of flight
(TOF), quadrupole time-of-flight (QTOF), and Orbitrap, many methods have been developed to identify
pollutants, including pesticides, in water matrices (Du et al., 2022; Leendert et al., 2015).

While many water matrices have been extensively studied for the presence of pesticides, the
analysis of atmospheric samples, such as precipitation, using HRMS is surprisingly lacking. Gas

chromatography (GC)-HRMS has been used to study organochlorine pesticides in precipitation in
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Tanzania (Mahugija et al., 2015) and in the Alps (Jakobi et al., 2015); however, these studies employed
targeted analysis. While targeted analysis is a useful approach, prior knowledge of the likely sample
composition is required, and many pesticides may remain unidentified. In 2021, Mazur et al. used GC-
HRMS to conduct non-targeted analysis and suspect screening of snow samples collected in Moscow.
Over 500 compounds were identified, including organochlorine pesticides (Mazur et al., 2021). While
this work provides a wealth of information about the composition of snow, the pesticides identified
were confirmed using knowledge of fragmentation pathways and retention indices from NIST. Without
the use of reference standards, the compound assignments are low confidence. Several other studies
have employed two-dimensional gas chromatography (GC x GC) coupled with HRMS to analyze
unknown organic compounds in rainwater and snow (Cottrell et al., 2013; Lebedev et al., 2020; Mazur et
al., 2020; Polyakova et al., 2018), but none identified pesticides. Notably, the use of GC as the separation
technique limits the compounds detected to those with appropriate volatilities and thermal stabilities
(Moschet et al., 2017). A complementary technique, such as liquid chromatography (LC)-HRMS, can
expand the chemical space analyzed. However, the analysis of precipitation using LC-HRMS has only
been reported recently and focuses on non-targeted analysis of complexing agents in atmospheric
waters rather than unknown pollutants (Beck et al., 2022). LC-HRMS also has the potential to provide
insights into a variety of environmental contaminants, such as pesticides, present in the atmosphere.

Here we present the first application of LC-HRMS for suspect screening of environmental
contaminants, specifically pesticides, in precipitation. Accurate identification of pesticides in
precipitation can assist in modeling pesticide transport through the atmosphere. This work develops a
LC-QToF-MS/MS method with a suspect screening workflow to accurately and confidently identify
pesticides in precipitation. Seasonal trends, relationships with physicochemical properties, and air mass
back trajectory analysis provide insights into potential sources of pesticide contamination in wet

deposition.
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2. Materials and Methods

2.1. Chemicals and Standards

Solvents used include LC-MS grade methanol (OmniSolv, Sigma Aldrich, St. Louis, MO), LC-MS
grade ethyl acetate (Riedel-de-Haén, Seelze, Germany), LC-MS grade formic acid (>98.0%, TCl America,
Portland, OR), and Nanopure water (18.2 MQ-cm). Ammonium fluoride (>98.0%) was purchased from
Sigma Aldrich. Isotopically labeled pesticides were used as surrogates and internal standards. The
surrogates include atrazine-d5, diuron-d6 (Restek, Bellefonte, PA, USA); metolachlor-d6, N-methyl
metribuzin-d3, and DEET-d10 (TRC, Toronto, ON, Canada). Simazine-d5 (LGC, Teddington, UK) was used
as an internal standard. Pesticide standard mixtures were purchased from Restek. Table S1 includes
compounds found in the Restek standard mixtures, as well as 19 other pesticide reference standards
purchased separately from VWR International, Sigma Aldrich, LGC Standards USA (Manchester, NH),
Santa Cruz Biotechnology (Dallas, TX), Riedel-de-Haén, and TCI America.

2.2.Sample Handling

2.2.1. Glassware Preparation

Pyrex bowls for sample collection and amber glass bottles for storage were cleaned using
Fenton solution (1.0 mmol L'! Fe?* and 100 mmol L' H,0,, acidified to pH 2.5 with HCI) (Campos et al.,
2007). The Fenton solution was added to the bowl or bottle and irradiated with shortwave UV light (A =
254 nm, UVP Mercury Pen-Ray lamps for the bottles and UVP Mineralight Lamps for collection bowls)
for 30 minutes. The container was then rinsed with copious Nanopure water.

2.2.2. Sample Collection and Storage

Precipitation was collected on the College of Wooster campus in Wooster, Ohio (40.81° N,
81.94° W) from March 2018 to April 2021, for a total of 53 samples. This site was selected because of its
proximity to a combination of agricultural, industrial, and residential sources of volatile organic

compounds to the atmosphere. When precipitation was expected to be 6 mm or greater, a clean Pyrex
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bowl! was placed on the roof of the chemistry building, and the bowl was retrieved following the end of
the precipitation event. Frozen samples were allowed to melt in a cold room at 4 °C prior to storage.
Samples were stored in clean 1-L amber glass bottles at 4 °C until further preparation.

2.3.Sample Preparation

2.3.1. Filtration

All samples were filtered to remove particulate matter. Precipitation samples from 2018 were
filtered using 0.45 um cellulose acetate syringe filters. Precipitation samples from 2019-2021 were
filtered using vacuum filtration with 0.2 um polyethersulfone (PES) membranes. The change of filter
type was due to aims not associated with this work. It should be noted that PES membranes often bind
organic compounds, particularly those with high log K, values. (Vermeirssen et al., 2012) Therefore,
losses of pesticides with high log Kow values may have occurred. Percent recoveries for these filtration
techniques are incorporated in Table S2. Based on the surrogates analyzed, there is minimal difference
between the cellulose acetate and PES filters.

2.3.2. Solid Phase Extraction

A Visiprep vacuum manifold (Sigma Aldrich, St. Louis, MO) was used with Oasis HLB cartridges
(Waters, 6 cc, 200 mg, 30 um) to conduct solid phase extraction (SPE). Prior to extraction, transfer lines
were rinsed using Nanopure water, and each sample was spiked with 20 ng of each isotopically labeled
surrogate, apart from DEET-d10, which was spiked at 10 ng. The sorbent was conditioned with 5 mL of
LC-grade ethyl acetate, two additions of 5 mL of LC-grade methanol, followed by two additions of 5 mL
of Nanopure water. The sorbent soaked in each solvent for approximately one minute and was never
allowed to fully dry. Each 1-L sample bottle was then connected to the transfer lines and extracted at a
rate of 1-2 drops per second. After the sample was added to the cartridge, the bottle was rinsed with 5-
10 mL of Nanopure water, which was then pulled through the cartridge. The bottle rinse was repeated

twice. The cartridge was then allowed to dry under vacuum for approximately one hour. Analytes were
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first eluted with two 5-mL additions of LC-grade ethyl acetate and set aside for GC analysis (not
discussed here). Two 5-mL additions of LC-grade methanol were then used as the eluent for LC analysis.
2.3.3. Evaporation

Following solid phase extraction, methanol was evaporated under a gentle stream of nitrogen
gas and medium heat using an Organomation Nitrogen Evaporator (Berlin, MA) to a volume of 200 pL,
then reconstituted by adding 800 pL of Nanopure water. In addition, 10 ng of an internal standard
(simazine-d5) was added, and the entire volume was transferred to an HPLC vial. Vials were stored in
a-20 °C freezer until analysis.

2.4.LC-QToF-MS

An Agilent 1260 Infinity Il liquid chromatograph equipped with an Agilent C18 Poroshell 120
column (2.1 x 100 mm, 2.7 um) and an Agilent 6545 electrospray ionization quadrupole time-of-flight
mass spectrometer were used for sample analysis. Both positive and negative ion mode were employed.
All operating parameters for the LC-QToF method and the batch order are listed in the Excel SI.

2.5. Data Analysis

2.5.1. Feature Reduction

An open-source software, MS-DIAL (version 4.60), was used for feature annotation (Tsugawa et
al., 2015). Parameters used for positive and negative mode analysis in MS-DIAL are listed in the Excel SI.
A series of criteria was established to reduce the number of features to the most prominent. These
criteria include: (1) the ratio of the sample maximum to deposition blank median was greater than 10
(see section 2.5.5), (2) features appeared in three or more samples with a peak height of at least 3000,
(3) the sum of the peak heights across all samples was greater than 100,000, and (4) the feature was
named after comparison to the imported libraries. Features that met all four criteria were considered
significant and evaluated further.

2.5.2. Feature Confirmation
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Features that fit all the criteria outlined in section 2.5.1. were manually annotated to confidence
according to the Schymanski levels (Schymanski et al., 2014). Experimental MS/MS spectra were
manually compared to spectral libraries, including Toxicology PCDL, Pesticides PCDL, and Water
Screening PCDL (Agilent). A good spectral match met all of the following criteria: (1) at least one of the
largest three product ion peaks matched the library in terms of m/z and relative intensity, (2) at least
three times as many peaks matched as remained unmatched (excluding the precursor ion), and (3) the
accurate mass similarity score was at least 80%. If a quality spectral match was present, the feature was
annotated as Level 2. Standards of pesticides identified as Level 2 were purchased and analyzed using
the same LC-QToF methodology as the samples. Retention times and MS/MS spectra for the Level 2
features were compared for both the sample and standard. Features were annotated as Level 1 if the
retention times matched within 0.2 minutes.

2.5.3. Semi-Quantitation

Calibration curves were created for each Level 1 pesticide using Agilent MS Quantification

(version 10.1) and the method of isotopic dilution. Equation 1 shows the general form for the line of

best fit, where F is the response factor:

Area of Target Conc of Target

(Equation 1)

Area of Surrogate ~ Conc of Surrogate

An appropriate surrogate for comparison was selected on proximity of retention time to the
target compound (Table S3). Average response factors, instrument and method limits of detection
(LOD), and linear range for each Level 1 pesticide can be found in Table S3. Comparing signals from
analytes to signals from isotopically labelled surrogates, which are added prior to SPE, minimizes error
due to loss during sample preparation.

2.5.4. Deposition Flux
The mass of pesticides per unit area, or deposition fluxes, are reported instead of

concentrations to account for scavenging and washout of pesticides in the atmosphere during
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precipitation events (Goolsby et al., 1997). Deposition flux, in ng m2, was calculated using Equation 2,
where c is the concentration of pesticide in precipitation in ng L'}, and fis the total amount of
precipitation in meters. Here, multiplying by 1000 serves as a conversion factor (1 L = 1000 m?3).
Flux = 1000cf (Equation 2)
2.5.5. QA/QC

Several types of blanks were prepared to monitor sources of contamination. Deposition blanks
were collected by placing a clean Pyrex bow! with approximately one liter of Nanopure water at the
collection site when precipitation was not expected to capture dry deposition. In addition, lab reagent
and lab fortified blanks were prepared to monitor contamination from the extraction process, assess
matrix effects, and determine percent recovery of the method (Table S2). Lab reagent blanks consisted
of 20 ng of isotopically labeled surrogates spiked into approximately one liter of Nanopure water prior
to SPE. The lab fortified blanks (LFB) included 20 ng of the Restek standard mixtures and 20 ng of
surrogates spiked into approximately one liter of Nanopure water prior to SPE. All blanks were stored
and analyzed in the same manner as precipitation samples.

Instrument performance and consistency were monitored across batches during LC-QToF-MS
measurements. Sets of calibration solutions ranging from 0.05 to 100 ng mL* for positive mode and 1 ng
mL™* to 200 ng mL* for negative mode were analyzed multiple times in a batch. A QA sample containing
50 ng mL? of each surrogate and 10 ng mL? of the internal standard, simazine-d5, was injected every
10-15 samples. Accuracy and precision of QA injections can be found in Table S4. The Non-Targeted
Analysis (NTA) Study Reporting Tool (SRT) was used in the preparation of this manuscript (BP4NTA,
2022; Peter et al., 2021).

2.6. HYSPLIT

Version 5 of the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT; (Stein et al.,

2015) model from the National Oceanic and Atmospheric Administration (NOAA) is widely used to
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estimate moisture sources for precipitation-producing air masses (Bershaw et al., 2012; Criscitiello et al.,
2016; Kostrova et al., 2019). Here, we calculate air mass back trajectories for each precipitation event
using HYSPLIT and the National Centers for Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) Reanalysis meteorological data with 2.5° x 2.5° spatial resolution and 6-hour
temporal resolution (Kalnay et al., 1996). All trajectories were started in Wooster, Ohio (40.81 N, 81.94
W) at altitudes of 500, 1000, and 3000 meters above ground level and were traced backwards 120
hours. A total of 36 trajectories were created starting at each simulated altitude for each precipitation
event, starting six days before the precipitation event and adding another trajectory every four hours
until sample collection. An altitude of 1000 meters is used to summarize the HYSPLIT analysis as the
results are largely similar between different elevations.

2.7.Statistics

Analyses and visualization were carried out using RStudio (version 4.1.2) (R Core Team, 2021).
Packages used include ggplot2 (Wickham, 2016), NADA2 (Julian and Helsel, 2021), and various base R
functions. Statistical analyses performed include ANOVA, multiple linear regression, Kendall’s tau
correlation, and principal component analysis (PCA). For multiple linear regression, co-linearity between
the independent variables was examined prior to analysis. The Kendall’s tau correlation analysis and PCA
were carried out with consideration that the data is left-censored. However, PCA does not have an
adaptation to account for censored data in the NADA2 package. For ANOVA and PCA, any data below
the limit of detection was replaced with a random value below the detection limit as determined by a
random number generator in R. For seasonal comparisons, winter was defined as December, January,
and February; spring was defined as March, April, May; summer was defined as June, July, August; and
fall was defined as September, October, November.

3. Results and Discussion

3.1. Feature Annotation

10
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3.1.1. Positive Mode

Initially, MS-DIAL identified 36,847 features in the precipitation samples analyzed in positive

ionization mode. By implementing the filters described in Section 2.5.1, the number of features to be

manually examined was reduced to 5,346. Of these 5,346 features, 625 were annotated as Level 2. A

total of 32 Level 2 features were suspected pesticides (Table S5). Reference standards of the Level 2

pesticides were used to confirm their presence and increase the assigned confidence to Level 1. If the

retention time of the feature and the reference standard did not match, then the confidence was

decreased to Level 3. Table 1 lists the 21 pesticides that were assigned Level 1 confidence using positive

ionization mode. Overall, the suspect screening workflow provided a positive identification rate of 66%.

Table 1: Pesticides annotated as Level 1

lonization Compound* Use Percent of
Mode Samples > LOD
Positive alachlor Herbicide 18.9
ametryn Herbicide 0.0
atraton Herbicide (obsolete) 0.0
atrazine Herbicide 35.8
atrazine-desethyl Degradation product of atrazine 26.4
atrazine-desisopropyl Degradation product of atrazine 7.5
cyanazine Herbicide 3.8
cycloate Herbicide 1.9
DEET Insect repellant 100
desthio-prothioconazole Deg_radahon prOdch.[ 9f 18.9
prothioconazole (fungicide)
flutriafol Fungicide 9.4
hexazinone Herbicide 30.2
metolachlor Herbicide 37.7
metribuzin Herbicide 3.8
octhilinone Fungicide 28.3
propazine Herbicide 3.8
simazine Herbicide 7.5
simetryn Herbicide 0.0
dichlorvos Insecticide 1.9
diphenamid Herbicide 11.3
triadimefon Fungicide 0.0
Negative diuron Herbicide 1.9
fomesafen Herbicide 0.0

*Bolded entries denote compounds where three or more samples had concentrations greater than

the limit of detection (LOD).

11



255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

3.1.2. Negative Mode

Using negative mode ionization, 27,425 features were identified. Following the implementation
of the filters described in Section 2.5.1, the number of features was reduced to 1,995. Of the 1,995
features, 73 were annotated as Level 2. Two Level 2 features were identified as pesticides (Table S6).
Following a comparison to reference standards, these two pesticides were annotated as Level 1 (Table
1).

3.1.3. Comparison to Blanks and Detection Limit

Samples were compared to various blanks to ensure the pesticides originated from the
precipitation. The concentration of each pesticide in lab reagent blanks was compared to the
concentration in the samples using a one-tailed t-test. If results of the t-test indicated that there was no
statistically significant difference in the concentrations of the sample and lab reagent blank (p > 0.05),
these pesticides were removed from consideration. Lab reagent blanks did not contain significant
amounts of any of the pesticides detected; therefore, we conclude that the experimental method did
not contribute contamination. In addition, deposition blanks were analyzed to determine the relative
contributions from wet and dry deposition. The presence of DEET in the deposition blanks was typically
greater than the limit of detection but less than the concentrations found in most samples. Therefore, it
was concluded that the presence of DEET arose from both dry and wet deposition. All other relevant
Level 1 pesticides yielded concentrations less than the limit of detection in the deposition blanks. This
suggests that the presence of these pesticides was due primarily to wet deposition.

Of the 23 pesticides identified in the precipitation samples, the 12 bolded compounds in Table 1
were most frequently detected, including six herbicides, two fungicides, one insect repellent, as well as
three degradation products. Four of the herbicides—alachlor, atrazine, metolachlor, and simazine—have

been detected in rainwater in the Midwestern region of the United States from the mid-1980s through

12
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the mid-2000s (Goolsby et al., 1997; Majewski et al., 2000; Miller et al., 2000; Nations and Hallberg,
1992; Richards et al., 1987; Steinheimer and Scoggin, 2001; Thurman and Scribner, 2008; Vogel et al.,
2008), and the degradates atrazine-desethyl and atrazine-desisopropyl have also been detected in
Midwestern precipitation previously (Goolsby et al., 1997; Vogel et al., 2008). To the best of our
knowledge, no new measurements have been published for the wet deposition of any of these
herbicides or degradates in the Midwest since the work of Vogel et al. in 2008, though the insecticide
DEET was detected in Minnesota precipitation in 2015 (Ferrey et al., 2018). In addition, atrazine and
metolachlor have been recently detected in ambient air in the Great Lakes region (Wang et al., 2021,
2018); however, the concentrations are much lower than presented here. Similarly, low concentrations
of alachlor (Hayward et al., 2010), simazine, atrazine-desethyl (Yao et al., 2008), and atrazine-
desisopropyl (Peck and Hornbuckle, 2005) in airborne particulate matter were also detected throughout
the United States and globally. Furthermore, our work marks the first quantitation of diphenamid,
desthio-prothioconazole, and octhilinone in wet deposition samples anywhere, as well as the first
guantitation of hexazinone (Santos et al., 2017) and flutriafol (Casara et al., 2012; Nogueira et al., 2012)
in wet deposition outside of Brazil. Diphenamid, octhilinone, hexazinone have also not been identified
via air sampling; however, desthio-prothioconazole has been found in ambient air in Austria (Zaller et
al., 2022) and Canada (Raina and Smith, 2012), and flutriafol has been detected in atmospheric
particulate matter in Vietnam (Duong et al., 2021). The concentrations of these pesticides are
significantly lower in air than in wet deposition found in this work. These novel findings reinforce that
suspect screening by LC-QToF-MS is a useful strategy to identify unexpected pesticides in wet
deposition.

3.2. Pesticide Deposition Fluxes

Event-based deposition fluxes of pesticides in Wooster, Ohio varied greatly, from less than one

ng m to greater than 30,000 ng m™ (Figure 1). Larger quantities of pesticides, such as atrazine (and its

13
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degradation products), alachlor, and metolachlor, deposited give rise to potential field and surface
water contamination. In agreement with prior studies (Charizopoulos and Papadopoulou-Mourkidou,
1999; De Rossi et al., 2003; Goolsby et al., 1997; Majewski et al., 2014; Scheyer et al., 2007; Vogel et al.,
2008), significant seasonal trends are observed for a subset of herbicides detected: alachlor,
metolachlor, and atrazine and its degradation products (atrazine-desisopropyl and atrazine-desethyl)
have large increases in deposition flux in the months of May and June each year (Figure 1a). These
herbicides, as well as simazine, have statistically significant differences in deposition fluxes in May and
June compared to other months (Figure 2). These months correspond to the start of planting season in
Ohio when pre-emergent herbicides are applied. Alachlor, metolachlor, atrazine, and simazine are all
pre-emergent herbicides most commonly used on corn and soybeans (Wieben, 2019). In Wayne County,
Ohio, where Wooster is located, over 55,000 acres of corn and 53,000 acres of soybeans were planted in
2017 (Census of Agriculture, 2017). Therefore, heavy use of these pesticides in Wayne County is likely.
According to the United States Geological Survey (USGS), between 2017 and 2019 the average masses of
metolachlor, atrazine, and simazine used in Wayne County were 1.258 x 10* kg, 1.212 x 10* kg, and
2.476 x 10° kg, respectively (Wieben, 2019). The heavy use of these pesticides in proximity to Wooster in
conjunction with a clear seasonal trend suggests local atmospheric origins of these pesticides. In
contrast, alachlor is not widely used in Wayne County (approximately 1,776 kg in 2017, with no data
available for 2018 onwards) (Wieben, 2019). The use of alachlor nationally has been steadily declining
since the early 2000’s. This trend suggests that alachlor may be transported from other regions to

Wooster, Ohio, as supported by HYSPLIT trajectories, discussed in section 3.6.
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Figure 1: Deposition flux (ng m2) of (a) pesticides that have a strong seasonal trend and (b)
pesticides that do not display seasonal trends.

Other pesticides, such as DEET, desthio-prothioconazole, diphenamid, flutriafol, hexazinone, and
octhilinone, did not show a significant seasonal trend (Figure 1b). These pesticides were present in
precipitation at low levels year-round. Use of pesticides such as DEET and octhilinone are not reported
by the USGS, likely due to the inability to effectively track their use. DEET is the active ingredient in
commercial insect repellents, making personal use much more significant than agricultural use. Similarly,
octhilinone is largely used as a biocide for materials preservation for coatings, sealants, and plastics
(United States Environmental Protection Agency, 2007a). Diphenamid, flutriafol, and hexazinone have
not been heavily applied in Wayne County, although flutriafol and hexazinone have been used in other
portions of the Midwest; thus, regional transport may have contributed to their presence in
precipitation. Air mass back trajectories (section 3.6) support this hypothesis. An average of 174 kg per
year of prothioconazole, the parent compound of desthio-prothioconazole, has been applied in Wayne
County from 2017-2019. While prothioconazole was not detected, its degradation product was found in
approximately 19% of samples. The lack of the parent compound is not unexpected as its degradation

occurs rapidly (Z. Zhang et al., 2018).
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Figure 2: Pesticide deposition flux in May and June compared to all other months. *** denotes a
statistically significant difference (p < 0.05).

Annual wet deposition fluxes (Table 2) were estimated from the average monthly pesticide
concentrations measured over March 2018 to April 2021 and the monthly precipitation amounts from
the NOAA 2006-2020 U.S. Climate Normals for Wooster, Ohio (NOAA, 2022). A broader climate normal
is utilized here instead of monthly precipitation totals in Wooster to account for not collecting samples
during every precipitation event. This estimate will allow for comparison of annual deposition flux from
previous literature reports. The estimated annual deposition flux for all quantified pesticides is

approximately 590 pg m=2 yr?.

Table 2. Minimum, maximum, median concentrations and estimated annual and seasonal deposition
fluxes for each pesticide

Concentration (ng L) Annual Deposition Flux % Annual Flux
Compound Min Max Median (ug m2yr?) from April-Oct
alachlor N.D. 792 14.5 100 96%
atrazine 0.3 2316 6.9 192 99%
atrazine-desethyl N.D. 1138 3.2 95 99%
atrazine-desisopropyl N.D. 523 0.8 45 100%
diphenamid N.D. 52.4 3.1 6.0 46%
hexazinone N.D. 34.3 5.8 9.6 86%
metolachlor 0.5 713 4.0 81 98%
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simazine N.D. 109 1.3 9.7 91%

2 Herbicides 8.3 4921 53.6 538 97%
desthio-prothioconazole N.D. 56.6 0.1 3.1 99%
flutriafol N.D. 12.2 0.5 1.2 88%
octhilinone N.D. 87.8 0.8 9.7 52%
2 Fungicides 0.5 88.1 3.1 14 66%
DEET (/nsecticide) 3.7 228 0.8 37 67%
2 Pesticides 13.1 4979 93.1 590 95%

N.D. = not detected

Herbicides make up roughly 91% of the total estimated annual deposition flux of pesticides in
Wooster, Ohio. Agriculture, which uses substantial quantities of herbicides, is a large industry in areas
surrounding Wooster, and 97% of the estimated annual deposition flux for herbicides occurs during the
growing season (April to October). The exception to the seasonal herbicide trend is diphenamid, which is
not in common use locally and has never before been measured in precipitation. The herbicide with the
greatest estimated deposition flux in Wooster, Ohio is atrazine (192 pg m=2 yr ). Such levels are
comparable to wet deposition fluxes across the Midwest in 1990-1991 (Goolsby et al., 1997) and in
Indiana in 2003-2004 (Vogel et al., 2008). As seen in the early Midwestern measurements by Goolsby et
al. (Goolsby et al., 1997), the ratio of atrazine-desethyl to atrazine measured here was approximately
2:1, providing support for desethylation occurring in the environment. We observed a greater
deposition flux of atrazine-desethyl than of atrazine-desisopropyl; this finding is consistent with prior
measurements (Goolsby et al., 1997; Thurman et al., 2000) and is reasonable given that atrazine-
desethyl is more readily formed and is longer-lived than atrazine-desisopropyl (Thurman and Scribner,
2008). Outside the Midwest, the most recently reported seasonal deposition fluxes for atrazine and its
degradates are from 2011 in Winnipeg, Manitoba: 5 ug m™ for atrazine, 1 ug m™2 for atrazine-desethyl,

and 0 pg m~2 for atrazine-desisopropyl (Farenhorst et al., 2015). However, because atrazine is applied
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much more broadly in the Wooster, Ohio area than in the Winnipeg, Manitoba area, it is reasonable for
the deposition fluxes reported here to be significantly higher.

The estimated annual deposition flux of alachlor (100 pg m~ yr) was on the order of annual
deposition fluxes measured in the Midwest in 1990-1991 (Goolsby et al., 1997). However, application of
alachlor in the U.S. dropped sharply beginning in 1994 (Wieben, 2019), and the seasonal deposition flux
of alachlor was only 3 pg m™ in 2004 in Indiana (Vogel et al., 2008). The most recently available
deposition flux measurement for alachlor in rainwater was even lower: 0.15 pug m™2 during the 2007
growing season in the Mississippi Delta (Majewski et al., 2014). No new flux measurements for alachlor
have been reported in the past 15 years. Possible sources of the high alachlor levels observed in
Wooster precipitation over 2018-2021 are discussed in section 3.6.

The estimated annual deposition fluxes of metolachlor (81 pg m=2 yr™!) and simazine (9.7 pg m™2
yr1) also exceeded amounts from elsewhere. The metolachlor and simazine deposition fluxes in Indiana
were 21 ug m™2 and 2 pg m?, respectively, during the 2004 growing season (Vogel et al., 2008). Farther
afield, the seasonal deposition flux of metolachlor was 17 pg m=2 during the 2007 growing season in the
Mississippi delta (Majewski et al., 2014) and 0.3 ug m™2 during the 2011 growing season in Winnipeg,
Manitoba (Farenhorst et al., 2015). To the best of our knowledge, there have been no new direct reports
of the deposition flux of simazine since 2004. While one study identified hexazinone in rainwater in
Brazil (Santos et al., 2017), there have been no reports of its deposition fluxes anywhere in the
literature. Clearly there is a wide gap in field measurements of wet deposition of atmospheric pesticides.

DEET, the sole insecticide identified in precipitation from Wooster, contributes 6% of the total
annual deposition flux of all pesticides quantified in this study. The use of DEET primarily comes from
personal insect repellents. Elsewhere, DEET has been reported at concentrations up to 14.5 ng L™ in wet
deposition from Minnesota (Ferrey et al., 2018) and between 1.66 —94.8 ng L™! in precipitation from

Singapore (H. Zhang et al., 2018). For comparison, our detected concentrations ranged from 3.7 — 228
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ng L. Ferrey et al. proposed that DEET could enter the atmosphere from wastewater emissions (Ferrey
et al., 2018). A similar process could be occurring in Wooster, though its population of 26,000 is small in
comparison to urban collection sites like Minneapolis/St. Paul and Singapore.

The remaining 3% of the annual pesticide deposition flux in Wooster, Ohio arises from fungicide
use. The growing season accounts for 99% and 88% of the annual deposition fluxes of desthio-
prothioconazole and flutriafol, respectively, but only 52% of the annual deposition flux of octhilinone. As
noted above, octhilinone is used primarily in construction materials, so its concentration in the
atmosphere is unlikely to depend on agricultural activity. Neither desthio-prothioconazole nor its parent
compound has been detected previously in precipitation. Flutriafol was found in rainwater from Mato
Grosso, Brazil at concentrations of 50-120 ng L™* (Casara et al., 2012); these values exceed the maximum
concentration detected in rainwater from Wooster, Ohio. However, deposition fluxes of flutriafol were
not reported in the Brazilian study to allow a more direct comparison.

In summary, our results show that pesticides applied locally can be detected in significant
amounts, particularly in early summer (May and June) when crops are being planted and the use of
pesticides is high. The estimated deposition fluxes for the eight herbicides, three fungicides, and one
insecticide identified are 538 pg m2yr?, 14 ug m2yrt, and 37 ug m2yr?, respectively. Based on the
sampling period of this study, approximately 590 pg m yr! of pesticides were deposited through
precipitation. The identification and semi-quantification of these pesticides suggest local transport
within the Wooster area. In addition, pesticides that are not heavily used in northeastern Ohio have also
been detected, which suggests regional atmospheric transport from other locations.

3.3. Physical and Chemical Properties

A multiple linear regression was carried out to investigate whether physicochemical properties,
including water solubility (WS), vapor pressure (Pyap), Henry’s Law constant (K), and octanol-water

partition coefficient (Kow), of pesticides could predict pesticide detection frequency in precipitation.
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Values for all physicochemical properties (Table S7) were collected from the EPA CompTox database
(Williams et al., 2017). Co-linearity between all independent variables was examined prior to carrying
out the regression model. It was determined that no co-linearity between any variables exists. The
relationship between the detection frequency and each independent variable was nonlinear, therefore
the log of all components was taken to improve the linearity. Variables that did not significantly
contribute to the model (i.e. p-values > 0.1) were removed. The results of the regression following the
removal of insignificant variables indicated that vapor pressure is the only significant predictor for
detection frequency in precipitation (Table 3). Based on the log-transformed regression model, for every

1% increase in vapor pressure, we expect the detection frequency to increase by approximately 0.13%.

Table 3. Results of multiple linear regression of physical and chemical properties

Explanatory Variable Coefficient Standard Error p-value
Constant 0.305 0.565 0.602
Vapor pressure 0.132 0.0381 0.007

R%.4=0.524 (N = 11, F=12.0, p = 0.007)

Overall, the vapor pressure of a pesticide is the only significant indicator of pesticide detection
in precipitation in Wooster, Ohio. Pesticides have multiple avenues for entering the atmosphere such as
volatilization, spray drift, and wind erosion of soil. Volatilization appears to be the primary path for
pesticides entering the atmosphere in this study based on the strong relationship between vapor
pressure and detection frequency. Compounds with higher vapor pressures more easily enter the gas
phase and can be transported through the atmosphere (Messing et al., 2013). Surprisingly, the other
properties studied here do not exhibit a significant relationship with frequency of detection. Pesticides
with high water solubilities and high Ky values should readily partition into cloud droplets and undergo
scavenging into precipitation; however, these pesticides are less likely to be volatilized into the
atmosphere in the first place if they remain dissolved in water on the surface of plants and soil

(Unsworth et al., 1999). Furthermore, pesticides with a propensity to adsorb to soil (high Kow values) that
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enter the atmosphere through wind erosion would be filtered out during sample preparation for this
analysis, and thus not be considered. Finally, our simplistic model does not account for the temperature
dependence of any of these physicochemical properties (Bidleman, 1999).

Another limitation of the regression model is that pesticide usage is not considered. Average
application amounts of each pesticide in Wayne County, Ohio during the sampling period were collected
from the USGS (Wieben, 2019). These data show no significant relationship to the frequency of
detection (Figure S1). While local sources are suspected to contribute to the detection of atrazine and
several other pesticides, regional transport may also play a critical role; therefore it is difficult to
pinpoint which counties to include in the regression model. Furthermore, different formulations and
different application methods for each pesticide hinder a straightforward comparison between amount
applied and amount in the atmosphere (Unsworth et al., 1999). In addition, only 11 pesticides were
analyzed in this regression, which typically requires a larger data set to yield significant results. Despite
the small sample size, significant results were obtained for vapor pressure. The correlation between
vapor pressure and detection frequency is moderately strong (correlation = 0.756), further supporting
the results of the multiple linear regression.

3.4.Kendall’s tau Correlation Analysis

Kendall’s tau correlation coefficients were calculated to determine relationships between pairs
of pesticides (Table S8) and are displayed in Figure 3. While most correlations were not strong, several
were significant (p < 0.05). Alachlor, atrazine, atrazine-desethyl, atrazine-desisopropyl, and metolachlor
are moderately correlated with each other (correlations between 0.240 to 0.441). The Kendall’s tau
correlation is consistent with the seasonal trend previously discussed in section 3.2. These herbicides

were all detected in substantial concentrations in the months of May and June each year.
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Figure 3: Kendall’s tau correlation plot for detected pesticides. Points with a white center
correspond to coefficients with a p-value < 0.05.

Other significant correlations include desthio-prothioconazole with atrazine (correlation = 0.229)
and metolachlor (correlation = 0.218). Metolachlor also displays statistically significant correlations with
flutriafol (correlation = 0.190) and hexazinone (correlation = 0.193). This slight correlation suggests that
hexazinone (herbicide), desthio-prothioconazole (fungicide degradate), and flutriafol (fungicide)
increase along with atrazine and metolachlor, both of which display strong seasonal trends. It is possible
that hexazinone, prothioconazole, and flutriafol may be applied to crops at similar times to atrazine and
metolachlor. Hexazinone is registered as both a pre-emergent and post-emergence herbicide (United
States Environmental Protection Agency, 1994). In addition, it is recommended that prothioconazole
and flutriafol be applied preventively or at the first sign of disease, which may occur in the early growth
stage of the crop (United States Environmental Protection Agency, 2020, 2007b). Therefore, hexazinone,
prothioconazole, and flutriafol application likely occurs in late spring to early summer. However, a
strong seasonal trend of these pesticides would not be expected if much less significant quantities were
applied.

Kendall’s tau correlation analysis was also carried out on seasonal data (Figures S2-5 and Tables

$9-12). Spring and summer months (Figures S2 and S3) showed similar profiles to the profile of the
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entire data set (Figure 3), emphasizing the seasonal trend for metolachlor, alachlor, atrazine, and its
degradation products. Metolachlor and atrazine-desethyl are moderately correlated with desthio-
prothioconazole, particularly in the spring months. This correlation suggests that desthio-
prothioconazole may also arise from local sources, similar to metolachlor and atrazine.

3.5. Principal Component Analysis
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Figure 4: Principal component analysis of all precipitation samples. Labeled dates are in the format
YYMMDD.

Principle component analysis was performed on the precipitation samples to visualize
similarities between sample composition. The first principal component explains 87% of the variation in
the data, while the second principal component accounts for 7% of the variation (Figure S6). The
cumulative variation explained by the first two components is 94%. Figure 4 clearly shows that many of
the samples have a similar profile; however, the majority of samples from May and June each year are
vastly different. The dates labeled in Figure 4 make up 67% of the samples from May and June. Larger

values in the first principal component arise from high amounts of metolachlor, simazine, alachlor,
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atrazine, and its degradation products (Table S13). As previously discussed, these pesticides are
detected in significant amounts in May and June, likely due to local agricultural sources. This analysis
also shows the large variation of compositions in the spring and summer months. Figure S7 shows the
variation in the fall and winter months, which is significantly narrower than in spring and summer. While
pesticides are still found in precipitation in the fall and winter, they are detected in much lower amounts
and stay relatively consistent during that time. In summary, PCA clearly illustrates which samples are
vastly different in terms of composition and which pesticides differentiate those samples.

3.6. Air Mass Trajectories

o
e

A

Figure 5: Frequency plot of the air mass back trajectories (percentage of trajectories that intersect each
grid cell) for precipitation events where the flux of (A) atrazine, (B) metolachlor, and (C) alachlor is
greater than 100 ng mL™ as measured by the instrument. Trajectories start at 1000 m above ground
level in Wooster, Ohio.

Based upon prior analysis in section 3.2, including a significant seasonal trend corresponding
well to time of application, atrazine and metolachlor are thought to come from sources local to
Wooster. Air mass back trajectories calculated using HYSPLIT support this hypothesis. Precipitation
events with pesticide concentrations greater than 100 ng mLas measured by the instrument
(corresponding to approximate deposition fluxes of 4000 ng m) were considered, and all associated

trajectories were combined to create frequency plots. These plots allow for a visual representation of

the overlap of air mass trajectories. When deposition fluxes of atrazine and alachlor are above the set
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threshold, the most common path for air masses arriving in Wooster was from the west, with greater
than 25% of air mass trajectories per grid cell in western Ohio (Figure 5). In conjunction with the strong
seasonal trend observed for atrazine and metolachlor and widespread use throughout Ohio, this result
suggests local transport within Ohio. However, it should also be noted that air mass trajectory frequency
was greater than 10% per grid cell in other Midwestern states, primarily Indiana which neighbors Ohio.
The use of atrazine and metolachlor in lllinois is also significant. According to the Pesticide National
Synthesis Project by the USGS from 2017-2019, greater than 11 kg km™ of atrazine and between 0.5 and
3 kg km2 of metolachlor were used in Indiana each year (Wieben, 2019). As previously discussed in
section 3.3, there is a mismatch between our measured detection frequency and pesticide use reported
in Wayne County, Ohio. The air mass back trajectories suggest that regional transport throughout the
Midwest, particularly from regions highlighted in Figure 5, may contribute to this discrepancy; however,
future measurements at more sampling sites are needed to examine this hypothesis.

Alachlor, while frequently detected with high deposition fluxes in the months of May and June,
does not have significant usage in Ohio reported with the USGS. Through air mass back trajectory
analysis of the precipitation events with greater than 100 ng mL™ pesticide concentrations as measured
by the instrument, it is observed that the air mass trajectory frequency exceeded 25% per grid cell over
northern Ohio, and 10% per grid cell over states to the northwest, such as Michigan and parts of
Wisconsin (Figure 5). This result suggests transport from regions to the northwest. In 2017 and 2018, the
USGS reports that approximately 0.26 to 1.6 kg km™ of alachlor was applied in regions northwest of Ohio
(Wieben, 2019). This application may be reflected in the rain collected in Wooster, Ohio if regional
atmospheric transport occurs. However, there is also the possibility that although the use of alachlor has
been reduced nationwide (Wieben, 2019), it is still in use in Ohio but the reporting is lacking.

Other confirmed Level 1 pesticides, such as desthio-prothioconazole, diphenamid, flutriafol,

octhilinone, and simazine were also studied using air mass back trajectories. These pesticides were
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detected less frequently than those previously discussed, and many are not applied in substantial
amounts in Ohio. Air mass back trajectories were calculated using precipitation events in which each
pesticide was detected above the limit of detection to create frequency plots (Figures S8-12). Similar
results were observed as with alachlor. Air masses arriving in Wooster were most likely to have moved
through Ohio from the west (over 25% of trajectories per grid cell over western Ohio, and 10-25% of
trajectories per grid cell in regions to the west). Greater than 0.09 kg km™ of prothioconazole (the
parent compound to desthio-prothioconazole) is used in Ohio and neighboring states, and >0.007 kg
km2of flutriafol has been applied in Ohio and regions west (Wieben, 2019). In addition, greater than
0.674 kg km™ of simazine is routinely applied in Ohio and neighboring states, according to the USGS
(Wieben, 2019). Application of these less frequently detected pesticides is considerably less than
atrazine, metolachlor, and alachlor. Qualitatively, the detection frequency of each pesticide follows the
trend of the application fluxes. This correspondence suggests that atmospheric regional transport may
play a role in the presence of pesticides in precipitation collected in northeast Ohio.
4. Conclusion

Future directions for our work include further expanding the chemical space analyzed by LC-
HRMS. The analytical methods and data processing choices made in this work do not capture the
complete composition of precipitation. The use of reversed-phase liquid chromatography as the
separation mode hinders the analysis of highly polar compounds. We are currently exploring other
separation techniques to enhance detection of highly polar compounds, such as glyphosate (Botero-Coy
et al., 2013). The use of other ionization sources may also allow for analysis of different classes of
pesticides (Thurman et al., 2001). In addition, the data processing criteria set for this work exclude ultra-
trace level compounds, compounds present in only a few samples, and degradation products not
present in currently available libraries. Altering the data processing parameters as well as transitioning

from suspect screening to non-targeted analysis can expand the chemical space studied. With these
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steps, the LC-HRMS method developed in this study will allow for the composition of atmospheric
waters to be explored more thoroughly.

Overall, this work emphasizes the important role of high-resolution mass spectrometry as a tool
for suspect screening of complex atmospheric water samples, such as precipitation, for the presence of
pesticides and other unknown organic species. HRMS allows for highly accurate masses of features, thus
allowing for more confident annotation. Coupling this technique with liquid chromatography expands
the chemical space that can be sampled in wet deposition compared to previously established GC-HRMS
methods. Over 64,000 features were identified in precipitation from the central U.S. using this
technique, and 23 pesticides were confirmed with reference standards. Strong seasonal trends in wet
deposition were observed for atrazine (and its degradation products), alachlor, and metolachlor. The
estimated annual deposition flux of the pesticides detected in precipitation was approximately 590 ug

2yr! allowing for the potential contamination of fields and surface waters. Coupled with air mass

m-
back trajectory analysis, it is suggested that these pesticides undergo local atmospheric transport. Other
pesticides are less frequently detected and may arise from regional atmospheric transport throughout
the Midwest. Using multiple linear regression, pesticides with higher vapor pressures are more
frequently detected in precipitation in northeastern Ohio, likely due to their ease of volatilization and
gas-phase transport in the atmosphere. In addition, correlation analysis and PCA were employed to
emphasize the seasonal trends for primarily atrazine (and its degradation products), alachlor, and
metolachlor. In summary, this work develops an LC-HRMS suspect screening method to confidently
identify pesticides in atmospheric water samples and provides a valuable assessment of the potential
transport of pesticides in the atmosphere.

Competing Interests

The authors have no competing interests to declare.

Acknowledgments

27



591

592

593

594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634

This work was supported by the National Science Foundation [grant numbers AGS-2045025,
CHE-2017788]. The authors thank Thomas Young for helpful discussions.
References

Abrantes, N., Pereira, R., Gongalves, F., 2010. Occurrence of Pesticides in Water, Sediments, and Fish
Tissues in a Lake Surrounded by Agricultural Lands: Concerning Risks to Humans and Ecological
Receptors. Water Air Soil Pollut 212, 77-88. https://doi.org/10.1007/s11270-010-0323-2

Aceiia, J., Stampachiacchiere, S., Pérez, S., Barceld, D., 2015. Advances in liquid chromatography—high-
resolution mass spectrometry for quantitative and qualitative environmental analysis. Anal
Bioanal Chem 407, 6289—6299. https://doi.org/10.1007/s00216-015-8852-6

Albuquerque, A.F., Ribeiro, J.S., Kummrow, F., Nogueira, A.J.A., Montagner, C.C., Umbuzeiro, G.A., 2016.
Pesticides in Brazilian freshwaters: a critical review. Environ. Sci.: Processes Impacts 18, 779—
787. https://doi.org/10.1039/C6EM00268D

Beck, J., Bruggemann, M., van Pinxteren, D., Hartmut, H., 2022. Nontarget Approach to Identify
Complexing Agents in Atmospheric Aerosol and Rainwater Samples. Analytical Chemistry.
https://doi.org/10.1021/acs.analchem.2c00815

Bershaw, J., Penny, S.M., Garzione, C.N., 2012. Stable isotopes of modern water across the Himalaya and
eastern Tibetan Plateau: Implications of estimates of paleoelevation and paleoclimate. J.
Geophys. Res.: Atmos. 117, 1-18. https://doi.org/10.1029/2011jd016132

Bexfield, L.M., Belitz, K., Lindsey, B.D., Toccalino, P.L., Nowell, L.H., 2021. Pesticides and Pesticide
Degradates in Groundwater Used for Public Supply across the United States: Occurrence and
Human-Health Context. Environ. Sci. Technol. 55, 362—-372.
https://doi.org/10.1021/acs.est.0c05793

Bidleman, T.F., 1999. Atmospheric Transport and Air-Surface Exchange of Pesticides, in: Van Dijk, H.F.G.,
Van Pul, W.A.J., De Voogt, P. (Eds.), Fate of Pesticides in the Atmosphere: Implications for
Environmental Risk Assessment. Springer Netherlands, Dordrecht, pp. 115-166.
https://doi.org/10.1007/978-94-017-1536-2_6

Botero-Coy, A.M., Ibaiiez, M., Sancho, J.V., Hernandez, F., 2013. Direct liquid chromatography—tandem
mass spectrometry determination of underivatized glyphosate in rice, maize and soybean. J.
Chromatogr. A 1313, 157-165. https://doi.org/10.1016/j.chroma.2013.07.037

BP4NTA, 2022. NTA Study Reporting Tool (PDF).

Campos, M.L.A.M., Nogueira, R.F.P., Dametto, P.R., Francisco, J.G., Coelho, C.H., 2007. Dissolved organic
carbon in rainwater: Glassware decontamination and sample preservation and volatile organic
carbon. Atmospheric Environment 41, 8924—-8931.
https://doi.org/10.1016/j.atmosenv.2007.08.017

Casara, K.P., Vecchiato, A.B., Lourencetti, C., Pinto, A.A., Dores, E.F.G.C., 2012. Environmental dynamics
of pesticides in the drainage area of the Sdo Lourenco River headwaters, Mato Grosso State,
Brazil. J. Braz. Chem. Soc. 23, 1719-1731. https://doi.org/10.1590/50103-50532012005000037

Census of Agriculture, 2017. Wayne County Ohio County Profile.

Charizopoulos, E., Papadopoulou-Mourkidou, E., 1999. Occurrence of Pesticides in Rain of the Axios
River Basin, Greece. Environ. Sci. Technol. 33, 2363-2368. https://doi.org/10.1021/es980992x

Cottrell, B.A., Gonsior, M., Isabelle, L.M., Luo, W., Perraud, V., Mcintire, T.M., Pankow, J.F., Schmitt-
Kopplin, P., Cooper, W.J., Simpson, A.J., 2013. A regional study of the seasonal variation in the
molecular composition of rainwater. Atmospheric Environment 77, 588-597.
https://doi.org/10.1016/j.atmosenv.2013.05.027

28



635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682

Criscitiello, A.S., Marshall, S.J., Evans, M.J., Kinnard, C., Norman, A., Sharp, M.J., 2016. Marine aerosol
source regions to Prince of Wales Icefield, Ellesmere Island, and influence from the tropical
Pacific, 1979-2001. J. Geophys. Res.: Atmos. 121, 9492-9507.
https://doi.org/10.1002/2015jd024457

De Rossi, C., Bierl, R., Riefstahl, J., 2003. Organic pollutants in precipitation: monitoring of pesticides and
polycyclic aromatic hydrocarbons in the region of Trier (Germany). Physics and Chemistry of the
Earth, Parts A/B/C 28, 307-314. https://doi.org/10.1016/51474-7065(03)00052-4

de Souza, R.M., Seibert, D., Quesada, H.B., de Jesus Bassetti, F., Fagundes-Klen, M.R., Bergamasco, R.,
2020. Occurrence, impacts and general aspects of pesticides in surface water: A review. Process
Saf. Environ. Prot. 135, 22—-37. https://doi.org/10.1016/j.psep.2019.12.035

Degrendele, C., Okonski, K., Melymuk, L., Landlov3, L., Kukucka, P., Audy, O., Kohoutek, J., Cupr, P.,
Kldnova, J., 2016. Pesticides in the atmosphere: a comparison of gas-particle partitioning and
particle size distribution of legacy and current-use pesticides. Atmos. Chem. Phys. 16, 1531—
1544. https://doi.org/10.5194/acp-16-1531-2016

Delorenzo, M.E., Scott, G.1., Ross, P.E., 2001. Toxicity of pesticides to aquatic microorganisms: A review.
Environ. Toxicol. Chem. 20, 84-98. https://doi.org/10.1002/etc.5620200108

Derbalah, A., Chidya, R., Jadoon, W., Sakugawa, H., 2019. Temporal trends in organophosphorus
pesticides use and concentrations in river water in Japan, and risk assessment. J. Environ. Sci.
(Beijing, China) 79, 135-152. https://doi.org/10.1016/j.jes.2018.11.019

Du, Y., Xu, X., Liu, Q., Bai, L., Hang, K., Wang, D., 2022. Identification of organic pollutants with potential
ecological and health risks in aquatic environments: Progress and challenges. Science of The
Total Environment 806, 150691. https://doi.org/10.1016/j.scitotenv.2021.150691

Duong, H.T., Doan, N.H., Trinh, H.T., Kadokami, K., 2021. Occurrence and risk assessment of herbicides
and fungicides in atmospheric particulate matter in Hanoi, Vietnam. Science of The Total
Environment 787, 147674. https://doi.org/10.1016/j.scitotenv.2021.147674

Farenhorst, A., Andronak, L.A., McQueen, R.D.A., 2015. Bulk Deposition of Pesticides in a Canadian City:
Part 1. Glyphosate and Other Agricultural Pesticides. Water Air Soil Pollut. 226, 47.
https://doi.org/10.1007/s11270-015-2343-4

Ferrey, M.L., Coreen Hamilton, M., Backe, W.J., Anderson, K.E., 2018. Pharmaceuticals and other
anthropogenic chemicals in atmospheric particulates and precipitation. Science of The Total
Environment 612, 1488—1497. https://doi.org/10.1016/j.scitotenv.2017.06.201

Gil, Y., Sinfort, C., 2005. Emission of pesticides to the air during sprayer application: A bibliographic
review. Atmos. Environ. 39, 5183-5193. https://doi.org/10.1016/j.atmosenv.2005.05.019

Gonzalez-Gaya, B., Lopez-Herguedas, N., Bilbao, D., Mijangos, L., Iker, A.M., Etxebarria, N., Irazola, M.,
Prieto, A., Olivares, M., Zuloaga, 0., 2021. Suspect and non-target screening: the last frontier in
environmental analysis. Anal. Methods 13, 1876—1904. https://doi.org/10.1039/D1AY00111F

Goolsby, D.A., Thurman, E.M., Pomes, M.L., Meyer, M.T., Battaglin, W.A., 1997. Herbicides and Their
Metabolites in Rainfall: Origin, Transport, and Deposition Patterns across the Midwestern and
Northeastern United States, 1990-1991. Environ. Sci. Technol. 31, 1325-1333.
https://doi.org/10.1021/es9608470

Hayward, S.J., Gouin, T., Wania, F., 2010. Levels and Seasonal Variability of Pesticides in the Rural
Atmosphere of Southern Ontario. J. Agric. Food Chem. 58, 1077-1084.
https://doi.org/10.1021/jf902898f

Ippolito, A., Kattwinkel, M., Rasmussen, J.J., Schafer, R.B., Fornaroli, R., Liess, M., 2015. Modeling global
distribution of agricultural insecticides in surface waters. Environ. Pollut. 198, 54—60.
https://doi.org/10.1016/j.envpol.2014.12.016

Jakobi, G., Kirchner, M., Henkelmann, B., Kérner, W., Offenthaler, I., Moche, W., Weiss, P., Schaub, M.,
Schramm, K.-W., 2015. Atmospheric bulk deposition measurements of organochlorine pesticides

29



683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729

at three alpine summits. Atmos. Environ. 101, 158-165.
https://doi.org/10.1016/j.atmosenv.2014.10.060

Julian, P., Helsel, D., 2021. NADA2: Data Analysis for Censored Environmental Data.

Kalnay, E., Kanamitsu, M., Kistler, R., Collins, W., Deaven, D., Gandin, L., Iredell, M., Saha, S., White, G.,
Woollen, J., Zhu, Y., Chelliah, M., Ebisuzaki, W., Higgins, W., Janowiak, J., Mo, K.C., Ropelewski,
C., Wang, J., Leetmaa, A., Reynolds, R., Jenne, R., Jospeh, D., 1996. The NCEP/NCAR 40-Year
Reanalysis Project. Bulletin of American Meteorological Society 77, 437-445.

Katagi, T., 2004. Photodegradation of Pesticides on Plant and Soil Surfaces, in: Ware, G.W. (Ed.), Reviews
of Environmental Contamination and Toxicology. Springer, New York, NY, pp. 1-78.
https://doi.org/10.1007/978-1-4419-9098-3 1

Kim, K.-H., Kabir, E., Jahan, S.A., 2017. Exposure to pesticides and the associated human health effects.
Sci. Total Environ. 575, 525-535. https://doi.org/10.1016/j.scitotenv.2016.09.009

Kohler, H.-R., Triebskorn, R., 2013. Wildlife Ecotoxicology of Pesticides: Can We Track Effects to the
Population Level and Beyond? Science 341, 759-765. https://doi.org/10.1126/science.1237591

Kostrova, S.S., Meyer, H., Fernandov, F., Werner, M., Tarasov, P.E., 2019. Moisture origin and stable
isotope characeteristics of precipitation in southeast Siberia. Hydrol. Processes 34, 51-67.
https://doi.org/10.1002/hyp.13571

Lebedev, A.T., Mazur, D.M., Artaev, V.B., Tikhonov, G.Y., 2020. Better screening of non-target pollutants
in complex samples using advanced chromatographic and mass spectrometric techniques.
Environ Chem Lett 18, 1753-1760. https://doi.org/10.1007/s10311-020-01037-2

Leendert, V., Van Langenhove, H., Demeestere, K., 2015. Trends in liquid chromatography coupled to
high-resolution mass spectrometry for multi-residue analysis of organic micropollutants in
aquatic environments. TrAC, Trends in Anal. Chem. 67, 192—-208.
https://doi.org/10.1016/j.trac.2015.01.010

Li, R., Scholtz, M.T., Yang, F., Sloan, J.J., 2011. A multimedia fate and chemical transport modeling
system for pesticides: I. Model development and implementation. Environ. Res. Lett. 6, 034029.
https://doi.org/10.1088/1748-9326/6/3/034029

Mahugija, J.A.M., Henkelmann, B., Schramm, K.-W., 2015. Levels and patterns of organochlorine
pesticides and their degradation products in rainwater in Kibaha Coast Region, Tanzania.
Chemosphere 118, 12—19. https://doi.org/10.1016/j.chemosphere.2014.05.051

Majewski, M.S., Coupe, R.H., Foreman, W.T., Capel, P.D., 2014. Pesticides in Mississippi air and rain: A
comparison between 1995 and 2007. Environ. Toxicol. Chem. 33, 1283-1293.
https://doi.org/10.1002/etc.2550

Majewski, M.S., Foreman, W.T., Goolsby, D.A., 2000. Pesticides in the atmosphere of the Mississippi
River Valley, part | - rain. Sci. Total Environ. 248, 201-212. https://doi.org/10.1016/50048-
9697(99)00543-4

Mazur, D.M., Detenchuk, E.A., Sosnova, A.A., Artaev, V.B., Lebedev, A.T., 2021. GC-HRMS with
Complementary lonization Techniques for Target and Non-target Screening for Chemical
Exposure: Expanding the Insights of the Air Pollution Markers in Moscow Snow. Science of The
Total Environment 761, 144506. https://doi.org/10.1016/j.scitotenv.2020.144506

Mazur, D.M., Latkin, T.B., Kosyakov, D.S., Kozhevnikov, A.Y., Ul'yanovskii, N.V., Kirilov, A.G., Lebedev,
A.T., 2020. Arctic snow pollution: A GC-HRMS case study of Franz Joseph Land archipelago.
Environmental Pollution 265, 114885. https://doi.org/10.1016/j.envpol.2020.114885

Messing, P., Farenhorst, A., Waite, D., Sproull, J., 2013. Influence of usage and chemical—physical
properties on the atmospheric transport and deposition of pesticides to agricultural regions of
Manitoba, Canada. Chemosphere 90, 1997—-2003.
https://doi.org/10.1016/j.chemosphere.2012.10.071

30



730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776

Metcalfe, C.D., Helm, P., Paterson, G., Kaltenecker, G., Murray, C., Nowierski, M., Sultana, T., 2019.
Pesticides related to land use in watersheds of the Great Lakes basin. Science of The Total
Environment 648, 681-692. https://doi.org/10.1016/j.scitotenv.2018.08.169

Miller, S.M., Sweet, C.W., DePinto, J.V., Hornbuckle, K.C., 2000. Atrazine and Nutrients in Precipitation:
Results from the Lake Michigan Mass Balance Study. Environ. Sci. Technol. 34, 55-61.
https://doi.org/10.1021/es990486n

Moschet, C., Lew, B.M., Hasenbein, S., Anumol, T., Young, T.M., 2017. LC- and GC-QTOF-MS as
Complementary Tools for a Comprehensive Micropollutant Analysis in Aquatic Systems. Environ.
Sci. Technol. 51, 1553-1561. https://doi.org/10.1021/acs.est.6b05352

Nascimento, M.M., da Rocha, G.O., de Andrade, J.B., 2018. Pesticides in the atmospheric environment:
an overview on their determination methodologies. Anal. Methods 10, 4484—4504.
https://doi.org/10.1039/C8AY01327F

National Agricultural Statistics Service, 2019. Agricultural Statistics 2019. United States Department of
Agriculture, Washington, DC.

Nations, B.K., Hallberg, G.R., 1992. Pesticides in lowa Precipitation. Journal of Environmental Quality 21,
486-492. https://doi.org/10.2134/jeq1992.00472425002100030029x

NOAA, 2022. U.S. Climate Normals 2020: U.S. Monthly Climate Normals (2006-2020) [WWW Document].
National Centers for Environmental Information. URL
https://www.ncei.noaa.gov/access/search/data-search/normals-monthly-2006-2020 (accessed
6.10.22).

Nogueira, E.N., Dores, E.F.G.C., Pinto, A.A., Amorim, R.S.S., Ribeiro, M.L., Lourencetti, C., 2012. Currently
used pesticides in water matrices in Central-Western Brazil. J. Braz. Chem. Soc. 23, 1476-1487.
https://doi.org/10.1590/50103-50532012005000008

Peck, A.M., Hornbuckle, K.C., 2005. Gas-Phase Concentrations of Current-Use Pesticides in lowa.
Environ. Sci. Technol. 39, 2952-2959. https://doi.org/10.1021/es0486418

Pehkonen, S.0., Zhang, Q., 2002. The Degradation of Organophosphorus Pesticides in Natural Waters: A
Critical Review. Crit. Rev. Environ. Sci. Technol. 32, 17-72.
https://doi.org/10.1080/10643380290813444

Peter, K.T., Phillips, A.L., Knolhoff, A.M., Gardinali, P.R., Manzano, C.A., Miller, K.E., Pristner, M.,
Sabourin, L., Sumarah, M.W., Warth, B., Sobus, J.R., 2021. Nontargeted Analysis Study Reporting
Tool: A Framework to Improve Research Transparency and Reproducibility. Anal. Chem. 93,
13870-13879. https://doi.org/10.1021/acs.analchem.1c02621

Polyakova, O.V., Artaev, V.B., Lebedev, A.T., 2018. Priority and emerging pollutants in the Moscow rain.
Science of the Total Environment 645, 1126—-1134.
https://doi.org/10.1016/j.scitotenv.2018.07.215

R Core Team, 2021. R: A Language and Environment for Statistical Computing.

Raina, R., Smith, E., 2012. Determination of Azole Fungicides in Atmospheric Samples Collected in the
Canadian Prairies by LC/MS/MS. Journal of AOAC INTERNATIONAL 95, 1350-1356.
https://doi.org/10.5740/jaoacint.SGE_Raina

Rice, Pamela J., Rice, Patricia J., Arthur, E.L., Barefoot, A.C., 2007. Advances in Pesticide Environmental
Fate and Exposure Assessments. J. Agric. Food Chem. 55, 5367-5376.
https://doi.org/10.1021/jf063764s

Richards, R.P., Kramer, J.W., Baker, D.B., Krieger, K.A., 1987. Pesticides in rainwater in the northeastern
United States. Nature 327, 129-131. https://doi.org/10.1038/327129a0

Rosic, N., Bradbury, J., Lee, M., Baltrotsky, K., Grace, S., 2020. The impact of pesticides on local
waterways: A scoping review and method for identifying pesticides in local usage. Environ. Sci.
Policy 106, 12-21. https://doi.org/10.1016/j.envsci.2019.12.005

31



777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823

Santos, E., Correia, N., Silva, J., Velini, E., Durigan, J., Passos, A., Teixeira, M., 2017. Occurrence of Waste
Herbicides in Surface Water from North of Sdo Paulo (Brazil). J. Exp. Agric. Int. 17, 1-9.
https://doi.org/10.9734/JEAI/2017/35816

Scheyer, A., Morville, S., Mirabel, P., Millet, M., 2007. Pesticides analysed in rainwater in Alsace region
(Eastern France): Comparison between urban and rural sites. Atmospheric Environment 41,
7241-7252. https://doi.org/10.1016/j.atmosenv.2007.05.025

Schymanski, E.L., Jeon, J., Gulde, R., Fenner, K., Ruff, M., Singer, H.P., Hollender, J., 2014. Identifying
Small Molecules via High Resolution Mass Spectrometry: Communicating Confidence. Environ.
Sci. Technol. 48, 2097-2098. https://doi.org/10.1021/es5002105

Shoda, M.E., Stone, W.W., Nowell, L.H., 2016. Prediction of Pesticide Toxicity in Midwest Streams. J.
Environ. Qual. 45, 1856—1864. https://doi.org/10.2134/jeq2015.12.0624

Socorro, J., Durand, A., Temime-Roussel, B., Gligorovski, S., Wortham, H., Quivet, E., 2016. The
persistence of pesticides in atmospheric particulate phase: An emerging air quality issue. Sci.
Rep. 6, 1-7. https://doi.org/10.1038/srep33456

Stackpoole, S.M., Shoda, M.E., Medalie, L., Stone, W.W., 2021. Pesticides in US Rivers: Regional
differences in use, occurrence, and environmental toxicity, 2013 to 2017. Science of The Total
Environment 787, 147147. https://doi.org/10.1016/j.scitotenv.2021.147147

Stein, A.F., Draxler, R.R., Rolph, G.D., Stunder, J.B., Cohen, M.D., Ngan, F., 2015. NOAA’s HYSPLIT
Atomspheric Transport and Dispersion Modeling System. Bulletin of American Meteorological
Society 6, 2059—-2077. http://dx.doi.org/10.1175/BAMS-D-14-00110.1

Steinheimer, T.R., Scoggin, K.D., 2001. Fate and movement of atrazine, cyanazine, metolachlor and
selected degradation products in water resources of the deep Loess Hills of southwestern lowa,
USA. J. Environ. Monitor. 3, 126—132. https://doi.org/10.1039/b006871n

Thurman, E.M., Bastian, K.C., Mollhagen, T., 2000. Occurrence of cotton herbicides and insecticides in
playa lakes of the High Plains of West Texas. Science of The Total Environment 248, 189-200.
https://doi.org/10.1016/50048-9697(99)00542-2

Thurman, E.M., Ferrer, I., Barceld, D., 2001. Choosing between Atmospheric Pressure Chemical
lonization and Electrospray lonization Interfaces for the HPLC/MS Analysis of Pesticides. Anal.
Chem. 73, 5441-5449. https://doi.org/10.1021/ac010506f

Thurman, E.M., Scribner, E.A., 2008. A Decade of Measuring, Monitoring, and Studying the Fate and
Transport of Triazine Herbicides and their Degradation Products in Groundwater, Surface Water,
Reservoirs, and Precipitation by the US Geological Survey, in: LeBaron, H.M., McFarland, J.E.,
Burnside, O.C. (Eds.), The Triazine Herbicides. Elsevier, Amsterdam, pp. 451-475.
https://doi.org/10.1016/B978-044451167-6.50033-7

Tsugawa, H., Cajka, T., Kind, T., Ma, Y., Higgins, B., Ikeda, K., Kanazawa, M., VanderGheynst, J., Fiehn, O.,
Arita, M., 2015. MS-DIAL: Data Independent MS/MS Deconvolution for Comprehensive
Metabolome Analysis. Nature Methods 12, 532-526. https://doi.org/10.1038/nmeth.3393

United States Environmental Protection Agency, 2020. Flutriafol Product Label.

United States Environmental Protection Agency, 2007a. Reregistration Eligibility Decision for 2-Octyl-3
(2H)-isothaizolone (OIT).

United States Environmental Protection Agency, 2007b. Pesticide Fact Sheet: Prothioconazole.

United States Environmental Protection Agency, 1994. Hexazinone.

Unsworth, J.B., Wauchope, R.D., Klein, A.-W., Dorn, E., Zeeh, B., Yeh, S.M., Akerblom, M., Racke, K.D.,
Rubin, B., 1999. Significance of the Long Range Transport of Pesticides in the Atmosphere. Pure
Appl. Chem. 71, 1359-1383. https://doi.org/10.1351/pac199971071359

Van Dijk, H.F.G., Guicherit, R., 1999. Atmospheric Dispersion of Current-Use Pesticides: A Review of the
Evidence from Monitoring Studies, in: Van Dijk, H.F.G., Van Pul, W.A )., De Voogt, P. (Eds.), Fate

32



824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866

of Pesticides in the Atmosphere: Implications for Environmental Risk Assessment. Springer
Netherlands, Dordrecht, pp. 21-70. https://doi.org/10.1007/978-94-017-1536-2_3

Vermeirssen, E.L.M., Dietschweiler, C., Escher, B.l., van der Voet, J., Hollender, J., 2012. Transfer Kinetics
of Polar Organic Compounds over Polyethersulfone Membranes in the Passive Samplers Pocis
and Chemcatcher. Environ. Sci. Technol. 46, 6759-6766. https://doi.org/10.1021/es3007854

Vogel, J.R., Majewski, M.S., Capel, P.D., 2008. Pesticides in Rain in Four Agricultural Watersheds in the
United States. J. Environ. Qual. 37, 1101-1115. https://doi.org/10.2134/jeq2007.0079

Wang, S., Salamova, A., Hites, R.A., Venier, M., 2018. Spatial and Seasonal Distributions of Current Use
Pesticides (CUPs) in the Atmospheric Particulate Phase in the Great Lakes Region. Environ. Sci.
Technol. 52, 6177-6186. https://doi.org/10.1021/acs.est.8b00123

Wang, S., Salamova, A., Venier, M., 2021. Occurrence, Spatial, and Seasonal Variations, and Gas—Particle
Partitioning of Atmospheric Current-Use Pesticides (CUPs) in the Great Lakes Basin. Environ. Sci.
Technol. 55, 3539-3548. https://doi.org/10.1021/acs.est.0c06470

Wauchope, R.D., Yeh, S., Linders, J.B.H.J., Kloskowski, R., Tanaka, K., Rubin, B., Katayama, A., Kérdel, W.,
Gerstl, Z., Lane, M., Unsworth, J.B., 2002. Pesticide soil sorption parameters: theory,
measurement, uses, limitations and reliability. Pest. Manag. Sci. 58, 419-445.
https://doi.org/10.1002/ps.489

Wickham, H., 2016. ggplot2: Elegant graphics for Data Analysis. Springer-Verlag New York.

Wieben, C.M., 2019. Estimated Annual Agricultural Pesticide Use by Major Crop or Crop Group for States
of the Conterminous United States, 1992-2017 (ver. 2.0, May 2020).
https://doi.org/10.5066/P9HHG3CT

Williams, A.J., Grulke, C.M., Edwards, J., McEachran, A.D., Mansouri, K., Baker, N.C., Patlewicz, G., Shah,
I., Wambaugh, J.F., Judson, R.S., Richard, A.M., 2017. The CompTox Chemistry Dashboard: a
community data resource for environmental chemistry. J Cheminform 9, 61.
https://doi.org/10.1186/s13321-017-0247-6

Yao, Y., Harner, T., Blanchard, P., Tuduri, L., Waite, D., Poissant, L., Murphy, C., Belzer, W., Aulagnier, F.,
Sverko, E., 2008. Pesticides in the Atmosphere Across Canadian Agricultural Regions. Environ.
Sci. Technol. 42, 5931-5937. https://doi.org/10.1021/es800878r

Zaller, J.G., Kruse-PlaB, M., Schlechtriemen, U., Gruber, E., Peer, M., Nadeem, I., Formayer, H., Hutter,
H.-P., Landler, L., 2022. Pesticides in ambient air, influenced by surrounding land use and
weather, pose a potential threat to biodiversity and humans. Science of The Total Environment
838, 156012. https://doi.org/10.1016/j.scitotenv.2022.156012

Zhang, H., Watts, S., Philix, M.C., Snyder, S.A., Ong, C.N., 2018. Occurrence and distribution of pesticides
in precipitation as revealed by targeted screening through GC-MS/MS. Chemosphere 211, 210—
217. https://doi.org/10.1016/j.chemosphere.2018.07.151

Zhang, Z., Gao, B, Li, L., Zhang, Q., Xia, W., Wang, M., 2018. Enantioselective degradation and
transformation of the chiral fungicide prothioconazole and its chiral metabolite in soils. Science
of The Total Environment 634, 875—-883. https://doi.org/10.1016/j.scitotenv.2018.03.375

Zubrod, J.P., Bundschuh, M., Arts, G., Brihl, C.A., Imfeld, G., Kndbel, A., Payraudeau, S., Rasmussen, J.J.,
Rohr, J., Scharmdiiller, A., Smalling, K., Stehle, S., Schulz, R., Schafer, R.B., 2019. Fungicides: An
Overlooked Pesticide Class? Environ. Sci. Technol. 53, 3347-3365.
https://doi.org/10.1021/acs.est.8b04392

33



