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ABSTRACT: The intensive use of pesticides and their subsequent e
distribution to the environment and non-target organisms is of UEEEL :
increasing concern. So far, little is known about the occurrence of I Deposition
pesticides in soils of untreated areas—such as ecological refuges— | Volatiization
as well as the processes contributing to this unwanted pesticide —==%
contamination. In this study, we analyzed the presence and .
abundance of 46 different pesticides in soils from extensively N ﬁs::\%:tu;eat:;ge =
ment practice re:

managed grassland sites, as well as organically and conventionally

managed vegetable fields (60 fields in total). Pesticides were found B e onious
in all soils, including the extensive grassland sites, demonstrating a management
widespread background contamination of soils with pesticides. The s o G’gsi;':“" o]
results suggest that after conversion from conventional to organic =t
farming, the organic fields reach pesticide levels as low as those of

grassland sites not until 20 years later. Furthermore, the different pesticide composition patterns in grassland sites and organically
managed fields facilitated differentiation between long-term persistence of residues and diffuse contamination processes, that is,
short-scale redistribution (spray drift) and long-scale dispersion (atmospheric deposition), to offsite contamination.

doe

Seed
atment
2N

KEYWORDS: multiresidue analysis, organic farming, grasslands, short-range spray drift, atmospheric deposition

B INTRODUCTION pesticide contamination in places where they most likely were
never applied, such as the Arctic or pristine mountain
regions.'"*° Whether and to which degree volatilization
takes place is dependent on meteorological and environmental
conditions, such as humidity and nature of the surface as well
as temperature, wind, and the chemical’s vapor pressure.'® For
atrazine, for instance, it has been shown that it can be
volatilized, transported, and detected in rain water years after
application.”** However, recent studies showed that this is
not only the case for older and more persistent pesticides but

Pesticides are indispensable in today’s agriculture, where they
are used against diseases, pests, and weeds to secure crop yield
and quality." However, a large proportion of pesticides miss
their target organisms,z‘3 leading to an unintentional but
widespread contamination of pesticides in other areas through
spray drift, infiltration, runoff, volatilization, and long-range
atmospheric deposition.*”® Drift and volatilization are the
main contributors to environmental contamination, leading to
dispersion of up to 9% of the applied substances on small or
la rgpe scales, r e}:P ectively.’ Spraspdrift is the process that is also for curre.ntly used ones includinlg8 ;iachlor, chlorpyrifos,
responsible for pesticides to be carried away during chlorothalonil, and S-.metolachlor. To .what e).(tent
application’® and tends to result in short-range transport.'! §ubstance.s are further dispersed or rr}ostly remain as reS}dues
In this way, pesticides can be transported several meters away in the soil depends on both the physicochemical properties of

.. . 1524 .
from their application source depending on the application the pest.1c1des and 5011. 'cha?acterlstlcs.. Thes.e properties are

12 . responsible for volatilization, sorption, leaching to ground-
technique.”~ This off-target displacement can occur through

aerosols or dust during application'” and is largely influenced

substances is a continuous process,”” which occurs mainly Published: September 13, 2022

after application.” Volatilization is the origin of long-range :

by wind speed and direction as well as the application Received:  April 6, 2022 ,
methods, the formulation of the product, and the environ- Revised:  August 30, 2022 i”@
mental conditions.”'* In contrast, volatilization of the Accepted:  August 30, 2022 W%

&

transport via air and subsequent wet or dry deposition, causing
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water, uptake by plants or organisms, and abiotic and microbial
transformation, with sorption and biodegradation being the
most relevant for the fate of the substances.””>* Concerning
the soil characteristics, it is mainly the soil mineralogy (solid
inorganic phases) and soil texture (especially clay content), the
amount of soil organic matter, pH, the moisture levels, and the
soil temperature that influence the behavior of pesticides over
time.”*

While earlier generations of pesticides, in particular
organochlorine pesticides, were notorious for their high
persistence,”® currently used pesticides are supposedly
designed to be more easily (bio-) degradable and therefore
should be found less in the environment.> However, recent
screenings of agricultural sites revealed widespread contami-
nation of soils with various modern pesticides.””>° Even
organically managed sites, where synthetic pesticides were not
applied for multiple years, were not free of pesticides.’*™**
These findings indicate that persistence of pesticides under
field conditions, including potentially cumulative contamina-
tion by repetitive applications, is underestimated so far. While
several studies have looked at the distribution of pesticides in
agricultural fields,””~*’ only very few assessed their occurrence
in untreated sites, such as extensively managed grasslands and
other, so-called ecological focus areas.’”*® Furthermore, most
studies mainly focused on neonicotinoids in untreated or off-
site areas (such as field margins)31’34 and did not conduct a
comprehensive analysis over multiple substance classes.
However, a more detailed knowledge about these areas
would be of utmost interest as these sites represent regions
that serve as ecological refuges for organisms living in and on
soils’ and are supposed to be unaffected by intense
agricultural practices.

Complementary to the results from our previous study,’® we
here provide an extensive dataset with concentrations and
occurrences of 46 widely applied synthetic pesticides (16
herbicides, 8 herbicide transformation products, 17 fungicides,
and 7 insecticides) in 20 grassland soils. The concentrations
and numbers of substances found in extensively managed
grassland sites, which did not receive any pesticide treatment,
were compared to the previously reported results from
organically and conventionally managed vegetable fields.*
This allowed us to study the contamination of agricultural soils
along a gradient ranging from nearly untreated grassland soils,
over soils with several years without pesticide treatment—after
conversion from conventional to organic farming—to soils
subjected to frequent pesticide treatments under conventional
management. We further assessed whether the concentrations
and numbers of pesticides as well as the occurrence of specific
substances in the different site categories provided indications
about their predominant input pathway. This includes previous
on-field applications under conventional farming that would be
anticipated for the organically managed fields, or diffuse
contamination, such as short-range spray drift or long-range
transport and atmospheric deposition. The latter was expected
to lead to the presence of a given pesticide in all analyzed sites,
regardless of the land use or management practice.

B METHODS

Study Sites and Soil Sampling. The field sites were part
of a farming network with 60 fields in eastern Switzerland, of
which 20 were extensively managed grassland sites, 20 fields
were under conventional vegetable production, and 20 under
organic vegetable management. The grassland sites were

managed extensively; therefore, farmers were not allowed to
apply pesticides, fertilizers, or manure. The grass was cut at
least once a year, and the cuttings were removed. Furthermore,
grazing of animals was only allowed from September to
November and was limited to sheep and goats. Half of the
grassland sites belonged to vegetable farms which were
managed conventionally (in the following termed GL.,),
and the other half were affiliated with organically managed
farms (GLorg). However, this allocation does not change the
management of the land and the sites did not receive any
pesticide or fertilizer input, regardless of which of the two
vegetable farm types they belonged. The conventional
vegetable fields received synthetic pesticides and mineral
fertilizers and were managed according to the “Proof of
Ecological Performance” as recommended by the Swiss Federal
Office for Agriculture.’® The organic vegetable fields received
no chemical-synthetic pesticides and fertilizers and were
managed in accordance to the guidelines of the Federation
of Swiss Organic Farmers.”” Information on each farm’s
management practices, such as the duration of organic farming,
were collected directly from the farmers through a ques-
tionnaire. All soils were characterized as Cambisols. They did
not vary significantly in parameters such as pH, texture, or
organic carbon content. The sites were all located in a region
with a moderate climate and precipitation that is sufficient to
sustain agricultural production without additional irrigation.
Therefore, pesticide contamination from irrigation or back-
wash from surface waters was considered negligible.
Information about the spatial distribution of the individual
sites can be found in Figure SI.

Soil sampling and processing were performed as described
by Yang et al.*® The soils were sampled in December 2016; 10
soil cores (0—10 cm depth, 4 cm diameter) were randomly
collected across the field at each site. Afterward, the individual
soil cores were combined to obtain one composite sample per
site, sieved with a S mm sieve and homogenized. Subsamples
for pesticide analysis, microbial biomass, as well as for
physicochemical soil property determination were taken and
stored at =20, 4 ° C, and room temperature, respectively.

Sample Extraction and Analysis with LC—MS/MS.
Pesticides were extracted and measured as described by Riedo
etal.® Briefly, accelerated solvent extraction (Dionex ASE 350,
Thermo Scientific) was used to extract pesticides from 6 g of
soil. The method contained two extraction steps. In a first step,
an organic mixture of acetone, methanol, and acetonitrile at a
ratio of 65:10:25 (% v/v) was used. In a second, acidic step,
the soils were extracted with a mixture of acetone and 1%
phosphoric acid in Millipore water (Milli-Q Gradient, Merck)
at a ratio of 70:30 (% v/v). The extracts were further processed
by solvent evaporation under compressed air and subsequent
extract dilution with 90:10 (% v/v) Millipore water and
methanol. The pesticides were then analyzed by high-
performance liquid chromatography coupled to a triple
quadrupole tandem mass spectrometer (HPLC-MS/MS).
Reversed phase HPLC with water and methanol as the mobile
phase was used for separation. Detection was performed with
MS/MS (QTrap 5500, Sciex), and all quantified concen-
trations were converted into ug per kg of dry soil. The limit of
quantification ranged between 0.064 and 36 pg/kg depending
on the substance. For further figures of merits and quality
control/quality assurance measures, we refer to the Supporting
Information (Chapter 1.2. High-performance Liquid Chroma-
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Figure 1. Number (A) and sum of the concentrations (B) of pesticides detected in soils from conventional vegetable management (blue), organic
vegetable management (green), or grassland (orange). The boxes represent the mean values of each management practice with their standard
errors. The organically managed sites are grouped in 10 year time intervals (0—10, 10—20, >20) since their conversion from conventional to
organic management. The grassland sites are grouped in accordance with their associated conventionally (GL,,, dark orange) or organically
(GL,y light orange) managed farm. The letters indicate significant differences among individual management categories at an alpha value of 0.05.

tography coupled to Triple Quadrupole Tandem Mass
Spectrometry (HPLC-MS/MS)) and Riedo et al.”’

Persistence of Pesticide Residues from Previous
Conventional Farming in Organic Sites. To gain a better
understanding about the residual occurrence of pesticides due
to their persistence after previous application, a relative
dissipation rate constant for each detected substance at each
organic site was assessed. For this, we estimated a dissipation
rate constant based on the measured concentrations in soil,
nominal amounts applied per area and year (maximal
application rate allowed in Switzerland), time since conversion
from conventional to organic farming, and pseudo-first-order
dissipation kinetics. These estimated dissipation rate constants
were subsequently compared with the expected dissipation rate
constants reported in literature.”” Further information about
the calculation of these relative dissipation rate constants as
well as a sensitivity analysis for the calculations with different
assumptions (e.g., different application rates, repetitive
application over several years, difference in soil properties,
etc.) can be found in the Supporting Information (Chapter 1.4.
Calculation of the Relative Dissipation Rate Constant in
Organically Managed Vegetable Sites).

Potential Input of Pesticides through Rain (Atmos-
pheric Deposition). To estimate the possible input of
pesticides through atmospheric deposition, the loads that were
expected to have entered the soil system through precipitation
over the last 20 years were calculated. For this estimation, only
substances for which data about loads in rainwater in
Switzerland were available could be considered.””*’ Sub-
sequently, these values were compared with the actual
measured amounts of pesticides in soil. Further information
about the calculation can be found in the Supporting
Information (Chapter 1.5. Calculation of the Potential
Atmospheric Deposition of Pesticides).

Potential Impact of Spray Drift on the Occurrence of
Pesticides in Non-treated Areas. To estimate the extent to
which non-treated grassland sites might have been exposed to
pesticide inputs from surrounding areas, we assessed
potentially pesticide-relevant areas, meaning the agricultural
land where the use of pesticides was possible or probable, in
the vicinity to the sampled sites, according to Koch and
Prasuhn.*' This, in particular, includes all agricultural fields
that are expected to be regularly treated with pesticides (e.g.,

13688

arable land and permanent crops, such as vines, fruit and
berries, vegetable crops, as well as horticultural crops).
Permanent meadows and pastures as well as ecological focus
areas were not counted as pesticide-relevant areas.*’ This
analysis includes all agricultural land in the vicinity of the
sampling sites, not just the fields sampled in this study. Using
argGIS,™ the area with potential pesticide application was
estimated around each sampling site for different radial
distances (1000, 500, 400, 300, 200, 100, 50, and 10 m),
leading to the pesticide-relevant area for each site. This area
was divided by the corresponding total circular area, leading to
the approximate fraction of the pesticide-relevant area for each
site. A graphical representation of this approach can be found
in the Supporting Information (Chapter 1.6. Methodological
Approach to Assess the Pesticide Exposure Potential from
Surrounding Areas; Figure S3).

Statistical Analyses. All statistical analyses were per-
formed using R version 4.1.2.*> We first tested the impact of
different management practices (e.g., conventional vs organic
vs grasslands) on the numbers and concentrations of pesticides
by analysis of variance (ANOVA) and subsequent simulta-
neous multiple comparison of least squares means (package
“Emmeans”**). To gain insight into the influence of the time
following the abandonment of direct pesticide application, the
organically managed vegetable fields were additionally divided
into 10 year intervals of the duration of organic management.
Principal component analysis (PCA) was ferformed using the
prcomp function of the stats package™ to visualize the
dispersion of the different sites based on the pesticide
concentration. Ellipses were added to the plots, describing
the 95% confidence level of the sampled sites of each group.
Species scores, representing the degree of correlation between
each of the original variables and the new principle
components, were added for the five most influential
substances responsible for the distribution of the sites along
the first two principal component axes. The length of the
arrows indicates the degree of importance. Due to the high
dispersion of the grassland sites, we employed a hierarchically
cluster analysis running UGPMA clustering from the hclust
function to render further groupings between the grassland
sites (stats package™). A summary of the individual pesticide
concentrations was visualized by heatmaps, created using the
levelplot function of the lattice package.** The difference in the
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Figure 2. PCA biplots of the analyzed sites based on the concentrations of the individual pesticides. Sites close to each other contain a similar
composition of substances, while sites with the biggest distance differ fundamentally in their fingerprints. The size of the points represents the sum
of all pesticide concentrations of the individual site. The colors and ellipses represent the two management practices of the vegetable sites
(conventional = blue, organic = green) and the two hierarchical grassland clusters (yellow and gray; for details about the hierarchical clustering, see
text). The ellipses describe the 95% confidence level of the sampled sites of each group, and the arrows show the five most influential substances
responsible for the distribution of the sites along the first two principal component axes.

fraction of pesticide-relevant areas for the different nominal
and hierarchical clusters was analyzed with a t-test.

B RESULTS AND DISCUSSION

Numbers and Concentrations of Pesticides in Soils
under Different Management Practices. The quantifica-
tion of pesticides in soils from extensively managed grasslands
sites revealed that they all contained between 1 and 11
different pesticides. The number of pesticides in grassland sites
(on average S pesticides) was about 2 times lower than in the
organically managed vegetable fields, which contained between
2 and 16 individual pesticides (on average 9 pesticides), and
about 4 times lower than in conventionally managed vegetable
fields (on average 18 pesticides; Figure 1A). The detected
sums of concentration of all analyzed pesticides in the
grassland sites (median: 19 + 42 ug/kg) were slightly lower
than for the organically managed fields (median: 25 + 21 ug/
kg). The conventionally managed fields, where pesticides had
still frequently been applied, contained 7—9 times higher
median concentrations (median: 163 + 286 pug/kg, almost a
magnitude higher) than fields under organic management or
grassland sites (Figure 1B). Furthermore, no difference in the
number or concentration of pesticides was detected between
the grassland sites belonging to the conventionally (GL,,) and
organically managed (GL,,,) farms (Figure 1A,B). In addition,
no correlation was found between the number of pesticides in
the grassland sites and the fields of the corresponding farms
(data not shown). Furthermore, no correlation or a different
trend over time for the measured soil parameters and the
number of pesticide or the total pesticide concentration could
be found (Figures S4 and SS). The exact concentrations of the
individual substances at the 60 sites are summarized in Table
Sé.

We also show that the extensively managed grassland
without any direct pesticide application contained considerable
loads of pesticides, pointing toward a background contami-
nation of soils with pesticides from diffuse sources. Organically
managed vegetable fields only reached numbers of pesticides

similar to those of grasslands sites, after having been managed
organically for more than 20 years (Figure 1A), suggesting that
in the first 0—20 years after conversion to organic manage-
ment, there are still persistent residues, from pesticide
applications during previous conventional farming, in the
soils. We found further support for this decrease in the sum of
the pesticide concentrations (Figure 1B). There, however,
organic vegetable fields reached background concentrations of
grassland sites after only 10 years already. The pattern could
also be observed if the pesticides, which were not even
approved at the time of conversion of a field, were excluded
from the number and sum of concentrations (Figure S6, Table
S7). Our previous study, which included conventionally and
organically managed vegetable fields only,” could not clearly
identify whether pesticides in organically managed fields were
present as residues from former conventional applications or
due to diffuse contamination, either from neighboring fields
(short-range drift) or long-range transport and subsequent
atmospheric deposition. The inclusion of pesticide data from
grassland sites, particularly also with respect to the presence of
individual pesticides, should now allow to shed further light on
the relative importance of these different processes.
Pesticide Compositions in Soils with Different
Management Practices. To gain a better understanding of
the concentration, number, and identity of the pesticides and
to later on potentially associate them with the two assessed
sources—residues from past agricultural management and
diffuse contamination—PCA based on the concentrations of
the individual substances found in soils was carried out. The
corresponding biplot, which displays the first two principal
component axes and visualizes management practices, high-
lights distinct substance patterns between organically and
conventionally managed fields (Figure S8, blue and green
points and ellipses). The clear distinction is not surprising,
given the marked differences in the history of pesticide use
between organic and conventional farming. The grassland sites
(orange points and ellipse) however did not show an equal
distinctive cluster. The points of the individual grassland sites
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Figure 3. Heatmaps with concentrations of single pesticides in organically managed sites (left), grassland sites (middle), and conventionally
managed sites (right) (partly adapted from Riedo et al.*®). Each row represents a substance and each column one site. The organically managed
sites are arranged according to their duration since conversion from conventional agriculture, and the boxes represent their division based on 10
year steps. The grassland sites are sorted in accordance with their hierarchical clustering, and the two boxes represent the two clusters. The
composition of cluster 1 is closer to the one from the organic sites and the composition of cluster 2 closer to the conventional one. The green and
blue boxes at the bottom represent their nominal grouping according to the corresponding farm and its management practice (blue = GL,,,, green
= GL,,,). The conventional sites are also sorted according to their hierarchical clustered substance pattern. The substances are in order according to

org.

how long they appear in the organically managed sites. The color range represents the level of the detected concentrations, whereas empty (white)

cells indicate no detects (<MLOQ).

rather segregated into two groups, which were either similar to
the pattern of pesticides found under conventional or organic
management. PCA was consequently repeated to visualize the
sites based on the two nominal groups reflecting the
corresponding farm type (GL, = conventional farms, (©)
= organic farms). This was done to test whether this separation
in farm type explained the distribution of the individual sites.
However, the previously observed segregation of the grassland
sites did not coincide with the management practice of the
corresponding farm as the sites of the two nominal groups
spread equally over those of the conventional and organic
fields (Figure S9). This is potentially due to the fact that the
contamination of grassland sites is related to fields other than
those of the corresponding farms, which was also seen in the
pattern of the general number and sum of concentrations of
pesticides (Figure 1A,B). The grassland sites were thereupon
hierarchically clustered to find sites with similar pesticide
compositions, leading to two main clusters (see dendrogram in
Figure 3), which validated the two visually recognizable
clusters. Cluster 1 is largely overlapping with the organic
cluster and cluster 2 with the conventional one (Figure 2). In a
next step, we evaluated which substances drive the separation
of the management practices and lead to these two clusters.
Both the PCA scores—describing the degree of correlation
between each pesticide concentration and the new principle
components (arrows in Figure 2)—and the individual
pesticide concentrations presented in the heatmap (Figure 3)
revealed that the atrazine transformation product 2-hydroxya-
trazine and the fungicide azoxystrobin were the key substances
responsible for the division of the conventional versus organic

vegetable fields and the two hierarchical grassland clusters.
Possible reasons for the general differing pesticide pattern,
partly including the occurrence of these pronounced
substances, are discussed in the following sections, aiming at
identifying the potential processes responsible for detected
pesticides. The following discussion is focused on the
organically managed fields and grassland sites, because on
the conventionally managed fields, pesticides had still been
applied, and this application most likely overshadowed any
secondary fate processes.

Contribution of Residues from Previous Applications
to the Pesticide Occurrence in Organically Managed
Soils. With organically managed fields exhibiting substance
numbers and concentrations between those of conventional
vegetable fields and grassland sites (Figure 1A,B), it is plausible
to assume that pesticides in organically managed fields are a
result of both former conventional applications and contam-
ination from diffuse sources. To isolate the former from the
latter and thus to assess the contribution of pesticide residues
from previous applications to the overall presence of pesticides
on organically managed fields, we here separately examine
pesticides that were mainly found in organically managed fields
but not in grassland sites (ie, we found trifloxystrobin,
isoproturon, thiacloprid, metalaxyl, cyprodinil, thiamethoxam,
tebuconazole, napropamid, propiconazole, cyproconazole,
imidacloprid, boscalid, flusilazole, and epoxiconazole at no
more than one grassland site; Figure 3). Thus, we assume that
these substances reflect past pesticide application on the
organically managed fields and do not lead to diffuse
contamination to any larger extent. To assess whether these
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pesticides could potentially have remained as residues from
earlier conventional management, we calculated the expected
dissipation rate constants based on the halflives (mean
observed field values) found in literature (Table S5)*” and
compared them with the observed dissipation rate constants
based on the measured concentrations in the soils (for details,
see Supporting Information). The ratios of these two rate
constants (Figure S10) show that only a few of these pesticides
(i.e, imidacloprid and cyproconazole) dissipated in the
expected range, indicating that their concentrations plausibly
resulted from previous applications and can therefore be
regarded as residues. For all other pesticides, we found relative
rate constants clearly below zero, suggesting that persistence in
the field was higher than predicted from literature (i.e., higher
observed than expected concentrations). Given the fact that
they are only found in organically managed fields but not in
grassland sites, these substances are still most likely originating
from previous applications and hence an additional input
through diffuse pollution is not a plausible explanation for the
higher-than-expected concentrations. That the expected
concentrations are lower than observed concentrations could,
on the one hand, be due to an underestimation of the applied
amounts or a misjudgment of other parameters, such as plant
cover, in the model. We thus conducted a sensitivity analysis of
our estimations to assess how different assumptions for the
input parameters (e.g,, application rate, relevant depth of the
soil layer, and plant cover) influence the expected concen-
tration (for details, see Supporting Information). It was
suspected that especially the inclusion of the repetitive
application of pesticides over several years before the
conversion to organic farming in the estimates of the
dissipation calculations would have an influence on the
outcome. The analysis showed the calculations to be rather
robust with respect to the assumed input parameters, and the
deviation of the values was not noteworthy when assuming that
a pesticide was applied only in the last year before sampling or
for 20 consecutive years prior to sampling. Thus, erroneous
assumptions of the input parameters do not explain the slower
dissipation in the field than in the laboratory, which is apparent
for most of the substances. On the first sight, it seems
remarkable that the discrepancy between predicted and
observed dissipation was more pronounced for pesticides
with a short half-life (Figure S10). However, for pesticides with
a low halfife, it appears that the assumption of first-order
dissipation may not be suitable for estimation over an extended
period of time of more than a couple of half-lives as the
discrepancy in observed and predicted dissipation was
particularly striking for them. The difference between observed
field dissipation and laboratory rate constants from literature
could, on the other hand, also be due to the dissimilarity in
partial sequestration of the pesticides,*® which leads to their
reduced availability for subsequent dissipation.” For literature-
based data, this underestimation of the sequestration process
could most likely be due to the fact that environmental factors,
such as varying soil temperature and moisture contents, are not
taken into account during dissipation studies for risk
assessments or registration processes.” We also examined
substance properties of the pesticides to determine if
commonalities were evident among the substances that deviate
strongly from expected values and if these properties could
account for the greater deviation in the dissipation behavior of
these substances compared to the literature values. However,
no common characteristics, such as the compound class (e.g.,

neonicotinoids) or sorption and mobility parameters (e.g.,
adsorption coefficients—Ky/K,.) could be found that would
explain this behavior better.

Another possible reason why these substances were only
found as residues in the organic vegetable fields, but not in
grassland sites, is that they were applied with a technique, such
as seed treatment, that makes diffuse contamination unlikely.
During sowing of treated seeds, only a very small fraction
(<2%) is dispersed by drift.** Studies have shown that drift
from seed treatment leads to very short transport pathways
reaching only field edges or margins,*”*° and more than 90%
enters the soil, where the seeds coated with the pesticide had
been applied.”" Primarily substances with systemic activity
(e.g, neonicotinoids) are used as seed treatment in agricultural
management in Switzerland, although not all of them are
exclusively applied this way.”> However, pesticides that are
used in Switzerland for seed treatment, such as clothianidin,
cyproconazole, imidacloprid, and thiamethoxam, were indeed
found predominantly in organic sites but hardly in grassland
soils (Figure 3). This could further indicate that this difference
between the two management practices (organic management
and grasslands) arises from previous application rather than
diffuse contamination.

Potential Pesticide Contamination from Diffuse
Sources. In contrast to pesticides that were predominantly
found in organically managed fields, it was assumed that
substances that evenly appeared across organically managed
fields as well as the grassland sites originated from diffuse
sources, such as short-scale spray drift, or long-range transport
and subsequent atmospheric deposition. The latter mainly
takes place through dry or wet deposition, whereby the
respective proportion varies depending on the pesticide.>
Regarding wet deposition, considerable loads are deposited
through rain.”* We therefore calculated the potential input of
pesticides previously found in rain in Switzerland, that is,
atrazine and its transformation product 2-hydroxyatrazine,
azoxystrobin, carbendazim, fenpropidin, linuron, metamitron,
metylaxyl, pirimicarb, S-metolachlor, and terbuthylazine, to test
whether this diffuse input pathway can explain their occurrence
(Figure 3). The actual measured pesticide concentrations in
the soil were then normalized to the potential input through
precipitation over an assumed time period of 20 years. For
metalaxyl, S-metolachlor, terbuthylazine, and pirimicarb, the
corresponding log ratios were between —1 and 1 (Figure S11),
indicating that their widespread contamination could poten-
tially be explained by atmospheric deposition within a factor of
10 uncertainty. For carbendazim, azoxystrobin, linuron, and,
particularly, for atrazine, such an input is less likely as their
corresponding ratios of measured to calculated concentrations
were orders of magnitude higher, in both the organically
managed fields and the grasslands. Atrazine, which was
frequently determined in rain in Switzerland as well as in
remote areas in the past’>*>*® and was banned over 10 years
ago, could not be found in current precipitation samples.*’
This indicates that it currently is not deposited through rain
anymore and that its widespread occurrence in grassland sites
as well as the occurrence of its transformation products must
either be caused be past input by precipitation and subsequent
pronounced sequestration or by additional forms of diffuse
contamination in the past, such as short-scale spray drift.

Therefore, in a next step, we further assessed the potential
for short-scale spray drift by evaluating what fraction of the
circular area around each individual grassland site was
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potentially exposed to pesticide applications. For this, different
radial distances (10—1000 m) around the sampling site were
taken into account. First, we examined the two nominal
clusters from the grassland sites, GL.,, and GL,, separately.
We hypothesized that GL.,, sites generally have a higher
pesticide exposure potential than the GL,, sites as their
corresponding farm applies pesticides and they thus potentially
tend to be surrounded by more conventionally managed fields.
Indeed, at distances between 200 and 400 m, GL_,, sites were
statistically significantly more prone to pesticide exposure than
the GL,,, ones, and the mean percentage of the surrounding
area with a potential pesticide input had a (statistically non-
significant) tendency to be more exposed at all other distances
(Figure S12A). However, since farms with different manage-
ment practices tend to be located rather close to each other in
Switzerland, this hypothesis and explanation must be
considered with caution. Second, the pesticide exposure
potential of the grassland sites was also considered for the
two hierarchical clusters, which are based on actual measured
pesticide patterns. Since we found a dissimilar substance
composition within these two clusters, in particular pro-
nounced concentrations of 2-hydroxyatrazine and azoxystro-
bin, we assumed that a difference in the extent of exposure
would be evident, potentially explaining the observed patterns.
However, the exposure potential of the two hierarchical
clusters did not differ significantly (Figure S12B). Never-
theless, the mean percentage of the surrounding area with a
potential pesticide input of the two clusters shows the
tendency that cluster 1 had been more exposed to pesticide
application in the surrounding areas. This cluster shows, as
discussed above, a similar substance pattern to the organic
sites, which mainly consists of “old” substances applied in
earlier agricultural management, such as atrazine, linuron, or S-
metolachlor. Therefore, it is possible that substances, such as
atrazine and its transformation product 2-hydroxyatrazine,
were distributed over short-scale drift during these past
applications and thus occur today more in cluster 1. As
currently used substances, such as azoxystrobin, which is rather
a “new” substance, are designed to be less dispersed in the
environment,” one could speculate that consequently they can
be found less in this cluster. However, as the pesticide exposure
potential of the different hierarchical clusters is not
significantly different for any radius around the sampling
sites, no strong conclusions can be drawn and the results for
the individual substances have to be considered with caution.

The clusters (both the nominal and the hierarchical) were
also compared regarding their exposure to only vegetable fields
or special crops, such as orchards, with a high pesticide input
according to present farming practices (data not shown) in
order to find explanations for the second cluster, containing
substances such as azoxystrobin. However, no difference in
exposure, explaining the discrepancy in the patterns, was
apparent. Besides the exposure of the clusters, also the
concentrations of single substances and the number of
substances in each site were fitted against the pesticide
exposure potential. No particular trend (e.g., higher exposure
~ higher concentrations or higher exposure ~ higher number
of different substances) for any of the pesticides could be
observed (Figures S13—S15). It was also further examined
whether the sites from the two clusters differed regarding soil
biological and chemical properties, which would explain their
discrepancy, but no significant difference existed (data not
shown).

13692

Implications and Future Research. The presented study
showed that pesticides are widespread in Swiss soils and are
also present as background contamination at sites that reflect
nearly undisturbed conditions and do not apply pesticides
(extensive grassland). We further demonstrated that different
management practices vary in the amount as well as
concentrations of pesticides (conventional > organic >
grassland). Earlier studies have already indicated the wide-
spread distribution of pesticides in the environment. However,
studies that directly compare sites under different management
consequently allowing conclusions about the potential
persistence of pesticides in field soils and improve differ-
entiation of the sources of the pesticides in the different sites
are rare. So far, especially the differentiation between processes
contributing to pesticide occurrence in sites where pesticides
had been applied in the past compared with untreated areas
was missing. These results suggest that the pesticides found in
grassland sites were derived from different contamination
pathways. Our analyses provide indications for short-scale
redistribution of pesticides to grasslands after application on
close-by sites as well as for long-scale dispersion leading to
offsite contamination. However, so far, our work could only
partly assign the substances to the respective contamination
pathways. Therefore, further investigations are needed to
understand the origin of the different contaminants and to
further comprehend plausible exposure processes for agricul-
tural soils under different management practices, especially
including non-treated sites. For this, monitoring studies that
contain detailed records of pesticides applied to the treated
fields, and also include fields from the closer vicinity of the
treated field in the monitoring, are needed to directly detect
the presence of residues as well as to better understand the
diffuse contamination. These studies should also take into
account potential contamination by irrigation of agricultural
areas with the pesticide-containing surface or groundwater, if
hydrodynamically relevant, or pesticide input through the
application of contaminated manure, two input pathways that
could not be taken into consideration with the current setup.
Additional research should also take an expanded number of
analytes into account, which would facilitate pesticide
fingerprinting and increase the diagnostic potential of multi-
variate statistical analyses. In addition, high-frequency sampling
and analysis that account for seasonal variability of residues
should be considered to gain a comprehensive overview of the
secondary fate processes of the pesticides after application,
with emphasis on monitoring individual fields over a longer
period of time (long-term monitoring). Such investigations are
currently in progress within the Swiss Action Plan on
Pesticides.”” Moreover, future studies should also investigate
the bioavailability and effects of the multitude of pesticides in
these sites as their soils provide refuges for important soil
organisms.
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