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Abstract: Synthetic pesticides are widely applied in modern agriculture, where they are used against diseases,
pests, and weeds to secure crop yield and quality. However, their intensive application has led to widespread
contamination of the environment, including soils. Due to their inherent toxicity, they might pose a risk to soil
health by causing harm to non-target organisms and disrupting ecosystem services in both agricultural and other
exposed soils. Following the Swiss National Action Plan on the reduction of pesticide risks, Agroscope has con-
ducted several soil monitoring studies that are briefly presented here. All of them resort to different multi-residue
trace analytical approaches to simultaneously quantify up to about 150 modern pesticides by either accelerated
solvent, or Quick, Easy, Cheap, Efficient, Rugged, Safe (QUEChERS) extraction, followed by separation and
detection with liquid chromatography-triple quadrupole mass spectrometry. While partly still in progress, our
investigations led to the following major findings thus far: Multiple pesticides are commonly present in soils, with
individual concentrations in agricultural soils often reaching up to a few tens of ug/kg. Pesticide occurrence and
concentrations in agricultural soils primarily depend on land use, land use history and cultivated crops. Pesticides
can prevail much longer than predicted by their half-lives and were found in soils even decades after conversion
from conventional to organic farming. Corresponding residual fractions can be in the order of a few percent of
the originally applied amounts. We further found negative associations of pesticide residues with the abundance
of beneficial soil life, underpinning their potential risk to the fertility of agricultural soils. Traces of pesticides are
also detected in soils to which they were never applied, indicating contamination, e.g. via spray drift or atmos-
pheric deposition. These results confirm the general notion of both scientists and legislators that prospective
risk assessments (RA; as executed during registration and use authorization) should be confirmed and adjusted
by retrospective RA (e.g. by environmental monitoring studies of currently used compounds) to jointly lead to an
overall reduced environmental risk of pesticides.
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1. Introduction

The use of synthetic pesticides in agriculture has played a
crucial role in increasing agricultural productivity and ensuring
food security.l'l Pesticides, which can be either natural or syn-
thetic chemicals, are used to control pests, weeds and diseases
in plants. Their effectiveness in controlling agricultural pests
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has made them an integral part of modern agricultural practices.
However, the great success of pesticides has led to their heavy
and frequent use, resulting in ever-increasing application rates.[?]
Unfortunately, this intensive use has resulted in widespread con-
tamination of the environment, with adverse effects observed in
various ecosystems, including insects, birds, freshwater systems,
soils and ultimately humans.[3-61 As a result, there has been grow-
ing public concern about the potential harm caused by pesticides.
In response to these concerns, authorities and decision makers
around the world, including the Swiss government, have taken
action to reduce the risks posed by pesticides to their populations.

Based on the report in fulfilment of the postulate 12.3299
‘Needs assessment of an action plan for risk reduction and sus-
tainable use of plant protection products’, the Federal Council has
instructed several Federal Departments to establish a correspond-
ing action plan (AP PSM), which was adopted as by September
6, 2017.171 Its main goals are to reduce the current risks of pesti-
cides by 50% and to render their applications more sustainable. To
meet these objectives, an array of over 50 measures that concern
applications, specific risks and supporting tools were defined and
implemented. With respect to soil, the overarching goal is that
pesticide applications must not lead to long-term negative effects
on soil fertility and that the application of pesticides with high risk
potential is reduced. Therefore, indicators of soil fertility need to
be established, and residues of relevant pesticides and their trans-
formation products in soils have to be identified and monitored,
as one way to control that application of persistent pesticides
(half-lives > 6 months) is reduced by 50% until 2027. To this end,
the Swiss Soil Monitoring Network (NABO) and Agroscope’s
research group Environmental Analytics are mandated to devel-
op a pesticide residue soil monitoring and corresponding mul-
ti-residue trace analytical methodologies, respectively, for the AP
PSM (Measure 6.3.3.7).17l Even earlier, Agroscope established an
internal development programme to support research on indica-
tors of soil fertility. This overview article summarizes some major
findings related to fate, behavior and effects of pesticides in soil.

2. Material and Methods

2.1 Pesticides Potentially Relevant for Soil

For our initial projects,3-101 46 pesticides were selected based
on their frequency of application within the NABO monitoring
network, their predicted environmental concentrations and their
expected dissipation rates (DT, ), as well as their analytical feasi-
bility for integration into a multi-residue method. Due to the gener-

ally very large variety of active ingredients used, and the foreseen
expansion of the monitoring network within the AP PSM, a sec-
ond method was developed including close to 150 pesticides.[!!]
The systematic inclusion of as many as possible potentially soil
relevant pesticide target analytes is schematically presented in
Fig. 1. We started off with a complete list of pesticides (includ-
ing biological controls, inorganic agents, as well as synthetic
compounds) that were registered as plant protection products in
Switzerland mainly between 2012 and 2019 (~2700 candidates).
They were first filtered using amounts and frequencies of appli-
cations in Switzerland, as well as some general chemical-physical
properties relevant for distribution into soil, and terrestrial eco-
toxicological endpoints. Applying a scoring system elaborated in
collaboration with authorities and experts in the field, a shortlist of
145 candidate analytes relevant for long-term soil monitoring was
identified. A number of them then had to be excluded as they did
not meet the analytical criteria imposed by the envisaged liquid
chromatography—mass spectrometry instrumentation. Finally, for
reasons of comparability with the earlier method!®! and specif-
ic requests by some experts, 26 further analytes were included,
resulting in a total of 146 target analytes. For further details see
Rosch et al.l'l]

2.2 Soil Monitoring Networks and Soil Sampling

If not specified elsewhere, the results presented below are ob-
tained from the following soil monitoring networks: 1) The NABO
routine monitoring network, which operates more than 100 long-
term monitoring sites across Switzerland;[1% 2) an arable farming
network with 60 fields in northeast and southwest Switzerland,
with different management systems (conventional tillage, conven-
tional without soil tillage, and organic), combined with a vegeta-
ble farming network with 40 fields under conventional or organic
management, also including 20 additional extensively managed
grasslands nearby in eastern Switzerland;[3% and 3) one to be es-
tablished as part of the AP PSM.[12]

In general, sampling took place between 2005-2006 (network
1), 2016 (network 2) and from 2019 onwards (network 3). Soil
was sampled from O to 10 or O to 20 cm, with 2-, or 4-cm au-
gers. Larger numbers of subsamples (20 < n < 25) were pooled
into composite samples, air-dried at 40 °C until weight constant,
crushed and sieved to <2 mm. Samples were then stored in plas-
tic containers at ambient temperature in the dark. For details, the
reader is referred to the corresponding original papers.[8-111

[ pesticides & transformation products mainly approved 2012-19 ] ( Potentially multi-residue & HPLC-ESI-MS/MS compatible
* too hydrophobic/not ionizable by ESI
2700 candidates —>| * fasthydrolysis
* no selective MS/MS ion transitions

Environmental
behavior

Application
frequency & amount

Ecotoxicity

* 20 most frequently e DTy 260d, or * LCs, = 10 mg/kg, or

applied, or * Koc 2500 L/kg * NOEC = 1 mg/kg
» 20 quantitatively (most sensitive
most used species), or
* LogKow 24

Scoring: 1 point: criteria fulfilled, 0 point: criteria not fulfilled, 0.5 point: ]
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no information
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@ 145 candidates
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]_

[ Average score > 0.5

» no reference standard available

\

Inclusion of pesticides from an earlier 120 analytes
method
« 23/46 analytes with average score > 0.5

« 23/46 analytes with average score < 0.5

+23 analytes

Expert opinion
* 3 more analytes J
\ +3 analytes

N

146 final target analytes
* 4 acaricides
* 4 rodenticides
« 2 growth regulators

« 60 fungicides
« 30 herbicides
« 26 insecticides

\_

« 1 synergist
« 19 transformation products

Fig. 1. Procedure to identify pesticides relevant for a long-term soil monitoring. For details, including explanations of abbreviations, see Rosch et al.l'"!
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2.3 Multi-residue Pesticide Analysis

Pesticides were extracted from soils according to two different
methods. The first method by Riedo et al.[®] contains 46 pesticides
and is based on accelerated solvent extraction consisting of two
extraction steps. Firstly, an organic mixture of acetone, methanol
and acetonitrile in a ratio of 65:10:25 (% v/v) was employed and
secondly, an acidic mixture of acetone and 1% phosphoric acid
in Millipore water in a ratio of 70:30 (% v/v) was used. Chemical
analysis was carried out by high performance liquid chromatog-
raphy coupled to a triple quadrupole tandem mass spectrometer
using electrospray ionization (HPLC-ESI-MS/MS). Finally, all
quantified concentrations were converted to pg per kg of dry soil.
The method limits of quantification (MLOQs) varied between
compounds and studies, ranging from 0.064 ug/kg to 36 ug/kg
for Riedo et al.189 and 0.3 pg/kg for Riedo ef al.l'% Further infor-
mation on the method can be found in Riedo et al.8]

The second method was developed by Rosch ef al.l'll and
covers 146 pesticides. Emphasis was put on (i) rigorous method
validation using agricultural field soils with native pesticide res-
idues and an in-house prepared partly-aged reference soil, which
contains all target pesticides, (ii) the use and addition of ~100
isotopically labelled analyte analogues (ILIS) before the extrac-
tion to be able to compensate for potential analyte losses during
extraction and further sample preparation as well as soil specific
matrix effects during ESI, and (iii) sample throughput to be ap-
plicable for a long-term soil monitoring and to be transferable to
private/Cantonal laboratories.

The extraction from soil is based on a quick, easy, cheap,
effective, rugged, and safe (QUEChERS) approach (extracting
agent: acetonitrile acidified with 2.5% formic acid). Similarly to
Riedo et al.,'81 samples were measured using HPLC-ESI-MS/MS.
Quantification was based on matrix-matched internal standard
calibration using a blank soil with negligible pesticide concentra-
tions (<MLOQ) largely representative for Swiss agricultural soils.
The developed method enables the sensitive (median MLOQ: 0.2
pg/kg dry weight, <0.5 pug/kg for 80% of all analytes) and precise
(median inter- and intra-day precision of ~4% based on field soils)
quantification of pesticides in soils with varying soil properties
(COrg content between 1 and 5% and soil pH from 3.6 to 7.4).
Trueness was determined based on (i) the partly-aged reference
soil (concentrations remained stable during 6 months and were
close to the spiked concentration), (ii) relative recoveries of soils
spiked with pesticides shortly before the extraction (median rel-
ative recovery of 103%) and (iii) the participation in a ring trial
(median z-scores close to one). For details on method validation,
we refer to Rosch ef al.l'!]

2.4 Determination of Bioavailability
(Truly Dissolved Concentrations)

Truly dissolved aqueous concentrations (C, ) of pesticides
in soil slurry suspensions (30 g soil in 40 mL Millipore water)
were quantified by means of passive samplers (silicone strips
spiked with the performance reference compound (PRC) phenan-
threne-d10 to assure equilibrium distribution). After 30 days, the
strips were recovered, pesticides were extracted with two times
50 mL of acetonitrile (once two nights in the presence of inter-
nal standards (d5-atrazine and d11-metolachlor for pesticides and
d10-pyrene for the PRC), and once more for one night). The ex-
tracts were combined and quantified with GC-MS as described in
Bartolomé and Bucheli.l!3]

2.5 Analysis of Association of Pesticide Residues with
Microbial Soil Life

Several soil microbial parameters linked to soil fertility were
assessed for the arable sites in network 2. Microbial biomass was
assessed by chloroform fumigation extraction!!4l and basal res-
piration by the rate of carbon dioxide production over 24 h.[!5]

We further profiled bacterial and fungal microbiota by amplicon
sequencing.[16l We also included specific indicators related to soil
nutrient cycling such as the abundance of arbuscular mycorrhizal
fungi in roots and soil by visual root assessment or by soil phos-
pholipid fatty acid analysis,['”! and the abundance of prokaryotic
marker genes related to soil nitrogen cycling.!%!

To assess the potential effects of pesticide residues on soil
microbial parameters across the 60 arable sites, we employed
multiple linear regression analyses including hierarchical linear
models!'8! and multi-model inferencel!! to compare the associ-
ation of pedoclimatic conditions, management options (e.g. the
management system) and pesticide residue concentration with the
microbial parameters.

3. Results and Discussion

In the following, we present different main findings of sever-
al terminated or ongoing research projects, each with a view to
illustrate a specific take-home message, expressed in the corre-
sponding subtitle.

3.1 Short-term Variability of Pesticide Residues is
Decisive for Sampling

As one of the first activities within the AP PSM Measure
6.3.3.7, we investigated the short-term temporal variability of 46
pesticides quantified as described in Riedo et al.18! in three dif-
ferent agricultural cultivation types (one soil each), i.e. cropland
(primary cultures: potato in 2019, winter wheat in 2020), orchard,
and viticulture, to identify in which season to perform soil sam-
pling during routine monitoring. In all three soils, fungicides pre-
vailed over the other pesticide types (Fig. 2). The difference was
much more pronounced (> one order of magnitude higher concen-
trations) in the special cultures than in the arable soil, however.
Fungicide concentrations were higher by a factor of 2 to 5 in the
top five cm, compared to the 5-20 cm layer below, while the oth-
er types exhibited more equal concentrations. Concentrations of
pesticides remained largely constant over the investigated period
of two years in the orchard soil, probably due to the frequent ap-
plications of multiple products over large parts of the cultivation
period. Fungicides dropped from initially around 400 pg/kg to
about 100 pg/kg in the vineyard soil. Potato cultivation resulted
in elevated soil concentrations of both fungicides and insecticides
in the summer of 2019, whereas insecticides additionally peaked
around the harvest of winter wheat in 2020. Temporal changes
manifested primarily in the topsoil layer. In summary, long-term
(i.e. interannual) monitoring will have to take intraannual variabil-
ity into account. For practical reasons, soil sampling is preferred
over the winter period, with dormant vegetation, reduced pest
pressure, and fewer agricultural activities, such as no pesticide
applications.

3.2 Pesticides Are Almost Ubiquitously Present
in (Agricultural) Soils

Fig. 3 presents a compilation of frequently, and at elevated
concentrations, observed pesticide residues in different soils of
Switzerland based on the method by Riedo et al.8! including 46
pesticides. Several findings are remarkable. First, hardly any soil
was free of pesticides. Even sites where one would not necessarily
expect any residues, such as grasslands, contained traces of indi-
vidual compounds. Second, observed concentrations varied widely
from below 1 ug/kg up to 230 ug/kg. Third, concentrations and
number of detected pesticides were generally highest in special
cultures (e.g. orchards or viticulture), and conventional arable or
vegetable farming. Corresponding organically managed systems
contained fewer pesticides, both in terms of concentrations and
numbers of individual active ingredients. Finally, certain pesticides
that had widely been used over decades in the past remained as
almost ubiquitous residues in nearly any soil. This is illustrated by
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Fig. 2. Short-term temporal variability of pesticides in selected agricultural soils in two sampling depths. The concentrations of the 46 individual pes-
ticides are summed for each pesticide type. The grey areas in the plots indicate the preferred period of sampling (late autumn — early spring).

the frequent observations of the herbicide atrazine, and its trans-
formation products atrazine-2-hydroxy, and atrazine-desisopropyl.
The use of atrazine was banned in Switzerland over a decade ago,
but concentrations in the order of a few tens and a few hundreds of
pg/kg for the parent, and its transformation products, respectively,
were the rule rather than the exception. For a more in-depth discus-
sion of the occurrence and prevalent sources of pesticides in Swiss
(agricultural) soils, we refer to the original publications.[8-10]

A first application of the analytical method by Rosch ef al.,l'!]
which covers 146 pesticides, to selected Swiss (agricultural) soils
(n = 12) revealed the presence of up to 77 different pesticides
over all analyzed sites. Cropland and vegetable sites contained the
highest number of different pesticides (n = 37), while grasslands
and a municipal park contained only a few (n = 1 to 3), and no
pesticides were found in the Swiss national park. The highest in-
dividual pesticide concentrations were reached for fungicides and
transformation products thereof. On the vegetable site, in particu-
lar, individual concentrations of up to 140 pg/kg were quantified.

Overall, our findings in terms of concentration ranges, num-
ber of observed residues, and major fate and behavior processes
responsible for such exposure are largely in agreement with the
published scientific literature.[20-231

3.3 Even Modern Pesticides Are Legacy Compounds
While it is generally known that persistent organic pollutants
such as organochlorine pesticides will remain for decades in re-

cipient environmental matrices such as soil,[22.24.251 it is relatively
striking to even find residues of more modern, currently used pes-
ticides in such systems for many years, as they were designed and
intended to exhibit lower persistence, and registered based on cor-
responding prospective risk assessments. Fig. 4A illustrates that
traces in the order of a few percent of originally applied amounts
of non- to moderately-persistent pesticides can be quantified in
soils several years after their last applications. Examples include
propiconazole, chloridazon, linuron, S-metolachlor, as well as the
earlier mentioned atrazine. While all of them exhibit field-derived
half-lives (DT, ) from 19 to 37 days (geometric mean of values
compiled from the literature; for details, see Riedo et al.l'%), re-
sidual amounts well above those predicted by corresponding first-
order dissipation models remain in soils for several years. Like-
wise, organically managed arable or vegetable production sys-
tems are confronted with residues of modern pesticides up to 20
years after conversion from conventional agriculture (Fig. 4B).

3.4 Total Contents Might not Be Decisive for Pesticide
Risk

The study by Bartolomé and Buchelil!3l determined both to-
tal extractable concentrations and C,  (Fig. 5) of a few selected
pesticides in different NABO, as well as some Cuban soils. The
graph illustrates that while a general positive correlation between
the two concentration types is discernible, for some compounds
the C, _ varied less (e.g. log 2.0 < epoxiconazole (CH) <2.2 ng/L)
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Fig. 3. Frequently observed pesticides in Swiss (agricultural) soils. Individual columns represent, from left to right, individual soils from orchards
(n = 3) and vineyards (n = 3; data from Riedo et al.['%), arable, vegetable and grassland sites (min, mean, and max. values presented for each catego-

ry, n = 20; data from Riedo et al.89).

than their corresponding total concentrations (e.g. log 0.7 < epox-
iconazole (CH) < 1.3 ug/kg). It remains yet to be investigated
which of the two concentrations (see e.g. Ortego-Calvo et al.[20])
soil organisms are really exposed to, and thus exert any effect.
Riedo et al.[?) compared the short-term variability of microbial
effects with both contaminant pools, without any clear dominance
of either of the two in terms of observed effects.

3.5 Association between Pesticide Residues
and Indicators of Soil Fertility

Robust associations were found between pesticide residues
and soil microbial parameters, ranging from sum parameters such
as microbial biomass to specific taxa and genes.8.16 The inferred
effects often exceeded those of other management variables, al-
though they were weak compared to the influence of pedoclimat-
ic variables such as pH or organic carbon content. The patterns
observed were generally complex, and associations ranged from
positive to negative, suggesting that while some microbes may
be harmed by the toxicity of pesticide residues, others may ben-
efit from their presence, for example by using them as an energy
source. However, the more specific parameters related to soil nu-
trient cycling, such as arbuscular mycorrhizal fungi and the mark-
er gene for biological nitrogen fixation (nifH), were predominant-

ly negatively associated with several specific compounds as well
as the number of pesticide residues present.

The results underpin the potential risk of pesticide residues
disrupting microbial soil life and important soil functions such as
soil nutrient cycling. Although these findings are based on statisti-
cal relationships only, we were able to validate some of the effects
through greenhouse experiments, which further highlighted the
sensitivity of arbuscular mycorrhizal fungi and nitrogen cycling to
pesticide exposure.l?7l Our work provides further evidence that the
ubiquitous contamination of agricultural soils poses a risk to soil
fertility. However, there is also a need to better understand how
these effects translate into soil function (e.g. productivity) and re-
late to other management impacts such as ploughing and mineral
fertiliser application. Moreover, pesticide residues in soils may
result in long-term exposure to low-dose mixtures of compounds,
which is not considered in current risk assessments and may need
to be considered in the future.

4. Conclusions and Outlook

Our investigations showed that pesticides are frequently and
ubiquitously present in (agricultural) soils. Effects on the soil
microbiome and certain soil functions have been observed, but
an overall risk assessment for soil fertility remains yet to be es-
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tablished, e.g. within the framework of the AP PSM (Measure
6.3.3.7). The established multi-residue pesticide method!'! is cur-
rently used in a number of ongoing research projects related to
pesticides in vineyards, the PestiRed project and the establishment
of a pesticide monitoring network (AP PSM, Measure 6.3.3.7). To
facilitate and harmonize similar soil monitoring activities at the
Cantonal level, the authors advocate and support the transfer of
this method!!! to private and Cantonal laboratories.
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Fig. 5. Bioavailable (C, ) vs. total concentrations (C_) of selected pesti-
cides in different native or spiked (SP) Swiss (CH) and Cuban (CU) soils,
for details, see Bartolomé and Bucheli.[®
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