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A B S T R A C T   

The application of synthetic pesticides to agricultural fields for the protection of crops leads to the formation of 
residues in soils. While the short-term behavior of pesticide residues in soils after an application is generally 
known from laboratory and field studies required for authorization (prospective risk assessments), there is still a 
lack of in-situ observations that address their long-term fate. Long-term soil monitoring programs, with 
comprehensive site-specific records of pesticide application data, constitute an invaluable, complementary, 
retrospective exposure assessment tool to address this gap. Considering the pesticide applications over the past 
10–15 years, this study assessed the occurrence of pesticides in agricultural soils of Switzerland and put their 
presence or absence, as well as their concentrations, in the context of their previous application. The results 
showed that pesticides could also be detected at sites without a connection to previous applications and that 
small residual mass fractions of pesticides, even of some non-persistent compounds, were found in soils, years or 
decades after their last application. This finding points to an environmental issue that may not be adequately 
captured in prospective risk assessment and calls attention to the need for comprehensive long-term recording 
and monitoring as a complementary retrospective exposure assessment.   

1. Introduction 

The intensification of agriculture, which is necessary to meet 
increasing global demands for food, has primarily been achieved 
through the increase of external inputs, such as fertilizers and pesticides 
(Pretty, 2018). As a result, pesticides have become a fundamental part of 
modern agriculture, safeguarding agricultural production by reducing 
yield losses caused by diseases, pests, and weeds (Food and Agriculture 
Organization of the United Nations, 2017; Savary et al., 2019). Gener-
ally, pesticides are defined as compounds used to eliminate or control 
pests, such as unwanted insects, animals, and plants or disease-carrying 
organisms (Food and Agriculture Organization of the United Nations, 
2017). The active ingredients (AI) of pesticides and their transformation 
products (TP) represent a large and heterogeneous group of chemical 
compounds with varying molecular properties (University of Hertford-
shire, 2020). Over the past two decades, global pesticide use has 

increased by over 40%, and since 2017 has stabilized at around 4.1 
million tons per year (FAOSTAT, 2021). Herbicides, fungicides, and 
insecticides comprise more than 95% of the total pesticides used in 
agriculture (Food and Agriculture Organization of the United Nations, 
2006). In Switzerland, around 2000 tons of pesticides are sold each year, 
although the amount of synthetic pesticides has steadily decreased since 
2014 (Federal Office for Agriculture, 2022b). 

In theory, pesticides are designed to act primarily on target organ-
isms, to decompose rapidly, and to not translocate from the original 
application site (Rosell et al., 2008). In reality, however, a large per-
centage of the applied substances miss their target and end up elsewhere 
in the environment (Food and Agriculture Organization of the United 
Nations, 2017; Rodríguez-Eugenio et al., 2018). During application, the 
majority of AI reach the soil surface, either directly or via wash-off from 
crop canopy, or undergo abiotic distribution processes, such as drift and 
volatilization to the atmosphere. After application, AI can be subjected 
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to various abiotic and biotic processes, such as sorption and biodegra-
dation by soil organisms (Copaja and Gatica-Jeria, 2021; Fenner et al., 
2013). Recent studies have demonstrated that AI indeed are omni-
present in agricultural soils in Switzerland (Chiaia-Hernandez et al., 
2017; Riedo et al., 2021), and other regions of Europe (Geissen et al., 
2021; Hvězdová et al., 2018; Kosubová et al., 2020; Silva et al., 2019; 
Ukalska-Jaruga et al., 2020). The reported concentrations of AI residues 
span a wide range from below 1 μg/kg to a few 100 μg/kg per site, 
reflecting diverse application patterns, varying amounts applied, and 
differing subsequent dissipation in soil. Residues of AI were also 
detected in soils under organic agriculture and soils without agricultural 
exploitation, typically at the lower end of this concentration range 
(Geissen et al., 2021; Humann-Guilleminot et al., 2019; Riedo et al., 
2021; Silva et al., 2019). This constant exposure to pesticides in soil 
potentially impacts both the diversity and the activity of flora, fauna, 
and funga. The associated changes in soil enzymatic activities and the 
harmful effects on beneficial organisms may impair soil fertility, as well 
as ecosystem services provided by soils (Bünemann et al., 2006; Johnsen 
et al., 2001; Sannino and Gianfreda, 2001). While the awareness of the 
potential problems pesticides pose to ecosystems has increased, pesti-
cides with high-risk potential, meaning AI that are classified as poten-
tially harmful to humans and ecosystems and/or are persistent in soils, 
still account for roughly 10%–14% of the amounts sold in Switzerland 
(Federal Office for Agriculture, 2019; Federal Office for Agriculture, 
2020). In the European context, nearly 50% of currently used AIs are 
bioaccumulative and 25% are persistent in soil (Geissen et al., 2021). 

Even though measures have been taken to limit the input of pesti-
cides, the surveillance of the substances, which had already been applied 
in the past, is still important but often missing for the soil environment. 
In particular, mass balances of applied substances and observations of 
dissipation over a temporal scale are lacking so far. Soil monitoring 
programs are therefore a valuable resource to assess this exposure 
(Topping et al., 2020), particularly in cases where pesticide application 
records are available. While the short-term behavior of pesticide resi-
dues in soils after applications is known from laboratory and controlled 
field studies required for the authorization of new AI (prospective risk 
assessments), observations addressing the long-term fate and in-situ 
occurrence of residues in soils under real-world conditions, that would 
allow for retrospective exposure assessments, are still lacking (Silva 
et al., 2019). 

To reduce this knowledge gap, this study investigated the occurrence 
of synthetic pesticides in agricultural soils of Switzerland and put the 
presence or absence of AI and TP, and their concentrations, in the 
context of previous pesticide applications. In addition, quantified soil 
concentrations were also compared with predicted concentrations 
derived from actual and accurate application data, which has not been 
studied before. To this end, soil samples from the Swiss Soil Monitoring 
Network (NABO), for which long-term agricultural management records 
are available, were analyzed for 34 AI and 7 TP. With this dataset, the 
following questions were assessed: (i) What were the occurrences and 
concentrations of pesticides present in the assessed soils? (ii) How could 
the presence or absence of the investigated AI and TP be interpreted in 
relation to the pesticide applications reported? (iii) And how do pesti-
cide residues in soil develop over time periods after application beyond 
those addressed by registration? 

2. Material and methods 

2.1. Study sites and soil sampling 

Soil samples from 31 agricultural sites were collected. Each site was 
sampled once between 2005 and 2009 during the routine monitoring of 
the NABO, which operates more than 100 long-term monitoring sites 
throughout Switzerland (Gubler et al., 2015; Gubler et al., 2019; Swiss 
Soil Monitoring Network, 2022). The selection of sites for this study 
comprised all monitoring sites for which land management data, 

including pesticide applications, were available for the last 10–15 years 
before sampling (since 1996), depending on the year of sampling of the 
respective site. The pesticide application record of one exemplary site 
over time is presented in Figure S1 and Table S1. The corresponding last 
applications of the investigated substance are listed in Table S2. The 
monitored sites included 22 croplands (c, featuring varying crop rota-
tions), 3 orchards (o), and 3 vineyards (v) under conventional agricul-
tural management. All sites were managed according to the Swiss “Proof 
of Ecological Performance” guidelines after its implementation in 1999 
(Federal Office for Agriculture, 2022a). Data on the pesticide applica-
tions were documented by NABO according to the farmers’ declarations 
(Gross et al., 2021). In addition, 3 sites under organic management 
(org), which did not receive any synthetic pesticide input for decades 
(between 15 and 75 years), were added for comparison and as “negative 
controls”. 

Soil sampling and processing were performed as described by Gubler 
et al. (2015). For each site, four replicates of topsoil (0–20 cm), each 
being a bulked sample of 25 sub-samples, were collected from an area of 
10 × 10 m2 using a stratified random sampling design. Soil samples were 
then processed by removing plant materials, drying (oven-dried at 40 ◦C 
for 48 h), and sieving (2 mm). Until further analysis in 2018, the samples 
were stored in high-density polyethylene containers under cold 
(12–15 ◦C), dry (30–40% humidity), and dark conditions. Per site, 2 of 
the 4 replicated soil samples were analyzed. 

2.2. Physico-chemical soil analyses 

Soil physicochemical properties were characterized following the 
Swiss reference methods of our institute (Agroscope, 2022). The soil pH 
was determined in 0.01 M CaCl2 (1:2.5 v/v). Organic carbon (Corg) was 
analyzed using the modified Walkley-Black method and texture was 
measured using a pipetting method with clay <2 μm, silt 2–50 μm and 
sand >50 μm as the cutoff values. The bulk density was determined via 
the volume and dry weight of the fine soil. The soil properties of the 
considered sites are summarized in Table S7. 

2.3. Selection of analyzed pesticides 

The analyzed substances were selected based on their (i) frequency of 
application within the monitoring network and the frequency of 
occurrence in our previous study (Chiaia-Hernandez et al., 2017), (ii) 
predicted environmental concentrations, which were estimated based 
on the AI applied within the network sites, and their expected dissipa-
tion rates (DT50) taken from their registration data, (iii) analytical 
feasibility to be integrated into a multi-residue method, and (iv) 
importance based on expert knowledge. Overall, the multi-residue 
analysis included 34 AI and 7 TP synthetic pesticides (Riedo et al., 
2021). Because pesticide selection, method development, and sample 
analysis followed different timelines, some substances were not 
approved until after the samples were collected. However, in order to 
keep the assessment as broad as possible, they were included. The se-
lection criteria and the approval date of each pesticide are listed in 
Table S3. Relevant physicochemical properties of the pesticides (e.g. 
organic carbon-water partition coefficients (Koc)), determining their 
environmental fate, were obtained from the literature (University of 
Hertfordshire, 2020), and are listed in Table S3. 

2.4. Sample extraction and pesticide analysis with high-performance 
liquid chromatography-tandem mass spectrometry 

Pesticides were extracted and measured as described by Riedo et al. 
(2021). Samples were mixed with a Turbula® shaker before a 6 g sub-
sample was collected for further analysis. Accelerated solvent extraction 
(Dionex ASE 350, Thermo Scientific) was subsequently carried out to 
extract the pesticide residues from the soil. Two extraction steps were 
performed. In the first step, an organic mixture of acetone, methanol and 

J. Riedo et al.                                                                                                                                                                                                                                    



Environmental Pollution 331 (2023) 121892

3

acetonitrile in the ratio of 65:10:25 (% v/v) was used. In the second 
extraction step, the soils were further processed with an acidic mixture 
of acetone and 1% phosphoric acid in Millipore water (Milli-Q Gradient, 
Merck) at a ratio of 70:30 (% v/v) (Table S4). The extracts were evap-
orated under compressed air and then diluted to 1 mL with 90:10 (% 
v/v) Millipore water and methanol. Finally, the pesticides were quan-
tified by high performance liquid chromatography coupled to a triple 
quadrupole tandem mass spectrometer (HPLC-MS/MS, QTrap 5500, 
Sciex). Reversed-phase HPLC, with water and methanol as mobile pha-
ses, both containing 5 mM NH4COOH, was used for separation. Only the 
20 substances measured with isotopically labeled internal standards 
(ILIS) were considered for the quantitative analysis. All quantified 
concentrations were converted to μg per kg of dry soil. The limits of 
quantification (LOQ) were determined from the concentration of the 
matrix-matched calibration standard, for which the analyte peak heights 
of the quantifier and qualifier ion transition fulfilled the required 
signal-to-noise ratios of at least 10 and 3, respectively. The LOQs were 
set at 0.3 μg/kg for all analytes to facilitate further analysis and it was 
confirmed that the necessary signal-to-noise ratios were still maintained 
in soil matrices with different interferences (high Corg content or plant 
residues). For the other substances, only their presence/absence was 
qualitatively assessed via signal-to-noise ratios >3 and <3, respectively. 
Details on instrument conditions, quantification, method validation, and 
figures of merit are provided in Appendix (1.3. Pesticide Extraction and 
Analysis) and in Riedo et al. (2021). 

2.5. Qualitative comparison of detected pesticide with the collected 
application data 

Similar to Chiaia-Hernandez et al. (2017), we assessed the occur-
rences of the AI and TP in the soil samples and compared them to the 
application data reported by the farmers. For the qualitative analysis of 
the individual instances, meaning all possible combinations of sub-
stances and sites, four different cases were defined – case i: the pesticide 
was applied at the site and subsequently detected in the soil sample 
(true-positive), case ii: the pesticide was applied, but not detected later 
on (false-negative), case iii: no application of the pesticide is known, 
however, it was still detected (false-positive), and finally case iv: the 
pesticide was neither applied nor detected (true-negative). The catego-
rization of TPs was done in relation to the (non-)application of their 
corresponding parent compounds. 

2.6. Calculation of the predicted environmental concentrations and the 
observed half-lives 

The dissipation of each substance was estimated for the quantita-
tively determined AI. For this, the detected concentrations in the soil 
samples were expressed as a percentage of the predicted environmental 
concentration (PEC), and the resulting observed half-lives (DT50,obs) 
were approximated. First, the initial concentrations reaching the topsoil 
(PECsoil,ini, [μg/kg]) after the last application was calculated according 
to eq. (1). To this end, the originally applied amount (App, [g/ha]) of the 
last known applications was considered. For the bulk density (bdsoil, [g/ 
cm3]), the corresponding value per site was used. The relevant depth of 
the soil layer (d, [cm]) was assumed to be 20 cm (i.e., the standard 
plowing depth), and the fraction of the AI, which had been intercepted 
by plant cover (fini, [-]) was estimated to be 90%. This represents the 
worst-case scenario for most substances (except for herbicides applied 
prior to crop emergence) (Boesten et al., 2005). This chosen factor was 
considered the most realistic approach for pesticide applications in 
arable crops, whereas it might be more variable for permanent crops 
such as vineyards and orchards. Additionally to the PECsoil,ini, the pre-
dicted environmental concentration of all applications (i, [-]) within the 
last 10–15 years prior to the sampling was estimated (PECsoil,sum). A 
single first order (SFO) dissipation process was assumed between the 
applications, where the metabolic capacity of the degrading biomass 

was expected to never be constrained (Kasteel et al., 2010). The 
DT50,PPDB values were taken from the Pesticide Properties DataBase 
(PPDB, Table S3) by using the geometric mean of the field-derived DT50 
values (University of Hertfordshire, 2020). If not available, the geo-
metric mean of the laboratory DT50 values was used. Afterward, the 
predicted concentrations of all applications (i, [-]) were added up ac-
cording to eq. (2). 

With the PECsoil,ini, the measured concentration of the study Csoil,-
measured, and the time that had passed since the last application (t, [d]), 
the observed dissipation rate constant (kobs, [1/d]) was calculated (eq. 
(3)). With this rate constant, the observed half-life (DT50,obs) was then 
calculated according to eq. (4). This observed half-live was then set in 
relation to the half-life reported in the literature (DT50,PPDB) to obtain a 
relative DT50 value (eq. (5)). 

PECsoil,ini =
10 ∗ App ∗ (1 − fini)

d ∗ bdsoil
(1)  

PECsoil,sum =

(
∑n

i=1

10 ∗ Appi ∗ (1 − fini)

d ∗ bdsoil
∗ e−

ln (2)
DT50,PPDB

∗ti

)

+ PECsoil,ini (2)  

kobs = −
ln
(

Csoil,measured
PECsoil,ini

)

t
(3)  

DT50,obs =
ln(2)
kobs

(4)  

relative DT50 =
DT50,obs

DT50,PPDB
(5)  

2.7. Visualization and statistical analysis 

All statistical analyses were conducted using R version 4.2.3. (R Core 
Team, 2022). The visualization of individual pesticide concentrations 
was provided by heatmaps, generated using the levelplot function of the 
lattice package (Sarkar et al., 2020). Potential robust correlations be-
tween soil or substance parameters (Corg, clay, Koc, Henry’s law con-
stant, etc.) potentially influencing for the occurrence and distribution of 
pesticides were tested using the lmRob and step. lmRob functions of the 
robust and robustbase packages (Wang et al., 2022; Maechler et al., 
2022). 

2.8. Potential limitations for data interpretation 

To facilitate routine application to different soil types and (semi-) 
automated quantification of the multiple analytes of this multi-residue 
analytical method, the limit of quantification was set at 0.3 μg/kg for 
all substances, although quantification of some substances would have 
been possible below this limit in some soils. It is therefore possible that 
certain pesticides occasionally were present at very low concentrations 
but were not quantified. The number of substances present in individual 
sites could therefore be higher. In addition, the soils were stored for 
9–13 years before analysis, and we cannot completely exclude changes 
in soil properties or analyte dissipation under the storage conditions 
mentioned above. Actual concentrations at the time of sampling might 
have been higher and consequently, the study does not show the worst- 
case scenario here either. Note however that the Corg content determined 
by multiple analyses of one of our test soils was stable over several years 
(Figure S2) and the reanalysis of some soils after 8 years of storage 
resulted in comparable concentrations for all of the quantified pesticides 
(Figure S3). For details, see 1.4. Pesticide Stability during Sample Storage 
in the appendix. Finally, it should also be noted that two of the inves-
tigated soils had Corg contents above 10% (Table S7), which exceeded 
the validated range of the analytical method (3.9%; Riedo et al., 2021). 
As the Corg content might influence pesticide sequestration and 
extractability (Schäffer et al., 2018), the quantified concentrations in 
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these two soils might not reflect true values. 

3. Results and discussion 

3.1. Pesticide applications within the monitoring sites 

During the considered period of 10–15 years, pesticides were used at 
all sites under conventional agricultural management. Overall, 2647 AI 
applications took place in all sites, and according to the farmers’ dec-
larations they applied 4 to 47 AI per cropland site (median: 28). For 
orchards and vineyards, the number of different AI applied per site 
ranged from 13 to 31 and 15 to 29, respectively (median: 25 and 21, 
respectively). However, only 22% of all applications were covered by 
our analytical method, which included 34 AI. Of the qualitatively 
assessed AI, 0 to 13 were applied at individual cropland sites (median: 
5). For orchards and vineyards, the number of assessed AI, which were 
applied per site, ranged from 1 to 7 and 3 to 8, respectively. 

The broader range of pesticides used in cropland sites compared to 
orchards and vineyards was expected since various crops are cultivated 
at these sites, usually within a crop rotation of 6–8 years, whereas or-
chards and vineyards represent permanent cultures. Different crops 
require treatments with different pesticides, while a smaller number of 
pesticides is used repeatedly in permanent cultures. In addition, the 
number of applied pesticides varied strongly between the individual 
cropland sites. For the 3 cropland sites under organic management, no 
applications of synthetic pesticides were reported. 

3.2. Qualitative comparison of the application and occurrence of 
pesticides 

Most of the analyzed substances (i.e., 30 of 34 AI and all 7 TP) were 
found in one or more soil samples. Deisopropylatrazine, 2-hydroxyatra-
zine, atrazine, carbendazim, cyprodinil, imidacloprid, metamitron, 
napropamide, and propiconazole were the substances most frequently 
detected, while fluopicolide, fluopyram, fluxapyroxad, and fipronil were 
not detected in any of the studied soil samples (Figure S4). The detection 
pattern was mostly as expected: Imidacloprid, for instance, is rather 

persistent (DT50 > 160 days) and is thus assumed to remain in the soils 
for longer periods, while fluopicolide, fluopyram, and fluxapyroxad are 
AIs that have only been recently approved for use and were not applied 
at any of the sites before soil sampling. Generally, in all sites - also the 
organically managed ones - residues were detected, whereby the number 
of different substances detected per site varied from 1 to 25 (median =
11). With the complete pesticide application history of the last 10–15 
years prior to sampling, the qualitative occurrence of AI and TP in the 
soil samples (1271 instances from 31 sites and 41 analyzed substances) 
could be assigned to one of 4 cases (Figure S4). 

For 195 of these instances, the farmers reported the application of a 
measured AI. The applied AI were detected for 146 of them, leading to 
true-positive results (case i - applied and detected, Fig. 1). Thus, for 
around 3 out of 4 instances where a pesticide was applied, the corre-
sponding AI was still present in the soil at the date of sampling. Most 
case i instances were found in c22, c4, and c12, which were all cropland 
sites. An important factor, influencing the detection frequency of case i 
instances, is the time lag between the application and the soil sampling. 
As this is known for our dataset, it allowed an assessment of the dissi-
pation of the AI in these case i sites. This will be discussed further below. 

For the other 49 instances with a pesticide application, the AI was not 
detected anymore (case ii, false-negative). The proportion of instances 
differed strongly between the individual substances and soils (Fig. 1). 
For the sites c19 and c20, as well as the AI isoproturon and tri-
floxystrobin most case ii instances could be found. For these AI, the 
reported DT50 values are rather short (Table S3). Thus, it seems 
reasonable that these substances had been degraded during the time 
from the application until the soil sampling (Figure S5, A and C). For half 
of the case ii instances, the application dates back more than 5 years, and 
over 100 half-lives had passed (Figure S5, B and D). These instances 
could thus also be considered as true-negative and could consequently 
be assigned to case iv. Correlations between management parameters, 
soil properties, or substance properties, responsible for the occurrence 
and distribution of the cases i and ii in the sites or substances were 
tested, however, revealed no conclusive information (data not shown). 

For 1076 instances the farmers reported no application of the 
respective substance, however, AI or TP were detected in 215 of these 

Fig. 1. Stacked bar plots showing the proportional 
distribution of the 4 cases of pesticide application- 
detection in soil (case i: applied-detected, case ii: 
applied-not detected, case iii: not applied-detected, 
case iv: not applied-not detected) for: (A) the 
respective active ingredients or transformation prod-
ucts (n each substance = 31, corresponding to the 
number of sites). (B) Each site (c = croplands, o =
orchards, v = vineyards, and org = organically 
managed croplands; n each site = 34, corresponding 
to the number of active ingredients considered).   
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soils (case iii, false-positive). This corresponds to 17% of all instances, 
which is considerably less than the 38% reported by Chiaia-Hernandez 
et al. (2017). The detected concentrations for the case iii instances were 
within the same range as the case i concentrations (Figure S6). It is 
noticeable that case iii instances are particularly frequent for carben-
dazim, imidacloprid, propiconazole, fludioxonil, cyprodinil, metalaxyl, 
and napropamide (Fig. 1A, Figure S4). For these AI, the case iii instances 
exceeded the sum of instances found for cases i and ii. The occurrence of 
these false-positive cases can potentially be explained by unreported 
applications, applications before the records started, application of a 
substance whose TP is one of the analyzed AI, or contamination through 
other pathways. Examples of residues from unreported applications 
could be the detection of substances such as imidacloprid, fludioxonil, 
cyprodinil, and metalaxyl, which are also approved in Switzerland as 
seed coating (Wettstein et al., 2016). This is often not considered a 
classical pesticide application and therefore may have been neglected in 
the reporting of the farmers, as we did not specifically ask about it. The 
pesticide input via treated seed can reach levels comparable to a spray 
application on a field, as more than 90% of the applied amount enters 
the soil directly (Jones et al., 2014). Additionally, residues of applica-
tions prior to the considered period (1996–2009) might still be detect-
able. This could be the case for substances that were registered for 
application for multiple decades in Switzerland, such as carbendazim, 
metalaxyl, propiconazole, and napropamide. Carbendazim is moreover 
a TP of thiophanate methyl or benomyl and the detected concentrations 
may have resulted from their degradation. However, also no such ap-
plications were reported on the corresponding sites. Further input 
pathways could be drift from nearby applications, supply by surface 
runoff from neighboring plots, or atmospheric deposition. Previous 
studies showed that the detection of metalaxyl could potentially be 
explained by the repeated input through precipitation over the years, as 
its concentration in rainwater is accordingly high (Riedo et al., 2022). 
The sites c1, c4, c13, and c15 were the ones with the highest number of 
occurrences of case iii instances, however, no correlations could be 
found with site characteristics or management parameters that would 
explain this reduced dissipation at these sites, which is responsible for 
the limited availability of the residues for degradation or leaching from 
soils (data not shown). Also in all fields under organic management, in 
which no applications have taken place for extended periods (15–75 
years), case iii instances could be found. All 3 sites contained residues of 
2-hydroxyatrazine and the sample from the field converted most 
recently from conventional to organic agriculture additionally con-
tained traces of boscalid and epoxiconazole (Figure S6). Concerning 
input pathways, atmospheric deposition is most likely not the reason for 
the concentrations of the atrazine TP 2-hydroxyatrazine, as it has been 
shown that the atrazine concentrations solely deposited by precipitation 
are not high enough to cause such concentration levels (Riedo et al., 
2022). For boscalid and epoxiconazole, Décuq et al. (2022) showed that 
wet deposition could be a possible source of the concentrations 
measured in soil. However, since not all 3 sites exhibited these residues, 
this seems to be only the case on a local level, or the source of the 
substances must have been a different one. 

The last case includes instances in which the investigated AI was 
neither applied nor detected (case iv, true-negative). This applies to 861 
of the total 1271 instances, and thus explained the majority of the in-
stances (68%). Case iv was the only case for the substances fluopicolide, 
fluopyram, fluxapyroxad, and fipronil (Fig. 1A). Regarding sites, only in 
one site (c7) solely true cases (case i or case iv) could be detected 
(Fig. 1B). During the 15 years prior to sampling, this site was mostly 
managed as grassland and thus only received comparably few pesticide 
treatments during the single season where it was used for wheat 
growing, potentially explaining this finding. 

3.3. Detected residue concentrations and quantitative comparison to other 
studies 

The AI and TP, for which an ILIS was used allowed for additional, 
quantitative analysis. The quantified concentrations for each site and 
each substance are listed in Table S8. The resulting concentrations 
strongly differed for individual substances and ranged from 0.3 μg/kg to 
430 μg/kg (median = 1.3 μg/kg). For certain substances, individual sites 
stand out with comparably high concentrations, for example for tebu-
conazole (max = 170 μg/kg), diuron (max = 160 μg/kg), linuron (max 
= 79 μg/kg), and carbendazim (max = 61 μg/kg, Fig. 2). These elevated 
concentrations are in line with corresponding documented applications 
shortly before sampling. As for the sites, the two sites c4 and c13 had 
higher concentrations than the others. These sites are peat soils with 
high soil Corg content, which is known to retain contaminants in the soil 
for longer periods of time, limiting their degradation (Spark and Swift, 
2002). Also, the concentrations of the most frequently detected sub-
stances – atrazine, imidacloprid and carbendazim - correlated with the 
content of Corg (Figure S7). In addition to Corg, other physicochemical 
properties, such as pH or clay content, and climatic conditions measured 
at the sampling site, such as mean annual precipitation or temperature, 
were considered to explain the concentrations, but no trend was 
observed (Figure S7). 

The concentrations of the individual substances reported here (0.30 
μg/kg to 430 μg/kg, median = 1.3 μg/kg) are generally at the lower end 
of published data for agricultural soils in Switzerland and various re-
gions in Europe (0.094 μg/kg to 330 μg/kg, median = 2.0–20 μg/kg, 
Table S9). In direct comparison to the concentrations from earlier Swiss 
studies, which used a similar or the same method for the AI quantifi-
cation, Chiaia-Hernandez et al. (2017) found values ranging from 0.70 
μg/kg to 330 μg/kg (median = 9.7 μg/kg). These higher concentrations 
might be explained by a higher fraction of soils from specialty crops, 
such as vineyards and orchards, which correspondingly have higher 
application rates and frequencies of the same pesticides (Federal Office 
for Agriculture, 2022b). Riedo et al. (2021) reported very similar con-
centrations (0.094 μg/kg to 230 μg/kg, median = 2.0 μg/kg). The direct 
comparison with results from other European countries is more 
complicated, as in these studies different soil layers were sampled and 
other analytical methods, with different extraction methods, quantifi-
cation limits, and substance choices, were used (Kosubová et al., 2020; 
Silva et al., 2019). For instance, since the limit of quantification 
employed here was 0.3 μg/kg, as opposed to 10 μg/kg (Silva et al., 2019) 
and 3 μg/kg to 10 μg/kg (Kosubová et al., 2020), most of the concen-
trations detected in this study were below the limit of quantification of 
the other studies. Those concentrations that were above these higher 
limits of quantification were in the same range. 

3.4. Proportion of pesticide residues remaining in soil over time 

In addition to the separation of residues into different cases, the 
application data allows estimations about the dissipation of the indi-
vidual substances. For this, only substances out of case i, which were 
quantitatively determined, were considered. The detected concentra-
tions in the soil samples were expressed as a percentage of the PECsoil,ini 
right after application (see methods for calculations, eq. (1)). This per-
centage was then related to the period between the last application 
before sampling and the sampling itself, expressed in terms of the 
number of DT50 values elapsed for the respective AI (Fig. 3, for a zoom 
on the lower figure part see Figure S8). For this, the absolute duration in 
days was divided by the respective geometric mean DT50. 

Since the AI from the most recent application experienced the least 
dissipation and thus accounts for the majority of detected concentra-
tions, only this input was considered instead of all applications in the 
10–15 years prior to the sampling. The calculations of the PECs were 
conducted including all recorded applications within the last 10–15 
years instead of only the last application before sampling (PECsoil,sum, 
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see methods for calculations, eq. (2)). The corresponding plot qualita-
tively looks very similar to the one shown in Fig. 3 and only differed in 
that the initial application quantity was slightly larger and thus the 
remaining percentage differs by 1–2%, the pattern, however, remained 
the same (Figure S9). While most concentrations detected in the soils 
represented only a few percent of the most recent application, in some 
instances more than 5% was still present in the soil with a maximum of 
more than 35% (Fig. 3). 

Laboratory soil incubation experiments to derive dissipation rates 
and DT50 values conducted according to the OECD test guideline No. 
307 (OECD, 2002), are usually carried out over a period of 120 days, as 
requested e.g. in the European pesticide authorization process. DT50 
values for substances, which are not degraded to 50% of the initial 
concentration after this time are extrapolated beyond the study duration 

(Boesten et al., 2005). Depending on the half-life of the AI included in 
this study, these 120 days correspond to a range of around 0.75 to 14 ×
DT50 values (geometric mean, PPDB) (University of Hertfordshire, 
2020). Most of the elevated residue concentrations (>5% of PECini) lay 
within the duration of this range. Beyond this time, no observations 
exceeded 10%. Therefore, we consider the end of this range as the di-
vision of the observations into two phases; a dynamic phase and a 
long-term residue phase. 

During the first phase, elevated concentrations of AI and TP are 
observed as a result of pesticide applications followed by a decrease. 
During the second phase, some of the extractable amounts of AI and TP 
seemed to be stabilized at a few percent of the initial concentration 
(Fig. 3). The cessation of the dissipation at a later stage, leading to this 
continuous residue concentration, violating the assumption of an SFO 
dissipation, could be due to physico-chemical processes limiting the 
abiotic and biotic degradation, therefore, resulting in longer persistence 
of the AI in soil (Schäffer et al., 2022). Further temporal interpretation of 
the results is complicated by the fact that soil samples were taken at 
different time points within the year and in different years, hindering the 
comparison between sites. Furthermore, for the majority of the instances 
(77%) presented in this study, the most recent application was reported 
more than one year prior to sampling, and for 25% of case i instances, 
the time between application and sampling even exceeded 5 years 
(Figure S5, C), leading to incubation periods that spread over different 
seasons and consequently complicate the analyses. 

3.5. Observed concentrations compared to the probable dissipation rate 

While the retrospective exposure assessment of this study confirms 
that small amounts of AI and TP rated as persistent build temporally 
stable residue levels, which are detectable in soils for years, it also shows 
that substances, which are not regarded as persistent, can form long- 
term residue concentration as well. Of the applied and detected sub-
stances (case i, true-positive) chloridazon, diuron, and tebuconazole fall 
into the above-mentioned category of persistent compounds (moder-
ately persistent DT50 = 30–100 days, persistent: DT50 = 100–365 days) 
However, Fig. 3 shows that a residual amount of a few percent can be 
found regardless of the classification of substances according to their 
half-life values (indicated by the shapes of the data points). 

Therefore, we took a closer look at the residual concentrations in 
light of their probable dissipation rates. To this end, we estimated the 
DT50 values for our observations (DT50,obs, see methods for calculations, 
eqs. (3)–(5)) by assuming an SFO dissipation (Kasteel et al., 2010). For 
compounds and sites, for which the time between application and 

Fig. 2. Concentrations of 20 active ingredients (AI) and transformation products (TP) quantified with isotope-labeled analogous internal standards in the croplands 
(c), orchards (o) vineyards (v), and organically managed croplands (org). Each row represents an AI or TP and each column is one site. The color range represents the 
level of the quantified concentrations, whereas empty (white) cells indicate concentrations below the limit of quantification (<LOQ), which was 0.3 μg/kg. 

Fig. 3. Percentage of the most recent application of an active ingredient (AI) 
remaining in the soil as a function of time elapsed between application and 
sampling, expressed as the number of DT50 evolved for each AI. The x-axis is 
cropped at 100 × DT50, and observations with an even longer time span (up to 
2400 DT50) are shifted to 100 × DT50. The horizontal lines display the number 
of DT50 values resulting from using the respective minimum and maximum 
DT50 values taken from the Pesticide Properties Database (PPDB) (University of 
Hertfordshire, 2020). As long as these lines intersect the red, dashed line, a 
single first-order dissipation cannot be excluded a priori. The shape of the points 
indicates different DT50 categories. The red, dashed line indicates an assumed 
single first-order dissipation, and the grey area specifies the range of the 
number of DT50 values (0.75–14) that passed in the 120 days considered during 
the registration of a new AI (Boesten et al., 2005). For a zoom on the lower 
figure part see Figure S8. 
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sampling lay within the above-determined phase 1 (0.75–14 × DT50, 
geometric mean, PPDB) (University of Hertfordshire, 2020), the 
observed DT50 fell mostly within this predicted range (Fig. 4, pink 
symbols). For imidacloprid, the AI with the highest DT50 values of the 
displayed substances, the observed DT50 exceeded the maximum of the 
reported DT50. In contrast, the observed DT50 fell below the minimum of 
the reported DT50 for pirimicarb, the AI with the lowest DT50. Apart 
from one observation for diuron, the observations for the other AI were 
within the predicted range. Therefore, the simple SFO model, with a soil 
unspecific DT50, seems capable of explaining the decrease of AI residual 
concentrations during the dynamic phase. For compounds, for which the 
period between application and sampling was longer than 14 DT50 
(phase 2, geometric mean, PPDB; Fig. 4, dark green symbols) (University 
of Hertfordshire, 2020), only AI with relatively long half-lives (e.g. 
tebuconazole) were within the predicted range. For all other AIs the 
assumption of an SFO and its extrapolation beyond 14 times the DT50, 
which is the case for most AI (Figure S5 D), does not seem suitable 
(European Food Safety Authority, 2014). 

4. Conclusions 

In this work, we compared the occurrence and concentrations of 
pesticides in agriculturally managed soils to an extensive pesticide 
application history. With this knowledge about pesticide application in 
the last 10–15 years prior to sampling, we were able to demonstrate that 
at almost all sites pesticides occurred even though no application had 
been reported. Furthermore, small residual mass fractions (2%–8% of 
the initial application) of several AI and TP, commonly considered as 
non- or only moderately persistent, were found in the soil even years 
after their last recorded application. This might point to an environ-
mental concern not covered during the current prospective risk assess-
ment. Therefore, a retrospective long-term exposure assessment of 
pesticides complementary to the evaluation during registration seems 
mandated. Thus, the presented work advocates for the introduction of an 
iterative process that combines the already mandatory prospective risk 
assessment of pesticides with additional soil monitoring in real agri-
cultural practice. In this way, dissipations of newly approved pesticides 
can be followed and their use and application rates can potentially be 
adjusted if they appear in soils for longer than accepted. This retro-
spective exposure assessment should contain periodical analyses, as well 
as analyses that account for seasonal variability of residues. Further, it 
should include the exact application times of pesticides in the planning 
process, to make sites better comparable among each other. In addition, 
individual fields should be monitored over a longer period and for a 
larger range of commonly used pesticides, going beyond single product 
and single crop assessment, which is currently used (Topping et al., 
2020). 
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Neuwirthová, N., Bielská, L., Hofman, J., 2018. Currently and recently used 
pesticides in Central European arable soils. Sci. Total Environ. 613, 361–370. 
https://doi.org/10.1016/j.scitotenv.2017.09.049. 

Johnsen, K., Jacobsen, C.S., Torsvik, V., Sørensen, J., 2001. Pesticide effects on bacterial 
diversity in agricultural soils–a review. Biol. Fertil. Soils 33, 443–453. https://doi. 
org/10.1007/s003740100351. 

Jones, A., Harrington, P., Turnbull, G., 2014. Neonicotinoid concentrations in arable 
soils after seed treatment applications in preceding years. Pest Manag. Sci. 70, 
1780–1784. https://doi.org/10.1002/ps.3836. 

Kasteel, R., Pütz, T., Vanderborght, J., Vereecken, H., 2010. Fate of two herbicides in 
zero-tension lysimeters and in field soil. J. Environ. Qual. 39, 1451–1466. https:// 
doi.org/10.2134/jeq2009.0236. 
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Schäffer, A., Fenner, K., Wang, Z., Scheringer, M., 2022. To be or not to be degraded: in 
defense of persistence assessment of chemicals. Environ. Sci.: Process. Impacts 24, 
1104–1109. https://doi.org/10.1039/D2EM00213B. 

Silva, V., Mol, H.G., Zomer, P., Tienstra, M., Ritsema, C.J., Geissen, V., 2019. Pesticide 
residues in European agricultural soils–a hidden reality unfolded. Sci. Total Environ. 
653, 1532–1545. https://doi.org/10.1016/j.scitotenv.2018.10.441. 

Spark, K.M., Swift, R.S., 2002. Effect of soil composition and dissolved organic matter on 
pesticide sorption. Sci. Total Environ. 298, 147–161. https://doi.org/10.1016/ 
S0048-9697(02)00213-9. 

Swiss Soil Monitoring Network, 2022. Swiss Soil Monitoring Network (NABO). https:// 
www.agroscope.admin.ch/agroscope/en/home/topics/environment-resources/soil- 
bodies-water-nutrients/nabo.html, 01.09.2022.  

Topping, C.J., Aldrich, A., Berny, P., 2020. Overhaul environmental risk assessment for 
pesticides. Science 367, 360–363. https://doi.org/10.1126/science.aay1144. 

Ukalska-Jaruga, A., Smreczak, B., Siebielec, G., 2020. Assessment of pesticide residue 
content in Polish agricultural soils. Molecules 25, 587. https://doi.org/10.3390/ 
molecules25030587. 

University of Hertfordshire, 2020. Agriculture & Environment Research Unit, the 
Pesticide Properties Database (FOOTPRINT PPDB). https://sitem.herts.ac.uk/aeru/ 
ppdb, 05.11.2018.  

Wettstein, F.E., Kasteel, R., Garcia Delgado, M.F., Hanke, I., Huntscha, S., Balmer, M.E., 
Poiger, T., Bucheli, T.D., 2016. Leaching of the neonicotinoids thiamethoxam and 
imidacloprid from sugar beet seed dressings to subsurface tile drains. J. Agric. Food 
Chem. 64, 6407–6415. https://doi.org/10.1021/acs.jafc.6b02619. 

Sarkar, D., Andrews, F., Wright, K., Klepeis, N., Murrell, P., 2020. Lattice: Trellis 
Graphics for R, https://cran.r-project.org/web/packages/lattice/index.html. 
(24.04.2020). 

Wang, J., Zamar, R., Marazzi, A., Yohai, V., Salibian-Barrera, M., Maronna, R., Zivot, E., 
Rocke, D., Martin, D., Maechler, M., Konis, K., 2022. Package "robust", https://gith 
ub.com/valentint/robust (04.11.2022). 

J. Riedo et al.                                                                                                                                                                                                                                    

https://www.blw.admin.ch/blw/de/home/services/medienmitteilungen.msg-id-71672.html
https://www.blw.admin.ch/blw/de/home/services/medienmitteilungen.msg-id-71672.html
https://www.blw.admin.ch/blw/de/home/nachhaltige-produktion/pflanzenschutz/verkaufsmengen-der-pflanzenschutzmittel-wirkstoffe.html
https://www.blw.admin.ch/blw/de/home/nachhaltige-produktion/pflanzenschutz/verkaufsmengen-der-pflanzenschutzmittel-wirkstoffe.html
https://www.blw.admin.ch/blw/de/home/instrumente/direktzahlungen/oekologischer-leistungsnachweis.html
https://www.blw.admin.ch/blw/de/home/instrumente/direktzahlungen/oekologischer-leistungsnachweis.html
https://www.blw.admin.ch/blw/de/home/instrumente/direktzahlungen/oekologischer-leistungsnachweis.html
https://www.psm.admin.ch/de/wirkstoffe
https://doi.org/10.1126/science.1236281
http://refhub.elsevier.com/S0269-7491(23)00894-1/sref9
http://refhub.elsevier.com/S0269-7491(23)00894-1/sref9
http://refhub.elsevier.com/S0269-7491(23)00894-1/sref9
http://refhub.elsevier.com/S0269-7491(23)00894-1/sref8
http://refhub.elsevier.com/S0269-7491(23)00894-1/sref8
http://refhub.elsevier.com/S0269-7491(23)00894-1/sref8
https://doi.org/10.1016/j.envpol.2021.116827
https://doi.org/10.1016/j.envpol.2021.116827
https://doi.org/10.1039/C5EM00344J
https://doi.org/10.1007/s10661-019-7435-y
https://doi.org/10.1007/s10661-019-7435-y
http://refhub.elsevier.com/S0269-7491(23)00894-1/sref20
http://refhub.elsevier.com/S0269-7491(23)00894-1/sref20
http://refhub.elsevier.com/S0269-7491(23)00894-1/sref20
https://doi.org/10.1111/1365-2664.13392
https://doi.org/10.1111/1365-2664.13392
https://doi.org/10.1016/j.scitotenv.2017.09.049
https://doi.org/10.1007/s003740100351
https://doi.org/10.1007/s003740100351
https://doi.org/10.1002/ps.3836
https://doi.org/10.2134/jeq2009.0236
https://doi.org/10.2134/jeq2009.0236
https://doi.org/10.1016/j.chemosphere.2020.126902
https://doi.org/10.1016/j.chemosphere.2020.126902
https://cran.r-project.org/web/packages/robustbase/index.html
http://refhub.elsevier.com/S0269-7491(23)00894-1/sref27
http://refhub.elsevier.com/S0269-7491(23)00894-1/sref27
https://doi.org/10.1126/science.aav0294
https://doi.org/10.1021/acs.est.0c06405
https://www.R-project.org/
https://doi.org/10.1021/acs.est.2c02413
https://doi.org/10.1021/acs.est.2c02413
http://refhub.elsevier.com/S0269-7491(23)00894-1/sref32
http://refhub.elsevier.com/S0269-7491(23)00894-1/sref32
https://doi.org/10.1584/jpestics.R08-01
https://doi.org/10.1016/s0045-6535(01)00045-5
https://doi.org/10.1038/s41559-018-0793-y
https://doi.org/10.1186/s12302-018-0181-x
https://doi.org/10.1186/s12302-018-0181-x
https://doi.org/10.1039/D2EM00213B
https://doi.org/10.1016/j.scitotenv.2018.10.441
https://doi.org/10.1016/S0048-9697(02)00213-9
https://doi.org/10.1016/S0048-9697(02)00213-9
https://www.agroscope.admin.ch/agroscope/en/home/topics/environment-resources/soil-bodies-water-nutrients/nabo.html
https://www.agroscope.admin.ch/agroscope/en/home/topics/environment-resources/soil-bodies-water-nutrients/nabo.html
https://www.agroscope.admin.ch/agroscope/en/home/topics/environment-resources/soil-bodies-water-nutrients/nabo.html
https://doi.org/10.1126/science.aay1144
https://doi.org/10.3390/molecules25030587
https://doi.org/10.3390/molecules25030587
https://sitem.herts.ac.uk/aeru/ppdb
https://sitem.herts.ac.uk/aeru/ppdb
https://doi.org/10.1021/acs.jafc.6b02619
https://cran.r-project.org/web/packages/lattice/index.html
https://github.com/valentint/robust
https://github.com/valentint/robust

	Pesticide residues in agricultural soils in light of their on-farm application history
	1 Introduction
	2 Material and methods
	2.1 Study sites and soil sampling
	2.2 Physico-chemical soil analyses
	2.3 Selection of analyzed pesticides
	2.4 Sample extraction and pesticide analysis with high-performance liquid chromatography-tandem mass spectrometry
	2.5 Qualitative comparison of detected pesticide with the collected application data
	2.6 Calculation of the predicted environmental concentrations and the observed half-lives
	2.7 Visualization and statistical analysis
	2.8 Potential limitations for data interpretation

	3 Results and discussion
	3.1 Pesticide applications within the monitoring sites
	3.2 Qualitative comparison of the application and occurrence of pesticides
	3.3 Detected residue concentrations and quantitative comparison to other studies
	3.4 Proportion of pesticide residues remaining in soil over time
	3.5 Observed concentrations compared to the probable dissipation rate

	4 Conclusions
	Author statement
	Funding Sources
	Declaration of competing interest
	Data availability
	Acknowledgment
	Appendix A Supplementary data
	References


