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a b s t r a c t

Considering that pesticides have been used in Europe for over 70 years, a system for monitoring pesticide
residues in EU soils and their effects on soil health is long overdue. In an attempt to address this problem,
we tested 340 EU agricultural topsoil samples for multiple pesticide residues. These samples originated
from 4 representative EU case study sites (CSS), which covered 3 countries and four of the main EU crops:
vegetable and orange production in Spain (SeV and SeO, respectively), grape production in Portugal (P-
G), and potato production in the Netherlands (NeP). Soil samples were collected between 2015 and 2018
after harvest or before the start of the growing season, depending on the CSS. Conventional and organic
farming results were compared in SeV, SeO and NeP. Soils from conventional farms presented mostly
mixtures of pesticide residues, with a maximum of 16 residues/sample. Soils from organic farms had
significantly fewer residues, with a maximum of 5 residues/sample. The residues with the highest fre-
quency of detection and the highest content in soil were herbicides: glyphosate and its main metabolite
AMPA (P-G, NeP, SeO), and pendimethalin (SeV). Total residue content in soil reached values of
0.8 mg kg�1 for SeV, 2 mg kg�1 for SeO and NeP, and 12 mg kg�1 for P-G. Organic soils presented 70
e90% lower residue concentrations than the corresponding conventional soils. There is a severe
knowledge gap concerning the effects of the accumulated and complex mixtures of pesticide residues
found in soil on soil biota and soil health. Safety benchmarks should be defined and introduced into (soil)
legislation as soon as possible. Furthermore, the process of transitioning to organic farming should take
into consideration the residue mixtures at the conversion time and their residence time in soil.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Farming systems in Europe rely strongly on the use of pesticides
to secure yields in plant production and animal husbandry, with
farmers using an average of 340,000 to 370,000 tons of active
substances annually (FAOSTAT, 2019). As a result of such intensive
pesticide use, multiple pesticide residues are commonly found in
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soil (Silva et al. 2019), water (Casado et al., 2019), food and feed
(EFSA, 2020), and humans (Bevan et al., 2017). Of the 487 active
substances approved for sale in the EU market (EC, 2020a), almost
50% are bioaccumulative, 25% are persistent in soil (DT50 > 100
days; PPDB, 2020), 30% have a high acute aquatic toxicity, and 28
are suspected carcinogens (EC 2008a). These and other related
figures raise serious concerns about the impact of pesticides on the
health of ecosystems, animals and humans.

The effects of pesticides on organisms are assessed following
European Food Safety Authority (EFSA), Organisation for Economic
Co-operation and Development (OECD) and International Stan-
dards Organisation (ISO) standards and guidance documents,
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which relate to the direct effects of individual active substances on
single species. Similarly, pre-market approval of new pesticides is
focused on risks and impacts of individual active substances and
pesticide formulations. Current pesticide approval protocols take
into account only a limited range of environmental and health in-
dicators and non-target organisms. A recent EFSA report (EFSA,
2019) describes procedures for the assessment of the effects of
mixtures. However, data and procedures relating to the long-term
effects of pesticide residues’ mixtures on non-standard and native
species and communities are not yet available. In the meantime,
serious pesticide adverse effects have been observed in different
taxa, including beneficial insects and pollinators (Grubisik et al.,
2018; Sanchez-Bayo and Wyckhuys 2019). For example, neon-
icotinoids have been proven to cause bee mortality (Colin et al.,
2019) and are therefore restricted in Europe. Additionally, recent
studies have shown that the changes in the gut microbiome of bees
following glyphosate exposure reduces resilience, making the bees
more susceptible to diseases (Motta et al., 2018). Although scien-
tists have discussed the idea that pesticide use is one of the main
reasons for the decline of beneficial insects and pollinators
(Hallmann et al., 2017), scientific knowledge about the effects of
mixtures of pesticides with different modes of action remains very
limited.

The effects of mixtures of pesticide residues is even less known
for non-target soil organisms. Some studies have raised concerns
about the effects of cocktails of pesticides on earthworms by
reporting, among others, avoidance behaviour (Pereira et al., 2009),
DNA damage (Uwizeyimana et al., 2017), and changes in enzymatic
activities (Jouni et al., 2020; Tiwari et al., 2016). Pesticides are also
known to have various effects on the soil microbiome (Oyeleke
et al., 2011; Wang et al., 2020) with various microorganisms be-
ing negatively impacted while others thrive leading sometimes to
an imbalance between beneficial and pathogenic microorganisms
(Van Bruggen et al., 2018). Earthworms and microorganisms play a
key role in soil fertility but the consequences of multiple pesticides
contaminating soil remains uncertain. Kosubov�a et al. (2020)
recently suggested a more integrated method for assessing risks
in the soil ecosystem.

Considering the high persistence of certain pesticides, including
the long-banned organochlorine pesticides like DDT, soil assess-
ments are pertinent not only to conventional farms but also to
organic farms. In fact, farms that have converted to organic farming
within the last 2e3 years can exhibit contamination by pesticides
applied while managed conventionally. This can occur because the
required 2e3 year transition time for converting to organic farming
may not be enough for the complete decay of some residues (EC,
2008b). Furthermore, drift and atmospheric deposition from
nearby conventional farms may also contribute to organic soil
contamination. Soil contamination assessments are particularly
relevant since organic farming areas are rapidly developing in the
European Union (EU) in response to higher consumer concerns
regarding food and environmental safety, new Farm to Fork policy
and financial support for organic production (Willer and Lernoud,
2019; EC, 2020a).

Most pesticides are applied during the crops’ growing season,
resulting in a peak of residues in soils during this period. However,
residues may persist long after application, and accumulate in soil
over the years. Pesticide mixtures in soils are usually only evaluated
at the case study level (vs. large scale assessments) due to the high
analytical costs and the lack of a mandatory post-approval pesticide
monitoring system. Silva et al. (2019) provided the first studywith a
more comprehensive overview of EU soil status, analysing 76
pesticide residues in 317 agricultural samples from 11 EU countries.
They identified 166 different pesticide mixtures, with a maximum
2

of 13 residues (active substances and metabolites) per soil sample.
However, we don’t know if these findings were a result of short-
term contamination or accumulated residues and we don’t know
which farm management system the results relate to.

The Regulation (EC) No 1107/2009 on the placing of pesticides
on the market has acted as a catalyst for the development of more
accurate exposure modelling tools and risk-evaluation procedures
(EC, 2009a). Actual risk assessment procedures from EFSA are
performed based on Toxicity Exposure Ratios (TERs) of single res-
idues in which predicted environmental concentrations of pesti-
cides in soil (PECs) are used as an exposure proxy for soil organisms.
These PECs are calculated based on representative pesticide uses
and recommended application schemes. A validation of the PECs
with field data has not been conducted yet, including predictions
for different soils and climatic characteristics. Furthermore, his-
torical contamination due to banned and discontinued pesticides is
not considered in the pesticide approval process, whichmay lead to
an underestimation of the real risk. Knowing which pesticide
mixtures exist in soil is a pre-requisite to realistic assessments of
pesticide impacts on soil organisms, as well as comprehensive
pesticide risk assessments.

The main objectives of this study were to (i) compare the
pesticide residue mixtures present in topsoils of organic and con-
ventional farms in different regions of Europe, and (ii) discuss the
(need for) regulations related to residue mixtures in soils and for
transitioning to organic farming. With this study, we have gained
knowledge that will assist in the implementation of the European
Green deal, namely the recently published Farm to Fork Strategy
and the Zero Pollution Strategy that aim to reduce pesticide use by
50%, eliminate soil pollution and establish a minimum of 25%
organic farmland in Europe by 2030 (EC, 2020a; 2020b).
2. Methodology

2.1. Case study sites overview

For this study, we compiled data collected from 4 Case Study
Sites (CSS; Fig. 1; Table 1) from 3 EC funded projects addressing soil
quality: RECARE (www.recare-project.eu/), iSQAPER (www.
isqaper-project.eu) and DIVERFARMING (www.diverfarming.eu/).
In all three projects, pesticide application patterns and distribution
of pesticide residues in agricultural soils were studied at a CSS level.
These CSS represented typical cropping systems and covered
different climate zones: vegetable production under plastic mulch
in Southeast-Spain (SeV), orange production in Eastern Spain
(SeO), grape production in Northern Portugal (PeG), and potato
production in Northern Netherlands (NeP). The CSS included both
organic and conventional production systems, except for PeG
(organic grape farms were not common in the sampled area of
Portugal). The organic fields were converted more than 5 years ago
(SeV, SeO) or more than 10 years ago (NeP). The conventional
farms were managed as such for at least the last 10 years. Overall,
we collected and analysed 340 topsoil samples (0e10/15 cm depth).
Soil samples were collected between 2015 and 2018 at the end of
the growing season (SeV, SeO, PeG) or before the growing season
(NeP). Sampling at the end of the growing season aimed to assess
the accumulative soil contamination scenario after the application
period (expected to be the worst-case scenario) while sampling
before the growing season tested the background situation. The
characteristics of the CSS and the sampling pattern for each CSS are
presented in Table 1. The soil samples were air-dried (at ambient
temperatures, under dark conditions, and for a maximum of 1
week), sieved to 2 mm and frozen (-20 �C) until the extraction and
determination of pesticide residues could be carried out.

http://www.recare-project.eu/
http://www.isqaper-project.eu
http://www.isqaper-project.eu
http://www.diverfarming.eu/
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Fig. 1. Map of the locations of the different Case Study Sites (CSS; see Table 1 for the
description of the CSS characteristics). SeV ¼ vegetables production in Southeast-
Spain, SeO ¼ orange production in Eastern Spain, PeG ¼ grape production in
Northern Portugal, and NeP ¼ potato production in Northern Netherlands.
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2.2. Selection of the pesticide residues to be analysed

For each CSS, we carried out interviews with farmers and
pesticide retailers and askedwhich pesticides had been used on the
farms during the 2 growing seasons prior to sampling. Interview
questions covered the type of substances applied, the application
amounts, and the application timing. The results of the interviews
are presented in Table S1. As we depended upon the willingness of
the farmers and retailers to answer the questions, different infor-
mation was gathered across the study sites:

a) In PeG, all the 9 farmers (9 conventional) replied, giving a
short list of pesticides used. Detailed application records
from 5 of these farmers were later made available to us.

b) In NeP, 10 of the potato farmers (9 conventional and 1
organic) replied, and detailed pesticide application records
were gathered from them.

c) In SeV, all the conventional farmers (6) gave the names of
applied pesticides. Detailed application records from 3 of
these farmers were later made available to us.

d) In SeO, 4 of the farmers (3 conventional and 1 organic) and
one pesticide retailer replied, but only the names of the
applied pesticides were made available.

The information obtained from the interviews was combined
with EUROSTAT data of the most common pesticides used in our
crop-country combinations (EUROSTAT, 2017) in order to define a
list of analytes of high interest per CSS. Additionally, in SeO, PeG
and NeP, we analysed obsolete pesticide residues, such as
T C

3
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organochlorides and organophosphates that were banned decades
ago, in order to gain insight on long-term soil contamination. The
main metabolites of currently used and obsolete pesticides were
also added to the list of analytes of high interest (details see
Table S1). The residues that required a specific analytical method
(with the exception of glyphosate and its main metabolite AMPA),
or that did not present satisfactory recoveries (between 80 and
120%) during the validation step of the multi-residue method were
excluded. The final list of analytes (i.e. the list of the pesticide
residues tested in soil samples) included 47 residues in PeG, 36 in
NeP, 38 in SeV and 75 in SeO. Overall, 151 different pesticide
residues were tested: 66 approved active substances, 70 non-
approved active substances and 15 metabolites (Table S2). In this
study we focused only on synthetic pesticide residues.

2.3. Analysis of pesticide residues in soil samples

All soil samples were thawed and homogenised (hand mixed
until a visual homogeneous sample was obtained) and split into
two aliquots: one for the determination of basic soil properties (pH,
organic matter and texture) and one for determination of pesticide
residues. The pesticide residue aliquot was also split into two parts:
2 g for the determination of glyphosate and its main metabolite
AMPA (in SeO, P-G and NeP) and the remaining 5 g for the
screening of multi-residues (all CSS). Since none of the parties
interviewed for this study reported that glyphosate was applied in
SeV, it was not analysed in those samples. Glyphosate and AMPA
were determined using the method described by Bento et al. (2016)
and Yang et al. (2015) using LC-MS/MS (liquid chromatography-
tandem mass spectrometry; Instrument: Quattro Ultima from
Micromass (UK) coupled to a Acquity UPLC system from Waters
(USA). The other pesticide residues were extracted using an adap-
tation of the QuEChERS approach to soil samples, as described by
Silva et al. (2019) and analysed by LC-MS/MS (different MS systems:
Quattro Ultima from Micromass, Premier, TQ-S and TQ-XS from
Waters, all coupled to Acquity UPLC systems fromWaters) and GC-
MS/MS (gas chromatography-tandem mass spectrometry; In-
struments: 300 GC-MS from Bruker, and a 7010B MS coupled to a
7890B GC from Agilent Technologies) or GC-HRMS (gas
chromatography-high-resolution mass spectrometry; Instrument:
Q-Exactive GC Orbitrap from Thermo Scientific).

Analyses were performed according to the analytical quality
control and method validation procedures for pesticides residues
analysis in food and feed. The guidelines for the current version, at
the time of analysis, of the SANTE document were applied (EC 2015;
2017). Analyses involved the use of calibration standards, reference
standards, isotope labelled internal standards, a surrogate standard
(caffeine) and of an injection standard (PCB-198). The calibration
standards were prepared from a mix solution that combined the
reference standards of all the compounds that were going to be
analysed. Isotope labelled internal standards were only used in
glyphosate and AMPA determinations, for normalization of
response of these compounds. Caffeine was used as a surrogate to
check potential issues in the in LC-MS/MS analyses other than
glyphosate and AMPA, and PCB-198 for normalization of response
in the GC-MS/MS and GC-HRMS analyses. Further details on stan-
dards can be found in Silva et al. (2019). The reference standards
were purchased from LGC Standards (Germany), HPC Standards
(Germany) or Sigma-Aldrich (USA). The isotope labelled internal
standards of glyphosate and AMPA and the PCB-198 were obtained
from LGC Standards (Germany) while the caffeine was purchased
from Sigma-Aldrich (USA). Limits of quantification (LoQ) were used
as reporting limits. The LoQ of glyphosate and AMPA was
0.050 mg kg�1 while the LoQ of the remaining residues ranged
between 0.001 and 0.02 mg kg�1 (Table S2).
4

2.4. Data analysis

2.4.1. Interviews
All data (interviews, sampling) were collected using different

sampling patterns due to the requirements of the different Euro-
pean projects associated with each CSS. We did not conduct sta-
tistical tests on the data derived from interviews due the fact that
the interviews only resulted in a limited amount of information.
However, we used the data from the interviews to give a realistic
qualitative overview about the pesticide applications and resulting
accumulated residues in soils under different cropping and farming
systems. The number and basic characteristics of the active sub-
stances identified in the farmers’ interviews are presented in
Table S1. When pesticide application rates were available, they
were included in the table; when application rates were not
available, the substance was listed in the table with no associated
application amount.

2.4.2. Residues in soil
We calculated the frequency of detection, the median and the

range of concentrations for each compound from each organic and
conventional farming system per CSS. The pesticide residues with
the highest frequencies (�50%) and with moderate frequencies in
soils (20e50%) are presented in Table 3. Data from pesticide resi-
dues with frequencies below 20% are shown in Table S3. Further-
more, we present the range and the median number of pesticide
residues found in organic and conventional soils for each CSS. We
added the content of the different pesticide residues found in each
sample to obtain the total residues content per sample. Non-
parametric Mann Whitney U tests were used to test significant
differences in the number of residues and in the total residues
content in soils between conventional and organic farms within the
same CSS, and between CSS within the same farming strategy.
Statistical analyses were performed using STATISTICA, version 12.
The significance level was set at 0.05.

3. Results

3.1. Applications of pesticides in the CSS

The number of applied pesticides (active substances) varied
strongly across conventional farms, and across the CSS (Fig. 2;
Table S1). Overall, farmers reported 98 active substances: 69 active
substances were applied in only one CSS, 19 active substances were
applied in two CSS, and 9 active substances (8 fungicides and 1
insecticide) were applied in three CSS. The compound with highest
input was the insecticide chlorantraniliprole, with around
35 kg ha�1 year�1 in SeVeC (Table S1). A maximum of 11 different
active substances were applied per farm per year in SeOeC, be-
tween 10 and 18 active substances in PeGeC farms, between 8 and
22 active substances in SeVeC farms, and finally, between 5 and 44
active substances in NePeC farms (Fig. 2). In NePeC, farmers
applied mainly herbicides, in PeG and SeVeC mainly fungicides,
and in SeOeC mainly insecticides. 44e55% of the active substances
applied in the CSS are non-persistent, 26e36% moderately persis-
tent, 0e24% persistent and 4e11% very persistent (Table 2).

3.2. Pesticide residues identified in the CSS

3.2.1. Frequency of detection
The number of residues found in EU soil samples ranged be-

tween 0 and 16, with significantly more residues discovered in
conventional fields than in organic fields (Fig. 3). The only pesticide
residue-free soils under conventional farming were identified in
SeOeC (2% of all conventional soils; Fig. 4); all other soils under



Fig. 3. Numbers of pesticide residues identified per soil sample across Case Study Sites,
CSS. Significant differences among CSS within the same management system (Mann
and Whitney U Test, p<0.05): A>B>C. Significant differences between organic and
conventional fields, from the same CSS: a>b. Number of samples, n: PeGeC n: 108,
NePeC n: 28, NePeO n: 6, SeVeO n: 54, SeVeC n: 54, SeOeO n: 36, SeOeC n: 54.
Vegetable production in Southeast-Spain (SeV), orange production in Eastern Spain
(SeO), grape production in Northern Portugal (PeG), and potato production in
Northern Netherlands (NeP). C ¼ conventional; O ¼ organic, No. ¼ number,
LoQ e Limit of quantification.

Fig. 2. Number of active substances applied per field per year in the different Case
Study Sites (CSS). Data based on interviews with farmers and pesticide retailers.
Min ¼ minimum; Max ¼ maximum. Vegetable production in Southeast-Spain (SeV),
orange production in Eastern Spain (SeO), grape production in Northern Portugal
(PeG), and potato production in Northern Netherlands (NeP). C ¼ conventional;
O ¼ organic, No. ¼ number.
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conventional farming contained one or more pesticide residues. In
P-G-C and SeOeC, more than 80% of the soils contained 2 to 5
residues, while most NePeC and SeVeC samples contained 6 to 10
different residues (71% and 83%, respectively). A substantial part of
NePeC (25%) and SeVeC (9%) soil samples contained even more
complex mixtures, with more than 10 residues. As mentioned
above, soils from organic farms contained significantly fewer resi-
dues, with 44% of the soils in SeVeO and 11% of the soils in SeOeO
being free of tested pesticide residues. However, 100% of NePeO
soils and 72% of SeOeO of the soils contained mixtures of 2e5
residues. In SeVeO, 30% of the soil samples contained 1 residue and
26% of the samples contained 2 to 5 residues (Fig. 4).

The highest number of residues per sample were found in
NePeC. If only median values are considered, the number of resi-
dues found in soil decreased according to the following order:
NePeC > SeVeC > PeG-C > SeOeC (Fig. 3). In total, 15 residues
were detected with a frequency above 50% in one or more of the
CSS and 7 residues with a frequency between 20 and 50% in one or
more of the CSS (Table 3). The group of 15 residueswith a frequency
�50% included 3 very persistent (VP) residues, 7 persistent (P)
residues, 4 moderately persistent (MP) residues, and 1 non-
persistent residue (NP). This group included 1 banned organo-
chlorine pesticide. 8 out of the 15 more common residues were
fungicides, 4 were herbicides, and 3 were insecticides. From the 7
Table 2
Characteristics of applied compounds per Case Study Site (CSS). Non-persistent: half-life
100 days < DT50 < 365 days; and very persistent: DT50 > 365 days). Persistence data and
interviews with CSS farmers and pesticide retailers. I¼ insecticide, F¼ fungicide, H¼ herb
very persistent compounds/number of total compounds* 100); vegetables production in S
Northern Portugal (P-G), and potato production in Northern Netherlands (NeP), C ¼ con

CSS code Total No. of compounds applied Non- persistent
compounds No./%

PeGeC 18 (I:2, F:15, H:1) 8/44%
NePeC 57 (I:10, F:19, H:28) 25/44%
SeVeC 50 (I:19, F:22, H:9) 23/46%
SeOeC 11 (I:5, F:3, H:3) 6/55%

5

residues with a frequency of 20e50%, 4 were VP, 2 P and 1 MP; 4
were fungicides and 3 were insecticides (2 of them banned, DDT
metabolites). From the residues with moderate-high detection
frequencies (>20%, Table 3), only 46% were reported to be applied.

In PeGeC, the number of pesticide residues in soil ranged from
2 to 8, with a median of 4 residues per soil sample (Fig. 3). 26% of
the applied compounds in PeG site were detected as residues in
soil. None of the banned pesticides tested were detected in the
PeGeC samples (Table 3, Table S3). Four compounds were detected
with a frequency >50%: AMPA (83%) and glyphosate (78%) and the
fungicides metalaxyl (51%) and dimethomorph (100%). Three other
compounds, all fungicides, were detected with a frequency be-
tween 20 and 50%: penconazole, tebuconazole and pyraclostrobin
(Fig. 4, Table 3).

In NePeC, 3 to 16 residues were found with a median of 9
residues per soil sample. In the organically-managed fields in
NePeO, a median of 5 residues/sample was identified although no
pesticides had been reportedly applied in the past 10 years (Fig. 3).
17% of the applied compounds were detected as residues in the
soils. In NePeC, 6 compounds were present with an overall fre-
quency >50% (3 fungicides, 2 herbicides, 1 obsolete insecticide) and
2 compounds were detected with a frequency between 20 and 50%:
bixafen, a VP fungicide, and an obsolete insecticide (Table 3). In
time, DT50 < 30 days; moderately persistent: 30 days < DT50 < 100 days; persistent:
persistence data classes were retrieved from PPDB, 2020. Application data refer to
icide, No.¼ number of compounds applied per CSS, %¼ number of non-moderately-
outheast-Spain (SeV), orange production in Eastern Spain (SeO), grape production in
ventional, O ¼ organic. Percentages were rounded to the unit.

Moderately persistent
compounds No./%

Persistent
compounds No./%

Very persistent
compounds No./%

6/33% 2/11% 2/11%
18/32% 11/19% 3/5%
13/26% 12/24% 2/4%
4/36% 0/0% 1/9%



Fig. 4. Number of pesticide residues and total pesticide content found in the organic and conventionally managed soils from PeG, NeP, SeV, SeO. The number of residues in soils
were aggregated per classes, being the distribution of each class is presented in the pie-charts. The total pesticide content is presented as a cumulative curve, being the topsoil
samples from each CSS organized by increasing total pesticide content. The. below the x axis indicates soils under organic management, the remaining values are related to
conventionally managed fields. Each colour under the curves represent a different pesticide residue. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Table 3
Pesticide residues detected with a frequency between 20 and 50% and >50% in at least 1 of the Case Study Sites, CSS (H ¼ herbicide, F ¼ fungicide, I ¼ insecticide,
M¼metabolite; VP¼ very persistent, P¼ persistent, MP¼moderated persistent, NP¼ non persistent). The cells are colored according towhether the compounds were known
to be applied (conventional fields), tested and detected (conventional and organic samples). LoQ e Limit of quantification. Q1 e The first quartile concentration, i.e. 25% of the
values above LoQ. Southeast-Spain (SeV), orange production in Eastern Spain (SeO), grape production in Northern Portugal (PeG), and potato production in Northern
Netherlands (NeP), conv ¼ conventional, org ¼ organic.
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NePeO, only 1 compound (AMPA, a VP herbicide metabolite) was
identifiedwith a frequency> 50%. The glyphosatemetabolite AMPA
was the most frequent residue found in both conventional and
organic fields, with a frequency of 96 and 83%, respectively. The
metabolites of the banned insecticide DDT were also identified in
6

soils under both conventional and organic farming (Table 3). The
fungicides boscalid, bixafen and fluopicolide as well as the herbi-
cide glyphosate were detected with frequencies >50% in NePeC,
but were not present in NePeO.

In SeVeC, the number of positively quantified residues ranged
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from 1 to 13, with a median of 8 compounds per soil sample. In
SeVeO samples, amaximum of 4 residues was detected in a unique
soil sample (Fig. 3). 47% of the applied compounds in this CSS were
detected as residues in the soils. In SeVeC, 9 compounds (2 her-
bicides, 5 fungicides and 2 insecticides) were detected with a fre-
quency > 50% and 3 (2 F, 1 I) with a frequency between 20 and 50%.
The 9 different residues consisted of 2 NP, 5 MP, 4P and 2 V P. The
compounds occurring with the highest frequency were the in-
secticides chlorantraniliprole (100%) and imidacloprid (92%). The
herbicide pendimethalin was detected with a frequency of 63%. In
SeVeO, only the persistent insecticide Imidacloprid occurred with
a frequency >20%.

In SeOeC, the number of quantified residues ranged from 0 to 7,
with a median of 2 residues per sample. In SeOeO samples, a
maximum of 6 residues was detected (Fig. 3). 18% of the applied
compounds were detected in soil. In SeOeC, the very persistent
metabolites AMPA and DDE were the only compounds detected
with a frequency above 50%. The herbicides glyphosate (P) and
oxyfluorfen (P) and the fungicide prochloraz (VP) presented fre-
quencies between 20 and 50%. Soils from SeOeO presented resi-
dues of glyphosate and AMPA along with high levels of DDT
metabolites, with frequencies between 44 and 89% (Table 3).
3.2.2. Pesticide residues content in the CSS
The highest pesticide content was found in P-G-C, with a total

residue content of nearly 12 mg kg�1, a value approximadetly 6
times higher than the maximum content in NePeC and SeOeC
fields, and 12 times higher than in SeVeC (with a maximum con-
tent of 2, 1.7 and 0.8 mg kg�1, respectively; Figs. 4 and 5). The
residue content under organic farming in NeP and SeV did not
exceed 0.2 mg kg�1, i.e. 10% of the maximum content in the
respective conventional fields. In SeOeO, the maximum residue
content was 0.6 mg kg�1, which was about 30% of the maximum
residue content of the conventional fields (Fig. 5). The residues that
contributed the most to the total residue content under conven-
tional farming systems were: (i) glyphosate and AMPA in PeG; (ii)
glyphosate, AMPA and boscalid in NeP; (iii) boscalid and
Fig. 5. Total pesticide residues content in soil samples. Significant differences among
CSS with the same management system (Mann and Whitney U Test, p<0.05): A>B > C;
and between organic and conventional fields from the same CSS: a>b. Southeast-Spain
(SeV), orange production in Eastern Spain (SeO), grape production in Northern
Portugal (PeG), and potato production in Northern Netherlands (NeP),
C ¼ conventional, O ¼ organic.
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imidacloprid in SeV; and (iv) AMPA and DDTmetabolites in SeO. In
organically managed fields, AMPA and DDT metabolites had the
highest contributions, and specially for SeO; in the other organic
farming systems, the total content was low.

4. Discussion

4.1. Soil contamination status

The levels of total pesticide content in soil in 3 out of the 4 CSS
(NeP, SeV and SeO) were in a range similar to those identified by
Silva et al. (2019) for EU agricultural soils. Althoughmost of the P-G
samples were also within this range, some of them exceeded the
maximum total content previously measured in EU soils, one of
them by almost fourfold (12 versus 2.87 mg kg�1). The very high
levels of residues in these samples were almost exclusively a
consequence of the high levels of glyphosate and AMPA, suggesting
an intense use of glyphosate-based herbicides in some farms in this
area. Unfortunately P-G farmers application records did not cover
glyphosate amounts, which if available could corroborate this.
Environmental factors such as climate, soil type or the organic
matter content, known to affect persistence of pesticides (Navarro
et al., 2007; O’Loughlin et al., 2000), could also help explain our
pesticide results. However, effects of environmental parameters
were never explored at large scale (Vryzas, 2018). Our design does
not allow such evaluations either because we focused on spatial
coverage and selected the dominant crop per CSS to explore the
impacts of organic and conventional management on soil quality.
As we have only one crop per pedoclimatic region, we cannot
differentiate the effects of the crop management from the effects of
climate or soil properties. We encourage further studies to eluci-
date the comparative effects of the environmental parameters on
pesticides persistency.

Finally, and although we analysed most of the compounds re-
ported to be applied in these areas, as well as the most relevant
banned pesticides (except in SeV), including a larger amount of
residues into the analytical list would probably have revealed even
more residues and higher pesticide levels in EU soils. This is how-
ever a common limitation of studies analysing pesticide residues;
due to the high number of pesticides approved per crop and wide
variety in physical chemical properties of these compounds, it is
nearly impossible to analyse all of the residues potentially present
in soils. As a result, we only get an approximate, yet likely under-
estimated, picture about the real soil contamination status.

4.2. Possible effects of pesticide residue mixtures on soil health

Although most of the products used by our CSS farmers were
non-persistent pesticides, only 5 out of the 22 most frequent resi-
dues found in soils (i.e. >20% in at least on CSS) are non- or
moderately persistent (DT50 values below 100 days). Although this
is partly justified by our soil sampling times ein in P-G, SeV and
SeO there was a minimum of a month’s time between the last
pesticide application and the soil sampling, and in NeP, at least a 6
month interval - this observation corroborates existing concerns on
long-term impacts of pesticides. What do we really know about the
effects of accumulated pesticide residue mixtures on soil health?
The current EC approach to approve pesticides for use on the Eu-
ropean market considers soil health impacts based of single com-
pound tests carried out on very few standard soil organisms (2
compost worm species: Eisenia fetida, E. andrei; 2 springtail species:
Folsomia candida, F. fimetaria; 1 mite species: Hypoaspis aculeifer)
and on N transformation organisms (Ockleford et al., 2017). Since
this approach does not reflect the real effects on soil biota, the EFSA
Scientific Committee (ICF, 2019) suggested the introduction of risk
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assessments related to residue mixtures that would test for the
additive (default) or synergistic effects of compounds. Kosubov�a
et al. (2020) already published risk assessments for soils based on
the additive approach. However, data on toxicity (no effect con-
centrations, lethal and other effect concentrations) are mainly
available only for the EFSA test organisms (PPDB, 2020). Consid-
ering the fact that soil biota consists of more than 1 million species,
which provide different ecosystem functions such as nutrient and
carbon cycling, water retention or pest suppression, it would be
logical to expect that pesticide risk assessments should cover these
functions. However, the effects of pesticide mixtures on these
functions are rarely tested and scarce data are available. If the ef-
fects of pesticide mixtures are not known, several questions arise
such as ‘What concentrations of residues and what number of
different residues can be considered a benchmark for soil health?’
and ‘When is pest suppressiveness significantly reduced?‘. Some of
these questions are highlighted by our findings:

i) Glyphosate along with its main metabolite AMPA and her-
bicides were dominantly present in the soils from P-G, NeP
and SeO. Depending on the concentration and availability,
glyphosate can kill all soil organisms that rely on the Shiki-
mate pathway 1 for amino acid synthesis. Non-target or-
ganisms such as beneficial soil bacteria can also be killed.
Unfortunately, soil-borne pathogens such as Fusarium fungi
do not rely on the Shikimate pathway 1 and therefore, sur-
vive (Van Bruggen et al. 2018). This may therefore cause a
decrease in the pest supressiveness of glyphosate treated
soils and ultimately lead to higher fungicide applications (see
Table 2) andmore accumulated residues in soil. Although the
combined effects of glyphosate, AMPA, and fungicide resi-
dues in soils on nutrient cycling has not been studied yet, we
expect that the phosphorus cycle in the soil will be strongly
affected by synergetic effects due to the fact that mycorrhiza,
the fungi essential to the P availability in soils, is killed by
glyphosate and fungicides. This combined effect should be a
central part of all the discussions surrounding plant growth
and phosphorus availability.

ii) Soil samples from the SeV CSS presented relatively fewer
pesticide residues than the other CSS. Plastic mulch was
extensively used in this area and therefore, fewer pesticides
were used (Beriot et al., 2020). Glyphosate was not used in
the SeV CSS, with pendimethalin being used instead as the
main herbicide. Together with imidacloprid and boscalid,
these were the most dominant residues found in SeV. The
synergetic effects of the main residues present in SeV, in
combinationwith themicroplastics present in these soils as a
result of years of plastic mulch applications have not been
studied sufficiently (Qi et al., 2020).

iii) DDT metabolites were still present in many soils, especially
in SeO where they contributed significantly to the residue
mixtures, even on organic farms. In SeV, we did not analyse
the residues of banned pesticides, we focused only on
approved ones. We assume that this fact could partly explain
the lower number of residues found in SeV. Again, several
questions arise such as ‘What is the combined effect of the
DDTs inhibiting Gaba Synthesis and AMPA?’ ‘Are the soil
insects strongly affected by the dual effects: direct effects via
Gaba inhibition and indirect effects due to changes in the gut
microbiome?’ ‘Is AMPA killing the beneficial bacteria in the
gut microbiome?‘.

These questions are posed to illustrate the complexity of the
topic and the difficulties facing realistic risk assessment
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approaches. Researchers need to define the requirements for
innovative tests, taking into consideration the fact that soils in
Europe are contaminated after 70 years of pesticide applications.
Furthermore, tests should examine the effects of residue mixtures
on soil functions. Policy makers should consider researchers to
establish benchmarks related to the content and the number of
pesticide residues in order to protect soil health. Since soil health
covers the capacity of soils to support ecosystem services such as
clean air and water, genetic resources or pollination (Maes et al.,
2015; Costanza et al., 2017), all these may be jeopardized if soil
diversity is under risk with the presence of pesticide cocktails.

4.3. Organic agriculture

Comparing conventional and organic management systems, we
identified 30% less pesticide residues in the organic systems. The
residues common to both systems presented 70e90% lower con-
centrations in organic soils than in conventional soils. The typical
half-life of residues detected in organic fields ranged from 100 days
to more than a year. Although synthetic pesticides are not applied
under organic farming (Reganold and Wachter, 2016) soils under
organic farming may contain pesticide residues (Witczak and
Abdel-Gawad, 2012). The European Commission requires a con-
version time of two years of organic management before certifi-
cation for annual crops (EC 2008b), which means that the content
of very persistent compounds in soil (DT50 > 1 year) at the time an
organic crop is finally harvested will be 1/4 of the content that the
crop would have had at the start of the organic conversion. This
estimation shows that the conversion time allows for a reduction of
pesticide residues in soil but not to their complete disappearance.
The levels of the most persistent compounds are not really affected
in time, as corroborated by the still relatively high levels of DDTs
measured in organic fields, especially in SeOeO. Because DDT has
been banned in many European countries since the 1970s
(including those selected for this analysis) and in all EU countries
since 2009 (EC, 2009b), the concentrations measured were prob-
ably from historical applications. For other less persistent residues,
the contamination could be result of applications carried out before
the farm converted to organic farming or, for instance, via spray
drift and deposition after a neighbouring conventional field was
sprayed.

In order to guarantee minimal levels of pesticide residues in
soils, conversion to organic farming requires adapted transition
periods depending on the residue mixtures initially present in the
soils. Studies on the uptake of the different pesticide residues by
plants are urgently required to define threshold values for soils.
Planning financial support for farmers transitioning to organic
farming should take this fact into consideration. Different envi-
ronmental policies should also be established to stimulate farmers
who seek to grow food and feed with less impact on the environ-
ment. The possibility of soil remediation should be made a priority
in places where it is feasible. Moreover, the establishment of rich
above-ground plant systems may mitigate the effect of historical
and current pesticides in soils.

4.4. Food safety

Although the focus of this study has been on soil health, re-
searchers know that pesticide residues in soils can enter the food
chain and therefore can affect food quality and human health
(Brevik et al., 2020; Carre et al., 2015). Contrary to EU soils, EU food
products are exhaustively monitored every year for pesticide resi-
dues, in line with the Regulation No 396/2005 concerning
maximum residue levels (MRLs) of pesticides in or on food and feed
of plant and animal origin (EC, 2005). According to the latest EFSA
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monitoring report (EFSA, 2020), 48% of the 91,015 EU tested food
products contained pesticide residues. Organically produced food
seems to result in a lower burden of pesticides than conventionally
produced food: 13.8 versus 46% of samples contained pesticide
residues, and 1.4 versus 4.8% of samples had measurements
exceeding current MRLs, respectively. However, if the total pesti-
cide content in food products is not considered, individual MRL
exceedance percentages might be misleading and not be a realistic
reflection of the risk posed by contaminated food products. The
dietary risks of pesticides in foods may be greater since 29% of the
food samples tested had multiple residues, with a maximum of 29
different residues per sample (EFSA, 2020). Vegetables and fruits
(the crops in three of our four CSS, and commonly assumed to be
the healthiest food products) are among the food items most likely
to be contaminated by cocktails of residues (EFSA, 2020). Although
EU-harmonised MRLs are available for 495 pesticide residues and
for 381 food products, MRLs exist only for a few metabolites and
not exist for total pesticide content (EU Pesticide database, 2020).
Furthermore, there are no specific MRLs for organic products (EU,
2018). MRLs should be quickly established for pesticide residue
mixtures in food and should relate to total MRLs for the sum of all
residues as well as to the total number of residues. These MRLs
should be significantly lower for organically produced foods as
compared to conventionally produced foods.

Only a couple of the pesticide residues found in our CSS soils
were present in more than 5% of the EU food samples (azoxystrobin
and boscalid). Glyphosate, prosulfocarb, boscalid, metalaxyl, and
tebuconazole exceeded their respective MRLs occasionally (EFSA,
2020). DDTs were also found in a few food products, including
organic samples, and most likely originated from the soil (EFSA,
2020). Although some parallelism can be drawn between our ob-
servations in EU soils and EFSA and FAO pesticide data on food
products, a direct conversion between matrices, or between
chemical data and health impacts, cannot be done. On one hand,
pesticide application might not reach the harvested product (in the
case of early season pesticide applications as well as in the case of
herbicides that are often only applied to the base of tree trunks or
vines in orchards). In these situations, soil contamination is far
more likely than food contamination. For vegetables and root crops
grown in-soil or on the soil surface, food contamination might still
be possible. On the other hand, food contaminationmight occur not
in the field but during handling, packaging, storage or processing of
food products, including organic food product.
4.5. Implementation of the farm to Fork Strategy

The Farm to Fork Strategy (EC, 2020) sets an EC target to reduce
the use and the risk of chemical pesticides by 50% by 2030, and the
reduction of the more hazardous pesticides by 50% also by 2030.
For the first time, a quantified pesticide reduction target at the EU
level has been set. Moreover, this same Farm to Fork Strategy en-
courages organic farming with the aim of having at least 25% of EU
agricultural land under organic farming management by 2030. As
shown by this study, although the accumulated residue content in
organic soils was 70e90% lower than in conventionally managed
soils, some soils still contain between 2 and 5 residues, even after
more than 10 years of organic farming. Our results raise two main
questions related to the Farm to Fork strategy that should be
addressed on the short term:

i) Which pesticide mixtures pose the highest risk to soil health
and which pesticides should preferably be subject to use re-
strictions or even banned? To answer these questions, a new
approach to risk assessment should be implemented by EFSA
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and EC procedures in due time, considering pesticide cocktails
occurring on the major agricultural systems and crops.

ii) Benchmarks for residue cocktails are required for soils from
certified organic farms. In effect, only management re-
quirements are regulated through the European level Regulation
(EC) No 834/20072 and Regulation (EC) No 889/20083. Persis-
tent synthetic pesticide residues in soils are not taken into ac-
count since they are not applied in organic farming. However, >
80% of the soils in Europe (Silva et al., 2019), contain residues.
Even assuming that all these originate from conventionally
managed farms, part of these soils are likely to be converted to
organic soils during the coming years, and therefore there
should be clear regulations to guarantee that certified organic
products are not affected by environmental contamination.
Benchmarks for residues in soils are urgently required.

5. Conclusions

� Mixtures of pesticide residues were present in all case study
sites under conventional farming, both in samples taken at the
start of the crops season, and samples taken post-harvest.

� In organic soils, the residue levels were 70e90% lower than in
conventional fields, however, most of the organic soils con-
tained residue mixtures as well.

� The overall effect of the cocktails on soil health is unknown.
Innovative tests are urgently required to test the effects of
detected pesticide cocktails on soil health in a holistic way,
before approving new pesticides for the EC market.

� Benchmarks must be defined for pesticide residue cocktails in
all agricultural systems in order to protect soil health, soil
biodiversity and food quality.

� The time required for transitioning to (certified) organic farming
should also depend on the pesticide residuesmixtures in the soil
at the starting point of the transition.
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