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Abstract: Pesticides play a critical role in modern agriculture by protecting crops and ensuring
higher yields, but their widespread use raises concerns about human health and environmental
impact. Regulatory agencies impose Maximum Residue Levels (MRLs) to ensure safety, and the
European Food Safety Authority (EFSA) assesses pesticide risks. This study monitored pesticide
residues in 169 feed samples from Piedmont (Italy) collected between 2019 and 2023. Using GC-
MS/MS, residues were found in 92% of animal-based and 70% of cereal-based feedstuffs. The most
common pesticides in cereal-based feeds were pyrimiphos-methyl, deltamethrin, cypermethrin,
azoxystrobin, and tetramethrin, and the pesticide synergist piperonyl-butoxide demonstrated a
significant increase in contaminated samples in 2023. The lower concentrations in 2021 were likely
due to COVID-19 impacts on pesticide availability. In animal-based feeds, common pesticides
included deltamethrin, cypermethrin, and the pesticide synergist piperonyl-butoxide. The results
highlight the pervasive presence of low-dose pesticide mixtures in feed and food chains, which could
impact health, although do not pose acute risks. The study emphasizes the need for ongoing pesticide
monitoring and awareness of the long-term effects of chronic pesticide exposure on animal, human,
and environmental health.

Keywords: pesticides; feed; maximum residue levels (MRLs)

1. Introduction

Pesticides are chemical substances or biological agents used to prevent, control, or
eliminate pests, including insects, weeds, fungi, and other organisms that can damage
crops and reduce agricultural productivity. They play a crucial role in modern agriculture
by protecting crops from various threats, ensuring higher yields and reducing losses caused
by pests and diseases [1,2]. The use of pesticides helps farmers to maintain crop integrity
and increase food production, which is essential for meeting the growing global food
demand [2,3]. However, the widespread application of pesticides raises concerns about
their potential impact on human health and the environment, as the molecular targets of
pesticides are often shared between pest and non-target species, including humans [4].

Regulatory agencies impose Maximum Residue Levels (MRLs) for each pesticide
in food and animal feedstuff commodities [5,6]. MRLs are legally permitted maximum
concentrations in food and animal feed [7,8]. The European Food Safety Authority (EFSA)
plays a crucial role in evaluating the safety of pesticides by providing scientific advice and
conducting risk assessments [9]. These assessments provide scientific opinions, which are
useful for establishing new MRLs [9].

Among synthetic pesticides, the major classes are organochlorines, organophosphates,
carbamates, and pyrethroids. Organochlorine pesticides (also called chlorinated hydro-
carbons) are organic compounds with five or more chlorine atoms; organophosphorus
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pesticides are phosphoric-acid-derived pesticides; carbamates are organic pesticides de-
rived from carbamic acid; and pyrethroids were originally organic compounds isolated
from the naturally occurring flowers of pyrethrums. And pyrethroids can be subdivided
into two categories based on their toxic effects: Type I and Type II [10].

For feedstuff matrices, European laws fix MRLs (Maximum Residue Levels) for
organochlorine pesticides (CE 32/2002 and CE 396/2005), but no restrictions are fixed
for other pesticide compounds [5,6].

Studies on pesticides’ health effects have highlighted the neurotoxic activity of organochlo-
rine, organophosphate, and pyrethroid pesticides [4]. Recent studies involving human cohorts
have found positive correlations between the consumption of organic food and a reduced
incidence of obesity, cancer, and various other diseases [11–18]. In a pioneering murine study,
scientists fed rats with organic and conventional crops and observed the differences between the
two groups in terms of growth, hormonal, and immune system parameters, which are known
to affect the risk of several chronic, non-communicable diseases [18]. Today, the assessment of
mixture effects is still often conducted using binary mixtures of similarly acting pesticides [18].
However, given the immense number of potential mixture combinations, the resulting effects
of pesticide mixtures can vary widely [18,19]. Detrimental effects can occur even with chronic
low doses of pesticides, as demonstrated by Sheer, Charli, and colleagues [20,21]. They noted
that chronic nano- or micro-molar concentrations of pyridaben in cultured neuronal cells and
organotypic midbrain slices induced significant neurotoxic effects [20,21].

Furthermore, the excessive use of pesticides also results in environmental
challenges [3,4,10–26]. Lately, the European Green Deal, in conjunction with the Farm
to Fork and Zero Pollution strategies, has set ambitious targets: reduce pesticide usage by
50%, eliminate soil pollution, and ensure at least 25% of the farmland in Europe is organic
by 2030 [25,27,28]. Achieving these objectives requires a thorough assessment of the current
situation and the regular monitoring of pesticide use across various segments of the feed
and food chains. Significant uncertainties remain regarding the true pesticide contamina-
tion of the environment, the dynamics of this contamination, and the contamination risks
to the food chain [29,30]. Pesticides can be found in animal-derived foods such as milk,
eggs, honey, and meat, as well as in organs after slaughter [24,31]. According to the EFSA,
12.8% of 14,439 animal samples contained quantifiable concentrations of contaminants at
or below the Maximum Residue Limit (MRL), likely due to the ingestion of contaminated
feed [24,31,32]. In “The 2021 EU Report on Pesticide Residues”, the EFSA highlights the
presence of chlordecone, an obsolete organochlorine pesticide also known as Kepone, in
chicken eggs. This contamination is attributed to the persistence of chlordecone in soil,
affecting chickens in open-cage farms where feed is exposed to previously treated soil [32].
Moreover, pesticide carryover poses a potential risk to all organic crops, making it currently
impossible to achieve a ‘zero-tolerance’ policy [3]. Once ingested by livestock through feed,
these pesticides are excreted via faeces, impacting surrounding ecosystems [26].

A study published in Scientific Reports observed the negative effects of routine cattle
health treatments containing triclabendazole and synthetic pyrethroids on the abundance
of dipteran larvae in bovine faeces [26]. This study aimed to understand the decline
in red-billed chough (Pyrrhocorax pyrrhocorax) populations and found that treatments
using triclabendazole and deltamethrin significantly reduce arthropod larvae in faeces,
underscoring the broader ecological consequences of pesticide use [26].

In our opinion, despite the holistic and multidimensional approach of One Health,
most attention has been focused on the interactions between animal and human health,
with considerably less emphasis on environmental and plant health. However, there is
increasing evidence that the challenges of climate change, food and nutritional insecurity,
and biodiversity loss can be most effectively addressed within the One Health framework,
as stated in the “Berlin Principle of One Health” [22,23].

Based on recent findings regarding the neurotoxic effects of pesticides [4,10–12,19–21]
and the interconnectedness and interdependence of human, animal, plant, and environ-
mental health emphasized by the One Health approach [22,23], we propose monitoring not
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only banned pesticides in feedstuff, but a wider panel of pesticides. The present monitoring
study takes advantage of the same equipment and procedures employed in routine analy-
sis, but investigates a broader GC-MS/MS panel list than the banned list of CE 32/2002
and CE 396/2005. This suggested monitoring will provide a wider overview of pesticide
contamination and, if necessary, authorities could implement plans to quickly detect the
concentrations of non-MRL pesticides before they can enter the food chain. Indeed, as
reported by others, such early detection is crucial to preventing neurotoxic diseases in
animals, and then in humans once animals are slaughtered [3,4,10–26,31].

2. Materials and Methods
2.1. Sample Collection

To evaluate chemical safety, research was conducted on a representative selection of
cereal-based and animal-origin-based feedstuff sampled from a representative number of
Northwestern farms. Sampling was conducted following the Annual National Residue
Plan (PNR 2023), which is based on risk analysis. The sampling plan was chosen based on
Health Ministry and EFSA guidelines to ensure complete control of the samples’ trading
and use in routine farm activity. The plan is implemented through three strategic plans:
(1) the Targeted Plan, which is based on risk and verifying the compliance of feeds produced
in member states; (2) The Surveillance Plan, which involves random monitoring for a wide
range of substances; and (3) the Third Country Plan, in case of Third Country importation.
Activities outside of these plans (i.e., “Extrapiano”) can be planned by the ministry or
regional/local authorities for specific national or local needs, such as additional control
activities, under specific conditions. These four activities are planned and reported in the
NSIS/RaDISAN system. Suspicion-based activities, which are not planned, must also be
reported in the NSIS/RaDISAN system as per the guidelines [33].

In total, 169 feed samples were obtained during 2019–2023. Of the investigated
samples, 108 were cereal-based and 61 were animal-origin-based. All fresh matrices were
kept in a fridge at a controlled temperature (2 ÷ 8 ◦C) for no more than 5 days; meanwhile,
dried matrixes were kept at room temperature for no more than 2 weeks. For all dried
matrices, the humidity percentage was registered, and the final concentration was obtained
by correcting for the humidity percentage registered before the sample analysis, following
this equation (Equation (1)):

C f in =
C ∗ 88%
(100 − H)

(1)

where Cfin is the analyte concentration (ppm) at 12% humidity; C is the concentration
obtained by the GC analysis; H is the humidity (%) registered before sample analysis, and88
is obtained considering the 100% of humidity minus 12%.

2.2. Chemicals

All pesticide standards, reagents, and solvents were purchased from Merck (Darm-
stadt, Germany). Below are listed the pesticides monitored: 2-Pheylphenol, Azoxys-
trobin, Beta-Endosulfan, Biphenyl, Bixafen, Boscalid, Chlorpyrifos, Chlorpyrifos-methyl,
Cypermethrin, Cyprodinil, Deltamethrin, Desmedipham, Difenoconazole, Diphenylamine,
Etofenprox, Fenazaquin, Fenthion, Fenvalerate, Fipronil, Fludioxonil, Lambda-Cyhalothrin,
Malaoxon, Malathion, o, p′-DDT, p, p′-DDE, Pendimethalin, Permethrin, Phosalone,
Piperonyl-butoxide, Pirimiphos-methyl, p, p′-DDD + o, p′-DDT, Procymidone, Pyridaben,
Pyrimethanil, Tau-Fluvalinate, Tetramethrin, Triadimenol, and Trifluralin. Triphenylphos-
phine (TPP) was used as the internal standard.

2.3. Sample Preparation and Instrument Parameters

All samples were grounded and homogenized. Cereal-based samples were treated
using the SweEt method [34,35]; meanwhile, for animal-origin samples, the QuEChERS
method was used. The SweEt method consists of adding water and extracting with ethyl
acetate (added with 1% acetic acid). Then, separate the two phases by centrifugation and
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inject the supernatant without any purification step. The QuEChERS method consists of
adding acetonitrile, extracting using QuEChERS salts (4 g of magnesium sulphate, 1 g of
sodium chloride, 1 g of trisodium citrate dihydrate, and 0.5 g of disodium hydrogen citrate
sesquihydrate), and purifying using d-SPE salts (900 mg of magnesium sulphate, 150 mg of
PSA, and 150 mg of C18). All extracts were injected into a GC-MS/MS system (Thermo
SCIENTIFIC TRACE 1300 coupled with TSQ 8000 Evo, Waltham, MA, USA) equipped with
an AS 3000 autosampler, following the detailed methodology reported in our previous
work [35]. Blank reagents, blank matrices (internally produced), and fortified matrices were
analysed in every analytical batch. Concentrations for the matrix curves were as follows:
0.5, 1, 2, 5, and 10 ppm.

Mass transition information is reported in Tables S1 and S2 in the Supplementary
Material. The matrix effect results have been validated and are reported in Table S3.

3. Results and Discussion

The analyses revealed that 56 animal-based and 76 cereal-based feedstuffs contained
pesticide residues over the LOQ. Considering a confidence level of 95%, the sample size
chosen allows a margin of error of approximately 6.53%, which, in our opinion, can provide
a broad overview of feed safety in this pilot study.

In cereal-based feed, azoxystrobin (n = 7), cypermethrin (n = 17), deltamethrin (n = 30),
piperonyl-butoxide (n = 57), pyrimiphos-methyl (n = 34), and tetramethrin (n = 6) were
the most common pesticides and synergists. Figure 1 shows the number of samples
contaminated by pesticides detected from 2021 to 2023.
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Figure 1. Number of cereal-based feedstuff samples contaminated by pesticides in 2021, 2022, and
2023. Asterisk refers to compounds not detected in any samples throughout the three years.

The highest residues were detected in straw (azoxystrobin 0.96 mg/kg), in fodder
(cypermethrin 0.143 mg/kg), in oat-based feed (deltamethrin 1.396 mg/kg), in ground corn
(piperonyl-butoxide 1.505 mg/kg), in durum wheat bran (pyrimiphos-methyl 0.562 mg/kg),
and in a complete feed (tetramethrin 0.083 mg/kg). Figure 2 shows the annual trends of
the concentrations of residues detected from 2021 to 2023 in cereal-based feed.
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On the other hand, in animal-based feed, 2-phenylphenol (n = 20), boscalid (n = 9),
cypermethrin (n = 25), deltamethrin (n = 38), permethrin (n = 14), piperonyl-butoxide
(n = 52), piperonyl-methyl (n = 49), and pyridaben (n = 6) were the most common pesticides
and synergists. During 2019, the highest piperonyl-butoxide residue was found in complete
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feed for trout (1.08 mg/kg). Figure 3 shows the number of samples contaminated by
pesticides detected from 2019 to 2023.
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As illustrated in Figure 1, the statistical analysis revealed that the number of cereal-
based samples with detectable pesticides was higher in 2023 compared to 2022 and 2021,
as confirmed by the Kruskal–Wallis test (p < 0.05). Meanwhile, no statistical difference
was reported among the number of animal-based samples investigated from 2019 to 2023
(p > 0.05) (Figure 3). Additionally, most of the pesticides monitored in 2021 had the lowest
averages (79% of the entire panel monitored in animal-origin feeds and 53% monitored
in cereal-based ones). These findings are consistent with the Annual European Union
report on pesticide residue in food [32,36]. In 2020, the EFSA registered 94.9% of the overall
88,141 samples analysed as below the MRL and 5.1% as over the MRL, of which 3.6% were
non-compliant; meanwhile in 2021, 96.1% of the overall 87,863 samples analysed were
below the MRL and 3.9% were over the MRL, of which 2.5% were non-compliant [32,36].
To the best of our knowledge, in the literature there are no similar studies that compare
pesticide residue by years around the COVID-19 period. Further studies are necessary to
validate our hypothesis [37,38]. However, the minimal residues observed in 2021 might not
be attributable to COVID-19 but to other factors not considered in the study. These factors
could include the varying sources of raw materials used in the feed or the presence of other
pesticides not included in the study panel, or other confounding factors not considered here.

Comparing the residue concentrations in the cereal-based samples shown in Figure 2
revealed a significant difference between all the periods investigated; in particular, lower
concentrations were detected during 2021, as confirmed by the Kruskal–Wallis test (p < 0.05).
The press reported that the lockdown and quarantine measures implemented to combat the
COVID-19 pandemic restricted the production and supply of PPPs, significantly impacting
crop protection activities worldwide [39–43]. In 2021, a laboratory analysed samples of
feed produced with raw materials grown the previous year, during the limited availability
of pesticide and synergistic solutions, as reported by other authors and journals [39–43].
So, authors suggest that the lower concentration detected during 2021 could be a result of
the challenges posed by the COVID-19 pandemic.

As shown in Figures 2 and 4, most of the residues detected belong to the family
of insecticides pyrethroids. Raw data are reported in Table S4 in the Supplementary
Material. Among the detected compound residues, six residues (permethrin, phosalone,
piperonyl butoxide, pirimiphos-methyl, tetramethrin, and triadimenol) are not approved
as plant protection products for the European Union’s market by the Regulation (EC)
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1107/2009 [24,44,45]. These findings are consistent with those reported in an Austrian
study, as confirmed by Student’s t-test (p < 0.05). The first Austrian study examining a broad
spectrum of pesticides and veterinary drugs in the diets of dairy cattle detected metolachlor,
piperonyl butoxide, pirimiphos-methyl, and diethyltoluamide residues [24]. More than 90%
of the diets contained pesticide residues, although banned pesticides were not found [24].
In particular, residues were detected in by-products of beer production intended to be
incorporated in dairy cow diets [24,45]. These findings highlight the prevalent presence
of low-dose pesticide mixtures in the feed and food chains, especially when by-products
from the food industry are incorporated [45]. As reported by Palladino et al., barley, which
is a cereal mostly used for beer production, is frequently contaminated by pesticides [38].
Furthermore, evidence from the literature suggests that pesticide residues have an impact
on the health of animals, humans, and the environment [24]. Various strategies have
been implemented to monitor the presence of substances harmful to humans and the
environment, and feed analysis can be very useful, especially in terms of time efficiency.
Evidence of the long-range transport of agrochemicals through air currents and atmospheric
transfer from agricultural fields is reported by many American studies [37,46–48]. This
transfer can be harmful as it leads to the spread of pesticides. This potential carry-over
poses a health risk because pesticides not specific to a certain crop may still be present on
the plant, unbeknownst to both the producer and the consumer [37,46–48].
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origin-based feed.

In animal origins-based feedstuff no significant difference among the residue concen-
trations was detected among all years investigated (p > 0.05) (Figure 4). The source of these
pesticide contaminations was likely the ingestion of contaminated feed [24,31,32]. How-
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ever, animals metabolize and degrade pesticides producing pesticide metabolites [31,49,50].
Therefore, the presence of pesticides in animal tissues does not fully reflect the residues
level and mixture originally present in their feed [31,32].

4. Conclusions

The analysis showed that 92% of animal-based and 70% of cereal-based feedstuffs
contained pesticide residues above the limit of quantification (LOQ). Banned pesticides in
feedstuff are listed in CE 32/2002 and CE 396/2005, and consist of organochlorine pesticides,
which are monitored using GC-MS/MS. In this study, we proposed a monitoring study
using the same equipment and procedures employed in routine analysis, but for a broader
GC-MS/MS panel list.

In cereal-based feeds, the most common pesticides were pyrimiphos-methyl, deltamethrin,
cypermethrin, azoxystrobin, tetramethrin, and a pesticide synergist, i.e., piperonyl-butoxide.
A significant increase in the number of contaminated cereal-based samples was registered in
2023 compared to 2022 and 2021. The authors suggest that the lower residue concentrations in
2021 were likely due to the COVID-19 pandemic’s impact on pesticide availability [32,36], even
though this hypothesis should be validated by further studies.

These findings underscore the persistent presence of low-dose pesticide mixtures in
feed and food chains and their potential impact on animal, human, and environmental
health. Further investigation will clarify the divergent activity of pesticide mixtures and
the “cocktail effect” of pesticide absorption [18,19].

Although the detected compound levels are not considered to pose acute risks to cattle
and fish according to European guidelines and MRL values, the potential long-term effects
of low-dose exposure on animal health and food safety remain unclear, as highlighted
by other authors [3,24,45]. Today, as suggested by Palladino et al. in their study, there
is a pressing need to update monitoring programs [38]. These programs will lead to a
rapid identification of banned or non-target pesticides in animal feed. Indeed, identifying
the source of pesticides is a complex issue, as highlighted in several studies [3,24,45]. The
potential sources of pesticides may originate from non-compliance with bans, environmental
contamination, or drift from neighbouring crops transported by air or other fluids [37,38,46].

So, we invite labs to monitor a wider panel of pesticides with respect to the mandatory
ones and compare their findings with our results. This comparison will also be useful
for providing an overview that is not influenced by data regionality. Future regulatory
practices should build upon these preliminary findings by introducing optional control
plans (with a wider pesticide panel list) that align with local authorities and sanitary
management. It is crucial that future regulations incorporate more stringent measures. This
could involve stricter limits on pesticide use and control, particularly when substances are
banned. Additionally, regulations may need to include cross-checking (detecting pesticides
in non-target matrices) to detect and address contamination more effectively. Implementing
engineering methods to control the spread of pesticides and other harmful substances
through the air could also be a key focus. By integrating these practices, future regulatory
frameworks can enhance environmental and public health protections, ensuring a more
comprehensive approach to managing potential contamination risks.
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S2: Validated pesticide LOQs; Table S3: Matrix effect; Table S4: Number of samples with detectable
residues (n◦), mean and deviation standard of the residues detected in the animal-origin- and cereal-
based feedstuffs by year of observation (ND: not detected). The DS reported is calculated among all
values detected. For measure uncertainty, see SANTE/2019/12682 protocol.
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