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a b s t r a c t

Plant protection is essential for providing high-quality food in adequate quantities.
However, the use of insecticides often induces adverse effects on environment and human
health. The Agency for the Environmental Protection of Tuscany (Italy) arranges pesticide
ingredients in five classes basing on their impact on human health. We classified the
pesticide treatments carried out by 48 winegrowers of the Veneto Region (Italy) in relation
to the active ingredients contained into the used pesticides over a three-year period (2015
e2017). It was found that the cost of insecticides and their class of impact were related,
and that the cost's pressure led farmers to favor insecticides with active ingredients having
a high negative impact on human health. The same active ingredients are used worldwide.
We propose to implement taxation measures and subsidies to deter the use of the most
harmful insecticides.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The use of pesticides helped to prevent the death of millions of people by reducing pest populations that carry or transmit
diseases, such as malaria, transmitted by infected mosquitoes, the bubonic plague, carried by rat fleas, and typhus, trans-
mitted by both fleas and body lice (Hart and Pimentel, 2002; Pimentel, 2005). Over the years, thewidespread use of pesticides
had several benefits and also caused many problems for both human health and the environment (Mascarelli, 2013). In
agriculture, plant protection is essential for providing high-quality food in adequate quantities. Conventional pesticides
(herbicides, fungicides, insecticides, nematicides and rodenticides) are chemically-based and have a specific action on target
harmful organisms. They are used everywhere, from commercial agriculture to institutions, and even for domestic issues.
Active chemical ingredients are combined with water, solvents, and emulsifiers, in addition to other chemical and no-
chemical ingredients to repel, kill and control pests in the garden or the environment (Pimentel, 2005).

Many insecticides, however, have been considered inefficient; they often do not target the pest they are intended to
control while adversely affecting other species and having negative impacts on the environment and human health (Horrigan
et al., 2002). Therefore, the widespread use of insecticides has caused socio-economic and environmental externalities
(Matyjaszczyk et al., 2019; Moeder et al., 2012; Zilberman and Millock, 1997). Conventional insecticides are among the most
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popular chemicals control agents because they are readily available, rapid-acting and highly reliable. The effectiveness of an
insecticide usually depends on when and where a pest encounters it. Most insecticides are absorbed directly through an
insect's exoskeleton, and these compounds are immediately active upon contact. Other insecticides act as fumigants and
enter the insect's body through its tracheal system. Other compounds, known as stomach poisons, must be ingested to be
effective (Sarwar, 2015). Pesticides have been found to impact water quality through percolation and runoff (Herrero-
Hern�andez et al., 2017; Pimentel, 2005). Fungicides and insecticides are applied at practically all development phases of
plants (also during storage), and their residues can be persistent in crop seeds (Remlein-Starosta et al., 2015). The overuse of
chemical insecticides led to the fast-growing development of resistance in targeted insect pests and had adverse effects on
non-targeted organisms (Benelli, 2018). Earthworms are especially negatively impacted (De Ger�onimo et al., 2018; Spina
et al., 2018). In this way, pesticides affect other animals along the food chain, such as birds and fish, ultimately resulting in
wildlife losses and biodiversity reduction (Barca et al., 2016; Datta et al., 2016; Hallmann et al., 2014; Gross, 2015; Hallmann
et al., 2014; Lehikoinen et al., 2018; Pimentel, 2005; Stanton et al., 2018).

Since the late 1970s, a wealth of scientific research from different disciplines shed light on the off-farm human health and
the environmental risks of pesticide use (Vernier et al., 2017), concluding that an indiscriminate use of chemical inputs in the
agricultural production system cannot be environmentally or socially sustainable in the long term (Travisi et al., 2004). Such
improper use of pesticides reduces soil biodiversity, destabilizes soil structure and increases the greenhouse effect (Bertrand
et al., 2015; Datta et al., 2016; Khalil and Osborne, 2018; Marín-Benito et al., 2017; Meersmans et al., 2009; Pelosi et al., 2014;
Prashar and Shah, 2013; Zanella et al., 2018). At the same time, an indiscriminate use of insecticides induces adverse effects on
human health (Ansari et al., 2014; Nicolopoulou-Stamati et al., 2016), with severe risks even to fetal development (Gilden
et al., 2010). Finally, insecticides are an essential cause of the troublesome decline of insectivorous birds in the world
(Hallmann et al., 2014).

In Western countries the demand for safe foods products is increasing, given a higher awareness of the general public on
the importance of both protecting the environment and living in a more sustainable and healthy way (Bertrand et al., 2015;
Datta et al., 2016; Lidskog and Elander, 2012; Pergola et al., 2018; Prashar and Shah, 2016; Spina et al., 2018). In order to meet
public demand, agriculture must improve sustainability and guarantee the protection of natural resources (especially soil and
water), as well as prevent possible harms to human health and other living organisms. The consequences on human health
are also known and depend on the assimilation of the active pesticide ingredients or their combined action (SCHEER, 2018).
Various European countries have introduced National Action Plans on pesticide use (Directive, 2009/128/EC) to regulate the
use of insecticides and favor their sustainable use in agriculture. A reduction of insecticide may be obtained through various
means, such as economic strategies (e.g., pesticide taxes) and legislative regulators (Skevas et al., 2012).

The FAOSTAT database (FAO, 2019) reports a pesticide consumption of 6,6 kg active ingredients per hectare per year in
Italy, placing Italy among the countries with a high use of chemicals for controlling pests. Nonetheless, sustainable agriculture
is a leading and expanding sector with a top ranking of investors. Particularly, viticulture represents a crucial branch of
agriculture with a significant economic value in several Italian regions and grapevine is a popular crop in the Italian peninsula
(https://italianwinecentral.com/resources/facts-figures/). In many Italian regions, winegrowers have been dependent on
insecticide applications to guarantee a high-quality, high-yield grape production.

Even though pesticide residues in Italian agricultural top soils are lower than in other European countries (Silva et al., 2019),
which means pesticides are used in ways that reduce soil damage, the investigated area has the highest percentage of agri-
cultural land dedicated to viticulture and the highest use of pesticides per hectare in Italy. Organic farming is increasing and
covers about 6% of the vineyard surface nowadays. The most harmful insects affecting grape yields in north-eastern Italy are
Lobesia botrana, Planococcus Ficus, and Scaphoideus titanus, known as the European grapevinemoth, the vinemealybug, and the
American grapevine leafhopper, respectively (Lucchi, 2014). These insects have an indirect effect on the grapevine and grape
quality. For example, the Scaphoideus titanus transmits flavecence dore�e (Bianco et al., 2001), and grape berry moth larvae
transmit Botrytis cinerea (Fermaud M., 1992). In this scenario, we decided to study and analyze the use of insecticides by wine
grape growers in Italy and the relationship between the cost of the products used and their potential impacts on human health.

2. Material and methods

2.1. Treatments and data collection from wine grape growers

Data from 48 wine grape growers in the Veneto Region located in north-eastern Italy were collected. Since 2012, a leg-
islative decree has required all growers to keep a register for recording all types of anti-parasite treatments applied to their
crops. In this register, growers must report the date of all pesticide treatments, the commercial name of the product used and
its principal active ingredients, the quantity of product used, the treated area and its size, the reasons thatmade the treatment
necessary, and the name of the worker that carried out the treatment. We used these actual registers to quantify the number
of pesticide treatments carried out and the commercial products used from 2015 to 2017.

2.2. Cost of insecticides, main active ingredients and potential impact class

The cost of the insecticides comes from 13 different suppliers by means of a requested price quote. The survey was
addressed to growers belonging to small (less than 1 ha), medium (between 3 and 10 ha) and large-scale (more than 10 ha)
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vinefarms. Insecticides contained one or more active ingredients. We attributed a potential impact class to each treatment
referring to the active ingredient with the highest percentage.

2.3. Determination of the potential impact class on human health (PICHE)

The potential impact of insecticides on human health (PICHE) follows the indications of the Regional Agency for the
Environmental Protection of the Tuscan Region (Franchi and Arpat Direzione Tecnica, 2017). The PICHE considers the impact
of an acceptable daily dose of active ingredient on the “body targets”, such as the endocrine and reproductive systems,
mutagenic and carcinogenic effects, and organs damage. A score from 1 (low effect) to 3 (high effect) is assigned to each body
target as shown in Table 1. The PICHE is obtained by summing the Impact Values of each body target effect. Total Impact
Values (TIV) are assigned to PICHE as follows: TIV from 6 to 7¼ PICHE 1; TIV 8e9¼ PICHE 2; TIV 10e14¼ PICHE 3; TIV
15e16¼ PICHE 4; TIV 17e18, or Impact Value equal 3 even for a single body target effect¼ PICHE 5. In the Veneto Region,
farmers use also PICHE 1 products, such as fatty acids, unsaturated potassium salts, azadirachtin A, Bacillus thuringiensis and
acibenzolar-S-methyl.

Although we focused on human health PICs, the Regional Agency for the Environmental Protection of the Tuscan Region
offers tables with PICs for the environment and water. The environmental PIC is an indication of the active ingredients'
toxicity for mammals, birds, fish, aquatic invertebrates and earthworms. The water PIC indicates the active ingredients’
leachability, water solubility, and soil-, water-, sediment-persistence.

2.4. Statistical analysis

The data were set in a table with two columns (PICHE ¼ Potential impact class on human health of the insecticide treat-
ments; COST¼ the treatments’ cost) and 433 lines (number of treatments carried out in 2015, 2016 and 2017, in 48 farms
located in the Veneto Region). In a first phase we verified the existence of the correlation between COST and PICHE; later,
through a Kruskal-Wallis non-parametric test we associated COST populations and PICHE; finally we grouped data into two
opposed categories of COST populations and PICHE, in order to simplify a possible economic/legislative regulation intervention.

3. Results: insecticides and impacts on human health are related

A linear model furnished the following relationship between the variables COST (V ha�1) and PICHE: COST¼ 76.16e8.75 x
PICHE; (p< 2�10�6 for t values of both intercept and slope) (Fig. 1). A correlation between COST and PICHE was established
(r¼�0.778; r2¼ 0.61, corresponding to nearly 61% of explained variance). A Kruskal-Wallis test determined that the differences
between the variance of the dependent variable COST in the four levels (1, 2, 3 and 5) are highly significative (p< 2�10�6)
(Fig.1). Therewere no treatments attributable to PICHE 4 and those of PICHE 2 and 3were 10 times less numerous than those of
PICHE 2 and 5. A Tukey HSD assessed that the COSTs of PICHE 5 treatments were different from the COSTs of all other PICHE
treatments (p< 2�10�6), but that the COSTs of treatments assigned to PICHE 1, 2 and 3 are not different fromeach other (Fig.1).
Consequently, the focus shifts to the difference between the COST of treatments of PICHE 5 against the ones of all other
treatments grouped into one categorycalled PICHE2 (Fig. 2). The difference between the two categories of treatments’COSTwas
noticeable and allows us to suggest a political intervention that might solve a worrying situation.
Table 1
Quality profile for the active ingredients on human health. Slightly simplified from Franchi and Arpat Direzione Tecnica (2017). Referring to Regulation (EC)
No 1272/2008 on classification, labelling and packaging of substances and mixtures (the CLP Regulation).

Target effects Indicators Impact Values Data source

1 2 3

low moderate high

Acceptable
daily dose

mg kg�1 body weight >0,1 0,01e0,1 �0,01 http://sitem.herts.ac.uk/aeru/ppdb/http://
ec.europa.eu/food/plant/pesticides/eu-
pesticides-database

Endocrine
system

Endocrine disruption. Cat. 3a possible possible yes http://ec.europa.eu/environment/chemicals/
endocrine

Reproductive
system

Effects on the reproduction
system. CLP without hazard
identification

possible possible yes https://echa.europa.eu/it/information-on-
chemicals

Mutagenic
effects

Mutagenesis. CLP without
hazard identification

possible possible yes https://echa.europa.eu/it/information-on-
chemicals

Carcinogenic
effects

Carcinogenesis. IARC 3 possible possible yes https://www.iarc.fr

Organs Organ damage. CLP without
hazard identification

Hazard
Statement
Codes: H371/
373

Hazard
Statement
Codes: H371/
373

Hazard
Statement
Codes: H370/
372

https://echa.europa.eu/it/information-on-
chemicals
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Fig. 1. Boxplot of dependent variable COST of insecticide treatments against factor PICHE (1, 2, 3 and 5 levels), with median (thick line in the box), first (down)
and third (up) quartiles-sides of the box, and 95% confidence interval of median (whiskers). We added the COST-PICHE regression line with the squared r
indicating the amount of variance explained by the model (about 60%), the mean (rhomboid point in the boxes), the two classes (a, b) with the Tukey test
distinguished with an almost null probability (2 10�6) to belong to the same population, and the number of investigated treatments in each class.

Fig. 2. Boxplot of dependent variable COST of insecticide treatments against factor PICHE [(1 þ 2þ3) ¼ 2 and 5 levels], with median (thick line in the box), first
(down) and third (up) quartiles-sides of the box and 95% confidence interval of median (whiskers). We added the analysis of variance table, the mean (rhomboid
point in the boxes), and the number of investigated treatments in each PICHE. A notch is drawn in each side of the boxes. Similar shapes and ranges indicate equal
variance. If the notches of two plots do not overlap this is ‘strong evidence’ that the two medians differ. Pesticide taxes can be a useful component of an optimal
pesticide policy. Growers may even be willing to pay more for products that are effective against problematic pests because they are less harmful to human health
and the environment.
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4. Theory/calculation: how much does a healthier agriculture cost?

The average cost of the insecticides fluctuated from 59.5 V ha�1 yr�1 for the less toxic class (PICHE 2) to 32.0 V ha�1 yr�1

for the more dangerous ones to human health (PICHE 5) (Fig. 2). Because of this cost difference, farmers tend to use the less
expensive insecticides that are more harmful to humans and the environment, as opposed to the more expensive ones that
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cause less overall damage. This negative externality should be balanced by an intervention of public institutions, taxing the
more dangerous products.

Assuming that the treatments of different PICHEs are interchangeable and that treatments belonging to enlarged PICHE 2
have the same efficacy as those of PICHE 5, we simulated taxation of the PICHE 5 treatments to promote the use of the less
impactful on human health PICHE 2 ingredients (Table 3). The difference between the average cost of treatments belonging to
PICHE 2 and PICHE 5 is 27.50 V. To reduce the use of the more dangerous active ingredients, we propose to increase the price
of the PICHE 5 treatments with the taxation of at least the 85.93% of the current average price (column 4). The average cost of a
virtual treatment that contains active ingredients PICHE 2 and 5 in the proportion used by farmers during the 2015e2017
period would be equal to 44.65 V ha�1 [Table 3: columns (2) x (6) ¼ (7)]. Each winegrower usually carries out three treat-
ments per year, so the annual cost of defense against insects would be equal to 44.65� 3¼133.95 V ha�1 yr�1. In a hypo-
thetical scenario where the farms would use only PICHE 2 active ingredients, the cost of the defense goes up to
59.5� 3¼178.5 V ha�1 yr�1, with an extra cost of 178.5e133.95¼ 44.55 V ha�1. Considering the Italian vineyard area of
645,984 ha (ISTAT, 2019), the cost would be equal to 44.55� 645,984¼ 28, 778, 587 V yr�1 at the national level. This sum
obtainable from taxation equals about 2.5% of the expected expenditure of the Italian Ministry of Agricultural, Food, Forestry
and Tourism Policies for 2019 (Ministero dell’Economia e delle Finanze - Dipartimento della Ragioneria Generale dello Stato,
2019).
5. Discussion and conclusions

5.1. The same active ingredients and insecticides are employed worldwide

On average, the Venetian companies carry out three treatments per year with 27 active ingredients contained in 69
commercial insecticides, mainly for the control of moths (Lobesia botrana/Eupoecilia ambiguella: 1.31 treatments farm-1 yr-1
with 19 active ingredients), leafhoppers (Empoasca vitis/Scaphoideus titanus/Zygina rhamni: 1.19 tearments farm-1 yr-1 with
22 active ingredients) and Cochineal (Neopulvinaria innumerabilis/Pulvinaria vitis: 0.33 treatments farm-1 yr-1, with 13 active
ingredients). Two farms made one treatment during the three years period against other insects. The cheapest treatments
(PICHE 5) were the most used (252 treatments against 181) and even the most dangerous (PICHE 5) for human health (Fig. 2).

Growers spend an average of 875.77 V ha-1 yr-1 on pesticides. In this Italian area, the cost of insecticides is lower
compared to the cost of fungicides, since the microclimate of the area favors the development of many fungal pathogens.
Table 2
List of active ingredients used by growers, associated PICHE (Potential Impact Class e Human Health), target insects, sum of treatments (total number of
treatments during the period of three years: 2015, 2016 and 2017) and dosages.

Active ingredient PICHE Insect Number of
treatments

Dosage (kg ha-
1)

ABAMECTIN (AKA AVERMECTIN) 5 Mites 25 0.013
ACRINATHRIN 5 Mites, Thrips 11 0.022
CHLORPYRIFOS 5 Moth Leafhoppers Thrips 69 0.36
CHLORPYRIFOS-METHYL 5 Moth Leafhoppers Thrips

Cochineal
34 0.45

CYPERMETHRIN 5 Moth 6 0.03
DELTAMETHRIN 5 Moth 11 0.017
EMAMECTIN BENZOATE 5 Moth 49 0.05
INDOXACARB 5 Moth 39 0.055
TAU-FLUVALINATE 5 Cochineal 8 0.072
ETOFENPROX 3 Leafhoppers Moth Thrips

Metcalfa
3 0.06

AZADIRACHTINA 3 Moth Leafhoppers Thrips 3 0.143
SPIROTETRAMAT 3 Cochineal 5 0.03
ACETAMIPRID 2 Leafhoppers, Aphids 19 0.072
BUPROFEZIN 2 Leafhoppers 16 0.375
CHLORANTRANILIPROLE 2 Moth 7 0.05
HEXYTHIAZOX 2 Mites 1 0.05
METALDEHYDE 2 Gastropods 1 0.001
METHOXYFENOZIDE 2 Moths 27 0.096
PYRETHRINS 2 Aphids 13 0.038
PYRIPROXYFEN 2 Cochineal 1 0.008
SPINOSAD 2 Moth 7 0.096
TEBUFENOZIDE 2 Moth 2 0.172
THIAMETHOXAM 2 Leafhoppers Cochineal 58 0.072
ACIBENZOLAR-S-METHYL 1 Mites 1 4
AZADIRACHTIN A 1 Leafhoppers 6 0.02
BACILLUS THURINGIENSIS SUBSPP 1 Leafhoppers, Moths 5 0.127
FATTY ACIDS C7eC18 AND C18, UNSATURATED POTASSIUM SALTS (CAS

67,701-09-1)
1 Leafhoppers, Mites and Trips 6 3.51



Table 3
Calculation of the cost of a single virtual treatment composed of treatments belonging to PICHE 2 and 5 in the proportions used in the years 2015, 2016 and
2017 in the vineyards of Veneto Region (Italy).

1 2 3 4 5 6 7

PICHE Average cost of
insecticides (V
treatment�1)

Difference cost with
PICHE 2 insecticides (V
treatment�1)

Difference cost
with PICHE 2
insecticides (%)

Number of treatments
(during three years:
2015, 2016, 2017)

Number of
treatments

Average cost of a virtual treatment made of
mixed PICHEs 2 and 5 treatments. Column
n. 2 x column n. 6

2 59.5 0 0 181 46 27.37
5 32 27.5 85.93 252 54 17,28

Total 433 100 44.65
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Insecticides amount to 133.95V ha-1 yr-1 (15.3%), with considerable variability from grower to grower (from 22 to 425V ha-1
yr-1), based on weather conditions and the types of practices (organic, integrated or conventional agriculture).

The list of active ingredients of insecticides used in Italy (Table 2) complies with the ranges allowed in Europe
(Commissariat G�eneral au D�eveloppement Durable, 2015; Excell Laboratoire, 2014; Food European Authority Safety, 2018;
Herrero-Hern�andez et al., 2017, 2013; Lewis et al., 2016; Miyake et al., 2012; Wuttke et al., 1999) and the United States
(California Department of Pesticide Regulation, 2011; Stone et al., 2014; USDA Agricultural Marketing Service, 2017).
Multinational companies sell insecticides with the same active ingredients all over the world. The same mechanism adopted
in Vento likely acts also at a global scale: lower priced but harmful insecticides make farmers inclined to use them, without an
awareness of the severe consequences on the environment and human health.
5.2. Relationship between insecticides and environment

A supplemental analysis of Environmental PICs and cost revealed a negative correlation between PIC and cost (article in
preparation). The correlation coefficient between Health and Environmental PICs was 0.719 (p< 0.01), demonstrating a
relationship between the two variables. This means that insecticides that cost less are those that more negatively effect on
both humans and the environment. The water PIC instead was different (Health andWater PICs: r¼ 0.33; p< 0.01), and there
was no correlation with the cost of the insecticides. The reason is that low water PIC values were assigned to active in-
gredients which are removed quickly from the application area through water flow (Franchi and Arpat Direzione Tecnica,
2017). This means that they may impact the area where they are applied only for a short time, but their potential hazard
may be carried elsewhere. The large variability of the price of insecticides with the same active ingredients were many and
mainly linked to localized availability of the product, quality of the company, advertising, experience, habits and methods of
distribution of the user, but also to biological and climatic variables and to the repercussions of the global market.

The biodiversity of the planet is in danger (Ripple et al., 2018). Many habitats have lost a huge amount of species of insects,
followed by birds and mammals further along the food chain (English et al., 2018; Main et al., 2018; Ponge, 2005; Regan et al.,
2015; Sanchez et al., 2003; Stanton et al., 2018; Va�sí�ckov�a et al., 2019). Climate changes, decreases in soil quality/fertility and
increase in soil consumption (B€ocker and Finger, 2016; Caitlin et al., 2017; Silva et al., 2019; Zanella and Ascher-Jenull, 2018)
and a loss of biodiversity (Blakemore, 2018; Dairon et al., 2017; Fusaro, 2015; Gross, 2015; Hallmann et al., 2014, 2017;
Hanspach et al., 2017; Hillocks, 2012; Horowitz and Lichtenberg, 1994; Inger et al., 2015; Kudsk et al., 2018; Magkos et al.,
2006; Regan et al., 2015; Schipanski et al., 2014) are occurring in our planet. At the same time, we need to control inva-
sive arthropod species (Daane et al., 2018). In 2050 (9 billion people), the use of pesticides is estimated to be 2.7 times higher
than that of 2000. Every year, almost 12.6million people die from diseases associatedwith environmental hazards, such as air,
water and/or soil pollution, and climate change (FAO, 2019; Sexton, 2007). Global cost/benefit of pesticide use (total) has
increased with time from 1990 to 2007 and has been declining since 2007 (Zhang, 2018). The social communities involved in
the food and agricultural sectors need to find innovative ways to increase fruit and vegetable production to meet population
health needs (Siegel et al., 2014). Chemical mixtures of pesticides can dangerously promote antibiotic resistance (Ye et al.,
2017), but biological control could partially replace the use of chemicals in agriculture. As consumers, we generally accept
spending more for issues related to health. Farmers may be willing to pay more for products that are effective against
problematic pests because they are less harmful to their health and the environment, but too often growers are informed only
about the efficacy of the pesticide and not on their consequences on human health and the environment.

Alone or associated with the applied volume of insecticides, PIC index (and notably the Potential Impact Class on human
health, PICHE) can be a guide to making better choices toward environmental sustainability. It can be used to support the
planning phase for protecting both regional (rural development plans) and sectoral (water management plans, regulation of
protected ecosystems) areas, and it can also be adopted as a tool for monitoring and evaluating the outcome of sustainable
strategies in the agricultural sector, as in the case of Sustainable Intensification indicator (Mahon et al., 2018).

Pesticide taxes can be a useful component of an optimal pesticide policy (Skevas et al., 2012). Taxation related to pesticide
toxicity is under discussion in Europe (SCHEER, 2018). Unlike other instruments, taxation may influence farmers’ flexibility in
their choices and does not require the introduction of regulating enforcement procedures or farm sanctions.
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