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ARTICLE INFO ABSTRACT
Handling Editor: Frederic Coulon The European Food Safety Authority concluded in February 2018 that “most uses of neonicotinoid insecticides

represent a risk to wild bees and honeybees”. In 2016, the French government passed a law banning the use of the
five neonicotinoids previously authorized: clothianidin, imidacloprid, thiamethoxam, acetamiprid and thiaclo-
prid. In the framework of an expert assessment conducted by the French Agency for Food, Environmental and
Occupational Health and Safety to identify possible derogations, we performed a thorough assessment of the
available alternatives to the five banned neonicotinoids. For each pest targeted by neonicotinoids use, we
identified the main alternative pest management methods, which we then ranked for (i) efficacy for controlling
the target pest, (ii) applicability (whether directly useable by farmers or in need of further research and de-
velopment), (iii) durability (risk of resistance in targeted pests), and (iv) practicability (ease of implementation
by farmers). We identified 152 authorized uses of neonicotinoids in France, encompassing 120 crops and 279
pest insect species (or genera). An effective alternative to neonicotinoids use was available in 96% of the 2968
case studies analyzed from the literature (single combinations of one alternative pest control method or pro-
duct x one target crop plant X one target pest insect). The most common alternative to neonicotinoids (89% of
cases) was the use of another chemical insecticide (mostly pyrethroids). However, in 78% of cases, at least one
non-chemical alternative method could replace neonicotinoids (e.g. microorganisms, semiochemicals or surface
coating). The relevance of non-chemical alternatives to neonicotinoids depends on pest feeding habits. Leaf and
flower feeders are easier to control with non-chemical methods, whereas wood and root feeders are more dif-
ficult to manage by such methods. We also found that further field studies were required for many promising
non-chemical methods before their introduction into routine use by farmers. Our findings, transmitted to pol-
icymakers, indicate that non-chemical alternatives to neonicotinoids do exist. Furthermore, they highlight the
need to promote these methods through regulation and funding, with a view to reducing pesticide use in
agriculture.
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1. Introduction

Since their discovery and identification as a novel class of in-
secticides in the 1990s, neonicotinoids have become a mainstay of pest
management (Nauen and Denholm, 2005). These agonists of post-
synaptic nicotinic acetylcholine receptors protect major crops (e.g.
corn, soybean, wheat, sugar beet, grapes and orchards) against the
damage caused by an extraordinary large array of phytophagous in-
sects, thanks to their systemic action (Jeschke and Nauen, 2008). Five
of these neonicotinoid insecticides have been approved in Europe for
use as active substances in plant protection clothianidin, imidacloprid
and thiamethoxam for seed dressings, and acetamiprid and thiacloprid
for treatments of the aerial parts of the plant.

However, an increasing number of studies reporting adverse effects
of neonicotinoids on non-target organisms have been published over
the last decade (Desneux et al., 2007; Sanchez-Bayo et al., 2016). Al-
most 45% of the 3374 articles on neonicotinoids published to date (Web
of Science search up to March 2019) addressed the issue of negative
interactions of neonicotinoids with bees and other pollinators. Neoni-
cotinoids are now considered at least partly responsible for the occur-
rence of colony collapse disorder syndrome (CCDS) reported in hon-
eybees since the middle of the first decade of this century, either
directly or through complex interactions with bee pathogens
(Whitehorn et al., 2012; Di Prisco et al., 2013; Tsvetkov et al., 2017;
Tadei et al., 2019; Thompson et al., 2019). Acute or chronic exposure
may also have deleterious effects on the fitness and longevity of wild
bees (Rundlof et al., 2015, Woodcock et al., 2017, Anderson and
Harmon-Threatt, 2019) and bumble bees (Baron et al., 2017
Wintermantel et al., 2018). Toxicity to humans has also been men-
tioned, but this issue remains a matter of debate (Zeng et al., 2013;
Cimino et al., 2017).

In 2018, the European Food Safety Authority published a compre-
hensive report (EFSA, 2018), including an updated risk assessment for
imidacloprid, clothianidin and thiamethoxam. It concluded that there
was science-based evidence implicating neonicotinoids in CCDS in bees
and in other threats to the environment (Wood and Goulson, 2017;
Cressey, 2017). The field use of these three neonicotinoids was there-
fore banned in the European Union in 2018, although they may still be
used in greenhouses.

Two years before this ban came into force, in 2016, the French
parliament was the first in the world to ban the use of neonicotinoids
for crop protection (Biodiversity Act, 2016), the ban taking effect in
September 2018. At the same time, the French Agency for Food, En-
vironmental and Occupational Health and Safety (ANSES) was com-
missioned by the French Ministry of Agriculture to evaluate the risks
and benefits of alternatives (both chemical and non-chemical) to neo-
nicotinoids. For this purpose, a group of independent scientific experts
(referred to hereafter as the expert panel) was mandated by the agency
to perform a comprehensive analysis of available alternatives to neo-
nicotinoids for pest management. The objective was to identify any
technical problems potentially justifying derogation to the ban in spe-
cific cases. For each combination of one neonicotinoid use X one target
crop plant X one target pest insect, all alternative pest management
methods were identified and ranked in terms of (i) efficacy for con-
trolling the target pest, (ii) applicability (directly useable by farmers or
requiring further research and development), (iii) durability (risk of
resistance in targeted pests), and (iv) practicability (ease of im-
plementation by farmers). We generated a comprehensive database of
available pest management methods, including other classes of in-
secticides, and identified crop plant X pest insect combinations for
which there was a risk of missing an alternative to neonicotinoids. We
then considered the possible time lag to the actual delivery of effective
pest management methods to farmers, according to the progress made
in research, and administrative constraints.
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2. Materials and methods

We carried out a two-year (2016-2017) comprehensive review and
assessment of all possible alternatives to the five neonicotinoids au-
thorized for insect pest control in the European Union. The Catalog of
Phytopharmaceutical Uses, from the French Ministry of Agriculture
(2017) was used to identify all specific authorized uses of neonicoti-
noids in France. “Uses” correspond here to the uses of the plant pro-
tection products listed in the E-Phy database, managed by ANSES
(https://ephy.anses.fr). Uses are individually characterized as a com-
bination of target crop, plant organ and pest insect species (or group of
species) (see Table S1 for the list of target pest species). Each target pest
was assigned to one of five feeding guilds for further analyses: leaf,
wood or bark, flower, fruit or seed, root and sap feeders (Table S1).

We considered eight categories of potential alternative methods.

(1) Other synthetic or natural chemical insecticides, including aver-
mectin, benzoylurea, carbamate, copper compounds, cyromazine,
diacyl-hydrazine, diamide, diflubenzuron, etofenprox, fenoxycarb,
flonicamid, fludioxonil, indoxacarb, organophosphates, phosmet,
pymetrozine, pyrethroid, pyrethrin, pyriproxyfen, spinosad, spino-
syns, spirotetramat, sulfur, tebufenozide, tetronic and tetramic acid
derivatives;

(2) Biological control with macroorganisms, including predators and
parasitoids;

(3) Biological control with microorganisms,
tomopathogenic fungi, viruses and bacteria;

(4) Biological control through farming practices, including intercrop-
ping, flower strips, grass strips, hedgerows or windbreaks, beetle
banks, banker plants, mulching, soil cover, crop rotation, fertiliza-
tion, irrigation, tillage, mowing, cutting, landscape planning (to
favor local natural enemies or disrupt pest insects);

(5) Use of semiochemicals for mass trapping, mating disruption, re-
pulsion, antifeeding effects, push-and-pull or attract-and-kill tech-
niques (including trapping plants);

(6) Physical methods, including uprooting, pruning, cutting of plants,
use of mineral or organic oils, application of thermal, electrical,
light, or acoustic treatments, passive or food trapping, physical
barriers with nets or trenches;

(7) Genetically improved plant varieties, i.e. pest-resistant varieties
produced by classical plant breeding or genetic modification tech-
niques;

(8) Plant defense elicitors.

including en-

We used four criteria to rank the alternatives to neonicotinoids:
efficacy (E), applicability (A), durability (D) and practicability (P). Due
to the lack of published quantitative reports, each criterion was at-
tributed a semi-quantitative score [1-3]. Efficacy, E, was attributed a
low score (1) if the alternative method yielded a marginal reduction of
the pest population and failed to prevent yield loss. It was given an
intermediate score (2) if the pest population or damage was decreased
but yield losses persisted. E was attributed a high score (3) if the al-
ternative method, used alone, both decreased the pest population or
damage and prevented yield loss. Applicability, A, was scored 1 if the
method was still at the research and development stage, 2 if already in
use somewhere in the world, and 3 if already used in France. An al-
ternative method for which use was not already authorized in France
was attributed a score of 1, as the regulatory system takes several years
to authorize commercialization. Durability, D, was scored 1, 2 or 3 if
there was a high, medium or low risk of selecting resistance in the pests
targeted. Practicability, P, was scored 1, 2, or 3 if the method was
difficult (technically complex or requiring extra labor), moderately
difficult or easy for farmers to implement. No score was awarded if no
practical information or scientific data were available.

For the assessment of each of the eight categories of alternative
methods identified above, we assigned two scientists with extensive
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experience in the specific field concerned. Following the general rules
of systematic reviews (Pullin and Stewart, 2006), these scientists
thoroughly reviewed the methods for the category concerned, using the
same search string and reference databases, including Web of Science?®,
Scopus®, Google Scholar®, technical and scientific books. The search
equations were built by combining keywords corresponding to the
names of the target crop and target pest, both common and Latin
names, with keywords describing all the methods considered for each of
the eight categories of alternatives (as listed above). Only papers pub-
lished in French or English were retained in the review. For each of the
search strings, the experts retrieved the first 50 hits. The search was
restricted to the scientific literature (gray literature was not con-
sidered). The scientists did not, therefore, assess the susceptibility to
bias of the papers retained, based on the assumption that articles
published in peer-reviewed journals are reliable (Villemey et al., 2018).

The two reviewers independently scored the methods for the four
criteria. They then compared the scores they had awarded for each
method, to identify major discrepancies and adjust the scores if ne-
cessary. The scores for each criterion were then presented and discussed
during working meetings with the expert panel (15 people from in-
dependent research institutes, including scientists from INRA and ex-
perts from ANSES) and consensus values were determined (see Table S4
for the full dataset).

We considered an alternative pest control method to be directly
useable as a replacement (substitutable) for a neonicotinoid use if it had
an efficacy score of 2 or 3, and an applicability score of 2 or 3, meaning
that it could be used directly and was sufficiently effective to decrease
pest damage or populations. We defined the “substitutability” of a ca-
tegory of alternative pest control methods as the number of methods or
products from a given category with an efficacy score =2 and an ap-
plicability score =2 divided by the total number of i methods or pro-
ducts from the category investigated.

We investigated differences in the efficacy, applicability, durability
and practicability of alternative control methods between pest feeding
guilds, with the aim of identifying general patterns extending beyond
the level of the target pest species. The aim was to develop advice
concerning methods that could potentially substitute for neonicotinoid
use for other pest species, outside the French context. We performed
principal component analysis (PCA, based on Pearson's correlations
tests) of the mean scores for a given criterion per target pest guild (i.e. 5
variables) for the seven categories of alternative methods (excluding
elicitors, i.e. 7 observations). The statistical analyses were performed
with XLSTAT (Addinsoft, 2019).

3. Results

In total, we considered 152 specific authorized uses of neonicoti-
noids in the review (Table S2). These uses concerned 120 targeted crops
(Table S3) and 279 pest insect species or genera (Table S1). Overall,
2968 case studies (single combinations of one alternative pest control
method or product X one target crop X one target pest) were evaluated
for the four criteria described above. For 684 case studies (26.5%), no
published information was available for the evaluation of efficacy (E)
for a specific alternative method of pest control.

Only six of 152 authorized uses of neonicotinoids (4%) were con-
sidered non-substitutable, i.e. with no known alternative methods dis-
playing sufficient efficacy (E) and applicability (A) somewhere in the
world (Fig. 1). These six neonicotinoid uses were: 1) protection of corn
seeds (Zea mays L.) against flies (Oscinella frit, Delia platura, Geomyza
sp.), 2) the protection of raspberry (Rubus idaeus L.) against flies
(Drosophila and Lasioptera spp.), 3) the protection of turnip (Brassica
rapa L.) against aphids (Aphelinus abdominalis, Aphidius colemani, A. ervi,
A. matricariae, Praon volucre, Ephedrus cerasicola, Diaeretiella rapae), 4)
the protection of cherry tree (Prunus avium L.) against xylophagous
insects (Scolytus rugulosus, Anisandrus dispar, Cossus cossus), 5) the
protection of forest trees against cockchafers (Melolontha sp.), and 6)
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the protection of trees and shrubs against beetles (e.g. Otiorhynchus sp.,
Chrysomela sp.).

For most neonicotinoid uses (71%, n = 108), we were able to
identify both chemical and non-chemical substitutable alternatives. In
18% of cases (n = 28), other chemical insecticides were the only sub-
stitutable alternative to neonicotinoids. In seven of these 28 cases, the
alternative chemicals were from a single class, and in two other cases
only one authorized product was substitutable (a pyrethroid for use in
both seed and plant treatments to control aphids on sugar beet). In a
small proportion of cases (7%, n = 10), only non-chemical substitutable
methods were identified (Fig. 1).

The 2968 case studies included 866 authorized chemical in-
secticides, 848 of which were considered both effective and practical
enough to be substitutable alternatives to 138 uses of neonicotinoids
(substitutability = 98%) (Fig. 2). By contrast, none of the plant defense
elicitors was considered effective enough or sufficiently available in
practice (substitutability = 0%).

Substitutability is expressed as a percentage for each category of
alternative method and calculated as the number of methods or pro-
ducts from a given category with an efficacy score =2 and an applic-
ability score =2 divided by the total number methods or products from
the same category investigated.

In terms of these percentages, the most substitutable non-chemical
methods were physical methods (substitutability = 65%, relevant to 76
uses of neonicotinoids), followed by biological control methods (41
uses involving microorganisms, 35 based on farming practices and 31
based on macroorganisms), semiochemicals and, finally, resistant plant
varieties (Fig. 2).

We compared the mean scores for the four relevance criteria, for the
seven different categories of alternatives (plant defense elicitors were
excluded because they were never found to be relevant) and the five
guilds of pest insects (Fig. 3). The covariation of feeding guild responses
to pest management alternatives differed between criteria.

The magnitude of efficacy (Fig. 3a) was represented mostly by PCA
axis 1, which clearly separated chemical insecticides (mean efficacy
E =2.99) from the other categories of pest management methods
(ranging from E = 1.91 for biological control with microorganisms to
E = 1.27 for biological control with macroorganisms). Chemical in-
secticides were equally effective against all insect guilds. Physical
methods and biological control with micro- and macroorganisms were
more effective against leaf and sap feeders, whereas biological control
with farming practices, semiochemicals and improved resistant vari-
eties were more effective at controlling wood, flower and root feeders
(as shown by coordinates along PCA axis 2).

The first principal component accounted for quantitative variation
in applicability (Fig. 3b). Chemical insecticides (mean applicability
A = 2.31), physical methods (A = 2.53) and microorganisms for bio-
logical control (A = 2.31) were considered more readily applicable, as
they were often already available as commercial products, whereas
semiochemicals (A = 1.47), macroorganisms for biological control
(A = 1.44) and improved resistant varieties (A = 1.11) were mostly
still at the research and development stage. Chemical insecticides and
farming practices were more applicable for the control of root and sap
feeders, whereas biological control with microorganisms and physical
methods were mostly applicable against leaf, wood and flower feeders.

Resistant plant varieties and chemical insecticides were considered
less durable (mean durability D = 1.58 and 1.76, respectively) than
other alternative control methods (Fig. 3c) due to the documented
emergence of pest populations resistant to these two management
methods, particularly among sap and root feeders.

Chemical insecticides scored highly for practicability as they are
easy to apply by spraying (mean practicability P = 3.00). The next
most practical methods were resistant varieties (P = 2.60), which re-
quire only planting, and microorganisms, which can also be sprayed
onto the crop (P = 2.64) (Fig. 3d). Like the other alternative methods,
microorganisms and physical methods were found to be more practical
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4% of non-substitutable

neonicotinoid uses

7% of neonicotinoid uses
susbtitutable by non-chemical
solutions only

18% of neonicotinoid uses
susbtitutable by chemical
solutions only

71% of neonicotinoid uses

susbtitutable by both chemical

and non-chemical solutions

Fig. 1. Percentage of substitutable methods (both sufficiently effective and applicable) for the 152 authorized uses of neonicotinoids in France, as of January 1, 2018.
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Fig. 2. Number of substitutable and non-substitutable chemical and non-chemical alternatives to neonicotinoids for pest control, for the 2968 case studies considered
here (single combinations of one alternative pest control method or product X one target crop X one target pest).

for controlling sap and flower feeders, whereas farming practices were
more practical for controlling wood and root feeders.

4. Discussion
Following the recent EU decision to ban the outdoor use of three

neonicotinoids (European Commission, 2018), the need to promote and
support the development of alternative pest management methods, to
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champion eco-friendly European agriculture, is greater than ever. In-
deed, substantial restrictions on the use of neonicotinoids should be
favorable to both non-target and beneficial organisms, such as polli-
nators, currently threatened by the use of this class of insecticide
(Woodcock et al., 2017). However, these benefits will only operate if
the alternative methods replacing neonicotinoids are less harmful to the
environment. Since 2007, the French government has been trying to
reduce insecticide use, investing half a billion Euros in ambitious plans
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(Ecophyto 1 and 2, Stokstad, 2018). The recent ban on neonicotinoids
in France was another step forward in the steady decrease in overall
insecticide use in France. However, this decrease requires the identifi-
cation of sustainable alternative methods and an understanding of their
potential drawbacks. Our thorough analysis of alternatives to all spe-
cific authorized uses of neonicotinoids in France demonstrates that it is
possible to replace neonicotinoids by effective alternative methods,
techniques and/or products in most cases (96% of cases). However, the
alternative methods may not always match neonicotinoids in terms of
efficacy, applicability, durability, and/or practicability, at least as
things stand. Furthermore, they may not necessarily be safer for the
environment.

The most common alternative to neonicotinoids (89% of cases), of
high efficacy, immediate applicability and practicality, is the use of
other chemical insecticides, particularly those belonging to previous
generations of substances, such as pyrethroids. The underlying me-
chanisms of action and resistance are often common to different classes
of insecticides, so the use of newly developed neonicotinoids or sub-
stances with similar modes of action (e.g., sulfoxaflor, flupyradifurone)
is not a viable option for replacing former neonicotinoids, as they are
likely to have the same adverse effects on the environment (Furlan
et al., 2018). A large increase in pest populations resistant to the re-
maining insecticides available is a major issue here, given that 40% of
former neonicotinoid uses are likely to be replaced by a single class of
chemical substance (21%), a single substance (17%) or even a single

commercial product (2%) to control a specific group of pest species.
Following the ban on neonicotinoids, crop productivity would be
threatened by a decrease in effective insecticide availability, at least in
the short term. Furthermore, chemical treatment for curative purposes
would require accurate pest monitoring coupled with repeated appli-
cations to hit successive pest generations. Finally, integrated pest
management (IPM) systems are still lacking for some crops, for which
the neonicotinoids introduced in the 1990s immediately superseded
other insecticides (Alyokhin et al., 2015; Biddinger and Rajotte, 2015).

Tools facilitating the development of new cropping systems based
on the use of fewer chemical insecticides are already available (see
Fig. 1), and, in 78% of cases, at least one non-chemical alternative to
neonicotinoids was identified. However, the incorporation of non-che-
mical methods into IPM packages is largely underdeveloped
(Hokkanen, 2015), despite EU directives requiring the implementation
of IPM (EU, 2009). The most promising substitutable methods involve
the use of microorganisms (e.g. granulosis virus or bacteria, such as
Bacillus thuringiensis) for biological control. Physical (e.g. coating the
fruit with paraffin oil or clay; Vincent et al., 2003) and semiochemical
methods (mating disruption with sex pheromones) have also proved
quite effective (Witzgall et al., 2010) and are often available as com-
mercial products. In addition, farming practices designed to conserve
biological control (Heimpel and Mills 2017; Gardarin et al., 2018) have
considerable potential for this purpose over and above their other
benefits (Wratten et al., 2012; Kleijn et al., 2018). Last, but not least,
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most of these environment-friendly methods can be combined
(Barzman et al., 2015).

The relevance of non-chemical alternatives to neonicotinoids de-
pended largely on the feeding guild of the pest targeted. Leaf and flower
feeders are more easily managed with non-chemical methods than other
pest guilds, such as wood, bark and root feeders. These latter groups
were easily controlled by the systemic mode of action of neonicotinoids.
The key difficulty is actually reaching the wood and root feeders, which
are endophagous or live below the ground.

This rating of alternatives to neonicotinoids has two main limita-
tions. First, it does not take into account the relative toxicities of the
pest management methods compared. Many studies have shown that
chemical insecticides are toxic to the environment and the user if ap-
plied without sufficient caution (Devine and Furlong, 2007). Much less
is known about the toxicity of non-chemical pest management methods.
For example, very few scientific studies (Goulson et al., 2000) have
evaluated the harm to pollinators of biological control (e.g. granulosis
virus). Second, economic performance was not included among the
evaluation criteria. This criterion was not evaluated here mostly due to
the complexity of cost measurement and allocation, which should take
into account not only direct costs, such as product price and the de-
preciation of application equipment or labor, but also compensatory
benefits, such as the added value of specific goods (e.g. organic farming
produce) or subsidies. Cost-benefit analyses of this type can be per-
formed only at the level of the agricultural sector level and must be
holistic, and such an analysis was therefore beyond the scope of this
simple scoring exercise.

A number of alternatives to neonicotinoids were considered to be
not fully substitutable due to poor current applicability. A number of
promising methods are still at the research and development stage and
are hardly implemented in fields at the moment. For example, most
plant defense elicitors (Bektas and Eulgem, 2015), multiple plant-based
semiochemicals (Murali-Baskaran et al., 2018), gene editing for the
development of resistant crop varieties (Lombardo et al., 2016) and
conservation biological control methods (Crowder et al., 2010) are very
promising new methods for pest management. However, they all re-
quire further development, testing in the field and fine-tuning to
farmers' needs before release onto the market. This may be one of the
reasons for which Ecophyto plan 1 actually failed to reduce insecticide
use in France over the last decade (Stokstad, 2018). This plan led to the
generation of a large number of major scientific results, but few have
spilled over into agricultural extension, as specialists in this area often
carry out their own practical research without building on novel and
challenging scientific paradigms. Strengthening scientific research and
shifting it toward the needs of farmers will be a key challenge in the
new neonicotinoid-free area that will require not only biotechnology,
but also input from the social sciences to address technology transfer, as
participatory and citizen sciences methods are of particular relevance
for improving the adoption of new biocontrol techniques through joint
development with farmers (Wyckhuys et al., 2018).

The French government will also have to meet two other challenges.
First, plant protection products are covered by specific European reg-
ulations (EC - No 1107,/2009), resulting in a substantial delay between
the submission for authorization of any new active substance and the
availability on the market of products containing the substance con-
cerned. The transition from decades of pesticide use to more en-
vironmentally friendly pest management methods will require farmers
to have rapid access to effective non-chemical products. The registra-
tion and authorization processes must therefore be accelerated. Alter-
natively, substitutable methods not based on products, such as changes
in farming practices, should be promoted as a priority (Muneret et al.,
2018). Second, both companies producing new-generation plant pro-
tection products, and farmers willing to use them will face economic
issues. Plant protection products can be very costly for farmers and not
business-efficient for companies if produced at too small a scale (the
case for most new products). Government subsidies could help to
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support the transition from neonicotinoids to more environmentally
sound management methods. In addition, economic insurance in-
itiatives could compensate farmers for shortfalls in bad years (Furlan
et al.,, 2018) as alternative methods may be less reliable and more
susceptible to various factors (e.g. environmental conditions lowering
the efficacy of natural enemies of pests).

Pest management should effectively be based on the multifaceted
methods of IPM. In our view, the prophylactic use of systemic in-
secticides for seed treatment is unacceptable in such a system. The EU is
committed to continuing agricultural production while reducing the use
of chemical insecticides by making the application of integrated pest
management practices mandatory, to protect the ecosystem services
that support agricultural productivity (EU, 2009). In a provocative, but
intellectually stimulating scientific article, Jensen (2015) suggested
that we should “ban first, ask questions later” as far as neonicotinoids are
concerned, which is essentially the approach adopted by France in
2016. Our results confirm that this was a wise decision, retrospectively
justified by the existence of a wide range of effective alternatives.
However, the same reflection should now apply to other classes of in-
secticides. As argued by Jansen, environmental protection agencies
should not leave an insecticide on the market until scientists demon-
strate that it is toxic, and they should not authorize new insecticides
until phytosanitary product manufacturers have shown them to be
harmless, to avoid “unreasonable risk to both the environment and the
economy”.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.envint.2019.04.045.
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