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Abstract

Biocontrol solutions (macroorganisms, microorganisms, natural substances, semiochemicals) are presented as potential
alternatives to conventional plant protection products (PPPs) because they are supposed to have lower impacts on ecosystems
and human health. However, to ensure the sustainability of biocontrol solutions, it is necessary to document the unintended
effects of their use. Thus, the objectives of this work were to review (1) the available biocontrol solutions and their regula-
tion, (2) the contamination of the environment (soil, water, air) by biocontrol solutions, (3) the fate of biocontrol solutions
in the environment, (4) their ecotoxicological impacts on biodiversity, and (5) the impacts of biocontrol solutions compared
to those of conventional PPPs. Very few studies concern the presence of biocontrol solutions in the environment, their fate,
and their impacts on biodiversity. The most important number of results were found for the organisms that have been used
the longest, and most often from the angle of their interactions with other biocontrol agents. However, the use of living
organisms (microorganisms and macroorganisms) in biocontrol brings a specific dimension compared to conventional PPPs
because they can survive, multiply, move, and colonize other environments. The questioning of regulation stems from this
specific dimension of the use of living organisms. Concerning natural substances, the few existing results indicate that while
most of them have low ecotoxicity, others have a toxicity equivalent to or greater than that of the conventional PPPs. There
are almost no result regarding semiochemicals. Knowledge of the unintended effects of biocontrol solutions has proved to
be very incomplete. Research remains necessary to ensure their sustainability.
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framework for Community action to achieve a sustainable
use of pesticides promotes the use of non-chemical meth-
ods of plant protection. In France, the Law for the Future
of Agriculture, Food and Forestry states that “The State
[...] supports professional actors in the development of
biocontrol solutions [...]” (French Republic 2014). In addi-
tion, the recently implemented French National Strategy for
Biocontrol Deployment (Ministry of Agriculture and Food
and Ministry of Ecological Transition 2020) aims at imple-
menting a series of measures (research, experiments, indus-
trial innovation, field deployment) to consolidate the cur-
rent dynamics to promote the design and use of biocontrol
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solutions as alternatives to conventional plant protection
products (PPPs).

The “biocontrol” term appeared in a parliamentary report
to the French Prime Minister in 2011 (Herth 2011). This
French term should not be confused with the English bio-
control term, which is the use of beneficial insects (preda-
tors, parasitoids) or pathogens (bacteria, fungi, viruses) to
control pests, weeds, or plant pathogens, and which repre-
sents only a part of the French biocontrol (Eilenberg et al.
2001). The French biocontrol (referred as biocontrol in the
manuscript) corresponds to a set of crop protection methods
which has been defined by the French Rural and Maritime
Fishing Code (FRMFC)—Article L-253—6 (French Republic
2023) as “agents and products using natural mechanisms
as part of integrated pest management.” Biocontrol solu-
tions are classified into four categories: (1) macroorgan-
isms (insects, nematodes, or mites that may be indigenous
or exotic); (2) microorganisms (viruses, bacteria, oomycetes,
or fungi); (3) natural active substances (referred as natural
substances) of plant, animal, microbial, or mineral origin,
either extracted from natural sources or synthesized identi-
cally; and (4) semiochemicals such as pheromones and kai-
romones (mainly synthetic) (Table SI1). Therefore, biocon-
trol corresponds more closely to the broader English term
“bioprotection,” which includes biological control.

Biocontrol should also not be confused with organic farm-
ing, which is a production system that uses cultivation and
breeding practices that respect natural balances and which
is covered by Regulation (EU) No. 2018/848 (2018). Thus,
organic farming excludes the use of synthetic chemicals, of
herbicides, and of genetically modified organisms (GMOs),
and limits the use of inputs (IFOAM 2022). Consequently,
some substances of biocontrol which are not extracted from
natural sources but synthesized identically are prohibited in
organic farming (e.g., 6-benzyladenine, abamectin, gibberel-
lic acid, or phosphonates). On the contrary, organic farming
allows the use of certain PPPs of mineral origin such as
copper which is not listed as biocontrol solution especially
because of its ecotoxicity to aquatic organisms (DGAL
2022; PPDB 2023) (Table SI1), and preparations based on
natural substances that are listed in the European Commis-
sion Implementing Regulations (EU) 2021/1165 and (EU)
2023/121 (European Commission 2021; European Commis-
sion 2023) but that may not be listed as biocontrol products
in France (for example, azadirachtin) (DGAL 2022).

Biocontrol has experienced an unprecedented boom in
France over the past few years, representing 12% of the
French PPP market in 2020, expecting 30% in 2030 (IBMA
2021). Indeed, the societal pressure coupled with the various
regulations and restrictions concerning conventional PPPs
has been an important lever to promote the use of biocontrol
solutions. These solutions are presented as potential alter-
natives to conventional PPPs because they are supposed
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to have lower impacts on ecosystems and human health
(Amichot et al. 2018; Boulogne et al. 2012; Mamy and Bar-
riuso 2022; Robin and Marchand 2019). However, to ensure
the sustainability of biocontrol solutions and the continu-
ity of their development, it is necessary to document the
unintended effects of their use to determine if biocontrol
solutions are safe for the environment and biodiversity, and
to compare their unintended effects with those of conven-
tional PPPs. Recently, the three French Ministries respon-
sible for the Environment, for Agriculture and for Research
commissioned INRAE (French national research institute
for agriculture, food and the environment) and the Ifremer
(French national research institute for ocean science) to per-
form a collective scientific assessment (CSA) focused on
the impacts of PPPs on biodiversity and ecosystem services
(Mamy et al. 2022; Pesce et al. 2021, 2024). Within this
framework, to inform about the sustainability of biocontrol
solutions, the objectives of this work were to review (1) the
available biocontrol solutions and their regulation, (2) the
contamination of the environment (soil, water, air) by bio-
control solutions, (3) the fate of biocontrol solutions in the
environment, (4) their ecotoxicological impacts on biodiver-
sity, and (5) the impacts of biocontrol solutions compared to
those of conventional PPPs.

Bibliographic corpus

Construction of the queries and definition
of the keywords

To review the literature on biocontrol solutions, some que-
ries and related keywords were defined (Table SI2). The lit-
erature search was then conducted on the Web of Science™,
from 2000 to 2020.

The first query (Q1) focused on biocontrol with fairly
non-specific terms (Table SI2). The objective was to retrieve
papers that were directly related to biocontrol, i.e., claimed
as such by the authors through keywords or terms in the
abstract.

The second query had two parts: one on microorganisms,
natural substances, and semiochemicals (Q2-1) and the other
on macroorganisms (Q2-2) (Table SI2). The Q2-1 query was
based on the list published by the French Office of Inputs
and Biocontrol of the French General Directorate of Food
(DGAL 2022). The Q2-2 query was built on the list pub-
lished in the Official Journal of the lists of “non-indigenous
macroorganisms useful to plants, particularly in the context
of biological control, exempted from requesting authoriza-
tion to enter a territory and to be introduced into the envi-
ronment” (French Republic 2015), on the list of requests
for the introduction of macroorganisms of ANSES (French
Agency for Food, Environmental and Occupational Health
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and Safety) (ANSES 2021), and on the list of indigenous
macroorganisms used in augmentation (Robin and Marchand
2020).

The corpus of papers was then built by combining these
queries (Q1 and (Q2-1 or Q2-2)). It was completed by vari-
ous documents, papers, and books known to the authors and
which were not present in the screened database (Web of
Science™),

Final bibliographic corpus

The “Biocontrol” query Q1 collected 46,701 papers, and
the “Microorganisms, natural substances, and semiochemi-
cals” (Q2-1) and “Macroorganisms” (Q2-2) queries provided
228,605 and 6914 papers, respectively. Combinations of the
queries significantly reduced the number of papers: Q1 and
Q2-1 collected 3678 papers, while Q1 and Q2-1 collected
1885 papers. Thus, the total number of items retrieved was
5563. This total was modified by eliminating papers which
were unusable or outside the selection criteria to finally
reach 5064 in December 2020. The corpus was completed
by several documents taken into account a posteriori, until
2022.

The first selection criterion of papers was the reading of
the titles, to eliminate papers describing the improvement
of the production or use of a biocontrol solution (e.g., a new
strain more easily handled, a multiplication method), papers
describing methods for the physical or chemical characteri-
zation of natural or mineral extracts, and papers testing their
efficacy under laboratory conditions. From this selection, a
read of the abstract or of the content of the paper was per-
formed. This step allowed to define which papers to retain
for further analysis. In cases where the number of papers
retained remained large (e.g., insecticides; see below), the
papers were grouped according to similarity criteria and only
the most representative papers of each group were examined
in greater depth. A total of 4662 papers was finally retained
and analyzed in detail.

These 4662 papers were distributed according to the
use of the biocontrol solution: acaricide, bactericide, her-
bicide, fungicide, insecticide, molluscicide, or nematicide.
The following distribution was obtained: 2928 papers on
insecticides, 1292 on fungicides, 174 on acaricides, 123 on
nematicides, 105 on bactericides, 20 on herbicides, and 20
on molluscicides.

It was interesting to note that a discrepancy appeared
between the number of publications related to molluscicides
and the French sale volumes. Indeed, molluscicides repre-
sent very few papers (0.47%) while they represent 26% of
biocontrol product sales IBMA 2021).

It has to be underlined that the use of cover crops for
the management of weeds, which could limit the develop-
ment of weed species through competition mechanisms

(light and water preemption, mineral element absorption)
or through allelopathy mechanisms (emission of inhibiting
substances), was not included in this review. The use of
this biocontrol solution strongly depends on agricultural
decision rules (sowing density, choice of plant species,
destruction methods; Fernando and Shrestha 2023) which
were outside the scope of this work.

At the end, a total of 487 papers were cited in the main
report of the CSA (Mamy et al. 2022; Pesce et al. 2024).
As this review is a summary of this report, only selected
papers are cited here.

Available biocontrol solutions and their
regulation

Biocontrol solutions aim at protecting crops by using the
mechanisms that govern the interaction among species
within agrosystems. Thus, biocontrol is based on manag-
ing the balance of pest populations rather than on eradi-
cating them.

At the French national level, the Ministry for Agri-
culture and Food Sovereignty publishes a list gathering
the authorized substances and biocontrol products which
is updated and published every month (DGAL 2022).
This list does not include macroorganisms but includes
insect traps combining pheromones, food attractants, or
conventional insecticides (e.g., deltamethrin) in a closed
container.

The list considered in this work records 726 biocontrol
products: 504 containing natural substances, 122 con-
taining microorganisms, 86 containing semiochemicals,
and 14 insect traps (Fig. 1) (DGAL 2022). While the 86
semiochemical-based products and the 14 insect traps aim
at limiting the populations of insects, the biocontrol prod-
ucts have various uses: acaricide, bactericide, fungicide,
plant growth regulator, herbicide, insecticide, mollusci-
cide, nematicide, repellent or protection against frost dam-
age, and sometimes multiple actions (Fig. 2; Table SI1).
Though the number of biocontrol solutions has increased
significantly over the past 20 years, insecticides and fun-
gicides remain the most numerous registered solutions. On
the contrary, biocontrol solutions to control weeds, mites,
nematodes, and terrestrial mollusks remain very limited
(Figs. 1 and 2; Table SI1).

Sulfur is the most widely used biocontrol product (15,000
t sold), together with phosphonates (1500 t sold) (BNV-D
2021). A recent meta-analysis on “biological control” or
“biocontrol” showed that the overall use of microorganisms
remains limited because of their specificity as they usually
control only one pest, and because they have limited efficacy
to control the targeted pest (Hernandez-Rosas et al. 2020).

@ Springer



Environmental Science and Pollution Research

(A)
Insect traps
2%

Semiochemicals
2%

Microorganisms
17% o
el
=
Natural substances

69%

©) Insect trap

2% 1%

Bacterial extract
3%

Bacteria
1%

(B)

Fungus extract

Microorganisms

— Semiochemicals

15%

Natural substances
45%

_Insect traps
2%

Seaweed extract
1%

Fungus/Oomycete
22%

Plant extract
21%

Semiochemical
15%

Fig.1 A Distribution (in %) of the 726 biocontrol products with
marketing authorization in the four categories of biocontrol (DGAL
2022). B Distribution of the 85 approved active ingredients in the

Molluscicide

Frost protectant
Virucide
Acaricide/Fungicide
Acaricide/Fungicide/Insecticide
Nematicide

Repellent
Acaricide/Insecticide
Herbicide

Plant growth regulator
Fungicide

Insecticide

0 5 10 15 20 25 30 35 40
(%)

Fig. 2 Distribution of the natural substances and microorganism spe-
cies according to their uses

Macroorganisms
Insecticides
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four categories of biocontrol (DGAL 2022). C Details of the distribu-
tion of the 85 active ingredients

arthropods (insects, mites) used against other arthropods
(insects and mites) and nematodes (Table SI1). These organ-
isms are part of the crop protection agents (natural enemies
or auxiliaries).

Arthropods Beneficiary arthropods are used for predation
or parasitism (Tables 1 and SI1). For predation, depending
on the auxiliary species, the larvae or adults hunt and con-
sume prey to ensure their development or reproduction. This
predation is often not very specific: even if the predator has
preferences, it generally consumes what it finds in the crop
to be protected. Thus, the efficacy of biocontrol can be com-
promised, and biodiversity may be reduced by the impact of
predation on non-target communities. Parasitism requires
adults capable of reproduction. This method is based on the
use of parasitoids that lay their eggs in (endoparasitism) or
on (ectoparasitism) the host. After hatching, the parasitoid
larvae will develop by feeding on the host. Depending on
the parasitoid species, the parasitoid will lay its eggs in the
host eggs, in the larvae, or in the adults. Unlike predation,
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Table 1 Arthropods used in

. Orders Taxons used in France (examples) Use Main target

France for biocontrol of crop

pests (adapted from Fauvergue Dermaptera Forficula auricularia Predator Aphids

et al. 2020) Thysanoptera Franklinothrips Predator Thrips
Hemiptera Orius, Macrolophus Predator Thrips, whiteflies
Neuroptera Chrysoperla Predator Aphids
Coleoptera Coccinella, Harmonia, Radiola Predator Aphids
Diptera Aphidoletes, Episyrphus Predator Aphids
Hymenoptera Aphidius, Encarsia Parasitoid Aphids, whiteflies
Acari (subclass) Amblyseius, Neoseiulus, Phytoseiulus Predator Thrips, whiteflies, acari

parasitism is often specific: oviposition will only take place
if compatible insects are detected by the parasitoid, the
compatibility being established at the species or even genus
level. Interference or competition between parasitoids shar-
ing the same hosts are events that can compromise the suc-
cess of parasitism-based biocontrol.

Three methods of using auxiliary arthropods are used:

(1) Introduction/acclimatization of auxiliaries of the pest
to be controlled: an invasive pest and its auxiliary from
the same territory are considered. Past experience has
shown that it is essential to ensure that the introduced
auxiliary arthropods are not or do not become a threat
to the environment in which they are introduced.

(2) Augmentation is also based on the use of auxiliaries
of the pest, but they are endemic to the area being
treated. As for introduction/acclimatization, it is nec-
essary to mass-rear the biocontrol agents, which can be
a significant hurdle to overcome because a substitute
host or prey have to be found that must also be mass-
reared. Once the beneficials are reared, they need to
be released in the areas to be treated (fields, green-
houses). Depending on the biological, physiological,
and/or morphological characteristics of the beneficials
and pests, the releases will be repetitive or punctual
via capsules or diffusers distributed over the area to
be treated or released by an aerial vector. Thus, the
releases will be inundative (implementation of large
quantities of beneficials with an expected rapid con-
trol of the pest) or inoculative (less beneficials released
with an expected reproduction in situ for a long-term
control of the pest).

(3) Conservation consists of encouraging the presence of
beneficial insects by manipulating the environment of
the crops or the crops themselves (e.g., planting hedges,
grassed strips, installing nest boxes for chickadees).

Nematodes Two different families of nematodes (Heter-
orhabditidae and Steinernematidae) are used for biocontrol

(Table 2). They are entomopathogenic and have similar
lifestyles, mutualism with bacteria: Photorhabdus for Het-
erorhabditidae and Xenorhabdus for Steinernematidae. Only
the infective juvenile stage lives freely in the environment
and is contaminating for insects; the other developmental
stages take place in an insect. After entering the insect, the
nematodes release their bacteria which release a series of
toxins that neutralize the insect’s immune response and
kill it. The nematode feeds on the remains of the insect and
enables its complete reproductive cycle. When the cadaver
finishes disintegrating, there is a massive release into the
environment of infective juveniles capable of attacking
another insect. Nematodes search for their future prey in two
different ways: ambush or active search (Grewal et al. 1994);
however, the range of insect species that can be attacked
by nematodes is rather limited. It should be noted that a
nematode of the Rhabditidae (Phasmarhabditis hermaphro-
dita) family has molluscicide properties and is used as such.
This nematode also has a mutualistic bacterium, Moraxella
osloensis, and its mode of reproduction is qualitatively iden-
tical to that of entomopathogenic nematodes. However, mass
production of these nematodes is somewhat problematic.
It can be done in vitro on an artificial medium (nematodes
are multiplied in parallel with bacteria and then the two are
combined) or in vivo using easily produced surrogate hosts.
In all cases (nematodes, parasitoids, and predators), there is
arisk of reduced efficacy.

Herbicides

The use of macroorganisms to control the invasive develop-
ment of plant species has been achieved several times over
the last few centuries. The success of the management of
Opuntia stricta invasion in Australia in the 1920s was made
possible by the introduction of a Cactoblastis cactorum
insect whose larvae consumed the plant and released entire
territories (Zimmermann et al. 2004). However, the use of
herbivore predators should be based on an overall assess-
ment of the presence of this new species in terms of posi-
tive effects (efficacy in plant regulation) and negative effects
(effects on the ecosystem) as for Ctenopharyngodon idella

@ Springer
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Table 2 Entomopathogenic nematodes used for biocontrol of agricultural pests (adapted from Tofangsazi et al. 2018)

Species Targets

Steinernema glaseri
Steinernema kraussei

Steinernema carpocapsae

Black vine weevil Otiorhynchus sulcatus

White grubs (beetles, especially the Japanese beetle, Popillia sp.), banana root borers

Turf pests: bugs, cutworms, armyworms, sod webworms, cereal bugs, tipulas

Orchard, ornamental, and vegetable pests: banana moth, codling moth, cranberry rootworm, dogwood moth and
other moth species, black vine weevil, peach moth, shore flies (Scatella spp.)
Red palm weevil Rhynchophorus ferrugineus, palmivorous butterfly Paysandisia archon

Steinernema feltiae
Steinernema scapterisci Mole crickets (Scapteriscus spp.)

Steinernema riobrave

Mushroom flies (Bradysia spp.), shore flies, western flower thrips, leaf miners

Citrus root weevil (Diaprepes spp.), mole crickets

Heterorhabditis bacteriophora White grubs (beetles), cutworms, black vine weevil, flea beetles, maize rootworms, citrus root weevil, straw-

berry root weevil
Heterorhabditis megidis Weevils
Heterorhabditis indica Mushroom flies, root scales, grubs
Heterorhabditis marelatus

Heterorhabditis zealandica Beetle larvae

White grubs (beetles), cutworms, black vine weevil

Although the mode of action of these nematodes is similar, they belong to distinct families of the order Rhabditida: Steinernematidae and Heter-

orhabditidae

(Fedorenko and Fraser 1978). Research experiments are still
required to use the synergistic potential effect of agricultural
practices and macroorganisms to regulate or to control weed
populations (Foley et al. 2023).

Ambrosia artemisiifolia L. (common ragweed) is an inva-
sive Asteraceae responsible for severe pollen allergy in areas
of high densities of the plant. Its occurrence in Europe in
contrasting open habitats (cultivated plots, rural environ-
ments, roads, river banks) made it difficult to develop clas-
sical control methods, and research were rapidly carried
out on the potential of biological control (Reznik 1991).
However, it was by accident that a biological control agent
(Ophraella communa) was identified in Europe in 2013
(Miiller-Schirer et al. 2014). Arriving probably via the air-
port of Milan (Italy), the proliferation of this small beetle
(3 to 6 mm), which originates from North America like A.
artemisiifolia, allowed to observe a very high level of preda-
tion of A. artemisiifolia plants to the extent of decreasing by
more than five times the quantity of pollen in the air (Bonini
et al. 2016). Studies under controlled conditions and mod-
eling approaches confirmed the ability of O. communa to
predate A. artemisiifolia in Europe (Augustinus et al. 2020).
The predation of this beetle is all the more effective as the
three larval stages and the adult stage contribute to the defo-
liation of the plant. The phenomenon is then amplified by
the number of generations, which is three to four in Europe
and six to seven in China, where large-scale releases of bee-
tles were successfully used to limit the negative allergenic
effects of Ambrosia on local human populations (Zhou et al.
2014). O. communa mainly predates A. artemisiifolia and
only rarely seems to consume other plant species, and it does
not seem that the insect can significantly attack cultivated
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sunflower (Helianthus annuus L.; Augustinus et al. 2020),
which is a major concern with regard to the introduction of
this insect. Current work focuses on a better understanding
of the plant—insect relationship (effect of genetic structuring
of the two species, annual temperature, climate change) to
promote predation intensity (Chen et al. 2018a; Sun et al.
2020). O. communa has now dispersed into Italy, Switzer-
land, Slovenia, Croatia, and recently in France (Miiller-
Schirer et al. 2014; Observatory of Species of Concern for
Human Health 2023; Zandigiacomo et al. 2020).

For some years, in plots managed under conservation
agriculture or in vineyards, the use of weed-control flocks
(mainly sheep) has been tested to control cover crops and
weed species before sowing the next crop (MacLaren et al.
2019). These strategies, developed by farmers on experi-
mental sites, have not yet been validated from an agricultural
and economic point of view. However, this reintroduction of
herds during the fallow period is interesting for its potential
efficacy and social impact. More specifically, for experi-
ments on the management of common ragweed, flocks of
sheep have been used with some success on the banks of
French rivers (Drome), areas where the use of PPPs is pro-
hibited (Faton 2008). In general, the use of herds could be
a weed regulation solution in agricultural or in peri-urban
situations.

In field crops under conservation agriculture, the control
of certain weeds can also be ensured by granivorous ani-
mals: small mammals, birds, and especially insects (carabi-
dae; Honek et al. 2003; Bohan et al. 2011).

Finally, landscape management can be a lever to favor
the action of beneficials (Davis and Liebman 2003; Petit
et al. 2017).



Environmental Science and Pollution Research

Regulation of macroorganisms

Contrary to microorganisms, natural substances, and semio-
chemicals, macroorganisms are not covered by the European
Regulation (EC) No. 1107/2009 (2009) (Fig. 3).

The introduction of non-native macroorganisms (not
installed on the French territories) may present specific
risks for the environment (e.g., invasive species). Therefore,
since 2012, macroorganisms have been subject to the French
Decree No. 2012—140 of 30 January 2012 (French Republic
2012a, 2012b, 2023) on the conditions for authorizing the
entry into the territory and introduction into the environ-
ment of non-indigenous macroorganisms useful to plants,
particularly in the context of biological control (Fig. 3).
However, non-indigenous macroorganisms that have been
introduced for several years, before the date of entry into
force of the decree, and that do not present a particular risk,
are exempted from an application for authorization of entry
or introduction into the national territory.

In total, 448 macroorganisms have been declared, cor-
responding to 125 indigenous and non-indigenous species
(Table SI1). The list is regularly updated by ANSES (2021).

in Germany at the beginning of the twentieth century, B.
thuringiensis has been first exploited as bioinsecticide in
France since 1930. The mode of action of B. thuringiensis
can be summarized as follows: after being ingested by the
insects, the spores germinate in their intestine and release
Cry enthomopathogenic toxins forming holes in the intestine
and causing the death of the insects (Bravo et al. 2007, 2011;
de Almeida Melo et al. 2016). The bacteria can multiply
in the insect cadaver and then sporulate when nutrients are
no longer available. The various B. thuringiensis strains are
differing by the range of toxins they are able to produce
and which define the range of species against which this
strain will be toxic (Table 3). In France, B. thuringiensis var.
kurstaki producing CrylAa, CrylAb, CrylAc, Cry2Aa, and
Cry2Ab toxins, and B. thuringiensis var. aizawai produc-
ing CrylAa, CrylAb, CrylBa, CrylCa, and Cry1Da toxins,

Table 3 Toxicity of some Cry toxins of B. thuringiensis towards dif-
ferent orders of insects (X: insect order comprising species targeted
by the toxin; +: insect order comprising at least one sensitive species
to the toxin)

. . Toxin Lepidop-  Diptera Coleoptera Hemiptera Hyme-
Microorganisms tera noptera
Insecticides CrylAb - X +

CrylAc X + +
. . . . Cry2Aa X
A range of Bacillus thuringiensis strains are known as Cry3Aa + X *
. .. . . . + +
insecticides and listed as biocontrol solutions (Table SI1). Cry4Aa X

. . . . . . +

Discovered in Japan in dead insects and formally identified e
No herbicide

No synthetic substance

/!\ . Organic

Biocontrol

Biological control

French decree No. 2012-140(2012)

Biopesticides
Regulation (EC) No 1107/2009
DGAL/SDQSPV/2022-949 (2022)

-

Macroorganisms

Semiochemicals

Microorganisms

Natural substances

agriculture

Regulation (EU) 2018/848
Commission Implementing Regulation (EU) 2021/1165
Commission Implementing Regulation (EU) 2023/121

Regulation (EC) No 1107/2009

m

Regulation (EC) No 1107/2009

Fig.3 The different categories of biocontrol solutions, their positioning in the European and French regulations, and their implication in organic

agriculture
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have an agreement as biocontrol agent to fight against lepi-
doptera insects (DGAL 2022).

Other Bacillus strains have been found for their insecti-
cidal activity (Table SI1): as an example, a strain of B. sub-
tilis (Abs3b) has been identified for its insecticidal activity
on Bactrocera olea (Mostakim et al. 2012). Interestingly, as
with B. thuringiensis, a chitinase activity has been identi-
fied as important for the insecticidal function of B. subtilis
(Chandrasekaran et al. 2014). Some surfactant-like com-
pounds (surfactin isomers: iso-C14 [Leu7], iso-C14 [Val7],
and anteiso-C15 [Leu7]) have also shown insecticidal activ-
ity on aphids by B. subtilis (Yang et al. 2017). In addition,
a strain of B. amyloliquefasciens (G1) showed insecticidal
action on aphids by means of a surfactin (Yun et al. 2013).
Finally, a strain of another bacterial species, Serratia marce-
scens, produces an enzyme that degrades the wax present on
the cuticle of certain insects. This gives it a proven insecti-
cidal action against the mealy bug Maconellicoccus hirsutus
(Salunkhe et al. 2013).

The two species Metarhizium anisopliae and Beauve-
ria bassiana are the most commonly used fungal strains as
bioinsecticides (Table SI1). Several laboratory tests describe
other potentially interesting strains or species of fungi but
they are not effective in the field. Better consideration and
knowledge of the ecological and physiological parameters
of this species in its environment are needed (Lacey et al.
2015).

Fungicides

Bacteria Three Bacillus genera have anti-fungal activities,
B. amyloliquefaciens, B. subtilis, and B. pumilus, and have
been approved to control many fungal and bacterial diseases
in vineyards, orchards, and arable crops (Table SI1) (E-Phy
2023). They mainly act by direct antagonism, due to secreted
lipopeptides or volatile compounds (VOCs) which inhibit
mycelial growth and/or spore germination of pathogens, but
they also act as stimulators of plant defenses (Chowdhury
etal. 2015; EFSA et al. 2021a; Islam et al. 2016). For exam-
ple, B. pumilus physically limits fungal spore germination,
damages the cellular integrity of fungal cells, competes for
nutrients, and can induce systemic resistance (EFSA 2013b).
Other bacteria, like Pseudomonas chlororaphis, exerts anti-
biosis action via the production of antifungal compounds
(e.g., phenazine, pyrrolnitrin, lipopeptides) (Huang et al.
2018), but they are also able to stimulate plant defenses and
even to promote plant growth (Ganeshan and Kumar 2005).
The Streptomyces (formerly Streptomyces griseoviridis) act-
inobacteria has antifungal or antibacterial properties (Lee
et al. 2018), with modes of action similar to those of B.
amyloliquefaciens: spatial and nutritional competition, pro-
duction of antifungal products, cell lysis followed by hyper-
parasitism, and biostimulation of plant growth (Table SI1).
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Fungi and oomycetes The review of mycofungicides by
Thambugala et al. (2020) describes 300 antagonistic fungi,
with the Trichoderma genus reportedly having the greatest
potential. However, there are limiting factors for the devel-
opment of mycopesticides, such as lower than expected effi-
cacy or environmental sensitivity of propagules (Zaki et al.
2020), and they are often less used than bacterial solutions.
Most fungal solutions act as mycoparasitic, antagonistic, or
fungicidal fungi, i.e., Coniothyrium minitans, Clonostachys
rosea, Trichoderma (Trichoderma asperellum, Trichoderma
atroviride, Trichoderma harzanium), Aureobasidium pullu-
lans, and Ampelomyces quisqualis (Table SI1). As for bac-
teria, several modes of action coexist, ranging from compe-
tition for nutrients to production of anti-fungal molecules,
stimulation of plant defenses, and hyperparasitism (EFSA
2013a). For example, the Trichoderma genus can compete
with a pest, inactivate pathogen infection processes by pro-
ducing hydrolytic enzymes (chitinases, proteases) and anti-
biotics, stimulate plant defenses, or promote the solubiliza-
tion of inorganic nutrients in the plant (EFSA 2012a, 2013e;
Trivedi et al. 2016). Antagonistic yeasts (Candida oleophila
and Metschnikowia fructicola) are also used as mycofungi-
cides, whose mode of action is largely due to competition
for nutrients (EFSA 2012b; Spadaro et al. 2013). A single
oomycete, Pythium oligandrum (registered as oospores),
controls pathogens predominately by mycoparasitism and
via the production of antimicrobial compounds. In addition,
like many microorganisms, it also enhances plant defenses
and induces systemic acquired resistance (Table SI1) (Ben-
hamou et al. 2012).

Bactericides

Biocontrol products with bactericidal properties are based
on different modes of action including bactericidal, bacte-
riostatic, and antagonistic effect (Table SI1). The bacterium
B. amyloliquefaciens strain Ar10 exhibits glycolipid-medi-
ated antagonistic properties to Pectinobacterium caroto-
vorum that causes potato soft rot (Azaiez et al. 2018). B.
amyloliquefaciens strain KC-1, an endophytic bacterium,
was shown to be effective in controlling the development
of Pectobacterium carotovorum subsp. carotovorum (Pcc),
which causes Chinese cabbage soft rot, in vitro and in vivo
(Cui et al. 2019). The B. amyloliquefaciens strain P41, iso-
lated from olive phylloplane, was shown in vitro and in
planta to be effective in controlling Pseudomonas savastanoi
pv. savastanoi causing gall of olive through the production of
VOC:s, siderophores, and lytic enzymes (Mina et al. 2020).
Similarly, greenhouse experiments have shown an efficacy
of 47-78% of PGPR (Plant Growth-Promoting Rhizobac-
teria) bacterial strains (Serratia strain J2, Pseudomonas
fluorescens strain J3, Bacillus strain BB11) in controlling
the development of Ralstonia solanacearum which causes
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soft rot of tomato (Guo et al. 2004). The PGPR bacterium
Pseudomonas syringae strain Cit7 is effective in controlling
the development of P. syringae pv. tomato and eliminating
tomato speckles by stimulating the plant defense mecha-
nisms (Ji et al. 2006). In combination with copper hydroxide
(which is not a biocontrol solution), B. subtilis strain QST
713 is more effective than conventional chemical treatments
combining mancozeb and copper in controlling the develop-
ment of spots on tomatoes caused by Xanthomonas euvesi-
catoria and Xanthomonas perforans (Roberts et al. 2008). A
strain isolated from the tomato rhizosphere, B. amylolique-
faciens strain SQRT?3, is not only able to form a biofilm
on tomato roots, to produce siderophores and proteases, to
suppress Ralstonia solanacearum, but also to induce tomato
defense mechanisms via the jasmonic acid signaling path-
way indicating its interest for biocontrol (Li et al. 2017).
Similarly, Bacillus strain BO14, an endophytic strain isolated
from healthy Anthurium tissue, controls the development
of Xanthomonas axonopodis pv. dieffenbachiae by activat-
ing enzymes involved in plant defense mechanisms such as
phenylalanine ammonia lyase, peroxidase, and polyphenol
oxidase (Li et al. 2012).

Pseudomonas sp. 23S, producing siderophores, acetic
indole and hydrogen cyanide, is able to control Clavibacter
michiganesis subsp. michiganesis responsible for bacterial
canker of tomato by inducing a systemic resistance response
via the salicylic acid pathway (Takishita et al. 2018). The
combination of the application of PGPR bacteria (B. pumilus
strain INR7) and a chemical inducer (benzothiadazole) was
shown to be effective in inducing plant defense mechanisms
to control Xanthomonas axonopodis in tobacco and pepper
(Yi et al. 2013). Halotolerant isolates of B. amyloliquefa-
ciens capable of producing siderophores are used to control
Acidovorax oryzae infecting rice crops (Masum et al. 2018).
Filtrates from B. amyloliquefaciens strain K5-3 and strain
PPB6 produced damage to the cell membrane of Acidovorax
oryzae leading to a decrease in its abundance, mobility, and
ability to form biofilms. In addition, yeast strains (Pichia
anomala and Candida oleophila) are 27-60% effective in
antagonizing the development of the parasitic complex
responsible for banana root rot (Lassois et al. 2008).

Nematicides

Only few studies have been found on the use of microorgan-
isms for their nematocidal activity. Bacillus species, such as
B. firmus (Table SI1), is used against nematodes of the genus
Meloidogyne. This bacterium is an antagonist nematode
capable of degrading and colonizing Meloidogyne eggs. It
is also able to induce systemic resistance in plants; however,
this effect varies depending on the host plant. Some bacte-
rial isolates are active over a wide temperature range with
an optimum at 35 °C (Ghahremani et al. 2020). The most

commonly used fungal nematocidal agent is Paecilomyces
lilacinus which attacks nematode eggs (Anastasiadis et al.
2008; Mukhtar et al. 2013). In addition, it was proposed to
use entomopathogenic fungi or bacteria for their nemato-
cidal activity (Muniz et al. 2020; Igbal et al. 2018; Kiewnick
and Sikora 2004; Mukhtar et al. 2013; Temitope et al. 2020).

Acaricides

Some works on the search for entomopathogenic fungi (B.
bassiana, Metharizium anisopliae, Acremonium hansfordii)
effective against Tetranychus species (Bugeme et al. 2014;
Shang et al. 2018; Wekesa et al. 2005) showed that strains
had low efficacy. In combination with thymol, B. bassiana
or M. anisopliae have an increased acaricide efficacy against
the varroa mite (Sinia and Guzman-Novoa 2018).

Natural substances
Insecticides, acaricides

Several natural substances of various origins have insecti-
cide/acaricide properties: abamectin and spinosad which are
from bacterial origin; diatomaceous earth, aluminium sili-
cate, and paraffin oil from mineral origins; and fatty acids,
maltodextrin, orange oil, pyrethrins, rapeseed oil, and ter-
penoid blend which are extracted from plants (Table SI1).
These substances were developed to eliminate a wide range
of species of harmful insects such as caterpillars, flies, snout
moths, soil pests, and thrips (E-Phy 2023).

Abamectin (produced by fermentation of Streptomyces
avermitilis) and spinosad (produced by bacterial fermenta-
tion of Saccharopolyspora spinosa) are neurotoxic which
raise the question of their compatibility with the insect
natural enemies (Table SI1) (Williams et al. 2003). Diato-
maceous earth, which consists mainly of silicon dioxide,
interferes with physiological processes by destroying the
natural water barrier, the waxy layer of the cuticle, and
hence disrupting the functioning of the water preservation
mechanism (Table SI1) (BPDB 2023; ECHA 2016). Alu-
minium silicate (kaolin) is an insect repellent due to the film
formed on the surface of the plants and creating a physical
barrier (Table SI1) (BPDB 2023). Pyrethrins are neurotoxic
to insects, stabilizing the opened form of the sodium channel
in axon membranes (Table SI1) (BPDB 2023). Oils are used
as contact insecticides: by forming an impermeable film on
the surface of the plant, they isolate the insect and its eggs
by suffocating them. Maltodextrin acts like oils by plugging
the respiratory orifices of insects and engulfing them (Table
SI1) (Siegwart and Lavoir 2020). Fatty acids act by contact,
having a burn-down effect (Table SI1) (BPDB 2023).

@ Springer



Environmental Science and Pollution Research

Fungicides

The natural substances used as fungicides are from plant
(fatty acids, eugenol, geraniol, clove oil, orange oil, thy-
mol) or mineral (potassium hydrogen carbonate, disodium
phosphonate, potassium phosphonates, sulfur) origins (Table
SI1) (E-Phy 2023).

The modes of action of these substances are not well
known. Fatty acids act by contact while eugenol prohibits
the growth of both Gram-positive and Gram-negative bacte-
ria and fungi (Table SI1) (BPDB 2023). Potassium hydrogen
carbonate causes the collapse of hyphal walls and shrinkage
of fungal conidia, and potassium phosphonates have direct
toxicity to plant pathogens reducing populations, but also
promote plant natural defenses (Table SI1) (BPDB 2023).
Sulfur is a non-systemic, protective fungicide with contact
and vapor action inhibiting respiration. It is a non-specific
thiol reactant which also acts as a multi-site fungicide
(EFSA 2008).

Essential oils (clove, thymol, eugenol, geraniol, orange)
often show a good efficacy in laboratories but, in field exper-
iments, it decreases drastically because these substances are
very volatile, and their persistence on the crop is low. To
improve their efficacy, they should be encapsulated (Milice-
vic et al. 2022).

Herbicides

Due to the lack of workers to weed the cultivated fields,
natural substances were used at the end of the nineteenth
century as herbicides to increase the efficacy of weed man-
agement (Table 4). Iron sulfate and sea salt allowed the first
experiments to be carried out to apply an herbicide molecule
to control weeds in cultivated fields (Chauvel et al. 2022).
After the Second World War, the development of synthetic

molecules, which were cheaper and more effective, virtually
eliminated the use of natural substances. Nevertheless, in the
current context, herbicidal biocontrol solutions are presented
as an alternative to conventional active substances whose
negative effects on the environment have been demonstrated,
and also as a potential solution for managing weed species
that have selected resistance genes.

The natural substances currently used (Table 4; Table
SI1) are partly fatty acids (capric acid, caprylic acid, pel-
argonic acid) and acetic acid which have a non-selective
action on weeds (EFSA 20131, 2013h). They are also used
to limit the development of bryophytes in urban areas. The
efficacy of pelargonic acid, the first herbicide natural active
substance to be marketed in France, appears to be higher
for the management of eudicotyledons (seedlings) than for
the management of monocotyledons (Travlos et al. 2020)
but the experimental conditions seem to strongly influence
the efficacy of the compound. Sodium chloride (NaCl)
was approved in March 2021 at the European level (BPDB
2023). Its use is currently limited to the destruction of the
stump of the invasive species (Baccharis halimifolia L.) in
coastal areas by spot application of pure salt in holes drilled
in tree stumps, and on the ground in the direct vicinity of
the stumps (10-100 g/treated stump; pure salt). Studies are
being carried out on the use of seawater (alone or in com-
bination with synthetic molecules) for the management of
turfgrass (Uddin et al. 2011). At currently registered doses,
iron sulfate has limited efficacy for the management of bryo-
phytes (ACTA 2022). Although many potential herbicide
molecules are being studied today, few natural solutions that
are viable from economic and agricultural points of view
are currently available to farmers, despite the very strong
pressure to withdraw synthetic molecules.

Allelopathy is a population regulation mechanism that
is often mentioned in ecology and agronomy. Allelopathy

Table 4 Natural substances for herbicide uses: number of commercial products in France, use in agricultural and non-agricultural areas, dose,

and target
Active substance Number of commercial prod-  Agricul- Non-agricul- Dose Target
ucts in France (ACTA 2022) tural areas  tural areas

Acetic acid” 5 Yes Yes From 250 to 1000 L/ha  Plant
Capric acid” 3 No Yes 1000 L/ha Plant, bryophyte

(+ caprylic acid)
Caprylic acid” 1 Yes Yes 80 L/ha Plant, bryophyte
Sodium chloride - No Yes 10-100 g/stump Baccharis halimifolia
Tron sulfate™ 6 Yes Yes From 150 to 280 kg/ha Bryophyte
Pelargonic acid” 20 Yes Yes 16 to 166 L/ha Plant, bryophyte-seaweed, lichen
Vinegar™ " - Yes Yes 100 L/ha Plant

“Plant origin
“*Mineral origin

ek . .. .
Only ion medicinal aromatic and perfume
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consists of the production by a given plant species of one
or more chemical substances that can limit the germination
and growth of other plant species that are spatially close to
it (Rice 1984). Although many works on crop-weed rela-
tionships are entirely devoted to allelopathy (Cheema et al.
2013; Rice 1984), there is very little scientific data to con-
firm that this biological regulation is effective in cultivated
environments. Proposed as alternatives to conventional
herbicides, allelopathic compounds from plants could be
a potential source of new herbicide molecules. Literature
reviews indicated that about 200 molecules were identified
as potentially having an allelopathic effect under controlled
and semi-controlled conditions (Aslam et al. 2017; Jabran
and Farooq 2013). Several species belonging to the Aster-
aceae, Brassicaceae, Poaceae, and Polygonaceae families
were investigated for their allelopathic potential in manag-
ing weed communities (Delabays et al. 2009; Jabran et al.
2015) but efficient applications in the field seem to be very
limited at the moment. As allelopathic substances released
into the environment can be leached, bound and immobilized
by soil organic matter, or degraded by microbial communi-
ties (Zeng 2014), there are few concrete achievements of the
agricultural use of these molecules. A review carried out
on the allelopathic potential of cultivated varieties showed
that, from 523 papers published from 1956 to 2020, the rel-
evance of an allelopathic effect was demonstrated only in
seven cases (Mahe et al. 2022). Although many studies have
been carried out over the past 10 years, further work is still
needed to understand the functioning of these molecules,
which seem to have a broad spectrum of action (what syner-
gies between allelopathic molecules?). The fate of these new
molecules in soil remains to be determined as well as the
identification of their modes of action in the plant (Macias
et al. 2019) before considering their real use in the field.

Other uses

Five biocontrol substances are currently used as plant growth
regulators: 6-benzyladenine, gibberellic acid, indolbutyric
acid, gibberellins, and spearmint oil (Table SI1). Auxins
(indolbutyric acid) and gibberellins (e.g., gibberellic acid),
with their numerous actions on cell divisions and elongation,
are the main molecules used (Santner et al. 2009), especially
for vegetable crops, vineyards, orchards, and ornamental
crops. In recent years, an increase of more than 15% in sales
has been observed (Robin and Marchand 2019).

Among the available plant elicitors (Table SI1), lamina-
rin, a polyoside extracted from brown seaweed, is approved
against various pathogens, including many fungi (Poveda
and Diez-Mendez 2022; Siegwart and Lavoir 2020). The
COS-OGA active substance consists of a complex of chi-
tosan fragments (chitooligosaccharides, COS), which are
compounds found in crustacean exoskeletons, that are

associated with pectin fragments (oligogalacturonides,
OGA) originating from plant cell walls (van Aubel et al.
2014). Although the COS-OGA elicitor is not directly toxic
to pathogens, it is detected by the plant, which then switches
on signaling cascades that result in defense reactions against
potential invaders. It has been demonstrated that the COS-
OGA complex triggers signal transduction through the sali-
cylic acid (SA) pathway (de Miccolis Angelini et al. 2019;
van Aubel et al. 2014). Finally, cell wall derivatives from
Saccharomyces cerevisiae, cerevisane, also acts as an elici-
tor of plant defenses and, by modulating the gene expres-
sion, it can also be effective against oomycetes (de Miccolis
Aneglini et al. 2019).

Repellents are mainly substances of animal origin: blood
meal, sheep fat, and fish oil, but there are also quartz sand
and aluminium silicate (Table SI1).

Only one molluscicide (ferric phosphate) and one nemati-
cide (garlic extract) are approved as biocontrol solutions
(Table SI1). Finally, heptamaloxylglucan (natural compo-
nent of dicotyledone plant walls) is approved to protect crops
against frost damage (Table SI1).

Semiochemicals

Semiochemicals are molecules used either to trap, disori-
ent, or repel pests or to attract predators or parasitoids of
these pests. The molecules used to trap or disorient pests are
pheromones: they are normally emitted by females to attract
males very efficiently for reproduction, and they are usually
very species-specific. In crop bioprotection, pheromones
are used either at low doses or high doses. At low doses,
the objective is to attract males into traps from which they
will be physically unable to leave or in which they will be
poisoned by insecticides. At high doses, the atmosphere will
be saturated, making the female undetectable to the male. In
the latter case, this is called sexual confusion. The molecules
that repel pests or attract their predators or parasitoids are
kairomones. They can be emitted by the pest itself or by the
attacked plant. In the context of biocontrol and given their
very low production by the emitting organisms, pheromones
and kairomones are not extracted but synthetized in identi-
cal form.

Regulation of microorganisms, natural substances,
and semiochemicals

Microorganisms, natural substances, and semiochemicals are
covered by the European Regulation (EC) No. 1107/2009
(2009) (Fig. 3). Among these biocontrol solutions, some are
considered as “Low-risk active substances” (e.g., cerevisane,
COS-OGA, ferric phosphate, Pepino mosaic virus) (Table
SI1) and have to be specifically approved according to the
Articles 22 and 47 of the Regulation (EC) No. 1107/2009
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(2009), while others are considered as “Basic substances”
(e.g., garlic extract, beer, vinegar) (Table SI1) needing to be
approved according to the Article 23 of the Regulation (EC)
No. 1107/2009 (2009) (Fig. 3). After obtaining the approval,
biocontrol solutions are listed in the Annex II of the Euro-
pean Regulation (EC) No. 889/2008 (2008).

The French regulations that apply to biocontrol solutions
(Article L.253-6 of the FRMFC; French Republic 2023) are
specific and aim at facilitating their placing on the market.
They benefit from a reduced tax for approval and authori-
zation applications, a reduced evaluation period, and vari-
ous exemptions (Article R.253-11 of the FRMFC; French
Republic 2023). For example, they are exempted from the
prohibition of discounts, rebates, and refunds, and from
certain sales conditions applied to other PPPs (Articles
L.253-5.1 of the FRMFC; French Republic 2023). Approval
as PPP is not compulsory for use as a service when the prod-
uct does not carry any danger mention (Article L.254—1 of
the FRMFC; French Republic 2023). Some advertising,
prohibited for conventional PPPs, is authorized for biocon-
trol (Article D.253-43-2 of the FRMFC; French Republic
2023). The use of biocontrol solutions is exempted from
the obligation to implement measures to protect people near
inhabited areas or areas used for recreational purposes (Arti-
cle L.253-8 II of the FRMFC; French Republic 2023). The
biocontrol solutions of the DGAL list (DGAL 2022) can be
sold and used by public persons and for green spaces, for-
ests, roads, or public walks (Article L..253-7 of the FRMFC;
French Republic 2023). They are also exempted from actions
aiming at reducing the use of PPPs and from PPP saving
certificates (Articles L.254—10 to L254-10-9 of the FRMFC;
French Republic 2023).

Contamination of the environment
by biocontrol solutions

The macroorganisms, microorganisms, natural substances,
and semiochemicals used for biocontrol are still very rarely
monitored in the environment after their application. As
some of them are naturally present (fatty acids, potassium
hydrogen carbonate, aluminium silicate, sulfur, etc.), it is
difficult to distinguish, in the soil, water, and air, the frac-
tion coming from the biocontrol solutions from the one
that is present at the origin, especially since the quantities
added may be negligible (E-Phy 2023). In addition, some
compounds have a chemical nature that is not compatible
with analytical monitoring (sheep fat, fish oil, etc.). It is
also difficult to determine, for example, the quantities of
semiochemicals brought by treatments. Thus, the few results
presented below concern exogenous biocontrol substances
that can be measured in the environment.
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Soil and water contamination

There is almost no data on the contamination of soil and
aquatic environments, freshwater or marine ones, by bio-
control solutions. However, knowledge of their fate in soils,
water, and sediments can provide some information: the
more persistent and/or mobile a compound is, the more
likely it is to lead to the contamination of the environment
(soil, water, sediment, plant).

A recent review on the behavior of natural substances
in soils showed that most of them were not very persistent
(degradation half-life DT50 < 60 days), except abamectin,
paraffin oil, spinosad, and phosphonates (Mamy and Bar-
riuso 2022). On the other hand, some substances have a
high mobility (in particular acetic acid: adsorption coeffi-
cient normalized to soil carbon organic content K,.=0 L/
kg), while others will be almost immobile in the soil (oils,
pyrethrins: K .> 30,000 L/kg) (Mamy and Barriuso 2022)
(more details are given in the ‘“Fate of biocontrol solutions in
the environment” section). Consequently, most of the natural
substances should lead to a low risk of contamination of soil
and water, but data are needed.

The environmental fate of B. thuringiensis-derived pro-
teins has been the subject of two recent reviews (Briihl et al.
2020; Liu et al. 2021), which indicate, among other things,
that these toxins would be biologically active even after
adsorption to soil, particularly clays where they are highly
retained and less rapidly degraded than their free form, and
that they can be immobilized in sediments or sequestered in
algae for several years. In leaf litter from a mosquito breed-
ing area in the French Rhone-Alpes region treated with
B. thuringiensis var. israelensis, extensive environmental
contamination and toxin production were observed several
months after application (Cry4Aa and Cry4Ba) (Tetreau
et al. 2012).

Air contamination

Among the substances used for biocontrol, only pyrethrins
were searched by some French accredited air quality moni-
toring associations (AASQA) in 2011 and in 2016, but they
were not detected (PhytAtmo Database 2023). In 2019,
because of its physico-chemical properties, abamectin was
to be studied in the framework of the French national pes-
ticide exploratory campaign in air (CNEP) (ANSES 2020)
but the monitoring was impossible due to problems with the
compound trapping efficiency. In the USA, measurements of
pheromone concentrations have been made in treated plots
(forest, cotton crop) (Koch et al. 2009; Thorpe et al. 2007)
but no result on a larger contamination of the atmosphere
due to pheromones used in agriculture have been published.
In a very local study, Koch et al. (2009), observing some per-
sistence of compounds (a few hours) in fields after removal
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of pheromone delivery systems, attributed these concentra-
tions to either canopy release or persistence of the product
within the canopy air.

Fate of biocontrol solutions
in the environment

Fate of macroorganisms in the environment

The fate of a macroorganism in the environment is greatly
influenced by its ability to move to find a prey or a host
which is crucial for the success of crop protection. The rela-
tionships between movement and success of bioprotection
are demonstrated, for example, with syrphid predators of
the rosy apple aphid (Dib et al. 2017). This ability to move
can be problematic when the crop to be protected is in close
proximity to a sink crop, which can distract the predator
from its objective (Madeira et al. 2014). The movement of
predators and their prey has been the focus of many mod-
eling studies (Briggs and Hoopes 2004). As for predators,
the movement of parasitoids is the subject of much work,
and the ability to move can be an important parameter in
their successful use (Stacconi et al. 2018). The dispersal
ability of a parasitoid also influences its persistence in the
environment (Kuske et al. 2003).

To facilitate the persistence of a macroorganism in the
environment, so its efficacy, it is possible to consider feed-
ing to help its establishment after a release. However, this
action has contrasting effects depending on the predator/prey
pair considered. For example, supplying pollen can reduce
thrips predation by Orius laevigatus (Hemiptera) and Neo-
seiulus cucumeris (mite), whereas supplying 7. viride has
no effect (Skirvin et al. 2007). Other works give more dis-
parate results, still focusing on thrips predation by mites:
an addition of pollen increased predation by Amblyseius
swirskii, but had no effect on the efficacy of Euseius ovalis
(Ghasemzadeh et al. 2017). In addition, the supply of pollen
reduced the protection of plants by two mites (N. cucum-
eris and A. swirskii) against a thrips (Delisle et al. 2015).
Thus, it seems difficult to draw generalizations concerning
the feeding of predators, and a thorough knowledge of their
ecology is necessary to try to control their maintenance in
the environment.

Bank plants can be seen as a variant of the feeding con-
cept. Plants are placed in the vicinity of the crops to be pro-
tected which will host herbivores which will be consumed
by the predators if their preferred prey (the pests) run out on
the crops. This strategy has also been applied to parasitoids
and its efficacy in different agricultural systems has been dis-
cussed in a review (Frank 2010). It may reduce the number
of predator (or parasitoid) releases, but problems may arise
with maintaining bank plants.

The ability of macroorganisms to move is also used as
such in bioprotection, so-called entomovectoring. For exam-
ple, predatory mites are used as vectors to infect their prey,
the thrips Frankliniella occidentalis, with the entomopatho-
genic fungus B. bassiana (Lin et al. 2017), as this fungus
is not very offensive to mites. As for a mite species, ento-
movection is also considered using Harmonia axyridis and
Chrysoperla carnea as vectors of B. bassiana for biocontrol
of the aphid Myzus persicae (Zhu and Kim 2012).

While favoring the persistence of a macroorganism will
increase its efficacy in bioprotection, this persistence may
also be the source of potential problems: change of prey/host
range, competition with endemic species, etc. For example,
at the scale of several countries (France, Italy, Serbia, etc.)
and over several years, Lysiphlebus testaceipes has demon-
strated its migration capabilities (Mitrovic et al. 2013). This
was also observed for Torymus sinensis in Spain from France
(Nieves-Aldrey et al. 2019) or in Slovenia from Italy (Kos
et al. 2021). One predator is now unambiguously considered
invasive: H. axyridis (Lombaert et al. 2014). It has signifi-
cant migration capacity with typical flight of 18 km long, but
flights of up to 120 km have been recorded indicating a high
capacity for long-distance dispersal (Jeffries et al. 2013). In
addition, H. axyridis reproduction happens early and extends
over a larger period than endogenous insects, both crite-
ria favoring this invasive character (Tayeh et al. 2015). The
problems posed by H. axyridis are sufficiently important to
raise the question of its control. Thus, several strategies have
been tested using the fungus B. bassiana (Roy et al. 2008),
the parasitoid Dinocampus coccinella (Berkvens et al. 2010;
Dindo et al. 2016), or the predator Podisus maculiventris
(De Clercq et al. 2003) without a satisfactory solution being
found. Contrary to H. axyridis, the flight distance of Tricho-
gramma ostriniae is small and was estimated to be 16 m on
average, with a maximum <45 m (Chapman et al. 2009).

Global climate change has also motivated one overview
which provides further insight by considering this change in
relation to insect phenology and the possible consequences
(Damien and Tougeron 2019). It seems likely to the authors
that species with close links (host/parasitoid or prey/spe-
cialized predator) should retain some synchronicity. Con-
sequently, it can be expected that global warming will have
an impact on the environmental fate of predators/parasitoids
released for crop bioprotection.

Fate of microorganisms in the environment

Like macroorganisms, microorganisms are able to grow and
disperse after their application to the crop. This makes it dif-
ficult to predict their dynamics after their application, and
until now only a few studies address this point (Kohl et al.
2019). Nonetheless, microorganisms used for biocontrol
are entering in competition with indigenous soil microbiota
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and are supposed to rapidly disappear after their application.
However, the number of works monitoring the dissipation of
microorganisms introduced for biocontrol is low.

Studying the impact of B. amyloliquefaciens strain FZB42
on the native rhizosphere community by metagenome
sequencing, Krober et al. (2014) showed that it remained in
the rhizosphere for the 5 weeks of the field trial.

According to Zeng et al. (2012), populations of C. mini-
tans, Trichoderma, and Streptomyces species are stable
throughout the season, and maintaining high populations
of biological control agents is key to effective sclerotinia
control. However, the population of C. minitans has been
gradually decreasing during the season and this trend may
continue to decrease during the following winter (Zeng
et al. 2012). C. minitans sprayed on oilseed rape survives on
flower petals for 5 days suggesting that the fungus can pro-
tect petals from colonization by S. sclerotiorum ascospores
and thus reduce sclerotinia diseases on this crop (Yang et al.
2007).

Several studies on the persistence of Trichoderma are
available. It has been shown that T. asperellum populations
in soil (per gram of soil) do not change significantly over
time up to 12 weeks (Widmer and Shishkoff 2017). The
persistence of Trichoderma, followed at three temperature
regimes, increased during the first few days of incubation,
and decreased over the 253-day experiment until it reached
the limit of detection (Weaver et al. 2005). A study with T.
atroviride in vineyard revealed dispersion in the soil surface
for 18 weeks (Longa et al. 2009). However, when inoculated
at high concentration, populations declined after 2 years and
reached the level of the indigenous population. An applica-
tion of B. amyloliquefaciens in an orchard displayed a stabil-
ity of propagules over 21 days, and then dropped drastically
after 120 days (Vilanova et al. 2018).

As indicated in the “Contamination of the environment
by biocontrol solutions” section, there are few results on
the fate of B. thuringiensis in the environment. B. thuring-
iensis are biologically active even after adsorption to soil,
and they can be immobilized in sediments or sequestered in
algae for several years (Briihl et al. 2020; Liu et al. 2021).
It is noteworthy that the persistence of B. thuringiensis is
influenced by the commercial formulation and the nature of
the soil where B. thuringiensis is applied (Paul et al. 2017).
B. thuringiensis var. kurstaki can persist for 28 months in an
oak forest environment. The Cry toxins can be just as per-
sistent but the insecticidal properties are drastically reduced
from 14 months. Still in oak forest, but in a different ter-
roir, B. thuringiensis var. kurstaki was found 88 months
after spraying, the temporal limit of the study (Vettori et al.
2003). B. thuringiensis var. israelensis can also be found
for several months in the environment while retaining its
toxicity, and can even be found in areas where it has not
been used. In leaf litter from a mosquito breeding area in
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the French Rhone-Alpes region treated with B. thuringiensis
var. israelensis, widespread contamination of the environ-
ment and production of toxins (Cry4Aa and Cry4Ba) were
observed several months after the application (Tetreau et al.
2012).

Fate of natural substances in the environment

Mamy and Barriuso (2022) recently reviewed the fate of
natural substances in the environment, and especially in the
soil which occupies a central position in the regulation of
the fate of PPPs. Some data were already presented in the
“Contamination of the environment by biocontrol solutions”
section above: natural substances tend to be less persistent
than conventional PPPs, and the variability of their mobility
was found to be similar to that of conventional PPPs (Mamy
and Barriuso 2022). It has to be underlined that for many
natural substances, no DT50 or Koc value could be found
(Mamy and Barriuso 2022).

In soils, the persistence of abamectin (mixture of Bla
and B1b avermectin) is generally low (DT50 <2 days) but
its degradation leads to the formation of many transforma-
tion products that can be significantly more persistent (Bai
and Ogbourne 2016; EFSA et al. 2020a). Its mobility is low
(Freundlich adsorption coefficient normalized to soil car-
bon organic content K, .=6631) (Bai and Ogbourne 2016;
BPDB 2023; Dionisio and Rath 2016; EFSA et al. 2020a),
so it is unlikely to be found in groundwater, but it could be
present in surface water. In water—sediment systems, DT50
range from 20 to 91 days (EFSA et al. 2020a). Paraffin oil
(mixture of C17-C31 alkanes) is persistent in soils; however,
it can be degraded by microorganisms (EFSA 2009; Pozdn-
yakova et al. 2008; Spini et al. 2018). It appears to have low
mobility (K =462,000 L/kg; BPDB 2023) but results are
scarce. Paraffin oil dissipates rapidly in water to adsorb on
sediments (EFSA 2009). The persistence of spinosad in soil
in the field is highly variable (0.3 days < DT50 < 104 days),
increasing with soil pH and as soil moisture decreases (Adak
and Mukherjee 2016; EFSA et al. 2018; Huan et al. 2015;
Sharma et al. 2007; Thompson et al. 2002; Williams et al.
2003). During degradation, spinosad forms transforma-
tion products that may be more persistent than the active
substance (EFSA et al. 2018). This insecticide is otherwise
highly adsorbed in soils (K,,=34,600 L/kg; BPDB 2023)
which induces a low risk of groundwater contamination
(EFSA et al. 2018; Mottes et al. 2017). Nevertheless, it
is likely to be found in surface water but data are lacking
while spinosad is persistent in water—sediment systems
(DT50>78 days) (EFSA et al. 2018). In the soil, the DT50
of disodium phosphonate is up to 281 days (EFSA 2013c)
and that of potassium phosphonates up to 196 days (EFSA
2012d). Their mobility ranges from medium (K,.=454 L/kg
for potassium phosphonates; BPDB 2023) to low (K., =952
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for disodium phosphonate; PPDB 2023). The renewal
assessment reports do not contain data characterizing their
behavior in aquatic environments (EFSA 2012d, 2013c).
The degradation of pyrethrins needs to consider the evalua-
tion of the degradation kinetics of its six major components:
pyrethrin I and II, cinerin I and II, and jasmoline I and II
(Angioni et al. 2005; Feng et al. 2018). In general, pyrethrins
are not persistent in the environment, with laboratory DT50
lower than 3 days (EFSA 2013d).

For biocontrol, deltamethrin is only approved in insect
traps, so it is not likely to be in contact with the environment
(in particular soil and water). However, it must be stressed
that existing results show that this substance is persistent
(22 days < DT50 <231 days) in soils and is very strongly
adsorbed (K,.=1.024 107 L/kg; PPDB 2023). On the con-
trary, its degradation is very rapid in water—sediment sys-
tems (European Commission 2017).

Except some basic substances (Salix alba, Equisetum
arvense) or some complex mixtures without maximum resi-
due level (MRL) requirement (cerevisane, aqueous extract
of Lupinus albus), no natural complex extract is actually
approved in Europe as biocontrol solutions and, to the best
of our knowledge, no environmental fate studies are avail-
able for these complex. One of the potential reasons is the
limitation of classic methodologies as it is difficult to iden-
tify and track in environmental matrix-derived products
from such complex mixtures.

Environmental untargeted meta-metabolomic was
recently considered to offer a novel “universal” tool for
assessing the environmental fate and impact of commercial
formulations and in-course-of-development of biocontrol
solutions (Ghosson et al. 2022). This metabolomic approach,
introduced by Patil et al. (2016), was called “Environmental
Metabolic Footprinting” (EMF). The EMF integrates extrac-
tion, detection, and analysis of the xenometabolome of an
applied PPP, and the endometabolome of the environmen-
tal matrix. The xenometabolome includes the active sub-
stance, the adjuvants, and the co-formulants of the commer-
cial formulation, and the transformation products derived
from the active substance. The endometabolome consists of
metabolites produced by microbiome living in the studied
environmental matrix. The xenometabolome and the endo-
metabolome will then constitute the meta-metabolome that
will be the target of the extraction, the chemical analyses,
and the data processing (Ghosson et al. 2022). The study
of the kinetics of EMFs allows the definition of two new
proxies: the resilience time and the dissipation time. The
resilience time is reached when the statistical multivariate
comparative analysis (principal component analysis—PCA
or orthogonal partial least squares discriminant analysis—
OPLS-DA) of the metabolic footprints clearly shows no
difference between the treated and untreated matrix (Ghos-
son et al. 2022; Patil et al. 2016; Salvia et al. 2018). The

resilience time provides more information than the DT50
as it describes various phenomena such as the formation
of transformation products and the effect on biodiversity.
The EMF approach was used to evaluate the impact of natu-
ral p-triketone herbicides in soil (Patil et al. 2016). It was
also useful to study the impact of commercial solutions of
B. thuringiensis var. israelensis on sediment (Salvia et al.
2018). Recently, the EMF approach has been adapted to fruit
matrices and to target only the xenometabolome to study
the fate of complex biocontrol solutions and the dissipa-
tion of their residues in treated crops. In this adaptation, the
EMEF approach was able to exclusively target the dissipation
of biocontrol treatment residues (xenometabolome). It was
also able to determine the “dissipation interval” which cor-
responds to the time needed to have no difference between
the residue profiles of the treated sample and the profile of
the control samples (Ramos et al. 2022). The EMF approach
could play a very important role in the coming years, as
more and more biocontrol products are developed.

Fate of semiochemicals in the environment

To the best of our knowledge, there was no result on the fate
of semiochemicals in the environment. The “Contamination
of the environment by biocontrol solutions” section summa-
rized the few papers that were found in this literature review.

Impacts of biocontrol solutions
on biodiversity

Impacts of macroorganisms on biodiversity

The assessment of the unintended effects of non-indigenous
macroorganisms is difficult because it has to consider host
specificity, and the establishment of the potential host range
of a generalist in a new area (Loomans 2021). Some authors
suggest building qualitative food webs containing informa-
tion on feeding relationships and abundance measures which
may be useful for illustrating the connections between spe-
cies and thus identifying the species at risk of indirect effects
from the release of a macroorganism (Todd et al. 2021). This
network model would allow for a better assessment of post-
release or pre-release risks in new regions (Todd et al. 2021).

Predators

A difficulty often encountered with predators is that they
are able to feed on species other than those they are released
against. Predators can thus affect the biodiversity of an area
in several ways: their feeding habits, their ability to move,
and their ability to reproduce. These last two characteristics,
by going beyond the norms of the species considered, can
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lead to its classification as an invasive species, as was done
with H. axyridis. This species can consume other predators
(intraguild predation) without being detrimental to the effi-
cacy of biocontrol (Gardiner and Landis 2007). H. axyridis,
in addition to intraguild predation, may also show a defi-
nite inclination towards cannibalism if natural prey (aphids)
becomes scarce (Rondoni et al. 2012) or in populations that
have become invasive compared to natural populations of H.
axyridis (Tayeh et al. 2014). These aspects of the biology
of H. axyridis have recently been reviewed (Rondoni et al.
2021).

Moreover, this disturbance can be complex as it depends
on the season and on the habitat. Indeed, one study shows
that H. axyridis alters the balance of local ladybird species
in lime trees but not in pine trees or nettles (Brown and Roy
2018). This impact on species balance is different depending
on the species considered: H. axyridis can negatively affect
the demography of another coleopteran predator (Coccinella
septempunctata) but not those of a dipteran (Aphidoletes
aphidimyza) or neuropteran (Chrysopidae) predators (Brown
2003). A review of the impact of H. axyridis on local popu-
lations shows all these nuances (Li et al. 2021).

H. axyridis is not the only macroorganism to cause envi-
ronmental problems. Releases of mass-reared individuals
of Macrolophus pygmaeus led to “hybridization” between
the released and native individuals (Streito et al. 2017). The
hybridization term is maybe too strong as individuals are
of the same species; thus, genetic mixing between farmed
and “wild” individuals should not be a problem unless the
farmed individuals carry genetic traits that weaken the popu-
lation (reduced fecundity, susceptibility to disease, etc.).

Parasitoids

Parasitoids can interact with each other, particularly in the
case of superparasitism when a host is parasitized by several
individuals of the same or different species. Thus, in the
Hawaiian archipelago, the joint use of two Hymenopteran
parasitoids, Fopius arisanus and Diachasmimorpha tryoni,
against Ceratitis capitata had an effect that was difficult to
predict a priori. Indeed, as F. arisanus parasitizes the eggs
and D. tryoni the larvae, it turned out that the larvae of F.
arisanus having developed before those of D. tryoni were
able to kill the latter. F. arisanus had thus supplanted D.
tryoni in parasitism of C. capitata. D. tryoni had changed
host and had started to parasitize two non-target insects
(Eutreta xanthochaeta and Procecidochares utlis) which
were themselves introduced for crop protection (Wang and
Messing 2003). Similarly, Trissolcus basalis and Trichopoda
pilipes parasitoids, which were introduced to control Nezara
viridula (green bug), attacked Coleotichus blackburniae, an
endemic non-target species. Host switching of these parasi-
toids were demonstrated to depend on the climate (altitude
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variation) and on the density of C. blackburniae popula-
tions (Johnson et al. 2005). In Europe, Ferracini et al. (2015)
showed that the parasitoid Torymus sinensis (Hymenoptera),
used against the chestnut sawfly Dryocosmus kuriphilus, had
a broader ecological host range than previously reported,
and that it was attracted by non-target hosts other than D.
kuriphilus. It has also been observed that the release of
parasitoids can lead to hybridization phenomena between
neighboring species, for example, 7. sinensis and T. benefi-
cus (Yara 2014).

Interactions between predators and parasitoids

Interactions between predators and parasitoids can be neu-
tral, positive, or negative. If negative interference exists, it
can be monodirectional (the predator influences the parasi-
toid or vice versa) or bidirectional. An example of the lat-
ter is the pairing of the parasitoid Leptomastix dactylopii
and the predator Cryptolaemus montrouzieri used against
the citrus mealybug Planococcus citri. The predator will
consume parasitized mealybugs as long as they are con-
sumable (after a certain period of parasitism, the mummy
hardens). The parasitoid will be less active on the mealybug
if the predator is present (Chong and Oetting 2007). These
bidirectional interactions are staggered in time. A one-way
interaction involves the predator H. axyridis and the para-
sitoid Tamarixia radiata. Traces of semiochemicals from
the predator on the surface of a leaf alter the host-seeking
behavior of the parasitoid (Nakashima et al. 2004; Shrestha
and Stelinski 2019). Conversely, the predator Nesidiocoris
tenuis will become cannibalistic or herbivore and neglect its
prey (Tuta absoluta) if the parasitoid Trichogramma bras-
sicae is present (Mirhosseini et al. 2019). A final example
demonstrates the absence of negative interaction (as long
as the prey is present): in the woolly apple aphid (Eriosoma
lanigerum)/parasitoid (Aphelinus mali)/predator (forficula,
hoverfly, ladybirds, spiders) system, the concomitant pres-
ence of both types of biocontrol agents always led to an
increase in aphid control efficacy compared to observations
made with each agent alone (Gontijo et al. 2015).

The wealth and diversity of the literature confirm the
great complexity of the ways in which macroorganisms
interact with each other or with organisms already present
in the environment. These interactions can be direct (preda-
tion, parasitism, hybridization) or indirect (competition for
resources), sometimes linked to unexpected phenomena such
as changes in hosts or prey.

Among the outputs of the EU ERBIC (Evaluating Envi-
ronmental Risks of Biological Control Introductions into
Europe) project, which lasted 4 years from 1998 to 2002,
two publications proposed a scheme for organizing experi-
ments (mainly in the laboratory) to determine the potential
ecological risks associated with predators or parasitoids, and
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a procedure for assessing the environmental risk of such
releases in the field (van Lenteren et al. 2003, 2006). For
example, Hippodamia convergens, H. axyridis, and T. bras-
sicae species have been labelled with high-risk indices.

A literature review of macroorganism release campaigns
and their impacts is worth quoting here (Louda et al. 2003).
The findings highlight some of the problems associated with
the use of macroorganisms: (1) species phylogenetically
related to the pest are most likely to be attacked; (2) host-
specificity testing defines physiological host range, but not
ecological range; (3) prediction of ecological consequences
requires population data; (4) level of impact varied, often
in relation to environmental conditions; (5) information on
magnitude of non-target impact is sparse; (6) attack on rare
native species can accelerate their decline; (7) non-target
effects can be indirect; (8) macroorganisms disperse from
agroecosystems; (9) whole assemblages of species can be
perturbed; and (10) no evidence on adaptation is available
in these cases.

Impacts of microorganisms on biodiversity
Insecticides and bactericides

As mentioned above, B. thuringiensis was shown to be per-
sistent over long period of time in various environments
causing, on the one hand, the appearance of resistances
to B. thuringiensis (Tilquin et al. 2008) and, on the other
hand, ecotoxicological impacts on non-target organisms.
Indeed, B. thuringiensis var. kurstaki was demonstrated to
affect both soil bacterial and fungal communities, as well
as arbuscular mycorrhizal colonization of plant roots (Fer-
reira et al. 2003). In addition, the ingestion of B. thuringien-
sis var. kurstaki by insect larvae (Drosophilidae) led to the
slowdown in their development (Babin et al. 2020). Larval
mortality was observed at the highest dose applied (annual
application dose X 1000). Further analyses showed that the
slowdown of the development of insect larvae in response
to the ingestion of B. thuringiensis var. kurstaki was due to
changes in gut physiology, to the volume of food intake, to
the composition of the gut microbiota, and to the quality of
the diet (Nawrot-Esposito et al. 2020). In larval amphib-
ians, B. thuringiensis var. kurstaki did not induce mortal-
ity at agricultural application doses but only at the highest
application dose tested (application dose X 650) (Weeks and
Parris 2020). Furthermore, B. thuringiensis var. kurstaki had
no effect on soil arthropods (Beck et al. 2004) and on spiders
(Bajwa and Aliniazee 2001). B. thuringiensis CrylAh did
not affect the survival, longevity, pollen consumption, and
physiology of honeybee workers (Apis mellifera and Apis
cerana) (Dai et al. 2012). Harwood et al. (2006) studied
the transfer of Cryl Ab-B. thuringiensis endotoxin along the
maize-slug-carabid food chain: they showed that, despite the

uptake of B. thuringiensis endotoxins by the slug Deroceras
laeve, no B. thuringiensis endotoxin was detected in the car-
abid beetles Scarites subterraneus. B. thuringiensis can also
modify food webs by reducing arthropod food resources for
birds. This has been documented for house martins (Deli-
chon urbicum) in the French region of Camargue, where
treatments to control mosquito populations with B. thuring-
iensis var. israelensis reduced the number of prey for these
birds. As a result, the average number of offspring per nest
fell from 3.2 to 2.3 (Poulin et al. 2010). A similar observa-
tion was made for B. thuringiensis var. kurstaki applied to
control the gypsy moth, an important prey of the vermivo-
rous warbler (Helmitheros vermivorus): the reduction in the
number of preys decreased the number of young fledged per
nest (Awkerman et al. 2011).

Until now, there are only a very limited number of papers
evaluating the effect of microbial active ingredients with
antimicrobial properties on indigenous microbial communi-
ties or on living organisms in the environment. The behav-
ior of the bacteriophagous nematode Cephalobus brevi-
cauda, which is attracted to Gram-negative bacteria, was
not affected by different biocontrol products containing B.
thuringiensis, B. pumilis, or B. subtilis as active ingredient
(Salinas et al. 2007). The survival of B. amyloliquefaciens
strains inoculated to suppress Ralstonia solanacearum in the
rhizosphere of tomato plants showed that their abundance
remained high over a period of 5 weeks (> 107 cfu/g soil)
allowing the control of R. solanacearum compared to the
non-inoculated control, and that they were able to develop
inside the plant and promote its growth (Tan et al. 2013).
The effect of B. amyloliquefaciens strain ZM9 on the sup-
pression of tobacco wilt-causing R. solanacearum and on the
rhizosphere microbial community of this plant was evalu-
ated by a 16S rRNA amplicon sequencing approach (Wu
et al. 2016). In samples treated with ZM9, the abundance
of OTUs (Operational Taxonomic Units) affiliated with R.
solanacearum was lower than in untreated samples. The
tobacco rhizosphere microbial community dominated by
OTUs affiliated to proteobacteria, acidobacteria, bacteroi-
detes, gematimonadetes, and actinobacteria was affected by
treatment with B. amyloliquefaciens strain ZM9 in the early
stages of tobacco development but the composition of the
rhizosphere bacterial community was resilient by the end
of tobacco cultivation. In the early stages, three groups of
OTUs, affiliated to Sphingosinicella, Gemmatimonas, and
Gpl, negatively correlated to the abundance of R. solanac-
arum, were identified in samples treated with B. amylolique-
faciens strain ZM9, which also showed a higher abundance
of OTUs affiliated to bacterial genera known for their PGPR
properties (Wu et al. 2016).

Unfortunately, most of these studies focused on the
impact caused by the microorganisms on indigenous soil
microbiota without evaluating the impact on ecological
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functions supported by soil microbiota, and on other soil
mesofauna and macrofauna. Additional efforts are required
to monitor the ecotoxicological impact of active ingredients
of microbial origin on in-soil living organisms.

Fungicides

Thanks to their ability to produce a wide range of molecules
(phytohormones, antibiotics, hydrolytic enzymes, plant elici-
tors, etc.), microorganisms can affect microbial communities
and plant growth. Thus, the effects of microorganisms on
the physico-chemical properties of the soil and a modifica-
tion of the functions of microbial communities have been
demonstrated. This is notably the case of C. rosea, applied at
high doses, which modulates bacterial populations by favor-
ing proteobacteria, firmicutes, and actinobacteria, and by
reducing acidobacteria, without reducing protists (Fournier
et al. 2020). Ravnskov et al. (2006) reported that C. rosea
increased overall bacterial biomass (especially Gram-pos-
itive bacteria) but limited protozoa, suggesting that these
populations were either sensitive to toxins produced by C.
rosea. The fungus Phlebiopsis gigantea reduces the bacterial
richness of early decaying spruce strains with, as expected
for other microorganisms, an attenuation of the negative
effects on microbial diversity over time (Sun et al. 2013).
As the assessments of the impacts on biodiversity may not
reveal significant impacts on ecological functions, detailed
analyses of microbial communities are needed to sensitively
assess the impact of pest management practices on the soil
ecosystem (Fournier et al. 2020; Rillig et al. 2019).

An assessment of the effects of T. atroviride on soil
microbial communities revealed that, while microbial
diversity was slightly altered in short term (3 days), in
longer term (9 months) the fungal and bacterial communi-
ties were identical to those observed in uninoculated soils
(Cordier and Alabouvette 2009). Similar findings were
found in vineyards in Italy: T. atroviride had no major
long-term impact, and thus, environmental conditions had
more effect than the fungus (Savazzini et al. 2009). In con-
trast, a study with 7. harzianum strain T-22 indicated that
it altered the communities of microorganisms in the rhizo-
sphere of carrot by increasing the population size of rhizo-
bacteria, including Bacillus species and Pseudomonas spe-
cies, and reducing the size of the fungal population in the
rhizosphere (Patkowska et al. 2020). For B. amylolique-
faciens, a transient or negligible effect on rhizosphere or
soil microbial populations has been shown (Krober et al.
2014). If changes in microbial community structure were
sometimes observed (in crops grown in hydroponics in
greenhouse controlled conditions), the initial structure
of microbial community was restored after 40 days (Wan
et al. 2018). However, B. amyloliquefaciens can induce a
decrease in fungal abundance and diversity; enhance soil
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urease, catalase, and phosphatase activities; and decrease
cellulase activity (Tian et al. 2018) with an increase in
bacterial/fungus ratios (Chen et al. 2018b). Further green-
house studies with B. subtilis showed no significant effect
on the rhizosphere microbiota in sandy and loamy soils,
but some effect in clay soil (Li et al. 2016). Moreover,
some Bacillus devoted up to 8% of their genetic mate-
rial to the synthesis of antimicrobial compounds (lytic
enzymes, antibiotics, lipopeptides, polyketides), capa-
ble of triggering plant defense mechanisms (Cawoy et al.
2014, 2015; Chen et al. 2009). Few studies describe the
effects of Bacillus on microbial diversity. Evidence of
changes in the bacterial microflora after the introduction
of Pseudomonas or the oomycete P. oligandrum led to
the same conclusions: transient changes and no sustain-
able impact on the bacterial communities (Schreiter et al.
2018; Vallance et al. 2012). Although the introduction of
microorganisms used as biocontrol active ingredient can
affect microbial and fungal communities, this tends to be
more or less transient with a return to the normal balance
over time.

Regarding the effects of fungicide microorganisms on
macroorganisms and beneficial organisms, the literature
generally showed limited or no effect. For example, B.
amyloliquefaciens had no effect on earthworms (Lagerlof
et al. 2015). But, on the contrary, B. thuringiensis can have
negative effects on caterpillars of some butterfly species:
the density of Gelechia ribesella and Euhyponomeutoides
gracilariella were reduced by 60% and 23%, respectively,
in the leaf-feeding guild on sprayed Ribes cereum plants
compared to control plants (Boulton et al. 2002).

Many microorganisms can induce induced systemic
resistance (ISR) in plants and indirectly have plant-medi-
ated fungicidal action (Ownley et al. 2010) by producing
various redox enzymes and PR proteins (Duke et al. 2017).
They can also produce volatile (COV) anti-pathogenic or
plant-acting compounds, but it is not known how these
COVs can impact non-target organisms (Asari et al. 2016).
Like all PPPs, microorganism based-biocontrol solutions
should be investigated specifically. For example, in 2016,
EFSA published a scientific opinion on the risks for human
health of B. cereus and B. thuringiensis in food products
(EFSA Panel Biological Hazards BIOHAZ et al. 2016).
They reported that the indirect effects of microorganisms
(and macroorganisms) are difficult to assess, and until
now remains poorly considered, because of the complex-
ity of connections between species and the ecological
community.

Finally, the increasing use of microorganisms as biocon-
trol solutions raises the question of the risks of microbial
invasions in agriculture after mass use with potential effects
on soils and ecosystem services (parasitism, promoting inva-
sive plants, suppressive soil) (Jack et al. 2021).
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Impacts of natural substances on biodiversity
Insecticides, acaricides

Abamectin was found to have significant toxicity on coc-
cinellids (James 2003), and on several predators (O. insid-
iosus, A. swirskii) and parasitoids (Eretmocerus eremi-
cus) (Gradish et al. 2011). It also has reproductive effects
on earthworms and enchytreids (Bai and Ogbourne 2016;
Diao et al. 2007; EFSA et al. 2020a; Jensen et al. 2007;
Kolar et al. 2008; Lumaret et al. 2012), and a high toxicity to
predatory mites (Fountain and Medd 2015). On the contrary,
abamectin appeared to have low toxicity on terrestrial ver-
tebrates, but effects are observed on pollinators and aquatic
organisms (EFSA et al. 2020a).

The situation is qualitatively similar for spinosad, which
is highly toxic to parasitoids, having many sublethal effects
such as inability to develop into the adult stage and build a
cocoon, and decrease in the reproductive abilities, offspring
size, and ability to forage for hosts (D’Avila et al. 2018;
Williams et al. 2003). Spinosad is also toxic to H. axyridis
(Galvan et al. 2006), Drosophila (Martelli et al. 2022), and
Daphnia (Duchet et al. 2010). It has lethal effects on lar-
vae and adults of wild social bees of the Melipona group
(Botina et al. 2020). dos Santos Aradjo et al. (2023) dem-
onstrated that the ingestion of spinosad decreased survival
and food consumption of A. mellifera, and that exposure of
the bees to spinosad LC50 (Lethal Concentration for 50%
of exposed organisms) reduced flight capacity, respiration
rate, and superoxide dismutase activity. Spinosad causes a
decrease in predatory activity of forficula (Forficula auricu-
laria) (Malagnoux et al. 2015), alters their physiology and
behavior, and reduces larval growth (Fountain and Harris
2015). It also induces a reduction in the abundance of some
predatory ants (Pereira et al. 2010), and of many spider
families in apple orchards (Marliac et al. 2016) but not in
cabbage crops (Liu et al. 2013). Results have further shown
that predatory mites can develop resistance due to prolonged
exposure to spinosad (Duso et al. 2014; Fountain and Medd
2015). Transient effects on microorganisms and on some
soil enzyme activities have been observed (Telesinski et al.
2015). Finally, spinosad can cause indirect effects on food
webs resulting in reduced food resources (often representing
50% reduction in invertebrate abundances) for insectivorous
terrestrial vertebrates (Poulin et al. 2010; Poulin and Lefe-
bvre 2018).

Pyrethrins have low toxicity to terrestrial vertebrates;
however, effects are observed on aquatic organisms, bees,
and earthworms (EFSA 2013d). They have no effect on
thrips (Nikolova et al. 2015), but they cause a decrease in
the abundance of many spider families (Marliac et al. 2016).
Regarding aquatic vertebrates, exposure of bullfrogs (Litho-
bates catesbeianus) to pyrethrins resulted in an increase in

leukocytes with the conventional formulation, and to an
increase in erythrocyte numbers and impaired cell division
with the nanoscale formulation (Oliveira et al. 2019).

Paraffin oil has little effect on earthworms, but the effects
depend on soil type (EFSA 2009; Erlacher et al. 2013). It has
no effect on the abundance of many spider families (Bajwa
and Aliniazee 2001) but it does cause a decrease in ladybug
densities (Karagounis et al. 2006). Paraffin oil has moderate
toxicity to fish and aquatic invertebrates (European Com-
mission 2009a). Minor effects on soil microorganisms have
been observed after application of paraffin oil (Bundy et al.
2004; Engelen et al. 1998).

Aluminium silicate is used as insecticide, but also as
repellent. A study carried out on Bombus terrestris did not
show any direct lethal effect of aluminium silicate, but this
substance can induce a loss of water and thus reduce the
survival of bumblebees at 28 °C (Karise et al. 2016a). The
use of biocontrol solution containing aluminium silicate and
fungi (C. rosea or B. bassiana) led to an increase in cuticular
water loss of B. terrestris, to a reduction in their survival,
and to their mortality due to the presence of entomopatho-
genic spores of B. bassiana (Karise et al. 2016b). Alumin-
ium silicate had no effect on ladybugs (Karagounis et al.
2006), but a decrease in community abundance and species
richness, and a change in the structure of the communities
of bugs, beetles, and spiders has been observed (Marko et al.
2010).

According to EFSA (2013f), a high risk to bees cannot be
excluded following the use of maltodextrin but, in general,
the substance has a low ecotoxicity. For orange oil, a lack
of data was evidenced, and in particular to characterize the
risk to birds and mammals, including secondary poisoning,
and the risk to aquatic organisms, including the chronic risk
assessment and the potential for bioaccumulation (EFSA
2013g). Rapeseed oil has no critical of concern in ecotoxi-
cology (low risk was identified for birds, mammals, earth-
worms, non-target terrestrial plants, soil microorganisms),
but EFSA et al. (2022a) concluded of high risk for bees,
non-target arthropods other than bees, and soil macroorgan-
isms other than earthworms. Diatomaceous earth presents a
low risk to birds, wild mammals, aquatic organisms, bees,
non-target arthropods other than bees, earthworms, soil
organisms, non-target terrestrial plants, and sewage treat-
ment organisms (EFSA et al. 2020b). Some results showed
that the ecotoxicity of terpenoid blend to non-target soil
macroorganisms was low, but data are lacking to character-
ize the effects of this blend on aquatic organisms, bees, and
non-target arthropods (EFSA 2014c).

Fungicides

Potassium hydrogen carbonate is a common substance
in soils; it has low ecotoxicity (EFSA et al. 2021c). In a
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two-season field experiment, the efficacy and phytotoxicity
of this substance were evaluated for the control of apple
scab. Potassium hydrogen carbonate significantly reduced
apple scab severity on the leaves and fruits of the three tested
apple cultivars, and it did not affect the summer density of
the beneficial phytophagous mite predator Typhlodromus
pyri (Jamar et al. 2008).

Potassium or disodium phosphonates release phosphorous
acid that can accumulate in different plant organs (fruits,
buds) (Malusa and Tosi 2005). However, at the environ-
mental concentration, an Australian study showed no effect
of phosphonate treatments on vegetation structure, and the
functionality of impacted areas would be maintained (Barrett
and Rathbone 2018). On the contrary, Lambers et al. (2013)
described an impact on biodiversity for plants adapted to
phosphorus-poor soils and calls for finding alternatives to
phosphonates. According to EFSA (2012d, 2013c¢), potas-
sium phosphonates have low ecotoxicity, while disodium
phosphonate is moderately toxic to most environmental
organisms (birds, earthworms, fish, aquatic invertebrates,
sediment-dwelling organisms), except for bees and mammals
for which it has low ecotoxicity. Thus, phosphonates seem
to be a controversial topic.

Overall, sulfur has low ecotoxicity (Carcamo et al. 1998;
EFSA 2008). It is not toxic to earthworms (Carcamo et al.
1998; EFSA 2008), it stimulates soil enzyme activities
(dehydrogenase, arylsulfatase; Ram et al. 2017), and carabid
beetles were reported to be unaffected by sulfur (Carcamo
et al. 1998). In addition, Jamar et al. (2008) demonstrated
that wettable sulfur and lime sulfur had no effect on the
summer density of T. pyri. On the contrary, sulfur impacts
enchytreids (Ohtonen et al. 1992), it affects microorganisms
as it induces a decrease in soil pH (Czerwonka et al. 2017),
and it has a significant effect on the abundance of mycopha-
gous beetles (Sutherland et al. 2010). Despite sulfur is used
as a fungicide, it has a side effect that can be considered as
an insecticidal action. Indeed, sulfur dust causes a decrease
in the number of eggs and consequently in the numbers of
Lobesia botrana, a lepidopteran pest of grapevine, but it has
no effect on a predatory mite (Tacoli et al. 2020).

For eugenol, EFSA (2012¢) concluded as a low risk for
earthworms, honeybees, non-target arthropods, soil micro-
organisms, and terrestrial non-target plant. However, there
were data gaps to consider the short-term and long-term
risks to insectivorous birds, and the risk to aquatic organ-
isms. For geraniol, risk assessment for birds, mammals, and
aquatic organisms could not be finalized (EFSA 2012f) while
for thymol, a high risk was identified for aquatic organisms
(EFSA 2012g). Data were missing to characterize the risk
for birds and mammals.

Finally, no data were available to assess the ecotoxicity
of clove oil (EFSA 2012h). It is reported that some essen-
tial oils which are not authorized in France (Melaleuca
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or Artemisia) have a toxic effect on aquatic invertebrates
(Daphnia) and on unicellular green algae. It should be
remembered that a substance such as rotenone, which was
withdrawn in EU (European Commission 2008), is toxic to
mammals, fish, and insects (Chaudhari et al. 2021).

Herbicides

Fatty acids are not free of toxicity even at doses considered
as sublethal (EFSA et al. 2021b; Techer et al. 2015), and
risks were identified for aquatic organisms, more specifi-
cally for aquatic invertebrates (Table SI1). Toxicity to other
organisms (earthworms, birds) was found to be very low but
experiments are required to assess the ecotoxicological risk
of these fatty acids towards aquatic organisms (EFSA et al.
2021b). Regarding acetic acid, a high risk was identified for
mammals, honeybees, non-target arthropods, and aquatic
organisms (EFSA 2013h). On the contrary, the risk to soil-
dwelling organisms was found to be low (EFSA 2013h).
Data gaps were identified for birds, non-target plants, and
mammals for acute toxicity (EFSA 2013h). Iron sulfate,
as for it, is moderately toxic to mammals, birds, fish, and
aquatic invertebrates, and has low toxicity to earthworms
and bees (EFSA 2012c). Other fatty acids are being studied
(for example: Cuphea species oils; Tisserat et al. 2012) to
find new herbicide solutions with less negative impacts on
the environment. Research into essential oils with herbicidal
activity is currently underway, but has not yet produced con-
vincing results due to the selectivity and toxicity of these
molecules. The development of such herbicides would be
an immediate alternative, provided that the environmental
safety of these new molecules can be demonstrated.

Other uses

The number of data for natural substances used as mollusci-
cides, nematicides, plant growth regulators, plant elicitors,
repellents, and protection against frost damage (Table SI1)
is low. Phosphonates (plant elicitor) and aluminium silicate
(repellent) are also used as fungicides and insecticides,
respectively, and have been discussed above.

Ferric phosphate is the only natural substance approved
for molluscicide use. Overall, it has low toxicity to mam-
mals and bees but, in contrast, it has some ecotoxicity to
aquatic organisms (EFSA 2015). Contradictory results were
observed for earthworms: EFSA (2015) and Langan and
Shaw (2006) demonstrated that ferric phosphate was toxic
while Edwards et al. (2009) observed no effect. Some stud-
ies showed that microorganisms were not able to solubilize
phosphorus when it is in the form of ferric phosphate (Matos
et al. 2017; Spagnoletti et al. 2017).

Only one substance is approved for nematicide use:
garlic extract (Table SI1). In general, this substance has a
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low ecotoxicity but data are missing to assess its effects on
aquatic organisms, bees, and non-target arthropods (EFSA
et al. 2020c).

Looking at plant growth regulators (Table SI1), the data
published at the regulatory level in the renewal assessment
reports showed an overall low ecotoxicity of indolbutyric
acid, 6-benzyladenine, gibberellic acid, and gibberellins but
there were nevertheless some data gaps (such as for aquatic
macrophytes) (EFSA 2010a, 2010b, 20121, 2012j).

The cerevisane plant elicitor is of no concern for ecotoxi-
cology (EFSA 2014a). COS-OGA was also demonstrated
to have low ecotoxicity but there is a data gap for aquatic
organisms (EFSA 2014b). Laminarin, which is a natural
polysaccharide, has low toxicity to earthworms (EFSA et al.
2017), and has no effect on the activity of chitinase, which
plays an important role in soil carbon and nitrogen cycles
(Ueno and Miyashita 2000).

Regarding repellents, sheep fat (EFSA et al. 2022b), fish
oil (EFSA et al. 2022c), and pepper (EFSA 2011), no criti-
cal ecotoxicology issues were identified. Blood meal is also
used as a food additive and fertilizer; thus, at the regulatory
level, no data were provided to characterize its effects (EFSA
et al. 2020d). Bonilla et al. (2012) and Cayuela et al. (2009)
showed that blood meal stimulates microbial activity and has
no effect on soil enzyme activities. The quartz sand repellent
is largely composed of the mineral quartz; the major con-
stituent of which is silicon dioxide. In the area of ecotoxicol-
ogy, a low risk to all non-target organisms was concluded
based on the low exposure in the environment and relevant
food items for non-target organisms (EFSA et al. 2022d).

Heptamaloxyloglucan which is used against frost damage
is a natural component of dicotyledone plant walls which is
present in different food commodities of plant origin, among
them apple juice and dietary supplement. This substance has
a low ecotoxicity (EFSA et al. 2022e¢).

Impacts of semiochemicals on biodiversity

Insect attractants are described for predators (Hesler 2016)
as well as for pests for trapping or detection purposes (Toth
et al. 2012; Royer et al. 2019).

The literature highlights that auxiliaries, such as the pred-
ator O. laevigatus, can induce the emission of kairomones/
allomones by plants. O. laevigatus can have an occasional
phytophagous behavior leading to the plant emission of
odors having a repulsive action for Bemisia tabaci and for
Franklinellia occidentalis, and an attractive action for the
parasitoid Encarsia formosa (Bouagga et al. 2018). The role
of kairomones/allomones emitted by plants has been con-
firmed with Arabidopsis thaliana which produces an alarm
pheromone for M. persicae resulting in aphid dispersal and
attraction of the parasitoid Diaeretiella rapae (Beale et al.
2006).

The pheromones are long-chain hydrocarbons which dis-
perse freely in the environment and thus reach many organ-
isms. At the same time, similar molecules such as (Z)-5-tet-
radecen-1-ol may play a similar role in mice. Indeed, this
molecule is present in the urine of males and attracts females
(Gomez-Diaz et al. 2013). It is possible, given the similari-
ties of the chemical structures, that there may be interference
between the detection systems of these molecules among
vertebrates and invertebrates. To the best of our knowledge,
this area of research has not been explored.

Impacts of insect traps on biodiversity

Deltamethrin is the sole conventional insecticide authorized
for biocontrol in France, and only in insect traps (DGAL
2022). Consequently, non-target organisms should not be
exposed to deltamethrin. However, in the event of accidental
exposure (destruction of the trap, consumption by predators
of contaminated insects, poor layout of the trap allowing
deltamethrin to be released or to be accessible to organ-
isms not normally exposed, etc.), this insecticide may have
ecotoxicological effects at local scale such as decrease in
the abundance of terrestrial invertebrates (spiders, carabid
beetles, staphylins, lacewings, ladybirds, ants, parasitoids,
natural enemies) (Khans and Alhewairini 2019; Macfadyen
and Zalucki 2012; Rodriguez et al. 2003) or aquatic inverte-
brates (McKnight et al. 2015). Small terrestrial vertebrates
can also be affected (Ansari et al. 2008; Brander et al. 2016;
Peveling et al. 2003) as well as fish (Brander et al. 2016).

Comparison of the impacts of biocontrol
solutions with those of conventional PPPs

Very few studies compare the impacts of biocontrol solu-
tions with those of conventional PPPs. Such a comparison is
especially difficult to make with microorganisms or macroor-
ganisms since treatments are very different in nature from
treatments with conventional PPPs. Indeed, microorganisms
and macroorganisms can multiply upon their release in the
crops, and their mode of action can be extremely complex.
Moreover, their behavior in the environment is different in
terms of spatial distribution or dispersion. Thus, comparing
the effects of the action of living organisms and synthetic or
natural molecules requires the consideration of very different
approaches (characterization of their dispersion in the envi-
ronment, their persistence and their ecotoxicity at different
scales ranging from the individual to the communities) and
the mobilization of scientific concepts from ecology (such as
coalescence concept) and from evolution (such as intraspe-
cific and interspecific competition) to understand the fate
and impact of biocontrol organisms. While this has been
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analyzed for conventional PPPs, few biocontrol agents can
boast such comprehensive analyses.

Some results were found comparing the ecotoxicity of
natural substances and microorganisms to that of conven-
tional PPPs but there was no result for macroorganisms,
neither for semiochemicals.

Comparison of the impacts of microorganisms
with those of conventional PPPs having the same
usages

In general, the literature shows that microorganisms have
lower ecotoxicological effects than conventional PPPs.

Regarding the fungicides, B. amyloliquefaciens has a
lower effect on the rhizosphere microbial communities than
the association of thiram and carbendazim conventional
fungicides: phenotypic indices of culturable heterotrophic
bacterial colonies obtained from the soybean rhizosphere
were similar in the untreated control and following treatment
with B. amyloliquefaciens while they decreased by 18% and
increased by 23%, respectively, after fungicide application
(Correa et al. 2009). Compared to the control (intensity of
mycorrhization of 20.8%, abundance of mycorrhization
of 5.2%), the reduction in the intensity and abundance of
structures involved in the mycorrhizal symbiosis developed
between soybean roots and arbuscular mycorrhizal fungi
was lower in B. amyloliquefaciens-treated plants (14.5% and
1.9%) than in the fungicide-treated ones (8.5% and 0.97%)
(Correa et al. 2009). On chrysanthemum crop, B. subtilis
increased significantly soil urease (+17% on average) and
acid phosphatase activities (+44.5%) compared to the con-
trol but had no effect on catalase activity, while dazomet
decreased catalase (—48%) and urease (—22%) activities,
but had no effect on acid phosphatase activity (Chen et al.
2018b). The effect caused by B. subtilis strain Tpb55 iso-
lated from tobacco phyllosphera to control Phytophthora
parasitica var. nicotianae on the rhizosphere bacterial com-
munity was compared with that caused by a mixture of two
fungicides, metalaxyl and mancozeb (You et al. 2016). In
response to treatment with B. subtilis strain Tpb55 or with
the fungicide mixture, the abundance of the two dominant
phyla (acidobacteria and proteobacteria) was altered com-
pared to the untreated control, with a decrease in acidobac-
teria for the fungicide mixture (—7%) and an increase in
proteobacteria (alpha and gamma proteobacteria) for both
treatments (+ 11.5 and + 12%, respectively).

Treatments with B. subtilis, Burkholderia ambifaria,
Trichoderma virens, or T. harzianum tended to favor Pseu-
domonas and Trichoderma communities in contrast to the
conventional fungicide treatment consisting of a mixture
of thiophanate-methyl, mancozeb, and cymoxanil (Larkin
2016). The microorganisms had little effect on bacterial
communities (as do conventional fungicides), and their

@ Springer

effect on fungi was variable. These treatments also gen-
erally resulted in increased microbial activity (e.g., 12%
increase following treatment with B. subtilis) and substrate
use, unlike the conventional PPP mixture (6% decrease in
microbial activity) (Larkin 2016). Similarly, 7. harzianum
and P. oligandrum have less marked effects on population
density and community structure of soil oribatid mites than
conventional fungicides (metalaxyl-M + copper or man-
cozeb) (Al-Assiuty et al. 2014). Recently, Fournier et al.
(2020) evaluated the impact on microbial populations of
two conventional fungicides, fosetyl-aluminium and propa-
mocarb hydrochloride, and of a C. rosea-based biofungicide.
The fungicides (conventional fungicide and biofungicide)
had no effect on soil bacterial, fungal, and protist diversity.
However, both types of fungicides decreased the complexity
of the soil microbial network. In addition, they had contrast-
ing impacts on the composition of microbial communities,
and on the identity of key taxa: C. rosea impacted keystone
taxa which structured the soil microbial network while
the conventional fungicides modified biotic interactions
favoring taxa which are less efficient at degrading organic
compounds.

For insecticides, Duso et al. (2008) showed that exposure
to B. bassiana led to a low mortality rate of Tetranychus
urticae (two-spotted spider mite) (33%), a major pest of
agricultural systems, compared to imidacloprid (77%) and
pymetrozine (66%) insecticides, but increased that of P.
persimilis (43% for B. Bassiana, 34% for imidacloprid, and
35% for pymetrozine), a predatory mite that specializes on
the Tetranychus species. B. bassiana was found to strongly
decrease egg hatchings (only 3.7% of egg hatching) of T.
urticae compared to the two conventional insecticides (75%
for imidacloprid, 98% for pymetrozine), while they all had
no effect on those of P. persimilis. B. thuringiensis has a
lower toxicity (decrease in mortality, increase in offspring
production and reproductive capacity) for O. laevigatus than
the metaflumizone conventional insecticide, and lower or
similar toxicity than indoxacarb (Biondi et al. 2012).

Comparison of the impacts of natural substances
with those of conventional PPPs having the same
usages

Abamectin and spinosad were found to be more toxic to
the O. laevigatus predator than conventional insecticides
(Biondi et al. 2012): mortality was 75% and 98% after
exposure to spinosad and abamectin, respectively, while
it was lower than 44% for metaflumizone and indoxacarb.
Spinosad is 19 and 37 times more toxic (based on LC50)
to a parasitoid (Aphidius colemani) than imidacloprid or
lambda-cyhalothrin, respectively (D’Avila et al. 2018). It
is also more toxic (reduction in the Ca>* response medi-
ated by Da6 protein, negative effect on larval survival,
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vision loss, widespread brain vacuolation) to Drosophila
than imidacloprid (Martelli et al. 2022). Conversely, spi-
nosad had less effect than lambda-cyhalothrin on spider
abundance and diversity, and the Shannon—Wiener Index
and the hierarchical richness index were on average two
times higher in the spinosad treated plots than in the
lambda-cyhalothrin ones (Liu et al. 2013). Mortality of
H. axyridis following exposure to spinosad was two (third
instars) to ten (adults) times lower than following expo-
sure to indoxacarb (Galvan et al. 2006). Lastly, spinosad
was found to be less toxic (considering survival) to all
stages of H. axyridis (eggs, first and third instars, pupae,
adults) than chlorpyrifos, carbaryl, bifenthrin, and lambda-
cyhalothrin, and abundances of H. axyridis in soybean and
sweet corn crops in spinosad treated plots were found to
be higher than in conventional insecticide-treated ones
(Galvan et al. 2005).

Some effects of paraffin oil on soil microorganisms have
been observed after application (change in species frequency
distribution); however, they were minor compared to those
of metamitron and especially to those of dinoterb (Engelen
et al. 1998). Paraffin oil was also less toxic than bifenthrin
to the lacewing Chrysoperla rufilabris (larvae) and to the
ladybug Rhyzobius lophanthae (adults), with a mortality
rate two to ten times lower, but it can lead to slightly higher
mortality of both species than pyriproxyfen, spiromesifen,
and spirotetramat (Quesada and Sadof 2020). Biondi et al.
(2012) demonstrated that paraffin oil decreased the mortality
of O. laevigatus (mortality rates ranging from 20 to 40%)
compared to metaflumizone (40 to 80%) and indoxacarb (30
to 40%), that it tended to increase the offspring production
(from 10 to <20 nymphs produced) compared to metaflu-
mizone (< 15) but to decrease it compared to indoxacarb
(15 to 17), and that paraffin oil decreased the reproductive
capacity of O. laevigatus compared to metaflumizone and
indoxacarb. Biondi et al. (2012) also showed that rapeseed
oil decreased the mortality of O. laevigatus (mortality rates
ranging from > 25 to 80%) compared to metaflumizone (35
to 80%) but increased the mortality compared to indoxacarb
(30 to 40%); on the contrary, rapeseed oil increased offspring
production (from 10 to 22 nymphs produced) and reproduc-
tive capacity compared to metaflumizone (< 15) and indox-
acarb (15 to 17).

Finally, pyrethrins were found to lead to higher mortality
rate of T. urticae and P. persimilis (>90% and 100%, respec-
tively) than imidacloprid (77% and 34%, respectively) and
pymetrozine (66% and 35%, respectively), but hatching of T.
urticae was higher in the presence of pyrethrins (98%) than
in the presence of imidacloprid (75%). There was no differ-
ence in hatching of P. persimilis after exposure to pyrethrins,
imidacloprid, or pymetrozine. Oviposition rates of T. urticae
were two times lower following treatments with pyrethrins
than with imidacloprid (Duso et al. 2008).

Biocontrol solutions seem to have lower ecotoxicity than
conventional PPPs, but there are some exceptions, and the
number of data is low highlighting the need of more research
on this topic.

Conclusion

Overall, this review showed that little is known about the
contamination of soil, water, and air by biocontrol solutions
(macroorganisms, microorganisms, natural substances, semi-
ochemicals); their fate in the environment; and their impacts
on biodiversity.

However, the existing works report that biocontrol solu-
tions have an impact on the environment and biodiversity,
and that there are a wide range of interactions between
macroorganisms and their environment. While natural sub-
stances and semiochemicals could be considered as an alter-
native to conventional PPPs (as they are organic or inorganic
substances), the application of living biocontrol organisms
(macroorganisms and microorganisms) to protect crops has
different consequences. Indeed, their interactions with the
various components of the environment are complex since
biocontrol organisms can survive, multiply, colonize, and
move in different habitats where they can interact with indig-
enous organisms. As a result, the ecosystem resilience which
can be observed when a conventional PPP is dissipated may
not be observed if the biocontrol organism becomes resi-
dent in the environment where it was introduced to control a
given pest or in another environment following its invasion.
While it is legitimate to assess the efficacy of biocontrol, the
assessment of the unintended effects and associated risks
of biocontrol solutions for the environment is also critical:
there are ways of improvement and it may connect to other
regulations, including those governing the control of inva-
sive species (European Union 2014).

The comparison of the impacts of biocontrol solutions
on biodiversity with those of conventional PPPs demon-
strated that microorganisms tend to have lower impacts than
PPPs, and that while most of natural substances have low
ecotoxicity, others have a toxicity equivalent to or greater
than that of the conventional PPPs. However, the number of
studies is low, and there is no data for macroorganisms and
semiochemicals.

A great deal of research remains to be done to better
understand and characterize the processes governing the
fate and dispersal of biocontrol solutions in the environment
as well as their ecotoxicological effects on environmental
health. In addition to research conducted in laboratory, it
would be relevant to rely on instrumented study sites and/
or long-term monitoring, such as sites associated with the
International Long Term Ecological Research (ILTER) net-
work (Vanderbilt et al. 2015) on a global scale or on network
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such as the Biovigilance 500 ENI (non-intended effects) one
(Andrade et al. 2021) at national scale.

The consideration of the unintended effects of biocontrol
solutions will help to ensure their sustainability, and as an
ultimate goal to avoid replicating the difficulties associated
with the near widespread use of conventional PPPs. This
could likely have implications for risk definitions and regula-
tions associated with biocontrol.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11356-024-33256-3.

Acknowledgements This review was done under the framework of the
French collective scientific assessment (CSA) about the “Impacts of
plant protection products on biodiversity and ecosystem services’ coor-
dinated by INRAE and Ifremer for the French Ministries of Ecological
Transition and Territorial Cohesion, of Higher Education and Research,
and of Agriculture and Food Sovereignty. This action was also led by
the Ministries for Agriculture and Food Sovereignty, for an Ecological
Transition and Territorial Cohesion, for Health and Prevention, and
of Higher Education and Research, with the financial support of the
French Office for Biodiversity, as part of “the national call for projects
on the Ecophyto II+ plan, part 1, years 2020-2021,” with the fees
for diffuse pollution coming from the Ecophyto II+ plan. The authors
would like to acknowledge Dr. Thierry Caquet, the INRAE scientific
Director of Environment, and the general directorate of the Ifremer,
and Dr. Guy Richard, head of the INRAE Directorate for Collective
Scientific Assessment, Foresight and Advanced Studies (DEPE). They
also would like to thank Dr. Nicolas Ris (INRAE) for his expertise on
macroorganisms; Sophie Leenhardt (INRAE), project manager of the
CSA; Dr. Stéphane Pesce (INRAE) and Dr. Wilfried Sanchez (Ifremer),
scientific leaders of the CSA together with Dr. Laure Mamy (INRAE);
and Lucile Wargniez for the illustrations.

Author contribution Marcel Amichot, Cédric Bertrand, Bruno Chau-
vel, Marie-France Corio-Costet, Fabrice Martin-Laurent, and Laure
Mamy contributed equally to the study conception and design, to the
data collection, and to the writing of the first draft of the manuscript
and of the subsequent revisions. Sophie Le Perchec helped to pro-
duce and to mobilize the bibliographic corpus. All authors read and
approved the final manuscript.

Funding This work was funded by the French Office for Biodiversity
(OFB) through the national Ecophyto plan.

Data availability Not applicable.

Declarations

Ethics approval and consent to participate Not applicable.
Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

References

ACTA (2022) Index Acta biocontrdle. ACTA, Paris

Adak T, Mukherjee I (2016) Investigating role of abiotic factors on
spinosad dissipation. Bull Environ Contam Toxicol 96:125-129.
https://doi.org/10.1007/s00128-015-1644-z

@ Springer

Al-Assiuty A, Khalil MA, Ismail AWA, van Straalen NM, Ageba MF
(2014) Effects of fungicides and biofungicides on population
density and community structure of soil oribatid mites. Sci Total
Environ 466:412-420. https://doi.org/10.1016/j.scitotenv.2013.
07.063

Amichot M, Joly P, Martin-Laurent F, Siaussat D, Lavoir AV
(2018) Biocontrol, new questions for ecotoxicology? Envi-
ron Sci Pollut Res 25:33895-33900. https://doi.org/10.1007/
s11356-018-3356-5

Anastasiadis IA, Giannakou IO, Prophetou-Athanasiadou DA, Gowen
SR (2008) The combined effect of the application of a biocon-
trol agent Paecilomyces lilacinus, with various practices for the
control of root-knot nematodes. Crop Prot 27:352-361. https://
doi.org/10.1016/j.cropro.2007.06.008

Andrade C, Villers A, Balent G, Bar-Hen A, Chadoeuf J, Cylly D,
Cluzeau D, Fried G, Guillocheau S, Pillon O, Porcher E, Tressou
J, Yamada O, Lenne N, Jullien JM, Monestiez P (2021) A real-
world implementation of a nationwide, long-term monitoring
program to assess the impact of agrochemicals and agricultural
practices on biodiversity. Ecol Evol 11:3771-3793. https://doi.
org/10.1002/ece3.6459

Angioni A, Dedola F, Minelli EV, Barra A, Cabras P, Caboni P (2005)
Residues and half-life times of pyrethrins on peaches after field
treatments. J Agric Food Chem 53:4059—-4063. https://doi.org/
10.1021/jt0477999

Ansari MA, Shah FA, Butt TM (2008) Combined use of entomopatho-
genic nematodes and Metarhizium anisopliae as a new approach
for black vine weevil, Otiorhynchus sulcatus, control. Entomol
Exp Appl 129:340-347. https://doi.org/10.1111/j.1570-7458.
2008.00783.x

ANSES (2020) Campagne nationale exploratoire des pesticides dans
I’air ambiant. Premieres interprétations sanitaires. Préambule.
Rapport d’appui scientifique et technique révisé. ANSES, Paris.
https://www.anses.fr/fr/system/files/ AIR2020SA0030Ra.pdf.
Accessed 10 May 2023

ANSES (2021) List of requests for the introduction of macroorganisms.
https://www.anses.fr/fr/content/liste-des-avis-macroorganismes?
page=4. Accessed 10 May 2023

Asari S, Matzen S, Petersen MA, Bejai S, Meijer J (2016) Multiple
effects of Bacillus amyloliquefaciens volatile compounds: plant
growth promotion and growth inhibition of phytopathogens.
FEMS Microbiol Ecol 92:11. https://doi.org/10.1093/femsec/
fiw070

Aslam F, Khaliq A, Matloob A, Tanveer A, Hussain S, Zahir Z (2017)
Allelopathy in agro-ecosystems: a critical review of wheat allel-
opathy—concepts and implications. Chemoecology 27:1-24.
https://doi.org/10.1007/s00049-016-0225-x

Augustinus BA, Gentili R, Horvath D, Naderi R, Sun Y, Truce Ele-
onoor Tournet A-M, Schaffner U, Miiller-Schirer H (2020)
Assessing the risks of non-target feeding by the accidentally
introduced ragweed leaf beetle, Ophraella communa, to native
European plant species. Biol Control 50:104356. https://doi.org/
10.1016/j.biocontrol.2020.104356

Awkerman JA, Marshall MR, Williams AB, Gale GA, Cooper RJ,
Raimondo S (2011) Assessment of indirect pesticide effects on
worm-eating warbler populations in a managed forest ecosystem.
Environ Toxicol Chem 30:1843-1851. https://doi.org/10.1002/
etc.559

Azaiez S, Ben Slimene I, Karkouch I, Essid R, Jallouli S, Djebali N,
Elkahoui S, Limam F, Tabbene O (2018) Biological control of
the soft rot bacterium Pectobacterium carotovorum by Bacillus
amyloliquefaciens strain Arl10 producing glycolipid-like com-
pounds. Microbiol Res 217:23-33. https://doi.org/10.1016/j.
micres.2018.08.013

Babin A, Nawrot-Esposito MP, Gallet A, Gatti JL, Poirie M (2020)
Differential side-effects of Bacillus thuringiensis bioinsecticide


https://doi.org/10.1007/s11356-024-33256-3
https://doi.org/10.1007/s00128-015-1644-z
https://doi.org/10.1016/j.scitotenv.2013.07.063
https://doi.org/10.1016/j.scitotenv.2013.07.063
https://doi.org/10.1007/s11356-018-3356-5
https://doi.org/10.1007/s11356-018-3356-5
https://doi.org/10.1016/j.cropro.2007.06.008
https://doi.org/10.1016/j.cropro.2007.06.008
https://doi.org/10.1002/ece3.6459
https://doi.org/10.1002/ece3.6459
https://doi.org/10.1021/jf0477999
https://doi.org/10.1021/jf0477999
https://doi.org/10.1111/j.1570-7458.2008.00783.x
https://doi.org/10.1111/j.1570-7458.2008.00783.x
https://www.anses.fr/fr/system/files/AIR2020SA0030Ra.pdf
https://www.anses.fr/fr/content/liste-des-avis-macroorganismes?page=4
https://www.anses.fr/fr/content/liste-des-avis-macroorganismes?page=4
https://doi.org/10.1093/femsec/fiw070
https://doi.org/10.1093/femsec/fiw070
https://doi.org/10.1007/s00049-016-0225-x
https://doi.org/10.1016/j.biocontrol.2020.104356
https://doi.org/10.1016/j.biocontrol.2020.104356
https://doi.org/10.1002/etc.559
https://doi.org/10.1002/etc.559
https://doi.org/10.1016/j.micres.2018.08.013
https://doi.org/10.1016/j.micres.2018.08.013

Environmental Science and Pollution Research

on non-target Drosophila flies. Sci Rep 10:16. https://doi.org/
10.1038/541598-020-73145-6

Bai SH, Ogbourne S (2016) Eco-toxicological effects of the avermec-
tin family with a focus on abamectin and ivermectin. Chem-
osphere 154:204-214. https://doi.org/10.1016/j.chemosphere.
2016.03.113

Bajwa WI, Aliniazee MT (2001) Spider fauna in apple ecosystem
of western Oregon and its field susceptibility to chemical and
microbial insecticides. J] Econ Entomol 94:68-75. https://doi.
org/10.1603/0022-0493-94.1.68

Barrett S, Rathbone D (2018) Long-term phosphite application main-
tains species assemblages, richness and structure of plant com-
munities invaded by Phytophthora cinnamomi. Austral Ecol
43:360-374. https://doi.org/10.1111/aec.12574

Beale MH, Birkett MA, Bruce TJA, Chamberlain K, Field LM, Hut-
tly AK, Martin JL, Parker R, Phillips AL, Pickett JA, Prosser
IM, Shewry PR, Smart LE, Wadhams LJ, Woodcock CM,
Zhang YH (2006) Aphid alarm pheromone produced by trans-
genic plants affects aphid and parasitoid behavior. Proc Natl
Acad Sci USA 103:10509-10513. https://doi.org/10.1073/
pnas.0603998103

Beck L, Rombke J, Ruf A, Prinzing A, Woas S (2004) Effects of dif-
lubenzuron and Bacillus thuringiensis var. kurstaki toxin on soil
invertebrates of a mixed deciduous forest in the Upper Rhine Val-
ley. Germany Eu J Soil Biol 40:55-62. https://doi.org/10.1016/j.
¢jsobi.2003.08.003

Benhamou N, le Floch G, Vallance J, Gerbore J, Grizard D, Rey P
(2012) Pythium oligandrum: an example of opportunistic suc-
cess. Microbiology-Sgm 158:2679-2694. https://doi.org/10.
1099/mic.0.061457-0

Berkvens N, Moens J, Berkvens D, Samih MA, Tirry L, De Clercq P
(2010) Dinocampus coccinellae as a parasitoid of the invasive
ladybird Harmonia axyridis in Europe. Biol Control 53:92-99.
https://doi.org/10.1016/j.biocontrol.2009.11.001

Biondi A, Desneux N, Siscaro G, Zappala L (2012) Using organic-cer-
tified rather than synthetic pesticides may not be safer for biologi-
cal control agents: selectivity and side effects of 14 pesticides on
the predator Orius laevigatus. Chemosphere 87:803—812. https:/
doi.org/10.1016/j.chemosphere.2011.12.082

BNV-D (2021) Banque Nationale des Ventes distributeurs. https://
ventes-produits-phytopharmaceutiques.eaufrance.fr/search.
Accessed 10 May 2023

Bohan DA, Boursault A, Brooks DR, Petit S (2011) National-scale reg-
ulation of the weed seedbank by carabid predators. J Appl Ecol
48:888-898. https://doi.org/10.1111/j.1365-2664.2011.02008.x

Bonilla N, Cazorla FM, Martinez-Alonso M, Hermoso JM, Gonzalez-
Fernandez JJ, Gaju N, Landa BB, de Vicente A (2012) Organic
amendments and land management affect bacterial community
composition, diversity and biomass in avocado crop soils. Plant
Soil 357:215-226. https://doi.org/10.1007/s11104-012-1155-1

Bonini M, Sikoparija B, Prentovic M, Cislaghi G, Colombo P, Tes-
toni C, Grewling L, Lommen STE, Muller-Scharer H, Smith M
(2016) A follow-up study examining airborne Ambrosia pollen in
the Milan area in 2014 in relation to the accidental introduction
of the ragweed leaf beetle Ophraella communa. Aerobiologia
32:371-374. https://doi.org/10.1007/s10453-015-9406-2

Botina LL, Bernardes RC, Barbosa WF, Lima MAP, Guedes RNC,
Martins GF (2020) Toxicological assessments of agrochemical
effects on stingless bees (Apidae, Meliponini). MethodsX 7:18.
https://doi.org/10.1016/j.mex.2020.100906

Bouagga S, Urbaneja A, Rambla JL, Granell A, Perez-Hedo M (2018)
Orius laevigatus strengthens its role as a biological control agent
by inducing plant defenses. J Pest Sci 91:55-64. https://doi.org/
10.1007/s10340-017-0886-4

Boulogne I, Petit P, Ozier-Lafontaine H, Desfontaines L, Loranger-
Merciris G (2012) Insecticidal and antifungal chemicals

produced by plants: a review. Environ Chem Lett 10:325-347.
https://doi.org/10.1007/s10311-012-0359-1

Boulton TJ, Otvos IS, Ring RA (2002) Monitoring nontarget Lepidop-
tera on Ribes cereum to investigate side effects of an operational
application of Bacillus thuringiensis subsp. kurstaki. Environ
Entomol 31:903-913. https://doi.org/10.1603/0046-225x-31.5.
903

BPDB (2023) Bio-Pesticides DataBase. http://sitem.herts.ac.uk/aeru/
bpdb/. Accessed 10 May 2023

Brander SM, Gabler MK, Fowler NL, Connon RE, Schlenk D (2016)
Pyrethroid pesticides as endocrine disruptors: molecular mecha-
nisms in vertebrates with a focus on fishes. Environ Sci Technol
50:8977-8992. https://doi.org/10.1021/acs.est.6b02253

Bravo A, Gill SS, Soberon M (2007) Mode of action of Bacillus thur-
ingiensis Cry and Cyt toxins and their potential for insect control.
Toxicon 49:423-435. https://doi.org/10.1016/j.toxicon.2006.11.
022

Bravo A, Likitvivatanavong S, Gill SS, Soberon M (2011) Bacillus
thuringiensis: a story of a successful bioinsecticide. Insect Bio-
chem Mol Biol 41:423-431. https://doi.org/10.1016/j.ibmb.2011.
02.006

Briggs CJ, Hoopes MF (2004) Stabilizing effects in spatial parasi-
toid-host and predator-prey models: a review. Theor Popul Biol
65:299-315. https://doi.org/10.1016/j.tpb.2003.11.001

Brown MW (2003) Intraguild responses of aphid predators on apple to
the invasion of an exotic species, Harmonia axyridis. Biocontrol
48:141-153. https://doi.org/10.1023/a:1022660005948

Brown PMJ, Roy HE (2018) Native ladybird decline caused by the
invasive harlequin ladybird Harmonia axyridis: evidence from a
long-term field study. Insect Conserv Divers 11:230-239. https://
doi.org/10.1111/icad.12266

Briihl CA, Despres L, Fror O, Patil CD, Poulin B, Tetreau G, Allgeier
S (2020) Environmental and socioeconomic effects of mosquito
control in Europe using the biocide Bacillus thuringiensis subsp.
israelensis (Bti). Sci Total Environ 724:137800. https://doi.org/
10.1016/j.scitotenv.2020.137800

Bugeme DM, Knapp M, Boga HI, Ekesi S, Maniania NK (2014) Sus-
ceptibility of developmental stages of Tetranychus urticae (Acari:
Tetranychidae) to infection by Beauveria bassiana and Metarhi-
zium anisopliae (Hypocreales: Clavicipitaceae). Int J Trop Insect
Sci 34:190-196. https://doi.org/10.1017/S1742758414000381

Bundy JG, Paton GI, Campbell CD (2004) Combined microbial com-
munity level and single species biosensor responses to monitor
recovery of oil polluted soil. Soil Biol Biochem 36:1149-1159.
https://doi.org/10.1016/j.s0ilbio.2004.02.025

Carcamo HA, Parkinson D, Volney JWA (1998) Eftects of sulphur con-
tamination on macroinvertebrates in Canadian pine forests. Appl
Soil Ecol 9:459-464. https://doi.org/10.1016/s0929-1393(98)
00105-x

Cawoy H, Mariutto M, Henry G, Fisher C, Vasilyeva N, Thonart P,
Dommes J, Ongena M (2014) Plant defense stimulation by natu-
ral isolates of Bacillus depends on efficient surfactin production.
Mol Plant-Microbe Interact 27:87—-100. https://doi.org/10.1094/
mpmi-09-13-0262-r

Cawoy H, Debois D, Franzil L, De Pauw E, Thonart P, Ongena M
(2015) Lipopeptides as main ingredients for inhibition of fungal
phytopathogens by Bacillus subtilis/lamyloliquefaciens. Microb
Biotechnol 8:281-295. https://doi.org/10.1111/1751-7915.12238

Cayuela ML, Sinicco T, Mondini C (2009) Mineralization dynamics
and biochemical properties during initial decomposition of plant
and animal residues in soil. Appl Soil Ecol 41:118-127. https://
doi.org/10.1016/j.aps0il.2008.10.001

Chandrasekaran R, Revathi K, Thanigaivel A, Kirubakaran SA, Sen-
thil-Nathan S (2014) Bacillus subtilis chitinase identified by
matrix-assisted laser desorption/ionization time-of flight/time
of flight mass spectrometry has insecticidal activity against

@ Springer


https://doi.org/10.1038/s41598-020-73145-6
https://doi.org/10.1038/s41598-020-73145-6
https://doi.org/10.1016/j.chemosphere.2016.03.113
https://doi.org/10.1016/j.chemosphere.2016.03.113
https://doi.org/10.1603/0022-0493-94.1.68
https://doi.org/10.1603/0022-0493-94.1.68
https://doi.org/10.1111/aec.12574
https://doi.org/10.1073/pnas.0603998103
https://doi.org/10.1073/pnas.0603998103
https://doi.org/10.1016/j.ejsobi.2003.08.003
https://doi.org/10.1016/j.ejsobi.2003.08.003
https://doi.org/10.1099/mic.0.061457-0
https://doi.org/10.1099/mic.0.061457-0
https://doi.org/10.1016/j.biocontrol.2009.11.001
https://doi.org/10.1016/j.chemosphere.2011.12.082
https://doi.org/10.1016/j.chemosphere.2011.12.082
https://ventes-produits-phytopharmaceutiques.eaufrance.fr/search
https://ventes-produits-phytopharmaceutiques.eaufrance.fr/search
https://doi.org/10.1111/j.1365-2664.2011.02008.x
https://doi.org/10.1007/s11104-012-1155-1
https://doi.org/10.1007/s10453-015-9406-2
https://doi.org/10.1016/j.mex.2020.100906
https://doi.org/10.1007/s10340-017-0886-4
https://doi.org/10.1007/s10340-017-0886-4
https://doi.org/10.1007/s10311-012-0359-1
https://doi.org/10.1603/0046-225x-31.5.903
https://doi.org/10.1603/0046-225x-31.5.903
http://sitem.herts.ac.uk/aeru/bpdb/
http://sitem.herts.ac.uk/aeru/bpdb/
https://doi.org/10.1021/acs.est.6b02253
https://doi.org/10.1016/j.toxicon.2006.11.022
https://doi.org/10.1016/j.toxicon.2006.11.022
https://doi.org/10.1016/j.ibmb.2011.02.006
https://doi.org/10.1016/j.ibmb.2011.02.006
https://doi.org/10.1016/j.tpb.2003.11.001
https://doi.org/10.1023/a:1022660005948
https://doi.org/10.1111/icad.12266
https://doi.org/10.1111/icad.12266
https://doi.org/10.1016/j.scitotenv.2020.137800
https://doi.org/10.1016/j.scitotenv.2020.137800
https://doi.org/10.1017/S1742758414000381
https://doi.org/10.1016/j.soilbio.2004.02.025
https://doi.org/10.1016/s0929-1393(98)00105-x
https://doi.org/10.1016/s0929-1393(98)00105-x
https://doi.org/10.1094/mpmi-09-13-0262-r
https://doi.org/10.1094/mpmi-09-13-0262-r
https://doi.org/10.1111/1751-7915.12238
https://doi.org/10.1016/j.apsoil.2008.10.001
https://doi.org/10.1016/j.apsoil.2008.10.001

Environmental Science and Pollution Research

Spodoptera litura Fab. Pest Biochem Physiol 116:1-12. https://
doi.org/10.1016/j.pestbp.2014.09.013

Chapman AV, Kuhar TP, Schultz PB, Brewster CC (2009) Dispersal
of Trichogramma ostriniae (Hymenoptera: Trichogrammatidae)
in potato fields. Environ Entomol 38:677-685

Chaudhari AK, Singh VK, Kedia A, Das S, Dubey NK (2021) Essential
oils and their bioactive compounds as eco-friendly novel green
pesticides for management of storage insect pests: prospects and
retrospects. Environ Sci Pollut Res 28:18918-18940. https://doi.
org/10.1007/s11356-021-12841-w

Chauvel B, Gauvrit C, Guillemin JP (2022) From sea salt to glyphosate
salt: a history of herbicide use in France Adv. Weed Sci 40:19.
https://doi.org/10.51694/AdvWeedSci/2022;40:seventy-five008

Cheema ZA, Farooq M, Wahid A (2013) Allelopathy: current trends
and future applications. Springer-Verlag, Berlin and Heidelberg

Chen XH, Koumoutsi A, Scholz R, Schneider K, Vater J, Sussmuth R,
Piel J, Borriss R (2009) Genome analysis of Bacillus amylolique-
faciens FZB42 reveals its potential for biocontrol of plant patho-
gens. J Biotechnol 140:27-37. https://doi.org/10.1016/j.jbiotec.
2008.10.011

Chen H, Solangi GS, Zhao C, Lang L, Guo J, Wan F, Zhou ZS (2018a)
Physiological metabolic responses of Ophraella communa to
high temperature stress. Front Physiol 10:1053. https://doi.org/
10.3389/fphys.2019.01053

Chen HJ, Zhao S, Zhang KK, Zhao JM, Jiang J, Chen FD, Fang WM
(2018b) Evaluation of soil-applied chemical fungicide and bio-
fungicide for control of the Fusarium wilt of Chrysanthemum
and their effects on rhizosphere soil microbiota. Agriculture-
Basel 8:15. https://doi.org/10.3390/agriculture8120184

Chong JH, Oetting RD (2007) Intraguild predation and interference by
the mealybug predator Cryptolalemus montrouzieri on the parasi-
toid Leptomastix dactylopii. Biocontrol Sci Technol 17:933-944.
https://doi.org/10.1080/09583150701596305

Chowdhury SP, Hartmann A, Gao XW, Borriss R (2015) Biocon-
trol mechanism by root-associated Bacillus amyloliquefaciens
FZB42—a review. Front Microbiol 6:11. https://doi.org/10.3389/
fmicb.2015.00780

Commission Implementing Regulation (EU) 2023/121 (2023) Com-
mission Implementing Regulation (EU) 2023/121 of 17 January
2023 amending and correcting Implementing Regulation (EU)
2021/1165 authorising certain products and substances for use in
organic production and establishing their lists. Off J Eur Union
L 16/24. 18.1.2023. https://eur-lex.europa.eu/eli/reg_impl/2023/
121/0j. Accessed 10 May 2023

Commission Implementing Regulation (EU) 2021/1165 (2021) Com-
mission Implementing Regulation (EU) 2021/1165 of 15 July
2021 authorising certain products and substances for use in
organic production and establishing their lists. Off J Eur Union
L 253/13.16.7.2021. https://eur-lex.europa.eu/eli/reg_impl/2021/
1165/0j. Accessed 10 May 2023

Cordier C, Alabouvette C (2009) Effects of the introduction of a bio-
control strain of Trichoderma atroviride on non target soil micro-
organisms. Eur J Soil Biol 45:267-274. https://doi.org/10.1016/j.
€jsobi.2008.12.004

Correa OS, Montecchia MS, Berti MF, Ferrari MCF, Pucheu NL, Ker-
ber NL, Garcia AF (2009) Bacillus amyloliquefaciens BNM122,
a potential microbial biocontrol agent applied on soybean seeds,
causes a minor impact on rhizosphere and soil microbial com-
munities. Appl Soil Ecol 41:185-194. https://doi.org/10.1016/j.
apsoil.2008.10.007

Cui WY, He PJ, Munir S, He PB, He YQ, Li XY, Yang LJ, Wang B,
Wu YX, He PF (2019) Biocontrol of soft rot of Chinese cab-
bage using an endophytic bacterial strain. Front Microbiol 10:12.
https://doi.org/10.3389/fmicb.2019.01471

Czerwonka G, Konieczna I, Zarnowiec P, Zielinski A, Malinowska-
Gniewosz A, Galuszka A, Migaszewski Z, Kaca W (2017)

@ Springer

Characterization of microbial communities in acidified, sulfur
containing soils. Pol J Microbiol 66:509-517. https://doi.org/10.
5604/01.3001.0010.7043

Dai PL, Zhou W, Zhang J, Jiang WY, Wang Q, Cui HJ, SunJH, Wu YY,
Zhou T (2012) The effects of Bt CrylAh toxin on worker hon-
eybees (Apis mellifera ligustica and Apis cerana cerana). Apid-
ologie 43:384-391. https://doi.org/10.1007/s13592-011-0103-z

Damien M, Tougeron K (2019) Prey-predator phenological mismatch
under climate change. Curr Opin Insect Sci 35:60—68. https://doi.
org/10.1016/j.c0is.2019.07.002

D’Avila VA, Barbosa WF, Guedes RNC, Cutler GC (2018) Effects
of spinosad, imidacloprid, and lambda-cyhalothrin on survival,
parasitism, and reproduction of the aphid parasitoid Aphidius
colemani. J Econ Entomol 111:1096-1103. https://doi.org/10.
1093/jee/toy055

Davis AS, Liebman M (2003) Cropping system effects on giant foxtail
(Setaria faberi) demography: 1. Green manure and tillage tim-
ing. Weed Sci 51:919-929. https://doi.org/10.1614/p2002-133a

de Almeida Melo LD, Soccol VT, Soccol CR (2016) Bacillus thuring-
iensis: mechanism of action, resistance, and new applications: a
review. Crit Rev Biotechnol 36:317-326. https://doi.org/10.3109/
07388551.2014.960793

De Clercq P, Peeters I, Vergauwe G, Thas O (2003) Interaction between
Podisus maculiventris and Harmonia axyridis, two predators
used in augmentative biological control in greenhouse crops.
Biocontrol 48:39-55. https://doi.org/10.1023/a:1021219714684

De Miccolis Angelini RM, Angelini RMD, Rotolo C, Gerin D, Abate
D, Pollastro S, Faretra F (2019) Global transcriptome analysis
and differentially expressed genes in grapevine after application
of the yeast-derived defense inducer cerevisane. Pest Manag Sci
75:2020-2033. https://doi.org/10.1002/ps.5317

Delabays N, Wirth J, Bohren C, Mermillod G, De Joffrey J-P (2009)
L’allélopathie : un phénoméne controversé, mais prometteur.
Etude Applic Agro 41:313-319

Delisle JF, Shipp L, Brodeur J (2015) Apple pollen as a supplemen-
tal food source for the control of western flower thrips by two
predatory mites, Amblyseius swirskii and Neoseiulus cucumeris
(Acari: Phytoseiidae), on potted chrysanthemum. Exp Appl
Acarol 65:495-509. https://doi.org/10.1007/s10493-014-9863-2

DGAL (2022) Liste des produits phytopharmaceutiques de biocontrole,
au titre des articles L.253-5 et L.253-7 du code rural et de la
péche maritime. In: Direction générale de 1'alimentation Sous-
direction de la santé et de la protection des végétaux Bureau
des Intrants et du Biocontrole (Hrsg.), DGAL/SDSPV/2022-949
du 22/12/2022, pp 21. https://info.agriculture.gouv.fr/gedei/site/
bo-agri/instruction-2022-949/telechargement. Accessed 10 May
2023

Diao XP, Jensen J, Hansen AD (2007) Toxicity of the anthelmintic
abamectin to four species of soil invertebrates. Environ Pollut
148:514-519. https://doi.org/10.1016/j.envpol.2006.12.002

Dib H, Issa R, Sauphanor B, Capowiez Y (2017) Feasibility and
efficacy of a new approach for controlling populations of the
rosy apple aphid, Dysaphis plantaginea Passerini (Hemiptera:
Aphididae) in south-eastern France. Int J Pest Manage 63:128—
137. https://doi.org/10.1080/09670874.2016.1235741

Dindo ML, Francati S, Lanzoni A, di Vitantonio C, Marchetti E, Burgio
G, Maini S (2016) Interactions between the multicolored Asian
lady beetle Harmonia axyridis and the parasitoid Dinocampus
coccinellae. Insects 7:13. https://doi.org/10.3390/insects 7040067

Dionisio AC, Rath S (2016) Abamectin in soils: analytical methods,
kinetics, sorption and dissipation. Chemosphere 151:17-29.
https://doi.org/10.1016/j.chemosphere.2016.02.058

Directive 2009/128/EC (2009) Directive 2009/128/EC of the European
Parliament and of the Council of 21 October 2009 establishing
a framework for Community action to achieve the sustainable
use of pesticides. Off J Eur Union L 309/71, 24.11.20009. https://


https://doi.org/10.1016/j.pestbp.2014.09.013
https://doi.org/10.1016/j.pestbp.2014.09.013
https://doi.org/10.1007/s11356-021-12841-w
https://doi.org/10.1007/s11356-021-12841-w
https://doi.org/10.51694/AdvWeedSci/2022;40:seventy-five008
https://doi.org/10.1016/j.jbiotec.2008.10.011
https://doi.org/10.1016/j.jbiotec.2008.10.011
https://doi.org/10.3389/fphys.2019.01053
https://doi.org/10.3389/fphys.2019.01053
https://doi.org/10.3390/agriculture8120184
https://doi.org/10.1080/09583150701596305
https://doi.org/10.3389/fmicb.2015.00780
https://doi.org/10.3389/fmicb.2015.00780
https://eur-lex.europa.eu/eli/reg_impl/2023/121/oj
https://eur-lex.europa.eu/eli/reg_impl/2023/121/oj
https://eur-lex.europa.eu/eli/reg_impl/2021/1165/oj
https://eur-lex.europa.eu/eli/reg_impl/2021/1165/oj
https://doi.org/10.1016/j.ejsobi.2008.12.004
https://doi.org/10.1016/j.ejsobi.2008.12.004
https://doi.org/10.1016/j.apsoil.2008.10.007
https://doi.org/10.1016/j.apsoil.2008.10.007
https://doi.org/10.3389/fmicb.2019.01471
https://doi.org/10.5604/01.3001.0010.7043
https://doi.org/10.5604/01.3001.0010.7043
https://doi.org/10.1007/s13592-011-0103-z
https://doi.org/10.1016/j.cois.2019.07.002
https://doi.org/10.1016/j.cois.2019.07.002
https://doi.org/10.1093/jee/toy055
https://doi.org/10.1093/jee/toy055
https://doi.org/10.1614/p2002-133a
https://doi.org/10.3109/07388551.2014.960793
https://doi.org/10.3109/07388551.2014.960793
https://doi.org/10.1023/a:1021219714684
https://doi.org/10.1002/ps.5317
https://doi.org/10.1007/s10493-014-9863-2
https://info.agriculture.gouv.fr/gedei/site/bo-agri/instruction-2022-949/telechargement
https://info.agriculture.gouv.fr/gedei/site/bo-agri/instruction-2022-949/telechargement
https://doi.org/10.1016/j.envpol.2006.12.002
https://doi.org/10.1080/09670874.2016.1235741
https://doi.org/10.3390/insects7040067
https://doi.org/10.1016/j.chemosphere.2016.02.058
https://eur-lex.europa.eu/legal-content/FR/ALL/?uri=CELEX%3A32009L0128

Environmental Science and Pollution Research

eur-lex.europa.eu/legal-content/FR/ALL/?uri=CELEX%3A320
09L0128. Accessed 10 May 2023

dos dos Santos Aratjo R, Pereira Lopes M, Andrade Viana T, Sena
Bastos DS, Machado-Neves M, Botina LL, Ferreira Martins G
(2023) Bioinsecticide spinosad poses multiple harmful effects
on foragers of Apis mellifera. Environ Sci Pollut Res 30:66923—
66935. https://doi.org/10.1007/s11356-023-27143-6

Duchet C, Coutellec MA, Franquet E, Lagneau C, Lagadic L (2010)
Population-level effects of spinosad and Bacillus thuringiensis
israelensis in Daphnia pulex and Daphnia magna: comparison of
laboratory and field microcosm exposure conditions. Ecotoxicol-
ogy 19:1224-1237. https://doi.org/10.1007/s10646-010-0507-y

Duke KA, Becker MG, Girard 1J, Millar JL, Fernando WGD, Belmonte
MF, de Kievit TR (2017) The biocontrol agent Pseudomonas
chlororaphis PA23 primes Brassica napus defenses through dis-
tinct gene networks. BMC Genomics 18:16. https://doi.org/10.
1186/s12864-017-3848-6

Duso C, Malagnini V, Pozzebon A, Castagnoli M, Liguori M, Simoni S
(2008) Comparative toxicity of botanical and reduced-risk insec-
ticides to Mediterranean populations of Tetranychus urticae and
Phytoseiulus persimilis (Acari Tetranychidae, Phytoseiidae). Biol
Control 47:16-21. https://doi.org/10.1016/j.biocontrol.2008.06.
011

Duso C, Ahmad S, Tirello P, Pozzebon A, Klaric V, Baldessari M,
Malagnini V, Angeli G (2014) The impact of insecticides applied
in apple orchards on the predatory mite Kampimodromus aber-
rans (Acari: Phytoseiidae). Exp Appl Acarol 62:391-414. https:/
doi.org/10.1007/s10493-013-9741-3

EFSA (2013e) Conclusion on the peer review of the pesticide risk
assessment of the active substance Trichoderma harzianum Rifai
strains T-22 and ITEM-908. EFSA J 11:3055. https://doi.org/10.
2903/j.efsa.2013.3055

ECHA (2016) Silicon dioxide Kieselguhr, Assessment Report. Regula-
tion (EU) No 528/2012 concerning the making available on the
market and use of biocidal products. https://www.google.com/
url?sa=t&source=web&rct=j&opi=89978449&url=https://echa.
europa.eu/documents/10162/6bff79eb-7faa-183a-9498-5ca02
d5ebeOd&ved=2ahUKEwi_0Oe__nrqFAxXiVqQEHUO07BDQQ
FnoECA8QAQ&usg=AOvVaw1g84R_3TfET64wX2fLMWgs.
Accessed 10 May 2023

Edwards CA, Arancon NQ, Vasko-Bennett M, Little B, Askar A (2009)
The relative toxicity of metaldehyde and iron phosphate-based
molluscicides to earthworms. Crop Prot 28:289-294. https://doi.
org/10.1016/j.cropro.2008.11.009

EFSA (European Food Safety Authority), Arena M, Auteri D, Barmaz
S, Bellisai G, Brancato A, Brocca D, Bura L, Byers H, Chiu-
solo A, Court Marques D, Crivellente F, De Lentdecker C, De
Maglie M, Egsmose M, Erdos Z, Fait G, Ferreira L, Goumenou
M, Greco L, Ippolito A, Istace F, Jarrah S, Kardassi D, Leusch-
ner R, Lythgo C, Magrans JO, Medina P, Miron I, Molnar T,
Nougadere A, Padovani L, Parra Morte JM, Pedersen R, Reich
H, Sacchi A, Santos M, Serafimova R, Sharp R, Stanek A, Stre-
issl F, Sturma J, Szentes C, Tarazona J, Terron A, Theobald A,
Vagenende B, Verani A, Villamar-Bouza L (2017) Conclusion
on the peer review of the pesticide risk assessment of the active
substance laminarin. EFSA J 15:4836. https://doi.org/10.2903/j.
efsa.2017.4836

EFSA (European Food Safety Authority), Arena M, Auteri D, Barmaz
S, Brancato A, Brocca D, Bura L, Cabrera LC, Chiusolo A,
Marques DC, Crivellente F, De Lentdecker C, Egsmose M, Fait
G, Ferreira L, Goumenou M, Greco L, Ippolito A, Istace F, Jarrah
S, Kardassi D, Leuschner R, Lythgo C, Magrans JO, Medina P,
Miron I, Molnar T, Nougadere A, Padovani L, Morte JMP, Ped-
ersen R, Reich H, Sacchi A, Santos M, Serafimova R, Sharp R,
Stanek A, Streissl F, Sturma J, Szentes C, Tarazona J, Terron A,
Theobald A, Vagenende B, Villamar-Bouza L (2018) Peer review

of the pesticide risk assessment of the active substance spinosad.
EFSA J 16:5252. https://doi.org/10.2903/.efsa.2018.5252

EFSA (European Food Safety Authority), Anastassiadou M, Arena
M, Auteri D, Brancato A, Bura L, Cabrera LC, Chaideftou E,
Chiusolo A, Crivellente F, De Lentdecker C, Egsmose M, Fait
G, Greco L, Ippolito A, Istace F, Jarrah S, Kardassi D, Leuschner
R, Lostia A, Lythgo C, Magrans O, Mangas I, Miron I, Molnar
T, Padovani L, Morte JMP, Pedersen R, Reich H, Santos M,
Sharp R, Sturma J, Szentes C, Terron A, Tiramani M, Vagenende
B, Villamar-Bouza L (2020a) Peer review of the pesticide risk
assessment of the active substance abamectin. EFSA J 18:28.
https://doi.org/10.2903/j.efsa.2020.6227

EFSA (European Food Safety Authority), Anastassiadou M, Maria A,
Auteri D, Brancato A, Bura L, Carrasco Cabrera L, Chaideftou
E, Chiusolo A, Marques DC, Crivellente F, De Lentdecker C,
Egsmose M, Fait G, Greco L, Ippolito A, Istace F, Jarrah S, Kar-
dassi D, Leuschner R, Lostia A, Lythgo C, Magrans O, Mangas
I, Miron I, Molnar T, Padovani L, Parra Morte JM, Pedersen R,
Reich H, Santos M, Serafimova R, Sharp R, Stanek A, Sturma
J, Szentes C, Terron A, Tiramani M, Vagenende B, Villamar-
Bouza L (2020b) Conclusion on the peer review of the pesticide
risk assessment of the active substance kieselgur (diatomaceous
earth). EFSA J 18:6054. https://doi.org/10.2903/j.efsa.2020.6054

EFSA (European Food Safety Authority), Anastassiadou M, Arena M,
Auteri D, Brancato A, Bura L, Carrasco Cabrera L, Chaideftou
E, Chiusolo A, Marques DC, Crivellente F, De Lentdecker C,
Egsmose M, Fait G, Greco L, Ippolito A, Istace F, Jarrah S, Kar-
dassi D, Leuschner R, Lostia A, Lythgo C, Magrans O, Mangas
I, Miron I, Molnar T, Padovani L, Parra Morte JM, Pedersen R,
Reich H, Santos M, Serafimova R, Sharp R, Stanek A, Sturma J,
Szentes C, Terron A, Tiramani M, Vagenende B, Villamar-Bouza
L (2020c) Conclusion on pesticides peer review of the pesticide
risk assessment of the active substance garlic extract. EFSA J
18:6116. https://doi.org/10.2903/j.efsa.2020.6116

EFSA (European Food Safety Authority), Anastassiadou M, Arena M,
Auteri D, Brancato A, Bura L, Carrasco Cabrera L, Chaideftou
E, Chiusolo A, Court Marques D, Crivellente F, De Lentdecker
C, Egsmose M, Fait G, Greco L, Ippolito A, Istace F, Jarrah
S, Kardassi D, Leuschner R, Lostia A, Lythgo C, Magrans O,
Mangas I, Miron I, Molnar T, Padovani L, Parra Morte JM, Ped-
ersen R, Reich H, Santos M, Serafimova R, Sharp R, Stanek
A, Sturma J, Szentes C, Terron A, Tiramani M, Vagenende B,
Villamar-Bouza L (2020d) Conclusion on the peer review of the
pesticide risk assessment of the active substance blood meal.
EFSA J 18:6006. https://doi.org/10.2903/j.efsa.2020.6006

EFSA (European Food Safety Authority), Anastassiadou M, Arena
M, Auteri D, Brancato A, Bura L, Cabrera LC, Chaideftou E,
Chiusolo A, Crivellente F, De Lentdecker C, Egsmose M, Fait
G, Greco L, Ippolito A, Istace F, Jarrah S, Kardassi D, Leuschner
R, Lostia A, Lythgo C, Magrans O, Mangas I, Miron I, Molnar T,
Padovani L, Morte JMP, Pedersen R, Reich H, Santos M, Sharp
R, Szentes C, Terron A, Tiramani M, Vagenende B, Villamar-
Bouza L, EFSA (2021a) Peer review of the pesticide risk assess-
ment of the active substance Bacillus amyloliquefaciens strain
QST 713 (formerly Bacillus subtilis strain QST 713). EFSA J
19:6381. https://doi.org/10.2903/j.efsa.2021.6381

EFSA (European Food Safety Authority), Alvarez F, Arena M, Auteri
D, Borroto J, Brancato A, Carrasco Cabrera L, Castoldi AF,
Chiusolo A, Colagiorgi A, Colas M, Crivellente F, De Lent-
decker C, Egsmose M, Fait G, Gouliarmou V, Ferilli F, Greco L,
Ippolito A, Istace F, Jarrah S, Kardassi D, Kienzler A, Leuschner
R, Lava R, Linguadoca A, Lythgo C, Magrans O, Mangas I,
Miron I, Molnar T, Padovani L, Parra Morte JM, Pedersen R,
Reich H, Santos M, Sharp R, Szentes C, Terron A, Tiramani M,
Vagenende B, Villamar-Bouza L (2021b) Conclusion on the peer
review of the pesticide risk assessment of the active substance

@ Springer


https://eur-lex.europa.eu/legal-content/FR/ALL/?uri=CELEX%3A32009L0128
https://eur-lex.europa.eu/legal-content/FR/ALL/?uri=CELEX%3A32009L0128
https://doi.org/10.1007/s11356-023-27143-6
https://doi.org/10.1007/s10646-010-0507-y
https://doi.org/10.1186/s12864-017-3848-6
https://doi.org/10.1186/s12864-017-3848-6
https://doi.org/10.1016/j.biocontrol.2008.06.011
https://doi.org/10.1016/j.biocontrol.2008.06.011
https://doi.org/10.1007/s10493-013-9741-3
https://doi.org/10.1007/s10493-013-9741-3
https://doi.org/10.2903/j.efsa.2013.3055
https://doi.org/10.2903/j.efsa.2013.3055
https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://echa.europa.eu/documents/10162/6bff79eb-7faa-183a-9498-5ca02d5ebe0d&ved=2ahUKEwi_0e__nrqFAxXiVqQEHU07BDQQFnoECA8QAQ&usg=AOvVaw1g84R_3TfET64wX2fLMWqs
https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://echa.europa.eu/documents/10162/6bff79eb-7faa-183a-9498-5ca02d5ebe0d&ved=2ahUKEwi_0e__nrqFAxXiVqQEHU07BDQQFnoECA8QAQ&usg=AOvVaw1g84R_3TfET64wX2fLMWqs
https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://echa.europa.eu/documents/10162/6bff79eb-7faa-183a-9498-5ca02d5ebe0d&ved=2ahUKEwi_0e__nrqFAxXiVqQEHU07BDQQFnoECA8QAQ&usg=AOvVaw1g84R_3TfET64wX2fLMWqs
https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://echa.europa.eu/documents/10162/6bff79eb-7faa-183a-9498-5ca02d5ebe0d&ved=2ahUKEwi_0e__nrqFAxXiVqQEHU07BDQQFnoECA8QAQ&usg=AOvVaw1g84R_3TfET64wX2fLMWqs
https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://echa.europa.eu/documents/10162/6bff79eb-7faa-183a-9498-5ca02d5ebe0d&ved=2ahUKEwi_0e__nrqFAxXiVqQEHU07BDQQFnoECA8QAQ&usg=AOvVaw1g84R_3TfET64wX2fLMWqs
https://doi.org/10.1016/j.cropro.2008.11.009
https://doi.org/10.1016/j.cropro.2008.11.009
https://doi.org/10.2903/j.efsa.2017.4836
https://doi.org/10.2903/j.efsa.2017.4836
https://doi.org/10.2903/j.efsa.2018.5252
https://doi.org/10.2903/j.efsa.2020.6227
https://doi.org/10.2903/j.efsa.2020.6054
https://doi.org/10.2903/j.efsa.2020.6116
https://doi.org/10.2903/j.efsa.2020.6006
https://doi.org/10.2903/j.efsa.2021.6381

Environmental Science and Pollution Research

pelargonic acid (nonanoic acid). EFSA J 19:6813. https://doi.org/
10.2903/j.efsa.2021.6813

EFSA (European Food Safety Authority), Alvarez F, Anastassiadou M,
Arena M, Auteri D, Brancato A, Bura L, Cabrera LC, Castoldi
AF, Chaideftou E, Chiusolo A, Colagiorgi A, Colas M, Crivel-
lente F, De Lentdecker C, Egsmose M, Fait G, Greco L, Ippolito
A, Istace F, Jarrah S, Kardassi D, Kienzler A, Leuschner R, Lava
R, Alberto L, Lostia A, Lythgo C, Magrans O, Mangas I, Miron
I, Molnar T, Padovani L, Morte JMP, Pedersen R, Reich H, San-
tos M, Sharp R, Szentes C, Terron A, Tiramani M, Vagenende
B, Villamar-Bouza L (2021c) Peer review of the pesticide risk
assessment of the active substance potassium hydrogen carbon-
ate. EFSA J 19:6593. https://doi.org/10.2903/j.efsa.2021.6593

EFSA (European Food Safety Authority), Alvarez F, Arena M, Auteri
D, Binaglia M, Castoldi AF, Chiusolo A, Colagiorgi A, Colas
M, Crivellente F, De Lentdecker C, Egsmose M, Fait G, Fer-
illi F, Gouliarmou V, Nogareda LH, Ippolito A, Istace F, Jarrah
S, Kardassi D, Kienzler A, Lanzoni A, Lava R, Linguadoca A,
Lythgo C, Magrans O, Mangas I, Miron I, Molnar T, Padovani
L, Parra Morte JM, Serafimova R, Sharp R, Szentes C, Terron
A, Theobald A, Tiramani M, Villamar-Bouza L (2022a) Conclu-
sion on the peer review of the pesticide risk assessment of the
active substance rape seed oil. EFSA J 20:7305. https://doi.org/
10.2903/j.efsa.2022.7305

EFSA (European Food Safety Authority), Alvarez F, Arena M, Auteri
D, Borroto J, Brancato A, Carrasco Cabrera L, Castoldi AF,
Chiusolo A, Colagiorgi A, Colas M, Crivellente F, De Lent-
decker C, Egsmose M, Fait G, Gouliarmou V, Ferilli F, Greco
L, Ippolito A, Istace F, Jarrah S, Kardassi D, Kienzler A, Lava
R, Leuschner R, Linguadoca A, Lythgo C, Magrans O, Mangas
I, Miron I, Molnar T, Padovani L, Parra Morte JM, Pedersen R,
Reich H, Santos M, Serafimova R, Sharp R, Szentes C, Terron A,
Tiramani M, Vagenende B, Villamar-Bouza L (2022b) Conclu-
sion on the peer review of the pesticide risk assessment of the
active substance sheep fat. EFSA J 20:7073. https://doi.org/10.
2903/j.efsa.2022.7073

EFSA (European Food Safety Authority), Alvarez F, Arena M, Auteri
D, Borroto J, Brancato A, Cabrera LC, Castoldi AF, Chiusolo
A, Colagiorgi A, Colas M, Crivellente F, De Lentdecker C, Egs-
mose M, Fait G, Gouliarmou V, Ferilli F, Greco L, Ippolito A,
Istace F, Jarrah S, Kardassi D, Kienzler A, Lava R, Leuschner
R, Linguadoca A, Lythgo C, Magrans O, Mangas I, Miron I,
Molnar T, Padovani L, Parra Morte JM, Pedersen R, Reich H,
Santos M, Serafimova R, Sharp R, Szentes C, Terron A, Tiramani
M, Vagenende B, Villamar-Bouza L (2022¢) Conclusion on the
peer review of the pesticide risk assessment of the active sub-
stance fish oil. EFSA J 20:7079. https://doi.org/10.2903/j.efsa.
2022.7079

EFSA (European Food Safety Authority), Alvarez F, Arena M, Auteri
D, Binaglia M, Castoldi AF, Chiusolo A, Colagiorgi A, Colas
M, Crivellente F, De Lentdecker C, Egsmose M, Fait G, Ferilli
F, Gouliarmou V, Nogareda LH, Ippolito A, Istace F, Jarrah S,
Kardassi D, Kienzler A, Lanzoni A, Lava R, Leuschner R, Lin-
guadoca A, Lythgo C, Magrans O, Mangas I, Miron I, Molnar T,
Padovani L, Parra Morte JM, Rizzuto S, Serafimova R, Sharp R,
Szentes C, Terron A, Theobald A, Tiramani M, Villamar-Bouza
L (2022d) Conclusion on the peer review of the pesticide risk
assessment of the active substance quartz sand. EFSA J 20:7552.
https://doi.org/10.2903/j.efsa.2022.7552

EFSA (European Food Safety Authority), Alvarez F, Arena M, Auteri
D, Castoldi AF, Chiusolo A, Colagiorgi A, Colas M, Crivel-
lente F, De Lentdecker C, Egsmose M, Fait G, Gouliarmou V,
Ferilli F, Ippolito A, Istace F, Jarrah S, Kardassi D, Kienzler
A, Lava R, Linguadoca A, Lythgo C, Magrans O, Mangas I,
Miron I, Molnar T, Padovani L, Parra Morte JM, Serafimova
R, Sharp R, Szentes C, Terron A, Theobald A, Tiramani M,

@ Springer

Villamar-Bouza L (2022¢) Conclusion on the peer review of
the pesticide risk assessment of the active substance hepta-
maloxyloglucan. EFSA J 20:7210. https://doi.org/10.2903/].
efsa.2022.7210

EFSA (2008) Conclusion regarding the peer review of the pesticide
risk assessment of the active substance sulfur. EFSA J 221:1-70.
https://doi.org/10.2903/j.efsa.2009.221r

EFSA (2009) Conclusion regarding the peer review of the pesticide risk
assessment of the active substance paraffin oils (CAS 64742-46-
7,72623-86-0, 97862-82-3). EFSA J 7:1-59. https://doi.org/10.
2903/j.efsa.2009.216r

EFSA (2010a) Conclusion on the peer review of the pesticide risk
assessment of the active substance indolylbutyric acid. EFSA J
8:1720. https://doi.org/10.2903/j.efsa.2010.1720

EFSA (2010b) Conclusion on the peer review of the pesticide risk
assessment of the active substance 6-benzyladenine. EFSA J
8:1716. https://doi.org/10.2903/j.efsa.2010.1716

EFSA (2011) Conclusion on the peer review of the pesticide risk
assessment of the active substance pepper dust extraction residue
(listed in Annex I to Directive 91/414/EEC as pepper). EFSA J
9:2285. https://doi.org/10.2903/j.efsa.2011.2285

EFSA (2012a) Conclusion on the peer review of the pesticide risk
assessment of the active substance [Trichoderma atroviride
strain 1-1237]. EFSA J 10:2706. https://doi.org/10.2903/j.efsa.
2012.2706

EFSA (2012b) Conclusion on the peer review of the pesticide risk
assessment of the active substance Candida oleophila strain O.
EFSA J 10:2944. https://doi.org/10.2903/j.efsa.2012.2944

EFSA (2012c) Conclusion on the peer review of the pesticide risk
assessment of the active substance iron sulfate. EFSA J 10:2521.
https://doi.org/10.2903/j.efsa.2012.2521

EFSA (2012d) Conclusion on the peer review of the pesticide risk
assessment of the active substance potassium phosphonates.
EFSA J 10:2963. https://doi.org/10.2903/j.efsa.2012.2963

EFSA (2012e) Conclusion on the peer review of the pesticide risk
assessment of the active substance eugenol. EFSA J 10:2914.
https://doi.org/10.2903/j.efsa.2012.2914

EFSA (2012f) Conclusion on the peer review of the pesticide risk
assessment of the active substance geraniol. EFSA J 10:2915.
https://doi.org/10.2903/j.efsa.2012.2915

EFSA (2012g) Conclusion on the peer review of the pesticide risk
assessment of the active substance thymol. EFSA J 10:2916.
https://doi.org/10.2903/j.efsa.2012.2916

EFSA (2012h) Conclusion on the peer review of the pesticide risk
assessment of the active substance plant oils/clove oil. EFSA J
10:2506. https://doi.org/10.2903/j.efsa.2012.2506

EFSA (2012i) Conclusion on the peer review of the pesticide risk
assessment of the active substance gibberellic acid (GA3). EFSA
J 10:2507. https://doi.org/10.2903/j.efsa.2012.2507

EFSA (2012j) Conclusion on the peer review of the pesticide risk
assessment of the active substance gibberellins (GA4, GA7)
(approved as giberelline). EFSA J 10:2502. https://doi.org/10.
2903/j.efsa.2012.2502

EFSA (2013a) Conclusion on the peer review of the pesticide risk
assessment of the active substance Aureobasidium pullulans
(strains DSM 14940 and DSM 14941). EFSA J 11:3183. https://
doi.org/10.2903/j.efsa.2013.3183

EFSA (2013b) Conclusion on the peer review of the pesticide risk
assessment of the active substance Bacillus pumilus QST 2808.
EFSA J 11:3346. https://doi.org/10.2903/j.efsa.2013.3346

EFSA (2013c) Conclusion on the peer review of the pesticide risk
assessment of the active substance disodium phosphonate. EFSA
J 11:3213. https://doi.org/10.2903/j.efsa.2013.3213

EFSA (2013d) Conclusion on the peer review of the pesticide risk
assessment of the active substance pyrethrins. EFSA J 11:3032.
https://doi.org/10.2903/j.efsa.2013.3032


https://doi.org/10.2903/j.efsa.2021.6813
https://doi.org/10.2903/j.efsa.2021.6813
https://doi.org/10.2903/j.efsa.2021.6593
https://doi.org/10.2903/j.efsa.2022.7305
https://doi.org/10.2903/j.efsa.2022.7305
https://doi.org/10.2903/j.efsa.2022.7073
https://doi.org/10.2903/j.efsa.2022.7073
https://doi.org/10.2903/j.efsa.2022.7079
https://doi.org/10.2903/j.efsa.2022.7079
https://doi.org/10.2903/j.efsa.2022.7552
https://doi.org/10.2903/j.efsa.2022.7210
https://doi.org/10.2903/j.efsa.2022.7210
https://doi.org/10.2903/j.efsa.2009.221r
https://doi.org/10.2903/j.efsa.2009.216r
https://doi.org/10.2903/j.efsa.2009.216r
https://doi.org/10.2903/j.efsa.2010.1720
https://doi.org/10.2903/j.efsa.2010.1716
https://doi.org/10.2903/j.efsa.2011.2285
https://doi.org/10.2903/j.efsa.2012.2706
https://doi.org/10.2903/j.efsa.2012.2706
https://doi.org/10.2903/j.efsa.2012.2944
https://doi.org/10.2903/j.efsa.2012.2521
https://doi.org/10.2903/j.efsa.2012.2963
https://doi.org/10.2903/j.efsa.2012.2914
https://doi.org/10.2903/j.efsa.2012.2915
https://doi.org/10.2903/j.efsa.2012.2916
https://doi.org/10.2903/j.efsa.2012.2506
https://doi.org/10.2903/j.efsa.2012.2507
https://doi.org/10.2903/j.efsa.2012.2502
https://doi.org/10.2903/j.efsa.2012.2502
https://doi.org/10.2903/j.efsa.2013.3183
https://doi.org/10.2903/j.efsa.2013.3183
https://doi.org/10.2903/j.efsa.2013.3346
https://doi.org/10.2903/j.efsa.2013.3213
https://doi.org/10.2903/j.efsa.2013.3032

Environmental Science and Pollution Research

EFSA (2013f) Conclusion on the peer review of the pesticide risk
assessment of the active substance maltodextrin. EFSA J
11:3007. https://doi.org/10.2903/j.efsa.2013.3007

EFSA (2013g) Conclusion on the peer review of the pesticide risk
assessment of the active substance orange oil. EFSA J 11:3090.
https://doi.org/10.2903/j.efsa.2013.3090

EFSA (2013h) Conclusion on the peer review of the pesticide risk
assessment of the active substance acetic acid. EFSA J 11:3060.
https://doi.org/10.2903/j.efsa.2013.3060

EFSA (2013i) Conclusion on the peer review of the pesticide risk
assessment of the active substance fatty acids C7 to C18
(approved under Regulation (EC) No 1107/2009 as fatty acids
C7 to C20). EFSA J 11:3023. https://doi.org/10.2903/j.efsa.2013.
3023

EFSA (2014a) Conclusion on the peer review of the pesticide risk
assessment of the active substance cerevisane (cell walls of Sac-
charomyces cerevisiae strain LAS117). EFSA J 12:3583. https://
doi.org/10.2903/j.efsa.2014.3583

EFSA (2014b) Conclusion on the peer review of the pesticide risk
assessment of the active substance COS-OGA. EFSA J 12:3868.
https://doi.org/10.2903/j.efsa.2014.3868

EFSA (2014c) Conclusion on the peer review of the pesticide risk
assessment of the active substance terpenoid blend QRD-460.
EFSA J 12:3816. https://doi.org/10.2903/j.efsa.2014.3816

EFSA (2015) Conclusion on the peer review of the pesticide risk
assessment of the active substance ferric phosphate. EFSA J
13:3973. https://doi.org/10.2903/j.efsa.2015.3973

EFSA Panel Biological Hazards BIOHAZ, Allende A, Bolton D, Che-
maly M, Davies R, Salvador P, Escamez F, Girones R, Herman L,
Koutsoumanis K, Lindqvist R, Norrung B, Ricci A, Robertson L,
Ru G, Sanaa M, Simmons M, Skandamis P, Snary E, Speybroeck
N, Ter Kuile B, Threlfall J, Wahlstrom H (2016) Risks for public
health related to the presence of Bacillus cereus and other Bacil-
lus spp. including Bacillus thuringiensis in foodstuffs. EFSA J
14:93. https://doi.org/10.2903/j.efsa.2016.4524

Eilenberg J, Hajek A, Lomer C (2001) Suggestions for unifying the ter-
minology in biological control. Biocontrol 46:387—400. https://
doi.org/10.1023/a:1014193329979

Engelen B, Meinken K, von Wintzintgerode F, Heuer H, Malkomes
HP, Backhaus H (1998) Monitoring impact of a pesticide treat-
ment on bacterial soil communities by metabolic and genetic
fingerprinting in addition to conventional testing procedures.
Appl Environ Microbiol 64:2814-2821

E-Phy (2023) The catalog of plant protection products and their uses,
fertilizing materials and growing media authorized in France.
https://ephy.anses.fr/. Accessed 10 May 2023

Erlacher E, Loibner AP, Kendler R, Scherr KE (2013) Distillation
fraction-specific ecotoxicological evaluation of a paraffin-rich
crude oil. Environ Pollut 174:236-243. https://doi.org/10.1016/j.
envpol.2012.11.031

European Commission (2008) 2008/317/EC: Commission Decision of
10 April 2008 concerning the non-inclusion of rotenone, extract
from equisetum and chinin-hydrochlorid in Annex I to Council
Directive 91/414/EEC and the withdrawal of authorisations for
plant protection products containing these substances (notified
under document number C(2008) 1293) (Text with EEA rel-
evance), OJ L 108, 18.4.2008, pp 30-32. https://eur-lex.europa.
eu/legal-content/EN/TXT/?uri=CELEX:32008D0317. Accessed
10 May 2023

European Commission (2017) Renewal Assessment Report prepared
according to the Commission Regulation (EU) N° 1107/2009 —
deltamethrin — list of endpoints

European Commission (2021) Commission Implementing Regulation
(EU) 2021/1165 of 15 July 2021 authorising certain products and
substances for use in organic production and establishing their
lists (Text with EEA relevance), OJ L 253, 16.7.2021, p. 13-48.

https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%
3A32021R1165

European Union (2014) Regulation (EU) No 1143/2014 of the Euro-
pean Parliament and of the Council of 22 October 2014 on the
prevention and management of the introduction and spread of
invasive alien species. OJ L 317, 4.11.2014, pp 35-55. https:/
eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A320
14R1143. Accessed 10 May 2023

Faton JM (2008) Une expérience dromoise originale: la lutte contre
I’ambroisie par le paturage. La Garance Voyageuse 83:9-11

Fauvergue X, Rusch A, Barret M, Bardin M, Jacquin-Joly E (2020)
Biocontrdle : éléments pour une protection agroécologique
des cultures. Quae, Versailles Fedorenko AY, Fraser FJ (1978)
Review of grass carp biology. Fisheries and Marine Service
Technical Report No 786. https://www.google.com/url?sa=t&
source=web&rct=j&opi=89978449&url=https://waves-vagues.
dfompo.gc.ca/Library/52357.pdf& ved=2ahUKEwj70pryn7
qFAxUjVKQEHROUBfQQFnoECA4QAQ&usg=A0vVaw0CZ6
oIwTmlamM9NrCcG5Jc. Accessed 10 May 2023

Fedorenko AY, Fraser FJ (1978) Review of grass carp biology. Fisher-
ies and Marine Service Technical Report No 786

Feng Y, Zhou ZX, An MR, Li YD, Liu ZG, Wang LL, Ren JZ, Liu TX
(2018) Conspecific and heterospecific interactions modify the
functional response of Harmonia axyridis and Propylea japonica
to Aphis citricola. Entomol Exp Appl 166:873—-882. https://doi.
org/10.1111/eea.12742

Fernando M, Shrestha A (2023) The potential of cover crops for weed
management: a sole tool or component of an integrated weed
management system? Plants 12:752. https://doi.org/10.3390/
plants12040752

Ferracini C, Ferrari E, Saladini MA, Pontini M, Corradetti M, Alma A
(2015) Non-target host risk assessment for the parasitoid Tory-
mus sinensis. Biocontrol 60:583-594. https://doi.org/10.1007/
$10526-015-9676-1

Ferreira L, Molina JC, Brasil C, Andrade G (2003) Evaluation of Bacil-
lus thuringiensis bioinsecticidal protein effects on soil micro-
organisms. Plant Soil 256:161-168. https://doi.org/10.1023/a:
1026256700237

Foley JR, Williams J, Pokorny E, Tipping PW (2023) Herbivore
suppression of waterlettuce in Florida, USA. Biol Control
179:105149. https://doi.org/10.1016/j.biocontrol.2023.105149

Fountain MT, Harris AL (2015) Non-target consequences of insecti-
cides used in apple and pear orchards on Forficula auricularia L.
(Dermaptera: Forficulidae). Biol Control 91:27-33. https://doi.
org/10.1016/j.biocontrol.2015.07.007

Fountain MT, Medd N (2015) Integrating pesticides and predatory
mites in soft fruit crops. Phytoparasitica 43:657—667. https://doi.
org/10.1007/312600-015-0485-y

Fournier B, Dos Santos SP, Gustavsen JA, Imfeld G, Lamy F, Mitchell
EAD, Mota M, Noll D, Planchamp C, Heger TJ (2020) Impact
of a synthetic fungicide (fosetyl-Al and propamocarb-hydrochlo-
ride) and a biopesticide (Clonostachys rosea) on soil bacterial,
fungal, and protist communities. Sci Total Environ 738:139635.
https://doi.org/10.1016/j.scitotenv.2020.139635

Frank SD (2010) Biological control of arthropod pests using banker
plant systems: past progress and future directions. Biol Control
52:8-16. https://doi.org/10.1016/j.biocontrol.2009.09.011

French Decree No. 2012-140 (2012) Décret n° 2012—140 du 30 janvier
2012 relatif aux conditions d'autorisation d'entrée sur le territoire
et d'introduction dans l'environnement de macro-organismes non
indigenes utiles aux végétaux, notamment dans le cadre de la
lutte biologique. https://www.legifrance.gouv.fr/loda/id/JORFT
EXT000025241913 Accessed 10 May 2023

French Republic (2023) Code rural et de la péche maritime, pp. 3 629
p. https://www.legifrance.gouv.fr/codes/id/LEGITEXT0000060
71367 Accessed 10 May 2023

@ Springer


https://doi.org/10.2903/j.efsa.2013.3007
https://doi.org/10.2903/j.efsa.2013.3090
https://doi.org/10.2903/j.efsa.2013.3060
https://doi.org/10.2903/j.efsa.2013.3023
https://doi.org/10.2903/j.efsa.2013.3023
https://doi.org/10.2903/j.efsa.2014.3583
https://doi.org/10.2903/j.efsa.2014.3583
https://doi.org/10.2903/j.efsa.2014.3868
https://doi.org/10.2903/j.efsa.2014.3816
https://doi.org/10.2903/j.efsa.2015.3973
https://doi.org/10.2903/j.efsa.2016.4524
https://doi.org/10.1023/a:1014193329979
https://doi.org/10.1023/a:1014193329979
https://ephy.anses.fr/
https://doi.org/10.1016/j.envpol.2012.11.031
https://doi.org/10.1016/j.envpol.2012.11.031
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32008D0317
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32008D0317
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32021R1165
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32021R1165
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32014R1143
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32014R1143
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32014R1143
https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://waves-vagues.dfompo.gc.ca/Library/52357.pdf&ved=2ahUKEwj7opryn7qFAxUjVKQEHR0UBfQQFnoECA4QAQ&usg=AOvVaw0CZ6oTwTmlamM9NrCcG5Jc
https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://waves-vagues.dfompo.gc.ca/Library/52357.pdf&ved=2ahUKEwj7opryn7qFAxUjVKQEHR0UBfQQFnoECA4QAQ&usg=AOvVaw0CZ6oTwTmlamM9NrCcG5Jc
https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://waves-vagues.dfompo.gc.ca/Library/52357.pdf&ved=2ahUKEwj7opryn7qFAxUjVKQEHR0UBfQQFnoECA4QAQ&usg=AOvVaw0CZ6oTwTmlamM9NrCcG5Jc
https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://waves-vagues.dfompo.gc.ca/Library/52357.pdf&ved=2ahUKEwj7opryn7qFAxUjVKQEHR0UBfQQFnoECA4QAQ&usg=AOvVaw0CZ6oTwTmlamM9NrCcG5Jc
https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://waves-vagues.dfompo.gc.ca/Library/52357.pdf&ved=2ahUKEwj7opryn7qFAxUjVKQEHR0UBfQQFnoECA4QAQ&usg=AOvVaw0CZ6oTwTmlamM9NrCcG5Jc
https://doi.org/10.1111/eea.12742
https://doi.org/10.1111/eea.12742
https://doi.org/10.3390/plants12040752
https://doi.org/10.3390/plants12040752
https://doi.org/10.1007/s10526-015-9676-1
https://doi.org/10.1007/s10526-015-9676-1
https://doi.org/10.1023/a:1026256700237
https://doi.org/10.1023/a:1026256700237
https://doi.org/10.1016/j.biocontrol.2023.105149
https://doi.org/10.1016/j.biocontrol.2015.07.007
https://doi.org/10.1016/j.biocontrol.2015.07.007
https://doi.org/10.1007/s12600-015-0485-y
https://doi.org/10.1007/s12600-015-0485-y
https://doi.org/10.1016/j.scitotenv.2020.139635
https://doi.org/10.1016/j.biocontrol.2009.09.011
https://www.legifrance.gouv.fr/loda/id/JORFTEXT000025241913
https://www.legifrance.gouv.fr/loda/id/JORFTEXT000025241913
https://www.legifrance.gouv.fr/codes/id/LEGITEXT000006071367
https://www.legifrance.gouv.fr/codes/id/LEGITEXT000006071367

Environmental Science and Pollution Research

French Republic (2012a) Arrété du 28 juin 2012 relatif aux demandes
d'autorisation d'entrée sur le territoire et d'introduction dans
I'environnement de macro-organismes non indigénes utiles aux
végétaux, notamment dans le cadre de la lutte biologique, JORF
n°0151 du 30 juin 2012. https://www.legifrance.gouv.fr/loda/id/
JORFTEXT000026088692/2021-01-13/ Accessed 10 May 2023

French Republic (2012b) Décret n° 2012—-140 du 30 janvier 2012
relatif aux conditions d'autorisation d'entrée sur le territoire et
d'introduction dans l'environnement de macro-organismes non
indigenes utiles aux végétaux, notamment dans le cadre de la
lutte biologique, JORF n°0026 du 31 janvier 2012. https://www.
legifrance.gouv.fr/loda/id/JORFTEXT000025241913/. Accessed
10 May 2023

French Republic (2014) Loi n°2014—1170 du 13 octobre 2014 d'avenir
pour l'agriculture, 'alimentation et la forét, JORF n°0238 du 14
octobre 2014. https://www.legifrance.gouv.fr/loda/id/JORFT
EXT000029573022/. Accessed 10 May 2023

French Republic (2015) Arrété du 26 février 2015 établissant la liste
des macro-organismes non indigeénes utiles aux végétaux, notam-
ment dans le cadre de la lutte biologique dispensés de demande
d'autorisation d'entrée sur un territoire et d'introduction dans
I'environnement, JORF n°0094 du 22 avril 2015. https://www.
legifrance.gouv.fr/loda/id/JORFTEXT000030511750/. Accessed
10 May 2023

Galvan TL, Koch RL, Hutchison WD (2005) Toxicity of commonly
used insecticides in sweet corn and soybean to multicolored
Asian lady beetle (Coleoptera: Coccinellidae). J] Econ Entomol
98:780-789. https://doi.org/10.1603/0022-0493-98.3.780

Galvan TL, Koch RL, Hutchison WD (2006) Toxicity of indoxacarb
and spinosad to the multicolored Asian lady beetle, Harmonia
axyridis (Coleoptera: Coccinellidae), via three routes of expo-
sure. Pest Manag Sci 62:797-804. https://doi.org/10.1002/ps.
1223

Ganeshan G, Kumar AM (2005) Pseudomonas fluorescens, a potential
bacterial antagonist to control plant diseases. J Plant Interact
1:123-134. https://doi.org/10.1080/17429140600907043

Gardiner MM, Landis DA (2007) Impact of intraguild predation by
adult Harmonia axyridis (Coleoptera: Coccinellidae) on Aphis
glycines (Hemiptera: Aphididae) biological control in cage stud-
ies. Biol Control 40:386-395. https://doi.org/10.1016/j.bioco
ntrol.2006.11.005

Ghahremani Z, Escudero N, Beltran-Anadon D, Saus E, Cunquero
M, Andilla J, Loza-Alvarez P, Gabaldon T, Sorribas FJ (2020)
Bacillus firmus Strain I-1582, a nematode antagonist by itself
and through the plant. Front Plant Sci 11:796. https://doi.org/
10.3389/fpls.2020.00796

Ghasemzadeh S, Leman A, Messelink GJ (2017) Biological control of
Echinothrips americanus by phytoseiid predatory mites and the
effect of pollen as supplemental food. Exp Appl Acarol 73:209—
221. https://doi.org/10.1007/s10493-017-0191-1

Ghosson H, Salvia MV, Bertrand C (2022) Development of omics
tools for the assessments of the environmental fate and impact
of biocontrol agents. In: Prigent-Combaret C, Dumas B (eds)
Biocontrol of plant disease. Recent Advances and Prospects in
Plant Protection. Wiley, New York, pp 47-73

Gomez-Diaz C, Reina JH, Cambillau C, Benton R (2013) Ligands for
pheromone-sensing neurons are not conformationally activated
odorant binding proteins. PLoS Biol 11:¢1001546. https://doi.
org/10.1371/journal.pbio.1001546

Gontijo LM, Beers EH, Snyder WE (2015) Complementary suppres-
sion of aphids by predators and parasitoids. Biol Control 90:83—
91. https://doi.org/10.1016/j.biocontrol.2015.06.002

Gradish AE, Scott-Dupree CD, Shipp L, Harris CR, Ferguson G (2011)
Effect of reduced risk pesticides on greenhouse vegetable arthro-
pod biological control agents. Pest Manag Sci 67:82-86. https://
doi.org/10.1002/ps.2036

@ Springer

Grewal PS, Lewis EE, Gaugler R, Campbell JF (1994) Host finding
behaviour as a predictor of foraging strategy in entomopatho-
genic nematodes. Parasitology 108:207-215. https://doi.org/
10.1017/s003118200006830x

Guo JH, Qi HY, Guo YH, Ge HL, Gong LY, Zhang LX, Sun PH
(2004) Biocontrol of tomato wilt by plant growth-promoting
rhizobacteria. Biol Control 29:66—72. https://doi.org/10.1016/
$1049-9644(03)00124-5

Harwood JD, Samson RA, Obrycki JJ (2006) No evidence for the
uptake of CrylAb Bt-endotoxins by the generalist predator
Scarites subterraneus (Coleoptera: Carabidae) in laboratory
and field experiments. Biocontrol Sci Technol 16:377-388.
https://doi.org/10.1080/09583150500532071

Hernandez-Rosas F, Figueroa-Rodriguez KA, Garcia-Pacheco LA,
Velasco-Velasco J, Sangerman-Jarquin DM (2020) Microor-
ganisms and biological pest control: an analysis based on a
bibliometric review. Agronomy 10:1808. https://doi.org/10.
3390/agronomy10111808

Herth A (2011) Le bio-contrdle pour la protection des cultures, 15
recommandations pour soutenir les technologies vertes. Rap-
port au Premier ministre. https://www.vie-publique.fr/rappo
rt/31733-1le-bio-controle-pour-la-protection-des-cultures-15-
recommandations-pou. Accessed 10 May 2023

Hesler LS (2016) Volatile semiochemicals increase trap catch of
green lacewings (Neuroptera: Chrysopidae) and flower flies
(Diptera: Syrphidae) in corn and soybean plots. J Insect Sci
16:1-8. https://doi.org/10.1093/jisesa/iew057

Honek A, Martinkova Z, Jarosik V (2003) Ground beetles (Carabi-
dae) as seed predators. Eur J Entomol 100:531-544. https://
doi.org/10.14411/eje.2003.081

Huan ZB, Luo JH, Xu Z, Xie DF (2015) Residues, dissipation, and
risk assessment of spinosad in cowpea under open field condi-
tions. Environ Monit Assess 187:706. https://doi.org/10.1007/
$10661-015-4942-3

Huang R, Feng ZB, Chi XY, Sun XQ, Lu Y, Zhang BS, Lu RY, Luo
WT, Wang YH, Miao J, Ge YH (2018) Pyrrolnitrin is more
essential than phenazines for Pseudomonas chlororaphis GO5
in its suppression of Fusarium graminearum. Microbiol Res
215:55-64. https://doi.org/10.1016/j.micres.2018.06.008

IBMA (2021) Les culturales 15-16-17 juin 2021 Terralab, Betheny
(51) : Dossier de presse. International Biocontrol Manufactur-
ers Association, Paris. https://www.ibmafrance.com/wp-conte
nt/uploads/2021/06/210615_Dossier_Presse_IBMA_France.
pdf. Accessed 10 May 2023

IFOAM (2022) https://www.ifoam.bio/. Accessed 10 May 2023

Igbal M, Dubey M, McEwan K, Menzel U, Franko MA, Viketoft
M, Jensen DF, Karlsson M (2018) Evaluation of Clonostachys
rosea for control of plant-parasitic nematodes in soil and in
roots of carrot and wheat. Phytopathology 108:52-59. https://
doi.org/10.1094/phyto-03-17-0091-r

Islam MT, Laatsch H, von Tiedemann A (2016) Inhibitory effects of
macrotetrolides from Streptomyces spp on zoosporogenesis and
motility of Peronosporomycete zoospores are likely linked with
enhanced ATPase activity in mitochondria. Front Microbiol
7:1824. https://doi.org/10.3389/fmicb.2016.01824

Jabran K, Mahajan G, Sardana V, Chauhan BS (2015) Allelopathy
for weed control in agricultural systems. Crop Prot 72:57-65.
https://doi.org/10.1016/j.cropro.2015.03.004

Jabran K, Farooq M (2013) Implications of potential allelopathic
crops in agricultural systems. In: Cheema ZA (ed) Allelopathy.
Springer-Verlag, Berlin Heidelberg, pp 349-345

Jack CN, Petipas RH, Cheeke TE, Rowland JL, Friesen ML (2021)
Microbial inoculants: silver bullet or microbial Jurassic Park?
Trends Microbiol 29:299-308. https://doi.org/10.1016/j.tim.
2020.11.006


https://www.legifrance.gouv.fr/loda/id/JORFTEXT000026088692/2021-01-13/
https://www.legifrance.gouv.fr/loda/id/JORFTEXT000026088692/2021-01-13/
https://www.legifrance.gouv.fr/loda/id/JORFTEXT000025241913/
https://www.legifrance.gouv.fr/loda/id/JORFTEXT000025241913/
https://www.legifrance.gouv.fr/loda/id/JORFTEXT000029573022/
https://www.legifrance.gouv.fr/loda/id/JORFTEXT000029573022/
https://www.legifrance.gouv.fr/loda/id/JORFTEXT000030511750/
https://www.legifrance.gouv.fr/loda/id/JORFTEXT000030511750/
https://doi.org/10.1603/0022-0493-98.3.780
https://doi.org/10.1002/ps.1223
https://doi.org/10.1002/ps.1223
https://doi.org/10.1080/17429140600907043
https://doi.org/10.1016/j.biocontrol.2006.11.005
https://doi.org/10.1016/j.biocontrol.2006.11.005
https://doi.org/10.3389/fpls.2020.00796
https://doi.org/10.3389/fpls.2020.00796
https://doi.org/10.1007/s10493-017-0191-1
https://doi.org/10.1371/journal.pbio.1001546
https://doi.org/10.1371/journal.pbio.1001546
https://doi.org/10.1016/j.biocontrol.2015.06.002
https://doi.org/10.1002/ps.2036
https://doi.org/10.1002/ps.2036
https://doi.org/10.1017/s003118200006830x
https://doi.org/10.1017/s003118200006830x
https://doi.org/10.1016/s1049-9644(03)00124-5
https://doi.org/10.1016/s1049-9644(03)00124-5
https://doi.org/10.1080/09583150500532071
https://doi.org/10.3390/agronomy10111808
https://doi.org/10.3390/agronomy10111808
https://www.vie-publique.fr/rapport/31733-le-bio-controle-pour-la-protection-des-cultures-15-recommandations-pou
https://www.vie-publique.fr/rapport/31733-le-bio-controle-pour-la-protection-des-cultures-15-recommandations-pou
https://www.vie-publique.fr/rapport/31733-le-bio-controle-pour-la-protection-des-cultures-15-recommandations-pou
https://doi.org/10.1093/jisesa/iew057
https://doi.org/10.14411/eje.2003.081
https://doi.org/10.14411/eje.2003.081
https://doi.org/10.1007/s10661-015-4942-3
https://doi.org/10.1007/s10661-015-4942-3
https://doi.org/10.1016/j.micres.2018.06.008
https://www.ibmafrance.com/wp-content/uploads/2021/06/210615_Dossier_Presse_IBMA_France.pdf
https://www.ibmafrance.com/wp-content/uploads/2021/06/210615_Dossier_Presse_IBMA_France.pdf
https://www.ibmafrance.com/wp-content/uploads/2021/06/210615_Dossier_Presse_IBMA_France.pdf
https://www.ifoam.bio/
https://doi.org/10.1094/phyto-03-17-0091-r
https://doi.org/10.1094/phyto-03-17-0091-r
https://doi.org/10.3389/fmicb.2016.01824
https://doi.org/10.1016/j.cropro.2015.03.004
https://doi.org/10.1016/j.tim.2020.11.006
https://doi.org/10.1016/j.tim.2020.11.006

Environmental Science and Pollution Research

Jamar L, Lefrancq B, Fassotte C, Lateur M (2008) A during-infection
spray strategy using sulphur compounds, copper, silicon and a
new formulation of potassium bicarbonate for primary scab con-
trol in organic apple production. Eur J Plant Pathol 122:481-493.
https://doi.org/10.1007/s10658-008-9315-0

James DG (2003) Pesticide susceptibility of two coccinellids (Stethorus
punctum picipes and Harmonia axyridis) important in biologi-
cal control of mites and aphids in Washington hops. Biocontrol
Sci Technol 13:253-259. https://doi.org/10.1080/0958315021
000073510

Jeffries DL, Chapman J, Roy HE, Humphries S, Harrington R, Brown
PM]J, Lawson Handley LJ (2013) Characteristics and drivers of
high-altitude ladybird flight: insights from vertical-looking ento-
mological radar. PLoS One 8:¢82278. https://doi.org/10.1371/
journal.pone.0082278

Jensen J, Diao XP, Scott-Fordsmand JJ (2007) Sub-lethal toxicity of
the antiparasitic abamectin on earthworms and the application of
neutral red retention time as a biomarker. Chemosphere 68:744—
750. https://doi.org/10.1016/j.chemosphere.2006.12.094

Ji P, Campbell HL, Kloepper JW, Jones JB, Suslow TV, Wilson M
(2006) Integrated biological control of bacterial speck and spot
of tomato under field conditions using foliar biological control
agents and plant growth-promoting rhizobacteria. Biol Control
36:358-367. https://doi.org/10.1016/j.biocontrol.2005.09.003

Johnson MT, Follett PA, Taylor AD, Jones VP (2005) Impacts of
biological control and invasive species on a non-target native
Hawaiian insect. Oecologia 142:529-540. https://doi.org/10.
1007/s00442-004-1754-5

Karagounis C, Kourdoumbalos AK, Margaritopoulos JT, Nanos GD,
Tsitsipis JA (2006) Organic farming-compatible insecticides
against the aphid Myzus persicae (Sulzer) in peach orchards.
J Appl Entomol 130:150-154. https://doi.org/10.1111/j.1439-
0418.2006.01048.x

Karise R, Dreyersdorff G, Jahani M, Veromann E, Runno-Paurson E,
Kaart T, Smagghe G, Mand M (2016a) Reliability of the ento-
movector technology using Prestop-Mix and Bombus terrestris
L. as a fungal disease biocontrol method in open field. Sci Rep
6:31650. https://doi.org/10.1038/srep31650

Karise R, Muljar R, Smagghe G, Kaart T, Kuusik A, Dreyersdorft G,
Williams TH, Mand M (2016b) Sublethal effects of kaolin and
the biopesticides Prestop-Mix and BotaniGard on metabolic rate,
water loss and longevity in bumble bees (Bombus terrestris). J
Pest Sci 89:171-178. https://doi.org/10.1007/s10340-015-0649-z

Khans FR, Alhewairini SS (2019) Effects of insecticides on natural
population of hymenopterous parasitoids in alfalfa (Medicago
sativa L.) agro-ecosystem. Pak J Agric Sci 56:1087-1093

Kiewnick S, Sikora RA (2004) Optimizing the efficacy of Paecilomy-
ces lilacinus (strain 251) for the control of root-knot nematodes.
Comm Agri Appl Biol Sci 69:373-380

Koch UT, Luder W, Andrick U, Staten RT, Carde RT (2009) Measure-
ment by electroantennogram of airborne pheromone in cotton
treated for mating disruption of Pectinophora gossypiella fol-
lowing removal of pheromone dispensers. Entomol Exp Appl
130:1-9. https://doi.org/10.1111/j.1570-7458.2008.00798.x

Kohl J, Booij K, Kolnaar R, Ravensberg WJ (2019) Ecological argu-
ments to reconsider data requirements regarding the environmen-
tal fate of microbial biocontrol agents in the registration proce-
dure in the European Union. Biocontrol 64:469—487. https://doi.
org/10.1007/s10526-019-09964-y

Kolar L, Erzen NK, Hogerwerf L, van Gestel CAM (2008) Toxicity
of abamectin and doramectin to soil invertebrates. Environ Pol-
lut 151:182-189. https://doi.org/10.1016/j.envpol.2007.02.011

Kos K, Lackovic N, Melika G, Matosevic D (2021) Diversity and surge
in abundance of native parasitoid communities prior to the onset
of Torymus sinensison the Asian chestnut gall wasp (Dryocosmus

kuriphilus) in Slovenia, Croatia and Hungary. J for Res 32:1327-
1336. https://doi.org/10.1007/s11676-020-01197-5

Krober M, Wibberg D, Grosch R, Eikmeyer F, Verwaaijen B, Chowd-
hury SP, Hartmann A, Puhler A, Schluter A (2014) Effect of
the strain Bacillus amyloliquefaciens FZB42 on the microbial
community in the rhizosphere of lettuce under field conditions
analyzed by whole rnetagenome sequencing. Front Microbiol
5:252. https://doi.org/10.3389/fmicb.2014.00252

Kuske S, Widmer F, Edwards PJ, Turlings TCJ, Babendreier D, Bigler
F (2003) Dispersal and persistence of mass released Tricho-
gramma brassicae (Hymenoptera: Trichogrammatidae) in non-
target habitats. Biol Control 27:181-193. https://doi.org/10.1016/
$1049-9644(02)00191-3

Lacey LA, Grzywacz D, Shapiro-Ilan DI, Frutos R, Brownbridge M,
Goettel MS (2015) Insect pathogens as biological control agents:
back to the future. J Invertebr Pathol 132:1-41. https://doi.org/
10.1016/j.jip.2015.07.009

Lagerlof J, Ayuke F, Bejai S, Jorge G, Lagerqvist E, Meijer J, Muturi
JJ, Soderlund S (2015) Potential side effects of biocontrol and
plant-growth promoting Bacillus amyloliquefaciens bacteria
on earthworms. Appl Soil Ecol 96:159-164. https://doi.org/10.
1016/j.aps0il.2015.08.014

Lambers H, Ahmedi I, Berkowitz O, Dunne C, Finnegan PM, Hardy
GES, Jost R, Laliberte E, Pearse SJ, Teste FP (2013) Phosphorus
nutrition of phosphorus-sensitive Australian native plants: threats
to plant communities in a global biodiversity hotspot. Conserv
Physiol 1:1-21. https://doi.org/10.1093/conphys/cot010

Langan AM, Shaw EM (2006) Responses of the earthworm Lumbricus
terrestris (L.) to iron phosphate and metaldehyde slug pellet for-
mulations. Appl Soil Ecol 34:184-189. https://doi.org/10.1016/j.
aps0il.2006.02.003

Larkin RP (2016) Impacts of biocontrol products on Rhizoctonia dis-
ease of potato and soil microbial communities, and their per-
sistence in soil. Crop Prot 90:96-105. https://doi.org/10.1016/].
cropro.2016.08.012

Lassois L, de Bellaire LD, Jijakli MH (2008) Biological control of
crown rot of bananas with Pichia anomala strain K and Candida
oleophila strain O. Biol Control 45:410-418. https://doi.org/10.
1016/j.biocontrol.2008.01.013

Lee LH, Chan KG, Stach J, Wellington EMH, Goh BH (2018) Edito-
rial: the search for biological active agent(s) from Actinobacte-
ria. Front Microbiol 9:824. https://doi.org/10.3389/fmicb.2018.
00824

Li SB, Fang M, Zhou RC, Huang J (2012) Characterization and evalu-
ation of the endophyte Bacillus BO14 as a potential biocontrol
agent for the control of Xanthomonasaxonopodis pv. dieffen-
bachiae — Induced blight of Anthurium. Biol Control 63:9-16.
https://doi.org/10.1016/j.biocontrol.2012.06.002

Li LH, Ma JC, Ibekwe AM, Wang Q, Yang CH (2016) Cucumber
rhizosphere microbial community response to biocontrol agent
Bacillus subtilis BO68150. Agriculture 6:2. https://doi.org/10.
3390/agriculture6010002

Li CY, Hu WC, Pan B, Liu Y, Yuan SF, Ding YY, Li R, Zheng XY,
Shen B, Shen QR (2017) Rhizobacterium Bacillus amylolique-
faciens strain SQRT3-mediated induced systemic resistance con-
trols bacterial wilt of tomato. Pedosphere 27:1135-1146. https://
doi.org/10.1016/s1002-0160(17)60406-5

Li HR, Li BP, Lovei GL, Kring TJ, Obrycki JJ (2021) Interactions
among native and non-native predatory coccinellidae influ-
ence biological control and biodiversity. Ann Entomol Soc Am
114:119-136. https://doi.org/10.1093/aesa/saaa047

Lin GY, Tanguay A, Guertin C, Todorova S, Brodeur J (2017) A new
method for loading predatory mites with entomopathogenic fungi
for biological control of their prey. Biol Control 115:105-111.
https://doi.org/10.1016/j.biocontrol.2017.09.012

@ Springer


https://doi.org/10.1007/s10658-008-9315-0
https://doi.org/10.1080/0958315021000073510
https://doi.org/10.1080/0958315021000073510
https://doi.org/10.1371/journal.pone.0082278
https://doi.org/10.1371/journal.pone.0082278
https://doi.org/10.1016/j.chemosphere.2006.12.094
https://doi.org/10.1016/j.biocontrol.2005.09.003
https://doi.org/10.1007/s00442-004-1754-5
https://doi.org/10.1007/s00442-004-1754-5
https://doi.org/10.1111/j.1439-0418.2006.01048.x
https://doi.org/10.1111/j.1439-0418.2006.01048.x
https://doi.org/10.1038/srep31650
https://doi.org/10.1007/s10340-015-0649-z
https://doi.org/10.1111/j.1570-7458.2008.00798.x
https://doi.org/10.1007/s10526-019-09964-y
https://doi.org/10.1007/s10526-019-09964-y
https://doi.org/10.1016/j.envpol.2007.02.011
https://doi.org/10.1007/s11676-020-01197-5
https://doi.org/10.3389/fmicb.2014.00252
https://doi.org/10.1016/s1049-9644(02)00191-3
https://doi.org/10.1016/s1049-9644(02)00191-3
https://doi.org/10.1016/j.jip.2015.07.009
https://doi.org/10.1016/j.jip.2015.07.009
https://doi.org/10.1016/j.apsoil.2015.08.014
https://doi.org/10.1016/j.apsoil.2015.08.014
https://doi.org/10.1093/conphys/cot010
https://doi.org/10.1016/j.apsoil.2006.02.003
https://doi.org/10.1016/j.apsoil.2006.02.003
https://doi.org/10.1016/j.cropro.2016.08.012
https://doi.org/10.1016/j.cropro.2016.08.012
https://doi.org/10.1016/j.biocontrol.2008.01.013
https://doi.org/10.1016/j.biocontrol.2008.01.013
https://doi.org/10.3389/fmicb.2018.00824
https://doi.org/10.3389/fmicb.2018.00824
https://doi.org/10.1016/j.biocontrol.2012.06.002
https://doi.org/10.3390/agriculture6010002
https://doi.org/10.3390/agriculture6010002
https://doi.org/10.1016/s1002-0160(17)60406-5
https://doi.org/10.1016/s1002-0160(17)60406-5
https://doi.org/10.1093/aesa/saaa047
https://doi.org/10.1016/j.biocontrol.2017.09.012

Environmental Science and Pollution Research

Liu TX, Irungu RW, Dean DA, Harris MK (2013) Impacts of spinosad
and lambda-cyhalothrin on spider communities in cabbage fields
in south Texas. Ecotoxicology 22:528-537. https://doi.org/10.
1007/s10646-013-1045-1

Liu J, Liang YS, Hu T, Zeng H, Gao R, Wang L, Xiao YH (2021)
Environmental fate of Bt proteins in soil: transport, adsorption/
desorption and degradation. Ecotox Environ Safe 226:112805.
https://doi.org/10.1016/j.ecoenv.2021.112805

Lombaert E, Estoup A, Facon B, Joubard B, Gregoire JC, Jannin A,
Blin A, Guillemaud T (2014) Rapid increase in dispersal during
range expansion in the invasive ladybird Harmonia axyridis. J
Evol Biol 27:508-517. https://doi.org/10.1111/jeb.12316

Longa CMO, Savazzini F, Tosi S, Elad Y, Pertot I (2009) Evaluat-
ing the survival and environmental fate of the biocontrol agent
Trichoderma atroviride SC1 in vineyards in northern Italy. J
Appl Microbiol 106:1549-1557. https://doi.org/10.1111/j.1365-
2672.2008.04117.x

Loomans AJM (2021) Every generalist biological control agent
requires a special risk assessment. Biocontrol 66:23-35. https://
doi.org/10.1007/s10526-020-10022-1

Louda SM, Pemberton RW, Johnson MT, Follett PA (2003) Nontarget
effects — the Achilles’ Heel of biological control? Retrospective
analyses to reduce risk associated with biocontrol introductions.
Annu Rev Entomol 48:365-396. https://doi.org/10.1146/annur
ev.ento.48.060402.102800

Lumaret JP, Errouissi F, Floate K, Rombke J, Wardhaugh K (2012)
A review on the toxicity and non-target effects of macrocyclic
lactones in terrestrial and aquatic environments. Curr Pharm
Biotechnol 13:1004—1060. https://doi.org/10.2174/1389201128
00399257

Macfadyen S, Zalucki MP (2012) Assessing the short-term impact of
an insecticide (Deltamethrin) on predator and herbivore abun-
dance in soybean Glycine max using a replicated small-plot field
experiment. Insect Sci 19:112-120. https://doi.org/10.1111/j.
1744-7917.2011.01410.x

Macias FA, Mejias FIR, Molinillo JMG (2019) Recent advances in
allelopathy for weed control: from knowledge to applications.
Pest Manag Sci 75:2413-2436. https://doi.org/10.1002/ps.5355

MacLaren C, Storkey J, Strauss J, Swanepoel P, Dehnen-Schmutz K
(2019) Livestock in diverse cropping systems improve weed
management and sustain yields whilst reducing inputs. J Appl
Ecol 56:144-156. https://doi.org/10.1111/1365-2664.13239

Madeira F, di Lascio A, Carlino P, Costantini ML, Rossi L, Pons X
(2014) Stable carbon and nitrogen isotope signatures to deter-
mine predator dispersal between alfalfa and maize. Biol Control
77:66-75. https://doi.org/10.1016/j.biocontrol.2014.06.009

Mahe I, Chauvel B, Colbach N, Cordeau S, Gfeller A, Reiss A, Moreau
D (2022) Deciphering field-based evidences for crop allelopathy
in weed regulation, A review. Agron Sustain Dev 42:50. https://
doi.org/10.1007/s13593-021-00749-1

Malagnoux L, Capowiez Y, Rault M (2015) Impact of insecticide expo-
sure on the predation activity of the European earwig Forficula
auricularia. Environ Sci Pollut Res 22:14116-14126. https://doi.
org/10.1007/s11356-015-4520-9

Malusa E, Tosi L (2005) Phosphorous acid residues in apples after
foliar fertilization: results of field trials. Food Addit Contam
Part A-Chem 22:541-548. https://doi.org/10.1080/0265203050
0135284

Mamy L, Barriuso E (2022) Les substances naturelles : une alternative
aux pesticides de synthése. Actual Chim 470:9-14

Mamy L, Pesce S, Sanchez W, Amichot M, Artigas J, Aviron S, Bar-
thélémy C, Beaudouin R, Bedos C, Bérard A, Berny P, Bertrand
C, Bertrand C, Betoulle S, Bureau-Point E, Charles S, Chaumot
A, Chauvel B, Coeurdassier M, Corio-Costet MF, Coutellec MA,
Crouzet O, Doussan I, Faburé J, Fritsch C, Gallai N, Gonzalez P,
Gouy V, Hedde M, Langlais A, Le Bellec F, Leboulanger C, Le

@ Springer

Gall M, Le Perchec S, Margoum C, Martin-Laurent F, Mongruel
R, Morin S, Mougin C, Munaron D, Nélieu S, Pelosi C, Rault
M, Sabater S, Stachowski-Haberkorn S, Sucré E, Thomas M,
Tournebize J, Achard AL, Le Gall M, Le Perchec S, Delebarre
E, Larras F, Leenhardt S (2022) Impacts des produits phytophar-
maceutiques sur la biodiversité et les services écosystémiques,
Rapport d’ESCo, INRAE - Ifremer (France), p 1408. https://doi.
org/10.17180/0gp2-cd65

Marko V, Bogya S, Kondorosy E, Blommers LHM (2010) Side effects
of kaolin particle films on apple orchard bug, beetle and spider
communities. Int J Pest Manage 56:189-199. https://doi.org/10.
1080/09670870903324206

Marliac G, Mazzia C, Pasquet A, Cornic JF, Hedde M, Capowiez Y
(2016) Management diversity within organic production influ-
ences epigeal spider communities in apple orchards. Agric Eco-
syst Environ 216:73-81. https://doi.org/10.1016/j.agee.2015.09.
026

Martelli F, Hernandes NH, Zuo Z, Wang J, Wong C-O, Karagas NE,
Roessner U, Rupasinghe T, Robin C, Venkatachalam K, Perry T,
Batterham P, Bellen HJ (2022) Low doses of the organic insec-
ticide spinosad trigger lysosomal defects, elevated ROS, lipid
dysregulation, and neurodegeneration in flies. eLife 11:¢73812.
https://doi.org/10.7554/eLife. 73812

Masum MM, Liu L, Yang M, Hossain MM, Siddiqga MM, Supty ME,
Ogunyemi SO, Hossain A, An Q, Li B (2018) Halotolerant bacte-
ria belonging to operational group Bacillus amyloliquefaciens in
biocontrol of the rice brown stripe pathogen Acidovorax oryzae.
J Appl Microbiol 125:1852-1867. https://doi.org/10.1111/jam.
14088

Matos ADM, Gomes ICP, Nietsche S, Xavier AA, Gomes WS, Neto
JAD, Pereira MCT (2017) Phosphate solubilization by endo-
phytic bacteria isolated from banana trees. An Acad Bras Cienc
89:2945-2954. https://doi.org/10.1590/0001-3765201720160111

McKnight US, Rasmussen JJ, Kronvang B, Binning PJ, Bjerg PL
(2015) Sources, occurrence and predicted aquatic impact of
legacy and contemporary pesticides in streams. Environ Pollut
200:64-76. https://doi.org/10.1016/j.envpol.2015.02.015

Milicevic Z, Krnjajic S, Stevic M, Cirkovic J, Jelusic A, Pucarevic M,
Popovic T (2022) Encapsulated clove bud essential oil: a new
perspective as an eco-friendly biopesticide. Agriculture 12:338.
https://doi.org/10.3390/agriculture12030338

Mina D, Pereira JA, Lino-Neto T, Baptista P (2020) Screening the
olive tree phyllosphere: search and find potential antagonists
against Pseudomonas savastanoi pv. savastanoi. Front Microbiol
11:2051. https://doi.org/10.3389/fmicb.2020.02051

Ministry of Agriculture and Food, Ministry of Ecological Transition
(2020) French National Strategy for Biocontrol Deployment.
https://agriculture.gouv.fr/strategie-nationale-de-deploiement-
du-biocontrole. Accessed 10 May 2023

Mirhosseini MA, Fathipour Y, Holst N, Soufbaf M, Michaud JP (2019)
An egg parasitoid interferes with biological control of tomato
leafminer by augmentation of Nesidiocoris tenuis (Hemiptera:
Miridae). Biol Control 133:34-40. https://doi.org/10.1016/j.
biocontrol.2019.02.009

Mitrovic M, Petrovic A, Kavallieratos NG, Stary P, Petrovic-Obradovic
O, Tomanovic Z, Vorburger C (2013) Geographic structure with
no evidence for host-associated lineages in European popula-
tions of Lysiphlebus testaceipes, an introduced biological control
agent. Biol Control 66:150-158. https://doi.org/10.1016/j.bioco
ntrol.2013.05.007

Mostakim M, El Abed S, Iraqui M, Benbrahim KF, Houari A, Gounni
AS, Ibnsouda SK (2012) Biocontrol potential of a Bacillus sub-
tilis strain against Bactrocera oleae. Ann Microbio 62:211-216.
https://doi.org/10.1007/s13213-011-0248-z

Mottes C, Lesueur Jannoyer M, Le Bail M, Guene M, Caries C,
Malezieux E (2017) Relationships between past and present


https://doi.org/10.1007/s10646-013-1045-1
https://doi.org/10.1007/s10646-013-1045-1
https://doi.org/10.1016/j.ecoenv.2021.112805
https://doi.org/10.1111/jeb.12316
https://doi.org/10.1111/j.1365-2672.2008.04117.x
https://doi.org/10.1111/j.1365-2672.2008.04117.x
https://doi.org/10.1007/s10526-020-10022-1
https://doi.org/10.1007/s10526-020-10022-1
https://doi.org/10.1146/annurev.ento.48.060402.102800
https://doi.org/10.1146/annurev.ento.48.060402.102800
https://doi.org/10.2174/138920112800399257
https://doi.org/10.2174/138920112800399257
https://doi.org/10.1111/j.1744-7917.2011.01410.x
https://doi.org/10.1111/j.1744-7917.2011.01410.x
https://doi.org/10.1002/ps.5355
https://doi.org/10.1111/1365-2664.13239
https://doi.org/10.1016/j.biocontrol.2014.06.009
https://doi.org/10.1007/s13593-021-00749-1
https://doi.org/10.1007/s13593-021-00749-1
https://doi.org/10.1007/s11356-015-4520-9
https://doi.org/10.1007/s11356-015-4520-9
https://doi.org/10.1080/02652030500135284
https://doi.org/10.1080/02652030500135284
https://doi.org/10.17180/0gp2-cd65
https://doi.org/10.17180/0gp2-cd65
https://doi.org/10.1080/09670870903324206
https://doi.org/10.1080/09670870903324206
https://doi.org/10.1016/j.agee.2015.09.026
https://doi.org/10.1016/j.agee.2015.09.026
https://doi.org/10.7554/eLife.73812
https://doi.org/10.1111/jam.14088
https://doi.org/10.1111/jam.14088
https://doi.org/10.1590/0001-3765201720160111
https://doi.org/10.1016/j.envpol.2015.02.015
https://doi.org/10.3390/agriculture12030338
https://doi.org/10.3389/fmicb.2020.02051
https://agriculture.gouv.fr/strategie-nationale-de-deploiement-du-biocontrole
https://agriculture.gouv.fr/strategie-nationale-de-deploiement-du-biocontrole
https://doi.org/10.1016/j.biocontrol.2019.02.009
https://doi.org/10.1016/j.biocontrol.2019.02.009
https://doi.org/10.1016/j.biocontrol.2013.05.007
https://doi.org/10.1016/j.biocontrol.2013.05.007
https://doi.org/10.1007/s13213-011-0248-z

Environmental Science and Pollution Research

pesticide applications and pollution at a watershed outlet: the
case of a horticultural catchment in Martinique, French West
Indies. Chemosphere 184:762—773. https://doi.org/10.1016/].
chemosphere.2017.06.061

Mukhtar T, Hussain MA, Kayani MZ (2013) Biocontrol potential of
Pasteuria penetrans, Pochonia chlamydosporia, Paecilomyces
lilacinus and Trichoderma harzianum against Meloidogyne
incognita in okra. Phytopathol Mediterr 52:66-76

Miiller-Schirer H, Lommen STE, Rossinelli M, Bonini M, Boriani
M, Bosio G, Schaftner U (2014) Ophraella communa, the rag-
weed leaf beetle, has successfully landed in Europe: fortunate
coincidence or threat? Weed Res 54:109-118. https://doi.org/
10.1111/wre.12072

Muniz ER, Bedini S, Sarrocco S, Vannacci G, Mascarin GM, Fer-
nandes EKK, Conti B (2020) Carnauba wax enhances the insec-
ticidal activity of entomopathogenic fungi against the blowfly
Lucilia sericata (Diptera: Calliphoridae). J Invertebr Pathol
174:107391. https://doi.org/10.1016/].jip.2020.107391

Nakashima Y, Birkett MA, Pye BJ, Pickett JA, Powell W (2004) The
role of semiochemicals in the avoidance of the seven-spot lady-
bird, Coccinella septempunctata, by the aphid parasitoid, Aphid-
ius ervi. J Chem Ecol 30:1103-1116. https://doi.org/10.1023/b:
j0ec.0000030266.81665.19

Nawrot-Esposito MP, Babin A, Pasco M, Poiri M, Gatti JL, Gallet
A (2020) Bacillus thuringiensis bioinsecticides induce devel-
opmental defects in non-target Drosophila melanogaster larvae.
Insects 11:697. https://doi.org/10.3390/insects11100697

Nieves-Aldrey JL, Gil-Tapetado D, Gavira O, Boyero JR, Polidori C,
Lombardero MJ, Blanco D, del Castillo CR, Rodriguez-Rojo P,
Vela JM, Wong E (2019) Torymus sinensis Kamijo, a biocon-
trol agent against the invasive chestnut gall wasp Dryocosmus
kuriphilus Yasumatsu in Spain: its natural dispersal from France
and first data on establishment after experimental releases. For
Syst 28:e001. https://doi.org/10.5424/fs/2019281-14361

Nikolova I, Georgieva N, Tahsin N (2015) Toxicity of neem and pyre-
thrum products applied alone and in combination with different
organic products to some predators and their population density.
Rom Agric Res 32:291-301

Observatory of Species of Concern for Human Health (2023) Lettre
de I’Observatoire des espéces a enjeux pour la santé humaine.
https://ambroisie-risque.info/ophraella-communa-est-arrivee-en-
france/. Accessed 10 Feb 2024

Ohtonen R, Ohtonen A, Luotonen H, Markkola AM (1992) Enchytraeid
and nematode numbers in urban, polluted Scots pine (Pinus syl-
vestris) stands in relation to other soil biological parameters. Biol
Fertil Soils 13:50-54. https://doi.org/10.1007/bf00337238

Oliveira CR, Garcia TD, Franco-Belussi L, Salla RF, Souza BFS, de
Melo NFS, Irazusta SP, Jones-Costa M, Silva-Zacarin ECM,
Fraceto LF (2019) Pyrethrum extract encapsulated in nanopar-
ticles: Toxicity studies based on genotoxic and hematological
effects in bullfrog tadpoles. Environ Pollut 253:1009-1020.
https://doi.org/10.1016/j.envpol.2019.07.037

Ownley BH, Gwinn KD, Vega FE (2010) Endophytic fungal
entomopathogens with activity against plant pathogens: ecol-
ogy and evolution. Biocontrol 55:113-128. https://doi.org/10.
1007/s10526-009-9241-x

Patil C, Calvayrac C, Zhou YX, Romdhane S, Salvia MV, Cooper JF,
Dayan FE, Bertrand C (2016) Environmental Metabolic Foot-
printing: a novel application to study the impact of a natural and
a synthetic beta-triketone herbicide in soil. Sci Total Environ
566:552-558. https://doi.org/10.1016/j.scitotenv.2016.05.071

Patkowska E, Mielniczuk E, Jamiolkowska A, Skwarylo-Bednarz B,
Dotewicz-Wozniak MB (2020) The influence of Trichoderma
harzianum Rifai T-22 and other biostimulants on rhizosphere
beneficial microorganisms of carrot. Agronomy 10:1637. https://
doi.org/10.3390/agronomy 10111637

Paul S, Paul B, Khan MA, Aggarwal C, Rathi MS, Tyagi SP (2017)
Characterization and evaluation of Bacillus thuringiensis var.
kurstaki based formulation for field persistence and insect bio-
control. Indian J Agric Sci 87:473—478

Pereira JL, Picanco MC, da Silva AA, de Barros EC, da Silva RS, Gal-
dino TVD, Marinho CGS (2010) Ants as environmental impact
bioindicators from insecticide application on corn. Sociobiology
55:153-164

Pesce S, Mamy L, Achard AL, Le Gall M, Le Perchec S, Réchauchere
O, Tibi A, Leendhardt S, Sanchez W (2021) Collective scien-
tific assessment as a relevant tool to inform public debate and
policymaking: an illustration about the effects of plant protec-
tion products on biodiversity and ecosystem services. Envi-
ron Sci Pollut Res 28:38448-38454. https://doi.org/10.1007/
s11356-021-14863-w

Pesce S, Mamy L, Sanchez W, Amichot M, Artigas J, Aviron S, Bar-
thélémy C, Beaudouin R, Bedos C, Bérard A, Berny P, Bertrand
C, Bertrand C, Betoulle S, Bureau-Point E, Charles S, Chau-
mot A, Chauvel B, Coeurdassier M, Corio-Costet MF, Coutel-
lec MA, Crouzet O, Doussan I, Faburé J, Fritsch C, Gallai N,
Gonzalez P, Gouy V, Hedde M, Langlais A, Le Bellec F, Leb-
oulanger C, Margoum C, Martin-Laurent F, Mongruel R, Morin
S, Mougin C, Munaron D, Nélieu S, Pelosi C, Rault M, Sabater
S, Stachowski-Haberkorn S, Sucré E, Thomas M, Tournebize
J, Leenhardt S (2024) Main conclusions and perspectives from
the collective scientific assessment on the effects of plant pro-
tection products on biodiversity and ecosystem services along
the land—sea continuum in France and French overseas territo-
ries. Environ Sci Pollut Res (in Press). https://doi.org/10.1007/
s11356-023-26952-z

Petit S, Trichard A, Biju-Duval L, McLaughlin OB, Bohan DA (2017)
Interactions between conservation agricultural practice and land-
scape composition promote weed seed predation by invertebrates.
Agric Ecosyst Environ 240:45-53. https://doi.org/10.1016/j.agee.
2017.02.014

Peveling R, McWilliam AN, Nagel P, Rasolomanana H, Raholijaona
RL, Ravoninjatovo A, Dewhurst CF, Gibson G, Rafanomezana S,
Tingle CCD (2003) Impact of locust control on harvester termites
and endemic vertebrate predators in Madagascar. J Appl Ecol
40:729-741. https://doi.org/10.1046/j.1365-2664.2003.00833.x

PhytAtmo Database (2023) https://www.atmo-france.org/article/phyta
tmo. Accessed 10 May 2023

Poulin B, Lefebvre G (2018) Perturbation and delayed recovery of the
reed invertebrate assemblage in Camargue marshes sprayed with
Bacillus thuringiensis israelensis. Insect Sci 25:542-548. https://
doi.org/10.1111/1744-7917.12416

Poulin B, Lefebvre G, Paz L (2010) Red flag for green spray: adverse
trophic effects of Bti on breeding birds. J Appl Ecol 47:884—889.
https://doi.org/10.1111/j.1365-2664.2010.01821.x

Poveda J, Diez-Mendez A (2022) Use of elicitors from macroalgae
and microalgae in the management of pests and diseases in
agriculture. Phytoparasitica (online). https://doi.org/10.1007/
$12600-022-01009-y

Pozdnyakova NN, Nikitina VA, Turovskaya OV (2008) Bioremediation
of oil-polluted soil with an association including the fungusP
leurotus ostreatus and soil microflora. Appl Biochem Microbiol
44:60-65. https://doi.org/10.1134/S0003683808010109

PPDB (2023) Pesticide Properties DataBase. http://sitem.herts.ac.uk/
aeru/ppdb/en/index.htm. Accessed 10 May 2023

Quesada CR, Sadof CS (2020) Residual toxicity of insecticides to
Chrysoperla rufilabris and Rhyzobius lophanthae predators as
biocontrol agents of pine needle scale. Crop Prot 130:105044.
https://doi.org/10.1016/j.cropro.2019.105044

Ram A, Kumar D, Babu S, Prasad D, Dev I (2017) Effect of sulphur
on soil biological properties, residual fertility and yield of aer-
obic rice grown under aerobic rice-wheat cropping system in

@ Springer


https://doi.org/10.1016/j.chemosphere.2017.06.061
https://doi.org/10.1016/j.chemosphere.2017.06.061
https://doi.org/10.1111/wre.12072
https://doi.org/10.1111/wre.12072
https://doi.org/10.1016/j.jip.2020.107391
https://doi.org/10.1023/b:joec.0000030266.81665.19
https://doi.org/10.1023/b:joec.0000030266.81665.19
https://doi.org/10.3390/insects11100697
https://doi.org/10.5424/fs/2019281-14361
https://ambroisie-risque.info/ophraella-communa-est-arrivee-en-france/
https://ambroisie-risque.info/ophraella-communa-est-arrivee-en-france/
https://doi.org/10.1007/bf00337238
https://doi.org/10.1016/j.envpol.2019.07.037
https://doi.org/10.1007/s10526-009-9241-x
https://doi.org/10.1007/s10526-009-9241-x
https://doi.org/10.1016/j.scitotenv.2016.05.071
https://doi.org/10.3390/agronomy10111637
https://doi.org/10.3390/agronomy10111637
https://doi.org/10.1007/s11356-021-14863-w
https://doi.org/10.1007/s11356-021-14863-w
https://doi.org/10.1007/s11356-023-26952-z
https://doi.org/10.1007/s11356-023-26952-z
https://doi.org/10.1016/j.agee.2017.02.014
https://doi.org/10.1016/j.agee.2017.02.014
https://doi.org/10.1046/j.1365-2664.2003.00833.x
https://www.atmo-france.org/article/phytatmo
https://www.atmo-france.org/article/phytatmo
https://doi.org/10.1111/1744-7917.12416
https://doi.org/10.1111/1744-7917.12416
https://doi.org/10.1111/j.1365-2664.2010.01821.x
https://doi.org/10.1007/s12600-022-01009-y
https://doi.org/10.1007/s12600-022-01009-y
https://doi.org/10.1134/S0003683808010109
http://sitem.herts.ac.uk/aeru/ppdb/en/index.htm
http://sitem.herts.ac.uk/aeru/ppdb/en/index.htm
https://doi.org/10.1016/j.cropro.2019.105044

Environmental Science and Pollution Research

Inceptisols. J Environ Biol 38:587-593. https://doi.org/10.22438/
jeb/38/4/MS-275

Ramos M, Ghosson H, Raviglione D, Bertrand C, Salvia MV (2022)
Untargeted metabolomics as a tool to monitor biocontrol product
residues’ fate on field-treated Prunus persica. Sci Total Environ
807:150717. https://doi.org/10.1016/j.scitotenv.2021.150717

Ravnskov S, Jensen B, Knudsen IMB, Bodker L, Jensen DF, Karlinski
L, Larsen J (2006) Soil inoculation with the biocontrol agent
Clonostachys rosea and the mycorrhizal fungus Glomus int-
raradices results in mutual inhibition, plant growth promotion
and alteration of soil microbial communities. Soil Biol Biochem
38:3453-3462. https://doi.org/10.1016/j.s0ilbio.2006.06.003

Regulation (EC) No 1107/2009 (2009) Regulation (EC) No 1107/2009
of the European parliament and of the Council of 21 October
2009 concerning the placing of plant protection products on
the market and repealing Council Directives 79/117/EEC and
91/414/EEC. Oft J L 309, 24.11.2009. https://eur-lex.europa.eu/
legal-content/FR/ALL/?uri=celex%3A32009R1107. Accessed
10 May 2023

Regulation (EU) 2018/848 (2018) Regulation (EU) 2018/848 of the
European parliament and of the Council of 30 May 2018 on
organic production and labelling of organic products and repeal-
ing Council Regulation (EC) No 834/2007. Off J Eur Union
150/1, 14.06.2018. https://eur-lex.europa.eu/legal-content/FR/
TXT/?uri=CELEX%3A32018R0848. Accessed 10 May 2023

Reznik SY (1991) The effects of feeding damage in ragweed Ambro-
sia artemisiifolia (Asteraceae) on populations of Zygogramma
suturalis (Coleoptera, Chrysomelidae). Oecologia 88:204-210.
https://doi.org/10.1007/BF00320812

Rice EL (1984) Allelopathy? Elsevier Science Publishing Co Inc,
United States

Rillig MC, Ryo M, Lehmann A, Aguilar-Trigueros CA, Buchert S,
Wulf A, Iwasaki A, Roy J, Yang GW (2019) The role of multi-
ple global change factors in driving soil functions and microbial
biodiversity. Science 366:886—890. https://doi.org/10.1126/scien
ce.aay2832

Roberts PD, Momol MT, Ritchie L, Olson SM, Jones JB, Balogh B
(2008) Evaluation of spray programs containing famoxadone
plus cymoxanil, acibenzolar-S-methyl, and Bacillus subtilis
compared to copper sprays for management of bacterial spot
on tomato. Crop Prot 27:1519-1526. https://doi.org/10.1016/j.
cropro.2008.06.007

Robin DC, Marchand PA (2019) Evolution of the biocontrol active
substances in the framework of the European Pesticide Regula-
tion (EC) No. 1107/2009. Pest Manag Sci 75:950-958. https://
doi.org/10.1002/ps.5199

Robin DC, Marchand PA (2020) Macroorganismes de biocontrdle en
France, état des lieux. Innov Agro 79:425-439. https://doi.org/
10.15454/gtk0-6y86

Rodriguez E, Pena A, Raya AJS, Campos M (2003) Evaluation of the
effect on arthropod populations by using deltamethrin to control
Phloeotribus scarabaeoides Bern. (Coleoptera: Scolytidae) in
olive orchards. Chemosphere 52:127-134. https://doi.org/10.
1016/50045-6535(03)00184-x

Rondoni G, Onofri A, Ricci C (2012) Laboratory studies on intraguild
predation and cannibalism among coccinellid larvae (Coleoptera:
Coccinellidae). Eur J Entomol 109:353-362. https://doi.org/10.
14411/eje.2012.046

Rondoni G, Borges I, Collatz J, Conti E, Costamagna AC, Dumont
F, Evans EW, Grez AA, Howe AG, Lucas E, Maisonhaute JE,
Soares AO, Zaviezo T, Cock MJW (2021) Exotic ladybirds for
biological control of herbivorous insects — a review. Entomol
Exp Appl 169:6-27. https://doi.org/10.1111/eea.12963

Roy HE, Brown PMJ, Rothery P, Ware RL, Majerus MEN (2008)
Interactions between the fungal pathogen Beauveria bassiana
and three species of coccinellid: Harmonia axyridis, Coccinella

@ Springer

septempunctata and Adalia bipunctata. Biocontrol 53:265-276.
https://doi.org/10.1007/s10526-007-9122-0

Royer JE, Teakle GE, Ahoafi E, Mayer DG (2019) Methyl-isoeugenol,
a significantly more attractive male lure for the methyl euge-
nol responsive Pacific fruit fly, Bactrocera xanthodes (Diptera:
Tephritidae). Austral Entomol 58:800-804. https://doi.org/10.
1111/aen.12398

Salinas KA, Edenborn SL, Sexstone AJ, Kotcon JB (2007) Bacterial
preferences of the bacterivorous soil nematode Cephalobus brey-
icauda (Cephatobidae): effect of bacterial type and size. Pedo-
biologia 51:55-64. https://doi.org/10.1016/j.pedobi.2006.12.003

Salunkhe RB, Patil CD, Salunke BK, Rosas-Garcia NM, Patil SV
(2013) Effect of wax degrading bacteria on life cycle of the pink
hibiscus mealybug, Maconellicoccus hirsutus (Green) (Hemip-
tera: Pseudococcidae). Biocontrol 58:535-542. https://doi.org/
10.1007/s10526-013-9513-3

Salvia MV, Ben Jrad A, Raviglione D, Zhou YX, Bertrand C (2018)
Environmental Metabolic Footprinting (EMF) vs. half-life: a new
and integrative proxy for the discrimination between control and
pesticides exposed sediments in order to further characterise pes-
ticides’ environmental impact. Environ Sci Pollut Res 25:29841—
29847. https://doi.org/10.1007/s11356-017-9600-6

Santner A, Calderon-Villalobos LIA, Estelle M (2009) Plant hormones
are versatile chemical regulators of plant growth. Nat Chem Biol
5:301-307. https://doi.org/10.1038/nchembio.165

Savazzini F, Longa CMO, Pertot I (2009) Impact of the biocontrol
agent Trichoderma atroviride SC1 on soil microbial communities
of a vineyard in northern Italy. Soil Biol Biochem 41:1457-1465.
https://doi.org/10.1016/j.s0ilbi0.2009.03.027

Schreiter S, Babin D, Smalla K, Grosch R (2018) Rhizosphere com-
petence and biocontrol effect of Pseudomonas sp RU47 inde-
pendent from plant species and soil type at the field scale. Front
Microbiol 9:97. https://doi.org/10.3389/fmicb.2018.00097

Shang SQ, Chen YN, Bai YL (2018) The pathogenicity of entomopath-
ogenic fungus Acremonium hansfordii to two-spotted spider mite,
Tetranychus urticae and predatory mite Neoseiulus barkeri. Syst
Appl Acarol 23:2173-2183. https://doi.org/10.11158/saa.23.11.
10

Sharma A, Srivastava A, Ram B, Srivastava PC (2007) Dissipation
behaviour of spinosad insecticide in soil, cabbage and cauliflower
under subtropical conditions. Pest Manag Sci 63:1141-1145.
https://doi.org/10.1002/ps.1437

Shrestha B, Stelinski LL (2019) Effects of ladybeetle, Harmonia axy-
ridis, foraging trails on behavior of Tamarixia radiata. J Insect
Behav 32:81-88. https://doi.org/10.1007/s10905-019-09716-x

Siegwart M, Lavoir AV (2020) Les substances naturelles d’origine
végétale utilisées comme produits de biocontrdle. In: Fauver-
gue X et al. (Editors) Biocontrdle. Elements pour une protec-
tion agroécologique des cultures. Editions Quae, Versailles, pp.
173-183

Sinia A, Guzman-Novoa E (2018) Evaluation of the entomopathogenic
fungi Beauveria bassiana GHA and Metarhizium anisopliae
UAMH 9198 alone or in combination with thymol for the con-
trol of Varroa destructor in honey bee (Apis mellifera) colonies.
J Apic Res 57:308-316. https://doi.org/10.1080/00218839.2018.
1430983

Skirvin DJ, Kravar-Garde L, Reynolds K, Jones J, Mead A, Fenlon J
(2007) Supplemental food affects thrips predation and movement
of Orius laevigatus (Hemiptera: Anthocoridae) and Neoseiulus
cucumeris (Acari: Phytoseiidae). Bull Entomol Res 97:309-315.
https://doi.org/10.1017/s0007485307005007

Spadaro D, Lore A, Garibaldi A, Gullino ML (2013) A new strain of
Metschnikowia fructicola for postharvest control of Penicillium
expansum and patulin accumulation on four cultivars of apple.
Postharvest Biol Technol 75:1-8. https://doi.org/10.1016/j.posth
arvbio.2012.08.001


https://doi.org/10.22438/jeb/38/4/MS-275
https://doi.org/10.22438/jeb/38/4/MS-275
https://doi.org/10.1016/j.scitotenv.2021.150717
https://doi.org/10.1016/j.soilbio.2006.06.003
https://eur-lex.europa.eu/legal-content/FR/ALL/?uri=celex%3A32009R1107
https://eur-lex.europa.eu/legal-content/FR/ALL/?uri=celex%3A32009R1107
https://eur-lex.europa.eu/legal-content/FR/TXT/?uri=CELEX%3A32018R0848
https://eur-lex.europa.eu/legal-content/FR/TXT/?uri=CELEX%3A32018R0848
https://doi.org/10.1007/BF00320812
https://doi.org/10.1126/science.aay2832
https://doi.org/10.1126/science.aay2832
https://doi.org/10.1016/j.cropro.2008.06.007
https://doi.org/10.1016/j.cropro.2008.06.007
https://doi.org/10.1002/ps.5199
https://doi.org/10.1002/ps.5199
https://doi.org/10.15454/gtk0-6y86
https://doi.org/10.15454/gtk0-6y86
https://doi.org/10.1016/s0045-6535(03)00184-x
https://doi.org/10.1016/s0045-6535(03)00184-x
https://doi.org/10.14411/eje.2012.046
https://doi.org/10.14411/eje.2012.046
https://doi.org/10.1111/eea.12963
https://doi.org/10.1007/s10526-007-9122-0
https://doi.org/10.1111/aen.12398
https://doi.org/10.1111/aen.12398
https://doi.org/10.1016/j.pedobi.2006.12.003
https://doi.org/10.1007/s10526-013-9513-3
https://doi.org/10.1007/s10526-013-9513-3
https://doi.org/10.1007/s11356-017-9600-6
https://doi.org/10.1038/nchembio.165
https://doi.org/10.1016/j.soilbio.2009.03.027
https://doi.org/10.3389/fmicb.2018.00097
https://doi.org/10.11158/saa.23.11.10
https://doi.org/10.11158/saa.23.11.10
https://doi.org/10.1002/ps.1437
https://doi.org/10.1007/s10905-019-09716-x
https://doi.org/10.1080/00218839.2018.1430983
https://doi.org/10.1080/00218839.2018.1430983
https://doi.org/10.1017/s0007485307005007
https://doi.org/10.1016/j.postharvbio.2012.08.001
https://doi.org/10.1016/j.postharvbio.2012.08.001

Environmental Science and Pollution Research

Spagnoletti FN, Tobar NE, Di Pardo AF, Chiocchio VM, Lavado RS
(2017) Dark septate endophytes present different potential to
solubilize calcium, iron and aluminum phosphates. Appl Soil
Ecol 111:25-32. https://doi.org/10.1016/j.aps0il.2016.11.010

Spini G, Spina F, Poli A, Blieux AL, Regnier T, Gramellini C, Varese
GC, Pluglisi E (2018) Molecular and microbiological insights on
the enrichment procedures for theisolation of petroleum degrad-
ing bacteria and fungi. Front Microbiol 9:2543. https://doi.org/
10.3389/fmicb.2018.02543

Stacconi MVR et al (2018) Host location and dispersal ability of the
cosmopolitan parasitoid Trichopria drosophilae released to con-
trol the invasive spotted wing Drosophila. Biol Control 117:188—
196. https://doi.org/10.1016/j.biocontrol.2017.11.013

Streito JC, Clouet C, Hamdi F, Gauthier N (2017) Population genetic
structure of the biological control agent Macrolophus pygmaeus
in Mediterranean agroecosystems. Insect Sci 24:859-876. https://
doi.org/10.1111/1744-7917.12370

Sun H, Terhonen E, Koskinen K, Paulin L, Kasanen R, Asiegbu FO
(2013) The impacts of treatment with biocontrol fungus (Phlebi-
opsis gigantea) on bacterial diversity in Norway spruce stumps.
Biol Control 64:238-246. https://doi.org/10.1016/j.biocontrol.
2012.11.015

Sun Y, Ding JQ, Siemann E, Keller SR (2020) Biocontrol of invasive
weeds under climate change: progress, challenges and manage-
ment implications. Curr Opin Insect Sci 38:72-78. https://doi.
org/10.1016/j.c0is.2020.02.003

Sutherland AM, Gubler WD, Parrella MP (2010) Effects of fungicides
on a mycophagous coccinellid may represent integration failure
in disease management. Biol Control 54:292-299. https://doi.
org/10.1016/j.biocontrol.2010.05.020

Tacoli F, Cargnus E, Zandigiacomo P, Pavan F (2020) Side effects of
sulfur dust on the European grapevine moth Lobesia botrana
and the predatory mite Kampimodromus aberrans in vineyards.
Insects 11:825. https://doi.org/10.3390/insects 11110825

Takishita Y, Charron JB, Smith DL (2018) Biocontrol Rhizobacte-
rium Pseudomonas sp. 23S induces systemic resistance in tomato
(Solanum lycopersicum L.) against bacterial Canker Clavibac-
ter michiganensis subsp. michiganensis. Front Microbiol 9:2119.
https://doi.org/10.3389/fmicb.2018.02119

Tan SY, Jiang Y, Song S, Huang JF, Ling N, Xu YC, Shen QR (2013)
Two Bacillus amyloliquefaciens strains isolated using the com-
petitive tomato root enrichment method and their effects on sup-
pressing Ralstonia solanacearum and promoting tomato plant
growth. Crop Prot 43:134-140. https://doi.org/10.1016/j.cropro.
2012.08.003

Tayeh A, Estoup A, Lombaert E, Guillemaud T, Kirichenko N, Lawson-
Handley L, De Clercq P, Facon B (2014) Cannibalism in inva-
sive, native and biocontrol populations of the harlequin ladybird.
BMC Evol Biol 14:15. https://doi.org/10.1186/1471-2148-14-15

Tayeh A, Hufbauer RA, Estoup A, Ravigne V, Frachon L, Facon B
(2015) Biological invasion and biological control select for dif-
ferent life histories. Nat Commun 6:7268. https://doi.org/10.
1038/ncomms8268

Techer D, Milla S, Fontaine P, Viot S, Thomas M (2015) Acute toxic-
ity and sublethal effects of gallic and pelargonic acids on the
zebrafish Danio rerio. Environ Sci Pollut Res 22:5020-5029.
https://doi.org/10.1007/s11356-015-4098-2

Telesinski A, Michalcewicz W, Platkowski M, Strek M, Onyszkol M,
Wisniewska J (2015) The side-effect of organic insecticide spino-
sad on biochemical and microbiological properties of clay soil. J
Ecol Eng 16:191-197. https://doi.org/10.12911/22998993/59373

Temitope AE, Patrick AA, Abiodun J, Olasekan AA, Onye AC, Vincent
AOT, Abodunde AK, Wutem E, Elliseus RJ (2020) Trichoderma
asperellum affects Meloidogyne incognita infestation and devel-
opment in Celosia argentea. Open Agric 5:778-784. https://doi.
org/10.1515/opag-2020-0075

Tetreau G, Alessi M, Veyrenc S, Perigon S, David JP, Reynaud
S, Despres L (2012) Fate of Bacillus thuringiensis subsp.
israelensis in the field: evidence for spore recycling and differ-
ential persistence of toxins in leaf litter. Appl Environ Micro-
biol 78:8362-8367. https://doi.org/10.1128/aem.02088-12

Thambugala KM, Daranagama DA, Phillips AJL, Kannangara SD,
Promputtha I (2020) Fungi vs. fungi in biocontrol: an overview
of fungal antagonists applied against fungal plant pathogens.
Front Cell Infect Microbiol 10:604923. https://doi.org/10.3389/
fcimb.2020.604923

Thompson DG, Harris BJ, Lanteigne LJ, Buscarini TM, Chartrand
DT (2002) Fate of spinosad in litter and soils of a mixed coni-
fer stand in the Acadian forest region of New Brunswick. J
Agric Food Chem 50:790-795. https://doi.org/10.1021/jf011
3191

Thorpe KW, van der Pers J, Leonard DS, Sellers P, Mastro VC, Webb
RE, Reardon RC (2007) Electroantennogram measurements of
atmospheric pheromone concentration after aerial and ground
application of gypsy moth mating disruptants. J Appl Entomol
131:146-152. https://doi.org/10.1111/j.1439-0418.2007.01151.x

Tian L, Shi SH, Ji L, Nasir F, Ma LN, Tian CJ (2018) Effect of the bio-
control bacterium Bacillus amyloliquefaciens on the rhizosphere
in ginseng plantings. Int Microbiol 21:153-162. https://doi.org/
10.1007/s10123-018-0015-0

Tilquin M, Paris M, Reynaud S, Despres L, Ravanel P, Geremia RA,
Gury J (2008) Long lasting persistence of Bacillus thuringiensis
subsp. israelensis (Bti) in mosquito natural habitats. PLoS One
3:e3432. https://doi.org/10.1371/journal.pone.0003432

Tisserat B, O’Kuru RH, Cermak SC, Evangelista RL, Doll KM (2012)
Potential uses for cuphea oil processing byproducts and pro-
cessed oils. Ind Crop Prod 35:111-120. https://doi.org/10.1016/j.
indcrop.2011.06.019

Todd JH, Pearce BM, Barratt BIP (2021) Using qualitative food webs
to predict species at risk of indirect effects from a proposed bio-
logical control agent. Biocontrol 66:45-58. https://doi.org/10.
1007/s10526-020-10038-7

Tofangsazi N, Arthurs SP, Giblin-Davis RM (2018) Entomopathogenic
nematodes (Nematoda: Rhabditida: families Steinernematidae
and Heterorhabditidae). U.S. Department of Agriculture, UF/
IFAS Extension Service, University of Florida, Department
of Entomology and Nematology, UF/IFAS Extensio, Florida,
USA. https://edis.ifas.ufl.edu/publication/IN944. Accessed 10
May 2023

Toth M, Landolt P, Szarukan I, Szollath I, Vitanyi I, Penzes B, Hari K,
Josvai JK, Koczor S (2012) Female-targeted attractant containing
pear ester for Synanthedon myopaeformis. Entomol Exp Appl
142:27-35. https://doi.org/10.1111/§.1570-7458.2011.01198.x

Travlos I, Rapti E, Gazoulis I, Kanatas P, Tataridas A, Kakabouki I,
Papastylianou P (2020) The herbicidal potential of different pel-
argonic acid products and essential oils against several important
weed species. Agronomy 10:1687. https://doi.org/10.3390/agron
omy10111687

Trivedi S, Srivastava M, Pandey S, Kumar V, Singh A, Shahid M, Sriv-
astava Y (2016) Antagonism and hyphal relationship between
Trichoderma spp. and Fusarium oxysporum-Rhizoctonia bata-
ticola causing wilt complex in chickpea. J Pure Appl Microbiol
10:1591-1598

Uddin MK, Juraimi AS, Ismail MR, Naher UA, Othman R, Rahim AA
(2011) Application of saline water and herbicides as a method
for weed control in the tropical turfgrass: its impact on nutri-
ent uptake and soil microbial community. Afr J Microbiol Res
5:5155-5164. https://doi.org/10.5897/ajmr11.788

Ueno H, Miyashita K (2000) Inductive production of chitinolytic
enzymes in soil microcosms using chitin, other carbon-sources,
and chitinase-producing Streptomyces. Soil Sci Plant Nutr
46:863-871. https://doi.org/10.1080/00380768.2000.10409152

@ Springer


https://doi.org/10.1016/j.apsoil.2016.11.010
https://doi.org/10.3389/fmicb.2018.02543
https://doi.org/10.3389/fmicb.2018.02543
https://doi.org/10.1016/j.biocontrol.2017.11.013
https://doi.org/10.1111/1744-7917.12370
https://doi.org/10.1111/1744-7917.12370
https://doi.org/10.1016/j.biocontrol.2012.11.015
https://doi.org/10.1016/j.biocontrol.2012.11.015
https://doi.org/10.1016/j.cois.2020.02.003
https://doi.org/10.1016/j.cois.2020.02.003
https://doi.org/10.1016/j.biocontrol.2010.05.020
https://doi.org/10.1016/j.biocontrol.2010.05.020
https://doi.org/10.3390/insects11110825
https://doi.org/10.3389/fmicb.2018.02119
https://doi.org/10.1016/j.cropro.2012.08.003
https://doi.org/10.1016/j.cropro.2012.08.003
https://doi.org/10.1186/1471-2148-14-15
https://doi.org/10.1038/ncomms8268
https://doi.org/10.1038/ncomms8268
https://doi.org/10.1007/s11356-015-4098-2
https://doi.org/10.12911/22998993/59373
https://doi.org/10.1515/opag-2020-0075
https://doi.org/10.1515/opag-2020-0075
https://doi.org/10.1128/aem.02088-12
https://doi.org/10.3389/fcimb.2020.604923
https://doi.org/10.3389/fcimb.2020.604923
https://doi.org/10.1021/jf011319l
https://doi.org/10.1021/jf011319l
https://doi.org/10.1111/j.1439-0418.2007.01151.x
https://doi.org/10.1007/s10123-018-0015-0
https://doi.org/10.1007/s10123-018-0015-0
https://doi.org/10.1371/journal.pone.0003432
https://doi.org/10.1016/j.indcrop.2011.06.019
https://doi.org/10.1016/j.indcrop.2011.06.019
https://doi.org/10.1007/s10526-020-10038-7
https://doi.org/10.1007/s10526-020-10038-7
https://edis.ifas.ufl.edu/publication/IN944
https://doi.org/10.1111/j.1570-7458.2011.01198.x
https://doi.org/10.3390/agronomy10111687
https://doi.org/10.3390/agronomy10111687
https://doi.org/10.5897/ajmr11.788
https://doi.org/10.1080/00380768.2000.10409152

Environmental Science and Pollution Research

Vallance J, Deniel F, Barbier G, Guerin-Dubrana L, Benhamou N, Rey
P (2012) Influence of Pythium oligandrum on the bacterial com-
munities that colonize the nutrient solutions and the rhizosphere
of tomato plants. Can J Microbiol 58:1124—-1134. https://doi.org/
10.1139/w2012-092

van Aubel G, Buonatesta R, Van Cutsem P (2014) COS-OGA: A novel
oligosaccharidic elicitor that protects grapes and cucumbers against
powdery mildew. Crop Prot 65:129—137. https://doi.org/10.1016/j.
cropro.2014.07.015

van Lenteren JC, Babendreier D, Bigler F, Burgio G, Hokkanen HMT,
Kuske S, Loomans AJM, Menzler-Hokkanen I, Van Rijn PCJ,
Thomas MB, Tommasini MG, Zeng QQ (2003) Environmental risk
assessment of exotic natural enemies used in inundative biologi-
cal control. Biocontrol 48:3-38. https://doi.org/10.1023/a:10212
62931608

van Lenteren JC, Bale J, Bigler E, Hokkanen HMT, Loomans AM (2006)
Assessing risks of releasing exotic biological control agents of
arthropod pests. Annu Rev Entomol 51:609-634. https://doi.org/
10.1146/annurev.ento.51.110104.151129

Vanderbilt KL, Lin CC, Lu SS, Kassim R, He H, Guo X, San Gil I,
Blankman D, Porter JH (2015) Fostering ecological data sharing:
collaborations in the International Long Term Ecological Research
Network. Ecosphere 6:204. https://doi.org/10.1890/ES14-00281.1

Vettori C, Paffetti D, Saxena D, Stotzky G, Giannini R (2003) Persistence
of toxins and cells of Bacillus thuringiensis subsp. kurstaki intro-
duced in sprays to Sardinia soils. Soil Biol Biochem 35:1635-1642.
https://doi.org/10.1016/j.s0ilbio.2003.08.009

Vilanova L, Teixido N, Usall J, Balsells-Llaurado M, Gotor-Vila A, Tor-
res R (2018) Environmental fate and behaviour of the biocontrol
agent Bacillus amyloliquefaciens CPA-8 after preharvest applica-
tion to stone fruit. Pest Manag Sci 74:375-383. https://doi.org/10.
1002/ps.4716

Wan TT, Zhao HH, Wang W (2018) Effects of the biocontrol agent Bacil-
lus amyloliquefaciens SN16-1 on the rhizosphere bacterial com-
munity and growth of tomato. J Phytopathol 166:324-332. https://
doi.org/10.1111/jph.12690

Wang XG, Messing RH (2003) Intra- and interspecific competition by
Fopius arisanus and Diachasmimorpha tryoni (Hymenoptera: Bra-
conidae), parasitoids of tephritid fruit flies. Biol Control 27:251—
259. https://doi.org/10.1016/s1049-9644(03)00027-6

Weaver M, Vedenyapina E, Kenerley CM (2005) Fitness, persistence, and
responsiveness of a genetically engineered strain of Trichoderma
virens in soil mesocosms. Appl Soil Ecol 29:125-134. https://doi.
org/10.1016/j.apsoil.2004.11.006

Weeks DM, Parris MJ (2020) A Bacillus thuringiensis kurstaki biope-
sticide does not reduce hatching success or tadpole survival at
environmentally relevant concentrations in southern leopard frogs
(Lithobates sphenocephalus). Environ Toxicol Chem 39:155-161.
https://doi.org/10.1002/etc.4588

Wekesa VW, Maniania NK, Knapp M, Boga HI (2005) Pathogenicity
of Beauveria bassiana and Metarhizium anisopliae to the tobacco
spider mite Tetranychus evansi. Exp Appl Acarol 36:41-50. https:/
doi.org/10.1007/s10493-005-0508-3

Widmer TL, Shishkoff N (2017) Reducing infection and secondary inocu-
lum of Phytophthora ramorum on Viburnum tinus roots grown in
potting medium amended with Trichoderma asperellum isolate
04-22. Biol Control 107:60-69. https://doi.org/10.1016/j.bioco
ntrol.2017.01.014

Williams T, Valle J, Vinuela E (2003) Is the naturally derived insecticide
spinosad (R) compatible with insect natural enemies? Biocontrol
Sci Technol 13:459-475. https://doi.org/10.1080/0958315031
000140956

Wu B, Wang X, Yang L, Yang H, Zeng H, Qiu YM, Wang CJ, YuJ, LiJP,
Xu DH, He ZL, Chen SW (2016) Effects of Bacillus amyloliquefa-
ciens ZM9 on bacterial wilt and rhizosphere microbial communi-
ties of tobacco. Appl Soil Ecol 103:1-12. https://doi.org/10.1016/j.
apso0il.2016.03.002

@ Springer

Yang L, Miao HJ, Li GQ, Yin LM, Huang HC (2007) Survival of the
mycoparasite Coniothyrium minitans on flower petals of oilseed
rape under field conditions in central China. Biol Control 40:179—
186. https://doi.org/10.1016/j.biocontrol.2006.10.002

Yang SY, Lim DJ, Noh MY, Kim JC, Kim YC, Kim IS (2017) Charac-
terization of biosurfactants as insecticidal metabolites produced
by Bacillus subtilis Y9. Entomol Res 47:55-59. https://doi.org/10.
1111/1748-5967.12200

Yara K (2014) Interaction between Torymus sinensis (Hymenoptera:
Torymidae) and T. beneficus, introduced and indigenous parasitoids
of the chestnut gall wasp Dryocosmus kuriphilus (Hymenoptera:
Cynipidae). Jarq - Jpn Agric Res Q 48:35—40. https://doi.org/10.
6090/jarq.48.35

YiHS, Yang JW, Ryu CM (2013) ISR meets SAR outside: additive action
of the endophyte Bacillus pumilus INR7 and the chemical inducer,
benzothiadiazole, on induced resistance against bacterial spot in
field-grown pepper. Front Plant Sci 4:122. https://doi.org/10.3389/
fpls.2013.00122

You C, Zhang CS, Kong FY, Feng C, Wang J (2016) Comparison of the
effects of biocontrol agent Bacillus subtilis and fungicide metal-
axyl-mancozeb on bacterial communities in tobacco rhizospheric
soil. Ecol Eng 91:119-125. https://doi.org/10.1016/j.ecoleng.2016.
02.011

Yun DC, Yang SY, Kim YC, Kim IS, Kim YH (2013) Identification
of surfactin as an aphicidal metabolite produced by Bacillus
amyloliquefaciens G1. ] Korean Soc Appl Biol Chem 56:751-753.
https://doi.org/10.1007/s13765-013-3238-y

Zaki O, Weekers F, Thonart P, Tesch E, Kuenemann P, Jacques P (2020)
Limiting factors of mycopesticide development. Biol Control
144:12. https://doi.org/10.1016/j.biocontrol.2020.104220

Zandigiacomo P, Boscutti F, Buian FM, Villani A, Wiedemeier P, Carg-
nus E (2020) Occurrence of the non-native species Ophraella
communa on Ambrosia artemisiifolia in north-eastern Italy, with
records from Slovenia and Croatia. Bull Insect 73:87-94

Zeng RS (2014) Allelopathy — the solution is indirect. J Chem Ecol
40:515-516. https://doi.org/10.1007/s10886-014-0464-7

Zeng WT, Kirk W, Hao JJ (2012) Field management of Sclerotinia
stem rot of soybean using biological control agents. Biol Control
60:141-147. https://doi.org/10.1016/j.biocontrol.2011.09.012

Zhou ZS, Chen HS, Zheng XW, GuoJY, Guo W, Li M, Luo M, Wan FH
(2014) Control of the invasive weed Ambrosia artemisiifolia with
Ophraella communa and Epiblema strenuana. Biocontrol Sci Tech-
nol 24:950-964. https://doi.org/10.1080/09583157.2014.897305

Zhu H, Kim JJ (2012) Target-oriented dissemination of Beauveria bassi-
ana conidia by the predators, Harmonia axyridis (Coleoptera: Coc-
cinellidae) and Chrysoperla carnea (Neuroptera: Chrysopidae) for
biocontrol of Myzus persicae. Biocontrol Sci Technol 22:393-406.
https://doi.org/10.1080/09583157.2012.661843

Zimmermann H, Bloem S, Klein H (2004) Biology, history, threat, sur-
veillance and control of the cactus moth, Cactoblastis cactorum.
Food and Agriculture Organization of the United Nations (FAO);
IAEA, Roma. https://www.google.com/url?sa=t&source=web&
ret=j&opi=89978449&url=https://wwwpub.iaea.org/MTCD/Publi
cations/PDF/faobsc_web.pdf&ved=2ahUKEwiotNmforqFAxW
XUKQEHbSdB2gQFnoECBAQAQ&usg=AO0vVaw39mC4o07pv
GJHsm9V8Eq7HU. Accessed 10 May 2023

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of such
publishing agreement and applicable law.


https://doi.org/10.1139/w2012-092
https://doi.org/10.1139/w2012-092
https://doi.org/10.1016/j.cropro.2014.07.015
https://doi.org/10.1016/j.cropro.2014.07.015
https://doi.org/10.1023/a:1021262931608
https://doi.org/10.1023/a:1021262931608
https://doi.org/10.1146/annurev.ento.51.110104.151129
https://doi.org/10.1146/annurev.ento.51.110104.151129
https://doi.org/10.1890/ES14-00281.1
https://doi.org/10.1016/j.soilbio.2003.08.009
https://doi.org/10.1002/ps.4716
https://doi.org/10.1002/ps.4716
https://doi.org/10.1111/jph.12690
https://doi.org/10.1111/jph.12690
https://doi.org/10.1016/s1049-9644(03)00027-6
https://doi.org/10.1016/j.apsoil.2004.11.006
https://doi.org/10.1016/j.apsoil.2004.11.006
https://doi.org/10.1002/etc.4588
https://doi.org/10.1007/s10493-005-0508-3
https://doi.org/10.1007/s10493-005-0508-3
https://doi.org/10.1016/j.biocontrol.2017.01.014
https://doi.org/10.1016/j.biocontrol.2017.01.014
https://doi.org/10.1080/0958315031000140956
https://doi.org/10.1080/0958315031000140956
https://doi.org/10.1016/j.apsoil.2016.03.002
https://doi.org/10.1016/j.apsoil.2016.03.002
https://doi.org/10.1016/j.biocontrol.2006.10.002
https://doi.org/10.1111/1748-5967.12200
https://doi.org/10.1111/1748-5967.12200
https://doi.org/10.6090/jarq.48.35
https://doi.org/10.6090/jarq.48.35
https://doi.org/10.3389/fpls.2013.00122
https://doi.org/10.3389/fpls.2013.00122
https://doi.org/10.1016/j.ecoleng.2016.02.011
https://doi.org/10.1016/j.ecoleng.2016.02.011
https://doi.org/10.1007/s13765-013-3238-y
https://doi.org/10.1016/j.biocontrol.2020.104220
https://doi.org/10.1007/s10886-014-0464-7
https://doi.org/10.1016/j.biocontrol.2011.09.012
https://doi.org/10.1080/09583157.2014.897305
https://doi.org/10.1080/09583157.2012.661843
https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://wwwpub.iaea.org/MTCD/Publications/PDF/faobsc_web.pdf&ved=2ahUKEwiotNmforqFAxWXUKQEHbSdB2gQFnoECBAQAQ&usg=AOvVaw39mC4o7pvGJHsm9V8Eq7HU
https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://wwwpub.iaea.org/MTCD/Publications/PDF/faobsc_web.pdf&ved=2ahUKEwiotNmforqFAxWXUKQEHbSdB2gQFnoECBAQAQ&usg=AOvVaw39mC4o7pvGJHsm9V8Eq7HU
https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://wwwpub.iaea.org/MTCD/Publications/PDF/faobsc_web.pdf&ved=2ahUKEwiotNmforqFAxWXUKQEHbSdB2gQFnoECBAQAQ&usg=AOvVaw39mC4o7pvGJHsm9V8Eq7HU
https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://wwwpub.iaea.org/MTCD/Publications/PDF/faobsc_web.pdf&ved=2ahUKEwiotNmforqFAxWXUKQEHbSdB2gQFnoECBAQAQ&usg=AOvVaw39mC4o7pvGJHsm9V8Eq7HU
https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://wwwpub.iaea.org/MTCD/Publications/PDF/faobsc_web.pdf&ved=2ahUKEwiotNmforqFAxWXUKQEHbSdB2gQFnoECBAQAQ&usg=AOvVaw39mC4o7pvGJHsm9V8Eq7HU

	Natural products for biocontrol: review of their fate in the environment and impacts on biodiversity
	Abstract
	Introduction
	Bibliographic corpus
	Construction of the queries and definition of the keywords
	Final bibliographic corpus

	Available biocontrol solutions and their regulation
	Macroorganisms
	Insecticides
	Herbicides
	Regulation of macroorganisms

	Microorganisms
	Insecticides
	Fungicides
	Bactericides
	Nematicides
	Acaricides

	Natural substances
	Insecticides, acaricides
	Fungicides
	Herbicides
	Other uses

	Semiochemicals
	Regulation of microorganisms, natural substances, and semiochemicals

	Contamination of the environment by biocontrol solutions
	Soil and water contamination
	Air contamination

	Fate of biocontrol solutions in the environment
	Fate of macroorganisms in the environment
	Fate of microorganisms in the environment
	Fate of natural substances in the environment
	Fate of semiochemicals in the environment

	Impacts of biocontrol solutions on biodiversity
	Impacts of macroorganisms on biodiversity
	Predators
	Parasitoids
	Interactions between predators and parasitoids

	Impacts of microorganisms on biodiversity
	Insecticides and bactericides
	Fungicides

	Impacts of natural substances on biodiversity
	Insecticides, acaricides
	Fungicides
	Herbicides
	Other uses

	Impacts of semiochemicals on biodiversity
	Impacts of insect traps on biodiversity

	Comparison of the impacts of biocontrol solutions with those of conventional PPPs
	Comparison of the impacts of microorganisms with those of conventional PPPs having the same usages
	Comparison of the impacts of natural substances with those of conventional PPPs having the same usages

	Conclusion
	Acknowledgements 
	References


