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• Bacillus thuringiensis subsp. israelensis
(Bti) is widely used for mosquito con-
trol.

• Risk of resistance to Bti is limited despite
spores and toxins persistence.

• Reported effects on non-target organ-
isms challenge environmental safety of
Bti.

• Monitoring should be performed by in-
dependent bodies devoid of conflicts of
interest.

• Alternative mosquito control methods
should be considered in conservation
areas.
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Bacillus thuringiensis subsp. israelensis (Bti) has been used in mosquito control programs to reduce nuisance in
Europe for decades and is generally considered an environmentally-safe, effective and target-specific biocide.
However, the use of Bti is not uncontroversial. Target mosquitoes and affected midges represent an important
food source for many aquatic and terrestrial predators and reduction of their populations is likely to result in
food-web effects at higher trophic levels. In the context of global biodiversity loss, this appears particularly critical
since treated wetlands are often representing conservation areas. In this review, we address the current large-
scale use of Bti for mosquito nuisance control in Europe, provide a description of its regulation followed by an
overview of the available evidence on the parameters that are essential to evaluate Bti use in mosquito control.
Bti accumulation and toxin persistence could result in a chronic expose of mosquito populations ultimately af-
fecting their susceptibility, although observed increase in resistance to Bti in mosquito populations is low due
to the four toxins involved. A careful independent monitoring of mosquito susceptibility, using sensitive bioas-
says, is mandatory to detect resistance development timely. Direct Bti effects were documented for non-target
chironomids and other invertebrate groups and are discussed for amphibians. Field studies revealed contrasting
results on possible impacts on chironomid abundances. Indirect, food-web effects were rarely studied in the
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environment. Depending on study design and duration, Bti effects on higher trophic levelswere demonstrated or
not. Further long-term field studies are needed, especially with observations of bird declines in Bti-treated wet-
land areas. Socio-economic relevance of mosquito control requires considering nuisance, vector-borne diseases
and environmental effects jointly. Existing studies indicate that amajority of the population is concerned regard-
ing potential environmental effects of Bti mosquito control and that they are willing to pay for alternative, more
environment-friendly techniques.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

1.1. Mosquitoes and the human population

Mosquitoes affect the health and well-being of human populations
for two main reasons: the transmission of mosquito-borne diseases
and the nuisance associated with mosquito bites (Becker et al., 2010).
On a global scale, the greatest concern about mosquitoes is their vector
competence for transmitting diseases such as malaria, dengue, or West
Nile Virus (WNV). Although mainly restricted to tropical and sub-
tropical areas, few autochthonous transmission cases of dengue and
Chikungunya by the invasive Asian tiger mosquito (Aedes albopictus)
were recently recorded in Southern Europe (Succo et al., 2016; Calba
et al., 2017). However, most Central- and North-European countries
are free of autochthonous transmission since the elimination of
mosquito-borne diseases in the 1950s, which was mainly achieved by
socio-economic improvements (Zhao et al., 2016; Falkenhorst et al.,
2018).

In temperate regions, seasonal outbreaks of mosquitoes cause nui-
sance in recreational and residential areas. Mosquitoes are widely con-
sidered incompatible with human life quality as they prevent people
from enjoying outdoor activities and can also negatively affect the econ-
omyby discouraging tourism and outdoor labor (vonHirsch andBecker,
2009; Halasa et al., 2014). For example, along the lower Dalälven River
in Central Sweden, dense populations of themosquito Aedes sticticus oc-
casionally occur after inundation of wetlands during high flood events
(Schafer et al., 2008), resulting in reduced amount of outdoor activities,
increased level of stress, decreased well-being and sleep disturbance
among local residents (Hallberg, 2013). In Europe, nuisance is the
most frequent reason for large-scalemosquito control. Effects of Bti nui-
sance mosquito control in Europe are therefore the focus of this paper.

1.2. Mosquitoes and their control

Mosquito control has a long history: control trials in the 1910s, in-
volving screening houses, oilingwater, draining standingwater and dis-
tributing larva-eating minnows followed by spraying “Paris Green” (a
copper and arsenic salt) in the 1920s, and usingDDT (Dichlorodiphenyl-
trichloroethane) afterwards (Becker and Ludwig, 1993; Stapleton,
2004). In Europe, large-scale mosquito control programs were intro-
duced in the 1960's to improve human comfort and promote tourism,
especially along the Mediterranean coast (Majori, 2012; Parrinello and
Bécot, 2019). After DDT was banned from many countries in the
1970s, it was replaced by other chemicals while searches for biodegrad-
able botanical compounds continued in parallel (Sukumar et al., 1991).
Other classes of chemical insecticides that have been or are still used for
mosquito control include organophosphates, carbamates and pyre-
throids (Becker et al., 2010; N'Guessan et al., 2010; van den Berg et al.,
2012). However, due to human health and environmental effects of
these chemical insecticides, especially by direct water applications, as
well as development of high levels of resistance in mosquito popula-
tions (Hemingway and Ranson, 2000; Coetzee and Koekemoer, 2013;
van den Berg et al., 2015), efforts have beenmade to develop alternative
and more environmental-friendly control methods.

Mosquitoes breed in a variety of aquatic habitats with stagnant
water. For instance, vector species such as Ae. albopictus and Ae. aegypti
are typical container-inhabiting mosquitoes associated with human
habitats where they utilize tires, bins but also knotholes as breeding

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


3C.A. Brühl et al. / Science of the Total Environment xxx (xxxx) xxx
sites (Medlock et al., 2012; Becker and Lüthy, 2017; Vega and Okech,
2019). Conversely,floodwater species such as Ae. vexans and Ae. sticticus
hatch simultaneously in massive numbers after flooding events along
rivers, which poses nuisance for people living next to inundated areas
(Becker, 2006; Schafer et al., 2008). Control strategies depend on the
target species: nuisance control of the floodwater mosquitoes often re-
quires extensive, large-scale spatial treatments of mosquito larvae in
wetlands (e.g. by helicopter), while vector control of the container
breeding mosquito species is mostly performed locally around urban
breeding sites (van den Berg et al., 2012).

Preserving simultaneously human health and comfort, aswell as the
environment has always been amajor challenge in large-scalemosquito
control. In 1976, the bacterium Bacillus thuringiensis subsp. israelensis
(Bti)was isolated (Goldberg andMargalit, 1977). Its insecticidal proper-
ties are Diptera-specific and the acute toxicity to other animals, so called
non-target organisms, is low. Bti therefore presented a seeming poten-
tial for mosquito control with reduced effects on other fauna. Since the
early 1980s, Bti-based biocides have been available commercially
(Lacey, 2007). Bti was rapidly implemented in mosquito control pro-
grams all over the world and is currently used in Europe, Canada, the
USA, and tropical areas in South East Asia, Africa and South America
(Schäfer and Lundström, 2014). Germany was one of the early users,
and between 1981 and 2016, up to 5000 tons of Bti formulations were
applied to N400,000 ha in the Upper Rhine Valley (Becker et al., 2018).

1.3. Mosquito control with Bti and the environment

Bti is considered to be an environmentally-safe, effective and target-
specific biocide (Despres et al., 2011). Most organisms tested so far, ex-
cept for target mosquitoes (Culicidae) and black flies (Simuliidae) and
non-target midges (Chironomidae), did not reveal mortality even at
high, unrealistic Bti concentrations. However, the use of Bti is not un-
controversial. Mosquitoes are a substantial part of the biomass in a
wide range of wetlands and represent food sources for many aquatic
and terrestrial predators (Shaalan and Canyon, 2009; Becker et al.,
2010). In addition, adultmosquitoes play an underestimated role in pol-
lination (Peach and Gries, 2016; Lahondère et al., 2020).

Chironomids usually constitute a major proportion of invertebrate
biomass in lotic and lentic systems (Leeper and Taylor, 1998;
Williams, 2006; Lundstrom et al., 2010b; Allgeier et al., 2019a) and con-
tribute considerably to species diversity (Lundstrom et al., 2010a;
Theissinger et al., 2018; Wolfram et al., 2018; Theissinger et al., 2019).
Their high protein content and digestibility make them a quality food
resource for both aquatic (amphibians, fish, insects) and terrestrial
(birds, bats, spiders, insects) predators (De La Noüe and Choubert,
1985; Armitage et al., 1995; Arnold et al., 2000; Poulin et al., 2010;
Jakob and Poulin, 2016; Quirino et al., 2017). Adult chironomids form
huge swarms and can dominate insect emergence in wetlands with
over 90% of the emerging individuals (Leeper and Taylor, 1998)
resulting in up to 100 g dry weight biomass per year and square
meter (Armitage et al., 1995). Therefore, chironomids represent impor-
tant links between the aquatic and terrestrial foodweb (Hoekman et al.,
2011). Negative effects on mosquito and chironomid populations lead-
ing to lower abundances are therefore likely to result in effects at higher
trophic levels (Poulin et al., 2010; Schulz et al., 2015; Jakob and Poulin,
2016).

While Bti use has increased exponentially worldwide, studies mon-
itoring environmental effects have remained relatively scarce. In the
United States, Sweden and France, field studies addressing this sensitive
issue were conducted when control programs were introduced, leading
to contrasting observations regarding environmental effects of Bti (see
below). The potential of Bti to cause food-web related effects is particu-
larly important as many of the treated wetlands are conservation areas
of national (bird sanctuaries, nature conservation areas, national parks),
European (Fauna-Flora-Habitat Network) or global (RAMSAR) status.
For example, in Sweden, approximately 40% of the endorsed mosquito
control area is within Natura 2000 areas. Around 90% of the Bti-
treated area of Rhineland-Palatinate in Germany is situated in nature
protection areas. In France, one of the last large marshes in Western
Europe (Marais de Lavours) is a national protected area since 1984,
treated with Bti since the eighties, as are the smaller lowland protected
mashes still persisting along the French Atlantic coast and in the Rhone-
Alpes region (Duchet et al., 2014; Lagadic et al., 2016). In the UNESCO
man and biosphere reserve Camargue, containing many Natura 2000
sites, Bti treatment was introduced lately in 2006 (Poulin et al., 2010).

The ongoing global loss of biodiversity is one of the most critical en-
vironmental issues that threatens ecosystem processes and services
(Diaz et al., 2006; Cardinale et al., 2012; Mace et al., 2012). The contin-
ued growth of human population, which is accompanied by habitat de-
struction, release of pollutants, transport of invasive species and climate
disruption, further intensifies species losses leading to an accelerated
human-induced sixth mass extinction crisis (Butchart et al., 2010;
Ceballos and Ehrlich, 2010; Ceballos et al., 2015). Most attention was
previously given to worldwide population declines of vertebrates
(Ceballos et al., 2015; Ceballos et al., 2017), but entomofauna is also
heavily affected and roadmaps for their conservation were recently for-
mulated (Imperatriz-Fonseca et al., 2016; Powney et al., 2019; Harvey
et al., 2020). A substantial decline of N70% in flying insect biomass was
recorded over a span of 27 years in German nature reserves and its ef-
fect on higher trophic levels, including birds feeding their nestlings
with insects, are discussed (Hallmann et al., 2017). Mosquito control
for nuisance should therefore also be considered in the context of ob-
served biodiversity declines since insects are target species of large
scale operations.

1.4. Rationale and methodology of the review

To date, no comprehensive synthesis of the peer-reviewed pub-
lished literature is available to summarize the current knowledge on
mosquito control using Bti and its associated effects. In this review, we
first provide a description of the regulation of Bti use in Europe (part
I). Then, we continue with an overview of the available evidence on
the parameters that are essential to evaluate the use of Bti in mosquito
control. This includes Bti persistence in the environment (part II), the
risk of resistance development to Bti in mosquito populations (part
III), direct and indirect environmental effects (part IV), as well as
socio-economic aspects and public perception of mosquito control
using Bti (part V).

Although this is not a systematic review, we used elements of this
methodology (Tranfield et al., 2003). We conducted a literature search
using the ISI Web of Knowledge database with the search terms (Bti*
OR Bacillus thuringiensis israelensis) AND (persistence OR resistance Or
environment OR socio-econom*). In addition, various terms were
searched via Google Scholar (e.g., “Bti environment effect,” “Bti persis-
tence sediment Europe”). To limit the number of hits in the socioeco-
nomic area, we focused on EconLit, the leading database of scientific
economic literature, using search terms like “mosquito control”, “Bti”
and “vector-borne disease”. We carefully evaluated the resulting publi-
cations by reading title, abstract and conclusion. Citation tracing was
used in key publications and recent papers. While this review lacks
the narrow focus and comprehensive searches of a systematic review,
our ambition is to be critical, objective and transparent and present
the retrieved studies that we believe to be essential, in a concise form.
We believe that this review is suitable for decision makers to rationally
conclude on the suitability of mosquito control options with Bti. This re-
view is addressing the current large-scale Bti use for mosquito nuisance
control in Europe.

1.5. Regulation of Bti use in Europe

Since 2012, insecticidal products that are not used in an agricultural
context are addressed in the biocide regulation EU 528/2012 and before



4 C.A. Brühl et al. / Science of the Total Environment xxx (xxxx) xxx
in directive 98/8/EC (European Parliament and Council, 1998; European
Parliament and Council, 2009). According to the regulation, the active
substance within a biocidal product, which may further contain formu-
lation chemicals, needs to be assessed according to its impact on
humans, animals and the environment. In the environmental risk as-
sessment (ERA), all available data are summarized and effect data (sen-
sitivity of organisms) are compared to exposure data (concentrations in
the environment). The Bti Serotype H-14 Strain AM65–52was assessed
as an insecticide in 2010 and market access was granted although “the
need for long-term data to evaluate food web effects” was expressed due
to ambiguous results (European Parliament and Council, 2010). Accord-
ing to the procedure, the formulated products Vectobac 12AS, WG, G
and GRwere assessed bymember states. Regulation is based onmutual
recognition of the rapporteur member states decisions and therefore
formulations became available for mosquito control in the market of
other European countries, namely Romania, Sweden, Hungary, Italy,
France, the Netherlands, Germany, Czech Republic, Bulgaria, Austria,
Switzerland, Spain and Portugal (European Chemicals Agency, 2019).
Application of Bti products is permitted by aircraft, specifically for ice
granules of Vectobac WG, and on the ground by spray or hand. How-
ever, the application of Bti products fromair is prohibited in somemem-
ber states (e.g. the Netherlands) as a result of the national
implementation of the Sustainable Use Directive (2009/128/EC,
(European Parliament and Council, 2009)) whereas in others it is
allowed (e.g. Germany) or can be performed under annual prefectural
derogation (e.g. France). One post-authorization requirement is to re-
port effects on biodiversity every two years to authorities (KEMI,
2015). For the application of Bti products in the different countries,
the authorised control operator needs to obtain permission from
water authorities, since a biocide is applied directly into the water,
and from nature conservation authorities, as many treated areas are
protected by law and management aims include the conservation of
threatened fauna and biodiversity. The regulation and authorisation
processes varywidely between countries and they can be difficult to un-
derstand for authorities and communities that consider the introduc-
tion of mosquito control or already implement a mosquito control
program. In Europe, detailed information on treated areas, on the con-
centration and nature of the Bti products used as well as the number
of treatments per year is neither centralised nor easily accessible. Yet,
this information is fundamental to monitor Bti exposure of wetlands
and acknowledge potential resulting effects.

2. Persistence of Bti in the environment

Bti is generally applied as a formulated suspension of spores and
crystals of toxins. Therefore, persistence of Bti is considered separately
for insecticidal activity (1.), toxins (2.) and spores (3.) and its impact
on sediment biomes (4.) where Bti accumulates over time.

2.1. Persistence of the insecticidal activity

Bti is applied in water bodies and its insecticidal activity directly de-
pends on its availability to mosquito larvae. Biological, operational and
environmental factors can affect the duration of insecticidal (residual)
activity of Bti.

Biological factors encompass all mosquito-related parameters, such
as the mosquito species or the larval stage. For example, the surface-
feedingAnopheles larvae are less exposed to Bti thanCulex andAedes lar-
vaewhoactively collect the food in thewater column and in the bottom,
because Bti quickly falls down to the bottom after treatment (Amalraj
et al., 2000). As a consequence, the residual activity of Bti is less impor-
tant for Anopheles than other genera. Last instar larvae strongly reduce
their feeding activity and are much bigger than first instars, and there-
fore require ingestion of more Bti for the same toxic effect (Wraight
et al., 1981).
Different formulations (operational factor) have been developed to
adapt to the different treatment sites (Vilarinhos and Monnerat,
2004). To increase residual activity, some formulations allow a slow re-
lease of Bti over time, while others delay Bti sedimentation (Becker,
2003; Mulla et al., 2004; Ritchie et al., 2010). Interestingly, increasing
the operational dose of Bti does not seem to extend the duration of
the mosquito control (Mulla et al., 1993).

Finally, many environmental factors affect Bti persistence. Water
turbidity and/or pollution increase toxin degradation and/or adsorption
to organic matter particles in suspension and reduce its availability to
mosquitoes (Margalit and Bobroglo, 1984; Karch et al., 1991; Sheeran
and Fisher, 1992; Srivastava et al., 1998; Tetreau et al., 2012c). More-
over, UV light, high temperature and low vegetation cover are all pa-
rameters that can also reduce the duration of Bti toxicity (Boisvert
et al., 2001; Christiansen et al., 2004). A comprehensive analysis of the
target ecosystem to be treated and knowledge of the ecology of the tar-
get mosquito species are prerequisites for adapting mosquito control.

2.2. Persistence of toxins

During bacterial sporulation, four toxins are produced as crystals, in-
cluding three different Cry toxins (Cry4Aa, Cry4Ba and Cry11Aa) and
one Cyt toxin (Cyt1Aa) (Ben-Dov, 2014). It was shown that the toxic
crystals can be present in the environment from weeks up to years
after a treatment, depending on the environment (Dupont and
Boisvert, 1986; Boisvert and Boisvert, 1999). Crystals immobilized in
sediments or trapped in algae can conserve up to 90% of their insecti-
cidal activity, up to 22 days after Bti application (Ohana et al., 1987;
Sheeran and Fisher, 1992; Tousignant et al., 1993; Boisvert et al.,
2001). However, toxins do not equally persist in the environment:
Cyt1Aa toxins were shown to exhibit the lowest persistence when in
contact with leaf litter with a half-life of 2–4 days, while Cry4Aa and
Cry4Ba toxins showed half-lives of up to 3 weeks (Tetreau et al.,
2012a). This differential toxin persistence could result in a chronic ex-
pose ofmosquito populations to a changing toxin cocktail, ultimately af-
fecting their susceptibility to Bti (Paris et al., 2011b). However, there is
no evidence that such accumulation of Bti and differential persistence
of toxins in different compartments of the ecosystem alter the efficacy
of mosquito treatments.

2.3. Persistence of spores

Spores are persistent forms of bacteria that can be detected in the
environment months after treatment (Hajaij et al., 2005; De Respinis
et al., 2006; Duchet et al., 2014). However, Bti spore load does not
seem to significantly increase after continuous treatments over the
years (Guidi et al., 2011). As an entomopathogen, Bti proliferates in
mosquito cadavers (Aly et al., 1985; Khawaled et al., 1990; Raymond
et al., 2010; Duchet et al., 2014) and independent studies reported
spore recycling in different environments, such as forest temporary
ponds (Tilquin et al., 2008) and containers (de Melo-Santos et al.,
2009). These events remain rarely documented and seem to depend
on mosquito presence and density (Duchet et al., 2014).

Sterilization of Bti by gamma-radiation before application to remove
viable spores and prevent de novo sporulation and recycling of spores is
resulting in a 20–30% decreased toxicity (Becker, 2002). To our knowl-
edge, the use of commercial formulations based on sterilized Bti spores
is currently restricted to Germany. Implementing such sterilization pro-
cedure embraces the precautionary principle but appears counter-
intuitive for a product claimed to be environmentally-safe.

2.4. Bti in the sediment

Like any insecticide, Bti toxins, spores and formulation ingredients
(of unknown composition) are likely to affect ecosystem health by
interacting with biological communities (Duguma et al., 2015). They
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could alter ecosystem function, as it is observed with natural and
anthropogenically-induced disturbances in soil (Griffiths et al., 2000).
Studies on the route and rate of degradation in soil, mobility in soil
and degradation in water and water sediment are usually critical for
the approval of pesticides by the regulatory authority (European Food
Safety Authority, 2013). However, soil function studies are scarce for
Bti because compared to other pesticides, fate assessment cannot be
performed by using already established chemical analytical methods.
However, recently, liquid chromatography-mass spectrometry (LC-
MS) based methods have been developed to detect Bt toxins (Yang
et al., 2015) as well as Bti-specific metabolic changes in sediment sam-
ples (Salvia et al., 2018). The application of environmental metabolic
footprinting (EMF) (Patil et al., 2016), which consists of the analysis of
the sediment meta-metabolome (SMM) as a function of time, is sensi-
tive enough to detect sedimentmetabolic perturbation induced by com-
mercial Bti formulations (Fig. 1) (Salvia et al., 2018). However, defining
sediment recovery, that is the return of ametabolic footprint to its initial
(or close to) operating state after exposure to an environmental
stressor, is an important endpoint in ERA (Environmental Risk Assess-
ment) assuming variations with time and between different sediment
ecosystems (Vighi and Rico, 2018). To date, recovery times of sediment
ecosystem after Bti exposure are not available. However, changes in
SMM after Bti application could be monitored over time using an EMF
approach (Salvia et al., 2018). Thus, to obtain robust sediment recovery
values after Bti exposure, a long-term experimental monitoring with
different sediment types combined with latest metabolomic tools is
required.

3. Mode of action of Bti toxins and resistance development in
mosquitoes

3.1. Mode of action of Bti

The toxicity and specificity of Bti to mosquito larvae is related to its
multiple Cry and Cyt toxins (Fig. 2). The mode of action of Cry toxins
for mosquitoes has been extensively studied during the last decades
(Vachon et al., 2012). After ingestion, crystals are solubilized in the alka-
line gut of themosquito larvae, releasing protoxins that are activated by
proteases of mosquito gut and bacteria to toxins (Rukmini et al., 2000).
Cry toxins then bind to specific protein receptors present on the outer
membrane of gut cells, allowing them to oligomerize and to form
pores in the cellmembrane, ultimately leading to gut disruption and lar-
val death (Vachon et al., 2012). The spores then reach the hemolymph
where they germinate and the bacteria proliferate. Cyt toxins also re-
quire crystal solubilization and protoxin activation, but directly bind
to lipids from the cell membrane for their cytolytic activity (Butko
et al., 1997). While the exact mechanism of toxicity of Cyt1Aa has long
Fig. 1. Bti is degraded in the sediment by abiotic and biotic processes that lead to the formation
Meta-Metabolome (SMM).
been debated (Soberon et al., 2013), a recent work reconciled the two
hitherto proposed models (i.e., "pore forming" or "detergent-like"), re-
vealing the formation of two oligomeric forms, including one porous
perforating the gut cells membrane (Tetreau et al., 2020). Furthermore,
Cyt toxins act as membrane receptors for Cry toxins, thereby increasing
Cry toxicity (synergist) (Soberon et al., 2013).

3.2. Bti resistance in mosquitoes

Many cases of high levels of resistance (thousand fold) against indi-
vidual Cry toxins fromBt subspecies other than israelensis against differ-
ent insect orders have been documented (Tabashnik et al., 2009).
Simultaneous resistance tomultiple Cry toxins fromother Bt subspecies
was also observed in laboratory and field studies (Janmaat and Myers,
2003; Brévault et al., 2013), rising concerns about a potential develop-
ment of resistance in mosquitoes to the Bti four-toxins mixture. Bti re-
sistance studies were conducted in the laboratory on Culex pipiens
(Saleh et al., 2003), Cx. quinquefasciatus (Georghiou and Wirth, 1997;
Mittal et al., 2005), and Aedes aegypti (Goldman et al., 1986; Tetreau
et al., 2012b). After up to 30 generations of exposure with Bti and its
four toxins in the laboratory, 3.5-fold resistance was obtained, meaning
that a 3.5 higher dose of Bti was necessary to kill resistantmosquitoes as
efficiently as susceptible ones. In contrast, it is possible to obtainhigh re-
sistance levels (hundreds to thousands fold) to the individual Cry toxins
from Bti when selection is performedwith each toxin separately (Wirth
et al., 2010; Wirth et al., 2012; Stalinski et al., 2014). The observed low
level of resistance to Bti is partly attributed to the different gut receptors
for the three Cry toxins and mostly associated with the presence of Cyt
toxin (Soberon et al., 2013). Its capacity to serve as a receptor for Cry
toxins seems to bypass any target-based resistance, which is generally
responsible for high levels of resistance to Cry toxins (Pardo-Lopez
et al., 2013). Laboratory experiments revealed that selecting for resis-
tance to Cry toxins in the presence of Cyt toxin is strongly impeded
and that the presence of Cyt toxin is able to revert the phenotype of re-
sistance to Cry toxins (Wirth et al., 2004; Wirth et al., 2005), even in
non-mosquito insects (Federici and Bauer, 1998).

Hundreds of studies, mostly performed by mosquito control opera-
tors, investigated resistance to Bti in thefield as part ofmosquito control
programs by performing bioassays following World Health Organiza-
tion guidelines (WHO, 2005). They all concluded that no resistance
was detected, with the exception of one single report by Cornell Univer-
sity scientists of a 32 fold increased tolerance to Bti in a population of Cx.
pipiens collected from sewers in upstate New York (USA) in 2005 (Paul
et al., 2005). However, no resistance has been reported in the region
since then. While resistance is routinely evaluated by mosquito control
operators themselves, monitoring should be conducted by independent
authorities and such information should be made available.
of the Xenometabolome and themicrobial metabolome. Together they form the Sediment



Fig. 2. Schematic mode of action of Cry (orange) and Cyt (green) toxins from Bacillus thuringiensis subsp. israelensiswithin the larval mosquito gut. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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The lack of resistance to Bti in field populations of mosquitoes de-
spite intensive use over decades could also be explained by high associ-
ated fitness costs. In laboratory strains of Cx. pipiens and Ae. aegypti, Bti-
resistant individuals exhibited extended larval development, lower fe-
male fecundity and decreased egg survival in the absence of Bti as com-
pared to the parental strains (Saleh et al., 2003; Paris et al., 2011a).
Moreover, resistance disappeared after only three (C. pipiens) and six
(A. aegypti) generations without selection (Saleh et al., 2003; Paris
et al., 2011a).

Therefore, the development of resistance significantly reducing
mosquito control efficacy in the field seems unlikely, and even if it de-
veloped, the fitness costs associated with Bti resistance would limit its
spreading in mosquito populations. However, a careful monitoring of
mosquito susceptibility, notably using sensitive bioassay tools, is man-
datory to allow an early detection of a potential reduced efficacy of
the treatments. This could be an early indicator of a resistance under de-
velopment that could be easily countered within a year by relaxing Bti
treatments and/or by using formulations combining Bti with
Lysinibacillus sphaericus (Caprio, 1998).

4. Environmental effects

For environmental effects, a distinction has to be made between di-
rect and indirect (food-chain) effects. Direct effects refer to the toxicity
of Bti to organisms leading to mortality or sublethal effects such as
changes in behaviour, reproduction, fertility or development. Indirect
effects are changes in food-web interactions affecting organisms at
higher trophic levels. In the case of Bti, this is relevant for species that
feed on mosquito or midges as larvae or adults, as well as for species
that prey upon these first-level predators.

4.1. Direct effects

Due to the specific mode of action of its toxins, the direct effect of Bti
leading to mortality is largely limited to larvae within the suborder
Nematocera (Boisvert and Boisvert, 2000; Lacey, 2007). Thus, Bti is
used to control mosquitoes, black flies but also chironomids that are
considered pests or a nuisance for the local human population. Chiron-
omids represent non-target organisms in case of mosquito control but
they are also directly targeted, for example in Cardiff Bay in South
Wales where their swarms can bemassive, covering thewalls of houses
(Vaughan et al., 2008). Several acute toxicity studies assessed the effi-
ciency of Bti towards chironomids as the target species, allowing calcu-
lation of EC50 (effective concentration where 50% of the individuals are
immobile) for different Bti products (Boisvert and Boisvert, 2000). For
instance, during its late larval stage, when it causes most crop damage,
the rice midge Chironomus tepperi was shown to be 15 to 75 times less
sensitive to Bti than mosquitoes (Boisvert and Boisvert, 2000; Becker
and Lüthy, 2017).

However, chironomids found in aquatic habitats subject tomosquito
control can be exposed to Bti as first instar larvae shortly after hatching.
Although C. riparius is routinely tested for ERA of pesticides (Weltje
et al., 2010; OECD, 2011), no sensitivity data for first instar larval stages
of chironomids and Bti were available until recently (Kästel et al., 2017).
The laboratory study revealed that sensitivity towards Bti is two orders
of magnitude higher in first-instar larvae compared to the frequently
tested fourth instar larvae. The ERA performed for the regulation of Bti
in Europe considered Daphnia magna as the most sensitive aquatic in-
vertebrate species (European Commission, 2011). Comparing field ex-
posure data (environmental concentrations during mosquito control)
with recent sensitivity data for first-instar C. riparius larvae (Kästel
et al., 2017), it became evident that the assessment approval based on
D. magna toxicity data is not protective.

The acute toxicity test is aworst-case scenario and in thefield, Bti ef-
fects on chironomids could be reduced by the presence of sediment,
sunlight and other abiotic and biotic factors that reduce Bti availability
(see part II). However, the EC50 value of first instar larvae of C. riparius
was N200 times below the lowest recommended field application con-
centrations in Europe (Kästel et al., 2017; Bordalo et al., 2020). This
large difference between laboratory effect and field exposure
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concentrations, that could be even higher in other European control
programs (Ostman et al., 2008; Poulin et al., 2010; Lagadic et al.,
2016), indicates that effects on non-target chironomids in mosquito
control areas are likely.

Due to the low sensitivity of different chironomid species in their
older larval stage, it was previously assumed that field populations are
not affected by Bti application rates regularly used for mosquito control
(WHO, 1999; Lundstrom et al., 2010a). However, several semi-field and
field studies focusing on chironomids revealed contrasting results on
possible impacts on chironomid abundances but also on species rich-
ness (Table 1).

Results reported varied from no negative effects observed
(Lundstrom et al., 2010b; Lagadic et al., 2014; Duchet et al., 2015) up
to 41 to 100% decrease in chironomid abundance (Miura et al., 1980;
Jakob and Poulin, 2016; Allgeier et al., 2018). While semi-field ap-
proaches often applied Bti over-dosages, field studies were imple-
mented at recommended application rates (RAR) of Bti, which vary for
different European countries and products, leading to slightly different
Table 1
Published semi-field (A.) and field (B.) studies of non-target effects on chironomid abundance
(International Toxic Units) content of formulation, sampling time, maximum number of applic
reduction (in %) are provided (in bold).

Semi-field studies

Study area Wetland
type

Formulation Toxicity Treatments Applicat
rate

Bakersfield, USA
lentic
freshwater

SAN 402 I
WDC

1.3 × 10^3
spores/ml

1 0.25 kg/

Minnesota, USA lentic
freshwater

VectoBac G 200 ITU/mg 1 5.6 kg/h
(RAR)

2 28 kg/ha

Minnesota, USA
lentic
freshwater

VectoBac G 200 ITU/mg
1

9 kg/ha
(RAR)

2 45 kg/ha
3 90 kg/ha

Camargue, France
oligohaline
marsh

VectoBac
12AS

1200 ITU/mg
1

2 L/ha
(RAR)

2 4 L/ha
3 8 L/ha

Camargue, France
oligohaline
marsh

VectoBac
12AS

1200 ITU/mg
1 0.8 L/ha
2 2.5 L/ha

Upper Rhine Valley,
Germany

lentic
freshwater

VectoBac
WG

2400 ITU/mg 1
0.6 kg/h
(RAR)

Field studies

Study area Wetland type Formulation Toxicity
(ITU/mg)

Application ra

Minnesota, USA lentic freshwater VectoBacG 200
11.72 kg/h

(RAR)
River Dalälven,
Sweden

freshwater river
floodplain

VectoBacG 200
13–15 kg/h

(RAR)
Atlantic coast,
France

saltmarsh
VectoBacWG;
VectoBac12AS

3000;
1200

0.4 kg/ha; 0
L/ha

Atlantic coast,
France

coastal saltmarsh VectoBacWG 3000 0.22–0.3 kg/

Coastal and
Continental,
France

saltmarsh and
freshwater
wetlands

VectoBacWG;
VectoBac12AS

3000;
1200

0.125–0.5 kg/
0.35–2.5 L/h

Camargue,
France

meso−/oligohaline
marsh

VectoBac12AS 1200 2.5 L/ha

Upper Rhine
Valley,
Germany

lentic freshwater VectobacWG 2400 0.6 kg/ha (RA

Floodplains,
Austria

lentic freshwater
VectoBacWG;
VectoBac12AS;
VectoBacG

3000;
1200;
200

0.5-1 L/ha; 4
g/ha; 10–12 k

Upper Rhine
Valley,
Germany

lentic freshwater VectobacWG 2400
0.6–1.8 kg/h

(RAR)
ITU (International Toxic Units) application rates and application fre-
quencies. Of 15 semi-field andfield studies,five studies revealed chiron-
omid abundance reductions by 41 to 84% at RAR. Sampling time ranged
from 4 to 105 days after Bti application to observations between 1 and
7 years of regular Bti treatment. Particularly in long-term studies, an-
nual variations in hydrology and habitat-related factors seem to be
more important in explaining chironomid abundances than Bti treat-
ments (Lundstrom et al., 2010b; Lagadic et al., 2016). Bti is applied in
various ecosystems: in inundation forests along large streams in North-
ern and Central Europe, along lakes in alpine areas, and in coastal
saltmarshes along the Mediterranean and Atlantic coastlines. Due to
the differences in invertebrate community composition and chironomid
species presence, general conclusions from the reviewed studies on di-
rect effects in the field appear to be challenging. Nevertheless, several
suggestions can be made to reliably predict effects on chironomids for
wetland types. Firstly, only six out of 15 studies explicitly mentioned
or assessed themagnitude of Bti effect on the target organismmosquito
(Table 1). Unaffected mosquito populations after Bti treatment may
s. Details on application (Formulation, rate (RAR = Recommended Application Rates, ITU
ations are given. Mosquito reduction (if measured: n.e. = not examined) and chironomid

ion ×109

ITU/ha
Max.
sampling
time

Max.
applica-tions

Mosquito
reduction

Chironomid
reduction

Reference

ha – 4 days 1 n.e. 100%
Miura et al.,
1980

a 1.12 58 days 3 97–100% no Charbonneau
et al., 1994

5.6

1.8
53 days 2 n.e.

no
Liber et al., 1998

9 55–75%
18 70–90%

2.56
12 days 1 n.e.

no
Pont et al., 1999

5.26 no
10.2 62–88%
1.02

21 days 1 n.e. no
Duchet et al.,
20153.2

a
1.44 15 weeks 2 24% 41%

Allgeier et al.,
2019a

te ×109

ITU/ha
Max.
sampling
time

Max.
applications

Mosquito
reduction

Chironomid
reduction

Reference

a
2.34 3 years 18 77–83% 63–84%

Hershey
et al., 1998

a
2.6–3 6 years 3 to 5 n.e. no

Lundstrom
et al., 2010b

.5
0.64–1.2 2 years 11 n.e. no

Caquet
et al., 2011

ha 0.66–0.9 7 years 47 n.e. no
Lagadic
et al., 2014

ha;
a

0.38–3.2 4 years 4 to 25 n.e. no
Lagadic
et al., 2016

3.2 1 year 30 to 50 n.e. 48%
Jakob and
Poulin, 2016

R) 1.44 13 weeks 1 97% 65%
Theissinger
et al., 2018

00
g/ha

0.64–2.4 3–4 days 1 100% no
Wolfram
et al., 2018

a
1.44–2.88 14 weeks 1 92–99% 68–77%

Allgeier
et al., 2019a



Table 2
Bti toxicity assessed in various organism groups (direct effects). Number of taxa studied
and percentage showing direct acute effects given. (* Range of mortality given for taxo-
nomic groups where 50% or more taxa showed effects, in bold). Diptera taxa were not
mosquitoes, black flies or midges. All studies were evaluated from the review of Boisvert
and Boisvert, 2000.

Study type Taxonomic
group

Number of
taxa
studied

Direct effects in %
of
taxa

Laboratory

Chlorophyta 2 90–99% mortality⁎ 100
Hydra 1 no 100

Diptera 18
42–100%
mortality⁎ 50

Hemiptera 18 no 94.4
Lepidoptera 3 mortality⁎ 100
Trichoptera 7 no 71.4
Plecoptera 2 40% mortality⁎ 50
Crustacea 35 no 91.4
Turbellaria 3 no 100
Annelida 5 no 100
Amphibia 16 no 100
Pisces 20 no 65

Field

Collembola 1 no 100
Diptera 10 no 100
Hemiptera 20 no 95
Lepidoptera 1 no 100
Crustacea 14 no 100
Annelida 3 no 66.6
Pisces 1 no 100

Laboratory+field

Mollusca 12 no 100
Odonata 26 no 100
Ephemeroptera 10 no 100
Coleoptera 67 no 100
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indicate an inappropriate sampling protocol, or that applied Bti concen-
trations do not display effectivemosquito control concentrations, possi-
bly due to various interacting environmental parameters, which may
lead to underestimated effects on chironomid populations. The validity
of studies that do not report effects on the target-organisms (mosqui-
toes) is therefore questionable. Additionally, short-term studies might
not capture the effect of Bti on sensitive, first larval instars, as they
need considerable time to develop and emerge and/or are too small
for in-field sampling. To comprehensively cover, the entire community
and the developmental times of several chironomid species, adult emer-
gence should be monitored during at least three months after the first
Bti application (Allgeier et al., 2019a).

As Bti sensitivity varies between chironomid species and between
larval stages (Liber et al., 1998; Kästel et al., 2017), the effect on species
composition of chironomid communities in regularly treated wetlands
is also of importance to minimize adverse effects on biodiversity. Four
field studies explicitly addressed chironomid species composition in
freshwater wetlands using manual identification at the larval
(Wolfram et al., 2018) or adult stage (Lundstrom et al., 2010a) or by
using state-of-the-art metabarcoding (Theissinger et al., 2018). Results
concerning species richness were again highly variable, some reporting
a modification of chironomid community composition due to reduction
in species richness (Theissinger et al., 2018), while others found no ef-
fect after four days (Wolfram et al., 2018) and even increasing chirono-
mid larval richness after years of Bti treatments (Lundstrom et al.,
2010a). Theissinger et al. (2019) compared species richness in a tempo-
rary flooded meadow left untreated after 20 years of regular Bti treat-
ment to a meadow with continued treatment. While the difference
after one year was minor, four years of Bti intermittence seemed to
favor the recolonization of new species that did not occur in the contin-
uously treated site.

Besides the high sensitivity of chironomids, Bti is assumed to have
no adverse effect on other non-target organisms (NTO) at recom-
mended application rates. The first and most detailed review on direct
effects of Bti on non-target organisms was conducted by Boisvert and
Boisvert (2000) and included 75 published studies until the year 1999
that dealt with mosquito control in stagnant waters as well as black
fly control in slowlyflowingwater bodies. As the current reviewonly in-
cludes studies onmosquito control in laboratory experiments and lentic
habitats, we cumulated the results of 35 relevant studies from the re-
view of Boisvert and Boisvert (2000) (9 conducted in lentic environ-
ments, 25 laboratory/artificial, 1 both) in Table 2.

These studies revealed negative effects in laboratory tests on
some taxa within Chlorophyta, Diptera (outside the target group
Nematocera), Lepidoptera and Plecoptera (Table 2). Studies conducted
after the year 1999 focused on various invertebrates, insects, annelids,
fish and amphibians (Table 3).

A recent laboratory study on zooplankton (two copepods and three
cladocerans) from mosquito control regions in Spain concluded that
negative effects at the community level are likely as some species
were affected at concentrations close to field applications (Olmo et al.,
2016). However, several other studies did not find any effect on zoo-
plankton in more realistic semi-field or field approaches with a longer
sampling period (Duchet et al., 2010b; Lagadic et al., 2014; Lagadic
et al., 2016). Although amphibians develop in temporary water bodies
targeted bymosquito control operations, information on adverse effects
is scarce. First assessmentswere performedwith some non-commercial
formulations by mosquito control operators and did not find direct ef-
fects (Boisvert and Boisvert, 2000). However, one laboratory study ob-
served a shorter time to metamorphosis and higher weights in the
European common frog Rana temporaria after exposure to small quanti-
ties of Bti (Paulov, 1985). Mortality recorded after exposing tadpoles of
the South American common frog Leptodactylus latrans to
environmentally-relevant concentrations of a commercial liquid Bti for-
mulation (Introban) was most likely related to formulation byproducts
(Lajmanovich et al., 2015). Two formulations primarily applied in
Europe (VectoBac WG and 12AS) were not acutely toxic to
R. temporaria, even at 10 x RAR (Allgeier et al., 2018). Nevertheless, Bti
induced several sublethal effects in form of subcellular alterations of
biomarkers indicating detoxification, oxidative stress and genotoxicity
(Lajmanovich et al., 2015; Allgeier et al., 2018) and behavioral changes
resulting in affected swimming behavior (Junges et al., 2017). A recent
study did not confirm sublethal effects and concluded that water tem-
perature might be a co-stressor (Schweizer et al., 2019).

4.2. Indirect (food web) effects

Indirect effects of Bti used in mosquito control programs, affecting
the food web and organisms at higher trophic levels, were suspected
by environmental organizations since the beginning of Bti use and
were also acknowledged by control operators (Becker and Ludwig,
1983). Indirect effects can be caused by a reduction of populations of
mosquitoes and/or non-target chironomids. Effective mosquito preda-
tors like cyprinid fish can consume more than one thousand larvae
within 12 h (Becker and Ludwig, 1983). Crested newt larvae (Triturus
cristatus) have been recorded to consume around 900 mosquito larvae
in 10-day feeding experiments (Günther, 1996). Bats (e.g. Myotis
daubentonii) and swallows (Delichon urbica and Hirundo rustica), as
well as predatory insects such as water beetles and striders feed on
mosquito and chironomid larvae and pupae (Becker and Ludwig,
1983; Vaughan, 1997; Vinnersten et al., 2009; Gutierrez et al., 2017).
Odonata (dragonflies and damselflies) also consume mosquitoes and
chironomids at both the larval and adult stages (Corbet, 1999; Pfitzner
et al., 2015). Gut flushing of amphibians in the Upper Rhine valley
showed only aminor contribution of mosquitoes in the food of different
amphibian species (Blum et al., 1997). The feces of two bat species
(M. daubentonii and Pipistrellus nathusii) contained 3–8% mosquitoes
but N80% chironomid remains (Arnold et al., 2000). The reported low
proportion of mosquitoes in the diet contrasts with other studies,
where mosquitoes represent the major food items for bats (Sullivan
et al., 1993; Beck, 1995). Since some studies revealed a low proportion



Table 3
Laboratory (A.), semi-field (B.) and field (C.) studies on direct effects of Bti after 1999 (not included in Boisvert and Boisvert, 2000). Formulation, application rate or concentration, treat-
ment numbers and study duration are given. Effects on the specific groups are described (effects in bold).

Laboratory studies

Taxonomic
group

Taxa Formulation Rate/Concentration No. of
treatments

Study
duration

Effects Reference

Cladocera Daphnia magna, Daphnia pulex VectoBac12AS 2.5 L/ha 1 14 d no effect
Duchet et al.,
2010b

Zooplankton
Tropocyclops prasinus, Acantocyclops

americanus, Ceriodaphnia reticulata, Chydorus
sphaericus, Daphnia pulex

VectoBac12AS 5–500 mg/L 1 15 d
increasing mortality with
concentration and time

Olmo et al.,
2016

Notonectidae Buenoa tarsalis Bt-HorusSC 25 mg ai/L 1
16 d (2

h)
no mortality (enhanced predatory
abilities)

Gutierrez
et al., 2017

Amphibians

Leptodactylus latrans Introban 2.5–40 mg/L 1 48 h
mortality, sublethal effects (GST,
CAT), genotoxicity

Lajmanovich
et al., 2015

Rhinella arenarum, Rhinella fernandezae,
Physalaemus albonotatus

Introban 1.5–40 mg/L 1 48 h
effects on swimming behaviour
of R. arenum, mortality at high
concentrations

Junges et al.,
2017

Rana temporaria
VectoBacWG;
Vectobac12AS

0.6–6 kg/ha; 2–20
L/ha

3 60 d sublethal effects (GST, GR, AChE)
Allgeier
et al., 2018

Rana temporaria VectoBacWG
1 mg /L, 10 mg/L,

100 mg/L
1 11 d no sublethal effects (Hsp70, A ChE)

Schweizer
et al., 2019

Fish

Melanotaenia duboulayi VectoBac12AS 12 L/ha 1 20 min
no effects on swimming
performance

Hurst et al.,
2007

Melanotaenia duboulayi Teknar 1 L/ha 1 24 h no toxicity
Brown et al.,
2002

Danio rerio, Oreochromis niloticus
isolated
strains

108–1010

spores/ml
1

30d (72
h)

no mortality/genototxicity,
increased frequency of necrotic
cells in O. niloticus

Grisolia
et al., 2009

Semi-field studies

Habitat Taxonomic
group

Taxa Formulation Rate/Concentration No. of
treatments

Study
duration

Effects Reference

Freshwater
Aquatic
invertebrates

VectoBacWG 1.2 kg/ha 1 to 2 7 w
reduced chironomid abundances, no
other treatment effects

Allgeier et al.,
2019a,b

Marsh Cladocera

Daphnia pulex VectoBac12AS (0.8) 2.5 L/ha 1 21 d no effect on abundance
Duchet et al.
2008

Daphnia magna VectoBac12AS 2.5 L/ha 1 21 d negative effect on density at Day 21
Duchet et al.
2010a

Daphnia magna,
Daphnia pulex

VectoBac12AS 2.5 L/ha 2 2 y no effect
Duchet et al.,
2010b

Field studies

Habitat Taxonomic group Taxa Formulation Rate/Concentration No. of
treatments

Study
duration

Effects Reference

Freshwater

Zooplankton VectoBacG 11.72 kg/ha (RAR) 18 3 y no effect
Niemi et al.,
1999

Aquatic+terrestrial
arthropods

VectoBac 302.6 g/ha 1 4 w no overall treatment effect
Davis and
Peterson,
2008

Emerging insects VectoBacG 13–15 kg/ha (RAR) 3 to 5 6 y
no effects on insect production, with
exception of less Coleoptera and more
Ceratopogonidae

Vinnersten
et al., 2010

Aerial insects – – – 3 y no effect on abundances
Timmermann
and Becker,
2017

Saltmarsh
and

freshwater

Aquatic
invertebrates

VectoBacWG;
VectoBac12AS

0.125–0.5 kg/ha;
0.35–2.5 L/ha

4 to 25 4 y
no effect on taxonomic structure and
abundances

Lagadic et al.,
2016

Saltmarsh

Aquatic
invertebrates

VectoBacWG 0.22–0.3 kg/ha 47 7 y
no effect on taxonomic structure and
abundances

Lagadic et al.,
2014

Arthropods VectoBac12AS 2.5 L/ha
30 to 50/

year
9 y

reduced abundances of Diptera,
Aranaea, Coleoptera, Hymenoptera

Poulin and
Lefebvre,
2016

Aquatic +terrestrial
invertebrates

VectoBac12AS 1.2 L/ha 1 20 d no effect (inconsistent, short term)
Russell et al.,
2009

Invertebrate
community

Nereis
diversicolor,
Corophium
volutator

VectoBacWG;
Vectobac12AS

0.4 kg/ha; 0.5 L/ha
5 to 6 /
year

2 y
no effect on abundances of annelids,
crustacean, midge larvae

Caquet et al.,
2011

Annelidae
Nereis

diversicolor
VectoBac12AS 1 L/ha 14 3 y variation of esterase activity

Fourcy et al.,
2002

Flooplain
soil

Bacillus
Bacillus cereus

group
VectoBacG 13–15 kg/ha

0 to 2/
year

11 y
no effect on Bcg abundances, higher Bti
abundances in soil

Schneider
et al., 2017
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of mosquitoes in animal diets, mosquito control operators in Germany
assumed that Bti mosquito control had no negative food web effects
and, together with the absence of direct mortality observed in organ-
isms at higher trophic levels, coined Bti use as “environmentally
friendly”. However, at the beginning of Bti mosquito control, the opera-
tors mentioned that “it is very important when applying Bti against early
instar mosquito larvae to take into consideration that you will remove the
food source necessary to maintain a population of specific mosquito preda-
tors. Therefore, it is necessary in this case to use Bti only against late instar
larvae” (Becker and Ludwig, 1983). Today, 35 years later, control mea-
sures usually start while the larvae are in early developmental stages
due to their higher sensitivity and operations use ice formulations and
helicopter application (Becker and Margalit, 1993; Becker, 2003). The
first field study that reported a negative effect on non-target taxa was
from an assessment of mosquito treatment with Bti in a salt marsh in
Florida (Purcell (1981); Table 4).

Non-target species were sampled with a dip net before and one day
after treatment in one brackish water pond. The authors observed a de-
cline of individuals in a backswimmer species as an indirect Bti effect
and speculated on food depletion causing their migration to other
ponds. However, the study was limited to one site and data were not
statistically analyzed (Purcell, 1981). A thorough study programon eco-
logical effects was established when Bti was introduced as mosquito
control agent in Minnesota, USA (Hanowski et al., 1997; Hershey et al.,
1998; Niemi et al., 1999). Several wetlands were selected in Western
Wright County to study the effect of 20 Bti applications over a
3–4 year period on zooplankton, benthic macroinvertebrates and a
bird species (Table 4). No effect was observed in Bti-treated wetlands
on zooplankton compared to untreated sites, although macroinverte-
brate populations were reduced (Nematocera, including chironomids
63–84%). No Bti-related effects were observed in the red-winged black-
bird (Agelaius phoeniceus). However, its nesting season was already
completed when decreases of emerging aquatic insects became promi-
nent. Additionally, A. phoeniceus forages bothwithin andoff thewetland
for insects to feed their young. Landscape context, feeding ecology of
study species and time are important factors to consider for assessing
mosquito control effects. The group of researchers in Minnesota pre-
sumed that “ecological effects of applying thesematerials for decades is un-
known” (Niemi et al., 1999), and concluded that long-term studies were
Table 4
Studies on indirect, food-web related effects of Bti. Formulation, application rate, treatment num
bold).

Study
type

Taxonomic group Taxon Formulation Application
rate

No. of
treatm

Mesocosm
Amhibians

Hyla
versicolor

Mosquito Dunks,
Mosquito Bits

1.275 g Bti N2

Aquatic
invertebrates

VectoBacWG 1.2 kg/ha 1

Field

Protozoans VectoBacG 15 kg/ha 2

Backswimmer
Notonecta
indica

PM50 (Biochem)
3–13.5
ITU/ml

1

Benthic
macroinvertebrates

VectoBacG
11.72 kg/ha

(RAR)
18

Diving beetles VectoBacG
13–15
kg/ha

1 to

Dragonflies VectoBac12AS 2.5 L/ha 30–50/

Birds

Agelaius
phoeniceus

VectoBacG
11.72 kg/ha

(RAR)
19

VectoBacG
11.72 kg/ha

(RAR)
18

Delichon
urbicum

VectoBac12AS 2.5 L/ha 30–50/

Delichon
urbicum

VectoBac12AS 2.5 L/ha 30–50/
needed. Unfortunately, no follow-up of this research program was
implemented.

A second set of studies was conducted in the River Dalälven flood-
plains in central Sweden where Bti was introduced in 2002 to control
the floodwater mosquito Ae. sticticus in temporary wetlands (Ostman
et al., 2008; Vinnersten et al., 2009). The monitoring program included
three treated and three untreated wetlands for comparison of direct
and indirect Bti effects over six years. The control program used
13–15 kg/ha of Vectobac G in an aerial application that reduced female
adult mosquito population close to 100% (Vinnersten et al., 2010). One
study focused on predatory diving beetles (Dytiscidae) for indirect ef-
fect assessment. An analysis of N6000 beetles belonging to 61 species
showed increases in medium-sized adult diving beetles in treated wet-
lands (Vinnersten et al., 2009). The authors concluded that hydrology
was themost important factor for structuring the water beetle commu-
nity, irrespective of the presence and abundance of prey taxa. The den-
sity of protozoans, which form the food of mosquito larvae, was 4.5
higher after mosquito removal and taxonomic richness increased by
60% two weeks after a Bti application (Ostman et al., 2008) (Table 4).
No other group of organisms interacting with mosquitoes or chirono-
mids was studied in Sweden and the monitoring was discontinued.

The most comprehensive, long-term study on food web related ef-
fects of Bti mosquito control was conducted in Camargue (Southern
France). In 2006, Bti mosquito control was initiated and the associated
monitoring program evaluated effects on reed invertebrates, dragon-
flies and birds (house martins, Delichon urbicum) (Table 4). Dragonflies
were sampled over six years and species richness as well as abundance
were significantly reduced (−50%) in Bti-treated compared to un-
treated sites. The authors concluded that mosquito control using Bti
should be acknowledged as a potential threat to Odonata (Jakob and
Poulin, 2016). Reedbeds in the Camargue support a specific avifauna
of conservation concern. A study carried out in 1998–1999 showed
that abundance of breeding reed passerines was strongly correlated
with that of their invertebrate prey (Poulin et al., 2002). The comparison
of treated (n=5) and untreated (n=10) reed marshes revealed a sig-
nificant reduction (33%) in invertebrates serving as food to passerines
birds, with spiders being particularly affected (Poulin and Lefebvre,
2016). The house martin (D. urbicum) is a good biological model to as-
sess indirect effects of Bti because 35% of food items given to chicks
bers and study duration are given. Effects on the specific groups are described (effects in

ents
Duration Effects Reference

– reduced survival in presence of predator
Pauley et al.,
2015

7 w decreased chironomid abundances
Allgeier
et al., 2019a

2 w
increasing (heterotrophic) protozoan richness
(60%) and densities (4.5 times)

Ostman
et al., 2008

1 d abundance decline Purcell, 1981

3 y
decreased abundances of predominantly
Nematocerans (63–84%)

Hershey
et al., 1998

5 5 y
slight abundance increase in medium-sized
dytiscids

Vinnersten
et al., 2009

year 5 y effect on species richness, abundance
Jakob and
Poulin, 2016

4 y no effect
Niemi et al.,
1999

3 y no effect on bird community
Hanowski
et al., 1997

year 3 y lower breeding success
Poulin et al.,
2010

year 3 y
lower intake of Nematocera and large prey,
smaller clutch size and fledging success

Poulin, 2012
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are small chironomids andmosquitoes (Poulin et al., 2010). Housemar-
tins, togetherwith other swallows and bats, were alsomentioned as im-
portantmosquito predators bymosquito control operators in the 1980s,
and increasing their nesting sites as secondary control options was sug-
gested (Becker and Ludwig, 1983). Comparison of chick diet based on
feces analysis at six house martin colonies, three of which were
surrounded by Bti-treatedwetlands, revealed dietmodifications related
to Bti treatments. Intake of nematocerans (mosquitoes and chirono-
mids) and their predators (odonates, neuropterans and spiders) was
significantly lower at treated sites. Dietary shift had consequences on
breeding success, resulting in significant reductions of fledglings by up
to 36% at treated sites due to increasedmortality by starvation, showing
Bti effects at two trophic levels (Poulin, 2012). This finding provided the
first compelling evidence of Bti application indirectly affecting verte-
brate populations.

Following the food web effects revealed in the Camargue, aerial in-
sect trapping data from 1989 to 1991 were reanalyzed in 2017 by Ger-
man mosquito control operators in context of diet observations in
nestlings of house martins from two broods in 1991 (Timmermann
and Becker, 2017). Chironomids were among the most frequently
trapped insects during the study period. House martin fledglings of
the first brood were mostly fed with aphids (80% of individuals). Chi-
ronomids, the most frequently trapped insects, reached N5% of individ-
uals in the diet. Unfortunately, the number of nestlings studied was not
provided. Until now, these study sites have been treated multiple times
per yearwith Bti from1980 onwards. It seems likely that insect commu-
nities and feeding preferences of house martins have changed due to a
chronic Bti-induced effect and a repetition of this studywould be timely.
Further studies in the Upper Rhine Valley are especially needed since a
43-year long monitoring of the breeding bird community at an oxbow
lake within the mosquito control area showed significant changes
(Schrauth andWink, 2018). For 74% of the insectivorous birds, decreas-
ing populations were found in the long-term trend, especially for spe-
cies breeding in wetland areas. Among other factors, the authors also
considered the possibility “that mosquito control at ‘Lampertheimer
Altrhein’with Bti could lead to additional loss of food resources for insectiv-
orous birds”.

In addition to field studies, where the control of environmental fac-
tors is difficult, mesocosm studies were performed on Bti effects on re-
constructed aquatic food webs. Pauley et al. (2015) examined the
interaction between predation and Bti formulations on amphibians.
Survival of tadpoles of the Gray Treefrog (Hyla versicolor) was signifi-
cantly reduced by 80% in the presence of predators (dragonfly larvae)
and a Bti formulation (Mosquito dunk) in pondmesocosms. In a similar
approach, Allgeier et al. (2019a) assessed the indirect Bti effects on the
availability of food resources on predatory newt larvae (Lissotriton
helveticus and L. vulgaris). A dragonfly larva (Aeshna cyanea), acting as
a predator on newts but also on chironomids, was 27% more lethal to
larval newts in Bti-treated mesocosms with lower chironomid abun-
dances. However, unaffected densities of chironomids as alternative
prey organism favored their coexistence with newt larvae in control
mesocosms.

Interestingly, no food-web study with fish was ever performed al-
though especially fish brood is feeding onmosquito and chironomid lar-
vae. Ecological food web-related effects were analysed in parallel to the
introduction of Bti mosquito control in three areas in the USA, Sweden
and France but were missing in in the historically oldest European-
treated area, the Upper Rhine Valley in Germany.

With the on-going debate on environmental effects of human activ-
ities, long-term studies are still needed for each Bti mosquito control
area to include potential habitat specific system properties in the analy-
sis. It is therefore recommended to establish sound monitoring with
enough control sites to evaluate potential long-term foodweb perturba-
tions and resulting declines in biodiversity in mosquito control areas.
Only a thorough evaluation of such data can confirm if mosquito control
with Bti is “environmentally friendly”.
5. Socio-economic assessment and public perception

The socio-economic relevance of mosquito control in the temperate
Northern hemisphere has changed over time. Mosquitoes were consid-
ered a nuisance andmosquito control programswere seen to contribute
to human well-being due to a reduction of mosquito bite incidences.
The recent invasion of tropical mosquitoes in temperate regions, poten-
tial vectors of diseases, add public health to the socio-economic
relevance of mosquito control (von Hirsch and Becker, 2009). Addition-
ally, potential environmental effects of mosquito control and its link
with biodiversity decline is a rising concern in Europe (Schwarz et al.,
2017; Langhans et al., 2019). Socio-economic relevance of mosquito
control is therefore multi-faceted and involves trade-offs among con-
flicting objectives like avoidance of nuisance and environmental harm.
A comprehensive assessment of socio-economic relevance requires
considering the three dimensions “nuisance”, “vector-borne diseases”
and “environmental effects” jointly.

5.1. Nuisance

A survey of local authorities in theUK showed evidence ofmore than
a two-fold increase in nuisance reports between 1999 and 2009
(Medlock et al., 2012).Mosquito nuisance in New Jersey (USA)was per-
ceived equal to living with up to two (out of potential five) health risk
factors for diabetes or equal to women experiencing menstrual disor-
ders (Halasa et al., 2014). Further, enjoying outdoor activities without
mosquitoes was rated as important as neighborhood safety and more
important than a clean neighborhood. An economic cost-benefit analy-
sis in the Upper Rhine Valley, Germany used a method resembling con-
tingent valuation to assess the benefits due to nuisance reduction
resulting from Bti mosquito control (von Hirsch and Becker, 2009).
Based on their assessment of household willingness to pay to achieve
the current mosquito reduction rate through a campaign using Bti
they found a benefit/cost ratio of 1.8, similar as observed for mosquito
control programs in the USA (John et al., 1987; Farmer et al., 1989)
and Sweden (Soutukorva et al., 2013). However, potential environmen-
tal effects on non-target species were so far ignored. Also, the selected
method implementation is prone to hypothetical bias so that these re-
sults have only limited validity.

5.2. Vector-borne diseases

Economic choice experiments to assess the monetary benefit of
mosquito control programs in Madison, Wisconsin (USA) reported a
higher willingness to pay for mitigating nuisance than for reducing
the risk of being infected with WNV (Dickinson and Paskewitz, 2012).
A similar choice experiment in Athens (Greece) showed a 48% higher
mean willingness to pay for reducing diseases induced by the Asian
tiger mosquito than for WNV alone (Bithas et al., 2018). A significantly
positive willingness to pay for reducing nighttime – but not daytime –
nuisance was also shown.

5.3. Environmental effects

Respondents in theMadison survey stated their concern for avoiding
adverse environmental effects in follow-up questions (Dickinson and
Paskewitz, 2012). However, environmental effects were explicitly
taken into account in other economic valuation studies. An early study
by Lichtenberg (1987) assesses the cost-efficiency of integrated or
ecologically-sensitivemosquito control programs compared to those re-
lying on chemical agents in the San Joaquin Valley in California. They
find that the cost of integrated programs relying predominantly on bio-
logical pest control with mosquitofish can be as low as a quarter of the
cost of using chemical agents.While these results cannot be generalized
they show the potential of environment-friendly methods and the con-
cern regarding the environmental effects of chemical mosquito



12 C.A. Brühl et al. / Science of the Total Environment xxx (xxxx) xxx
treatment. John et al. (1992) show that people value ecologically-
sensitive mosquito control programsmore than those relying on chem-
ical agents.More recently, in a non-comparative rating between the two
control programs, only one third of the surveyed population in the
Marais des Baux wetland in Southern France attributed a positive
value to the established Bti control program while the natural control
program, including water table management and fish as predators,
was always valued positively (Westerberg et al., 2010). This study, as
well as one on governance and decision making about the Camargue
Bti experiment, showed that it is not sufficient to evaluate the cost of
only one type of program (Guillet and Mermet, 2013). Instead, Bti mos-
quito control should be compared to alternative and equally effective
programs relying on other techniques, like naturemanagement ormos-
quito traps.

Although people perceive considerable benefits through a decrease
in nuisance and disease risk levels, the relative importance of these
two benefits seems to depend on the context. Existing studies indicate
that amajority of the population is skeptical regarding the environmen-
tal side effects of mosquito control with Bti and that there exists a sub-
stantial willingness to pay for alternative, more environment-friendly
techniques, if they are available and effective.

6. Conclusion

Even though Bti is currently the most selective and least toxic agent
available to controlmosquitoes, control programs should integrate non-
biased awareness campaigns andmitigationmeasures balancing the so-
cial demands for mosquito reduction with the factors involved in mos-
quito proliferation and dispersion. Novel and eco-friendly strategies
that are not based on the use of insecticides are increasingly investi-
gated (Benelli, 2015; Benelli et al., 2016; Benelli and Mehlhorn, 2016).
These methods include the usage of repellents (Sharma, 2001; Park
et al., 2005; Semmler et al., 2009), natural predators (Brodman and
Dorton, 2006; Meyabeme Elono et al., 2010; Soumare and Cilek, 2011;
Acquah-Lamptey and Brandl, 2018), natural ecological traps influencing
oviposition (Gardner et al., 2018), mechanical traps for adults (Jackson
et al., 2012; Englbrecht et al., 2015; Poulin et al., 2017), nanoparticles
(Govindarajan et al., 2016), and active citizen participation (Johnson
et al., 2018). Measures for nuisance control of mosquitoes could also
consist of improved wetland management, reduction in area and pe-
riods of Bti spraying, use of alternative methods such as mosquito
traps (Poulin et al., 2017) and suspension of mosquito control in envi-
ronmentally sensitive wetlands where nature preservation is a priority.
Monitoring should not only include the obligatory mosquito resistance
evaluation but also Bti exposure as well as environmental and food-
web related effects on ecosystems. There is currently an inadequate
number of studies available to unequivocally conclude that Bti used
for nuisance control of mosquitoes can be considered environmentally
safe. Persistence, resistance and environmental effect assessments
should be conducted by independent bodies in complement to mos-
quito control operators to generate public trust in the studies' outcomes.
To understand the scale of exposure of wetlands, we also recommend
publishing treatment areas, Bti formulations and rates as well as fre-
quencies of applications in a transparent way, especially since Bti mos-
quito control is funded directly and/or indirectly by the public.
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