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“Human beings are not in control of nature,
but simply one of its parts.
The survival of one part depends

on the health of all in the web of life”

Rachel Carson
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1. Introduction

1.1. Invasive species

Alien species are defined as entities whose presence in a region is attributable to human actions that
enabled them to overcome fundamental geographical barriers (synonyms: exotic and nonnative
species) (PySek and Richardson 2010). In the past, the geographical barriers had limited the
entrance of exotic species, but they have been made mostly ineffective by commercial traffic,
making climate mismatches the only natural barrier against the global spread of invasive species
(Tatem and Hay 2007). Exotic organisms can be plants, animals, as well as other organisms, and
they are generally unintentionally introduced via plant material or other goods imported from other
geographic areas where the species is either native or a previous invader (Hanafi 2005). However,
not all non-indigenous species are harmful. In fact the majority of species exploited in agriculture,
forestry and fisheries are alien species (Wittenberg and Cock 2001).

A modest amount of alien species form self perpetuating populations in the new region;
among these, a subset spreads, or has the capacity to spread, over substantial distances from the
introduction sites. Depending on their status within the naturalization-invasion continuum, alien
species may be termed casual, naturalized, or invasive (McNeely et al. 2001). Introductions of
individuals in remote geographical areas can, in certain circumstances, lead to invasions, i.e., to
their establishment, increase in number and geographical spread. Reasons for success or failure of
such introductions remain unclear and constitute a significant research area in invasion biology
(Kolar and Lodge 2001). The impacts of invasive species are sometimes rapid and dramatic,
especially where they result in the transformation of ecosystems (Pimentel 2000).

The problem of alien species has intensified in the last few years, making it a serious
challenge to tourism and to globalized trade transport, especially in the cases of trading of live
animals, horticultural and raw animal products. These have dramatically enhanced the spread of
invasive species over the past century, allowing them to surmount natural geographic barriers, even
at long distances (Wittenberg and Cock 2001). Indeed, the increased spread of invasive species
reflects the rapid globalization and trade liberalization (Evans 2003).

These organisms, non native to a given ecosystem, cause, or are likely to cause, economic or
environmental injury or harm to human health (National Invasive Species Council of USA 1999).
Indeed, they represent a serious global threat to both natural (Samways 2007) and agronomic
(Haack et al. 2010) ecosystems. Invading species demand both (i) an ecological cost, by the
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natural enemies in the new environment and to their superior competitive ability (Clavero and
Garcia-Berthou 2005, Paini et al. 2008); and (ii) an economic cost mainly by damage to cropping
systems (Vitousek et al. 1996).

The economic and ecological effects of invasive species, notably pests, are now widely
recognized and the full range of economic costs of biological invasions goes beyond the immediate
impacts on the affected agricultural producers (Mack et al. 2000, Olson 2006, Desneux et al. 2011).
Invasive pests often include secondary and tertiary economic effects, such as shifts in consumer
demands, changes in the relative prices of inputs, loss of important local biodiversity, and other
natural resource and environmental amenities (Evans et al. 2002). The range of economic impacts
can be broadly classified into two categories: direct and indirect impacts. The direct impacts reflect
the effects of the particular pest or disease on the host, whereas the indirect impacts are non host-
specific. The latter would be the general effects that are generated by the presence of a pest but not
specific to the pest-host dynamics that could affect public health issues (such as compromising key
ecosystem functions); general market effects (including possible changes in consumers’ attitudes
toward a given product); research requirements; market access problem and impacts on tourism and
other sectors of an economy (Bigsby and Whyte 2001).

In agriculture, invasive species can notably reduce yields and increase the costs related to
their management, generally resulting in increased reliance on pesticides (Desneux et al. 2011,
Haack et al. 2010, Suckling and Brockerhoff 2010), which can disrupt previously developed
Integrated Pest Management (IPM) systems (Thomas 1999, Pimentel 2000, Ragsdale et al. 2011).
About one-third of insect pests in worldwide cropping systems are alien species (Ward and Masters
2007), and their economic impact has been considerable (PySek et al. 2008). Moreover, the
establishment of an invasive exotic species has the potential to cause cascading ecological impacts
that may extend into natural systems as well (Williamson 1996).

In addition to negative effects on human well-being (notably agricultural practices and food
safety), which generally represent the main concern associated with biological invasions, they also
have serious implications for biodiversity. In fact, along with other drivers of ecosystem
degradation, such as habitat change and exploitation, environmental pollution, climate change, and
associated effects (including the loss of keystone species, loss of pollinators and altered ecosystem
functioning), biological invasions contribute to the decline of biodiversity worldwide, mainly by
displacing native species occupying the same ecological niche (Paini and Roberts 2005, PySek and
Richardson 2010).

The acreage of protected crops, grown in glasshouses, tunnels and screen houses, has also
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environments have proven ideal for the proliferation of exotic pests, many of which have
established, either temporarily or permanently (Hanafi 2005, Ehlers 2011). Almost all European
countries are signatories of the Convention on Biological Diversity (CBD) and are therefore obliged
to “prevent the introduction of alien species and, when prevention fails, to control as far as possible
those exotic species that threaten indigenous ecosystems, habitats or species” (CBD 1992).
Management of the exotic species problem is neither easy nor cheap and requires international
cooperation (Hanafi 2005). These actions should be aimed at collating available information at the
global scale, analyzing the role of biological invasions as a driver threatening biodiversity and
improving risk-assessment schemes (Baker et al. 2009). Thus, the initial step in a risk-assessment
programme must be to distinguish the harmful from the harmless alien species and identify the
impacts of the former on native biodiversity. Risk assessment is the first step in the risk
management process to prevent or mitigate the spread of invasive species. Preventing the
introduction of species with a high possibility of becoming invasive is, in theory, the most cost
effective management strategy (PySek and Richardson 2010), therefore the pre-border risk
assessment has the potential to intercept alien insects with potentially high economic impact. In
many instances, the best or only way of reducing introductions is to manage vectors and pathways.
By contrast, the multiple pathways of introduction and the huge volume of traded commodities
make the interception of all potentially invasive alien species unrealistic.

Once an exotic species established in a new environment, early detection and rapid response
strategies are crucial elements of integrated programmes for dealing with invasive species (Hulme
et al. 2009). Early detection of a potential invasive species is often crucial in determining whether
eradication of the species is feasible. The possibility of early eradication or at least of effectively
containing a new colonizer makes investment in early detection worthwhile; and, in this contest,
understanding the factors that influence a species’ ability to invade is important for the prediction of
future invasions and the management of present ones (Paini et al. 2008, PySek et al. 2008). When
prevention has failed, eradication is the preferred course of action. Eradication can be a successful
and cost-effective solution in response to an early detection of a non-indigenous species
(Wittenberg and Cock 2001). Eradication provides a means to alleviate and/or remove the
detrimental effects that exotic species typically have on their host ecosystems (Myers et al 2000).
However, such programmes are not always successful and, when eradication is not feasible (i.e.
negative results of the analysis of the costs and likelihood of success), the last step in the sequence
of management options is the control of an invasive species. The aim of control is to reduce the
density and abundance of an invasive organism in order to keep it below an acceptable economic
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can be used in eradication programmes too. Physical control is highly specific to the target, but
always very labour-intensive, therefore it is not economically feasible in countries where human
labour is costly. Chemical control is often very effective as a short-term solution; by contrast, its
major drawbacks are the high costs, the non-target effects, and the possibility of the pest species
developing resistance (Weisenburger 1993, Feyereisen 1995, Desneux et al. 2007, Lu et al. 2012).
In comparison with other methods, classical biological control, through the introduction of selected
natural enemies from the native areas of the invasive pest, when successful and feasible is highly
cost-effective, permanent, self-sustaining and ecologically safe because of the high specificity of the
agents used (Mills 2005, Messing and Wright 2006, Cock et al. 2010). Biological control is
particularly appropriate for use in nature reserves and other conservation areas because of its
environmentally friendly nature and the increasing instances of prohibition of pesticide use in these
areas (van den Bosch 1971, Symondson et al. 2002, Desneux et al. 2010, PySek and Richardson
2010). Whereas, IPM combining several methods often provides the most effective and acceptable

control (van Lenteren and Woets 1988, Castle and Bentley 2009, Ragsdale et al 2011).

1.1.1. Tuta absoluta arrival and spread in the Mediterranean basin

The South American tomato pinworm, Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae) is an
invasive pest native to South America where it is considered one of the most devastating pests of
tomato (Fernandez and Montagne 1990, Guedes and Picanco, 2012). The species has a particular
preference for tomato (Solanum lycopersicum L.) although it is also able to attack and cause
damage on different genera and species of the Solanaceae family. The larvae of the moth feed and
develop inside tomato leaves, stems and fruits and commonly cause complete yield loss in
greenhouse and open-field tomatoes in infested areas. The pest occurs throughout the entire
growing cycle of tomatoes both for fresh market and processing, and larval feeding can cause losses
of up to 100% (Desneux et al 2010) (see Chapter II for more details on its biology and damage).
This pest was reported for the first time outside its native continent in eastern Spain in late
2006 (Urbaneja et al. 2007) and has subsequently spread throughout the Mediterranean basin and
Europe (37 counties). The exceptional speed, about 4,000 km in 5 years, of 7. absoluta spreading in
the Western Palaearctic region may be explained by intra-continental dispersal facilitation due to
human transportation (as attributed in South America by Caceres 1992), but, as hypothesized by
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Mediterranean environment may be particularly suitable for the pest because of various factors
including climatic conditions or tomato varieties (Desneux et al 2010).

The absence of co-evolved natural enemies may also explain why the dynamics in the newly
invaded area looks so explosive in comparison to the native area where natural enemies are frequent
(Luna et al. 2012). The tomato production system is more intensive and concentrated in Europe and
North Africa and thus constitutes a richer and more homogeneous environment than in South
America which may have a positive effect on growth and dispersion of 7. absoluta. Another
hypothesis is a rapid post-invasion evolution of the newly introduced pest population. Indeed, the
literature on biological invasions shows that dispersal capabilities can increase during colonization
(Phillips et al. 2006) because of a simple evolutionary process, namely best dispersers mate on the
colonization front (Shine et al. 2011). A similar process may explain the increase in growth ability
(evolution toward “r” strategy) of the invader during colonization (Burton et al. 2010). Besides, the
artificial selection of insecticide resistant population may have enhanced 7. absoluta rapid
distribution over wide geographic areas (Siqueira et al. 2000, Gontijo et al. 2012, Haddi et al. 2012).

The impact of 7. absoluta on tomato crops, during the first years after its detection, has led
European and North African growers to use insecticides extensively (Sannino and Espinosa 2010,
Speranza and Sannino 2012, Urbaneja et al. 2012). For example, at that time, up to 15 insecticide
applications specifically targeting 7. absoluta were added to Integrated Pest Management (IPM)
schemes in Spain (Desneux et al. 2011). This was also the case in Brazil where the immediate
consequence of 7. absoluta introduction was the sudden increase in insecticide use in tomato fields
from 10-12 applications per cultivation cycle to more than 30 applications, which required 4-6
weekly sprays (Guedes and Picanco 2012). Nevertheless, chemical approach may disrupt previous
successful IPM procedures adopted during the last decades all over European countries for other
pests in tomato cultivations; indeed it may disturb natural enemies because of multiple side effects
and may lead to resistance, as occurred in the area of origin of this pest, causing multiple problems

from economical, ecological, and environmental view points.



1.2. Integrated Pest Management

1.2.1. History and definition

Throughout the late nineteenth and early twentieth centuries, in the absence of powerful pesticides,
crop protection specialists relied on knowledge of pest biology and cultural practices to produce
multi-tactical control strategies that, in some instances, were precursors of modern IPM systems
(Kogan 1998). The seed of the idea of integrated control appears in a paper by Hoskins et al.
(1939):

“..biological and chemical control are considered as supplementary to one another or as the two
edges of the same sword (...) nature’s own balance provides the major part of the protection that is
required for the successful pursuit of agriculture (...) insecticides should be used so as to interfere
with natural control of pests as little as possible...”

Conceivably, “integrated control” was uttered by entomologists long before formally appearing in a
publication, as it often happens with the nature of an expression before it is committed to paper by a
then-recognized originator.

The Integrated Control Concept appears for the first time in 1959 in a publication by four authors
from Riverside and Berkeley campuses of the University of California (Stern et al. 1959). They
elaborated a new paradigm of pest control that serves as the foundation of arthropod IPM today.
Their remarkable insight into the fundamental importance of ‘environmental resistance’ in
regulating pest populations around a general equilibrium position was at the heart of the integrated
control concept. They provided examples of arthropods, such as the Colorado potato beetle, for
which the changed environments alter pest status, but particularly focused on management
practices, such as chemical treatments, that potentially alter population equilibrium by impairing
biological control, a key component of environmental resistance. Although there was already
awareness in the 1950s of emerging problems associated with increasing reliance on pesticides,
these authors developed the theoretical basis and put forth the necessary approaches in the field to
enable the integration of biological and chemical control. Therefore, they defined Integrated Control
as:

"Applied pest control which combines and integrates biological and chemical control. Chemical
control is used as necessary and in a manner which is least disruptive to biological control.
Integrated control may make use of naturally occurring biological control as well as biological

control effect by manipulated or induced biotic agents".



The scientific basis of “Integrated Pest Control” evolved over a period of about 10 years,

mainly among researchers at the University of California who established integrated control as a
new trend in economic entomology. But, the desire to reconcile the use of insecticides with
biological control transcended the US scientific community. For example, “complementary”,
“coordinated” and “harmonious” were used by Canadian and European entomologists to qualify
“control” aimed at maximizing the impact of the combined methods (Kogan 1998). Unquestionably,
the impression caused by publication of Silent Spring (Carson 1962) accelerated acceptance of the
integrated control concept. Indeed, this book added an element of drama essential for the movement
that was characterized by spokespersons of agrochemical industries as just another bandwagon
(Jones 1970).The concept was explicitly defined in 1965 at a symposium organized by the Food and
Agriculture Organization (FAO) (FAO 1967). It was attended by leading plant protection specialists
from 36 countries and became a landmark in the advancement of the integrated control concept in
its broadest sense. Indeed, the concept of “Integrated Control”, originally limited to the combination
of chemical and biological control methods, was greatly expanded in that symposium, and redefined
to become synonymous with what we presently consider IPM:
“Integrated control is a pest management system that in the context of the associated environment
and the population dynamics of the pest species, utilizes all suitable techniques and methods in as
compatible a manner as possible and maintains the pest populations at levels below those causing
economic injury”.

Thus, the concept of integration stemmed from foundations established in the USA.
Concurrently, however, the concept of “Pest Management” that had been proposed by Australian
ecologists in 1961 (Geier and Clark 1961), started receiving greater recognition in the USA.
Additionally, the Annual Review of Entomology publication of Geier in 1966 (Geier 1966)
provided the impetus for that recognition. The convergence of the concepts of integrated control
and pest management, and the ultimate synthesis into integrated pest management, opened a new
era in the protection of agricultural crops, domestic animals, stored products, public health, and the
structure of human dwellings against the attack of arthropod pests, plant and animal diseases, and
weeds (Kogan 1998, Bajwa and Kogan 2002). IPM is the part of Integrated Production (IP)
focusing on pest, disease and weed management (Boller et al. 2004), it is a concept of sustainable
agriculture based on the use of natural resources and regulating mechanisms to replace potentially
polluting inputs (Wijnands et al. 2012). The agronomic preventive measures and biological/
physical/chemical methods are carefully selected and balanced, taking into account the protection of

health of both farmers, consumers and of the environment.



1.2.2. The principles of IPM strategies

The objective of IPM as a strategic, effective and feasible approach towards crop protection is to
safeguard the quality and quantity of the production whilst minimizing the impact of pesticide use
on human health and the environment. IPM applies to noxious species of phytophagous animals,
plant pathogens and weeds. Noxious species are defined as those causing economic losses higher
than their control costs (Ehler 2006, Wijnands et al. 2012).

Since almost all aspects of the management of a crop, or even a farm have a potential impact
on the occurrence and development of pests, diseases and weeds, a fundamental approach towards
crop protection starts with taking these interactions into account. Consequently, agroecosystems are
the basis for planning the approach, i.e. working with natural processes and regulatory mechanisms
rather than relying on interventions alone (Boller et al. 2004).

The basic IPM strategy focuses on minimizing the use and impact of pesticides. Therefore
emphasis is given to preventive and/or indirect measures which must be utilized to the fullest extent
before direct control measures are applied (Wearing 1988). Direct measures may only be taken if
economically justified. All elements of the strategy should be carefully integrated in a coherent
strategy, to be fully effective. For the IPM practitioner, this implies: (i) simultaneous management
of multiple pests; (i1) regular monitoring of pests, and their natural enemies and antagonists as well;
(i11) use of economic or treatment thresholds when applying pesticides; (iv) integrated use of
multiple, suppressive tactics (Ehler 2006). In the long run, this holistic approach in dealing with
pests should reduce pesticide use, provide economic savings for the farmer and protect both the
environment and human health. Therefore, the term ‘integrated’ implies incorporation of natural
enemy/antagonist levels into decision-making, and use of compatible, non-disruptive tactics that
preserve these agents. Integration can be viewed as either vertical (i.e., within a class of pests) or
horizontal (i.e., among all classes of pests).

The principles of IPM, its strategic objectives and management tactics are reported below
(modified from Wijnands et al. 2012):

1. Prevention and/or suppression of pests, diseases and weeds:
The incidence and severity of most pest, disease and weed problems can be greatly lowered by
applying agronomic practices that favour the competitive advantage of the crops against their
harmful organisms, i.e. Good Agronomics Practices (GAP).

- Prevent build-up of pest, disease and weed populations by crop rotation.

- Escape periods of high pest, disease and weed pressure by timing of sensitive crop stages.



Optimize crop fitness against attacks and make use of resistance, tolerance and competitive
ability by fertilizing strategies, crop management and cultivar choice.

Prevent spreading pest and diseases and weeds by field hygiene and adapted agricultural
practice.

Keep agro-ecosystem fit by supporting functional biodiversity enhancing and protecting
beneficial organisms.

Design of the complete agro-ecosystem by ecological infrastructures.

2. Monitoring of pest organisms and application of economic damage thresholds:

Assessing the necessity of intervention (control) based on knowledge about the real situation and

the potential of losses leads to more targeted interventions. This step implies:

Know the pests, diseases and weeds.

Know the beneficial organisms by identifying the site-specific key pests, diseases and weeds
that require regular interventions.

Monitor pest, disease and weed incidence using monitoring traps and crop inspection;
Define action threshold levels using intervention thresholds.

Define early warning systems by forecasting models for pest and disease incidence.

3. Non-chemical control methods:

Many interventions with pesticides can be replaced or supported by non-chemical alternatives.

Optimize interference with pest, disease and weed biology by mating disruption, sterile
insect technique, use of bio-pesticides.
Use physical interference: crop covers such as nets, exclusion fences, mechanical weed

control.

4. Chemical control methods:

Pesticides chosen in function of their minimum side effects and minimal interference with

preventive and non-chemical control methods.

Select pesticides specifically targeted to harmful organisms and with minimal side effects,
protect beneficial organisms: classify pesticides according to toxicity, ecotoxicology,
persistence, etc. with special emphasis on protection of key beneficial organisms. Establish
transparent criteria of preferred and less preferred pesticides.

Optimize application technique and timing using well maintained and calibrated spraying
equipment operated by trained persons.

Optimize the dosage of pesticide using weather and efficacy forecasts when available to

optimize timing and dosage. Consider row or spot applications.

10



- Prevent development of resistance: anti-resistance strategies based on sequence or
combinations of active ingredients and alternation with other IPM methods. Adapt
application rates and frequencies.

- Check efficacy comparing treated areas with small untreated ones.

5. Forbidden methods:
Some interventions (mostly chemical) are prohibited because they interfere with the agro-ecosystem
in a way that prevents sustainability, such as chemical soil disinfection or broad spectrum pesticide

applications.
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1.3. Biological control of arthropods pests

Biological control can be defined as the use of an organism to reduce the population density of
another organism and thus includes the control of animals, weeds and diseases (Bellows Fisher
1999). This section will be focused only on the biological control of arthropods, which DeBach
(1964) defined as ‘the study and uses of parasites, predators and pathogens for the regulation of
host (pest) densities’. This definition establishes two of the main principles of biological control.
Firstly, in nature, most organisms are consumed by other organisms, which in many cases leads to
drastic reductions in the population of the prey/host species; in biological control, man exploits this
‘natural control’ to reduce the pest population densities (Hodek 1967, Hawkins and Lawton 1987,
Landis et al. 2000, Pennacchio and Strand 2006, Gardiner et al. 2009). Secondly, biological control
reduces rather than eradicating pests, so that the pest and the natural enemy remain in the agro-
ecosystem at low densities (Bellows Fisher 1999, Askew and Shaw 1986). A number of important
pests can be kept at a low population density by biological control over long periods of time. In
other cases, populations of pests are significantly reduced by natural enemies, but repeated releases
or additional methods are needed to achieve an adequate level of control (van Lenteren and Woets
1988).

Many biological control strategies use predatory insects and mites, insects that attack other
insects (parasitoids) or nematodes, targeted against insect and mite pests; these are the so-called
“macrobial” agents. Biological control operates throughout the world as part of the management of
pests in agriculture, forestry and greenhouse horticulture. Although biological control has
sometimes been introduced to combat arthropod pests that have developed resistance to insecticides
and acaricides, the first biological control programmes precede the modern pesticide era (Warton
1993, Viggiani 1984, van Lenteren and Godfray 2005, Bale et al. 2008).

Several approaches can be implemented to enhance the role of natural enemies in regulating
population levels of insect species and preventing them from causing economic damage. Indeed,
there are three main techniques of biological control: classical, augmentative and conservation
control (van Lenteren 1993).

The first major successes in biological control occurred with exotic pests controlled by
natural enemy species collected from the country or area of origin of the pest (named as classical
control). Over the past 120 years, more than 5000 introductions of approximately 2000 non-native
control agents have been made against arthropod pests in 196 countries or islands with remarkably
few environmental problems (Bale et al. 2008, van Lenteren 2012). The cost benefit ratio for

classical biological control is highly favourable (1:250) and for augmentative control higher to that
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of insecticides, but with much lower development costs (Collier and van Steenwyk 2004, Bale et al.
2008).

Classical biocontrol is used mainly against ‘exotic’ pests that have become established in
new countries or regions of the world. Relatively, small numbers (usually less than 1000) of a
certain natural enemy species are collected from the country or region of origin of the pest,
‘inoculated’ into the new environment, and allowed to build up the level of control, which can be
maintained over very long periods of time (Ehler 2011). This type of biological control has been
most successful with perennial crops, where the long-term nature of the ecosystem enables the
interactions between pest and natural enemy to become fully established over a period of time
(Viggiani 2000, Bale et al. 2008). By contrast, although biological control of exotic species using
co-evolved natural enemies has long been considered a safe, cost effective, and environmentally
benign tool, since Howarth’s (1991) publication, attention has been drawn to the risks involved in
the import and introduction of exotic biological control agents into new natural environments, for
having unintended side effects on non-target organisms (Simberloff and Stiling 1996, Messing and
Wright 2006, Simberloff 2012).

Augmentative biocontrol refers to all forms of biological control in which natural enemies
are periodically introduced, and usually requires the commercial mass production of the large
numbers of the control agent to release. This strategy has been successfully applied against a range
of open-field and greenhouse pests, whilst conservation biological control schemes have been
developed with indigenous predators and parasitoids. The cultivation systems used for short-term
annual crops destabilize the pest-natural enemy relationship, and thus often prevent the
establishment of viable breeding populations of natural enemy species over several crop production
cycles. The aim of inundative releases is to create an immediate massive ratio in favour of the
natural enemy, analogous to the use of a pesticide, producing a rapid reduction or local extinction of
the pest. Control is achieved mainly by the individuals that have been released rather than their
offspring (Smith 1996, van Lenteren 2012).

Conservative biocontrol refers to the use of indigenous predators and parasitoids, against
native or exotic pests. Various ecological measures are implemented to enhance the abundance or
activity of the natural enemies, including manipulation of the crop microclimate, creation of
overwintering refuges, increasing the availability of alternative hosts and prey, providing essential
food resources such as flowers, applying only pesticides that are selective towards biocontrol agents
(Croft and Brown 1975, van Lenteren and Woets 1988, Gurr et al. 2000; Landis et al. 2000,
Harwood et al. 2007, Gardiner et al. 2009, Desneux et al. 2007, Lu et al. 2012).

13



1.3.1. Arthropod natural enemies

Insects and other organisms that use arthropods as a food resource resulting in their death,
weakening, or reduced reproductive potential are called natural enemies, biological control agents,
or beneficials. In agricultural systems, the most common natural enemies are insects and mites.
There are two general types of functional groups of arthropods natural enemies: predators and
parasitoids.

Predatory behaviour is widespread among insects (mainly belonging to the orders Odonata,
Mantodea, Hemiptera, Neuroptera, Coleptera, Diptera and Hymenoptera), spiders and mites; they
consume one or more living prey. While, parasitoids live in or on the body of their host insect
during at least part of their life cycle, during the parasitisation. Parasitoids that insert their eggs into
a host's body are called endoparasitoids; while those that lay their eggs outside the body the host
body, and whose larvae develop on the outside of the host's body, are called ectoparasitoids.
Usually the larval stage of the parasitoid is the parasitic life stage. The adult stage is typically free-
living (not parasitic), and needs resources such as water, nectar, or pollen for survival. Most of the
female parasitoid searches for a host and, depending on the species, deposits one or more eggs in or
on the host. The eggs hatch and develop feeding on the host. When parasitoid development is
complete, the parasitic larvae emerge and pupate outside the host, or, in the case of many
parasitoids, pupate inside the host and emerge as adults. Parasitoids may be divided into
koinobionts and idiobionts on the basis of whether or not they allow their host to feed and develop
beyond the stage attacked (Askew and Shaw 1986; Pennacchio and Strand 2006). Most parasitoids
belong to the orders Hymenoptera and Diptera. There are a few species of beetles (Coleoptera) that
parasitize other insects. The small group of twisted-wing parasites (order Strepsiptera), consists
entirely of parasitoids. Parasitic Hymenoptera are some of the most abundant natural enemies of all
fruit pests. Most species belong to the Ichenumonoidea, Chalcidoidea and Proctotrupoidea. Of the
Ichneumonoidea, the Ichneumonidae develop on largest pests (mainly larvae of moths and beetles).
A very large group of Chalcidoidea is represented in many agroecosystems biocoenosis. The
Aphelinidae, Encyrtidae, Eulophidae, Mymaridae and Trichogrammatidae are among the most
active parasitoids of several pests. The majority of parasitoids in the agroecosystems, with some
exceptions, are native species. Relatively, few of the accidentally or purposely introduced exotic
species contribute to the natural pest control. Their different habits allow them to attack the hosts in
almost all stages. The parasitization rate varies in relation to specific situations, but, in general, it is

high for aphids, leafminers, leathoppers, and scale insects. The role of the parasitoids is rather
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variable in relation to the type of agroecosystem. It appears particularly important in regulating the
populations of some pests.

The entomophagous arthropods that attack insect herbivores can be divided broadly into
specialist and generalist. Specialist species feed on one or a few prey species, and their dynamics is
thus tightly linked to that of their prey. This close relationship with a prey species may allow
specialists to mount a strong numerical response and thereby control the prey population (Hassell
1980, Turchin et al. 1999). The tight dynamical link between specialist natural enemies and prey
populations has focused attention on specialists as potential biological control agents (DeBach
1964). In contrast, generalist species feed on many species and thus respond less strongly to density
fluctuations of any single prey species. The lack of a close relationship with any single prey species
may limit the ability of generalists to respond to and control herbivore population growth. On the
other hand, generalist predator communities are widely acknowledged as providing valuable levels
of regulation of several pests, such as for example aphids, in agroecosystems throughout the world
(Symondson et al. 2002). Indeed, they are able to establish populations in highly disturbed
ecosystems, such as annual cropping systems, by using alternative resources, viz plant material

(Lundgren et al., 2009) or alternative prey (Harwood et al. 2007; Desneux and O’Neil 2008).

1.3.2. Selecting efficient arthropod biological control agents

The theoretical sequence of procedures in any biological control project is: (i) the search for and
evaluation, selection, and collection of natural enemies; (ii) screening, and sometimes mass
propagation; and (ii1) release, colonization, and evaluation of consequences in the target crop (van
Lenteren 1986). However, many biological control programmes are strongly influenced by
pragmatic events. Therefore, the importance of the criteria when choosing natural enemies for
artificial release programmes is essential for the full success of the programme itself. Some crucial
features of an efficient natural enemy are listed below:

- The ability of the natural enemy to develop to the adult stage in or on the host is essential for
ongoing control (Pennacchio and Strand 2006). If the enemy killed the host but did not
develop, natural enemies would have to be reintroduced in each subsequent pest generation;
therefore this would necessitate an inundative programme, usually unattractive because of
excessive costs (Smith 1996). Furthermore, natural enemy population development should
be synchronous with that of the pest organism to prevent cyclical pest outbreaks (Girardoz et

al. 2006).
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At an early stage of pre introductory research, tests should be performed to determine
whether the natural enemies are able to develop, reproduce, and disperse in the climatic
conditions under which they are to be used (Jervis et al 2008).

The natural enemy should not attack other beneficial organisms in the same environment or
non pest organisms of importance or interest in the area where it is to be used (Harvey
2012).

Good mass rearing methods for natural enemies are the basis for a successful biological
control programme. Cultural methods largely determine the costs of the natural enemy and
therefore the probability of application (van Lenteren 1986).

Efficient natural enemies should have a pest kill rate equal to or greater than the potential
maximum rate of population increase of the pest species. However, this criterion is not by
itself sufficient for effectiveness, because at low pest densities the full reproductive and
predatory potential of the natural enemy may not be achieved (van Lenteren and Woets
1988).

Good searching efficiency is thought to be a necessity; natural enemies should be able to
locate and reduce pest populations before they have crossed economic threshold densities

(Vet and Dicke 1992).
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1.4. Pesticide side effects on natural enemies

The conservation and enhancement of natural enemies in agriculture are increasingly important both
economically and environmentally, thus making pesticide risk assessments on non-target arthropods
crucial when these pesticides are included in IPM programmes (Desneux et al. 2007, Stark et al.
2007). Indeed, the importance of testing side effects on beneficials is also highlighted by the
regulatory issues on the tests that are needed to authorize the use of a new pesticide. In Europe this
subject is under a new regulation (EEC/CEE, 2009a) which comprises the decision making criteria
for the authorization of plant protection products at member state level, including tests on natural
enemies. These assays are based on standards, which settle the data requirements giving reliable
decision criteria to assess the risk of pesticides, jointly defined by EPPO (European Plant Protection
Organization), BART (Beneficial Arthropod Regulatory Testing) and IOBC/WPRS (International
Organization for Biological and Integrated Control of Noxious Animals and Plants/West Palaearctic
Regional Section) (Hassan 1992, Candolfi et al. 2000). The testing method comprises several trials
organized in a tiered approach through laboratory, semi-field and field tests based on mortality rates
and sub-lethal effects (Sterk et al. 1999).

Various methodologies have been developed for risk assessment of agrochemical on non-
target arthropods according to the biological and/or behavioural traits of the organisms studied.
Most of the studies tested field rates for one or several specific crops and for various targeted pests.
In addition, a smaller number of studies also determined the median lethal dose, rate or
concentration (LD/LR/LCs) for various natural enemies and then assessed mortality induced by
reduced concentrations (e.g.<LCs) (Hassan 1992, Wennergren and Stark 2000).

Although most pesticide risk assessment experiments were usually based on acute toxicity
tests, in the last two decades an increasing number of studies focused on the sublethal effect
assessment. Evaluating of the sublethal effects of pesticides on natural enemies often aim to assess
the suitability of pesticides for [IPM. However, sublethal effects on natural enemies are rarely taken
in account when IPM programmes are established (Stark et al. 2003, Desneux et al 2007, Urbaneja
et al. 2008). To reduce non target effects of pesticides on natural enemies, selectivity tests are
performed with the aim of choosing pesticides with a high degree of lethal toxicity against the target
pests and minimal non target lethal toxicity (Croft 1990, Walthall and Stark 1997). However, given
the potential importance of sublethal effects on natural enemies, pesticide choice should also
consider those with minimal sublethal effects on key components of beneficial efficiency (Desneux
et al. 2006a, 2006b, 2007, Stark et al. 2007). Indeed, some key physiological and behavioural traits

could be impaired on those individuals that survive an exposure to a pesticide (the pesticide
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dose/concentration can be sublethal or lethal) and the consequent biological control services that
natural enemies provide may be strongly affected as well (Haynes 1988, Desneux et al. 2006a,
2006b, 2007, Cabral et al. 2011, He et al. 2012, Planes et al. 2012). This is particularly important
because potential side effects of pesticides on these arthropods, even subtle ones, can greatly reduce
their capacity to provide crucial ecosystem services. In addition, new pesticides are often slower
acting and consequently cause no short-term effects (e.g. lethal effect), leaving many survivors after
pesticide applications. However, they may induce multiple physiological and behavioural sublethal
effects, which may lead to a drastic decrease in population levels (Haynes 1998, Stark and Banks
2003, Desneux et al. 2007). Furthermore, susceptibility and recovery capacity to toxic products are
specific for each given species; therefore the demographic levels and the demographical growth
parameters can vary according to the function of specific-species life-history variables (Stark et al.
2004).

Although some pesticides have negligible direct effects (i.e. lethal and sublethal), the
indirect ones, even though experimental evidences are rather rare, can be strong. Indeed,
insecticides reduce overall insect abundance and thus limit prey/host availability in the treated
environment. This can directly influence the body size and fecundity of natural enemies or induce
their migration and postpone their recovery (Desneux et al. 2007, Pekar 2012). Therefore, the
habitat disruption induced by pesticide application could lead to shifts in habitat preference and
consequently to lower abundance of naturally occurring natural enemies in agroecosystems.
However, it has proven that only wide scale and long term field studies can provide robust
evidences on the impact of the use of pesticides on natural enemy abundance and on the ecological

services (Lu et al. 2012).
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1.5. Aim of the research

The aim of my work is providing key bases for including indigenous biocontrol agents of
T. absoluta in IPM programmes on tomato in Europe. This was performed studying the mechanisms
of the combination of fortuitous (indigenous) natural enemies (generalist predators and parasitoids)
attacking the new host can be combined with the other tools, namely selective pesticides, employed
in the integrated control programmes against this pest. Therefore, after reviewing the bibliography
relying with the main characteristics of 7. absoluta biology, distribution and damage on tomato
(chapter II), a parasitoid survey was carried out to identify its parasitoid complex in Southern Italy
(chapter III). Subsequently, in order to select a potential key indigenous parasitoid of 7. absoluta
of the braconid wasp, Bracon nigricans Szépligeti, was selected among the parasitic wasps that are
getting adapted to the new host. By means of laboratory bioassays, its basic biological and
behavioural features when parasitizing the exotic host in the laboratory were studied (chapter IV).
The following step was to assess the impact on natural enemies of commonly used
pesticides in organic and/or conventional tomato cropping systems, including insecticides that have
been increasingly used to control the new pest. Therefore, in a preliminary assessment of possible
compatibility of biocontrol agents with pesticides used for IPM in tomato crops, the impact of a
mineral fungicide/acaricide, the sulphur, on the predator Nesidiocoris tenuis Reuter (Hemiptera:
Miridae) was assessed (chapter V). This species was selected, since it has been already identified
as a key natural enemy of this pest in the newly invaded areas (Urbaneja et al. 2009, Desneux et al.
2010, Urbaneja et al. 2012). Giving the results of this study (mainly the harmfulness of the
fungicide/acaricide on the predator vitality and fertility) a lethal and sublethal toxicity assessment of
14 pesticides (biopesticides, synthetic insecticides, fungicides and adjuvants) was carried out on the
generalist predator Orius laevigatus (Fieber) (Hemiptera: Anthocoridae) (chapter VI). This species
was chosen as predator model because it is widely distributed in the Palaearctic region, it is a key
natural enemy of various pests in agricultural ecosystems (Chambers et al.1993, Weintraub et al.
2011) and some species of the Orius genus showed to have some potential in preying on 7. absoluta
eggs (Desneux et al. 2010, Bueno et al. 2012). The obtained results, based on the combination of
assessment of acute mortality, predator reproductive capacity and pesticides residual persistence,
stressed the need of assessing the impact of these biopesticides (erroneously thought safer than
synthetic ones) also on the other functional group of natural enemies, i.e. the parasitoid one. For this
reason I investigated the following crucial steps in the re-colonization process after treatment by
B. nigricans, in the laboratory: wasp development and emergence from treated cocooned pupae,

adult survival after being in contact with insecticide residues, and multiple sublethal effects on the
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emerged/surviving adults (chapter VII). After, with the aim to deepen the knowledge of the non
target effects on beneficial arthropods of the widely used (in IPM as well as in organic systems)
biopesticides family, the spinosyns one, the recent literature on the side effects of these compounds
on three functional groups; pollinators, predators and parasitoids was reviewed (chapter VIII).
Finally, a discussion about the implications of the obtained results on the development of IPM

strategies against 7. absoluta in the newly invaded areas is presented in the chapter IX.
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Chapter 11

Tuta absoluta, an exotic invasive pest from South America now in the EPPO
region; biology, distribution and damage

Tropea Garzia Giovanna, Siscaro Gaetano, Biondi Antonio, and Zappala Lucia, 2012, EPPO
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Tuta absoluta, a South American pest of tomato now in the EPPO
region: biology, distribution and damage
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Tuta absoluta (Meyrick) is an invasive pest of tomato native to South America, where it is
responsible for extensive damage. It rapidly spread into several European countries, becom-
ing a key pest. Knowledge of its main biological traits can be used to develop effective
plant protection management strategies. It is a multivoltine species with a homodynamous
behaviour, and the length of its life cycle depends on environmental conditions, particularly
temperature. The larvae feed and develop inside tomato leaves, stems and fruits throughout
the entire growing cycle. The adults have crepuscular habits, and in Mediterranean condi-
tions they can be easily detected throughout the year. Damage is directly related to the
reduction of plants’ photosynthetic capacity and of production levels in both protected and
open-field tomato crops; indirect damage can be also caused by secondary infections, with
pathogens developing on the infested plant and fruit tissues.

Introduction

The tomato borer, Tuta absoluta (Meyrick) (Lepidoptera:
Gelechiidae), is one of the most harmful pests of solana-
ceous crops. In its native area (South America), as well as
in newly invaded regions, the moth preferentially attacks
tomato under both field and greenhouse conditions.

The Food and Agriculture Organization of the United
Nations (FAQ) states that about 145 million tonmes of
tomato are produced worldwide (FAOSTAT, 2011), 90% of
which are obtained in the Northem Hemisphere. Tomato
has become one of the most widely cultivated crops (more
than 4.5 million hectares) and is of great economic impor-
tance worldwide. In 2004, T. absoluta was added by the
European and Mediterranean Flant Protection Organization
{(EPPO) to the Al List of pests recommended for regulation
{pests absent from the EPPO region), and in 2009 was
transferred to the A2 list (pests locally present in the EPPO
region), 3 years after its arrival in Spain (Urbaneja et al.,
2007). During 2006 2012, the pest spread rapidly through-
out the Mediterranean basin.

T. absoluta is considered a typical invasive species, due
to its capacity to develop very quickly in suitable agro-
ecological conditions, spreading rapidly in new areas and
causing economically relevant damage (Desneux et af., 2010).

Here the main characteristics of the species are briefly
reviewed, with notes on biology, distribution and damage.

Biology

Tuta absoluta was described in 1917 by Meyrick as Phthor-
imaea absolita, from a single male collected in Peruvian

Andes (Meyrick, 1917). It was placed in the genus Tuta as
T. absoluta by Povolny many years later {1994), after hav-
ing been previously reported as Grorimoschema absoluta
{Clarke), Serobipalpula absoluta (Povolny) and Scrobipalp-
uloides absoluta (Povolny) (EPPO, 2005; Desneux ef al,
2010).

The moth is a multivoltine species, showing a high repro-
ductive potential that allows the pest population to increase
very quickly (Barrientos et al, 1998; Pereyra & Sénchez,
2006). Females lay eggs on the plant canopy; larvae normally
hatch in the moming and wander about for 5 40 min before
they start mining. Young larvae (Ist 2nd instar) bore into the
plant and, once mature (3rd 4th instar), they leave their
mines and move to new locations for feeding. If food is
available and climatic conditions are favourable, larvae feed
almost continuously and generally do not enter diapause.
Pupation occurs mainly on the leaves and in the soil, in func-
tion of environmental and growing conditions, whereas a
small proportion may take place in other sheltered sites such
as stems and fruits (Fernandez & Montagne, 1990; Uchba-
Fernandes et al., 1995; Viggiani et al., 2009). The pupae are
normally protected by a thin, silky cocoon, which is covered
by earth particles and debris for those located in the soil
{(Uchda Fermnandes et al., 1995). After about 5 days at 30°C
the pupa becomes dark brown in colour and the adult is ready
to emerge (Monserrat Delgado, 2008).

Adults have been reported to have crepuscular to noctur-
nal habits while remaining mostly hidden among vegetation
during the day (Fernandez & Montagne, 1990), as well as
auroral twilight dispersal, courtship and mating behaviour
with more frequent ovipositions during the daytime
{Uchba-Fernandes et al., 1995). Once stimulated, T. absoluta
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adults generally perform short flights near ground level. As
is the case for other moths, adults are highly attracted by
light sources, particularly light frequencies close to blue.
The time period elapsed from emergence to mating is
generally very short for the male (a few hours) and about
20 22 h for the female. Females mate only once a day and
are able to mate up to six times during their lifespan, with
a single mating lasting about 4 5 h. Adult lifespan ranges
between 10 and 15 days for females and 6 7 days for
males (Estay, 2000). Females live longer than males, allow-
ing them to be sexually mature when the males emerge
{(Fernandez & Montagne, 1990). The majority of oviposi-
tion occurs 7 days after the first mating, and during this
period a single female lays more than 70% of its eggs dur-
ing the afternoon and twilight hours. During its lifetime,
a single female may produce up to 260 eggs (Uchda-Fer-
nandes et al., 1995). The eggs are laid singly or in small
groups, mainly on young leaves (73%) and secondly on
stems (21%), sepals (5%) and green fiuits (1%) (Estay,
2000).

Distribution of the pest within the plant canopy depends
on the insect development stage and the plant phenological
stage (Gomide ef al., 2001; Torres et al., 2001). This issue
is important in order to define a more reliable sampling
method, to place the traps cormectly in the fields, and to
evaluate the aggregation behaviour of predators and parasi-
toids. Gomide et al. (2001) studied this aspect in Brazil,
and observed that larvae and mines were associated with
expanded leaves in the medium part of the canopy, while
high egg counts tended to be associated with expanded
leaves in the apical part of the plant, with a significant cor-
relation between the two data sets. Therefore they stated
that damage can be estimated on the base of egg counting.

Torres et al. (2001) found that preferred oviposition sites
in pre-flowering plants are located on the undersides of
leaves in the apical portion of the plant. After flowering, no
differences were found between the upper and the lower
sides of the leaves, with the middle portion of the plant
being affected as well as the apical part. The first three lar-
val instars are distributed equally between the apical and
the middle parts of the plant in all phenological stages.
Mature larvae, however, are distributed evenly over the
entire plant, including the basal portion.

The tomato borer shows a high capacity to adapt to a
wide range of temperatures, and under optimal conditions it
develops in about 30 days (EPPO, 20053). Barrientos et al.
{1998) calculated an average development time of
76.3 days at 14°C, 39.8 days at 19.7°C and 23.8 days at
27.1°C. They also determined the temperature thresholds
for T. absoluta egps, larvae and pupae at 6.9 = 0.5,
76 + 0.1 and 9.2 = 1.0°C, respectively. Considering all the
stages, the thermal threshold is 8.1 + 0.2°C. On the basis
of this data, the corresponding thermal constants for eggs,
larvae and pupac are 1038 £ 14, 238505 and
117.3 £ 5.3 degree days (DD), therefore the pest requires
453.6 £ 3.9 DD to complete its development cycle.

Adults are attracted by tomato leaf volatiles to find hosts
and for oviposition {(Proffit et al., 2011). The species has a
particular preference for tomato {(Selanum lycopersicum L.)
and it is also able to attack and cause damage on different
genera and species of Solanaceae family. These hosts include
cultivated plants such as Selanum tuberosium L. (potato),
Solanum melongena L. (eggplant) and Selanm muricatum
Aiton (pepino), and wild solanaceous species such as Sola-
num nigrum L., Solanum Iyratum Thumberg, Lycopersicon
hirsutum L., Datura stramoniwn L. and Lycium chilense
Mill. (EPPO, 2005; Urbaneja et al., 2007; Viggiani et al.,
2009). Its presence has also been reported on French bean
(Phaseoulus vilgaris L..) and cape gooseberry (Physalis peri-
viana L.) (EPPO, 2009; Speranza, 2009; Tropea Garzia,
2009). An exhaustive list of South American and European
hosts is reported by the US Animal and Plant Health Inspec-
tion Service (APHIS) (USDA, 2011). The availability of
alternative host plants is an important factor that allows the
constant presence of the pest in the absence of tomato crops;
this capacity must be carefully considered when using inte-
grated control strategies.

The number of generations per year of T. absoluta can
be more than 10 in South America although no more than
five generations per year were observed in Argentina
(EPPO, 2005; Korycinska & Moran, 2009). In Italy up to
nine generations per year have been observed (Sanmino &
Espinosa, 2010), while in Spain it has been estimated the
pest could complete up to 13 generations per year {Vercher
et al., 2010). Tuta absohaa can overwinter as an egg, pupa
or adult (the latter as long as food is available), with a
prevalence of pupa in colder periods {Samnino & Espinosa,
2010). However, under Mediterranean conditions 7. absoli-
ta adults can be detected all year round (Tropea Garzia,
unpublished data; Vercher ez al., 2010).

Distribution

Tuta absoluta 1s native to South America, where it 1s con-
sidered one of the key pests of tomato. Following its first
detection in Eastern Spain in late 2006 (Urbaneja et al.,
2007), the pest has spread into Europe, North Africa and
the Middle East at exceptional speed (Table 1). The first
report of the pest in Russia is noteworthy because of its
potential spread into China (currently the world’s leading
tomato producer, followed by the USA; FAOSTAT, 2011).
Additionally, some other records, such as that reporting one
specimen of the pest being caught in a light trap in Den-
mark {(near Copenhagen), which is not a tomato-growing
area (Buhl et af, 2010), highlight the strict connection
between this species’ spread and human activities such as
trading.

Colonization of the Mediterranean countries has been
rapid, with a geographical spread of approximately 4000 km
in about 5 years. Such a speed may be explained principally
by trading of tomato fruits, which appears to be the current
primary pathway of longrange distribution of this pest.
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Table 1 Tuta absoluwta current distribution outside the area of origin

Country Year Reference
Spain [including 2006 Utbaneja et al. (2007);
Balearic (2006) EPPO (200%)
and Canary
(2008) islands)
Albania 2008 EPPO (2009)
Algeria 2008 Guenaoui (2008)
France (inclading Corsica) 2008 EPPO (200%)
Ttaly (including 2008 Viggiani et al. (2009);
Sicily and Sardinia) Tropea
Garzia et al. (2009)
Morocco 2008 EPPO (Z008)
Tunisia 2008 EPPO (2009)
Bulgaria 2009 EPPO (2010)
Croatia 2009 EPPO (2011)
Cyprus 2009 EPPO (2010)
Germany 2009 EFPPO (2010)
Greece (including Crete) 2009 Roditakis et al. (Z010)
Israel 2009 EPPO (2010); Seplyarsky
et al. (2010)
Libya 2009 EPPO (2011)
Lithuania 2009 Ostrankas & Ivinskis
(2010)
Malta 2009 EPPO (2009)
Portugal (ncluding Azores) 2009 EPPO (Z00%)
Switzerland 2009 EPPO (2009)
The Netherlands 2009 EPPO (2009)

United Kingdom [including 2009
Guernsey (2010))

EPPO (2008, 2010)

Bosnia 2010 Uric & Hrncic (2010)

Egypt 2010 EPPO (2011)

Hungary 2010 EPPO (2010)

Traq 2010 Abdul Razzak et al. (2010)

Kosovo 2010 EPPO (2010)

Kuswait 2010 EPPO (2011)

Montenegro 2010 Hméi¢ & Radonjic (2011)

Romania 2010 Keresi et al. (2010)

Russia 2010 Izhevslky et al. (2011)

Saudi Arabia 2010 Altmani (2010); EPPO (2011)

Serbia 2010 EPPO (2010)

Sudan 2010 EFPPO (2011)

Syria 2010 Altmani (2010); EPPO (2011)

Turkey 2010 Kilig (2010)

Bahrain 2011 EPPO (2011)

Tran 2011 Banamieri & Cheraghian
(2011)

Jordan 2011 EPPO (2011)

Lebanon 2011 EPPO (2011)

Qatar 2012 EPPO (2012)

However, active (through flight) and passive (through wind)
spread are also probable (Desneux et af., 2011).

Genetic studies have been conducted on the pest in order
to describe more precisely its routes and process of inva-
sion, as well as to propose a likely explanation for the
diffusion dynamics (Desneux ez al., 2011).

Data obtained so far on the sampled populations, and in
particular on the populations’ history and origin, and on
the historical, demographic and genetic features of the intro-
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duced populations, established that invasive populations are
characterized by a high genetic homogeneity (Cifuentes
et al, 2011). This feature is not unusual in recently intro-
duced species in a new habitat, and may be attributed to foun-
der effects which greatly or totally reduce the genetic
variability. Introduced populations often contain only a sub-
set of the genetic variability of the native populations. How-
ever, this is not the case for T. absolura in the Mediterranean
region, which has a gene pool similar to that of populations
in South America. The high genetic similarity between the
two continents’ populations suggests that the invasive Medi-
terranean populations are derived from a South American
population, and maybe also that the South American popula-
tion is itself invasive (Cifuentes et al., 2011). Another possi-
ble explanation for this genetic similarity may be the
replacement of more susceptible populations, both in South
America and in the Mediterranean basin, by those with higher
insecticide tolerance. Historical records suggest that Southem
Europe was the first and maybe the sole introduction point
from the native area; in fact, before its arrival in Europe T
absaluta was exclusively reported from South America and
Easter Island (Desneux et al., 2010).

Description of the invasion routes, including the identifi-
cation of the precise population origin, facilitates the design
of strategies for preventing new introductions and for con-
trolling invasive populations (Estoup & Guillemaund, 2010).
In particular, in the case of classical biological control,
choosing strains of the predator or parasitoid with the same
geographical origin as the invasive population may help in
obtaining more efficient natural enemies that co-evolved
with the target species (Estoup & Guillemaud, 2010). Sec-
ondly, identification of the invasion route provides informa-
tion about the original enviromment and the genetic
properties of the source population of the invading pest.
Knowledge of the biotic and abiotic environment to which
the pest is adapted may be helpful in defining an effective
control strategy. This is particularly true when selecting
pesticides, as this choice must take into account the poten-
tial resistance of the source population (Haddi et ., 2012).

Damage

During the past few years, in all newly infested countries,
the cost of tomato production has increased greatly due to
the necessity of developing and applying new pest control
and monitoring strategies, both in the field and in post-har-
vest processes. This increased cost has been especially diffi-
cult for producers due to the lower quantity of marketable
production {(Sannino & Espinosa, 2010; USDA, 2011).
Tomato is the preferred host plant for T abseluta ovipo-
sition and growth, and all the epigeal plant parts are suit-
able for the moth development. Larval feeding activity
reduces the plants’ photosynthetically active surface, and
consequently growth and yields (Bogorni ez al., 2003). The
plant can be attacked in all its developmental stages, and
severe injuries to seedlings can occur, leading to the death
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of young plants when larvae develop inside the main stem
{Pereyra & Sianchez, 2006). In addition, multiple wounds
on the tissues caused by larvae make the plants more vul-
nerable to secondary diseases, especially those caused by
bacteria, which can actively penetrate damaged tissues.
Amnother kind of damage is due to infestation of the fruits,
and these losses are generally dependent on pest control effi-
cacy and, in some cases, can cause total crop failure (Des-
neux et al., 2010). The larvae move into the fruits via a small
entrance hole generally made under the sepals, making the
first detection of infested fruits in the field very difficult. For
this reason, post-harvest processes are also affected by the
pest, and commercial downgrading of entire tomato lots dur-
ing storage and shipment can occur. This phase represents a
crucial point for the tomato industry and market chain pro-
cess (USDA, 2011). Furthermore, trade in accidentally
infested tomato lots is presumably the main pathway for the
international spread of this pest (Desneux ez al., 2011).

Discussion

All the biological features of the tomato borer lead it to be
considered as an r-selected species with high economic
importance {Desneux et al., 2010). Current T. abseluta dis-
tribution trends, quickly moving from Europe to the closer
areas of Africa and Eurasia, suggest that the invasive pest
is a serious threat to tomato crops at the world level
(Desneux et al., 2011).

Due to ecological and biological strategies, the moth
shows rapid adaptation to new environments. Newly
infested areas are generally very susceptible to its infesta-
tions, especially where unsuitable or untimely control strat-
egies are applied. However, in the Mediterranean areas,
where the species has initially spread. the pest populations
and damages are significantly limited where appropriate
control strategies, renewed attention to preventive methods,
and correct use of selected insecticides occur (Biondi et al.,
2012). Moreover, although prompt adaptation of native nat-
ural enemies to the new invasive host has been observed
(Zappald et al, 2012), antagonists need time to achieve
effective biocontrol of the pest.

In this general framework, it is very important to con-
tinue to improve our knowledge on the various aspects of
T. absoluta biology in order to find effective and environ-
mentally friendly pest control strategies. Sharing of scien-
tific and technical data within the international community
is of high relevance to build up a network of information to
limit the spread of the pest in new areas through the develop-
ment of integrated pest management programmes.

Tuta absoluta, un ravageur de la tomate
d’Ameérique du Sud présent dans la région
OEPP: biologie, répartition et degats

Tuta absoluta (Meyrick) est un ravageur de la tomate,
originaire d’Amérique du Sud, ou il est responsable de

dommages considérables. 11 s’est rapidement propagé dans
plusieurs pays européens ou il est devenu un ravageur
important en raison de plusieurs facteurs. La connaissance
des principaux traits biologiques du ravageur est essentielle
pour développer des stratégies efficaces de protection des
végétaux. T. absoluta est une espéce multivoltine avec un
comportement homodynamique et la durée de son cycle de
vie dépend des conditions environnementales, en particulier
de la température. Les larves se nourrissent et se développent
i I'intérieur des feuilles, des tiges et des fruits de tomate
pendant toute la durée du cycle végétatif. Les adultes ont des
habitudes nocturnes et dans les conditions méditerranéennes,
ils peuvent étre facilement détectés pendant toute 1'année.
Les dommages sont directement liés i la réduction de la
capacité photosynthétique et des niveaux de production, tant
dans les cultures de tomates en serre qu’en plein champ; des
dommages indirects peuvent aussi étre liés & des infections
secondaires par des agents pathogénes qui se développent sur
les tissus végétaux et sur les fruits infestés.

Tuta absoluta, loXXHOaMepPUKaHCKWURA
BpeAUTeNb TOMATOB, NPUCYTCTBYIOWMWA
Tenepk B permoHe EOK3P: 6uonorus,
pacnpocTpaHeHue U Bpef

Tuta absoluta (Meyrick) SBIfcTCA MHBAHMBHRIM BPCIIHEIM
OpTaEu3MOM Uil ToMaToB, poxoM mu3 IOmmol Amcpuxm,
TAC OH HAHOCHT 3HaumTeneHEN ymep6. Om GricTpo
PacmpoOCTpaHRICA B HECKONLKMX CBPONCHCKMX CTpaHax
M CTal  KIEOYCBEIM BPCOHEIM OPTAHW3MOM. JHAHHE IO
OCHOBHEIX OMONOTAYECKHX 0coOCHHOCTEH MOXET
ObITe  HCHONB30BAHO 1A pazpaforkd 3ddeKTHBHEX
CTpaTeryii 3AIETE] PACTCHMEA OO YIPABICHHIO 3THM BPEIHEIM
OpraEM3MOM. 3TO IONMABOILTHHEEIH BHA C FOMOMHAMAYEHEIM
TIOBENEHNEM, MPOJOIDKHTENFHOCTE €TI0 KE3HEHHOTO LUK
34BHCHT OT YCIIOBHI OKpPYMAOMEH cpensl, B ocobeHnocTn,
OT TeMOCpaTypEL. JIMIHHKH MATAIOTCH H PA3BHBAIOTCA BHYTPH
TOMATHEIX JIMCTBEB, CTEONEeH H ILIOZOB B XOAE BCED IMKIIA
NIPOHE3PACTAHMS pacTeHud. ¥ B3pocisx ocoleif HabmoxasTes
CYMEPETHAN AKTHBHOCTE, H B CPEAR3IEMEOMOPCEHX YCIOBHAX
OHH MOryr OBITH JErko OOHAPYREHEl B TEYCHHE BCEro
roga. Hamocameri ymep6 HeEOOCPEICTBEHHO CBA3AH CO
CHENEeHHeM (OTOCHETETHMECKOH CHOCOOHOCTH pacTeHmi
H YPOBHA NPOH3BOACTBA KYIBTYPH KAk B 3alIHINEHHOM,
TAK H B OTEPHITOM IPYyHTE; KOCBEHHBIH ymepl MoKeT OHTH
TaKKe HAHECEH BTOPHIHLIMH 3apaKeHHAMM DATOTGHaMH,
PAa3BHBAIOMUMHCA HA MOPOKCHHBIX TKAHAX pacTeHHHd o
TLIONOB,
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Abstract

The tomato borer Tuta absofute (Mevrick) is an invasive pest native to South America and since its arrival in Europe the tomato
production has faced severe yield loss. The complex of indigenous parasitoids that colonized this new host species was monitored
in Southern Ttaly during 2009-2011, in some of the regions where 7. absofuta was initially detected (Campania, Sardinia and Sic-
ily) with the aim of identifying the parasitoid complex of the tomato borer as well as finding potential biocontrol agents of this
invasive pest. The survey was carried out by sampling the tomato borer on open field and protected greenhouse crops, on wild
secondary hosts and by exposing sentinel infested tomato plants.

A quick shift of native parasitoids to the new invasive host was observed and the parasitoid complex associated to T. absoluta
scems to follow the tvpical pattern of colonization on exotic pests. The recovered species were, in fact, mainly generalist idiobiont
parasitoids causing low levels of parasitism in open field. The species found belong to 13 genera and 6 families (Ichneumonidae,
Braconidae, Eulophidae, Elasmidae, Pteromalidac and Trichogrammatidae). In particular, the 10 identified species were: Dia-
degma pulchripes (Kokujev), Bracon osculator (Nees), Bracon (Habrobracon) nigricans Szepligeti, Necremnus sp. near tedius
(Walker), Necremnus sp. near arfynes (Walker), Neochrysocharis formosa (Westwood), Prigalio scemius s1. (Walker), Prigalio
cristatus (Ratzeburg), Prigalio incompletus (Boucek) and Halticoptera aenea (Walker). For seven of these species, the finding on
T. absoluta is the first host-parasitoid association report. This survey highlighted that conservation of indigenous natural enemies,
also by means of habitat management techniques, should be taken seriously into account when planning integrated management
strategy of the tomato borer in the Mediterranean area.

Key words: Parasitoid community, tomato borer, field sampling, spontancous flora, sentinel plant, new host-parasitoid associations.

Introduction

The tomato borer, Tuta absoluia (Meyrick) (Lepidop-
tera Gelechiidae), is a very injurious pest affecting to-
mato crops during the whole cycle, both in greenhouse
and open field cultivations. This neotropical species was
originally widespread in South America and, starting
from 2006, it rapidly invaded Southern Hurope and
North Africa (Urbaneja et al, 2007, Desneux et al,
2010). In Ttaly it was first detected in 2008 (Tropea
Garzia ef of., 2009, Viggiam et al, 2009) and spread
throughout the major tomato-producing regions infest-
ing both fresh market and processing tomato. More re-
cently, the pest was reported in most European and
North African countries and in several Middle East
countries as well (Desneux et al., 2011).

T. absoluta is a multivoltine pest that shows high re-
productive potential and short life cycle (Pereyra and
Sanchez, 2006). The female lays eggs, mostly singly, on
leaves and stems, the young larvae bore and develop
inside the plant, continuously searching for new feeding
locations and pupation occurs mainly in the soil. In the
Mediterranean basin, 7. absoluta infests other Scolana-
ceous crops (eggplant, sweet pepper, potato and to-
bacco) as well as spontaneous plants, such as the black
nightshade, Solanum nigrum 1., occasional damages
have been reported on green bean (Desneux ei al,
2010).

The species 1s considered a key pest of tomato in its
native area causing high yield losses (Silva ef af., 2011).
The primary 7. absolute management strategy in most
South American countries is chemical control (Siqueira
et al, 2000). However, pesticides are only partially suc-
cessful because of the general endophytic behaviour of
the larval instars and the rapid selection of resistant
populations (Siqueira ef al, 2000; Liett et al, 2005,
Silva et al., 2011). Occurrence of T. absoluta at increas-
ing population levels led growers to extensively use in-
secticides, which could cause many side-effects on natu-
ral enemies in tomato crops (Desneux et af., 2007,
Biondi et al, 2012). Several eco-sustainable control
methods and integrated pest management (IPM) pro-
grams have been recently evaluated (Batalla-Carrera et
al, 2010; Molla et al, 2011; Vacas et al , 2011; Zappala
et al, 2012). In this framework a key role could be
played by biological control agents (Desneux et al,
2010). In Italy, like in most invaded countries, the con-
trol of T. absoluta is still largely based on chemical ap-
plications (Sannino and Espinosa, 2010). This approach
may disrupt previous successful IPM  procedures
adopted during the last decades all over European coun-
tries for other pests in the field For this reason the
knowledge of the indigenous antagonists and the strate-
gies to conserve them, have to be considered as a prior-
ity in the implementation of exotic pest management
{van Lenteren and Woets, 1988). In fact, a successful



establishment of non-native species is theoretically re-
lated to their higher competitiveness compared to native
species as well as to the reduced control by natural
enemies (Grabenweger ef al, 2010). In newly invaded
areas there can be few natural enemy species and/or
their effect on the exotic species can be weak. Another
point of interest is that indigenous natural enemies need
time to colonize, get adapted and effectively control the
exolic species. Several examples of invading pests with
poor parasitoid complexes, mainly represented by idio-
biont species performing low levels of parasitism, are
known. Idiobiont parasitoids do not need to adapt to
their host physiology and therefore they may switch
more easily to new hosts (Askew and Shaw, 1986), pro-
viding, in some cases, a substantial control of mnsect
pests, especially of leafminers (Godfray et al, 1995
Urbaneja et al, 2000). Most of these examples are rep-
resented by endophytic species which are among the
most heavily parasitised insects (Girardoz et al., 2006).
Various indigenous species of parasitoids and preda-
tors feed on T. absoluta in the Mediterranean basin
(Desneux et al., 2010, Gabarra and Arnd, 2010; Molla
et al., 2010; Loni et al, 2011). They are gradually get-
ting adapted to the new pest and will probably play a
central role as limiting factors in the near future. This
study aims to identify the parasitoid complex of T. abso-
[uta in Southern Italy as well as to find potential biocon-
trol agents of this invasive pest. These goals fall in the
recent European IPM guidelines of pest control favour-
ing the application of conservation biocontrol strategies
and the use of indigenous species as biocontrol agents.

Materials and methods

Tomato borer laboratory rearing

T. absoluta colonies were started from vegetal mate-
rial, mainly infested by tomato borer larvae, collected in
Sicily and Campania and maintained in the laboratory
on cherry-type tomato plants (cv. Shiren). The host
plants were grown outdoor into 16 cm diameter pots and
protected by pest infestations in screened cages (300 x
80 x 120 cm) under natural climatic and photoperiodic
conditions until they had reached a height of 60-70 cm.
In the laboratory the moth was reared inside cages (50 x
60 x 80 cm) covered with fine polyester mesh, at 25 £ 2
°C temperature, 50 + 10% relative humidity and a
L.14:D10 photoperiod. Forty 7. absoluta adults (1:1 sex
ratio) were released on 12 tomato plants per cage and
provided with a protein and sugary diet (Protonectar®,
Lega Italia, Ttaly) in a water solution using a spongy
dispenser. After 20 + 2 days, when the majority of the
larvae had reached the 4% instar, the infested material
was collected and reared inside 5-liter screened plastic
containers until adult emergence. Adults were collected
using a mechanical aspirator to be inoculated in the
rearing cages. To avoid high levels of endogamy, colo-
nies were refreshed by introducing specimens collected
from the field into the rearing system at least once every
two months.

Sentinel tomato plants, 60-70 ¢cm high and with 15 ex-
panded leaves on average, bearing 7. absoluta eggs or
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larvae were selected and exposed in the field to collect
parasitoids. In order to obtain plants infested by coeta-
neous pre-imaginal stages, the adults were removed
three days after their release, therefore getting contem-
porary ovipositions, and the infested plants were then
moved in a separate cage. Sentinel plants infested with
eggs and young larvae were obtained 2-4 days from the
removal of inoculated adults, those with 3™ and 4™ in-
star larvae after 8-10 days from the removal of inocu-
lated adults.

Parasitoid sampling

The survey was conducted in some of the Italian re-
gions where T. absoluta was first detected, namely Sic-
ily, Sardimia and Campania (figure 1), by sampling n
different growing and ecological environments (table 1).
Two sampling methods were used to collect tomato
borer parasitoids: a) infested sentinel tomato plants, and
b) field sampling of infested cultivated plants and weeds.

a. Sentinel plants

From August 2009 to May 2011, sentinel tomato
plants were placed in 7 different field sites (table 1). In
order to expose all pre-imaginal T. absoluta instars to
parasitoid attack, sentinel plants infested with eggs,
young and mature larvae were used. Each plant was in-
fested with an average of 50 pre-adult instars.

In sites 1 to 6, two sentinel plants were placed every
week. One plant was infested with 50% eggs and 50%
young larvae, the other one with 50% 3" and 50% 4™
instar larvae. The plants were removed from the field
after one week, the infested material was observed in
the laboratory under a stereomicroscope and then the
parasitized instars were isolated until the adult wasp
emergence. A total number of 140 sentinel plants were
exposed and 6,484 T. absoluta instars were observed.
The stages showing clear parasitization activity were
isolated and reared until the emergence of adult parasi-
toids; besides, the apparently healthy instars were also
reared in order to detect endoparasitoids.

In site 7, twice a week six sentinel plants, two bearing
eggs, two young larvae and two mature larvae, were ex-
posed to parasitoid attack. Plants were replaced every 3-
4 days and the foliage of each plant stored in aerated
cages to detect parasitoid emergences.

b. Field sampling

Infested material was also collected by direct inspec-
tion of cultivated solanaceous plants (open field tomato,
potato and protected tomato crops) and S. migrum spon-
taneously growing close to the cultivated sites as well as
in urban areas (table 1). In sites 1-6 the samples were
collected from August 2009 to February 2010, while in
sites 8 and 9 sampling was performed from May to Oc-
tober 2010 on protected tomato crops. Infested leaves
were collected weekly during the entire cultivation pe-
riod; each sample consisted of 100 infested leaves. To
avoid collecting empty old mines, since T. absoluta at-
tack moves towards apical leaves in the plant, as the
crop season advances, higher leaves bearing active in-
festation were progressively selected. Leaves were ob-
served under a stereomicroscope to register the number



Figure 1. Geographical distribution of the survey sites (2009-11).

of 7. absoluta and parasitoid larvae and pupae. Foliage
with apparently healthy 7. ahsoluta larvae was stored in
aerated boxes to isolate possible emerging adult parasi-
toids. In addition, tomato apical shoots were collected to
gearch for 7. absoluta eges and aszess the egg parasitoid
activity. For this purpose, 100 eggs per sampling date
were examined under a stereomicroscope and then
stored in aerated tubes until parasitoid emergence.

Finally, sporadic field samplings were performed from
September to October 2010 in sites 10-16 where both
processing and fresh market tomato crops were grown.
Only one sample was collected for each site and con-
sisted of 100 leaves infested by 7. absoluta larvae. Col-
lected leaves were stored in aerated boxes to isolate
emerging adult parasitoids.

In site 17, samples were collected from June to July
2010 on a cherry-type tomato crop (cv. Minuetto)
grown in a plastic greenhouse without insect-proof
screens and transplanted in February 2010. The crop
was sprayed with abamectin and spinosad at the rec-
ommended label rates on 23 April and 27 May, respec-
tively. A total of 160, 100 and 30 infested leaves were
collected on 23 June, 30 June and 7 July 2010, respec-
tively and maintained in ventilated plexiglass cages
(30 x 30 x 30 cm) in the laboratory until adult parasi-

toids emergence. Moreover, dead adults and larvae of T
absoluts were recorded in order to assess the paragitism
rate, calculated as: emerged wasps / (emerged wasps +
7. absoluta larvae + T absoluta adults).

A second sampling was carried out on a tomato crop
{cv. Minuetto) grown in a glasshouse with insect-proof
screens and transplanted in October 2010 (table 1, site
18). Tomato plants were sprayed on 30 November with
flonicamid and abamectin and on 21 December with
emamectin benzoate at the recommended label rates.
From November 2010 to May 2011, I. gbsoluta leat
damage, active infestation and natural parasitism were
monitored weekly. The leaf damage was assessed by
counting the number of mines on three randomly-
chosen leaves per plant (basal, median, and apical) over
150 plants. To assess the active infestation of 7. abso-
luta larvae (as the percentage of alive larvae on sampled
mineg) and the parasitism rate (calculated as: parasitized
T. absoluta larvae / dead + alive + parasitised 7. ahso-
lita larvae), an additional sample of infested leaflets
from basal, median, apical layers was collected and 70
mineg from each layer (a total of 210 mines) were ob-
gerved under a stereomicroscope. The number of dead
and alive 7. absoluta larvae and pre-imaginal stages of
parasitoids was recorded. Parasitised larvae were iso-
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Table 1. Description of 7. absoluta parasitoid survey sites (2009-2011).

Site Location Ecological features Sampling method
Sicily
Catania (CT) Urban horticultural crops (vegetables) with scattered citrus ??SEHSZIIEI?}E s
1 37°31'8§"N and olive trees, abundant spontaneous flora, no pesticide Rl i
o111 on - spontaneous flora
15°4'18"E treatments :
- open field solanaceous crops
Catania (CT) Uncultivated citrus orchards, scattered Mediterranean trees Sentinel plant
2 37°32'6"N and shrubs (black locust tree, privet, European mettle tree, Field sampling from:
15°4'10"E laurel), abundant spontaneous flora, no pesticide treatments - spontaneous flora
. Sentinel plant
Cazam'a ('('TD Open field vegetables crops, scarce spontaneous flora, fie- Field sampling from:
3 37°28'40"N icid fl
159312 quent pesticide treatments - spontaneous flora

Fiumefreddo (CT)

Citrus and olive orchards, vineyards and vegetables cultivation

- open field solanaceous crops
Sentinel plant
Field sampling from:

4 i’;:llg';i”g in greenhouses, abundant spontaneous flora, organic farming - spontaneous flora
- greenhouse solanaceous crops
Siracusa (SR) Citrus orchards and open field (potato) and protected (tomato)  Field sampling from:
5 37°1'27"N vegetable crops, abundant spontaneous flora, occasional pesti- - spontaneous flora
15°16"21"E cide application - open field solanaceous crops
Scicli (RG) Protected vegetable crops, scattered olive and carob trees, Sf:ntmel plapt .
S ot s : Field sampling from:
6 36°45'36"N abundant spontancous flora, no pesticide applications, organic
oA ; - spontaneous flora
14°43'60"E farming
- greenhouse solanaceous crops
Campania
Urban vegetables and ornamental crops, many species of fruit Coniiitious sampling Uy sattine planis:
Portici (NA) vegetan . " CIOps, Y= - tomato SP infested with T. abseluta
SaRo tree (citrus, olive, grapevine, apricot, etc.), holm oak (Quercus
Lt ilex) forest and abundant Mediterranean flora, no pesticide Nch
14°21'05"E o i - tomato SP infested with 7. absoluta
treatments nearby the sampling site P
. Continuous field sampling from:
Pagani (SA) ; :
S 40%46'10"™N Il_ltenswc greenhouse and field vegetable crops, frequent pesti- - g_reenhousc solanaceous crops open
g s cide treatments field tomato crop
14°36'S5"E
- spontaneous flora
C*‘j“]‘“‘,’, (k) Intensive greenhouse and field vegetable crops, orchards, ST el
9 41°0'06"N T T = ereenhouse solanaceous crops spon-
14°16'36" E ,sp tancous flora
10 %ﬁ?ﬁgzﬁo}éNM Intensive greenhouse and field vegetable crops, frequent pesti-  Occasional field sampling from:
14°27' 065 cide treatments - open field processing tomato crop

Poggiomarino (NA)
11 40°48'07"N
14°33'35"E
Gragnano (NA)
12 40°41'46"™N
14°30'33"E
Polvica (NA)
13 40°58'33"N
14°26'44"E
Somma Vesuviana (NA)
14 40°54'19"N
14°26'17"E
Acerra (NA)
15 40°58'02"N
14°24'19"E
S. Maria la Bruna (NA)
16 40°45'49"N

Intensive greenhouse and field vegetable crops, frequent pesti-
cide treatments

Intensive greenhouse and field vegetable crops, frequent pesti-
cide treatments

Intensive ereenhouse and field vegetable crops, frequent pesti-
cide treatments

Intensive greenhouse and field vegetable crops, orchards, IPM

Intensive greenhouse and field vegetable crops, frequent pesti-
cide treatments

Intensive greenhouse and field vegetable crops, ornamentals,
frequent pesticide treatments

Occasional field sampling from:
- greenhouse solanaceous crops

Occasional field sampling (collection of infested
material) from:
- greenhouse solanaceous crops

Occasional field sampling from:
- open field processing tomato crop

Occasional field sampling from:
- greenhouse solanaceous crops

Occasional field sampling from:
- greenhouse solanaceous crops

Occasional field sampling from:
- greenhouse solanaceous crops

14°24"'18"E
Sardinia
Pula (CA) Vineyards and greenhouse (without insect-proof screens) to- Field sampling from:

17 38°58'19"N mato crops, abundant spontancous flora. Occasional pesticide b s :

2058 '} e - greenhouse solanaceous crops
Pula (CA) Vineyards and glasshouse (with insect-proof screens) tomato . ) . .

18 38°58'19"N crops, abundant spontaneous flora. Several pesticide treat- Continuous ﬁem}f amle? G
8557'55" sehies - greenhouse solanaceous crops
Pula (CA) Open field and greenhouse (with insect-proof screens) tomato Field sampline from:

19 38°57'25"N crops, abundant spontancous flora. Occasional pesticide treat- pling h . 1
2057108 E ments - greenhouse solanaceous crops
SDESO,(SS,,) Open field tomato and potato crops, abundant spontancous Fickbsumpling fr(_)m:

20 40°48'31"N flore. No pesticide treatments - open field solanaceous crops
§°29'47"E AR - spontaneous flora
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lated in Petri dishes and kept under natural conditions of
temperature, relative humidity and photoperiod until
adult parasitoids emergence.

In addition, to detect pupal parasitoids, tomato fruits
and leaves with 7. absolufa pupae were collected from
March to April 2011 1n a plastic greenhouse with insect-
proof screens (table 1, site 19). Pupae were placed in
plexiglass cages, as described above, until emergence of
either 7. absoluta or adult parasitoids.

Finally, tomato borer infestations on an open field po-
tato crop and S. migrum weeds were monitored bi-
weekly from November 2010 to May 2011 (table 1, site
20). Thus, 100 potato and S. migrum leaves each were
collected and the number of pre-imaginal stages of T.
absoluta and parasitoids were recorded using a stereo-
microscope. Since potato crops are often infested by the
potato tuber moth, Phthorimaea operculella (7eller)
(Lepidoptera Gelechiidae), collected larvae were peri-
odically reared until the emergence of adults and male
genitalia were observed under a microscope to ensure
the correct identification of the pest.

Results

Collected parasitoids

In the three surveyed regions of Southern Italy, parasi-
toid specimens belonging to 13 genera and 6 families
(Ichneumonidae, Braconidae, Eulophidae, Elasmidae,
Pteromalidae and Trichogrammatidae) were obtained
and ten species were identified (table 2).

Parasitoids were collected in 14 out of 20 monitored
sites, six from both Sicily and Campania and two from
Sardinia. These records suggest a higher diversity of
parasitoid species in sites characterized by the presence
of abundant spontaneous vegetation (herbaceous, shrub
and arboreal); eight species have been found in site 1,
seven in site 6, four in site 7 and five in site 8 (table 2).
On the other hand, parasitoids were obtained in Sardinia
only from two of the three surveyed protected tomato
crops (table 2). Overall, the species most abundantly
recovered were Necremmus spp., Bracon nigricans Sze-
pligeti and Neochrysocharys formosa (Westwood), to-
gether representing almost 70% of the specimens col-
lected (table 2).

The essential taxonomic and bioclogical features of the
identified species are here reported.

Diadegma pulchripes (Kokujev) (= turcator Aubert)
(Hymenoptera Ichneumonidae) is reported as endopara-
sitoid of mature larvae of P. operculella from Turkey,
Cyprus, Israel, Crete and China (Pucci et al., 2003; Yu
and van Actherberg, 2010). In Italy, this parasitoid can
constitute the major biotic mortality factor of this pest,
representing up to 60% of the natural parasitism (Ortu
and Floris, 1989). The wasp was introduced in India for
controlling the potato tuber moth and its establishment
has been proved one century later (Sankaran, 1974). In
this survey, adults were obtained from T. absoluta-
infested sentinel plants as well as from potato infested
by the tomato borer in sites 1, 3 and 5 {table 2). This re-
port 1s a new host-parasitoid association. The parasitoid
was reared for few generations using 7. absolute as

host, allowing laboratory observations which showed
adult emergence from 4™ instar larvae and pupae of the
host.

Bracon osculator (Nees) (Hymenoptera Braconidae)
has a Palaearctic distribution and has been recorded in
almost all European countries and also in Afghanistan,
Azerbaijan, Georgia, Iraq, Israel, Kazakhstan, Korea,
Mongolia, Turkey and Turkmenistan. It 1s an idiobiont
ectoparasitoid of Lepidoptera larvae belonging to the
families Coleophoridae, Nepticulidae, Momphidae,
Elachistidae, Choretidae, Gracillariidae, Cosmopterigi-
dae and Tortricidae (Yu and van Actherberg, 2010).
B. osculator has been already reported in mainland Ttaly
on FElachista bisulcella (Duponchel) and FElachista
utonella (Frey) (Lepidoptera Elachistidae) (Parenti et af.,
1995). This report is a new association of this species
with 7. absoluta and the first record of this braconid
wasp in Sicily. During the survey, only adult females
were obtained and exclusively from sentinel plants lo-
cated in site 1 (table 2). Parasitoid larvae behaved as
gregarious on T. absoluta larvae. Bracon species were
already reported as T. absoluta parasitoids in the pest
native areas; in Europe, an unidentified species of Bra-
con was reported from Spain (Desneux et al., 2010).

Bracon (Habrobracon) nigricans Szepligeti [= con-
colorans Marshall, concolor Thomson, mongolicus
(Telenga)] (Hymenoptera Braconidae) is widely distrib-
uted in the Palaearctic region and has been recorded al-
most all over Europe and also in Mongolia (Papp,
2009). It is a generalist larval ectoparasitoid of some
Lepidoptera and one Coleoptera species. B. nigricans
was found feeding on P. aperculella in Sardinia (Ortu
and Floris, 1989). Our report is a new association of
E. nigricans with T. absoluta and the first record in Sic-
ily. Several specimens of both sexes were collected, in
the summer season, from sentinel plants located in site 1
and from open field tomato crop in site 3 (table 2). It
was successfully reared for several generations with no
apparent adverse effects on the parasitoid biological
performances and a laboratory rearing is actually main-
tained to conduct studies on its main biological and be-
havioural traits and on its efficacy as T. absofuta bio-
control agent.

Necremmus sp. near fidius (Walker) (Hymenoptera Eu-
lophidae) after the paper of Gibson et al. (2005), that re-
duced the limits of N. fidius to specimens reared on Col-
eoptera Curculionidae, this species is currently under re-
vision by an integrative approach (Bemardo ef al, un-
published data). This parasitoid is a biparental generalist
solitary ectophagous species of lepidopteran leafminers
{Bernardo and Viggiani, 2003). It has been recovered on
open field crops (sites 10 and 11) and in protected crops
(site 17) (table 2). Another species of the same genus
was detected and provisionally indicated as Necremmus
sp. near artynes (Walker) (Hymenoptera Eulophidae).
N. artynes is a biparental generalist solitary ectophagous
parasitoid of lepidopteran leafminers. Its primary host is
Cosmopterix pulchrimella Chambers (Lepidoptera Cos-
mopterigidae), a leafminer attacking Pariefaria diffusa
M. et K., a species very common n [taly. N. artynes was
recently reported as a parasitoid of 7. absolute n Spain
{Desneux et al, 2010). Necremmus sp. near ariynes here
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Table 2. Parasitoid taxa recovered from T. absoluta during the survey (2009-2011). Sampling method: SP = Sentinel
plant; OF = Open field collection; PC = Protected crop collection.

o _ Sempling .. N. of cpllected Parasito@d
Parasitoid species Site Month Host plant speclmens community
method . e Ao
(sex ratio: males/tot) composition (%)
Larval parasitoids
Family Ichneumonidae
SP 1 Sept,Nov. Tomato
Diadegma pulehripes SP 3  September Tomato 14 (0.4) 6.1
OF 5 Tune Potato
Diadegma sp. OF 10 October Tomato 1M 0.4
Cryptinae gen. sp. SP . May Toraio 4(0.5) 1.7
6 April Tomato ' '
Family Braconidae
Bracon osculator SP 1 November  Tomato 2(0) 0.8
. SP 1 July-Sept. Tomato
Bracon nigricans OF 3 A}{lgusl?; o 25(0.2) 10.8
Family Eulophidae
SP 1l October Tomato
Chrysocharis sp. SP 7 May Tomato 5 () z0
PC 8  September  Tomato
Elachertus sp. sp 1 October Tomato 1(M 0.4
FElachertus iminctus species group SP 7  Apr-May  Tomato 19 (0.8) 8.2
Necremnus sp. - 3 August Tomata 3(07 13
OF 8 October Tomato ' '
SP 6 May Tomato
OF 3 Aupust Tomato
OF 8  September  Tomato
OF 11 October Tomato
Necremnus sp. near artynes PC 1 October Tomato 89 (0.4) 385
OF 10 October Tomato
PC 17 Tune Tomato
PC 18 Oct., June Tomato
OF 10 October Tomato
Necremmus sp. niear tidius OF 11 October Tomato 8(0.5) 35
PC 17 June Tomato
SP 1 April, Oct.  Tomato
SP 2 Sept.-Oct. Tomato
Neochrysocharis formosa g}; g Sﬁiﬁ;ﬂ %gx:ﬁg 28 (0.4) 12.1
PC 6 February Tomato
OF 13 February Tomato
1 Tomato
Prigalio sp. a gr. soemius SP 2 May-Sept.  Tomato 6(0.5) 2.6
6 Tomato
Punigalio sp. b gr. soemius PC 8 June Tomato 1 (0) 04
Pnigalio cristatus SP 1 June-Sept. Tomato 2 (0 0.9
Pnigalio incompletus PC 8 June Tomato 1(1) 0.4
Svmpiesis sp. SP é June-Sept. %gz:}ﬁ 4(0.5) 1.7
Family Elasmidac
SP 2 September  Tomato
Elasmus sp. or 3 August T omato 4(0.7) 1.7
Family Pteromalidac
Halticoptera aenea Sp 6 May Tomato 1 () 0.4
Egg parasitoids
Farmmly Trichogrammatidae
Trichogrammasp. a SP 7 October Tomato 1 () 0.4
Trichogrammasp. b sp 7 October Tomato 1M 0.4
Trichogrammasp. a and b SP 7 October Tomato 6 (1) 2.6
Trichogramma sp. ¢ OF 6 May Tomato 4(0.5) 1.7
Trichogrammasp. d PC 18 March Tomato 1(1) 0.4
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collected 1s the only species, among those recovered in
this survey that was found in the three regions, both on
sentinel plants, open field and protected crops (table 2).
This species 1s at moment under revision (Bernardo et
al, unpublished data).

Neochrysocharis formosa (Westwood) [= Closteroce-
rus formosus (Westwood)] (Hymenoptera Hulophidae)
15 a generalist parasitoid with a cosmopolitan distribu-
tion (Burks et al, 2011). It develops as primary solitary
or gregarious larval endoparasitoid of a wide range of
leafmining or stemboring Coleoptera, Diptera and Lepi-
doptera associated to various cultivated and spontaneous
plants (Noyes, 2003). The species 1s widespread in Ttaly
on various crop pests, such as Phyllocnistis citrella
Stainton (Lepidoptera Gracillariidae) (Massa ef al,
2001y and Holocacista rivillei Stainton (Lepidoptera
Heliozelidae) (Alma, 1995). It is regarded as a valuable
natural enemy in South America and recently a parasiti-
sation up to 5% of tomato borer larvae, predominantly
during the late season, was reported in Argentina (Luna
et al., 2011). Also this morphospecies could represent a
complex of at least two cryptic species, as pointed out
by preliminary results (Adachi-Hagimori et al., 2011).
This is the first report for this species on T. absoluta in
the Mediterranean basin. During the survey, various
specimens of both sexes of N. formosa were found, all
year round, on tomato borer both collected in field sam-
pling (open field and protected crops) and sentinel
plants from Campania and Sicily (sites 1, 2, 3, 4, 6 and
13) (table 2).

FPrigalio soemius s.1. (Walker) (Hymenoptera Eulo-
phidae) is a very common Palaearctic species parasitis-
ing over 130 leafminers and gall makers belonging to
Coleoptera, Diptera, Lepidoptera and Hymenoptera,
many of which considered of economic interest (Noyes,
2003; Bemardo et al, 2008). In consideration of the
high phenotypic intra-specific variation and the coexis-
tence of cryptic species, the whole P. soemius “taxo-
nomic concept” is currently under revision also by mo-
lecular and behavioural approaches (Bernardo et al.,
2008; Gebiola et al, 2012). Preliminary data suggest
that P. soemius s.1. 1s a complex of generalist and steno-
phagous species, with an intense predatory behaviour
both as larva and adult (host feeding and host killing).
This species complex includes resilient and potentially
effective natural enemies in different agricultural eco-
systems in Mediterranean environment {Bernardo et al.,
2006; Gebiola et al., 2012). Also in this case, the report
1s a new host-parasitoid association. Specimens col-
lected belong at least to two different cryptic species; a
few couples of one species were obtained from sentinel
plants exposed in sites 1, 2 and 6, while a second spe-
cies emerged from infested material collected on pro-
tected tomato crop (site 8) (table 2).

FPrigalio cristatus (= Ratzeburgiola cristata) (Ratze-
burg) (Hymenoptera Eulophidae) has been recently syn-
onymised on the basis of molecular and comparative
morphological analysis with related species (Gebiola et
al, 2010). It i1s a European species reported on various
Coleoptera, Diptera and Lepidoptera leafminers feeding
on spontaneous and cultivated plants, such as P. citrella

{Massa et al., 2001; Noyes, 2003; Vercher ef al, 2005).
Based on currently available literature, this species is
reported as associated to 7. abseluta for the first time. A
few specimens of both sexes were found on sentinel
plants in site 1 (table 2).

Prigalio incompletus (= Ratzeburgiola incompleia)
{Boucek) (Hymenoptera Eulophidae) has been recently
synonymized on the basis of molecular and comparative
morphological analysis with related species (Gebiola et
al, 2010). Also 1in this case, preliminary results suggest
that this 1s a complex of monophagous species. It 1s an
ectophagous solitary (rarely gregarious) parasitoid of
several leafminers (Diptera, Lepidoptera and Coleop-
tera) feeding on spontaneous and cultivated plants; it is
often reared in association with P. cristatus, with which
it shares many hosts (Gebiola et al., 2010). Also in this
case on the basis of currently available literature, this
species 1s for the first time reported on 7. absoluta and 1t
was recovered from protected tomato crop in the site 7
(table 2).

Halticoptera aenea (Walker) (Hymenoptera Ptero-
malidae) is a cosmopolitan polyphagous species associ-
ated mainly with Diptera leafminers (Agromyzidae) in-
festing various plants also of economic interest, trees
and shrubs; it is an endoparasitoid emerging from pupae
of the host (Noyes, 2003). Only a female of this species
was obtained from one 7. absoluta larva on a sentinel
plant in site 6 (table 2); the report is a new host-
parasitoid association.

Parasitism rates by Necremnus spp. in greenhouse

Percentages of parasitism by Necremnus spp. in a to-
mato crop under greenhouse without insect-proof screen
(site 17) were in general low throughout the cropping
season, ranging from 5 to 14% (table 3). 7. absoluta
density (estimated as emerged parasitoids + 7. absoluta
larvae + T. absoluta adults) ranged from 1.6 to 6.77 in-
dividuals/leaf (table 3).

In the other monitored glasshouse, insect-proof
screened (site 18), Necremnus sp. near artynes was the
only larval parasitoid emerged from samples collected in
2010-2011 (table 4). However, parasitism rates never
exceeded 8% across the cropping cycle (figure 2). The
infestation levels (measured as percentage of mines with
feeding larvae) were > 40% most of the season, although
showing at least three peaks on 21 December {75%),
2 March (65%), and 15 April (66%). After two insecti-
cide applications, flonicamid plus abamectin and ema-
mectin benzoate rtespectively, at the beginning of the
season, the larval infestation was partially reduced. Af-
terwards, the active infestation increased progressively
{figure 2). The infestation ranged from 2 mines/leafl
(14 December) to a minimum of 0.5 mines/leaf (2
March), increasing afterwards to 2.8 mines/leaf on 4
May. The seasonal pattern of T. absoluta infestation on
leaves was affected by the frequent pruning of basal
leaves. T. absoluta dead larvae by host feeding were also
recorded, although this type of mortality never exceeded
6%. Beside the larval ectoparasitoid, an egg parasitoid,
Trichogramma sp., emerged from leaf samples collected
in this site (table 2).
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Table 3. Density of 7. absoluta per leal and parasitism rate [wasps / (emerged wasps + T. absoluta larvae + 7. abso-
[uta adults)] of Necremmus sp. near ariynes and Necremmus sp. near fidius in a greenhouse without insect-proof

screens (Sardimia, 2010, site 17).

T. absoluta Necremnus sp. near artvnes Necremnus sp. near tidius
instars/leaf (n.) parasitism (%) parasitism (%)
Tune 23, 2010 6.77 11.3 2.9
June 30, 2010 1.64 4 1
July 7, 2010 1.60 7.3 1.9

Table 4. Number of 7. absoluta larvae (alive and parasitised) and Necremnus sp. near arfynes adults emerged {rom
parasitised larvae collected in a glasshouse with insect-proof screens (Sardinia, 2010-2011, site 18).

Necremnus sp. near artynes emerged adults

— Losbsotuiclorne Total number Sex ratio (males/total)
November 23, 2010 78 1 1
December 1, 2010 100 2 0.5
December 7, 2010 121 2 1
February 23, 2011 108 5 0.6
March 9, 2011 115 6 0.5
March 17, 2011 80 1 1
March 23, 2011 63 5 0.8
March 30, 2011 122 8 0.6
April 7, 2011 176 2 0
April 15, 2011 231 10 0.3
April 21, 2011 178 2 0
May 4, 2011 191 7 0.6
100 ~ emamectin — Live T. absoluta larvae (%) -3
Q0 - benzoate N. near artynes parasitism (%)
30 4 1 Leaf damage (mines/leaf)
70 1 flonicamid
60 | abamectin "g
% 50 1 P
c
40 - =
30 A
20 A
10 A g
0 ol i A |
2338988885555 08 5555566064847
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Figure 2. Seasonal pattern of active infestation of 7. absoluta larvae, natural parasitism rate by Necremmnits sp. near
artynes and leal damage in a glasshouse with insect-proof screens (Sardinia 2010-2011, site 18). Arrows indicate

dates of insecticide applications.
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Discussion and conclusions

The results obtained from this survey of indigenous
parasitoids of 7. absoluta conducted in a variety of dif-
ferent habitats (open field and protected tomato crops,
other solanaceous crops and spontaneous vegetation) in
Southem Italy, provided novel and relevant information
contributing to the knowledge of this exotic pest in the
Mediterranean basin.

Particularly, some major points are worth being men-
tioned. First, a prompt adaptation of native parasitoids
to the new invasive host was observed, as highlighted
by the natural parasitism recorded few years after the
first detection of the moth. Overall six families (Ich-
neumonidae, Braconidae, Eulophidae, Elasmidae,
Pteromalidae and Trichogrammatidae) with 13 genera
and 10 identified species were recorded and in particu-
lar, the family Eulophidae was the most abundant in
terms of number of species recovered. Besides, compar-
ing T. absoluta parasitoid composition in Italy with that
of South America, similarities arise in terms of guilds
(egg, early larval, mature larval, ecto/endo, pupal, gre-
garious/solitary parasitoids) and families, although the
number of species recorded is lower (Luna et al., 2007,
Desneux et al, 2010). This lower species richness is
typical of parasitisation pattern on exotic invasive her-
bivorous species, performed mainly by generalist idio-
bionts with relatively low levels of parasitisation in
open field (Cornell and Hawkins, 1993). However, the
detection of seven new associations between T. absoluta
and the species D). pulchripes, B. osculator, B. nigri-
cans, P. soemius, P. cristatus, P. incompletus, and H.
aenea 1s noteworthy. Furthermore, N. formosa is the
only species currently recovered on T. absoluta both in
Europe and in South America, where it was mentioned
as a potential biocontrol agent based on its previous use
in other crops (Luna et al., 2011). Overall, the low para-
sitism rate found in this survey may not support the role
of the indigenous parasitoid community in effectively
controlling 7. absoluta. However, previous biological
control programs of several exotic pests demonstrated
the importance of indigenous natural control agents in
the regulation of pest populations {Viggiani, 2000).

Species with concealed habit are among the most at-
tractive hosts for parasitoids and one of the most recent
examples of invasive leafminer species in the Mediter-
ranean countries is P. citrella. Despite T. absoluta and
P. citrella occupy different ecological niches, there are
some interesting analogies between them. Four out of
the 12 eulophids collected on 7. absoluia were also re-
corded on P. ciirella in the Mediterranean basin (Massa
et al., 2001; Vercher ef al., 2005). These parasitoid spe-
cies may also develop on alternative hosts living on
spontaneous flora which is very common also in the
sites here surveyed. The data collected indicated that the
abundance of parasitoid species was generally con-
nected with the presence of spontaneous flora and ever-
green crops as critical component of functional biodi-
versity. Although additional assessment of potential role
of biodiversity abundance and habitat management
techniques should be conducted to confirm this hy-
pothesis, the pest populations can be reduced by en-

hancing the efficacy and local abundance of the existing
natural enemies’ community by landscape management
{Gardiner ef al., 2009). Thus, we encourage further in-
vestigations to enhance the native parasitoid community
activity through a rational habitat management within
the crop as well as within the farm (Landis ef af., 2000).
For example, evidences of negative effects of leaf prun-
ing found in this study, which causes the removal from
greenhouses of 7. absoluta larvae suitable for parasitisa-
tion, were highlighted and a possible solution could be
keeping pruned material inside greenhouses into selec-
tive mesh cages, allowing only parasitoids to emerge
and move onto the crop. The increase in the abundance
and diversity of the natural enemy community could be
also obtained by the use of “banker plants’, a tri-trophic
system which typically consists of a non-crop plant that
is deliberately infested with a non-pest herbivore
{Frank, 2010). This techmque was already successfully
tested on tomato to control the greenhouse whitefly,
Trialeurodes vaporariorum (Westwood) (Rhynchota
Aleyrodidae) and Diptera leafminers, Liriomyza spp.
(van der Linden, 1992, Lambert et al., 2005). However,
negative interactions, such as intraguild predation,
among natural enemy species may result in a long-term
reduction of their ability to suppress pest populations,
especially when increasing the species richness in an
agricultural context (Straub et al., 2008).

In this framework, improving the knowledge of en-
demic parasitoid host communities, still largely un-
known, and of the performances of some selected key
parasitoid species, both endemic and exotic, would be
essential to address future studies. Besides, considering
the closeness between the two moths, it could be inter-
esting to better investigate the parasitoid complex of the
potato tuber moth, P. operculella, for its potential role
as source of parasitoids for the tomato borer. This 1s the
case of Copidosoma koehleri Blanchard (Hymenoptera
Encyrtidae), B. nigricans and D. pulchripes. The first
species is an egg-larval parasitoid of Nearctic origin,
reported in Chile on T. absoluta (Desneux et al, 2010)
and which has been recently reintroduced in Ttaly to
control the potato tuber moth (Guerrieri and Noyes,
2005), while the two Ichneumonoidea species that were
found in this survey on 7. absoluta had already been re-
ported as P. operculella natural enemies.

Necremnus sp. near arfynes, was recovered in all the
monitored regions, from May to October, and its activ-
ity could be related to the presence, in the sampled sites,
of its primary hosts such as C. pulchrimella on F. dif-
Jfusa (Bemardo and Viggiani, 2003). Even if this species
was the most abundant and widespread, among the re-
covered parasitoids, its low parasitism rate does not
suggest to consider this parasitoid as a key species in T.
absoluta biological control in the Mediterranean basin.
By contrast, Necremmnus sp. near artynes was the only
species, among those recovered, able to build up the
population in treated protected tomato crops. This find-
ing should be taken into account when applying tomato
IPM programmes that should emphasize the role of
natural mortality factors by selective pesticides applica-
tion, by regular monitoring (both pest and its natural
enemies) and by applying economic thresholds (van
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Lenteren and Woets, 1988). In conclusion, information
collected 1n this paper, supported by the theory on re-
cruitment and accumulation of native parasitoid species
on introduced herbivores (Cornell and Hawkins, 1993),
may open to interesting perspective on 7. absoluta con-
servation biocontrol in the Mediterranean basin.
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Abstract

During the last few years following the invasion of Western Palaearctic tomato crops by the
invasive South American tomato pinworm, Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae),
several indigenous generalist parasitoid species are getting adapted to the new host. Only some of
them are being identified as potential biocontrol agents of this pest, and Bracon (Habrobracon)
nigricans Szépligeti (Hymenoptera: Braconidae) is thought to be a good candidate to fill this role.
This species is widely distributed in the whole Palaearctic region and most of the available data on
this species relies only with taxonomic aspects and faunistic surveys. Therefore, the present study
represents the first step towards establishing a scientific basis for the effective inclusion of
B. nigricans in biological and integrated 7. absoluta control programs in the newly invaded areas.
Here, we documented the young instars development and the adult lifespan reproduction activity at
constant temperature. Bracon nigricans was proved to be an idiobiont, synovigenic, gregarious,
ectoparasitoid with a slightly male-biased progeny sex-ratio. Parasitoid females kill hosts with an
injection of venom causing an irreversible paralysis of the host larva. Host killing is followed by
host stinging and/or host feeding and/or oviposition. The developmental strategies of B. nigricans
and their implications in pest biocontrol are here discussed. Although field studies would be needed,
the data obtained so far in laboratory conditions suggest that this parasitoid could be considered a

potential key biological control agent of 7. absoluta in the newly invaded areas.

Keywords: Parasitoid behaviour, Host feeding, Life tables, Biological control, Tomato
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1. Introduction

Invasive species represent a major threat to agronomic ecosystems (Olson 2006; Ragsdale et al.
2011) and Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae), an highly injurious tomato pest
originating from South America, has become in the last years the most important arthropod pest of
tomato cultivations in the Western Palaearctic region (Desneux et al. 2011). Integrated Pest
Management (IPM) programmes have been largely implemented in many Mediterranean countries
as primary control strategy since the pest invasion. This implied an increasing need of knowledge
on various IPM related aspects, indeed in the last few years a growing body of literature is aimed at
addressing this issue. In particular, several studies has been recently published on 7. absoluta
biology (Caparros Megido et al. 2012, Tropea Garzia et al. 2012), its susceptibility to insecticides
(Roditakis et al. 2012; Tomé et al 2012); on the selectivity of the pesticides used in tomato crops
(Amo and Gabarra 2011, Biondi et al. 2012a, 2012b, Zappala et al. 2012a); on 7. absoluta
insecticide resistance (Silva et al. 2011; Haddi et al. 2012); on the biotechnological tools for
T. absoluta control (Cagnotti et al. 2012, Cocco et al. 2012), as well as the ecological services
spontaneously provided by indigenous natural enemies, namely fortuitous biological control
(Desneux et al. 2010, Zappala et al. 2012b).

Biological control represents the most environmentally safe and economically profitable pest
management options in exotic pests controlling. Recently, an increased attention has been directed
to the role of generalist natural enemies as regulators of insect herbivore populations in agricultural
ecosystems. Often, the use of these insect as a controller has not been implemented efficiently due
to the lack of knowledge of their biology and parasitic capacity. These are obviously of value and
occasionally can provide the key to success of an entire program. In this framework, the
improvement of knowledge on the endemic parasitoid species attacking 7. absoluta (still largely
unknown) and of the performances of some selected key parasitoid species is essential to establish
effective biological and integrated control programmes against this pest. Furthermore, new

restrictive regulation on the exotic natural enemy importation in Europe has negatively affected the
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development of classical biological control programs (van Lenteren 2012). Therefore, before to
implement classical biological control approaches, indigenous natural enemies need an extensive
evaluation, since they are playing a crucial role in augmentative and conservative biological
programmes.

Several generalist natural enemies of the pre-existing arthropod community in the
Mediterranean basin, both predators and parasitoids, have been adapting to the new host. Some of
them, such as native mirid bugs, have been successfully used in IPM programs resulting in high
levels of efficacy against 7. absoluta population (Desneux et al. 2010, Urbaneja et al. 2012, Zappala
et al. 2012a). While, the research on European effective parasitoid species is still ongoing in the
whole area newly colonized by the pest (Desneux et al. 2010, Doganlar and Yigit 2011, Loni et al.
2011, Al-Jboory et al. 2012, Chailleux et al. 2012, Ferracini et al. 2012, Urbaneja et al. 2012,
Zappala et al. 2012b), as well as in the native area (Luna et al. 2007, 2010, 2011, 2012). Among the
several natural enemy species of 7. absoluta, some species belonging to the Braconidae family have
been reported as larval parasitoids both in the host native area and in the newly invaded regions. In
particular, twelve braconid endoparasitoid species belonging to seven genera have been identified in
South America (Desneux et al. 2010, Luna et al. 2012), and four braconid ectoparasitoids,
belonging to the Bracon genus and one to the Agathis one, were found parasitizing 7. absoluta in
the Mediterranean basin (Desneux et al. 2010, Loni et al. 2011, Al-Jboory et al. 2012, Ferracini et
al. 2012, Urbaneja et al. 2012, Zappala et al. 2012b).

Braconid wasps are, except for a few phytophagous genera, insect parasitoids and they
represent one of the most diverse and rich of the parasitoid groups with more than 15,000 valid
species classified in 45 subfamilies and 1,000 genera (Wharton 1993, Yu and van Achterberg
2010). Indeed, they are also extensively used as models for the study of host-parasitoid interactions,
and an extraordinary amount of contributions have encompassed the broad disciplines of
physiology, behaviour and evolutionary biology of this group of insects (Jervis and Kidd 1986,

Hardy et al. 1992, Wharton 1993, Godfray 1994, Heimpel and Collier 1996, Jervis et al. 2001,
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Pennacchio and Strand 2006, Heimpel and de Boer 2008, Desneux et al. 2009, 2012). Braconids
tend to attack and feed on a narrow range of hosts being specialized by biological and behavioral
adaptations. For this reason, they have been of primary importance in the biological control of
insect pests (Wharton 1993). Indeed, among the 219 Arthropod species commercially available
worldwide for augmentative biological control programs, there are 19 braconid species belonging to
11 genera (van Lenteren 2012). These species are mass reared and commercialized to control
several pests, notably Diptera and Lepidoptera, in various protected and open field crops.

Bracon (Habrobracon) nigricans Szépligeti (= concolorans Marshall; = concolor Thomson; =
mongolicus Telenga) (Hymenoptera: Braconidae: Braconinae) is widely distributed in the whole
Palaearctic region (Yu and van Achterberg 2010). Most of the available data on this species relies
only with taxonomic aspects and faunistic surveys (Zappala et al. 2012b). Its first record in
association with 7. absoluta was reported in a field survey of indigenous parasitoids attacking the
new host in Italy by Zappala et al. (2012b) and then in Jordan by Al-Jabory et al. (2012), as well as
in Spain by Urbaneja et al. (2012). These data, namely related to the pest/parasitoid association
discovery, are certainly insufficient to assess the role of this parasitoid as a 7. absoluta mortality
factor properly. In this framework, our study aims at gaining knowledge on the biology
developmental strategies of B. nigricans on the new host. By means of laboratory bioassays, we
developed the life-table data of B. nigricans at constant temperature, studying the young instars
development time and survival, adult longevity, progeny sex-ratio, reproductive and non-

reproductive host killing activities on 7. absoluta.
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2. Materials and methods

2.1. Study insects

Bracon nigricans colony was obtained during a survey on indigenous natural enemies attacking
T. absoluta conducted in Italian tomato crops, by means of collection of infested material.
Subsequently, the colony was maintained in the laboratory using tomato plants infested by
T. absoluta mature larvae as hosts. Tuta absoluta colony was started from leaves, mainly infested
by T. absoluta larvae, collected from commercial greenhouse tomato crops; the colony was
thereafter maintained on tomato plants (cv. Marmande) in the laboratory. Seedling host plants were
grown in small pots (0.3 L), watered and fertilized following the routine practices and pesticide
applications were strictly avoided. Tomato plants infested by mature moth larvae (3™ and 4"
instars) were obtained by releasing forty 7. absoluta adults (1:1 sex-ratio) on 10 tomato plants
inside 50 x60 x 60 cm cages covered with a fine polyester mesh. After 14 + 2 d of the moth adult
release, when the majority of the larvae had reached the 3™ instar, the plants were transferred into
the parasitoid rearing cages. These measured 40 x40 % 55 cm and were built from plastic boxes and
the opening covered with a fine mesh net. Tuta absoluta-infested plants and honey droplets were
supplied every 3 days into the wasp rearing cages.

Newly emerged 0/12-h old adults were obtained in 150mm Petri dishes ventilated by a 4cm?
opening covered with a fine mesh net. For this, two females and four males were released into this
arena, containing excised infested tomato leaves (by mature 7. absoluta larvae) and honey droplets.
After 48 hours of parasitisation activity, the wasps were removed and the infested and parasitised
material was maintained inside a climatic cabinet, 10 days later newly emerged adults were
collected for the bioassay, at 12-hour intervals. While, experienced, mated and 10-day old females

were obtained rearing them for 10 days after their emergences, in groups of two females and four
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males into aerated Petri dishes with tomato leaflets, forty 7. absoluta larvae and honey droplets. In
this case, the hosts were renewed every three days.

The growing host plants and the two insect rearings were maintained in three climatic chambers
(25+1°C; 60 £10% RH; 14:10 L.D.), while all the bioassays described below were conducted in a

climatic cabinet at the same environmental conditions previously described.

2.2. Immatures survival and development

Development time and survival of B. nigricans young instars were studied following the growth of
newly laid (< 6 hours) eggs until the adult emergences. A group of 40 experienced and mated were
individually introduced into small (2.5 cm of diameter) Petri dishes containing honey droplets and
one T. absoluta 4™ instar larva. The parasitoid females used in this experiment were coetaneous
(10/14-day old) since the mother age may affect the young instar development (see the section 3.4.
Age specific oviposition activity). The exposed host larvae were previously weighted (3.583 + 0.092
mg on average; min: 3 mg; max 4 mg) since the host weight can significantly influence the
parasitoid immature development (Hardy et al. 1992). After 6 hours of parasitization activity the
females were moved into a new dish with a new host larva, and parasitized larvae bearing one and
those bearing two B. nigricans eggs were isolated for the bioassay. This clutch sizes were chosen
since pilot experiments showed that the mean number of laid eggs by B. nigricans females per
parasitized T. absoluta larva is about 1.5 (see also the section 3.4. Age specific reproductive
activity). Therefore, a total of 50 one-egg-clutches and 50 two-egg-clutches , i.e. a total of 150 eggs,
were isolated. The development time and survival of wasp eggs, larvae (without distinguish the
different instars) and cocooned pupae were checked at six-hour intervals until B. nigricans adults
emergences. Young instars were considered dead if no progresses in their development were noted

after one week of observations or if they were totally dry. Larval stage was considered ended when
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the larva concluded building its cocoon and adults were considered emerged only after they

completely left the cocoon.

2.3. Adults longevity

To assess whether the contact with host larvae and therefore the host feeding activity influenced the
B. nigricans female survival, in addition to the female longevity recorded during the life-history
experiment (see next section), the longevity evaluation of both sexes was conducted also in absence
of host larvae. Twenty newly emerged (<12 hours) females and twenty newly emerged males were
isolated individually in glass tubes (185 mm of length, 25 mm of diameter), closed with cotton lid
and provided with honey droplets renewed every five days. Bracon nigricans survival in the tubes
was daily checked and recorded. The wasps were considered dead if they remained immobile when

touched with a fine paintbrush.

2.4. Age specific reproductive and host killing activity

Fifteen newly emerged (<12 hours) adult females obtained from the Immatures survival and
development bioassay were used to assess the age specific (daily) values of reproduction and of host
mortality due to non-reproductive killing (e.g. host stinging and host feeding not followed by
oviposition). For this bioassay five 7. absoluta mature larvae on five tomato leaflets were offered
daily to each female, in aerated plastic dishes (130 mm diameter), until its death. This host density
was used since pilot experiments showed that a single B. nigricans female is not able to parasitize
more than five 4™ instar 7. absoluta larvae in 24 hours (Biondi A. and Zappala L., unpublished
data). To mimic the field scenario, in which parasitoid wasps use external nutrient inputs for adult
feeding, such as floral and extrafloral nectar and homopteran sucking insects honeydew (Jervis et al.

2001), honey droplets were put on the internal walls of the experimental arena. To assume that
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mating has occurred during the whole female lifespan, each female was provided with two males
that were replaced every week.

Daily checks were performed in order to assess: (i) the number of killed and not parasitized
larvae, (i1) the number of parasitized larvae, (iii) the number of laid eggs, (iv) the clutch size and
(iv) the parasitoid survival. Exposed larvae were defined as parasitized when at least one
B. nigricans egg was deposited onto or near the paralyzed host. While evidences of non-
reproductive B. nigricans killing behaviour varied from a black spot developed after insertion of the
ovipositor (host stinging) to partial or complete desiccation due to feeding and for the presence of
feeding tubes built up by the female (host feeding). Survived specimens were then transferred in a
new box with new set of five host larvae. The boxes bearing the larvae, both alive, killed and
parasitized, were reared per fifteen days in the previously described climatic cabinet and the number

and the sex-ratio of the emerged progeny were recorded.
2.5. Demographic growth and Kkill rate parameters

Life tables were constructed using daily values of the survival and, in the case of the adult females,
the progeny produced, obtained as previously described. These data were used to generate the
following demographic growth parameters (Birch 1948, Bernardo et al. 2006):

Net reproductive rate or basic reproductive rate:

RO :ZleX

where , is the pivotal age of individuals in days, / is the age-specific survival as proportion of
individuals still alive at age , and m, is the age-specific fecundity. This parameter corresponds to the
number of times a population will multiply per generation.

Generation time:
X Iym
T — X X
Ro
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which is the average time interval separating female births of one generation from the next.
Intrinsic rate of increase:

rm = Zermxlm mX

which is the innate capacity of a given species to increase in numbers. Biologically this parameter is
the number of times the population will multiply itself per unit of time, measured as female
progeny/female/unit of time (one day in this case) and where €™ is the antilog of ry,.

Finite rate of population increase

A =em

that is the factor by which a population multiplies in each time interval step, one day in this case.

Doubling time
T - log,2
rm

which is the time required for a given population to grow exponentially without limit to double in
size when increasing at a given r,,.

Furthermore, a parameter well representing the actual ecological services provided (i.e. host
killing activity) by B. nigricans females in 7. absoluta biocontrol was generated. The kill rate (K,,)
was calculated using the same formula of 7, but replacing m, (age-specific fertility) with the age-
specific killed larvae (k,), i.e. the total larvae killed, both parasitized and not (Bernardo et al. 2006).

Thus K, was calculated using the following formula:

Ko
Km = lnT—k

where K (Net consumption rate) is the amount of larvae killed
KO = lx kx

and T} (Killing generation time) is the generation period during which the parasitoid kills hosts
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To estimate the standard error associated with 7, and K, of B. nigricans, we performed the
Jackknife technique on raw data, calculating the per capita r,, and K, each time omitting one
replicate, repeating this process until pseudo-values were calculated for all the possible omission

cases. Then we computed the standard error applying the Jackknife formula (Meyer et al. 1986).

2.6. Statistical analysis

To test the effects of the female age on the various life-history traits weekly age-specific data on
gregariousness rate, percentages of parasitized, killed host larvae and of developed adults from laid
eggs, as well as the number of laid eggs, of emerged progeny and their sex-ratio were calculated per
each female. These datasets, in addition to the data on immature development, were first tested for
normality and homogeneity of variance using Kolmogorov-Smirnov D test and Cochran’s test
respectively, and transformed if needed. Data were then analyzed by one-way ANOVA and the
means were separated at the 0.05 level of significance by a multiple range test followed by LSD

post hoc tests for multiple comparisons inside the different ages.

3. Results

3.1. Immatures survival and development time

Bracon nigricans adult emergences from newly laid eggs took 269.65 + 2.70 and 270.67 + 7.32
hours (about 11.25 days) for females and males, respectively, with no significant differences
between the sexes (F;s4s = 12.937, P=0.916) (Fig. 1). Similarly, no significant differences were
highlighted when comparing males and female for their egg (F; 54 =6.728, P=0.673), larval (F; s4 =

12.937, P=0.523) and pupal (F;s4 =6.728, P=0.875) development. Cocooned pupae development
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attained the longest duration among the three developmental stages, indeed 64.45 and 63.53 % of
the whole immatures development time was spent at the cocooned pupa stage by females and males,
respectively (Fig. 1). The overall survival rate of B. nigricans immature stages (from egg to adult)
developing on T. absoluta fourth instar larvae was 37.4 + 4.11%. The highest mortality rate was
recorded at the larval stage, where only 42.63 + 4.49 % of the larvae survived. By contrast, 86.4 +
2.90 % of the eggs hatched and the 98.11+ 1.88 % of adults emerged from the cocooned pupae.
Overall, in this trial a total of 56 adult wasps were obtained, of which 22 female and 34 males,

therefore with a sex-ratio of 0.60 mm/tot.

3.2. Adults longevity

The adult median lethal time (LTs), i.e. the time needed for 50% mortality, was estimated to be
44.5 and 45 days for females in contact with host larvae in Petri dishes and for those without hosts
reared in glass tubes, respectively. The average survival was 41.47 + 2.42 days for host-feeder
females and with access to honey, and 42.75 + 2.28 for females which fed only on honey (Fig. 2).
Between these two groups of females there were no statistical differences for longevity (Fi 33
=0.145, P=0.706). By contrast, the life expectancy was strongly sex-depended since honey feeder
males lived only 27.20 + 2.39 (min 10, max 47) days, with a LTso of 27 days (Fig. 2). Indeed, when
comparing the longevity of females and males reared inside the tubes significant differences were

highlighted (F, 35 =22.157, P<0.0001).

3.3. Age specific host killing activity

Owing to a non-reproductive host killing activity, i.e. that hosts were stunk without being
parasitized, B. nigricans females killed in their lifespan an average of 87.40 + 8.46 (min 55; max

123) host larvae, while the mean daily value was 2.01 + 0.09 (min 0; max 5) killed larvae/female,
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i.e. the 40% of the exposed hosts. The host killing activity period was longer than the oviposition
one, 39.70 + 3.43 days. Thus, the females continued to kill hosts also after the end of the
oviposition period. Analyzing the weekly values of killed and not parasitized host larvae, significant
differences were highlighted between the first four weeks and the last three (Fgg6=6.728,
P<0.0001), being the values of the first weeks higher than the last ones. In particular, the
percentages of killed larvae ranged from 47.62 + 4.02 % to 22.12 + 4.95 % in the second and in the
last week, respectively (Fig. 3). Whereas, when the total killed host larvae, both parasitized and not,

was incorporated in the formula of the kill rate (K,,), it resulted 0.121 £ 0.071.

3.4. Age specific oviposition activity

Bracon nigricans female showed to have, as the majority of the synovigenic wasp species, a short
pre-oviposition period of 1.27 £+ 0.3 days, representing only a small fraction of the entire lifespan.
The oviposition period lasted 37.60 + 3.25 days with an average of 1.66 = 0.14 (min 0, max 8) laid
eggs/female/day. A total of 82.8 + 7.81 (min 48, max 127) eggs were laid by a single female during
its whole life. The mean values of daily oviposition ranged from 0 to 3.6 £ 0.55 laid
eggs/female/day on the 18™ day (Fig. 4), while the peak of the average progeny emergences (1.7 +
0.43 adults produced/female/day) was recorded for 16-day old females. The progeny produced
during the entire lifespan was 29.79 + 3.01 (min 13, max 40) adults/female, with a sex-ratio of 0.63
+ 0.05 emerged males/total progeny. The number of laid eggs per parasitized host was uniform
during the female lifespan, i.e. the gregariousness rate (grand mean 1.52 + 0.07; max 5 eggs
laid/parasitized host) was not significant different among the weeks (F¢77= 1.450, P=0.207) (Fig.
5).

The weekly values of parasitized hosts reached their maximum on the 3" week (35.83 £2.73
%) with significantly different values compared to those recorded in the last two weeks (F¢g6=

12.937, P<0.0001) (Fig. 3). These results are especially due to the reproductive senescence phase of
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the females that become egg-limited (i.e. the ovaries become exhausted of oocytes) (Mange and
Heimpel, 1998). In addition, it is noteworthy that a post-oviposition period of 3.67 + 0.6 days was
recorded (Fig. 4). Also the weekly values of the number of laid eggs and emerged progeny followed
undoubtedly this trend and were significantly different among the weeks (eggs laid: Fg 6= 7.894,
P<0.0001; emerged progeny: Fgse= 8.926, P<0.0001) (Fig. 6). In particular, the maximum
reproductive activity was recorded in the 3" week, with a mean of 2.50 + 0.17 laid eggs/female/day
and of 1.01 £ 0.13 emerged progeny/female/day (Fig. 6). The progeny sex-ratio was not
homogeneous among the seven weeks and significant differences were found between the first and
all the other weeks (F¢75= 4.096, P<0.001), in particular it ranged from 0.93 £ 0.03 to 0.52 + 0.02
emerged males/total progeny (Fig. 7). In addition, the overall progeny sex-ratio was slightly male-
biased, i.e. 0.62 £+ 0.05 males/total progeny.

Daily observations of the eggs laid and the following developed adults showed that, even if the
grand mean of the percentage of developed adults/laid eggs in the whole parasitoid lifespan (32.11
+ 3.43 %) was similar to that obtained in the immature development bioassay, this value was
strongly related to the mother age (Fe33= 5.067, P<0.0001) (Fig. 8). Indeed, weekly percentages of
the 1% and of the 7™ weeks (13.81 + 2.23 % and 12.77 + 0.73 %, respectively) were significantly
lower than the percentages of development observed in the 2", 3™, 4™ and 5™ (Fig. 8).

The values of the demographic growth parameters obtained from the developed life tables
were: Net reproductive rate (Ry) 4.444; Generation time (T) 29.733 days; Intrinsic rate of increase
(rm) 0.052 £+ 0.032; Finite rate of population increase (1) 1.0514 days and Doubling time (DT)

13.816 days.
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4. Discussion

In this study, we examined the development and reproduction-related traits of B. nigricans feeding
on the exotic host 7. absoluta. We reported the results on the rate of successful young instars
development and on its duration, on induced host mortality by both reproductive and non-
reproductive behaviours of B. nigricans females and on the reproductive parasitoid fitness. Bracon
nigricans proved to be an idiobiont, gregarious, ectoparasitoid with a slightly male-biased sex-ratio.
Nevertheless, this species showed a behavioural plasticity in host using, since host killing is
followed by host stinging and/or host feeding and/or oviposition, B. nigricans can perform both

destructive and concurrent host feeding.

4.1. Immature development

In parasitoid waps the success of parasitism after host acceptance and therefore immature
development may depend on multiple physiological and genetic factors. Phylogenetic, evolutionary
and coevolutionary aspects, concering plants, pests, parasitoids and their combined interactions
regulate these factors largely (Desneux et al. 2012). One of the most studied relations is the
parasitoid/pest one, and usually the interaction between these actors is mediated by gene products
that the adult wasp injects at oviposition or that offspring produces during its development
(Pennacchio and Strand 2006). These factors usually induce complex physiological alterations in
hosts that benefit the parasitoid development. They are well known for endoparasitoid/host
associations and, although these mechanisms are still poorly investigated for ectoparasitoids
(Pennacchio and Strand 2006), the low immature development rate found in our study suggests that
the host/parasitoid interaction should be also viewed from a coevolutionary perspective. In our case,
the lack of coevolution between 7. absoluta/tomato and B. nigricans may explain the absence of

these mechanisms and therefore the low rate of young instars development. To support this
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hypothesis, another factor that may have influenced the successful development of immature wasps
is the potential presence of toxins within the host larvae (Desneux et al. 2009). In particular, some
secondary metabolites present in solanaceous plants, such as tomato, are well-known to have
insecticidal properties (Nenaah 2011, Ali et al. 2012) and some of them may be sequestered by

T. absoluta larvae and therefore available for the immature parasitoids.

4.2. Adult longevity

The contribution of feeding regimes to survival is well documented for a diverse range of parasitoid
species held under laboratory conditions (Jervis et al. 2001, Bernardo et al. 2006), and while the
positive correlation between host feeding and fecundity appears to be ubiquitous, host feeding may
either increase or have no effect on longevity (Heimpel and Collier 1996). Here we demonstrated
that B. nigricans females have no advantages from host feeding in terms of longevity when another
food source (i.e. honey) is also available. Whereas, to assess the actual role of host feeding on
B. nigricans lifetime gaining further bioassay should be carried out in absence of sugary nutrients.
By contrast, as already reported for other Hymenoptera parasitoids (Bernardo et al. 2006), we
believe that in our experiment the sugary food provided to the wasps plays a key role in the
energetic balance, and therefore in the longevity, as well as in the lifetime reproductive success of
this species.

The metabolic processes of the organisms whose internal temperature variation is a
consequence of variation in the ambient environmental temperature (i.e. poikilotherm species) are
directly related with the environment thermal conditions, and thus parasitoid wasps longevity may
be strongly correlated with the temperature. Often, small insects are longer-living in cooler
environment and vice versa, as demonstrated by Andreade et al. (2011), Bernardo et al. (2006) and
Spanoudis et al. (2012) for thichogrammatid, eulophid and ichneumonid species, respectively.

Therefore, further studies under different temperature regimes are needed to address this point.
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4.3. Reproductive strategies

The B. nigricans oviposition activity fluctuated along the female lifespan and, since the host
availability was maintained constant, it may reflect directly the ovigeny cycle of synovigenic
anhydropic species. This is true for a close species, i.e. Bracon hebetor (Say), whose females have a
short oviducts and ovaries provided of few ovarioles that are not able to store a large number of
large and yolk-rich eggs (Jervis and Kidd 1986). Owing to this reproductive mechanism the females
wasp are subjected to choose the optimal clutch size decision in relation to their egg load.
Gregarious parasitoids have received considerable attention by numerous researchers, since their
females should lay the number of eggs that maximizes their gain in fitness from the whole clutch,
i.e. eggs laid in the same event (Godfray, 1994). From egg-limitation and time-limitation models, it
is theoretically expected that the optimal clutch size will vary over time in response to changes in
egg load, the number of previous host encounters and host availability. Moreover, for the parasitoid
it is important to optimize the ratio between time spent laying eggs and that spent on host locating
(Mangel and Heimpel 1998, Jervis et al. 2001). Our results suggest that B. nigricans mothers, at
constant host density, do not adjust their clutch size in relation to their age (i.e. the gregariousness
rate was constant during the female lifespan) and therefore to their egg loads. Whereas, it appears
that the higher egg load is split among a higher number of hosts, i.e. increasing the rate of
parasitized larvae in the period of higher egg production.

The rate of immatures development success showed to be strongly related to the mother age
and this finding may be due to the production of low-quality offspring (e.g. less viable eggs), during
the 1% and the 7™ weeks. Bracon nigricans young females, as the majority of synovigenic
Hymenoptera, need to feed on hosts to allocate nutritive resources on the reproductive physiology
and therefore the firstly produced progeny may be of lower quality than that of experienced females

(Jervis and Kidd 1986). Besides, the production of low-quality offspring prior to mother egg
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limitation (i.e. reproductive senescence) is already documented for other braconid species (Mangel
and Heimpel 1998). Another hypothesis to explain this result is a reproductive trade-off of the
mother between host feeding and oviposition, i.e. owing to higher nutritional necessities, young and
old females may practice more host feeding and concurrent host feeding/oviposition. Indeed, in the
majority of the parasitoid-host systems, host feeding kills the host, making it unsuitable for
oviposition (destructive host feeding), while in other systems, such as in the B. nigricans/T.
absoluta one (feeding tubes were seen in the parasitized larvae), individual hosts can support both
parasitism and host feeding (Jervis and Kidd 1986). By contrast, it is usually assumed that host
feeding kills the host or reduces its quality as an oviposition site (Heimpel and Collier 1996). Thus,
the plasticity of female parasitoid behaviour, when finding a host, makes possible the decisions of
whether or not to renounce the opportunity for current reproduction (oviposition) in favour of
anticipated chances for future reproduction (host feeding) (Jervis et al. 1996).

The sex-ratio of the B.nigricans progeny showed to be male biased and, as the majority of the
Hymenoptera and in particular braconid species, this species may be arrhenotokous (i.e. virgin
females produce only male progeny) (Wharton 1993, Heimpel et al. 1999, Heimpel and de Boer
2008). This hypothesis is also supported by the fact that the progeny of young female is mainly
composed by males, therefore the eggs laid during the first days of oviposition may be haploid
(unfertilized eggs), since females may take time to mate and to be successfully fecundated after
their emergence. Indeed, many braconid parasitoids unfertilized eggs develop as haploid males,
while the fertilized ones are diploid and can develop into males or females. Furthermore,
haplodiploidy is often associated with a genetic mechanism, known as complementary sex
determination (Heimpel and de Boer 2008). In fact, many hymenopterans that are heterozygous at
the sex locus develop as females whereas homozygotes and hemizygotes at the same locus develop
as diploid and haploid males, respectively (Heimpel et al. 1999). This means that high
heterozygosis levels, i.e. high allele diversity, that are generally present in field and in large

commercial insectary populations, bring to a female-biased sex-ratio. While in population
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maintained in relatively small laboratory cultures, as in the case of this study, high inbreeding levels
lead to a male-biased sex-ratio (Heimpel et al. 1999). However, diploid male survival has been
reported in a large number of species, and immature survival of diploid males varies among
distantly related species and it may vary also among strains of the same species. For example, inter-
specific variation in the viability of diploid males in closely related species of the genus Bracon has
been also found (Holloway et al. 1999). Therefore, the survival of B. nigricans diploid males (i.e.
eggs viability, larval survival and adult reproductive potential) should be further assessed to provide

potential explanations about its actual sex-ratio, as well as on its low egg-to-adult development rate.

4.4. Host stinging

Bracon nigricans females, as idiobiont parasitoid species, kill host larvae with an injection of
venom that causes after few seconds an irreversible paralysis of the host larva. After the host
immobilization, females showed an intense stinging activity before effectively starting to lay eggs
and/or to feed on the host haemolymph. During this pre oviposition activity, female inject venom
for permanently paralyzing hosts and very likely for assessing host suitability (host acceptance),
based on host size and/or host aemolymphatic kairomone recognition (La Rocca et al. 2007). After
this, females may feed on the host larva directly of after building up feeding tubes built up to reach
immobilized larvae inside the mines. Host tissues and hemolymph are a rich source of nutrients,
such as proteins, fats, sugars and various essential vitamins and salts that are either scarce or absent
in other foods. These materials are presumably digested into simpler molecules in the gut and/or
haemolymph, and then absorbed, translocated and reassembled into parasitoid tissues (Heimpel and
Colier 1996). It is well-known that the nutrients obtained by host feeding are used to mature eggs
and, without exception, parasitoid species known to feed on host are synovigenic (Jervis and Kidd

1986; Pennacchio and Strand 2006).
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The portion of killed and not parasitized hosts, besides representing a host feeding substrate
may be due to a strategy to control the leafminer density present in the leaflets. This strategy aims at
ensuring that a leaflet containing parasitized larvae will not be lost due to the feeding activity of
survived non-parasitized larvae on the same leaflet (Patel et al. 2003). Undeniably, extreme
leafmining may cause desiccation, necrosis and abscission of leaflets, thus resulting in a potential
decrease of parasitoid larvae survival. Another plausible reason for this behaviour is that female
parasitoids kill more host larvae to provide a food reserve for future reproduction or/and to the
progeny, i.e. developing wasp larvae (Lauziére et al. 1999). Moreover, Jervis et al. (1994)
previously observed a post-reproductive stinging activity in B. hebetor. These authors found that
old female wasps continue to feed on the host larvae to maintain themselves without having the
possibility to lay any eggs owing to the senescence of their reproductive system. This phenomenon
has two effects: (i) the impact of the parasitoid on the host population is greater than predicted
solely from the degree of parasitism (similar effect of the destructive host feeding); (i1) paralyzed
larvae may be available to other female wasps that will have a reduced handling time, increasing

their searching efficacy.

4.5. Demographical growth parameters

In this study we developed the population growth parameters of B. migricans and, even if life
history parameters are determined under artificial laboratory conditions, knowledge of the potential
demographical growth is crucial for studying population dynamics and for establishing management
tactics for pest control (Birch 1948, Stark et al. 2004, Bernardo et al. 2006). Furthermore, the
importance of life table parameters was remarked by Stark et al. (2004) when stating that the
knowledge of the demographical growth parameters of a given species is essential for pesticides

risk assessment studies. Indeed, each species has its own life-history strategies (e.g. lifespan, time to
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first reproduction and number of offspring produced over a lifetime) and therefore its population
levels recovery strategy and timing.

When comparing the intrinsic rate of natural increase of B. nigricans and the one of
T. absoluta, previously developed in laboratory by Pereyra and Sanchez (2006), it is evident how
the moth has an higher potential population growth capacity, having a higher r, value of the
B. nigricans one, i.e. 0.14 and 0.052, respectively. This result may implies that this parasitoid
species be not able to control the pest populations effectively; however, in order to assess the true
B. nigricans fitness further studies at different host density levels are still needed. Indeed, parasitoid
oviposition rate may be a function of the host density, which implies different effects on the host
population dynamics (Luna et al. 2007). At different host densities, the rate of parasitism, therefore
the overall parasitoid fitness, may be influenced by behavioural decision, namely the time spend in

host searching and handling (Walde and Murdoch 1988).

4.6. Prospects for Tuta absoluta biocontrol

Many efforts have been done during the last few years in the pest newly invaded areas with the aim
to identify and characterize effective 7. absoluta natural enemies. These relied mainly on faunistic
surveys and host suitability assessments in laboratory conditions; whereas only generalist predators
(namely mirids), preying on 7. absoluta eggs and young larvae, have been included in effective
tomato IPM programs successfully. In this study, we reported for the first time the life history
strategies and the main behavioural traits of a Palaearctic parasitoid when parasitizing the mature
larvae of the South American tomato pinworm.

The main result of this study is that B. nigricans female adults showed a high rate of non-
reproductive killing behavior, namely numerous host larvae were killed owing to host feeding and
host stinging during the whole female lifespan. This activity shows how the biological control

service of this parasitoid might be underestimated considering only the rate of parasitism or the
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emerged adults. Indeed, the B. nigricans kill rate (K,, = 0.121) is higher than its intrinsic rate of
natural increase (7, = 0.052). These results remark that despite the population dynamics theories,
destructive host feeder species may be better biological control agents than other parasitoids (Jervis
et al. 1996). Moreover, B. nigricans showed to be a typical synovigenic species and such parasitoids
are long-living, are able to reproduce at lower host densities and, in the case of anhydropic species
(as B. nigricans), to conserve reproductive material in relation to host density notably resorbing
unlaid eggs. In addition, synovigenic species being not time-limited are also able to spend more
time in foraging and host searching behaviours. Indeed, studies on leafminer communities indicate
that generalist idiobiont parasitoids may have broad host ranges and parasitize almost all hosts of
suitable size in a given search environment (Pennacchio and Strand 2006). Therefore, in order to
enhance the B. nigricans presence and its biological control services in protected and open field
tomato crops, the wasp host range (within the endemic parasitoid host communities) needs to be

clarified definitively.

All the B. nigricans biological and behavioural traits reported in this study are potentially
useful for the control of 7. absoluta populations. Indeed, this study represents the first step towards
establishing the scientific basis for the effective inclusion of B. nigricans in biological and
integrated 7. absoluta control programmes in the areas newly invaded by this pest. This could be
achieved by the conservation of the wasp populations wildly present in the cultivated environments
through the use of selective pesticides (Arno and Gabarra 2011, Biondi et al. 2012a, 2012b) and of
rational habitat management strategies (Gardiner et al. 2009) and/or by augmentative releases of
mass reared wasps (van Lenteren 2012). Nevertheless, before giving overall conclusions on
B. nigricans field efficacy, various additional factors need to be specifically tested, since they may
strongly affect the biocontrol activity and population dynamics of B. nigricans in field conditions.
These are mainly represented by pesticide non-target effects (Desneux et al. 2007, Lu et al. 2012);
agronomic conditions (Desneux and Ramirez-Romero 2009, Amini et al. 2012); interactions among

natural enemy species (parasitoids and predators) sharing the same host/prey (Zappala et al. 2007,
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Luna et al. 2010, Bompard et al. 2013), wasp dispersal and host searching capacities (Sanchez et al.
2009, Zappala et al. 2012c¢). Thus, although field studies would be needed, the data obtained so far
in laboratory conditions suggest that this parasitoid could be considered a potential key biological

control agent of 7. absoluta in the newly invaded areas.
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Figure captions

Figure 1. Means (=SEM) of eggs, larvae, cocooned pupae and overall immatures development
duration (hours) of Bracon nigricans males and females. No statistical differences between sexes
were found (ANOVA P > 0.05).

Figure 2. Proportion of surviving Bracon nigricans adults for a given age (days). The values
reported refer to: (i) the survival of males and females reared feeding only on honey and (ii) the
survival of females feeding on host larvae and on honey.

Figure 3. Weekly grand means (SEM) of daily percentages of parasitized and of killed without
being parasitized host larvae by one Bracon nigricans female. Columns for age bearing the same
lower- and upper-case letters represent means that are not statistically different among the weekly
percentages of killed and parasitized host larvae, respectively (ANOVA P < 0.05, followed by LSD
test).

Figure 4. Means (=SEM) of daily oviposition activity during Bracon nigricans females entire
lifespan.

Figure 5. Weekly grand means (£SEM) of clutch size produced by Bracon nigricans females, i.e.
gregariousness rate. No statistical differences among weeks were found (ANOVA P > 0.05).

Figure 6. Weekly grand means (=SEM) of eggs and emerged adult produced daily by one Bracon
nigricans female. Columns for age bearing the same lower- and upper-case letters represent means
that are not statistically different among the weekly numbers of laid eggs and of emerged adults,
respectively (ANOVA P <0.05, followed by LSD test).

Figure 7. Weekly grand means (£SEM) of sex-ratio (number of males/total progeny) of the
progeny produced by one Bracon nigricans female. Columns for age bearing the same letters
represent means that are not statistically different among the weekly values (ANOVA P < 0.05,

followed by LSD test).
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731 Figure 8. Weekly grand means (+SEM) of percentages of successful young instars development,
732 i.e. number of emerged adults on eggs laid daily by one Bracon nigricans female. Columns for age
733 bearing the same letters represent means that are not statistically different (ANOVA P < 0.05,
734 followed by LSD test).
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Chapter V

Efficacy of sulphur on Tuta absoluta and its side effects on the predator
Nesidiocoris tenuis
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Introduction

Abstract

The South American tomato pinworm, Tuta absoluta (Meyrick), is one
of the major pests of tomato crop. Since its detection in the Mediterra-
nean basin, it has been commonly confrolled using chemical insecti-
cides. However, inoculation and conservation of predatory mirids,
integrated with sprays of selective insecticides, has been demonstrated
to be a cost-effective strategy for controlling this pest. In this work, we
tested the efficacy of two sulphur formulations, dustable and wettable
powder, for controlling T. abseluta on tomato under greenhouse and
open-field conditions. In addition, the side effects of both sulphur for-
mulations on the predator, Nesidiocoris fenuis {Reuter), were evaluated
under laboratory conditions. Dustable sulphur, applied weekly on
tomato seedlings artificially infested with T. absolufa in greenhouse con-
ditions, significantly reduced the infestation levels and was demon-
strated to have a repellent effect on oviposition. Wettable sulphur was
not effective for controlling T. absoluta populations in both greenhouse
and open-field experiments. In the side effect trials conducted with
N. fenuis, only dustable sulphur resulted in being moderately harmful as
a Iresh residue and slightly harmful as a 7-day-old residue; no effects
were recorded exposing the predator to 14-day-old sulphur residues. In
contrast, wettable sulphur was classified as harmless to N. fenuis. Our
results suggest that the use ol sulphur, especdially as dustable powder,
could be considered as a tool in T abselufa management strategies,
although its side effects on N. feruis should be taken into account. The
implications of these results for the use of sulphur formulations in pest
and disease management programmes in tomato crops are discussed.

Europe, T absolufa was first detected in northern
Castellon de la Plana (Spain) at the end of 2006

The South American Tomato Pinworm, Tufa abschitfa
{Meyrick) (Lepidoptera: Gelechiidae), is originally
from South America, where it is considered to be
one of the most important pests in tomato crop (Bar-
rientos etal. 1998; Estay 2000; EPPO 2010) In

J. Appl. Entomol. 136 (2012) 401-409 © 2011 Blackwell Verlag, GmbH

(Urbaneja et al. 2007). Since that time, it has spread
throughout the Mediterranean basin and through
continental countries, including Germany, Switzer-
land, the Netherlands and the United Kingdom. This
pest occurs throughout the entire growing cycle of
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tomato crops both for Iresh market and processing.
In the ahsence of confrol sirategies, larval feeding
can result in up to 100% crop losses by attacking
leaves, flowers, stems and fruits (Apablaza 1992;
Estay 2000}.

The lmpact of T absofuia on tomato crops has led
growers to utilize insecticldes extensively. In some
Mediterranean areas, the use ol chemical control
measures is disrupting the existing Integrated Pest
Management (IPM) programmes (mainly based on
biological control) in tomato crop (van der Blom
et al. 2009). Because of their side effects, chemicals
may lower the populations of patural enemies of
other tomato pests {Crolt 1990; Desneux et al. 2007)
and may lead to the development of insecticdde
resistance (Devonshire and Field 1991; Bielza 2010},
as has already been detected in the pest’s area of
origin (Siqueira et al. 2000, 2001; Lietd et al. 2005}
In the last 2 years, environmentally saler measures
aimed at limiting the use of chemical insecticides
have been implemented in some areas containing
new infestations. The integration of inoculative
releases and/or canservation of Macrolophus pygmacus
{Rambury and Nesidioveris femids Reuter (Hemiptera:
Miridae), along with the use of commercial formula-
tions based on Badllus thuringiensis (Berliner) and
other selective insecticddes, is becoming a cost-clfec-
tive strategy for controlling this pest (Desneux et al
2010; Gabarra and Amd 2010; Gonzdlez-Cabrera
et al. 2011; Molld et al. 2011).

The fungicidal activity of sulphur is largely koown
and has been exploited since the end of the 191h
cenniry. Purthermore, iis activity as a pesticide has
been widely exploited in management strategles
against arthropod pests, especially mites. Recent
insight inte the physiclogical role of sulphur has
prompled an increase in its application in IPM
programmes (Willlams and Cooper 2004; Bloem
et al. 2005). Because of its reduced ecological impact,
sulphur is also widely used in organic farming (Por-
cuna 2002; Peologisma.com 2011,

Field observations showed that the impact ol T ab-
soluta was lower in tomato plots freated with dusta-
ble powdered sulphur to prevent plant diseases in
the first crop stages than in the untreated plots
{(authors’ pers. obs.). However, several mials have
shown that sulphur also has negative ellects on
various natural enemies, such as predatory mites,
thrips (Hanna et al. 1997; James et al. 2002; Prisch-
mann et all 2005, Teodoro et gl 2005) and parasi-
toids {Flanders 1943; Willilams and Gill 199§,
Martinson et al. 2001; Jepsen et al. 20074, b; Pijnak-
ker and Ramakers 2009).
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The goals of this study were to evaluate the efficacy
and long-term effects of two different sulphur formu-
lations on the control ol 70 absoluia under greenhiouse
and fleld conditions as well as thelr side effects on the
mirid predator N. fenuis.

Materials and Methods

Chemicals

Sulphur was tested as dustable powder (DP) at 3.75 g/
plant (Agrezufre™ Cequisa Agro, Barcelona, Spain)
and as wettable powder (WP) at 300 g/hl {Lainzufre®;
Lainco SA, Rubi, Spain). Bacillus rhuringicnsis var. kur-
staki was used as treated control at 200 g/hl (Costar™:
Syngenta Agre SA, Madrid, Spain) because of its dem-
onstrated efficacy in controlling T absoluta infesta-
tions {Gonzalez-Cabrera et al. 20113,

Insecis

sSpecimens of T absohita were collected in tomato
fields located in the Castellén de la Plana region and
reared on tomato planls in a growth chamber
E_ZS - EOC, 60 4 5% RH and 16: 81 {i,f D) phﬁt(?-
peried]. Weekly, a group of six tomato plants, 30 wn
in height, were placed inside a screened cage
{120 x 70 % 125 amy ({ X w xJr) where the rearing
took place. Plants were lelt undisturbed lor 5 weeks.
This time period was sufficient to enable the moths to
emerge within the cage and rendered artificial
re-infestation unnecessary. When required for green-
house assays, adults were collected using a mechani-
cal aspirator {Hausherr's Machine Works, Toms
River, Newlersy).

Nesidiocoris tenis (NESIBUG®) was purchased from
Koppert Biological Systems S.L., Aguilas, Murcia,
Spain; the adulis were 4 days old when used in the
trials.

Greenhouse trials

The experiments were conducted in a greenhouse
located at IVIA in Monda (Valenda, Spain) under
controlled  environmental conditions {25 4+ 2°C,
65 + 10% RH). Artificial light was supplied to provide
a 141 : 10D photoperod, simulating summer photo-
period when T. absolufa populations tend to increase
The plants used in the trials were seedlings of tomato
var. Muchamiel (Mascarell Semillas 5.1., Benisoda,
Spain), approximately 30 cm  high. They were
placed individoally into  screened plastic boxes
(35 X 25X 45 amy d xwx h).

I Appl. Entoroel. 134 (2012) 401409 @ 2011 Blackwell Verlag, Gonbii
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Formulation effectiveness

Sulphur formulations were evaluated lor their elfec-
tiveness against T. absoluta at different time intervals.
The experiment was performed as a complete
randomized block with six treatments and five repli-
cates as follows: DP sulphur applied weekly, DP
sulphur applied Iortnightly, WP sulphur applied
weekly, WP sulphur applied fortnightly, B. rhuring-
ensis applied weekly (treated control) and water
applied weekly {untreated control). Treatinents were
applied using a 1-1 trigger-operated hand sprayver
(Matabi®; Antzuola, Guipuzcoa, Spain). Treated
plants were allowed to air-dry lor I h.

Four T absoluta adulis {two females and two
males) were released into the cages weekly. The trial
lasted until the untreated control was completely
destroyed. Weekly observations were conducted on
each plant by scoring the number of total leaves, the
number of infested leaves and leaflets, the percent-
age of infested surface area and the number of mines
on four randomly selected infested leaflets.

Qviposition repellency
The potential oviposition repellency of the sulphur
lormulations and the subsequent elledt on newly
hatched larvae were evaluated in both choice and
no-choice experiments. Water was used as an
untreated control

in the choice test, three freated tomato plants
{one per treatment) were placed together inside a
plastic bhox as described earlier. In the no-choice
experiment, the plants were placed individually
inside the boxes. Four T absehila adults {(two [emales
and two males) were released for each plant. After
4 days, the plants were examined, and the number
of eggs laid by T abschifa lemales was recorded. In
addition, to evaluate the effects on the larvae, a sec-
ond group of plants was utilived in an experimental
design identical to the one descaribed above. In this
case, the observations of the plants were conducted
10 days alter releasing the adults, when the larvae
were at the second instar. The numbers of larvae on
treated and untreated plants in the choice and
no-choice trials were recorded. Four replicates were
performed for each experiment.

Open-field wial

A field trial was conducted to verify the suitability of
including sulphur ftreatments in an  integrated
management strategy lor T absefiia. The experiment
was conducted on tomato plants (var. Muchamiel}
grown in 10 1 pots, Irom August to Qcotober 2009, in

J.Appl. Entorol. 136 (2012} 401-409 @ 2011 Bladkewell Verlag, Gmbi
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the experimental fleld located at IVIA in Moncada
{(Valencia, Spain} (N 39°357 13.257, W ("237 48.317).
Crop cultivation techniques typical of open-field
staked fomato production in Spain were followed:
the main stem of the plant was trained with plastic
rings to a cane structure, secendary shoots and
senescent leaves were pruned weekly, and a stan-
dard nutrient formulation for tomato was added
directly to the watering solution.

Pour treatments on groups of five tomato plants
were compared in g randomized complete block
design: B. thuringiensis applied weekly, DP sulphur
applied weekly during the first 2 weeks Iollowed by
fortnightly treatments of B fhuringiensis and WP
sulphur {hereafter called DP + Bt + WP), DP sulphur
applied weekly during the first 2 weeks followed by
weekly WP sulphur applications (hereafter called
DP + WP} and untreated control {water). These
treatiments were chosen because it is common to
sprinkle DP sulphur on many crops at the beginning
of the growing season when temperatures are still
helow 30°C; subsequently, dust formulations are
substituted with non-phytotoxic formulatons such
as WP sulphur

To monitor the presence of T absoluta in the
tomato field, & delta-trap supplied with T absoliia
pheromone (PH-937-IRR; Biagro 5.1, Valenda,
Spain) was placed close to the experimental field
The number ol captured males was recorded weekly.
The sticky plate was changed once a week and the
phercmone dispenser once a month,

Weekly observations were recorded for the plants
including the number of total leaves, infested leaves,
leaflets and [ruits, the percentage ol infested surlace
area and the number of mines on four randomly
selected infested leaflets. The presence of other pests
(such as whitellies, spider miles, russel mites, stink
bugs and leafminers) and of natural enemies
(namely mind predatorsy on one leal Irom the upper
third of each plant was also recorded. At the end of
the trial, the harvested tomatoes were weighed.

Side elfecis on Nesidiocoris temuis

To ascertain the potental elfects of the sulphur
formulations on the predator, N. fenuds, a toxicity
trial was conducted on adults exposed to Ifreshly
dried, 7-day-old and 14-day-old DP and WP sulphur
residues. An untreated control with water was also
evaluated. The elleat of residues on the mortality of
the predator and the fertility of the survivors was
evaluated. The experiment was initiated by spraying
30 tomate plants for each treatment. The plants
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were of the same variety, growth stage and height as
those employved in the greenhouse tral described
earlier. One hour alter sulphur application, 10 plants
per treatment were used for the fresh residue rial.
The remaining plants were left undisturbed in a
greenhouse at 25 £ 2°C and 65 £ 10% RH with
artificial light to obtain a 14L: 10D photoperiod
until their use for the 7-day-old and 14-day-old resi-
due trials, 10 plants in each trial

The upper half of the plants was excised and
placed to & bloassay solator consisting ol twe
superimposed plastic glasses (Sanchez et al. 2009}
The top glass had a larger volume (370 ml) and con-
tained a hole in the bottom to allow the stem to
reach water present in the bottom glass (230 ml).
Five N. fenis lemales and five N fenuis males were
introduced into the aforementioned arena. Fifty
Ephestia kithniella Zeller {Lepldoptera: Pyralidae) eggs
were added daily to provide [eod for each female.
Water was offered ad Iibirum in a 1.5-m] microcentri-
fuge tube sealed with cotton. The arena was then
closed using fine polyester mesh. Observations were
conducted daily for 5 days to record the number of
dead predators. Alter this interval, all the survivors
were removed, and the pumber of progeny that
emerged was scored to evaluate the eflects on N ren-
wis fertility.

Trata analysis

Treatmen! ellects on plant and [ruil damage were
analysed using a linear mixed model with repeated
measurements, using time as a random factor. The
measureinents were expressed as a percentage of
infested leaflets, a percentage of infested surface per
infested leafler and a percentage of infested fruits.
Oncee significant dillerences were established, pair-
wise comparisons of the fixed factor level were
performed using a Bounlerroni's post-test (P < 0.05).
When needed, angular transformations of percentage
data were performed to fulfil the assumptions of
normality and homogeneity ol variance.

When significant {one-way swova followed by
Tukey's test at P < 0.05), the side ellect trial data
were  corrected  using  Abbott’s [ormmmula (Abbott
1925}, and they were then summarized in a reduc-
tion coelficient (F) calculated separately lor cach
pesticide residue and fime inferval (Urhaneja et al.
2008). The coelfident was determined by consider-
ing only the values that were significantly dillerent
after their comection. The resulting value {F} was
interpreted  according to IOBC standards, which
include four categories: (i} harmless, (i} slightly
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harmiul, (i) meoderately harmful and (iv) harmial
which correspond  to  reductions  helow  30%,
between 31% and 72%, between 80% and 99% and
higher than 99%, respectively {Sterk et al. 1999).

Results

Greenhouse trials

Formulation effectiveriess

The trial comparing the two sulphur lormulations at
different time intervals showed a significant effect
regarding the percentage of infested leaflets per plant
{Fs, 140 = 20.970, P < 0.0001) (fig. 1a). DP sulphur in
weekly applications reduced the number of infested
leatlets compared with the untreated control, and it
was as effective as the freated control (Bt) (table 1).
The perventage of infested surlace area per infested
leafler was statistically different among the treat-
ments (Fy, 50 = 21.020, P < 0.0001) (fig. 1b). In this
case, the weekly application of DP sulphur resulted
in a lower infested surface area compared to the
untreated control but higher compared to the treat-
ment with Bt {table 1).

Control

% Infested leaflels

(&)

g 100+

20 4 SUishur 1

b d

Control
£6

40 -

20 A

% infested surfacelinfested leart

fa} and percent
i a greenhou
formul

" b}
veness of two sulphur
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> trlal comparing 1
ions against T, absolulo al differ
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Table 1 Pvalues for the palrwise comparison of percentage of
infested leallels per plant and the percentage of Infested surf
per infested leaflet among treatments I a greenhouse trial against
aloes (T1: unlreated conlrol; T2: reated conlrol
{61); 13: dustable powder {DP} sulphur 7 d "4: DF sulphur 14 days;
Th: WP sulphur 7 days and T4 WP sulphur 14 days; linear mixed
model with repeated measures). Vaiues In bold correspond to statist-
cally significant valies. Bonferronl’s post-test (P < 0.05

Ce ares

Tuba ohsohido on to

Inddependent. variahie

% infested surface
per nfested leaflet

<0.G001
<0.6001

<0001
03.0007
0.637
A0
1.000
0.006
<0.0001
<0.0001
<(.0001

<0. G001
<0601

Oviposition repellency

The choice and no-choice tests conducted to evalu-
ale the potential oviposition repellency of sulphur
and the subsequent effect on larvae showed a signif-
icant effect in both experimental conditions. In the
choive test, there was a significant reduction in the
number of eggs laid (., =5.92, P =0.023) and in
the number ol larvae recorded alter 10 days
(Fae=11.94, P = 0.003) (fig. 2a, c). A similar effect

150 -
g {a)
] a
]
2 0 g
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£ i ab
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£ 100
£ i
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g o b
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Z o \ &! oo
Contral Suiphur WP Sulphur DP
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was recorded in the no-choice test, in which T abso-
lura adulis were placed {individually} in contact with
either treated or untreated plants. There was a
significant reduction both in the number of eggs laid
{Fy0 =595, P =0.023) and in the number of larvae
(Fro = 10.08, P = 0.005) (fig. 2b, d). In all cases, the
highest reduction was recorded for the treatment
with DP sulphur (fig. 2).

Open-field wial

The pheromone trap captures during the entire trial
period averaged 34.6 males/week (max: 56; min:
14).

The results showed that the treatments had a
significant ellect on the inlestation levels when they
were expressed as a percentage of infested leaflets
per plant (M 1ss0r = 65.212, P < 0.0001) {fig. 3a).
Both control strategies based on sulphur applications
{(DP + WP and DP + Bt + WP) significantly reduced
the percentage of infested leallets when compared
with the untreated control; the percentages were
significantly  lower  for  the combination
DP + Bt + WP {table 2). However, these values were
statistically higher in comparison with the treated
control {Bt), which showed a percentage of infested
leaflets of approximately 2% throughout the experi-
ment.

The percentage ol infested surlace area per
infested leaflet was also different among the treat-

menls  (Fsag00 = 64736, P <0.0001) (fig. 3b).
— 150 = (b}
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{a}, percentage of infested surface area per Infestad leallel (m

SEH (b} and percen frme
a figld trial comparing varlous conlrol sirategles based on the use of

sulphur against 7. absolila.

Ounly the combined use of DP+ Bt + WP signifi-
cantly reduced the percentage of infested surlace
area when compared to the untreated control; how-
ever, these values were higher than those recorded
for the treated contral {table 2.

The vield per plant {untreated controlk
1835 £ 64.3 g (mean £ 5E); Bt 291 & 35.4 g
DP + WP 1377 4+ 381 g DP+Br+ WP 1362+
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Table 2 Pvalues for the palrwise comparison of percentage of
infested lealls i surface area per
Infested leaflet and the percentage of Infested fruits per plant among
againsl Tudo absolute (T1: untrealed con-

5 per plant, the percentage of infest

lreatmenls in a Deld

odel with repeated
cally significant values. Bonferronl's post-test (P < 0.05)

&
P
L
=
T
oy
=
=3
fa)
=
(=)
g
puuc
T
iy
=
pul
=
o
o
=

Independent variable

¥ infested % infested surface % infested

leafletsiplant per infested leaflet frults per plant
Tl vs. 72 <0.0001 <0.060601 0.00067
13vs. 11 0.014 1.000 1.000
T4 vs.T1 <0.6001 <0.060073 0.0m1
T3 vs. 12 <0.0001 <0.0001 <0.0061
T4 vs 12 « 03007 «0.0081 1.006

51.7 gy was not significantly influenced by the treat-
ment {F; 55 = 0.36, P = 0.78). However, the percent-
age of infested fruits exhibited a significant effect
from the treatment {F3 159172 = 11.230, P < 0.0001)
{fig. 3¢). The plants treated with alternating sulphur
and B. thuringiensis {DP + Bt + WP} produced a sig-
nificantly lower percentage ol inlested [ruits than
the unireated control, and this value was similar to
that obtained for the treated control (Bt) (table 2,
fig. 3¢).

Side effecis on Nesidiocoris tensis

Fresh DP sulphur treatinent significantly lowered the
survival of N feruis adults (Fp 7 =475, P < 0.03),
while no significant effects were recorded after
exposing  the mirids to 7-day-old (Faar = 078,
P=0.47) or ld-day-old residues (Fiur =145,
P =0.33) (table 3). Survival of N. renuis adults in the
other treatments, even the [resh residue treatments,
was not significantly different from the untreated
control.

Predator fertility was significantly lowered only by
the fresh residue of DP sulphur {1, = 8.24,
P =0.002) (table 3). Seven- and I4-day-old residues
had no significant effect (7 davs: Faar = 1.87,
P=10.17 14 days: F, 4, = 3.06, P = (.00}

Based on these results, the reduction coefficient
{£) was calculated only for DP sulphur. The reduc-
tion coelficient lor DP sulphur was 83.1%; therelore,
it was classified as harmful {category 3) immediately
alter treatment but harmless {category 1) alter 7 and
14 days. In contrast, the WP sulphur was dassified
as harmless {category 1) for all the time intervals
{table 3).

I Appl. Entoroel. 134 (2012) 401409 @ 2011 Blackwell Verlag, Gonbii
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Table 3 Percentage mortality and levels of fertllity of Nesidiocoris
femids exposed 1o fresh, 7- or 14-day-old residues of WP sulphur and
dustable powder (DF} sulphur, and a water-treated control; ICBC cate-
cory corresnonding [0 the reduclion coeflliclent £ %)

Fertiiity (meann £ (%

Mortality (%) nrogenyifernale  [10BC
Residue Product lmean 1 S5F 1 SE) cateporyl
Fresh WP Sulphur 36.89 £ 1.5 1099 £ 0.71a 0.0 {1}
DP Sulphur  50.89 4 34940220 831 (3
Control 25.80 4 12,43 £ 0.59a -
7-days-old WP Sulphur 4425 7.38 4 0.87a 0.0 (1}
44.¢ 477 £ 0.3% 0.0
3527 41 3.56 1 0.37a
14-days-old WP Sulphur 44.8 703 £ 0.51a 0.0 (1}
DF Sulphur 3547 4 1.08 + Otda 0.0 (1)
Cantrol 3073 4 1. 432 .1 0778 -
Means within the same coliumn foltowed by The sam

slgnlficantly t {Tukey's 1 = 0.05).

Discussion

The potential of sulphur formulations 1o reduce the
impact ol economically important pests and diseases
is well known (Willilams and Cooper 2004). How-
ever, to our knowledge, this is the first report
demonstrating the elficacy ol sulphur lormulations
against T. absoluta. According to our results, the
elfect of sulphur is likely due to the reduction in the
number of eggs laid on treated plants, especially
with DP formulation, This repellency appears to be
the most unportant eflect; however, we cannot
ignore the toxicity of the sulphur formulations on
T. absohita adults. Purther studies should be con-
ducted to darify the contribution of this effect.

Effectiveness of sulphur DP against T, absolute was
comparable to control of the pest by the Bt [ormula-
tion in terms of number of infested leaflets per plant
in the greenhouse. However, the percentage of
infested surface area per leaf was higher for weekly
sulphur DP treatments compared 1o the B thuringien-
sis-treated plants. This suggests that once the eggs
are laid, they continue their development until the
larvae hatch. From this moment, there is a strong
difference in the performance of the products; the
toxins from Bt kill the majority of the larvae (Gon-
zalez-Cabrers et al. 2011), while the DP sulphur
does not.

The ellectiveness ol sulphur was also tested under
field conditions. Combining two  applications of
sulphur DP {once a week for the first 2 weeks) with
alternative weekly treatments, using B. fhuringiensis
or WP sulphur significantly reduced T. absoluta infes-
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tation, even though not as clficiently as Bt lormula-
tion. In these experiments, WP sulphur showed no
efficacy against T absolida; therelore, the reduction
in the infestation levels was enfirely because of
B. thuringiensis and DP sulphur,

Based on this work, we can recommend the pre-
ventive use of sulphur DP in combination with other
selective active ingredients to control T absofuia. In
some tomato-growing areas ol the Mediterranean
basin, it is common 1o sprinkle the plants with
sulphur DP 2-3 weeks immediately alter transplanta-
tion to prevent plant diseases and mite infestations.
Therefore, plants can also be protected from T. absoluta
to a certain extent, especially when the population
density is low. However, if pest control strategies are
based on inoculative releases of N. feruis (Calvo et al.
2009; Molld et al. 2011, our resulis on the side effects
suggest that sprinkling sulphur DP must be terminated
at least 7 days belore releasing the predator. From
that point, pesticide treatments should be applied only
with selected active ingredients compatible with mirid
establishment. Bacillus for example,
showed no effect on mirid establishment either in the
greenhouse or in open-field experiments (Gonzalez-
Cabrera et al. 2011; Molld et al. 2011). During the last
tomato-growing season in Almeria {Spain), the inocu-
lation of N. fernuis in the nursery was demonstrated to
he an effective strategy, and it was successfully imple-
mented in several commnercial greenhouses (Calvo
etal. 2010). This strategy involves transplanting
greenhouse plants on which N fenuds has already laid
eges into the nursery. Because of the side ellects
described in this work, it appears that the use of sul-
phur DP in combination with this strategy would not
he possible, at least during the first weeks of N. fenuis
establishonent.

Sulphur has shown different levels of toxidty to
beneficials depending on the formulation used and
on the species tested (Hassan 1994; Hanna et al
1997; Piinaklker and Ramakers 2009); therefore, its
application in combination with natural enemies is a
very contentious topic. However, it s generally
helieved that the use of DP sulphur is highly toxic to
natural enemies, whereas the WP sulphur is consid-
ered, In some cases, to be less harmful (Biobest
2011; Koppert 2011}

The use of sulphur formulations is also common in
tomatoes for the control of mites (Strand 1998), par-
ticularly in recent years when both lormulations (D
and WPy have been widely used to control the
tomato russet mite, Aculops lycopersici (Massee) (Acari:
Eriophyidae) (Duso et al. 2010). Therelore, in those
tomato fields where N fenuis is heing used, the

thuringicnsis,
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application of DP sulphur should be restricted to
localized treatments (hot spots) or anly applied when
populations ol N. fenuis are well established. In con-
trast, the use of sulphur WP o contral A. hoopersici
does not pose any risk for N. fenuis populations, as
was observed by Gonzélez-Cabrera et al. {2011) in an
open-field somato experiment with three differens
mirid species present {(Diovphus marrocinnus Wagner,
N. fenuis, and M. pygmaeis).

In sumumary, the resulis obtained in this study
suggest that the preventive use of sulphur DP could
he considered a valuable ool in sirategies intended
to manage T. absofuia, especially in organic [arming,
where the use of sulphur is common because of its
multiple targets. In these cases, the use of DP sul-
phur, in combination with inoculative releases ol
N. genuis, should be Hmited to applications prior to
the release of the predator or until after the mirid
populations are well established. Moreover, the
combination of DP sulphur treatments with other
active ingredients that are sale [or natural enemies
increases the possibility of reducing chemical resi-
dues in fruits.
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The generalist predator Orius laevigatus (Fieber) {Hemiptera: Anthoceridae) is a key natural enemy of var-
icus arthropeds in agricultural and natural ecosystems. Releases of this predater are frequently carried
out, and it is included in the Integrated Pest Management (IPM) programs of several crops. The accurate
assessment of the compatibility of various pesticides with predater activity is key for the success of this
strategy. We assessed acute and sublethal toxicity of 14 pesticides on 0. laevigatus adults under labora-

tory conditions. Pesticides commoenly used in either conventicnal or organic farming were selected for
I;Z}J‘]’eo:g; effect the study, including six biopesticides, three synthetic insecticides, two sulfur compounds and three adju-
PM vants. To assess the pesticides’ residual persistence, the predator was exposed for 3d to pesticide resi-
dues on tomate sprouts that had been treated 1h, 7d or 14 d prior to the assay. The percentage of
mortality and the sublethal effects on predator reproductive capacity were summarized in a reduction
coefficient (E,) and the pesticides were classified according to the IOBC (Internaticnal Organization for
Biclogical Control) toxicity categories. The results showed that the pesticides greatly differed in their tox-
icity, both in terms of lethal and sub lethal effects, as well as in their persistence. In particular, abamectin
was the most noxicus and persistent, and was classified as harmful up to 14 d after the treatment, caus-
ing almost 100% mortality. Spincsad, emamectin, metaflumizone were moderately harmful until 7 d after
the treatment, while the other pesticides were slightly harmful or harmless. The results, based on the
combination of assessment of acute mortality, predator reproductive capacity pesticides residual and
pesticides residual persistence, stress the need of using complementary bicassays (e.g. assessment of
lethal and sublethal effects) to carefully select the pesticides tc be used in IPM programs and appropri-
ately time the pesticides application (as function of natural enemies present in crops) and petential
releases of natural enemies like O. laevigatus.

Tuta absoluta
Biopesticide
Persistence

Risk assessment

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Generalist arthropod predators are worldwide known for their
ability to control phytophagous insects and mites in many
cultivated crops (Symondson et al, 2002). For example, most
Anthocoridae are polyphagous predators which play a key role in
management of various pests such as aphids, mites, whiteflies
and moths {(Chambers et al, 1993; Desneux et al., 2006b; Bosco
et al, 2008; Fathi and Nouri-Ganbalani, 2010; Ragsdale et al,,
2011; Weintraub et al., 2011} in both greenhouses and fields. These
predators are able to build up their populations before pests arrive

* Correspending auther at: University of Catania, Department of Agri-Foed and
Environmental Systems Managerment, Via Santa Sofia 100, 95123 Catania, Italy. Tel.:
+38 0957147258; fax: +39 0957147284,

E-mail address: antenio.biondi@unict.it (A. Biondi).

0045-6535/% - see front matter © 2012 Elsevier Ltd. All rights reserved.
dci:10.1016/j.chemosphere.2011.12.082

using alternative prey (Harwood et al., 2007; Desneux and O'Neil,
2008) and host plants as alternative food sources (Lattin, 1999;
Lundgren et al., 2009). In addition, predators of the genus COrius
{Heteroptera: Anthocoridae) are mass-produced and released
mainly to control thrips pest Frankliniella occidentalis (Pergande)
in various horticultural crops in Eurasia and North America {Bosco
et al., 2008; Weintraub et al., 2011).

Despite the potential effectiveness of biclogical control, many
crop protection practices are primarily based on broad spectrum
chemical pesticides which are noxious to beneficial arthropods
{Desneux et al, 2007) and that affect agricultural sustainability
(Wilson and Tisdell, 2001). An alternative to conventional pest
control is Integrated Pest Management (IPM), an approach that
aims to reduce pest status to tolerable levels by using effective,
ecologically-sound and economically-sustainable management
methods (Van Lenteren and Woets, 1988). IPM involves using
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pesticides when required, though their harmful effects on natural
enemies should be mitigated. Accurate assessment of potential
side effects of pesticides on natural enemies is critical for develop-
ing effective IPM strategies {Desneux et al, 2006a; Stark et al,
2007) and is increasingly important because the recent European
Union directive on sustainable use of pesticides, i.e. 2009/128/EC,
stated that IPM should be implemented in all member states by
January 1st 2014 (EEC/CEE, 2009). Many laboratory assays rely al-
most exclusively on the assessment of lethal effects. However, pes-
ticides could induce multiple sublethal effects in individuals that
survive an exposure to a given pesticide (Desneux et al, 2007),
and these effects could have important impact on natural enemies
population dynamics {Stark and Banks, 2003). Sublethal effects
could impair the physiology {e.g. neurophysiology, development,
longevity, fecundity and sex-ratio) and the behavior {e.g. mobility,
orientation, feeding, host searching, oviposition and mating) of
natural enemies {Desneux et al., 2004a,b; Suma et al., 2009; Evans
et al, 2010; Arné and Gabarra, 2011; Saber, 2011; Stara et al.,
2011; He et al,, in press and see Desneux et al. {2007) for a thor-
ough review). Studying more subtle endpoints {e.g. behaviors, Des-
neux et al, 2004c¢) and using multistep bicassays to evaluate the
potential effects of pesticides on natural enemies is therefore re-
quired to assess risk in a more complete way {Desneux et al,
20064, 2006¢, 2007; Stark et al,, 2007).

Previous laboratory studies on the effects of pesticides on pre-
dators have focused mostly on direct contact toxicity by topical
application (James, 2004; Mahdian et al., 2007; Rimoldi et al,
2008) or residual toxicity (Giolo et al, 2009; Gradish et al,
2011). By contrast, fewer studies have documented effects of pes-
ticides on predators when exposed through feeding on contami-
nated prey (Banken and Stark, 1998; Urbaneja et al., 2008; Cabral
et al, 2011; He et al,, in press) and very few have tested relation-
ship between age of pesticide residues and lethal and sublethal ef-
fects on predators and other natural enemies of a given pest {Van
de Veire et al, 2002b; Desneux et al., 2005; Gradish et al., 2011).

In this context, the aim of the present work was to provide
lethal and sublethal toxicity assessment of various pesticides on
the generalist predator Orius laevigatus (Fieber) (Hemiptera:
Anthocoridae). This species was chosen as predator model because
it is widely distributed in the Palaearctic region, it is a key natural
enemy of various pests in agricultural ecosystems {Chambers et al,,
1993; Weintraub et al,, 2011) and had shown some potential for
biological control of the invasive South American tomato pinworim,
Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae) {Desneux et al,,
2010; Lins et al, 2011). We evaluated the effects of pesticides that
are commeonly used in organic andfor conventional cropping sys-
tems {see Table 1 for detailed information), including pesticides
that have been increasingly used on tomate owing to the recent
invasion of Afro-Eurasian countries by T. absoluta {(Desneux et al,
2010,2011). In laboratory conditions, we assessed acute toxicity
on predator adults and sublethal effects on their reproductive
capacity {progeny size) when exposed to pesticide residues on to-
mato leaves. To test for potential relationship between age of pes-
ticide residues and effects in exposed predators, we tested three
different ages of pesticides residues: 1-h old, 7-d old and 14-d old.

2. Materials and methods
2.1. Insects

Orius laevigatus individuals used in the trials were provided by
Bioplanet (Cesena, Italy) in commercial bottles containing 500
individuals dispersed in inert material (LeviPAK500®). Before being
used in experiments, the predators were fed using UV sterilized
Ephestia kuehniella (Zeller) (Lepidoptera: Pyralidae) eggs {Ento-

food®, Koppert Biclogical Systems, The Netherlands) and stored
in growth chambers (26 = 2 °C, 60 £ 10% RH, 14: 10 L.D.). Predator
adults belonged to the same cohort and the individuals were 4-d
old when used for the experiments.

2.2, Pesticides

The pesticides tested varied in their mode of action, chemical
families and pesticide types (detailed informaticn on active ingre-
dients [a.i.] are provided in Table 1). We tested six biopesticides,
three synthetic insecticides, two fungicides {(sulfur compounds),
and three adjuvant compounds. These plant protection products
are currently used in various crops (including tomato) and some
of them are also authorized for organic farming. The highest recom-
mended rates for tomato crops were used for cur experiments, ex-
cept for spinosad, which was tested at two different recommended
rates (both on tomato}; one for management of T. absoluta and of
Thrips (lowest one, hereafter named spinosad 25) and one for man-
agement of agromizid {Diptera) leafminers {highest one, hereafter
named spinosad 75). All the pesticides were stored and applied fol-
lowing their label guidelines. For a given pesticide, plants were
sprayed with the formulated product which was diluted with water
{to obtain 0.5 L of solution) and applied at the rate of 1000 L ha—! of
solution {3 plants per square meter). The treatment was applied
using a 2L power-pack aerosol hand sprayer {Matabi®, Antzuola,
Guipuzcoa, Spain) and the nozzle of the sprayer was directed to-
ward the plants from a distance of 0.5 m {this resulted in a complete
and uniform wetting of the young tomato plants). An acid fertilizer
{Fertacid®, Biointrachem Italia) was added to adjust pH to 4.5 in
case of Bacillus thuringiensis (Bt) and Azadirachtin {neem oil) solu-
tions as recommended by the companies.

2.3. Toxicity trials

2.3.1. Exposure to pesticides and lethal effect

The experiments were conducted at the Department of Agri-
food and Environmental Systems Management of the University
of Catania {Italy) under controlled envirecnmental conditions in
growth chambers {26 £2 °C, 60 £ 10% RH, 14:10 L.D.). The trials
were performed by exposing 0. laevigatus adults for 3 d to dried
pesticide residues on tomato leaves. Plants were used as a sub-
strate for the pesticides to avoid overestimation of toxicity that
usually occurs when using pesticide residues on inert material like
glass {Desneux et al., 2005, 2006a). The plants used were 40 cm
high, 40-d old tomato plants {cv Missouri), grown from seeds in
2 L pots. The treatments were performed following regular agricul-
tural practices, and control plants {untreated) were sprayed with
tap water. Five plants for each trial were sprayed per pesticide
tested. The plants were left to allow pesticides to dry for 1 h, 7d
or 14 d (see Section 2.3.2. Assessment of pesticides persisience be-
low) and then the upper plant part {about 17 cm) was cut and
placed into a bicassay isolator made up of two superposed plastic
glasses. The top glass (600 mL, length: 13 cm) had a central hole on
its bottom to allow tomato plant stem to reach the water present in
a second {bottom) glass (350 mL, length: 11 cm). A fine mesh net
was fixed on the upper opening of the largest top glass to allow
ventilation (the design is presented in Fig. 51). Five females and
five males of O. laevigatus were introduced in the described arena.
Untreated E. kuehniella eggs were provided daily as food at the rate
of 50 eggs per predator and a water source was offered ad libitum
in a 1.5 mL Eppendorf tube sealed with cotton. Five replicates
{5 x 10 = 50 predators) were performed per pesticide and per each
residual trial {see Section 2.3.2). Mortality (number of dead preda-
tors) was recorded daily for 3 d. Predators were considered dead
when they remained immeobile after being touched with a fine
paintbrush.
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2.3.2. Assessment of pesticides persisience

Persistence of pesticides toxicity was studied by exposing O.
laevigatus adults to pesticides applied at three different times prior
to the assay: 1 h, 7 d and 14 d {see Section 2.3.1. for description of
the bicassay). For a given pesticide, all the plants {for the three dif-
ferent delays after application of pesticide) were sprayed at the
same time and they were maintained in insect proof cages in a
greenhouse (min<mean temperature<max: 19.5°C<26.2°C<
38 °C; min < mean RH < max, 29% < 61.9% < 92%; natural ambient
light: September 2010) to allow aging of pesticides in regular
cropping conditions. Plants sprayed with tap water were used as
control plants for each of the treatments.

2.3.3. Side effects on offspring production

Various plants are suitable substrate for oviposition of Orius
spp. and various results on reproductive performances have been
reported (Coll, 1996; Lundgren and Fergen, 2006; Butler and
O'Neil, 2007; Bonte and De Clercq, 2009; Lundgren et al., 2009). Pi-
lot studies showed that Q. laevigatus effectively laid eggs and pro-
duced offspring on tomato plants in our experimental conditions
{Biondi, Desneux and Zappald, unpublished data). In order to allow
the individuals to oviposit from the first day of exposure to the pes-
ticides {most realistic scenario), potential effects of pesticides on
reproductive capacity of predator females were assessed using
the treated tomato leaves that also served as substrates for expo-
sure to pesticides (described in Sections 2.3.1 and 2.3.2.). After hav-
ing checked mortality for the lethal assessment assay (3 d}, the
survivors were removed from the experimental arena. Then the
number of emerged progeny (nymphs) was scored daily for 10 d
after the first day of pesticide exposure. To avoid cannibalism,
the emerged nymphs were removed daily using a mouth aspirator.

2.4. Data analysis

Datasets were first tested for normality and homogeneity of
variance using Kolmogorov-Smirnov D test and Cochran's test
respectively, and transformed if needed. For the lethal effect and
persistence assessment results, we tested the effects of pesticides
{(factor pesticide) and of application timing (factor application time)
and potential interactions between these two factors on the num-
ber of predator found dead after 3 d of exposure to the various pes-
ticides. For this, we used a factorial ANOVA. Subsequently,
additional one-way ANOVA followed by LSD post hoc tests for mul-
tiple comparisons inside the different application time sub data-
sets were carried out.

Data recorded on side effects of pesticides and of application
time on production of predator nymphs produced were used to cal-
culate two different estimates which provided information on two
different effects: (i) Offspring production: effect of pesticides on to-
tal offspring production. In such case, we analyzed the exact num-
bers of offspring produced per glass {5 females per each glass were
tested per each replicate) and any early death of predator females
in a given glass was therefore included in the overall reduction of
offspring production estimate (i.e. realistic to general effect of pes-
ticides on predator populations), (ii) Predator reproductive capacity:
offspring production was corrected by daily survival of predator fe-
males in each glass. In this case, the number of nymphs produced
was corrected by early death of a predator female per day (if any)
and therefore this value provided a more accurate estimate of ac-
tual sublethal effects of pesticides on reproductive capacity of
predator females. We statistically tested the effect of the two fac-
tors; pesticides and application time {and their interaction) on
the two estimates, Offspring production and Predator reproductive
capacity, and for this we used a factorial ANOVA. Subsequently,
additional one-way ANOVA followed by LSD post hoc tests for

multiple comparisons inside pesticide age sub datasets were car-
ried out for each estimate.

Finally, to provide a single value summarizing potential delete-
rious effects of pesticide tested, the toxic effects (both lethal and
sublethal effects) of each pesticide were also expressed as the
Reduction coefficient E,, for pesticide x (Urbaneja et al., 2008) using
the formula:

ool [ -35) (%))

where Ep, is the corrected mortality {Abbott, 1925) and Eg is the
corrected Predafor reproductive capacity estimated using the
formula:

Fx100

&

En =100

where F, is the mean Predator reproductive capacity for pesticide x
and F. is the Predator reproductive capacity recorded in the control
group (untreated group). The values (E,) were then classified and
interpreted accordingly to the standards of the International Orga-
nization for Biological Control (IDBC) which include four categories:
{1) harmless: E,<30%, (2): slightly harmful: 30% < E, <80%, (3):
moderately harmful: 80% < Ex < 99%, and (4): harmful: E, > 99%.

3. Results
3.1. Lethal effect and persistency

The statistical results are summarized in Table 2A. The mortal-
ity of the predators during the 3-dexposure period varied signifi-
cantly among pesticides tested (significant pesticide factor) and
delay between exposure to pesticides and application time (signif-
icant application time factor). There was a significant interaction
between the pesticide and the application time factors, ie. aging
of residues did not affect pesticide toxicity to Q. laevigatus in the
same way among pesticides tested.

Six pesticides significantly increased 0. laevigatus mortality
{Fi568 = 5.67; P< 0.001) with rates of mortality ranging from 75%
for spinosad 25 to 98% for abamectin. The other pesticides caused
mortality levels always lower than 44% (Fig. 1a). The 7-d-old resi-
dues significantly affected 0. laevigatus survival (Fisge=12.14;
P <0.001) in case of abamectin, emamectin benzoate (emamectin),
spinosad 75 and metaflumizone, causing almost the same mortal-
ity rates (98%, 92%, 85% and 87% respectively) as those observed in
case of the 1-h old residues {Fig. 1b). Finally, in case of 14-d old
pesticide residues, only abamectin and spinosad 75 still induced

Table 2

Statistics from the factorial ANOVA used to analyze (A) the numbers of predator found
dead after 3 d of exposure to pesticides (mortality), (B) the total numbers of offspring
produced per replicate, ie. offspring production, and (C) total numbers of emerged
nymphs per live G. laevigatus females (checked and corrected per day) during 3 d of
exposure (ie. predator reproductive capacity) among pesticides tested (pesticide
factor) and as function of the age of pesticide residues (application time factor).

Source of variation Degrees of freedom F p-value
A: Mortality

Pesticide 15 30.77 <0.001
Applicatien time 2 28.25 <0.001
Pesticide x application time 30 4.64 <0.001
B: Offspring production

Pesticide 15 11.04 <0.001
Application time 2 17.65 <0.001
Pesticide x application time 30 2.72 <0.001
C: Predator reproductive capacity

Pesticide 15 4.85 <0.001
Applicatien time 2 741 <0.001
Pesticide x application time 30 3.07 <0.001
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significant mortality in exposed predators when compared to the
untreated control group (Fys g3 =9.09; P<0.001; Fig. 1c).

3.2. Side effects on Q. laevigatus reproduction

The statistical results are summarized in Table 2B and C. Off-
spring preduction varied significantly as a function of pesticide
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Control
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< 4
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<

C Abamectin
Spinosad 75
Rynaxypyr
Sulfur DP
Metaflumizone
Bt

Rapeseed oil
Azadirachtin
Incdloxacarb
BCO

Sulfur WP
Pinclens oil
Spinosad 25
Emamectin
Mineral oil
Control

20 40 60 80 100
% of dead predators

< 4

Fig. 1. Lethal effect. Means (+SEM) of mertality percentages of Orius lnevigatus after
3 d of exposure to (a) 1-h old, (b) 7-d old and (c) 14-d old pesticide residues. Means
for treatment subtended by lines do not differ at P < 0.05 (one-way ANOVA followed
by LSD pest hec test).

tested (significant pesticide factor) and the delay between expo-
sure to pesticides and application time ({significant application
time factor) {Table 2B). In addition, the persistence of pesticide
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Fig. 2. Side effects of pesticides on offspring preduction by Orius laevigatus. Means
(+#SEM) of tetal emerged nymphs of O. lgevigatus in each replicate during 3 d of
exposure to (a) 1-h old, (b) 7-d eld and (c) 14-d cld pesticide residues. Means for
treatment subtended by lines de not differ at P < 0.05 (one-way ANOVA fellowed by
LSD post hoc test).
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toxicity {i.e. effects of pesticide residues when aging) varied among
the pesticides {significant interaction between pesticide and
application time factors) (Table 2B). Mean number of offspring

a Abamectin s
Sulfur DP | B
BCO [

Azadirachtin | =

Spinosad 75 1 —
Mineral cil |
Spinosad 25 1
Bt —

Metaflumizon
Emamectin i
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0 2 4 6 8 10
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Indoxacarb ] =
Azadirachtin | —
Emamedtin ] —_
Rapeseed cil ] _
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Fig. 3. Sublethal effects of pesticides on predater repreductive capacity. Means
(+SEM) of tetal number of emerged nymphs per live O. laevigatus females (checked
and corrected per day) during 3 d of exposure to (a) 1-h old, {b) 7-d old and (¢) 14-d
cld pesticide residues. Means for treatment subtended by lines do not differ at
P < 0.05 (one-way ANOVA followed by LSD post hoc test).

produced varied significantly among pesticides in case of 1-h old
pesticide residues {one-way ANOVA: Fi5g3 = 5.58; P<0.001). Aba-
mectin, emamectin, borax plus citrus oil {BCO), dust sulfur {sulfur
DP), spinosad 75 and spincsad 25 significantly reduced offspring
production when compare to untreated control (Fig. 2a). Offspring
production was also significantly reduced when the adults were
exposed to the 7-d old pesticide residues (Fys g4 = 9.98; P<0.001)
with abamectin, spinosad 75 and 25 causing significant decrease
(Fig. 2b). No significant decrease in offspring production were
observed when individuals were exposed to 14-d old pesticide
residues (Fis73 = 1.49; P=0.135; Fig. 2¢).

Predator reproductive capacity varied also significantly as func-
tion of pesticides (significant pesticide factor) and age of pesticide
residues (significant application time factor) (Table 2C). As ob-
served for mortality and offspring production, the persistence of
pesticide toxicity varied among the pesticides (significant interac-
tion between the two factors) (Table 2C). Predator reproductive
capacity varied among pesticides tested in case of exposure to 1-
h old residues {(Fysg3 = 2.85; P =0.002) with abamectin, sulfur DP,
BCO, azadiractin and spinosad 75 significantly decreasing 0. laevig-
atus reproductive capacity of predator females when compared to
untreated control group (Fig. 3a). In case of exposure to 7-d old res-
idues, abamectin, BCO, Spinosad 25 and Spincsad 75 significantly
reduced the number of nymphs produced per O. laevigatus female
{Fis584="7.7; P<0.001; Fig. 3b). No significant effect was observed
when predators were exposed to 14-d old residues (Fis75 = 1.26;
P=0.225; Fig. 3c).

3.3. Reduction coefficient (E,)

Abamectin was the only pesticide with a reduction coefficient
E,.>99% and it was classified as harmful when using IOBC toxicity
categories (class 4; Table 3). Its harmfulness was high for all
application time of residues tested (i.e. 1h, 7-d and 14-d old).
For others, four pesticides {emamectin, spinosad 25 and 75, and
metaflumizone) were classified as moderately harmful (class 3),
ie. 80% <E,<99%, and they remained classified as such when
pesticide residues were 7-d old. When 14-d old, pesticide residues
were harmless with E, < 30%, except for spinosad 75 that was
categorized as slightly harmful (£, = 42.9%). Azadiractin, BCO, ind-
oxacarb, sulfur DP, paraffinic mineral oil {mineral oil) and rapeseed
oil were classified as slightly harmful {(class 2) in the 1-h old resi-
due trial. Then, toxicity of azadiractin, indoxacarb and sulfur DP
was reduced when residues were 7-d old but BCO, mineral oil
and rapeseed oil. Other pesticides tested had E, lower than 30%
were classified as harmless {class 1; Table 3).

4. Discussion

The present study demonstrated that lethal and sublethal ef-
fects of different types of pesticide residues (both in term of chem-
ical and of toxicity persistence) on the generalist predator O.
laevigatus varied widely, including among pesticides within the
same product group (e.g. biopesticides). Orius laevigatus was very
susceptible to abamectin (E, > 99%, I0BC class 4) even 14 d after
pesticide application, notably because of high mortality induced
in adults. Abamectin proved to be not compatible with this preda-
tor for IPM. Emamectin, metaflumizone and spinosad were less
toxic but still induced high levels of mortality and reduced off-
spring produced (IOBC class 2), even in case of exposure to 7-d
old residues. Finally, chlorantraniliprole (rynaxypyr), Bt, indoxa-
carb, wettable sulfur (sulfur WP), mineral oil and para-menthene
{pinoclene oil) proved to be harmless (E, < 30%, IOBC class 1) with
mortality and reproductive capacity levels similar to what was re-
corded in untreated control group. Taken as a whole, the results
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Table 3

Reduction coefficient E, and IOBC toxicity classes. Pesticides, per pesticide type (i.e. hiopesticide, synthetic insecticide, fungicide and adjuvant), that are the most harmful to Orius

laevigatus are indicated in bold.

Pesticide 1-h old residue 7-d cold residue 14-d cld residue
Ey, 10BC class E, [OBC class Ey, 10BC class
Biopesticides Abamectin 99.4 4 100 4 100 4
Azadirachtin 57.1 2 20.9 1 26.4 1
Bacillus thuringiensis 26.8 1 0 1 0] 1
Emamectin benzoate §85.7 3 88.7 3 27.1 1
Borax and citrus oil 69.4 2 74.5 2 0] 1
Spinasad 25 82.2 3 g0.2 3 155 1
Spinasad 75 g1.6 3 97.0 3 429 2
Synthetic insecticides
Chlerantraniliprole 22.9 1 26.6 1 22.0 1
Indexacarb 35.6 2 28.9 1 0] 1
Metaflumizone 84.8 3 87.2 3 241 1
Fungicides
Dust sulfur 69.2 2 171 1 254 1
Wettable sulfur o] 1 20.0 1 0] 1
Adjuvants
Mineral oil 48.8 2 35.6 0] 1
Para-menthene 16.0 1 28.1 1 0] 1
Rapeseed oil 77.9 2 391 2 0 1

show that side effects of pesticides can vary largely depending
upon various factors studied, like endpoint considered (lethal vs.
sublethal), pesticide chemical family and pesticide type. Conse-
quently, comprehensive and specific risk assessment should be
undergone before implementing any IPM programs.

4.1. Differential effects and persistence among pesticides

The synthetic insecticides rynaxypyr and indoxacarb proved to
be safe for Q. laevigatus, at least for the traits assessed during our
study. These results contrast with those obtained in a study by
Studebaker and Kring {2003) in which 100% of mortality was ob-
served when exposing 0. insidiosus to indoxacarb dried residues
on glass plates for 24 h. This is consistent with the finding that pes-
ticides are more toxic on intert material than on plant substrate
{Desneux et al., 2005,2006a), mainly because plant enzymes can
affect pesticide toxicity (Schuler, 1996) and because pesticides
may be adsorbed into the waxy layer of the plant leaf cuticle, mak-
ing them less available to natural enemies {Desneux et al,, 2005).
The other synthetic insecticide tested, metaflumizone, proved to
be relatively toxic with high acute mortality cbserved {>80%) and
persistence of toxicity for at least 7 d. However, no sublethal ef-
fects on reproductive capacity were observed which means that
this product might allow a rapid recolonization of treated areas
from untreated surroundings or new predators releases by the pro-
cess of “horizontal recruitment” {Desneux et al., 2006a,2006¢),
thought additional assessment of potential behavioral sublethal ef-
fects {e.g. orientation behavior and repellency) should be assessed
to confirm this hypothesis.

In contrast to synthetic pesticides, the biopesticides largely dif-
fered in their lethal and sublethal effects on 0. laevigatus. Azadi-
rachtin was harmless in terms of mortality, most likely because
it mainly acts on insects as molting disruptor {Sieber and Rembold,
1983) and therefore could not negatively affect adult insects. How-
ever, it showed slight negative effects on overall offspring produc-
tion in case of exposure to fresh residues (which is consistent with
marginally significant reduction of predator reproductive capacity
in case of 1-h old residues). The effect probably resulted from low-
er survival of young nymphs at the time they hatched and got ex-
posed to azadirachtin residues still present on the tomato leaves. In
the same way, BCO did not affect predator survival but had nega-
tive sublethal effects, reducing both predator reproductive capacity

and offspring production, and this occurred even when residues
were 7-d old. This is consistent with known properties of this type
of botanical insecticide, notably their repellent effect {(which cbvi-
ously reduced time spent by adults on leaves and consequently re-
duced number of eggs potentially laid) and their negative effect on
egg-hatching in insects (Isman, 2000; Cordeiro et al., 2010).

However, several biopesticides, namely abamectin, emamectin
and spinosad, proved to be highly toxic to 0. laevigatus. Emamectin
and abamectin showed relatively similar pattern of effects and per-
sistence which is consistent because they are from the same chem-
ical family: Avermectin. Among these two products, and more
broadly among all tested pesticides, abamectin was the most nox-
ious and was classified harmful, killing almost all predators, even
in case of 14-d old residues, and inducing major sublethal effects
on reproduction of rare survivors. These results are in agreement
with previous studies which reported negative side effects of aba-
mectin on Orius spp. {Van de Veire et al., 2002a,b; Studebaker and
Kring, 2003; Bostanian and Akalach, 2004). The high persistence of
abamectin in our study may relate to low degradation by UV, low
foliar uptake and/or low translaminar activity onfin tomato plants.
However, this persistence should be associated with climatic con-
ditions occurring in Mediterranean basin greenhouses and thus
abamectin degradation and subsequent effects might be different
under different climatic conditions. For example, abamectin is
known to be subjected to photolysis when exposed to sunlight
Tomlin, {2011) and Gradish et al. {2011) found low persistence of
this insecticide when plants were exposed directly to sunlight in
Canadian greenhouses. By contrast, plants in Mediterranean basin
greenhouses are usually protected from direct sunlight through the
use greenhouse shade nets that actually reduce the exposure of
plants to UV.

Spinosad was also very toxic with persistence proving to be rel-
atively high; most of effects were still observed when predators
were exposed to 7-d old residues. These results matched those of
previous studies (Van de Veire et al., 2002a; Studebaker and Kring,
2003) which assessed side effects of spinosad on 0. insidiosus and
Q. laevigatus when exposed to spinosad residues on glass plates.
In our study, in most cases the highest concentration of spinosad
tested (75) was twice as toxic and persistent as the lower one
{25). Effects may result from side effects of spinosad on reproduc-
tion-related behaviors because spinosad is based on spinosyns
{produced by the bacteria Saccharopelyspora spinesa) which are
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neurotoxic compounds primarily targeting post-synaptic nicotinic
acetylcholine and GABA receptors, i.e. which are likely to impact
predator behaviors {Desneux et al., 2007). Williams et al. (2003 ) re-
ported that predators generally suffered very few sublethal effects
following exposure to spinosad, but that parasitoids often showed
multiple sublethal effects {notably a decrease in reproductive
capacity). It is unclear why the predator 0. laevigatus was nega-
tively affected by spinosad in our study, but effects may relate to
its omnivory behavior (it feeds also on plants and therefore could
receive more toxins than if consuming only spinosad-contami-
nated prey). Finally, Bt showed high selectivity (i.e. harmless to
0. laevigatus) likely owing of the inability to the Bt toxins to reach
the insect gut in sucking insects (Gill et al., 1992). In addition, re-
sults suggest that adjuvant compounds in Bt formulations are also
harmless to O. laevigatus.

During the trials, the adjuvant compounds showed low toxicity
to Q. laevigafus. Only rapeseed cil reduced predator survival in case
of exposure to 1-h old residues, but no sublethal effects were ob-
served on predator reproductive capacity and overall offspring pro-
duction was never reduced. The lack of negative residual effects of
adjuvant residues on Q. Igevigatus is likely because adverse effects
of adjuvant compounds on insects are thought to occur mostly
through suffocation at the time the insects are actually directly
sprayed with the product {Acheampong and Stark, 2004; Desneux
et al,, 2006¢). This result supports the idea that adjuvant com-
pounds are not primarily involved in adverse effects that predators
(like those from Orius genus) can suffer when they are exposed to
residues of commercial pesticidal products. It may also mean that
potential effects of adjuvant compounds on predators should be
considered only when pesticides are going to be used subsequently
to releases of predators in crops.

In case of fungicides, both sulfur compounds did not induce
mortality in predators, but predator reproductive capacity was re-
duced by sulfur DP in case of exposure to 1-h old residues. This re-
sult may be related to the activity of the compound as an
oviposition repellent or as an egg dryer. The establishment of O.
laevigatus in a treated crop may be possible only if untreated refuge
areas {without dust sulfur residues) are available to the predators,
as reported for the same fungicides in case of the predator Nesidi-
ocoris tenuis on tomato plants {Zappala et al., in press). However,
side effects of sulfur compounds should be also tested in relation
to the temperature, hecause insecticidal activity of these com-
pounds {notably on parasitoids) is positively correlated with tem-
perature (Flanders, 1943).

4.2, Importance of results for IPM and organic farming

Our study provides information that could be useful for IPM
programs in identifying (and avoiding) proeducts that may prevent
predator population to build up because of side effects on predator
reproductive capacity and survival. These products may, in addi-
tion to compromising the efficacy of IPM programs, prevent effi-
cient colenization or recolonization of treated crops, particularly
when pesticides are highly persistent. Interestingly, Avermectin-
based biopesticides, the biopesticides based on Spinosad and BCO
fall in this last category. These results indicate that pesticidal prod-
ucts that are classified as biopesticides can easily be of major con-
cerns when they are supposed to be used in combination with
natural enemies. Given the results obtained, the use of abamectin
together with natural enemies like 0. lgevigatus in IPM programs
should not be considered for effective and sustainable pest man-
agement programs. Unfortunately, a similar situation applies to
pesticides that are recommended for organic cropping systems
and therefore that are usually thought to be harmless for non-tar-
get arthropods. Spinosad induced both lethal and sublethal effects
in 0. laevigatus and its effects were persistent for at least 7 d after

initial application. This biopesticide has been classified as an envi-
ronmentally-safe product and has been embraced by IPM practitio-
ners as a biorational pesticide. However, present results suggest
that other pesticides with higher selectivity should be preferred,
at least for management of pests that require usage of the highest
application rates authorized (like Diptera leaf miners). For this rea-
son, spinosad application should be aveided for at least one week
before predators such as 0. laevigatus are released in crops (which
would prevent sublethal effects on the reproductive capacity of
predators). Overall, the safest insecticides for 0. laevigatus ap-
peared to be azadirachtin, Bf, rynaxypyr and indexacarb. Also, sul-
fur WP compounds should be preferred over sulfur DP compounds
as fungicide. For example, when dealing with Lepidopteran pests,
Bt should be prioritized because (i) it proved to be safe for 0. lae-
vigatus {especially true hecause we tested one of the highest con-
centrations recommended in crops), (ii) it induces no lethal and
sublethal effects on predators that fed on prey which fed Bf-treated
plants {Angeli et al,, 2005; Tian et al., 2010), and (iii) it is highly
efficient even against leafl miners (Gonzalez-Cabrera et al, 2011).
Finally, in case of azadirachtin, negative effects on the develop-
ment of predator nymphs {present study and high susceptibility
reported in young insect instars; Schmutterer, 1990) could be
avoided by delaying predator release after insecticide application.

4.3, Interest of the approach and model for risk assessment

The experimental design used enabled us to demonstrate con-
trasting effects between lethal and sublethal effects among various
pesticides, notably because predators had the possibility to aveid
being permanently in contact with pesticide-treated plant by
walking on refuge areas (untreated areas like the glass surface). Be-
cause individuals alse had to oviposit en plant substrate {for laying
eggs), it could lead to chronic exposure which is comparable what
usually happens in field conditions {Desneux et al., 2007). Alterna-
tively, a strong repellent effect can prevent individuals from being
in contact with pesticides {Desneux et al., 2005,2007; Cordeiro
et al,, 2010), and it could ultimately lead to reduced number of eggs
laid and subsequent offspring production {Umoru et al., 1996; Des-
neux et al,, 2005; Urbaneja et al., 2008 ). For example, sulfur DP and
BCO induced only sublethal effects on reproductive capacity and
no lethal effect. An alternative hypothesis would be that sublethal
effects of products reduced female fecundity andfor impaired fe-
male oviposition behaviors {(Banken and Stark, 1998; Desneux
et al., 2004a,2007 ) but this should be specifically tested to confirm
this hypothesis. The tomato-0. laevigatus model proved to be ava-
lid experimental system; we observed normal reproduction levels
{i.e. 1.82 £ 0.24 nymphs produced daily per female) and survivor-
ship levels >72% in the control groups. These offspring production
and longevity values are in concordance with those recorded on
other host plants for various other Orius spp. (Lundgren and Fer-
gen, 2006; Butler and O'Neil, 2007) and our results match those
from Coll {1996) in which 0. insidiosus showed preference toward
tomato over other plant species as oviposition substrate in labora-
tory trials.

5. Conclusion

One of the goals of IPM is to preserve and/for increase pests nat-
ural mortality factors by combining various compatible control
measures. Better knowledge on risks associated with specific pes-
ticides toward natural enemies is of primary importance when
incorporating them in IPM programs. The results cbtained in the
present study could improve IPM programs in which 0. laevigatus
is involved and more broadly may be useful for implementing
IPM programs involving the use of Orius spp. as natural enemies.
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These results were obtained in laboratory conditions, which repre-
sent a high exposure scenario, and it would be ideally completed
with semi-field and field experiments {Sterk et al., 1999; Desneux
et al,, 2005; Suma et al., 2009). The results also stress the urgent
need to clarify and re-organize how pesticides are labeled and clas-
sified, e.g. several biopesticides could be more toxic than synthetic
ones, and pesticides that are recommended for organic farming
may be more toxic than conventional pesticides.
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Abstract

Assessing the compatibility of biocontrol agents with pesticides is a central concern in Integrated
Pest Management (IPM) programs. The most common assessments consist of simple comparisons
of acute toxicity among pest species and selected biocontrol agents. A more sophisticated approach,
developed by the International Organisation of Biological Control (IOBC), is based on a tiered
hierarchy made up of threshold values for mortality and sublethal effects. Nevertheless, this method
is unable to capture longer term population dynamics, which is often critical to the success of
biocontrol and pest suppression. This is increasingly important in the case of new biopesticides that
frequently cause no short-term effects inducing multiple long-term physiological and behavioural
sublethal effects which may lead to important decrease in population growth. In this study, we
assessed the lethal and sublethal effects of six bioinsecticides, widely used in tomato crops to
control the invasive pest, Tuta absoluta (Lep: Gelechiidae), on one of its parasitoid Bracon
nigricans (Hym: Braconidae). The percentage of mortality and the sublethal effects on parasitoid
reproduction were summarized in a reduction coefficient (£,) and the pesticides were classified
according to the IOBC toxicity categories. The female survival and production of female offspring
reductions, jointly with le life table data previously studied for a control population, were used to
calculate some population growth indexes as a measure of population recovery after the pesticide
exposure. Although the most of the biopesticides had low levels of acute toxicity, a greater level of
sublethal effects occurred in the tested parasitoids. Furthermore, very low B. nigricans
demographical growth indexes resulted for some pesticides that have been classified, accordingly to
the IOBC classification, as slightly and moderately harmful. These findings suggest that the
susceptibility of B. nigricans to pollutants is more complicated than previously thought and that
life-history variables must be considered in assessing pesticide risk, as well as when incorporating
new pesticides in IPM programmes.

Keywords: IPM, Risk assessment, Life table, Population growth delay, Bracon nigricans,

Tuta absoluta
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1. Introduction

Traditionally, the effects of pesticides and other toxicants on organisms have been determined using
simplistic measures of effect such as the LDsy or LCs, i.e. lethal dose or concentration that kills
50% of a the tested population (Croft, 1990), or just the assessment of the acute toxicity induced by
label doses (Desneux et al., 2007; Vanaclocha et al., 2012). Lethal concentration estimates are a
straightforward approach that enables quick evaluation and comparison of several toxicants with
regard to their effect on individuals of a particular species (Hassan, 1992). It also brings the
advantage of being relatively cheap. The underlying assumption is that exposure of a given
population to LCsy will reduce the number of individuals by half and there is no concern on the

outcome of the 50% of individuals that survive exposure (Wennergren and Stark, 2000).

In a second step, the effects of pesticides on beneficial arthropods were examined further by
running selectivity tests (pest/beneficial arthropods) to identify products with the lowest non-target
activity (Forbes and Calow, 1999; Stark and Banks, 2003; Urbaneja et al., 2008). However, if after
exposure, some individuals survive various outcomes may occur. Indeed, the estimation of toxicant
effects on populations is complicated by the fact that exposures can result in part of a population
dying while surviving individuals may be impaired due to sublethal effects (Stark et al., 2007).
Therefore, sublethal effects are defined as effects (either physiological or behavioral) on individuals
that survive exposure to a pesticide (the pesticide dose/concentration can be sublethal or lethal) (see
Desneux et al., 2007 for a seminal review). A sublethal dose/concentration is defined as inducing no
apparent mortality in the experimental population, therefore even lower than LCs,. Sublethal effects
may impair individuals to such a degree that reproduction is not successful (Biddinger and Hull,
1999; Myers and Hull, 2003; Biondi et al. 2012a, 2012b), lifespan is affected (Butter et al., 2003;
Planes et al. 2012), orientation and response to semiochemical is influenced (Salerno et al. 2002;
Holscher and Barrett, 2003; Desneux et al. 2004a, 2004b, 2006; Cordeiro et al. 2010) and/or the

ability to provide ecological services, such as predation and parasitization is compromised
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(Desneux et al. 2007; Cabral et al., 2011; Biondi et al. 2012b, He et al., 2012). Furthermore, some
species can withstand high levels of mortality and recover quickly because they have high
population growth rates, short generation times, early onset of reproductive activity or a
combination of these attributes (Laskowski, 2000; Stark et al., 2004; Castro et al., 2012). By
contrast, other species may become extinct after exposure to a toxicant at a concentration that does
not kill all individuals because sublethal effects severely impact individuals. Therefore, populations
of different species do not react the same to equal levels of stress and thus the LCsy cannot be used
to compare effects of toxicants on populations over longer time intervals than a few days.

Population effects will largely depend on life history traits life-history strategies and
variables, such as lifespan, time to first reproduction, and number of offspring produced over a
lifetime (Stark et al., 2004; Schneider et al. 2009; Castro et al., 2012). Demography, or life tables,
have been used in a small number of entomological studies to evaluate the total effects (lethal and
sublethal) of toxicants on populations (see Stark and Banks, 2003 for a review of this subject). Life
table data developed in demographic studies can be used in models to predict (ordinary or partial
differential equation models) or project (matrix models) populations (Starks et al., 2004, 2007).
Demographic toxicological analysis estimating the total effect of insecticides on populations is
increasingly important when choosing new pesticides for Integrated Pest Management (IPM)
purposes. Indeed, recently developed insecticides are considered slower acting since they have lo
acute toxicity levels, while producing a greater degree of sublethal effects than conventional
pesticides (Banks et al., 2005). Additionally, when pesticide exposure does not cause sublethal
effects or show high acute toxicity, life tables are probably not very beneficial.

In this framework, this study aimed at providing, starting from laboratory a bioassay, a
demographic toxicological analysis of some newly developed bioinsecticides that are used in
tomato crops. These include agrochemicals that have been increasingly used on tomato (Biondi et
al. 2012a) owing to the recent invasion of the Western Palaearctic region by Tuta absoluta

(Meyrick) (Lepidoptera: Gelechiidae) (Desneux et al., 2010, 2011, Tropea Garzia et al., 2012). We
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chose as non-target organism the generalist ectoparasitoid Bracon nigricans Szépligeti
(Hymenoptera: Braconidae) since it is a generalist parasitoid model because it is widely distributed
in the Palaearctic region, attacking several Lepidoptera species (Yu and Van Actherberg, 2010), and
it is one of the first indigenous species that moved to attack the new exotic tomato pest Tuta
absoluta (Meyrick) (Lepidoptera: Gelechiidae) (Al-Jboory et al., 2012; Urbaneja et al., 2012;
Zappala et al., 2012a). Furthermore, species of the Braconidae family are considered as indicator
organisms being selected for the evaluation of chemical product toxicity on non-target arthropods as
part of the registration requirement in Europe (EEC/CEE, 1991; Candolfi et al., 1999).

We investigated the following crucial steps in the re-colonization process after treatment:
wasp development and emergence from topically treated cocooned pupae, adult survival after the
exposure to dried insecticide residues (fresh and 10-day old), and various sublethal effects on the
emerged/surviving adults, such as the longevity, the reproductive capacity, the sex-ratio of the
progeny and the biocontrol activity. Finally, using the B. nigricans life history variables already
studied by Biondi et al. (2012c¢), and in order to predict the dynamics of the treated populations in

the long run, various demographical indexes were calculated as an alternative endpoint of the study.

2. Materials and methods

2.1. Insects

The B. nigricans colony was obtained during a survey of indigenous natural enemies attacking
T. absoluta conducted in Southern Italian tomato crops, collecting cultivated infested samples in
various sites (Zappala et al., 2012a). Subsequently, the colony was maintained in the laboratory for

several generations using tomato plants infested by 7. absoluta mature larvae as hosts. The host
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colony was started from leaves, mainly infested by 7. absoluta larvae, collected from greenhouse
tomato crops; the colony was thereafter maintained on tomato plants (cv. Marmande) in the
laboratory. Seedling host plants were grown in small pots (0.3 L), watered and fertilized following
the routine practices and pesticide applications were strictly avoided. Tomato plants infested by
mature moth larvae (3™ and 4™ instars) were obtained by releasing forty 7. absoluta adults (1:1 sex
ratio) on 10 tomato plants inside 50 x 60 x 60 cm cages covered with a fine polyester mesh. After
14 £ 2 d of the moth adult release, when the majority of the larvae had reached the 3th instar, the
plants were transferred into the parasitoid rearing cages. These measured 40 x40 X 55 cm and were
built from plastic boxes and the opening covered with a fine mesh net. 7. absoluta-infested plants
and honey droplets were supplied every 3 d into the wasp rearing cages.

Newly emerged 0/48-h old adults and 4/5 d old cocooned pupae were obtained in 150mm
Petri dishes ventilated by a 4cm” opening covered with a fine mesh net. Two females and four
males were released into this arena, containing excised infested tomato leaves (by mature
T.absoluta larvae) and honey droplets. After 2 d of parasitisation activity, the wasps were removed
and the infested and parasitised material was maintained inside a climatic cabinet, then leaves
bearing cocooned pupae and newly emerged adults were collected for the bioassay 8 and 10 d later,
respectively.

The growing host plants and the two insect rearings were in three climatic chambers (26 + 1
°C; 60 = 10% RH; 14:10 L.D.), while the bioassays were conducted in a climatic cabinet in the

same environmental conditions as the growing chambers.

2.2. Insecticides and treatments

The pesticides tested were six biopesticides available on the market authorized in several cropping

systems (both organic and conventional), for the control of various pests, among them 7. absoluta.
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They were: four insecticides acting when ingested, such as the microbial Bacillus thuringiensis
Berliner var. Kurstaki (Bt), the plant-derived azadirachtin (neem oil extract) and two semi-synthetic
microbial-derived products, abamectin and emamectin benzoate; one non-conventional pesticide
active when in contact with the pest, a mix of citrus oil and borax salt (hereafter named BCO).
Finally, a biopesticides active both when in contact and when ingested, i.e. the bacteria metabolite-
derivate spinosad, considering its acute toxicity towards Hymenoptera parasitoids (Biondi et al.,
2012c), has been used as treated control for lethal exposure to toxicants to ensure that our exposure
bioassay was reliable, i.e. wasps exposed to dried insecticide residues were effectively exposed to
toxicants. These plant protection products are currently used in several crops to control various
pests and some of them are also authorized for organic farming in several countries worldwide. The
highest recommended rates for tomato crops were used for our experiments, detailed information on
active ingredients (a.i.) are provided in Table 1.

All the pesticides were stored and applied according to their label guidelines. For a given
pesticide, plants and cocooned pupae were sprayed with the formulated product which was diluted
with water to obtain 0.5 L of solution and applied at the rate of 1000 L ha of solution, i.e. 3 plants
per square meter. The treatments were applied using a 2 L power-pack aerosol hand sprayer
(Matabi®, Antzuola, Guipuzcoa, Spain) and the nozzle of the sprayer was directed 0.5 m away
towards the plants and the cocooned pupae, thus wetting them uniformly all over. An acid fertilizer
(Fertacid®, Bio-intrachem Italia) was added to modify the pH to 4.5 in the case of Bt and

Azadirachtin solutions as recommended by the companies.

2.3. Toxicity trials

2.3.1. Insecticide exposure of adults
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The bioassays were performed by exposing B. nigricans newly emerged adults to dried pesticide
residues on tomato leaves for three days. Plants were used as a substrate for the pesticides to avoid
overestimation of toxicity that usually occurs when using pesticide residues on inert material, such
as glass (Desneux et al., 2006a; Arno and Gabarra 2011). The treated plants were 40 cm high, 40-
day old tomato plants (cv Marmande), grown from seeds in 2-L pots. Five plants for each trial were
sprayed per each tested pesticide. The plants were left to allow pesticides to dry for 1 hour or 10
days (see section 2.3.2. Assessment of pesticides persistence below) and then the upper plant part
(about 17 cm) was cut and placed into a bioassay isolator made up of two superposed plastic
glasses, following the experimental design of Zappala et al. (2012b). The top glass (600 mL, length:
13 cm) had a central hole on its bottom to allow tomato plant stem to reach the water present in a
second (bottom) glass (350 mL, length: 11 cm). A fine mesh net was fixed on the upper opening of
the largest top glass to allow ventilation. Four females and four males of B. nigricans young adults
were introduced in the described arena. Untreated droplets of honey were provided, at the beginning
of the experiment, as food in the walls of the experimental arena. Five replicates (5 x 10 = 50
wasps) were performed per pesticide and per each residual trial. Insect survival, number of dead
parasitoids, was recorded daily during the toxicity trial; parasitoids were considered dead when they
remained immobile after being touched with a fine paintbrush. Then the survived adults where

collected for the sublethal effects assessment.

2.3.2. Assessment of pesticides persistence

Persistence of pesticides toxicity was studied by exposing B. nigricans adults to pesticides applied
at two different times prior to the assay: 1 hour and 10 days (see section 2.3.1. for description of the
bioassay). To allow aging of pesticides in ordinary protected cropping conditions, all the plants (for

the two different delays after application of a given pesticide) were sprayed at the same time and
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they were maintained in insect proof cages in greenhouse conditions (min < mean temperature <
max: 15.6°C < 25.07°C < 40°C; min < mean RH < max, 21% < 62.5% < 89%; natural ambient
light: June-July 2011). Plants sprayed with tap water were used as control plants for each of the

treatments.

2.3.3. Cocooned pupae treatments

When the impact of the various tested pesticides on cocooned pupae was studied, a realistic spray
exposure method was used. Tomato leaves bearing exteriorly 4/5-d old B. nigricans cocooned
pupae (see section 2.1. Insects) were carefully attached, in group of three specimens, on rectangular
glass plates with double-sided sticky tape accordingly to Desneux et al., 2006. The glass plates with
leaves were thus treated with the pesticides solution with the same modalities described for the
adult insecticide exposure and tap water has been used to spray the untreated control. For each
tested pesticide, treated and untreated control fifteen to twenty-two groups of cocooned pupae (i.e.
45 to 66 cocooned pupae) were exposed resulting in a total of 423 were used in the experiment.
Two hours after the insecticide application, treated cocooned pupae were removed from the leaves
and placed individually in glass tubes kept in a climatic chambers (26 = 1 °C; 60 + 10% RH; 14:10
L.D.). To assess the emergence rates of each treated group of cocooned pupae, the tubes were
observed twice per day for the following four days after the treatment, and then the rate of
emergence was calculated for each group. The emerging adults were used for the sublethal effects

assessment the day after their emergence.

2.3.4. Sublethal effects assessment
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In order to assess the potential sublethal effects of the tested biopesticides (except spinosad that
caused very high levels of mortality, see the 3. /. section) on both the adults survived after the three-
day exposure on leaves and the adults emerged after the topical treatment of cocooned pupae, five
T. absoluta mature larvae and honey droplets were offered daily per each tested couple (both
survived to the residual pesticide contact and emerging form treated pupae), in aerated plastic boxes
(130 mm diameter), for three days (i.e. a total of fifty-teen hosts and three boxes were used per each
tested female). Daily checks were performed in order to assess: (i) the number of killed larvae, (i)
the number of parasitized larvae, (iii) the number of laid eggs and (iv) the parasitoid survival.
Survived specimens were then transferred in a new box with new hosts and after the last check
(third day) they were placed individually in glass tubes (length: 18 cm; diameter: 1.2 cm), with
access to food (honey, renewed weekly), under controlled environmental conditions (26 + 1 °C; 60
+ 10% RH; 14:10 L.D.). The parasitoid mortality in the tubes was observed daily and the longevity
was recorded. The boxes bearing the larvae, both alive and parasitized, were reared per fifteen days
in the previous described climatic chamber; then, in order to assess the fitness and the progeny sex-
ratio of the tested females after being exposed to the pesticide, the number and the sex of the

emerged progeny were recorded.

2.4. Data analyses

All the datasets were first tested for normality and homogeneity of variance using the Kolmogorov-
Smirnov D test and the Cochran test respectively and were transformed if necessary. One-way
ANOVA followed by LSD post hoc was carried out to analyze the % of the survival of males and
females exposed to the pesticides residues, the percentages of emerged adults from treated
cocooned pupae, the number of killed larvae (paralyzed and/or parasitized hosts) and the progeny
produced by the survived/emerged females during the three days of sublethal effects evaluation, as

well as the progeny sex-ratio. The latter was expressed as the ratio between the females produced
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ant total progeny produced per each tested female during the three days of fertility evaluation.

In addition, to provide a single value summarizing the deleterious effects of the tested
pesticide, the toxic effects (both lethal and sublethal effects on the fertility) of each pesticide (1-h
old, 10-d old and when applied towards the cocooned pupae) were also expressed as the Reduction

coefficient Ex for pesticide x (Biondi et al., 2012a) using the formula:

e wfi-5) (-]

where E,, is the corrected mortality (Abbott 1925) and Ej is the corrected fertility based on the

following formula:

B, <100~ 100

c

where F), is the mean fertility for pesticide x and F. is the fertility recorded in the control group
(untreated group). These values (E,) were then classified and interpreted accordingly to the
standards of the International Organization for Biological Control (IOBC) for laboratory pesticide
risk assessments which include four categories: (1) harmless, (2) slightly harmful, (3) moderately
harmful and (4) harmful; corresponding to reductions below 30%, between 31 and 79%, between 80

and 99% and higher than 99%, respectively (Sterk et al. 1999).

Finally, some demographical growth indexes were calculated for the female wasps exposed
to 1-h old and 10-d old pesticide residues and for those emerged from topically treated cocooned
pupae. In particular, per each tested pesticide and trial performed, three parameters were calculated:
the Net reproductive rate (R,) that corresponds to the number of times a population will multiply per
generation; the Doubling time (D7) which is the time required for a given population to grow
exponentially without limit to double in size and the Intrinsic rate of increase (r,,) representing the
number of times the population will multiply itself per unit of time, measured as female

progeny/female/unit of time, one day in this case (Stark and Banks, 2003). To obtain these values
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we used the life table data (age-specific survival and fertility values), previously developed by
Biondi et al. (2012c¢), in an equation model, accordingly to Stark et al. (2004). The female survival
(% of mortality after the exposure to the pesticides residues and % emergences from treated
cocooned pupae) and the percentages of reduction of offspring female (calculated on the number of
females produced per female during the three days of sublethal effects evaluation) were included in

the model.

3. Results

3.1. Lethal effect

The mortality of the adults during the 3 d-exposure period varied significantly among pesticides
tested in all the three trials. In particular, after exposing the wasps to 1-h old spinosad residue no
specimens, of both sexes, survived. Whereas, in the untreated control all the tested females and the
95 £ 5 % of the males survived. Of all the other pesticides, tested as 1-h old residue, only BCO and
emamectin, although of only the 15 £ 5 %, caused significant female mortality levels (F34=56.513,
P<0.0001); this last pesticide together with abamectin significantly reduced the male survival
(F634=20.542, P<0.0001) (Fig. 1a). While, when exposing the adults to 10-d old residues, only
spinosad caused significant mortality rates killing all the tested females (F34=194.117, P<0.0001)
and males (Fs34=34.000, P<0.0001) (Fig. 1b). Finally, the same trend was proved in the rate of
emerged of treated cocooned pupae, indeed only the 17.77 £ 7.18 % of adults emerged from pupae
treated with spinosad and BCO and abamectin, with 65 + 7.44 % and 71.17 + 6.26 % of the adults
emerged respectively, caused also a significant reduction on the rate of emergences (Fg 122=14.877,

P<0.0001) (Fig. 1c).
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3.2. Sublethal effects

The tested biopesticides caused a wide variety of sublethal effects in all the performed bioassays.
Significant lower longevity levels were found on the females (Fs44= 34.523, P< 0.001) and males
(Fs.60=15.241, P<0.001) that were exposed to 1-h old residues of azadiractin, emamectin and
abamectin (Fig. 2a). However, these effects were not consistent when the pesticide residues aged
for 10 d, nor for the females (Fs44= 18.012, P =0.081) neither for the exposed males (Fs5=8.325,
P=0.152) (Fig. 2b). While, of the treated cocooned pupae only the females (Fs47;=39.067, P<
0.001) and males (F534=17.201, P<0.001) developed from the pupae treated with emamectin lived
significantly shorter (Fig. 2c). Also the reproduction was significantly affected by emamectin in all
the three trials, 1.e. 1-h (Fs590= 6.607, P< 0.0001) and 10-d (Fs590= 3.845, P= 0.003) old residues
bioassays and in topical treatment of the cocooned pupae (Fs90=2.815, P= 0.001) (Fig. 3c). The
sublethal toxicity of azadirachtin on this trait was found when treating the pupae and when exposing
the adults to 1-h old residues, while this effect was not persistent after 10 d (Fig. 3b). Abamectin
caused the lowest progeny production (1.06 + 0.45 offspring per female in three days) only in the 1-
h old residues trial (Fig. 3a).

The progeny sex-ratio resulted significantly affected only, 0.92 + 0.02 males/total progeny,
when the wasps were exposed to 1-h old residues of emamectin (F’s9=0.632, P= 0.012) (Fig. 4a).
While no significant differences among the tested pesticides were found in the 10-d trial
(F573=0.632, P= 0.087) (Fig. 4b) and when treating the cocooned pupae (Fss3=0.735, P= 0.142)
(Fig. 4c). The females that were exposed to 1-h old residues of BCO, abamectin and emamectin
killed significantly less host larvae during the three days of sublethal effects assessment

(Fs90=12.180, P< 0.001) (Fig. 5a). While, in the 10-d old residue (Fs00=5.264, P< 0.001) (Fig. 5b)
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and in the pupae (F590=7.895, P< 0.001) (Fig. 5¢) trials only emamectin significantly reduced the

biocontrol activity of the females.

3.3. Reduction coefficient (Ex) and IOBC categories

When combining the lethal effect and the effects on the reproduction, spinosad was the only
biopesticide, among the tested products, causing a reduction coefficient £, higher than 99% and it
was classified as harmful (class 4) when using the IOBC toxicity categories. Furthermore, its
harmfulness remains high also after the pesticides aged for 10 d (Table 2). By contrast, abamectin
decreased its toxicity from moderately harmful (class 3) to slightly harmful (class 2) when pesticide
residues were 10 d older. While, it resulted harmless (£, = 21.8 %) when applied to the cocooned
pupae. The class 2 was also attributed to Azadirachtin and BCO in all the three trials. By contrast,
emamectin, although resulted slightly harmful (class 2) to the adults, both exposed to 1-h and 10-d
old residues, was moderately harmful (£, = 87.5 %) towards the parasitoid pupa stage. The only

tested biopesticide ranked as harmless (£, < 30%) in all the bioassays was Bt (Table 2).

3.4. Demographical growth parameters

All the tested biopesticides affected, namely decreased, all the estimated demographical indexes
(Tab. 2). In particular, 1-h old residues of abamectin and emamectin, and when emamectin is
applied towards cocooned pupae, a very high decrease in the population growth is highlighted, at
the point that the population may lose its capacity to growth (i.e. R, < 1) conducting the parasitoid
population to the extinction. Azadiractin and BCO, as 1-h residues, caused 25.4 and 8.4 d,
respectively, in the time needed to the population for doubling in their size (D7). When the

cocooned pupae were treated with azadiractin, BCO and abamectin the delay in population growth
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were 22.84 d, 13.17 d and 2.59 d, respectively. Whereas, the delay in the DT resulted lower, when
comparing the results obtained exposing the adults to 10-d old pesticide residues with those of the
control population, of 9.24 d, 7.94 d, 5.33 d, and 4.3 d for abamectin, emamectin, BCO and
azadiractin, respectively. For spinosad was not possible to generate any demographical index since
the total mortality of the tested specimens during the residual contact bioassay and the very high
one when treating the pupae (Fig. 1). Therefore, in this case, the extinction may occur soon after the
treatment. While, the effects of B¢ on the population growth were negligible, being the estimated

values very close to those of the control population with delay in DT never > 1.3 d (Tab. 2).

4. Discussion

The present study demonstrated that the tested biopesticides, although having low acute toxicity on
the generalist parasitoid B. nigricans, caused a high degree of sublethal effects, such as reduction of
biocontrol activity (permanently paralyzed and parasitized hosts), fertility, longevity and increase of
the male portion in the progeny sex-ratio. The demographical approach highlighted the essentiality
of such effects in strongly and negatively affecting the parasitoid population levels after the
treatment. Bracon nigricans was very susceptible to spinosad (£, > 99%, IOBC class 4) even after
10 d after pesticide application, namely because of high mortality induced in adults. Therefore,
spinosad proved to be not compatible with this parasitoid for [IPM and organic farming programs.
Emamectin and abamectin were less toxic than spinosad, but induced high levels of sublethal
effects (mostly the reduction in the production of female progeny), that interpreted with
demographical growth point of view, may bring the parasitoid population to the extinction. The
impact of azadiracthin and BCO 1-h residues and when these are applied to the parasitoid pupa
stage are also noteworthy, causing considerable delay in the population growth. Finally, Bt proved
to be harmless (£, < 30%, IOBC class 1) with survival, sublethal traits and estimated demographical
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indexes very similar to those were recorded in untreated control group. Taken as a whole, the results
show that side effects of pesticides can vary largely depending upon various factors considered, like
endpoint considered (lethal vs. sublethal), pesticide persistence and developmental strategies of the
non-target species considered. Consequently, comprehensive and specific risk assessment should
be undergone before incorporating new pesticides in IPM programmes, such as in this studied

model, i.e. tomato/7. absoluta/biopesticides.

4.1. Importance of results for IPM and organic farming

Our study provides information that could be useful for IPM programs in identifying (and avoiding)
products that may prevent parasitoid to build up because of side effects on important traits and
reduced survival. These products may, in addition to compromising the efficacy of IPM programs,
prevent efficient colonization or recolonization of treated crops, particularly when pesticides are
highly persistent. Interestingly, Avermectin-based biopesticides (i.e. abamectin and emamectin) and
the biopesticide based on spinosad fall in this last category. These results hint that pesticidal
products that are classified as biopesticides can easily be of major concerns when they are supposed
to be used in combination with natural enemies. Given the results obtained, the use in IPM
programmes of these biopesticides together with natural enemies like B. nigricans should not be
considered for effective and sustainable pest management programs. Unfortunately, a similar
situation applies to pesticides that are recommended for organic cropping systems and therefore that
are usually though to be harmless for non-target arthropods. Spinosad induced total mortality of the
tested specimens and its effect was persistent for at least 10 d after initial application; furthermore,
very high levels (< 80 %) of cocooned pupae mortality were registered. This biopesticide has been
classified as an environmentally-safe product and has been embraced by IPM practitioners as a
biorational pesticide (Duso et al., 2008; Biondi et al., 2012b). However, present results suggest that

other pesticides with higher selectivity should be preferred. Overall, the safest insecticides for
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B. nigricans appears to be Bt and for example, when dealing with Lepidopteran pests, Bt should be
prioritized because (i) it proved to be safe for predator and parasitoid (despite testing it at one of
highest recommended rates concentration 1.U.), (ii) it induces no lethal and sublethal effects on
predators that fed on prey which fed Bt-treated or Bt-genetically engineered plants (Angeli et al.,
2005; Biondi et al., 2012a; Lu et al., 2012), and (iii) it is highly efficient even against leaf miners
(Gonzalez-Cabrera et al., 2011). Finally, in case of azadirachtin and BCO, since their effects
showed to be not persistent in tomato plants and that they affect the cocooned pupae when in direct
contact, the negative effects on the parasitoids reproduction could be avoided by avoiding to apply

this pesticide during the period of high presence of parasitoid pupae and adults on the crop.

4.2. Implications of the approach for risk assessment

Our work clearly showed how the tested pesticides induce more subtle effects rather than acute
ones. Indeed, all the investigated physiological and/or behavioural traits are useful to better
understand the actual impact of the tested biopesticides on the parasitoids population dynamics, as
well as on the biocontrol services they can provide after the pesticide application. This is
particularly true in the case of the tested Avermectins, for which the survival rate of the parasitoids
exposed to their 1-h old residues was reduced of maximum the 15%, while longevity, fertility and
biocontrol activity were reduced from the 25% to the 80%. Furthermore, the study of the progeny
sex-ratio allowed to remark that the progeny of the female that survived to the emamectin exposure
was strongly male biased (>0.9 mm/tot). This, jointly to the low fertility levels and the significant
reduction in the survival of the tested females strongly affected the population growth estimation,
suggesting the extinction of the treated population in the field soon after the treatment. By contrast,
this important result was not identified by the synthetic IOBC toxicity classification, which does not
take into account the B. nigricans specific life history variables, classifying this pesticide as

moderately harmful.
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Although the demographic approach has not been widely adopted to date, this method
obviously provides more information about pesticide effects on populations than traditional risk
assessment based on lethal and/or sublethal effects. In addition, matrix models are particularly
valuable for comparisons of populations exposed to various concentrations of pesticides or different
pesticides (Stark et al., 2004). Clearly, there are great advantages to using demography for
estimating the impacts of pesticides and other toxicants on biological control agents and other non-
target organisms. Because r, incorporates both lethal and sublethal effects into a single
dimensionless number easy to understand and to compare. On the other hand, there are also several
disadvantages associated with the development of life tables for estimation of the effects of
pesticides on populations. The primary one is that development of life tables is time consuming and
expensive. Furthermore, it might be argued that this approach is not realistic and that results of
matrix model simulations cannot be used to predict what is going to happen under natural
conditions with a high degree of confidence, because life tables are developed in the laboratory and
measurements are taken on individuals, rather than populations, a realistic measure of population
growth rate is not obtained. However, the obtained endpoints, such as the intrinsic rate of increase,
have been shown to be a more accurate measure of toxic effect than lethal concentration estimates
(Laskowski, 2000; Stark and Banks, 2003; Stark et al., 2004; Schneider et al., 2009) or, as proved in

this study, those advocated by the IOBC.

5. Conclusion

One of the goals of IPM is to preserve and/or increase the natural mortality factors of the pests by
combining various compatible control measures. Better knowledge on risks associated with specific
pesticides toward natural enemies is of primary importance when incorporating them in IPM

programs. The results obtained in the present study could improve IPM programs in which
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B. nigricans is involved and more broadly may be useful for implementing IPM programs involving
the use of braconid wasps as natural enemies. These results were obtained in laboratory conditions,
which represent a high exposure scenario (the worst being an exposure to pesticides on inert
material like glass) and it would be ideally completed with semi-field and field experiments.
Nevertheless, risk prediction models from laboratory data are a necessity in the rational selection of
the insecticides to be used against the new pest, 7. absoluta, for successful IPM programmes. On
the other hand, our results indicate that more ecologically relevant measures of effect such, as
delays in population growth that are based on demography, may advance our knowledge of

pesticide impacts on populations of natural enemy species.
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Fig 1. Lethal effect. Means (= SEM) of mortality percentages of Bracon nigricans adults (males
and females) exposed to 1-h (a) and to 10-d old pesticide residues (b). Means (+ SEM) of
emergence percentages of B. migricans adults from treated cocooned pupae (c). Means for
treatment, within the same sub-figure, subtended by the same letter do not differ at P < 0.05 (one-
way ANOVA followed by LSD post hoc test). Capital letters are for females and small letter for
males.

Fig 2. Sublethal effects. Longevity. Means (+ SEM) of longevity (days) of Bracon nigricans
adults (males and females) exposed to 1-h (a) and to 10-d pesticide residues (b). Means (= SEM) of
emergence percentages of B. migricans adults from treated cocooned pupae (c). Means for
treatment, within the same sub-figure, subtended by the asterisk differ at P < 0.05 (one-way
ANOVA followed by LSD post hoc test) to the untreated control.

Fig 3. Sublethal effects. Progeny production. Means (= SEM) of number of progeny produced in
three days by each tested Bracon nigricans females exposed to 1-h (a) and to 10-d old pesticide
residues (b) and by females emerged by the treated pupae (c). Means for treatment, within the same
sub-figure, subtended by the asterisk differ at P < 0.05 (one-way ANOVA followed by LSD post
hoc test) to the untreated control.

Fig 4. Sublethal effects. Progeny sex-ratio. Means (= SEM) of sex-ratio of the progeny produced
in three days by each tested Bracon nigricans females exposed to 1-h (a) and to 10-d old pesticide
residues (b) and by females emerged by the treated pupae (c). Means for treatment, within the same
sub-figure, subtended by the asterisk differ at P < 0.05 (one-way ANOVA followed by LSD post
hoc test) to the untreated control.

Fig S. Sublethal effects. Killed hosts. Means (= SEM) of number killed larvae in three days by
each tested Bracon nigricans females exposed to 1-h (a) and to 10-d old pesticide residues (b) and
by females emerged by the treated pupae (c). Means for treatment, within the same sub-figure,
subtended by the asterisk differ at P < 0.05 (one-way ANOVA followed by LSD post hoc test) to

the untreated control.
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Fig. 4
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Fig. 5
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Tab. 1

Ac.t ive ingredient Trade F“flc!, rate Chemical family Mode of action Crops Target
(a.i.) name (a.i. %)
Abamectin Cal-EX 75 ml/hl Avermectin Ingestion. Chloride Tomato, eggplant, sweet pepper, Mites. thrips, psyllids,
EW® (1.8) channel activator strawberry, lettuce, cucumber, aphids, leafminers,
melon, cabbages, citrus, grape, moths
ornamental plants and flowers, forest
trees
Azadirachtin * Oikos® 150 ml/hl Botanical Ingestion. Moulting Tomato, eggplant, sweet pepper, Thrips, Hemiptera,
(3.2) disruptor strawberry, carrot, fennel, beans, Lepidoptera
cabbages, cucurbit crops, garlic,
onion, leek, leafy vegetables, celery,
stone fruits, pome fruits, actinidia,
walnut, chestnut
Bacillus thuringiensis var. Costar® WG 200 g/hl Cry proteins Ingestion. Disruptor of Tomato, eggplant, sweet pepper, Lepidoptera
kurstaki strain SA12 * (90000 LU./mg) insect midgut epithelium  strawberry, artichoke, corn, cotton,
tobacco, potato, leafy vegetables,
cucurbit crops, sugar beet, cabbages,
sugar beet, beans, soybean,
sunflower, citrus, grape, olive,
actinidia, chestnut, ornamental
plants, forest trees
Emamectin benzoate Affirm® 150 g/hl Avermectin Ingestion. Chloride Tomato, eggplant, sweet pepper, Lepidoptera
(0.95) channel activator strawberry, beans, artichoke, lettuce,
stone fruits, pome fruits, grape, cole
crops
Borax and citrus oil * PreVam® 400 ml/hl Borates tetra sodium  Contact. Miscellaneous Tomato, strawberry, grape Mites, whiteflies,
©) salts and Oil - non-specific inhibitor mealybugs, Tomato
essential borer
Spinosad * Laser® 75 ml/hl Spinosyn Ingestion and contact. Tomato, eggplant, sweet pepper, Thrips, Planthoppers,
(48) Nicotinic acetylcholine strawberry, potato, fennel, legumes,  Lepidoptera,

receptor agonist

garlic, onion, leek, stone fruits,
cucurbit crops, artichoke, leafy
vegetables, caper, pome fruits, stone
fruits, grape, small fruits, tree nuts,
ornamental plants, grass

Coleoptera, Diptera

Table 1. Tested biopesticides™"

* Indicate pesticides that are authorized also for organic farming
® Italian Ministry of Health, phytosanitary products database 2011

http://www.salute.gov.it/fitosanitariwsWeb_new/FitosanitariServlet.
¢ EU Pesticides database 2011, http://ec.europa.eu/sanco_pesticides/public/index.cfm
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Tab. 2

Active Reduction coefficient 10BC Net reproductive rate Doubling time Intrinsic rate of
ingredient (E,) toxicity class (Ry) D7) increase (r,,)
thoid %9 on tmod %4 on pmold % on rhold %9 on phoa %9 on
residue old pupae residue old pupae residue old pupae residue old pupae residue old pupae
residue residue residue residue residue
Control - - - - - - 4.44 444 444 13.82 13.82 13.82 0.052 0.052 0.052
Abamectin 80.5 45.8 21.8 3 2 1 0.93 244 351 - 23.06 16.41 - 0.030 0.042
Azadirachtin ~ 62.5 30.3 60.5 2 2 2 1.68 3.11 1.75 3926 18.16 36.66 0.018 0.038 0.019
Bacillus 5 ¢ 50 120 1 1 I 411 422 399 1459 1431 1511 0047 0048 0.046
thuringiensis
BCO 44.2 375 49.3 2 2 2 2.53 2.93 215 2219 19.15 2699 0.031 0.362 0.026
Emamectin oo, 451 g75 2 2 3 049 258 058 - 2176 - - 0032 -
benzoate
Spinosad 100 100 80.6* 4 4 3% - - - - - - - - -

Table 2. Reduction coefficient E,, IOBC toxicity classes, Net reproductive rate R,; Doubling time
(DT); Intrinsic rate of increase (,,) calculate for adults exposed to 1-h old and 10-d old pesticide
residues, for adults emerged from topically treated cocooned pupae and for the control population
(Biondi et al., 2012c). * Calculated only for the lethal effect.
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Abstract

Spinosyn-based products, mostly spinosad, have been widely recommended by extension specialists and agribusiness
companies; consequently, they have been used to control various pests in many different cropping systems. Following the
worldwide adoption of spinosad-based products for integrated and organic farming, an increasing number of ecotoxicological
studies have been published in the past 10 years. These studies are primarily related to the risk assessment of spinosad towards
beneficial arthropods. This review takes into account recent data with the aim of (i) highlighting potentially adverse effects of
spinosyns on beneficial arthropods (and hence on ecosystem services that they provide in agroecosystems), (ii) clarifying the
range of methods used to address spinosyn side effects on biocontrol agents and pollinators in order to provide new insights for
the development of more accurate bioassays, (iii) identifying pitfalls when analysing laboratory results to assess field risks and
(iv) gaining increasing knowledge on side effects when using spinosad for integrated pest management (IPM) programmes and
organic farming. For the first time, a thorough review of possible risks of spinosad and novel spinosyns (such as spinetoram)
to beneficial arthropods (notably natural enemies and pollinators) is provided. The acute lethal effect and multiple sublethal
effects have been identified in almost all arthropod groups studied. This review will help to optimise the future use of spinosad
and new spinosyns in IPM programmes and for organic farming, notably by preventing the possible side effects of spinosyns
on beneficial arthropods.
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1 INTRODUCTION

show compulsory muscle contractions and tremors stemming

Biopesticides are derived from naturally occurring materials and
organisms such as animals, plants, bacteria and minerals. In the
past decades, this group of pesticides has been increasingly taken
into consideration and has been creating interest as regards
the development of environmentally sound and integrated pest
management (IPM)-compatible approaches.! Biopesticides are
used in such programmes mainly in order to diminish the negative
effects that conventional pesticides may have on the environment
and on human health, i.e. the health of farming operators and
consumers. However, the origin of a given compound does not
really relate to its toxicological properties, which result from
the pesticide physicochemical properties acting on arthropod
physiology and behaviour.

One of the most well-known families of naturally derived in-
secticides is the spinosyn family. These compounds result from
the fermentation process made by the naturally occurring soil
actinomycete Saccharopolyspora spinosa Mertz & Yao (Bacteria:
Actinobacteridae). Spinosyns are highly active when ingested or
through contact and cause swift death in a wide range of in-
sect pests, e.g. caterpillars, leafminers, thrips and foliage-feeding
beetles. Their main mode of action affects the nicotinic acetyl-
choline receptors (NAChRs) in the nervous system, specifically
acting as their allosteric modulators, with some evidence sug-
gesting additional impact on the y-amino butyric acid (GABA)
receptor physiology. Arthropods exposed to spinosad usually
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from continuous activation of motor neurons. Prolonged spinosad-
induced contractions lead to paralysis, to zero feeding activity and
ultimately to the death of exposed arthropods.?

Spinosad was the first spinosyn-based biopesticide marketed,
and it contains a mixture of two tetracyclic compounds (spinosyns
A and D). It is considered to be a natural product, is classified
as low risk? and thus has been approved for use in organic
farming by many regulatory agencies in several countries of the
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world.* Synthetic modification of natural-based pesticides is an
important tool to discover new pesticidal compounds, particularly
with the aim of increasing efficacy and safety. In the last decade,
many semi-synthetic spinosyn analogues have been designed
especially to target pests selectively.> Spinetoram was the first
semi-synthetic spinosyn discovered owing to the synergy of
microbiology, synthetic chemistry and artificial neural network
technologies? It is mainly composed of the new semi-synthetic
spinosyns J and L. Spinetoram was registered in September 2007
by the US Environmental Protection Agency, mainly because of
its reduced-risk profile during preliminary risk assessments and its
toxicological properties, which proved to be similar to those of
spinosad.” Therefore, spinetoram-based biopesticides (Delegate®
WG, Radiant® SC) were first registerad for use in the United States
in September 2007, and they arecurrently onthemarket in Canada,
New Zealand and the United States for management of various
crop pests.®

Beneficial arthropods in agriculture, mainly natural enemies
and pollinators, are increasingly important both economically
and envirenmentally,®' thus making spinosyn risk assessments
on non-target arthropods crucial when these pesticides are
includedinlPMprogrammes. Thisis particularly important because
potential side effects of pesticidesonthesearthropods, even subtle
ones, can greatly reducetheir capacityto providecrucial ecosystem
services."'"'? Overall, biopesticides are often slower acting and
consequently cause no short-term effects (eg. lethal effects),
leaving many survivors after pesticide applications. However,
they may induce multiple physiological and behavioural sublethal
effects,'! which may lead to a drastic decrease in population
levels.'® Furthermore, susceptibility of a given species to toxic
products on the demographic level, notably intrinsic recovery
capacity, can vary according to the function of specificspecies
life-history variables,!

Various methodologies have been developed for risk assess-
ment of spinosyns on non-target arthropods according to the
biological traits of the organisms studied, e.g. on arthropods’
natural enemies.”® Williams etai.'® reported that spincsad can
be classified as harmless to most natural enemies of arthropods
tested in studies published up to 2002. They placed spinosad
in class 1 in the International Organisation for Biclogical Control
(IOBC) ranking system in 71 and 79% of laboratory and field ex-
periments respectively. However, in the same review, when only
Hymenoptera (namely parasitoids) were considered, spinosad was
shown to be moderately harmful (class 3) or even harmful (class
4) in the majority of laboratory and field studies.'® This raises
the question as to the actual compatibility of spinosad and,
more broadly speaking, of spinosyn-based biopesticides with hy-
menopteran parasitoids, which are key biclogical control agents
in many agricultural ecosystems.'®!” The same question arises
when considering that the main pollinators belong to the Apidae
family in the Hymenoptera order (e.g. honey bees Apis meliifera
L. and bumblebees Bombus spp). This line of reasoning hinted at
the importance of assessing possible side effects of spinosysns on
beneficial arthropods belonging to the order Hymenoptera.

An increasing number of studies related to risk assessment
of spinosyns on beneficial arthropods have been published in
the past decade, i.e. following the seminal review by Williams
et al.'”> Bearing this context in mind, we reviewed the present
authors reviewed the lethal and sublethal effects of spinosyns
(spinosad and spinetoram) on beneficial arthropods in two types
of study, i.e. studies carried out in laboratory or field (semi-field,
greenhouse and open-field) conditions. Experiments showing
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unsatisfactory experimental designs and/or lack of statistical
analyses were not included in this review. The focus was on side
effectsin natural enemies and pollinators. Other possible beneficial
arthropods, such as other terrestrial and aquatic arthropods, were
not considered, although they may also be affected by spinosyns,
e.g. Daphnia spp.'™1? This review takes into account recent data
and aims (i) at highlighting potential adverse effects of spinosyns
on beneficial arthropods, and hence on the ecological services
they provide in agroecosystems, (i} at clarifying the range of
methods used to address side effects of spinosyns on biocontrol
agents and pollinaters in order to provide new insights for the
development of more accurate bioassays, (iii) at identifying pitfalls
when analysing laboratory results to assess field risks and (iv) at
gaining increasing knowledge on side effects when using spinosad
for IPM programmes and organic farming.

2 THE SPINOSAD: HISTORY AND CURRENT
USE WORLDWIDE

Spinosad was first registered and commercialised in Korea and
the United States in 1996-1997. It was initially formulated
as a suspension concentrate for greenhouse and open-field
spray applications (e.g. Tracer®, Spintor®, Success®). In the
last decade, this pesticide has also been commercialised as a
prepacked sprayable bait formulation with low concentrations
of spinosad mixed with a feeding attractant, mainly hydrolysed
proteins, for Diptera Tephritidae adults (e.g. GF—120%, Spintor-
Isco®, Spintor-Cebo®).2*?! Spinosad is currently registered in more
than 80 countries throughout the world to control several pests
belonging to Lepidoptera, Diptera, Thysanoptera and Coleoptera
orders, in agricultural and forestry landscapes or in veterinary
environments.>%22 |n 2008, spinosad was included in Annex Il of
the EU Council Regulation 2092/91, and thusits usewas authorised
in organic farming in European member states.?>

Spinosad is more effective when ingested, but it can also affect
insects through contact, and it even has a small systemic action, as
demonstrated by Weintraub and Mujica®* indrench soil treatments
against the Agromyzidae Liriomyza huidobrensis (Blanchard).
Spinosad-based products are applied in many countries to
control a wide range of pests in greenhouse and open-field
crops. Field bait spray applications have become very commen
against various fruit flies and are replacing organophosphates
and pyrethroids worldwide for the control of these pests {e.g.
in coffee®® in citrus,®®?” in olive groves?® in papaya?® and
in mango®™). The high efficacy in controlling Ceratitis capitata
(Wied.), a key pest in citrus and many other fruit crops, was
discovered in 1996.3' Bactrocera ofeae (Rossi), the key olive pest
in the Mediterranean basin, in California and in Central America,
and Rhagoletis cerasi Loew, a key cherry pest in Europe, are also
targeted by this insecticide. 3> Moreover, this pesticide is also
effective against many other destructive fruit flies not present in
Europe, included in the genera Anastrepha [A. suspensa (Loew),
A. ludens (Loew), A. fraterculus Wied), Bactrocera [B. cucurbitae
(Coquillet), B. dorsalis (Hendel), B. tryoni (Froggatt)] and Rhagoletis
[R. completa Cresson, R. pomonelia (Walsh)].2? Other sensitive
Diptera include the Muscidae Stomoxys calcitrans (L.), a pest in
surburban and rural areas where horses and other livestock are
stabled.® Other spinosad bait formulations have been developed
for the control of ants of the genera Solfenopsis (granular bait; e.g.
Conserve® Professional Fire Ant Bait) and of Musca domestica L.
(Elector®)®
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Among lepidopteran pests, the compound is a good alternative
forthe control of species of the genera Spodoptera and Helicoverpa
in many greenhouse and outdeoor crops,®>** 3¢ of the pine
processionary moth [Thaumetopoea pytiocampa (Den. et Schiff. )37
and of Tuta absoluta (Meyrick), %3 a major invasive pest in Afro-
Eurasia.)””"172 Similarly, the insecticide is applied to control the
thrips Frankiiniefia spp. in horticultural and ornamental crops™®
and Leptinotarsa decemlineata L. in potatoes.*! Furthermore, even
though it has not yet been registered worldwide, spinosad is active
against several stored-grain pests.*?43

After spinosyn introduction, spinosad resistance events were
documented for some insects, such as houseflies and fruit flies,
Lepidoptera and thrips species.*~*? Although spinosyns have
not been proved to have a particular propensity for resistance
development compared with other widely used insecticides,
spinosad resistance management relies on label restrictions and
use guidelines.®® These are intended to minimise the chances of
resistance development, notably limiting the number of spinosad
applications and suggesting its use in alternation with pesticides
of different mode of action.

3 SIDEEFFECTS OF SPINOSYNS ONNON TAR-
GET ORGANISMS, REPORTED UNDER LABORA-

TORY CONDITIONS

3.1 Lethal effect

3.1.1  Lethal effect on natural enemies

Based on the review by Williams et al.,'* spinosad seems to have
few lethal effects on predators, but it harms parasitoids. In the
last decade, several laboratory studies have focused on the lethal
impact of spinosad towards predators (spiders, mites and insects)
and parasitoids, while only one study has dealt with the side
effects of spinetoram (Table 1). Most of the studies tested field
rates for one or several specific crops and for various targeted
pests. In addition, a smaller number of studies also determined the
median lethal dose, rate or concentration (LD/LR/LCsq) for various
natural enemies and then assessed mortality induced by reduced
concentrations {e.g. <LCso). Detailed information regarding routes
of exposure and tested concentrations/doses/rates are reported
in supporting information Table S1.

Acute mortality from spinosad in laboratory assessments on
arachnid predaters gave diverging results. Reza¢ etal® found
no significant mortality when the spider Philodromus cespitum
(Walckenaer) was exposed to dried spinosad residues on filter
paper (104 mg Al L™'), whereas 100% mortality was observed for
Hibana futilis (Banks) when exposed to very low spinosad residues
(5 % 1072%pg Al L") on filter paper for 24 h.°? High Araneus
pretensis (Emerton) mortality was observed owing to the ingestion
of prey treated with low spinosad rates (2.5-25% of the maximum
recommended field rates)>? Risk assessment on predatory mites
revealed that the survival of some species belonging to the
genera Hypoaspis, Neoseiulus, Typhlodromus and Typhlodromips
was significantly affected by contact with dried spinosad residues
on leaves (see supporting information Table $1).5*-57 In addition,
Rahman et af.>” showed, in a more realistic experimental set-up, the
synergic lethal effect from the exposure to residues and ingestion
of prey previously fed on treated leaves. The new, semi-synthetic
spinosyn spinetoram was also very toxic when applied on eggs
and larvae of thewestern predatory mite Galendromus occidentalis
(Nesbitt), while 100% mortality of females was recorded after72 h
of exposure. In addition, the field rate proved to be 34-fold higher
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than the LCsy (6 mg Al L~').°% On the other hand, spinosad has
been proved by Jones et al’® to be selective for adults of the
predatory mite Amblyseius cucumeris {(Oudemans) when exposed
topically and/or to spinosad residues on strawberry leaves, and
by van Driesche etal> for Iphiseius degenerans (Berlese) adults
exposed to spinosad residues on bean leaves.

The same diverging lethal effects are caused by spinosad on
insect predators and vary according to species, instars and the
route of exposure considered. For example, topical treatments
and exposure to dried spinosad residues at the field rate had
no significant lethal effect on Chrysoperia carnea (Stephen),”*®!
but, when adults ingested treated prey or insecticide mixed with
artificial diet (concentrations =12.5% of the field rate), 100%
mortality occurred rapidly.®! Exposure of heteropteran predators
to dried residues (see supporting information Table S1) was
harmless for Nesidiocoris tenuis (Reuter), Macrolophus pygmaeus
(Rambur) and Picromerus bidens L. adults®%? harmful (50%
mortality) for Geocoris punctipes Say,> while it was very harmful
(up to 100% mortality) for Orius laevigatus Fieber and O. insidiosus
(Say) adults3%406455 An acute lethal effect on O. igevigatus has
also been found 14 days after the initial treatment with the rate
recommended for management of Diptera leafminers in multiple
crops (360 mg Al L=1).%? Furthermore, the synergic toxicity of two
routes of exposure (topical and exposure to dried residues) was
proved on Q. insidiosus, with 100% mortality when exposed to the
field rate.* When topically treated, two other Heteroptera species
showed diverging responses: Deraeocoris brevis (Uhler) young
instars and adults were resistant to the highest field rate,®® while
100% mortality was observed for Pilophorustypicus Distant nymphs
and adults when treated with lower spinosad concentrations
(=96 mg Al L=").% The real implication of the effects observed
after topical exposures should take into account that spinosyn
effect can be magnified by the unrealistic experimental conditions
of some studies. The use of organic solvents instead of water
as carriers (increasing the pesticide intake inside the arthroped
body) and the use of dipping metheds instead of spray to apply
the pesticide solution can amplify the pesticide toxicity, i.e. lead
to overestimation of the possible side effects.®

With regard to other insect predator orders, high mortality rates
were observed on the larvae of two Diptera species, Aphidoletes
aphidimyza (Rondani) and Episyrphus baiteatus (Deeger), exposed
to spinosad dried residues (100 and 96 mg Al L™ respectively),
as well as on first instars of the coccinellid Harmonia axyridis
(Pallas) and on adults of the European earwig Forficuta auricularia
L8272 On the other hand, females of the coccinellids Coccinelia
septempunctata (L.) and Adalia bipunctata {L.) larvae and adults
were not affected by spinosad.”64%73

Numerous laboratory studies, conducted in the last decade,
demonstrated the acute toxicity of spinosad on 22 species of
hymenopteran parasitoids (Table 1 and supporting information
Table 51). In contrast to predators, spinosad caused severe lethal
effects towards all tested species, irrespective of the exposure
route used. When testing the recommended field rates for
specific crops in which a given natural enemy can occur, 100%
mortality in adults was observed for Aphidius colemani Viereck,
Aphytismelinus DeBach, CoccophaguslycimniaWalker, Leptomastix
dactylopii (Howard) and Diadegma insulare (Cresson) after 24 h of
exposure to dried residues of spinesad on inert materials.”"* 76
Similar results were reported for Trichogramma chifonis Ishii adults
when exposed to host eggs or tomato leaves previously treated
with the field recommended rate.”” Also, 100% mortality was
recorded by Medina etal.”® in adults of the parasitoid Hyposoter
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didymator (Thunberg) after topical application (2 pg Al insect™")
and after the ingestion of spinosad-contaminated water source
{1000 mg L™"). Haseeb et al.’”® reported a similar lethal effect of
a lower concentration of spinosad-contaminated water (53 mg
Al L") when ingested by Cotesia plutefize Kurdjumov adults.
Significant mortality was recorded after exposing hymenopteran
adults such as C. plutellae, D. insulare, Encarsia formosa Gahan,
Euplectrus planthypenae Howard, Oomyzus sokolowskii Kurdjumov
and three Trichogramma species to dried spinosad residues
on leaves 3440747981 and Chelonus insufaris Kurdjumov adults
supplied withtreated host eggs (see supporting information Table
S1for details) Spinosad field rates proved to be 2000~ 1000-and
10-fold higher than the estimated LCsq values for Trichogramma
pretiosum Riley (0.23 mg Al L™'), Anaphes iofe Girault (0.50 mg Al
L="yand Habrobracon hebetor Say (15 mg Al L™!) respectively 8223
Studies on spinosad acute effects on natural enemies have also
been conducted on young instars. In all these experiments, the
authors applied the insecticide on parasitised hosts or topically
on larvae and pupae, and the endpoint considered was often the
rate of adult emergence. Variations in this trait may resultfromthe
acute lethal effect both on the host and on the parasitoid, as well
as from the physiological effects on their development.!" For this
reason, these studies are discussed in detail in Section 3.2.1.

Various risk assessment experiments have also been conducted
on spinosad-baited formulations, and diverging results were
obtained owing to the experimental set-up (i.e. applied rates
and route and exposure duration) and to the tested species.
Acute lethal effects were reported by Urbaneja etal?’ when
exposing the mite Neoseiulus californicus (McGregor) and the
parasitoid A. cofemani to dried residues of field rate on citrus
leaves. High mortality of predators, such as C. carnea, Leucopis sp.
and Pseudodorus clavatus F., was recorded by Nadel etal®* and
Michaud® when baited spinosad was offered alone at the field rate
forC.carneaand at 1 pL perfiveinsectsforthe two Diptera species,
while there were no lethal effects when the predators had access
to other food sources, High mortality was also found by Michaud®>
for A. meiinus and Lysiphlebus testaceipes (Cresson) exposed to
dried residues of baited spinosad (1 puL Al per five insects) on
inert materials, and by Stark et al.?! exposing two braconid wasps,
Fopius arisanus (Sonan) and Psyttalia fletcheri (Silvestri), to 15 uL
of dried residues in glass vials. Dose—mortality response of topical
treatment was demonstrated by Ruiz et al® for the parasitoid
Diachasmimorphalongicaudata (Ashmead), whichwas also greatly
affected when in contact with dried residues and when the field
rate was ingested. On the other hand, this product was risk free on
third-instar nymphs of O. insidiosus, as well as on third-instar larvae
and on adults of various coccinellids.?*®87 Moreover, Michaud's
interesting results®® stated that Chrysoperia rufifabris Burmeister
and Pseudodorus clavatus (F.)are significantly affected by the
baited spinosad residues only in no-choice experiments, but not
when the beneficials also had untreated food available, owing to
the compulsory feeding on treated food if non-choice tests are
performed (see supporting information Table 51).

3.1.2  Lethal effect on pollinators

Past studies conducted over several continents using different
experimental methods [e.g. US EPA (United States Environmental
Protection Agency) and EPPO (European and Mediterranean Plant
Protection Organisation) guidelines] reported that spinosad was
toxic towards bees. Indeed, exposure to spinosad (2.5-20 mg Al
L") inhibited AChE in various organs of the honey bee worker
and altered thefunction of GABA-gated chlorine channels, causing
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tremors in bees, and leading to paralysis and death.%® Moreover,
the spinosad toxicity depended on the spinosad product used
(technical grade, formulated product or fruit-fly bait), the route of
exposure tested [orally, topically or via residues (wet versus dry)]
and the bee genera studied (supporting information Tables 52
and S3).

For contact toxicity, technical-grade spinosad was classified as
highly toxic for various bee genera® - However, based on the
LCs0 values, no differences in sensitivity between bee genera were
demonstrated. On the other hand, the LTy values of formulated
spinosad (240 and 480 g Al L") depended on the bee genera
(supporting information Table 52).°~%? Spinosad is also used as
fruit-fly bait (0.2 g Al L™"), but, compared with technical-grade and
formulated spinosad, this was only faintly toxic for bees (48 h LCsq:
=100 jug product bee1).%%100

For oral exposure, both spinosad {technical grade and formu-
lated at 480g Al L") and the newer compound, spinetoram
(formulated at 250 g Al kg™'), resulted in high toxicity for worker
bees 293878100 |hdeed, acute feeding tests via treated sugar
water showed a 24 h LCq, of 7.34 mg Al L~! for honey bees and
a72h LCso of 96mg Al L' (formulated spinosad) and 21 mg
Al L™ (spinetoram) for Bombus terrestris (L.).%1% Similarly, high
toxicity for bumblebees was also demonstrated after 11 weeks of
chronic exposure to sugar water treated with spinosad and spine-
toram (LCso = 2 mg Al L7').'%2 In addition to treated sugar water,
only two other experiments have been conducted so far where
pollen treated with spinosad and pollen from sweet corn collected
at different time points (up to 3 days) after spinosad treatment
was fed to Bombus impatiens (Cresson) colonies during a period
of 3 weeks and to newly emerged worker honey bees for 24 h
respectively.**1% According to Morandin etal,'™ no significant
bee mortality was observed after acute and chronic exposure to
realistic field rates.

For residual toxicity (supporting information Table 53), contact
exposure to dry residues of spinosad (up to 200g Al ha~') on
leaves/flowers in crops such as alfalfa, citrus and kiwifruit or glass
plates was either slightly harmful or harmless to honey bees up
to 100 h after exposure.” ~#14-107 Ajthough ne lethal effects
were observed on honey bees, several authors demonstrated
that other bee genera, including Bombus and Megachile, but not
Protonectarina,'®’ were more sensitive.*>*>% |n addition, exposure
might also occur via wet residues. For formulated spinosad (480 g
Al'L™"yand spinetoram (250 g Al kg™"), high texicity was obtained
after both wet and dry residue exposure, whereas for the fruit-
fly bait a difference between wet and dry exposure was noted
only after 24 h.'%%19 Taking into account the toxicity seen after
exposure to wet residue, Mayes et al.” found that toxicity was not
related to the spinosad volume applied. Furthermore, chronic oral
intake of dry residue of real spinosad field rates via pollen was safe
for B. impatiens colonies,'®

3.2 Sublethal effects

3.2.1 Physiological and behavioural sublethal effects on natural
enemies

Even though most spinosad risk assessment experiments were
usually based on acute toxicity tests, spinosad was also shown
to cause sublethal effects towards beneficial arthropods. Some
key physiological and behavioural traits could be impaired by
pesticides,'" and spincsad was shown to have an influence on
larval development and on longevity and reproductive capacity
of adults, both treated and developed from young treated instars
(Table 1 and supporting information Tables 54 and 55).
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Table 1. Overview of reviewed studies on side effects of spinosyns on beneficial arthropods. Studies were considered as positive for adverse effects
of spinesyns on a beneficial arthropod when a significant lethal effect or sublethal effects were demonstrated. Positive effects deriving from one
single study {low significance) are indicated in italics. Papers reporting the effects of two spinosyn products or formulations have been considered
twice
Laboratory studies Field and semi-field studies
Testing lethal effect Testing sublethal effects
Total number of Number of Number of Nurnber of
studies per group studies % Positive studies % Positive studies % Positive
Natural enemies
85 54 81 30 o4 407 48
Predators
48 35 71 16 28 267 34
Parasitalds
39 19 100 14 100 147 [+t
Araneae®
3 3 a6/ 2 100 0 -
Mites®
12 8 38 3 67 6 50
Dermaptera®
3 1 100 2 100 1 100
Neuroptera®
5 5 80 & 100 0 -
Hemiptera®
10 10 60 4 75 9 34
Diptera®
3 3 &7 1 100 0 -
Coleaptera®
6 5 20 1 o0 2 0
Hymenoptera®
36 20 100 14 100 11 20
Pollinators
39 26 77 3 33 13 54
Apis mellifera®
29 19 63 1 [0 11 45
Bombus spp.©
8 6 83 2 50 2 100
Cther pollinators©
5 5 100 0 - 0 —
? Studies also considering species complexes.
b Class: Arachnida.
“ Class: Insecta.

Larval development perturbations were observed by some au-
thors for both predator and parasitoid species. For predatory
mites, Villanueva and Walgenbach> reported that spinosad sig-
nificantly interfered with Neoseiulus fallacis (Garman) development
from egg to adult when the individuals were exposed to dried
residues on bean leaves (from the lowest field recommended rate
on pome fruit orchards). Mandour®' noted different degrees of
toxicity of spinosad on various young instars of the lacewing C.
carneq, i.e. first instars were more sensitive than eggs and ma-
ture larvae to a range of low spinosad concentrations (from 4 to
72 mg Al L~1). No effects on the development of treated nymphs
of the generalist predator D. brevis were highlighted. However,
after exposing adults to a spinosad field rate, a transgenerational
effect was observed on the development of the offspring, i.e
duration of larval development increased.?® Many studies on the
development of parasitoid larvae reported effects of spinosad

on adult emergence when exposed at the pre-imaginal stages.
Dose-related effects on the pupation rate of Apophua simplicipes
(Cresson) were noted by Cossentine et ai.'® when second- and
fourth-instar parasitised hosts fed on leaf materials previously
treated with low spinosad concentrations (from 0.01 to 5mg
Al L"), and when fourth-instar parasitised hosts were topically
treated with higher, more realistic, spinosad doses (from 25 to
1000 mg Al L7', the field rate being 88 mg Al L™'). Schneider
etal. """ reported a decrease in the adult emergence rate from
topically treated (5.6 g Al insect ') pupae and third larvae of
H. didymator, and they related their findings to the apparent
inability of the treated larvae to produce silk needed for co-
cooning. When spinosad was applied on parasitised hosts (eggs
and larvae), very low adult emergences were observed for Opius
chromatomyiae Belokobylskij and Wharton, Neochrysocharis for-
mosa Westwood, Eretmocerus mundus (Mercet) and for all the
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pre-imaginal stages of four Trichogramma species (see supporting
information Table 54).7/81,112113

Physiological effects might also cause disturbance of other
essential biological traits of natural enemies, such as longevity,
immune system and reproduction. Unfortunately, there are no
studies that have associated the effects on young instar develop-
ment with adult longevity, but data on the spinosad effect on adult
longevity are available for various insect species. Diverging results
were reported on theimpact of spinosad on longevity of predatory
bugs. Deraeocoris brevis longevity was strongly affected when the
predator was directly exposed to spinosad solution (i.e. topical
exposure) and ingested spinosad-contaminated prey at the same
time, whereas no significant effect was found on the longevity of
P.bidens after being in contact with dried residues of spinosad.®249
These diverging results likely resulted from the different exposure
routes tested in these studies, and actually the study by Kimet a.5%
may better mimicthe real exposure scenario occurring in field con-
ditions. Indeed, predators are exposed to spinosad both through
contact with dried residues and through ingestion when attacking
and consuming spinosad-sprayed pests,'' but also directly to
insecticide spray droplets at the time spinosad is sprayed in the
crops.!' Studies involving parasitoids showed that adult longevity
was always affected by spinosad when topically applied on hosts
parasitised by Eretmocerus warrae Naumann and Schmidt''® and
N. formosa''? and on H. didymator pupae,''® or when D. insulare
adults were fed with spinosad-treated water-honey food (for
more details, see supporting information Table 54).7*

A decrease in reproductive activity owing to exposure to
pesticides can result from both physiological and behavioural
effects.'’ Many authors have reported general spinosad effects on
fecundity and fertility of natural enemies, in spite of documenting
their biological basis. However, mechanistic insights into the
effects of pesticides on natural enemy reproduction have been
described in several studies. Spinosad at low rate (30 mg Al
L=, 25% of the maximum field recommended concentrations)
reduced the number of viable eggs of the spider A. pretensis®® and
the amount of laid eggs by predatory mites, such as N, faflacis>*
Neoseiulus cucumeris (Oudemans) and Iphiseius degenerans
(Berl.)*® when applied at field recommended rates. Fewer
offspring were produced by adults of the heteropteran predators
M. pygmaeus, N. tenuis®® and O. laevigatus when exposed to dried
residues of spinosad (at the highest field rate recommended
for tomato); furthermore, the negative effects lasted for at least
7 days after the day of spinosad application on leaves For the
bug D. brevis, spinosad treatment at the full field rate resulted
in a reduced oviposition activity, whereas adults developed
from treated nymphs showed a regular reproductive activity.59
The fertility of the lacewing C. carnea adults did not decrease
after being in contact with treated oviposition substrate, when
topically treated or when supplied with spinosad-contaminated
water. Nevertheless, adults stopped ovipositing after feeding for
2 days on spinosad-treated prey and spinosad-treated artificial
diet.5%%1 A similar stop in oviposition activity was also reported in
E. baiteatuswhen this sifid predator had been previously exposed
during its larval stage to dried residues of spinosad on glass at
the maximum recommended field rate for brassica crops (96 mg
Al L™"). By contrast, C. carnea reproduction was not affected
when young instars had been topically treated (see supporting
information Table S4 for details)®! The reproductive activity
of egg parasitoids was also affected when treating host eggs;
reductions inthe parasitisation rate were reported for C. insularis >*
Telenomus remus (Nixon)''” and T. chilonis,”” or when T. pretiosum
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was exposed to dried residues on glass (supporting information
Table 54).1% The reproduction of the larval endoectoparasitoid
H. didymator was considerably affected after topical treatment
(5.6 ug Al insect ') of mature larvae and pupae.!"%1"

Spinosad-baited formulation, when ingested at a rate of 20 mg
Al L7, caused a reduction in the number of laid eggs by the
lacewing C. carnea® and a 45% reduction in the net fecundity
(longevity = fecundity) of D. longicaudata parasitoid females after
feeding on baited spinosad (0.08 mg Al L=1).2° When H. axyridis
was topically treated with a range of concentrations of 10-100%
of the field recommended rate, a dose-dependent effect on the
development time, rate of pupation of treated larvae, adult weight
and hatchability of the eggs laid by the developed adults was
observed for all the tested concentrations.®” Hernandez et al.'®?
studied the effect of the field recommended rate of spinetoram
on the longevity of two parasitoid species of Diptera leafminer,
Ganaspidium nigrimanus (Kieffer) and N. formosa. The survivorship
of these parasitoids decreased largely when individuals were
exposed to spinetoram either topically, on pepper leaves, and
through feeding on a spinoteram-contaminated food source.

Spinosad, like the majority of the other neurotoxic compounds,
may affect various behaviouraltraits in predators and parasitoids.'
It has been reported in several studies that aimed to test the side
effects of various recommended field rates as well as lower rates
(see suppeorting information Table S5 for details). Works demon-
strated that natural enemies are affected mostly exclusively when
they are directly exposed to spinosad (both topically treated or
through contact with residues), while no behavioural effects have
been found in other cases, i.e. when attacking treated prey/host
and when choosing between treated and untreated substrates.

Although effects on mobility were not always directly studied,
spinosad side effects on this trait were observed for the
predators C. carnea,”® D. brevis,%® Dont luteipes (Scudder)''® and F.
auricutaria’ and forthe parasitoids Eiphosoma vitticolle Cresson™*
and H. didymator.'%""! This effect is mostly due to direct
intoxication by the pesticide, which results in a knockdown effect,
trembling and lack of coordination in legs, wings, mandibles and
palpus. When these symptoms are not easily detectable, other
neurotoxic effects may be responsible forthe medification of other
important behaviours, such as feeding, oviposition, navigation
and orientation.!" All these behavioural modifications may result
in decreasing predatory capacity, as shown for the spider P.
cespitum after larvae were exposed to dried residues of spinosad
at a low concentration (60 mg Al L="),*! and for A. pratensis and C.
carnea when they were fed prey treated with low concentrations
of spinosad (3 and 36 mg Al L™ respectively).>>*! Nonetheless,
modifications of the oviposition behavicur on treated prey/host
of C. carnea® and E. vitticolie®® have not been observed. Based
on studies by Van Driesche et af.>> Rahaman et al.>” and Penagos
etal.* spinosad seems to have no repellent effects on five preda-
tory mite species. Similar findings were reported for the parasitoid
C. insularis when exposed to untreated and spinosad-treated
leaves at the same time at concentrations ranging from 10 to
100% of the recommended field rate.3 Nadel et ai®* proved that
baited spinosad had no repellent effects on C. carnea, and that this
predator consumed the same quantity of spinosad bait (20 mg Al
L= and control bait when offered in a no-choice test.

3.2.2 Sublethal effects on poliinators

For honey bees, dry residues of spinosad were harmlessto larvae.
Onthe other hand, when B.impatiens colonieswere chronically fed
on pollen treated with realistic field rates, the weight of emerging
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bees was lower, aswas the foraging efficiency of adults on artificial
flowers (previously fed during their larval development with
spinosad-treated pollen).'” Recently, Besard etal.'®? observed
thatoral exposure of B. terrestristospinosad and spinetoramdid not
cause adverse effects on reproduction and on foraging behaviour
when applied at 1/1000 and 1/100 of their respective field
recommended rates. Therefore, the newer spinosyn (spinoteram)
may pose less risk to foraging and pollination by bumblebees
than spinosad. However, actual highest recommended field rates
induced 100% of mortality in a worst case exposure scenario in
the laboratory,'” and field studies suggested that side effects
on brood production and foraging activities of bees may occur
depending on field application rate and crop considered (see
section 5). However, there is currently a need in studies assessing
thoroughly possible sublethal effects of spinosyns on key traits in
the honey bee and wild bees.

4 SIDE EFFECTS OF SPINOSYNS, REPORTED
IN SEMI-FIELD, GREENHOUSE AND FIELD
CONDITIONS

4.1 Side effects on natural enemies

Most trials on the side effects of pesticides have been conducted
under laboratory conditions, and those on the effects of spinosad
are no exception. However, a main concern in ecotoxicology is
linked to problems arising from extrapolation from laboratory
conditions to those in the field, and field studies may be
necessary to validate the effects of pesticides on the natural
enemies present in agroecosystems.'?® Furthermore, field risk
assessment experiments may involve multiple routes of exposure,
including topical, residual and ingestion and mixed age classes
of natural enemies 5678115121122 55in0sad concentrations are also
likely to vary in treated agroecosystems, notably because the
concentrations of pesticides depend on how often the products
are applied and how quickly the active ingredients are degraded
owing to abiotic factors, such as sunlight and rainfall,>123:124

Several field trials on side effects have been ceonducted on
predatory mites (Table 1 and supporting information Table S6).
Olszak and Sekrecka™® confirmed the results of laboratory trials, i.e.
high mortality of the phytoseiid mite Tvphlodromus pyri Scheuten
after one spinosad application (144 g Al ha~') in apple orchards,
even if the acute toxicity slightly decreased 5weeks after the
treatment. The same kind of negative impact on predatory mites
was also recorded after a single application of spinosad at a rate
of 120 mg Al L™ in citrus orchards, where cumulative predatory
mite-days over the total sampling period were significantly lower
inthe plot treated with spinosad than in the contral.'®® A negative
effect of spinosad (150g Al L") in citrus orchards was also
recorded by Khan and Morse'?% on the most common predatory
mite found on California citrus, Euseius tularensis Congdon, whose
predation index (accumulated mite-days)was affected negatively.
Van Driesche etal.'?’ reported a decrease (0.78mL Al L") in
population growth and in pest biocontrol activity of the predator
Neoseiulus cucumeris (Oudeman) in a greenhouse treated with
spinosad.'?’

By contrast, when spinosad was either sprayed in the presence
of three phytoseiid and two laelapid species or applied on the
plant and then exposed to the predators in semi-field trials, no
significant effect at any of the tested concentrations (96-360 g Al
L") was observed.'?® Jones et al.’® found no acute toxicity after
exposing A. cucumeris for 48 h in clip-caged cucumber leaves in a
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greenhouse trial. Similarly, no detrimental effects on the survival,
predation and reproduction rates of Phytoseiulus persimilis (Athias-
Henriot) females were detected in a greenhouse trial with ivy
geranium after spinosad application at a rate of 63 mg Al L1122
Spinosad effects on the population level have been monitored
on the European earwig F. auricularia after insecticide application
(150 g Al ha ") in apple orchards. One week after the treatment,
the number of earwigs was significantly lower (52%) compared
with the untreated control. Considering that this is a monovoltine
species, in spite of decreasing toxic effects in the following weeks,
such areduction in population can lead to a significant disturbance
in predation efficacy.'?®

For true predatory bugs, exposure during 24 h to spinosad
dried residues (90 and 199 g Al ha™') had no acute effect on
caged O. insidiosus adults and nymphs in cotton fields and in an
experimental greenhouse® Similar results were reported for O.
igevigatus in a semi-field test.?> In a greenhouse trial with 48 h
of exposure of O. insidiosus adults (inside clip-caged cucumber
leaves), spinosad was classified as slightly harmful, 1 day after
the treatment, but its toxicity rapidly decreased 8 days after the
treatment.*® Spinosad applications 210 g Al ha™') did not have
any effect on the field abundance of the predators D. brevis and
Anthocoris spp. throughout the growing season.'*® No significant
acute effect, 48 h after spinosad treatment (144mg Al L") in
apple and pear orchards, was recorded for Anthocoris nemoralis
(F.) adults and nymphs.'*' The survival of G. punctipes adults was
assessed under greenhouse conditions following exposure to dry
residues of spinosad (sprayed at 50 g Al ha—"). Predator survival
was reduced significantly after a 6 day exposure period, while no
differences were highlighted for shorter exposure periods, thus
indicating thatthe sideeffects wererelated tothe time the predator
takes to ingest and absorb the compound.®® The same exposure-
time-dependent effect has also been demonstrated by Lakshmi
etal.’® when the two mirid bugs Cyrtorhinus lividipennis Reuter
and Tytthus parviceps (Reuter) were exposed to spinosad (56 g
Al ha™") under controlled greenhouse conditions the mortality
rates increased in relation to the length of exposure time (24,
48 and 72 h after treatment). The population recovery of another
mirid, M. calliginosus, took 14 days after direct spinosad application
(360 mg Al L") on pepper plants.'?® One field risk assessment was
conducted with the semi-synthetic spinosyn analogue spinetoram
to evaluate its effects on O. insidiosus in a field trial on pepper.
When spinetoram was applied at 61 g Al ha™!, the predator was
still sufficiently abundant to suppress thrips population growth.'3?

Coleoptera predators seem to be unaffected by spinosad
treatment in field experiments. In fact, the density of H. axyridis
larvae in plots treated 3 times with spinosad (110 g Alha~") did not
differ significantly from the untreated control.'*? Furthermore, a
similar selectivity was also performed on the two aphidophagous
coccinellids Stethorus punctifium (Weise) and Scymnus subvillosus
(Goeze).'*! Nevertheless, spinosad spray applications may also be
dangerousforsoil predators. Indeed, Pereira et al.'** demonstrated
how soil ant communities were strongly affected, in terms of
composition and frequency, by spinosad application (33 g Al
ha~") in corn fields up to 70 days after the treatment.

As shown in different studies assessing the risk of spinosad to
natural enemies, Hymenoptera parasitoids are often negatively
affected by this insecticide also under semi-field and field
conditions (Table 1 and supporting information Table 56). Dried
residues of spinosad (240 mg Al L~') on young orange trees
affected the survival of L. dactylopii for 24 h after the treatment,
but no effects on the longevity, fertility and progeny sex ratio of
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the surviving specimens were observed.’® Spinosad treatments
on a pome fruit orchard killed an average of 70% of chalcid
and braconid parasitoid adults when checked 48 h after the
treatment.'®' Also, in greenhouse conditions, spinosad toxicity
was highly persistent towards the parasitoid E. formosa, which
was greatly affected (mortality higher than 97%) by the treatment
up to 28 days after the application.*® However, when comparing
greenhouse conditions among Belgium, Italy and Spain (for two
seasons), spinosad toxicity on E. formosa was slightly persistent
(<15 days) in Italy, while in Belgium and Spain (unusual cloudy
summer) it was more persistent (<30 days).'?* The persistence of
spinosad is likely related to the exposure of treated plants to UV,
Therefore, the persistence should always be associated with the
climatic conditions occurring in the particular geographic areas
considered, the seasons and also the cropping systems used. For
example, plants in Mediterranean basin greenhouses are often
protected from direct sunlight through the use of greenhouse
shade nets, which actually reduce the exposure of plants to UV.

Several experiments assessed spinosad impact on various egg
parasitoid species under field and semi-field conditions with
parasitised host egg masses previously treated with spinosad. In
particular, Koppel et al.'*® found 100%failures in adult emergences
after spinosad application (180 g Al ha™') on the scelionid wasp
Telenomus podisi. Garcia Nevarez et al."*” found a severe effect
on the adult emergence of Trichogramma platneri (Nagakartti),
T.exiguum (Pinto & Platner) and T. pretiosum after spinosad
treatment (105 g Al ha™'). By contrast, the rate of emergence
of T. minutum (Riley) adults from parasitised eggs was not
negatively affected by the treatment (105g Al ha ')."*® These
diverging results may be due tothedifferent spinosad penetration
capacity in the different host eggs, i.e. stink bugs (Hemiptera:
Pentatomidae), moth (Lepidoptera: Gelechiidae) and fruitworm
(Lepidoptera: Pyralidae) respectively.

As spinosad hasalso beenregistered as astored-grain protectant
at the rate of 1ppm (1 mg Al kg~! grain), trials have been
conducted in these specific conditions. Parker et al.'3*'% recorded
no survival of the parasitoid Anisopteromalus calandrae (Howard)
and only limited survival of the parasitoid Choetospilus elegans
Westwood in treated corn after storage periods ranging from
10 to 24 months. However, in the same trial, populations of the
predator Xylocoris flavipes (Reuter) remained relatively unaffected.
In a similar trial, limited survival of parasitoids and moderately
high populations of X. flavipes were recorded.”®

Spinosad in an experimental granular phagostimulant formula-
tion (100 and 300 g Al ha™ ') has been tested for its potential side
effects on Hymenoptera parasitoids emerging from Spodoptera
frugiperda (Smith) larvae collected in treated fields. The number
of emerging parasitoids was reduced in all treatments compared
with the control, with greater reduction at the highest spinosad
rate; however, the percentage of parasitism was not different
among treatments.?? Ruiz etal®® showed that spinosad-based
bait (200 mg Al L™') had no effect on the survival, longevity and
reproductive capacity of D. longicaudatawhen applied under semi-
field and field conditions on mango trees. In citrus orchards, baited
spinosad (296 mg Al ha ') caused no negative effect on the total
number of natural enemies captured in sticky traps, notably on
C. bifasciata, Aphytis spp. and artificially released C. capitata sterile
males.'*! Ancther field study has been conducted by Gengalves
et al.>® with the aim of assessing the impact of spinosad bait on
the natural enemy communities living in olive groves. In a 2 year
field experiment, they found no harmful effects of baited spinosad
treatmentsonthe natural enemy community monitored by suction
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devices. The results of this study should be considered carefully,
as the control plots were sprayed with water only (i.e. not with
untreated baits), and some natural enemies might have moved to
the plotswhere spinosad baitsprays were applied, locking forfood
sources, thereby invalidating the population monitoring among
the experimental plots. Chapman et al.'*> proved the same low
impact on natural enemy communities, except for ichneumonid
and chalcidid wasps, in a small-plot and multilocation field study
on bell pepper when treated with spinosad at a rate of 26 g Al
ha~'. By contrast, spinosad at a rate of 120 mg Al L' stopped
predator and parasitoid population growth in citrus orchards.!?>

Spinosad applications can also affect natural enemy commu-
nities by multiple indirect effects. Modifications at community
level are related to species interactions and to the different tox-
icity rates towards the community components. Therefore, an
accurate assessment of spinosad community impact is difficult
to achieve. Indeed, spinosad field risk assessments have mostly
been based on short-term experiments carried out in small exper-
imental plots, and the endpoint has almost exclusively been the
abundance of entomophagous species after the treatments. In-
terestingly, Thomas and Mangan'*! investigated baited spinosad
effects on secondary pests infesting treated citrus orchards, and
they found that 90% of the observed species decreased their
population levels. This result may be responsible for community
alterations through prey/host availability reduction, which, jointly
with habitat destruction, represents the main pesticide indirect
side effect.!1143

4.2 Side effects on pollinators

The economic and ecological importance of pollinators calls foran
evaluation on a higher-tier level. To date, spinosad products have
been evaluated under semi-field, greenhouse and field conditions
(supporting information Table S7). Semi-field tests following the
EPPO guidelines showed that a single application of 144 and 540 g
Al ha~! of spinosad in a volume of 1500 L ha~! on plants did not
affect bee worker survival or hive acti\.'ity.92’93’144 However, severe
sublethal effects on foraging (up to 7 days after treatment) and
on the number of brood cells (post-treatment) were reported with
540 g Al ha'.%2931% Similarly, considering the cumulative effects
of repeated spinosad applications at different times during the
day or at different intervals, Halsall'** and Miles®™® demonstrated
that concentrations of 144 g Al ha~! and 216 g Al ha ' (which are
used in practice) were harmless, whereas 540 g Al ha™' resulted in
a small increase in mortality up to 24 h after application.

Besides semi-field tests, several greenhouse studies were
conducted to address the effect of a foliar application (residues)
of spinosad on both honey bees and bumblebees.?%110-148 For
honey bees, the application of 100g Al ha™! spinosad (250 g Al
L' formulation) in a volume of 1000 L ha~! on strawberry crops
resulted in a delay in pupal formation for young larvae of up to
3 days after spinosad application, while the survival of older larvae
was affected during a longer time period (up to 7 days).®*'® For
bumblebees, a 2 day exposure of foraging bumblebee colonies
to spinosad residue (120 g Al ha™'; 250¢g Al L' formulation in
a volume of 1200 L ha™") was also shown to be detrimental for
the brood.?>" Eggs and early larval development were inhibited
when colonies were placed in the greenhouse on days 0, 2 and
4 after the application of the insecticide. However, for a later
exposure period (6 and 8 days), no effect was observed. Similarly,
Aldershof'® reported no effect on brood development (post-
treatment), but found a temporal effect on bee foraging when
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tomato crops were sprayed with 540 g Al ha™! of spinosad (480 g
AlL™"Yin a volume of 1500 L ha™! prior to bumblebee exposure.

The low degree of spinosad risk towards beesinthefield wasalso
confirmed by various field studies in which concentrations higher
than the mean application rate of spinosad, namely 25-140 g Al
ha~!, were evaluated. Indeed, these studies did not report lethal
or sublethal effects (the number of bees present in the crop, the
activity of bees flying in and out of the hive and the number of
capped brood cells) until 12 days after treatment,?!:%105:145-152
Moreover, when considering the time of spraying, it was clear
that a single application in the evening/night or early morning
that was allowed to dry at least 3 h prior to bee foraging was
not detrimental.'®15? Furthermore, when spinosad was applied
at the moment bees were flying, only a slight risk was observed.!>!
In addition, fruit-fly-baited spinosad at a concentration of up to
0.25g Al ha~' was safe for honey bees up to 6 weeks after the
application.’®>1> |n this case, the lack of side effects may be
explained by the repellent property of the product.'>

5 SPINOSAD AUTHORISATION FOR USE IN
ORGANIC CROPS

Pest management strategies for organic crops give priority to
cultural practices compatible with natural processes, vegetation
management to enhance biocontrol services and inundative or
inoculative release of biological control agents instead of using
approved pesticides.’®® When pesticide use is strictly needed,
i.e. when pest infestations are seriously threatening the crop,
the applied substances must be of natural origin. For example,
in the EU member states, the number of pesticides is rather
limited and covers different inorganic compounds (mainly as
repellent),’ botanical compounds and microorganisms such
as Bacifius thuringiensis Berliner and some granulosis viruses.!*®
Spinosad use in organic farming was initially authorised in non-
European countries (e.g. the United States, USDA National Organic
Program),'*® and it was not included in Annex IIB of the Council
Regulation 2092/1991 regarding pesticides authorised in organic
farming in the EU.'*® In May 2008, based on the report of ad hoc
requested experts stating that the compound is essential for the
control of particular key pests in some organic agroecosystems
(i.e. C. capitata in citrus, B. olege in olive and thrips in leek)
and contributes to the sustainability of other cropping systems,
spinosad was included in the annex. The fact that it was included
meant that the use of the few authorised products could be
alternated for the control of some pests, diminishing the risk of
pesticide resistance development by the pest. In fact, in Annex Il
it is clearly stated that its use is allowed ‘only where measures are
taken to minimise the risk to key parasitoids and to minimise the
risk of development of resistance’.”

The actual data on the impact of spinosad on beneficial
arthropods as provided by the numerous laboratory and field
studies described above suggest the need to clarify and, if
necessary for particular agroecosystems, to revise how spinosad is
labelled and advised tofarmers in ordertomakeit morecompatible
with organic farming. Many results acquired in the past decade
about the ecotoxicological profile of spinosad support the idea
that, even if the spinosad is obtained from a naturally occurring
soil organism, this does not mean that it is safe for non-targeted
organisms. This comment is also valid for some other biological-
based pesticides; they are often erroneously considered to be
less toxic. Indeed, various studies have demonstrated the toxicity
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of many natural substances towards warm-blocded animals and
beneficial arthropods.1%?-162

6 CONCLUSION AND FUTURE OUTLOOK

Spinosyn-based products (mostly spinosad) have been widely rec-
ommended by extension specialists and agribusiness companies
owing to their property as broad-spectrum insecticides; spinosad
is a powerful insecticide of microbial origin that controls or sup-
presses many pest insects from different insect orders/families
in various cropping systems. For example, in only a few years,
spinosad has become a key pesticide for both conventional and
organic cropping systems. Following this worldwide adoption of
spinosad-based products, a growing number of ecotoxicological
studies have focused on the risk assessment of spinosad towards
beneficial arthropods. Studies have demonstrated that spinosad
can affect various physiological and behavioural traits of beneficial
arthropods, although the occurrence and intensity of observed
effects depend on concentration, exposure method and beneficial
considered (Table 1 and the supporting information tables). Inter-
estingly, although the effects of low spinosyn doses were largely
tested, no stimulatory effects (i.e. hormesis'®?) were found in any
insects.

Among natural enemies (ji.e. parasitoids and predators), those
belonging to the Hymenoptera order are clearly the most
susceptible group, with high levels of mortality, marked typical
poisoning symptoms and reduced mobility after exposure to
spinosad. In contrast to studies undertaken on natural enemies,
possible sublethal effects of spinosad on pollinators have not yet
been largely investigated. Further studies focusing on the side
effects of spinosad on important life traits in bees (e.g. honey
bees, wild bees, Bombus spp. and in other wild species), such
as foraging behaviour, orientation and learning capacities (e.g.
Ramirez-Romero etal.'® and Han etal.'®; see Desneux etal!
for a thorough review), which are crucial for pollinators,'® are
also needed to gain a better understanding of how spinosad
can impair the activity of surviving individuals. Moreover, risk of
potential exposure to spinosad in young instars of honey bee and
wild bees still needs more attention. Indeed, when considering
the negative effects on bee weight and on foraging efficiency,
as reported by chronic exposure of B. impatiens larvae to pollen
treated with field realistic concentrations of spinosad,'® it is likely
that such side effects would affect the overall pollination services.
Interestingly, the few studies undertaken on bees seemto indicate
that spinosad is less toxic to Hymenoptera in the case of pollinators
(bees) than in the case of natural enemies (parasitoids/parasitic
wasps). This difference may result from different biclogy and
feeding behaviours among the two Hymenoptera groups, with
the latter showing habits that may increase either the risk of
exposure to spinosad or its effect on the exposed insects.

The toxicity of spinosad depended mainly on the spinosad
product used, i.e. formulated product or fruit-fly bait. Laboratory,
semi-field and field risk assessment experiments have proved that
spinosad bait application is safer than other spinosad application
methods with regard to beneficial arthropods. This harmlessness
may be due to the very low quantity of active ingredient applied
in the field and to the selective attraction of the baits towards
pests, although further studies are needed to confirm this result
for other beneficial arthropod species.?!278170 The use of bait
formulation is therefore to be considered as a valid alternative to
chemical insecticides in IPM programmes. The adverse effects of
spinetoram have not been sufficiently investigated yet. A first
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comparative study on bumblebees suggests that the use of
spinetoram is safer for bumblebees by direct contact (residue)
and oral exposure,'? while two other experiments confirmed
that the new spinosyn is posing adverse effects towards a mite
species and two Hymenoptera parasitoid species.”®'%? Therefore,
documenting the possible adverse effects of newly developed
spinosyn products towards beneficial arthropods should be an
important step before these products are implemented in IPM
programmes and in organic farming.

In spite of the fact that most studies dealing with side effects
of spinosad on beneficial arthropods have been conducted
under laboratory conditions, field studies have also provided
concordant results (see, for example, Mayes et ai,,’” Jones et ai,*°
Garcia Nevarez etal,'?’ Pereira etal'®® and Hertlein etal*?
and Table1 and supporting information Tables S6 and S7).
The ecotoxicological risk assessments were based on laboratory
tests where organisms were exposed under standard conditions,
i.e. with constant and optimal environmental parameters. By
contrast, arthropods never experience worst-case exposure in field
conditions, where great fluctuationsin climatic factors, aswell asin
food availability, are the norm. Hence, other parameters occurring
in the field, such as synergistic interactions ameng toxicants and
natural stressors,'®” multiple routes of exposure to toxicants and
the presence of untreated refuge areas, should be considered in
further studies. To date, various experimental assays have been
developed/used with the aim of thoroughly assessing the risks
posed to beneficial arthropods by spinosad-based products, e.g.
route of exposure, environmental condition, duration of chronic
exposure, age of the tested individuals and spinosad residues,
concentrations and endpoints tested/considerad, 133%76.783235119
The present review reports a wide variety of sublethal effects of
spinosad on natural enemies. In spite of not necessarily inducing
an immediate decrease in natural enemy populations (i.e. no
lethal effect), spinosad can drastically affect demographic and
biocontrol-related traits in predators and parasitoids. Multistep
studies, aimed at following the steps in which the beneficial
arthropods can be exposed to pesticides in the various crop
systems (e.g. Desneux etal'""®'?! and Biondi etal’®), are
therefore crucial for pesticide risk assessment.

The choice of pesticides that farmers commeoenly use depends
on the trade-off between the costs and benefits of using the
various products available. The benefit is often identified as
the rapid suppression of pest populations after application of
the pesticide. In conventional cropping systems, application of
chemical pesticides often leads to extinction of natural enemy
populations, either through the direct effect of the pesticides or
through the disappearance of the food/host (i.e. the pests) to
sustain natural enemies. By contrast, an increase in sustainability
and profitability of using a given pesticide is directly related to
its selectivity, i.e. killing the targeted pest(s) and preserving the
beneficial arthropods (which could provide ecological services,
such as biological control and pollination). Sustaining the efficacy
of natural enemies against pests is a key component in IPM
programmes and organic farming, and thus pesticide applications
should mitigate the possible harmful effects to these beneficial
arthropods. Given the spinosyn ecotoxicological profile, these
products may be of major concern when they are supposed to
be used in combination with natural enemies or in crops where
pollinators are needed/released. This is increasingly important
because the recent European Union directive on sustainable
use of pesticides, i.e. 2009/128/EC, states that IPM should be
implemented in all member states by 1January 2014.'%® Therefore,
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the present authors believe that spinosad and newer spinosyns
can be of use, but only with caution, in organic cropping systems
and in IPM programmes in general.
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Chapter IX

9. Discussion

Exotic species and in particular the invasive ones, represent a major threat to agronomic ecosystems
and since the time of 7. absoluta initial detection in Europe, this pest has caused serious damages to
tomato cultivation in the newly invaded areas. Currently it is considered a key agricultural threat to
the Western Palaearctic tomato industry (Desneux et al. 2011). The invasion of 7. absoluta has
prompted applied research in all the invaded countries to undertake IPM programmes
implementation as primary control strategy since the pest invasion.

This implied an increasing need of knowledge on various IPM related aspects therefore, in
the last few years a growing body of literature is aimed at addressing this issue. In particular,
several studies has been recently published on 7. absoluta biology (Caparros Megido et al. 2012)
and on its distribution and infestation levels (Desneux et al. 2011, Abbes et al. 2012, Guedes and
Picango 2012, Siscaro et al. 2012, Speranza and Sannino 2012, Zlof and Suffert 2012); on its
susceptibility to various insecticides (Gonzales-Cabrera et al. 2012, Bassi et al. 2012, Braham et al.
2012, Dagl et al. 2012, Roditakis et al. 2012a, 2012b, Tomé¢ et al. 2012, Zappala et al. 2012); on the
development of insecticide resistance (Silva et al. 2011, Gontijo et al. 2012, Haddi et al. 2012); on
the biotechnical tools for its control (Cagnotti et al. 2012, Chermiti and Abbes 2012, Cocco et al.
2012), as well as on the ecological services spontaneously provided by indigenous natural enemies,
namely fortuitous biological control agents (Urbaneja et al. 2009, Loni et al. 2011, Al-Jboory et al.
2012, Boualem et al. 2012, Bueno et al. 2012, Cabello et al. 2012, Chailleux et al. 2012, Ferracini et
al. 2012, Luna et al. 2012, Nannini et al. 2012, Urbaneja et al. 2012).

However, in spite of all these efforts, there is little evidence that IPM has been implemented
to significant extent in 7. absoluta management both in the newly invaded countries and in the area
of origin. Therefore, the occurrence of 7. absoluta at increasing population levels led growers to
extensively use insecticides, which could disrupt the ecological services provided by natural
enemies in tomato crops, spontaneously or by means of artificial releases (Stark and Banks 2003,
Desneux et al 2007, Arné and Gabarra 2011). Moreover, the European Directive 2009/128/EC
(EEC/CEE, 2009b), also known as the Sustainable use of pesticides Directive, aims to make
European agriculture less dependent on the use of pesticides. Each European member state has to
develop a national action plan for the safe use of pesticides and the application of IPM should
become the compulsory crop protection method from January 1% 2014.

In this framework, a key role could be played by indigenous biological control agents and

their knowledge together with the strategies to conserve them have to be considered a priority in the
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implementation of exotic pest management (van Lenteren and Woets 1988, Wearing 1988, Croft
1990, Kogan 1998, Myers et al. 2000, Viggiani 2000, Desneux et al. 2007, Bale et al. 2008,
Desneux et al. 2010, PySek and Richardson 2010, Suckling and Brockerhoff 2010, Ragsdale et al.
2011, Molla et al. 2011, Calvo et al. 2012, Urbaneja et al. 2012).

9.1. Tuta absoluta indigenous parasitoids

The results obtained from the survey of indigenous parasitoids of 7. absoluta conducted in a variety
of different habitats (open field and protected tomato crops, other solanaceous crops and
spontaneous vegetation) in Southern Italy, provided novel and relevant information contributing to
the knowledge of this exotic pest in the Mediterranean basin. Particularly, some major points are
worth being mentioned. First, a prompt adaptation of native parasitoids to the new invasive host
was observed, as highlighted by the natural parasitism recorded few years after the first detection of
the moth. Overall six families (Ichneumonidae, Braconidae, Eulophidae, Elasmidae, Pteromalidae
and Trichogrammatidae) with 13 genera and 10 identified species were recorded and in particular,
the families Eulophidae and Braconidae were the most abundant in terms of number of species
recovered. This parasitoid complex is typical of parasitisation pattern on exotic invasive
herbivorous species, performed mainly by generalist idiobionts with relatively low levels of
parasitisation in open field (Cornell and Hawkins, 1993). However, the detection of seven new
associations between 7. absoluta and the species Diadegma pulchripes (Kokujev), Bracon
osculator (Nees), B. (Habrobracon) nigricans Szépligeti, Pnigalio soemius (Walker), P. cristatus
(Ratzeburg), P. incompletus (Boucek) and Halticoptera aenea (Walker), is noteworthy. On the
other hand, the low parasitism rate found in this survey may not support the role of the indigenous
parasitoid community in sucessifully controlling 7. absoluta. Additionally, although with low
parasitism rates, Necremnus sp. near artynes was recovered in all the monitored regions and it was
the only species, among those recovered, able to build up its populations in protected tomato crops
where pesticides where applied. This finding should be taken into account when applying tomato
IPM programmes that should emphasize the role of natural mortality factors by selective pesticides
application.

Some of the recovered species were also found developing on 7. absoluta in other infested
areas by other researchers (Al-Jboory et al. 2012, Boualem et al. 2012, Ferracini et al. 2012,
Urbaneja et al. 2012). In particular, B. nigricans is widely distributed in the whole Palaearctic

region (Yu and van Achterberg 2010) and was associated to the new host in Jordan by Al-Jboory et
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al. (2012) and in Spain by Urbaneja et al. (2012). Most of the available data on this species rely
only on taxonomic aspects and faunistic surveys. Therefore, I documented the young instars
development and the adult lifespan reproduction activity at constant temperature of this species in
laboratory conditions. Bracon nigricans was proved to be an idiobiont, synovigenic, gregarious,
ectoparasitoid with a slightly male-biased progeny sex-ratio.

The main result of this study, in terms of pest biocontrol activity, is that B. nigricans female
adults showed a high rate of non-reproductive killing behavior, namely numerous host larvae were
killed owing to host feeding and host stinging during the whole female lifespan. This activity shows
how the biological control service of this parasitoid might be underestimated considering only the
rate of parasitism or the emerged adults. Indeed, B. nigricans kill rate (K, = 0.121) is higher than its
intrinsic rate of natural increase (r,, = 0.052). These results remark that despite the population
dynamics theories, destructive host feeder species may be more effective biological control agents
than other parasitoids (Jervis et al. 1996). Moreover, B. nigricans showed to be a typical
synovigenic species and such parasitoids are long-living, able to reproduce at lower host densities
and, in the case of anhydropic species (as B. nigricans), to conserve reproductive material in
relation to host density notably readsorbing unlaid eggs. In addition, synovigenic species being not
time-limited are also able to spend more time in foraging and host searching behaviours. Indeed,
studies on leafminer communities indicate that generalist idiobiont parasitoids may have broad host
ranges and parasitize almost all hosts of suitable size in a given search environment (Pennacchio
and Strand 2006). Parasitoid females kill hosts with an injection of venom causing an irreversible
paralysis of the host larva. Host killing is followed by host stinging and/or host feeding and/or
oviposition. Although field studies would be needed, the data obtained so far in laboratory
conditions suggest that this parasitoid could be considered a potential key biological control agent
of T. absoluta in the newly invaded areas. In conclusion, information collected in this study,
supported by the theory on recruitment and accumulation of native parasitoid species on introduced
herbivores (Cornell and Hawkins, 1993), open to interesting perspective on 7. absoluta

conservation biocontrol in the Mediterranean basin.

9.2. Side effects of pesticide used in tomato crops

The choice of pesticides that farmers commonly use depends on the trade-off between costs and
benefits of applying the available agrochemicals. The benefit is often identified as the rapid

suppression of pest populations after application of the pesticide. In conventional cropping systems,
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application of chemical pesticides often leads to extinction of natural enemy populations, either
through the direct effect of the pesticides or through the disappearance of the food/host (i.e. the
pests) needed to sustain natural enemies. By contrast, an increase in sustainability and profitability
of using a given pesticide is directly related to its selectivity, i.e. killing the targeted pest(s) and
preserving beneficial arthropods, which could provide ecological services, such as biological
control. Preserving the efficacy of natural enemies against pests is a key component in [PM
programmes, and thus pesticide applications should mitigate the possible harmful effects to these
beneficial arthropods. Indeed, better knowledge of the risks associated with specific pesticides
toward natural enemies is of primary importance when incorporating them in IPM programmes.

With this purpose, I studied the impact on natural enemies of commonly used pesticides in
organic and/or conventional tomato cropping systems, including insecticides that have been
increasingly used to control the tomato borer.

The results of the preliminary assessment of the compatibility of sulphur compounds
(mineral fungicide/acaricide) showed that dustable powder formulation significantly lowered the
survival of N. tenuis adults and its fertility when the predator was exposed to fresh residues of the
compound, while these effects disappeared 7 d after the treatment. In addition, it was effective in
reducing the number of eggs laid (i.e. oviposition repellence) by the pest on treated plants.
Therefore, if pest control strategies are based on inoculative releases of N. tenuis (Molla et al. 2011,
Calvo et al. 2012, Urbaneja et al 2012), our results on the side effects suggest that sprinkling
dustable sulphur must be terminated at least 7 days before releasing the predator. The same effect,
i.e. lethal and sublethal effect on the reproduction was obtained testing dustable powder sulphur on
O. laevigatus.

The results of this last study, in which 14 pesticides were tested, demonstrated that lethal
and sublethal effects of different types of pesticide residues (both in terms of chemical family and
of toxicity persistence) on the generalist predator O. laevigatus varied widely, including among
pesticides belonging to the same product group (e.g. biopesticides). Orius laevigatus was very
susceptible to abamectin even 14 d after pesticide application, notably because of high mortality
induced in adults. Abamectin proved to be not compatible with this predator for IPM. Emamectin
benzoate, metaflumizone and spinosad were less toxic but still induced high levels of mortality and
reduced offspring produced, even in case of exposure to 7-d old residues. Finally,
chlorantraniliprole (rynaxypyr), Bt, indoxacarb, wettable sulphur, mineral oil and para-menthene,
proved to be harmless showing mortality and reproductive capacity levels similar to what was
recorded in untreated control group. Taken as a whole, the results of this study show that side

effects of pesticides can vary largely depending upon various factors studied, like endpoint
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considered (lethal vs. sublethal), pesticide chemical family and pesticide category. Consequently,
comprehensive and specific risk assessment should be undergone before implementing any IPM
programmes.

Besides, the experimental design used showed to be a valid tool to demonstrate contrasting
effects between lethal and sublethal effects among various pesticides, notably because predators had
the possibility to avoid being permanently in contact with pesticide-treated plant by walking on
refuge areas (in this case untreated areas of the experimental arena). Since individuals also had to
oviposit on plant substrate, this could lead to chronic exposure which is comparable to what usually
happens in field conditions. Alternatively, a strong repellent effect can prevent individuals from
being in contact with pesticides, and it could ultimately lead to reduced number of eggs laid and
subsequent offspring production.

I used the same experimental setup to expose the B. nigricans adults to the residues of the
biopesticides previously tested on the predator. The obtained results, jointly to those obtained
treating topically the cocooned pupae of the wasp, showed that spinosad, even ten days after the
treatment, has a very strong acute toxicity on the wasp making it impossible to assess the sublethal
effects and proving its incompatibility with the parasitoid activity. By contrast, the results obtained
testing the Bt preparation were very close to those of the untreated control. Whereas, all the other
tested biopesticides (except spinosad) were proved to be slower acting because of the absence of
acute toxicity and of their multiple sublethal effects that impaired all the observed physiological and
behavioural traits. These results were used jointly with the B. nigricans life table data of a control
population, previously studied, to develop a population-growth model. The demographical
toxicology data highlighted how these pesticides could impact the parasitoids long term population
in relation to its life history parameters. The multiple sublethal effects caused by emamectin
benzoate and abamectin may result in a potential extinction of B. nigricans population in the treated
environment (i.e. 1, values close to 0). Azadiractin, the preparation of borax plus citrus oil and Bt
application let the parasitoid population grow after exposure to the pesticides and, considering that
these pesticides are able to decrease the pest population level, this aspect could be determinant in
the post treatment parasitoid/pest demographical balance. Field studies may always be necessary to
validate the effects these pesticides have on the parasitoid activity in pest control, due to the natural
mortality factors and species interactions that are not considered in this experiment. Nevertheless,
risk prediction models from laboratory data are a necessity in the rational selection of the
insecticides to be used against 7. absoluta for successful IPM programmes. On the other hand, our

results indicate that more ecologically relevant measures of effect, such as delays in population
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growth that are based on demography, may advance our knowledge of pesticide impacts on
populations of natural enemy species.

However, spinosyn-based products (mostly spinosad) have been widely recommended by
plant protection extension specialists and agribusiness companies owing to their property as broad-
spectrum insecticides. Spinosad is a powerful insecticide of microbial origin that controls or
suppresses many pest insects from different insect orders/families in various cropping systems.
Following this worldwide adoption of spinosad-based products, a growing number of
ecotoxicological studies have focused on the risk assessment of spinosad towards beneficial
arthropods. Studies have demonstrated that spinosad can affect various physiological and
behavioural traits of beneficial arthropods, although the occurrence and intensity of the observed
effects depend on concentration, exposure method and beneficial considered. Although spinosyns
have a great lethal (in 71% of the laboratory tests) and sublethal (in 88% of the laboratory tests)
effects on arthropod predators, Hymenoptera parasitoids order are clearly the most susceptible
group, with high levels of mortality (in 100% of the cases in laboratory tests), marked typical
poisoning symptoms and reduced mobility after exposure to spinosad. In spite of the fact that most
studies on side effects of spinosad on beneficial arthropods have been conducted under laboratory
conditions, field studies have also provided concordant results. Given the spinosyn ecotoxicological
profile, these products may be of major concern when they are supposed to be used in combination

with natural enemies.

9.3. Conclusion

The main aim of the agriculture is to provide human beings with healthier and pure foodstuffs.
Hence, particularly in sustainable agriculture applications, emphasis must be put on biological
control methods that take part, in combination with selective pesticides, to IPM packages. The
results obtained in this research fit with this concept providing key elements to establish the
scientific bases of rational and suitable 7. absoluta management strategies.

Parasitic Hymenoptera are some of the most abundant natural enemies on cultivated crops
and the data collected in this research on the adaptation of indigenous parasitoids to a new host,
jointly with the biological and behavioural characterization of the braconid B. nigricans, are useful
in understanding the ecological services that they can provide in 7. absoluta populations control.
Indeed, this study represents the first step towards establishing the scientific basis for the effective

inclusion of B. nigricans in integrated 7. absoluta control programmes in the areas newly invaded
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by this pest. The role of the recovered parasitoids in the regulation of 7. absoluta populations
remains still uncertain, but much evidence for its importance as a regulatory factor comes from
biological control programmes. Certainly, the importance of natural control of insect pests
worldwide, in all situations, cannot be over emphasised. Biological, cultural and protective methods
can be adopted to enhance the activity of parasitic Hymenoptera; among them the use of selective
pesticides to control pests and disease is nowadays the more realistic option.

The ecotoxicological part of this research provides information that could be useful for IPM
programmes in identifying and avoiding products that may prevent natural enemy populations to
build up because of side effects on their reproductive capacity and survival. These products may, in
addition to compromising the efficacy of IPM programmes, prevent efficient colonization or re-
colonization of treated crops, particularly when pesticides are highly persistent. Interestingly,
avermectin-based biopesticides (i.e. avemerctin and emamectin benzoate) and spinosad fall in this
last category. These results indicate that agrochemicals that are classified as biopesticides can easily
be of major concerns when they are supposed to be used in combination with natural enemies both
spontaneously present in the field or artificially released. Unfortunately, a similar situation applies
to pesticides that are recommended also for organic cropping systems and therefore that are usually
thought to be harmless for non-target arthropods. This is the case of spinosad, which has been
classified as an environmentally-safe product and has been embraced by IPM practitioners as a
biorational pesticide. However, present results suggest that other pesticides with higher selectivity,

such as the Bt formulation, should be preferred for a successful inclusion in IPM packages.
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Abstract

The recent invasion of the Mediterranean basin by the South American tomato pinworm, Tuta
absoluta (Lepidoptera: Gelechiidae), has lead to a swift increase in insecticide applications in
tomato crops. Such increase may compromise the tomato Integrated Pest Management (IPM)
packages that were sustainable and commonly used by farmers. My work aimed at providing key
bases for including indigenous biocontrol agents of 7. absoluta in IPM programs on tomato in
Europe. A survey carried out in 3 Italian regions demonstrated that 7. absoluta was rapidly used as
host by indigenous parasitoids. The recovered species were mainly generalist idiobiont parasitoids
(mainly belonging to the Eulophidae and Braconidae families) which showed relatively low levels
of parasitism when attacking the invasive moth. Among them, only few were identified as potential
biocontrol agents of the pest. More specifically, Bracon nigricans (Hymenoptera: Braconidae), an
idiobiont, synovigenic, gregarious ectoparasitoid, showed some potential for inclusion in tomato
IPM programmes. In a preliminary assessment of possible compatibility of biocontrol agents with
pesticides used for [PM in tomato crops, dustable sulphur (mineral fungicide/acaricide) was showed
to be moderately harmful (as a fresh residue) for a generalist predator (Nesidiocoris tenuis
[Hemiptera: Miridae]) commonly used on tomato for biological control purposes. In a second step,
we assessed the risks of 14 pesticides, commonly used in tomato crops, on a generalist predator
model: Orius laevigatus (Hemiptera: Anthocoridae). We demonstrated that the pesticides greatly
differed in their toxicity, both in terms of lethal and sublethal effects, as well as in their persistence
after initial application on plants. Among the tested biopesticides only Bacillus thuringiensis proved
to be harmless; whereas spinosad, emamectin benzoate and metaflumizone were moderately
harmful until 7d after the treatment and abamectin was the most noxious and persistent and was
classified as harmful up to 14 days after the treatment. While the other tested pesticides (including
the synthetic ones) were slightly harmful or harmless. Further risk assessments of biopesticides
showed that most of them have low acute toxicity (i.e. lethal effect) on B. nigricans. By contrast,
spinosad proved strong acute toxicity on the tested wasps (100% of mortality). All biopesticides,
except Bt, caused multiple sublethal effects, notably reductions in parasitism rate on 7. absoluta,
fertility, longevity and also a male-biased sex-ratio of the progeny. In addition, demographic models
developed by integrating possible sublethal effects of pesticides on B. nigricans life history traits,
showed that biopesticides would strongly impact long-term population growth of the wasp. A
thorough review of articles assessing side effects of spinosyns on beneficial arthropods further

hinted the potential multiple negative sublethal effects of this type of products in IPM packages.
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Taken as a whole, my research showed that indigenous biocontrol agents could play a key role in
the control of 7. absoluta in Europe and that various pesticides should be of use only with high

caution in tomato IPM programmes.
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Riassunto

La recente invasione del bacino del Mediterraneo da parte della tignola del pomodoro, Tuta
absoluta (Lepidoptera: Gelechiidae), ¢ stata all’origine di un rapido incremento nei trattamenti
insetticidi sulla coltura del pomodoro. Tale aumento pud compromettere le strategie di gestione
integrata (/ntegrated Pest Management - IPM) comunemente impiegate dagli agricoltori nella
coltura del pomodoro. Questo lavoro ha come obiettivo principale quello di fornire le basi per
I’inserimento di agenti biotici indigeni di controllo di 7. absoluta in programmi di controllo
integrato su pomodoro in Europa. Un monitoraggio condotto in 3 regioni italiane ha dimostrato che
T. absoluta ¢ stata prontamente utilizzata come ospite da parte di diversi parassitoidi indigeni. Le
specie ritrovate sono state principalmente parassitoidi idiobionti generalisti (principalmente
appartenenti alle famiglie degli Eulophidae e dei Braconidae) che hanno fatto registrare livelli di
parassitizzazione relativamente bassi a carico del lepidottero esotico. Tra questi parassitoidi, solo
poche specie sono state identificate come potenziali agenti di controllo biologico del fitofago. Piu
specificamente Bracon nigricans (Hymenoptera: Braconidae), un ectoparassitoide idiobionte,
sinovigenico, gregario, ha mostrato un buon potenziale per essere incluso all’interno di prgrammi di
controllo integrato. In uno studio preliminare per la valutazione della compatibilita di agenti di
controllo biologico con pesticidi utilizzati nel controllo integrato su pomodoro, ¢ stato dimostrato
che lo zolfo in formulazione polverulenta (fungicida/acaricida minerale) ¢ moderatamente dannoso
(come residuo fresco) per un predatore generalista (Nesidiocoris tenuis [Hemiptera: Miridae])
comunemente impiegato su pomodoro come agente di controllo biologico. In un secondo step, sono
stati valutati gli effetti di 14 pesticidi, normalmente utilizzati su pomodoro, su un predatore
generalista modello: Orius laevigatus (Hemiptera: Anthocoridae). Le prove hanno permesso di
dimostrare che i pesticidi differiscono profondamente nella loro tossicita, cosi come nella loro
persistenza dopo D’applicazione iniziale sulle piante. Tra 1 biopesticidi testati solo Bacillus
thuringiensis € risultato innocuo; mentre spinosad, emamectina benzoato e metaflumizone sono stati
classificati come moderatamente dannosi fino a 7 giorni dopo il trattamento e abamectina ¢ stato il
pesticida piu dannoso e persistente fino a 14 giorni dopo il trattamento. Gli altri pesticidi testati
(inclusi quelli sintetici) sono risultati lievemente dannosi o innocui. Ulteriori test di tossicita sui
biopesticidi hanno mostrato che la maggior parte di essi ha una ridotta tossicita acuta (effetti letali)
su B. nigricans. Al contrario, spinosad ha fatto registrare un’elevata tossicita acuta sul parassitoide
testato (mortalita del 100%). Tutti i biopesticidi, eccezion fatta per B¢, hanno causato numerosi

effetti subletali, in particolare riduzioni del tasso di parassitismo su 7. absoluta, della fertilita, della
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longevita e anche una sex-ratio della progenie sbilanciata a favore dei maschi. Inoltre, modelli
demografici, sviluppati integrando possibili effetti subletali dei pesticidi sui parametri biologici di
B. nigricans, hanno mostrato che i biopesticidi possono avere un rilevante impatto di lungo termine
sull’andamento delle popolazioni del parasitoide. Un’approfondita revisione di pubblicazioni volte a
valutare gli effetti secondari delle spinosine su artropodi utili, ha ulteriormente sottolineato i
potenziali effetti sub letali negativi multipli di questo tipo di prodotti in programmi di controllo
integrato. I risultati delle ricerche condotte hanno dimostrato nel complesso che agenti di controllo
biologico indigeni potrebbero svolgere un ruolo chiave nel contenimento delle popolazioni di
T. absoluta in Europa e che diversi pesticidi dovrebbero essere impiegati con grande attenzione

all’interno di programmi di controllo integrato su pomodoro.
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Résumé

L’invasion récente de I’Europe par le 1épidoptere invasif Tuta absoluta (Lepidoptera: Gelechiidae)
(originaire d’Amérique du sud) a provoqué un fort accroissement de I’utilisation des insecticides
dans les cultures de tomates. Ces insecticides sont problématiques parce que leurs effets négatifs sur
les auxiliaires des cultures (ennemis naturels) peuvent compromettre des méthodes de lutte intégrée
(IPM) préalablement efficace. Dans ce contexte, mon travail de thése a consisté a établir des bases
solides pour développer I'utilisation d’agents de lutte biologique indigénes contre 7. absoluta en
IPM sur tomate en Europe. Un inventaire faunistique a été réalis¢ dans 3 régions d’Italie et les
résultats ont démontré que 7. absoluta a rapidement été utilisé comme héte par de nombreux
parasitoides indigeénes suite a ’invasion. Les parasitoides retrouvés ont été majoritairement des
especes généralistes idiobiontes présentant un taux de parasitisme modéré sur 7. absoluta. Plus
précisément, 1’ectoparasitoide synovigénique Bracon nigricans (Hymenoptera: Braconidae) a
montré des traits biologiques intéressants pour la lutte contre 7. absoluta. Par la suite, j’ai montré
lors d’une ¢étude préliminaire, qu’un compos¢ pesticide largement utilisé sur tomate (fongicide)
pouvait avoir des effets négatifs sur un prédateur généraliste couramment utilisé en lutte biologique
sur tomate (Nesidiocoris tenuis [Hemiptera: Miridae]). Dans une étude plus poussée visant a évaluer
les risques de 14 pesticides (tous couramment utilisés sur tomate) sur un prédateur généraliste
modele: Orius laevigatus (Hemiptera: Antocoridae), j’ai mis en évidence que ces produits différent
largement dans les effets observés (létaux et sublétaux) ainsi que dans leur rémanence apres
traitement sur tomate. Parmi les pesticides testés, Bacillus thuringiensis (Bt) est le seul a avoir été
classé (classes IOBC) comme sans danger pour le prédateur. A I’inverse, des pesticides comme le
spinosad, emamectin benzoate et le metaflumizone ont été classés comme modérément toxique
jusqu’a 7 jours apres traitement des plantes, et 1’abamectin est le composé le plus toxique et le plus
rémanent (trés toxique méme apreés 14 jours). La plupart des autres pesticides (y compris des
pesticides chimiques) ont été classés comme peu ou pas toxique pour le prédateur. Les travaux
suivants ont permis de démontrer que la plupart des biopesticides n’ont pas d’effets létaux sur
B. nigricans. Cependant, le spinosad a induit un fort effet 1étal sur le parasitoide. De plus, tout les
biopesticides (sauf le Bf) ont causé de multiples effets sublétaux, notamment des réductions du taux
de parasitisme, de la longévité et la fécondité ainsi qu’une modification du sex-ratio (plus de males).
De surcroit, des modeles démographiques basés sur ces données de laboratoire ont souligné un effet
probable assez fort sur la dynamique des populations du parasitoide. Une synthese bibliographique

des effets du spinosad sur les arthropodes bénéfiques a confirmé I’'importance du risque d’effets
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sublétaux sur les arthropodes bénéfiques lors de I’inclusion du spinosad dans des programmes
d’IPM sur tomate. L’ensemble de mes travaux de thése ont montré que des ennemis naturels
indigénes comme B. nigricans peuvent jouer un role important dans la lutte contre 7. absoluta en
Europe mais que les pesticides (y compris biopesticides) utilisés sur tomate en IPM doivent 1’étre de

facon mesurée pour s’assurer de ne pas compromettre I’effet bénéfique des auxiliaires des cultures.
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Resumen

La reciente invasion en la cuenca Mediterranea de la polilla sudamericana del tomate, Tuta absoluta
(Lepidoptera: Gelechiidae), ha comportado un rapido incremento de los tratamientos quimicos
aplicados en los cultivos de tomate. Este incremento puede comprometer las herramientas
sostenibles de manejo integrado de plagas (MIP) en tomate que son ampliamente utilizadas por los
agricultores. Mi trabajo tiene como objetivo proveer las bases fundamentales para incluir agentes de
control bioldgico nativos de 7. absoluta en los programas de manejo integrado de plagas en tomate
en Europa. Un muestreo, llevado a cabo en tres regiones italianas, demostré que 7. absoluta fue
rapidamente utilizada como huésped por parasitoides nativos. Las especies recuperadas, fueron
principalmente parasitoides generalistas idiobiontes que mostraron niveles de parasitismo
relativamente bajos cuando atacaban a la polilla invasora. Entre ellos, solamente unos pocos fueron
identificados como agentes potenciales de control biologico de la plaga. Especificamente, Bracon
nigricans(Hymenoptera: Braconidae), un ectoparasitoide gregrario, idiobionte y sinovigénico,
mostro potencial para su inclusion en los programas de MIP en tomate. En una prueba preliminar de
posible compatibilidad de los agentes de control bioldgico con los plaguicidas utilizados en el MIP
en tomate, demostramos que el azufre espolvoreado (fungicida/acaridida mineral) es
moderadamente nocivo (como residuo fresco) para un depredador generalista (Nesidiocoris tenuis
[Hemiptera: Miridae]) utilizado cominmente en control bioldgico en tomate. En un segundo paso,
probamos el riesgo de 14 plaguicidas, cominmente utilizados en los cultivos de tomate, sobre un
depredador generalista modelo: Orius laevigatus (Hemiptera: Antocoridae). Demostramos que los
plaguicidas difieren ampliamente en su toxicidad, tanto en términos de efectos letales y subletales,
como en su persistencia tras su aplicacion inicial en las plantas. Entre los biopesticidas testados
solamente el Bacillus thuringiensisse mostrd inocuo, mientras que el spinosad, el benzoato de
emamectina y la metaflumizona fueron moderadamente nocivos hasta siete dias después del
tratamiento. La abamenctina fue la mas toxica y persistente y fue clasificada como nociva hasta 14
dias después del tratamiento. Por otra parte, el resto de plaguicidas probados (incluyendo los
sintéticos) fueron ligeramente nocivos o inocuos. Posteriores andlisis de riesgo de biopesticidas
demostraron que la mayoria de ellos tienen una baja toxicidad aguda (efecto letal) en B. nigricans.
En cambio, el spinosad mostrd una fuerte toxicidad aguda sobre los parasitoides probados (100%
mortalidad). Todos los biopesticidas, excepto Bt, causaron multiples efectos subletales, notables
reducciones en las tasas de parasitismo de 7. absoluta, fertilidad, longevidad y también un mayor

niamero de machos en la descendencia. Ademas, modelos demograficos desarrollados mediante la
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integracion de posibles efectos subletales de los plaguicidas sobre los pardmetros vitales de
B. nigrans, mostraron que los biopesticidas pueden tener un fuerte impacto a largo plazo sobre el
crecimiento de las poblaciones del parasitoide. Una revision exhaustiva de articulos que estudian los
efectos colaterales de las espinosinas sobrelos enemigos naturales indicoque este tipo de productos
tienen efectos negativos subletales multiples que pueden afectar en las estrategias de MIP. En
conjunto, mi estudio muestra que los agentes de control bioldgico nativos pueden ser una pieza
clave en el control de 7. absoluta en Europa y que varios plaguicidas deberian solamente ser

utilizados con gran precaucion en los programas de MIP de tomate.
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Highlights

v' Several indigenous parasitoid species got adapted to the new host

v Bracon nigricans was proved to be an idiobiont, synovigenic, gregarious, ectoparasitoids
of Tuta absoluta

v' Bracon nigricans showed a good potential as T. absoluta biocontrol agent to be included
in [PM programmes

v' Control of T. absoluta by Nesidiocoris tenuis can also be obtained with careful
applications of powder sulphur

v" Some organic-certified pesticides used to control 7. absoluta are not safe for the predator
Orius laevigatus, by contrast some synthetic insecticides are compatible with its activity

v' Some biopesticides used to control 7. absoluta cause several sublethal effects on
B. nigricans leading to potential extinction of the parasitoid populations

v Bacillus thuringiensis showed to have no side effects on both predators and parasitoids

v" Lethal and multiple sublethal effects of spinosad were identified on almost all the tested
parasitoid, predator and pollinator arthropods
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