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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) (Pyšek 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 

reduction in local biodiversity particularly endemic species, owing to the absence of their coevolved 
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natural enemies in the new environment and to their superior competitive ability (Clavero and 

Garcìa-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 (Pyšek 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, Pyšek and 

Richardson 2010).  

The acreage of protected crops, grown in glasshouses, tunnels and screen houses, has also 

developed rapidly in many European and Mediterranean countries over the last four decades. These 
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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 (Pyšek 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, Pyšek 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 

threshold. There are numerous specific methods for controlling invasive species and many of them 
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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, Pyšek 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 Picanço, 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 T. 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 

Desneux et al. (2011), it can also be caused by ecological or evolutionary phenomena. The 
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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 T. 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 T. absoluta rapid 

distribution over wide geographic areas (Siqueira et al. 2000, Gontijo et al. 2012, Haddi et al. 2012). 

The impact of T. 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 T. 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 T. 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. 
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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".  
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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. 
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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; (ii) regular monitoring of pests, and their natural enemies and antagonists as well; 

(iii) 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. 
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- 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. 
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- 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). 
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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, leafhoppers, and scale insects. The role of the parasitoids is rather 



15 

 

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 (iii) 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/LC50) for various natural enemies and then assessed mortality induced by 

reduced concentrations (e.g.<LC50) (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 T. 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 T. 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 T. 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 T. absoluta in the newly invaded areas is presented in the chapter IX. 
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Chapter II 

 

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 Zappalà Lucia, 2012, EPPO 

Bulletin, 42: 205-210 
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Chapter III 

 

Recruitment of native parasitoids by the exotic pest Tuta absoluta (Meyrick) in 

Southern Italy 

 

Zappalà Lucia, Bernardo Umberto, Biondi Antonio, Cocco Arturo, Deliperi Salvatore, Delrio 

Gavino, Giorgini Massimo, Pedata Paolo, Rapisarda Carmelo, Tropea Garzia Giovanna, and Siscaro 

Gaetano, 2012, Bulletin of Insectology, 65: 51-61 
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Chapter IV  

 

The biology of the Western Palaearctic parasitoid Bracon nigricans on the 

Neotropical moth Tuta absoluta 

 

Biondi Antonio, Desneux Nicolas, Amiens-Desneux Edwige, Siscaro Gaetano, and Zappalà Lucia, 

Journal of Economic Entomology, submitted 
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Abstract 1 

During the last few years following the invasion of Western Palaearctic tomato crops by the 2 

invasive South American tomato pinworm, Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae), 3 

several indigenous generalist parasitoid species are getting adapted to the new host. Only some of 4 

them are being identified as potential biocontrol agents of this pest, and Bracon (Habrobracon) 5 

nigricans Szépligeti (Hymenoptera: Braconidae) is thought to be a good candidate to fill this role. 6 

This species is widely distributed in the whole Palaearctic region and most of the available data on 7 

this species relies only with taxonomic aspects and faunistic surveys. Therefore, the present study 8 

represents the first step towards establishing a scientific basis for the effective inclusion of 9 

B. nigricans in biological and integrated T. absoluta control programs in the newly invaded areas. 10 

Here, we documented the young instars development and the adult lifespan reproduction activity at 11 

constant temperature. Bracon nigricans was proved to be an idiobiont, synovigenic, gregarious, 12 

ectoparasitoid with a slightly male-biased progeny sex-ratio. Parasitoid females kill hosts with an 13 

injection of venom causing an irreversible paralysis of the host larva. Host killing is followed by 14 

host stinging and/or host feeding and/or oviposition. The developmental strategies of B. nigricans 15 

and their implications in pest biocontrol are here discussed. Although field studies would be needed, 16 

the data obtained so far in laboratory conditions suggest that this parasitoid could be considered a 17 

potential key biological control agent of T. absoluta in the newly invaded areas. 18 

 19 

Keywords: Parasitoid behaviour, Host feeding, Life tables, Biological control, Tomato 20 

21 
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1. Introduction 22 

Invasive species represent a major threat to agronomic ecosystems (Olson 2006; Ragsdale et al. 23 

2011) and Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae), an highly injurious tomato pest 24 

originating from South America, has become in the last years the most important arthropod pest of 25 

tomato cultivations in the Western Palaearctic region (Desneux et al. 2011). Integrated Pest 26 

Management (IPM) programmes have been largely implemented in many Mediterranean countries 27 

as primary control strategy since the pest invasion. This implied an increasing need of knowledge 28 

on various IPM related aspects, indeed in the last few years a growing body of literature is aimed at 29 

addressing this issue. In particular, several studies has been recently published on T. absoluta 30 

biology (Caparros Megido et al. 2012, Tropea Garzia et al. 2012), its susceptibility to insecticides 31 

(Roditakis et al. 2012; Tomé et al 2012); on the selectivity of the pesticides used in tomato crops 32 

(Arnò and Gabarra 2011, Biondi et al. 2012a, 2012b, Zappalà et al. 2012a); on T. absoluta 33 

insecticide resistance (Silva et al. 2011; Haddi et al. 2012); on the biotechnological tools for 34 

T. absoluta control (Cagnotti et al. 2012, Cocco et al. 2012), as well as the ecological services 35 

spontaneously provided by indigenous natural enemies, namely fortuitous biological control 36 

(Desneux et al. 2010, Zappalà et al. 2012b).  37 

Biological control represents the most environmentally safe and economically profitable pest 38 

management options in exotic pests controlling. Recently, an increased attention has been directed 39 

to the role of generalist natural enemies as regulators of insect herbivore populations in agricultural 40 

ecosystems. Often, the use of these insect as a controller has not been implemented efficiently due 41 

to the lack of knowledge of their biology and parasitic capacity. These are obviously of value and 42 

occasionally can provide the key to success of an entire program. In this framework, the 43 

improvement of knowledge on the endemic parasitoid species attacking T. absoluta (still largely 44 

unknown) and of the performances of some selected key parasitoid species is essential to establish 45 

effective biological and integrated control programmes against this pest. Furthermore, new 46 

restrictive regulation on the exotic natural enemy importation in Europe has negatively affected the 47 
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development of classical biological control programs (van Lenteren 2012). Therefore, before to 48 

implement classical biological control approaches, indigenous natural enemies need an extensive 49 

evaluation, since they are playing a crucial role in augmentative and conservative biological 50 

programmes.  51 

Several generalist natural enemies of the pre-existing arthropod community in the 52 

Mediterranean basin, both predators and parasitoids, have been adapting to the new host. Some of 53 

them, such as native mirid bugs, have been successfully used in IPM programs resulting in high 54 

levels of efficacy against T. absoluta population (Desneux et al. 2010, Urbaneja et al. 2012, Zappalà 55 

et al. 2012a). While, the research on European effective parasitoid species is still ongoing in the 56 

whole area newly colonized by the pest (Desneux et al. 2010, Doğanlar and Yiğit 2011, Loni et al. 57 

2011, Al-Jboory et al. 2012, Chailleux et al. 2012, Ferracini et al. 2012, Urbaneja et al. 2012, 58 

Zappalà et al. 2012b), as well as in the native area (Luna et al. 2007, 2010, 2011, 2012). Among the 59 

several natural enemy species of T. absoluta, some species belonging to the Braconidae family have 60 

been reported as larval parasitoids both in the host native area and in the newly invaded regions. In 61 

particular, twelve braconid endoparasitoid species belonging to seven genera have been identified in 62 

South America (Desneux et al. 2010, Luna et al. 2012), and four braconid ectoparasitoids, 63 

belonging to the Bracon genus and one to the Agathis one, were found parasitizing T. absoluta in 64 

the Mediterranean basin (Desneux et al. 2010, Loni et al. 2011, Al-Jboory et al. 2012, Ferracini et 65 

al. 2012, Urbaneja et al. 2012, Zappalà et al. 2012b). 66 

Braconid wasps are, except for a few phytophagous genera, insect parasitoids and they 67 

represent one of the most diverse and rich of the parasitoid groups with more than 15,000 valid 68 

species classified in 45 subfamilies and 1,000 genera (Wharton 1993, Yu and van Achterberg 69 

2010). Indeed, they are also extensively used as models for the study of host-parasitoid interactions, 70 

and an extraordinary amount of contributions have encompassed the broad disciplines of 71 

physiology, behaviour and evolutionary biology of this group of insects (Jervis and Kidd 1986, 72 

Hardy et al. 1992, Wharton 1993, Godfray 1994, Heimpel and Collier 1996, Jervis et al. 2001, 73 
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Pennacchio and Strand 2006, Heimpel and de Boer 2008, Desneux et al. 2009, 2012). Braconids 74 

tend to attack and feed on a narrow range of hosts being specialized by biological and behavioral 75 

adaptations. For this reason, they have been of primary importance in the biological control of 76 

insect pests (Wharton 1993). Indeed, among the 219 Arthropod species commercially available 77 

worldwide for augmentative biological control programs, there are 19 braconid species belonging to 78 

11 genera (van Lenteren 2012). These species are mass reared and commercialized to control 79 

several pests, notably Diptera and Lepidoptera, in various protected and open field crops.  80 

Bracon (Habrobracon) nigricans Szépligeti (= concolorans Marshall; = concolor Thomson; = 81 

mongolicus Telenga) (Hymenoptera: Braconidae: Braconinae) is widely distributed in the whole 82 

Palaearctic region (Yu and van Achterberg 2010). Most of the available data on this species relies 83 

only with taxonomic aspects and faunistic surveys (Zappalà et al. 2012b). Its first record in 84 

association with T. absoluta was reported in a field survey of indigenous parasitoids attacking the 85 

new host in Italy by Zappalà et al. (2012b) and then in Jordan by Al-Jabory et al. (2012), as well as 86 

in Spain by Urbaneja et al. (2012). These data, namely related to the pest/parasitoid association 87 

discovery, are certainly insufficient to assess the role of this parasitoid as a T. absoluta mortality 88 

factor properly. In this framework, our study aims at gaining knowledge on the biology 89 

developmental strategies of B. nigricans on the new host. By means of laboratory bioassays, we 90 

developed the life-table data of B. nigricans at constant temperature, studying the young instars 91 

development time and survival, adult longevity, progeny sex-ratio, reproductive and non-92 

reproductive host killing activities on T. absoluta.  93 

94 
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2. Materials and methods 95 

 96 

2.1. Study insects 97 

 98 

Bracon nigricans colony was obtained during a survey on indigenous natural enemies attacking 99 

T. absoluta conducted in Italian tomato crops, by means of collection of infested material. 100 

Subsequently, the colony was maintained in the laboratory using tomato plants infested by 101 

T. absoluta mature larvae as hosts. Tuta absoluta colony was started from leaves, mainly infested 102 

by T. absoluta larvae, collected from commercial greenhouse tomato crops; the colony was 103 

thereafter maintained on tomato plants (cv. Marmande) in the laboratory. Seedling host plants were 104 

grown in small pots (0.3 L), watered and fertilized following the routine practices and pesticide 105 

applications were strictly avoided. Tomato plants infested by mature moth larvae (3
rd

 and 4
th

 106 

instars) were obtained by releasing forty T. absoluta adults (1:1 sex-ratio) on 10 tomato plants 107 

inside 50 ×60 × 60 cm cages covered with a fine polyester mesh. After 14 ± 2 d of the moth adult 108 

release, when the majority of the larvae had reached the 3
th

 instar, the plants were transferred into 109 

the parasitoid rearing cages. These measured 40 ×40 × 55 cm and were built from plastic boxes and 110 

the opening covered with a fine mesh net. Tuta absoluta-infested plants and honey droplets were 111 

supplied every 3 days into the wasp rearing cages.  112 

Newly emerged 0/12-h old adults were obtained in 150mm Petri dishes ventilated by a 4cm
2
 113 

opening covered with a fine mesh net. For this, two females and four males were released into this 114 

arena, containing excised infested tomato leaves (by mature T. absoluta larvae) and honey droplets. 115 

After 48 hours of parasitisation activity, the wasps were removed and the infested and parasitised 116 

material was maintained inside a climatic cabinet, 10 days later newly emerged adults were 117 

collected for the bioassay, at 12-hour intervals. While, experienced, mated and 10-day old females 118 

were obtained rearing them for 10 days after their emergences, in groups of two females and four 119 
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males into aerated Petri dishes with tomato leaflets, forty T. absoluta larvae and honey droplets. In 120 

this case, the hosts were renewed every three days. 121 

The growing host plants and the two insect rearings were maintained in three climatic chambers 122 

(25 ± 1 °C; 60 ± 10% RH; 14:10 L.D.), while all the bioassays described below were conducted in a 123 

climatic cabinet at the same environmental conditions previously described. 124 

 125 

2.2. Immatures survival and development 126 

 127 

Development time and survival of B. nigricans young instars were studied following the growth of 128 

newly laid (≤ 6 hours) eggs until the adult emergences. A group of 40 experienced and mated were 129 

individually introduced into small (2.5 cm of diameter) Petri dishes containing honey droplets and 130 

one T. absoluta 4
th

 instar larva. The parasitoid females used in this experiment were coetaneous 131 

(10/14-day old) since the mother age may affect the young instar development (see the section 3.4. 132 

Age specific oviposition activity). The exposed host larvae were previously weighted (3.583 ± 0.092 133 

mg on average; min: 3 mg; max 4 mg) since the host weight can significantly influence the 134 

parasitoid immature development (Hardy et al. 1992). After 6 hours of parasitization activity the 135 

females were moved into a new dish with a new host larva, and parasitized larvae bearing one and 136 

those bearing two B. nigricans eggs were isolated for the bioassay. This clutch sizes were chosen 137 

since pilot experiments showed that the mean number of laid eggs by B. nigricans females per 138 

parasitized T. absoluta larva is about 1.5 (see also the section 3.4. Age specific reproductive 139 

activity). Therefore, a total of 50 one-egg-clutches and 50 two-egg-clutches , i.e. a total of 150 eggs, 140 

were isolated. The development time and survival of wasp eggs, larvae (without distinguish the 141 

different instars) and cocooned pupae were checked at six-hour intervals until B. nigricans adults 142 

emergences. Young instars were considered dead if no progresses in their development were noted 143 

after one week of observations or if they were totally dry. Larval stage was considered ended when 144 
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the larva concluded building its cocoon and adults were considered emerged only after they 145 

completely left the cocoon.  146 

 147 

2.3. Adults longevity 148 

 149 

To assess whether the contact with host larvae and therefore the host feeding activity influenced the 150 

B. nigricans female survival, in addition to the female longevity recorded during the life-history 151 

experiment (see next section), the longevity evaluation of both sexes was conducted also in absence 152 

of host larvae. Twenty newly emerged (<12 hours) females and twenty newly emerged males were 153 

isolated individually in glass tubes (185 mm of length, 25 mm of diameter), closed with cotton lid 154 

and provided with honey droplets renewed every five days. Bracon nigricans survival in the tubes 155 

was daily checked and recorded. The wasps were considered dead if they remained immobile when 156 

touched with a fine paintbrush. 157 

 158 

2.4. Age specific reproductive and host killing activity 159 

 160 

Fifteen newly emerged (<12 hours) adult females obtained from the Immatures survival and 161 

development bioassay were used to assess the age specific (daily) values of reproduction and of host 162 

mortality due to non-reproductive killing (e.g. host stinging and host feeding not followed by 163 

oviposition). For this bioassay five T. absoluta mature larvae on five tomato leaflets were offered 164 

daily to each female, in aerated plastic dishes (130 mm diameter), until its death. This host density 165 

was used since pilot experiments showed that a single B. nigricans female is not able to parasitize 166 

more than five 4
th

 instar T. absoluta larvae in 24 hours (Biondi A. and Zappalà L., unpublished 167 

data). To mimic the field scenario, in which parasitoid wasps use external nutrient inputs for adult 168 

feeding, such as floral and extrafloral nectar and homopteran sucking insects honeydew (Jervis et al. 169 

2001), honey droplets were put on the internal walls of the experimental arena.  To assume that 170 
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mating has occurred during the whole female lifespan, each female was provided with two males 171 

that were replaced every week.  172 

Daily checks were performed in order to assess: (i) the number of killed and not parasitized 173 

larvae, (ii) the number of parasitized larvae, (iii) the number of laid eggs, (iv) the clutch size and 174 

(iv) the parasitoid survival. Exposed larvae were defined as parasitized when at least one 175 

B. nigricans egg was deposited onto or near the paralyzed host. While evidences of non-176 

reproductive B. nigricans killing behaviour varied from a black spot developed after insertion of the 177 

ovipositor (host stinging) to partial or complete desiccation due to feeding and for the presence of 178 

feeding tubes built up by the female (host feeding). Survived specimens were then transferred in a 179 

new box with new set of five host larvae. The boxes bearing the larvae, both alive, killed and 180 

parasitized, were reared per fifteen days in the previously described climatic cabinet and the number 181 

and the sex-ratio of the emerged progeny were recorded. 182 

 183 

2.5. Demographic growth and kill rate parameters 184 

 185 

Life tables were constructed using daily values of the survival and, in the case of the adult females, 186 

the progeny produced, obtained as previously described. These data were used to generate the 187 

following demographic growth parameters (Birch 1948, Bernardo et al. 2006): 188 

Net reproductive rate or basic reproductive rate: 189 

𝑅𝑜 = lx mx 
 190 

where x is the pivotal age of individuals in days, lx is the age-specific survival as proportion of 191 

individuals still alive at age x and mx is the age-specific fecundity. This parameter corresponds to the 192 

number of times a population will multiply per generation. 193 

Generation time: 194 

 𝑇 = 
x lx mx

Ro
 

 195 
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which is the average time interval separating female births of one generation from the next. 196 

Intrinsic rate of increase:  197 

𝑟𝑚 =  erm x lm mx  
 198 

which is the innate capacity of a given species to increase in numbers. Biologically this parameter is 199 

the number of times the population will multiply itself per unit of time, measured as female 200 

progeny/female/unit of time (one day in this case) and where e
rm 

is the antilog of rm.  201 

Finite rate of population increase 202 

𝜆 = erm     203 

that is the factor by which a population multiplies in each time interval step, one day in this case. 204 

Doubling time 205 

𝐷𝑇 =  
𝑙𝑜𝑔𝑒2

𝑟𝑚
 

 206 

which is the time required for a given population to grow exponentially without limit to double in 207 

size when increasing at a given rm. 208 

Furthermore, a parameter well representing the actual ecological services provided (i.e. host 209 

killing activity) by B. nigricans females in T. absoluta biocontrol was generated. The kill rate (Km) 210 

was calculated using the same formula of rm, but replacing mx (age-specific fertility) with the age-211 

specific killed larvae (kx), i.e. the total larvae killed, both parasitized and not (Bernardo et al. 2006). 212 

Thus Km, was calculated using the following formula:    213 

𝐾𝑚 =  𝑙𝑛
𝐾0

𝑇𝑘
 

 214 

where K0 (Net consumption rate) is the amount of larvae killed 215 

𝐾0  =  𝑙𝑥𝑘𝑥   216 

and Tk (Killing generation time) is the generation period during which the parasitoid kills hosts 217 

𝑇𝑘  =  
𝑙𝑥𝑘𝑥
𝐾0

 
 218 
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To estimate the standard error associated with rm and Km of B. nigricans, we performed the 219 

Jackknife technique on raw data, calculating the per capita rm and Km, each time omitting one 220 

replicate, repeating this process until pseudo-values were calculated for all the possible omission 221 

cases. Then we computed the standard error applying the Jackknife formula (Meyer et al. 1986). 222 

 223 

2.6. Statistical analysis 224 

 225 

To test the effects of the female age on the various life-history traits weekly age-specific data on 226 

gregariousness rate, percentages of parasitized, killed host larvae and of developed adults from laid 227 

eggs, as well as the number of laid eggs, of emerged progeny and their sex-ratio were calculated per 228 

each female. These datasets, in addition to the data on immature development, were first tested for 229 

normality and homogeneity of variance using Kolmogorov-Smirnov D test and Cochran’s test 230 

respectively, and transformed if needed. Data were then analyzed by one-way ANOVA and the 231 

means were separated at the 0.05 level of significance by a multiple range test followed by LSD 232 

post hoc tests for multiple comparisons inside the different ages.  233 

 234 

 235 

3. Results  236 

 237 

3.1. Immatures survival and development time 238 

 239 

Bracon nigricans adult emergences from newly laid eggs took 269.65 ± 2.70 and 270.67 ± 7.32 240 

hours (about 11.25 days) for females and males, respectively, with no significant differences 241 

between the sexes (F1,54 = 12.937, P=0.916) (Fig. 1). Similarly, no significant differences were 242 

highlighted when comparing males and female for their egg (F1,54 =6.728, P=0.673), larval (F1,54 = 243 

12.937, P=0.523) and pupal (F1,54 =6.728, P=0.875) development. Cocooned pupae development 244 
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attained the longest duration among the three developmental stages, indeed 64.45 and 63.53 % of 245 

the whole immatures development time was spent at the cocooned pupa stage by females and males, 246 

respectively (Fig. 1). The overall survival rate of B. nigricans immature stages (from egg to adult) 247 

developing on T. absoluta fourth instar larvae was 37.4 ± 4.11%. The highest mortality rate was 248 

recorded at the larval stage, where only 42.63 ± 4.49 % of the larvae survived. By contrast, 86.4 ± 249 

2.90 % of the eggs hatched and the 98.11± 1.88 % of adults emerged from the cocooned pupae. 250 

Overall, in this trial a total of 56 adult wasps were obtained, of which 22 female and 34 males, 251 

therefore with a sex-ratio of 0.60 mm/tot.  252 

 253 

3.2. Adults longevity 254 

 255 

The adult median lethal time (LT50), i.e. the time needed for 50% mortality, was estimated to be 256 

44.5 and 45 days for females in contact with host larvae in Petri dishes and for those without hosts 257 

reared in glass tubes, respectively. The average survival was 41.47 ± 2.42 days for host-feeder 258 

females and with access to honey, and 42.75 ± 2.28 for females which fed only on honey (Fig. 2). 259 

Between these two groups of females there were no statistical differences for longevity (F1,33 260 

=0.145, P=0.706). By contrast, the life expectancy was strongly sex-depended since honey feeder 261 

males lived only 27.20 ± 2.39 (min 10, max 47) days, with a LT50 of 27 days (Fig. 2). Indeed, when 262 

comparing the longevity of females and males reared inside the tubes significant differences were 263 

highlighted (F1,38 =22.157, P<0.0001).  264 

 265 

3.3. Age specific host killing activity 266 

 267 

Owing to a non-reproductive host killing activity, i.e. that hosts were stunk without being 268 

parasitized, B. nigricans females killed in their lifespan an average of 87.40 ± 8.46 (min 55; max 269 

123) host larvae, while the mean daily value was 2.01 ± 0.09 (min 0; max 5) killed larvae/female, 270 
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i.e. the 40% of the exposed hosts. The host killing activity period was longer than the oviposition 271 

one, 39.70 ± 3.43 days. Thus, the females continued to kill hosts also after the end of the 272 

oviposition period. Analyzing the weekly values of killed and not parasitized host larvae, significant 273 

differences were highlighted between the first four weeks and the last three (F6,86=6.728, 274 

P<0.0001), being the values of the first weeks higher than the last ones. In particular, the 275 

percentages of killed larvae ranged from 47.62 ± 4.02 % to 22.12 ± 4.95 % in the second and in the 276 

last week, respectively (Fig. 3). Whereas, when the total killed host larvae, both parasitized and not, 277 

was incorporated in the formula of the kill rate (Km), it resulted 0.121 ± 0.071.  278 

 279 

3.4. Age specific oviposition activity  280 

 281 

Bracon nigricans female showed to have, as the majority of the synovigenic wasp species, a short 282 

pre-oviposition period of 1.27 ± 0.3 days, representing only a small fraction of the entire lifespan. 283 

The oviposition period lasted 37.60 ± 3.25 days with an average of 1.66 ± 0.14 (min 0, max 8) laid 284 

eggs/female/day. A total of 82.8 ± 7.81 (min 48, max 127) eggs were laid by a single female during 285 

its whole life. The mean values of daily oviposition ranged from 0 to 3.6 ± 0.55 laid 286 

eggs/female/day on the 18
th

 day (Fig. 4), while the peak of the average progeny emergences (1.7 ± 287 

0.43 adults produced/female/day) was recorded for 16-day old females. The progeny produced 288 

during the entire lifespan was 29.79 ± 3.01 (min 13, max 40) adults/female, with a sex-ratio of 0.63 289 

± 0.05 emerged males/total progeny. The number of laid eggs per parasitized host was uniform 290 

during the female lifespan, i.e. the gregariousness rate (grand mean 1.52 ± 0.07; max 5 eggs 291 

laid/parasitized host) was not significant different among the weeks (F6,77= 1.450, P=0.207) (Fig. 292 

5).  293 

The weekly values of parasitized hosts reached their maximum on the 3
rd

 week (35.83 ± 2.73 294 

%) with significantly different values compared to those recorded in the last two weeks (F6,86= 295 

12.937, P<0.0001) (Fig. 3). These results are especially due to the reproductive senescence phase of 296 
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the females that become egg-limited (i.e. the ovaries become exhausted of oocytes) (Mange and 297 

Heimpel, 1998). In addition, it is noteworthy that a post-oviposition period of 3.67 ± 0.6 days was 298 

recorded (Fig. 4). Also the weekly values of the number of laid eggs and emerged progeny followed 299 

undoubtedly this trend and were significantly different among the weeks (eggs laid: F6,86= 7.894, 300 

P<0.0001; emerged progeny: F6,86= 8.926, P<0.0001) (Fig. 6). In particular, the maximum 301 

reproductive activity was recorded in the 3
rd

 week, with a mean of 2.50 ± 0.17 laid eggs/female/day 302 

and of 1.01 ± 0.13 emerged progeny/female/day (Fig. 6). The progeny sex-ratio was not 303 

homogeneous among the seven weeks and significant differences were found between the first and 304 

all the other weeks (F6,75= 4.096, P<0.001), in particular it ranged from 0.93 ± 0.03 to 0.52 ± 0.02 305 

emerged males/total progeny (Fig. 7). In addition, the overall progeny sex-ratio was slightly male-306 

biased, i.e. 0.62 ± 0.05 males/total progeny. 307 

Daily observations of the eggs laid and the following developed adults showed that, even if the 308 

grand mean of the percentage of developed adults/laid eggs in the whole parasitoid lifespan (32.11 309 

± 3.43 %) was similar to that obtained in the immature development bioassay, this value was 310 

strongly related to the mother age (F6,83= 5.067, P<0.0001) (Fig. 8). Indeed, weekly percentages of 311 

the 1
st
 and of the 7

th 
weeks (13.81 ± 2.23 % and 12.77 ± 0.73 %, respectively) were significantly 312 

lower than the percentages of development observed in the 2
nd

, 3
rd

, 4
th

 and 5
th

 (Fig. 8).  313 

The values of the demographic growth parameters obtained from the developed life tables 314 

were: Net reproductive rate (R0) 4.444; Generation time (T) 29.733 days; Intrinsic rate of increase 315 

(rm) 0.052 ± 0.032; Finite rate of population increase (λ) 1.0514 days and Doubling time (DT) 316 

13.816 days.  317 

318 
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4. Discussion 319 

 320 

In this study, we examined the development and reproduction-related traits of B. nigricans feeding 321 

on the exotic host T. absoluta. We reported the results on the rate of successful young instars 322 

development and on its duration, on induced host mortality by both reproductive and non-323 

reproductive behaviours of B. nigricans females and on the reproductive parasitoid fitness. Bracon 324 

nigricans proved to be an idiobiont, gregarious, ectoparasitoid with a slightly male-biased sex-ratio. 325 

Nevertheless, this species showed a behavioural plasticity in host using, since host killing is 326 

followed by host stinging and/or host feeding and/or oviposition, B. nigricans can perform both 327 

destructive and concurrent host feeding. 328 

 329 

4.1. Immature development  330 

 331 

In parasitoid waps the success of parasitism after host acceptance and therefore immature 332 

development may depend on multiple physiological and genetic factors. Phylogenetic, evolutionary 333 

and coevolutionary aspects, concering plants, pests, parasitoids and their combined interactions 334 

regulate these factors largely (Desneux et al. 2012). One of the most studied relations is the 335 

parasitoid/pest one, and usually the interaction between these actors is mediated by gene products 336 

that the adult wasp injects at oviposition or that offspring produces during its development 337 

(Pennacchio and Strand 2006). These factors usually induce complex physiological alterations in 338 

hosts that benefit the parasitoid development. They are well known for endoparasitoid/host 339 

associations and, although these mechanisms are still poorly investigated for ectoparasitoids 340 

(Pennacchio and Strand 2006), the low immature development rate found in our study suggests that 341 

the host/parasitoid interaction should be also viewed from a coevolutionary perspective. In our case, 342 

the lack of coevolution between T. absoluta/tomato and B. nigricans may explain the absence of 343 

these mechanisms and therefore the low rate of young instars development. To support this 344 
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hypothesis, another factor that may have influenced the successful development of immature wasps 345 

is the potential presence of toxins within the host larvae (Desneux et al. 2009). In particular, some 346 

secondary metabolites present in solanaceous plants, such as tomato, are well-known to have 347 

insecticidal properties (Nenaah 2011, Ali et al. 2012) and some of them may be sequestered by 348 

T. absoluta larvae and therefore available for the immature parasitoids.  349 

 350 

4.2. Adult longevity  351 

 352 

The contribution of feeding regimes to survival is well documented for a diverse range of parasitoid 353 

species held under laboratory conditions (Jervis et al. 2001, Bernardo et al. 2006), and while the 354 

positive correlation between host feeding and fecundity appears to be ubiquitous, host feeding may 355 

either increase or have no effect on longevity (Heimpel and Collier 1996). Here we demonstrated 356 

that B. nigricans females have no advantages from host feeding in terms of longevity when another 357 

food source (i.e. honey) is also available. Whereas, to assess the actual role of host feeding on 358 

B. nigricans lifetime gaining further bioassay should be carried out in absence of sugary nutrients. 359 

By contrast, as already reported for other Hymenoptera parasitoids (Bernardo et al. 2006), we 360 

believe that in our experiment the sugary food provided to the wasps plays a key role in the 361 

energetic balance, and therefore in the longevity, as well as in the lifetime reproductive success of 362 

this species.  363 

The metabolic processes of the organisms whose internal temperature variation is a 364 

consequence of variation in the ambient environmental temperature (i.e. poikilotherm species) are 365 

directly related with the environment thermal conditions, and thus parasitoid wasps longevity may 366 

be strongly correlated with the temperature. Often, small insects are longer-living in cooler 367 

environment and vice versa, as demonstrated by Andreade et al. (2011), Bernardo et al. (2006) and 368 

Spanoudis et al. (2012) for thichogrammatid, eulophid and ichneumonid species, respectively. 369 

Therefore, further studies under different temperature regimes are needed to address this point. 370 
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 371 

4.3. Reproductive strategies  372 

 373 

The B. nigricans oviposition activity fluctuated along the female lifespan and, since the host 374 

availability was maintained constant, it may reflect directly the ovigeny cycle of synovigenic 375 

anhydropic species. This is true for a close species, i.e. Bracon hebetor (Say), whose females have a 376 

short oviducts and ovaries provided of few ovarioles that are not able to store a large number of 377 

large and yolk-rich eggs (Jervis and Kidd 1986). Owing to this reproductive mechanism the females 378 

wasp are subjected to choose the optimal clutch size decision in relation to their egg load. 379 

Gregarious parasitoids have received considerable attention by numerous researchers, since their 380 

females should lay the number of eggs that maximizes their gain in fitness from the whole clutch, 381 

i.e. eggs laid in the same event (Godfray, 1994). From egg-limitation and time-limitation models, it 382 

is theoretically expected that the optimal clutch size will vary over time in response to changes in 383 

egg load, the number of previous host encounters and host availability. Moreover, for the parasitoid 384 

it is important to optimize the ratio between time spent laying eggs and that spent on host locating 385 

(Mangel and Heimpel 1998, Jervis et al. 2001). Our results suggest that B. nigricans mothers, at 386 

constant host density, do not adjust their clutch size in relation to their age (i.e. the gregariousness 387 

rate was constant during the female lifespan) and therefore to their egg loads. Whereas, it appears 388 

that the higher egg load is split among a higher number of hosts, i.e. increasing the rate of 389 

parasitized larvae in the period of higher egg production. 390 

The rate of immatures development success showed to be strongly related to the mother age 391 

and this finding may be due to the production of low-quality offspring (e.g. less viable eggs), during 392 

the 1
st
 and the 7

th
 weeks. Bracon nigricans young females, as the majority of synovigenic 393 

Hymenoptera, need to feed on hosts to allocate nutritive resources on the reproductive physiology 394 

and therefore the firstly produced progeny may be of lower quality than that of experienced females 395 

(Jervis and Kidd 1986). Besides, the production of low-quality offspring prior to mother egg 396 
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limitation (i.e. reproductive senescence) is already documented for other braconid species (Mangel 397 

and Heimpel 1998). Another hypothesis to explain this result is a reproductive trade-off of the 398 

mother between host feeding and oviposition, i.e. owing to higher nutritional necessities, young and 399 

old females may practice more host feeding and concurrent host feeding/oviposition. Indeed, in the 400 

majority of the parasitoid-host systems, host feeding kills the host, making it unsuitable for 401 

oviposition (destructive host feeding), while in other systems, such as in the B. nigricans/T. 402 

absoluta one (feeding tubes were seen in the parasitized larvae), individual hosts can support both 403 

parasitism and host feeding (Jervis and Kidd 1986). By contrast, it is usually assumed that host 404 

feeding kills the host or reduces its quality as an oviposition site (Heimpel and Collier 1996). Thus, 405 

the plasticity of female parasitoid behaviour, when finding a host, makes possible the decisions of 406 

whether or not to renounce the opportunity for current reproduction (oviposition) in favour of 407 

anticipated chances for future reproduction (host feeding) (Jervis et al. 1996).  408 

The sex-ratio of the B.nigricans progeny showed to be male biased and, as the majority of the 409 

Hymenoptera and in particular braconid species, this species may be arrhenotokous (i.e. virgin 410 

females produce only male progeny) (Wharton 1993, Heimpel et al. 1999, Heimpel and de Boer 411 

2008). This hypothesis is also supported by the fact that the progeny of young female is mainly 412 

composed by males, therefore the eggs laid during the first days of oviposition may be haploid 413 

(unfertilized eggs), since females may take time to mate and to be successfully fecundated after 414 

their emergence. Indeed, many braconid parasitoids unfertilized eggs develop as haploid males, 415 

while the fertilized ones are diploid and can develop into males or females. Furthermore, 416 

haplodiploidy is often associated with a genetic mechanism, known as complementary sex 417 

determination (Heimpel and de Boer 2008). In fact, many hymenopterans that are heterozygous at 418 

the sex locus develop as females whereas homozygotes and hemizygotes at the same locus develop 419 

as diploid and haploid males, respectively (Heimpel et al. 1999). This means that high 420 

heterozygosis levels, i.e. high allele diversity, that are generally present in field and in large 421 

commercial insectary populations, bring to a female-biased sex-ratio. While in population 422 
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maintained in relatively small laboratory cultures, as in the case of this study, high inbreeding levels 423 

lead to a male-biased sex-ratio (Heimpel et al. 1999). However, diploid male survival has been 424 

reported in a large number of species, and immature survival of diploid males varies among 425 

distantly related species and it may vary also among strains of the same species. For example, inter-426 

specific variation in the viability of diploid males in closely related species of the genus Bracon has 427 

been also found (Holloway et al. 1999). Therefore, the survival of B. nigricans diploid males (i.e. 428 

eggs viability, larval survival and adult reproductive potential) should be further assessed to provide 429 

potential explanations about its actual sex-ratio, as well as on its low egg-to-adult development rate.  430 

 431 

4.4. Host stinging 432 

 433 

Bracon nigricans females, as idiobiont parasitoid species, kill host larvae with an injection of 434 

venom that causes after few seconds an irreversible paralysis of the host larva. After the host 435 

immobilization, females showed an intense stinging activity before effectively starting to lay eggs 436 

and/or to feed on the host haemolymph. During this pre oviposition activity, female inject venom 437 

for permanently paralyzing hosts and very likely for assessing host suitability (host acceptance), 438 

based on host size and/or host aemolymphatic kairomone recognition (La Rocca et al. 2007). After 439 

this, females may feed on the host larva directly of after building up feeding tubes built up to reach 440 

immobilized larvae inside the mines. Host tissues and hemolymph are a rich source of nutrients, 441 

such as proteins, fats, sugars and various essential vitamins and salts that are either scarce or absent 442 

in other foods. These materials are presumably digested into simpler molecules in the gut and/or 443 

haemolymph, and then absorbed, translocated and reassembled into parasitoid tissues (Heimpel and 444 

Colier 1996). It is well-known that the nutrients obtained by host feeding are used to mature eggs 445 

and, without exception, parasitoid species known to feed on host are synovigenic (Jervis and Kidd 446 

1986; Pennacchio and Strand 2006). 447 
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The portion of killed and not parasitized hosts, besides representing a host feeding substrate 448 

may be due to a strategy to control the leafminer density present in the leaflets. This strategy aims at 449 

ensuring that a leaflet containing parasitized larvae will not be lost due to the feeding activity of 450 

survived non-parasitized larvae on the same leaflet (Patel et al. 2003). Undeniably, extreme 451 

leafmining may cause desiccation, necrosis and abscission of leaflets, thus resulting in a potential 452 

decrease of parasitoid larvae survival. Another plausible reason for this behaviour is that female 453 

parasitoids kill more host larvae to provide a food reserve for future reproduction or/and to the 454 

progeny, i.e. developing wasp larvae (Lauzière et al. 1999). Moreover, Jervis et al. (1994) 455 

previously observed a post-reproductive stinging activity in B. hebetor. These authors found that 456 

old female wasps continue to feed on the host larvae to maintain themselves without having the 457 

possibility to lay any eggs owing to the senescence of their reproductive system. This phenomenon 458 

has two effects: (i) the impact of the parasitoid on the host population is greater than predicted 459 

solely from the degree of parasitism (similar effect of the destructive host feeding); (ii) paralyzed 460 

larvae may be available to other female wasps that will have a reduced handling time, increasing 461 

their searching efficacy. 462 

 463 

4.5. Demographical growth parameters 464 

 465 

In this study we developed the population growth parameters of B. nigricans and, even if life 466 

history parameters are determined under artificial laboratory conditions, knowledge of the potential 467 

demographical growth is crucial for studying population dynamics and for establishing management 468 

tactics for pest control (Birch 1948, Stark et al. 2004, Bernardo et al. 2006). Furthermore, the 469 

importance of life table parameters was remarked by Stark et al. (2004) when stating that the 470 

knowledge of the demographical growth parameters of a given species is essential for pesticides 471 

risk assessment studies. Indeed, each species has its own life-history strategies (e.g. lifespan, time to 472 
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first reproduction and number of offspring produced over a lifetime) and therefore its population 473 

levels recovery strategy and timing. 474 

When comparing the intrinsic rate of natural increase of B. nigricans and the one of 475 

T. absoluta, previously developed in laboratory by Pereyra and Sanchez (2006), it is evident how 476 

the moth has an higher potential population growth capacity, having a higher rm value of the 477 

B. nigricans one, i.e. 0.14 and 0.052, respectively. This result may implies that this parasitoid 478 

species be not able to control the pest populations effectively; however, in order to assess the true 479 

B. nigricans fitness further studies at different host density levels are still needed. Indeed, parasitoid 480 

oviposition rate may be a function of the host density, which implies different effects on the host 481 

population dynamics (Luna et al. 2007). At different host densities, the rate of parasitism, therefore 482 

the overall parasitoid fitness, may be influenced by behavioural decision, namely the time spend in 483 

host searching and handling (Walde and Murdoch 1988). 484 

 485 

4.6. Prospects for Tuta absoluta biocontrol  486 

 487 

Many efforts have been done during the last few years in the pest newly invaded areas with the aim 488 

to identify and characterize effective T. absoluta natural enemies. These relied mainly on faunistic 489 

surveys and host suitability assessments in laboratory conditions; whereas only generalist predators 490 

(namely mirids), preying on T. absoluta eggs and young larvae, have been included in effective 491 

tomato IPM programs successfully. In this study, we reported for the first time the life history 492 

strategies and the main behavioural traits of a Palaearctic parasitoid when parasitizing the mature 493 

larvae of the South American tomato pinworm. 494 

The main result of this study is that B. nigricans female adults showed a high rate of non-495 

reproductive killing behavior, namely numerous host larvae were killed owing to host feeding and 496 

host stinging during the whole female lifespan. This activity shows how the biological control 497 

service of this parasitoid might be underestimated considering only the rate of parasitism or the 498 
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emerged adults. Indeed, the B. nigricans kill rate (Km = 0.121) is higher than its intrinsic rate of 499 

natural increase (rm = 0.052). These results remark that despite the population dynamics theories, 500 

destructive host feeder species may be better biological control agents than other parasitoids (Jervis 501 

et al. 1996). Moreover, B. nigricans showed to be a typical synovigenic species and such parasitoids 502 

are long-living, are able to reproduce at lower host densities and, in the case of anhydropic species 503 

(as B. nigricans), to conserve reproductive material in relation to host density notably resorbing 504 

unlaid eggs. In addition, synovigenic species being not time-limited are also able to spend more 505 

time in foraging and host searching behaviours. Indeed, studies on leafminer communities indicate 506 

that generalist idiobiont parasitoids may have broad host ranges and parasitize almost all hosts of 507 

suitable size in a given search environment (Pennacchio and Strand 2006). Therefore, in order to 508 

enhance the B. nigricans presence and its biological control services in protected and open field 509 

tomato crops, the wasp host range (within the endemic parasitoid host communities) needs to be 510 

clarified definitively.  511 

All the B. nigricans biological and behavioural traits reported in this study are potentially 512 

useful for the control of T. absoluta populations. Indeed, this study represents the first step towards 513 

establishing the scientific basis for the effective inclusion of B. nigricans in biological and 514 

integrated T. absoluta control programmes in the areas newly invaded by this pest. This could be 515 

achieved by the conservation of the wasp populations wildly present in the cultivated environments 516 

through the use of selective pesticides (Arnò and Gabarra 2011, Biondi et al. 2012a, 2012b) and of 517 

rational habitat management strategies (Gardiner et al. 2009) and/or by augmentative releases of 518 

mass reared wasps (van Lenteren 2012). Nevertheless, before giving overall conclusions on 519 

B. nigricans field efficacy, various additional factors need to be specifically tested, since they may 520 

strongly affect the biocontrol activity and population dynamics of B. nigricans in field conditions. 521 

These are mainly represented by pesticide non-target effects (Desneux et al. 2007, Lu et al. 2012); 522 

agronomic conditions (Desneux and Ramirez-Romero 2009, Amini et al. 2012); interactions among 523 

natural enemy species (parasitoids and predators) sharing the same host/prey (Zappalà et al. 2007, 524 



63 

 

Luna et al. 2010, Bompard et al. 2013), wasp dispersal and host searching capacities (Sánchez et al. 525 

2009, Zappalà et al. 2012c). Thus, although field studies would be needed, the data obtained so far 526 

in laboratory conditions suggest that this parasitoid could be considered a potential key biological 527 

control agent of T. absoluta in the newly invaded areas. 528 

 529 
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Figure captions  706 

 707 

Figure 1. Means (±SEM) of eggs, larvae, cocooned pupae and overall immatures development 708 

duration (hours) of Bracon nigricans males and females. No statistical differences between sexes 709 

were found (ANOVA P > 0.05). 710 

Figure 2. Proportion of surviving Bracon nigricans adults for a given age (days). The values 711 

reported refer to: (i) the survival of males and females reared feeding only on honey and (ii) the 712 

survival of females feeding on host larvae and on honey. 713 

Figure 3. Weekly grand means (±SEM) of daily percentages of parasitized and of killed without 714 

being parasitized host larvae by one Bracon nigricans female. Columns for age bearing the same 715 

lower- and upper-case letters represent means that are not statistically different among the weekly 716 

percentages of killed and parasitized host larvae, respectively (ANOVA P < 0.05, followed by LSD 717 

test). 718 

Figure 4. Means (±SEM) of daily oviposition activity during Bracon nigricans females entire 719 

lifespan. 720 

Figure 5. Weekly grand means (±SEM) of clutch size produced by Bracon nigricans females, i.e. 721 

gregariousness rate. No statistical differences among weeks were found (ANOVA P > 0.05). 722 

Figure 6. Weekly grand means (±SEM) of eggs and emerged adult produced daily by one Bracon 723 

nigricans female. Columns for age bearing the same lower- and upper-case letters represent means 724 

that are not statistically different among the weekly numbers of laid eggs and of emerged adults, 725 

respectively (ANOVA P < 0.05, followed by LSD test).  726 

Figure 7. Weekly grand means (±SEM) of sex-ratio (number of males/total progeny) of the 727 

progeny produced by one Bracon nigricans female. Columns for age bearing the same letters 728 

represent means that are not statistically different among the weekly values (ANOVA P < 0.05, 729 

followed by LSD test).  730 
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Figure 8. Weekly grand means (±SEM) of percentages of successful young instars development, 731 

i.e. number of emerged adults on eggs laid daily by one Bracon nigricans female. Columns for age 732 

bearing the same letters represent means that are not statistically different (ANOVA P < 0.05, 733 

followed by LSD test). 734 

735 
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Fig. 1 736 
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Fig. 2 739 
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Fig. 3 742 
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Fig. 4 746 
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Fig. 5 750 
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Fig. 6 753 
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Fig. 7 756 
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Fig. 8 759 
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Abstract 1 

Assessing the compatibility of biocontrol agents with pesticides is a central concern in Integrated 2 

Pest Management (IPM) programs. The most common assessments consist of simple comparisons 3 

of acute toxicity among pest species and selected biocontrol agents. A more sophisticated approach, 4 

developed by the International Organisation of Biological Control (IOBC), is based on a tiered 5 

hierarchy made up of threshold values for mortality and sublethal effects. Nevertheless, this method 6 

is unable to capture longer term population dynamics, which is often critical to the success of 7 

biocontrol and pest suppression. This is increasingly important in the case of new biopesticides that 8 

frequently cause no short-term effects inducing multiple long-term physiological and behavioural 9 

sublethal effects which may lead to important decrease in population growth. In this study, we 10 

assessed the lethal and sublethal effects of six bioinsecticides, widely used in tomato crops to 11 

control the invasive pest, Tuta absoluta (Lep: Gelechiidae), on one of its parasitoid Bracon 12 

nigricans (Hym: Braconidae). The percentage of mortality and the sublethal effects on parasitoid 13 

reproduction were summarized in a reduction coefficient (Ex) and the pesticides were classified 14 

according to the IOBC toxicity categories. The female survival and production of female offspring 15 

reductions, jointly with le life table data previously studied for a control population, were used to 16 

calculate some population growth indexes as a measure of population recovery after the pesticide 17 

exposure. Although the most of the biopesticides had low levels of acute toxicity, a greater level of 18 

sublethal effects occurred in the tested parasitoids. Furthermore, very low B. nigricans 19 

demographical growth indexes resulted for some pesticides that have been classified, accordingly to 20 

the IOBC classification, as slightly and moderately harmful. These findings suggest that the 21 

susceptibility of B. nigricans to pollutants is more complicated than previously thought and that 22 

life-history variables must be considered in assessing pesticide risk, as well as when incorporating 23 

new pesticides in IPM programmes.  24 

Keywords: IPM, Risk assessment, Life table, Population growth delay, Bracon nigricans, 25 

Tuta absoluta26 
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1. Introduction 27 

 28 

Traditionally, the effects of pesticides and other toxicants on organisms have been determined using 29 

simplistic measures of effect such as the LD50 or LC50, i.e. lethal dose or concentration that kills 30 

50% of a the tested population (Croft, 1990), or just the assessment of the acute toxicity induced by 31 

label doses (Desneux et al., 2007; Vanaclocha et al., 2012). Lethal concentration estimates are a 32 

straightforward approach that enables quick evaluation and comparison of several toxicants with 33 

regard to their effect on individuals of a particular species (Hassan, 1992). It also brings the 34 

advantage of being relatively cheap. The underlying assumption is that exposure of a given 35 

population to LC50 will reduce the number of individuals by half and there is no concern on the 36 

outcome of the 50% of individuals that survive exposure (Wennergren and Stark, 2000).  37 

In a second step, the effects of pesticides on beneficial arthropods were examined further by 38 

running selectivity tests (pest/beneficial arthropods) to identify products with the lowest non-target 39 

activity (Forbes and Calow, 1999; Stark and Banks, 2003; Urbaneja et al., 2008). However, if after 40 

exposure, some individuals survive various outcomes may occur. Indeed, the estimation of toxicant 41 

effects on populations is complicated by the fact that exposures can result in part of a population 42 

dying while surviving individuals may be impaired due to sublethal effects (Stark et al., 2007). 43 

Therefore, sublethal effects are defined as effects (either physiological or behavioral) on individuals 44 

that survive exposure to a pesticide (the pesticide dose/concentration can be sublethal or lethal) (see 45 

Desneux et al., 2007 for a seminal review). A sublethal dose/concentration is defined as inducing no 46 

apparent mortality in the experimental population, therefore even lower than LC50. Sublethal effects 47 

may impair individuals to such a degree that reproduction is not successful (Biddinger and Hull, 48 

1999; Myers and Hull, 2003; Biondi et al. 2012a, 2012b), lifespan is affected (Butter et al., 2003; 49 

Planes et al. 2012), orientation and response to semiochemical is influenced (Salerno et al. 2002; 50 

Holscher and Barrett, 2003; Desneux et al. 2004a, 2004b, 2006; Cordeiro et al. 2010) and/or the 51 

ability to provide ecological services, such as predation and parasitization is compromised 52 
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(Desneux et al. 2007; Cabral et al., 2011; Biondi et al. 2012b, He et al., 2012). Furthermore, some 53 

species can withstand high levels of mortality and recover quickly because they have high 54 

population growth rates, short generation times, early onset of reproductive activity or a 55 

combination of these attributes (Laskowski, 2000; Stark et al., 2004; Castro et al., 2012). By 56 

contrast, other species may become extinct after exposure to a toxicant at a concentration that does 57 

not kill all individuals because sublethal effects severely impact individuals. Therefore, populations 58 

of different species do not react the same to equal levels of stress and thus the LC50 cannot be used 59 

to compare effects of toxicants on populations over longer time intervals than a few days.  60 

Population effects will largely depend on life history traits life-history strategies and 61 

variables, such as lifespan, time to first reproduction, and number of offspring produced over a 62 

lifetime (Stark et al., 2004; Schneider et al. 2009; Castro et al., 2012).  Demography, or life tables, 63 

have been used in a small number of entomological studies to evaluate the total effects (lethal and 64 

sublethal) of toxicants on populations (see Stark and Banks, 2003 for a review of this subject). Life 65 

table data developed in demographic studies can be used in models to predict (ordinary or partial 66 

differential equation models) or project (matrix models) populations (Starks et al., 2004, 2007).  67 

Demographic toxicological analysis estimating the total effect of insecticides on populations is 68 

increasingly important when choosing new pesticides for Integrated Pest Management (IPM) 69 

purposes. Indeed, recently developed insecticides are considered slower acting since they have lo 70 

acute toxicity levels, while producing a greater degree of sublethal effects than conventional 71 

pesticides (Banks et al., 2005). Additionally, when pesticide exposure does not cause sublethal 72 

effects or show high acute toxicity, life tables are probably not very beneficial.  73 

In this framework, this study aimed at providing, starting from laboratory a bioassay, a 74 

demographic toxicological analysis of some newly developed bioinsecticides that are used in 75 

tomato crops. These include agrochemicals that have been increasingly used on tomato (Biondi et 76 

al. 2012a) owing to the recent invasion of the Western Palaearctic region by Tuta absoluta 77 

(Meyrick) (Lepidoptera: Gelechiidae) (Desneux et al., 2010, 2011, Tropea Garzia et al., 2012). We 78 
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chose as non-target organism the generalist ectoparasitoid Bracon nigricans Szépligeti 79 

(Hymenoptera: Braconidae) since it is a generalist parasitoid model because it is widely distributed 80 

in the Palaearctic region, attacking several Lepidoptera species (Yu and Van Actherberg, 2010), and 81 

it is one of the first indigenous species that moved to attack the new exotic tomato pest Tuta 82 

absoluta (Meyrick) (Lepidoptera: Gelechiidae) (Al-Jboory et al., 2012; Urbaneja et al., 2012; 83 

Zappalà et al., 2012a). Furthermore, species of the Braconidae family are considered as indicator 84 

organisms being selected for the evaluation of chemical product toxicity on non-target arthropods as 85 

part of the registration requirement in Europe (EEC/CEE, 1991; Candolfi et al., 1999). 86 

We investigated the following crucial steps in the re-colonization process after treatment: 87 

wasp development and emergence from topically treated cocooned pupae, adult survival after the 88 

exposure to dried insecticide residues (fresh and 10-day old), and various sublethal effects on the 89 

emerged/surviving adults, such as the longevity, the reproductive capacity, the sex-ratio of the 90 

progeny and the biocontrol activity. Finally, using the B. nigricans life history variables already 91 

studied by Biondi et al. (2012c), and in order to predict the dynamics of the treated populations in 92 

the long run, various demographical indexes were calculated as an alternative endpoint of the study. 93 

 94 

 95 

2. Materials and methods 96 

 97 

2.1. Insects  98 

 99 

The B. nigricans colony was obtained during a survey of indigenous natural enemies attacking 100 

T. absoluta conducted in Southern Italian tomato crops, collecting cultivated infested samples in 101 

various sites (Zappalà et al., 2012a). Subsequently, the colony was maintained in the laboratory for 102 

several generations using tomato plants infested by T. absoluta mature larvae as hosts. The host 103 
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colony was started from leaves, mainly infested by T. absoluta larvae, collected from greenhouse 104 

tomato crops; the colony was thereafter maintained on tomato plants (cv. Marmande) in the 105 

laboratory. Seedling host plants were grown in small pots (0.3 L), watered and fertilized following 106 

the routine practices and pesticide applications were strictly avoided. Tomato plants infested by 107 

mature moth larvae (3
rd

 and 4
th

 instars) were obtained by releasing forty T. absoluta adults (1:1 sex 108 

ratio) on 10 tomato plants inside 50 × 60 × 60 cm cages covered with a fine polyester mesh. After 109 

14 ± 2 d of the moth adult release, when the majority of the larvae had reached the 3th instar, the 110 

plants were transferred into the parasitoid rearing cages. These measured 40 ×40 × 55 cm and were 111 

built from plastic boxes and the opening covered with a fine mesh net. T. absoluta-infested plants 112 

and honey droplets were supplied every 3 d into the wasp rearing cages.  113 

Newly emerged 0/48-h old adults and 4/5 d old cocooned pupae were obtained in 150mm 114 

Petri dishes ventilated by a 4cm
2
 opening covered with a fine mesh net. Two females and four 115 

males were released into this arena, containing excised infested tomato leaves (by mature 116 

T.absoluta larvae) and honey droplets. After 2 d of parasitisation activity, the wasps were removed 117 

and the infested and parasitised material was maintained inside a climatic cabinet, then leaves 118 

bearing cocooned pupae and newly emerged adults were collected for the bioassay 8 and 10 d later, 119 

respectively.  120 

The growing host plants and the two insect rearings were in three climatic chambers (26 ± 1 121 

°C; 60 ± 10% RH; 14:10 L.D.), while the bioassays were conducted in a climatic cabinet in the 122 

same environmental conditions as the growing chambers. 123 

 124 

2.2. Insecticides and treatments  125 

 126 

The pesticides tested were six biopesticides available on the market authorized in several cropping 127 

systems (both organic and conventional), for the control of various pests, among them T. absoluta. 128 
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They were: four insecticides acting when ingested, such as the microbial Bacillus thuringiensis 129 

Berliner var. Kurstaki (Bt), the plant-derived azadirachtin (neem oil extract) and two semi-synthetic 130 

microbial-derived products, abamectin and emamectin benzoate; one non-conventional pesticide 131 

active when in contact with the pest, a mix of citrus oil and borax salt (hereafter named BCO). 132 

Finally, a  biopesticides active both when in contact and when ingested, i.e. the bacteria metabolite-133 

derivate spinosad, considering its acute toxicity towards Hymenoptera parasitoids (Biondi et al., 134 

2012c), has been used as treated control for lethal exposure to toxicants to ensure that our exposure 135 

bioassay was reliable, i.e. wasps exposed to dried insecticide residues were effectively exposed to 136 

toxicants. These plant protection products are currently used in several crops to control various 137 

pests and some of them are also authorized for organic farming in several countries worldwide. The 138 

highest recommended rates for tomato crops were used for our experiments, detailed information on 139 

active ingredients (a.i.) are provided in Table 1.  140 

All the pesticides were stored and applied according to their label guidelines. For a given 141 

pesticide, plants and cocooned pupae were sprayed with the formulated product which was diluted 142 

with water to obtain 0.5 L of solution and applied at the rate of 1000 L ha
-1

 of solution, i.e. 3 plants 143 

per square meter. The treatments were applied using a 2 L power-pack aerosol hand sprayer 144 

(Matabi
®
, Antzuola, Guipuzcoa, Spain) and the nozzle of the sprayer was directed 0.5 m away 145 

towards the plants and the cocooned pupae, thus wetting them uniformly all over. An acid fertilizer 146 

(Fertacid
®
, Bio-intrachem Italia) was added to modify the pH to 4.5 in the case of Bt and 147 

Azadirachtin solutions as recommended by the companies. 148 

 149 

2.3. Toxicity trials 150 

 151 

2.3.1. Insecticide exposure of adults 152 

 153 
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The bioassays were performed by exposing B. nigricans newly emerged adults to dried pesticide 154 

residues on tomato leaves for three days. Plants were used as a substrate for the pesticides to avoid 155 

overestimation of toxicity that usually occurs when using pesticide residues on inert material, such 156 

as glass (Desneux et al., 2006a; Arnò and Gabarra 2011). The treated plants were 40 cm high, 40-157 

day old tomato plants (cv Marmande), grown from seeds in 2-L pots.  Five plants for each trial were 158 

sprayed per each tested pesticide.  The plants were left to allow pesticides to dry for 1 hour or 10 159 

days (see section 2.3.2. Assessment of pesticides persistence below) and then the upper plant part 160 

(about 17 cm) was cut and placed into a bioassay isolator made up of two superposed plastic 161 

glasses, following the experimental design of Zappalà et al. (2012b). The top glass (600 mL, length: 162 

13 cm) had a central hole on its bottom to allow tomato plant stem to reach the water present in a 163 

second (bottom) glass (350 mL, length: 11 cm). A fine mesh net was fixed on the upper opening of 164 

the largest top glass to allow ventilation. Four females and four males of B. nigricans young adults 165 

were introduced in the described arena. Untreated droplets of honey were provided, at the beginning 166 

of the experiment, as food in the walls of the experimental arena.  Five replicates (5 x 10 = 50 167 

wasps) were performed per pesticide and per each residual trial. Insect survival, number of dead 168 

parasitoids, was recorded daily during the toxicity trial; parasitoids were considered dead when they 169 

remained immobile after being touched with a fine paintbrush. Then the survived adults where 170 

collected for the sublethal effects assessment. 171 

 172 

2.3.2. Assessment of pesticides persistence  173 

 174 

Persistence of pesticides toxicity was studied by exposing B. nigricans adults to pesticides applied 175 

at two different times prior to the assay: 1 hour and 10 days (see section 2.3.1. for description of the 176 

bioassay).  To allow aging of pesticides in ordinary protected cropping conditions, all the plants (for 177 

the two different delays after application of a given pesticide) were sprayed at the same time and 178 
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they were maintained in insect proof cages in greenhouse conditions (min < mean temperature < 179 

max: 15.6°C < 25.07°C < 40°C; min < mean RH < max, 21% < 62.5% < 89%; natural ambient 180 

light: June-July 2011).  Plants sprayed with tap water were used as control plants for each of the 181 

treatments. 182 

 183 

2.3.3. Cocooned pupae treatments 184 

 185 

When the impact of the various tested pesticides on cocooned pupae was studied, a realistic spray 186 

exposure method was used. Tomato leaves bearing exteriorly 4/5-d old B. nigricans cocooned 187 

pupae (see section 2.1. Insects) were carefully attached, in group of three specimens, on rectangular 188 

glass plates with double-sided sticky tape accordingly to Desneux et al., 2006. The glass plates with 189 

leaves were thus treated with the pesticides solution with the same modalities described for the 190 

adult insecticide exposure and tap water has been used to spray the untreated control. For each 191 

tested pesticide, treated and untreated control fifteen to twenty-two groups of cocooned pupae (i.e. 192 

45 to 66 cocooned pupae) were exposed resulting in a total of 423 were used in the experiment. 193 

Two hours after the insecticide application, treated cocooned pupae were removed from the leaves 194 

and placed individually in glass tubes kept in a climatic chambers (26 ± 1 °C; 60 ± 10% RH; 14:10 195 

L.D.). To assess the emergence rates of each treated group of cocooned pupae, the tubes were 196 

observed twice per day for the following four days after the treatment, and then the rate of 197 

emergence was calculated for each group. The emerging adults were used for the sublethal effects 198 

assessment the day after their emergence.  199 

 200 

2.3.4. Sublethal effects assessment 201 

 202 
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In order to assess the potential sublethal effects of the tested biopesticides (except spinosad that 203 

caused very high levels of mortality, see the 3.1. section) on both the adults survived after the three-204 

day exposure on leaves and the adults emerged after the topical treatment of cocooned pupae, five 205 

T. absoluta mature larvae and honey droplets were offered daily per each tested couple (both 206 

survived to the residual pesticide contact and emerging form treated pupae), in aerated plastic boxes 207 

(130 mm diameter), for three days (i.e. a total of fifty-teen hosts and three boxes were used per each 208 

tested female). Daily checks were performed in order to assess: (i) the number of killed larvae, (ii) 209 

the number of parasitized larvae, (iii) the number of laid eggs and (iv) the parasitoid survival. 210 

Survived specimens were then transferred in a new box with new hosts and after the last check 211 

(third day) they were placed individually in glass tubes (length: 18 cm; diameter: 1.2 cm), with 212 

access to food (honey, renewed weekly), under controlled environmental conditions (26 ± 1 °C; 60 213 

± 10% RH; 14:10 L.D.). The parasitoid mortality in the tubes was observed daily and the longevity 214 

was recorded. The boxes bearing the larvae, both alive and parasitized, were reared per fifteen days 215 

in the previous described climatic chamber; then, in order to assess the fitness and the progeny sex-216 

ratio of the tested females after being exposed to the pesticide, the number and the sex of the 217 

emerged progeny were recorded. 218 

 219 

2.4. Data analyses 220 

 221 

All the datasets were first tested for normality and homogeneity of variance using the Kolmogorov-222 

Smirnov D test and the Cochran test respectively and were transformed if necessary. One-way 223 

ANOVA followed by LSD post hoc was carried out to analyze the % of the survival of males and 224 

females exposed to the pesticides residues, the percentages of emerged adults from treated 225 

cocooned pupae, the number of killed larvae (paralyzed and/or parasitized hosts) and the progeny 226 

produced by the survived/emerged females during the three days of sublethal effects evaluation, as 227 

well as the progeny sex-ratio. The latter was expressed as the ratio between the females produced 228 
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ant total progeny produced per each tested female during the three days of fertility evaluation. 229 

 In addition, to provide a single value summarizing the deleterious effects of the tested 230 

pesticide, the toxic effects (both lethal and sublethal effects on the fertility) of each pesticide (1-h 231 

old, 10-d old and when applied towards the cocooned pupae) were also expressed as the Reduction 232 

coefficient Ex for pesticide x (Biondi et al., 2012a) using the formula: 233 
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where Emx  is the corrected mortality (Abbott 1925) and Efx  is the corrected fertility based on the 235 

following formula: 236 
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 237 

where Fx  is the mean fertility for pesticide x and Fc  is the fertility recorded in the control group 238 

(untreated group).  These values (Ex) were then classified and interpreted accordingly to the 239 

standards of the International Organization for Biological Control (IOBC) for laboratory pesticide 240 

risk assessments which include four categories: (1) harmless, (2) slightly harmful, (3) moderately 241 

harmful and (4) harmful; corresponding to reductions below 30%, between 31 and 79%, between 80 242 

and 99% and higher than 99%, respectively (Sterk et al. 1999). 243 

 Finally, some demographical growth indexes were calculated for the female wasps exposed 244 

to 1-h old and 10-d old pesticide residues and for those emerged from topically treated cocooned 245 

pupae. In particular, per each tested pesticide and trial performed, three parameters were calculated: 246 

the Net reproductive rate (Ro) that corresponds to the number of times a population will multiply per 247 

generation; the Doubling time (DT) which is the time required for a given population to grow 248 

exponentially without limit to double in size and the Intrinsic rate of increase (rm)  representing the 249 

number of times the population will multiply itself per unit of time, measured as female 250 

progeny/female/unit of time, one day in this case (Stark and Banks, 2003). To obtain these values 251 
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we used the life table data (age-specific survival and fertility values), previously developed by 252 

Biondi et al. (2012c), in an equation model, accordingly to Stark et al. (2004). The female survival 253 

(% of mortality after the exposure to the pesticides residues and % emergences from treated 254 

cocooned pupae) and the percentages of reduction of offspring female (calculated on the number of 255 

females produced per female during the three days of sublethal effects evaluation) were included in 256 

the model.  257 

 258 

 259 

3. Results 260 

 261 

3.1. Lethal effect  262 

 263 

The mortality of the adults during the 3 d-exposure period varied significantly among pesticides 264 

tested in all the three trials. In particular, after exposing the wasps to 1-h old spinosad residue no 265 

specimens, of both sexes, survived. Whereas, in the untreated control all the tested females and the 266 

95 ± 5 % of the males survived. Of all the other pesticides, tested as 1-h old residue, only BCO and 267 

emamectin, although of only the 15 ± 5 %, caused significant female mortality levels (F6,34=56.513, 268 

P<0.0001); this last pesticide together with abamectin significantly reduced the male survival 269 

(F6,34=20.542, P<0.0001) (Fig. 1a). While, when exposing the adults to 10-d old residues, only 270 

spinosad caused significant mortality rates killing all the tested females (F6,34=194.117, P<0.0001) 271 

and males  (F6,34=34.000, P<0.0001) (Fig. 1b). Finally, the same trend was proved in the rate of 272 

emerged of treated cocooned pupae, indeed only the 17.77 ± 7.18 % of adults emerged from pupae 273 

treated with spinosad and BCO and abamectin, with 65 ± 7.44 %  and 71.17 ± 6.26 % of the adults 274 

emerged respectively, caused also a significant reduction on the rate of emergences (F6,122=14.877, 275 

P<0.0001) (Fig. 1c). 276 
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 277 

3.2. Sublethal effects  278 

 279 

The tested biopesticides caused a wide variety of sublethal effects in all the performed bioassays. 280 

Significant lower longevity levels were found on the females (F5,44= 34.523, P< 0.001) and males 281 

(F5,69=15.241, P< 0.001) that were exposed to 1-h old residues of azadiractin, emamectin and 282 

abamectin (Fig. 2a). However, these effects were not consistent when the pesticide residues aged 283 

for 10 d, nor for the females (F5,44= 18.012, P =0.081) neither for the exposed males (F5,69=8.325, 284 

P= 0.152) (Fig. 2b). While, of the treated cocooned pupae only the females (F5,47=39.067, P< 285 

0.001) and males (F5,84=17.201, P< 0.001) developed from the pupae treated with emamectin lived 286 

significantly shorter  (Fig. 2c). Also the reproduction was significantly affected by emamectin in all 287 

the three trials, i.e. 1-h (F5,90= 6.607, P< 0.0001) and 10-d (F5,90= 3.845, P= 0.003) old residues 288 

bioassays and in topical treatment of the cocooned pupae (F5,90=2.815, P= 0.001) (Fig. 3c). The 289 

sublethal toxicity of azadirachtin on this trait was found when treating the pupae and when exposing 290 

the adults to 1-h old residues, while this effect was not persistent after 10 d (Fig. 3b).  Abamectin 291 

caused the lowest progeny production (1.06 ± 0.45 offspring per female in three days) only in the 1-292 

h old residues trial (Fig. 3a).  293 

 The progeny sex-ratio resulted significantly affected only, 0.92 ± 0.02 males/total progeny, 294 

when the wasps were exposed to 1-h old residues of emamectin (F5,69=0.632, P= 0.012) (Fig. 4a). 295 

While no significant differences among the tested pesticides were found in the 10-d trial 296 

(F5,73=0.632, P= 0.087) (Fig. 4b) and when treating the cocooned pupae  (F5,58=0.735, P= 0.142) 297 

(Fig. 4c). The females that were exposed to 1-h old residues of BCO, abamectin and emamectin 298 

killed significantly less host larvae during the three days of sublethal effects assessment 299 

(F5,90=12.180, P< 0.001)  (Fig. 5a). While, in the 10-d old residue (F5,90=5.264, P< 0.001) (Fig. 5b) 300 
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and in the pupae (F5,90=7.895, P< 0.001) (Fig. 5c) trials only emamectin significantly reduced the 301 

biocontrol activity of the females. 302 

 303 

3.3. Reduction coefficient (Ex) and IOBC categories 304 

 305 

When combining the lethal effect and the effects on the reproduction, spinosad was the only 306 

biopesticide, among the tested products, causing a reduction coefficient Ex higher than 99% and it 307 

was classified as harmful (class 4) when using the IOBC toxicity categories. Furthermore, its 308 

harmfulness remains high also after the pesticides aged for 10 d (Table 2).  By contrast, abamectin 309 

decreased its toxicity from moderately harmful (class 3) to slightly harmful (class 2) when pesticide 310 

residues were 10 d older. While, it resulted harmless (Ex = 21.8 %) when applied to the cocooned 311 

pupae. The class 2 was also attributed to Azadirachtin and BCO in all the three trials. By contrast, 312 

emamectin, although resulted slightly harmful (class 2) to the adults, both exposed to 1-h and 10-d 313 

old residues, was moderately harmful (Ex = 87.5 %) towards the parasitoid pupa stage. The only 314 

tested biopesticide ranked as harmless (Ex < 30%) in all the bioassays was Bt (Table 2).   315 

 316 

3.4. Demographical growth parameters 317 

 318 

All the tested biopesticides affected, namely decreased, all the estimated demographical indexes 319 

(Tab. 2).  In particular, 1-h old residues of abamectin and emamectin, and when emamectin is 320 

applied towards cocooned pupae, a very high decrease in the population growth is highlighted, at 321 

the point that the population may lose its capacity to growth (i.e. Ro < 1) conducting the parasitoid 322 

population to the extinction. Azadiractin and BCO, as 1-h residues, caused 25.4 and 8.4 d, 323 

respectively, in the time needed to the population for doubling in their size (DT). When the 324 

cocooned pupae were treated with azadiractin, BCO and abamectin the delay in population growth 325 
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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 326 

comparing the results obtained exposing the adults to 10-d old pesticide residues with those of the 327 

control population, of 9.24 d, 7.94 d, 5.33 d, and 4.3 d for abamectin, emamectin, BCO and 328 

azadiractin, respectively. For spinosad was not possible to generate any demographical index since 329 

the total mortality of the tested specimens during the residual contact bioassay and the very high 330 

one when treating the pupae (Fig. 1). Therefore, in this case, the extinction may occur soon after the 331 

treatment. While, the effects of Bt on the population growth were negligible, being the estimated 332 

values very close to those of the control population with delay in DT never > 1.3 d (Tab. 2). 333 

 334 

 335 

4. Discussion 336 

 337 

The present study demonstrated that the tested biopesticides, although having low acute toxicity on 338 

the generalist parasitoid B. nigricans, caused a high degree of sublethal effects, such as reduction of 339 

biocontrol activity (permanently paralyzed and parasitized hosts), fertility, longevity and increase of 340 

the male portion in the progeny sex-ratio. The demographical approach highlighted the essentiality 341 

of such effects in strongly and negatively affecting the parasitoid population levels after the 342 

treatment. Bracon nigricans was very susceptible to spinosad (Ex > 99%, IOBC class 4) even after 343 

10 d after pesticide application, namely because of high mortality induced in adults. Therefore, 344 

spinosad proved to be not compatible with this parasitoid for IPM and organic farming programs. 345 

Emamectin and abamectin were less toxic than spinosad, but induced high levels of sublethal 346 

effects (mostly the reduction in the production of female progeny), that interpreted with 347 

demographical growth point of view, may bring the parasitoid population to the extinction. The 348 

impact of azadiracthin and BCO 1-h residues and when these are applied to the parasitoid pupa 349 

stage are also noteworthy, causing considerable delay in the population growth.  Finally, Bt proved 350 

to be harmless (Ex < 30%, IOBC class 1) with survival, sublethal traits and estimated demographical 351 
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indexes very similar to those were recorded in untreated control group. Taken as a whole, the results 352 

show that side effects of pesticides can vary largely depending upon various factors considered, like 353 

endpoint considered (lethal vs. sublethal), pesticide persistence and developmental strategies of the 354 

non-target species considered.  Consequently, comprehensive and specific risk assessment should 355 

be undergone before incorporating new pesticides in IPM programmes, such as in this studied 356 

model, i.e. tomato/T. absoluta/biopesticides. 357 

 358 

4.1. Importance of results for IPM and organic farming 359 

 360 

Our study provides information that could be useful for IPM programs in identifying (and avoiding) 361 

products that may prevent parasitoid to build up because of side effects on important traits and 362 

reduced survival. These products may, in addition to compromising the efficacy of IPM programs, 363 

prevent efficient colonization or recolonization of treated crops, particularly when pesticides are 364 

highly persistent. Interestingly, Avermectin-based biopesticides (i.e. abamectin and emamectin) and 365 

the biopesticide based on spinosad fall in this last category. These results hint that pesticidal 366 

products that are classified as biopesticides can easily be of major concerns when they are supposed 367 

to be used in combination with natural enemies. Given the results obtained, the use in IPM 368 

programmes of these biopesticides together with natural enemies like B. nigricans should not be 369 

considered for effective and sustainable pest management programs. Unfortunately, a similar 370 

situation applies to pesticides that are recommended for organic cropping systems and therefore that 371 

are usually though to be harmless for non-target arthropods. Spinosad induced total mortality of the 372 

tested specimens and its effect was persistent for at least 10 d after initial application; furthermore, 373 

very high levels (< 80 %) of cocooned pupae mortality were registered. This biopesticide has been 374 

classified as an environmentally-safe product and has been embraced by IPM practitioners as a 375 

biorational pesticide (Duso et al., 2008; Biondi et al., 2012b). However, present results suggest that 376 

other pesticides with higher selectivity should be preferred. Overall, the safest insecticides for 377 
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B. nigricans appears to be Bt and for example, when dealing with Lepidopteran pests, Bt should be 378 

prioritized because (i) it proved to be safe for predator and parasitoid (despite testing it at one of 379 

highest recommended rates concentration I.U.), (ii) it induces no lethal and sublethal effects on 380 

predators that fed on prey which fed Bt-treated or Bt-genetically engineered plants (Angeli et al., 381 

2005; Biondi et al., 2012a; Lu et al., 2012), and (iii) it is highly efficient even against leaf miners 382 

(Gonzalez-Cabrera et al., 2011). Finally, in case of azadirachtin and BCO, since their effects 383 

showed to be not persistent in tomato plants and that they affect the cocooned pupae when in direct 384 

contact, the negative effects on the parasitoids reproduction could be avoided by avoiding to apply 385 

this pesticide during the period of high presence of parasitoid pupae and adults on the crop. 386 

 387 

4.2. Implications of the approach for risk assessment  388 

 389 

Our work clearly showed how the tested pesticides induce more subtle effects rather than acute 390 

ones. Indeed, all the investigated physiological and/or behavioural traits are useful to better 391 

understand the actual impact of the tested biopesticides on the parasitoids population dynamics, as 392 

well as on the biocontrol services they can provide after the pesticide application. This is 393 

particularly true in the case of the tested Avermectins, for which the survival rate of the parasitoids 394 

exposed to their 1-h old residues was reduced of maximum the 15%, while longevity, fertility and 395 

biocontrol activity were reduced from the 25% to the 80%. Furthermore, the study of the progeny 396 

sex-ratio allowed to remark that the progeny of the female that survived to the emamectin exposure 397 

was strongly male biased (>0.9 mm/tot). This, jointly to the low fertility levels and the significant 398 

reduction in the survival of the tested females strongly affected the population growth estimation, 399 

suggesting the extinction of the treated population in the field soon after the treatment. By contrast, 400 

this important result was not identified by the synthetic IOBC toxicity classification, which does not 401 

take into account the B. nigricans specific life history variables, classifying this pesticide as 402 

moderately harmful.  403 
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Although the demographic approach has not been widely adopted to date, this method 404 

obviously provides more information about pesticide effects on populations than traditional risk 405 

assessment based on lethal and/or sublethal effects. In addition, matrix models are particularly 406 

valuable for comparisons of populations exposed to various concentrations of pesticides or different 407 

pesticides (Stark et al., 2004). Clearly, there are great advantages to using demography for 408 

estimating the impacts of pesticides and other toxicants on biological control agents and other non-409 

target organisms. Because rm incorporates both lethal and sublethal effects into a single 410 

dimensionless number easy to understand and to compare. On the other hand, there are also several 411 

disadvantages associated with the development of life tables for estimation of the effects of 412 

pesticides on populations. The primary one is that development of life tables is time consuming and 413 

expensive. Furthermore, it might be argued that this approach is not realistic and that results of 414 

matrix model simulations cannot be used to predict what is going to happen under natural 415 

conditions with a high degree of confidence, because life tables are developed in the laboratory and 416 

measurements are taken on individuals, rather than populations, a realistic measure of population 417 

growth rate is not obtained. However, the obtained endpoints, such as the intrinsic rate of increase, 418 

have been shown to be a more accurate measure of toxic effect than lethal concentration estimates 419 

(Laskowski, 2000; Stark and Banks, 2003; Stark et al., 2004; Schneider et al., 2009) or, as proved in 420 

this study, those advocated by the IOBC. 421 

 422 

 423 

5. Conclusion 424 

 425 

One of the goals of IPM is to preserve and/or increase the natural mortality factors of the pests by 426 

combining various compatible control measures. Better knowledge on risks associated with specific 427 

pesticides toward natural enemies is of primary importance when incorporating them in IPM 428 

programs. The results obtained in the present study could improve IPM programs in which 429 
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B. nigricans is involved and more broadly may be useful for implementing IPM programs involving 430 

the use of braconid wasps as natural enemies. These results were obtained in laboratory conditions, 431 

which represent a high exposure scenario (the worst being an exposure to pesticides on inert 432 

material like glass) and it would be ideally completed with semi-field and field experiments. 433 

Nevertheless, risk prediction models from laboratory data are a necessity in the rational selection of 434 

the insecticides to be used against the new pest, T. absoluta, for successful IPM programmes. On 435 

the other hand, our results indicate that more ecologically relevant measures of effect such, as 436 

delays in population growth that are based on demography, may advance our knowledge of 437 

pesticide impacts on populations of natural enemy species. 438 

439 
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Fig 1. Lethal effect. Means (± SEM) of mortality percentages of Bracon nigricans adults (males 572 

and females) exposed to 1-h (a) and to 10-d old pesticide residues (b). Means (± SEM) of 573 

emergence percentages of B. nigricans adults from treated cocooned pupae (c). Means for 574 

treatment, within the same sub-figure, subtended by the same letter do not differ at P < 0.05 (one-575 

way ANOVA followed by LSD post hoc test). Capital letters are for females and small letter for 576 

males. 577 

Fig 2. Sublethal effects. Longevity. Means (± SEM) of longevity (days) of Bracon nigricans 578 

adults (males and females) exposed to 1-h (a) and to 10-d pesticide residues (b). Means (± SEM) of 579 

emergence percentages of B. nigricans adults from treated cocooned pupae (c). Means for 580 

treatment, within the same sub-figure, subtended by the asterisk differ at P < 0.05 (one-way 581 

ANOVA followed by LSD post hoc test) to the untreated control. 582 

Fig 3. Sublethal effects. Progeny production. Means (± SEM) of number of progeny produced in 583 

three days by each tested Bracon nigricans females exposed to 1-h (a) and to 10-d old pesticide 584 

residues (b) and by females emerged by the treated pupae (c). Means for treatment, within the same 585 

sub-figure, subtended by the asterisk differ at P < 0.05 (one-way ANOVA followed by LSD post 586 

hoc test) to the untreated control. 587 

 Fig 4. Sublethal effects. Progeny sex-ratio. Means (± SEM) of sex-ratio of the progeny produced 588 

in three days by each tested Bracon nigricans females exposed to 1-h (a) and to 10-d old pesticide 589 

residues (b) and by females emerged by the treated pupae (c). Means for treatment, within the same 590 

sub-figure, subtended by the asterisk differ at P < 0.05 (one-way ANOVA followed by LSD post 591 

hoc test) to the untreated control. 592 

 Fig 5. Sublethal effects. Killed hosts. Means (± SEM) of number killed larvae in three days by 593 

each tested Bracon nigricans females exposed to 1-h (a) and to 10-d old pesticide residues (b) and 594 

by females emerged by the treated pupae (c). Means for treatment, within the same sub-figure, 595 

subtended by the asterisk differ at P < 0.05 (one-way ANOVA followed by LSD post hoc test) to 596 

the untreated control. 597 
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Fig. 2 
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Fig. 3  
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Fig. 4 
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Fig. 5  
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Tab. 1 

 

 

Active ingredient  
(a.i.) 

Trade 
name 

Field rate 
(a.i. %) 

Chemical family Mode of action Crops Target 

Abamectin 

 

Cal-EX 

EW® 

75 ml/hl  

(1.8) 

Avermectin Ingestion. Chloride 

channel activator 

 

Tomato, eggplant, sweet pepper, 

strawberry, lettuce, cucumber, 

melon, cabbages, citrus, grape, 

ornamental plants and flowers, forest 

trees  

Mites. thrips, psyllids, 

aphids, leafminers, 

moths  

Azadirachtin  * Oikos® 150 ml/hl 

(3.2) 

Botanical Ingestion. Moulting 

disruptor  

 

Tomato, eggplant, sweet pepper, 

strawberry, carrot, fennel, beans, 

cabbages, cucurbit crops, garlic, 

onion, leek, leafy vegetables, celery, 

stone fruits, pome fruits, actinidia, 

walnut, chestnut 

Thrips, Hemiptera, 

Lepidoptera  

Bacillus thuringiensis var. 

kurstaki strain SA12  * 

 

Costar® WG 200 g/hl 

(90000 I.U./mg) 

Cry proteins Ingestion. Disruptor of 

insect midgut epithelium  

 

Tomato, eggplant, sweet pepper, 

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 

Lepidoptera 

Emamectin benzoate 

 

Affirm® 150 g/hl 

(0.95) 

Avermectin  Ingestion. Chloride 

channel activator  

Tomato, eggplant, sweet pepper, 

strawberry, beans, artichoke, lettuce, 

stone fruits, pome fruits, grape, cole 

crops  

Lepidoptera 

Borax and citrus oil * 

 

PreVam® 400 ml/hl 

(6) 

Borates tetra sodium 

salts and Oil - 

essential 

Contact. Miscellaneous 

non-specific inhibitor 

 

Tomato, strawberry, grape Mites, whiteflies, 

mealybugs, Tomato 

borer  

Spinosad * 

 

Laser® 75 ml/hl 

(48) 

 

Spinosyn Ingestion and contact. 

Nicotinic acetylcholine 

receptor agonist 

 

Tomato, eggplant, sweet pepper, 

strawberry, potato, fennel, legumes, 

garlic, onion, leek, stone fruits, 

cucurbit crops, artichoke, leafy 

vegetables, caper, pome fruits, stone 

fruits, grape, small fruits, tree nuts, 

ornamental plants, grass 

Thrips, Planthoppers, 

Lepidoptera, 

Coleoptera, Diptera 

Table 1. Tested biopesticides
a, b

 

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

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

 

Table 2. Reduction coefficient Ex, IOBC toxicity classes, Net reproductive rate Ro; Doubling time 

(DT); Intrinsic rate of increase (rm) 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. 

Active 
ingredient  

Reduction coefficient 
(Ex) 

IOBC  
toxicity class 

Net reproductive rate 
(R0) 

Doubling time 
(DT) 

Intrinsic rate of 
increase (rm) 

 
1-h old 

residue 

10-d 

old 
residue 

on 

pupae 

1-h old 

residue 

10-d 

old 
residue 

on 

pupae 

1-h old 

residue 

10-d 

old 
residue 

on 

pupae 

1-h old 

residue 

10-d 

old 
residue 

on 

pupae 

1-h old 

residue 

10-d 

old 
residue 

on 

pupae 

Control - - - - - - 4.44 4.44 4.44 13.82 13.82 13.82 0.052 0.052 0.052 

Abamectin 80.5 45.8 21.8 3 2 1 0.93 2.44 3.51 - 23.06 16.41 - 0.030 0.042 

Azadirachtin 62.5 30.3 60.5 2 2 2 1.68 3.11 1.75 39.26 18.16 36.66 0.018 0.038 0.019 

Bacillus 

thuringiensis 
7.6 5.0 12.0 1 1 1 4.11 4.22 3.99 14.59 14.31 15.11 0.047 0.048 0.046 

BCO 44.2 37.5 49.3 2 2 2 2.53 2.93 2.15 22.19 19.15 26.99 0.031 0.362 0.026 

Emamectin 

benzoate 
69.2 42.1 87.5 2 2 3 0.49 2.58 0.58 - 21.76 - - 0.032 - 

Spinosad 100 100 80.6* 4 4 3* - - - - - - - - - 
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Chapter VIII 

 

The non-target impact of spinosyns on beneficial arthropods 

 

Biondi Antonio, Mommaerts Veerle, Smagghe Guy, Viñuela Elisa, Zappalà Lucia, and Desneux 

Nicolas, 2012, Pest Management Science, 68: 1523-1536 
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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 T. 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 T. 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 T. absoluta biology (Caparros Megido et al. 2012) 

and on its distribution and infestation levels (Desneux et al. 2011, Abbes et al. 2012, Guedes and 

Picanço 2012, Siscaro et al. 2012, Speranza and Sannino 2012, Zlof and Suffert 2012); on its 

susceptibility to various  insecticides (Gonzáles-Cabrera et al. 2012, Bassi et al. 2012, Braham et al. 

2012, Dağl et al. 2012, Roditakis et al. 2012a, 2012b, Tomé et al. 2012, Zappalá 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 T. absoluta management both in the newly invaded countries and in the area 

of origin. Therefore, the occurrence of T. 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, Arnó 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
st
 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 



152 

 

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, Pyšek and Richardson 2010, Suckling and Brockerhoff 2010, Ragsdale et al. 

2011, Mollà 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 T. 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 T. 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 T. 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 T. 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 (Km = 0.121) is higher than its 

intrinsic rate of natural increase (rm = 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 T. 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 IPM 

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. rm 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 T. 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 T. 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 T. absoluta populations control. 

Indeed, this study represents the first step towards establishing the scientific basis for the effective 

inclusion of B. nigricans in integrated T. 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 T. 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 T. absoluta in IPM programs on tomato in 

Europe. A survey carried out in 3 Italian regions demonstrated that T. 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 IPM 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 T. 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 T. 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), è stata all‟origine di un rapido incremento nei trattamenti 

insetticidi sulla coltura del pomodoro. Tale aumento può compromettere le strategie di gestione 

integrata (Integrated Pest Management - IPM) comunemente impiegate dagli agricoltori nella 

coltura del pomodoro. Questo lavoro ha come obiettivo principale quello di fornire le basi per 

l‟inserimento di agenti biotici indigeni di controllo di T. absoluta in programmi di controllo 

integrato su pomodoro in Europa. Un monitoraggio condotto in 3 regioni italiane ha dimostrato che 

T. absoluta è 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. Più 

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 compatibilità di agenti di 

controllo biologico con pesticidi utilizzati nel controllo integrato su pomodoro, é stato dimostrato 

che lo zolfo in formulazione polverulenta (fungicida/acaricida minerale) é 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 tossicità, così come nella loro 

persistenza dopo l‟applicazione iniziale sulle piante. Tra i biopesticidi testati solo Bacillus 

thuringiensis è risultato innocuo; mentre spinosad, emamectina benzoato e metaflumizone sono stati 

classificati come moderatamente dannosi fino a 7 giorni dopo il trattamento e abamectina è stato il 

pesticida più 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 tossicità sui 

biopesticidi hanno mostrato che la maggior parte di essi ha una ridotta tossicità acuta (effetti letali) 

su B. nigricans. Al contrario, spinosad ha fatto registrare un‟elevata tossicità acuta sul parassitoide 

testato (mortalità del 100%). Tutti i biopesticidi, eccezion fatta per Bt, hanno causato numerosi 

effetti subletali, in particolare riduzioni del tasso di parassitismo su T. absoluta, della fertilità, della 
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longevità 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 l‟Europe par le lépidoptère invasif Tuta absoluta (Lepidoptera: Gelechiidae) 

(originaire d‟Amérique du sud) a provoqué un fort accroissement de l‟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 thèse a consisté à établir des bases 

solides pour développer l‟utilisation d‟agents de lutte biologique indigènes contre T. absoluta en 

IPM sur tomate en Europe. Un inventaire faunistique a été réalisé dans 3 régions d‟Italie et les 

résultats ont démontré que T. absoluta a rapidement été utilisé comme hôte par de nombreux 

parasitoïdes indigènes suite à l‟invasion. Les parasitoïdes retrouvés ont été majoritairement des 

espèces généralistes idiobiontes présentant un taux de parasitisme modéré sur T. absoluta.  Plus 

précisément, l‟ectoparasitoïde synovigénique Bracon nigricans (Hymenoptera: Braconidae) a 

montré des traits biologiques intéressants pour la lutte contre T. absoluta. Par la suite, j‟ai montré 

lors d‟une étude préliminaire, qu‟un composé 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 à évaluer 

les risques de 14 pesticides (tous couramment utilisés sur tomate) sur un prédateur généraliste 

modèle: 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 après 

traitement sur tomate. Parmi les pesticides testés, Bacillus thuringiensis (Bt) est le seul à avoir été 

classé (classes IOBC) comme sans danger pour le prédateur. A l‟inverse, des pesticides comme le 

spinosad, emamectin benzoate et le metaflumizone ont été classés comme modérément toxique 

jusqu‟à 7 jours après traitement des plantes, et l‟abamectin est le composé le plus toxique et le plus 

rémanent (très toxique même après 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 létal sur le parasitoïde. De plus, tout les 

biopesticides (sauf le Bt) 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 modèles démographiques basés sur ces données de laboratoire ont souligné un effet 

probable assez fort sur la dynamique des populations du parasitoïde. Une synthèse bibliographique 

des effets du spinosad sur les arthropodes bénéfiques a confirmé l‟importance du risque d‟effets 
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sublétaux sur les arthropodes bénéfiques lors de l‟inclusion du spinosad dans des programmes 

d‟IPM sur tomate. L‟ensemble de mes travaux de thèse ont montré que des ennemis naturels 

indigènes comme B. nigricans peuvent jouer un rôle important dans la lutte contre T. absoluta  en 

Europe mais que les pesticides (y compris biopesticides) utilisés sur tomate en IPM doivent l‟être de 

façon mesurée pour s‟assurer de ne pas compromettre l‟effet bénéfique des auxiliaires des cultures. 
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Resumen 

 

La reciente invasión en la cuenca Mediterránea de la polilla sudamericana del tomate, Tuta absoluta 

(Lepidoptera: Gelechiidae), ha comportado un rápido incremento de los tratamientos químicos 

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 biológico nativos de T. absoluta en los programas de manejo integrado de plagas en tomate 

en Europa. Un muestreo, llevado a cabo en tres regiones italianas, demostró que T. absoluta fue 

rápidamente 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 biológico de la plaga. Específicamente, Bracon 

nigricans(Hymenoptera: Braconidae), un ectoparasitoide gregrario, idiobionte y sinovigénico, 

mostró potencial para su inclusión en los programas de MIP en tomate. En una prueba preliminar de 

posible compatibilidad de los agentes de control biológico 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 comúnmente en control biológico en tomate. En un segundo paso, 

probamos el riesgo de 14 plaguicidas, comúnmente 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 aplicación inicial en las plantas. Entre los biopesticidas testados 

solamente el Bacillus thuringiensisse mostró inocuo, mientras que el spinosad, el benzoato de 

emamectina y la metaflumizona fueron moderadamente nocivos hasta siete días después del 

tratamiento. La abamenctina fue la más tóxica y persistente y fue clasificada como nociva hasta 14 

días después del tratamiento. Por otra parte, el resto de plaguicidas probados (incluyendo los 

sintéticos) fueron ligeramente nocivos o inocuos. Posteriores análisis de riesgo de biopesticidas 

demostraron que la mayoría de ellos tienen una baja toxicidad aguda (efecto letal) en B. nigricans. 

En cambio, el spinosad mostró una fuerte toxicidad aguda sobre los parasitoides probados (100% 

mortalidad). Todos los biopesticidas, excepto Bt, causaron múltiples efectos subletales, notables 

reducciones en las tasas de parasitismo de T. absoluta, fertilidad, longevidad y también un mayor 

número de machos en la descendencia. Además, modelos demográficos desarrollados mediante la 
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integración de posibles efectos subletales de los plaguicidas sobre los parámetros 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 revisión exhaustiva de artículos que estudian los 

efectos colaterales de las espinosinas sobrelos enemigos naturales indicóque este tipo de productos 

tienen efectos negativos subletales múltiples que pueden afectar en las estrategias de MIP. En 

conjunto, mi estudio muestra que los agentes de control biológico nativos pueden ser una pieza 

clave en el control de T. absoluta en Europa y que varios plaguicidas deberían solamente ser 

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

 

 Several indigenous parasitoid species got adapted to the new host 

 Bracon nigricans was proved to be an idiobiont, synovigenic, gregarious, ectoparasitoids 

of Tuta absoluta 

 Bracon nigricans showed a good potential as T. absoluta biocontrol agent to be included 

in IPM programmes  

 Control of T. absoluta by Nesidiocoris tenuis can also be obtained with careful 

applications of powder sulphur  

 Some organic-certified pesticides used to control T. absoluta are not  safe for the predator 

Orius laevigatus, by contrast some synthetic insecticides are compatible with its activity 

 Some biopesticides used to control T. absoluta cause several sublethal effects on 

B. nigricans leading to potential extinction of the parasitoid populations 

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

 Lethal and multiple sublethal effects of spinosad were identified on almost all the tested 

parasitoid, predator and pollinator arthropods  
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