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ABSTRACT

Biological invasions are currently a growing phenomenon at the global scale, orchestrated by
invasive alien species, which are deemed harmful both economically and ecologically. One notorious
invasive insect pest is the brown marmorated stink bug, Halyomorpha halys, which is causing
significant economic losses in crop quality in Europe and the United States of America. A peculiar
aspect of pentatomids, and therefore of H. halys, is the ability to communicate through low-frequency
vibrations transmitted along the substrate. The current control measures for H. halys within integrated
pest management (IPM), include agronomic practices (e.g., net protection), biorational control (e.g.,
pheromonal/vibrational traps), biological control (i.e., releasing natural enemies), and chemical
control (i.e., insecticides). However, for a successful IPM strategy for H. halys, the synergistic use of
the last two control techniques is imperative. Although this pest is intensively studied, knowledge
gaps are still present regarding the diel rhythm of its vibrational communication as well as its post-
diapause biology, which could be crucial for the integrated management of this pest. For that reason,
the effect of different temperature scenarios on the post-diapause signaling, motility, and survival of
H. halys was investigated. The overwintered adults became active immediately after the termination
of diapause at 25 °C but lived significantly less than those at 18 °C which took longer to be
vibrationally active. At 10 °C no vibrational activity was detected, yet the highest survival level was
found. These results provide a foundation for bioclimatic modeling of climate change effects on H.
halys and insights into the use of vibrational playbacks for monitoring and mass trapping as control
techniques. The diel pattern of vibrational communication of H. halys was studied in semi-field and
laboratory conditions. The acquired knowledge on diel activity was then tested for sustainable control
strategies by extending playback periods of bimodal (i.e., pheromones + vibrational playbacks) traps

to 24 hours, and compared it to the base trap model (solar panel) and the control (no power supply).



Interestingly, H. halys exhibited a diel vibrational calling pattern without significant differences in
cumulative signaling durations between the photophase or the scotophase. Moreover, females were
predominately active within nocturnal and adjacent diurnal hours. The adult captures from bimodal
traps that were power-supplied for 24 hour periods were significantly higher compared to the other
groups. This suggests that the nocturnal vibrational activity of H. halys could be exploited within IPM
strategies. For that purpose, the activation of bimodal traps during the scotophase should not be
disregarded. In relation to the synergy between chemical and biological control techniques, the impact
of four insecticides and an adjuvant commonly used in hazelnut crops was assessed on Trissolcus
japonicus, the main egg parasitoid of H. halys. The lethal effects on female parasitoids were
investigated after exposure for 1, 6, and 24 hours to residues applied to Munger cells using a Potter
spray tower to determine mortality levels. Additionally, sublethal effects were investigated in terms
of reproduction, foraging behavior on host footprints, and circadian locomotor activity. The toxicity
levels exhibited variation depending on the chemical group of the tested insecticides, with the highest
mortality observed for nicotinic acetylcholine receptor modulators, whereas a proteobacterial
insecticide caused the lowest mortality. Nonetheless, the latter caused the highest reproduction
impairment. Moreover, the presumably inert adjuvant caused significant reduction in circadian
locomotor activity which could be translated to serious implications for the success of parasitoid
wasps in field conditions, such as a limited success in finding host egg masses and/or food sources.
The results suggest that the absence of lethal effects from a specific insecticide does not preclude the
occurrence of significant sublethal effects, such as reduced reproduction capacity or circadian
locomotor activity. They also illustrate how sensor data acquisition and behavioral analysis software

can be utilized to detect important sublethal effects in non-target minute parasitoids.






CHAPTER 1. GENERAL INTRODUCTION

1.1 Status Quo: The Problem of Invasive Species

Globalization, human trade, and the resulting climate change have been identified as significant
drivers for alien species’ introduction and spread. This phenomenon is particularly dangerous for
agroecosystems as alien species often become invasive. There’s a myriad of definitions for the word
“invasive” in the literature. However, a definition that is supported by the International Union for
Conservation of Nature, the Convention on Biological Diversity, and the World Trade Organization
is the following: “An alien species is classified as invasive when it has a detrimental impact on the
economy, environment, or health” (Pysek et al., 2020). Some reports compare the impact of biological
invasions to that of unpredictable weather hazards on the economic level (Turbelin et al., 2023). In
fact, the agricultural economic losses on the global level were estimated to be US$ 1.288 trillion in
2017 (Diagne et al., 2021). The ecological impact of invasive alien species is not believed to be
negligible either. In that regard, alien species were assessed for being a driver of recent extinctions in
five major taxa (plants, amphibians, reptiles, birds, and mammals). Notably, they were found to be
the second most common threat associated with species that have gone completely extinct from these
taxa since AD 1500 (Bellard et al., 2016). The science of invasion biology has evolved in a somewhat
fragmented manner, with taxonomic and environmental approaches developing in parallel yet largely
independent trajectories (Blackburn et al., 2011). This resulted in a high alert state among scientists
with a plethora of reports on frameworks and strategies for approaching these invasions for the aim
of limiting their effect on agroecosystems (e.g., Richardson, 2000; Pysek, 1995). Arguably, the
abundance of frameworks might be counterintuitive and might result in a confusing range of concepts,

terms, and definitions. Thus, by unifying the frameworks, a comprehensive understanding of the



dynamics of biological invasions can be attained, shedding light on the intricate processes underlying

invasion patterns, trajectories, and potential interventions (Blackburn et al., 2011).

1.2 Agriculture as a Driver for Invasions

The deliberate cultivation and dispersal of plant and animal species in agriculture has been
practiced since ancient times, evolving significantly in the modern era. In the past, specific crops and
animal breeds were carefully chosen for their adaptability to local conditions, resulting in stable
management practices and the establishment of distinct community compositions within
agroecosystems. According to Davis and Landis (2011), contemporary agriculture involves extensive
regional and international trade, where species are rapidly exchanged based on global market
demands. Unfortunately, this agricultural trade can significantly contribute to biological invasions
through various mechanisms. The intentional transportation of species exposes them to new
environments, increasing the likelihood of successful establishment and subsequent invasiveness.
Economically valuable species introduced through trade may unexpectedly become invasive in their
new habitats. Moreover, the transfer of crop species can unintentionally introduce associated
pathogens, weeds, or insect herbivores from their original ranges. Consequently, the expansion and

establishment of invasive species extend beyond the confines of cultivated areas.

In the following section, I will delve into invasive species that have reached invaded areas

through "hitchhiking™ pathways.

1.3 Unwanted Travelers: Invasive Species Hitchhiking Their Way into New Territories

Not all invasive plant species associated with agriculture are intentionally propagated. Some
hitch a ride through the global agricultural trade as byproducts. This type of invasive species is well

documented by the example of seeds which can be passively transported with extreme ease. For
2



example, a review by Ansong and Pickering (2013) revealed that seeds have been discovered in
various locations on automobiles, including hidden areas such as under the chassis, front and rear
bumpers, wheel wells or rims, and even inside interior floor mats. In addition, seeds that accompany
feed grains often have similar sizes and densities, making it difficult to separate them with standard
cleaning processes. One notable plant invader that has gained attention through this pathway is the
giant ragweed Ambrosia trifida, a native weed in North America commonly found in corn and soybean
fields. It has recently invaded agricultural lands in Europe and Asia, introducing its allergenic pollen
and triggering hay fever in the affected regions (Davis and Landis, 2011). On another note, not all
introduced species succeed in establishing in new environments. Previous research argues that many
factors are in play and are not solely related to climatic conditions (Meyerson and Mooney, 2007). An
illustrative example highlighting the disparity in invasion rates despite similar climates and temporal
factors can be observed in a comparative analysis between California and Chile (Meyerson and
Mooney, 2007). The notable disparity in invasion rates between California and Chile can be attributed
to various factors. One possible explanation is the difference in propagule pressure! (Lockwood et al.,
2005), with California experiencing higher levels compared to Chile. Additionally, Chile may exhibit
greater biotic resistance, reduced disturbance, and a lower availability of niches for introduced species
to exploit, as compared to California (Meyerson and Mooney, 2007). Regarding invasive insect
species, there are many severe pests that are believed to have reached new territories via hitchhiking.
These species can be both agricultural pests and forest insect pests. The emerald ash borer (Agrilus
planipennis) is among the prominent examples of the latter, which is particularly decimating ash trees
in Eastern (Michigan) and Western (Oregon) United States of America (USA) (Prasad et al., 2010;

Popkin, 2022). Moreover, the reports on agricultural invasive pests are numerous (e.g., Drosophila

! The number of dispersing individuals.



suzukii, see Cini et al., 2014), however, this dissertation will specifically concentrate on the hitchhiker

brown marmorated stink bug.

1.4 Halyomorpha halys, an Invasive Species of Remarkable Distinction

The brown marmorated stink bug, Halyomorpha halys Stal (Hemiptera: Pentatomidae), is a
notorious invasive insect species that is native to eastern Asia. The first known introduction of H.
halys into the Nearctic? region was in the USA in the mid-1990s, within eastern Pennsylvania. The
spread of this notorious pest reached the Western Palearctic® region as well, where its first discovery
in Europe was recorded in Switzerland in 2007 (Rice et al., 2014). This pest has now spread in over
40 countries to include several American, European, and Asian countries (EPPO, 2023) (Figure 1.1).
Moreover, the successful hitchhiking behavior of adult individuals of this species further facilitates
its rapid spread and invasive potential (Gariepy et al., 2014 ; Hoebeke and Carter, 2003). These
individuals possess a remarkable ability to be easily transported in cargo, freight trains, and even
personal luggage. This hitchhiking capability, combined with its remarkable dispersal abilities
highlighted by Lee et al. (2015), allows the species to take advantage of various transportation
methods for passive movement (Haye et al., 2014). Consequently, this behavior has led to frequent
interceptions of the species in regions that have not yet been invaded, including New Zealand,

Australia, and the United Kingdom.

On the economic level, H. halys has proved to be a true nightmare for growers. In the USA for
instance, and specifically within the mid-Atlantic region, the damage caused by H. halys was
estimated to be around US$37 million in losses to the apple crop, and many other specialty and row

crops in 2010 (Leskey and Nielsen, 2018). In Oregon, hazelnut crops are greatly affected by feeding

2 North America, including Greenland, and parts of northern Mexico.
3 Europe, North Africa, and parts of the Middle East.
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damage of H. halys which could lead to the production of kernel-less shells or empty nuts (Hedstrom
etal., 2014). In Europe, the most incurred severe damage was reported on tree fruits in Northern Italy

within a range of crops such as pear and apple (Maistrello et al., 2017). The economic losses are due
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Figure 1.1. Global distribution of Halyomorpha halys based on EPPO database (EPPO, 2023). Red dots show where this pest is
currently present.

to significant crop quality decline caused by intricate factors that revolve around the pest’s life stage,
population density, and feeding mode. Once H. halys penetrates plant tissues with its stylet, it
sequentially introduces watery saliva, which functions to break down cells and facilitate the
consumption of the resulting liquefied content. This process of saliva injection and cell breakdown

enables H. halys to extract nutrients from the plant (Peiffer and Felton, 2014).

Apart from this, H. halys is also considered to be a nuisance pest due to its aggregation behavior

in fall season to prepare for overwintering which it undergoes in its adult form. Indeed, large numbers
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of this bug move to suitable overwintering sites which are mainly residential households and buildings
within urban settings. It is important to note that H. halys does overwinter in natural environments as
well, within bark of dead upright trees or rocky outcroppings for example (Leskey and Nielsen, 2018).
This overwintering behavior is predominantly due to high pheromone secretion by males, which is
believed to be strongly associated with reduced photoperiod and temperature. Moreover, many studies
correlate the end of the overwintering phase with the same abiotic factors mentioned before, however,
temperature is most likely the predominant factor (see Chapter 2). Following diapause, a temporal
interval exists between the departure of H. halys adults from overwintering sites and subsequent
appearance in agricultural orchards, especially tree fruits. This transitional phase, occurring during
the early spring, is believed to involve the utilization of host trees located at the forest edge habitats
for early-season feeding and potentially egg-laying activities (Leskey and Nielsen, 2018). In addition,
the reproduction following the diapause is strongly related to the vitellogenic state of females.
Previous studies have suggested that the state of vitellogenesis* in female H. halys entering
overwintering may be related to abiotic factors in the collection area (Nielsen et al., 2017). Nielsen
and Hamilton (2009) reported that, on average, H. halys females lay 28 eggs per batch, glued as egg
masses to the underside of leaves. Throughout the lifespan of a female, approximately 244 eggs are
deposited in total. In Europe, the egg laying period is extended until late summer, as this species was
found to be capable of bi-voltinism in Italy. Notwithstanding, the same is not true for Switzerland
where field studies resulted in the conclusion that H. halys completes one generation per year. This is
mostly due to favorable weather conditions that can be found in southern Europe, which is further
supported by phenological models for this species (Haye et al., 2014). Following the egg stage, the

development of H. halys from egg to adult involves going through five nymphal instars. According to

4 The process of yolk protein formation in the oocytes of non-mammalian vertebrates.
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Haye et al. (2014), the attainment of the adult stage requires on average 42 and 33 days at 25 and 30
°C, respectively. Moreover, under 14 °C adults tend to stay within the overwintering phase while egg

laying activity is mostly recorded between 23.5 °C and 28.4 °C (Costi et al., 2017).

1.5 Integrated Pest Management

The origins of integrated pest management (IPM) can be traced back to the late 1800s when the
scientific plant protection field recognized ecology as the fundamental basis for its development
(Kogan, 1998). IPM is now recognized as one of the most robust and enduring concepts in agricultural
sciences. Ironically, the concept of IPM has undergone multiple definitions over the years, to the
extent that Bajwa and Kogan (2002) identified as many as 67 different definitions between 1959 and
2000. In its essence, IPM revolves around the harmonious and balanced utilization of various
approaches to manage pests, especially within agricultural systems. The aims of IPM are extensively

reviewed by Deguine et al. (2021), and include the following fundamentals:

- Integrating various pest management techniques, including genetic, physical, biological, and

chemical methods, in order to effectively control pests in agricultural systems.

- Emphasizing the importance of socio-economic viability and reducing reliance on chemical

pesticides to minimize environmental and public health risks.

- Promoting the compatibility and synergy of different techniques, particularly chemical and
biological methods, and highlighting the need for multidisciplinary and interdisciplinary research to

understand their interactions.

- Using chemical pesticides is to be considered a last resort and should only be employed if

necessary and based on intervention thresholds.



1.6 Current Control Strategies for Halyomorpha halys within Integrated Pest Management

In regard to the advances of control techniques for H. halys within the IPM approach, they can
be classified within 3 pillars, namely, chemical control, biological control, and biorational control.
Given the myriad of contexts in which the latter is used (Horowitz et al., 2009), it will solely be
utilized to define control measures that involve the exploitation of semiochemicals (e.g., pheromones)
and semiophysicals (e.g., vibrations) (Nieri et al., 2022) within this thesis. It is important to
acknowledge that relying solely on a single control technique is not a comprehensive solution for
managing H. halys. Indeed, the most effective approach in controlling this pest lies in integrating a
combination of tactics that consider different aspects such as its biology and ecology. This will be

further explained in upcoming sections.

1.6.1 Chemical control

During the initial outbreak of high density populations of H. halys in the USA, growers resorted
to the use of broad-spectrum insecticides (Rice et al., 2014). The efficacy was not satisfactory, with
reports stating that growers were forced to significantly increase the number of insecticide
applications, nearly quadrupling them in the mid-Atlantic region (Leskey et al., 2012). It is important
to highlight the insecticide escape behavior that H. halys adults exhibit, which is deemed a significant
cause for the lack of insecticide efficacy (Lee et al., 2013). This paved the way to further investigate
and better understand how chemical control could contribute to the short-term mitigation against this
invasive pest. In that regard, Kuhar and Kumminga (2017) reviewed the state of the art regarding
selective insecticide use for H. halys control. The selective active ingredients that were reported to
have potential for H. halys control included chitin biosynthesis inhibitors (i.e., Diflubenzuron), growth
inhibitors (i.e., Sulfoxaflor), among others (Kuhar and Kumminga, 2017). As previously mentioned,

it is important to view insecticides as a last resort measure within the framework of IPM. Their
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excessive use of can lead to outbreaks of secondary pests (Leskey et al., 2012). Moreover, the heavy
reliance on one class of insecticides could potentially result in resistance development in H. halys
populations. Prominent examples of insecticide resistance among hemipterans include pest species
that can cause serious damage to commodity crops such as corn or soybean (e.g., Piezodorus guildinii
(Hemiptera: Pentatomidae)) (Sosa-Gomez et al., 2020). Unquestionably, the ecological impact on
non-targets, even for selective insecticides or “inert” substances such as adjuvants, is of significant

concern (Croft, 1990; Desneux et al., 2007; Straw et al., 2022).

1.6.2 Biological control

For centuries, biological control has been a valuable tactic in pest management programs
worldwide, whereas the term “biological control” in itself was used in 1919 for the first time (Orr,
2009). According to DeBach (1964), this control measure can be defined as the “study, importation,
augmentation, and conservation of beneficial organisms to regulate population densities of other
organisms”. One of the most known approaches for biological control is the so-called “Importation
Biological Control”, which is often referred to as “Classical Biological Control” (CBC). This
approach involves the re-uniting of natural enemies with pests that have escaped them into a new
geographical area. Although criticized for its potential non-target impacts, CBC is a well-known
practice that can significantly reduce dependence on toxic insecticides and thereby improve
environmental quality (Howarth, 1991). This practice has been extensively employed worldwide since
the first known introduction of an insect biological control agent (BCA) (i.e., Rodolia cardinalis
(Coleoptera: Coccinellidae)) in 1889 (Caltagirone and Doutt, 1989). Admittedly, not all introduced
BCA were a success story due to some malpractices and lack of rigorous risk assessment beforehand.
Indeed, CBC could be viewed as a double- edged sword when employed as a reflexive response to

invasive species (Louda and Stilling, 2004). A well-known example of a BCA that became a pest
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following its release is the Asian ladybeetle, Harmonia axyridis (Coleoptera: Coccinellidae), which
was introduced in North America and Northwest Europe as a predator of aphid pests (Roy and
Wajnberg, 2008; Koch and Galvan, 2008). Consequently, various regulatory restrictions were
imposed in many jurisdictions despite biological control still being widely regarded as one of the
safest, environmentally friendly, and cost-effective pest control methods (Messing and Brodeur,
2018). Specifically, rigorous risk assessment prior to the introduction of an exotic natural enemy has

been imposed (Lanteren et al., 2006; Bale et al., 2008; Weber et al., 2021).

In the case of H. halys, the main natural enemies that are associated with it in its native range
include the egg parasitoids Trissolcus japonicus and T. mitsukurii (Hymenoptera: Scelionidae) (Yang
et al., 2009; Talamas et al., 2013). Adventive populations of the former have been found in many
regions that were invaded by H. halys, such as North America and Europe (Milnes et al., 2016;
Hedstrom et al., 2017; Stahl et al., 2019a; Peverieri et al., 2018). Although T. japonicus is not host-
specific, various bioassays revealed its preference for H. halys egg masses and footprint traces (Haye
etal., 2020; Malek et al., 2021; Scala et al., 2022). This paved the way for redistribution efforts within
the invaded regions by H. halys where adventive populations were found such as the pacific Northwest
in the USA (Lowenstein et al., 2019). Various reports questioned the potential of native natural
enemies such as Anastatus bifasciatus in controlling H. halys, and suggested that this generalist
parasitoid seems to be slowly adapting to this invasive bug (Stahl et al., 2019b; Moraglio et al., 2020;
lacovone et al., 2022). Hence, future use of A. bifasciatus as a BCA within augmentative biological

control programs for the control of H. halys may be a plausible option.

Within an IPM framework, the coexistence of biological control with other control measures,
namely chemical control, is crucial for the success of all employed control tactics. It is no surprise

that BCA’s effect is significantly compromised by pesticide sprays thus requiring careful planning of
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the latter. On another note, there are considerable research advances in sustainable management
techniques for H. halys that go beyond biological control. In the next section, | will expand further on
novel control measures exploiting different communication modalities of H. halys, i.e., chemical and

vibrational, and how they can be harnessed for sustainable control of this pest.

1.6.3 Biorational control

As previously stated, in this section, | will exclusively focus on the control techniques that
revolve around the utilization of semiochemical and semiophysical stimuli associated with H. halys
communication, for the explicit purpose of its control. However, before delving into the intricacies of
these techniques, it is imperative to provide the necessary context on the field from which they
emerged, namely, the captivating realm of animal communication. Insect communication has been a
fascinating topic for scientists for over a century. The oldest known record on this topic belongs to
Pierre Huber in 1810 in his book describing ants’ behavior and intercommunication (Huber, 1810 ).
Notably, his observations on ants’ behavior even featured in Charles Darwin’s influential book on
human evolution “the descent of man” (Darwin, 1871). In the words of Edward O. Wilson (1972),
animal communication can be described as the following: “Animals ranging from insects to mammals
communicate by means of chemicals, movements, and sounds. Man also uses these modes of
communication, but he adds his own unique kind of language”. Indeed, it is a vast and complex field
that encompasses a wide range of taxa and communication modalities. Such modalities comprise a
plethora of stimulus types and include visual, olfactory, chemical, and even tactile signals (Marler,
1967). Communication in the animal kingdom serves various purposes. This includes sharing
information regarding food sources, as seen in honeybees’ waggle dance (Gruter and Farina, 2009),
the warning of prey to fend off predators (Rowe and Halpin, 2013), and the alluring display to attract

and secure mates (Searcey and Andersson, 1986).
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1.6.3.1 Communication by means of chemical compounds

The insects belonging to the Pentatomidae family are commonly referred to as “Stink bugs”.
The adoption of this nomenclature stems from the emission of their distinct unpleasant volatiles when
disturbed, which are therefore considered allomones®. Aditionally, male pentatomids produce
pheromones that can be either specific to attracting females (sex pheromones) or appealing to both
male and female adults (aggregation pheromones), depending on the species (Weber etal., 2017). The
latter scenario applies to H. halys, where large pheromone secretions by males are released before
entering diapause. In fact, the discovery of the H. halys aggregation pheromones paved the way for
the integration of pheromone traps within IPM control measures (Khirmian et al., 2014). Interestingly,
the discovery of cross-attraction of H. halys to aggregation pheromones of a sympatric stink bug,
Plautia stali Scott, preceded that of its own pheromones (Weber et al., 2017). However, P. stali’s
pheromones were found to be effective for late season attraction only. Intriguingly, the coupling of
both species’ pheromones was observed to be significantly more effective at attracting H. halys in
season-long trials (Weber et al., 2014). The season-long synergy between these two lures set the stage
for “Attract & Kill” strategies against H. halys. Encouraging results in terms of insecticide reduction
were obtained in field trials employing attract and kill sites with baited trees in different configurations
(e.g., number of attract and Kill sites per hectare, number of baited trees per site) (Morrison et al.,
2016; Leskey et al., 2012). Further notable configurations employing this control strategy were also
reported in the literature. For instance, an innovative trap known as the "Nazgdl trap" has
demonstrated great potential in effectively managing H. halys (Suckling et al., 2019). This trap utilizes
an aggregation pheromone-baited coat hanger covered with dark long-lasting insecticide-treated

mesh. Remarkably, it killed and captured up to 3.5 times more nymphs and adults compared to

5 Alarm chemical substances secreted by an organism to deter other organisms.
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identically-baited sticky panels. Notwithstanding, it is crucial to acknowledge that one of the primary

obstacles facing attract and kill strategies lies in addressing the elevated cost associated with lures.

1.6.3.2 Communication by means of substrate-borne vibrations

Within the Arthropoda phylum, insects belonging to various orders (e.g., Hemiptera,
Coleoptera, Hymenoptera, among others) exhibit intricate substrate-borne vibrational communication
(Virant-Doberlet et al., 2023). Insects possess the ability to generate vibrational signals through
various mechanisms. "Percussion” involves the act of drumming their appendages, head, or abdomen
against the substrate, while "tremulation” entails vibrating specific body parts through muscle
contractions located between the thorax and abdomen (Hill, 2008) . Another method, known as
"stridulation,” involves the rubbing of exoskeletal structures against each other, resulting in both
substrate-borne and airborne components. Additionally, vibrations can be produced through "tymbals
buckling,” a process in which thin exoskeletal membranes, similar to those found in cicadas, are
involved (Hill, 2014; Virant-Doberlet and Cokl, 2004, Virant-Doberlet et al., 2023). The detection
and perception of vibrations is facilitated by specialized sensory receptors known as scolopidial
sensilla. These are internal ciliated stretch receptors distributed throughout the body. Their primary
function is proprioception, but some are specialized to sensitively perceive external stimuli like sound
and vibration (Virant-Doberlet et al., 2023). In addition, there are two compound scolopidial
(chordotonal) organs, namely the subgenual organ in the tibia and the femoral chordotonal organ,
which serve as the primary vibration sensors and are present in all legs (Virant-Doberlet et al., 2023).
The chordotonal organs play a crucial role in accurately localizing the source of substrate vibrations
in a two-dimensional spatial context. Hence, this intricate sensory mechanism allows for precise
spatial perception and localization of vibrational stimuli (StrauB et al., 2019). Interestingly, the

perception of vibrational cues extends beyond the intended recipients and can be detected by
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unintended receivers. In certain cases, species are capable of perceiving signals emitted by
conspecifics of the same sex, enabling them to assess their levels of aggression or competitiveness in
relation to mates, food resources, or territory (Greenfield, 2002). This phenomenon highlights that
vibrations can convey crucial information regarding the location and identity, which may be exploited
by both intended and unintended receivers (Smith and Harper, 2003). Notably, unintended receivers
include parasitoids and predators that can detect the vibrations produced by their hosts or prey,
allowing them to locate and target potential targets (e.g., Laumann et al., 2007; Romer et al., 2010).
Conversely, many insects possess the remarkable ability to eavesdrop on the vibrational cues of their
predators, enabling them to detect the presence of imminent threats and evade them accordingly
(Virant-Doberlet et al., 2014). These intricate interactions through vibrational cues demonstrate the
multifaceted role of vibrations in shaping ecological dynamics and facilitating both communication
and survival strategies. The study of this type of communication and the resulting behavioral
intricacies falls within the newly recognized scientific discipline nominated “Biotremology” (Hill et
al., 2019). According to Cocroft and Rodriguez (2005), vibrational communication forms a complex
web of interactions among individuals of the same or different species, involving a dynamic exchange
of information that captures the attention of senders, receivers, and eavesdroppers alike (Figure 1.2).
It is important to highlight the growing interest in the development of environmentally friendly
techniques that leverage substrate vibrations to manipulate insect behaviors. This innovative approach
mainly involves the emission of artificial signals (i.e., playback) capable of interfering with the
vibrational communication of target pests (e.g., Polajnar et al., 2015, Nieri et al., 2022). This
promising technology offers a complementary control technique for insect pests and disease vectors,

and therefore represents a valuable addition to the arsenal of IPM strategies.
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Figure 1.2. The intricate network of vibrational communication within and between individuals of the same
and different species, involving dynamic information exchange that engages senders, intended/ unintended
receivers, and unintended eavesdroppers.

In the Pentatomidae family, vibrational communication is a common mechanism that facilitates short-
range interactions associated with mating behavior (Cokl et al., 2003). Within this framework, females
respond to male pheromones by emitting low-frequency vibrational signals (Zgonik & Cokl, 2014).
Male individuals, in turn, exhibit a distinct response to their own signals, coupled with increased
production of pheromones (Cokl et al., 2003; Miklas, 2003). Subsequently, males start searching for
the stationary female, who continue emitting their signals (Ota et al., 1991; Cokl et al., 1999). A
similar pattern can be observed in H. halys, where both males and females emit sex-specific
vibrational signals (Polajnar et al., 2016). Male Signal 1 (MS1) is a relatively long vibrational
emission with a peak frequency in the range of 50 Hz, whereas male Signal 2 (MS2) consists of a train
of short pulses with a decreasing frequency modulation from 85 to 40 Hz (Polajnar et al., 2016).
Female signals have similar characteristics and are thus called Female Signals 1 (FS1) and 2 (FS2).
Recently, this side of H. halys’ biology is being given more attention for its exploitation within
biorational control approaches. Indeed, notable progress has been made in terms of designing
playbacks of a specific female signal (i.e., FS2), which has demonstrated remarkable efficacy in

attracting adult H. halys specimens (Caorsi et al., 2022). Intriguingly, previous observations have
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revealed a strong loitering behavior among attracted male specimens subject to playbacks, suggesting
that their integration into existing pheromone traps could substantially enhance H. halys captures
(Mazzoni et al., 2017). Fortunately, field trials have validated this suggestion, resulting in the
realization of "bimodal traps" prototypes (see Polajnar et al., 2019) that have now become

commercially available.

1.7 Nocturnal Activity - An Overlooked Biology Aspect of Halyomorpha halys

The nocturnal activity of H. halys, although often forgotten, holds potential for the
development of effective IPM measures. Previous research on pentatomids suggested that they are apt
to be active during nocturnal periods. For instance, Nezara viridula (Hemiptera: Pentatomidae) was
found to exhibit a significantly higher feeding pattern during nocturnal hours (Shearer and Jones,
1996). In addition, Euschistus conspersus adults were found to exhibit the majority of their feeding
behavior within the scotophase, while peak mating activity was registered at 2300 hours (Krupke et
al., 2006). While light attraction has been successfully utilized to monitor nocturnal pests, such as
lepidopteran moths and hemipteran bugs, there is limited understanding of H. halys' activity during
nocturnal hours. Notably, black light traps have shown effectiveness in attracting H. halys (Nielsen et
al., 2013). However, they also attracted other nocturnal arthropods making this approach difficult to
manage because it requires labor for species identification. Other sustainable control measures such
as biological control may also be limited to diurnal hours. Indeed, in the case of T. japonicus, its
ecological services are solely diurnal, which can be deducted from circadian locomotor activity as
demonstrated by Paul et al. (2022). From a vibrational communication standpoint, the nocturnal
activity of H. halys is poorly studied. Akassou et al. (2022) recorded H. halys in field conditions from
early morning until 2100 hours and observed a high vibrational activity in early evening hours.

However, their study did not cover nocturnal hours. Consequently, a gap in knowledge still exists
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regarding this aspect within the scotophase and how it can be exploited within IPM measures for H.

halys control.

1.8 Thesis Outline and Aims

The existing knowledge gaps regarding the biology and phenology of H. halys, as well as the
intricate interplay between chemical control and biological control measures, highlight the need to
address these critical areas of concern. Therefore, the primary objective of this thesis dissertation is
to delve into these topics and provide novel insights and a deeper understanding of the complex

dynamics surrounding H. halys and its management strategies.

Chapters 2 and 3 thoroughly go over the vibrational communication paradigms of H. halys
from different perspectives. In chapter 2, the vibrational communication following the overwintering
phase in three different temperature scenarios is described, with novel findings on FS2 signal
emission. The same chapter also suggests the effect of different post-diapause climate scenarios on
the lifespan and the behavior of H. halys from a vibrational communication standpoint. On the other
hand, in chapter 3, the diel pattern of vibrational communication, and its exploitation within
sustainable field control measures (i.e., bimodal traps) is discussed. This chapter gives insights on the
importance of harnessing an overlooked biological trait of H. halys, that is, the nocturnal vibrational

activity, within an IPM framework.

Chapter 4 expands the knowledge on the lethal and sublethal effects of commonly used
insecticides and an “inert” substance (i.e., an adjuvant) on T. japonicus, the protagonist biological
candidate that is employed for CBC of H. halys in the USA and Europe. Within this chapter, the lethal
concentrations of the treatments, namely LC50 and LC90, were estimated for the lethal assessment.

Alongside investigating the reproductive capacity of F2 generations, novel techniques for the
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sublethal assessment were employed such as sensor data acquisition and behavioral analysis software.
The work presented in this chapter is the fruit of a collaboration with Oregon State University, where

| was hosted to perform the bioassays.

Chapter 5 provides a concise summary of four additional satellite projects in which | was
involved. These projects involved bioassays on parasitoids of the genus Trissolcus, and Bagrada
hilaris which is an invasive stink bug, within approaches pertaining to chemical ecology,

biotremology, and the “Sterile Insect Technique™.

Chapter 6 concludes by providing a summary of the key findings from the research conducted
in this dissertation. It also includes remarks and suggestions for future research that can contribute to

the existing findings.
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CHAPTER 2. THE POST-DIAPAUSE VIBRATIONAL BEHAVIOR, MOTILITY, AND
SURVIVAL OF THE BROWN MARMORATED STINK BUG HALYOMORPHA HALYS

(STAL) ADULTS AT DIFFERENT TEMPERATURES

2.1 Introduction

Under natural conditions, the mating behavior of H. halys occurs from spring, after
overwintering when the species survives in a diapause state, to late summer (Lee et al., 2013; Costi et
al., 2017). Temperature is the key parameter of insect biology that regulates the activity of H. halys
(Haye et al., 2014). In particular, under 14 °C adults tend to stay within the wintering phase while egg
laying activity was mostly recorded between 23.5 °C and 28.4 °C (Costi et al., 2017). According to
Fisher et al. (2021), periods of high temperatures and low humidity can significantly reduce the
seasonal survival H. halys. Most studies evaluating the effects of temperature on the species have
focused on the reproductive season; hence, little is known on how these insects recommence their

vibrational signaling in the post-dormancy phase and how it can affect their survival.

In the present study, the paradigms in which three different temperatures (10 °C, 18 °C, and 25
°C) could play a role in restoring the vibrational calling activity and motility of H. halys adults were
examined, for a better understanding of their phenology after diapause. Given that 14 °C is the
threshold above which the diapause is broken (Costi et al., 2017), 10°C was chosen as the negative
control in the range of temperatures corresponding to inactivity. In addition, 18 °C and 25 °C were
chosen in temperature ranges of suboptimal (i.e., 14 °C - 23.5 °C) and optimal mating and egg-laying
activity (i.e., 23.5 °C - 28.4 °C). The study aimed to describe the post-diapause vibrational behavior

and motility of overwintered H. halys adults at these temperatures. In addition, the survival of the
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insects was examined and was correlated with the recorded vibrational communication at each

temperature.

2.2 Materials and Methods

2.2.1 Insect sample and rearing

Adult nsects at the verge of dormancy were collected throughout the end of November 2020
within the hedgerows surrounding Fondazione Edmund Mach, in Northern Italy (46°11'34.8"N
11°08'08.9"E), using dark live traps as described in Suckling et al. (2019). At the beginning of
December 2020, they were transferred to artificial overwintering conditions (i.e., 10 °C; RH 65 + 5%)
maintained in 22x22x22 cm fine mesh cages (BugDorm®, MegaView, Taiwan) for a 7-week period,
which is essential for obtaining sexually mature H. halys adults (Taylor et al., 2017). After this 7-
week period, the insects were randomly segregated into three treatments. A chamber chamber for each
treatment was set at one of the chosen temperatures (10 °C, 18 °C, or 25 °C), with a constant RH of
65 £ 5% and a fixed photoperiod of 16L: 8D. The tested individuals for each treatment consisted of
five insect cages, four of which contained at least ten sexed adults per cage, corresponding to two
male cages and two female cages (Figure 2.1). The fifth cage corresponded to the control cage
(hereinafter “CCg”) containing five males and five females together, hence, without any copulation
prevention (Figure 2.1). The total number of the experimented insects was 168 individuals. Within
each treatment, the insects were maintained in 22x22x22 cm fine mesh cages (BugDorm®) on green
beans (Phaseolus vulgaris L.), cashew nuts (Anacardium occidentale), and carrots (Daucus carota

subsp. sativus). Food was replaced once a week and water was added ad libitum as soaked cotton.
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Figure 2.1. The total sample size used for the experiment and the allocation of sexed insects for each treatment.

2.2.2 Insect recording

The duration of each recording was fixed at 10 minutes. To guarantee spontaneous (i.e.,
without elicitation from the other sex) H. halys calling activity, the males and females were kept
separated and were recorded in isolated cages (hereinafter “SCg”). On the other hand, to assess
whether the presence of nearby opposite sex stimulated calling, another setup was created in which a
male’s cage was joined to a female’s cage (hereinafter “JCg”). Joining the opposite sex cages was
achieved by linking two sides of male and female cages (Error! Reference source not found.) using a
clip, which guaranteed that vibrational signals were perceived by the insects without them being able
to copulate. In this trial, odors (e.g., pheromones or other volatiles) could freely travel in the air
through the cages and physical contact (on the net) was not prevented, thus simulating imitating
natural conditions. The cumulative calling (i.e., Signal 1 and Signal 2) and walking periods were
calculated per recording. This was obtained by calculating the sum of the total period of each activity

indicator of interest (i.e., Signal 1, Signal 2, and Walking) within each recording. In the case of
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recording separate cages, a laser Doppler vibrometer (Polytec PDV 100, sensitivity = 5 mm/s/V) was
used. When recording the joined cages, two laser Doppler vibrometers (Ometron VQ-500-D-V and
Polytec PDV 100) adjusted to the same sensitivity were used simultaneously. Each was pointed at the
reflective tape stuck to the upper net of the respective cage (s) and connected to a LAN-XI data

acquisition system (type 3050-B-040, Briel & Kjer sound and vibration A/S) (Error! Reference s
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“ Gu® \ 3 S
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Cj ¢ ’
das & »
ddis Recording separate s s

Recording joined

cages
cages

=S e - = owm Yy

Laser Insect  Reflective Laptop Lan-XI Cage Clip
tape

Figure 2.2. Scheme of the experimental setup. a) Recordings of single cages (i.e., SCg). b)
Recordings of joined cages (i.e., JCQ).

ource not found.). When using two lasers, both outputs were assessed simultaneously for differences
in amplitude to avoid accounting for a certain signal twice and to distinguish the source of the signals
(i.e., the male cage or the female cage). The cages were placed on an anti-vibrational table (Astel s.a.s,
Ivrea, Italy). All recordings took place between 0800 and 1700 hours. The insects in the 25 °C
treatment were either recorded in their respective rearing climatic chamber or in the biotremology
laboratory at Fondazione Edmund Mach (San Michele all’Adige, Italy) inside an acoustic insulated
chamber at 25 °C. The insects in the other two treatments were recorded in their respective climatic

chambers. The recordings were digitized and stored at a 48kHz sample rate and 24-bit resolution on
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a laptop computer (HP, EliteBook 8560 p) using “B&K connect” software (Briel & Kjar sound and
vibration A/S). When necessary, the collected data were filtered for noise reduction using the Audacity
software (Softonic International, Barcelona, Spain). The recordings were then analyzed using the
batch detector feature on Raven Pro 1.6 (The Cornell Lab of Ornithology, Ithaca, NY, USA). Signal
1 cues were selected manually whereas Signal 2 and walking noise were identified through the batch
detector feature by specifying the values of the relevant parameters (e.g., minimum or maximum
frequencies) (Table 2.1). Further, to ensure the accuracy of the batch detector, all false detections or
undetected signals and walking noise were removed or added manually. Data acquisition lasted for
four months, from February to May 2021. The cages were repeatedly recorded at intervals of two to

three days until the insects died.

2.2.3 Statistical analysis

Statistical analyses were all performed using R version 4.1.1 (R Core Team 2021, Vienna,
Austria). The effect of copulation inhibition on the vibrational calling and motility of H. halys was
analyzed using Wilks’ Lambda type nonparametric multivariate inference with the package “npmv”
(Burchett et al., 2017). The same package was used to identify significant subsets of variables and
factor levels that controlled the family wise error rate, which served as a post hoc analysis. Signals 1
and 2 were considered in the analyses without sex attribution (i.e., MS1, MS2, FS1, and FS2). To
assess the differences between male and female signaling within the different cage states (i.e., JCg or
SCg), a Kruskal-Wallis test was conducted. The influence of temperature on the cumulative calling
periods of each type of signaling activity (i.e., signal 1 and signal 2) and motility (measured as
vibrational noise associated to walking) was assessed by fitting zero-inflated generalized linear mixed

models (GLMM) with a linear parameterization negative binomial error dispersion for signal 1 and a
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Tweedie dispersion for signal 2 and walking. To overcome pseudo-replication, the factor “cage

number” was used as a random factor in all models which were calculated using the “glmmTMB”

Table 2.1. Parameters’ input for the batch detector feature of Raven Pro 1.6.1. (A) represents the input for
Walking detection whereas (B) represents the input for Female signal 2 (FS2) detection.

(A) Walking parameters

“Target” Min freq 300 (Hz) “Noise” window Min occupancy 80%

window
Max freq 4096 (Hz) SnR threshold 7.0 above
Min duration 0.03125 (s) Block size 3(s)
Max duration 3(s) Hop size 2 (s)
Minimum Separation 0.03125 (s) Percentile 20.0

B) FS2 parameters

“Target” Min freq 20 (Hz) “Noise” window Min occupancy 70%

window
Max freq 240 (Hz) SnR threshold 6.0 above
Min duration 0.09375 (s) Block size 3 (s)
Max duration 1.8125 (s) Hop size 2 (s)
Minimum separation 0.125 (s) Percentile 20.0
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package (Brooks et al., 2017). The covariates were optimized using a stepwise algorithm. For
signals 1 and 2, the explanatory variables were temperature, sex, and cage state, whereas for motility,
the explanatory variables were temperature and cage state (Table 2.2 - A). The residual distribution
and fitness of the models were evaluated using the DHARMa package (Hartig, 2017). The Akaike
information criterion (AIC) (Sakamoto et al., 1986) was used to select the best-fitting model. Data

exploration plots were built using “tidyverse” package (Wickham et al., 2019).

Table 2.2. Results of generalized linear mixed-effects model (GLMM) for signaling and walking. A) The best
explanatory model for each dependent variable. B) The significant independent variables of the chosen models.
Dev (deviance), Est (estimate), df (df residuals). * p < 0.05, ** p < 0.01, *** p < 0.001.

A Model synthesis AIC BIC LogLik Dev. df Distribution
(Signal 1) Signall ~ 1358.3 1412.8 -666.1 1332.3 477  Negative binomial
temperature + sex +
state + (1|cage)
(Signal 2) Signal2 ~ 1497.1 1547.5 -736.6 1437.1 477 Tweedie
temperature + sex +
state + (1|cage)
(Motility) walking ~ 2600.9 2651.2 -1288.5 2576.9 478 Tweedie
temperature + state +
(1]cage)
B Fixed effects Estimate Std. Z value Pr (>|z])
Error
(Signal 1) (Intercept) 0.90958 0.98523 0.923 0.35589
Temperature 18 °C 2.61910 0.96350 2.718 0.00656 **
Temperature 24 °C 2.14277 0.96513 2.220 0.02641 *
Sex male 1.09746 0.22270 4.928 8.31e-07 ***
(Signal 2) (Intercept) -3.695e+01  6.116e+03  -0.006 0.995
Temperature 18 °C 4.586 2.878e-01  15.935 <2e-16 ***
Temperature 24 °C 5.516 2.807e-01  19.653 <2e-16 ***
Sex male -1.251 3.090e-01  -4.049  5.13e-05 ***
(Motility) (Intercept) 2.86618 0.36129 7.933 2.13e-15 ***

Temperature 18 °C 1.50367 0.34329 4.380 1.19e-05 ***
Temperature 24 °C 1.78674 0.35707 5.004 5.62e-07 ***

To describe insect survival period at each treatment, the Overall Survival (OS) was measured

prior to each day of recording from the date of first observation (day 1) to the date of death (event)
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until the last follow-up date (day 34). OS was described using Kaplan-Meier curves (Kaplan and
Meier, 1958) for the three temperature categories (10 °C, 18 °C, and 25 °C) for each sex. The median
survival time and its categories of “temperature” using Cox’s proportional hazards (PH) model (Cox,
1972) was performed only for males, considering “10 °C” as the reference category (negative control).
The Cox PH model was then adjusted considering the repetition of insects by cages, as well as a 2-
sided 5% significance level. For females, the proportional hazard assumption was not met in the
model, indicating that a single hazard ratio would not be adequate to represent the effect of
temperature on their survival. Survival analyses were done following Moore (2016) with packages
‘survival’ (Therneau and Lumley, 2015) and ‘survminer’ (Kassambara, 2017). AIC (Sakamoto et al.,

1986) was used to select the best-fitting model.

2.3 Results

The temperature had various effects on the cumulative periods of calling and motility. At 10
°C, no signaling activity of any type was registered, while minimum motility was observed (Figure
2.3Figure 2.4Figure 2.5). In contrast, 18 °C and 25 °C were the temperatures at which H. halys was
active; however, some discrepancies were found in signal calling between the two temperatures.
Within the 18 °C treatment, females emitted FS2 prevalently when they were recorded in JCg.
However, they were also found to be active when recorded in SCg, especially from mid-March
onwards, accounting for a delay of 15 days compared with JCg (Figure 2.4). Moreover, they only
started signaling 35 days after diapause, while the males were found to be signaling within the first
week after diapause. Within the 25 °C treatment, both males and females were active immediately

after diapause (01 days).
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Figure 2.3. Cumulative Signal 1 emission of male and female Halyomorpha halys in joined (JCg) and separated
(SCq) cages at all temperatures

The significant factors of signal 1’s GLMM were temperature 18 °C (z=0.923, P = 0.00656),
temperature 25 °C (z = 2.14277, P = 0.02641), and sex male (z = 4.928, P = 8.31e-07) (Table 2.2 - B).
The model further confirmed the higher tendency of males to emit signal 1 compared to females
(Figure 2.3Figure 2.6). The significant factors of signal 2’s GLMM were temperature 18 °C (z =
15.935, P = 2e-16), temperature 25 °C (z =19.653, P = 2e-16), and sex male (z = -4.049, P = 5.13e-
05) (Table 2.2 - B). The model confirmed the higher tendency of females to emit signal 2 compared
to males (Figure 2.4 & Figure 2.6). The significant factors of motility’s GLMM were temperature 18
°C (2 =4.380, P = 1.19e-05) and temperature 25 °C (z =5.004, P = 5.62e-07) (Table 1). No problems

were detected in the residual diagnostics of these models.

27



JCg SCg

e ®
° .
® AL o °
)
g’ A A ] Temperature
E_g L ® 10°C
o & ¢ A
® 200 L ® 18°C
£ . .
l A . . . ® 25°C
k] A ] °
E ¢ A Sex
E ] ® L
g * L] ® female
5 ° ¢ . ® o A male
E ]
3 ° .
100 ° g L A
L &
A F 3 A
A * o
AA A
A L J
Ak A A A
A . o A
g A A Ay A A A A ‘A ﬁ A
0 shoamahd sales s 8 4000404 24 04 o6 8s 04 04 400000 40 :nngnnﬂhn

Feb Mar Apr May
Date

Figure 2.4. Signal 2 emission of male and female Halyomorpha halys in joined (JCg) and separated (SCg)
cages at all temperatures

The results indicated a significant effect of copulation inhibition on the signaling and motility
of H. halys (Wilks’ Lambda = 10.010, df = 6, 622, P< 0.001) (Figure 2.7). In particular, higher values
of both signals 1 and 2 were recorded for JCg compared to CCg and SCg (Figure 2.7). The post-hoc
test showed that the cumulative signal emission and motility times were significantly higher for JCg

than for CCg and SCg (Figure 2.7).
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Figure 2.5. Cumulative walking time of male and female Halyomorpha halys in joined (JCg) and separated
(SCq) cages at all temperatures.

Moreover, the females spent significantly higher cumulative periods emitting signal 1 in JCg
compared to SCg (y2 = 12.21, df=1, p< 0.001) (Figure 2.6). Males spent higher cumulative periods
emitting Signal 1 in JCg; however, the difference was not statistically significant. Both females (2 =
10.46, df=1, p< 0.001) and males (x2 = 7.1891, df=1, p< 0.01) spent significantly higher cumulative
periods emitting Signal 2 in JCg (Figure 2.6). The same was applied to motility, as the highest
cumulative walking time was recorded when the cages were joined. Only males spent significantly

higher cumulative walking periods in JCg (x2 = 4.23, df=1, p=0.04) (Figure 2.6).
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Figure 2.6. The differences in emitting signal 1, signal 2, and in walking for males and females in joined (JCg)
and separated cages (SCg). Females spent significantly higher cumulative periods emitting signal 1 in JCg
compared to SCg (32 = 12.21, df=1, p< 0.001). Both females (¥2 = 10.46, df=1, p< 0.001) and males (32 =
7.1891, df=1, p< 0.01) spent significantly higher cumulative periods emitting signal 2 in JCg. Only males spent
significantly higher walking cumulative periods in JCg (32 = 4.23, df=1, p=0.04).

Regarding the overall survival analysis, a total of 107 individuals were considered, with 100%
deaths occurring until the end of the study. Looking at the total deaths separated by temperature and

sex (Table 2.3), the median overall survival was higher at 10 °C than at 18 °C and 25 °C.
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Table 2.3. Survival table of Halyomorpha halys among three different categories of temperature for each sex.
1: Days. NA: Not Available.

Sex Temperature Number at risk (Number of events) Median OSt (95% CI)
Males 10°C 17 (17) 23 (23 -NA)
Males 15°C 15 (15) 18 (18 -21)
Males 24°C 18 (18) 453-8)
Females 10°C 21 (21) 23 (23 -NA)
Females 15°C 16 (16) 18 (14 - 26)
Females 24°C 20 (20) 3(3-5)
Jcg cCg SCg
75
o b
3
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ET
< 25 T

Signal 1 Signal 2 Walking Signal 1 Signal 2 Walking Signal 1 Signal 2 Walking

Figure 2.7. Barplots showing the signalling and walking differences when cages were recorded separately
(SCq) or joined (JCg) vs the control (CCg). Recording condition groups indicated by different letters show
significant differences (Wilks’ Lambda type non-parametric interference at p < 0.001). The error bars represent
the standard errors.

This was further confirmed in the Kaplan-Meier plot, where a lower survival probability was

registered at higher temperatures (Figure 2.8). Moreover, Table 2.4 shows the results of the Cox model
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for males, with a significant difference between the survival at temperature 10 °C against 18 °C (HR
= 5.28, 95% CI (2.28 — 12.2); p=0.0001) and 25 °C (HR = 27.7, 95% CI (12.5 — 76.6); p=1.54e-10).
The survival distribution of events within the female group showed that at 25 °C, all deaths occurred
within the first 10 days (Figure 2.8 - B), whereas at 10 °C and 18 °C, the overall survival was higher,

with deaths occurring between 3-5 weeks.

Table 2.4. Cox regression model for male - temperature; Hazard ratio and 95% confidence interval.
Significance codes: “**** 0.001

Variables Hazard Ratio (CI 95%) p-value

Ref'level 10°C

18°C 528(2.3-12.2) 0.000102 ***
25°C 27.7(10-176.6) 1.54e-10 ***
A B
Temperature = 10°C = 18°C = 25°C Temperature = 10°C — 18°C = 25°C
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Figure 2.8. Kaplan—Meier plot describing the survival curves for Halyomorpha halys at all temperatures for
(A) males and (B) females. The curves represent the estimated survival probability at each time point. Y-axis
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shows the probability of being alive at each time point, while X-axis shows the time-points. The shaded areas
around the lines represent 95% confidence intervals.

2.4 Discussion

Knowledge of phenology is a key factor in the efficient control of invasive pests. Phenological
modeling of H. halys suggested that the expansion and population size of this pest are strongly affected
by temperature and photoperiod (Nielsen et al., 2016). Moreover, previous studies have suggested that
diapause is likely initiated and terminated by the photoperiod (Tauber and Tauber, 1976; Reznik et
al., 2022). With this in mind, here the exposure of H. halys adults to three different temperatures
following their dormancy phase gave further insight into the phenology of this species. In accordance
with the literature, a significant effect of temperature was observed on termination of diapause. In
addition, given that the photoperiod was fixed for all treatments in this study, temperature seems to
be the major abiotic factor orchestrating the termination of overwintering. Interestingly, it also appears
to play a significant role in the vibrational communication of H. halys. In this study, the temperatures
at which the activity and vibrational communication of H. halys post-diapause occurred were
consistent with the activity range previously reported in the literature (Costi et al., 2017), as the insects
only emitted signals at 18 °C and 25 °C. In particular, the MS1 emission was consistent with that
previously reported (Polajnar et al., 2016), since males signaled spontaneously without being in the
vicinity of females (i.e., SCg). However, the total signaling time for MS2 was significantly higher in
conditions of joined cages (JCg) at both active temperatures (i.e., 18 °C and 25 °C). Walking is
indicative of H. halys’ motility. In fact, higher temperatures (18 °C and 25 °C) caused higher
cumulative walking periods, especially for males, which spent significantly longer periods of walking
when recorded in JCg. This confirms the mating strategy of males (Polajnar et al., 2016) that search
actively when they detect female signals in the vicinity to locate them. Moreover, our results also
confirm that females are significantly more likely to emit FS2 when MS1 is perceived, that is, when
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recorded in JCg. The vibrational calling activity differed significantly between the different cage state
categories. In fact, within the control cage treatment (CCg), where the insects were not prevented from
copulating, significantly lower emission of vibrational signals was recorded compared with JCg,
where insects were physically separated by a net. It should be noted that the main signal type
representing this difference was FS2. This suggests that H. halys could be adaptive towards copulation
inhibition, as females might significantly extend the time of their calling to increase their chances of

mating.

Regarding the vibrational activity of H. halys at 18 °C and 25 °C, some peculiar differences
were noted between the two temperatures, which were significantly more apparent in the case of FS2.
At 18 °C, FS2 was prevalently emitted in JCg until mid-March, which further confirmed that they
were triggered to engage in vibrational communication when they perceived MS1 (Polajnar et al.,
2016) and pheromones secreted by males (Miklas et al., 2003). This phenomenon was also observed
at 25 °C. However, females emitted FS2 even in the absence of males (i.e., SCg) from mid-March
onwards at 18 °C, suggesting that they can also emit FS2 spontaneously, albeit with a certain delay
with respect to males’ emission of MS1. Despite spontaneous calling by females, this phenomenon
might have been due to copulation abstinence for over a month after the end of the overwintering
phase and/or reaching a certain age. According to Polajnar et al. (2016), females were never found to
emit FS2 spontaneously; however, in that study, it was only reported that females were at least seven
days old, without specifying whether there were any individuals aged 30 days or older among those
tested. In addition, these individuals did not belong to the overwintering generations. Moreover, in
this experiment, the insects were not recorded singularly but in groups of 10 sexed insects per cage,
which might have also played a role in eliciting this behavior. For example, the perception of

incidental vibrations due to the walking activity could be potentially associated with the presence of
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conspecifics. The use of incidental vibrations to orientate towards possible preys is well documented
in insects and spiders (Virant-Doberlet et al., 2014), along with the fact that aphids react to the
approaching of a predator by dropping (Cocroft and Hamel, 2010). However, little is known about the
interpretation and reaction of phytophagous insects to the incidental vibrations of conspecifics, a
theme that deserves further research. Notwithstanding, it is important to note that the effect of
pheromones cannot be excluded because the sexed cages were kept within the same climatic chamber.
In fact, even if pheromones cover an aggregation function in H. halys as well as in other stink bugs,
it is also known that their perception can elicit vibrational signaling in males (Amon, 1990; Cokl et
al., 2021). It is important to note that females at 25 °C, not different from males, were immediately
active in terms of vibrational signaling on the day following the end of diapause. In contrast, it took
35 days for those at 18 °C to become active. This could be attributed to several reasons. First, it
suggests that from the end of the diapause, females require time before being vibrationally active, and
that this time strongly depends on temperature. Second, females are potentially ready to interact with
males for mating immediately after the end of diapause, which means that their reproductive organs
do not need any further development. The results suggest that they are directly active if they encounter
favorable conditions immediately after diapause, but their life expectancy will be shorter. Despite
active signaling in such conditions, it remains uncertain whether they can reproduce because this is
strongly related to the vitellogenic state of females. Previous studies have suggested that the state of
vitellogenesis in female H. halys entering overwintering may be related to abiotic factors in the
collection area (Nielsen et al., 2017). Moreover, significant positive correlation was found between
collected mated females and the use of pheromone traps (Nielsen et al., 2017). Here, all the studied
specimens were collected using pheromone traps, which might indicate that the collected females had
already mated prior to entering the overwintering phase. Accordingly, it is important to note that a

successful engagement in vibrational duet is only an indicator of mating readiness and does not
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confirm reproductive maturity, as H. halys females may copulate before reaching it (Nielsen et al.,
2017). Sudden exposure to different temperatures after the overwintering phase could affect insect
survival rate. Previous studies showed that H. halys is susceptible to high temperatures, i.e., up to 36
°C (Govindan and Hutchison, 2020) and even up to 42 °C (Fisher et al., 2021), whereas the insects
fared best at optimal temperatures, such as 25 °C. In this study, the short latency time prior to
vibrational calling at 25 °C correlated with a short period of survival, whereas a longer latency time
at 18 °C correlated with a longer overall survival of the insects. Because they lived longer, the total
signal activity was higher than that at 25 °C and 10 °C, where no vibrational activity was registered.
The individuals used here were overwintered insects, which could explain the discrepancy between
the findings presented here and those of Govindan and Hutchison (2020) and Fisher et al. (2021), who
used active insects. It is possible that the low overall survival observed at 25 °C is correlated with the
abrupt physiological changes that were induced at this temperature. As a result, the insects were
immediately ready to start their vibrational communication prematurely. This finding indicates that
climate change might affect H. halys when encountering high temperatures shortly after diapause. The
results suggest that the dormancy phase will be shortened with insects becoming prematurely active,

but their life expectancy will be shorter.

In view of the above, this study provides further insights into the post-diapause vibrational
calling paradigms of H. halys. It can be concluded that temperature is unquestionably the main factor
influencing the emission of vibrational cues, which is significantly associated with life span. The
sudden exposure to 25 °C resulted in a faster readiness for vibrational calling emission, which led to
a shorter lifespan. Moreover, climate change inevitably affects the behavior and distribution of
invasive pests. The results provide further insights into the potential effects of climate change on the

vibrational calling activity and motility of H. halys after the overwintering phase. Hence, it could set
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up the basis for further bioclimatic modeling of the climate change effect on H. halys, where further
studies are needed for extended ranges of suboptimal and extreme temperatures. Moreover, the results
grant further insight into biorational control techniques that employ vibrational playback for mass
trapping and monitoring purposes. That being said, further understanding of the quality of the emitted
vibrational signals in different climatic scenarios is required to better replicate them (i.e.,in playback)
for monitoring and biorational control techniques. Nevertheless, these results were obtained under

laboratory conditions, which may not fully reflect what could happen in nature.
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CHAPTER 3.  DIEL VIBRATIONAL ACTIVITY OF HALYOMORPHA HALYS (STAL)
(HEMIPTERA: PENTATOMIDAE) AND ITS IMPLICATIONS FOR ENHANCING

BIMODAL TRAPS

3.1 Introduction

The results of vibroscape studies (i.e., collection of vibrations emerging from a given landscape)
are proving to be well-suited for further sustainability within IPM strategies. For example, Akassou
et al. (2022) showed the potential of examining insect vibrational signaling within an ecosystem (e.g.,
a biological vineyard) as a non-invasive tool for pest monitoring, such as Scaphoideus titanus
(Hemiptera: Cicadellidae) and H. halys. In the case of the latter, the enhancement of FS2 playbacks
(Caorsi et al., 2021) paved the way for the first prototypes of bimodal traps (Zapponi et al., 2022).
These traps employ both aggregation pheromone lures and FS2 (i.e., sexual) playbacks, and were
found to be more effective at capturing H. halys adults than unimodal (i.e., only pheromones) trap
types (Zapponi et al., 2022). In addition to vibrational communication, another ecological trait that
can be exploited for IPM measures is the knowledge of the diel activity as many arthropod pests are
active during nocturnal hours (Vickerman and Sunderland, 1975). This trait is often exploited for IPM
measures (Shimoda and Honda, 2013) in terms of light attraction to monitor various pests, such as
lepidopteran moths (e.g., Cowan and Gries, 2009) and hemipteran bugs (e.g., Leskey et al., 2015).
Although H. halys has been extensively studied, some biological traits are still poorly understood,
especially those pertaining to diel activity. In this regard, black light traps have been shown to be
efficient for the attraction of H. halys alongside a large array of nocturnal arthropods (Nielsen et al.,
2013). Moreover, Akassou et al. (2022) recorded H. halys in field conditions from early morning until
2100 hours and observed a high vibrational activity within early evening hours. However, their study
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did not cover vibrational activity within the remaining range of nocturnal hours. Consequently, a gap
in knowledge still exists regarding this aspect within the scotophase and how it can be exploited by
IPM measures. Additionally, it is important to note that current bimodal traps for H. halys are supplied
with solar panels (Zapponi et al., 2022), which limits the effectiveness of playback signals to the
photophase only. This further highlights the need to explore nocturnal vibrational communication for

its potential use in IPM strategies.

The goal of the present study was to investigate the diel vibrational communication patterns of
H. halys under controlled laboratory and semi-field conditions. Another aim was to evaluate the
impact of different weather conditions on the vibrational communication of H. halys under semi-field
conditions. The final main objective of this study was to explore the potential of utilizing the nocturnal
vibrational communication of H. halys to develop more effective IPM strategies. Therefore, the effect
of extending playback periods of bimodal traps to 24 hours on total H. halys captures was assessed in

field conditions.

3.2 Materials and Methods

3.2.1 Insectrearing

The H. halys colony was initiated with overwintering adults captured in October 2019 in
Trento province using dark live traps (Suckling et al., 2019), and was regularly rejuvenated with
further introductions. Mesh rearing cages (22x22x22 cm, BugDorm®, MegaView, Taiwan) were used
to maintain the insects which were provided with green beans (Phaseolus vulgaris L.), cashew nuts
(Anacardium occidentale), and carrots (Daucus carota subsp. sativus). Food was replaced once a
week, and soaked cotton was made available to the insects to access water ad libitum. Rearing

conditions were fixed at 25 £ 1 °C, 60 + 5% RH, and a 16L: 8D photoperiod.
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3.2.2 Recordings of diel pattern of vibrational communication

The insects were recorded in mesh cages (15x15x15, cm BugDorm®) within laboratory (cages
in climatic chamber 25 °C, 65 = 5%, n= 28) and semi-field conditions (cages at the border of a
greenhouse, n= 30) simultaneously, from May 4th through July 5th, 2022 (Figure 3.1). Each cage
contained six insects at a 1:1 female to male ratio, which were either drawn from the rearing colony
or newly caught using the same trapping system mentioned above. Recordings were conducted for a
24-hour period each. Within semi-field conditions, a data logger (model EL-USB-2, Lascar
electronics, Whiteparish, United Kingdom) was employed beside the cages to monitor the variations

in temperature (°C) and relative humidity (%).

Semi-field:
IS /. V ’l ’;‘V"“‘V; Raven software Bugdorm Accelerometer
N\ ‘/:‘*Q,"r' &
variable variable [‘ i i‘ J ',.H'

Signal

Lab: s
= B conditioner Data logger
=L

25eC 65% o

Figure 3.1. Scheme of the experimental setup for the 24-hour recordings under controlled laboratory conditions
and semi-field settings. The scheme was partially done on biorender.com.

Atmospheric pressure (hPA) and wind speed (m/s) data were also retrieved from a weather
station situated at San Michele all’Adige, Italy (46.18350 N, 11.12055 E). The recordings were

performed using an accelerometer (model 352A24, PCB Piezotronics, sensitivity 100 mV/g) mounted
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on the side of each cage using wax and connected to a dual-channel signal conditioner (Digital ICP®
model 485B39, PCB Piezotronics). The recordings were digitized and stored at a sample rate of 8 kHz
and 16-bit resolution on two laptop computers (HP EliteBook 8460 p and Sony Vaio VGN-N21Z)
using Raven Pro 1.6 (The Cornell Lab of Ornithology, Ithaca, NY, USA). The cumulative calling time

per recording was calculated for each signal type.

3.2.3 Insect field captures using bimodal traps

Nine commercial bimodal traps (Shindo traps, CBC Europe S.r.l., Biogard division, Italy) were
positioned within the hedgerows of vineyards located in San Michele all’Adige, Italy, at an
approximate distance of 15 meters between each trap (Figure 3.2). These traps are the commercial
version of those described by Zapponi et al. (2022), which employ pheromone lures (Dual lure, Trécé
Inc., USA) and a playback of modified FS2 emitted by a transducer positioned under the cap of the

device (Caorsi et al., 2021).
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Figure 3.2. Map of the experimental setup for the bimodal traps.
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The traps were divided into three groups of three traps each. The first group consisted of the
control traps (hereinafter “Ctrl””) without a power supply, thus not emitting vibrational playback. The
second consisted of the standard commercial model (hereinafter “Stand”) which is supplied with a
solar panel adhering to the top of the trap and activating the vibrational playback only during light
hours for an average of 12 hours on sunny days. The third and final group consisted of base model
traps hooked to a battery (Fiamm, model FG21201) to ensure playback emissions for 24 hours
(hereinafter “Btrap”). The capture toll of males, females, and nymphs was checked after 24 hours
from each positioning of the traps. Up to four checks were made per week. The total number of capture
checks was 19, and the experiment lasted from August 30th through September 30th, 2022. To
minimize the position effect, the traps were rotated weekly, ensuring that each trap group

was placed in every position an equal number of times.

3.2.4 Statistical analysis

All statistical analyses were performed in R 4.1.1 (R Core Team 2021, Vienna, Austria). For
the vibrational diel pattern experiments, the entirety of day and night hours was divided into two-hour
time slots, with only 30-minute segments analyzed from each slot. The cumulative signaling duration
for both signal types was analyzed using a Wilcoxon signed-rank test to compare between photophase
and scotophase in pairwise comparisons. To describe the diel vibrational communication of H. halys
within semi-field and laboratory conditions, two zero-inflated generalized linear mixed model
(GLMM) with a negative binomial distribution were fitted for each signal type (i.e., signal 1 and signal
2) using the “glmmTMB” package (Brooks et al., 2017). The explanatory factors were treatment (i.e.,
semi-field or laboratory conditions) and the interaction between treatments and time slots (Table 1.
A). Moreover, the source of insects (i.e., reared or newly trapped) as well as the nested structure

between the day/night period (i.e., photophase or scotophase) and timeslots were used as random

42



factors (Table 1. A). The reference levels for the GLMMs were set for timeslots with the lowest
cumulative signaling durations which were 02:00-04:00 for signal 1, and 14:00-16:00 for signal 2. To
account for signaling discrepancies between laboratory and semi-field conditions, we investigated the
effect of climatic conditions on the signaling activity of H. halys. This was performed by fitting
another GLMM with a negative binomial distribution for semi-field conditions using the above-
mentioned package. The explanatory factors for this model were wind speed and temperature, whereas

the source of insects was used as a random factor (Table 3.1 - A).

Table 3.1. Results of generalized linear mixed-effects model (GLMM) for signaling (signal types 1 and 2) in
laboratory and semi-field conditions, and the effect of climatic conditions on the signaling in semi-field settings.
A) The best explanatory model for each dependent variable. B) The significant independent variables of the
chosen models. Dev (deviance), Est (estimate), df (df residuals), Log-Lik (Log Likelihood). * p < 0.05, ** p <
0.01, *** p < 0.001.

A Model synthesis AlC BIC Log- Dev. df
Lik.
(Signal 1) signal duration ~ 7918.1 8049.7 -3930 7860.1 664

Treatment +
Treatment: Timeslot +
(1|dielphase/Timeslot)+(1|s
ource)
(Signal 2) signal duration ~ 72115 7343.2  -3576.8 71535 663
Treatment +
Treatment: Timeslot +
(1|dielphase/Timeslot)+(1|s
ource)
(Climatic) signal duration ~ 7466.8 7508 -3724.4 7448.8 711
temperature + windspeed
+ (1|source)

B Fixed effects Estimate  Std. Zvalue Pr (>|z])
Error
(Signal 1)  (Intercept) 4970391 0.187857 26.458 <0.001***

Semifield :22:00 — 24:00 0.571009 0.264256 2.161 0.0307 *
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(Signal 2)  (Intercept) 4843950 0.246160 19.678 <0.001***

Lab : 02:00 — 04:00 1.130485 0.351964 3.212  0.0013 **
Lab : 04:00 — 06:00 1.256669  0.372298 3.375  0.0007 ***
Lab : 06:00 — 08:00 0.796676  0.351947 2.264  0.023 *
Lab : 08:00 — 10:00 0.814568 0.366445 2.223  0.026 *
Lab : 10:00 — 12:00 0.715218 0.351951 2.032  0.0421*
Lab : 20:00 — 22:00 0.764275 0.347883 2.197  0.028 *
Lab : 24:00 — 02:00 0.889458 0.372249 2389 0.016*
Semi field:04:00 — 06:00 0.776781 0.36426 2132  0.032 *
(Climatic)  (Intercept) 3.68556 0.55205 6.676 <0.001 ***
Temperature -0.03361  0.01584 -2.121  0.0339 *

Atmospheric pressure and humidity were dropped as covariates from the GLMM for climatic
conditions during the process of choosing the best-fitting model. The residual distribution and fitness
of the models were evaluated using “DHARMa” and “performance” packages (Hartig, 2017; Liidecke
et al., 2021). Akaike information criterion (AIC) (Sakamoto et al., 1986) was used to select the best-
fitting model. For all models, the covariates were optimized using a stepwise algorithm with the
command “step()”. Regarding H. halys captures (i.e., males, females, and nymphs) from the bimodal
traps, the difference between the three groups was analyzed using a Kruskal-Wallis rank test followed

by a Dunn’s test. All plots were constructed using “tidyverse” package (Wickham et al., 2019).

3.3 Results

3.3.1 Recordings of diel vibrational communication

The vibrational communication of H. halys was characterized by equal diurnal and nocturnal
activity. In fact, no significant differences were found in terms of cumulative signaling activity for
both signal types between day and night in either laboratory (signal 1: W= 13542, p= 0.1; signal2:
W= 12282, p=0.9) or semi-field settings (signal 1: W= 16615, p= 0.07; signal2: W= 15340, p=0.67)
(Figure 3.3). However, we observed discernible differences in calling activity across different time

slots, especially for signal type 2 (Figure 3.4 - B). In particular, the time slots extending between
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midnight and sunrise had the highest signal 2 activity under laboratory conditions (Figure 3.4 - B).

However, no evident pattern was retrieved across the various time slots for signal 1 emission (Figure

3.4 - A). The significant explanatory factor for the GLMM of signal 1 was Treatment Semi field:

Timeslot 22:00 — 24:00 (z = 2.161, P = 0.03) (Table 3.1 - B). Instead, the significant explanatory

factors for the GLMM of signal 2 were Treatment Lab: Timeslot 24:00 — 02:00 (z = 2.389, P = 0.016),

Treatment Lab: Timeslot 02:00 —04:00 (z =3.212, P =0.001), Treatment Lab: Timeslot 04:00 — 06:00

(z = 3.375, P = 0.0007), Treatment Lab: Timeslot 06:00 — 08:00 (z = 2.264, P = 0.023), Treatment

Lab: Timeslot 08:00 — 10:00 (z = 2.223, P = 0.026), Treatment Lab: Timeslot 10:00 — 12:00 (z =

2.032, P =0.042), Treatment Lab: Timeslot 20:00 —22:00 (z = 2.197, P = 0.028), and Treatment semi-

field: Timeslot 04:00 — 06:00 (z = 2.132, P = 0.032) (Table 3.1 - B) showing the discrepancy in diel

vibrational activity between the two signal types.
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Figure 3.3. Kernel density plots and boxplots showing the cumulative signaling duration within the photophase
and the scotophase of (A) signal 1, and (B) signal 2, in laboratory and semi-field conditions. In the Kernel
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density plots the y-axis represents the density. Boxplots represent the interquartile range with a vertical bar as
the median. The bottom whisker and the upper whisker represent the minimum and maximum values,

respectively. None of the pairwise comparisons showed significant differences (Wilcoxon signed-rank test at
p<0.05); “ns” stands for “non-significant”.

Regarding the effect of abiotic factors on cumulative signaling in semi-field conditions, the
significant explanatory factor for the respective GLMM was temperature (z =-2.121, P = 0.03) (Table
3.1 - B). Furthermore, the model predictions indicated a correlation between vibrational signaling and
abiotic factors, namely temperature (Figure 3.5 - A) and wind speed (Figure 3.5 - B). Based on these
predictions, the optimal conditions for vibrational signaling were within the 25 — 32 °C range of air
temperature, and 0 — 7 (m/s) of wind speed (Figure 3.5 — A, B). The timeslots where these conditions
were met were mainly nocturnal hours and adjacent diurnal hours (i.e., 20:00 — 12:00) (Figure 3.5 —

C,D).
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Figure 3.4. The average vibrational signaling per time slot of Halyomorpha halys in laboratory and semi-field
conditions, illustrating the diel pattern of their signaling behavior. (A) represents signal 1 and (B) represents
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Figure 3.5. Scatterplots illustrating the model's predictions of the optimal temperature range (A) and wind speed
range (B) for signaling in Halyomorpha halys. (C) shows the daily variance of temperature whereas (D) shows
that of wind speed per time slot throughout the experiment period.

3.3.2

Insect field captures using bimodal traps

Regarding the capture tolls for the employed bimodal traps, there were discernible differences

in adult captures between the three groups. In fact, the traps within the Btrap group were significantly

better at capturing males compared to Ctrl and Stand traps (x° = 18.257, df=2, p< 0.001) (Figure 3.6).

Moreover, the female capture toll was significantly higher in the Btrap group than in the Ctrl group,

whereas it was similar to that of the Stand group (y* = 6.12, df=2, p=0.05) (Figure 3.6). Interestingly,
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no significant differences were observed between groups in terms of nymph capture (y~ = 5.22, df=2,
p= 0.07) (Figure 3.6). The total number of male captures was 45, 58, and 134 individuals from Ctrl,
Stand, and Btrap, respectively. The total number of female captures was 40, 64, and 90 individuals
from Ctrl, Stand, and Btrap, respectively. The total nymph captures were 432, 717, and 441 specimens
from Ctrl, Stand, and Btrap, in that order.

Total captures of Halyomorpha halys

Females Males Nymphs

Average captures

b

b ab b -
Q

24h Control Solar panel 24h Control Solar panel 24h Control Solar panel

Figure 3.6. Barplots showing the differences between groups of daily average captures of female, male, and
nymphal stages of Halyomorpha halys. “Btrap” stands for 24-hour power supplied bimodal traps, “Stand”
represents the base trap model supplied with a solar panel, and “Ctr]” represents bimodal traps without any
power supply. Groups indicated by different letters show significant differences (Wilks’ Lambda type non-
parametric interference at p < 0.05). The error bars represent the standard errors.

3.4 Discussion

Here, the diel vibrational behavior of H. halys, and the field application of this acquired
knowledge in a sustainable control measure for this pest was tested for the first time. The cumulative

vibrational activity was not significantly different between diurnal and nocturnal hours under
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laboratory and semi-field conditions for either signal type. Studies on the biological traits of
phytophagous pests have been the cornerstone of effective sustainable control measures (Kogan,
1998). In fact, semiochemicals (e.g., pheromones and kairomones) and semiophysicals (e.g., lights
and substrate-borne vibrations), which insect pests heavily rely on for their survival, have been widely
studied for pest management purposes (Nieri et al., 2022). Moreover, it is important to note that
previous research on pentatomids suggested that they are apt to be active during nocturnal periods.
For instance, Nezara viridula (Hemiptera: Pentatomidae) was found to exhibit a significantly higher
feeding behavior during nocturnal hours (Shearer and Jones, 1996). In addition, Euschistus conspersus
adults were found to exhibit the majority of their feeding behavior within the scotophase, while peak
mating activity was registered at 2300 hours (Krupke et al., 2006). In the present study, some
peculiarities in signaling were observed between different time slots. Notably, Signal 2, which is
mainly associated with females (Polajnar et al., 2016), was predominantly emitted during nocturnal
and adjacent diurnal hours (i.e., 20:00 — 12:00) in laboratory conditions. However, this trend was not
observed within semi-field conditions. This could potentially be attributed to the influence of climatic
conditions, namely, temperature and wind speed. Based on the model predictions the ranges of 25 —
32 °C air temperature and 0 — 7 m/s windspeed are optimal for vibrational signaling. Indeed, these
ranges were not consistently present in semi-field settings for the same active timeframes that were
observed in laboratory conditions. These findings align with those of Akassou et al. (2022), where
high wind speeds (> 7 m/s) and temperatures (> 33 °C) were found to significantly reduce vibrational
behavior of H. halys in field settings. As a result, the adults were not active during the afternoon (i.e.,
14:00 — 18:00) when these weather conditions prevalently occurred, hindering their vibrational
activity and communication.
Regarding Signal 1, which is mainly associated with males (Polajnar et al., 2016), no evident calling

pattern was observed in either the laboratory or semi-field experiments. This might suggest that this
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signal type is spontaneous (i.e., occurring without an elicitor), which is in accordance with previous
studies in the literature (Polajnar et al., 2016; Bedoya et al. 2020). Moreover, in a study examining
the vibrational activity of H. halys after diapause, it was observed that males emitted significantly
more MS2 when in close proximity to females, while the emission rates of MS1 showed no significant
difference (see Chapter 2). Similarly, it is not uncommon to find insect species where males emit
vibrational signals without a specific pattern for mating purposes. An illustrative example of this can
be observed in the case of the leafhopper Empoasca vitis (Hemiptera: Cicadellidae), where males
spontaneously engage in sex-specific vibrational signaling. However, their searching behavior for a
mate is triggered only when a female responds to their calls (Nieri and Mazzoni, 2018). On a related
note, the vibrational communication of S. titanus presents many similarities to that of H. halys. Indeed,
the male emit vibrational signals spontaneously to which the females readily respond (Mazzoni et al.,
2009). Intriguingly, this species also presents a nocturnal vibrational activity especially for males,
which results in a mating activity occurring mainly within twilight hours. All of the above strongly
underline a neglected component of H. halys behavior, especially in terms of vibrational
communication. In reality, few sustainable control measures account for its nocturnal activity as it
was largely unknown prior to this study. For instance, the egg parasitoid Trissolcus japonicus, which
is the main parasitoid of H. halys, is active only during the photophase (Paul et al., 2022). Therefore,
the outcome of classical biological control of this pest might be limited to diurnal hours. In contrast,
the control techniques that might account for this ecological aspect of H. halys might be in the form
of monitoring or mass-trapping techniques. Indeed, light traps have been demonstrated to be a
successful monitoring method for pentatomids (Hadi et al., 2012), including H. halys (Nielsen et al.,
2013), suggesting that such species exhibit nocturnal flight activity. However, these traps are not
commonly employed for control or monitoring of H. halys. A plausible reason could be that they are

not specific to H. halys and are able to attract a wide array of insects (Nielsen et al., 2013), which
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could prove difficult to manage because it requires effort for species identification. Here, the bimodal
traps that were power-supplied for continuous 24 hours (i.e., Btrap) were significantly more effective
in capturing H. halys adults, especially males. This was expected because the emitted playbacks were
modified female signals FS2 (Caorsi et al., 2021). However, a significantly higher female capture toll
was observed in the Btrap group than that in the Ctrl group. This phenomenon of female attractiveness
to FS2 was also reported by Zapponi et al. (2023) within the prototype models of bimodal traps, further
proving the efficacy of these traps in attracting female and male adults of H. halys. Additionally,
although not statistically significant, the total number of female captures from the Btrap group was
still higher than that of the Stand group. In that regard, the experiment's timeframe may have
influenced this result. Further investigation is required for early and mid-season to gain a better
understanding of the performance of these traps when activated during nocturnal hours within these
timeframes. This is particularly important because of the different population densities of H. halys
that can be encountered within a given season (Leskey and Nielsen, 2018). The prototypes preceding
the current commercial model proved to be efficient for capturing adult H. halys in field conditions
within the period extending from 21 May through mid-June (Zapponi et al., 2022). Without accounting
for climate change, climatic factors within the aforementioned timeline should fall within the optimal
range for H. halys vibrational activity, even during nocturnal hours. Therefore, a significantly higher
capture toll of H. halys adults by bimodal traps that are powered for 24 hours within that period of the
season could be expected. Notwithstanding, it remains unclear to which extent these traps could be
deemed effective for the early detection of H. halys. The weather conditions during the early season
are usually far from optimal for vibrational communication. Interestingly, previous research showed
that H. halys adults took much longer (up to 30 days) to initiate vibrational communication at non-
optimal temperatures, such as 18 °C, compared to those within the optimal range, such as 25 °C (See

chapter 2). This could in turn affect the responsiveness of the insects to vibrational playback and,
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therefore, alter the potential capacity of bimodal traps for the early season detection of H. halys. On a
related note, the exploration of trimodal traps employing pheromones, vibrational playback, and light
stimuli, is an area that deserves deeper investigation. Considering the reported effectiveness of
multimodal traps utilizing pheromones and light stimuli (Rondoni et al., 2022), and the promising
results of bimodal traps presented in this study, the integration of all three stimuli in trimodal traps
holds potential for further enhancing H. halys control strategies.
In view of the information presented here, several conclusions can be drawn regarding the
improvement of H. halys control through the exploitation of its ecological traits. Bimodal traps, which
employ semiochemicals in the form of aggregation lures, and semiophysicals in the form of vibrational
playback, are effective at monitoring H. halys adults. Indeed, the integration of this novel technique
within IPM strategies for H. halys should significantly enhance its control. Considering the evidence
on the nocturnal vibrational activity of H. halys and the efficiency of the Btrap group in monitoring
this pest, the activation of bimodal traps during the scotophase should be considered. Further studies
are needed to assess the efficacy of discontinuously power-supplied bimodal traps, particularly in diel
timeframes where non-optimal weather conditions occur. At a broader level, additional research is

necessary to uncover further nocturnal traits of this economically important pest.
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CHAPTER 4. THE LETHAL AND SUBLETHAL EFFECTS OF COMMONLY USED
INSECTICIDES AND AN ADJUVANT IN HAZELNUT ORCHARDS ON THE EGG

PARASITOID TRISSOLCUS JAPONICUS (ASHMEAD) (HYMENOPTERA: SCELIONIDAE)

4.1 Introduction

Biological control is an attractive alternative for management of H. halys to avoid disrupting
existing IPM frameworks for primary and secondary pests. Thus, H. halys biological control programs
should be integrated with careful use of insecticides targeting other key pests in the crop system.
Trissolcus japonicus (Ashmead) (Hymenoptera: Scelionidae) is the principal egg parasitoid of H.
halys in its native range (Yang et al., 2009; Talamas et al., 2013). Redistribution efforts of this
parasitoid within biological control programs for H. halys are in progress in regions where adventive
populations were found, such as North America and Europe. However, the success of this control
technique can be severely diminished by the use of pesticides (Croft, 1990; Desneux et al., 2007). For
example, in hazelnut orchards in Oregon’s Willamette Valley, a complex of pest species poses
significant threats and damage to the crop (AliNazee, 1998; Walton et al., 2007; Miller et al., 2019)
among which H. halys holds a significant position (Hedstrom et al., 2014). As a result, a wide range
of pesticides have been employed for their control (Wiman et al., 2019). Therefore, in regions where
large-scale intensive agricultural systems exist (e.g., the United States), the effectiveness of T.
japonicus releases could be diminished owing to the chemical control program of this wide array of
pests, not only by the one pertinent to H. halys. Thus, a comprehensive understanding of the risks
associated with the application of commonly-used insecticides pertaining to these programs for T.
japonicus is important for the establishment of sustainable long-term control strategies against H.
halys.
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The present study aimed to assess the lethal and sublethal effects of residues of four insecticides
and an adjuvant commonly used in hazelnut and other tree crops on adult female T. japonicus. These
insecticides have a range of modes of action (MA) with reported specificity, from very soft (i.e.,
Burkholderia rinojensis) to more conventional (i.e., Sulfoxaflor), as well as the spreader-sticker
adjuvant NuFilm®P (hereinafter “Nufilm”). A range of concentrations including the recommended
field rate was tested to assess the lethal effects on T. japonicus. Although previous studies have
provided some understanding of the lethal and sublethal effects of insecticides on T. japonicus
(Lowenstein et al., 2019; Ludwick et al., 2020; Ribeiro et al., 2021), the selection of insecticides was
limited to those utilized for the control of H. halys or lacked a comprehensive reporting of sublethal
effects. In this study, these gaps were addressed by introducing novel parameters for sublethal
assessments of insecticides used in hazelnut crops in Oregon. Lethal concentration values were also
estimated based on the lethal assessment of the studied treatments. The findings of this study will
potentially aid in the development of appropriate spatiotemporal context consideration for

compatibility of T. japonicus releases with ongoing IPM measures.

4.2 Materials and Methods

4.2.1 Insectrearing

Halyomorpha halys were collected from Salem, OR from June to September 2020, and
supplemented with field-collected adults as needed from June to September of 2021 and 2022. The
adults and nymphs were kept in a greenhouse with supplemental lighting (16L:8D full spectrum LED
lights, 30 °C high 21°C low) in collapsible fine mesh cages (60cm x 60cm x 90cm, Bioquip 1466CB).
All life-stages of H. halys were reared on a diet of bean plants (wax bush beans, royal purple bush
beans, green beans), fresh green beans (French beans), snap peas, carrots, unsalted raw sunflower

seeds, raw almonds, and sweet bell peppers. Fresh bean plants were provided as oviposition substrate.
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The egg masses were removed every Monday, Wednesday, Friday, and Saturday from leaf material,
or mesh cages using a fine-tipped paint brush, and light pressure. The eggs were stored in a small petri

dish and sealed with Parafilm in a residential refrigerator (2-4°C) for up to 30 days until use.

Trissolcus japonicus rearing was performed using freshly collected and stockpiled refrigerated
egg masses in Percival Growth Chambers (Percival Scientific, Perry, lowa, USA) (16L:8D, 26 °C
high, 24 °C low). The eggs were placed in 473 mL wax lined paper soup containers with a single drop
of honey streaked onto the side of the cup using a #3 insect pin. Female T. japonicus (7 days old) were
introduced to the fresh H. halys eggs at a 10:1 host to parasitoid ratio and were given 1 week to

parasitize eggs before being removed. The parasitized eggs were observed daily for emergence.

4.2.2 Lethal effect assessment

Female parasitoids of T. japonicus of 4-7 days old were exposed to a range of insecticides and
an adjuvant at different concentrations (Table 4.1), including field application rates. The tested
insecticides included the proteobacterial insecticide Burkholderia rinojensis (MA: UNB, i.e., bacterial
agent of uncertain mode of action), Spinosad (MA: 5), Sulfoxaflor (MA: 4C), Methoxyfenozide (MA:
18), and the adjuvant Nufilm. Concentrations were prepared by serial dilution with deionized water
starting from the recommended field concentration rate. When needed, higher concentrations were
sprayed to improve the fit of the dose-response models. Spraying was performed using Potter’s spray
tower (Burkard Manufacturing Co. Ltd., UK) on two square glass plates for each concentration (i.e.,
0.5 mL per plate). The plates were left to dry for 30 minutes under a fume hood and then assembled
into Munger cells (Hassan, 1992) which were connected to a vacuum source at a 1L.h* rate. Each
concentration was repeated three times, and each Munger cell included five to seven parasitoids. The

control treatment consisted of the adjuvant Nufilm. The mortality of T. japonicus was recorded at 1
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hour (h), 6 h, and 24 h to assess the insecticide lethal effects on the parasitoids and estimate the lethal

concentrations (i.e., LC50 and LC90).

Table 4.1. The concentrations of the active ingredients of the insecticides alongside the adjuvant that were
applied on female Trissolcus japonicus under Laboratory conditions.

Commerci Active *Mode of action Applied doses Manufacturer
al name ingredient — Chemical
group
Entrust® Spinosad 5 - Spinosyns 730.52; 657.56; 584.14; 510.71; 51.07; 5.1; Corteva™
SC 0.51; 0.051; 0.0051; 0.00051 mL.ha! agriscience,
Indianapolis, IN,
USA
Transform Sulfoxaflor 4C - 2.4;1.79; 0.98; 0.098; 0.0098; 0.00098; Corteva™
WG Sulfoximines 0.000098 agriscience,
Kg.ha! Indianapolis, IN,
USA
Intrepid Methoxyfenozi 18 - 910.11; 91.01; 9.10; 0.91; 0.091; 0.0091; Corteva™
2F® de Diacylhydrazines 0.00091 agriscience,
mL.ha’! Indianapolis, IN,
USA
Venerate® Burkholderia UNB - bacterial 17712.25; 8949.66; 4474.83; 2237.41; Marrone® Bio
CG rinojensis agents (non-bt) of 1118.7; 510.71; 51.07; 5.1; 0.51; 0.051; innovations, Davis,
unknown or 0.0051; 0.00051 CA, USA
uncertain moa mL.ha’!
NuFilm®P NA NA 32685.73; 16342.86; 8171.43; 4085.71; Miller chemical &
2042.85; 1021.42; 511.46 fertilizer LLC,
mL.ha! Hanover, PA, USA

* https://irac-online.org/mode-of-action/classification-online/

Field rates are indicated in bold

NA = Not Applicable

4.2.3 Sublethal effect assessment

To assess the sublethal effects of each treatment, parasitized egg masses (PEM) that were on

the verge of emergence (i.e., 10 days old counting from parasitism) were sprayed in a manner similar

to that of the lethal assessment. Field rates were used, except for Spinosad, which caused complete
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mortality of the emerging parasitoids in preliminary trials. Thus, the highest dose that caused no
mortality within the lethal assessment bioassays was used (i.e., diluted by twenty-fold compared to

the field rate) (Table 4.1). Distilled water was used as control.

Three sub-experiments were conducted to assess the sublethal effects:

The first consisted of a no-choice bioassay to assess the foraging behavior of parasitoids on
baited filter papers with traces of gravid female H. halys, using a slightly modified experimental
design compared to that of previous studies (Malek et al., 2021; Scala et al., 2022). Emerged
parasitoids (5 — 7 days old) from the sprayed PEM were recorded on circular baited filters (24 mm
diameter) for five minutes in small Petri dishes (Falcon®, 50 mm diameter) using a digital camera
(Canon T5i) with an 18 — 55 mm lens (Canon EF-S 18-55mm /3.5-5.6 IS STM). The recordings were
taken between 08:00 and 14:00 under natural light conditions. The recorded footage was analyzed
using Ethovision® XT9 (Noldus Information Technology BV, the Netherlands) to examine angular

velocity mean (deg/s), total residence time on the baited filter paper (s), and mean velocity (cm/s).

In the second sub-experiment, the circadian locomotor activity was monitored of the
parasitoids that emerged from the sprayed PEM (0 — 1 days old from the emergence). The circadian
rhythm was assessed using three insect locomotor activity monitors (LAM25H, Trikinetics, Waltham,
MA, USA) following the protocol of Paul et al. (2022). The monitoring activity took place for a total
of nine days, from which the first and last days were excluded, resulting in seven complete days of

activity.

In the third and final sub-experiment, no-choice tests were carried out to investigate the
parasitism capacity of the emerged parasitoids (7 — 10 days old) from the sprayed PEM. The parasitoid

wasps were provided with refrigerated (4 °C, up to 1 month) egg masses of H. halys for 24 h. The egg
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masses were then stored in a Percival climatic chamber (16L:8D, 26 °C high, 24 °C low) and were

controlled for progeny emergence after 12 days, and up to 30 additional days from that date.

4.2.4 Statistical analysis

All analyses were carried out on R version 4.1.1 (R Core Team 2021, Vienna, Austria). The
lethal effects of insecticides were analyzed by fitting log-logistic regression functions following the
AIC criterion (Sakamoto et al., 1986) for model fitness within the “drc” package (Ritz et al., 2015).
The effective lethal concentrations were calculated using the “ED( )” function in the same package.
The models were also evaluated by Neill’s lack of fit test by determining their F- and P- values (Neill,
1988). For the first sub-experiment within the assessment of the sublethal effects (i.e., foraging
behavior), a Wilcoxon signed-rank test was used to compare between the treatments and control in
pairwise comparisons. For the second sub-experiment, the data collected from the activity monitors
were analyzed using the rethomics packages developed by Geissmann et al. (2019). The total daily
activity and intensity of activity were compared between treatments by fitting linear models, which
were verified for normality assumptions and homoscedasticity. For the third sub-experiment, total
parasitoid emergence was compared between treatments using a Kruskal-Wallis rank test followed by

Dunn’s test. The plots were constructed using the “Tidyverse” package (Wickham et al., 2019).

4.3 Results

4.3.1 Lethal effect assessment

The probability of mortality for T. japonicus after 1h, 6h, and 24h of exposure to Sulfoxaflor,
Spinosad, Burkholderia rinojensis, Methoxyfenozide, and Nufilm was plotted using nonlinear log-
logistic regression models (Figure 4.1). Sulfoxaflor caused a high average mortality level of

parasitoids, which was almost 7% after 1 h of exposure and 73% after 24 h of exposure at the
58



recommended field rate (Figure 4.1). Spinosad caused 83% mortality after 6 h of exposure and 100%

mortality after 24 h at the recommended rate (Figure 4.1). Burkholderia rinojensis exposure did not

result in mortality after 6 h of exposure at rates higher than the recommended field dose value (up to

34 fold) (Figure 4.1). Moreover, it caused just 5% mortality after 24 h of exposure at the recommended

field rate (Figure 4.1). The adjuvant Nufilm caused high mortality among parasitoids exposed at 63

time field rates, but no mortality was recorded at the recommended field rate (Figure 4.1).

Methoxyfenozide caused 4, 12.5 and 19% mortality after 1, 6, and 24 h (Figure 4.1) at the

recommended field rate, respectively.
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Figure 4.1. Curves of log- logistic fitted probability of Trissolcus japonicus death at the various insecticide and adjuvant concentrations
after 1,6,and 24 hours of exposure. Potter spray tower and Munger cells were used under controlled Laboratory conditions. No mortality
was found for whatsover for Burkholderia rinojensis after 1 hour, thus no curve is shown. The red data points represent the recommended

field rates.

The effective lethal concentrations for each insecticide and Nufilm were estimated based on

mortality after 6 h and 24 h with a 95% confidence interval (Table 4.2). LC50 for Spinosad after 6 h
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was 96.34 mL.hat and 90.09 mL.ha* after 24 h of exposure. LC50 for Sulfoxaflor after 6 h was 0.11
Kg.haland 1.1 Kg.ha™ after 24 h of exposure. As for Methoxyfenozide, the LC50 after 6 h was 15.89
mL.ha and 14.51 mL.ha. Burkholderia rinojensis and Nufilm had the highest LC50 estimates after
6 h (2.6207e+95 mL.hat and 14 019 mL.ha, respectively). The same was true after 24 h, as the

estimates for LC50 were 3.7802e+11 mL.ha™ and 6 596.95 mL.ha™, in that order.

Table 4.2. The estimated acute lethal concentrations (LC50 and LC90) for female Trissolcus japonicus for all
the experimented insecticides and adjuvant after (A) 6hrs, and (B) 24 hours of exposure.

(A) | Treatment LC50%* LC90* Field Unit
rate
Spinosad 96.34 (26.76 — 150.43) 320.05 (140.37—499.73) 510.71 mL.ha’!
Sulfoxaflor 0.11 (0.05—-0.16) 1.01 (0.2—2.23) 0.09 Kg.ha'!
Methoxyfenozide 15.89 (4.53—55.67) 25.94 (5.97-112.76) 910.11 mL.ha’!
Burkholderia 2.6207e+95 (1.0947¢+93— 6.6369¢+117 (2.5587e+112— 510.71 mL.ha’!
rinojensis 6.2744e+97) 1.7215e+123)
NuFilm®P 14019 (11 441-16 596) 24 739(14 508— 34 970) 511.46 mL.ha'!
(B) | Treatment LC50%* LC90* Field Unit
rate
Spinosad 90.09 (59.91-120.27) 381.07 (189.91- 572.23) 510.71 mL.ha'!
Sulfoxaflor 1.1(0.93—-1.31) 1.17 (0.03—35.94) 0.09 Kg.ha'!
Methoxyfenozide 14.51 (4.55—46.2) 30.29 (8.35-109.8) 910.11 mL.ha'!
Burkholderia 3.7802e+11 (1.4093e+10— 5.7586e+17 (2.4503e+15— 510.71 mL.ha'!
rinojensis 1.0140e+13) 1.3534e+20)
NuFilm®P 6 596.95 (3 058—10 135) 26 929.89 (4 286—49 573) 511.46 mL.ha'!

*Values between brackets represent 95% confidence intervals
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4.3.2 Sublethal effect assessment

No statistical differences were found between treatments in terms of residence time or walking
velocity in the pairwise comparisons with the control (i.e., distilled water) (Figure 4.2 - A,B).
Nonetheless, the lowest residence time on the baited filter was recorded for Nufilm, and the slowest
velocity was recorded for the Spinosad and Distilled water treatments (Figure 4.2 - B). Regarding
angular velocity, the average value recorded within the Sulfoxaflor treatment was significantly lower

compared to that of the control (W = 120, p = 0.03149) (Figure 4.2 - C).
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Figure 4.2. Box plots with jitter dots showing the foraging behavior of 5 — 7 days old emerged Trissolcus japonicus from the treated
parasitized egg masses at the recommended field rates*, following the contact with a baited substrate with traces of female
Halyomorpha halys. The parameters are (A) Residence time (s) on baited filter paper, (B) Walking velocity (cm/s), and (C) Angular
velocity (deg/s). Pairwise comparisons indicated with an asterisk showed significant differences (Wilcoxon signed-rank test at
p<0.05); “ns” stands for “non-significant”. Boxplots represent the interquartile range with a vertical bar as the median. The bottom
whisker and the upper whisker represent the minimum and maximum values, respectively. The jitter dots represent individual data
points.

*The concentration used for the Spinosad treatment was 20-fold below the recommended rate, because of the complete mortality
caused in emerged parasitoids in preliminary trials.
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The daily locomotor activity of parasitoids displayed differences among treatments. The total
daily activity was significantly higher for parasitoids treated with Spinosad compared to those treated
with distilled water (F1,174= 4.843, p= 0.0003586) (Figure 4.3). For Methoxyfenozide and Nufilm,

activity was lower than those treated with distilled water (49 and 46 times respectively, F1,171=5.626,

p=7.917e-05, Figure 4.4).
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Figure 4.3. Temporal locomotor activity of emerged Trissolcus japonicus from the treated parasitized egg masses at the recommended
field rates*. The parasitoids were 0 — 1 days old at the beginning of the monitoring. (A) shows the daily activity (i.e., the daily number
of beam crosses per day) of the parasitoids over the course of the complete 7 days of locomotor activity monitoring, while (B) represents
the daily average activity (i.e. the average number of active intervals per day).
*The concentration used for the Spinosad treatment was 20-fold below the recommended rate, because of the complete mortality caused

in emerged parasitoids in preliminary trials.
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Figure 4.4. The intensity of the temporal locomotor activity (i.e., the number of beam crosses per active interval ) of emerged Trissolcus
japonicus from the treated parasitized egg masses at the recommended field rates*, over the course of the complete 7 days of activity
monitoring.  The  parasitoids were 0 - 1 days old at the beginning of the  monitoring.
*The concentration used for the Spinosad treatment was 20-fold below the recommended rate, because of the complete mortality caused
in emerged parasitoids in preliminary trials.

Parasitism capacity was significantly different among treatments (x>= 20.1086, df="5, p< 0.01).
Trissolcus japonicus parasitoids emerging from PEM treated with distilled water were the most
capable of parasitizing H. halys egg masses, with 91% emergence of new parasitoids. Nufilm and
Methoxyfenozide followed with 70% and 63% emergence of new parasitoids compared to untreated
controls, respectively. The lowest parasitoid emergence rates compared to distilled water were
recorded for Sulfoxaflor, Spinosad, and Burkholderia rinojensis at 46.5%, 40%, and 32%, respectively
(Figure 4.5).
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Figure 4.5. The reproductive capacity of emerged Trissolcus japonicus from the treated parasitized egg masses at the recommended
field rates*. This capacity was measured based on the proportion of emergence from new refrigerated egg masses of Halyomorpha halys

exposed to 7 — 10 days old female parasitoids. Treatments indicated with letters show significant differences (Kruskal-Wallis test at
p<0.01).

*The concentration used for the Spinosad treatment was 20-fold below the recommended rate, because of the complete mortality caused
in emerged parasitoids in preliminary trials

4.4 Discussion

To carefully evaluate risks to nontarget insects related to pesticide use, a thorough assessment
encompassing both the lethal and sublethal effects should be taken into consideration (Biondi et al.,
2013). In the present study, the lethal and sublethal effects of insecticides belonging to a range of
action groups with reported specificity, from very soft (i.e., Burkholderia rinojensis) to more
conventional (i.e., sulfoxaflor) were examined. The potential effects of the spreader-sticker adjuvant
Nufilm was also investigated. The regulations for registering adjuvants and co-formulants are
relatively less stringent than that of active ingredients due to their “inert” nature and thus, they are

deemed safe to insects in general (Stevens, 1993; Hess, 1999). However, it is important to note that
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active ingredients may exhibit different effects on non-targets when combined with co-formulants
compared to when tested alone (Surgan et al., 2010). In fact, the formulations of certain pesticides can
be many times more toxic than the active ingredient itself to adult honeybees and larvae (Mullin et
al., 2015). Interestingly, Straw et al. (2022) argued that adjuvants added to pesticide formulations via
tank mixes are considered "inert" and thus understudied, leading to a lack of toxicity testing for
beneficial insects. The same authors found that only 19 studies investigated the effects of adjuvants
and co-formulants on bees, excluding those pertaining to active ingredients. Moreover, they reported
that among the few studies that examined the effects of adjuvants alone, some significant sublethal
effects on bees were found in terms of learning impairment and reduced colony fitness. Here, Nufilm
was tested alone and had no lethal effects on parasitoids at the recommended field rate, whereas the
same dose significantly reduced the total daily locomotor activity. This could have serious
implications for the success of parasitoid wasps in field conditions, such as a limited success in finding
host egg masses and/or food sources. The results further highlight the importance of additional studies
examining the effects of adjuvants on beneficial insects. In addition, the results obtained from sensor
data acquisition, particularly the monitoring of the daily locomotor activity, revealed that this
parameter could detect important sublethal effects such as circadian disruption following exposure to
substances deemed “inert”. Moreover, the emergence rate data showed a slight impact of these
compounds on reproductive capacity, as measured by emergence of next-generation parasitoids.

Further studies with larger sample sizes are needed to give clearer insights on the extent of this impact.

Burkholderia rinojensis, a bacterial strain isolated from the soil (Cordova-Kreylos et al., 2013)
and used as a biological insecticide, showed notable discrepancies in its effects on T. japonicus female
parasitoids. It caused little mortality in the lethal assessment bioassays, and no significant differences

in locomotor activity and attraction to the chemical cues of H. halys compared to the control. However,
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parasitoids emerging from PEM exposed to the residues of this insecticide were the least capable of
parasitizing new H. halys egg masses. To our knowledge, there are few studies in the literature that
have assessed the reproductive capacity of insects following treatments with Burkholderia spp. In one
study (Kil etal., 2014), an Enterobacteria strain of Burkholderia sp. was found to affect the oviposition
and fecundity of the bean bug Riptortus pedestris (Fabricius) (Hemiptera: Alydidae). In another study,
Burkholderia spp. strain A396, which is the same active ingredient that was studied here (Cordova-
Kreylos et al., 2013), had a significant effect on the reproduction capacity of Myzus persicae
(Hemiptera: Aphididae) (Shannag and Capinera, 2018). In fact, it is not unusual for biopesticides that
are deemed safe for non-target beneficial arthropods to induce severe sublethal effects, which could
lead to reduced fecundity and population growth (Biondi et al., 2013). Another plausible reason could
be the alteration of the symbiont that is naturally found on the egg masses, however, further studies

are needed to confirm it.

Methoxyfenozide is a selective ecdysteroid agonist insecticide with relatively few adverse
effects on non-target beneficial insects (Carlson et al., 2001). It is used to control tortricid and other
Lepidopteran pests species in different crops in Europe and North America, including filbertworm,
Cydia latiferreana in hazelnut orchards (Wiman et al., 2019), and a variety of moths in vineyards,
such as Endopiza viteana (Daane, et al., 2018) and Lobesia botrana (Saenz-de-Cabezon Irigaray et
al., 2005). The reported sublethal effects of this insecticide in the literature are mainly manifested in
the reduced capacity of males to locate calling females (Reinke and Barett, 2007). Here, this
insecticide caused lower acute toxicity in T. japonicus compared to Spinosad and Sulfoxaflor.
However, similar to Nufilm, the sublethal effects caused by treatment with Methoxyfenozide were
apparent in the circadian locomotor activity assessment. Interestingly, both the overall daily activity

and intensity of activity of exposed wasps were significantly reduced after the first week after
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emergence. This indicates a high probability of reduced host searching and lower parasitism rates, as
wasps are likely to be less active especially during the period in which they have reached adequate
maturity in terms of egg load (Paul et al., 2022). Consequently, given the synovigenic (Flaunders,
1950) nature of T. japonicus and the fact that it is not a host-specific parasitoid (Conti et al., 2020), it

might parasitize more egg masses of non-target hosts to secure its progeny.

The insecticides belonging to action groups 4C and 5 (i.e., Sulfoxaflor and Spinosad,
respectively) were the most acutely toxic for female T. japonicus based on the high mortalities that
they caused at recommended field rates. These results are in accordance with the literature, as both
active ingredients were found to be highly toxic to various Hymenoptera wasps and other beneficial
arthropods (Biondi et al., 2012; Linguadoca et al., 2021). The harm was not only limited to lethal
effects, as significant sublethal effects were also observed. In fact, Sulfoxaflor residues notably
affected the foraging behavior of the exposed parasitoids, causing significantly lower angular velocity.
It should be noted that parasitoids interested in the chemical traces released by their hosts typically
exhibit a higher angular velocity, slower walking velocity, and greater residence time within areas
baited with such cues (Colazza et al., 1999; Peri et al., 2006). Hence, this result suggests a lower
interest in the footprint traces of the host following exposure to Sulfoxaflor residues. The female T.
japonicus that emerged from the PEM treated with Spinosad and Sulfoxaflor were significantly less
fertile than those of the control. Moreover, Spinosad residues induced a significantly higher total daily
activity among the treated female parasitoids. This is probably due to the mode of action of this active
ingredient as spinosyns allosterically activate nicotinic acetylcholine receptors, causing
hyperexcitation of the nervous system (Millar and Denholm, 2007). The results on the decrease in
reproductive activity of egg parasitoids due to Spinosad residue exposure are in accordance with those

previously documented (Biondi et al., 2012; Ogburn and Walgenbach, 2018). Furthermore, the
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sublethal effects of Sulfoxaflor have been extensively studied, especially on beneficial pollinators
such as bumblebees, where a decrease in reproductive success was among those effects (Siviter et al.,
2019). Here, the significant decrease in reproduction is probably solely due to the direct effect of the
active ingredients (i.e., Spinosad, Sulfoxaflor, and Burkholderia rinojensis). Even though the host’s
symbiont on the egg masses could have been altered by insecticide sprays, Orru et al. (2022) found
that T. japonicus could still successfully parasitize H. halys egg masses subject to symbiotic control.
Despite this, the high parasitism success might be an intrinsic quality of the strain tested in that study.
Indeed, the influence of microbial symbionts associated with the parasitoids, the herbivore host, and/or
the plant on parasitism success and parasitoid competition, is an aspect that is still largely unknown
and deserves further investigation (Pekas et al., 2022). Additionally, it is important to note that the
results on T. japonicus reproduction decrease are not limited to the parental generation, but are
pertinent to the second generation of parasitoids. This finding shows that to use T. japonicus in
classical biological control programs against H. halys, several releases might be needed to ensure its

survival and continuity.

These data stress the importance of careful timing of pesticide sprays in order to minimize direct
lethal and significant sublethal toxic effects to these important biological control agents. Given that
the residues had all the effects that were found in this study, LC50 values as well as the time required
for molecules to break down are to be considered when planning the insecticide sprays and CBC for
a reduced impact on BCA, namely T. japonicus. Notably, the effect of pesticides on beneficial
arthropods varies across different scales of agricultural systems. In large-scale production systems,
which are predominant in the United States, the risk of exposure to pesticides is relatively higher than

smaller-scale systems, such as those found in Europe. Nevertheless, even in the latter production
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systems, the exposure risk cannot be ignored as parasitoids are attracted to herbivore-infested plants

in order to locate their hosts (De Moraes, 1991).

Mere lack of lethal effects of a certain insecticide does not preclude the occurrence of serious
sublethal effects such as impaired circadian locomotor activity, foraging behavior, and/or decreased
reproduction. Such effects might not only be limited to the parental generations, but could also affect
subsequent parasitoid generations. Thus, sensor data acquisition and behavioral analysis software
should be utilized to detect important sublethal effects such as circadian disruption. Such parameters
could reveal significant sublethal effects among non-target organisms caused by understudied
substances that are assumed to be “inert” (i.e., adjuvants and co-formulants) as well. Further studies
are needed on the mechanisms by which the proteobacterial insecticide Burkholderia rinojensis affects
reproduction, which could help avoid this phenomenon especially for non-target organisms.
Nevertheless, not only the temporal but also the careful spatial distribution of T. japonicus is
important, as the findings presented here confirmed those of Lowenstein et al. (2019); releasing
parasitoids within hedgerows rather than within the field, should minimize insecticide effects on these

beneficial organisms.
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CHAPTER. SATELLITE PROJECTS

5.1 Assemblage of the Egg Parasitoids of the Invasive Stink Bug Halyomorpha halys: Insights

on Plant Host Associations

Zapponi, L., Bon, M.C., Fouani, J.M., Anfora, G., Schmidt, S. and Falagiarda, M., 2020.

Insects, 11(9), p.588. DOI: 10.3390/insects11090588

5.1.1 Abstract

Halyomorpha halys (Stal) (Hemiptera: Pentatomidae) is an invasive alien species and a key
agricultural pest. Its native parasitoids (Trissolcus japonicus Ashmead and T. mitsukurii Ashmead)
have been registered in several countries where H. halys brought dramatic economic losses and where
biological control is considered to be the most effective long-term solution. By searching for stink
bug egg masses and exposing sentinel egg masses, we monitored the distribution of native and exotic
egg parasitoids in Trentino-Alto Adige (Italy), an area where both the host and parasitoids are in
expansion. We recorded ten pentatomids, seven parasitoid species, with the first report of T. japonicus
in this area and a hyperparasitoid. In the assemblage, Anastatus bifasciatus (Geoffroy) and T.
mitsukurii were the dominant parasitoids, with a different distribution in terms of context and host
plants. Sycamore was the host plant where the highest number of naturally laid parasitized egg masses
(26%) were recorded. Trissolcus mitsukurii showed the highest parasitism rate, and was often found
in apple orchards. The emergence of exotic parasitoids showed a temporal delay compared to native
ones. Sequence analysis of 823 bp of the CO1 mitochondrial gene revealed that the recovered T.
japonicus and T. mitsukurii harbored one single haplotype each. These haplotypes were previously

found in 2018 in Northern Italy. While sentinel egg masses proved to be very effective in tracking the
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arrival of exotic Trissolcus species, the collection of stink bug egg masses provided fundamental data
on the plant host species. The results lend strong support to the adaptation of exotic Trissolcus species
to the environmental conditions of the range of introduction, providing new information on plant host-

associations, fundamental for the development of biological control programs.

Keywords: biological control; BMSB; haplotype; host-parasitoid association; invasive insect;

Trissolcus.
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5.2 Attraction of Egg Parasitoids Trissolcus mitsukurii and Trissolcus japonicus to the

chemical cues of Halyomorpha halys and Nezara viridula

Scala, M., Fouani, J.M., Zapponi, L., Mazzoni, V., Wells, K.E., Biondi, A., Baser, N.,

Verrastro, V. and Anfora, G., 2022. Insects, 13(5), p.439. DOI: 10.3390/insects13050439

5.2.1 Abstract

Trissolcus mitsukurii and Trissolcus japonicus are two Asian egg parasitoids associated with
different pentatomids such as Halyomorpha halys. Adventive populations of T. mitsukurii were found
in Northern Italy, suggesting its employment as a biological control agent (BCA) against H. halys.
Nevertheless, to reduce the latter’s population, T. japonicus was released in Italy. Releasing an exotic
parasitoid requires investigating the interaction between the BCA and the environment to avoid
negative impacts on the entomofauna of the new habitat. Trissolcus mitsukurii is mainly associated
with Nezara viridula in its native area. Therefore, we investigated and compared the ability of female
T. mitsukurii and T. japonicus to distinguish between naturally released cues of H. halys and N.
viridula. A single parasitoid was exposed to contact kairomones of both pests to evaluate its
modifications in orthokinetic and locomotory behavior. The behavior of female T. mitsukurii was also
tested on synthetic compounds simulating the cues of the two pentatomids. When naturally released
cues were used, T. japonicus preferred the traces of H. halys, while T. mitsukurii preferred N.
viridula’s cues. Moreover, the attraction of T. mitsukurii to N. viridula’s cues was confirmed with

synthetic cues. Additional studies are needed to judge if this parasitoid can be used as a BCA.

Keywords: Trissolcus mitsukurii; Halyomorpha halys; behavioral trials; biological control;

risk assessment.
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5.3 The Effect of the Sterile Insect Technique on Vibrational Communication: The Case of

Bagrada hilaris (Hemiptera: Pentatomidae)

Peccerillo, C., Mainardi, C.E., Nieri, R., Fouani, J.M., Cemmi, A., Cristofaro, M., Anfora, G.

and Mazzoni, V., 2023. Insects, 14(4), p.353. DOI: 10.3390/insects14040353

5.3.1 Abstract

The painted bug, Bagrada hilaris, is an agricultural pest in its original areas (Africa, South
Asia, and the Middle East), and it has recently been recorded as an invasive species in southwestern
part of the US, Chile, Mexico, and two islands in the Mediterranean basin. Its polyphagous diet causes
severe damage to economically important crops. The control of this pest is primarily achieved by
means of synthetic pesticides, which are often expensive, ineffective, and harmful to the ecosystem.
Recent physiological bioassays to assess its potential control through the sterile insect technique
demonstrated that mating between untreated females and males irradiated at doses of 64 and 100 Gy,
respectively, resulted in 90% and 100% sterility of the eggs produced by the females. In this study,
the mating abilities of virgin males irradiated at 60 and 100 Gy with virgin females were measured
through a study of short-range courtship mediated by vibrational communication. The results indicate
that males irradiated at 100 Gy emit signals with lower peak frequencies, mate significantly less than
unirradiated males do, and do not surpass the early stages of courtship. Conversely, males irradiated
at 60 Gy present vibrational signal frequencies that are comparable to those of the control and
successfully mated males. Our findings suggest that B. hilaris individuals irradiated at 60 Gy are good
candidates for the control of this species, given that they retain sexual competitiveness regardless of

their sterility, through an area-wide program that incorporates the sterile insect technique.
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Keywords: sterile insect technique; biotremology; biological control; sexual selection; pest

control; product quality assurance.
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5.4 Characterization of substrate-borne vibrational communication of the painted bug,

Bagrada hilaris (Burmeister) (Hemiptera: Pentatomidae)

Article in preparation: Scala, M., Peccerillo, C., Fouani, J.M., Nieri, R., Mazzoni, V., Baser,

N., Verrastro, V. and Anfora, G.

5.4.1 Abstract

The invasive alien species Bagrada hilaris (Burmeister) (Hemiptera: Pentatomidae) poses
significant economic threats to agroecosystems due to its polyphagous diet and gregarious behavior.
Current control methods using broad-spectrum insecticides are expensive and often result in
significant negative ecological impacts. This study aims to contribute to the development of
alternative biorational control techniques that employ vibrational playback. Here, we investigated the
courtship dynamics and vibrational communication associated with the mating behaviour of B. hilaris.
For that purpose, recordings of virgin adults of B. hilaris, singularly or in pairs were performed on
two substrates (i.e., a loudspeaker membrane and a bean plant). The vibrational signals of males and
females were recorded using a laser doppler vibrometer, and various parameters were analyzed,
namely, peak frequency, delta time, repetition time, and modulation rate. Three distinct types of
vibrational signals were identified: a male signal (MS-1), a female signal (FS), and a mating signal
exclusively emitted by males (MS-2). MS-1 and FS were emitted prior to contact phase, whereas MS-
2 was emitted within the mounting and engagement phases. Statistical analysis revealed significant
transitions in behavioral phases during mating, and an inverse relationship between walking and signal
emission, particularly in females. These findings provide insights into the mating behavior and
vibrational communication of B. hilaris, which can be utilized in the development of sustainable

control methods within integrated pest management.
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Keywords: Biotremology, invasive species, agricultural pest, substrate-borne vibrational

communication, IPM, behavioral manipulation.
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CHAPTER 6. CONCLUSIONS AND FUTURE PROSPECTS

Halyomorpha halys, armed with its remarkable global expansion capacity along with its
destructive feeding behavior across numerous crops, poses a significant threat to the sustainability of
agroecosystems, both economically and ecologically. Consequently, there has been a pressing need
for the scientific community to address this issue by conducting research and developing sustainable
management strategies for H. halys, particularly within the framework of IPM. This dissertation
delves into multiple facets of the biology, physiology, and phenology of H. halys, thereby covering
knowledge gaps on this pest and contributing to its sustainable management and control. Furthermore,
this dissertation also explores the impact of commonly used insecticides on the primary natural enemy
of H. halys, which plays a crucial role in its biological control. This is imperative as the success of an
IPM framework relies on the synergistic interaction of control techniques. The paradigms in which H.
halys restores its vibrational communication following the diapause were largely unexplored. Previous
phenological studies have indicated that the initiation and termination of diapause in this pest are
strongly regulated by photoperiodic cues, with no observed effect of vibrational cues. Recording of
overwintered insects immediately following diapause under three distinct temperature scenarios has
yielded valuable insights into the vibrational activity patterns (and the consequent searching behavior)
of this pest and how weather conditions can influence its longevity and survival. Indeed, temperature
is unquestionably the main factor influencing the emission of vibrational cues, which could lead to
significant effects on life span. The sudden exposure at 25 °C resulted in a faster readiness for
vibrational calling emission, which was associated with a shorter lifespan. Hence, climate change
inevitably affects the behavior and distribution of H. halys, especially because unpredictable weather
conditions can occur after diapause. Additionally, bioassays to assess the quality of vibrational signals

emitted by H. halys under various climatic conditions may be useful to enable the accurate replication
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of these signals (e.g., through playback) for effective monitoring and implementation of biorational

control techniques.

Another important area of research that has received limited attention is the nocturnal activity
of H. halys and its intricate vibrational communication mechanisms, along with the underlying use in
biorational control. The diel recordings of H. halys gave crucial insights on knowledge gaps regarding
the vibrational activity of H. halys, especially the one pertaining to the scotophase. Intriguingly, males
do not have a preferred diel period for vibrational signaling. In contrast, females were significantly
more prone to engage in vibrational communication between midnight and sunrise. This nocturnal
aspect of H. halys is in line with previous research on pentatomids, such as Nezara viridula or
Euschistus heros, which suggested that they are apt to be active during the scotophase. On a related
note, sustainable control measures that make use of nocturnal activity of H. halys are predominantly
traps that exploit their attractiveness to light (e.g., black light traps). However, the problem with the
latter is the attraction of a wide array of nocturnal insects, which significantly increases the need for
labor. Vibrational playback of H. halys signals could bypass that problem, through bimodal traps that
utilize attractant pheromones along with the replicated signals in question. Indeed, the research
presented here highlighted the evident potential of these bimodal traps in harnessing the nocturnal
activity of H. halys as they are significantly more efficient when the playback was active also during
the scotophase. This highlights the importance of integrating this innovative technique into IPM
strategies for enhanced control of H. halys. Given the evidence of H. halys' nocturnal vibrational
activity and the effectiveness of bimodal traps that operate throughout an entire day (i.e., 24 hours),

activating these traps during the scotophase should be given due consideration.

The last research aspect addressed in this dissertation delves into the exploration of the primary

parasitoid of H. halys, that is Trissolcus japonicus, therefore extending the scope of this dissertation
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beyond the biology of the former. Given its remarkable efficacy in parasitizing the egg masses of H.
halys, T. japonicus has been actively utilized as a biological control agent in various regions affected
by its host. In today's global agricultural systems, it is evident that chemical control by means of
pesticides is a prevalent defensive strategy employed against agricultural pests. This, in turn, could
significantly jeopardize the ecosystem services provided by important non-target organisms, such as
natural enemies. Moreover, it is important to note that from a regulatory standpoint, not all substances
for plant protection are assessed similarly. In fact, substances that are not active ingredients, but rather
co-formulants or adjuvants, are considered “inert” without the pertinent risk assessment for their
potential effects on non-targets. Through the evaluation of the lethal and sublethal effects of
commonly used insecticides and a spreader-sticker adjuvant in hazelnut orchards, valuable insights
were gained regarding their impact on T. japonicus, an essential beneficial insect for IPM strategies.
Interestingly, the findings revealed that the absence of lethal effects from a specific insecticide did not
preclude the occurrence of significant sublethal effects, including disruption in circadian locomotor
activity, foraging behavior, and reduced reproductive capacity. The results also illustrate how sensor
data acquisition and behavioral analysis software can be utilized to detect important sublethal effects
such as circadian disruption in non-target minute parasitoids. Indeed, circadian locomotor activity
proved to be an efficient parameter to assess sublethal effects of substances that are deemed “inert”.
This aspect is of particular significance considering the existing uncertainties in the literature
regarding the mechanisms through which the potential effects of these compounds can be investigated.
On a related note, it is crucial to emphasize the significance of precise timing of pesticide sprays to
minimize direct lethal and significant sublethal effects on these vital biological control agents. Given
that the residues caused all the observed effects, LC50 values as well as the time required for
molecules to break down are to be considered when scheduling insecticide sprays. This approach

should help minimize the impact on natural enemies and their important ecological roles.
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In conclusion, this dissertation sheds new light on the importance of considering basic traits of
invasive agricultural pests like H. halys into the development of sustainable control techniques within
an IPM framework. Moreover, this dissertation offers valuable insights into the compatibility of
chemical and biological control methods for managing this pest, along with novel parameters for
detecting significant sublethal effects in non-target minute natural enemies. | genuinely hope that the
findings presented in this dissertation will make a meaningful contribution to the scientific
community’s efforts in fostering greater sustainability within our agricultural systems. By expanding
our understanding of invasive agricultural pests and improving control techniques, we can work

towards creating a more sustainable and resilient future for agriculture.
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