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Abstract of the dissertation 

Insects can cause economic and environmental damages by transmitting bacterial pathogens to 

plants, making the use of control and prevention measures imperative. On the other hand, methods aimed 

at preventing crop pests’ outbreaks, such as tilling and insecticide applications, pose a threat to human and 

ecosystems health. Innovative and more sustainable control methods are therefore urgently needed to 

address farmers’ needs and preserve ecosystem services provided by biodiversity. Biotremology is an 

emerging science that studies the substrate-borne vibrational signals emitted by insects to communicate 

and interact with their others in the environment. As many insect pests rely on these signals to 

communicate, their behaviour can be manipulated by transmitting vibrations to the substrate where they 

thrive. Vibrational signals can, for instance, interfere with target’s behaviours such as mating, feeding, and 

residence time on the plant, and can therefore support integrated pest management strategies alternative 

to insecticides.  

In this work, I investigated the mating behaviour and vibrational communication of two insect 

vectors having an important economic impact:  Philaenus spumarius (Hemiptera: Aphrophoridae) and 

Bactericera cockerelli (Hemiptera: Triozidae). I also provided novel insights regarding the vibrational 

manipulation of their behaviour.  

I characterised the sexual behaviour and associated vibrational signals of the meadow spittlebug P. 

spumarius, and I described other intraspecific interactions. I evaluated the correlation between the female 

signalling activity and development of the reproductive organs, suggesting that a vibrational mating 

disruption could be effective only if applied from the onset of egg maturation, which triggers the female 

proceptivity (from August onwards). Besides gathering behavioural data, I used occupancy models to 

estimate P. spumarius presence and detection probability in Trentino (Northern Italy), a rarely deployed 

approach to study insect distribution. Site covariates impacted P. spumarius detectability, suggesting that 

spittlebug presence can be overlooked if detection is not considered. As plant composition influences the 

presence and abundance of the spittlebug, I studied the association between P. spumarius and its host 

plants. Such information can support monitoring programs and control strategies aimed at reducing P. 

spumarius population in crops of interest by shaping the plant composition of the ground cover. After 

investigating the behaviours and the ecology of the spittlebug, I attempted to disrupt its feeding activity 

using vibrations, opening the gates for future research. In this regard, I combined for the first time 

biotremology with the Electrical Penetration Graph (EPG) technique.  

The tomato potato psyllid B. cockerelli is an important threat to New Zealand crops. Besides the 

characterisation of the pair formation process and associated vibrational signals, I used vibrations to disrupt 

mate finding by transmitting vibrations to the host plant. Given that the stimulus attracted male psyllids at 

small scale, this strategy is a feasible approach that could be implemented for use in fields and 

greenhouses. In this way, an innovative trapping and mating disruption device could join the farmers’ 

toolbox for monitoring and controlling B. cockerelli.   

In conclusion, I provided new information regarding the ethology of two insect vectors and 

suggested that there is room for applied biotremology to support sustainable management strategies.   

 



 
 

 

 

 

 

 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

Le savoir humain sera rayé des archives du monde avant que nous ayons le 

dernier mot d'un moucheron. 
 

Human knowledge will be erased from the archives of the world before we possess the last word that the 
gnat has to say to us.  
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Souvenirs entomologiques (1870-1889)  
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Chapter 1 

General Introduction 

1. Insect vectors of bacterial plant-pathogens  

Hemipteran insects such as leafhoppers, psyllids and aphids pierce the plant tissues to reach 

the vascular system of plants with their stylets. These species usually probe the mesophyll but feed 

from the xylem or the phloem, where they find their primary nutrient source (Perilla-Henao and 

Casteel 2016). The phloem sap is rich in carbohydrates, proteins, and amino acids, while the xylem 

sap mainly transports water and contains less nutritive molecules then the phloem (Bové and Garnier 

2002; Bae et al. 2015). Depending on the species, bacterial plant-pathogens can colonize either the 

phloem or the xylem. By feeding in vascular tissues, hemipteran insects interact with these 

microorganisms and become active players in their spread (Perilla-Henao and Casteel 2016). After 

acquisition of bacterial cells from infected tissues, they can transmit them to healthy plants (Purcell 

1982). In this way, insect vectors are associated with outbreaks of devastating diseases in perennial 

and annual crops (Crosslin et al. 2010; Gottwald 2010; Munyaneza 2012; Chuche and Thiéry 2014; 

Godefroid et al. 2019). Nonetheless, by understanding the relationship between vectors and 

bacterial plant-pathogens, it is still possible to prevent further spread of diseases, considering that 

the specific interactions between pathogen and vector influence transmission efficiency (Purcell 

1982). For instance, different microorganisms can replicate and propagate either outside or within 

cells of their vectors, which represent alternative hosts of the pathogen. Mechanisms mediating 

insect recognition, movement and replication are specific for each bacterium–vector interaction and 

need to be characterised to better understand disease epidemiology (Purcell 1982; Bové and Garnier 

2002; Orlovskis et al. 2015; Perilla-Henao and Casteel 2016). While some microorganisms can be 

vertically transmitted to the offspring through the female ovary, others are only retained in the 

mouthparts (Purcell 1982; Backus and Morgan 2011). 

Factors such as environmental conditions and especially biology of host plants, plant 

pathogens and vectors play a crucial role in the spread and spill over of plant diseases. By acquiring 

deep knowledge regarding these components, it is possible to identify main research needs, model 

diseases epidemiology, and develop valuable control methods (Perilla-Henao and Casteel 2016). 

1.1. Gathering biological and ecological data on insect vectors 

In the past decades, dramatic outbreaks of vector-borne plant diseases such as the Olive 

Quick Decline Syndrome, Pierce’s disease of grapevine, citrus Huanglongbing and zebra chip resulted 

into a race to acquire information regarding the plant pathogen and its vector(s) (Gottwald 2010; 

Orlovskis et al. 2015; Almeida 2016b; Cornara et al. 2018a). Similar knowledge is a prerequisite for 

successful management of vector-borne diseases, since epidemics can be controlled by interrupting 

one or more variables involved in its pathosystem (Almeida et al. 2005). To achieve this goal, multiple 

techniques are combined within an integrated pest management framework.  

Considering its crucial role in the pathosystem, data on the insect vector are fundamental to 

develop epidemiological models, risk assessment plans, and effective pest management techniques. 

For example, aspects such as life history, behaviour, ecology, population dynamics, reproductive 

biology and host plant associations are key factors driving transmission efficiency of the plant disease 
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and may be manipulated for reducing its spread (Polajnar et al. 2015; Pertot et al. 2017; Cornara et 

al. 2018a).  

1.2. Economic and environmental impacts of insect vectors 

Vector-borne plant diseases cause important losses of food, income, or capital that 

impoverishes growers by reducing crop yields (Munyaneza 2010; Chuche and Thiéry 2014; Strona et 

al. 2017). Besides these economic losses, plant diseases foster increased management and regulatory 

costs, which result in a low cost-benefit ratio for the application of pesticides (Daugherty et al. 2015). 

Furthermore, methods addressed at managing plant pathogens and their vectors may represent a 

threat for the environment by affecting ecoservices and landscapes (Simberloff et al. 2013; Strona et 

al. 2017; Brühl and Zaller 2019; Desprez-Loustau et al. 2020; Ali et al. 2021). Plant removal, for 

instance, is mandatory for the control of some plant diseases (Chuche and Thiéry 2014; Cornara et al. 

2018a; Bragard et al. 2019) but can reduce CO2 sequestration and increase soil temperatures and 

evaporation rates (Ali et al. 2021). Management of a vector is often achieved by means of pesticides 

and soil tilling, the latter addressed to remove insects from the herbaceous cover within and 

surrounding a crop (Strona et al. 2017; Cornara et al. 2018a; Bragard et al. 2019). However, soil tilling 

is a double-edged weapon, considering that it can contribute to desertification and reduction of 

habitats that host beneficial arthropods, which provide important ecosystem services (Kairis et al. 

2013; Karamaouna et al. 2019; Molinatto et al. 2020). The major threat to biodiversity, nonetheless, 

is represented by pesticides, given that they are causing the dramatic population decline of many 

terrestrial and aquatic organisms (Brühl and Zaller 2019; Sánchez-Bayo and Wyckhuys 2019). 

Intensive use of pesticides is currently driving to low abundance and restricted geographical 

distribution of species, leading many towards extinction (Diamond 1989; Brühl and Zaller 2019; 

Sánchez-Bayo and Wyckhuys 2019). Many introduced/native vectors are generalist species and can 

take advantage of the pesticide-driven biodiversity decline. In fact, ecological niches stroke by 

species extinction could be occupied by more adaptable species and, as consequence, shift to 

species-poor assemblages dominated by generalists (White and Kerr 2007; Sánchez-Bayo and 

Wyckhuys 2019). On the long-term, pesticide use can result in increased vector abundance, while its 

short-term effectiveness is often overestimated (Perring et al. 1999; Madden et al. 2000). An 

increased resistance to pesticides, for instance, can disrupt pest control and is considered one of the 

most challenging issues to overcome to ensure food security (Network 2016).  

For all these reasons, innovative and environmentally safe strategies are needed to manage 

vector pests and control vector-borne plant diseases.  

2. Applied biotremology: when vibrations meet pest control 

2.1. A beginner’s guide to biotremology 

Biotremology is an emerging discipline that studies the communication and behavioural 

processes relying on substrate-borne vibrations, and it is receiving growing interest from the 

scientific community (Hill and Wessel 2016; Hill et al. 2019; Cividini and Montesanto 2020). The term 

“biotremology” has been introduced only in 2016, and the number of related publications 

exponentially increased since then (Hill and Wessel 2016; Hill et al. 2019). In the beginning, these 

publications aimed at studying the vibrational communication of animals, whilst the scope of recent 

studies broadened, progressively including environmental noise, new technologies, and 

neurosciences (Hill et al. 2019).   



3 
 

Both vertebrates and invertebrates use substrate-borne vibrations to interact with other co- 

and heterospecifics and with their environment, and this form of communication is more widespread 

and ancient than previously thought (O’Connell-Rodwell et al. 2001; Virant-Doberlet and Cokl 2004; 

Hill 2009; Hill and Wessel 2016; Hill et al. 2019). “Well-studied” taxa (i.e., species whose vibrational 

communication has been studied for 15-30 years) include elephants, anurans, heelwalkers and 

termites. The number of studied species is dramatically increasing, and new behavioural data 

demonstrates that vibrations can be used by animals to accomplish crucial and diverse functions 

(Virant-Doberlet and Cokl 2004; Hill et al. 2019). Indeed, vibrational communication underlies an 

intricate network of intraspecific and interspecific interactions, in which senders, receivers, and 

eavesdroppers are concerned by a dynamic exchange of information (Figure 1.1) (Cocroft and 

Rodríguez 2005).  

 

Figure 1.1. Complex vibrational communication network. An insect is emitting signals addressed to a 

conspecific receiver, but a predator able to perceive vibrations and an acoustical orienting parasitoid 

are eavesdropping (Hill 2009). 

Within arthropods, sexual behaviours, defence, parental care, localisation of feeding sites, prey-

predators’ interactions and social behaviours rely on substrate-borne vibrations (Virant-Doberlet and 

Cokl 2004; Hill 2009; Hill and Wessel 2016; Cividini and Montesanto 2020). Substrate-borne 

communication is used by more than 200 000 insect species, encompassing bees (Michelsen et al. 

1986), termites (Hager and Kirchner 2013), ants (Pielström and Roces 2012), lacewings (Henry 1979, 

1980), Auchenorrhyncha (Nieri et al. 2017), stoneflies (Orci and Murányi 2021), psyllids (Eben et al. 

2015) and beetles (Kasper and Hirschberger 2005). Depending on the species, vibrations are 

produced owing to specialised organs or to specific movements of body parts (Virant-Doberlet and 

Cokl 2004; Hill 2014). Four primary categories of vibration-producing mechanisms have been 

proposed: drumming, tremulation, stridulation, and tymbal buckling (Hill 2014). The most complex 

organ enabling production of vibrations and sounds is the tymbal, which was firstly described in 

cicadas. Within Auchenorrhyncha (i.e., Fulgoromorpha and Cicadoidea), tymbal-like organs enables 

substrate-borne communication and likely share with the tymbal a common origin that dates to 

more than 300 Mya. Given that tymbal and tymbal-like organs produce vibrations by involving the 

same set of muscles that cause distortions of specialized parts of the integument, the name Tymbalia 

was suggested for the taxon comprising Cicadomorpha, Fulgoromorpha, and Heteropteroidea (i.e., 
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Hemiptera exclusive of Sternorrhyncha) (Wessel et al. 2014). Depending on the vibration-producing 

mechanism and species-specific structures, insects are capable to emit a great variety of signals. For 

instance, vibrational signals emitted by plant-dwelling stinkbugs (Hemiptera: Pentatomidae) are 

produced by tremulation of body parts and percussion of the substrate. Stinkbugs can modulate the 

frequency of the emitted signals, but dominant frequency is generally around 100 Hz, while higher 

harmonics reach 1000 Hz (Virant-Doberlet and Čokl 2004; Čokl et al. 2014). The substrate influences 

the signal features, since plants are frequency filters privileging frequencies around 100 Hz and 

attenuating those higher than 600 Hz (Čokl et al. 2014). Species-specific vibrational signals are 

therefore tuned to optimally transmit through a certain substrate, in order to be perceived by the 

desired receiver, which, on the other hand, must have specifically tuned organs to perceive 

vibrations (Čokl and Virant-Doberlet 2003; Virant-Doberlet and Cokl 2004; Hill 2009; Lakes-Harlan 

and Strauß 2014; Oberst et al. 2019). Within arthropods, the most sensitive mechanoreceptors are 

subgenual organs (Figure 1.2), which are in the proximal tibia, even though there are some 

exceptions among dipterans and coleopterans species. The function of this complex sensory organ is 

enabled by aggregations of scolopidia, the unit mechanoreceptor in invertebrates. Although 

organisation of subgenual organs differs between species, they are generally not connected to leg 

joints and can detect external vibrational signals transferred to the leg. The lower acceleration 

stimulus that can trigger a neuronal response, namely threshold, is a crucial parameter that 

determines the sensitivity of subgenual organs in different species, even when receptors can be 

tuned to different frequencies (Lakes-Harlan and Strauß 2014).  

 

Figure 1.2. Position and internal structure of the subgenual organ of an insect. The internal structure 

of the organ is briefly illustrated in the square (adapted from “Hunt J & Richard FJ (2013). Intracolony 
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vibroacoustic communication in social insects. Insectes Sociaux, 60(4), 403-417. DOI: 

10.1007/s00040-013-0311-9”). 

Vibrational signals play a fundamental role in the sexual behaviour of numerous arthropod 

species, being used to identify and locate potential partners. In plant-dwelling insects, vibrations 

convey relevant information during pair formation phases such as identification, courtship, 

localisation, and mating. Spectral and temporal features of an emitted signal generally contain the 

information regarding the species (“who”), while intensity of the signal is likely the cue (“where”) 

used to reach a signalling partner (Virant-Doberlet and Cokl 2004; Polajnar et al. 2014; Cividini and 

Montesanto 2020). Calling signals are the first signals emitted during pair formation and allows 

recognition of a conspecific. A receiver interested in mating can, in turn, emit a response signal and 

establish a vibrational duet with the calling individual. This exchange of signals enables mate 

localisation, in that one partner searches whilst the other remains stationary on the plant (Virant-

Doberlet and Cokl 2004; Mazzoni et al. 2010; Derlink et al. 2014; Polajnar et al. 2014; Nieri et al. 

2017; Nieri and Mazzoni 2019). However, mate finding does not necessarily imply mating. Prior to 

copulation, females are usually reluctant to mate because their investment in offspring production is 

way higher than those of males (Gwynne 1991). After localisation of the female, males therefore 

produce courtship signals, which express the highest level of species-specificity, ensuring correct 

identification of a conspecific (Mazzoni et al. 2014, 2015). Courtship behaviours can be more or less 

complex, include tactile, visual, and chemical stimuli, and are aimed at triggering female acceptance 

to mating (Ringo 1996; Candolin 2003; Mazzoni et al. 2013; Lubanga et al. 2014). The male usually 

allocates most of his energies in this phase, since the quality of the courtship indicates male fitness 

and can determine whether the female will allow copulation (Mazzoni et al. 2014). The pair 

formation process is not an intimate interaction between male and female and can be disrupted or 

delayed by biotic and abiotic factors (Čokl and Virant-Doberlet 2003; Mazzoni et al. 2009a; Virant-

Doberlet et al. 2019). For example, mate localisation and courtship are vulnerable to vibrational 

interference coming from intruders such as rival males or… biotremologists. 

2.2. Applied biotremology: vibrational manipulation of insect behaviours 

Applied biotremology is a growing discipline that attracts the interest of companies involved 

in pest control. Said interest is reinforced by the increasing awareness of insecticides-related risks. By 

studying vibrational signals associated with mating, researchers can provide useful information 

regarding insect behaviour and evolution. Besides conservation purposes, such knowledge is 

required to develop innovative pest control techniques. Thusly, in the last decade, promising 

technologies and vibrational strategies have been developed, opening the gates for further studies 

involving numerous species, notably hemipterans (Polajnar et al. 2015; Hill et al. 2019). For instance, 

a vibrational vineyard has been established in Northern Italy in 2017 for the control of Scaphoideus 

titanus (Hemiptera: Cicadellidae), a leafhopper capable of transmitting the phytoplasma causal agent 

of Flavescence dorée, a disease in grapevine (Chuche and Thiéry 2014; Mazzoni et al. 2019). That 

setup was made possible thanks to a fine understanding of S. titanus’ sexual behaviour. In particular, 

it was observed that rival males produce a specific disturbance noise to interrupt an ongoing male-

female duet and, eventually, mating (Mazzoni et al. 2009b; Polajnar et al. 2016). The recorded male 

disturbance signal was used to disrupt S. titanus’ mating process, at first in the laboratory, then in 

the field. However, several technical aspects were considered to optimize the signal transmission 

through the trellis and from there to the plants. The novelty of this pest control strategy was not 
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mating disruption per se, but the exploitation of vibrations instead of pheromones (Polajnar et al. 

2015; Mazzoni et al. 2019). In California, disturbance vibrational waves were similarly transmitted 

through grapevine stems to interfere with the sexual communication of the glassy-winged 

sharpshooter Homalodisca vitripennis (Hemiptera: Cicadellidae), a vector of the noxious bacterium 

Xylella fastidiosa (Gordon and Krugner 2019). A mating disruption and trapping device for vibrational 

control of the Asian citrus psyllid Diaphorina citri (Hemiptera: Psyllidae) is also under development in 

the US (Lujo et al. 2016; Mankin 2019). Besides mating disruption, a trapping strategy that integrates 

chemical and vibrational signals has been proposed against the brown marmorated stink bug 

Halyomorpha halys (Hemiptera: Pentatomidae), while ongoing research is aimed at using vibrations 

to protect forests from invasive bark beetles (Mazzoni et al. 2017; Polajnar et al. 2019; Takanashi et 

al. 2019).  

When considering the potential benefits of vibrational pest control strategies, some factors 

should be taken in account to ensure the efficiency of behavioural manipulation. For instance, some 

insect species rely on unimodal communication systems, in that they only use vibrations to identify, 

locate and court potential partners. In similar circumstances, disturbance vibrations alone could 

efficiently interfere with mating behaviours, while other stimuli should be integrated to interfere 

with species that use multiple cues for mate finding or aggregation, as seen in H. halys (Polajnar et al. 

2016, 2019; Mazzoni et al. 2019). A case-by-case strategy is the best way to ensure an effective pest 

control method, given that identification of the most appropriate management of a species requires 

prior characterization of its life history. For instance, using signals that mimic a female attracting the 

S. titanus male into a trap does not seem feasible, since males and females establish a tightly 

synchronized mate finding duet. To operate, such a trap would require emitting the female signal in 

the proper time window by using a sophisticated device capable of replying to male signals (Mazzoni 

et al. 2019). Nevertheless, attractive signals can be applied when the male (or the female) is guided 

by the partner’s signals without the need for a male-female duet, as observed in D. citri (Mankin 

2019; Mazzoni et al. 2019; Polajnar et al. 2019). Besides mating, vibrational stimuli can interfere with 

residency on host plants and feeding, or trigger behaviours such as freezing and startle responses 

(Lee et al. 2012; Tsubaki et al. 2014; Takanashi et al. 2019).  

Continuous transmission of vibrational signals involves high energy consumption and costs, 

but adoption of duty cycles could overcome this issue by considering behavioural factors such as 

sexual inactivity. In this regard, knowledge regarding insect phenology such as number of 

generations per year or reproductive seasonality suggests when and for how long stimuli must be 

applied to ensure pest control. Given that sexual behaviours can depend on environmental 

parameters (i.e., rain, temperature, and wind conditions), a real-time, computer-based analysis may 

support management approaches. In fact, they can determine the timing of signal application by 

coupling signal transducers with environmental sensors, enhancing vibrational stimuli effectiveness, 

and reducing costs related to signal transmission (Polajnar et al. 2016; Mazzoni et al. 2019).  

These promising results demonstrate that vibrations share several similarities with 

semiochemicals, given that both can be used to manipulate relevant behaviours of insect pests 

(Figure 1.3). In this regard, researchers dealing with applied biotremology address vibrational stimuli 

as “semiophysicals” or “semiomechanicals”. Chemical and vibrational stimuli differ in aspects such as 

signal active space, which represents the signal amplitude, sufficiently above the receiver detection 

threshold, eliciting behavioural responses. By modelling and enhancing propagation of vibrational 
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signals through host plants, it is therefore possible to maximise the signal active space and 

consequently achieve high performances in pest control (Mazzoni et al. 2019). Besides improving 

signal propagation, specificity of the signal must be taken into consideration, given that vibrational 

behavioural manipulation techniques should be specifically addressed to the insect target, to reduce 

potential negative effects on beneficious arthropods (Polajnar et al. 2015; Hill et al. 2019; Mazzoni et 

al. 2019).  

 

Figure 1.3. Vibrational mating disruption (a) of the leafhopper Scaphoideus titanus (b) by means of a 

vibration transducer mounted on a pole of the vineyard trellis system. This model resembles the 

mating disruption approach for (c) Lobesia botrana, achieved by means of (d) pheromone dispensers 

(Mazzoni et al. 2019).  

Electronics and energetics are under steady development and will soon enable vibrational 

pest control devices to be applied in the field and integrated in farmers’ and foresters’ toolbox. 

Although more information regarding positive or negative effects of vibrations on non-target 

arthropods is needed, applied biotremology is opening the way for more sustainable pest control 

techniques alternative to pesticides (Hill et al. 2019).   

3. Philaenus spumarius: an insect vector menacing the European agriculture 

3.1. From old inhabitant to new threat 

Modern agriculture favours invasion by alien species since it implies an increased 

transportation of goods over long distances, which promotes introduction of organisms (Hulme 

2007). A biological invasion can alter the ecosystem’s functioning if an organism can establish itself to 

the detriment of other species (Hulme 2007; Meyerson and Mooney 2007). These invasions of alien 

insect species have severe consequences, from damages to biodiversity and environment to socio-

economic costs, which include direct damage or control-relative costs (Perrings et al. 2002; Hill et al. 

2016). Furthermore, even autochthonous insects can become unwanted pests when a plant 
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pathogen is introduced in an area. If the pathogen establishes itself and finds appropriate hosts, its 

introduction can be devastating. Insects vary in their ability to serve as vector, and transmission 

efficiency depends on temporal and spatial factors. For instance, disease epidemics can be governed 

by agricultural economics, geographic and environmental variables, which influence host 

distribution, insect populations, and plant-pathogen-vector associations (Perilla-Henao and Casteel 

2016).  

Recently, introduction of the Gram-negative bacterium Xylella fastidiosa in Europe initially 

resulted in an unprecedent social and economic turmoil in Southern Italy and then became a threat 

for European agriculture (Martelli et al. 2016; Saponari et al. 2017; Cornara et al. 2018a). Xylella 

fastidiosa originates from the Americas, where it causes diseases in crops such as grapevine, citrus, 

and almond, but also infects numerous wild and ornamental species (Purcell 1997; Sicard et al. 2018; 

EFSA et al. 2019; Bragard et al. 2019). A strain of the bacterium was recently introduced by 

contaminated material in Europe, where it infected olive plants, causing severe symptoms such as 

leaf scorch and dieback (Giampetruzzi et al. 2017; Saponari et al. 2019). First detection occurred in 

Southern Italy in 2013 and was followed by further reports in other European countries, where 

additional bacterial strains were identified (Saponari et al. 2013; Denancé et al. 2017; Olmo et al. 

2017; EPPO 2018; Bragard et al. 2019; Frem et al. 2020; Schneider et al. 2020). Considering that X. 

fastidiosa is transmitted by xylem fluid-feeding insects in Auchenorrhyncha (i.e., Cercopoidea and 

Cicadoidea superfamily, Cicadellinae subfamily within Cicadellidae family) (Redak et al. 2004; Lopes 

et al. 2014; Almeida 2016b; Cornara et al. 2019a; Krugner et al. 2019), extensive surveys were 

performed to identify European vectors (Cornara et al. 2019a).  

The native meadow spittlebug Philaenus spumarius (Hemiptera: Aphrophoridae) was 

recognized as the main vector of the bacterium and consequently became a menace for European 

agriculture. Before X. fastidiosa arrival, this common endemic insect was studied by European 

scientists for its unique colour polymorphism and the spittle produced by juvenile stages, whilst 

information regarding its biology, ecology, and ethology has been rather neglected (Yurtsever 2000; 

Silva et al. 2015; Cornara et al. 2018a). Dating back to the 1930’s and 1950’s, P. spumarius was 

considered a pest in the United States owing to damages caused by nymphs feeding on alfalfa and 

strawberry (Edwards 1935; Weaver and King 1954). Even so, economic losses caused by this insect 

were never so important as to encourage extensive research, especially in the Old World (Cornara et 

al. 2018a). Its role in X. fastidiosa transmission changed this trend and research is currently underway 

to collect information on P. spumarius, given that such data are fundamental prerequisites for 

developing future control approaches and modelling epidemiology of the plant disease (Birch et al. 

2011; Pertot et al. 2017; Cornara et al. 2018a; Fierro et al. 2019).         

3.2. Life history of P. spumarius 

The meadow spittlebug P. spumarius L. (1758) is a hemipteran insect belonging to the 

superfamily Cercopoidea. Within this group, nymphal stages protect themselves from dehydration by 

producing a froth that covers their entire body. This “frothy dew” consists of a fluid secreted from 

the anus and integrated with secretions of abdominal glands and air bubbles (Wiegert 1964b; 

Yurtsever 2000; Rakitov 2002).  

Genetics. As previously mentioned, P. spumarius attracted the interest of researchers owing 

to the adults’ colour polymorphism, which also caused taxonomic confusion regarding this species 
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(Nast 1972; Cornara et al. 2018a). Philaenus spumarius provided a good model to test hypotheses 

about adaptation and maintenance of polymorphisms, because it is wide-spread, abundant, and 

genetically diverse (Rodrigues et al. 2014; Silva et al. 2015). At least 16 different dorsal colour pattern 

phenotypes (divided in non-melanic and melanic forms) occur across its geographic range (Halkka et 

al. 1990; Stewart 1996; Quartau and Borges 1997; Silva et al. 2015). Breeding experiments unveiled 

that a single autosomal locus (seven alleles with complex dominance and co-dominance 

relationships) determines the phenotype of adults (Halkka et al. 1990; Stewart and Lees 1996). 

Continuous maintenance of rarer phenotypes suggests that selective mechanisms are involved, and 

diverse evolutionary mechanisms act on colour polymorphism, even if all involved factors are still 

unknown (Halkka et al. 1974; Halkka et al. 1975; Silva et al. 2015). For instance, higher rate of attack 

by parasitoids of a pale phenotype may be compensated by higher longevity and fertility (Silva et al. 

2015). 

Biology, phenology, and behaviour. Philaenus spumarius is an univoltine specie that 

overwinters as an egg. After the egg stage, development occurs through five nymphal instars and 

takes five to six weeks, depending on weather and geographical location (Figure 1.4) (Weaver and 

King 1954; Wiegert 1964a; Cornara et al. 2018a). Males usually hatch before females, which, in turn, 

survive longer during the autumn(Edwards 1935; Halkka 1964; Drosopoulos and Asche 1991). First 

instar nymphs hatch in February-March, while adults can be found from April to December, even if 

environmental factors can affect adult emergence and survival (Weaver and King 1954; Wiegert 

1964a; Cornara et al. 2018). An ovarian para-pause prevents development of eggs prior to August, 

whilst eggs maturation increases until November (Weaver and King 1954; Witsack 1973). Although 

ovaries are immature in spring, females can mate several times with different males and potentially 

store sperm inside their spermatheca (Robertson and Gibbs 1937; Yurtsever 2001). Polyandry is 

thought to provide genetic and evolutionary benefits to P. spumarius and other species, but more 

data are indeed needed to support this hypothesis (Yurtsever 2001). Oviposition starts in September 

and continues until death of females, which lay eggs in stubble, straw, and dead parts of plants, 

usually close to the ground (Barber and Ellis 1922; Weaver and King 1954; Yurtsever 2000). Egg 

masses consist of 18–51 elements that are held together by a frothy cement (Mundinger 1946; 

Weaver and King 1954; Ossiannilsson 1981). Environmental variables influence P. spumarius’ life 

cycle, and among them, humidity and water availability represent the main driving forces. For 

instance, nymphs tend to avoid direct sun and drying winds by seeking sheltered places (i.e., plant 

rosettes and juxtaposing plant surfaces) and producing spittle (Weaver and King 1954; Grant et al. 

1998; Bodino et al. 2020). Almost any plant providing sufficient moisture can support nymphal 

feeding and survival (Weaver and King 1954). A thick cornea protects adults from water loss, which is 

also avoided by migrating in cooler areas during summer (Keskinen and Meyer-Rochow 2004; 

Cornara et al. 2018a). Timing and site location of oviposition prevent dehydration of eggs, which 

likely hatch when humidity reaches certain values (Weaver and King 1954). Even if P. spumarius 

prefers moist environments its incredibly wide distribution suggests that this insect can live and 

thrive in different habitats, provided that host plants are not dried and support nutrition (Yurtsever 

2000; Rodrigues et al. 2014; Cornara et al. 2018a). It is also possible that populations living in 

different geographical areas have undergone site-specific adaptations and hence present different 

humidity requirements. Humidity is not the unique pivotal factor governing P. spumarius’ life, given 

that the ovarian development and oviposition are triggered by photoperiod changes (Witsack 1973; 

Cornara et al. 2018a; Morente et al. 2018a). Temperature influences P. spumarius’ phenology, but 
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data on thresholds and effects on spittlebug development is rather inconsistent (Weaver and King 

1954; Medler 1955; Chmiel and Wilson 1979; Masters et al. 1998). In addition, population density 

may influence the fitness of P. spumarius, notably of nymphs. The latter tend to aggregate and share 

the same host and spittle, and it has been accordingly observed that nymph’s mortality is inversely 

density dependent (Whittaker 1973). On some occasions, even different cercopid nymphs can be 

found with P. spumarius inside a spittle mass (Halkka et al. 1977). Aggregation can provide benefits if 

maintained below competition levels, because it ensures a bottom-up effect by overcoming negative 

tensions due to xylem feeding and improving thermoregulation (Wise et al. 2006). On the other 

hand, a density-dependent regulation may occur in adults (Whittaker 1973).  

Although recent studies unveiled some interesting aspects of P. spumarius’ biology and 

physiology such as feeding behaviour, structure of antennal sensilla, and physiological responses to 

plant volatile organic compounds, information regarding its sexual behaviour and intraspecific 

communication is lacking and urgently needed.  

 

Figure 1.4. Life cycle of Philaenus spumarius in most habitats of the northern hemisphere (Cornara et 

al. 2018a)  

Ecology. Phileanus spumarius is native of the Palearctic region but its geographic range 

expanded in Nearctic regions, as well as most of the temperate areas of earth and oceanic islands, 

likely promoted by anthropogenic introduction (Cornara et al. 2018a). The wide host plant range 

(both monocotyledonous and dicotyledonous) likely favoured its geographical expansion, considering 

that other monophagous Philaenus species are not widely distributed (Rodrigues et al. 2014; Cornara 

et al. 2018a). Philaenus spumarius nymphs and adults feed on xylem fluid, overcoming relatively high 
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fluid tensions when ingesting from main transpiration stems (Wiegert 1964b; Horsfield 1977; Malone 

et al. 1999). Preferred hosts include nitrogen-fixing legumes and other plants with high amino acids 

concentration in the xylem sap, especially in the nymphal stages (Horsfield 1977; Thompson 1994, 

2004). After X. fastidiosa’s introduction in Europe, monitoring P. spumarius populations became 

mandatory. Researchers accordingly developed and shared with the scientific community reliable 

and cost-effective sampling techniques to provide useful and comparable data between locations. 

Once established an efficient sampling design, extensive surveys have been conducted to study P. 

spumarius distribution and its host exploitation in diverse European countries. These surveys 

provided fundamental knowledge about disease epidemiology and suggested how, in crops 

susceptible to X. fastidiosa, ground cover could be shaped to reduce vector settlement (Morente et 

al. 2018b; Dongiovanni et al. 2019; Bodino et al. 2020). In fact, plant composition in the herbaceous 

cover plays a major role in P. spumarius abundance, depending on site, period of the season, and 

insect developmental stage (Cornara et al. 2017b; Morente et al. 2018b; Bodino et al. 2020). In 

summer, for instance, adults colonise olive trees longer and in higher numbers in northern Italy than 

in southern Italy, suggesting that, in case of a X. fastidiosa outbreak, the risk of inoculation of the 

fastidious bacterium could be higher in northern Italian regions. Higher spittlebug population levels 

in northern Italy also support this hypothesis (Bodino et al. 2020). In chapter 4, we present the 

results of our surveys in northern Italy, which were based on the sampling methods used in other 

European surveys (Cornara et al. 2017b; Morente et al. 2018b; Bodino et al. 2019, 2020; Dongiovanni 

et al. 2019), but implemented with occupancy models. On that aspect, our approach proved 

innovative because it allowed the estimation of not only P. spumarius presence, but also its detection 

probability. In this way, we provided evidence that occupancy models could support pest 

management and risk assessment plans.  

Migration and energetics. Philaenus spumarius geographical range depends on weather, 

since high temperatures and low humidity negatively affect eggs and young nymph survival. 

Although population density can be reduced by years of low precipitations and high spring 

temperatures, similar conditions are not sufficiently frequent to mitigate expansion of population, 

whilst other limiting factors such as predation likely operate (Weaver and King 1954; Wiegert 1964a). 

At any rate, adult population density within a crop can be bimodal, with peaks occurring in different 

periods of the season (i.e., in early July and mid-August in Central-Western America; Wiegert 1964a). 

Similar movements can be due to cultural practices (as mowing), habitat suitability or spring/summer 

drought (Wiegert 1964a; Drosopoulos and Asche 1991). Rapid habitat changes and periodic 

dispersion of the populations by summer mowing can lead spittlebugs to invade new areas, which 

can be reached by leaping and flying (Ossiannilsson 1981; Cornara et al. 2018a). Adults can perform 

impressive jumps with their hind legs, whose muscles and joint interlocking mechanisms enable 

generation of forces and accelerations (Burrows 2003). In this way, P. spumarius can reach heights 

from 15 to 70 cm from the ground, while a flight can span 30 m. Adults can move 100 m in one day 

(Weaver and King 1954). Migratory behaviours are well-known in this species, in which females move 

earlier in the season and reach further distances than males (Weaver 1951; Weaver and King 1954; 

Lavigne 1959; Halkka 1962; Wiegert 1964a; Drosopoulos and Asche 1991; Grant et al. 1998). As 

already mentioned, migration is feasible because P. spumarius can adapt to different habitats owing 

to its high polyphagy (Halkka et al. 1967). In autumn, adult migratory activity is limited, possibly 

because temperatures are cooler, males diminishing, and females spending time and energy to lay 

eggs (Weaver and King 1954; Halkka 1962). 
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3.3. Philaenus spumarius & Xylella fastidiosa 

Even if X. fastidiosa subspecies pauca is the causal agent of the olive disease, it could not 

threaten an entire continent without the involvement of P. spumarius. Due to its adaptability, 

polyphagy, and abundance, it can thrive in almost all terrestrial habitats and mediate the spread of 

the fastidious bacterium from olive to olive and to alternative hosts (Saponari et al. 2013, 2014, 

2017; Cornara et al. 2017a, b). With olive plants being the main reservoir of X. fastidiosa, P. 

spumarius’ movements within the orchard influence disease epidemics (Cornara et al. 2017a, b). 

Plant’s physiological and chemical characteristics usually guide movement of xylem-feeding insects, 

which shift from host to host following daily fluctuations of xylem sap nutrients (Andersen et al. 

1992). In Southern Italy, colonisation of olive canopies by P. spumarius adults is likely due to the 

summer rise of temperatures, which causes desiccation of orchards ground cover. Presence of 

competent vectors within the olive canopy increase probability of infection and reduce the disease 

incubation period (Daugherty and Almeida 2009). In these circumstances, spittlebugs acquire the 

bacterium from infected olives and then disperse it when the weather cools, then move to other 

hosts (Cornara et al. 2018a). Philaenus spumarius is therefore a fearsome vector of X. fastidiosa, 

given that it promotes both secondary transmission between olive plants and primary transmission 

to wild plants surrounding the orchard (Cornara et al. 2017a, 2018a). Although P. spumarius carries 

low population of bacterial cells in the foregut, transmission probability also depends on the number 

of infective spittlebugs on the host plant, which can be very high in Italian olive orchards (Cornara et 

al. 2016, 2017a, 2018a; Bodino et al. 2020). Besides P. spumarius, the role of other 

auchenorrhynchans in X. fastidiosa spread was investigated, providing evidence that cicadas are not 

involved in disease outbreaks (Cornara et al. 2017b, 2019a, 2020b). On the other hand, the 

spittlebugs Philaenus italosignus and Neophilaenus campestris (Hemiptera: Aphrophoridae) can 

acquire and transmit X. fastidiosa subsp. pauca associated with the Southern Italy epidemics. Even 

so, P. italosignus and N. campestris are not relevant in mediating the transmission to olive, which is 

not a preferred host for these insects (Cavalieri et al. 2019). Epidemics accordingly depends on host–

plant preference/selection, and multiple epidemiological cycles among wild and cultivated plant 

species are expected in Europe due to the wide host range of P. spumarius.  

Overall, compelling evidence showed that P. spumarius is responsible for European X. 

fastidiosa outbreaks, and that it is not only a menace for olive and other cultivated crops, but 

potentially for forestry as well (Cornara et al. 2018a; Markheiser et al. 2019; Desprez-Loustau et al. 

2020). 

3.4. Philaenus spumarius control strategies and challenges 

Monitoring surveys are essential tools of integrated pest management, since they allow 

insect detection, population estimation, and distribution mapping. For this reason, research has been 

addressed to identify the best sampling method for P. spumarius, as previously mentioned (Cornara 

et al. 2018a). Quadrat sampling consists in randomly positioning a sampling unit on the ground cover. 

It seems to be the most reliable sampling method for spittlebug nymphs, which are scarcely mobile 

(Whittaker 1973; Morente et al. 2018b; Dongiovanni et al. 2019; Bodino et al. 2020). Given the 

exceptional jumping ability of adults, sweep netting is more convenient than other methods for the 
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estimation of P. spumarius populations on both ground vegetation and tree canopies (Morente et al. 

2018b). 

Management of X. fastidiosa-caused diseases would be possible only by targeting several 

aspects of the interaction between host plant, vector, and plant pathogen. Integration of multiple 

strategies would allow disruption of interactions within the pathosystem, resulting in effective and 

long-term disease management (Almeida et al. 2005; Almeida 2016b). Control approaches could 

simultaneously focus on all characters in play by removing infected plants, excluding contaminated 

ones, monitoring propagative material, and controlling vector populations (Lopes et al. 2016; 

Cornara et al. 2018a). In this regard, techniques aimed at reducing P. spumarius populations consists 

in the removal of herbaceous cover by both weeding, tilling, and mowing and application of 

insecticides (Almeida 2016a; Cornara et al. 2018a; Saponari et al. 2019). Although removal of ground 

cover may reduce nymph survival and emergence of adults, this approach affects soil quality and 

reduces habitats that foster populations of beneficial arthropods (Kairis et al. 2013; Karamaouna et 

al. 2019; Mesmin et al. 2020; Molinatto et al. 2020; Ali et al. 2021). Insecticides targeting adults 

conceal important side effects, as discussed above (Brühl and Zaller 2019; Sánchez-Bayo and 

Wyckhuys 2019; Baker et al. 2020; Chávez‐Dulanto et al. 2020). By reducing the biodiversity in olive 

orchards, these control methods would accordingly promote the spread of X. fastidiosa, since 

generalist insects such as P. spumarius tend to occupy emptied niches (Civitello et al. 2015; Sánchez-

Bayo and Wyckhuys 2019). Moreover, although pesticides offer a short-term control strategy, their 

efficacy in reducing the disease spread is highly variable (Purcell 1980; Madden et al. 2000; 

Daugherty et al. 2015). For these reasons, we need to rethink our approach of X. fastidiosa and P. 

spumarius control to find sustainable and efficient methods.  

Although predation does not seem to affect P. spumarius populations (Whittaker 1973), 

research is underway to characterise potential biocontrol agents. Egg parasitoids of the genus 

Ooctonus (Hymenoptera: Mymaridae) and Centrodora (Hymenoptera: Aphelinidae) attack P. 

spumarius, but their parasitisation rates are not sufficient to reduce spittlebug populations (Weaver 

and King 1954; Whittaker 1973; Mesmin et al. 2020; Molinatto et al. 2020). Even if the 

endoparasitoid Verrallia aucta (Diptera: Pipunculidae) could have a direct effect on population 

dynamics owing to host sterilisation, it cannot prevent X. fastidiosa transmission given that adults die 

after 10–11 weeks of parasitism (Whittaker 1969, 1973). The predatory bug Zelus renardii 

(Hemiptera: Reduviidae) has recently been introduced in Europe and proposed as control agent for P. 

spumarius, but cannot be released in the environment given that this generalist predator constitutes 

itself a threat for other local species (Ables 1978; Cohen and Tang 1997; Davranoglou 2011; Mesmin 

et al. 2020). Other potential control agents include entomopathogenic fungi and nematodes, but 

their application and efficiency need to be tested (Weaver and King 1954; Harper and Whittaker 

1976; Ben-Ze’ev and Kenneth 1981).  

As mentioned before, P. spumarius’ feeding behaviour was recently characterised together 

with X. fastidiosa’s transmission mechanism by using electro penetration graph technique (Cornara 

et al. 2018b). This information can support development of strategies aimed at disrupting 

bacterium–spittlebug interactions, as demonstrated for other X. fastidiosa vectors (i.e., 

sharpshooters) (Labroussaa et al. 2016). Indeed, future feeding interference techniques are worthy 

to be tested (Cornara et al. 2016, 2019b, 2020a).   
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Innovative pest management approaches imply the manipulation of pest behaviours and 

include attraction or repellence to/from a signal and mating disruption (Foster and Harris 1997; 

Baker et al. 2020). Inter- and intraspecific communication are susceptible to interference, but 

knowledge regarding the nature of signals is crucial (Foster and Harris 1997; Polajnar et al. 2015; 

Pertot et al. 2017). For instance, sexual pheromones are released in the field for the control of 

several crop pests, especially lepidopteran species (Welter et al. 2005). Nonetheless, the sole 

reported spittlebug emitting pheromones is the rice spittlebug Callitettix versicolor (Hemiptera: 

Cercopidae) (Chen and Liang 2015), while other species use different cues to communicate. Although 

P. spumarius antennal sensilla carry chemoreceptors possibly responsible to plant attractants, these 

receptors are not involved in mating communication given that they number of antennal sensory 

structures is relatively low and that, within Auchenorrhyncha, pheromonal communication is rare 

(Ranieri et al. 2016). Moreover, monitoring and control methods based on chemical signals are very 

unlikely to be developed against Auchenorrhyncha, since chemical communication is limited among 

this taxon (Saxena and Kumar 1984; Claridge 1985). In fact, communication mostly relies on the 

exchange of vibrational substrate-borne signals, which have been exploited to develop pest control 

strategies (Čokl and Virant-Doberlet 2003; Polajnar et al. 2015; Gordon and Krugner 2019; Hill et al. 

2019; Mazzoni et al. 2019; Cividini and Montesanto 2020).  

Evidence suggests that P. spumarius males produce vibrations as well, but no information is 

available regarding signal role, intraspecific communication, and mating behaviours (Tishechkin 

2003). A deep signal characterisation and description of pair formation is mandatory for the 

development of vibrational control strategies against P. spumarius, and first insights in this regard 

are presented here. Our investigations regarding P. spumarius pair formation process and associated 

intraspecific signals are presented in chapter 2, while the potential relationship between female 

signalling and reproductive biology is illustrated in chapter 3. In chapter 5, a vibrational stimulus 

based on a P. spumarius signal was used to impair its feeding activity, prompting for further research. 

Overall, outcomes of our investigations would facilitate development of diverse behavioural 

manipulation control strategies and provide new ethological data about P. spumarius.  

4. An alien vector side story: Bactericera cockerelli in New Zealand 

The accelerating trend of globalisation confronted New Zealand ecosystems and economics 

with a new challenge: the establishment of invasive species. In turn, this establishment triggered a 

declining effectiveness and acceptability of control methods, while intensifying land use and climate 

change. Considering the unique environment of this country, it is crucial to understand the bionomics 

and impact of invasive pest species and use this information to develop new control methods. 

Limitations of current pest management strategies call for new technologies and refinement of 

existing methods (Goldson et al. 2015). 

The introduction of the tomato potato psyllid Bactericera cockerelli (Hemiptera: Triozidae) in 

New Zealand demonstrated that pest management is a policy as well as a technical challenge. After 

establishment of the psyllid in tomato and potato crops, farmers were forced to systematically apply 

pesticides, including toxic organophosphate products. Besides risks of resistance emergence, these 

compounds threat human health and the delicate ecosystems of New Zealand. Even the introduction 

of biocontrol agents poses a risk to native species. Hence, new management methods should be 

devised not only to ensure control of B. cockerelli, but environmental sustainability as well (Goldson 

et al. 2015). This challenge could be tackled thanks to manipulation of psyllid behaviours, but a 
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deeper understanding of the ethology of this pest is required. Outstanding questions are to 

understand how B. cockerelli communicates, and how its pair formation occur.  

4.1. A quick guide to the tomato potato psyllid 

Bactericera cockerelli is a hemipteran insect belonging to the Sternorrhyncha suborder, 

superfamily Psylloidea (Ouvrard 2017). This psyllid is considered as a “temperature zone” species, 

since its life history is governed by climate, especially by temperature (Knowlton 1933; List 1939). 

Bactericera cockerelli adults emerge after five nymphal stages and are reproductively active soon 

after the last nymphal molt (Figure 1.5). Females lay hundreds of eggs, which are individually placed 

into plant tissue via a basal pedicel (Butler and Trumble 2012). Host plant, geographic origin of 

populations, sex and laboratory conditions are main factors influencing the psyllid development and 

life history (Liu and Trumble 2007; Yang and Liu 2009; Yang et al. 2010). Bactericera cockerelli feeds 

on phloem of different host species, with a preference for plants in the Solanaceae family (Wallis 

1995). Liquid excreted by nymphs can foster fungal infestations and large psyllid populations often 

result in plant damage (Liu and Trumble 2007; Yang and Liu 2009).  

 

Figure 1.5. Life stages of the psyllid Bactericera cockerelli. A) Eggs; B) nymphs; C) red and D) brown 

colour morphs of an adult (Butler and Trumble 2012). 

Bactericera cockerelli is native to North America and found in Central America, Mexico, 

southern United States and New Zealand (Liu and Trumble 2007; Teulon et al. 2009). Besides 

damages due to direct feeding, it became a major pest of tomato and potato because it transmits the 

bacterium Candidatus Liberibacter solanacearum (Munyaneza et al. 2007a, b; Secor et al. 2009; 

Munyaneza 2010). This plant pathogen causes a disease known as “zebra chip” in potato, which 

resulted in millions of dollars in losses for the potato industry (Munyaneza 2012). Candidatus 

Liberibacter solanacearum can infect crops other than potato, although severity and type of 

symptoms vary depending on the bacterium haplotype (Munyaneza 2015). In New Zealand, 

introduction of B. cockerelli in 2006 represented a major challenge to integrated pest management in 

solanaceous greenhouse and field crops, due to psyllid’s high infestation rates (Teulon et al. 2009; 

Butler and Trumble 2012; Vereijssen et al. 2018). Current control strategies are expensive and rely on 

intensive use of pesticides, while there is an urgent need of integrated pest management programs 

incorporating natural biocontrol agents, resistant plant varieties, cultural practices aimed at 
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preventing high infestations, and behavioural manipulation strategies (Butler and Trumble 2012; 

Butler et al. 2012).  

4.2. Is there room for vibrations against B. cockerelli? 

Vibrational communication is considered the main intra-specific communication channel in 

psyllids, being widespread among the majority of Psylloidea (Percy et al. 2006; Tishechkin 2007; 

Wenninger et al. 2009; Eben et al. 2015; Liao and Yang 2015; Liao et al. 2019). A proposed 

mechanism for signal production is stridulation, which involves the movement of the wings in a 

vertical plane, along the insect’s body (Heslop-Harrison 1960; Tishechkin 2006; Eben et al. 2015; 

Wood et al. 2016; Oppedisano et al. 2019). Vibrations are emitted when sclerotised areas of anal 

veins of the wings rub against the meso- and metathorax axillary cords, which bear scale-like 

denticles. The anal vein acts as a ‘plectrum’ scraping against the surface of the axillary cord, which 

represents the ‘pars stridens’ (Taylor 1985; Tishechkin 2006). Some psyllid species are supposed to 

use two stridulatory mechanisms that work together, whilst frictional mechanisms such as rubbing 

between wing-wing, leg-abdomen or leg-wing do not play any role in signalling (Liao et al. 2019). The 

Asian citrus psyllid Diaphorina citri (Hemiptera: Psyllidae), on the other hand, seems to use wingbeat 

signals for vibrational communication and have not been reported to stridulate (Wenninger et al. 

2009). Rapid movements of wing is hypothesized to be the source of the faint sound that was first 

noted in Psylloidea (Heslop-Harrison 1960). Interestingly, stridulatory organs have been reported for 

species that did not emit vibrations, while these structures were not found in some Australian 

species, which possibly do not communicate by means of vibrations or use alternative stridulatory 

organs (Percy et al. 2006; Tishechkin 2006, 2007). Although stridulation appears to be a simple 

frictional mechanism, psyllids can produce signals with distinct amplitude and temporal patterns, 

enabling discrimination among different species (Percy et al. 2006; Liao and Yang 2015). 

Given that psyllids can be a pest of important crops, interest in characterising their 

vibrational communication for the development of vibrational control strategies is increasing (Eben 

et al. 2015; Mankin 2019; Oppedisano et al. 2019). First encouraging attempts on Psylloidea have 

been reported for D. citri, which causes the devastating Huanglongbing disease in citrus trees by 

transmitting Ca. L. asiaticus (Hall et al. 2013). Researchers developed an innovative device consisting 

of a micro-controller platform operating a piezoelectric buzzer that mimicked a D. citri female by 

simulating her response after detection of a male call. In this way, vibrational signals of D. citri were 

used to monitor and lure male psyllids (Mankin et al. 2015; Hartman et al. 2017; Mankin 2019).  

Chemical communication seems to have a role in the mating behaviour of B. cockerelli, since 

semiochemicals produced by females and males can attract males, whilst females are repelled by 

male odours (Guédot et al. 2010, 2013). Prior to copulation, B. cockerelli individuals tap the antennae 

over the body of a potential partner, suggesting that cuticular hydrocarbons can underlie mate 

assessment (Knowlton and Janes 1931). Even so, studies of the psyllid olfactory system have revealed 

a relatively simplified system, in that psyllid antennae bear few antennal sensilla and olfactory 

glomeruli (Arras et al. 2012). Chemical compounds potentially ensure short-range communication by 

enabling mate identification when a psyllid is close to a conspecific, while other signal modalities 

such as vibrations could underlie communication at greater distances. Within the family Triozidae, 

vibrational communication is rather common (Percy et al. 2006; Tishechkin 2006, 2007; Lubanga et 

al. 2014; Liao et al. 2016), validating the interest in behavioural studies aimed at characterizing 

mating related vibrational signals. If vibrations have indeed a major role in the pair formation 
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process, similar information could allow the development of vibrational control strategies against B. 

cockerelli, in complement of other environmentally-friendly pest management strategies.  

Outcomes of our studies regarding the vibrational communication and mating behaviour of 

B. cockerelli are presented in chapter 5, whilst chapter 6 illustrates first attempts to interfere with 

psyllid pair formation process. 

5. Thesis outline 

This doctoral thesis aims to shed light on the sexual behaviour and associated vibrational 

substrate-borne signals of two important vectors of plant pathogens. Even so, the final goal is to 

provide new information for future development of behavioural manipulation control strategies. The 

spittlebug P. spumarius is the pivot around which this thesis revolves, due to its role in the current X. 

fastidiosa European outbreak. Chapter 2 illustrates the outcomes of bioassays aimed at unveiling the 

pair formation process and associated vibrational signals of the spittlebug. In chapter 2, some 

aspects of intrasexual communication are unveiled, and first insights are provided on the use of 

playbacks to study P. spumarius behaviour. Chapter 3 is addressed at evaluating the potential 

relationship between female signalling activity and ovarian development, which was investigated by 

means of playback trials and morphological inspections. The outcomes of these chapters are 

important insights that contribute to a fully understanding of P. spumarius behaviour and suggest 

that behavioural manipulation approaches by means of vibration should be tested. Chapter 4 

introduces a new approach for field monitoring P. spumarius and other Auchenorrhyncha that 

encompasses occupancy models, which enable estimation of presence and detection probability of 

the target species. Even if this was a preliminary work, the models  suggested that P. spumarius 

detection can be overlooked due to the effect of site covariates (i.e., forest coverage, sunlight hours 

and plant height), and that occupancy models are useful tools to estimate true presence of pest 

species. Indeed, these models could support future disease epidemiology studies. In chapter 4, 

association between P. spumarius and its host plants in Trentino (Northern Italy) is illustrated as well. 

As reported in other field studies, similar knowledge is fundamental because the ground cover of 

susceptible crops can be shaped to reduce spittlebug residency. Chapter 5 provides a breakthrough 

application of vibrations, which were used to impair the feeding behaviour of P. spumarius. Even if 

this approach represents only a first step towards a future management of the olive disease, it 

deserves in our opinion further studies and eventual implementation.  

Chapter 6 comprises the description of the vibrational communication of the psyllid B. 

cockerelli and provides first insights regarding vibrational behavioural interference against this pest. 

Chapter 7 illustrates how vibrational stimuli can disrupt psyllid pair formation by attracting males 

towards the source of the signal. These outcomes imply that vibrational stimuli may be used to 

monitor and control B. cockerelli, but further research should be addressed at improving signal 

transmission to ensure efficiency at greater scale.  

Chapter 8 represents a general conclusion enclosing the main findings and further research 

needs. By discussing outcomes and challenges, we suggest that future research may enable 

materialisation of tailored vibrational control strategies against vectors of bacterial plant pathogens 

such as P. spumarius and B. cockerelli.  
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Abstract 

Vibrational pest control techniques have been recently developed for several Hemiptera, 

suggesting that similar strategies could be applied to other species that emit vibrational signals. To 

evaluate the applicability of a similar control method for Philaenus spumarius, the vector of Xylella 

fastidiosa in olive, we investigated its mating behaviour and characterized the associated substrate-

borne signals. Males and females arranged in singles, pairs or trios were released on a plant and the 

emitted signals were recorded with a laser vibrometer from the surface of a leaf. Playback trials on 

males were conducted to assess the role of a pre-recorded either male or female signal. The latter 

was tested both at the beginning and end of the season. We described the male and female 

repertoires, which both consisted of three vibrational signals with distinct features. Pair formation 

begun with the calling signal of a receptive female and mating was accomplished after a vibrational 

duet was established and maintained until the male reached the female on the plant. Female calls 

and duets occurred at the end of the season (September), while earlier in the season females 

emitted rejection signals to courting males. The number of male signals emitted in response to the 

female playback was not significantly different between the tested periods. However, there was 

difference in the type of signals emitted when males were stimulated by either the female or male 

playback. Further experiments with playbacks are warranted to identify candidate vibrational signals 

to be used for manipulating P. spumarius behaviour and develop a future control method. 

Keywords: pest control; behavioural manipulation; vibrational signals; meadow spittlebug; 

Xylella fastidiosa 
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1. Introduction 

Due to the increasing awareness about the deleterious impact of pesticides on human health 

and environment, there is an ongoing effort to design alternative methods for pest management in 

agriculture. In general, most strategies (i.e., push-and-pull and lure-and-kill tactics, mating 

disruption) involve the manipulation of the pest’s behaviour by means of different external stimuli. 

To be effective, these techniques must consider the pest’s physiological state and associated 

behaviours such as the process of pair formation (Foster and Harris 1997; Polajnar et al. 2015). In 

animals, mating is achieved through exchange of species-specific signals between a female and a 

male (Bailey 2003), which provides relevant information about identity, position and even quality of 

a potential mate (Endler 1992). It has been estimated that 92% of the insect species interacts by 

means of vibrational substrate-borne signals (Cocroft and Rodriguez 2005) and in most Hemiptera 

these signals are crucial to accomplish mating (reviewed in Čokl and Virant-Doberlet 2003; Polajnar 

et al. 2014). Typically, pair formation starts with the emission of an advertisement call by one of the 

two potential partners, to which a sexually mature male or female replies with its own signal. 

Establishment of a duet is critical to achieve mating in that it allows mate localization and copulation 

(Mazzoni et al. 2009b; De Groot et al. 2012). Interruption of the duet implies the interruption of the 

mating process. As such, in some insect species rival males evolved specific disruptive signals to 

prevent other males to mate (Booij 1982; Heady et al. 1986; Bailey et al. 2006; Miranda 2006). In the 

grapevine pest Scaphoideus titanus, a rival male can emit a masking signal that when transmitted as 

a playback in laboratory trials caused interruption of the duet (Mazzoni et al. 2009a, b). In further 

experiments conducted in semi-field trials, the continuous transmission of this signal into grapevine 

plants by electromagnetic transducers significantly reduced mating success of S. titanus (Eriksson et 

al. 2012; Polajnar et al. 2016). A similar method has been tested in laboratory (Gordon et al. 2017; 

Mazzoni et al. 2017a) and field (Krugner and Gordon 2018) to interfere with the mating 

communication of the glassy-winged sharpshooter, Homalodisca vitripennis, vector of the bacterium 

Xylella fastidiosa in California (Gordon et al. 2017), and the green grapevine leafhopper Empoasca 

vitis (Nieri and Mazzoni 2018). Besides mating disruption, vibrational signals could be exploited as 

lures to attract the target insect into a trap. For example, this approach is driving the development of 

vibrational traps for the brown marmorated stink bug Halyomorpha halys (Mazzoni et al. 2017b), and 

the Asian citrus psyllid Diaphorina citri (Hartman et al. 2017). In summary, the rapid and encouraging 

improvements in this field permit scientists to explore the use of vibrational signal playback as a 

novel tool for pest control. 

The meadow spittlebug, Philaenus spumarius (Hemiptera: Aphrophoridae), is an abundant 

and world widespread species that occurs in almost all terrestrial habitats (Halkka and Halkka 1990; 

Stewart and Lees 1996). It is a univoltine insect that overwinters as egg and can feed on hundreds of 

plant species (Weaver and King 1954; Cornara et al. 2018). Recently, this species became a threat for 

European agriculture because it is the main vector of X. fastidiosa in Southern Italy (Saponari et al. 

2014; Cornara et al. 2019a), where the bacterium causes the Olive Quick Decline Syndrome (OQDS) 

(Saponari et al. 2017). Currently, X. fastidiosa has been found throughout the Mediterranean 

(Denance et al. 2017; Olmo et al. 2017). Therefore, an effective and sustainable management 

strategy for P. spumarius has become of high priority in the European Union. In the frame of a 

potential behavioural manipulation approach, knowledge of the pair formation process and the 

associated signals of P. spumarius are essential prerequisites to develop a control method (i.e., to 

repel, disrupt mating, attract) (Pedigo and Rice 2014; Pertot et al. 2017). Several aspects of the 
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biology (Weaver and King 1954; Chmiel et al. 1979), genetics (Halkka et al. 1973; Maryańska-

Nadachowska et al. 2012; Rodrigues et al. 2014), ecology (Santoiemma et al. 2019; Bodino et al. 

2019) and feeding behavior (Cornara et al. 2018b; Cornara et al. 2019b; Markhaiser et al. 2020) of P. 

spumarius have been studied, but its sexual behavior has been poorly described. Even if egg 

maturation occurs only late in the summer due to an ovarian parapause (Witsack 1973), previous 

investigations have reported that multiple matings could occur soon after adult emergence in spring 

(Cornara et al. 2018; Morente et al. 2018). Although there is evidence of the emission of vibrational 

signals by P. spumarius males (Tishechkin 2003), their ethological function in conspecific interactions 

has not been investigated, while neither the emission of female’s signals nor of duets have been 

reported.  

The objective of this study was to characterize P. spumarius vibrational signals, describe their 

role in the pair formation process, and provide information for further research and development of 

vibration-based sustainable control techniques. 

2. Materials and methods 

2.1. Insects 

Fourth and fifth instar nymphs of P. spumarius were collected in April 2017 and May 2018 

from meadows in Riva Del Garda (Trentino, Italy). Host plants carrying spittle were cut and 

transported using a refrigerated bag to a glasshouse at the Fondazione Edmund Mach. Insects were 

then reared in mesh cages (Bugdorm-6620, 60x60x120 cm, MegaView Science Co., Ltd., Taiwan) 

under controlled conditions (25 ± 2 °C, L16:D8, RH 75 ± 5%). Plants of Helianthus annuus, Vicia faba, 

Trifolium repens and Rumex spp. were placed inside each cage as food source. Nymphs were checked 

daily, and the newly emerged adults were removed and isolated by gender to obtain virgin individual 

to be used for the trials. The adults that emerged in the same day were placed on a plant of H. 

annuus, which was enclosed by a cylindrical tube made of plastic net (5 cm diameter x 15 cm height). 

A nylon stocking on the top of the tube permitted air ventilation. Adult emergence ranged from the 

end of April and lasted until the 6th of June.  

2.2. Recordings 

Recordings were carried out in a sound insulated chamber of the laboratory of Biotremology 

at Fondazione Edmund Mach (Italy), at a room temperature of 22 ± 1 °C and RH of 65%. The 

experimental arena was a Plexiglass cage (30x50x30 cm) with a circular opening on the top (diameter 

6 cm), which was placed on an anti-vibrational table (Astel s.a.s., Ivrea, Italy). A host plant (H. annuus 

or V. faba, average height 12 cm, 2-4 leaves) was placed into the cage. Insects were released on the 

plant after 15 minutes of acclimation in the room. Vibrational signals were recorded from a small 

piece of reflective tape attached on the lamina of the upper leaf by a laser Doppler vibrometer 

(Ometron VQ-500-D-V), and digitized with Pulse (Brüel and Kjær Sound & Vibration A/S, Nærum, 104 

Denmark) at a 44.1 kHz sample rate and 16-bit depth resolution through a data acquisition device 

(LAN XI type 3050-B-040, Brüel and Kjær Sound & Vibration A/S, Nærum, Denmark), then stored onto 

a hard drive of a computer (HP, EliteBook 8460 p). Trials were recorded with a video-camera (mod. 

HTC-TM700, Panasonic, Japan) to associate the emission of vibrational signals with the 

corresponding behaviour.  

2.3. Bioassays 



34 
 

Three experiments of spontaneous behaviour and three of playbacks to induce behavioural 

responses were conducted. In pair and trio trials, insects were released in a random order on the 

plant and their behaviour was observed for 30 minutes or until copulation occurred. 

2.3.1. Bioassay 1. Spontaneous behaviour 

Single males and females. Males (n = 105) and females (n = 32) were singly placed on a H. 

annuus or V. faba plant and vibrational signals were recorded for 30 minutes to identify spontaneous 

calling signals. Because males emitted signals soon after adult emergence, they were tested from the 

end of April until the end of June 2017 to study the daily pattern of calling activity. For statistical 

purposes, recordings were grouped in five 2-h periods from 08:00h to 19:00h. Calling activity of 21 

males for each time-period was recorded. Single females were tested from the end of April to the 

end of June 2017 (n = 15) and from the end of July to the end of September 2017 (n = 17). Further 

recordings of males (n = 121) and females (n = 201) were performed from August to October 2018 on 

a small plant of Vitis vinifera (height 10-15 cm) to increase the number of observations during the 

most active period (in terms of mating communication) of the insect life cycle as emerged from the 

pairs’ test (see results).  

Pairs of a male and a female (n = 188) were tested to describe the pair formation process. 

Trials were conducted from the end of April to the end of September 2017. For statistical analysis, 

recordings were grouped in the following 10 periods of 15 days: (1) from the end of April to mid-May 

(n = 17), (2) from mid-May to end of May (n = 20), (3) from the beginning of June to mid-June (n = 

16), (4) from mid-June to the beginning of July (n = 17), (5) from the beginning of July to mid-July (n = 

18), (6) from mid-July to the beginning of August (n = 20), (7) from the beginning of August to mid-

August (n = 19), (8) from mid-August to the end of August (n = 25), (9) from the beginning of 

September to mid-September (n = 22) and (10) from mid-September to the end of September (n = 

14). Insects were released on a H. annuus or V. faba plant.  

Trios (n = 47) of two males and a female were released on a H. annuus or V. faba plant from 

mid-July to the end of August 2017. Behaviours and associated vibrational signals were recorded to 

evaluate intraspecific interactions and potential rivalry behaviours between males. 

2.3.2. Bioassay 2. Playback trials 

Males of P. spumarius were stimulated with playbacks of pre-recorded male and female 

calling signals (MCS and FCS, respectively, see results), to evaluate the possible role of these signals 

in the pair formation process. Playback signals were transmitted to a V. faba plant using a mini 

shaker (Type 4810; Brüel and Kjær Sound & Vibration A/S, Nærum, Denmark) in direct contact with a 

leaf via a conical rod. The background noise was filtered, and signals were modified using the audio 

software Adobe Audition 3.0 (Adobe Systems, Inc., San Jose, CA, USA), while the amplitude adjusted 

to resemble the insect natural amplitude from previous recordings. To determine whether the 

transmission of the female signal could evoke different behaviours in males, we tested the female 

playback in two different periods of the P. spumarius adult season: October 2017 and June 2018. 

Conversely, the male signal was tested as playback only in June 2018 to ascertain possible effects in a 

period when only males emit vibrational signals, while females are silent (see results). Insect 

behaviours were followed using a video-camera and vibrational signals were recorded as described 

above.   
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October 2017. Three different female calling signals (FCS) were randomly transmitted to 

stimulate males (n = 42). The FCSs were composed of 20-25 chirps/signal, with a total duration of 6.5 

s and a repetition time of 0.25-0.30 s. A male was released on a leaf of the plant and after 3 minutes 

of acclimatization the playback was played seven times with one minute of interval between each 

signal. The test lasted for 10 minutes or until the insect jumped off.  

June 2018. Males (n = 40) were stimulated with the same three FCSs used in October 2017, 

while other males (n = 20) were tested with three male calling signals (MCS) consisting of 40 

chirps/signal. The duration of each MCS was 48 s, and the repetition time between chirps ranged 

between 0.20 s and 0.25 s. After 2 minutes of acclimatization, males were stimulated with either the 

female or the male playbacks, which were transmitted with 30 seconds of gap between consecutive 

signals. A third group of males (n = 20) was not stimulated as control.  

2.4. Terminology 

Vibrational signals were labelled according to their behavioural context.  

Calling signals (or calls). Spontaneous emission of a signal by isolated insects (Booiji 1982). 

Pulse. Unitary homogeneous parcel of sound of finite duration (Broughton 1963) and composed of a 

brief succession of sine waves (Alexander 1967). 

Pulse train. Series of pulses arranged into temporally distinct groups. 

Chirp. Continuous sound characterized by a fundamental frequency and a clear harmonic structure.  

Syllable. Pulses and a chirp arranged into repeatable and temporally distinct groups, where a chirp is 

emitted after a brief train of pulses. 

2.5. Statistical analyses 

Spectral and temporal analyses of the recorded signals were performed with Raven 1.4 (The 

Cornell Lab of Ornithology, 151 Ithaca, NY) using Fast Fourier Transform (FFT) type Hann, with 

window length of 512 samples and 75% overlap. Recordings of males and females were used for 

analysis of temporal and spectral parameters of the vibrational signals; only signals recorded at 2-5 

cm from the laser sticker were used to reduce the effect of different plants on signal transmission. 

Results are presented as means, ranges, and standard deviation (SD) together with the numbers of 

signals or elements within a signal analysed for each individual (N) and number of individuals (n) 

from which signals were obtained. The following parameters, when applicable, were measured for 

the signals: calling rate (intended as number of calling signals from the onset of the first one until the 

end of the trial), signalling latency (time from placement on the plant to the emission of the first 

vibrational signal), duration of the calls, duration and fundamental frequency (Ff) of the chirp, 

pulse/chirp repetition time (measured as the distance between the onsets of two consecutive sound 

elements), and duration and dominant frequency (Df) of the pulses. Additional parameters were 

measured for the Male Courtship Song (MCrS) (Table 2.2) and the male-female duet (Table 2.6), since 

those were composed of sections with a distinctive pattern. We analysed only the duets that led to 

copulation (5 out of 6 duets). The number of signalling males in each period of the day was taken as 

measure of calling activity, and the G-test for contingency table (using log-likelihood ratios) after 

Williams’ correction (Zaar 1999) was used to compare calling activity between the periods of the day. 

Wilcoxon-Mann-Whitney test (Zaar 1999) was used to determine whether there was significant 

difference in the spectral and temporal features between the male and female signals. For playback 

trials, the percentage of males that emitted a signal after the stimulation were compared between 
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trials in October 2017 and June 2018 as well as between stimulation and control, using chi-square in 

contingency Table (2x2 and 2x3, respectively). The same test was used to determine whether 

playbacks had a repellent effect on insects by comparing the percentage of males that jumped off 

the plant after the stimulation between trials in October 2017 and June 2018 (2x2) and between 

control and stimulation trials (2x3). The type of signal evoked in the tested males was evaluated to 

associate each signal to a possible behavioural function. To ascertain that vibrational signals emitted 

by the tested males were due to the playbacks, the signalling latency of the stimulated group and the 

control was compared using a Wilcoxon-Mann-Whitney test (Zaar 1999). Data were analysed using 

Past 3 (Hammer & Harper, Øyvind Hammer, Natural History Museum, and University of Oslo).  

A statistical analysis of the signals was performed using R (R core team 2019) and visualized 

by ggplot (Wickham 2016) and tidyverse (Wickham 2017). Each measurement was characterized in 

terms of chirp duration, chirp fundamental frequency and repetition time between chirps. We did 

not perform any comparative analysis on the pulses since those were emitted mainly by males. To 

account for possible non-normality in the distribution of the parameters, the signals recorded from 

each individual were summarized by their median. An overall data inspection was performed to 

visualize the distribution of the log-transformed individual-specific signals (Q2) in the three-

dimensional space of the parameters by using the plot3D package (Soetaert 2017). The presence of a 

significant clustering among the signals was assessed by a permanova approach (Anderson 2008), 

implemented in the vegan package (Oksanen et al. 2019). A Wilcoxon-Mann-Whitney test (Zaar 

1999) was finally applied to compare male and female signals.  

3. Results 

3.1. Bioassays 1. Spontaneous trials 

Vibrational signals and mating behaviour. Vibrational signals of P. spumarius are composed 

of two different sound elements, which are defined as separate subunits: (i) a harmonic element 

(“chirp”, fundamental frequency around 180.8 ± 20.6 Hz) and (ii) a pulse element (“pulse”, dominant 

frequency 150 ± 52.9 Hz). The two subunits when emitted in sequence constitute a syllable, where a 

chirp follows a brief pulse train (0.13 ± 0.02 s). The chirp is used by both males and females to 

compose their respective signals, while female pulses were rarely recorded (2% of the females of the 

pair trials). The male repertoire consists of three different types of vibrational signals: Male Calling 

Signal (MCS, Fig 2.1A), Male Courtship Signal (MCrS, Fig 2.1B), and Male-Male Signal (MMS, Fig 2.1C). 

Similarly, females emit three types of signals: Female Calling Signal (FCS, Fig 2.1D), Female Rejection 

Signal (FRjS, Fig 2.1E), and Female Response Signal (FRsS, Fig 2.1F). MCS (Figure 2.1A) and FCS (Figure 

2.1D) are both composed of a train of short chirps. In addition, the MCS can be preceded by pulse 

trains or include syllables. The MCrS consists of chirp and pulses as well but with a more complex 

structure than the MCS (Table 2.1, Figure 2.1A) since it can be divided in two sections, which are 

alternately emitted (Table 2.2, Figure 2.1B). Section 1 consists of a long train of pulses with a rather 

variable repetition time (Table 2.2, Figure 2.1B) and it is emitted while the male is walking on the 

plant. Section 2 occurs when the male is stationary and has a more regular pattern, being composed 

of a series of syllables of relatively constant duration and repetition time (Table 2.2, Figure 2.1B). The 

MMS consists of a series of chirp elements with variable duration and repetition time (Table 2.3, 

Figure 2.1C). Similarly, the FRjS consists in a continuous, long chirp element (Table 2.5, Figure 2.1E) 

emitted alone or in trains with irregular repetition time. The FRsS is a short chirp emitted by a female 

in the time window between two consecutive male syllables during the duet (Table 2.6, Figure 2.1F). 
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Figure 2.1. Oscillograms (above) and spectrograms (below) of the vibrational signals of P. spumarius. 

A) Male Calling Signal (MCS) composed of chirp trains. B) Male Courtship Signal (MCrS), which is 

composed of two sections (S1 and S2). S1 consists of pulses, while S2 of pulses and chirps arranged in 

syllables. Asterisks indicate the chirps. C) Male-Male Signal (MMS). D) Female Calling Signal (FCS). E) 

Female Rejection Signal (FRjS). F) Portion of a male-female duet; the frame highlights the male 

contribution, the syllable, which is composed of a short pulse train followed by a harmonic element 

(chirp, pointed out by the star). The asterisks indicate the Female Response Signal (FRsS), also 

consisting of a chirp element. 

Table 2.1. Temporal and spectral properties of the Male Calling Signal (MCS) of P. spumarius. N = 

number of measured elements; n = number of individuals; chirp = harmonic element; Ff = 

fundamental frequency; Df = dominant frequency. 

Signal parameter Mean ± SD Min. Max. n N 

Calling Latency (s) 774.71 ± 493.18 6.65 1767.43 23 1 

Call Rate (%) 4.13 ± 2.97 0.24 13.86 23 See note below 

Duration of MCS (s) 8.71 ± 4.00 3.27 19.74 26 4 

Duration of chirp (s) 0.063 ± 0.007 0.049 0.076 26 30 

Repetition time between chirps (s) 0.270 ± 0.031 0.216 0.367 26 30 

Ff of chirp (Hz) 177.40 ± 21.30 140.27 217.67 26 30 

Repetition time between pulse 

trains (s) 
0.31 ± 0.05 0.23 0.36 14 5 

Duration of pulse trains (s) 0.07 ± 0.02 0.06 0.10 14 5 
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Df of pulse trains (Hz) 161.37 ± 34.37 131.43 218.29 14 5 

note = for measuring the call rate, the number of signals emitted by each individual within the 

recording was used  

Table 2.2. Temporal and spectral properties of the Male Courtship Signal (MCrS) of P. spumarius. S1 

and S2, sections 1 and section 2 of the MCrS; N = number of measured elements; n = number of 

individuals; chirp = harmonic element; Ff = fundamental frequency; Df = dominant frequency. 

Signal parameter Mean ± SD Min Max n N 

Duration of MCrS (s) 601.48 ± 524.44 31.83 1371.64 8 1 

Duration of S1 (s) 12.91 ± 6.08 5.74 23.76 8 5 

Duration of S2 (s) 8.29 ± 2.55 5.95 13.43 8 5 

Duration of syllable (s) 0.21 ± 0.02 0.20 0.25 8 30 

Repetition time between syllables (s) 0.26 ± 0.02 0.24 0.30 8 30 

Duration of chirp within the syllable 

(s) 
0.06 ± 0.01 0.05 0.073 8 30 

Ff of chirp within the syllable (Hz) 197.87 ± 12.01 181.33 216.27 8 30 

Duration of pulse trains in S1 (s) 4.46 ± 12.17 0.12 34.59 8 30 

Duration of pulse trains in S2 (s) 0.13 ± 0.02 0.10 0.17 8 30 

Df of pulse trains in S1 (Hz) 147.87 ± 66.09 82.67 277.33 8 30 

Df of pulse trains in S2 (Hz) 144 ± 63.10 96 276.27 8 30 

Number of S1 26.50 ± 19.76 7 56 8 1 

Number of S2 25.88 ± 19.52 8 55 8 1 

Table 2.3. Temporal and spectral properties of the Male-Male Signal (MMS) of P. spumarius. N = 

number of measured elements; n = number of individuals; chirp = harmonic element; Ff = 

fundamental frequency 

Signal parameter Mean ± SD Min. Max. n N 

Duration of chirp (s) 0.14 ± 0.01 0.12 0.16 8 30 

Repetition time between chirps (s) 0.50 ± 0.25 0.28 0.95 8 30 

Ff of chirp (Hz) 180.97 ± 20.80 153.07 206.67 8 30 

Table 2.4. Temporal and spectral properties of the Female Calling Signal (FCS) of P. spumarius. N = 

number of measured elements; n = number of individuals; chirp = harmonic element; Ff = 

fundamental frequency. 

Signal parameter Mean ± SD Min. Max. n N 

Calling Latency (s) 183.39 ± 213.15 0.128 870.799 71 1 

Duration of FCS (s) 2.89 ± 1.88 2.34 9.42 36 20 

Duration of chirp (s) 0.079 ± 0.014 0.056 0.106 36 30 

Repetition time between chirps (s) 0.313 ± 0.055 0.252 0.478 36 30 

Ff of chirp (Hz) 180.81 ± 13.82 150.93 182.13 36 30 
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Table 2.5. Temporal and spectral properties of the Female Rejection Signal (FRjS) of P. spumarius. N = 

number of measured elements; n = number of individuals; chirp = harmonic element; Ff = 

fundamental frequency. 

Signal parameter Mean ± SD Min. Max n N 

Duration of chirp (s) 0.16 ± 0.04 0.12 0.25 8 30 

Repetition time between chirps(s) 1.05 ± 0.67 0.33 2 8 30 

Ff of chirp (Hz) 185.76 ± 18.14 167 222 8 30 

Table 2.6. Temporal and spectral properties of the vibrational signals emitted during the male-female 

duet. S1 and S2, sections 1 and 2 of the Male Courtship Signal; N = number of measured elements; n 

= number of individuals; chirp = harmonic element; Ff = fundamental frequency; Df = Dominant 

frequency. 

Signal parameter Mean ± SD Min. Max. n N 

Duration of duet (s) 245.68 ± 197.46 2.83 483.61 6 1 

Duration of S1 (s) 9.05 ± 2.48 6.23 12.07 5 5 

Duration of S2 (s) 7.04 ± 1.31 5.90 9.17 5 5 

Duration of syllables (s) 0.19 ± 0.03 0.16 0.22 5 30 

Duration of pulse trains in S2 (s) 0.16 ± 0.10 0.08 0.34 5 30 

Repetition time syllables (s) 0.25 ± 0.01 0.24 0.26 5 30 

Number of syllables/S2 32.41 ± 6.36 25.00 39.00 5 5 

Ff of chirp within the syllable (Hz) 193.87 ± 9.41 184 206 5 30 

Df of pulse trains S2 (Hz) 112.75 ± 31.40 84.27 165.87 5 30 
Df of pulse trains within the syllable in S2 
(Hz) 

108.80 ± 14.30 95.47 130.67 5 30 

Df of pulse trains in S1 (Hz) 643.72 ± 818.23 0.10 1922.99 5 30 

Duration of Female Response Signal (s) 0.08 ± 0.01 0.07 0.09 5 30 

Ff of Female Response Signal (Hz) 167.36 ± 10.20 158.93 182.40 5 30 

Female response latency (s) 70.13 ± 91.21 0.00 223.24 7 1 

Female response rate in S1 (%) 0.14 ± 0.17 0.00 0.44 7 1 

Female response rate in S2 (%) 0.71 ± 0.20 0.43 0.95 7 1 

Number of S1 23.2 ± 14.08 7 45 5 all 
Number of S2 22.6 ± 14.47 6 45 5 all 

The signals were divided in three classes according to their structure: CS, the male and 

female calling signals, composed of regularly repeated short chirps; RS, rejection signals consisting of 

long and irregularly distributed chirps; CRS, male courtship signal. Plots of the analysed parameters 

shows that the classes of signals have different chirp duration and repetition time, which, however, 

could not be used to clearly separate either calling or rejection signals between males and females 

(Figure 2.2). The different properties of the three classes of signals are highlighted in the 3D plots 

(Figure 2.3), which clearly show the partitioning of the parameter space. The RS signals could be 

clearly distinguished since the repetition time and the duration of the chirps were more distant from 

the values measured for the other two classes. Permanova shows that the signals were significantly 

different in the considered three parameter space (CRS-RS: p = 0.001) (CS-CRS: p = 0.003) (CS-RS: p = 

0.001). Moreover, male and female calling signals are significantly different in chirp duration (dbl = 

796, Wilcoxon rank, two-sided p < 0.001) and in repetition time between chirps (dbl = 730, Wilcoxon 

rank two-sided p < 0.001), while the fundamental frequencies are rather similar (dbl = 222, Wilcoxon 
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rank, two-sided p = 1). The male and female rejection signals (the MMS and the FRjS, respectively) 

are significantly different in the repetition time between chirps (Wilcoxon rank, dbl = 45, two-sided p 

< 0.001), while the chirp duration (Wilcoxon rank, dbl = 37.5, two-sided p = 1) and the fundamental 

frequency (Wilcoxon rank, dbl = 33.5, two-sided p = 1) are similar between the signals. The Wilcoxon-

Mann-Whitney test confirms the significant differences in the spectral and temporal features 

between the calling and rejection signals (Table 2.7). 

 

Figure 2.2. Distribution of the analysed parameters for calling and rejection signals of P. spumarius. 

Each point represents the median of the signals measured for each individual, different colours (red 

and blue) indicate females and males, respectively. El_dur = chirp duration; f = chirp fundamental 

frequency; rep_time = chirp repetition time; cs = calling signals; rs = rejection signals. 

 

Figure 2.3. 3D plots representing the distribution of the three class of signals in relation to the 

others. Classes are defined as: courtship (CRS), rejection (RS), and calling (CS). Element duration = 

duration of chirps; CRS = male courtship signal; RS = female rejection signals and male-male signal; CS 

= female and male calling signals (MCS and FCS). 

Table 2.7. Temporal and spectral parameters of different male and female signals after a Wilcoxon-

Mann-Whitney U test. FCS = Female Calling Signal, FRjS = Female Rejection Signal; MCS = Male Calling 

Signal; MMS = Male-Male Signal; chirp = harmonic element; Ff = fundamental frequency; n = number 

of individuals. 

Comparison Parameter U n p 

FCS vs FRjS Chirp duration (s) 26 8 NS 

MCS vs MMS Chirp duration (s) 0 8 < 0.001 

FCS vs FRjS Chirp repetition time (s) 8 8 0.011 

MCS vs MMS Chirp repetition time (s) 6 8 0.004 

FCS vs FRjS Chirp Ff (Hz) 8 8 0.010 

MCS vs MMS Chirp Ff (Hz) 18 8 NS 
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Single trials. Both males and females of P. spumarius emitted vibrational signals 

spontaneously within 30 minutes from placement on the plant. Among the males tested from April 

to the end of June 2017, 22% (n = 105) emitted at least one MCS, which was never recorded from 

individuals younger than four days from adult emergence. The MCS was usually composed of chirps 

only (Table 2.1, Figure 2.1A), except for eight males who emitted also short (0.07 ± 0.02 s) trains of 

pulses either before or within the MCS. The chirp repetition time was relatively constant (Table 2.1), 

while the calling latency was rather variable (Table 2.1) and there was not a significant difference in 

male calling activity between different periods of the day (G test; G = 3.53, df = 4, p = 0.47). In some 

cases, males (56.5%, n = 23) jumped from the point of signal emission after the MCS, and the number 

of calling signals varied greatly among different insects (4.8 ± 5.5, minimum = 1; maximum = 23). 

None of the females tested during the first period of trials from April to the end of June (n = 15) 

emitted a signal, while 52.9% of the females tested in September (n = 17) emitted a Female Calling 

Signal (FCS), which consisted in a chirp train with relatively constant repetition time (Table 2.4, Figure 

2.1D). Females called from different parts of the leaf, and the number of FCS varied among different 

individuals (9.41 ± 5.8; minimum = 3; maximum = 17). In contrast with males, females did not leave 

the plant after calling.  

Pair trials. Pair formation started with the emission of the FCS, which elicited (n=6) emission 

of MCrS and thus, the onset of a male-female duet (Table 2.6, Figure 2.1F). The latter was established 

when a female replied to the male with emission of FRsS in the time window between two 

consecutive male syllables within the S2 of the MCrS, although occasional FRsS occurred also during 

S1. The female response triggered the search of the male, which continued to emit the MCrS also 

while walking. The exchange of signals led to the localization of the stationary female by the male 

and, eventually, to copulation (mating success of duetting males: 83%). Duets were observed only in 

September (Table 2.8), while prior to this period, females were refractory to mating by emitting a 

rejection signal (FRjS) to an approaching male that tried to mount her. In contrast, a duetting female 

neither rejected a male nor expressed acceptance with emission of a vibrational signal. During 

mating, which lasted for 3-4 hours, both insects emitted copulatory vibrational signals consisting of 

randomly arranged and overlapped chirps. Few males (6 out of 188 tested) achieved mating without 

the emission of any vibrational signal but directly mounting on the female, which struggled to escape 

and jumped off the plant with the male attached. These forced copulations lasted for hours and 

occurred occasionally in our trials, throughout the season even when females were not acoustically 

active. Contrarily to the FCS, the MCS was emitted with slightly variable frequency throughout the 

experimental period (Table 2.8), while the MCrS was recorded starting from the 6th period (Table 

2.8).  

Table 2.8. Signals emitted by either a female or a male of P. spumarius during the pair trials (at least 

one signal per individual). FCS = Female Calling Signal, FRjS = Female Rejection Signal; MCS = Male 

Calling Signal; MCrS = Male Courtship Signal; chirp = harmonic element; n = number of pairs tested 

for each period; (1) end of April to mid-May, (2) mid-May to end of May, (3) beginning of June to 

mid-June, (4) mid-June to beginning of July, (5) beginning of July to mid-July, (6) mid-July to begging 

of August, (7) beginning of August to mid-August, (8) mid-August to end of August, (9) beginning of 

September to mid-September, (10) mid- September to end of September. 

Period N 
Females emitting at 

least one 
Males emitting at least one Onset of 
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FCS (%) FRjS (%) 
MCS (%) 
(chirps) 

MCS (%) 
(chirp+pulses) 

MCrS 
(%) 

a duet (%) 

1 17 0 17.6 11.8 11.8 0 0 

2 20 0 30 15 10 0 0 

3 16 0 6.3 0 0 0 0 

4 17 0 17.6 5.9 5.9 0 0 

5 18 0 11.1 16.7 5.6 0 0 

6 20 0 30 5 5 20 0 

7 19 0 0 15.8 10.5 0 0 

8 25 0 4 12 12 16 0 

9 22 18.2 0 22.7 4.5 9.1 9.1 

10 14 28.6 0 0 7.1 28.6 28.6 

 

Trio trials. MCS either with (14.9%, n = 47) or without pulses (6.4%, n = 47) and MCrS (4.3 %, 

n = 47) were recorded during trio trials as well. However, only the males of the trio trials emitted a 

Male-Male Signal (MMS), which was observed after interaction between the two males (17%, n = 47). 

In particular, MMS was mostly emitted after physical contact, after emission of MCS (with or without 

pulses), or after emission of MCrS by the other male in close proximity. The MMS could either 

partially (50%, n = 8) or completely (50%, n = 8) overlap the signals emitted by the other male, until 

one of them ceased to reply or, in one case, jumped off the plant. In two cases, one of the males 

mounted on the other. Similar to pair trials, when a male physically interacted with a female the 

latter emitted the FRjS (21.3%, n = 47), then ran away and/or jumped off the plant (14.9%, n = 47). 

The FRjS could be evoked by the MCrS of a relatively nearby male, whereas neither a FCS nor a duet 

were ever observed.  

3.2. Bioassays 2: Stimulation trials with playbacks 

Males stimulated with playbacks responded by emitting different vibrational signals (n = 42, 

28.6%, Figure 2.4). The number of signalling males after the transmission of the female playback 

(Figure 2.4) was numerically lower in June 2018 (n = 40, 5.8%) than in October 2017, but there was 

no significant difference between the two periods (Chi-squared test; χ2 = 3.220, df = 1, p = 0.073). In 

absence of any external vibrational stimulus, 20% of the males (n = 20) emitted at least one MCS 

(Figure 2.4).  

Comparing the percentages of signalling males tested in the two periods, we did not find a 

statistical difference between the control group and the groups stimulated with playbacks of male or 

female signals (Chi-squared test; χ2 =0.949, df = 2, p = 0.622). Similarly, the percentages of males that 

jumped off the plant did not significantly differ between the stimulated groups in October 2017 and 

June 2018 (Chi-squared test; χ2 =2.052, df = 1, p = 0.152) or between the stimulated and the control 

groups (Chi-squared test; χ2 = 0.739, df = 2, p = 0.691). Nonetheless, the number of jumping males in 

the control (n=20; 25%) was numerically higher than the group stimulated either with the female (n = 

42 in October; 7.1% and n = 40 in June; 5.8%) and the male playbacks (n = 20; 15%). There was 

statistical difference in the signalling latency between the stimulated and the control groups 

(Wilcoxon-Mann-Whitney test: p = 0.0021).   
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Figure 2.4. Types of signals emitted by males tested in the playback trials. FPBs = Female Playbacks; 

MPBs = Male Playbacks; chirp = harmonic element. 

4. Discussion 

The present study provides the first detailed description of the vibrational substrate-borne 

signals produced by P. spumarius and the associated mating behaviour. Similar to other species in 

Hemiptera (Čokl and Virant-Doberlet 2003), inter-sexual communication relies on vibrational signals 

and, overall, P. spumarius mating behaviour resembled the general scheme known for other 

Auchenorrhyncha, albeit with some differences.  

Phenology. In auchenorrhynchans, females typically need more time than males to reach 

reproductive maturity (Krugner 2010; Mazzoni et al. 2009b). Accordingly, P. spumarius males tried to 

accomplish mating throughout the season in laboratory conditions, while females called and then 

established duets with males only from September. Because egg maturation begins in September 

and continues until the female dies (Weaver and King 1954), calls and vibrational duets likely occur 

when the female carries mature eggs in the ovaries. In fact, female calling activity is an indicator of 

reproductive maturity and receptiveness to mating (Hoch and Howarth 1993), and a similar 

relationship between presence of mature eggs and female calling has been suggested in H. 

vitripennis (Nieri et al. 2017), where the pre-oviposition period ranged from 9 to 285 days (Krugner 

2010). P. spumarius females called in September even if we reared the insects under controlled 

conditions (temperature and photoperiod), and this fact is in strong disagreement with the literature 

(Witsack 1973; Morente et al. 2018). Since we did not performed oviposition trials with the tested 

females, we could not evaluate whether the ovarian parapause was broken. Nevertheless, 

photoperiod is potentially not the only factor that drives the development of P. spumarius ovaries, 

thus further trials should be addressed to unveil which factors promote ovarian development and the 

potential association between the presence of eggs and female calling activity. Evidence suggests 

that in the field P. spumarius mate soon after adult emergence (Yurtsever 2001), and in our trials 

some males silently approached and mounted the female. This behaviour could give a reproductive 
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advantage to the male if the female preserves the sperm until egg maturation occurs, considering 

that the spermatheca allows a delayed fertilization (Robertson and Gibbs 1937). Since polyandry has 

been reported in P. spumarius (Yurstever 2001), the female could potentially fertilize eggs using 

newly acquired sperm from additional mates. In particular, she could use the sperm of the male that 

engaged a duet with her and eventually localized her. In this perspective, the sperm acquired after a 

forced copulation does not give a genetic contribution if the female uses the sperm of the last mate. 

According to this, last-male sperm precedence is a widespread reproductive strategy among insects 

(Gwynne 1987) and has been proposed for P. spumarius (Yurstsever 2001). 

Pair formation process. During the initial phase of mate finding, the female calling signal 

(FCS) provided the indication of the availability of a reproductive mature female and triggered 

emission of the MCrS. The rapid inversion of female leading/male replying roles resulted in males 

guiding subsequent duets to locate the female, whose signal was reduced to a short chirp (the 

female response signal, FRsS). Mating success presumably depended on the male ability to maintain 

the female acceptance and to find her on the plant, while the decreased signalling activity of the 

female could be a strategy to save energy and/or reduce risks of predators eavesdropping (Virant-

Doberlet et al. 2014). A similar behaviour was reported in H. vitripennis (Nieri et al. 2017) and in the 

planthopper Hyalesthes obsoletus, where females call to form a duet and then males lead the 

following phases of communication (Mazzoni et al. 2010). During mate identification and localization, 

males usually tend to optimize the energy consumption (Kuhelj et al. 2015); therefore, due to the 

degradation of the spectral characteristics of the signals along plants, which act as frequency filters 

(Michelsen et al. 1982), an important part of the mate choice likely occurs when the male is close 

enough to the female. Accordingly, in many Hemiptera, the male emits a specific and likely more 

complex signal when he gets enough close to the female to increase her acceptance (i.e, Mazzoni et 

al. 2010; Polajnar et al 2014). On the other hand, P. spumarius males use a specific courtship signal, 

the MCrS, unvaried throughout the duet until copulation. Since it consists of alternately emitted 

sections with different structures, these could have different roles and require a different 

involvement of resources from the male. In particular, the pulse train of the first section could serve 

to maintain the female interest during localization, while the female replies in the second section 

could provide the directional cues to the male while he is stationary. The second section is probably 

the most energetically costly subpart of the male repertoire, suggesting that mate choice could occur 

during this phase. Moreover, this could be the communication phase more susceptible to external 

interference by playing back disruptive signals (i.e., the FRjS and the MMS) with the aim to decrease 

the receptivity or even mask the female signals. 

Vibrational communication and role of the signals. Chirps and pulses are emitted in a 

stereotyped sequence to produce a repertoire of signals, which are associated with different 

behavioral contexts. Series of short chirps underlie advertisement signals such as the MCS and the 

FCS, while longer chirps constitute a class of signals (FRjS and MMS) that denote distress after 

interaction with a conspecific. The FRjS, for instance, was emitted by females to reject a male after 

physical contact or during male signalling, a behaviour also observed in the stink bug Nezara viridula 

(Čokl et al. 2000) and in the leafhopper Scaphoideus titanus (Mazzoni et al. 2009a). Because MMS 

consisted of an exchange of signals between interacting males, its biological meaning could be of 

dominance, interference towards other males, expression of distress, or defining territory. In this 

regard, rivalry signals are present in the repertoire of many Auchenorrhyncha and their function is to 

disturb or mask male–female duets (Booij 1982). For example, in the treehopper Ennya chrisura 
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(Hemiptera: Membracidae) a rival signal is emitted by both competitors when in close proximity 

(Miranda 2006), while in S. titanus males can emit a disturbance noise that aims at masking the 

female reply (Mazzoni et al. 2009a). Further trials are therefore needed to unveil the role of this 

signal in male-male interactions. The biological meaning of the MCS remained unclear as well. This 

signal was recorded in almost all the recording periods throughout the season, but it neither elicited 

the emission of a FCS nor took part in the duet. We excluded that the purpose was to chase away a 

rival male because the playback of the MCS did not have a repellent effect on the tested males. 

Despite having spectral characteristics similar to FCS, a potential role of female mimicry was also 

excluded due to a different temporal pattern. Thus, while the FCS is clearly associated with mating 

and female receptivity, the MCS could be a territoriality signal that advertises the sender in terms of 

actual presence and, possibly, quality. In H. obsoletus, the male emits a calling signal with temporal 

and spectral features similar to the female signal (Mazzoni et al. 2010), but the behavioural meaning 

for this signal remains unclear. However, the MCS of P. spumarius (when composed of chirps and 

pulses) partially resembles the MCrS, therefore it could be either a form of “preparatory” courtship 

signal or potentially trigger the emission of a FCS from a distant female. Interestingly, the presence of 

a silent female was sufficient to trigger emission of MCrS in trio trials. Finally, the vibrational signals 

emitted during copulations could either prevent female movements or induce oviposition (Eberhard 

1991). Another interesting hypothesis is that copulatory signals allow females to evaluate the mate 

after copulation has begun and choose whether use the sperm from successive males. This behaviour 

has been described as cryptic female choice by Eberhard (1991) and seems to be widespread in 

insects and likely relevant in the evolution of genitalia as well (Eberhard 1991). 

5. Conclusions and perspectives 

To conclude, P. spumarius communication is characterized by emission of vibrational signals, 

which have specific roles within the mating behaviour. The sexual behaviour of P. spumarius shares 

similarities with several aspects of the stereotyped scheme known for other Auchenorrhyncha 

(Mazzoni et al. 2009b; De Groot et al. 2012) although many traits resemble more planthoppers 

(Fulgoromorpha) and sharpshooters (Cicadomorpha: Cicadellidae: Cicadellinae) than leafhoppers 

(Cicadomorpha: Cicadellidae other subfamilies). In particular, when individually placed on plants both 

males and females emitted spontaneous calling signals, like in many planthoppers (Ichikawa and Ishii 

1974; Booij 1982; Virant-Doberlet and Žežlina 2007; Mazzoni et al. 2010) and in sharpshooters (Nieri 

et al. 2017), whereas in most leafhoppers (i.e., subfamilies Typhlocybinae and Deltocephalinae) only 

males call spontaneously while females emit replying signals (i.e. Mazzoni et al. 2009b; Derlink et al. 

2014; Nieri and Mazzoni 2018). However, if the continuous emission of the MCS increase the interest 

of a not completely sexually mature female, the calling signals of P. spumarius would resemble the 

one described in cicadas and leafhoppers (Sueur 2002; Čokl and Virant-Doberlet 2003; Mazzoni et al. 

2014). Nonetheless, P. spumarius females emitted FCSs from different positions of the same plant, 

behaviour observed also in H. obsoletus (Mazzoni et al. 2010). The similarities and differences in the 

behavioural pattern, however, could be a result of an ecological convergence rather than phylogeny 

divergence between these species. In fact, it is important to remember that P. spumarius, as well as 

H. obsoletus and H. vitripennis, is polyphagous and has an aggregated population structure.  

Eventually, we consider possible the manipulation of P. spumarius by means of artificial 

playbacks and thus, future development of low environmental impact control practices. However, 

further research is needed to identify an efficient signal and the most suitable strategy for 
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application in the field. One interesting approach could be to attract males into a trap using a specific 

vibrational signal, preferably before the adults move from the herbaceous vegetation to the olive 

tree canopy (Cornara et al. 2016). Since mating is achieved by exchange of signals between partners, 

it would be difficult to use the female response signal (FRsS) as directional cue to guide male into a 

trap. Nonetheless, in Halyomorpha halys the female calling signal was used with good efficacy even if 

male and female use to duet during the pair formation process (Mazzoni et al. 2017b). In this species, 

the male signal could increase the female motivation and induce acceptance; however, particularly 

motivated females likely do not require special “attention” and therefore males could reach them 

without emitting any signal, like in the case of some Apoidea species (Eickwort and Ginsberg 1980). 

For this reason, it is worthy to test a P. spumarius female playback to lead nearby males into a trap, 

while another option is to use a pre-recorded male-female duet as attractive signal, exploiting a 

potential “satellite behaviour”, which was described in S. titanus, where the male could silently 

localize a duetting female (Mazzoni et al. 2009a; Virant-Doberlet et al. 2014). Finally, further 

experiments should be conducted to investigate the role of MMS and MCS and, indeed, playback 

trials should assess if the continuous transmission of a specific signal could disrupt an ongoing duet 

or cause repellence/stress in individuals that eventually would tend to leave the plants. 
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Abstract 

The meadow spittlebug Philaenus spumarius, vector of the bacterium Xylella fastidiosa, relies 

on vibrational communication to accomplish mating: the female calls to establish a duet with a male. 

A deeper knowledge of the species’ reproductive biology and behaviour would provide useful 

information for developing control techniques based on principles of “biotremology”, which studies 

the vibrational behaviour of animals. Playback tests were conducted on single females and male-

female pairs of P. spumarius from June to October 2018, and the features of the recorded calling 

signals were analysed using a wavelet decomposition. Dissections were performed on females to 

evaluate the relationship between calling activity and ovarioles development. From August onwards, 

females started to emit calling signals and to develop ovarioles. Female calling activity, duration of 

their chirps and their responsiveness to mating increased as the season progressed, and they were 

correlated with ovarioles’ development and presence of mature eggs. Hence, the ovarian maturation 

represents a key factor in association with the development of the sexual behaviour of P. spumarius 

females. Conversely, males produced advertisement signals soon after adult eclosion in May, but 

these signals were not involved in the pair formation process. Mating was achieved only when males 

produced courtship signals in response to female calling signals and established with them 

vibrational duets starting from August. Here, we provide new information regarding the P. 

spumarius’ ethology and hypothesize that potential mating disruption techniques should consider 

the insect physiology and be applied when both sexes are responsive to mating signals. 

Keywords: meadow spittlebug, biotremology, female calling behaviour, ovarian 

development, laser vibrometer, playbacks 
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1. Introduction 

In animals, mating depends on successive phases and reciprocal interactions between the 

male and the female (Beach 1976). The first step is the emission of a calling signal by either the male 

or the female that could evoke a sexual response by a potential mate (Endler 1993). The nature of 

the signals (i.e., chemical, acoustic, visual, or substrate-borne) varies according to the species, and 

often multiple signal modalities are involved in sexual communication (Higham and Hebets 2013). 

Vibrational communication is probably the most common of these modalities in arthropods, with 

more than 200,000 insect species that use vibrational signals during pair formation process (Hill 

2001; Virant-Doberlet and Cokl 2004). In this regard, it is rather common that mating is achieved if 

both partners maintain the vibrational interaction during the whole pair formation process. Female 

receptivity and motivation to respond to the male’s stimulation are therefore crucial in determining 

male mating success (Beach 1976). 

In many insects, the sexual receptivity of females is influenced by a set of both internal and 

external conditions and, among these, the development of the reproductive system is a key factor 

affecting the female receptivity and signalling activity (Engelmann 1970; Ringo 1996). The 

development and growth of the oocytes occurs in the ovarioles, which indeed play a main role in 

female behaviour (Klowden 2013). For instance, maturation of eggs can trigger the female sexual 

interest, as reported for the leafhopper Empoasca devastans (Hemiptera: Cicadellidae), which 

becomes receptive to mating only if the ovarioles are partially mature, whilst immature females 

reject courting males (Kumar and Saxena 1978). The period between female emergence as adult and 

acceptance to mate can vary, according to the species, from zero (i.e., immediate readiness to mate) 

to many months, when depending on specific growth factors such as food intake (Minelli et al. 2006). 

In this regard, immature females tend to show a rejective behaviour that can be expressed as simple 

refusal to mate or as intimidating behaviour such as the emission of stress signals (Avosani et al. 

2020). 

Rejective behaviour has been observed in the meadow spittlebug Philaenus spumarius (Hemiptera: 

Aphrophoridae), whose mating behaviour mostly relies on substrate-borne vibrations (Avosani et al. 

2020). P. spumarius is an univoltine insect species and can be found in both the Palearctic and 

Nearctic regions, as well as most of the temperate areas of earth and oceanic islands (Cornara et al. 

2018). Although this species has not been considered a pest in Europe, it recently became a serious 

threat for European agriculture, as the main vector of the bacterium Xylella fastidiosa from olive to 

olive and to other plants (Martelli et al. 2016; Saponari et al. 2017; Cornara et al. 2018). After the 

first outbreak in Southern Italy, different strains of X. fastidiosa were found in other Mediterranean 

countries (EPPO 2018; Sicard et al. 2018). As a consequence, research is underway to develop 

sustainable pest management strategies against its vector (Martelli et al. 2016; Cornara et al. 2017, 

2018). In most of the Palearctic area, P. spumarius females emerge as adults in late spring (April-

May), but they start to emit calling signals only at the end of the summer, while prior to this period, 

only males are acoustically active (Witsack 1973; Avosani et al. 2020). In late summer, pair formation 

starts with the female calling signal, which is followed by the male courtship signal, which is a long 

and complex signal consisting of two sections that are alternatively emitted. The duet is crucial for 

partner localization (i.e., males search for the females, which remain stationary on the plant) and a 

vibrational duet is established only if the female alternates her response signals with the male 

courtship signal. When males happen to be in close proximity to females earlier in the season, they 

try to mate, and copulations are observed in the field and in the laboratory (Cornara et al. 2018; 
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Avosani et al. 2020). However, these early matings in the spring appear imposed by the males, since 

immature females, at this time of the year, produce a specific rejection signal or try to escape 

(Avosani et al. 2020). 

In P. spumarius, egg maturation starts from August and oviposition from September (Weaver 

and King 1954; Cornara et al. 2018; Morente et al. 2018), but the relationship between ovarian 

development and receptivity to mating (in terms of emission of vibrational signals to duet with 

males) of P. spumarius females has never been investigated. Increasing our knowledge in this respect 

would contribute to a better comprehension of the species phenology and of the potential to apply 

biotremology techniques to control this pest. This emerging field of discipline aims at using 

vibrational signals to modify the behaviour of insect pests, as shown in the field against the 

grapevine leafhopper Scaphoideus titanus (Hemiptera: Cicadellidae), and in the lab against other two 

species, Empoasca vitis (Hemiptera: Cicadellidae) and Homalodisca vitripennis (Hemiptera: 

Cicadellidae) (Mazzoni et al. 2009; Gordon and Krugner 2019; Nieri and Mazzoni 2019). 

The main scope of this study is to assess whether the calling activity and responsiveness of 

females are strictly correlated to the ovarian development. In addition, by evaluating both the 

interactions between tested males and females and their responses to a pre-recorded male signal 

playback, we aim at providing further insights regarding the intra-specific communication of P. 

spumarius. 

2. Materials and methods 

2.1. Insect collection and rearing 

Fourth and fifth instars nymphs of P. spumarius were collected between May and June 2018 

from meadows in Riva Del Garda and San Michele all’Adige (Trentino, Italy). The collected individuals 

were transported to a glasshouse at the Fondazione Edmund Mach and reared in mesh cages, 

following the rearing protocol reported by Avosani et al. (2020). The rearing was checked every day 

to isolate and separate by gender the newly emerged adults, which were reared in two separate 

cages placed outdoors to mimic natural conditions (i.e., photoperiod, temperature, and humidity). 

The last adult emergence occurred at the end of June, while the adult rearing lasted from May until 

the end of the trials, in October. 

Each cage was constituted of a cubic iron frame, with five surfaces (three lateral sides, 

pavement, and ceiling) covered with nylon mesh to permit air ventilation, while one side consisted of 

a Plexiglass door with a hole (30 cm) in the centre. A plastic cylinder (diameter 30 cm) was screwed 

into the hole and closed by a nylon mesh to permit both manipulation of the insects and plant 

watering. Wooden boxes covered by a dark plastic fabric were put on the top side of the cages to 

protect the rearing from rainfall and excessive sunlight. A plastic board was placed on the bottom 

side of the cube and pierced with a screw in numerous points to allow water to runoff. Insects were 

removed at the day of the trial using a mouth aspirator and transferred to the Biotremology 

laboratory inside 150 ml centrifuge tubes. 

2.2. Recordings 

Recordings were conducted in the Biotremology laboratory at Fondazione Edmund Mach 

(Italy), inside a sound insulated chamber maintained at a temperature of 22 ± 1 °C and 65% RH. The 

experimental arena was a rectangular Plexiglas cage (50x30x30 cm) with a circular opening on the 
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top (diameter 6 cm) covered by a net, which was placed on an anti-vibrational table (Astel s.a.s., 

Ivrea, Italy). For acclimation, the insects were left inside the centrifuge tubes for at least 15 minutes. 

Vibrations were recorded from small pieces of reflective tape using two laser Doppler vibrometers 

(Ometron VQ-500-D-V and Polytec PDV 100) pointed, respectively, on the apical and the basal leaves 

of a potted grapevine plant (height: 20 cm) placed into the cage. Signals were digitized with the 

software Pulse 21 (Brüel and Kjær Sound & Vibration A/S, Nærum, 104 Denmark) at a 44.1 kHz 

sample rate and 16-bit depth resolution through a data acquisition device (LAN XI type 3050-B-040, 

Brüel and Kjær Sound & Vibration A/S, Nærum, Denmark), then stored onto a hard drive of a 

computer (HP, EliteBook 8460 p). All trials were recorded with a video-camera (mod. HTC-TM700, 

Panasonic, Japan) to associate the emission of vibrational signals to the corresponding behaviour. 

2.3. Playback trials 

To evaluate when the female becomes receptive to mating, we performed playback trials on 

single females. We also tested pairs consisting of a male and a female to assess if the physical 

presence of a male could influence the female calling activity and/or her responsiveness to the 

playback. The latter was a 2.7 min pre-recorded male courtship signal (Avosani et al. 2020) and was 

transmitted to the plant by means of a mini shaker (Type 4810; Brüel and Kjær Sound & Vibration 

A/S, Nærum, Denmark) in direct contact with a leaf via a conical rod. The male courtship signal was 

modified using the audio software Adobe Audition 3.0 (Adobe Systems, Inc., San Jose, CA, USA). The 

background noise was removed, while the signal’s spectral features were adjusted to the insect’s 

natural amplitude and frequency spectrum (Avosani et al. 2020). To ascertain that the playback could 

elicit the emission of female calling signals and/or female response signals (Avosani et al., 2020), the 

playback was previously tested on single females in October 2017, while test 1 was conducted from 

May to October 2018. 

For test 1, each month was split into two halves to obtain 10 periods (Table 3.1). Twenty 

females were tested per time period, resulting in a total of 200 tested females. Pairs consisting of a 

female and a male (n = 15) were tested from the 2nd to the 9th time period (135 tested pairs in total). 

After 15 minutes of silence waiting for the spontaneous emission of a female calling signal, the male 

courtship signal was played once, and the recording was stopped 5 minutes after the end of the 

playback. In the case of a calling female, the male courtship signal was played 1 minute after the end 

of the first female calling signal, to prevent the female from leaving the plant or a potential decrease 

of her interest in mating. In the pair trials, if the female and the male established a vibrational duet, 

15 minutes were provided to the male from the onset of the duet to find the replying female. 

Table 3.1. Periods and corresponding dates for both females tested singly and females tested in pairs 

with males. 

Period Dates 
n of females 
tested singly 

n of females tested in 
pairs with a male 

1 23-31 May 20 0 
2 8-15 June 20 15 
3 22-30 June 20 15 
4 8-16 July 20 15 
5 21-27 July 20 15 
6 02-13 August 20 15 
7 20-27 August 20 15 
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8 2-13 September 20 15 
9 17-24 September 20 15 

10 1-5 October 20 0 

 

2.3.1. Analysed parameters: female behaviour 

Per each time period, the following parameters were measured: the percentages of calling 

females (females that called spontaneously), the percentages of replying females (females that 

emitted a female calling signal or few random response signals following the playback), the number 

of duets (females that emitted regular response signals coordinated with the playback, thus 

establishing a duet) and the number of females that called after the playback. Similarly, in pair trials, 

the following parameters were measured: the percentages of calling females, replying females and 

the number of duets (females that established a duet with the playback and/or the male). 

2.3.2. Analysed parameters: male behaviour 

To better understand the sexual behaviour of P. spumarius, we measured the male-female 

interactions (i.e., number of females that rejected the male and number of matings). The male 

signals (i.e., type of signal emitted, occurrence of signals during the test) were analysed to investigate 

the male behaviour and the role of vibrational signals in response to the male courtship signal of the 

playback, which represented a potential mating rival. The male calling signal consisted of a series of 

elements, which could comprise an alternation of pulses (unitary homogeneous parcel of sound of 

finite duration (Alexander 1967) and chirps (continuous sound characterized by a fundamental 

frequency and a clear harmonic structure), or only chirps (Avosani et al. 2020). 

2.4. Ovary morphological development 

Per each time period, half (n = 10) of the females tested with the playback (n = 20) were 

transferred to the Entomology laboratory and dissected in order to measure the developmental 

stage of the ovarioles and the number of developing/fully developed chorionated oocytes (eggs). To 

kill the insects and preserve the integrity of the tissues, each specimen was enclosed into a 

centrifuge tube (150 ml) containing a small piece of cotton, which was soaked with 2-3 drops of ethyl 

acetate. The abdomen was opened, and the ovaries were extracted under a light microscope (Nikon 

SMZ800, Nikon Corporation, Tokyo, Japan) on a glass depression slide. A drop of phosphate buffered 

saline (10%) was used to maintain the tissues fresh and hydrated during the observation. Ovarioles’ 

developmental stage was ranked as: immature = no oocyte development; under maturation = 

presence of developing and chorionated oocytes (eggs) in some ovarioles; mature = all ovarioles bear 

at least one chorionated oocyte. Per each time period, we counted the average number of eggs 

(mean ± SD) and the maximum number of eggs per dissected female. 

2.5. Statistical analysis 

The Spearman rank correlation (rs) was used to estimate the strength of correlations 

between the percentages of calling females and females with developing ovarioles. A Mann-Whitney 

U-test with Monte Carlo permutation was used to compare the percentages of calling, replying, and 

duetting females between the single females and pair groups. Statistical analyses and graphic design 

were done using R software (packages ggpubr, ggplot2, tidyverse, dpylr, lattice) (Grothendieck 2008; 

Wickham 2011, 2014; Team 2017; Wickham et al. 2019). To evaluate whether female motivation, in 



56 
 

terms of calling activity, differs through the season, the calling latency (the time from insect release 

to the first calling signal) was compared between the different time periods in the single female 

group. For the comparison, a non-parametric Kruskal-Wallis test, Bonferroni corrected, and followed 

by a pairwise Mann-Whitney U-test as post hoc was performed using the software Past (Hammer et 

al. 2001).  

A wavelet analysis was performed on the signals, since this approach allows a high temporal 

and spatial resolution by introducing a finite combination of scaling functions (Rach et al. 2013). To 

assess whether the features of the chirps of the calling signals produced by females and males 

change throughout the season, a collection of 10 chirps per calling signal was sampled and analysed 

using the WaveletComp R package (Rösch and Schmidbauer 2018). The chirps were collected from 57 

female calling signals and 30 male calling signals. The step-by-step procedure can be found in 

Supporting Information. 

3. Results 

3.1. Playback trials 

3.1.1. Analysed parameters: female behaviour 

Single females emitted no spontaneous calling signal nor calling/response signal to the 

playback during the first four time periods (Figure 3.1A and 3.1B). Similarly, none of them established 

a duet with the male courtship signals of the playback (Figure 3.1C). Only one female, in the pair 

group, emitted a calling signal in the 5th period (Figure 3.1A). From the 6th time period, more females 

emitted calling signals spontaneously and/or in response to the playback (Figure 3.1A and 3.1B), 

mostly 1-2 seconds after the stimulus has started. Most of the females engaged a duet with the 

playback, regularly emitting response signals within the male courtship signal (Figure 3.1C). They also 

emitted calling signals when the playback ceased (Figure 3.1D). The number of females that called 

and interacted with the playback progressively increased through the season, reaching a peak in the 

8th and 9th periods (Figure 3.1A and 3.1B). The Mann-Whitney U-test showed that the percentages of 

calling, replying, and duetting females for each of the periods were not statistically different between 

the single females and pair groups (Table 3.2). In the single female group, the calling latency was 

statistically different between the five periods in which we recorded female calls (Kruskal-Wallis test 

for equal medians; H (χ2) = 8,7; p-value = 0.049). However, the post hoc test showed that the 

difference was significant only between the 6th and the 8th periods (Figure 3.2). 
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Figure 3.1. Percentages of calling, replying, and duetting females in the two tested groups. Per each 

period were tested: single females (n = 20) and females paired with males (n = 15). See Table 3.1 for 

definition of the periods. 

Table 3.2. Comparison between the percentages of calling, replying, and duetting females between 

females tested singly and females tested in pairs with males. Mann-Whitney U-test, with Monte 

Carlo permutation for the comparison. 

Percentages of n females U p-value 

Calling females 5 10 0.68 
Replying females 5 9.5 0.60 
Duetting females 5 11.5 0.92 



58 
 

 

Figure 3.2. Post hoc test of the calling latencies between different periods in the singly tested 

females group. Different letters indicate statistically significant differences (Mann-Whitney, 

Bonferroni corrected, p = 0.04). See Table 3.1 for definition of the periods. 

3.1.2. Analysed parameters: male behaviour 

In contrast to females, males of P. spumarius emitted calling signals throughout all the tested 

periods. Some males (n = 10) produced calling signals spontaneously, before the transmission of the 

playback and in absence of any stimulus (Figure 3.3A). Nonetheless, male calling signals were emitted 

after physical interaction with a female (n = 5), as well. Some males produced calling signals in 

response to the playback (n = 23), and these signals were composed of only chirps (21.7%, n = 23) or 

pulses arranged with chirps (78.3%, n = 23) (Table 3.3). The male courtship signal was emitted by 

males only in response to female calling signals (64.3%, n = 15) or to the playback (35.7%, n = 15), 

and was recorded mostly in the last three time periods (Figure 3.3B). Both male calling and male 

courtship signals were produced during and after the transmission of the playback, while trains of 

pulses were emitted after the end of the stimulus (Table 3.3). 

Some males established physical and vibrational interactions with the female, whose reply 

depended on her receptiveness to mating. In fact, in the early periods (Table 3.1), females remained 

silent, and two females replied to male calling signals with the emission of rejection signals. From the 

6th period, females responded to male courtship signals of the playback and/or of the male with 

female response signals (Figure 3.1B). Eventually, females established vibrational duets with both the 

playback and the male (Figure 3.3D). Even in the presence of a calling female, some males did not 

emit a courtship signal and, consequently, did not establish a duet. The number of female calling 

signals exceeded the number of male courtship signals in the last four periods of the season (Figure 

3.3B and 3.3C). Mating occurred starting from the 7th period (Figure 3E) and mostly required the 

establishment of the male-female duet (Figure 3.3D). Considering the total number of tested pairs 

through the season (n=121), nine out of twelve duetting pairs achieved mating, while three males did 

not find the female before the end of the test. Nonetheless, in the 8th period, a male silently found 

the female while she was duetting with the playback, while in the 3rd period (Figure 3.3E), a male 

silently approached and mounted a female, although she was neither calling nor responsive to the 

playback. 
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Figure 3.3. Signals emitted by P. spumarius males and females, and mating events observed for each 

of the tested periods (n = 15 pairs tested/period). See Table 3.1 for definition of the periods. The 

number above each bar indicates the number of signals or mating events recorded for each period, 

although the male calling signals elicited by the playback are not included in the figure. 

Table 3.3. Type and number (n) of signals emitted by Philaenus spumarius males in response to the 

playback throughout the tested period (see Table 3.1). Signals occurred both during and after the 

transmission of the playback. 

Type of response n 
Signals occurring 

during the playback 
Signals occurring 

after the playback 

Male courtship signal 5 5 4 

Male calling signal (only chirps) 5 4 3 

Male calling signal (pulses + chirps) 18 16 7 

Train of pulses 3 0 3 
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3.2. Ovary morphological development 

None of the females dissected in the first five periods carried developing oocytes in their 

ovarioles, which were completely immature (Figure 3.4A). Starting from the 6th period, the number of 

developing oocytes and chorionated eggs (Figure 3.4B) progressively increased, reaching a peak 

between the 8th and 9th periods (Figure 3.5A). The number of females that carried completely mature 

ovarioles (Figure 3.4C) was higher in the 9th period then in earlier periods (Figure 3.5A). Similar trends 

of females with immature, developing and mature ovarioles across the periods are shown in Figure 

3.5A. Mature eggs were found in the female abdomen from the 6th period, and the number rapidly 

increased in the subsequent periods, reaching a peak in the 9th period (Table 3.4). 

 

Figure 3.4. Panel showing the different stages of egg development in P. spumarius. A) Ovaries of a 

female tested in July; the orange square highlights the immature ovarioles of one of the ovaries. B) 

Ovaries of a female tested in August; the orange square indicates an oocyte that is developing inside 

an ovariole. C) Ovaries of a female tested in September; the orange square indicates an oocyte under 

development, while the purple square shows a chorionated oocyte (egg) inside the ovariole. These 

ovaries were ranked as ‘mature’ since every ovariole carried at least an egg. D) Female before being 

dissected, ventral side. 
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Figure 3.5. A) Developmental stage of the ovarioles of the females tested (n=10) for each period. 

Stacked chart of the percentage of females that carried either immature or under maturation or 

completely mature ovarioles. B) Percentages of calling females (green line) and females with 

developing ovarioles (red line). See Table 3.1 for definition of the periods. 

Table 3.4. Mean ± standard deviation (SD) and the maximum number of eggs per female per time 

period (see Table 3.1). 

Period 
Number of 

tested 
females 

Number of eggs 
(mean ± SD) 

Maximum 
number of eggs 

per female 

From 1 to 5 50 0 0 
6 10 1.0 1 
7 10 2.0 ± 0 2 
8 10 9.7 ± 6.8 21 
9 10 22.9 ± 9.2 41 

10 10 18.1 ± 11.2 43 
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3.3. Synchrony between female developmental stages and calling activity 

The Spearman rank correlation test showed that the percentage of calling females was 

correlated with the percentage of females whose ovarioles was under maturation (Spearman test; 

Statistic = 373, mean = 302.5, variance = 567.91, rho corrected = 0.99, p = 0.0008). A similar trend 

between the percentage of calling females and females with ovarioles under development across the 

periods is shown in Figure 3.5B. Both the percentages of calling females and females with ovarioles 

under development reach their peaks between the 8th and the 9th period (Figure 3.5B). Wavelet 

analysis demonstrated increasing female chirp duration as the season progressed, a trend not 

evident in males (Figure 3.6). The regression was statistically significant for females (Multiple R-

squared = 0.2422, adjusted R-squared = 0.2409, F-statistic: 178.4 on 1 and 558 DF, p-value = 2.2e-16), 

but not significant for males (Multiple R-squared = 0.01808, adjusted R-squared = 0.008992, F-

statistic: 1.989 on 1 and 108 DF, p-value: 0.1613). 

 

Figure 3.6. Comparison of the duration of the chirps of the female calling signal (A, above) and the 

male calling signal (B, below). The slope of the regression line suggests that the female chirps 

increase in duration along the season (A, above, p = 2.2e-16), while the same trend is not observed 

for males (B, below, p = 0.1613). The red crosses represent the median values. See Table 3.1 for 

definition of the periods. 

4. Discussion 

The present study demonstrated that, in the P. spumarius, female calling activity and 

receptivity to mating is associated with ovarian development and presence of mature eggs. 

Prior to August, females did not have eggs or oocytes under maturation in their ovaries and 

did not emit calling signals. Some females produced calling signals in August, when they carried 
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partially or fully mature oocytes, while the peak of calling females was reached at the end of 

September, when most of the females’ ovarioles were completely developed and carried mature 

eggs. Similarly, calling latency (the time required to emit the first call) decreased from early August to 

September, suggesting a progressive interest of females in finding a mate. Nonetheless, males can 

achieve mating also at the beginning of the summer (Cornara et al. 2018). Forced matings are 

common among insects, and likely give a tactical advantage to males over females (Markow 2000; De 

Mello 2007; Vahed and Carron 2008). By silently approaching a female, a male could save energy and 

decrease the probability of detection by rivals and eavesdropping predators (Snedden and Sakaluk 

1992; Virant-Doberlet et al. 2019). Philaenus spumarius females forced to mate likely store the sperm 

in their spermatheca even when there are no mature oocytes (Robertson and Gibbs 1937; Yurtsever 

2001). However, from evaluating the distinctive colour patterns in crossing experiments, Yurtsever 

(2001) estimated that almost 90% of a P. spumarius female’s offspring seems to be fathered from the 

last mating male. If the latter is a male chosen after the establishment of a vibrational duet, the 

female would use his sperm, while the sperm obtained after a previous coercive mating would be 

discarded. Molecular studies are needed to confirm this hypothesis. Besides sperm competition, 

sperm survival should be investigated to better understand the reproductive biology of P. spumarius. 

The spermatheca allows sperm storing, but not necessarily its long-term survival. In some insect 

species, the female reproductive tract can reduce the viability of the sperm (i.e., by storing the male 

contribution in multiple spermathecae or by means of spermicide (Hellriegel and Ward 1998; Greeff 

and Parker 2000). Similar strategies enable females to promote male competition (Bernasconi and 

Keller 2001), neutralize substances in the sperm that could affect female fitness (Andrés and Arnqvist 

2001), or influence paternity (Greeff and Parker 2000). However, in honeybees, females can produce 

secretions aimed at increasing the sperm viability and storage in the spermatheca (Den Boer et al. 

2009b). Similar strategies are common among other eusocial hymenopteran, where queens mate 

once and live for several years (Den Boer et al. 2009a), while likely rare among univoltine species 

such as P. spumarius. A deeper knowledge of female sperm usage and sperm survival in the 

spermatheca could suggest if mating disruption could be a worthy control strategy, given that 

techniques aimed at interfering with mate finding would scarcely be effective in suppressing P. 

spumarius populations, if the female uses the sperm acquired in spring. The presence of the male did 

not trigger the female calling behaviour, since the percentage of calling and duetting females was 

similar between the group of single females and pairs. This outcome confirms that a key factor 

determining female sexual behaviour and receptivity to mating in P. spumarius is the reproductive 

maturity of the ovarioles. A similar relationship between sexual behaviour and development of 

reproductive organs has been reported for many insect species with lapsed oviposition (Schal and 

Chiang 1995; Teal et al. 2000). At the end of the summer, P. spumarius females start to lay between 

18 and 51 eggs each (Weaver and King 1954; Witsack 1973; Cornara et al. 2018; Morente et al. 2018). 

We found an average of 22.9 ± 9.2 eggs inside the female abdomen at the end of September, with a 

maximum of 41 eggs, while in earlier periods we found significantly fewer mature eggs. This delayed 

oocyte maturation likely allows the females to synchronize the development of all eggs, which are 

fertilized and then laid in the same period, when the conditions are more favourable for eggs’ 

survival, i.e., less dry, and hot (Wiegert 1964; Maramorosch 2012). The coordination between the 

calling activity and the reproductive maturity could be therefore an adaptation that maximizes the 

probability of a successful fertilization, resulting in an increased female fitness. By delaying their 

calling signal to later in the season, females could also save energy (Teal et al. 2000). Vibrational 

signalling is energetically demanding, as demonstrated for the leafhopper Aphrodes makarovi, in 
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which the number of emitted calling signals and the time of calling in early life negatively affect 

insect survival (Kuhelj et al. 2015). Besides energy expenditure, a delayed calling activity could 

decrease the probability of being detected by eavesdropping predators. Recent studies 

demonstrated that arthropod predators use the vibrational signals emitted by other insects to make 

foraging decisions and to locate potential preys (Virant-Doberlet et al. 2019). 

Our study also demonstrated that the length of the chirps of the female calling signal 

increased as the season progressed, in contrast to males’ calling signals. The longer chirps produced 

in October could be due to the presence of mature eggs, which likely caused an increased abdomen 

size compared to August and early September (author’s personal observation). This hypothesis could 

also explain why the length of the male chirps did not change during the season. Alterations of the 

abdomen size could result in differences in the signal features, if the insect uses the muscles and/or 

other structures located in the abdomen to produce vibrations, as proposed for some planthoppers 

(Davranoglou et al. 2019). If the presence of mature eggs in P. spumarius influences the movement 

of these structures, the features of the emitted signals could be affected. Nonetheless, considering 

that only virgin females were tested, it would be worthy to compare the chirp length of both virgin 

and mated females also considering those that have already oviposited, to assess if the chirp length 

might depend on the female interest in mating. Although the wavelet-based approach is commonly 

used for signal recognition (Selin et al. 2007; Rach et al. 2013; Korinšek et al. 2019), it can also be 

applied to identify possible changes in the features of an insect signal between different phenological 

or mating status, as we demonstrated in this work. 

Our work provided insights concerning intra-sexual communication in P. spumarius. As 

previously reported, regardless of the period of the season, males emitted calling signals, which do 

not seem to be mating signals becausethey are not used to identify and locate mates (Avosani et al. 

2020). Male courtship signals were recorded starting from August, in response to female calling 

signals and/or to male playback and resulted for most males in starting a duet and achieving mating. 

In some insect species, males use features of the rivals’ signals (i.e., call rate, length) to predict the 

rival quality, and they may choose to leave the plant if they cannot compete with the other male 

(Greenfield and Minckley 1993). For instance, in the grasshopper Ligurotettix coquilletti, high 

population densities were correlated with a higher number of non-signalling males compared to low-

density territories. In this and other Orthopteran species, males express dominance by signalling, 

while inactive males occupy a subordinate role (Greenfield & Shelly, 1985). Some P. spumarius males 

did not produce courtship signals, even when females were calling, potentially because these males 

were not interested in competing with the playback. However, many males reacted to the stimulus 

by emitting calling signals, potentially to mask the rival and/or the female signals, or to stop the rival 

male courtship and to gain a reproductive advantage upon the competitor. In the treehopper 

Tylopelta gibbera, males produce masking signals to prevent rivals from finding the replying female, 

while the leafhopper Scaphoideus titanus males emit disturbance/masking signals to reduce female 

response rate (Mazzoni et al. 2009; Legendre et al. 2012). Since the male disturbance signal was used 

to develop vibrational mating disruption strategies against S. titanus, further research should assess 

whether the male calling signal in P. spumarius represents a competitive masking signal and, if so, 

how it could be exploited to manipulate the insect behaviour (Mazzoni et al. 2009; Polajnar et al. 

2016). On the other hand, the male calling signal could underlie mutual assessment, given that 

animals display collective signalling behaviours to assess local populations, regulate their density 

during their lifespan (Wynne-Edwards 1962) or avoid conflicts over a territory (Hill 2009). The aim of 
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our work was not to assess the role of the male calling signal in insect spacing and, potentially, 

aggression. Future experiments focussed on male-male interaction could suggest whether and how 

the male calling signal could be exploited to manipulate the behaviour of P. spumarius. 

 To conclude, our work demonstrates that P. spumarius’ female receptivity to mating is 

correlated to the development of the ovarioles and the presence of mature eggs. Data regarding the 

female sexual receptivity is crucial before designing a mating disruption tactic for the control of this 

insect, since male-female communication could be affected only when both genders are sexually 

mature. Further research should investigate sperm survival and the occurrence of sperm competition 

in P. spumarius, as this information could determine whether mating disruption could be an effective 

control strategy. 
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Abstract 

Occupancy models estimate presence and detection probability of species of interest such as 

agricultural pests of which it can provide useful information regarding distribution, detectability and 

also contribute to decision making. In this work, we propose an approach to demonstrate the 

applicability of occupancy models in insect monitoring having as targets the spittlebug Philaenus 

spumarius, the main European vector of Xylella fastidiosa, and other Auchenorrhyncha species. 

Surveys were performed in two different agricultural settings (olive orchards and vineyards) in 

Trentino (northern Italy), where the association between P. spumarius and host plants was also 

investigated. Philaenus spumarius was present in all surveyed sites and its detectability was 

significantly influenced by site covariates (forest and vineyard coverage, hours of sunlight) and plot 

covariates (weed height). Site covariates also influenced the detection probability of other 

Auchenorrhyncha, while the co-occurrence of different species did not affect P. spumarius occupancy. 

Philaenus spumarius nymphs were found mainly on Asteraceae and Lamiaceae, while Fabaceae were 

less selected. Only adults were found on olive and grapevine canopies. The influence of covariates on 

detectability of P.  spumarius and other potential X. fastidiosa vectors is discussed, as well as the 

importance of shaping plant composition at those sites susceptible to the bacterium. Our results 

suggest that an introduction of X. fastidiosa in Trentino would be hard to control given the 

widespread occurrence, in different habitats of the agroecosystem, of its main vector in this territory.   

Keywords: Auchenorrhyncha, meadow spittlebug, presence, detectability, host plant 

association  
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1. Introduction 

Understanding environmental drivers that explain presence and absence of a given species in 

a site is the basis of conservation and management of populations of a certain organism (Kellner and 

Swihart 2014). Species distribution models can predict the occurrence of species in a site and support 

studies dealing with biogeography, invasive species ecology, and natural resource management 

(Duarte et al. 2019; Malek et al. 2018; Piyapong et al. 2020). These models enable researchers to 

disentangle the effects of ecological variables on species distribution (Kellner and Swihart 2014; 

Duarte et al. 2019). Nonetheless, species distribution models may be affected by imperfect species 

detection, due to observer errors, cryptic species, or environmental conditions (Kellner and Swihart 

2014). As a result, the target species is missed at certain locations, even if sites are occupied. 

Occupancy models have been designed to solve this issue and produce estimations on 

detection and occupancy probability of a species (MacKenzie et al. 2003, 2009, 2017). Ignoring 

imperfect detection in a survey can lead to unreliable outcomes and consequent wrong decisions for 

conservation and management (Guillera-Arroita et al. 2014). Moreover, current models allow to run 

site‐occupancy models for one or several species (Dorazio et al. 2006; Bailey et al. 2014). Although 

the number of studies applying occupancy models showed an increasing trend in the last decades, 

there is a taxonomic bias towards terrestrial organisms, especially vertebrates, which are the main 

targets of most studies while invertebrates, such as insects, have been neglected (Devarajan et al. 

2020; Mourguiart et al. 2021). Nonetheless, entomologists consider occupancy an effective tool to 

study single species as well as communities, given that insects pose detection issues due to ecological 

traits as phenology (Mourguiart et al. 2021). Single and multi-species occupancy models have been 

used to study insect species of different orders using field collected data (Orthoptera: Mourguiart et 

al., 2020; Odonata, Orthoptera, Lepidoptera: Malinowska et al., 2014; Lepidoptera: Cabeza et al., 

2010; Hymenoptera and Homoptera: Sileshi, 2007; Coleoptera: Brodie et al., 2019) and museum data 

(Zeilinger et al. 2017). To our best knowledge, a similar method was never applied to study species of 

Auchenorrhyncha (Hemiptera: Cicadomorpha), which comprises important agricultural pests (Raven 

1983; Katis et al. 2007). Besides species conservation projects, pest management strategies could 

benefit from applying occupancy models to monitor insects of agricultural interest. In case of vectors 

of plant pathogens, occupancy models could predict potential disease dynamics in a crop and support 

decision-making in the context of control strategies (Sileshi 2007). In fact, presence-absence sampling 

allows saving time when the target species is a small insect occurring at high densities, in particular in 

surveys that require multiple visits during the same season (Wilson and Room 1983; Sileshi 2007). 

Notwithstanding the advantages, occupancy models have never been used to study the 

presence of the meadow spittlebug Philaenus spumarius (Hemiptera: Aphrophoridae) in crops. 

Studies aimed at understanding the ecological characteristics of this species exponentially increased 

after it was recognised as the main vector of the plant pathogen Xylella fastidiosa (Saponari et al. 

2014; Cornara et al. 2018; Cavalieri et al. 2019). This bacterium was recently introduced in Europe 

and is associated with important plant diseases such as Pierce’s disease of grapevine in California 

(USA) and the Olive Quick Decline Syndrome (OQDS) in southern Italy, but can infect numerous other 

plant species (Almeida 2016; Martelli et al. 2016; Saponari et al. 2019; Desprez-Loustau et al. 2020). 

To collect ecological data regarding P. spumarius and estimate disease dynamics, extensive research 

was aimed at investigating its phenology, abundance, and plant preference in different European 
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locations. Even if the sampling design of previous studies (Morente et al. 2018; Bodino et al. 2019, 

2020) provided fundamental information, they did not account for imperfect detection.   

Here, we propose a simple approach to demonstrate applicability of occupancy models in 

pest insect monitoring, by determining P. spumarius presence while accounting for detectability. 

Surveys were performed in two different agricultural settings (olive orchards and vineyards) in 

Trentino, which is a X. fastidiosa-free area. Furthermore, given that knowledge of preferential plant 

selection by P. spumarius nymphs and adults could support design of integrated pest management 

programs (Bodino et al. 2020), we investigate the association between spittlebugs and host plants.  

2. Materials and methods 

2.1. Field surveys 

Field surveys were conducted from March to September 2018 in two agricultural areas of the 

Trentino region (northern Italy) to study the presence and host affiliation of P. spumarius by using 

occupancy models. The first area was in Riva del Garda, where five olive orchards were selected (sites 

rdg1, rdg2, rdg3, rdg4, rdg5; Fig. 4.1). The second area was in San Michele all’Adige, where five sites 

consisted of vineyards (sma1, sma2, sma3) and riparian habitat comprising vineyards (sma4, sma5) 

(Fig. 4.1). Each site, which was subjected to a low-input management (organic), was surveyed within a  

200 m perimeter. The presence of other spittlebugs (superfamily Cercopoidea) such as Neophilaenus 

spp., Lepyronia coleoptrata, Cercopis spp. and Aphrophora spp. was recorded as well. These species, 

being also xylem-feeders (Morente et al. 2018; Bodino et al. 2019, 2020) could be potential vectors of 

X. fastidiosa. In total, each site was visited 17 times. 

The quadrat sampling method was used to monitor the nymphal populations, since it is an 

effective method for detecting spittlebug juveniles (Whittaker 1973; Morente et al. 2018; 

Dongiovanni et al. 2019; Bodino et al. 2020). In particular, the sampling unit (SU) was a rectangle of 

0.25 m2 (100 x 25 cm), which was randomly positioned on the ground (20 SU per site, 100 SU per 

area). The soil and vegetation inside the SU were inspected for the presence of spittlebug nymphs, 

which were removed from the host plant with a thin paint brush and counted. Surveys were 

conservative, thus species identity and larval instar were determined directly in the field using the 

identification keys from Vilbaste (1982), and after counting, nymphs were placed on their hosts. 

Beside P. spumarius, number and stage of other spittlebug nymphs were recorded and identified, 

when possible. Nymph surveys were carried out biweekly from the end of March until the mid of 

June, when only adults were found.  

Surveys aimed at detecting adults were carried out weekly from May (when first emerging adults 

could be found on the herbaceous cover) to the end of September. Overall, the duration of the survey 

was sufficiently short to exclude potential local extinctions and localisation of species (Dorazio et al. 

2006). A sweeping net (diameter 30 cm, length 60 cm) was used to sample herbaceous plants and 

tree canopies at randomly selected points (20 per each site, 100 per area). The sweeping net was 

chosen due to its reliability as sampling method for spittlebug adults (Morente et al. 2018; Bodino et 

al. 2019). For each point, five sweeps were performed on the ground cover and five on the tree 

canopy (either olive or grapevine, depending on site). Given that at the sampling point occurred at 

random locations within a site, in some occasions, olive trees/grapevines were not present within the 

point. In such cases, if other woody plants were present, insects were sampled with the sweeping net 

from their canopies, and plants were identified at the genus level. Philaenus spumarius and the other 
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sampled spittlebug species were counted, identified and sexed (when possible) directly in the field. In 

addition, two auchenorrhynchan species, Metcalfa pruinosa (Fulgoromorpha: Flatidae) and 

Stictocephala bisonia (Cicadomorpha: Membracidae), which we found abundant in the surveyed area 

(see results) and are known as potential crop pests (Seljak 2002; Cornara et al. 2019), were 

considered for the analysis. 

2.2. Occupancy models 

Occupancy models were chosen because they account for imperfect detection of organisms 

in surveys and determine the probability of true presence or absence of a species in a site, which is 

visited multiple times. Occupancy models are defined as an extension of Generalized Linear Mixed 

Effects models (GLMMs) using a Bernoulli distribution where random effects model true state of 

occurrence (MacKenzie et al. 2002, 2003; Duarte et al. 2019). Two different probabilities are 

modelled, where ψ represents the probability that a site is occupied by the target species 

(occupancy), and pj is the probability of detecting the species during the jth survey, given it is present 

(detectability) (Kéry 2011; Devarajan et al. 2020). 

Our single season occupancy model contained two assumptions, according to Devarajan et al. 

(2020). The first assumes that the occupancy state is “closed”, thus species are present at occupied 

sites for the duration of the sampling season and occupancy does not change at a site within the 

sampling season. The second assumption states that sites are independent, hence detection of a 

species at one site is independent of detecting it at other sites. Single- and multi-species occupancy 

models were run to estimate occupancy and detection probabilities for P. spumarius and co-occurring 

auchenorrhynchan species, respectively. 

2.2.1. Single-species occupancy models 

Occupancy and detection probability of P. spumarius were estimated by using occupancy 

models to determine true presence or absence of the insect in surveyed sites. Due to the sampling 

design used, two occupancy models were run at two different scales for P. spumarius. 

Site-level scale model. This model was fed with “aggregated” data collected during 17 visits to 

assess a general trend for species occurrence. Data collected from each sampling unit were 

aggregated for each surveyed site, to obtain single presence/absence values for the n visit at the 

given site. 

Plot-level scale model. This model was run at sampling unit-level, to assess the effects of plot-

level covariates on detection. The model was fed with a 200 x 17 data matrix, where 200 was the 

total number of sampled units (20 per plot) and 17 was the number of visits. 

2.2.2. Multi-species occupancy models 

A multi-species occupancy model was run with site-level data and included second order 

interactions to evaluate the occupancy conditioned by other Auchenorrhyncha species, given the 

presence of P. spumarius and the effect of covariates on detectability of co-occurring species. 

2.3. Model selection and statistical analyses 
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Single- and multi-species occupancy models were run using different linear combination of 

the covariates, and the best models were later selected using Akaike’s information criterion (AIC). The 

best models were selected when Delta AIC < 1 in comparison to the first best model and were 

averaged to create a single best model. Statistical analysis and plots were carried out in the 

framework of Rstudio (Team 2020) using R (Team 2017) and the packages Unmarked (Fiske and 

Chandler 2011), ggplot2 (Wickham 2016), reshape2 (Wickham 2007) and MuMIn (Barton 2009). 

2.4. Environmental covariates 

In occupancy models, it is possible to define site-level covariates and plot-level covariates. 

While the first describe the environment using site-specific data that do not change with repeated 

visits (i.e., land use, forest coverage, elevation), plot-level covariates are collected at each visits and 

can change across sampling occasion and site (i.e., air temperature, humidity) (MacKenzie and Bailey 

2004). 

In our study, site-level covariates were the following: olive tree coverage (0-1), vineyard coverage (0-

1), anthropic coverage (i.e., roads, houses…) (0-1), forest coverage (0-1), agricultural coverage (crops 

other than olive and grapevine), (0-1) average elevation (m aslm), average slope (degrees), average 

sun hours during the vegetative period (1st April – 31st October), and directions of the physical slopes 

face, namely the aspect (N, S, E, W, NW, NE, SW, SE). After creation of a buffer zone of 200 m for each 

site, covariates data were collected from real land use dataset PAT 2003/08 provided by “Servizio 

Urbanistica e Tutela del Paesaggio” of the province of Trento 

(https://www.sciamlab.com/opendatahub/it/dataset/p_tn_uso-del-suolo-reale-urbanistica-ed-08-

2003-200509/resource/9d522d8f-68ae-46b1-a0b3-4067751873f).  

The following plot-level covariates were collected from the sampling units (quadrat or 

sweeping net) at each visit: coverage of herbaceous cover (0-1), height of herbaceous cover (cm), 

composition of herbaceous cover (what family plant was prevalent within the sampling unit), 

composition of swept canopies (olive, grapevine, other woody hosts), and period of sampling. 

2.5. Host plant affiliation 

To investigate the affiliation between P. spumarius and its host plants, analyses were 

conducted using data from 588 sampling units in which at least one specimen was found, either in 

the quadrat placed in the herbaceous cover or in the canopies swept with the net. Relative 

percentage of adults and nymphs on each plant family was measured. In addition, ten plant genera 

preferred by P. spumarius nymphs in Bodino et al. (2020) were selected, and relative percentage of 

the nymphal instars on these hosts was calculated. 

https://www.sciamlab.com/opendatahub/it/dataset/p_tn_uso-del-suolo-reale-urbanistica-ed-08-2003-200509/resource/9d522d8f-68ae-46b1-a0b3-4067751873f
https://www.sciamlab.com/opendatahub/it/dataset/p_tn_uso-del-suolo-reale-urbanistica-ed-08-2003-200509/resource/9d522d8f-68ae-46b1-a0b3-4067751873f
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Figure 4.1 Study areas in Trentino, which were visited to investigate occupancy and detectability of 

Philaenus spumarius and other auchenorrhynchan species. Five olive orchards (rdg1, rdg2, rdg3, rdg4, 

rdg5) and five habitats comprising vineyards (sma1, sma2, sma3, sma4, sma5) were sampled. 

3. Results 

3.1. Single-species occupancy models 

3.1.1. Site-level occupancy model 

The presence of P. spumarius was detected 107 times and its absence 63 times during our 

survey (Fig. 4.2). Number of visits in which the species was detected ranges from a minimum of 4 

(site sma1) to a maximum of 17 (recorded at all visits in site rdg3) with an average of 11 ± 4.37 

detections per site. Proportion of sites that recorded at least one presence of P. spumarius (namely, 

the naïve occupancy) was equal to one, meaning that the species was present in all sites but not 

always detected. The model without any covariate (occupancy null model) yielded a baseline of ψ = 

0.999, SE = 0.003 (occupancy); and p = 0.65, SE = 0.037 (detectability). According to this outcome, 

variables that affected the detectability (p) of the species were estimated. 
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Figure 4.2 Presence (light blue squares) and absence (pink squares) of Philaenus spumarius per visit 

(x axis) across surveyed sites (y axis) from March to September 2018 in Trentino. Riva del Garda sites: 

rdg1, rdg2, rdg3, rdg4 and rdg5. San Michele all’Adige sites: sma1, sma2, sma3, sma4 and sma5. 

In total, 1022 occupancy models were run by varying the combination of 10 site covariates in 

the detection part of the model. In the best models, significant covariates that explained detectability 

(p) were vineyard coverage (p-value < 0.001), forest coverage (p-value = 0.002) and average hours of 

sunlight (p-value = 0.002). Detection probability of P. spumarius was highest in vineyards regardless of 

the amount of coverage within the 200 m perimeter (Fig. 4.3A). The detectability of this species was 

significantly affected by the presence of forests since it steadily decreased when the forest coverage 

was higher than 0.4 within 200 m buffer at the sampled sites (Fig. 4.3B). In sites with an average 

number of sunlight hours greater than 10, detectability of P. spumarius decreased as well (Fig. 4.3C).   
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Figure 4.3 Detection probability of Philaenus spumarius according to different site covariates (A, B, C) 

in olive groves and vineyards located in Trentino. Shaded areas represent 95% confidence interval. 

3.1.2. Plot-level occupancy model 

The presence of P. spumarius was recorded 436 times, with 162 plots (out of 170 in total) in 

which it was detected at least one time. The average number of presences recorded per sampling 

unit was 2 ± 2.09 (mean ± SD). Although the P. spumarius presence at plot-level was more scattered 

than at site-level, the occupancy null model yielded a high occupancy probability (ψ =0.867, SE = 

0.031) and a detection probability of 0.148, SE = 0.007. According to this, the effect of plot-level 

variables on P. spumarius detectability (p) was evaluated. In total, 169 occupancy models were run 

with varying combinations of five covariates in the detection part of the model. The best models 

retained weed height and weed coverage, but only weed height was moderately significant in 

explaining the detection probability (p-value = 0.0259) (Figure 4.4). The possibility to detect the 

spittlebug in our study area increased when weeds were taller, while weed coverage had apparently 

no effect. 
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Figure 4.4 Detection probability of Philaenus spumarius according to two plot-level covariates (A, 

weed height; B, weed coverage) in olive groves and vineyards located in Trentino. Shaded areas 

represent 95% confidence interval. 

3.2. Multi-species occupancy model 

Beside P. spumarius, Stictocephala bisonia and Metcalfa pruinosa were recorded, together 

with spittlebug species belonging to the genus Neophilaenus, Aphrophora, Lepyronia and Cercopis. 

Given that the survey was conservative, identification was not possible at species-level in the field. 

Number of sites with at least one detection, number of presences, absences, and total 

individuals per each species in the sites is shown in Table 4.1. The percentage of sites occupied by 

each species per visit is reported in Figure 4.5. Similar to Dorazio et al. (2006), a heatmap was used to 

display species richness and number of individuals across the surveyed sites (Fig. 4.6). Number of 

individuals found in each site was generally lower than 30, whilst more than 50 specimens of either P. 

spumarius, Neophilenus spp., or Lepyronya coleoptrata were occasionally counted in the same site. 

Species were never detected all together: the highest species richness was 6 species in 3 sites at San 

Michele all’Adige (sma2, sma4 and sma5) with an average number of species recorded per site of 4.7 

± 1.16.   

Table 4.1 Summary of the multi-species survey. For each species, number of sites with at least one 

detection, number of times a species was recorded as present or absent, and the total number of 

individuals recorded during the whole survey are reported. 

Species or Genus Sites with at least one detection Present Absent Total Individuals 

Philaenus spumarius 10 107 63 788 

Neophilaenus spp. 6 18 152 118 

Aphrophora spp. 5 19 151 40 

Lepyronia coleoptrata 9 40 130 274 

Cercopis spp. 7 16 154 71 

Metcalfa pruinosa 7 14 156 31 



78 
 

Stictocephala bisonia 6 9 161 12 

 

 
Figure 4.5 Proportion of occupied sites by Auchenorrhyncha species recorded in different sites 

surveyed from March to September 2018 in Trentino. 
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Figure 4.6 Heatmap showing the number of auchenorrhynchan individuals detected at different sites, 

surveyed from March to September 2018 in Trentino. Riva del Garda sites: rdg1, rdg2, rdg3, rdg4 and 

rdg5. San Michele all’Adige sites: sma1, sma2, sma3, sma4 and sma5. 

A null model was run to compute naive probabilities of occupancy and detection for each 

species (Table 4.2): most species showed a very high occupancy rate of study sites, except 

Aphrophora spp. (ψ = 0.45). Naïve detection probabilities for all co-occurring species were much 

lower than that of P. spumarius (Table 4.2).  

Table 4.2 Naïve occupancy and detection probabilities of auchenorrhynchan species in different sites, 

surveyed from March to September 2018 in Trentino. 

Species or genus 
Naïve 

occupancy 
Naïve occupancy 

SE 
Naïve detection Naïve detection 

SE 

Philaenus spumarius 1.000 0.003 0.629 0.037 

Neophilaenus spp. 0.627 0.163 0.169 0.039 

Aphrophora spp. 0.452 0.150 0.025 0.009 

Lepyronia coleoptrata 0.905 0.096 0.260 0.036 

Cercopis spp. 0.792 0.177 0.119 0.033 

Metcalfa pruinosa 0.851 0.207 0.097 0.032 

Stictocephala bisonia 0.982 0.375 0.054 0.027 

A multi-species occupancy model was run with the same set of covariates as the single-

species model, and effects of environmental variables on detectability (p) of the species were 

estimated. The variable that better explained the detectability of the species co-occurring with P. 

spumarius were the vineyard and olive tree coverages. These variables had a species-specific effect 

on species detectability (Fig. 4.7A and B). The coverage of olive trees steadily increased the 
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probability of detecting an individual of Aphrophora spp., Lepyronia coleoptrata, Metcalfa pruinosa 

or Neophilaenus spp, while for Cercopsis spp. and Strictocephala bisonia this effect was very limited 

(Fig. 4.7B). A growing coverage of vineyards increased the detectability of Cercopsis spp. and Metcalfa 

pruinosa but had a negative effect on that of Aphrophora spp., Neophilaenus spp. and Strictocephala 

bisonia but no effect on Lepironia coleoptrata’s (Fig. 4.7A). The models suggested that P. spumarius 

occupancy was not statistically influenced by presence of other species (ψ = 0.99). 

 

Figure 4.7 Effect of (A) vineyard or (B) olive tree coverage on detectability of different 

auchenorrhynchan species collected in Trentino. Shaded areas represent 95% confidence interval. 

3.3. Host plant affiliation  

During the sampling season, 75 adults and 513 nymphs of P. spumarius were recorded. 

Nymphs included first (26), second (70), third (112), fourth (99) and fifth (206) instars. Philaenus 

spumarius was observed on plants belonging to 25 different families. A total of 315 P. spumarius 

individuals were found on Asteraceae, 68 on Lamiaceae, 66 on Plantaginaceae, 58 on Fabaceae and 
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Oleaceae, 54 on Caryophyllaceae, 46 on Convolvulaceae and 25 on Rubiaceae (Fig. 4.8). Plant families 

that hosted less than 25 P. spumarius individuals were aggregated in a unique class (namely, “others”) 

accounting for 98 individuals (Fig. 4.8). 

 

Figure 4.8 Relative percentage of adult and nymph instars of Philaenus spumarius sampled from 

different plant families in Trentino. I, II, III, IV, V = first, second, third, fourth and fifth nymphal instar, 

respectively. Plant families that hosted less than 25 P. spumarius individuals per plant are included in 

the group “others”.  

The proportion of adults and nymphs distributed per host plant is shown in Fig. 4.9. The 

majority of P. spumarius (237), collected from the quadrat sampling and net sweeping of canopies, 

were observed on Conyza spp., which hosted all stages of development (Fig. 4.9). First instars were 

observed only on Trifolium spp. and Conyza spp. Other nymphal stages were recorded on all selected 

plants except on olive trees, from which exclusively adults were collected (N = 57, Fig. 4.9).  
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Figure 4.9 Relative percentage of adults and nymphs of Philaenus spumarius on 10 host-plant genera. 

Insects were collected from quadrat sampling and sweeping of canopies in vineyards and olive groves 

in Trentino. Numbers beside bars represent total number of nymphs sampled on each plant species. I, 

II, III, IV, V = first, second, third, fourth and fifth nymphal instar, respectively. 

4. Discussion  

In this study, occupancy models were used, for the first time, to estimate occupancy and 

detection probabilities of P. spumarius and other auchenorrhynchan field collected in Trentino.  

Philaenus spumarius is the main vector of X. fastidiosa in Europe and can colonize many 

habitats. The definition of models of presence and/or distribution in a certain territory is therefore 

necessary to design effective strategies of prophylaxis or protection. In our research, although the P. 

spumarius occupancy was high in all visited sites, its detectability was influenced by features of the 

area, such as presence of forests, vineyard coverage, sunlight hours and plant height. In accordance 

with the hypothesis that “almost any species may be overlooked” (Kéry 2011; Mata et al. 2014), our 

results suggest that P. spumarius, which is the most abundant spittlebug in Europe (Cornara et al. 

2018, 2019), may be missed in certain environments. This can have important repercussions on 

decision making (i.e., pest management), since basing an analysis only on the reported presence of a 

species can introduce biases. In such a context, investigations in agro-ecosystems (i.e., Bodino et al., 

2020, 2019; Cornara et al., 2017; Dongiovanni et al., 2019; Morente et al., 2018; Santoiemma et al., 

2019), as much as they are accurate and provide valuable knowledge, still can suffer from the 

omission of the detection estimation. For instance, in some Iberic olive groves, even if P. spumarius 

nymphs were not found in the herbaceous cover, adults were sampled from olive canopies (Morente 

et al. 2018). As much as this could be an effect of adult immigration from external sites, it could be in 

part due to the underestimation of nymph occupancy as defined by the landscape context. Therefore, 
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the occurrence of estimation biases could be overcome by including detection in future models. This 

approach would be particularly useful whenever the final aim of a study is to provide indications for 

pest and crop management (Bodino et al. 2019), since they could allow reliable comparisons between 

crops from different areas but also better determine peaks of presence and detection probabilities in 

association with the features of the study sites. 

In our case, high vineyard coverage was associated with an increase in the P. spumarius 

detectability. Vineyards in Trentino are trained as pergola, which protects a relative high portion of 

surface from direct sunlight, while plants are irrigated. These conditions seem to provide a humid 

microclimate that supports populations of P. spumarius, favouring a widespread presence and high 

detectability in this agroecosystem (Cornara et al. 2018; Beal et al. 2021). However, this species was 

found abundant on herbaceous vegetation within and surrounding vineyards also in other Italian 

regions that use different trellis systems, like Guyot or cordons (Aldini et al. 1998; Braccini and Pavan 

2000; Pavan 2006). Farming practices can therefore influence the spittlebug presence, but rather 

than the trellis system, the management and the landscape seem to make the difference. In fact, 

large populations of P. spumarius were found in low-input management plantations (Kunz et al., 

2010; Mazzoni, 2006; our study), whereas the spittlebug was absent in vineyards subjected to 

conventional management (Santoiemma et al. 2019). High input farming, notably when based on the 

large use of pesticides, reduces the biodiversity in agro-ecosystems (Brühl and Zaller 2019). In the 

case of P. spumarius, the use of pesticides is a common practice (and almost the only available) that 

farmers adopt to protect olive orchards in Southern Italy (Cornara et al. 2018). This approach offers a 

short-term control strategy, but its efficacy in reducing disease risks is highly variable (Purcell 1980; 

Madden et al. 2000; Daugherty et al. 2015). On the other hand, the reduction of biodiversity is 

consistent, and can have long-term countereffects, as generalist insects such as P. spumarius can 

quickly occupy emptied niches (Civitello et al. 2015; Brühl and Zaller 2019; Sánchez-Bayo and 

Wyckhuys 2019; Wagner et al. 2021). Our visited vineyards were subjected to low-input 

management, and auchenorrhynchan other than P. spumarius were accordingly thriving in these 

habitats. In particular, higher percentages of vineyards were associated with an increased probability 

of detecting Cercopis spp. and Metcalfa pruinosa, as they are frequently observed in humid habitats 

and on woody plants (Alma 2002; Mazzoni et al. 2008). On the other hand, high vineyard coverages 

had a negative effect on the detectability of Aphrophora spp., Neophilaenus spp. and Stictocephala 

bisonia. The scattered presence of these species and the scarce probability of detecting them is 

consistent with the literature, considering that they are only occasionally found within Italian 

vineyards (Mazzoni et al., 2008).  

The olive coverage also had a positive effect on the detectability of auchenorrhynchans, more 

pronounced for Aphrophora spp., L. coleoptrata, M. pruinosa or Neophilaenus spp., and less for 

Cercopis spp. and S. bisonia. The herbaceous cover of olive groves in Trentino remains flourishing, 

providing a shady environment and a humid microclimate, contrarily to Mediterranean olive orchards 

in Southern Italy, where the ground cover dries during summer (Bodino et al., 2020). In Trentino, the 

rich cover of olive groves could therefore foster the presence of Auchenorrhyncha, which were thus 

easily detected. Although the detection probability of P. spumarius was not influenced by the 

percentage of olive coverage, this species was the predominant spittlebug in the surveyed olive 

groves (and vineyards), in accordance with other Italian surveys (Ben Moussa et al. 2016; Cornara et 

al. 2017; Bodino et al. 2019, 2020). Philaenus spumarius could nonetheless thrive in the same habitat 
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with other Auchenorrhyncha, to the point of sharing the same host plant and even the same spittle 

mass with other spittlebug species. The presence of other species did not affect the occupancy of P. 

spumarius, likely due to a trade-off between costs and benefits of gregarious feeding. In fact, 

although nymphs can share the same host plant to overcome plant barriers and allocate less 

resources to spittle production, this strategy implies a reduced food quality, to the detriment of some 

individuals (Mangan and Wutz 1983; Wise et al. 2006; Mcevoy 2013).  

Besides the coverage of crops, there was an important factor significantly affecting the 

probability of detecting P. spumarius: the presence of forests. In fact, relatively high forest coverage in 

the 200 m buffer surrounding the site was associated to a lower probability of detecting the 

spittlebug. This habitat likely provides a shelter for P. spumarius, especially adults, which may move 

into woodland areas when the conditions in olive orchards or vineyards are less favourable (i.e., 

during hot days or crop management practices). Moreover, forests can provide nutritious hosts such 

as actinorhizal plants, which are characterised by a reliable supply of xylem-borne organic nitrogen 

compounds and may be exploited by spittlebugs when plants within crops are under stress 

(Thompson 1999). Nevertheless, the effect of forest covers on the P. spumarius presence was 

considered of scarce relevance and thereby discarded from previous distribution models (see 

Santoiemma et al., 2019). Even though these studies disclosed several environmental factors driving 

P. spumarius occurrence in olive groves, our result indicate to include forests into future models. The 

increasing number of sunlight hours is another factor associated with a lower probability of detecting 

P. spumarius. The quantity of sun reaching a site is generally dependent on topographic factors (i.e., 

elevation and slope angle) and has repercussions on growing and quality of plants, as well as on crop 

management (Zorer et al. 2017). This factor can indeed impact the life of P. spumarius, whose biology 

strictly depends on temperature and humidity (Cornara et al., 2018). A rise in temperatures could, for 

instance, elicit a lower detectability due to behavioural adjustments. Firstly, as increasing air 

temperature generally reduces host plant quality (Lemoine et al. 2014), the feeding activity of 

phytophagous insects such as P. spumarius may be impaired. Spittlebug nymphs and adults could be 

therefore less detectable due to their seeking behaviour towards more nutritious plants. Secondly, 

spittlebug nymphs usually find shelter in hidden parts of plants to escape direct sunlight, while adults 

migrate during the summer period and delay oviposition until weather cools (Weaver and King 1954; 

Cornara et al. 2018). Similarly, by providing sheltered places, tall plants in the ground cover are 

expected to be associated to a low likelihood of detecting P. spumarius, whilst in our study we 

observed the exact opposite. Higher plants (up to 100 cm) increased the detectability of the 

spittlebug, potentially because the shade provided by taller plants led spittlebugs towards the apex of 

the host plant, resulting in a higher detection probability.  

Another factor that was expected to influence the P. spumarius detectability was the 

percentage of herbaceous cover within the site. The first reason is that higher ground coverages were 

previously associated to a higher spittlebug presence in other Italian olive groves (Bodino et al., 2019, 

2020). Secondly, plant distribution and density can influence the ability of an insect to find its host 

plants, notably engaging the insect in a search for preferred plant species. For example, some plants 

could “escape” from phytophagous insects by clumping in space, increasing the distance between 

clumps, or lowering plant density (Cain 1985). In our case, the detectability of P. spumarius was not 

dependent on the percentage of herbaceous cover, likely due to the large polyphagy of the 

spittlebug, which can exploit a great number of plant species regardless of the distribution. This 
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suggests that the role of ground cover may be overestimated when detectability is omitted, because 

the effect of the covariate on spittlebug detection could be erroneously ascribed to its presence. In 

this way, we propose including occupancy models to future field surveys to provide accurate 

estimations of the presence of P. spumarius in study sites.  

As mentioned above and extensively reported in the literature, P. spumarius is a highly 

polyphagous insect, which thrives on more than 500 host plants (Cornara et al. 2018; Markheiser et 

al. 2019). Even so, this spittlebug has some preferred hosts (Bodino et al., 2020; Cornara et al., 2018; 

Dongiovanni et al., 2019). In our study, it was collected from a great variety of plants, both from the 

ground covers of olive groves and vineyards and from trees canopies. Adults were mainly sampled 

from olive canopies, although they could be found even on herbs. On the other hand, nymphs were 

always collected from the herbaceous cover and were sampled from many different plant families, 

especially Asteraceae, but also Lamiaceae and Plantaginaceae, while Fabaceae were less selected, 

even if they were reported as a preferred host by nymphs in Southern Italy (Apulia). Considering that 

the availability of hosts during the season affects the P. spumarius plant selection (Bodino et al., 

2020), regional differences are therefore due to the distribution and phenology of the host plants in 

different agroecosystems. Because it is suggested that P. spumarius chooses hosts with high xylem 

amino acid concentrations and for this reason it is associated with actinorhizal plants (Thompson, 

1999), these hosts should be therefore considered when shaping the ground cover of crops 

vulnerable to X. fastidiosa. In this regard, the spittlebug occupancy may be reduced by removing the 

preferred plant species, whilst favouring non-host plants, since a lower quality of food sources could 

result in higher mortality of nymphs and/or lower fecundity of adults (Morente et al., 2018). Even if a 

deeper knowledge regarding the association between the spittlebug and plants is needed, we can 

conclude that ground covers of olive orchards and vineyards should be shaped to reduce the 

presence of P. spumarius in regions like Trentino, which are currently X. fastidiosa-free, as a 

prophylaxis measure to reduce the risks of disease outbreaks (Bodino et al., 2020).  

Considering that the percentages of sites occupied by P. spumarius were constantly high 

during our survey, serious consequences are expected if X. fastidiosa is introduced in Trentino, where 

a renowned niche extra virgin olive oil is made and where wine production is a key economic input 

(Alaeddinoglu and Türker 2016; Mucci et al. 2019; Moreno-Sanz et al. 2020). In this context, a precise 

knowledge of the P. spumarius distribution and phenology all over a territory is a key element. An 

important flaw in this is that traditional monitoring tools such as interception sticky traps, sticky-

shoot, and yellow sticky traps has been proved to be ineffective to sample P. spumarius in the field, 

especially to intercept nymphs, which are less mobile than adults (Morente et al., 2018). On the other 

hand, innovative monitoring tools based on vibrations has been proposed for some pest species 

(Hartman et al. 2017; Takanashi et al. 2019). Philaenus spumarius intraspecific communication relies 

on vibrational signals, and the use of species-specific signals could be tested for capturing individuals 

(Avosani et al. 2020). Furthermore, a recent study demonstrated that coupling of volunteer-collected 

data with traditional ecological surveys allows improvement of existing monitoring programs (Malek 

et al. 2018). Even if field surveys are still necessary to monitor the distribution of P. spumarius, 

researchers could involve farmers’ help, since the latter could provide information regarding the 

spittlebug presence in their vineyards and olive groves. In particular, they could report the presence 

of spittle masses, while a user-friendly platform could be developed to help farmers identify and 

report the species. A similar tool could also allow the gathering of information regarding how (i.e., 
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sticky trap or visual), when (date) and where (location) the spittlebug was observed. 

Presence/absence data collected by farmers could be then used to run occupancy models, providing 

estimations of both distribution and detectability of the spittlebug. By comparing data from 

conventional and organic crops, it could be even possible to obtain information about the exact role 

of the crop management in determining the P. spumarius occupancy (Cornara et al. 2018; Mesmin et 

al. 2020; Molinatto et al. 2020). 

To conclude, we demonstrated that the presence of P. spumarius and other Auchenorrhyncha 

can be underestimated even when using the most efficient sampling methods for these species. We 

recommend including occupancy models when studying the presence of pest species, given that 

these models more accurately estimate species distribution by considering imperfect detection. 

Estimations of future X. fastidiosa outbreaks related to vectors’ distribution could benefit from this 

approach as well. Moreover, our outcomes regarding the association between P. spumarius and its 

host plants in Trentino could guide the management of the herbaceous cover, to limit the 

colonization of spittlebugs in susceptible crops. 
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Abstract  

Interference with the behaviours associated to host plant recognition, and inter- and intra-

specific communication of insect vectors of plant pathogens, could represent a long-term sustainable 

strategy to cohabit with the organisms the insects transmit. Here we show that the transmission over 

a suitable host plant (sunflower) of a stimulus designed based on a vibrational signal used for intra-

specific communication significantly affects the probing and feeding behaviour of the spittlebug 

Philaenus spumarius (Hemiptera: Aphrophoridae), the main European vector of the fastidious 

bacterium Xylella fastidiosa to olive. Specifically, ca. 30% of the individuals did not even attempt to 

probe the treated plants (sunflower), while the remaining showed a sex-independent reduction in 

ingestion of the xylem sap, i.e., P. spumarius’ main food source, of ca. 67% compared to the control. 

The possible reflection of a signal-based vector behaviour disturbance on the epidemiology of X. 

fastidiosa, together with future research needs are discussed. 

Keywords: Philaenus spumarius; Aphrophoridae; biotremology; electrical penetration graph; 

behavioural disruption 



93 
 

1. Introduction  

Invasive plant pathogens and pests affect the multifunctionality of agroecosystems, in 

treacherous and often unpredictable ways (Simberloff et al. 2013; Ali et al. 2021). Although such 

impact is often estimated only in terms of yield losses, a cascade of effects is primed following 

introduction of an alien organism into a new ecosystem and subsequent spill over. Considering the 

case of the vector-borne bacterium Xylella fastidiosa ST53 outbreak in olive orchards in Salento 

(Apulia region, Southern Italy), several authors focused on the significant decrease in table olives and 

olive oil production as the main consequence of pathogen introduction and spread (Almeida 2016a; 

Saponari et al. 2019). However, losses in food provisioning are just the tip of an iceberg, with death 

and removal of infected olive plants recently predicted to potentially prime a cascade of events 

resulting in the destruction of the local biodiversity and economy (Ali et al. 2021). Moreover, the 

current measures aimed at containing X. fastidiosa outbreaks by controlling the vector may have 

major, and overlooked, side effects. In this regard, soil tilling against juveniles and treatments with 

synthetic pesticides targeting adults have been proposed to control the populations of the meadow 

spittlebug Philaenus spumarius (Hemiptera: Aphrophoridae), which is the main driver of X. fastidiosa 

secondary spread within Apulian olive orchards (Cornara et al. 2017b, 2019; EFSA et al. 2019). 

Extensive soil tilling, especially in dry environments as Mediterranean olive orchards, may affect soil 

quality, augment the risk of desertification, and reduce habitats sheltering beneficial arthropods (i.e., 

predators, parasitoids and pollinators) (Kairis et al. 2013; Karamaouna et al. 2019; Bodino et al. 2020; 

Mesmin et al. 2020; Molinatto et al. 2020). Although pesticides are generally considered as 

unavoidable and essential tool to protect crops and ensure good yields, they represent one of the 

main drivers of the current biodiversity decline (Brühl and Zaller 2019; Sánchez-Bayo and Wyckhuys 

2019; Chávez‐Dulanto et al. 2020). Such decline of biodiversity might promote the spread X. 

fastidiosa, which is vectored by generalist insects like P. spumarius, as generalists can occupy the 

niches left empty by species affected by the decline (Civitello et al. 2015; Sánchez-Bayo and 

Wyckhuys 2019). Therefore, tools aimed at reducing abundance of generalist vectors might indeed in 

the long-term lead to a further spread of the plant disease by favouring these species. In addition, 

even considering the short-term efficacy of a pesticide-based vector control strategy, chemical 

control offers a highly variable reduction in disease risk (Madden et al. 2000; Daugherty et al. 2015). 

Finally, even if reducing vector load is hypothesized to decrease the transmission probability (Purcell 

1980), pesticides could not prevent feeding behaviours conducive to transmission. It is therefore 

mandatory to rethink about X. fastidiosa control strategies, developing and applying long-term 

sustainable tools against vectors and safeguarding ecosystem services. Manipulation of vector 

behaviours, such as reducing host plant finding, suitability and residency time, or interfering with 

insects’ communication during crucial steps of their life cycle could represent an efficient and 

environmentally safe strategy for the containment of vector-borne plant pathogens (Fereres and 

Moreno 2009; Mazzoni et al. 2009; Mokrane et al. 2020). 

Biotremology is the science that studies the use of substrate-borne vibrations in animal 

communication. Many insect groups, including spittlebugs, use vibrational signals for close-range 

interactions, especially as social and sexual communication, and predator-prey interactions (Avosani 

et al. 2020; Hill & Wessel 2016; Takanashi et al. 2019; Virant-Doberlet et al. 2019). Characterization 

and subsequent playback of species-specific vibrational signals on a host plant can therefore be used 

to disrupt relevant insect behaviors, resulting in the reduction of pest populations (Gordon and 

Krugner 2019; Mazzoni et al. 2019; Polajnar et al. 2015). For instance, species-specific vibrations 
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transmitted to grapevine plants disrupt the mating behavior of the leafhopper Scaphoideus titanus 

(Hemiptera: Cicadellidae), which sexual communication relies on the exchange of vibrational signals 

(Mazzoni et al. 2009, 2019). Aggregation and mating signals have been exploited to develop trapping 

strategies for invasive pest species such as the brown marmorated stinkbug Halyomorpha halys 

(Hemiptera: Pentatomide) and the Asian citrus psyllid Diaphorina citri (Hemiptera: Psyllidae), 

respectively (Mankin 2019; Polajnar et al. 2019). However, P. spumarius is a highly polyphagous and 

abundant species, in which mating occurs throughout the season on different host plants, while 

oviposition happens during the fall on herbaceous plants after the breakage of the ovarian parapause 

(Morente et al. 2018; Witsack 1973). Therefore, applying vibrations to disrupt mating as a way to 

control spittlebug populations appears pointless.  

Nevertheless, beside mating, vibrations can be used to affect pest behaviors, such as probing 

and feeding (Takanashi et al. 2019). Since insect mechano-receptors are usually tuned for specific 

signal proprieties (Lakes-Harlan and Strauß 2014; Virant-Doberlet and Cokl 2004), species-specific 

vibrational signals are more effective in interfering with behaviors than unspecific or broadband 

noises (Bomford & O'Brian 1990). In particular, the alarm or distress signals emitted by animals can 

be used as repellent stimuli and are more resistant to habituation, which commonly arise when the 

stimulus is an unspecific and monotonous noise (Bomford & O'Brian 1990). Philaenus spumarius 

could accordingly be sensitive to signals aimed at repelling conspecifics or expressing stress. In this 

regard, P. spumarius emits distress signals in the presence of other individuals, especially after a 

physical or vibrational interaction, as similarly reported for other insect species (Alexander 1957; 

Avosani et al. 2020).  The female rejection signal is used by P. spumarius females to reject courting or 

approaching males, and likely contains temporal and/or spectral features that can affect crucial 

behaviors (Avosani et al. 2020). It is therefore possible that the continuous transmission of the 

rejection signal could disturb the spittlebugs resident on the treated plant and interfere with their 

activities.  (i.e., impair feeding thus possibly decrease the probability of X. fastidiosa acquisition 

(Daugherty and Almeida 2009)).  

In this work, we aimed at assessing whether and to which extent a vibrational stimulus based 

on the intra-specific signal “female-rejection” and transmitted on a suitable alternative host plant, 

i.e., as sunflower (Helianthus annuus), could interfere with spittlebug probing and feeding behavior. 

Here, we present the promising results gathered by coupling the real-time probing and feeding 

behavior observations with recordings of signal transmission and propagation on the tested plants 

and discuss the applicability of a vibrational control of spittlebug populations to olive plants. 

2. Materials and methods 

2.1. Insects and plants 

Adults of Philaenus spumarius were collected from oak trees (Quercus ilex) in Valenzano 

(Apulia, Southern Italy, Xylella fastidiosa-free area) during June 2020. Collected individuals were 

caged in insect rearing tents (BugDorm-2120 Insect Rearing Tent, 60x60x60 cm) covered with a nylon 

net to protect the insects from excessive sunlight and storms and kept on a meadow in the premises 

of CIHEAM-Bari institute (Apulia, Southern Italy). Plants used for the rearing were sunflower 

(Helianthus annuus) and vetch (Vicia sativa), replaced fortnightly, and two-year old Vitis vinifera var. 

Cabernet Sauvignon cuttings; plants were watered twice per week. For the experiments, we used 

four-week-old sunflower plants (approximately 30 cm tall), grown inside pots (5x10x5 cm3) filled with 

soil and vermiculite (6:1), and watered twice per week. Olive (Olea europaea) plants, var. Ogliarola 
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salentina, were two-year old seedlings pruned in May 2020 and water-fertilized once per week 

(PLANTAFOL 30 10 10, VALAGRO), in order to obtain fresh shoots of approximately 30 cm by 

September. All the plants were reared inside a glasshouse under controlled conditions (26 ± 2°C, 60% 

relative humidity RH).   

2.2. Vibrational stimulus design 

A signal designed based on a species-specific (a synthetic interference signal, SIS, Figure 5.1) 

vibrational stimulus was used to investigate if the probing and feeding behaviour of P. spumarius 

could be affected by means of vibrations transmitted to a plant. The SIS consisted in a complex signal 

(Figure 5.1) assembled using the audio software Adobe Audition 3.0 (Adobe Systems, Inc., San Jose, 

CA, USA). The SIS was composed of harmonic elements (the chirps) derived from a female rejection 

signal (Avosani et al. 2020) recorded with a laser vibrometer (VQ-500-D-V, Ometron Ltd., Harpenden, 

UK) from a reflective sticker glued on a sunflower plant in close proximity to the insect (1 cm). The 

chirps were amplified (+10 dB boost) to increase the intensity of the frequency bands above 200 Hz 

(the resonance frequency of the mini shaker). Temporal and spectral features were modified to 

obtain a stimulus that could both cover the P. spumarius signals and be distressing. In this regard, 

within other insect species (i.e., stinkbugs), distress signals are emitted in response to disturbances 

and are characterized by high dominant frequencies and fast repetition rates (Lazzari, Manrique and 

Schilman 2006). To create the SIS, the repetition time between chirps was reduced (0.28 ± 0.06 s) 

compared to the original female signal (Avosani et al. 2020), while the chirp dominant frequency was 

set to 820 Hz. The signal was propagated by using the below-mentioned setup (exciter-amplifier-

laptop) to plants of sunflower and olive (we did not test intensities that turned substrate-borne 

signals to air-borne). The signal was transmitted at two different intensities (SIS15 and SIS50, 

respectively), in that the volume was set from the laptop (default Windows music player), being the 

volume of the SIS50 three times higher than the SIS15’s one.  
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Figure 5.1. A) Spectrogram (above) and oscillogram of the synthetic interference signal (SIS). The 

signal was 8.3 s of duration and was composed of 30 chirps. B) Frequency spectrum of a chirp of the 

SIS (mean duration of 0.18 s and a dominant frequency of 820 Hz). 

2.3. Vibration stimuli effect on P. spumarius probing and feeding behaviour 

Experiments were conducted in the Electrical Penetration Graph (EPG)-lab at CIHEAM-Bari 

(Apulia, Southern Italy) at temperature 25 ± 1°C and RH 65% during August and September 2020. 

Spittlebugs were tethered and connected to the EPG amplifiers following the protocol described by 

Cornara et al. (2018). The feeding behaviour of the tested insects was recorded with a Giga 8-DC EPG 

(EPG-systems, Wageningen, The Netherlands) at 1 Giga Ohm input resistance, assembled inside a 

Faraday cage, under controlled conditions (24 ± 1°C, 40% RH). Output from the EPG at 100x gain was 

digitalized at a sample rate of 100 Hz per channel and recorded using Stylet+ software (EPG-systems, 

Wageningen, The Netherlands). For each test, vibrational stimuli were transmitted by means of a 

mini shaker (Visaton BS 76; Visaton GmbH & Co, Germany) in contact with the stem of a sunflower 

plant by means of a conical rod (5 cm long). The conical rod was perpendicularly pointed on the plant 

stem halfway between the apical and basal portion, hence ca. 15 cm from the soil. The mini shaker, 

kept in position using a clamp, was plugged to an amplifier (Nobsound NS-01G, Nobsound, Shenzhen 

Cavins Tech Ltd, China) controlled by a laptop (HPEnvy 15). The plant and the clamp with the exciter 

were placed inside a Faraday cage hosting the EPG. 

Test on sunflower. Firstly, we performed Electrical Penetration Graph (EPG)-assisted 3h 

observations of the probing and feeding behaviour of P. spumarius males and females on sunflower 

plants treated with SIS at two different volumes. The signals were turned-on 20 min before the insect 

was placed on the plant and loop-played for the 3h EPG recordings by using the software Windows 
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Music Reader. For the control, we used the same set-up as for treated plants, with the conical rod in 

contact with the plant, but turning the amplifier off. The experimental design was completely 

randomized: a single treatment/signal was carried out per time (during each 3h recording a single 

treatment was performed, with two replicates/plants per time, with the plants at ca. 80 cm from 

each other) to avoid interference among the different signals (Figure 5.2). The position (channel of 

the EPG device used) of each treatment/signal was switched during each recording to avoid position 

effects. We performed each 3h EPG observation with a single combination insect/plant. Total 

number of recordings carried out per treatment and sex on sunflower are reported in Table 5.1. The 

insects were offered 5-cm apical portion of the sunflower plant, with access to stem, petiole and leaf. 

Probing and feeding behaviour were recorded for three hours with the EPG. For the analysis of the 

probing and feeding behaviour, we followed the waveforms definitions by Cornara et al. (2018) with 

slight modifications. We considered ten patterns (waveforms representing the different 

steps/behaviours performed by the insect from the insertion of stylets into the plant to their 

withdrawal): i) np, non-probing; ii) C, pathway; iii) Xc, xylem contact; iv) Xi, xylem ingestion 

(frequency > 0.1 Hz); v) LF, low frequency xylem ingestion (frequency < 0.1 Hz); vi) npN, non-pathway 

interruption of xylem activity; vii) pN, pathway interruption of xylem activity; viii) R, resting; ix) Xe, 

behavior putatively associated to X. fastidiosa inoculation (Cornara et al. 2020); (x) W, stylets 

withdrawal. Overall, we assessed the differences in probing and feeding behaviour among 

treatments by considering the variations in: i) non-sequential variables (WDI, waveform duration per 

individual; NWEI, number of waveform events per individual; WDEI, median duration of each 

waveform event per individual; pWDI, percentage of the total probing time spent in a certain 

waveform); ii) sequential variables; iii) number of probes (with or without xylem ingestion) 

performed by the spittlebugs. In the present work, sequential and non-sequential variables 

considered, and waveforms definition and supposed/ascertained biological meaning were based on 

previous studies (Cornara et al. 2018, 2020). We additionally took note of the number of spittlebugs 

per treatment spending the 3h EPG performing activities other than probing, as walking, resting, or 

dabbing plant tissues without inserting the stylets (behaviour observed with a x10 magnifying lens), 

and alive at the end of the recording; these insects are referred to as “non-probing individuals”.  

 “Start & Stop” test. In this test, the feeding behaviour of spittlebug males was recorded from 

sunflower plants treated with SIS50 (the stimulus displaying the greatest effect on probing and 

feeding behaviour, see results) were conducted. A spittlebug male connected to the EPG-amplifier 

was permitted to initiate a probe on the sunflower plant connected to the mini shaker; the signal 

(SIS50) was then activated and loop-played for ten minutes once the insect reached a xylem vessel 

and started xylem ingestion. We analysed insect probing and feeding behaviours during the ten 

minutes with the signal on, and during the successive ten minutes with signal off. A single 

combination insect/plant was used for each recording. Twenty-six replicates (26 males) were carried 

out.  

Test on olive. According to the results on sunflower (see results), we tested the effect of 

SIS50 on the feeding behaviour of P. spumarius males on olive plants, following the same design 

described for sunflower plants. A total of 40 replicates, i.e., 20 males for SIS50 and 20 for the control, 

was carried out. 
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Figure 5.2: Experimental setup of Electrical Penetration Graph (EPG) tests. A specimen of P. 

spumarius connected to a channel of the EPG amplifier by a thin electrode was offered the 5-cm 

apical portion of the host plant, with access to stem, petioles and leaves. Vibrational stimuli were 

transmitted via a mini shaker, which was in direct contact with the stem of the plant. A single 

treatment/signal was carried out per time with two EPG channel per time. 

2.4. Data analysis 

We performed a G-test in a contingency table (2 × 3) followed by a Ryan multiple 

comparisons for proportions (Ryan 1960) to compare the number of probing individuals (either 

males or females) between treatments and control. 

We explored the effect of vibrational signals on spittlebugs probing and feeding behaviour 

(i.e. WDI, NWEI, WDEI, pWDI, probes, and sequential variables) with a linear mixed-effects model 

(lme; “REML” method). The explanatory variables were treatments (SIS15, SIS50, and control), sex, 

and the interaction between these two factors. These variables showed no collinearity. Differences 

among treatments and control were assessed by Tukey’s test (Tukey’s “honest significant 

differences” (HSD) method) for pairwise comparison. The data obtained from the EPG were 

transformed when necessary with ln (x + 1) or √ (x + 1) to reduce heteroscedasticity and improve 

normal distribution. We accounted for the nested design of the study by including the mini shaker 

used as random factor. We additionally explored xylem ingestion duration (Xi WDI) trend during the 

3h recording using Generalized Linear Mixed-Effects Models (glmer) with treatment, recording time 

(hour), their reciprocal interaction, and sex as explanatory variables, and mini shaker and insect 

identity as random factors (Poisson distribution). 

All the analyses were performed in R (R Core Team, 2020). We ran the models using nlme 

and lme4 packages (Bates et al. 2014; Pinheiro J, Bates D, DebRoy S 2016). We checked the models 

for residual distribution using the car package (Fox and Weisberg 2019). There was no evidence of 
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either spatial or temporal autocorrelation of model residuals (analyses performed using the ncf and 

acf packages, respectively (Bjornstad 2013)). Graphs were generated using ggplot2 package (Valero-

Mora 2010). Only insects that performed at least a probe, namely insects that inserted the stylet into 

the plant tissues, were considered for statistical analysis. 

2.5. Signal transmission on host plants 

Observations of signal propagation and characteristics on host plant species were conducted 

in the biotremology laboratory at Fondazione Edmund Mach (Trentino, Northern Italy), inside a 

sound insulated chamber maintained at a temperature of 22 ± 1 °C and 65% RH, with plants placed 

on an anti-vibrational table (Astel s.a.s., Ivrea, Italy). The intensity values of the SIS were measured 

on the apical parts (approx. 10 cm of distance between each recording points) of sunflower (namely 

“H”) and olive (namely “O”) plants. The height (30 cm) and shape of the plants were similar to the 

ones used for EPG trials. The stimuli were transmitted perpendicularly to the stems of the plants by 

means of the same experimental design used for the EPG tests. Either two sunflower or olive plants 

were used for each recording session to simulate EPG conditions. A laser vibrometer (VQ-500-D-V, 

Ometron Ltd., Harpenden, UK and OM DS VibroGo E 52039, Polytec GmbH, Waldbronn, Germany) 

was pointed towards each plant. Vibrations were recorded from small pieces of reflective tape 

(0.5x0.5 cm2) glued to three different points of the plants, after setting the laser sensitivity to 5 

mm/s/V. The signals were acquired with a hard drive multichannel LAN-XI data acquisition device 

(Brüel and Kjær Sound and Vibration A/S) with a sample rate of 8192 Hz. Recordings were then 

analysed using Matlab 2020 (1994-2021 The MathWorks, Inc.) to compute the fast Fourier transform 

(FFT) with window length of 1024 samples, frequency resolution of 8 Hz, 66.7% overlap, and Hann 

window. The spectra of the recorded signals were extracted, visualized, and compared. The signal 

(the SIS) was transmitted at two different intensities (ratio 1:3, SIS15 and SIS50, respectively) to 

plants of sunflower and olive. SIS15 was tested on four sunflower plants (H), with a measurement 

point on two of the apical leaves and a measurement point on the stem, the recordings duration was 

10 s for each point. SIS50 was tested on four sunflower plants (H) and six olive plants (O), with a 

measurement point on two of the apical leaves and a measurement point on the stem, the 

recordings duration was 10 s for each point. 

3. Results  

3.1. Vibration stimuli effect on P. spumarius probing and feeding behaviour 

Test on sunflower. The greatest number of non-probing individuals during the 3h recordings 

was observed for SIS50, in that 31.25% of the females and 28.57% of the males performed activities 

other than probing, as walking and resting (Table 5.1). All these insects were alive at the end of the 

EPG recordings. The number of either probing males or probing females was statistically different 

between groups (males: G=7.93, df=2, p-value=0.019; females: G=8.59, df=2, p-value=0.014). In 

particular, the post-hoc test showed that the treatment with the SIS50 significantly reduced the 

number of probing individuals compared to either the SIS15 (which was statistically different only for 

females) or the control (Table 5.1). 
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Table 5.1. Philaenus spumarius tested by EPG (Electrical Penetration Graph) on sunflower. Different 

superscript letters indicate statistically significant difference between groups (Ryan multiple 

comparisons for proportions). 

Female 

Treatment Tested Probing individuals Non-probing individuals Non-probing (%) 

Control a 17 17 0 0 

SIS15 a 15 14 1 6.66 

SIS50 b 16 11 5 31.25 

Male 

Treatment Tested Probing individuals Non-probing individuals Non-probing (%) 

Control a 18 17 1 5.55 

SIS15 b 19 19 0 0 

SIS50 b 14 10 4 28.57 

 

No significant differences were observed between treatments and control in the total time 

spent with stylets inserted into the plant tissues (probing time); however, probing in males on plants 

treated with SIS50 (91.15 min) was considerably shorter than in control males (158.43 min) in terms 

of median values. Considering the probes, SIS50 significantly affected the number of male probes 

comprising a sustained xylem ingestion (duration of the Xi event longer than 5 min) (t = -2.259, p = 

0.026), which resulted reduced compared control males (t = 3.241, p = 0.021).  

Regardless of sex, SIS15 and SIS50 had a significant impact on the total duration of xylem 

ingestion (Xi WDI) (SIS15: t = -2.932, p = 0.004; SIS50: t = -3.513, p < 0.001). Specifically, spittlebugs 

spent significantly less time ingesting xylem sap from plants treated with either the SIS15 (t = 2.932, 

p = 0.012) or the SIS50 (t = 3.513, p = 0.002) compared to control, with no differences between the 

signals (Figure 5.3). However, in terms of median values, the shortest xylem ingestion was observed 

in the group treated with the SIS50 (Control = 92.365 min; SIS15 = 51.110 min; SIS50 = 30.080 min), 

with a reduction of Xi of 67.43%. Similarly, we observed a sex-independent effect of SIS15 (t = -4.687, 

p < 0.001) and SIS50 (t = -3.686, p < 0.001) on the duration of non-pathway interruptions (npN WDI), 

which resulted significantly shorter in the treated groups than in the control (SIS15: t = 4.687, p < 

0.001; SIS50: t = 3.687, p = 0.001). Both SIS15 and SIS50 had a significant effect on the trend of xylem 

ingestion duration (Xi WDI) during the 3h recording. Xylem ingestion was significantly shorter on 

plants treated with SIS50 starting from the first hour, whilst in either control and SIS15, it 

progressively decreased during the second and third hour (Table 5.2; Figure 5.4). Xylem ingestion and 

non-pathway interruption durations were reduced on plants treated with either the SIS15 (Xi: t = -

3.021, p = 0.003; npN: t = -4.752, p < 0.001) or the SIS50 (Xi: t = -3.677, p < 0.001; npN: t = -3.466, p 

=< 0.001). The two events were shorter than control in both SIS15 (Xi: t=3.021, p=0.009; npN: t = -

4.75, p < 0.001) and SIS50 (Xi: t = 3.678, p = 0.001; npN: t = 3.467, p = 0.002). Considering xylem 

ingestion, the lowest median value was observed in SIS50, with a reduction of ca. 37% compared to 

spittlebugs feeding on control plants (Figure 5.5). The vibrational stimuli also impacted the number 

of xylem ingestions (Xi NWEI; Figure 5.6) (SIS15: t = -2.886, p = 0.005; SIS50: t = -3.491, p < 0.001) and 

of the non-pathway interruption events (npN NWEI) (SIS15: t = -4.710, p<0.001; SIS50: t = -3.235, p = 

0.001). Spittlebugs on plants treated with the SIS15 and SIS50 performed fewer xylem ingestions 

(SIS15: t = 2.887, p = 0.013; SIS50: t = 3.491, p = 0.002) and non-pathway interruptions (SIS15: t = 

4.710, p < 0.001; SIS50: t = 3.235, p = 0.005) compared to control, with no significant difference 



101 
 

between treatments. No statistically significant differences were observed in the median duration of 

single waveforms events (WDEI).  

Time required by the insect from the beginning of the recording to perform the first xylem 

contact (np to first Xc) was significantly longer on plants treated with SIS50 than on control plants (t = 

-2.469, p = 0.041). Both SIS15 (t = 2.806, p = 0.006) and SIS50 (t = 3.161, p = 0.002) affected the time 

required for the first xylem ingestion (np to first Xi), which resulted significantly longer for the 

treatments than for the control (SIS15: t = -2.807, p = 0.017; SIS50: t = -3.161, p = 0.006), with no 

difference between the two treatments (median values: Control = 7.55 min; SIS15 = 14 min; SIS50 = 

24.40 min). The vibrational signals impacted the time required for sustained xylem ingestion to occur 

(np to first sustained Xi), namely a xylem ingestion event longer than 5 min (SIS15: t = 2.225, p = 

0.028; SIS50: t = 3.508, p < 0.001). Even so, according to Tukey’s test results, the time required to 

perform this behaviour was significantly longer in SIS50 (35.80 min) compared to control (11.95 min) 

(t = -3.508, p = 0.002). No significant differences were observed when considering the time required 

by the spittlebug to perform the first probe (time to first probe).  

As expected, considering its low occurrence rate particularly on favorable plants, waveform 

Xe, putatively associated in P. spumarius to X. fastidiosa inoculation (Cornara et al. 2020), was not 

observed in any of the recordings performed either on olive or on sunflower. 

 

Figure 5.3. Total duration of xylem ingestion (Xi WDI) during the 3h recordings on sunflower plants 

treated with SIS15, SIS50 and control. The blue triangles indicate median values. Letters in bold 
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within brackets indicate statistically significant differences among treatments according to the results 

from Tukey’s test. 

 

Figure 5.4. Trend of the duration of xylem ingestion (Xi WDI) during the 3h recordings on sunflower 

plants treated with SIS SIS15, SIS50 and control. Letters in bold within brackets indicate statistically 

significant differences among treatments according to the results from Tukey’s test.  
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Figure 5.5. Total duration of xylem ingestion (Xi) expressed as percentage of the probing time (pWDI 

Xi) during the 3h recordings on sunflower plants treated with SIS SIS15, SIS50 and control. The blue 

dots indicate median values. Letters in bold within brackets indicate statistically significant 

differences among treatments according to the results from Tukey’s test. 
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Figure 5.6. Total number of xylem ingestion events (Xi NWEI) during the 3h recordings on sunflower 

plants treated with SIS SIS15, SIS50 and control. The blue triangles indicate median values. Letters in 

bold within brackets indicate statistically significant differences among treatments according to the 

results from Tukey’s test. 

Table 5.2. Glmer model (A) and Tukey’s test (B) results for trend of xylem ingestion duration (Xi WDI) 

during the 3h EPG recording (confidence level: 0.95).  

 A) 

 estimate SE z value p (>|z|) 

(Intercept) 3.496 0.070 49.611 < 0.001 

SIS15 0.007 0.074 0.093 0.926 

SIS50 -0.343 0.095 -3.625 < 0.001 

Time -0.030 0.022 -1.374 0.169 

Sex 0.019 0.027 0.722 0.470 

SIS15: Time -0.183 0.036 -5.112 < 0.001 

SIS50: Time -0.142 0.046 -3.129 0.002 

 B) 

Contrast estimate SE z ratio p 

Control,2 - SIS15,2 0.359 0.030 11904 < 0.001 

Control,2 - SIS50,2 0.628 0.038 16678 < 0.001 

SIS15,2 - SIS50,2 0.268 0.041 6625 < 0.001 
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“Start & stop” test. Within a short time after its transmission (median: 4 min), the SIS50 

elicited the withdrawal of the stylets in 14 out of 26 males tested. Once the stimulus stopped, four of 

the males that withdrawn the stylets ceased their feeding activity and jumped off the plant, while the 

others restarted probing within ca. 3 min (median value). The other twelve tested males continued 

xylem ingestion during and after the treatment, with no evident difference between signal on and 

off.   

Test on olive. In contrast with results obtained on sunflower, no statistically significant 

differences in probing and feeding behaviours of P. spumarius on olive plants between control and 

treatment (SIS50) were observed (data not shown).   

3.2. Signal transmission on host plants 

The intensity values of the SIS (SIS15 and SIS50) were lower when recorded from the leaf 

than from the stem of the sunflower (Figure 5.7). The intensity values of the SIS reached on 

sunflower a 10-fold increase when played at higher intensities (SIS50) compared to SIS15 (Figure 5.7). 

On the other hand, the intensity of the SIS50 did not differ from stem to leaf on olive plants (Figure 

5.8). The frequency spectrum of the SISs (Figure 5.1) was rather conserved in all its components 

when transmitted to sunflower, as the main intensity peaks were concentrated on the original 

frequency bands of the signal (Figure 5.7). However, the recorded spectrum differed from the 

original signal in that most the signal intensity was recorded at 840 Hz, while the spectrum below 400 

Hz displayed a very low intensity. By comparing the intensity values of the SIS50 on sunflower and 

olive, a significant decrease in the signal intensity was recorded (Figure 5.9), while the spectrum of 

the signal (the overall shape) was rather conserved between the two host plants. The signal showed 

three main frequency peaks in both hosts, namely 536, 680 and 840 Hz. The mean values of the 

spectra referring to SIS on olive and sunflower plants, the amplitude of the peaks (velocity expressed 

in μm/s) and the dominant frequencies are reported in Table 5.3. 
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Figure 5.7. Synthetic interference signal (SIS) medium spectrum after fast Fourier transform of the 

signals recorded on the apical parts of four sunflower plants. Values on stem (S, blue lines) and 

leaves (L, orange lines) are reported, for SIS15 (dashed lines) and SIS50 (solid lines).  

 

Figure 5.8. Synthetic interference signal (SIS) medium spectrum after fast Fourier transform of the 

signals recorded on the apical parts of six olive plants. Values on stem (S, blue line) and leaves (L, 

orange line) are reported for SIS50. 
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Figure 5.9. Comparison of the SIS50 (synthetic interference signal) amplitudes recorded on the apical 

parts of olive plants (O) and sunflower plants (H). Values on stem (S) and leaves (L) are reported. 

Table 5.3. Means ± standard deviations (SD) of the highest recorded intensities (μm/s) occurring in 

three frequency bands of the spectrum of synthetic interference signal (SIS), which was transmitted 

to either sunflower or olive plants. 

Signal transmitted: SIS 
 Sunflower Olive 

Freq. band (Hz) Rec. point Statistics SIS15 SIS50 SIS50 

536 
Stem Mean ± SD 1.80 ± 0.73 21.03 ± 8.42 5.97 ± 6.46 

Leaves Mean ± SD 0.41 ± 0.40 6.66 ± 4.53 5.14 ± 6.77 

680 
Stem Mean ± SD 4.21 ± 3.44 55.22 ± 41.77 4.45 ± 4.66 

Leaves Mean ± SD 0.46 ± 0.31 7.80 ± 4.76 4.03 ± 5.55 

840 
Stem Mean ± SD 19.02 ± 14.85 151.88 ± 102.68 12.90 ± 11.94 

Leaves Mean ± SD 3.13 ± 3.35 41.36 ± 34.40 13.07 ± 14.66 

 

4. Discussion 

In this work, we demonstrated that the transmission over a suitable host plant of a stimulus 

(SIS) designed based on a vibrational signal used by spittlebugs for intra-specific communication 

played at high intensity (SIS50) could disrupt relevant feeding behaviours of P. spumarius.  

The stimulus impeded probing in ca. 30% of the insects tested, causing ceasing of probing 

activities in around 50% of the tested males upon signal onset. Feeding was significantly impaired in 

probing individuals, with a ca. 67% reduction of the time spent by the individuals in xylem ingestion 

over the 3h EPG recordings, 37% when just considering the time spent with stylets inserted into the 

host tissues (probing time). The signal also reduced the number of ingestions performed by the 
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insects, and tripled the time needed for xylem ingestion to occur. This interference is likely the 

outcome of the interaction between diverse factors. For instance, being perceived as a stressing 

input, the signal could have a direct effect on the spittlebug that ends up diverging from its “normal” 

behaviour. Vibrations could also make the plant an unsuitable substrate, considering that the 

duration of xylem ingestion is a clear indicator of host plant suitability, with short duration indicating 

an unsuitable/barely suitable substrate (Sandanayaka et al. 2013; Markheiser et al. 2019). As 

decreased population densities of a vector may result in high crop yields, a similar effect is expected 

by reducing its feeding activity (Madden et al. 2000). Vector density, time spent on the host plant, 

and transmission efficiency accordingly concur in determining X. fastidiosa transmission (Purcell 

1982; Daugherty and Almeida 2009). In the Apulian scenario, the relative low spittlebug efficiency in 

transmitting X. fastidiosa to the host plant is compensated by the high number of individuals residing 

on olive plants for one to two months from sprouting to summer drought (Cornara et al. 2016, 

2017a; Bodino et al. 2020). A strategy aimed at reducing vector load and residency time on olive 

plants could accordingly lead to a lower transmission probability and pathogen spread. An effective 

tool should act as repellent by rapidly hampering vector probing and feeding behaviour, within the 

first minutes of the insect/plant interaction to prevent X. fastidiosa acquisition and transmission 

(Almeida et al. 2005; Cornara et al. 2020). Bacterial cells inoculation into the host plant has been 

recently proposed to be associated to an occasional vector behaviour, which is performed few 

minutes after the insertion of the stylets into the host tissues, possibly when the xylem chemical of 

physiological conditions fails to stimulate sap ingestion (Cornara et al. 2020). Therefore, the higher 

the number of probes and the greater number of vectors probing result in high chances of bacterial 

inoculation (Daugherty and Almeida 2009). On the other hand, bacterium acquisition is likely 

associated to xylem sap ingestion from an infected vessel and to the number of vessels probed by 

the vector giving the heterogeneous distribution of X. fastidiosa within the host plant (Almeida 

2016b). Tackling transmission is therefore a matter of reducing the chances for a vector to acquire X. 

fastidiosa with the subsequent pathogen spill over. Fewer vector/plant contacts caused by reduced 

suitability of the host plant and/or reduced permanence of the vector on the substrate, would 

translate in fewer and shorter xylem contacts, thus in possibly reduced transmission probabilities. A 

candidate signal for vibrational-mediated vector control should explain its repellence action from the 

very beginning of the insect/plant interaction, given that bacterium inoculation was proposed to 

occur within the first minutes from stylets insertion into plant tissues (Cornara et al. 2020). 

Spittlebugs on SIS50-treated plants showed reduced ingestion of xylem sap from the beginning of the 

recording, additionally sharply decreasing over time, suggesting a fast repellent action that could be 

exploited to reduce spittlebugs population on the host plant, thus possibly reduced pathogen 

transmission chances. However, transmission trials with X. fastidiosa on plants treated with SIS50 are 

urgently needed to confirm our hypothesis. 

The SIS15 impacted P. spumarius feeding behaviour, although to a minor extent compared to 

SIS50. Greater disruption yielded with the latter signal is likely a non-linear response to the ten-fold 

increase in the recorded intensity. In the leafhopper Scaphoideus titanus, the inhibition of a crucial 

behaviour such as male calling was achieved by using a noise transmitted at relatively high 

amplitudes. Although the noise reduced the leafhopper searching behaviour when perceived by the 

male at intensities above 2.5 µm/s, the complete disruption of the male-female communication 

occurred when the noise intensity exceeded 15 µm/s (Polajnar et al. 2016). Considering that S. 

titanus signals reached intensities of 50 µm/s when recorded from the leaf where the insect is 
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placed, mating disruption was achieved when the noise intensity was 1/3 the intensity of the natural 

emitted signal. These outcomes suggest that a disturbance stimulus can be efficient even if the signal 

reaches the insects at very low intensities (Eriksson et al. 2011). In our study, the main SIS50 

frequency peaks could reach P. spumarius at intensities ranging from a minimum of 6 µm/s to a 

maximum of 150 µm/s on sunflower, thus resulting in a strong behavioural response, i.e., the 

immediate alteration of the feeding activity. The inefficacy of SIS50 in affecting the spittlebug 

probing and feeding behaviour on olive is likely related to the dramatic decrease in signal intensity on 

the woody plant compared to sunflower particularly in correspondence of the three main frequency 

peaks recorded in both hosts, namely 536, 680 and 840 Hz. However, the lack of behavioural 

alteration on “vibrationally-treated” olives could not be ascribed just to signal intensity in 

correspondence of these three peaks, given the values of this parameter are rather similar between 

SIS15 on sunflower and SIS50 on olive. Low frequency components may also have played a role, 

given that small insects such as S. titanus perceive and respond to low frequencies (i.e., 220–250 Hz) 

when intensity values range between 1 and 0.1 µm/s (Eriksson et al. 2011, 2012). Accordingly, of 

particular interest is the spectrum of the SIS below 400 Hz. In fact, the fundamental frequency of P. 

spumarius vibrational signals ranges between 150 and 200 Hz and insect mechanoreceptors such as 

the femoral-chordotonal organ are responsive to low and medium frequency vibrations (200-900 Hz) 

in an intensity-dependent fashion (Stein and Sauer 1999). In olive, the spectrum below 400 Hz is 

drastically reduced, whilst it was conserved on sunflower although displaying a reduced intensity 

compared to the original signal (Figure 1, Figure 7). Lowest velocity threshold values perceived by 

insects are between 1 and 10 µm/s, which corresponds to the intensities measured in the frequency 

components below 400 Hz when the SIS was played on sunflower at both intensities. In the case of 

the SIS15, the long exposure to low-frequency components likely resulted in an accumulation of 

stress for the insect and in a progressive reduction of the feeding activity, while no behavioural 

effects were observed in olive due to the absence of these components and the overall lower 

intensity values. By increasing the intensity of the frequency peaks within the 0-400 Hz range it 

would possibly obtain a greater impact in terms of spittlebugs feeding disruption. On the other hand, 

the SIS frequency components recorded on the tested plants likely elicited the feeding impairment 

on sunflower because it reached the insect at high intensities, although further research is needed to 

characterize the impact of each of the signal features on spittlebugs behaviour. Lastly, considering 

that plants are frequency and intensity filters characterised by different resonance proprieties 

(Michelsen et al. 1982; Polajnar et al. 2012; Mazzoni et al. 2014), studies should be addressed at 

effectively transmitting the candidate signal to olive plants, maximizing the feeding disruption effect.   

Beside the signal features and its behavioural role, the phenology and life cycle of the insect 

must be considered while designing “behavioural” control methods. In P. spumarius, the SIS50 

affected the feeding behaviour in August-September (when females in nature emit mating signals), 

whereas rejection signals are mainly produced in spring (when females are sexually immature) 

(Avosani et al. 2020). The SIS50 had an apparently, although non-statistically significant, more 

marked effect on males than on females, being males responsive to female mating signals (Avosani 

et al. 2020), which could have been masked by SIS in September. If temporal and spectral features of 

SIS50 could both mask the female signals and cause distress, they could lead P. spumarius males and 

females to find a more suitable host for feeding and mating. Different levels of disturbance (i.e., soil 

tilling and vibrational stimuli) could accordingly affect adult populations by eliciting mass movements 

to other hosts and influence the oviposition suitability of certain sites, thus impacting the following 
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populations (Bodino et al. 2019). A strategy aimed at repelling the spittlebug from olive plants is very 

promising, as this insect is highly polyphagous and can thrive to hosts alternative to olive (Weaver & 

King 1954; Bodino et al. 2019). In this regard, to estimate the efficiency of a similar strategy, it is 

crucial to assess the landscape composition of olive groves, considering the surrounding habitats, 

which can provide alternative hosts for spittlebug adults. Beside the landscape composition, other 

factors such as the phenology and mating status could influence the efficacy of the vibrational 

disturbance. Further research should therefore analyse the effect of the SIS, together with other 

species-specific signals in the vast repertoire of P. spumarius communication, throughout the season 

and on mated and unmated individuals, with a particular emphasis on spring and summer period, 

when X. fastidiosa transmission to olive occurs (Cornara et al. 2017).   

To conclude, this work demonstrates for the first time that the playback of an ad-hoc 

designed signal based on species-specific vibrations can be exploited to impair probing and feeding 

behaviours of P. spumarius, the main European vector of X. fastidiosa. This strategy is potentially 

applicable to all those vectors of plant pathogens using vibrations for short-range communication. 

Although our results raise numerous further experimental questions, they also could pave the way 

for sustainable strategies to cohabit with the fastidious bacterium, by mitigating the ecosystem 

impact either of the pathogen itself or of the suggested or currently applied integrated pest 

management approaches.  
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Abstract  

Vibrational pest management techniques involve the manipulation of the mating behaviour 

of the target species. Development of such techniques require a deep understanding of the pair 

formation process. Two types of bioassays were conducted to determine whether a vibrational 

disruptive approach could be used for Bactericera cockerelli. First, we conducted trials with either 

single individuals or pairs of a male and a female to ascertain whether B. cockerelli uses vibrational 

signals to achieve mating. Second, playback trials were conducted using two different female signals 

to manipulate the behaviour of males. Signals emitted during the trials were recorded using a laser 

vibrometer from the surface of a leaf where either single individuals or pairs of B. cockerelli were 

released. We described the communication phases that led to mating and the associated male and 

female signals. Pair formation started with a male call followed by a female response, which 

established a vibrational duet. During the female reply, the male searched for the female without 

emitting vibrational signals. Mating could be achieved if the male could maintain the female replies 

and reach her. In the playback trials, two different female playbacks attracted males to the signal 

source. Furthermore, males stimulated with female playbacks spent more time near the source of 

the signal than insects in the silent control group. We concluded that the B. cockerelli mating 

behaviour relies on vibrational signals and is potentially susceptible to vibrational manipulation, thus 

a future vibrational management technique could be developed to monitor or control this species.  

Keywords: vibrational pest control; behaviour; tomato potato psyllid, (Hemiptera: Triozidae); 

pair formation 
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1. Introduction 

Innovative pest management strategies can involve manipulation of the target organism’s 

sexual behaviour using specific external stimuli, to reduce the use of pesticides in agriculture 

(Polajnar et al. 2015). To control the population of an insect pest, its’ behaviour can be altered either 

to attract/repel it with a lure-and-kill/push-and-pull tactic or to disrupt mating (Foster and Harris 

1997). However, the prerequisite for setting an efficient control method is to identify and 

characterise the key signals used to achieve mating by the target species (Pedigo and Rice 2014; 

Pertot et al. 2017). Therefore, it is necessary to assess which sensory modalities control relevant 

behaviours (Mazzoni et al. 2017). During communication, emitted and received signals convey 

information about identity, physiological condition and position of the sender, which can elicit 

specific responses in the receiver (Endler 1992).  

Exchange of substrate-borne vibrations is a widespread communication modality among 

insects and is of crucial importance for mating (Čokl and Virant-Doberlet 2003; Virant-Doberlet and 

Cokl 2004; Cocroft and Rodríguez 2005; Virant-Doberlet and Zezlina 2007). In this regard, many 

hemipteran species that use vibrations to communicate are agricultural pests (Kanmiya 2006; 

Mazzoni et al. 2009; Mazzoni et al. 2017; Derlink et al. 2018). It has been recently suggested that the 

behaviour of these insects can be manipulated by means of mechanical stimuli that interfere with 

the vibrational communication (Polajnar et al. 2016). For instance, specific disruptive vibrational 

signals transmitted through plants decreased the mating success of the grapevine leafhopper, 

Scaphoideus titanus, in both laboratory and open field trials (Eriksson et al., 2012, Polajnar et al., 

2015). A similar approach was proposed for Homalodisca vitripennis (Gordon et al. 2017; Nieri et al. 

2017; Krugner and Gordon 2018) and Empoasca vitis (Nieri and Mazzoni 2018), for which specific 

playbacks were designed to interfere with intraspecific communication and thus to disrupt the pair 

formation process. Besides mating disruption, another vibrational approach for pest control involves 

mechanical stimuli to attract insects into traps, as suggested for the brown marmorated stink bug, 

Halyomorpha halys. In this case, the existing pheromone trap is under implementation with a specific 

vibratory stimulus that brings males into the device (Mazzoni et al. 2017). Hence, the playback of 

species-specific vibrations in an integrated pest management approach could be expected to be 

applied for other pest insects whose communication relies on vibrational signals.  

According to this, many species among Psylloidea are important agricultural pest 

(Munyaneza 2010) and use vibrational signals to achieve mating (Percy et al. 2006), as reported for 

the Asian citrus psyllid Diaphorina citri (Wenninger et al. 2009; Hall et al. 2013). In this and other 

psyllid species, the exchange of signals between the male and female allows the male to reach the 

replying partner on the leaf (Percy et al. 2006; Wenninger et al. 2009; Eben et al. 2015). With this 

knowledge, a trapping strategy has been developed and tested with D. citri, using a system that 

detected the male signals and transmitted an attractive vibrational stimulus as response (Mankin et 

al. 2013). For these reasons, it would be worthy to assess whether similar vibrational control 

techniques could be designed and applied against other psyllid pests.  

The tomato potato psyllid, Bactericera cockerelli (Šulc) (Hemiptera: Triozidae) became one of 

the major economic pests in New Zealand after its introduction from North America (Liu and Trumble 

2007; Teulon et al. 2009). Bactericera cockerelli can transmit a bacterium, Candidatus Liberibacter 

solanacearum, which is the causal agent of ‘zebra chip’ disease in potato plants (Hansen et al. 2008; 

Liefting et al. 2009). Characterisation of the signals involved in the sexual communication of this pest 
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could lead to the development of control practices based on behavioural manipulation, providing an 

alternative to insecticides, which represent the current management approach (Goolsby et al. 2007; 

Berry et al. 2009). Chemical signals are involved in the sexual communication of some species within 

the Cacopsylla genus (Soroker et al. 2004; Horton and Landolt 2007) and there is evidence that B. 

cockerelli males move towards volatile chemical compounds emitted by conspecifics (Guédot et al. 

2010). However, the role of vibrational signals in the mating behaviour and the attractiveness of 

these stimuli remain unclear. Some psyllids use vibrational signals to identify and eventually localise 

a potential mate, and in some taxa, pair formation relies on a tightly synchronised duet (Tishechkin 

2005; Percy et al. 2006; Wenninger et al. 2009). It has been recently reported that B. cockerelli males 

emit substrate-borne signals and that the playback of synthetic male signals could elicit behavioural 

responses from other conspecifics (Sullivan et al., submitted for publication). Nevertheless, neither 

the pair formation process nor the male and female signals have been described yet. Hence, we 

carried out behavioural assays aimed to provide a detailed characterisation of the inter-sexual 

communication and the associated vibrational signals. Moreover, we conducted playback trials using 

pre-recorded signals of B. cockerelli female to evaluate whether the male behaviour is vulnerable to 

manipulation. 

2. Materials and methods 

2.1. Insect rearing 

A colony of B. cockerelli was established under controlled conditions (23 ± 2 °C, 60% ± 5% RH, 

16:8 L:D) in a climate chamber at Plant and Food Research in Lincoln (Canterbury, New Zealand). 

Insects were maintained on capsicum (Capsicum annuum) inside rearing cages (Bugdorm-6620, 

MegaView Science Co., Ltd., Taiwan; 60 cm× 60 cm×120 cm). Nymphs were collected from the colony 

and reared to the adult stage in a separate cage, which had same size than the previous ones. 

Recently molted virgin adult males and females were used for experiments after melanisation (2-4 

days). 

2.2. Recording vibrational signals  

Recordings were conducted at room temperature (25 ± 2 °C) on a vibrational dampening 

steel plate (1.2mx1.2mx10 mm; Slade Engineering, Christchurch, New Zealand) that was placed on an 

array of nine insulating rubber pads (diameter 6.35 cm; Sorbothane Hemisphere Rubber Bumper, 

IsolateIT, Burlington, USA) over a table. Vibrational signals and behaviours were recorded from a 

detached capsicum leaf with the stem placed in a plastic vial (100 ml) filled with water. To detect the 

vibrational signals, a laser vibrometer (Polytec model PDV 100, Waldbrann, Germany) was set on the 

steel plate and pointed onto a piece (0.5x0.5 cm) of reflective tape glued to the adaxial surface of a 

capsicum leaf (approximate surface 12x8 cm). To prevent insects from escaping, the leaf was 

contained in a plastic cage (20 cm2) with a circular opening on the top for the laser beam (diameter 6 

cm). The cage was set above a Plexiglas cube (30 cm3), which was placed on the steel plate. In this 

way, the laser and the leaf were at the optimal stand-off distance that ensures a better signal-to-

noise ratio. Four insulating rubber pads were placed under the cube to reduce background 

vibrational noise. Recorded signals were digitized and stored via a sound card (M-Audio Fast Track 

Pro, M-Audio, United Kingdom) at a 48 kHz sample rate and 24-bit resolution on a laptop computer 

(HP, EliteBook 8460 p) using Raven Pro 1.5 (The Cornell Lab of Ornithology, Ithaca, NY, USA). To 

associate the behaviour and respective emission of vibrational signals, insect movements were 

continuously monitored using two cameras (Logitech Quickcam Pro 9000 webcam, Logitech 
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International S.A., Lausanne, Switzerland, and Microsoft® LifeCam HD-5000, Microsoft Corporation; 

U.S.A.), focused on the adaxial and abaxial sides of the leaf, respectively. The HandyAvi (Version 4.3C 

© Anderson’s AZcendant Private Ltd, Singapore) time lapse software was used to capture psyllid 

signalling behaviour at 1 frame/s. 

2.2.1. Test 1: Vibrational signals associated with pair formation in B. cockerelli 

To characterise the vibrational signals associated with pair formation in B. cockerelli, 

behavioural trials were conducted during November and December 2018 between 08:00 and 17:00h 

using either individuals or male-female pairs. In the individual trials, a male (n = 56) or a female (n = 

37) was placed on the leaf and its vibrational signalling behaviour was recorded for 15 minutes. In 

the trial with pairs (n = 62), a male and a female were released in a random order on opposite sides 

of the leaf. The behaviour was recorded until copulation occurred or for 15 minutes in absence of 

vibrational signals. If a duet was established within the 15-min period, the trial was extended for 

another 30 min to provide a reasonable amount of time to the searching individual to find the 

partner on the leaf. To describe the psyllids’ signalling activity, when applicable, we measured: (1) 

the calling latency, i.e., the time from the beginning of the trial to the emission of the first vibrational 

signal; (2) the number of signals emitted during the trial; (3) the latency to first duet, as the first reply 

to a signal regardless of gender; (4) the female response latency, as the delay of the female signal 

from the onset of the male signal; (5) the searching time, i.e., the time between the onset of the 

male search and the copulation; (6) and the replying rate of female, as the rate between the total 

number of female replies and male calls during the trial. We also measured (7) the mating success as 

the number of copulation events after the establishment of the male-female duet. To identify 

possible differences both between and within each phrase (see definitions below) of the Male Calling 

Signal (MCS, see results below), we compared the temporal and spectral parameters of the pulses at 

the beginning and at the end of each phrase with the Friedman test (nonparametric repeated 

measures ANOVA) with replications followed by pairwise multiple comparisons (Siegel and Castellan 

Jr 1988). We selected six non-consecutive pulses for each phrase within a signal. Three pulses were 

sampled at the beginning and three pulses were sampled at the end of each phrase, always including 

the first and last pulse. A Wilcoxon signed rank test was performed to detect possible differences in 

the spectral or temporal parameters between the MCS and the Female Response Signal (FRS, see 

results below). Specifically, the first 50 and the last 50 pulses were sampled from both the MCS and 

the FRS of the male (n = 22) and the female (n = 22), respectively, and then compared. The criterion 

of 50 pulses provided an appropriate description of the first and last sections of the MCS and FCS, 

since these are very long signals composed of brief pulses with a high repetition time (see results 

below). The durations of MCS and FRS were compared using a non-parametric Wilcoxon test with a 

continuity correction (Steel 1959). Statistical analyses were conducted using KyPlot version 2.0 beta 

15 (1997–2001 Koichi Yoshioka) and Past 3 (Hammer and Harper Øyvind Hammer, Natural History 

Museum, and University of Oslo). Vibrational signals were identified and named according to their 

structure and behavioural context (see definition below). The spectral analysis was performed with 

Raven Pro 1.5 (The Cornell Lab of Ornithology, Ithaca, NY, USA) after a Fast Fourier Transform (FFT) 

type Hann, window length of 256 samples and 89.9% of overlap. The following parameters were 

measured when applicable for each signal, phrase, and pulse: duration, pulse repetition time (PRT, 

time from the onset of two consecutive pulses) and dominant frequency (Df). Results are presented 

as means with standard deviation (SD), range (min. and max.), together with the number of signals 

analysed for each individual (N) and number of insects (n) from which signals were obtained. 
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2.2.2. Test 2: Signal playback tests 

The aim of this test was to assess the effect of vibrational stimuli on males. The tested stimuli 

consisted of two playbacks of natural female signals, which were previously recorded from a 

capsicum leaf. Two female playbacks were made using the audio software Adobe Audition 3.0 

(Adobe Systems, Inc., San Jose, CA, USA). Specifically, female playback 1 (FPB1) consisted of two 

female signals. The first signal was obtained from a Female Attraction Signal (FAS, see results below) 

(duration: 23.72 s) and was composed of 37 pulse trains of increasing duration (range 0.08 to 3.56 s). 

The second signal was obtained from a Female Response Signal (FRS, see results below); it was 

shorter (21.53 s) than the FAS and consisted of five long pulse trains (range 1.51 to 8.02 s). Between 

the two signals, there was a period of silence of 25.05 s. The female playback 2 (FPB2) was similar to 

FPB1, except for a longer second signal (38.55 s, with the last pulse train of 24.97 s instead of 8.02 s), 

whose duration was more similar to the mean duration of the natural FRS (see results below) 

compared to the duration of the second signal of the female playback 1. For both playbacks, after the 

second signal, there were 25 seconds of silence. The PRT and the frequency ranges within the signals 

were not modified, while the relative amplitude of the playbacks measured from the plant was 

adjusted to not exceed the insect natural amplitude. Playbacks were transmitted into the substrate 

using an electromagnetic mini shaker (Direct Drive Linear Motor, model DDLM-038-051-01, 

MotiCont, Los Angeles, California, USA) in direct contact with the adaxial side of the capsicum leaf 

(approximate dimensions of the leaf, considering both lamina and petiole : 18x10 cm). A sharpened 

steel rod was screwed at the top of the device, which was physically separated from the anti-

vibration table with a clamp standing on a nearby table. A laser vibrometer was pointed on the 

adaxial side of the leaf to ensure that the playback was being transmitted and to record the 

vibrational signals emitted by the insects during the trials. 

Test 2a: Female playback 1 (FPB1). A male (n = 19) was placed on the leaf, at least 15 cm 

away from the tip of the mini shaker. After 1 minute of a silent acclimation period, the FPB1 was 

transmitted as a loop into the substrate for 10 minutes. The control group consisted of males (n = 19) 

left in silence for 12 minutes. 

Test 2b: Female playback 2 (FPB2). A male (n = 19) was placed on the leaf, at least 15 cm 

away from the tip of the mini shaker. After 12 minutes of silence, the FBP2 was transmitted as a loop 

into the substrate for 10 minutes. In this way, the males left in silence for 12 minutes provided the 

control group of the trial with the FPB1. As control for the FPB2 test, a trial (n = 19) with identical 

setup but in absence of playback (22 minutes of silence) was performed. 

For both tests, if the playback did not elicit the emission of any vibrational signal by the 

insect, the recording was stopped at one minute after the looped playbacks. However, if the male 

responded to the stimulus, the trial was extended by 30 minutes to determine whether the male 

reached the mini shaker. In the playback tests (the ‘treatments’), we counted the number of (1) 

signalling males, (2) searching males, (3) males that reached the stimulation point (see definitions 

below), (4) males that touched or walked onto the mini shaker, and (5) the searching time. As a 

measure of the signal attractiveness to males, we counted (6) the number of males that remained 

close to the signal source (stimulation point) for a minimum of 1 min from the moment they reached 

it. We also counted the (7) number of males that responded to the playback. In Test 2a and 2b, a G 

test in contingency tables (2x2), Williams-corrected was used to evaluate the effect of the playback 

on males by comparing treatments and silent controls for (1), (3), (4), and (6). Since we defined the 
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‘searching males’ as individuals that walked when stimulated with playback and the ‘duetting males’ 

as individuals that responded to the playback (see definitions below), we did not perform any 

statistics on (2), (5), and (7) between treatments and silent controls. The G test in contingency tables 

(2x2), Williams-corrected, was used to compare (2), (3), (4), (6), and (7) between the playback 

treatments of the Test 2a and 2b. Since the acclimation time differed between the treatments of Test 

2a and 2b, we did not compare (1). A Kruskal–Wallis test followed by Mann–Whitney pairwise, 

Bonferroni-adjusted, was used to compare (5) between treatments.  

2.3. Definitions  

Calling signal. Signal emitted spontaneously to trigger a reply from the opposite sex (Booij 1982; 

Tishechkin 2003).  

Pulse. Physically unitary or homogeneous sound, composed of a brief succession of sine waves 

(Broughton 1963, Alexander 1967). 

Pulse train. Succession of repetitive and temporally well-distinct pulses (e.g., Mazzoni et al. 2009). 

Phrase. Sequence of regularly repeated pulse trains with distinctive time and amplitude pattern.  

PRT. Pulse repetition time, time from the onset of two consecutive pulses within a pulse train.   

MCS. Male Calling Signal of B. cockerelli. 

FRS. Female Response Signal of B. cockerelli. 

FAS. Female Attraction Signal of B. cockerelli. 

Signalling males. Individuals that emitted, spontaneously or after the playback, at least one 

vibrational signal during the trial. 

Searching males. Individuals that responded to playback by emission of vibrational signals and 

walked upon stimulation by playback. 

Duetting males. Individuals that established a duet with the female playback. 

Searching time. Period from the onset of the search until the arrival of the male to the stimulation 

point or until the end of trial.  

Stimulation point. Area (Ø 1 cm) around the point of the leaf in direct contact with the mini shaker 

considering both sides of the leaf. 

3. Results 

Emission of vibrational signals by B. cockerelli males and females was always accompanied by 

rapid wing movements in a vertical plane and dorso-ventral movements of the abdomen. 

3.1.  Vibrational signals associated with pair formation in B. cockerelli 

Single males. Among males tested alone, 50% (n = 56) emitted at least one signal after being 

released on the leaf, and 24 of these males were analysed. Signalling latency varied considerably 

amongst individuals (Table 6.1), while the duration of the signal was relatively constant (Table 6.1). 

The number of signals emitted in the given time of the trial varied amongst males (Table 6.1) with 

the highest and lowest number of recorded signals from a male being 14 and 1, respectively. The 

Male Calling Signal (MCS) consisted of a series of pulse trains (defined as ‘phrases’) composed of a 

rapid succession of broad-band pulses (Table 6.1, Figure 6.1 A, B, C and D). The male phrases were 

grouped in function of their spectral and temporal parameters, which clearly changed as the MCS 

proceeded. In particular, the first emitted phrase (‘phrases 1’) was followed by a series of pulse trains 

(‘phrases 2’) (Figure 6.1B), whose first and last pulses had a lower relative amplitude compared to 

the first (Friedman Statistic; Χ2 = 6.5, df = 1, p = 0.02) and last pulses (Friedman Statistic; Χ2 = 18.2, df 
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= 1, p < 0.001) of the phrase 1. The final pulses significantly differed between phrases 1 and 2 also in 

the PRT (Friedman Statistic; Χ2 = 3.9, df = 1, p = 0.04), while the PRT of the first pulses did not differ 

between phrases (Friedman Statistic; Χ2 = 2.2, df = 1, p = 0.1). Phrase 1 was emitted once, while the 

number of phrase 2 within a signal varied among individuals (30 ± 9; n = 22; N = 2), nevertheless the 

durations of phrases 1 and 2 were similar (Friedman Statistic; Χ2 = 64.9, df = 3, p = 1). After the 

sequence of phrase 2, the MCS finished with a series of longer (Friedman Statistic; Χ2 = 64.9, df = 3, p 

< 0.001) pulse trains (named ‘phrase 3’) (Figure 6.1C). The first pulses of phrase 3 had higher relative 

amplitude when compared to the first pulses of phrases 2 (Friedman Statistic; Χ2 = 18.2, df = 1, p < 

0.001). Similarly, the relative amplitude of the final pulses of phrase 3 was higher than the amplitude 

of the last pulses of phrases 2 (Friedman Statistic; Χ2 = 14.7, df = 1, p < 0.001). In addition, the final 

pulses of phrase 3 had significantly higher PRT (Friedman Statistic; Χ2 = 8, df = 1, p < 0.001) than the 

final pulses of phrase 2. The duration of phrase 3 was highly variable, ranging from a minimum of 

0.62 s to a maximum of 16.7 s (5.34 ± 4.86 s, n = 22; N = 2). Phrases 1 and 3 differed in their duration 

(Friedman Statistic; Χ2 = 64.9, df = 3, p < 0.001) and in the PRT of the final pulses (Friedman Statistic; 

Χ2 = 28.5, df = 3, p < 0.001). Moreover, the internal structure differed within each phrase, since both 

the duration and the PRT between the first and last pulses were significantly different (Table 6.2).  

Females. None of the females tested individually (n = 37) emitted spontaneous calls in the 

given time.  
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Figure 6.1. Oscillogram (above) and spectrogram (below) of the Male Calling Signal (MCS) of 

Bactericera cockerelli. A) Entire MCS. B) Detail of the first section of a MCS. C) Detail of the last 

section of a MCS. D) Detail of the pulses emitted within a phrase of a MCS. Phr1: phrase 1, Phr2: 

series of phrase 2, Phr3: series of phrase 3. Asterisks indicate each phrase emitted within the MCS, 

diamonds indicate each pulse emitted within a phrase.   

Table 6.1. Temporal and spectral parameters of the Male Calling Signal (MCS) of B. cockerelli. 

 Mean ± SD Min Max n N 

Signalling latency (s) 292.9 ± 224.4 0 877.6 24 1 

Duration of MCS (s) 24.4 ± 4.3 17.5 33.4 24 2 
Number of MCS 4.7 ± 3.2 1 14 24 1 
Pulse Repetition Time (s) 0.0096 ± 0.0012 0.0078 0.0118 24 48 
Phr1 duration (s) 0.29 ± 0.09 0.12 0.47 24 2 
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Phr2 duration (s) 0.28 ± 0.15 0.12 0.61 24 2 
Phr3 duration (s) 5.35 ± 4.87 0.63 16.74 24 2 
Df (Hz) of first pulses 485.6 ± 243.6 31.3 1000 22 24 
Df (Hz) of last pulses 548.5 ± 257.6 187.5 1125 22 24 

n: number of analysed individuals, N: number of analysed signals per individual, MCS: Male Calling 

Song, Phr1: phrase 1, Phr2: phrase 2, Phr3: phrase 3. Df: dominant frequency of either the first or the 

last pulses within the phrases 

Table 6.2. Differences in the temporal parameters between the beginning and the end of each 

phrase of the Male Calling Signal. Friedman test (nonparametric repeated measures ANOVA) with 

replications followed by pairwise multiple comparisons. 

Phrase Parameter Chi-Square p n N 

Phr1 Duration (s) 17.9 <0.001 22 12 
Phr2 Duration (s) 21.7 <0.001 22 12 
Phr3  Duration (s) 17.7 <0.001 22 12 
Phr1 Pulse Repetition Time (s) 72.9 <0.001 22 12 
Phr2 Pulse Repetition Time (s) 104.8 <0.001 22 12 
Phr3  Pulse Repetition Time (s) 120.1 <0.001 22 12 

n: number of analysed individuals, N: number of analysed signals per individual, MCS: Male Calling 
Signal, Phr1: phrase 1, Phr2: phrase 2, Phr3: phrase 3.  

Pairs. Pair formation in B. cockerelli could be divided in three phases: (i) identification, (ii) 

localisation, and (iii) copulation. Vibrational signals were emitted during the first two phases, while 

during copulation both male and female were silent. Identification started with the emission of a 

MCS (male signalling rate = 51.6%, n = 62) that could elicit the onset of a vibrational duet (n = 25, 

Table 6.3, Figure 6.2A and 6.2B) with a receptive female (female response rate = 78%) that emitted 

the Female Response Signal (FRS; Table 6.4, Figure 6.2A). The FRS consisted of a long series of pulse 

trains (or ‘phrases’), with the number ranging from 2 to 37 (Table 6.4) and whose duration was very 

variable (Table 6.4). The female phrases were not grouped since there were neither a clear temporal 

nor spectral pattern throughout its emission, as observed in the MCS. Nonetheless, there were 

significant differences in the spectral and temporal features within the female phrases, in particular 

in terms of dominant frequency (Friedman Statistic; Χ2 = 6.76 =, df = 1, p < 0.001), amplitude 

(Friedman Statistic; Χ2 = 6.76, df =1, p < 0.001), duration (Friedman Statistic; Χ2 = 21.16, df = 1, p < 

0.001), and PRT (Friedman Statistic; Χ2 =, df =1, p < 0.001) between the first and final pulses of each 

pulse trains. Spectral and temporal parameters were significantly different between the MCS and the 

FRS; in particular, they differed both in the duration of both the first (Friedman Statistic; Χ2 = 14.73, 

df = 1, p < 0.001) and the last (Friedman Statistic; Χ2 = 21.73, df = 1, p < 0.001) pulses within the 

phrases and in the frequency composition of the first (Friedman Statistic; Χ2 = 6.4016, df = 1, p < 

0.001) and the last (Friedman Statistic; Χ2 = 2.80, df = 1, p = 0.02) pulses within the phrases. The 

durations of MCS and FRS were significantly different from each other (Wilcoxon’s test; z = 4.6, p < 

0.001). The female response always overlapped the final part of the MCS and continued after its end, 

while further MCSs were emitted when the female ceased to reply. The male searching behaviour 

occurred during the long female response (localisation phase). Mating was achieved if the male was 

capable to maintain the duet until he reached the female, which remained stationary on the leaf 

(mating success of duetting males = 76%, n = 25). Interestingly, 12.5% of the duets (n = 25) were 

started by the female with emission of a Female Attraction Signal (FAS), which consisted of a series of 

pulse trains (Table 6.5, Figure 6.3A and 6.3B). The FAS could elicit the emission of the MCS, and thus 
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the onset of a duet and the male search. In one case, the male started to search after the emission of 

the FAS, and silently reached the signalling female and mated with her. Similarly, 9.7% of the tested 

males (n = 62) reached the female without emitting any vibrational signal, while 38.7% of males 

established and maintained a duet until successfully localisation of the mate. Two females (out of 25) 

ceased to reply after having established a duet even when the male continued to emit MCSs, while 

three males (out of 25) did not find the female in the given time of the trial. Vibrational signals were 

not emitted during copulation. 

 

Figure 6.2. Oscillogram (above) and spectrogram (below) of the male-female duet in Bactericera 

cockerelli. A) Entire duet, consisting of a MCS and a FRS. B) Detail of a duet, showing the overlap 

between the MCS and the FRS. Asterisks indicate the pulse trains within the MCS, empty circles 

indicate the overlap between the male and female pulse trains. MCS: Male Calling Signal, FRS: 

Female Response Signal.  
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Figure 6.3. Oscillogram (above) and spectrogram (below) of a Female Attraction Signal (FAS) of 

Bactericera cockerelli. A) Entire FAS. B) Detail of the first section of a FAS. Asterisks indicate each 

phrase emitted within the signal. 

Table 6.3. Features of the male-female duet in B. cockerelli. 

 Mean ± SD Min Max n N 

Latency from first duet (s) 392.7 ± 272.7 30.07 823.9 25 1 
Female Reply Latency (s) 12.3 ± 7.1 5.2 41.8 25 1 
Searching time (s) 404.5 ± 436.5 62.1 1461.6 20 1 
Female Replying Rate 0.9 ± 0.1 0.6 1 25 1 

Female Reply Latency: delay of the female signal from the onset of the Male Calling Signal, searching 

time: time between the onset of the male search and the copulation, Female Replying Rate: rate 

between the total number of female replies and male signals during the trial, n: number of analysed 

individuals, N: number of analysed signals per individual 

Table 6.4. Features of the Female Response Signal (FRS) of B. cockerelli. 

 Mean ± SD Min Max n N 

Duration of FRS (s) 42.8 ± 19.4 10.5 100.6 25 2 
Number of FRS 15.3 ± 9.9 2 41 25 1 

Phrases duration (s) 5.64 ± 5.04 0.60 24.04 25 2 

Df (Hz) of first pulses 694.1 ± 293.8 303.8 1488.8 25 50 

Df (Hz) of last pulses 749.3 ± 299.3 240 1458.8 25 50 

n: number of analysed individuals, N: number of analysed signals per individual, Df: dominant 

frequency of either the first or the last pulses within the phrases 
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Table 6.5. Temporal and spectral parameters of the Female Attraction Signal (FAS) of B. cockerelli. 

 Mean ± SD Min Max n N 

Duration of FAS (s) 29.2 ± 3.8 24.3 33.4 4 1 
Number of phrases 29 ± 14.7 7 38 4 1 
Phrases duration (s) 0.66 ± 0.56 0.31 1.48 4 14 
Df (Hz) of first pulses 336.6 ± 225.7 183.8 667.5 4 50 
Df (Hz) of last pulses 443.4 ± 248.6 187.5 746.3 4 50 

n: number of analysed individuals, N: number of analysed signals per individual, Df: dominant 

frequency of either the first or the last pulses within the phrases 

3.2.  Signal playback trials 

In Test 2a (Table 6.6), the number of males that emitted at least one MCS (1) and touched 

the mini shaker (4) did not differ between treatment with the playback and silent control. In contrast, 

the number of males that reached the signal source (stimulation point, (3)) and spent at least 1 

minute nearby (6) during playback was significantly higher in the treatment with the playback than in 

the silent control. In Test 2b (Table 6.7), the number of signalling males (1) and the number of 

individuals that reached the stimulation point (3), touched the mini shaker (4) and spent time on the 

stimulation point (6) when the mini shaker was on was significantly higher in the group treated with 

the playback than in the silent control group. When comparing insect responses to the playbacks 

used in Test 2a and 2b, there were no significant difference in parameters (1), (2), (3), (4), (5), and (6) 

between the playback treatments (Table 6.8). The searching time (5) also did not differ between the 

playback treatments (Kruskal-Wallis Statistic, Χ2 = 1.48, df = 1, p > 0.05). However, the number of 

duetting males (7) was significantly higher when males were treated with the FPB2 (Test 2b) than 

when they were treated with the FPB1 (Test 2a) (Table 6.8). 

Table 6.6. Results of the G test (G and p are given) in a contingency table (2x2) of Test 1 for 

treatment (playback stimulation, FPB1+) and control (FPB1-) trials. 

 FPB1+ FPB1- G p 

n 19 19   
(1) signalling males  10 8 0.4 NS (>0.05) 
(3) males that reached stimulation point 6 1 4.8 <0.001 
(4) males that touched the mini shaker 3 1 1.2 NS (>0.05) 
(6) close to stimulation point for more than 1 min 6 0 5 <0.001 

n: number of tested males 
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Table 6.7. Results of G test (G and p) in a contingency table (2x2) of Test 2 for treatment (playback 

stimulation, FPB2+) and control (FPB2-) trials. 

 FPB2+ FPB2- G p 

n 19 19   
(1) signalling males 15 15 11.1 <0.001 
(3) males that reached stimulation point 10 2 8.3 <0.001 
(4) males that touched mini shaker  6 0 5 <0.05 
(6) close to stimulation point for more than 1 min 10 0 11 <0.001 

n: number of tested males 

Table 6.8. Results of G test (G and p) in a contingency table (2x2) between treatment 1 (playback1, 

FPB1+) and treatment 2 (playback 2, FPB2+). 

 FPB1+ FPB2+ G p 

n 19 19   

(2) searching males 9 11 0.4 NS (>0.05) 
(3) males that reached stimulation point  6 10 1.7 NS (>0.05) 

(4) males that touched mini shaker 3 6 1.3 NS (>0.05) 

(6) close to SP for more than 1 min 6 10 1 NS (>0.05) 

(7) duetting males 8 15 5.6 <0.05 

n: number of tested males 

4. Discussion 

 In this study, we described the mating behaviour and the associated vibrational signals of the 

tomato potato psyllid, B. cockerelli. We provide evidence that the sexual behaviour of males is 

vulnerable to manipulation, thus the development of a future vibrational pest control tool is worthy 

of further exploration.  

 B. cockerelli shares several similarities with other psyllid species in terms of mating behaviour 

and emission of vibrational signals. For instance, the movement of the wings in a vertical plane 

during signalling suggest that vibrations are produced by stridulation, as previously proposed for B. 

cockerelli (Sullivan et al., submitted for publication) and for many Psylloidea, where the forewing act 

as a ‘plectrum’ that rubs against structures on the thorax (the ‘pars stridens’) (Taylor 1985; 

Tishechkin 2005; Eben et al. 2014; Wood et al. 2016; Liao et al. 2019). Also, the pair formation 

process resembled the general scheme described for other psyllids in which a male and a female 

established a vibrational duet (Tishechkin 2005; Percy et al. 2006). Similar to these species, the B. 

cockerelli male was the first to emit a calling signal, while the female did not produce spontaneous 

signals in absence of a potential partner and only replied to the male. However, during copulation, 

neither the male nor the female produced vibrations, possibly because there was no need to 

maintain the female motivation and/or due to difficulties in using the wings to stridulate while 

mating. As reported for many Australian Psylloidea species (Percy et al. 2006), B. cockerelli male and 

female signals were structured in phrases and differed in duration and dominant frequency of the 

pulses. Moreover, the female reply occurred before the end of the male signal, similar to some 

Schedotrioza spp. and Trioza spp. (Percy et al. 2006), and to other hemipteran insects such as 

Aphrodes makarovi (Cicadellidae) (De Groot et al. 2012). De Groot and colleagues (2012) suggested 

that the partial overlap between male and female signals could be advantageous for the female, if 
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this could reduce the risk of localisation by eavesdropping predators, which could perceive the signal 

arriving from two different sources. As for A. makarovi (De Groot et al. 2012), the long and complex 

male call in B. cockerelli could also ensure species recognition, thus the female reply would occur 

when the male signal reaches a critical duration and before its end. In this regard, the female 

replying latency was quite variable, ranging from a minimum of 5.2 to a maximum of 41.8 seconds 

from the beginning of the MCS. The time between the onset of the male calling signal and the onset 

of the female reply could be used by the female to evaluate the quality of the potential partner. In 

this way, the female could assess the MCS before emitting her signal and choose whether to reply 

and elicit the male search. In fact, some B. cockerelli females (20%) did not respond to the male 

calling signal in our trials. Nonetheless, after the establishment of a duet, mating was successfully 

achieved by most males (90% of duetting pairs mated), suggesting that female choice likely occurred 

together with the identification, during the first phase of pair formation. Mating success of psyllids 

males is usually high (Eben et al. 2014; Liao and Yang 2015; Liao et al. 2016), since females are ready 

to mate soon after eclosion as adults (Burts and Fischer 1967) and promptly reply to male vibrations 

(Percy et al. 2006). Nevertheless, psyllid mating behaviour could depend on additional signals (e.g., 

specific odours), which could elicit the female motivation and increase the ability of males to reach a 

mate. Psyllid species such as D. citri and B. cockerelli bear complex sensory arrays on the antennae, 

which permit chemical detection, most likely used to locate host plants and mates (Arras et al. 2012). 

Although vibrational signals seem to be the primary sensory modality in B. cockerelli for mate finding, 

few males (10%, n = 62) successfully mated with the female without the emission of any signal. The 

small size of our experimental substrate (the leaf) could have been advantageous for the male and 

thus he could have reached the female by chance. Nevertheless, we cannot exclude the possible role 

of chemical or visual stimuli, which could be used by the male to perceive the presence of a female. 

Accordingly, these stimuli could allow the male to delay or even prevent the emission of a calling 

signal, if he can use them either to orient closer to or reach the female. In this way, the male could 

decrease both the mating success of eavesdropping rivals and probability of being attacked by a 

predator (Wenninger et al. 2009).  

 The role of semiochemicals in psyllids has been reported for several species (Soroker et al. 

2004; Horton and Landolt 2007; Horton et al. 2008; Wenninger et al. 2009) including B. cockerelli 

(Guédot et al. 2010). In this regard, B. cockerelli males were weakly attracted to conspecifics’ 

odorants and, in a two-choice test, they moved preferentially towards live males or females, rather 

than towards the respective insect extracts alone. Females, on the other hand, were not attracted by 

conspecifics’ odorants, while in the two-choice test they showed neither preference nor avoidance 

(Guédot et al. 2010). However, this study did not take into account the potential role of vibrational 

signals that could have potentially elicited males’ search in the two-choice tests, while females did 

not move since mate searching is accomplished by males. At any rate, it would be worthy of 

investigation to assess whether the combination of chemical and vibrational signals would increase 

the male searching activity and finally confirm the use of multiple signals for mate finding in psyllids. 

In this regard, experiments involving multiple signals could provide both new ethological insights 

about psyllids and be useful for development of integrated pest management techniques. Although 

female sex pheromones are involved in the mating behaviour of two species of Cacopsylla (Soroker 

et al. 2004; Horton and Landolt 2007), and Cacopsylla pyri uses vibrations to identify and localise 

potential partners (Eben et al. 2014), synergy between chemical and vibrational signals has not been 

yet well explored. Additional evidence of the role of chemical signals in psyllids’ mating behaviour 
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could be from the signalling activity of B. cockerelli female. In contrast with most Psylloidea, mating 

was achieved when the female emitted the first vibrational signal (16%, n = 62), eliciting the male 

signalling and searching activity. Since none of the females spontaneously produced a signal when 

individually tested, female signalling could depend on the perception of the male odour.  

Alternatively, other signals could indicate the presence of a conspecific; for instance, the female 

could have perceived the incidental vibrations produced by the male while walking or feeding on the 

leaf. In fact, the signalling rate of D. citri males was not affected by the presence of female odours 

(Wenninger et al. 2009), while the playback of specific vibrational signals to the plant evoked calling 

signals from D. citri males that eventually located the source of the signals (Rohde et al. 2013), 

suggesting that the latter could be considered as a lure. Therefore, not only the mating behaviour of 

this species strongly relies on vibrations, but it is vulnerable to manipulation as well. Similarly, our 

female playbacks elicited the signalling activity of B. cockerelli males that eventually reached and 

remained in vicinity of the stimulation point. The number of males that established a proper duet 

was higher when we transmitted the female playback 2, whose second signal was as long as the 

natural female response, while the second signal of the female playback 1 was shorter. Since species 

identification usually relies on the estimation of the temporal parameters of the mating signals 

(Claridge 1985; Čokl and Virant-Doberlet 2003; Virant-Doberlet et al. 2014), males likely preferred 

the playback that most resembled a conspecific female response. In addition, a synthetic stimulus 

able to efficiently attract a male should necessarily occur in a specific time window to be reliable. The 

trapping system used for D. citri, for example, was improved using a device that automatically 

emitted the female playback after the detection of a male calling signal (Mankin et al. 2013). 

However, once recognition occurred, the number of B. cockerelli males that reached the stimulation 

point did not significantly differ between the group treated with the FPB1 (Test 2a) and the group 

treated with the FPB2 (Test 2b). Although the longer playback elicited higher male signalling activity 

(in terms of duetting), likely it was not more informative than the female playback 1 about direction 

and distance from the source.  Besides species identification, the temporal features of a signal can 

convey relevant directional orientation. In A. makarovi, the success of the male in locating the female 

was significantly affected by the length of the female response signal (Kuhelj et al. 2015), while in the 

planthopper Hyalesthes obsoletus, the spectral features of the female call influenced the signalling 

and searching activity of the male, which moved towards the preferred female playback in a series of 

two choice tests (Mazzoni et al.; 2015). Therefore, to develop an efficient behavioural manipulation 

strategy for B. cockerelli, research should focus on the temporal and spectral parameters of the 

female playback, specifically determining which characteristics provide directional cues to the male 

and maintain his motivation to search.  

 To conclude, we have provided evidence that vibrational signals are crucial for mate finding 

in B. cockerelli and that the development of a future vibrational control tool against this pest may be 

technically feasible. Indeed, we suggest further research aimed to set more attractive stimuli by 

improving the tested playback signals and/or implementing them with a chemical cue. 
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Abstract 

Behaviours of insects can be manipulated by transmitting vibrational signals to host plants to 

develop pest management techniques. Bactericera cockerelli is an important pest and uses vibrations 

for mate finding. To design a future control strategy for B. cockerelli, three different bioassays were 

performed to assess whether vibrational signals could affect relevant behaviours. Either single males 

or pairs, were treated with a female playback in test 1 and 2, respectively. In test 3, mixed sex groups 

received different disturbance playbacks. The use of a female playback significantly reduced the 

mating success of males since they were attracted towards the source of the stimulus. Moreover, 

test 2 revealed that B. cockerelli females are competitive, since they used their signals to cover the 

playback and to duet with males, while in test 3, the disturbance playback consisting of broadband 

noises significantly reduced male signalling activity. However, none of the treatments of test 3 

negatively affected the mating success of males, which tended to mount the other conspecifics 

present on the same leaf. The role of vibrations in sexual communication and their potential 

application as control technique for B. cockerelli are discussed as well. 

 Keywords: behavioural manipulation; vibrational signals; tomato potato psyllid; mating 

disruption; pest control 
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1. Introduction  

 Many insect species rely on vibrational signals to interact with co- and heterospecifics in 

different behavioural contexts (Hill 2001; Virant-Doberlet and Cokl 2004). Recent studies of applied 

biotremology demonstrated that vibrations can be used to either manipulate or disrupt insect 

behaviours in order to control pests’ populations (Polajnar et al. 2015; Takanashi et al. 2019). 

Vibrational techniques are eco-friendly control practices that could be applied in the field to support 

integrated pest management strategies and decrease the use of pesticides. For instance, the mating 

behaviour of the leafhopper Scaphoideus titanus was successfully disrupted in semi-field conditions 

by the transmission of the male rivalry signal into grapevine (Polajnar et al. 2016), leading to the 

realization of the first vibrational vineyard in Italy for the control of grapevine leafhoppers since 2017 

(Mazzoni et al. 2019). Another example of the use of vibrations for pest control is the transmission of 

a female Asian citrus psyllid Diaphorina citri playback to small citrus trees to disrupt mating and 

attract males toward the vibrating traps (Lujo et al. 2016; Mankin 2019). Other applications, currently 

objects of research, involve the glassy-winged sharpshooter Homalodisca vitripennis (Gordon et al. 

2017; Gordon and Krugner 2019), and the brown marmorated stinkbug Halyomorpha halys (Mazzoni 

et al. 2017b; Polajnar et al. 2019).  

In this research work, we explored the use of vibrational signals to manipulate the mating 

behaviour of the tomato potato psyllid Bactericera cockerelli. This is an important pest of 

solanaceous crops such as potato (Solanum tuberosum), tomato (Solanum lycopersicum) and pepper 

(Capsicum annum) (Munyaneza et al. 2007; Butler and Trumble 2012). Psyllid infestations have 

resulted in severe losses in the United States, Mexico, Central America and New Zealand (Secor and 

Rivera-Varas 2004; Munyaneza et al. 2007; Teulon et al. 2009; Butler and Trumble 2012). Besides 

damage due to direct feeding, the psyllid can transmit the bacterium Candidatus Liberibacter 

solanacearum (Liefting et al. 2008; Sengoda et al. 2014), which causes a severe disease known as 

‘’zebra chip’’ in commercial potatoes (Munyaneza 2012; Sengoda et al. 2014). Current control 

strategies are relatively expensive and mainly consist of using pesticides, hence, ongoing research is 

addressed to design novel approaches for the management of this pest (Butler and Trumble 2012). 

Alternative techniques could involve the application of vibrations to affect the psyllids’ mating 

behaviours, since they are commonly mediated by vibrational signals (Percy et al. 2006; Lubanga et 

al. 2014; Liao and Yang 2015). Similar to other psyllid species (Percy et al. 2006), the sexual behaviour 

of B. cockerelli depends upon the establishment of a vibrational duet between a female and a male, 

in which the latter actively searches for the stationary female on the plant (Avosani et al. 2020). 

Although the male is usually the first emitter, the female could advertise her presence with the 

emission of a female attraction signal (FAS), while the female response signal (FRS) is used to duet 

with the male. The FAS and the FRS have been used to synthesize a female playback, which was 

already tested on single males placed on a capsicum leaf. It was found that the transmission of the 

playback to the leaf, not only triggered the male signalling activity, but also attracted the psyllid 

towards the source of the stimulus (i.e., a mini shaker; (Avosani et al. 2020)).  

Besides natural pre-recorded signals, intense sounds can affect insect behaviour, as 

demonstrated for the green peach aphid Myzus persicae (Lee et al. 2012). In this case, sound stimuli 

with frequencies between 100 and 10 000 Hz transmitted at 66- and 90-dB SPL suppressed the 

feeding activity of the aphids (Lee et al. 2012). Electronic music was recently used to disrupt insect 

behaviours as well. The airborne transmission of the song Scary Monsters and Nice Sprites by Skrillex 
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(Skrillex 2010), for instance, negatively influenced feeding, frequency of host attack, and mating in 

the mosquito Aedes aegypti (Dieng et al. 2019). However, B. cockerelli uses vibrational signals to 

communicate, thus vibrational signals may be used to interfere with its behaviour.  

 Therefore, we performed three experiments using vibrational stimuli transmitted to the plant 

tissues with the aim of affecting the mating behaviour and/or the persistence of psyllids on the host. 

In test 1 and 2 (female playback on single males and on pairs, respectively), we used a female 

playback that was 15 s longer than the stimulus used in the previous work of Avosani and colleagues 

(Avosani et al. 2020). We hypothesised that a longer signal could be more efficient in attracting the 

male toward the source, probably by providing more directional information (de Groot et al. 2011). 

In test 1, the playback was tested on single males to evaluate its reliability in mimicking a real female 

and leading the insect towards the source of the stimulus. The same playback was then applied on 

pairs (a female and a male) in test 2 as an experiment of mating disruption. In this case, we assessed 

whether the playback transmission affected or not the mating success. Finally, in test 3, we 

investigated if the transmission of other unspecific vibrational signals (i.e., broadband noises and 

electronic music) to plant tissues could affect some aspects of the psyllid behaviour (i.e., signalling 

activity, mating success and persistence on the plant). 

2. Materials and methods  

2.1. Insects’ rearing 

 A colony of B. cockerelli was kept under controlled conditions (23 ± 2°C, 60 ± 5% RH, 16:8 L:D) 

in a climate chamber at Plant and Food Research in Lincoln (Canterbury, New Zealand). The insects 

were maintained on capsicum (Capsicum annuum) inside rearing cages (Bugdorm-6620, MegaView 

Science Co., Ltd., Taiwan; 60 cm×60 cm×120 cm). each cage contained five plants, which were 

changed biweekly due to high level of psyllid infestation. In fact, more than 200 adults could be 

found inside each cage, together with nymphal stages and eggs.  

2.2.  Recordings 

 Studies were conducted on capsicum cuttings composed of a stem and either two or three 

leaves (Figure 7.1) depending on the test. The cutting was placed in a vial filled with water to prevent 

withering, while a laser vibrometer (PDV 100, Polytec, Waldbrann, Germany) was pointed onto a 

piece (0.5x0.5 cm) of reflective tape glued to a leaf; the recorded signals were digitized and stored 

via a sound card (M-Audio Fast Track Pro, M-Audio, United Kingdom) at a 48 kHz sample rate and 24-

bit resolution on a laptop computer (HP, EliteBook 8460 p) using Raven Pro 1.6 (The Cornell Lab of 

Ornithology, Ithaca, NY, USA). The laser was set on a steel plate (1.2mx1.2mx10 mm; Slade 

Engineering, Christchurch, New Zealand) which was placed on an array of 9 insulating rubber pads 

over a table. To associate the behaviour and respective emission of vibrational signals, insect 

movements were continuously followed using two cameras (Logitech Quickcam Pro 9000 webcam, 

Logitech International S.A., Lausanne, Switzerland) (Microsoft® LifeCam HD-5000, Microsoft 

Corporation, U.S.A.), pointed on the ad-axial and ab-axial sides of the leaf, respectively. The software 

Bandicam 4.5. (Bandicam Company 2008-2020, Irvine, California, U.S.A.) was used control the 

cameras to follow the movement of the psyllids during the trials. 
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Figure 7.1. Schematic drawing of the experimental setup with a capsicum cutting, which consisted of 

either two (test 1 and 3) or three (test 2) leaves. The mini shaker was always pointed 2-3 cm below 

the node. 

2.3. Playback trials 

The trials were carried out from December 2019 to January 2020 at Plant and Food Research 

in Lincoln (Canterbury, New Zealand). The playbacks were transmitted to the substrate using an 

electromagnetic mini shaker (Direct Drive Linear Motor, model DDLM-038-051-01, MotiCont, Los 

Angeles, California, U.S.A) in direct contact with the stem of the cutting (Figure 7.1). A sharpened 

steel rod was screwed at the top of the device, which was set on a nearby table using a clamp. In 

total three experiments were conducted at room temperature (25 ± 2 °C).  

 Using a procedure similar to an experiment carried out in Avosani et al. (2020), pre-recorded 

psyllid signals were used to assemble a female playback consisting of a female attraction signal (FAS) 

followed by a female response signal (FRS) after 25.05 s of silence. The signals were 27.7 s and 53.3 s 

long, respectively. The repetition time between pulses, the interval between pulse trains, and the 

frequency ranges of the playback were the same as the natural pre-recorded signals. The duration of 

the FAS was not modified, while the FRS duration was 15 s longer than the pre-recorded signal (the 

average duration of the FRS is 42.8 ± 19.4 s (Avosani et al. 2020)). Although B. cockerelli is a 

polygamous insect (Guédot et al. 2013), psyllids were removed from the mass colony and separated 

by gender two days before performing the test to increase their motivation to mating. 

2.3.1. Test 1. Female playback on single males 

The female playback was tested on single males (n = 20) as a loop for 20 minutes to assess 

whether the stimulus could trigger the male search and lead the psyllids towards the device. Single 

males (n = 20) were left in silence for 20 minutes as control.  

2.3.2. Test 2. Female playback on pairs  
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 To evaluate if the female playback could disrupt the mating behaviour, a pair (n = 30) 

consisting of a male and a female, was released on the cutting. Psyllids were placed on different 

leaves, which had approximately similar size (12-15x8 cm). In both treated and control groups, if a 

duet was not established after 5 minutes from the insect release, the signalling activity of the psyllids 

was stimulated by playing the female playback. The pairs that, despite the use of playback 

stimulation, did not establish a duet were discarded. The tests ended after 30 minutes from the 

insect release.  

2.3.3. Test 3. Unspecific noise playbacks 

 Groups (n = 25) consisting of two females and two males were collected from the mass 

rearing and released on the same leaf of a cutting consisting of two leaves (approximate size: 10-

12x8 cm). They were treated for 30 min with the transmission of two different playbacks, which were 

made using Audacity (Softonic International, Barcelona, Spain). Group 1, the “noise group”, was 

treated with a playback consisting of a sequence of 1.7 s long white noises with 0.3 s of silent 

intervals and frequency range between 0 and 22000 Hz. Group 2, the “music group” was tested with 

a playback obtained from the instrumental version of Scary Monsters and Nice Sprites. The song was 

created by music producer Skrillex and was used by Dieng and colleagues (2019) to disrupt the 

feeding and mating behaviour of the mosquito A. aegypti (Dieng et al. 2019). The track was 

downloaded from the Soundboard website (©2015 Soundboard, 

https://www.soundboard.com/sb/sound/937286) and then modified using Audacity. The song was 

cut from minute 1 to 3:40, and the selection was transmitted through the cutting as loop interspaced 

by 29.5 s of silence. A control group (n = 25) was left in silence for 30 min. To assess whether the 

playbacks could decrease the psyllids’ signalling activity, we measured the number of males that 

called and those that established a duet with a female. Discerning which male was signalling was 

possible by direct observation, as the production of vibrations involves the movement of the wings 

(Avosani et al. 2020). We also counted the number of males that either achieved mating with a 

female or mounted another male to determine whether the playbacks could interfere with the 

mating success and interspecific interactions, also in terms of partner’s misidentification. The 

number of psyllids that left the plant during the trials was used to evaluate if the playbacks could 

repel the insects from the host plant.  

2.4. Data Analysis  

 In test 1, the call latency (i.e., the time from the release of the male to the first call) was 

compared between treatment and control using the Mann-Whitney two-sample test. In test 2, a chi 

squared test in contingency tables (2x2), Bonferroni-corrected, was used to compare the number of 

searching males, the number of matings and the number of males that reached the mini-shaker. The 

Mann-Whitney two-sample test was applied to compare the time of the search latency (i.e., from the 

start of the trial to the onset of the male search), the time males took to reach the female, and the 

time took males to arrive at the node between the leaves. The same test was used for the 

comparison of the number of times the male visited the female leaf, the number of times the male 

visited the other two leaves, and the number of times a male moved down the stem. In test 3, the 

Kruskal–Wallis test followed by Mann–Whitney pairwise, Bonferroni-adjusted, was used to compare 

the duration of the copulations between groups. The number of calling males between each group 

was compared using a chi test in contingency tables (2x2), Bonferroni-corrected. A G test in 
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contingency tables (2x3), Bonferroni-corrected, was applied to compare the male mating success, the 

frequency of male-on-male mounting and the number of insects that jumped off the leaf. 

3. Results  

3.1. Test 1. Female playback tested on single males 

Although the number of calling males was rather similar between the treated and the control 

groups (11 and 8, respectively, n = 20), the call latency was significantly lower when the males were 

exposed to the playback (Mann-Whitney test: n = 8, 11; U = 1; p < 0.001). Within the treated group, 

nine of the calling males engaged in a duet with the stimulus and started to search for the source of 

the signal, reaching the node (n = 4) of the cutting and therefore getting close to the mini shaker. 

None of the control males moved from the leaf lamina after their release, regardless of their calling 

activity. 

3.2. Test 2. Female playback tested on pairs 

 In the control and treated groups, 19 and 9 males, respectively, called spontaneously thus 

triggering the female response and the duet. In the other cases (11 and 21, respectively), the onset of 

a male-female duet was triggered using the female playback. The duet was established if the male 

emitted a MCS and the female replied with a FRS. Unexpectedly, most females (72.7% in the control 

and 66.6% in the treated group) replied to the vibrational stimulus before the males. Females 

emitted their signals both during and after the end of the playback, while males always called after a 

female signal, which could be either artificial (playback) or natural (female psyllid). In both control 

and treatment, duets were established even if the female replied to the playback before the male. 

Throughout the test, females in the treated group overlapped their signal with both the male and the 

playback. Few females (9 out of 30) ceased to reply before the male could reach them or before the 

end of the trial. Similarly, 8 females in the control renounced to duet with the male prior to the end 

of the test.  

Although the number of searching males was similar between the two groups (Chi squared 

2x2 in contingency tables, p = 1; Table 7.1) and the male search latency was only marginally 

statistically different (Mann-Whitney two-sample tests, p = 0.07; Table 7.2), the number of matings 

was significantly lower in the treated group (23.3%) than in the control (56.7%) (Chi squared 2x2 in 

contingency tables, p ≤ 0.001; Table 7.1). However, the time a male took to reach a female was 

similar between the groups (Mann-Whitney two-sample tests, p = 0.08; Table 7.2), and mating 

occurred as soon as the male found the partner. Nonetheless, in one trial a treated male continued 

to call and searched for the female even after he had reached her on the plant. Similarly, the time 

needed for a male to arrive at the node between the leaves, once he had started to search, was 

similar between groups (Mann-Whitney two-sample tests, p = 0.08; Table 7.2). In both groups, the 

searching males visited the three different leaves several times (the one where he was released, the 

one that hosted the female and the empty leaf). Males moved from the node to the petioles and 

back, rarely walking into the leaf laminas. The number of times the male visited the female leaf 

(Mann-Whitney two-sample tests, p = 0.19; Table 7.2) was rather similar between the two groups, 

while the number of times the male visited the other leaves was significantly higher in the treatment 

than in the control (Mann-Whitney two-sample tests, p = 0.01; Table 7.2). The number of times a 

male chose to move towards the stem was also significantly higher in the treated group (Mann-

Whitney two-sample tests, p = 0.002; Table 7.2), as well as the number of males that reached the 
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mini shaker (chi squared 2x2 in contingency tables, p = 0.006; Table 7.1). In the treated group, males 

(26.7%; n = 30) climbed on the device and remained on the device or on the stem in close proximity 

to it until the end of the trial.  

Table 7.1. Results of the test chi squared 2x2 in contingency tables for control and treatment in Test 

2. Number of pairs of Bactericera cockerelli tested per each group = 30.  

Measurement  
Number of observations 

χ2 df p 
Control Playback 

Searching males 27 26 0.16 1 1 

Mating events 17 7 6.94 1 ≤ 0.001 
Males that reached the mini shaker 5 5 7.5 1 p = 0.006 

Table 7.2. Results of the test Mann-Whitney two-sample tests for control and treatment in Test 2. 

Number of pairs of Bactericera cockerelli tested per each group = 30. 

Measurement  
Number of observations 

U p 
Control Playback 

Start of male search 27 26 250 0.07 

Time to reach the female 17 7 56.5 0.8 
Time to reach the node 17 7 56.5 0.8 
Male visits to the female leaf 25 27 274 0.19 
Male visits to other leaves  25 27 213 0.01 
Males visits to the stem  25 27 195.5 0.002 

3.3. Test 3. Unspecific noise playbacks 

 The number of calling males was significantly different between the two treatments (Chi-

squared test: χ2 = 22.2, df = 1, p ≤ 0.001).  In the “noise group” only one male called, while in the 

“music group”, more than 50% of the males emitted at least one calling signal. The number of calling 

males in the control was lower (40%), but not significantly different from the music group (Chi-

squared: χ2 = 3.9, df = 1, p = 0.26). The difference was significant when comparing the control to the 

“noise group” (chi-squared: χ2 = 9.44, df = 1, p ≤ 0.02). Most of the calling males (58.8%) in the 

“music group” emitted their signals only during the silence gap, while the remaining 41.2% called 

both during silence and playback. The male call triggered either female response signals (1 FRS in the 

“music group”; 2 FRSs in the control group) or calling signals of the other male (3 MCSs in the “music 

group”). None of the females or males replied to the male call in the “noise group”. In case of a 

female response, a male-female duet was always established but led to mating only in one case (in 

the control group). Although female replies and therefore vibrational duets were sporadic, males 

could achieve mating in all the tested groups without signalling. The male mating success was similar 

between groups (G test: G = 0.3, df = 2, p = 0.8) since 40% (“music”), 36% (“noise”) and 44% (control) 

of the males eventually copulated with a female. There was no significant difference in the duration 

of the copulations between groups (Kruskal–Wallis test: χ2 = 2.9, df = 2; p = 0.2) and only one (“music 

group”) and three (control) male attempts failed due to female rejection. Male on male mounting 

was observed as well, with a similar frequency between groups (G test: G = 3.5, df = 2, p = 0.2), which 

was of 20% (“music”), 8% (“noise”) and 28% (control) for each group, respectively. Psyllids tended to 

walk along the leaf but remained on the cutting independent of the transmission of the playback, 

since the number of insects that jumped off the leaf was similar between groups (G test: G = 0.2, df = 

2, p = 0.9).  
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4. Discussion 

 The present work demonstrated that the behaviour of B. cockerelli is vulnerable to 

manipulation by means of vibrational signals. In particular, the use of species-specific signals could be 

potentially used to interfere with the mating behaviour, either as a masking noise or an attractive 

stimulus. On the contrary, unspecific noises did not have any relevant effect on psyllids’ sexual 

behaviour.  

The female playback successfully mimicked a B. cockerelli female, since it elicited the male 

search similarly to the actual female response in the test with pairs. Moreover, the playback 

prevented the male from visiting the female leaf and led him toward the device, resulting in a lower 

number of mating events. Although the mini shaker was in direct contact with the stem, B. cockerelli 

males frequently moved along the leaves and reverted their path back towards the node before 

reaching the leaf lamina. One hypothesis is that the directional cues provided by the playback could 

keep the male in between the petiole of the leaves and the node. In fact, the intensity of vibrational 

signals is very variable according to the plant architecture and can be higher at certain transition or 

bifurcation points than in other parts of the plant (Michelsen et al. 1982; Mankin et al. 2018). 

Another possibility is that a real female, at short distance, could provide additional stimuli (i.e., 

chemical and visual) to searching males, and their absence could explain the tendency of males to 

not go directly to the source of the vibrational stimulus. Indeed, positive phototaxis and negative 

geotaxis also guided the male towards the top of the plant, where the actual female was placed. In 

fact, B. cockerelli tends to move towards light stimuli, and UV-illumination was recently applied to 

enhance the attractiveness of sticky traps (Hodge et al. 2019). Notwithstanding, even in the presence 

of a replying female and natural light, our female playback prevented males from reaching the top of 

the plant and led them in the opposite direction. Moreover, when a male reached the stem (i.e., 

close to the mini shaker), he persisted in his search and often mounted on the device without any 

further reversion of his orientation. On the other hand, whenever the male entered the petiole of 

the female leaf, he did not turn backwards, thus ignoring the playback. Hence, when the male was on 

the “right” path towards a potential replying partner, he did not change direction. As a result, it 

would be very important to investigate the level of search accuracy of B. cockerelli males. In fact, this 

phenomenon could be even more relevant if the male discriminates in favour of high-quality females 

and assesses the quality of replying females through the perception of their signals (Gwynne 1991). 

As an example, the accuracy of detection of a potential mate has been demonstrated for the 

planthopper Hyalesthes obsoletus when two different signals were simultaneously transmitted. In 

this species, the male distinguished perfectly between two different female signals with different 

frequency patterns and always chose to move towards one of them, which was specifically designed 

to contain more attractive features than the other (Mazzoni et al. 2015). Similarly, the importance of 

signals’ spectral features in affecting the male responsiveness to a female playback was also 

indicated in a study of the sharpshooter H. vitripennis (Mazzoni et al. 2017a), in which the male 

preferred synthetic playbacks endowed of certain spectral and temporal parameters. If B. cockerelli 

males can also discriminate between different female signals, then the spectral characteristics of the 

female playback could be modified to increase the signal attractiveness and lead more males 

towards the device, even in presence of other replying females on the plant. 

Notably, most of the B. cockerelli females responded to the playback as well, and often their 

replies occurred before the male’s, which were always emitted after female signals. On the other 
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hand, females signalled both during and after the playback, possibly as a form of rivalry behaviour to 

mask the vibrational cues provided by the “synthetic rival”. Although female insects are typically less 

competitive than males (Gwynne 1991), some examples can be found in Pentatomidae (Čokl et al. 

2017), in the dance fly Empis borealis (Diptera) (Svensson et al. 1989), and in some orthopteran and 

heteropteran species (Smith 1979; Gwynne 1991). As for psyllids, female competition seems to be an 

behaviour of B. cockerelli. In fact, D. citri females ceased to reply to the male when treated with the 

playback of an artificial female (Lujo et al. 2016). An alternative hypothesis to the intrasexual 

competition, could be that the B. cockerelli females tried to form a cooperative chorus with the 

playback to attract the male. However, since the device and the female were placed in opposite parts 

of the plant (the bottom and the top, respectively), their signals were competing to convince the 

males to take a directional decision and thus make a mating choice. On the other hand, both 

hypotheses (competition and cooperation) can coexist. According to this, a male could be more 

stimulated to search from the presence of multiple singing females, while females could establish a 

chorus as a means of decreasing the risk of being located by eavesdropping predators (Greenfield 

1994, 2014). In this case, by overlapping her signal with the rival ones, the female would compete 

with the rivals in a relatively “safer” way. Besides cooperation or rivalry, the establishment of a 

chorus could be due either to an excess of sexually receptive females (Gwynne 1991) or to 

female‐biased gender ratio (Čokl et al. 2017). Furthermore, we must remember that psyllid 

populations can be rather dense and the contemporary presence of more males and females on the 

same plant is not rare. Nonetheless, there are no reports of intra-sexual rivalry within Psylloidea 

(Tishechkin et al. 2006). The role of female competition in B. cockerelli should be further investigated 

since similar information could be used to improve a potential behavioural manipulation strategy. 

For instance, a highly competitive female playback could lead female to cease signalling, as in the 

case of D. citri (Lujo et al. 2016).  

The second approach that we tested to interfere with the B. cockerelli behaviour was the use 

of unspecific vibrations. It is known that cerambycids, for instance, respond to generic vibrational 

signals (Tsubaki et al. 2014; Takanashi et al. 2019), and some of their behaviours such as feeding, 

walking and oviposition can be disrupted by the transmission of artificial vibrations (Takanashi et al. 

2019). In Coleoptera, immobility seems to serve as a strategy to recognise approaching conspecifics 

or predators (Takanashi et al. 2019). In the Japanese pine sawyer Monochamus alternatus, for 

example, vibrations below 1 kHz induced inactivity responses (Takanashi et al. 2019). 

Notwithstanding, none of our disturbance playbacks triggered similar responses in B. cockerelli.  

Neither the walking activity nor the physical and vibrational interactions of the psyllids were affected 

during the playback emissions. However, the possible interference with other behaviours such as 

feeding and oviposition cannot be excluded. Besides inactivity responses, animals can respond to 

disturbance noises by modulating their signalling activity and/or leaving the treated area. In some 

anuran species, for instance, anthropogenic noise affected the calling rate and the spatial 

displacement of the frogs, which moved away from the source of the disturbance (Caorsi et al. 2017). 

Although none of our playbacks induced the psyllids to leave the host plant, the males differently 

adjusted their signalling behaviour in response to either the noise or music. In fact, while the male 

calling activity was significantly reduced when broadband noises were transmitted through the plant, 

males did not cease to call when treated with electronic music. Although habituation is more likely to 

occur when animals are treated with repetitive noises (Gilsdorf et al. 2002), insects commonly avoid 

signalling in the presence of disturbance sounds and wait for silence (McNett et al. 2010). Thus, the 
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short silent gap between the sequences of white noises (less than 0.5 s) likely discouraged B. 

cockerelli males from signalling, while the calling males in the music group exploited the long silent 

gap (30 s) within the song playback to start calling. Indeed, besides the temporal pattern, the 

disruptive potential of a playback can also be determined by spectral features. In the fruitfly 

Drosophila montana, for instance, the transmission at high intensities of a background noise with 

similar frequency to the male courtship signal resulted in a decrease of both female replies and male 

mating success (Samarra et al. 2009). Similarly, the most efficient disturbance noise to disrupt mating 

in Empoasca vitis was a playback set on the dominant frequency of the male call (Nieri and Mazzoni 

2019). In H. vitripennis, the transmission of a noise with the dominant frequency of the female call 

(80 Hz) reduced the male replies and, consequently, the mating (Mazzoni et al. 2017a). The music 

playback did not prevent B. cockerelli males from calling, probably because the song consisted of a 

mixture of sounds with discrete frequencies, which were less efficient in masking the spectral 

contents of psyllids’ calls than the broadband noise. In fact, although males tended to start calling 

during the silent gap, some individuals emitted their signal during the music playback. Conversely, 

the sequence of noises completely covered the frequency range of B. cockerelli’s signals, which are 

composed of broadband pulses ranging from 190 to 1125 Hz with the dominant at 548.5 ± 257.6 Hz 

(Avosani et al. 2020). Although this disturbance noise could be deployed to suppress the male calling 

activity in crops, the broad frequency range could also affect other insect species (pest and/or 

beneficial insects) responding to vibrational signals and present on the plant. Accordingly, only the 

frequencies that are in the sensitivity range of insect vibro-receptors would have an impact on the 

pest’s behaviour and communication. In insects, the detection of vibrations is mainly achieved by 

chordotonal organs and among these, the subgenual organ is the most sensitive and responds to a 

frequency range between 50 and 1000 Hz (Čokl et al. 2005). Consequently, the signals used to 

communicate must also lie in the same frequency range. The noise playback, with its wide frequency 

range, would mask these signals and interfere with intra-specific communication of other insects 

than B. cockerelli. As example, green lacewings (Chrysopidae: Neuroptera) are responsive to 

vibrations and use substrate-borne signals to achieve mating (Henry 1984; Devetak and Amon 1997). 

These insects are effective predators and feed on many important agricultural pests, and for these 

reasons they are used in biological pest control (Senior et al. 2001).  

Therefore, more tests are needed to both assess how background signals could affect the vibrational 

communication of useful insects in the field, and better understand which features best comply with 

the B. cockerelli behaviour to design species-specific signals to be used for population control. 

Besides mating disruption, disturbance vibrational signals could be used to disrupt the feeding 

behaviour of the psyllids, as has been reported for cerambycids (Takanashi et al. 2019). It would be 

therefore worthwhile to evaluate whether the playback can interfere with feeding by using an 

Electrical Penetration Graph (EPG) technique during the emission of the stimulus.  

A control strategy against B. cockerelli based on the use of disturbance vibrations should be 

applied as a tool within a wider strategy of IPM to keep the infestations low. At high population 

density, the efficacy of the method would be probably lower, as suggested by the fact that B. 

cockerelli pairs occurring in close vicinity (in our trials we released four psyllids on the same leaf), 

managed to mate. Therefore, the mating success due to causal encounters was not negatively 

affected by the disturbance playbacks. In this regard, we hypothesise that vibrational signals are not 

always necessary to achieve mating, since the “silent” copulations seem to be common in B. 

cockerelli as well as in other Psylloidea. In fact, in some species a male can approach the female and 
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successfully achieve copulation without any preliminary signals (Tishechkin 2007; Lubanga et al. 

2016; Oppedisano et al. 2019). In other hemipterans such as leafhoppers (Cicadomorpha), pair 

formation is strictly dependent on the exchange of different vibrational signals that are associated to 

different phases of the mating process (i.e., identification, localisation, courtship) (Nuhardiyati and 

Bailey 2005; Polajnar et al. 2014). Unlike leafhoppers, the psyllids’ repertoire of vibrational signals is 

typically limited to the male call and female reply, which are used invariantly during pair formation 

(Percy et al. 2006; Tishechkin 2007). This can be explained by the fact that psyllids can live in dense 

colonies on the plant (Burckhardt et al. 2014) and, in these circumstances, intra-specific interactions 

can minimally rely on exchanges of vibrational signals. In fact, we observed frequent mating and 

male-male mountings when both males and females were released on the same leaf in test 3. Same-

sex sexual interactions are probably a result of high sexual responsiveness and could be explained as 

mistaken identification by the mounting male. As suggested for many other arthropods, the benefit 

of attempting mating with a conspecific (regardless of the gender) exceeds the costs of a 

misidentification (Scharf and Martin 2013). Although it is possible that there is an adaptive 

explanation for same-sex sexual interactions, unveiling the role of this behaviour in B. cockerelli was 

not the aim of this work. Nonetheless, future research should be addressed in this regard.  

 Further studies should also assess if other signal modalities are involved in the mating 

process and that can be synergistic or complementary to vibrations to accomplish important tasks 

(i.e., directionality, mate choice, female acceptance) (Lubanga et al. 2014). Accordingly, the role of 

odours in the mating behaviour of B. cockerelli has been demonstrated by Guédot and colleagues 

(Guédot et al. 2010). In their experiments, males were attracted by both live females and female 

odorants, which are likely sex attractants. Since the researchers did not evaluate whether the psyllids 

were also emitting vibrations, further trials should assess the use of multiple cues in the mating 

behaviour of B. cockerelli. If pair formation depends on both vibrational and chemical signals, these 

stimuli could be coupled to design a future technique to trap the insects and/or disrupt their mating 

behaviour. Accordingly, an example of manipulation of psyllids’ behaviour by using multiple cues has 

been recently proposed for Cacopsylla picta, an important pest of apple (Oppedisano et al. 2019). In 

fact, the sexual communication of the genus Cacopsylla seems to rely on both vibrational and 

chemicals signals, and plant volatiles play a role as well (Soroker et al. 2004; Horton and Landolt 

2007; Oppedisano et al. 2019). 

5. Conclusions  

 To summarise, our study demonstrated that the mating behaviour of B. cockerelli can be 

affected by the transmission of a female playback, when a female and a male occur on different 

leaves. Furthermore, the broadband playback negatively affected the psyllids’ calling behaviour. On 

the other hand, the disturbance test also demonstrated that B. cockerelli pairs that occur on the 

same leaf can meet and copulate even in the presence of background noises. Therefore, a vibrational 

mating disruption approach is likely to be efficient if applied before high rates of infestations are 

reached and when, therefore, the partner location can depend on vibrational communication. A 

remarkable outcome is that females can establish choruses, a phenomenon that was never reported 

in B. cockerelli, although at this stage of research, their role is not yet clear.  

Indeed, even if vibrational manipulation of B. cockerelli’s behaviour has the potential to 

become a tool for an integrated pest management approach, technical constraints must be 

considered before the method can be used in the field. Although disruptive signals for the control of 
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S. titanus were transmitted to grapevine plants by exploiting the wires in the vineyard (Mazzoni et al. 

2019), a similar strategy may not be suitable for potato crops. A possible option could be the 

induction of vibrations in host plants by means of sound-speakers. For instance, mating was 

disrupted in Amrasca devastans and Nilaparvata lugens by aerially transmitting disturbance sounds 

of 80 dB, 200–300-Hz (Saxena and Kumar 1980). Similar approaches should therefore be tested in 

field environment for a future use of the female playback and other disturbance signals to disrupt 

the mating behaviour in B. cockerelli.    
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Chapter 8 

Conclusions and future perspectives  

In the last decades, the urgent need for alternative pest control strategies called on science 

to explore innovative ways of research. To provide fundamental knowledge regarding the biology, 

ecology, and ethology of a target species, previously unexplored techniques and emerging field of 

science are accordingly investigated. In this thesis, biotremology techniques were applied to 

characterise the mating process and associated vibrational signals emitted by two important insect 

vectors: the meadow spittlebug Philaenus spumarius and the tomato potato psyllid Bactericera 

cockerelli. Information regarding the sexual behaviour and ecology of these pests is indeed required 

to provide insights on their life cycle, dispersal, and future management techniques.  

In the case of P. spumarius, its vibrational communication was deeply investigated, leading 

the identification of the pair formation process and associated substrate-born vibrational signals. In 

this regard, even if males emit calling signals as soon as they emerge as adults in spring, the mating 

process is controlled by females, which only begin to call with the arrival of autumn. Prior to this 

period, if the male attempts to copulate with a female, she emits a rejection signal as deterrent. A 

vibrational duet is eventually established when the male courtship signal - emitted in response to the 

female call - elicits the female’s positive reply. However, mating is only achieved by the male if the 

duet is maintained until successful localisation of the signalling partner. The female response is a 

simple signal that provides localisation cues, whilst the complex male courtship likely contains 

information regarding male quality and is used to maintain the female’s interest in mating. Once the 

male approaches the partner, he immediately attempts to copulate, contrarily to other 

auchenorrhynchan species, in which a specific signal is required to trigger female acceptance before 

mating. The duet is the stage of pair formation of P. spumarius most susceptible to vibrational 

interference. Mating disruption techniques for P. spumarius should hence focus on this phase to 

prevent mate localisation. Although males could interact with the emission of a male-male signal, the 

latter was not used to interfere with an ongoing duet, suggesting that other rivalry strategies may 

potentially occur in P. spumarius. Some male insects, for example, display satellite behaviours, such 

as eavesdropping on an ongoing duet to find the female before the signalling male. Given that similar 

knowledge could lead to development of vibrational traps against P. spumarius, additional trials 

should be realised to confirm this hypothesis.  

The physiology of P. spumarius females was investigated to assess the potential relationship 

between calling behaviour and ovarian development. Our innovative protocol coupled biotremology 

trials and morphological inspections, performed throughout the entire adult stage of the insect. It 

was thus possible to demonstrate that female proceptivity was associated with the development of 

her ovaries, since females only called and established duets when they started to develop eggs. This 

trend increased throughout the season, and the peak of calling activity was accordingly reached 

when females carried many mature eggs. The role of photoperiod and of ovarian parapause was 

discussed, together with the potential role of the juvenile hormone. The delayed female calling 

activity implies that a vibrational mating disruption technique against P. spumarius could be effective 

only if applied when females are receptive to mating, but further research is required to better 

understand crucial elements of the mating process. For instance, we need to know where mating 

generally occurs, and if and how disruptive vibrations could be transmitted to both the ground cover 

and olive canopies to prevent mate finding. Given that males can force females to copulate and that 

females have a spermatheca, future studies should investigate sperm usage and potential sperm 
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competition in P. spumarius. Similar information is indeed required to understand if mating 

disruption could be an effective strategy for the control of this pest.  

The introduction of Xylella fastidiosa in Italy in 2013 primed numerous surveys aimed at 

describing the abundance of P. spumarius in European agro-habitats. Available sampling protocols 

were refined until generalisation of a technique that was used to investigate spittlebug presence in 

parts of Italy, Spain, and Portugal. Even if these studies provided strong and crucial evidence 

regarding P. spumarius ecology, its detectability was never considered, potentially leading to 

estimation biases. In this work, surveys were conducted in Northern Italy (Trentino), and data were 

used to run occupancy models, providing new information regarding the probability of detecting P. 

spumarius and other auchenorrhynchan species in olive orchards and vineyards. In fact, even if the 

presence of the spittlebug was high in all visited sites, its detectability depended on site covariates. 

For instance, factors as presence of vineyards and high plants in the ground cover enhanced the 

detectability of P. spumarius. On the contrary, high presence of forests and increasing hours of 

sunlight resulted in a lower probability to find the insect, even when using the most efficient 

sampling methods. Thus, a high ground coverage may lead to an overestimation of P. spumarius 

abundance, and the effect of the covariate on spittlebug detection could be erroneously ascribed to 

its presence. Given these results, even if occupancy models are more commonly used to study the 

ecology of vertebrates, they are valuable tools that should be applied when considering the 

distribution of insect vectors. Data collected from agro-habitats of Trentino were used to investigate 

the feeding preferences of P. spumarius, by studying the association with its host plants. Similar 

information could suggest how to shape the ground cover of crops vulnerable to X. fastidiosa to 

reduce the presence of its main vector in this Italian region, which is still a X. fastidiosa-free area. 

Even so, crop vegetation should be monitored and shaped to avoid the possible dramatic outbreak of 

diseases transmitted by P. spumarius and other auchenorrhynchans.  

An innovative approach for the management of insect-vectored diseases proposed in this 

thesis is the vibrational disruption of the feeding behaviour. A substrate-borne stimulus designed on 

P. spumarius female rejection signal reduced both probing and xylem ingestion, potentially owing to 

a combination of direct and indirect effects on both insects and plants. The stimulus significantly 

impeded the feeding activity of the spittlebug on sunflower, especially when transmitted at high 

intensities, whilst no behavioural effects were observed on olive. This could be linked to the dramatic 

decrease in signal intensities, notably in the frequency spectrum below 500 Hz. As mentioned before, 

the phenology and sexual behaviour of P. spumarius depends on the season, and additional studies 

should evaluate if other modified P. spumarius signals can disrupt feeding, and if the effect could be 

influenced by the period of the season. Indeed, research needs to be addressed at designing the 

most efficient transmission methods for olive and other plants susceptible to X. fastidiosa. This work 

is only the preamble of the development of vibrational strategies aimed at disrupting P. spumarius’ 

feeding behaviour, but it already provided interesting insights in this regard. If pursued and 

implemented, this approach could provide to farmers a useful tool to prevent the transmission of X. 

fastidiosa, supporting the management of the disease. Moreover, a similar vibrational inhibition of 

the feeding activity could be tested on other vector-plants pathogens systems, especially when the 

susceptible plant is herbaceous and/or supported by wires and poles, which may facilitate the 

transmission of vibrational stimuli.  

The psyllid B. cockerelli is an important pest of tomato and potato crops, not only because it 

can directly damage the plants, but also given its role in transmitting the bacterium Candidatus 

Liberibacter solanacearum. In this thesis, to assess whether substrate-borne stimuli may interfere 

with relevant behaviours, the vibrational communication of the psyllid was characterised, together 
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with the pair formation process. The vibrational repertoire of B. cockerelli was less complex and 

diverse than the one of P. spumarius, potentially because psyllids use multiple cues to interact with 

conspecifics and the environment, whilst Auchenorrhyncha communication solely relies on 

vibrational signals. Contrarily to P. spumarius, the mating process starts with the male calling signal, 

to which a female replies by emitting a long signal that partially overlaps with the last part of the 

male signal. The first vibrational interaction underlies species identification, while mate localisation 

involves the establishment of a duet, namely the continuous exchange of male calls and female 

replies. The latter signal is likely long enough to provide to the male the necessary localisation cues. 

As observed in P. spumarius, the male immediately copulates with the female when he happens to 

be in close proximity, not only after localisation of the signalling female but also after randomly 

encountering the female. In rare occasions, a female triggered the pair formation process by emitting 

her response signal before the male call, suggesting that a trapping approach could be tested. A 

vibrational stimulus based on the female response was designed to trigger a duet between the male 

and the playback, and potentially lead the male towards the signal’s source. The stimulus attracted B. 

cockerelli males to the source and reduced the mating rate, when used in pair trials. Given that this 

insect can reach high population densities, a similar approach should be implemented according to 

the crop of interest and used before high rates of infestations, to both monitor and control psyllid 

populations. Again, this case provided evidence that behaviours of insects can be manipulated by 

transmitting vibrational signals to host plants.  

To conclude, this thesis suggests that by studying the vibrational communication, the 

ecology, and the feeding behaviour of an insect vector with innovative approaches, it is possible to 

provide a better understanding of the target species. Similar knowledge is nowadays crucial, because 

it represents the first step towards sustainable pest control strategies alternative to pesticides.  
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In this work, we investigated the mating behaviour and vibrational communication of two insect vectors having an 

important economic impact:  Philaenus spumarius (Hemiptera: Aphrophoridae) and Bactericera cockerelli (Hemip-

tera: Triozidae). We also provided novel insights regarding the vibrational manipulation of their behaviour.  

We characterised the sexual behaviour and associated vibrational signals of P. spumarius. We evaluated the cor-

relation between the female signalling activity and development of the reproductive organs, suggesting that a vi-

brational mating disruption could be effective only if applied from the onset of egg maturation. We used occupan-

cy models to estimate P. spumarius presence and detection probability in Trentino (Northern Italy), a rarely de-

ployed approach to study insect distribution. Site covariates impacted P. spumarius detectability, and we also 

studied the association between P. spumarius and its host plants. Such information can support monitoring pro-

grams and control strategies aimed at reducing P. spumarius population in crops of interest by shaping the plant 

composition of the ground cover. We also attempted to disrupt its feeding activity using vibrations, opening the 

gates for future research.  

The tomato potato psyllid Bactericera cockerelli is an important threat to crops in New Zealand. Besides the char-

acterisation of pair formation process and associated vibrational signals, we used vibrations to disrupt mate find-

ing by transmitting vibrations to the host plant. Given that the stimulus attracted male psyllids in small scale exper-

iments, this strategy is a feasible approach that could be implemented for use in fields and greenhouses  

In conclusion, we provided new information regarding the ethology of two insect vectors and suggested that there 

is room for applied biotremology to support sustainable management strategies.   
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