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RESUMEN 

En un contexto de cambio global, uno de los principales retos a los que se enfrenta el 

sector agrario es el aumento de enfermedades emergentes y reemergentes que causan 

grandes pérdidas en términos de producción de cultivos (FAO 2021). Una de las 

consecuencias de la globalización es la entrada de un patógeno en un nuevo ecosistema, 

lo que puede afectar gravemente al equilibrio ecológico del mismo (Giovanna et al. 

2018). Este es el caso de Xylella fastidiosa (Wells), Xf, una bacteria fitopatógena 

originaria de América, recientemente introducida en Europa debido a la importación de 

material vegetal infectado (EFSA 2015). Fue detectada en primer lugar en Apulia, al sur 

de Italia, en el año 2013 (Saponari et al. 2013), donde arrasó millones de olivos y 

actualmente continua expandiéndose 20 km al año (EPPO 2019a; Saponari et al. 2019). 

Tras el brote italiano, se han llevado a cabo numerosas prospecciones en distintos países 

de la Unión Europea (EU: European Union) y de la Cuenca del Mediterráneo, 

detectándose la bacteria en Francia, Alemania, España y Portugal (EFSA 2022), y fuera 

de Europa en Israel (EPPO 2019b) e Iran (EFSA 2015). Xylella fastidiosa afecta a una 

gran variedad de plantas, incluyendo especies de gran importancia económica como son 

el olivo, la vid, el almendro o los cítricos, lo que supone una grave amenaza para la 

agricultura en Europa (Sicard et al. 2018). En lo que concierne a su modo de acción, Xf 

actúa colonizando los vasos del xilema de las plantas huésped, obstruyéndolos, lo cual 

impide el transporte de la savia a través de los mismos (Bhattacharyya et al. 2002) La 

sintomatología que produce varía en función de la planta huésped, observándose desde 

huéspedes asintomáticos a plantas que expresan síntomas, siendo los más frecuentes 

clorosis, marchitamiento, secado de hojas y ramas, decaimiento generalizado y muerte 

de la planta infectada (Purcell and Hopkins 1996; Sabella et al. 2019). 

Esta bacteria, al igual que otros patógenos de plantas, se propaga mediante insectos 

vectores. Los vectores potenciales de Xf se alimentan exclusivamente de savia 

xilemática y pertenecen, dentro del orden Hemiptera, al suborden Cicadomorpha, 

concretamente a las superfamilias: Cicadoidea (“cícadas”), Cercopoidea (“spittlebugs”) 

y dentro de la familia Cicadellidae a la subfamilia Cicadellinae (“sharpshooters”) 

(Novotny and Wilson 1997; Redak et al. 2004; Almeida et al. 2005; Krugner et al. 

2019). En América, los “sharpshooters” son los principales vectores, sin embargo, en 

Europa la mayoría de vectores potenciales son los llamados “spittlebugs”, enmarcados 

dentro de la superfamilia Cercopoidea. En Europa, Philaenus spumarius (L.) 
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(Hemiptera: Cercopoidea), perteneciente a la familia Aphrophoridae ha sido 

identificado como el principal vector (Cornara et al. 2019; Jacques et al. 2019), además, 

recientemente se ha demostrado que tanto Neophilaenus campestris (Fallen) como 

Philaenus italosignus (Drosopoulos & Remane), ambos afrofóridos, son capaces de 

transmitir Xf a plantas, en condiciones de laboratorio (Cavalieri et al. 2019). Uno de los 

elementos esenciales para la prevención y control del desarrollo de enfermedades 

transmitidas por vectores es el estudio en profundidad de la ecología, biología y 

comportamiento de los mismos. Aunque cada vez son más los estudios enfocados en P. 

spumarius y otros vectores potenciales de Xf, estas especies no habían sido consideradas 

como una amenaza para la agricultura hasta la detección y establecimiento de Xf en 

Europa. Por tanto, el conocimiento existente de estos vectores y de su papel en la 

epidemiología de las enfermedades causadas por Xf en el continente aún es escaso.  

Por ello, el principal objetivo de esta Tesis es generar conocimiento sobre la capacidad 

de dispersión, ecología y control de P. spumarius. Además, parte de la investigación 

está centrada en N. campestris, puesto que, aunque se han realizado menos estudios, 

este vector es capaz de transmitir la bacteria y está ampliamente distribuido por la 

Península Ibérica. Concretamente, en esta Tesis se han desarrollado los siguientes 

objetivos específicos: 

(1) Estudiar la capacidad de vuelo de P. spumarius bajo condiciones de laboratorio 

y analizar el patrón de movimiento de N. campestris desde plantas huésped 

herbáceas a plantas leñosas. 

(2) Construir un modelo de grados día para predecir la eclosión de huevos de P. 

spumarius. 

(3) Determinar la influencia de ciertas plantas frecuentemente usadas como 

cubiertas vegetales en la preferencia de P. spumarius para ovipositar. 

(4) Estudiar el efecto de diferentes compuestos químicos sobre el comportamiento 

alimentario de P. spumarius, su impacto sobre la mortalidad del insecto y sobre 

su capacidad de transmisión de Xf.  

Los ensayos realizados en esta Tesis se han desarrollado en el “Instituto de Ciencias 

Agrarias del Consejo Superior de Investigaciones Científicas” (ICA-CSIC) en Madrid, 

España. Parte de los experimentos del objetivo 4 se han desarrollado en colaboración 

con el Dr. Daniele Cornara en el “International Centre for Advanced Mediterranean 

Agronomic Studies”, Instituto de Bari (CIHEAM-Bari) en Valenzano, Italia. 
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En el primer estudio, se analizó el potencial de vuelo de P. spumarius y la influencia de 

distintas variables sobre su capacidad de vuelo (objetivo 1). Se evaluó el efecto de la 

estación del año (primavera, verano, otoño), el origen de la población (Huelva, Madrid), 

sexo (hembra, macho) y momento del día (mañana, tarde, noche) sobre la capacidad de 

vuelo de adultos de P. spumarius utilizando molinos de vuelo. Para ello, se 

seleccionaron los siguientes parámetros: (1) Incidencia de vuelo, capacidad del insecto 

de realizar un vuelo con éxito (si/no). (2) Número de vuelos. (3) Distancia recorrida 

(m). (4) Duración de vuelo (s). (5) Velocidad media (m/s).  

Los registros obtenidos mostraron que la capacidad potencial de vuelo de P. spumarius 

era muy superior a la descrita en estudios previos. Los adultos analizados fueron 

capaces de volar ≈ 500 m en 30 min, siendo 5.5 km la distancia máxima recorrida 

registrada durante un solo vuelo continuo de 5.4 h. Estos resultados indican que P. 

spumarius es capaz de recorrer distancias superiores a la demarcación de zona infectada 

(50 m) y de zona tampón (2.5 km-7 km) designadas por la Union Europea (EU: 

European Union) (EU 2020/1201, artículos 4 y 5, 2020), sugiriendo la necesidad de 

revisión de la regulación vigente. Por otra parte, los resultados muestran una alta 

capacidad de vuelo en otoño en ambos sexos, coincidiendo con el periodo reproductivo, 

lo que sugiere que la actividad de vuelo de P. spumarius está relacionada con su ciclo 

de vida, pudiendo ser reflejo de una adaptación evolutiva para maximizar el 

apareamiento y la eficacia biológica. Por otro lado, el potencial de vuelo de este insecto 

varía a lo largo del día, siendo mayor por la mañana y por la noche comparado con la 

tarde. Esta actividad nocturna de P. spumarius no se había observado hasta el momento, 

pudiendo influir en los procesos de dispersión diaria del vector, y por tanto debe tenerse 

en cuenta para controlar la expansión local de Xf. Toda esta información sobre la 

capacidad de vuelo de P. spumarius es esencial para el manejo adecuado del vector. 

Teniendo en cuenta la capacidad de N. campestris de transmitir Xf y su amplia 

distribución en España, se desarrolló un segundo ensayo para estudiar su capacidad de 

dispersión en campo (objetivo 1). Para ello, se realizó un ensayo de captura-marcaje-

recaptura (MMR: Mass-Mark-Recapture), con el objetivo de monitorizar el movimiento 

de N. campestris a finales de primavera, desde la vegetación herbácea de cubierta de 

olivares en los que estaba presente hasta refugios estivales en áreas con distintas 

especies de plantas leñosas. Antes de desarrollar el ensayo de MMR, se marcaron 

adultos de N. campestris con polvos fluorescentes, para estudiar la persistencia del 

marcaje y su efecto sobre la supervivencia de los insectos. Además, se analizó el efecto 
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de este marcaje sobre la capacidad de vuelo de N. campestris, utilizando molinos de 

vuelo. El polvo fluorescente fue visible en los insectos hasta 35 días después del 

marcaje; además, su uso no tuvo ningún efecto significativo ni sobre la supervivencia ni 

sobre la capacidad de vuelo de N. campestris. Por otra parte, los registros obtenidos con 

los molinos de vuelo mostraron que los insectos analizados fueron capaces de 

desplazarse hasta 1.4 km durante un solo vuelo continuo de 82 min. Una vez 

demostrado que el marcaje no afectaba ni a la supervivencia ni a la capacidad de vuelo 

de los insectos, a finales de primavera se capturaron adultos de N. campestris mediante 

mangueo, en la vegetación de cubierta de un olivar en Santos de la Humosa (Madrid). 

Los insectos capturados se marcaron y se soltaron en la vegetación de cubierta de cuatro 

olivares diferentes. Después de la suelta, se llevaron a cabo recapturas en seis fechas 

distintas, entre 23 y 42 días después, tras secarse la vegetación de cubierta de los 

olivares. Las recapturas se realizaron en 12 puntos diferentes, con diferentes especies de 

plantas leñosas, situados a una distancia de hasta 2.8 km de los puntos de suelta. Los 

adultos de N. campestris se capturaron fundamentalmente en pinos. Los resultados 

mostraron que los insectos son capaces de desplazarse a una distancia máxima de 2,47 

km en 35 días, la distancia más grande recorrida por un afrofórido registrada hasta la 

fecha.  

Estos resultados, junto con el hecho de que una vez adquieren la bacteria, los vectores 

son infecciosos durante toda su vida (Purcell et al. 1979), sugieren que las medidas de 

erradicación de plantas en un radio de 50 m, independientemente de si están o no 

infectadas, tienen un valor limitado. Mientras que los adultos son capaces de dispersarse 

rápidamente a largas distancias, las ninfas son menos móviles y aunque puedan adquirir 

la bacteria, la pierden tras la muda (Purcell et al. 1979; Ossiannilsson 1981). Por tanto, 

uno de los aspectos clave en laestrategia de control de Xf debe ser la aplicación de 

medidas de control contra el vector en estadíos juveniles (ninfas).  

Por tanto, se construyó un modelo creciente de grados día (GDD: Growing Degree 

Days) para predecir el momento de la eclosión de huevos de P. spumarius (objetivo 2). 

Para ello, se monitorizaron huevos desde su oviposición hasta su eclosión, mientras se 

registraba diariamente la temperatura y la humedad relativa (RH: relative humidity) en 

cuatro localizaciones de campo situadas a diferentes altitudes en la Comunidad de 

Madrid. Los datos obtenidos se emplearon para la construcción del modelo GDD. Para 

ello, se utilizó una función de respuesta a la temperatura, que es una generalización de 

la aproximación lineal, con un umbral de temperatura mínima y máxima, así como una 
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temperatura óptima de desarrollo. Además, se observó que la acumulación de GDD para 

la eclosión estaba correlacionada de forma negativa con la RH. Sin embargo, al no 

disponer de datos de humedad globales y contar únicamente con datos de eclosión de 

huevos sometidos a valores de RH superiores al 75%, en este estudio nos centramos en 

el modelo GDD basado exclusivamente en temperaturas. No obstante, los resultados 

muestran claramente que la humedad parece ser un factor determinante para la eclosión 

de huevos por tanto, será necesario realizar más investigaciones. Para validar el modelo 

GDD basado en temperaturas, comparamos las predicciones obtenidas con 

observaciones de ninfas recién emergidas en campo, procedentes de muestreos 

sistemáticos realizados en distintas regiones de la Península Ibérica durante los últimos 

seis años. Este modelo fue capaz de predecir de forma precisa la eclosión de huevos si 

consideramos que el momento de oviposición depende de la latitud. Básicamente, el 

modelo es capaz de predecir la eclosión de manera precisa en el sur (latitud <40ºN) de 

España si asumimos que la oviposición en el sur tiene lugar a principios de noviembre, 

mientras que las predicciones son precisas en el norte (latitud >40ºN), asumiendo que la 

oviposición en el norte tiene lugar a principios de octubre. Además, basándonos en las 

predicciones de eclosión del modelo, se ha desarrollado una herramienta de toma de 

decisión para establecer el momento adecuado para aplicar medidas de control, 

maximizando el número de ninfas sobre las que se aplica dicha medida. Los resultados 

muestran que, para optimizar las medidas de control y que sean aplicadas sobre un 

mayor número de ninfas, la mejor estrategia es tomar medidas de control en dos fechas 

distintas. Por lo tanto, el modelo desarrollado en esta Tesis podría ser empleado para 

predecir la emergencia de ninfas y adoptar medidas de control contra P. spumarius en 

estadíos juveniles en el momento más oportuno, pudiendo ser una herramienta útil para 

limitar y prevenir la propagación de enfermedades causadas por Xf. 

Asimismo, se desarrolló un ensayo de elección en condiciones de laboratorio, para 

estudiar la influencia que tienen siete especies distintas de plantas empleadas 

frecuentemente como vegetación de cubierta en diferentes cultivos leñosos en la 

preferencia de hembras adultas de P. spumarius para ovipositar (objetivo 3). De acuerdo 

con nuestros resultados, la presencia de Anthriscus cerefolium (L.) Hoffm. (Apiaceae) 

favoreció la oviposición, mientras que las dos especies de la familia Brassicaceae  

Diplotaxis tenuifolia (L.) DC y Sinapis alba (L.) no la favorecieron. Estas tres especies 

inducen una mortalidad alta sobre ninfas de P. spumarius (Morente et al. 2022), lo que 

sugiere que A. cerefolium es una buena candidata como especie trampa para la 
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oviposición de P. spumarius, mientras que D. tenuifolia y S. alba podrían ser empleadas 

como especies repelentes. Del mismo modo, las hembras de P. spumarius mostraron 

una preferencia baja para ovipositar cerca de Bromus rubens (L.) (Poaceae). Sin 

embargo, N. campestris muestra una alta preferencia por esta especie durante todo su 

desarrollo (Mazzoni 2005; Morente et al. 2018b; Dongiovanni et al. 2019). Por tanto, 

antes de proponer B. rubens para su colocación como vegetación de cubierta en cultivos 

susceptibles a Xf, sería necesario estudiar más en detalle el papel que juega N. 

campestris como vector de la bacteria. Por otra parte, las dos especies de asteráceas, 

Taraxacum officinale (L.) y Sonchus oleraceus (L.) favorecen la oviposición de 

hembras de P. spumarius. Además, al igual que otras especies de la familia de las 

asteráceas, ambas especies son adecuadas para el desarrollo de P. spumarius (Morente 

et al. 2018b; Bodino et al. 2020) por lo que debería evitarse el uso de estas especies 

como cubierta vegetal en cultivos susceptibles a Xf. Por lo tanto, estos resultados abren 

nuevas vías para el manejo sostenible de vectores de Xf, utilizando determinadas 

especies de plantas como vegetación de cubierta, lo que podría reducir la propagación y 

prevalencia de Xf. 

Por último, aunque la utilización de insecticidas pueda resultar controvertida, a día de 

hoy, son una herramienta fundamental para el control de plagas. De hecho, gran parte de 

las prácticas recomendadas por la EU para el control de Xf están enfocadas a la 

utilización de insecticidas contra sus insectos vectores (regulación EU 2016/2031). Por 

tanto, se analizaron los efectos letales (supervivencia) y subletales (comportamiento 

alimentario) de seis agroquímicos comerciales (acetamiprid, deltametrina, spinosad, 

sulfoxaflor, piretrina y caolín) sobre P. spumarius (objetivo 4). Además, se estudió el 

impacto de insecticidas que mostraron diferente grado de toxicidad sobre afrofóridos 

(de mayor a menor: acetamiprid, piretrina, caolín) sobre la trasmisión de Xf por parte de 

P. spumarius bajo condiciones de elección y de no elección (objetivo 4). Los resultados 

obtenidos mostraron que la deltametrina, el acetamiprid y, aunque en menor medida, 

también la piretrina, influyeron de forma significativa sobre el comportamiento 

alimentario de P. spumarius. Sin embargo, mientras que la deltametrina y el acetamiprid 

resultaron ser altamente tóxicos contra P. spumarius, la mortalidad observada tras la 

exposición a piretrina fue baja. En cambio, el spinosad, el sulfoxaflor y el caolín no 

afectaron significativamente ni al comportamiento alimentario ni a la supervivencia de 

P. spumarius. Por otra parte, la piretrina y el acetamiprid redujeron la tasa de 

transmisión de Xf comparados con el caolín y el control, bajo condiciones de no 
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elección. Sin embargo, bajo condiciones de elección, mientras que la piretrina también 

redujo la tasa de transmisión, el acetamiprid no la redujo de forma significativa. Estos 

resultados sugieren que antes de recomendar el uso de productos agroquímicos contra 

vectores de Xf es fundamental estudiar los efectos subletales de los mismos, así como su 

impacto sobre la transmisión de Xf. Las estrategias de control de vectores empleando 

agroquímicos, basadas en estudios donde se evalúa exclusivamente su toxicidad bajo 

condiciones de no elección probablemente fracasen a la hora de prevenir o reducir la 

propagación de la bacteria. 

En resumen, en esta Tesis se aportan nuevas perspectivas sobre diferentes aspectos de la 

dispersión y ecología de afrofóridos, proponiendo nuevas medidas de control contra 

ellos. Además, estos resultados podrían aportar nuevas herramientas para incorporar en 

los programas de Manejo Integrado de Plagas (IPM: Integrated Pest Management) 

contra posibles brotes de enfermedades causadas por Xf mediante el control adecuado 

de sus insectos vectores. 
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SUMMARY 

In a context of global change, one of the challenges for the agricultural industry is the 

increase of the emerging and re-emerging disease outbreaks, causing great losses in 

terms of crop production (FAO 2021). The arrival of a transboundary pathogen in a 

novel agroecosystem is one of the consequences of globalization and can seriously 

disturb ecological stability (Giovanna et al. 2018). This was the case of Xylella 

fastidiosa (Wells), Xf, a plant pathogenic bacterium native from Americas that has been 

recently introduced and established in the European continent throughout the 

importation of contaminated plant material (EFSA 2015). It was first detected in Apulia, 

Italy (Saponari et al. 2013) affecting millions of olive trees and it continues spreading at 

a rate of 20 km per year (EPPO 2019a; Saponari et al. 2019). After the Italian outbreak, 

subsequent mandatory large-scale surveys throughout European Union (EU) and in the 

Mediterranean Basin, led to discover it in France, Germany, Spain and Portugal (EFSA 

2022) and outside of Europe in Israel (EPPO 2019b) and Iran (EFSA 2015). The 

bacterium affects several economically important crops i.e. olive, almond, grapevines 

and citrus, posing a great threat to European agriculture (Sicard et al. 2018). Concerning 

Xf mode of action, the bacterium colonizes and clogs the xylem vessels of the host 

plants, disrupting the sap transportation through the plant (Bhattacharyya et al. 2002) 

The symptoms widely vary depending on the host plants, from asymptomatic hosts to 

plants with visible symptoms, being the most common, chlorosis, yellowing, leaf and 

branches drying, overall plant decline and dieback (Purcell and Hopkins 1996; Sabella 

et al. 2019). 

This bacterium, as well as other plant pathogens, relies on insects as vectors to spread 

through the ecosystem. Putative vectors of Xf exclusively feed on xylem sap, which 

belongs to the order Hemiptera, suborder Cicadomorpha, Superfamilies Cicadoidea 

(cicadas) and Cercopoidea (spittlebugs) and the family Cicadellidae, subfamily 

Cicadellinae (sharpshooters) (Novotny and Wilson 1997; Redak et al. 2004; Almeida et 

al. 2005; Krugner et al. 2019). In America, the main vectors of Xf are sharpshooters; 

meanwhile, in Europe most of the potential vectors are spittlebugs (Cercopoidea). The 

meadow spittlebug, Philaenus spumarius (L.) (Hemiptera: Aphrophoridae) was 

identified as the main vector in Europe (EFSA 2015; Cornara et al. 2019). Moreover, 

Neophilaenus campestris (Fallen) and Philaenus italosignus (Drosopoulos & Remane), 

both Aphrophoridae, have been found to transmit Xf to olive and other plants under 
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experimental conditions (Cavalieri et al. 2019). One of the critical components to 

preventing and controlling the development of vector-borne diseases is the profound 

study of the ecology, biology and behaviour of the vectors. Despite the increase of 

studies focused on P. spumarius and other potential vectors of Xf, these insect species 

have never been considered a threat to agriculture until the detection and establishment 

of Xf in Europe. Thus, knowledge of these insect vectors and their role in the 

epidemiology of Xf-diseases in the European continent is still scarce. 

The main objective of this  Thesis was to generate knowledge regarding the dispersal 

behaviour, ecology and control of the meadow spittlebug P. spumarius. Moreover, 

some research was also performed on N. campestris which has been demonstrated to be 

able to transmit the bacterium, it is widely distributed in the Iberian Peninsula, but few 

studies have focused on these insect species. More precisely, the following specific 

objectives were covered in the present Thesis: 

(1) To study the flight performance of P. spumarius under laboratory conditions and 

to study the patterns of movement of N. campestris from herbaceous to woody 

hosts. 

(2) To build up a degree-day model to forecast the egg hatching of P. spumarius. 

(3)  To determine the influence of herbaceous plants commonly used as cover crops 

on the preference of P. spumarius for oviposition. 

(4)  To study the effect of chemical compounds against P. spumarius feeding 

behaviour, on its mortality and their impact on Xf transmission by the vector. 

The experiments of this Thesis were developed at “Instituto de Ciencias Agrarias del 

Consejo Superior de Investigaciones Científicas” (ICA-CSIC) (Madrid, Spain). Part of 

the experiments within objective 4 were conducted in collaboration with Dr. Daniele 

Cornara at the International Centre for Advanced Mediterranean Agronomic Studies - 

Institute of Bari (CIHEAM-Bari) in Valenzano, Italy. 

The first study aimed to assess P. spumarius flight potential and to analyse how 

different variables may affect its flight behaviour (objective 1). Adults of P. spumarius 

were tested using flight mill devices to study the impact of the season (spring, summer, 

autumn), population origin (Huelva, Madrid), sex (female, male) and daily patterns 

(morning, afternoon and night) on their flight performance. The following flight 

parameters were selected to estimate the flight performance of spittlebugs: (1) Flight 

incidence, the ability of a given insect to perform a successful flight (Yes/No). (2) 

Number of single flights. (3) Distance travelled (m). (4) Flight duration (s). (5) Mean 
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speed (m/s). Flight mill recordings showed that the flight potential of P. spumarius was 

much higher than previously reported. It was able to fly ≈ 500 m in 30 min with a 

maximum single flight of 5.5 km in 5.4 h. Thus, it is likely to disperse further than the 

established sizes of the infected (50 m) and buffer zones (2.5 km-7 km) designated by 

the EU (EU 2020/1201, Articles 4 and 5, 2020), suggesting that the regulation should be 

revised. In addition, both sexes exhibited a high flight potential in autumn, during the 

reproductive period. These results suggest that the flight activity of P. spumarius is 

related to its life cycle and could reflect an evolutionary adaptation to maximize mating 

and fitness. Moreover, it was found that P. spumarius had a higher flight potential 

during the morning and the night than during the afternoon. This shows that this insect 

species has a daily distinct pattern of movement. In addition, the nocturnal flight 

activity of P. spumarius has not been previously reported and could impact the daily 

dispersal process of the vector, thus it should be considered to control the local 

expansion of Xf. All this knowledge on the flight potential of P. spumarius will be 

critical for improving management actions against this vector species. 

Considering the ability of N. campestris to transmit Xf and that it is widely distributed in 

Spain a second assay was performed to study its dispersal abilities in the field (objective 

1). A Mass-Mark-Recapture (MMR) technique was developed to track between-field 

movements of N. campestris during its late spring migration from the ground cover 

grasses within olive groves to sheltered areas with different species of woody hosts. 

Before conducting the MMR assay, adults of N. campestris were marked with 

fluorescent dusts to test the persistence of the dusts and their effect on insects’ survival. 

Moreover, the effect of dusts on the flight performance of N. campestris was tested 

using flight mill devices. Dusts of marked insects were easily distinguishable with the 

naked eye 35 days after marking, additionally; dusts didn’t impact the survival or the 

flight behaviour of N. campestris. Furthermore, flight mill studies showed that N. 

campestris was able to fly long distances, reaching 1.4 km in an 82 min single flight. 

Once it was proven that marking didn’t affect the survival or flight performance of 

spittlebugs, adults of N. campestris were collected by sweep net in an olive grove in Los 

Santos de la Humosa (Madrid) in late spring 2019. Captured insects were marked and 

released in different locations. Six recapture samplings were performed 23 to 42 days 

after release (after ground cover vegetation dried out) in 12 different sites located within 

a maximum distance of 2.8 km from the release point. Neophilaenus campestris were 

mainly found in pine trees, and they were able to disperse a maximum distance of 2.47 
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km in 35 days, the longest distance covered by a spittlebug recorded in the field assay 

until now.  

Our findings on the dispersal abilities of adults of spittlebugs, together with the fact that 

once adults acquire the bacterium, they remain infectious the entire life (Purcell et al. 

1979), suggest that the eradication of infected plants in a radius of 50 m, regardless their 

health status, are of limited value. While adults of spittlebugs can rapidly disperse long 

distances, nymphs are less mobile and if acquire Xf they lose it after moulting (Purcell 

et al. 1979; Ossiannilsson 1981), suggesting that one critical component of the overall 

strategy against Xf should be the application of control actions against vectors during 

the nymphal stage. 

Therefore, a growing degree day (GDD) model was built to forecast egg hatching of P. 

spumarius in the Iberian Peninsula (objective 2). For that purpose, eggs of P. spumarius 

were monitored, from oviposition to egg hatching, together with daily temperatures and 

relative humidity (RH) in four field locations at different altitudes in Central Spain. The 

collected data was used to build the GDD model. A temperature response function was 

used that was a generalization of the linear approximation approach, having a minimum, 

an optimal and a maximum temperature to construct the GDD model. Moreover, it was 

observed that the GDD accumulation for hatching was negatively correlated with the 

RH. Therefore, a correction of the general model was included to account for the effect 

of humidity. In this Thesis, I presented the general model, based solely on temperature 

data, in which a correction accounting for the effect of humidity was introduced. 

Unfortunately, global humidity data was not available and during the assays, eggs were 

subjected to RH higher than 75%, thus just the temperature-only based model could be 

applied. Nevertheless, the results obtained clearly show that humidity seems to be a 

critical factor in egg hatching and further research should be performed. To validate this 

GGD model, the model predictions were compared with systematic independent 

samplings of newborn nymphs, performed over the last six years in different regions in 

the Iberian Peninsula. It was found that the model was able to predict accurately the 

field data when the oviposition date was dependent on latitude. Assuming the 

oviposition date in early November, the model could successfully predict egg hatching 

for southern Spain (latitude<40ºN), while egg hatching was predicted with accuracy in 

northern Spain (latitude>40ºN) when oviposition was assumed in early October. 

Additionally, a decision-making tool based on the predicted date of egg hatching was 

developed, to settle the optimal dates to apply a control action maximizing the number 
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of targeted nymphs. According to the results, controlling nymphs at two different dates 

would target the highest percentage of the nymphal population present in the field. The 

presented model could be used to predict the emergence of nymphs and adopt timely 

control actions against P. spumarius during the nymphal stage, thus it could be a useful 

tool to limit and prevent the spread of Xf- diseases.  

Furthermore, a multiple-choice assay was conducted to evaluate the influence of seven 

selected plant species, commonly used as cover crops in the oviposition preference of P. 

spumarius adults under laboratory conditions (objective 3). Results showed that the 

presence of Anthriscus cerefolium (L.) (Apiaceae) enhanced oviposition, while both 

Brassicaceae species, Diplotaxis tenuifolia (L.) and Sinapis alba (L.), did not. These 

three plants are known to have a lethal effect on P. spumarius nymphs (Morente et al. 

2022). This suggests that A. cerefolium is an excellent candidate as a trap crop species, 

while D. tenuifolia and S. alba could be used as a repellent plant species for P. 

spumarius for oviposition. Similarly, P. spumarius’ oviposition nearby Bromus rubens 

(L.) (Poaceae) was low. However, B. rubens is a preferred host plant for N. campestris 

(Mazzoni 2005; Morente et al. 2018b; Dongiovanni et al. 2019). Hence, more 

knowledge about the role of N. campestris as a vector of Xf is necessary before 

proposing B. rubens as part of a cover crop on Xf-susceptible crops. In contrast, 

Taraxacum officinale (L.) and Sonchus oleraceus (L.) (both Asteraceae) enhance P. 

spumarius females’ oviposition. In addition, as well as other Asteraceae, both species 

are suitable to host plants for P. spumarius development, suggesting that these two 

species should be avoided as ground cover plants on Xf -susceptible crops. These results 

open new ways to manage the vectors of Xf by using specific plant species as ground 

covers, which in turn will reduce the spread and prevalence of Xf.  

Finally, despite insecticides are controversial, they are essential tools in modern pest 

management. Indeed, the practices recommended by the EU to control insect vectors of 

Xf remain focused on the targeted use of pesticides (Regulation EU 2016/2031). 

Therefore, the lethal (survival) and sub-lethal (feeding behaviour) effects of six 

commercial agrochemicals (acetamiprid, deltamethrin, spinosad, sulfoxaflor, pyrethrin, 

and kaolin) on P. spumarius were analysed (objective 4). Furthermore, the impact of 

insecticides displaying a different degree of acute toxicity against spittlebugs (highest to 

lowest: acetamiprid, pyrethrin and kaolin) on the transmission of Xf by P. spumarius 

was assessed under both free-choice and no-choice conditions (objective 4). The results 

obtained show that deltamethrin, acetamiprid and to a minor extent pyrethrin 
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significantly impacted the feeding behaviour of P. spumarius. However, deltamethrin 

and acetamiprid were highly toxic against P. spumarius, but the mortality induced by 

exposure to pyrethrin was limited overall. In contrast, spinosad, sulfoxaflor and kaolin 

did not significantly impact P. spumarius feeding behaviour or survival. Under no-

choice conditions, both pyrethrin and acetamiprid reduced the Xf transmission rate 

compared to kaolin and the control. On the other hand, pyrethrin reduced transmission, 

but acetamiprid failed to significantly affect the transmission under free-choice 

conditions. These results suggest that, before recommending the use of agrochemical 

compounds against vectors of Xf, it is essential to study their sublethal effects and their 

impact on Xf transmission. The control strategies against vectors using agrochemical 

compounds exclusively based on the evaluation of insecticide acute toxicity under no-

choice conditions could most likely fail to prevent, or slow down, bacterial spread.  

The present Thesis provides new insights on several aspects of the dispersal behaviour, 

and ecology of spittlebugs, proposing effective control actions against them. In addition, 

the results obtained will help to develop new Integrated Pest Management (IPM) 

strategies to control Xf-diseases outbreaks by controlling vector populations. 
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CHAPTER 1. INTRODUCTION 

1.1.  AGRICULTURE IN THE MEDITERRANEAN BASIN 

Agriculture in the Mediterranean Basin is unique since is characterized by a series of 

environmental factors and by an inherited long history of agricultural and cultural 

traditions (Zeder 2008). Mediterranean Basin is highly conditioned by the environment, 

which is characterised by hot and dry summers and humid cool winters, with an 

irregular pattern in rainfall, giving rise to limited water access. Moreover, it is 

influenced by other limiting factors such as shallow soils with limited availability of 

nutrients and steep slopes (Debolini et al. 2018). These conditions lead to high 

vulnerability to global change, with future projections that might result in severe crop 

losses (Semenov et al. 2014; Senapati et al. 2019). 

One essential pillar of Mediterranean agriculture has been the olive tree (Olea europaea 

(L.)). Thus, it is one of the main four crops in the Mediterranean Basin (Fig. 1.1), with 

9% of the total agricultural production value. This percentage rises to 18% in Spain, 

14% in Italy and 45% in Greece (Woetzel et al. 2020). The olive tree has been a 

classical feature of the landscape, olive oil is the basis of the gastronomy of these 

countries and olive farming is a critical part of the culture, identity and heritage 

(Camarsa et al. 2010). Spain is the largest producer of olive oil in the world  (45% of 

the total) and in the European Union (EU) (66% of the total) (European Commission 

2021a; Ministerio de Agricultura Pesca y Alimentación | España 2022). More than 

350,000 Spanish farmers work on the olive crops with 15,000 employees in the industry 

with 32 million in salaries every season (Ministerio de Agricultura Pesca y 

Alimentación |España 2022). In Spain, the olive crops cover 2,770,424 ha (almost 70% 

of the total European olive area) (European Commission 2021a; Ministerio de 

Agricultura Pesca y Alimentación |España 2021a). Most of the cultivars are dedicated to 

olive oil production (93%), producing 1,346.2 tons of oil in the 2021-2022 season, for a 

total profit of 3.1 billion € from exportation (Ministerio de Agricultura Pesca y 

Alimentación | España 2020).  
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Figure 1.1. Agriculture in the Mediterranean Basin. Distribution of the main crops and 

other land uses. URL: 

https://www.academia.edu/3725739/Environment_and_Security_Issues_in_Southern_

Mediterranean_Region. 

 

Similarly, the grapevine (Vitis vinifera (L.)) represents a key element for agriculture in 

the Mediterranean Basin (Fig 1.1). Grapevine production is critical for the economy, 

and culture and it contributes to the maintenance of wildlife habitats (Resco et al. 2016). 

The cultivation of grapevines for wine production in Spain has a long history, dating 

from 1,200 BC (Resco et al. 2016). In Spain, 957,857 ha are devoted to grapevine 

cultivation and it's the third wine producer worldwide (40.7 million hl in 2020) after 

France and Italy (Ministerio de Agricultura Pesca y Alimentación | España 2021a; OIV 

2021). In terms of the value of production, about 16% of agricultural production value 

in Spain comes from grapevines (14% in the Mediterranean Basin), with 7.5 billion € in 

terms of revenues from wine production (Woetzel et al. 2020; Statista 2021).  

Concerning the cultivation of stone fruits, almond (Prunus dulcis (Mill.) D.A. Webb) is 

one of the most profitable crops and currently occupies the first place in the world 

within the nut market both internationally and nationally. Nowadays, Spain has become 

the second producer of almonds worldwide after the United States of America (USA). 

The area dedicated to almond production in Spain has increased in recent years, 

reaching a total area of 718,540 ha in 2020, with a production of 421,610 tons of 

almonds (Ministerio de Agricultura Pesca y Alimentación | España 2021a). Moreover, 

although to a minor extent, other stone fruit crops are also critical for Spanish 

https://www.academia.edu/3725739/Environment_and_Security_Issues_in_Southern_Mediterranean_Region
https://www.academia.edu/3725739/Environment_and_Security_Issues_in_Southern_Mediterranean_Region
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agriculture, such as peaches (Prunus persica (L.)) and cherry trees (Prunus avium (L.)) 

with 67,800 ha and 33,300 ha cultivated respectively (Ministerio de Agricultura Pesca y 

Alimentación | España 2021a).  

Regarding the cultivation of citrus, Spain is the largest producer in the EU with 6.7 

million tons produced in 2020-2021 and a total area of 307,343 ha dedicated to citrus 

production (European Commission 2021b; Ministerio de Agricultura Pesca y 

Alimentación | España 2021a).  

1.2. EMERGING PATHOGENS IN THE AGROECOSYSTEM. 

CONSEQUENCES OF GLOBALIZATION AND CHALLENGES 

FOR AGRICULTURE 

One of the major concerns in agriculture is the emerging plant pathogens that cause 

incurable diseases, leading to great losses in terms of crop production. According to the 

Food and Agriculture Organization (FAO) annually up to 40% of global crop 

production is lost because of pests, and plant diseases costing the global economy 

around $220 billion each year (FAO 2021). Since we live in a globalized world, the 

movement of plant material across borders enhances the rapid spread of plant pathogens 

all over the world. The arrival of a transboundary pathogen in a novel agroecosystem 

can disturb the ecological stability and trigger severe plant emerging and re-emerging 

infectious diseases (EIDs) outbreaks (Giovanna et al. 2018). Moreover, climate change 

interacts with globalization disturbing multiple processes that impact the spread of plant 

pathogens and producing significant crop losses (Anderson et al. 2004; Chakraborty and 

Newton 2011; Savary et al. 2017). Such impact could be especially severe in regions 

that are highly vulnerable to global change, such as the Mediterranean Basin (Semenov 

et al. 2014; Senapati et al. 2019).  

The occurrence of devastating disease outbreaks caused by bacterial plant pathogens has 

increased in recent decades, and together with other plant pathogens such as fungi and 

viruses, poses a great threat to food security worldwide (Strange and Scott 2005; Oerke 

2006; Kannan et al. 2016; Martins et al. 2018). Commonly, the plant pathogenic 

bacterium groups belong to the families Xanthomonadaceae, Pseudomonadaceae, and 

Enterobacteriaceae, and the most devastating ones belong to genera: Erwinia, 

Pectobacterium, Pantoea, Agrobacterium, Pseudomonas, Ralstonia, Burkholderia, 
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Acidovorax, Xanthomonas, Clavibacter, Streptomyces, Spiroplasma, Phytoplasma, and 

Xylella (Kannan et al. 2016).  

The vascular system of plants represents an excellent environment for plant pathogens 

since it provides a source of nutrients and a transport pathway (Perilla-Henao and 

Casteel 2016). The vascular system of a plant consists of phloem and xylem tissues. 

Phloem vessels transport phloem sap, which is a rich source of nutrients such as 

proteins, carbohydrates and amino acids. On the contrary, xylem vessels mostly carry 

water and are poor in nutrients. Several bacterial groups can specifically colonize 

phloem, and despite the nutrient-poor composition of xylem sap, many bacteria 

specifically colonize the xylem as well (Purcell and Hopkins 1996; Bové and Garnier 

2003). Similar to bacterial pathogens, a wide range of insects feed on the vascular 

system of plants, including important hemipteran pests such as whiteflies, aphids, 

psyllids, leafhoppers, sharpshooters or spittlebugs. Hemipteran mouthparts, known as 

stylets, allow them to pierce plant tissue and suck the plant sap, a behaviour described 

as ‘piercing-sucking’. As well as bacteria, some hemipterans obtain nutrients from a 

specific part of the plant vascular system feeding exclusively from the phloem or xylem 

(Purcell and Hopkins 1996; Douglas 2006). When insects feed on the plant vascular 

system, they interact with the microorganisms colonizing the vessels, including the 

pathogenic ones. Different interactions may occur, and many times insects serve as 

vectors for pathogenic plant microorganisms.  

In a vector-pathogen-plant relationship, knowledge of the interactions between these 

three elements is critical for understanding the epidemiological dynamics of these 

diseases. Nevertheless, knowledge of these interactions in bacterial pathosystems is still 

scarce. In past years, severe disease outbreaks caused by vector-borne pathogenic 

bacteria have affected a great number of crops worldwide: some of the most devastating 

ones are Candidatus Liberibacter spp, Candidatus Phytoplasma vitis or Xylella 

fastidiosa (Wells), Xf.  

Phloem-restricted gram-negative bacterium Ca. Liberibacter species are associated with 

economically important plant diseases (Pierson et al. 2022). Three species of Ca. 

Liberibacter are the causing agents of Huanglongbing (HLB) or citrus greening disease, 

the most devastating disease on citrus crops worldwide, naturally transmitted by psyllid 

vector species (Bové and Garnier 2003). The Ca. L asiaticus and Ca. L americanus are 

transmitted by the Asian citrus psyllid Diaphorina citri (Kuwayama) (Hemiptera: 

Leviidae), while the Ca. L africanus is transmitted by the African citrus psyllid Trioza 
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erytreae (Del Guercio) (Hemiptera: Triozidae) (Pelz-Stelinski et al. 2010; Parnell et al. 

2019). Similarly, the Ca. L. solanacearum (CaLso) causes huge losses to several plant 

species in the Solanaceae and Apiaceae families and is transmitted by several psyllid 

species (Moreno et al. 2021). The potato-tomato psyllid, Bactericera cockerelli (Sulc) 

(Hemiptera: Psylloidea), is the most efficient vector of CaLso in the Solanaceae family, 

associated with the CaLso haplotypes A and B that affect economically important 

species from Solanaceae family such as tomato or potato. In the latter, CaLso causes a 

serious disease called “zebra chip” (Munyaneza et al. 2010; Munyaneza 2012; Nelson et 

al. 2013). Moreover, the haplotype CaLso C is transmitted by the carrot psyllid Trioza 

apicalis (Förster), generally found infecting carrot crops (Nelson et al. 2011; 

Munyaneza et al. 2015), and CaLso E which is transmitted by Bactericera trigonica 

(Hodkinson) and Bactericera nigricornis (Förster) and also infecting Apiaceae crops. 

Another important pathogenic bacterium, which causes great damage to grapevines, is 

Flavescence Dorée Phytoplasma (FDP), caused by the phloem-restricted bacterium Ca. 

P. vitis, transmitted by the leafhopper Scaphoideus titanus (Ball) (EFSA 2014).  

Concerning Xf, it is one of the most dangerous plant pathogenic bacterium worldwide, 

causing several diseases, affecting many key crops and causing a great impact on 

agriculture and the environment. If it spreads across all of the EU, it has the potential of 

causing huge economical losses and employment destruction, affecting 70% of the total 

European production value of olive trees, 11% of citrus, 13% of almonds, and 1-2% of 

grape (European Commission 2021c). Thus, it is essential to generate knowledge on the 

epidemiology and preventive actions against diseases caused by Xf. 

1.3. Xylella fastidiosa, A VECTOR-BORNE PLANT PATHOGENIC 

BACTERIUM 

Xyllela fastidiosa is a gram-negative, xylem-limited, gamma-proteobacterium, which 

belongs to the order Xathomonadales, family Xanthomonadaceae. It is an obligated 

endophyte that colonizes two environments, the plant host xylem cells and the 

mouthparts of its insect vectors (Wells et al. 1987; Purcell and Hopkins 1996). The 

bacterium is genetically divided into six subspecies, which also have their variants 

differing in host range, pathogenicity, and distribution (Schaad et al. 2004). For now, 

the six Xf subspecies that have been identified are: (1) Xf subsp. fastidiosa. (2) Xf subsp. 

multiplex. (3) Xf subsp. pauca. (4) Xf subsp. sandyi. (5) Xf subsp. taiwanensis. (6) Xf 
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subsp. morus (Vos et al. 2019). The list of host plants is currently 655 plant species, 

from 88 botanical families (Delbianco et al. 2022). Despite the vast range of host plants, 

Xf strains associated with pathogenicity have a more limited list of hosts (Sicard et al. 

2018). This wide host range pathogenic bacterium is responsible for several plant 

diseases on many economically important crops worldwide (Fig. 1.2). 

Native from the Americas, Xf have been also detected in Asia and Europe, posing a 

great threat to agriculture. The first report on a disease caused by Xf was in 1892 in 

southern California after a Pierce disease (PD) outbreak, which affected a great number 

of grapevines. Since then, numerous PD breakouts have caused great losses in terms of 

crop production in America. The causing agent of PD was unknown until 1978 when 

the bacterium was isolated from grapevines with PD and successfully cultivated in vitro 

(Davis et al. 1978). The fastidious bacterium was also identified as the aetiological 

agent of Almond Leaf Scorch Disease (ALSD) (Davis 1980). Lately, in 1987, it was 

reported in Brazil as the pathogen responsible for Citrus Variegated Chlorosis (CVC) 

disease (Lee et al. 1991) Coffee Leaf Scorch (CLS), (De Lima et al. 1998), Alfalfa 

Dwarf (AD) (Houston et al. 1947), and Oleander Leaf Scorch (OLS) (Purcell et al. 

1999). 

In the last decades, several Xf disease outbreaks have been associated with the 

introduction of Xf-infected plant material and considerably increased the geographic 

distribution of the bacterium and its related diseases. In 1993, Leu isolated Xf from pear 

trees (Pyrus pyrifolia Burm. f. Nakai) with Leaf Scorch symptoms in Taiwan. In 1998, 

the bacterium was isolated from grapevines in Kosova, Serbia (Berisha et al. 1998). 

Fifteen years later, in 2013 a dramatic Xf outbreak was reported in Apulia, southern 

Italy (Saponari et al. 2013). The bacterium was responsible for the Olive Quick Decline 

Syndrome (OQDS), a disease that killed more than a million olive trees in this region 

and has been spreading at a rate of 20 km per year (EPPO 2019a; Saponari et al. 2019). 

After the detection of Xf in Italy, the EU developed a large-scale surveying plan focused 

on the detection of Xf in different economically important crops throughout Europe. As 

a result, it was detected in France, Germany, Spain, and Portugal (EFSA 2022). Outside 

Europe, the Xf was also detected in Israel (EPPO 2019b), Iran (EFSA 2015) and  Turkey 

(Çağlar et al. 2005). 



Chapter 1: Introduction 

7 

Figure 1.2. Distribution of Xf worldwide. EPPO: 

https://gd.eppo.int/taxon/XYLEFA/distribution (last update 2022-02-25). 

 

In Spain, it was first detected in 2016 on Mallorca Island on cherry trees at a nursery 

close to Manacor. Since then, it has been found in other islands of the archipelago 

(Ibiza, and Menorca) infecting more than 30 plant species including V. vinifera, Acacia 

saligna (Labill. H.L. Wendl)., Lavandula dentate (L.), Nerium oleander (L.), O. 

europaea, Prunus domestica (L.), P. dulcis, Polygala myrtifolia (L.) and Rosmarinus 

officinalis (L.) and Westringia spp. Three subspecies (multiplex, fastidiosa y pauca) 

have been detected in the archipelago, and the exportation of plant material (except 

seeds) from the Islands has been forbidden. Indeed, since the subspecies pauca, which 

affects olive trees, has been detected in Ibiza, any movement from the island of 

susceptible species has been forbidden (Ministerio de Agricultura Pesca y Alimentación 

| España 2021b). Lately, in 2017 it was detected in almond trees in Guadalest, Alicante 

(Comunidad Valenciana). Currently, the buffer zone size in which systematic surveys 

are being conducted is 135,305 ha and eradication measures are being conducted in 

2,530 ha in Comunidad Valenciana (Ministerio de Agricultura Pesca y Alimentación | 

España 2021b). In April 2018, it was detected in one olive tree in Villarejo de Salvanés 

(Madrid), and in 3 specimens of P. myrtifolia in a plant nursery in Almería (Andalusia) 

but now it is considered eradicated in both regions (EPPO 2019a; Ministerio de 

Agricultura Pesca y Alimentación | España 2021a).  

Concerning Xf mode of action, during plant colonization, bacterial cells travel along the 

xylem vessels spreading throughout the plant, nevertheless, huge differences may be 

found between different Xf pathosystems (Bhattacharyya et al. 2002). The host plant, 

the environment, the Xf strains involved in the infection, and the level of bacterial 

Present 
Transient 

https://gd.eppo.int/taxon/XYLEFA/distribution
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inoculum, among other factors, could impact the disease dynamics and the symptoms 

expressed. Symptoms could widely vary from asymptomatic hosts to quick overall plant 

decline (Purcell and Hopkins 1996; Sabella et al. 2019). Moreover, Xf could be 

developing inside asymptomatic plants during long incubation periods, and express 

severe symptoms after achieving a high level of infection. 

 

Figure 1.3. Symptoms produced by Xf in their host plants. A) PD on grapevines. B) 

OQDS on olive trees. C) ALSD on almond trees. D) CVC on an orange tree.  

 

One of the key factors of the pathogenicity of Xf is correlated to its ability to develop 

biofilms. In plants with high levels of infections, a high number of bacterial cells are 

found attached to xylem-vessels walls, forming abundant biofilms (Newman et al. 2003; 

Petit et al. 2021). This proliferation inside xylem vessels blocks the transportation of 

xylem sap and symptoms expressed are related to a dysfunction of the vascular system. 

Symptoms include leaf scorching, marginal necrosis, defoliation, irregular development, 

dwarfing or dieback (Fig. 1.3) (Rapicavoli et al. 2018). The symptoms expressed are 

highly variable and not specific to Xf, thus they may be confused with many biotic (e.g. 

other pathogens) or abiotic (e.g. water or nutrient deficiencies) stresses leading to 

misidentification of the disease (Vos et al. 2019). In addition, Xf, as well as other plant 

pathogens, relies on insects as vectors to spread through the ecosystem. Hence, 
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interactions between the bacterium and the vector are also a critical component of the 

epidemiology of Xf-diseases. 

Xylella fastidiosa has very characteristic features among vector-borne plant pathogens: 

it is a non-circulative bacterium (without any circulation within the vector's body), but it 

is also propagative and persistent, thus there is neither transovarial nor transestadial 

transmission (Freitag 1951; Purcell and Finaly 1979; Hill and Purcell 1995). When 

insects feed on the xylem-sap of infected plants, Xf cells bind to the cuticle of the vector 

foregut, specifically to the precibarium and the cibarium. Once attached, bacterium cells 

multiply inside the vector’s foregut forming a persistent biofilm (Purcell and Finaly 

1979; Killiny and Almeida 2009; Labroussaa et al. 2017). When the vector acquires Xf 

during its nymphal stage, it is shed after moulting. In contrast, when adults acquire Xf, it 

persists in the vector for their entire life (Purcell and Finaly 1979; Purcell et al. 1979; 

Killiny and Almeida 2009). When insects feed on infected plants, the majority of 

bacterial cells are swallowed, but not retained on the foregut (Retchless et al. 2014). 

However, xylem sap ingestions of 15 minutes are enough for bacterial attachment in the 

foregut (Cornara et al. 2020; Ruschioni et al. 2019). One of the great unknowns of the 

Xf pathosystem is how the inoculation process occurs. Despite Xf cells multiplying 

inside the vector’s foregut forming a biofilm, transmission occurs a few minutes after 

acquisition; thus, biofilm formation is not required (Purcell and Finaly 1979; Cornara et 

al. 2020). Nevertheless, stage-specific events during biofilm maturation may affect cell 

detachment rate, however, further studies should be performed to confirm this 

hypothesis (Almeida 2016a). It has been suggested that inoculation occurs due to 

salivation-egestion processes during xylem-sap feeding, which may facilitate pathogen 

detachment (Backus 2016; Cornara et al. 2017a; Cornara et al. 2020). As explained in 

the next sections, several authors have tried to establish the correlation between the 

vectors’ feeding behaviour and the inoculation of Xf events throughout the Electrical 

Penetration Graphs (EPGs) technique. However, the mechanism underlying the process 

is still unknown.  

Even though a large number of species are potential vectors because of their intrinsic 

ability to transmit Xf, their epidemiological relevance in a certain environment depends 

on several factors such as their geographic distribution, host preference, biology, or 

ecology.  In the present Thesis, I focused on the study of the main vector species of Xf 

found in Europe. 
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1.4. DESCRIPTION OF VECTORS OF Xylella fastidiosa 

Xylella fastidiosa is transmitted to plants exclusively by xylem-sap feeding insects 

(Frazier 1965). Insects that are exclusively xylem-sap feeders, thus putative vectors of 

the fastidious bacterium, belong to the order Hemiptera, suborder Cicadomorpha, 

Superfamilies Cercopoidea (spittlebugs and froghoppers) and Cicadoidea (cicadas), and 

to the family Cicadellidae, subfamily Cicadellinae (sharpshooters) (Fig. 1.4) (Novotny 

and Wilson 1997; Redak et al. 2004; Almeida et al. 2005; Krugner et al. 2019). These 

groups of insects are widespread and their diversity varies within the geographic region. 

In addition, their importance as vectors of Xf depends on several factors, such as their 

efficiency to transmit the bacterium, their biology, ecology and behaviour. 

 

Figure 1.4. Taxonomy of xylem-sap feeding insects.  

 

In America, the main vectors of Xf are sharpshooters (Cicadellidae: Cicadellinae) and 

most of the research is focused on these insect species. In North America, Homalodisca 

vitripennis (Germar), is the main vector of PD but it also transmits Xf to other plant 

species causing ALSD, OLS, Phony Peach Disease (PPD) and Plum Leaf Scald (PLS) 

(Hernandez-Martinez et al. 2007, 2009). Native to the southeast USA and northern 

Mexico, it was introduced to other areas of the USA, and then spread across the 

landscape, being the most epidemiologically relevant vector of PD. Graphocephala 

atropunctata (Signore) was the main vector of PD before the arrival of H. vitripennis, 
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but now its relevance is limited to coastal areas of California, while in central 

California, the main vector is Draeculacephala minerva (Ball) (Daane et al. 2011). In 

South America, most research is focused on CVC and its related vector species. A great 

number of xylem feeder species are potential vectors of Xf, some considered 

epidemiologically relevant to CVC which are Oncometopia facialis (Signoret), 

Dilbopterus costalimai (Young), Acrogonia citrina (Marucci) or Bucephalogonia 

xanthophis (Berg) (Fig. 1.5) (Paiva et al. 1996). In Asia, most existing information on 

Xf vectors is related to Taiwan and the PLS outbreak, and Kolla paulula (Walker) was 

identified as the main vector.  

 

Figure 1.5. Bucephalogonia xanthopis (sharpshooter), vector of Xf to citrus. 

 

Concerning Europe, in a recent study conducted by (Rösch et al. 2022) the sharpshooter 

species Draeculacephala robinsoni (Hamilton), was detected in France (Pyrenées-

Orientales) and Spain (Catalonia). This species can transmit Xf (Bragard et al. 2019) 

thus it should be carefully monitored. However, while sharpshooters are the main 

vectors of Xf in America, in Europe they are overall scarce (Wilson et al. 2009). 

Spittlebugs are much more abundant, thus they are considered the main potential 

vectors of Xf in the European continent so far (Bragard et al. 2019). The meadow 

spittlebug, Philaenus spumarius (L.) (Hemiptera: Aphrophoridae) was identified as the 

main vector in Europe (Cornara et al. 2019; Jacques et al. 2019) (Fig. 1.6 A, B, C and 
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D). Moreover, Neophilaenus campestris (Fallen) (Fig. 1.6. E and F) and Philaenus 

italosignus (Drosopoulos & Remane) (both Aphrophoridae) have been found to transmit 

Xf to olive and other plants under experimental conditions, although less efficiently than 

P. spumarius (EFSA 2015; Cornara et al. 2019). Despite N. campestris is a competent 

vector, its role in the epidemiology of Xf diseases is still unknown. However, it has a 

widespread distribution across the Iberian Peninsula, thus this insect species have the 

potential to contribute to the spread of the bacterium in areas where it is present 

(Cavalieri et al. 2019).  

In the present Thesis, I focused on P. spumarius and to less extent, on N. campestris. 

Essentially, I studied features of spittlebugs that might aid to develop effective and 

sustainable control strategies to prevent the spread of Xf diseases. Critical information 

on their biology, ecology and behaviour is outlined below. 

 

Figure 1.6. Spittlebugs studied in the present Thesis at different life stages. A), B), C), 

and D) P.spumarius: A) Eggs on leaf litter. B) Nymph at the N4-N5 instar with its 

protective foam. C) Individual at the adult stage on a Sonchus oleraceus (L.) leaf. D) 
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Two mated individuals. E) and F) N. campestris: E) Nymph at the N3-N4 instar with its 

protective foam. F) Individual at the adult stage on a Bromus madritensis (L.) leaf. 

Life cycle and phenology 

Philaenus spumarius and N. campestris are widely distributed in Mediterranean 

countries, including the Iberian Peninsula (Morente et al. 2018b). Both spittlebug 

species spend most of their life cycle on ground cover vegetation, mainly grasses, where 

mating, oviposition and feeding occur. However, they move from the ground cover to 

trees and shrubs in late spring when the ground vegetation dries out, and they return in 

the fall to lay their eggs on plant debris (Mazzoni 2005; Cornara et al. 2018a; Cruaud et 

al. 2018; Morente et al. 2018b; Antonatos et al. 2019; Dongiovanni et al. 2019).  

Despite most studies have focused on P. spumarius, some research has been performed 

on Neophilaenus spp. as well. Philaenus spumarius and Neophilaenus spp. are 

univoltine species, with a single generation per year, which has an ovarian parapause 

and overwinters in the egg stage (Morente et al. 2018b; Antonatos et al. 2019; Bodino et 

al. 2020). Despite females are polyandrous, and despite mating occurs early after adult 

appearance and continues through their entire life, females have an ovarian parapause, 

so egg maturation is delayed until late summer. In autumn, females oviposit in plant 

debris until they naturally die during winter. Eggs are laid in masses attached and 

covered by a cement substance (Weaver 1951; Whittaker 1965; Witsack 1973). Eggs 

overwinter until hatching occurs in early spring. After egg hatching, the pre-imago 

(nymph) passes through five instars and nymphal development takes about 5-6 weeks 

until they become adults (Weaver and King 1954; Whittaker 1965; Ossiannilsson 1981; 

Fielding et al. 1999). 

There is strong evidence that relative humidity has a strong influence on the life cycle of 

spittlebugs (Weaver and King 1954; Whittaker 1965). During the nymphal stage, they 

remain in moisture-sheltered places and produce protective foam to cover their bodies. 

Additionally, they are commonly found on plant species with dense lateral growth, 

where humidity remains at high levels (Weaver and King 1954; Whittaker 1965; Grant 

et al. 1998). Otherwise, during summer, adults migrate and delay oviposition until the 

first rains in the autumn occur. Females oviposit in stubble and eggs are laid in masses 

attached and covered by a cement substance, to minimize water losses. Moreover, the 

cement substance that covers egg masses minimizes water losses and hatching seems to 

be elicited by humidity (Weaver and King 1954; Ossiannilsson 1981). Indeed, 
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Godefroid et al. (2022) fitted a bioclimatic vector model predicting that despite many 

regions of Western Europe and the Mediterranean Basin are suitable for the meadow 

spittlebug, the driest areas of the Mediterranean are unsuitable for its development, 

supporting the idea that P. spumarius life cycle is highly dependent on temperature and 

high relative humidity during the winter and spring months. They found that moisture 

(Climatic Moisture Index) during the coldest 8 months was the best proxy for delimiting 

the distribution of P. spumarius in Europe. 

Concerning temperature, the development speed at different life stages decreases when 

temperatures are low and increases when they are high (Weaver and King 1954; 

Fielding et al. 1999; Yurtsever 2000; Bodino et al. 2019). Despite both humidity and 

temperature seem to impact the development of spittlebugs; there is still no consistent 

data to establish a clear relationship between these factors. Thus, in this Thesis, I aimed 

to study the influence of temperature and humidity on spittlebug egg hatching. 

Host plant and feeding behaviour 

Spittlebugs are obligated xylem-feeders during nymphal and adult stages, being able to 

feed on a wide range of host plants (Weaver and King 1954; Fielding et al. 1999; 

Yurtsever 2000; Bodino et al. 2020). Initially, the genus Philaenus was considered to 

exclusively feed on Asphodelus spp. plants during the nymphal stage. For instance, P. 

maghresignus and P. tarifa nymphs are monophagous on Asphodelus spp. (Halkka et al. 

1967; Thompson 1994; Bodino et al. 2020). However, the adaptation of the genus to a 

wide host range led to a huge geographical expansion of this insect species 

(Drosopoulos 2003). Currently, P. spumarius adults are considered one of the most 

polyphagous insect species to date, with a host range list of at least 1000 plant species 

from both herbaceous and woody hosts (Drosopoulos et al. 2010; Maryańska-

Nadachowska et al. 2010). In contrast, P. spumarius nymphs are more host-plant-

specific compared to adults and are mostly found on plant species from families 

Asteraceae, Fabaceae, Apiaceae, Geraniaceae and Asparagaceae (Halkka et al. 1967; 

Ossiannilsson 1981). Moreover, P. spumarius phenology and host plant preference 

could vary between locations depending on the environment. Indeed, in Italy P. 

spumarius feed on olive trees and are found on the canopy, while in Spain they do not 

feed on olive trees and are found in herbaceous vegetation, shrubs or other woody hosts 

such as oaks (Cornara et al. 2017b; Morente et al. 2018b; Bodino et al. 2020). 

Moreover, the host-plant exploitation varies over the year. Philaenus spumarius spend 
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most of their life cycle feeding on the herbaceous cover while woody hosts act only as 

transient hosts in summer, when cover vegetation dries out and is no longer available 

(Almeida 2016b; Morente et al. 2018b; Bodino et al. 2019, 2020). Concerning N. 

campestris, it is associated with monocotyledonous plants, mainly from the Poaceae 

family (Weaver and King 1954; Morente et al. 2018b; Bodino et al. 2020; Dongiovanni 

et al. 2019) and they have been reported on conifers (Pinus spp.) during estivation 

period (Nickel and Remane 2002). Although the host-plant range of spittlebugs is well 

documented, most information is mainly qualitative, while information on host-plant 

exploitation during its life stage is still scarce. In this Thesis, I aimed to study the host 

preference of P. spumarius for oviposition to develop a sustainable ground cover 

strategy to reduce their populations in areas where Xf is present. 

Movement and dispersal behaviour 

In a vector-borne pathogen system, the level of spread of a disease across the landscape 

is highly dependent on vector movement (Morente et al. 2018b). Nymphs of spittlebugs 

can displace short distances on herbaceous plants, but their mobility is overall limited. 

On the contrary, adults are much more mobile, they can fly, crawl or leap, and many 

triggers can provoke insect displacement, such as a defensive response, a search for 

resources, or migration related to their life cycle (Ossiannilsson 1981; Finke 2012).  

Weaver & King (1954) observed that P. spumarius adults travel more than 30 m in a 

single flight, move as much as 100 m within 24 h from the release point and fly at a 

height of 15 cm to 70 cm above the ground. In contrast, Freeman (1945) collected P. 

spumarius and Neophilaenus lineatus (L.) at 84 m above ground and Reynolds et al. 

(2017) reported captures of N. lineatus at 200 m in altitude. These captures in altitude, 

suggest that spittlebugs can go into the planet boundary layer of the atmosphere and 

may be transported long distances due to low-level jet winds (Pienkowski and Medler 

1964; Wallin 1971; Drake 1985; Sedlacek and Freytag 1986; Zhu et al. 2006). 

Moreover, spittlebugs spend most of their life cycle on ground cover vegetation, mainly 

grasses, where mating, oviposition and feeding occur. However, they move from the 

ground cover to trees and shrubs in late spring when the ground vegetation dries out, 

and they return in the fall to lay their eggs (Morente et al. 2018b; Bodino et al. 2019, 

2020), which suggests that they can migrate over long distances when necessary. 

Although some spittlebugs have been reported on woody hosts in summer in Spain such 
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as oaks or pine trees, host species where spittlebugs settle in summer are not well 

documented.   

Bodino et al. (2021) performed a Mass-Mark-Recapture (MMR) study in southern Italy, 

sampling in concentric circles from 10-120 m from the released point. They estimated 

that 98% of P. spumarius population disperse in a radius of 400 m. In contrast, Conyers 

et al. (2020) found that the maximum distance moved by P. spumarius was 10 m in two 

days. This great variation in the dispersal abilities of spittlebugs could be related to the 

differences in the composition of the landscape and the climate conditions which can 

affect the distribution of insects and their movement patterns (Crist et al. 1992; Jonsen 

and Taylor 2000; Haynes and Cronin 2003, 2006; Blackmer et al. 2006). 

Migratory journeys and dispersal abilities have profound implications for the spread of 

vector-borne diseases (Me 1988; Chapman et al. 2015; Fereres et al. 2017). Therefore, 

in the present Thesis, I aimed to understand patterns of spittlebugs movement for the 

development of efficient control strategies focused on vector management. 

 

1.5. CONTROL STRATEGIES AND INTEGRATED PEST 

MANAGEMENT (IPM) 

 

To date, there is no curative treatment for Xf infected. Recent research on antimicrobial 

peptides (AMPs) candidates have been performed because of their activity against 

several plant pathogens. Some AMPs have been identified as being active against Xf in-

vitro (Montesinos et al. 2017; Baró et al. 2020) indeed, the peptide BP178 reduced the 

population levels of  Xf on almond trees applied by endotherapy under greenhouse 

conditions (Moll et al. 2022). However, the exploitation of these AMPs presents some 

limitations, since they are obtained through costly procedures and might exhibit some 

toxicity against non-target organisms (Nadal et al. 2012). 

Concerning biological control, although there is still scarce available data, some reports 

show that different bird, frog, arachnid, and insect species occasionally feed on P. 

spumarius (Halkka et al. 1976; Harper and Whittaker 1976; Benhadi-Marín et al. 2020). 

Liccardo et al. (2020) have proposed to use Zelus renardii (Kolenati) (Hemiptera: 

Reduviidae) to control P. spumarius populations. Nevertheless, it is an alien species and 

a generalist predator that could be a risk for biodiversity, including beneficial 

arthropods (Ables 1978).  Concerning parasitoids, very few have been reported to 
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parasite P. spumarus. Verralia aucta (Fallen) (Diptera: Pipunculidae) can parasite 

adults of P. spumarius (Whittaker 1965, 1973) while Ooctonus vulgatus (Haliday), 

(Hymenoptera: Mymaridae) can parasite them at egg stage (Mesmin et al. 2020). In 

addition, the genus Centrodora and Tumidiscapus have been cited as parasite eggs as 

well (Weaver and King 1954; Hayat 1983). Concerning entomopathogenic organisms, 

they contribute to the regulation of phytophagous insect and mite populations (Quesada-

Moraga et al., 2007, 2020) and could be promising for controlling Xf-vector 

populations. Indeed, Vicente-Díez et al. (2021) have reported that direct applications of 

certain entomopathogenic nematodes induce high mortality rates in P. spumarius 

nymphs. Despite these studies open new venues to develop biological control strategies, 

further studies are needed to find biocontrol agents to regulate the spittlebug 

populations.  

Most disease control measures in the EU focused on insect vectors are devoted to the 

application of pesticides and the removal of Xf-susceptible host plants from the ground 

cover (Regulation (EU) 2016/2031). However, the widespread use of systemic 

pesticides in agriculture can pose serious risks to biodiversity, ecosystem services and 

human health (Cloyd et al. 2011; Biondi et al. 2012; Muturi et al. 2017; Tosi et al. 

2017). Indeed, the recent banning of insecticides such as the imidacloprid for outdoors 

use (EU commission implementing regulations 2018/783, 784 and 785) reduces the list 

of agrochemicals to control spittlebugs populations. Moreover, frequent and drastic 

tillage in dry Mediterranean ecosystems may lead to a negative impact on soil fertility 

and desertification risk (Kairis et al. 2013). Additionally, two controversial actions are 

mandatory to contain the spread of Xf in the UE. These actions consist of removing all 

the infected and non-infected plants that belong to the same species as those of the 

infected ones or other susceptible species found infected in a radius of 50 m and 

demarcating a buffer zone 2.5 km-7 km outside the infected zone (EU 2020/1201, 

Articles 4 and 5, 2020). However, the long-distance dispersal of spittlebugs needs to be 

deeply studied before applying such measures since it is a major driver of Xf spread. As 

there is no cure for infected plants, management of vector populations is mandatory to 

contain the spread of Xf in infected areas. However, given that spittlebugs have never 

been considered pests before the detection of Xf in the Palearctic area, limited data are 

available on effective control tools against these insects. Thus, one of the aims of the 

present Thesis is to generate knowledge for developing novel tools to implement 

effective and sustainable control measures focused on vector management.  



Chapter 1: Introduction 

18 

Pest and disease modelling: Growing Degree Day (GDD) based models 

Predicting epidemics of crop diseases is one of the critical aspects of agricultural 

simulation modelling. Mainly, two processes related to crop damage caused by plant 

pathogens or insect pests are considered to develop predictive models (Donatelli et al. 

2017). One related to the population dynamics of the pest or pathogens is the Pest and 

Disease Models (PDM). The second focuses on the consequences of the damage caused 

by pathogens and crop pests by addressing yield losses. Both groups of processes are 

defined by many biotic, abiotic, social, and economic factors (Cunniffe et al. 2015). The 

application of PDMs could be challenging, especially after the emergence of a new 

vector borne-pathogen in a novel ecosystem. Nevertheless, a detailed understanding of 

the phenology and developmental threshold of pests is essential to develop accurate 

forecasting models for effective pest management. For insect pests, several models have 

been developed based on their phenology (Dean et al. 2021). 

In the case of vector-borne diseases, many authors studied the development time of 

insect vectors under different temperatures taken at hourly resolution (Murray 2020). 

Indeed, developmental times of ectotherms as a function of temperature, in particular 

insects, has a long history (Rebaudo and Rabhi 2018). Insects need specific 

accumulations of heat units (HU) to reach certain development stages, which are 

commonly defined by the Growing Degree-Days (GDD) (also referred to as degree-

days, heat units, or thermal units) (Murray 2020). The GDD is a measure of heat 

accumulation over time, based on insect development rates at temperatures between the 

lower and upper limits. Usually, the function that describes the temperature response 

exhibits a unimodal form, with minimum and maximum temperatures below or above 

which no development occurs. The minimum or base temperature (Tbase) at which 

insects begin to develop is known as the “lower developmental threshold” or “base 

temperature”, while the maximum temperature (Tmax) at which insects stop developing 

is called the “upper developmental threshold” or “cut-off” (Herms 2004). These 

minimum and maximum temperatures give rise to an optimal temperature (Topt) that is 

obtained by fitting a unimodal-shaped curve. 

Degree-day models based on heat accumulation have commonly been used to support 

Integrated Pest Management (IPM) programs for several insect pests. Regarding the 

meadow spittlebug, several authors have established correlations between P. spumarius 

phenology and temperatures. Bodino et al. (2019) calculated the days of development of 
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the nymphal instars in the Apulia and Liguria regions of Italy, as a function of the 

number of hours in one year that were above a temperature threshold. The 

developmental thresholds were calculated from the data obtained by experiments 

performed at fixed temperatures. Beal et al. (2021) adapted the formula from Bodino et 

al. (2019) to study P. spumarius phenology on California North Coast. They obtained 

similar results, although slightly prolonged development for P. spumarius was observed 

in California compared to Italy. In contrast, Chmiel and Wilson (1979) estimated the 

upper and lower thresholds for the nymphal development of P. spumarius in the 

Midwest, Indiana, USA by using the lowest coefficient of variation (CV) method 

described by Arnold (1959). Moreover, they calculated the HU by using the method 

described by Sevacherian et al. (1977). Similarly, Zajac et al. (1989) fitted linear 

regression functions to study the nymphal development of P. spumarius. 

In many studies, a simple linear approximation was used to compute the GDD metric 

and used only the minimum temperature threshold (Campbell et al. 1974; Doug Johnson 

et al. 1998; Bodino et al. 2019; Beal et al. 2021). Alternatively, complex nonlinear 

approximations have been used (Logan et al. 1976; Lactin et al. 1995; Briere et al. 

1999). However, Quinn (2017) concluded in his extensive critical review that for the 

majority of studies conducted thus far, more complex functions performed poorly 

relative to simpler ones. Moreover, degree-day models are usually based on time-

consuming laboratory assays that aim to experimentally determine the minimum, 

optimum and maximum development temperatures, and such assays typically involve 

fixed temperature-controlled experiments, (e.g. Diaz et al. (2007)). 

In the present Thesis a degree-day model was developed based on data obtained in the 

field and by following the logical steps for model construction (Overton 1977): 

(1) Data collection: I obtained field data from independent experiments conducted on 

egg hatching of P. spumarius in their natural environments and on-site temperature 

recordings at specific locations to avoid the inherently noisy temperature time series 

that are measured in the field.  

(2) Model construction: the presented model was based on a multilinear temperature 

response function with the minimum, optimal and maximum temperatures.  

(3) Model calibration: the model was calibrated and obtained the minimum, optimal 

and maximum temperatures that control egg development by using an optimization 

procedure to determine the parameters that provided the best fit to the available 

experimental data rather than by running laboratory observations at fixed temperatures.  
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(4) Model validation: the model was validated with systematic and independent survey 

data of newborn nymphs and oviposition dates that were obtained by researchers who 

conducted field surveys of P. spumarius in different regions of the Iberian Peninsula 

over the past six years. 

(5) Model extension: The model was extended to predict egg hatching throughout the 

entire territory by using a spatially heterogeneous oviposition distribution. 

Although this approach was based on relatively simple experimental measures, it 

provides accurate egg hatching predictions for the Iberian Peninsula. Moreover, the 

presented GDD model was used as a decision support tool to determine the best timing 

for applying control measures to manage vector populations. This model could be used 

by farmers and farm practitioners to optimize control measures against P. spumarius, 

which is the main vector of Xf in Europe. 

Cultural control:  ground cover management 

Philaenus spumarius is dependent on plant cover for much of its life cycle, thus, as 

previously pointed out the removal of ground cover on Xf-susceptible crops is currently 

one extended practice applied in the field (Regulation (EU) 2016/2031). This measure 

contrast with EU efforts made in recent years to promote ecological infrastructures such 

as the use of cover crops (European Commission 2020) to reduce erosion, improve 

pollination and preserve natural enemies for enhancing biological control and reducing 

the use of agrochemicals in agriculture (Directive 2009/128/ec). Thus, research and 

development of effective methods to manage pest populations sustainably have become 

one of the priorities in the EU. 

Diversified agrosystems show more natural enemies together with a higher decrease in 

crop damage than crops associated with monocultures or few plant species (Letourneau 

et al. 2011). However, some plants, generally used as cover crops to reduce erosion or 

to enhance populations of beneficial arthropods, may host crop pests or plant pathogens, 

a major ecosystem disservice, potentially leading to increased pest infestation in the 

field (Mkenda et al. 2019). Thus, the selection of the appropriate plants to be used as 

ground cover or in field margins needs to consider their susceptibility to the key crop 

pests present in the region. 

Among the habitat management options to cope with insect pests, trap crops have 

proved to be useful alternatives to traditional agronomical practices such as drastic soil 

tillage or general use of systemic pesticides (Pyke et al. 1987; Cowles and Miller 1992; 
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Zeyaur and Pickett 2004; Cook et al. 2007; Tomaseto et al. 2019). This practice 

involves growing plant species highly attractive to the pest and different from the main 

crop to attract the target pest and reduce the pest population and diminish the damage 

during the vulnerable instar of the crop (Hokkanen 1991; Shelton and Badenes-Perez 

2006) Nowadays, all the trap cropping strategies successfully established on a 

commercial scale are supplemented with other management practices such as 

vacuuming (Swezey et al. 2007), targeted insecticide spraying (Cavanagh et al. 2009), 

sticky traps (Moreau and Isman 2011) or harvesting (Godfrey and Leigh 1994). 

Moreover, the suitable timing of establishment and the capacity or retention of the pest 

are essential factors to consider for its effectiveness (Holden et al. 2012; Sarkar et al. 

2018). 

Nevertheless, alternative plant species may have a repellent effect on the pests as well  

(Norris and Kogan 2005). Thus, the joint action of the combination of trap crops and 

repellent plants under the pest control framework is one of the methods used in a push-

pull strategy. This alternative management tactic is focused on manipulating pest 

behaviour by different visual and olfactory cues (pheromones, volatiles, 

semiochemicals) (Birch et al. 2011). The strategy aims to repel or deter away from the 

pest from the main crop (push) and, simultaneously, to attract it (pull) to other areas 

where the trap crop acts as a lure concentrating the insects and facilitating their 

elimination. In plant-based systems, vegetation diversification may suppose the 

necessary stimuli to perform the push-pull strategy. An intercrop composed by plants 

with a repellent or deterrent effect on the pest could act as the push stimuli moving the 

pest to trap crops located in the margins of the crop (Cook et al. 2007). 

According to the preference performance hypothesis, females tend to oviposit in 

optimal sites for offspring fitness (Jaenike 1990), being especially important for species 

with a low capacity of movement during the juvenile stage (Thompson 1988). 

Nevertheless, in the case of spittlebugs, eggs are not laid on a fresh living plant but 

stubble and the nymphal development takes several weeks. Thus, there is not a direct 

link between the preference by an oviposition site and the nymph’s survival because 

hatched nymphs may not find the same plants as their progenitors (Wise et al. 2006). 

Hence, the known preferred plant species for nymphs or adults are not necessarily the 

ones chosen by females to oviposit. To the best of our knowledge, the influence of 

living plants on the preference of P. spumarius to oviposit on nearby dead plant 

residues has not been investigated so far. Thus, one of the aims of this Thesis is the 
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identification of plants that are and are not preferred by females of P. spumarius for 

oviposition. This could provide the missing piece to establish a cover crop strategy to 

reduce vector population density sustainably. 

Chemical control 

Modern agriculture relies mainly on pesticide use for crop protection (Gill and Garg 

2014). IPM is an alternative to conventional pest control that aims to reduce pest impact 

on crops through a combination of ecological and economically sustainable techniques, 

including the use of pesticides when necessary, to mitigate their non-target effects 

(Desneux et al. 2007; Biondi et al. 2012). Traditional technical studies are mainly 

focused on the lethal effects of pesticides while overlooking their impact on insect 

physiology and behaviour. However, once understood and thoroughly characterized, 

physiological and behavioural effects might be exploited and integrated into 

management strategies aimed at interfering with the transmission and spread of vector-

borne plant pathogens (Desneux et al. 2007; Fereres and Moreno 2009; Biondi et al. 

2012).  

To date, the few published studies on insecticide effects on P. spumarius have assessed 

the acute toxicity induced by several molecules under no-choice conditions. According 

to Dongiovanni et al. (2018), neonicotinoids and pyrethroids showed the highest 

efficacy and persistence among the tested compounds against adults of P. spumarius 

and N. campestris. Moreover, neonicotinoids, specifically imidacloprid, exhibit a strong 

antifeedant effect against many insect pests (Nauen 1995; Nauen et al. 1998; Boina et 

al. 2009). However, the recent ban of some neonicotinoids such as imidacloprid for 

field use in the EU (EU commission implementing regulations 2018/783, 784 and 785), 

reduces the number of available products for controlling vectors of Xf. 

Organophosphate insecticides yielded lower mortality rates or inconsistent results, 

whereas a good knockdown effect but poor persistence was reported for spinosad by 

Dáder et al. (2019). In the same study, it was found that pyrethroids were the most 

effective insecticides against nymphs of P. spumarius among several active compounds 

tested. Nevertheless, given that the transmission process of Xf transmission process by 

its vectors may occur in a few minutes upon insect landing on the host plant, bacterial 

cells could be inoculated into the host plant even before an acutely toxic molecule 

displays its lethal effect (Almeida and Purcell 2003; Cornara et al. 2020). Non-acutely 

toxic insecticides might impact feeding behavioural activities leading to pathogen 
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transmission. As an example, kaolin clay interferes with insect host-plant recognition, 

camouflaging the plant with a white coating and affecting the probing and settling 

behaviour of piercing-sucking insects. Indeed kaolin has been demonstrated to reduce 

the Xf transmission rate by H. vitripennis in vineyards (Puterka et al. 2003; Tubajika et 

al. 2007). Thus, when planning an Xf control strategy targeting vectors, a thorough 

evaluation of either lethal or sublethal (physiological and behavioural) effects exerted 

by a pesticide on their insect vectors is of fundamental importance.  

Feeding behaviour of piercing-sucking insects 

The EPG technique is an essential tool in the study of the feeding behaviour of piercing-

sucking vectors and its association with the transmission of plant pathogens by their 

insect vectors (McLean and Kinsey 1964; Tjallingii 1978; Fereres 2016). In the EPG, 

technique an electrical current is constantly applied to a piercing insect and a plant that 

are part of an electrical circuit. Depending on insect feeding behaviour, biopotentials 

and electrical resistances transform the electrical current into a variable voltage. These 

voltage changes can be detected in real-time and recorded as different waveforms 

(McLean and Kinsey 1964; Tjallingii 1978). The EPG technique has been largely used 

to study the feeding behaviour of several hemipteran species, however, is less 

developed on spittlebugs. The different EPG waveforms produced by spittlebugs (Fig. 

1.7) and their association to feeding activities and specific stylet tip position in the plant 

tissues have been recently studied for P. spumarius (Cornara et al. 2018b, 2020) and N. 

campestris (Cornara et al. 2021). Below the waveform patterns described for spittlebugs 

so far are: 

(1) Non-probing (np): flat line associated with the non-probing activity of the pierce 

sucking insect. 

(2) Waveform C: A waveform with stylet intercellular pathway. During C, spittlebug’s 

stylets are located in the extracellular pathway before reaching the xylem. It is the first 

waveform during the probe (stylet penetration in the plant). It is characterized by an 

irregular trace, with great oscillations in frequency and amplitude. It occurred at 

variable voltage levels (either positive or negative) lower than those observed for the 

other waveforms, indicating intra/intercellular penetration. 

(3) Waveform Xc (xylem contact): Contact with a xylem vessel. During Xc, the 

spittlebug can test the xylem sap through the sensilla from the distal part of the labium 

and begins the activity of the cibarial pump to balance the vessel tension for the latter 
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starts feeding. Xc occurred between C and Xi, and it shows a regular pattern with high 

amplitude peaks and positive voltage, indicating extracellular activity. 

(4) Waveform Xi (xylem ingestion): Active xylem sap ingestion. It occurs after the Xc 

waveform. It shows a regular pattern, describing peaks and plateaus. The alternation 

between peaks happened at a higher and lower frequency and shows the extracellular 

(positive) voltage. 

(5) Waveform R: Resting period. During this waveform, no activities are observed 

whereas stylets remain in the xylem vessels. It occurs after Xi, and periods of Xi 

alternate with periods of R. The waveform is characterized by a flat trace, with very low 

amplitude and frequency, and random oscillations. Voltage variation during R, with 

occasional drops and spikelet bursts, may be associated with stylet movements, before 

restarting ingestion or with other activities. 

(6) Waveform N: Interruption within xylem phase. It happened either during Xc, Xi or 

less often during R. It is performed in a xylem vessel and is related to the movements of 

the valve pump. It may represent an interruption of the xylem phase followed by the 

search for another xylem vessel. Positive voltage indicates extracellular activity, yet 

occasionally falls to a negative voltage. Nevertheless, the biological meaning of the 

waveform is still unknown. For N. campestris, another waveform similar to N, called 

N2, was also described by Cornara et al. (2021). This waveform represents a xylem 

activity interruption not previously observed in P. spumarius it is characterized by an 

abrupt voltage rise, followed by a gradual decrease. 

(7) Waveform Xe: This waveform was recently reported by Cornara et al. (2020), 

suggesting a possible event that could be related to the inoculation of Xf. The authors 

suggested that Xe may represent the egestion of fluids from the cibarium and pre-

cibarium to the food canal and then to the plant tissues. This rare event occurs from 

seconds to a few minutes after the insect reached the xylem vessel. It shows a spikelet 

burst and a voltage drop similar to N. However, the biological meaning of this EPG 

pattern is still unknown and further work is needed to confirm the hypothesis suggested 

above. 
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Figure 1.7. EPG waveforms: A) C; B) Xc; C) Xi; D) N; E) R; F) Xe. 

 

Here in the present Thesis, I evaluated the effects on the feeding behaviour of the 

meadow spittlebug off different commercially available compounds and assessed their 

impact on the inoculation of Xf by P. spumarius. 
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CHAPTER 2. OBJECTIVES 

The general objective of this Thesis was to generate knowledge regarding the dispersal 

behaviour, ecology and control of spittlebugs, which are the main vectors of Xylella 

fastidiosa (Wells), Xf, in Europe. The present Thesis orbits around the meadow 

spittlebug, Philaenus spumarius (L.), due to its key role in the epidemiology of the 

diseases caused by Xf in the European continent. Furthermore, some research was also 

performed around Neophilaenus campestris (Fallen), which is generally overlooked in 

the studies despite it is widely distributed in the Iberian Peninsula and has demonstrated 

its ability to transmit the bacterium under laboratory conditions. More precisely, I first 

investigated the dispersal ability of adults of both spittlebug species. Regarding 

spittlebug’s biology, I focused on the environmental conditions that influence egg 

hatching and how certain plant species can affect their oviposition preference. For that 

purpose, I monitored the egg stage of P. spumarius to build a Growing Degree Day 

(GDD) model to forecast egg hatching. Additionally, I analysed the influence of certain 

plant species on the oviposition of P. spumarius females. Finally, I studied the effect of 

several compounds commonly used against P. spumarius to understand their role in the 

transmission of Xf.  Thus, I evaluated the acute toxicity of the target compounds to 

reduce the de population of adults and I explored their sub-lethal effects, analysing their 

impact on the feeding behaviour of the meadow spittlebug and the disruption of the 

transmission of Xf by the vector. 

Therefore, the following specific objectives covered in the present Thesis were: 

(1) To study the flight performance of P. spumarius under laboratory conditions and 

to study the patterns of movement and spread of N. campestris from herbaceous 

to woody hosts. 

(2) To build up a degree-day model to forecast the egg hatching of P. spumarius. 

(3) To determine the influence of plant species commonly used as ground covers on 

the preference of P. spumarius for oviposition. 

(4) To study the effect of chemical compounds on the feeding behaviour and the 

survivorship of P. spumarius, and their impact on Xf transmission by the vector. 
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CHAPTER 3. MATERIAL AND METHODS 

3.1. FLIGHT PERFORMANCE AND THE FACTORS AFFECTING 

THE FLIGHT BEHAVIOUR OF Philaenus spumarius 

3.1.1. FLIGHT MILLS 

Two commercial flight-mill devices manufactured by Crist Instruments (Insect 

FlyteMill, Hagerstown, MD, USA); the original design described in (Naranjo 2019), 

with some adaptations to facilitate the flight of small insects, were used in the present 

Thesis (Fig. 3.1.1). Each flight mill had an arm that could be rotated. The arm was 

attached to the pole of the mill by a steel needle inserted into the top of the pole. The 

pole was constructed of Teflon to reduce the friction of the needle when spinning. Two 

magnets, one placed under the rotor of the arm and the other on the top of the pole, 

created a magnetic field that suspended the arm through magnetic levitation. A Hall-

effect sensor was placed on the top of the pole. The sensor detected the passage of a 

small magnet, which was attached to the arm’s rotor; a second identical magnet was 

also attached on the opposite side of the arm’s rotor to balance the arm’s weight. Both 

ends of the arm were bent 95°, and there was a tiny hole at each end of the arm to insert 

a pin where the insect was attached.  

 

Figure 3.1.1. A) One of the flight-mill devices used in the experiments. 1. Arm (29.6 

cm) 2. The magnet is detected by the sensor; the magnet on the opposite side is used to 

balance the arm’s weight. 3. Steel needle. 4. Magnets for levitation. 5. Hall-effect 

sensor. 6. Pole. B) Spittlebug glued to a pinhead and tethered to the mill’s arm. 
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3.1.2. INSECTS’ TETHERING TECHNIQUE  

To tether the spittlebugs to the flight mill they were first anaesthetized by applying CO2 

for 15 s. Insects were managed gently with a brush and positioned face down on a flat 

surface. Then a small drop of hot melt glue (NV98591 Nivel, Leganes, Madrid, Spain) 

was taken with a pinhead and after three seconds the insect was glued to the pinhead by 

the pronotum, which is the dorsal sclerite of the prothorax of the insect (Fig. 3.1.1 B). 

Afterwards, the insects were placed on one side of the flight mill’s arm, and a suitable 

counterbalance of the same weight as the insect was placed on the opposite side of the 

arm where the insect was tethered. This allowed insects to fly in a circular trajectory. 

The length of the full arm (Fig. 3.1.1 A) was 29.6 cm, thus the length of the 

circumference circumscribed by the flight mill arm was 93 cm (π*diameter = perimeter; 

29.6 * 3.14 = 93; total distance per lap covered by the insect). 

3.1.3. RECORDING THE FLIGHT ACTIVITY OF Philaenus spumarius 

For the recording of the flight activity of spittlebugs, an ad hoc acquisition system was 

specifically designed by Prof. Antonio Martí-Campoy and Prof. Francisco-Rodríguez 

Ballester from the “Instituto de Tecnologías de la Información y Comunicaciones 

(ITACA), Universitat Politècnica de València (UPV)” in Valencia, Spain. This system 

contained a microcontroller board and two software applications for a personal 

computer. The microcontroller detected the moment the magnet moved over the Hall 

effect sensor to record the time of the event and send it to the Mill_Recorder 

application. The recorded times were stored in a file as raw data that was processed 

later. One raw data file was created for each experiment to help manage the 

information. The Mill_Processor application was used to process the raw data and 

extract all relevant information about the flight of the insect: the total number of laps, 

total distance travelled, total flying time, and maximum, minimum and mean speed. The 

flights of the insect were split into single flights. The Mill_Processor software also 

provided details for every single flight, such as the number of laps, distance, time, and 

speeds, together with the average and standard deviation of these magnitudes. In 

addition, both software applications allowed us to set and annotate all the experimental 

conditions: date and time of the experiment, sex and origin of the insect, temperature 

(C°), atmospheric pressure (mb), relative humidity (%), light (microE), number of times 

an insect was attached, insect colour, and experiment duration.  
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3.1.4. FLIGHT MILL PROTOCOL 

The flight mill protocol was settled according to initial trials performed in 2018 

described in Lago et al. (2021a). All the flight mill assays were conducted in a closed 

laboratory and under controlled environmental conditions (23:25ºC). The atmospheric 

pressure was also recorded. Flight-mill devices were completely covered by white 

polyspan boxes to avoid visual stimulation disturbance and air currents. The boxes were 

opened on the top for ventilation and to allow illumination. The following flight 

parameters were selected to estimate the flight performance of spittlebugs: (1) Flight 

incidence: The ability of a given insect to perform a successful flight (Yes/No). Insects 

that did not fly within the first 15 min were discarded. (2) Number of single flights: In 

the same recording, insects could perform several flights, and a newly started flight was 

considered in the recording when more than 20 s elapsed between consecutive sensor 

readings in one lap. When an insect spent more than 15 min to complete one lap, it was 

considered that the recording was over. (3) Distance travelled: sum of the distance 

covered by all flights. (4) Flight duration: sum of the duration of all flights. (5) Mean 

speed: mean speed of all the individual flights.  

3.1.5. SEASONAL PATTERNS IN THE FLIGHT ACTIVITY OF Philaenus 

spumarius 

These assays were carried out from 29-03-2019 to 20-11-2019 in the laboratory under 

artificial fluorescent light (10 μE m−2 s−1). Trials were performed at different times 

throughout each day between 9:00 and 17:00. Philaenus spumarius (L.) were collected 

during spring 2019 as N4-N5 instar nymphs in Colmenar Viejo (Madrid) and in Sierra 

de Aracena (Huelva, Spain). The nymphs were caged in bug-dorm cages with Sonchus 

oleraceus (L.) plants at four to five-leaf stage and maintained under semi-field 

conditions at “Instituto de Ciencias Agrarias del Consejo Superior de Investigaciones 

Científicas” (ICA-CSIC) in a greenhouse (temperature: MEAN ± SE= 22.28 ± 0.5°C, 

max= 40.06°C, min= 7.99°C; relative humidity (RH): MEAN ± SE=54.64 ± 0.61%, 

max= 99.31%, min=19.95%). These two regions (Sierra de Aracena and Colmenar 

Viejo) were selected because of their noticeable differences in climate. For example, in 

Sierra de Aracena, the mean annual temperature in 2019 was much higher than that in 

Colmenar Viejo (18.2°C and 13.8°C, respectively); thus, P. spumarius nymphs started 

to emerge in early March in Sierra de Aracena, while emergence in Colmenar Viejo was 
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delayed until mid-April. Because of this difference in phenology, I considered 

population origin as a factor in the analysis. The seasons were divided into three 

categories: (1) Spring: from 29-03-2019 to 20-06-2019. (2) Summer: from 21-06-2019 

to 03-09-2019. (3) Autumn: from 04-09-2019 to 20-11-2019. The three seasons selected 

matched the different population peaks of the adults present in olive orchards in the 

mid-southern part of the Iberian Peninsula (Spain) (Morente et al. 2018b).  

3.1.6. DAILY PATTERNS IN THE FLIGHT ACTIVITY OF Philaenus 

spumarius 

These assays were carried out from October 2019 to March 2020 in the laboratory. 

Philaenus spumarius was obtained from a continuous indoor rearing colony following 

the protocol described by (Morente et al. 2018a, 2021). All the individuals tested were 

from Colmenar Viejo and had similar ages. Individuals were caged on S. oleraceus and 

maintained in a growth chamber (temperature: 24:20 °C day:night; RH: 70%; 

photoperiod: 14:10 light:darkness). The effect of sex and daily pattern (morning, 

afternoon and night) on the flight activity of P. spumarius was studied. Several trials 

were performed at different times throughout the day. The flight-mill tests were divided 

into three different times of day: (1) morning 7:00–14:00, (2) afternoon 14:00–20:00, 

and (3) night 20:00–7:00. The flight-mill tests conducted during the morning and 

afternoon were performed under artificial LED light (30 x 1.4 cm, 6000 K, 6 W 600 

lumens and 125 µm/Mol−1) placed on top of the polyspan boxes to simulate natural light 

conditions. To maintain dark conditions during the night tests, the flight-mill boxes 

were covered with a polyspan cover, and the light was switched off. The insects’ cages 

were covered with a black blanket until the tests started. To attach the insects to the 

mills, they were collected with a mouth vacuum and introduced into an Eppendorf tube 

covered by black tape. Then, CO2 was applied to an individual for 20 s to ensure it 

remained completely anaesthetized during the tethering attachment process. The 

attachment process was conducted under infrared LED light following the protocol 

explained above (BRI 125 IR Red 250 W 230–250 V). Once the insects were tethered to 

the flight mill, the light was switched off. Here I studied the effect of time of day and 

sex on flight incidence, the number of flights, distance travelled, flight duration, and 

mean speed.  
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3.1.7. STATISTICAL ANALYSES 

Flight incidence, number of flights, distance travelled (m), flight duration (s) and mean 

speed (m/s) were selected as the dependent variables to estimate the flight performance 

of P. spumarius in both assays. In the seasonal pattern assay, the effect of sex (male and 

female), origin (Madrid and Huelva) and season (spring, summer and autumn) on these 

parameters were studied. The flight incidence was studied through a Generalized Linear 

Model (GLMz) with a binomial distribution of errors and link logit. The number of 

flights, distance travelled, flight duration and mean speed (m/s) were analysed through a 

General Linear Model (GLM) after the transformation of the data (log10 (x+1)) to fit a 

Gaussian distribution. In the daily pattern assay, the effect of sex and time of the day 

(morning, afternoon and night) was studied on the same flight parameters using the 

GLMz and GLM. The models were analysed by maximum likelihood, and the most 

parsimonious model was selected relying on the R-squared value for the GLM and AIC 

(Akaike Information Criterion) for the GLMz (Guthery et al. 2003; Zuur et al. 2009). 

ANOVA tests with post hoc Tukey’s HSD tests were performed to study the differences 

between the groups. Finally, a paired correlation test (Pearson) between the flight 

parameters was performed. All analyses were performed with IBM SPSS Statistics for 

Macintosh, Version 25.0 software. 
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3.2. PATTERNS OF MOVEMENT OF Neophilaenus campestris 

FROM HERBACEOUS TO WOODY HOSTS 

This work aimed to understand Neophilaenus campestris (Fallen) dispersal dynamics by 

developing a Mass-Mark-Recapture (MMR) assay in the field, using fluorescent dusts 

(Day-Glo Color Corp. Cleveland, OH, USA). Before the MMR assay, an indoor study 

to assess the persistence of fluorescent dusts and its effect on the survivorship and flight 

ability of N. campestris was conducted. Neophilaenus campestris adults were collected 

by sweep net in Los Santos de la Humosa (Madrid) in late spring 2019; the location was 

the same where the MMR assay was performed. Insects collected were caged on 

Bromus madritensis (L.) and maintained for 3 days of acclimation in a greenhouse at 

ICA-CSIC (Fig. 3.2.1) under the same conditions as explained in section 3.1.5.  

 

Figure 3.2.1. Greenhouse facilities at ICA-CSIC dependencies. 

3.2.1. PERSISTENCE OF FLUORESCENT DUSTS AND THEIR EFFECT ON 

THE SURVIVAL AND FLIGHT BEHAVIOUR OF Neophilaenus campestris 

To analyse the persistence of the dusts and their effect on survival, a total of 200 

individuals were randomly split into five groups of 40 individuals each: a dusted group 

of each colour and a non-dusted control group. Insects were introduced in conical 

Falcon tubes (10 insects per tube) together with 2.8 mg of dust. The tubes were gently 

shaken and the same procedure was applied to the individuals in the control group 
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without dust. A dusted individual is shown in Figure 3.2.2. Then, each group of 10 

dusted and non-dusted insects were released in a cylinder mesh cage (10 adults per cage 

and four replicates per treatment) containing 4-week-old potted B. madritensis plants. 

The number of alive and dead insects in each cage and the persistence of the dust on the 

insect's body were recorded twice a week for 35 days. A four-level scale of dust 

coverage was established concerning the intensity of the fluorescence on the insects: (1) 

completely dusted, (2) less dust but visible with the naked eye, (3) fluorescence not 

visible with the naked eye but visible by using UV light, (4) non-dusted. The assay was 

conducted in a greenhouse at ICA-CSIC (Fig. 3.2.1) under the same environmental 

conditions described in section 3.1.5. The plants were replaced every week to keep 

optimal conditions for insect rearing.  

Furthermore, the effect of fluorescent dusts on the flight behaviour of N. campestris was 

studied using flight mills following the procedure described in sections 3.1.1-3.1.4. 

Flight mill recordings were taken 1–3 days after the insects were dusted with 

fluorescent dust using the same methodology for marking and the same five 

experimental groups (four dusted and one non-dusted) described above. Experiments 

were carried out in the laboratory from 9:00 to 18:00 under artificial fluorescent light 

(10 μE m−2 s−1).   

 

Figure 3.2.2. Neophilaenus campestris coloured with orange fluorescent dust.  
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3.2.2. MASS-MARK-RECAPTURE (MMR) ASSAY  

The study was conducted at Los Santos de la Humosa, (Madrid) (Fig. 3.2.3). The 

insects were marked with the four different colours (pink, blue, yellow and orange) and 

were released in four different olive groves (one colour per grove) separated by about 

200 m (Tab. 3.2.1). The different colours were used to identify the distance travelled 

from each of the four release points to the recapture sites. The insect releases were 

carried out in olive groves with abundant ground cover vegetation, mainly dominated by 

grasses (Poaceae). The selection of the recapture sites was based on the presence of 

perennial natural woody vegetation, which included known host species of N. 

campestris and other spittlebugs species (Lopes et al. 2014; Morente et al. 2018b). 

Thus, the recapture sampling procedure was performed in 12 different sites where the 

dominant vegetation was Pinus halepensis (Miller), Pinus pinea (L.), Quercus coccifera 

(L.), Quercus faginea (Lam.), Retama sphaerocarpa (L. (Boiss)), Foeniculum vulgare 

(Miller), Eryngium campestre (L.) and Prunus dulcis (L.) (Fig. 3.2.3). Recapture points 

were located at different distances, with the minimum distance being 94 m and the 

maximum distance of 2.8 km from the most distant release point (Tab. 3.2.1 and Fig. 

3.2.3).  

Table 3.2.1. Distance (m) between the release (colours) and the recapture (letters) 

points. 

 

Pink Blue Yellow Orange 

Pink 0.00 183.70 316.91 366.30 

Blue 183.70 0.00 205.92 375.35 

Yellow 316.91 205.92 0.00 205.92 

Orange 366.30 375.35 205.92 0.00 

(A) 412.27 506.95 430.09 614.29 

(B) 94.26 209.27 248.58 477.76 

(C) 575.89 477.42 277.12 139.01 

(D) 640.90 490.55 323.15 123.00 

(E) 788.85 685.86 491.76 338.86 

(F) 762.45 637.46 462.13 261.22 

(G) 791.26 637.25 494.84 280.85 

(H) 1034.07 850.59 729.75 515.27 

(I) 1409.81 1243.39 1109.13 870.07 

(J) 1534.70 1356.83 1303.54 1133.27 

(K) 2753.61 2564.81 2472.77 2282.51 

(L) 1741.18 1900.61 2021.92 2252.13 



Chapter 3: Material and Methods 

35 

 

 

Figure 3.2.3. MMR study zone. (1) Coloured circles: release points (pink, blue, yellow 

and orange) (2) Letters: recapture points. A: Q. coccifera; B: F. vulgare, E. campestre 

and Asteraceae; C: R. sphaerocarpa and E. campestre; D: P. halepensis; E: P. dulcis; F: 

P. dulcis; G, H and I: P. halepensis; J: Q. faginea K: P. halepensis and P. pinea; L: F. 

vulgare and R. sphaerocarpa. (3) Points L and K shown in the upper and lower right 

corner, respectively, are out of the map scale because they were located too far away 

from the release points (Point L was 1.7–2.3 km far from the release points; Point K 

was 2.3–2.8 km far from the release points).  
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The spittlebug MMR procedure was carried out on 23-05-2019. Adult individuals were 

captured by a sweep net from the ground cover vegetation in the four olive groves 

mentioned above and stored in 50-ml conical falcon tubes. Individuals captured were 

dusted in groups of 100 insects per falcon containing 7 mg of fluorescent dust. The 

same procedure was repeated with each of the four different colours. The dusted 

spittlebugs were released on the green ground cover of each olive grove. The first 

recapture event was carried out on 12-06-2019, 20 days after the release date, which 

matched the timing of the senescence of the ground cover vegetation. Six recaptures 

were: 12, 18, 19, 20, 27 June and 5 July. Insects were recaptured by sweep net and 

transferred to the laboratory to detect the presence of fluorescent dust on the body of 

every individual using a UV lamp 13W (Halotec F6T5/BLB, Koala Components, 

Torrent (Valencia), Spain).  
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3.3. GROWING DEGREE DAY (GDD) BASED MODEL TO 

PREDICT EGG HATCHING OF Philaenus spumarius 

3.3.1. INSECTS AND PLANTS 

A total of 100 adult individuals of P. spumarius individuals were collected in Pinilla del 

Valle (Madrid) during spring-summer, 2020 and maintained inside bug-dorm cages 

(0.5x0.5x0.5 m) on S. oleraceus plants at four to five-leaf stage in a greenhouse with no 

environmental control (temperature: MEAN ± SE= 16 ± 0.3ºC, max: 31.7ºC, min: 

7.4ºC; RH: MEAN ± SE= 63.5 ± 1.3%, max: 99.6%, min: 20.0%) at the ICA-CSIC 

facilities The proportion of sexes was one female per two males to ensure mating 

(Morente et al. 2018a, 2021). To obtain egg masses for the assays, dry pine needles 

were placed on the substrate below the S. oleraceus plants to facilitate oviposition 

(Morente et al. 2018a). The pine needles were checked once per week from 06-10-2020 

to 04-11-2020 to identify egg masses (Fig. 3.3.1). The dates when egg masses were 

observed on the pine needles were recorded. A total of 262 egg masses from five 

different oviposition dates were used in the field assay. The oviposition dates were: (1) 

08-10-2020; (2) 14-10-2020; (3) 22-10-2020; (4) 29-10-2020 and (5) 04-11-2020. 

 

Figure 3.3.1. A) Philaenus spumarius egg masses on a dry pine needle. B) Philaenus 

spumarius eggs.  
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3.3.2. DATA COLLECTION: MONITORING EGG HATCHING OF Philaenus 

spumarius UNDER FIELD CONDITIONS 

The egg masses from each oviposition date that were obtained as described above were 

divided into four equal parts, and each part was transferred to a different field location 

on the day after the eggs were collected. The four locations used for the field study 

consisted of distinct natural environments located in central Spain. These sites were 

selected at different altitudes to provide a gradient in climate conditions: (1) Alcalá de 

Henares (588 m) (coordinates: 40.521133, -3.290865); (2) Bustarviejo (1,222 m) 

(coordinates: 40.691827, -3.767162); (3) Mataelpino (1,086 m) (coordinates: 

40.736439, -3.944309); and (4) Pedrezuela (880 m) (coordinates: 40.761003, -

3.619030). The sites at Alcalá de Henares, Bustarviejo and Pedrezuela were rainfed 

fields that were covered with natural ground vegetation that dried out in winter but 

sprouted in spring after the first rains. In contrast, in Mataelpino, the experiment was 

conducted with large pots (23 cm diameter) that were filled with soil and were not 

covered with ground vegetation during the entire experiment. At each field location, the 

egg masses were kept inside 5.5 cm diameter petri dishes with small holes to facilitate 

drainage. The petri dishes with egg masses were placed inside floorless mesh cages (50 

cm height and 45 cm diameter) (Fyllen cloth basket 79 l, Inter IKEA Systems, Sweden). 

The cages were divided into four equal sectors by using methacrylate sheets (Fig. 3.3.2). 

Two cages were placed at each location. Since there were five different oviposition 

dates, the egg masses were evenly divided in the two cages. A few weeks before the 

first nymphs were expected to emerge in the field (25-02-2021), one S. oleraceus plant 

was transplanted inside each cage division where the egg masses were placed to feed 

the newborn nymphs after emergence. After transplanting, the egg masses were 

transferred from the petri dishes to the bare soil below the plants. In Mataelpino, the 

potted S. oleraceus plants inside the cages were watered weekly as opposed to the 

rainfed field locations. At this time, each plant was revised once a week to record egg 

hatching when newborn nymphs were observed. The newborn emerged nymphs were 

removed from the plants to facilitate further observations. All plants were inspected 

until no newborn nymphs were observed for two consecutive weeks. 
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Figure 3.3.2. Scheme of the assay. A) Cylindrical mesh cages where the eggs were 

maintained at different field points. B) Methacrylate sheets that separate each cage 

into four, and S. oleraceus plants planted in the ground. C) Egg mass distributions 

inside the cages at each field point. Each circle represents one cage. Each portion of 

the circle corresponds to one division of the cage. 

 

Temperature and RH were monitored hourly at each field location with data loggers 

(OM-EL-USB-2, Omega Engineering, INC, Norwalk, Connecticut, USA) during the 

entire duration of the experiments. One data logger was placed inside each cage at each 

field location to obtain data that were similar to those experienced by the egg masses. 

The data collected from the data loggers were downloaded every two weeks until the 

emergence of newborn nymphs. Thereafter, data were downloaded once a week. In the 

few cases where the data loggers failed to record weather data due to extreme weather 

conditions, the missing data were supplemented with external data collected from the 

nearest official meteorological station (Agencia Estatal de Meteorología de España, 

AEMET, Spain). 
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3.3.3. MODEL CONSTRUCTION: GROWING DEGREE DAY (GDD) BASED 

MODEL 

In the current study, a multilinear temperature response function with minimum or base 

(Tbase), optimal (Topt) and maximum (Tmax) temperatures were used to calculate the 

hourly contributions to the Growing Degree Days (GDD). The use of a multilinear 

function is based on the principles of biochemical kinetics (i.e., on Arrhenius’ Law) (Eq 

1)  

𝑓(𝑇) = {

0     if 𝑇 < 𝑇𝑏𝑎𝑠𝑒  
𝑇 − 𝑇𝑏𝑎𝑠𝑒 if 𝑇𝑏𝑎𝑠𝑒 ≤ 𝑇 < 𝑇𝑜𝑝𝑡
𝑚 · 𝑇 + 𝑛    if 𝑇𝑜𝑝𝑡 ≤ 𝑇 < 𝑇𝑚𝑎𝑥

0   if 𝑇 ≥ 𝑇𝑚𝑎𝑥

with 𝑚 = −
𝑇𝑜𝑝𝑡 − 𝑇𝑏𝑎𝑠𝑒

𝑇𝑚𝑎𝑥 − 𝑇𝑜𝑝𝑡
, 𝑛 = −𝑚 · 𝑇𝑚𝑎𝑥 

(Eq. 1) 

In the model, the accumulated GDD values are directly related to the cumulative 

probabilities of egg hatching by assuming a logistic function of the logistic type 

with two free parameters, k and C, where C represents the threshold GDD value at 

which the cumulative probability of egg hatching is 0.5 and k controls the steepness 

of the curve. 

𝑃 ℎ𝑎𝑡𝑐ℎ𝑖𝑛𝑔(𝑡) =
1

1+exp [−𝑘(𝐺𝐷𝐷(𝑡)−𝐶)]
  

(Eq. 2) 

To determine the appropriate Tbase, Topt and Tmax values, an optimization procedure 

was performed so that the parameter values that yielded the best fit of Eq. (2) to the 

experimental data were chosen. As a result, the model provides predictions of egg 

hatching times, given that temperature data are provided. 

3.3.4. MODEL CALIBRATION 

The goal of the model was to provide estimates of the cumulative hatching probabilities 

of P. spumarius eggs by using only temperature data provided by the field experiments 

described above, which were transformed into a GDD metric. Thus, all of the data that 

conformed to the dataset were treated independently of location. The experimental 

cumulative hatching probability at a given time was simply calculated as the number of 

nymphs that had already emerged at that given time over the total number of nymphs 

that had emerged by the end of the assay. Then, the cumulative GDD values between 

each egg oviposition and egg hatching events were calculated so that the cumulative 

hatching probabilities were expressed as functions of the accumulated GDD values. In 
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this way, Eq. (2) was fitted to the experimental data and obtained an effective model for 

predicting egg hatching. However, the relationship between the cumulative hatching 

probabilities and accumulated GDD values depends on how the accumulated GDD is 

calculated; that is, it depends on the GDD (t) profile, as shown in Eq. (1). Thus, the 

model was calibrated to obtain the GDD profile that provided the best predicted 

hatching probabilities for the dataset. 

To calibrate the model, different GDD profiles were defined by using different 

values of Tbase, Topt and Tmax. Then, the hatching probabilities were predicted using 

Eq. (2) the accumulated GDDs computed with each profile. Finally, the optimal 

profile was selected (the optimal values of Tbase, Topt and Tmax) to define the profile 

that minimized the error between Eq. (2) and the experimental dataset. Figure 3.3.3 

shows the final result of the model calibration procedure. The dots represent the 

cumulative hatching probabilities that were retrieved from the dataset as a function 

of the accumulated GDD values. This accumulated GDD value was obtained using 

the optimal GDD profile that is shown in the inset (obtained with Tbase = 9.2 °C; Topt 

= 24.1 °C; Tmax = 35.9 °C see results in section 4.3.1). The black line is the best fit 

of Eq. (1) to the experimental data (dots) that was obtained with k = 0.0256 and C = 

249.55 (see the results in section 4.3.1), which had a relative error of only 1%. 

 

Figure 3.3.3. Model calibration. The main figure shows the hatching probability as 

a function of the accumulated GDD value. Dots represent the experimental data, 

and the black solid line shows the best fit using Eq. (1). The inset shows the GDD 
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profile that is used to calculate the accumulated GDD values, which yielded the best 

fit between Eq. (1) and experimental data. 

 

Additionally, since oviposition of P. spumarius takes place over a long time interval 

(Weaver and King 1954; Yurtsever 2000; Bodino et al. 2019), The precise 

oviposition dates were estimated to establish the moments when GDD 

accumulations started. For that purpose, an experiment to obtain data on the 

phenology of egg oviposition by P. spumarius was conducted under greenhouse 

conditions at ICA-CSIC (from June 2021 to December 2021). Adult P. spumarius 

were caged on S. oleraceus plants (12 cm diameter pots) and were covered with 

cylinder mesh cages and dry pine needles were placed below the plants to facilitate 

oviposition. A total of 20 cylinders were used with 1:2 female:male proportions. 

The pine needles were inspected every two weeks to find egg masses from 15-09-

2021 to 15-12-2021. When an egg mass was found on the pine needles, the date 

was recorded. 

3.3.5. MODEL VALIDATION 

To further validate the model, the model predictions of egg hatching were 

compared with field observations. Data on the detection dates of newborn nymphs 

in the field obtained from systematic surveys at different sites on the Iberian 

Peninsula over the last six years were used to validate the model. These data were 

obtained from systematic field surveys conducted by different researchers from 

public institutions: Jose Manuel Durán and Manuel Ruiz Torres from “Junta de 

Andalucía”, Andalusia, Spain and Antonio Montserrat from “Instituto Murciano de 

Investigación y Desarrollo Agrario y Medioambiental (IMIDA)” in Murcia, Spain 

(data not shown).  

3.3.6. CONTROL TIMING OF Philaenus spumarius NYMPHS 

After model validation, the model was used to investigate the best timing to adopt 

control actions against P. spumarius nymphs based on field observations. To do so, 

the daily hatching probabilities of P. spumarius eggs in Spain were calculated based 

on ERA5-Land temperature data (Muñoz Sabater 2019), simulated applications of 

control actions at several probability levels and calculated the efficacy of applying a 
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control action at a given time. Thus, the following algorithm was developed to 

determine the timing of control actions based on the model predictions. First, a 

plausible range of oviposition dates was selected as the starting dates for the 

simulations; then, the ending date of each simulation was selected as a plausible 

date on which no more hatchings were expected. Afterwards, several probability 

levels to apply control actions at a given time were selected (i.e., when any of these 

selected levels is crossed in any location, the application of a control action was 

simulated. For each oviposition date in each simulation, the daily hatching 

probabilities were computed until the end of the simulation. Then, the dates at 

which every selected probability level was saved (control action dates) at each 

location matched the available data for the presence of newborn nymphs in the 

field. Finally, the lags between the control action dates and observation dates were 

computed. 

Each hatching probability (which matches an action date) has a given control action 

efficacy. It is known that nymphal development lasts for approximately 5–6 weeks 

until they become adults, but the developmental rates decrease when temperatures 

are low and could extend to at least 100 days (Weaver and King 1954; Yurtsever 

2000; Bodino et al. 2019). Thus, I followed a conservative approach to compute the 

control action efficacies and defined successful nymph control only if the action 

was applied after the newborn nymphs were observed and there was a lag of fewer 

than 30 days. 

According to the results, there are high variabilities in the oviposition and hatching 

dates (see the results in section 4.3.1). Thus, to overcome this intrinsic variability in 

the timing of egg hatching of P. spumarius, a strategy based on deploying control 

actions at two different times was developed to target the maximum number of 

nymphs as completely as possible. A list of combinations of two probability levels 

was selected (e.g., the first at 50% and the second at 90%) to apply control actions 

on two different dates. Moreover, the efficacies of applying control actions at a 

single time or at two different times were compared. 

In addition, an R package was developed to calculate the daily cumulative hatching 

probabilities of P. spumarius eggs based on the temperature data. This package also 

calculates the best times to apply the first and second control actions, depending on 

the hatching probability achieved. The package and all relevant information 
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regarding its use can be found on the GitHub repository:  

https://github.com/agimenezromero/PSEggHatching 

3.3.7. STATISTICAL ANALYSES 

Comparisons of the GDD, temperature (°C) and RH (%) data among the four 

experimental locations were conducted by using a Kruskal–Wallis nonparametric 

test followed by a post hoc Dunn test. Linear regression between the GDD needed 

for hatching and RH values was performed, and data from all the field locations 

were pooled together but excluding Mataelpino. All statistical analyses were 

performed with R software version 4.1.1 (R Core Team 2021). The modelling was 

performed in Python programming language. 

  

https://github.com/agimenezromero/PSEggHatching


Chapter 3: Material and Methods 

45 

3.4. THE INFLUENCE OF LIVING PLANTS IN THE 

OVIPOSITION PREFERENCE BY Philaenus spumarius 

Two multiple-choice assays were conducted in autumn for two consecutive years, 2020 

and 2021, to evaluate how specific living plants can influence the preference for 

oviposition by P. spumarius.  

3.4.1. COLLECTION OF INSECTS 

Nymphs of P. spumarius were collected in spring for two consecutive years (2020 and 

2021) as nymphs at 4N-5N instar in recreational areas in Madrid where Quercus ilex 

(L.), E. campestre, Carduus tenuiflorus (L.) and Asteraceae were the dominant 

vegetation. In 2020 insects were collected in Hoyo de Manzanares and in 2021 in 

Villanueva de la Cañada. Insects collected each year were used in the same year. The 

nymphs were caged on bug-dorm cages with S. oleraceus at four to five-leaf stage and 

were kept from April to October in 2020 and 2021 under semi-field conditions at ICA-

CSIC (temperature in 2020: MEAN ± SE= 22.9 ± 0.4ºC, max= 39.4ºC, min=7.1ºC; 

temperature in 2021: MEAN ± SE=20.5 ± 0.5ºC, max 40.7ºC, min=0.6ºC; both years 

RH: 20-99%). Sonchus oleraceus maintenance is explained in the next section. 

3.4.2. SELECTION OF PLANTS 

We selected seven plant species belonging to four families (seeds provided by Cantueso 

Natural Seeds (Cordoba, Spain) for the study. The selection of the species relied on 

three requirements: (1) the most common plant species used as cover crops in olive 

groves in Andalusia (Spain). Such information was provided by Cantueso Natural Seeds 

(https://cantuesoseeds.com/en/home/) which is a leading company marketing 

wildflower plants in Spain; (2) the information provided by previous studies regarding 

the host-plant preference of P. spumarius nymphs in the field (Weaver and King 1954, 

Thompson 1988, Jaenike 1990, Wise et al. 2008, Villa et al. 2020); and (3) plant species 

which may provide other ecosystem services to the crop (e.g. to enhance beneficial 

insects). Thus, the plant species used in the study were: Diplotaxis tenuifolia (L.) and 

Sinapis alba (L.) (Brassicaceae), Anthriscus cerefolium (L.) (Apiaceae), Centaurea 

cyanus (L.) and Taraxacum officinale (L.) (Asteraceae), and Bromus rubens (L.) 

(Poaceae). In addition, S. oleraceus, an excellent plant species for the rearing of P. 
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spumarius (Morente et al. 2018a, 2021), was used as a control plant in the oviposition 

preference assays of P. spumarius. Plants were seeded in 5x5 cm pots with a proportion 

of vermiculite and soil substrate 1:2. Seedlings were grown in a growth chamber 

(temperature:  24:20 °C day:night; photoperiod:16:8 light:darkness) (Fig. 3.4.1).  

 

Figure 3.4.1. Insect-free growth chamber for plant development at ICA-CSIC facilities. 

 

Diplotaxis tenuifolia and S. alba were selected because, the same as for other 

Brassicaceae, they contain glucosinolates which hydrolyse to form compounds toxic to 

plants, fungi, nematodes, and certain insects (Bell and Wagstaff 2014; Neubauer et al. 

2014). Moreover, the observations of nymphs of P. spumarius on D. tenuifolia in olive 

groves are rare (Dongiovanni et al. 2019; Bodino et al. 2020) which suggests that it is 

not a preferred host plant. In addition, these two plant species may provide other 

ecosystem services since D. tenuifolia has been described as an attractant to pollinators 

and hoverflies (Diptera: Syrphidae) (Martínez-Uña et al. 2013; Barbir et al. 2015) and S. 

alba is used to control Verticillium dahliae (Kleb.) (Davis et al. 1996), one of the most 

important phytosanitary problems in olive groves (Roca et al. 2016). Moreover, A. 

cerefolium, commonly named chervil, has the benefit of being a secondary crop that 

could be harvested for culinary and medicinal purposes (Farooqi and Srinivasappa 

2012). 

Considering the literature (Morente et al. 2018b; Antonatos et al. 2019; Dongiovanni et 

al. 2019; Bodino et al. 2020; Fereres et al. 2020; Villa et al. 2020), T. officinale and C. 

cyanus are very good host plant species for the development of nymphs of P. 

spumarius. Finally, the grass B. rubens is very common in sowed ground covers in olive 
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groves in Spain and apparently is not a good host for the nymphs of P. spumarius 

(Morente et al. 2018b; Dongiovanni et al. 2019; Bodino et al. 2020; Villa et al. 2020). 

The same plant species indicated above were left to dry in the summer in semi-natural 

conditions to obtain the leaf litter needed as a substrate for the oviposition preference 

assays. Dry plants were cut and stored in paper bags with silica gel Scharlau (Scharlab 

S.L., Barcelona, Spain) to prevent them from getting wet until the oviposition assays 

began. 

3.4.3. THE INFLUENCE OF DIFFERENT PLANT SPECIES IN THE 

SELECTION OF OVIPOSITION SITES BY Philaenus spumarius 

The study was conducted for two consecutive years, 2020 and 2021, from October to 

December coinciding with the oviposition season of P. spumarius in Spain, in the 

greenhouse at ICA-CSIC under controlled conditions (temperature in 2020 = MEAN ± 

SE: 22.2 ± 0.2 °C, max: 29.4 °C min: 14.3 °C; temperature in 2021= MEAN ± SE: 20.6 

± 0.2 °C, max: 34.2 °C, min: 11.1°C; both years RH= 30-80%; photoperiod October= 

12:12 day:night November and December= 14:10 day:night). 

In both years a randomized design with four plant species was conducted. Fresh living 

plants of different species were used to ensure adult feeding and to test their influence 

on oviposition preference. Leaf litter from each plant species was placed below living 

plants to provide an oviposition substrate. Each of the four selected species was 

transplanted to one corner of a squared bug-dorm cage (1x1x1 m), with one different 

species on each corner and four plants of the same species per cage. Leaf litter of the 

same species as the living plant was placed on 5.5 cm diameter petri dishes below each 

living plant. In addition, to evaluate the influence of the living plant on oviposition 

preference, four petri dishes with leaf litter of the same four plant species were placed in 

the absence of living plants in the centre of the cage. The base of the cages was covered 

with a uniform layer of soil substrate mixed with vermiculite (1:2) (Fig. 3.4.2).  

The plant species selected in the assay conducted in 2020 were T. officinale, S. 

oleraceus, B. rubens and D. tenuifolia. Four cages (replicates) with these four plant 

species were used. An additional cage with optimal conditions for oviposition as 

previously reported (Morente et al. 2018a) was used as a control treatment. Such cage 

contained four S. oleraceus plants in each corner of the cage with dry pine needles on 

petri dishes placed below each plant. This control cage was used to check that females 
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were able to lay eggs readily under the experimental set-up and during the experimental 

period. Additionally, four petri dishes with dry pine needles were placed in the centre of 

each cage in the absence of living plants. In 2021 the plant species used were S. alba, A. 

cerefolium., C. cyanus and T. officinale. In the assay conducted in 2020, T. officinale 

was the plant species that influenced most oviposition by P. spumarius females (see 

results, section 4.4.1.). Thus, in 2021 S. oleraceus was replaced by T. officinale as a 

positive control plant. Four T. officinale plants were placed in each corner of each 

experimental cage with leaf litter of the same species below the living plants. In 2021, 

the number of replicates (experimental cages) was increased from four to five to 

maximize the sample size. 

In both years 16 females and 32 males of P. spumarius were released per replicate. 

Insects were transferred to falcon tubes (one falcon per cage) with a mouth vacuum 

aspirator. Thereafter, they were gently released inside the cages.   

The assays were monitored once a week from October to December in 2020 and 2021.  

The leaf litter used as an oviposition substrate was collected once a week and replaced 

by a new one. At the end of the assay, the substrate beneath the living plants was 

carefully examined to find out if any egg masses were laid out of the petri dishes. All 

the assays were monitored until no further egg masses were found in two consecutive 

weeks. 

 

Figure 3.4.2. Experimental design: four species per replicate and four plants per 

species. Bellow each plant a petri dish with leaf litter of the same species was placed. 

Four petri dishes with leaf litter of the four different species were also placed in the 

centre of the cage without a fresh plant. 
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3.4.4. STATISTICAL ANALYSIS 

A 2-sample test for equality of proportions was performed. The proportion of egg 

masses laid per plant species was compared with the total number of egg masses laid in 

the assay. The ratio of egg masses laid per plant species to the total in all plants was 

peer compared. The control cage with S. oleraceus plants and dry pine needles settled in 

2020 was not included in the statistical analysis. All statistical analyses were performed 

in R software version 3.6.0 (R Core Team 2018).  
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3.5. CHEMICAL CONTROL AGAINST ADULTS OF Philaenus 

spumarius 

3.5.1. INSECTS AND PLANTS 

Philaenus spumarius used in the Electrical Penetration Graphs (EPGs) assays and 

survival assays (sections 3.5.3 and 3.5.4 respectively) were collected as nymphs at 4N-

5N instar in Hoyo de Manzanares (Madrid). Nymphs were reared until adulthood inside 

bug-dorm cages with S. oleraceus plants at four to five-leaf stage and kept under 

controlled conditions (temperature: 24:18±2 °C day:night; RH: 60–70%; photoperiod: 

14:10 light:darkness). Once adults emerged, males and females were kept together 

inside the cages with no more than 150 insects per cage and maintained as described for 

nymphs. Adults from one week to three months old were used for the assays. Sonchus 

oleraceus plants at four to five-leaf stage and maintained as explained in section 3.4.2. 

were used in EPG assays and survival assays. Both assays were conducted at ICA-

CSIC.  

Inoculation assay (section 3.5.5) was conducted in collaboration with Dr Daniele 

Cornara at International Centre for Advanced Mediterranean Agronomic Studies 

Institute of Bari (CIHEAM-Bari), Valenzano, Italy. Philaenus spumarius used in the 

inoculation assay were collected as adults from olive orchards infected with Xylella 

fastidiosa (Wells), Xf, in Gallipoli (southern Italy) during summer 2020 and reared on 

sunflower (Helianthus annus (L.)) plants inside bug-dorm cages in a growth chamber 

under controlled conditions (temperature: 26±3 °C; RH: 40%). Ten days before 

transmission tests, spittlebugs were transferred to a Xf-infected olive plant to maximize 

the infectivity.  

Three-month-old periwinkle (Catharanthus roseus (L.) G. Don) seedlings grown in a 

greenhouse under controlled conditions (temperature: 25±1 °C; RH: 60%) inside 1 L 

pots filled with a basal layer of expanded clay and a mix of soil, peat and pumice (2:3:1) 

and watered thrice per week were used in the inoculation assay. 

3.5.2. AGROCHEMICAL COMPOUNDS 

Six authorised compounds for Xf vectors in the European Union (EU) with different 

modes of action were screened: two insecticides that have shown high acute toxicity 

against P. spumarius and long persistence, acetamiprid and deltamethrin (Dongiovanni 
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et al. 2018); one insecticide that induced high mortality but with poor persistence, 

spinosad (Dongiovanni et al. 2018); one product that induced low mortality and poor 

persistence, but being one of the very few organic products recommended for 

controlling Xf vectors in the United States of America (USA), pyrethrin (Dongiovanni et 

al. 2018); one particle film based on clays that affect insects’ host plant finding ability, 

kaolin (Miranda et al. 2018); and a systemic insecticide reported to be effective against 

P. spumarius nymphs but never tested on adults, sulfoxaflor (Dáder et al. 2019). 

Detailed information on the compounds is shown in Table 3.5.1. Sonchus oleraceus 

plants were sprayed with the products at the commercially recommended doses 24 h 

before the experiments began. Plants sprayed with tap water were used as a control. The 

treatments were applied using a hand sprayer (Matabi Berry®1.5 L, Goizper Group, 

Gipuzkoa, Spain) until runoff. 

Table 3.5.1. Description of agrochemical compounds evaluated against adults of P. 

spumarius.  

Active 

ingredient 

Family Mode of action Commercial 

Product 

MLD‡ 

Acetamiprid Neonicotinoids Competitive 

modulators (nAChR†). 

Nerve action 

EPIK®, Sipcam 

Iberia, Valencia, 

Spain 

1 g/L 

Deltamethrin Pyrethroids Sodium channel 

modulators. Nerve 

action 

Decis® Protech 

AV, Bayer SA, 

Madrid, Spain 

0.5 ml/L 

Spinosad Spinosyns Allosteric modulators 

(nAChR†)– Site I 

Nerve action. 

Spintor®, 

Agrosciences S.A., 

Madrid, Spain 

0.25 ml/L 

Pyrethrin Pyrethrins Sodium channel 

modulators Nerve 

action. 

Pirecris®, Seipasa, 

Valencia, Spain 

1.5 ml/L 

Kaolin Clay Interference on host 

plant recognition at 

long and short-range 

Surround ®, 

Tessenderlo, 

Overpelt, Belgium 

1 g/L 

Sulfoxaflor Sulfoxamine Competitive 

modulators (nAChR†). 

Nerve action. 

EPIK®, Sipcam 

Iberia, Valencia, 

Spain 

0.5 ml/L 

Acetamiprid Neonicotinoids Competitive 

modulators (nAChR†). 

Nerve action 

Decis® Protech 

AV, Bayer SA, 

Madrid, Spain 

0.25 ml/L 

†
Nicotinic acetylcholine receptor = nAChR. 

‡MDL= Maximum Label Dose 
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3.5.3. ELECTRICAL PENETRATION GRAPH (EPG) ASSAYS 

The effect of the six compounds referred to above on the feeding behaviour of P. 

spumarius adults was monitored continuously during 4 h with three Giga-4 DC-EPG 

and two Giga 8-DC (EPG Systems, Wageningen, The Netherlands) devices placed 

inside a Faraday cage to avoid electrical noise (Fig. 3.5.1). All EPG assays were 

conducted from April to June 2020 under controlled environmental conditions 

(temperature: 23-25 °C; RH: 50 ± 10%). Insects were connected to an EPG device as 

follows: Insects were anaesthetized by applying CO2 for 5 s and immobilized at a 

pipette tip connected to a vacuum device.  

Then, insects were connected to a gold wire (3 cm long and 18 μm diameter) with 

conductive water-based silver paint (EPG Systems, Wageningen, Netherlands) (Fig. 

3.5.1). The opposite end of the gold wire was attached with silver conductive paint to a 

3 cm long copper wire (0.2 mm diameter) soldered to a brass nail (1.2 mm diameter) 

using flux enhancement (Fig. 3.5.1). The electrode nail was plugged into the input 

connector of the EPG head stage with the insect poised above the plant without contact 

(Fig. 3.5.1). A copper electrode (10 cm long x 2 mm diameter) was inserted into the pot 

substrate of the plant (Fig. 3.5.1) and then connected to the EPG device. EPGs were 

performed on S. oleraceus plants, previously sprayed with the products at the 

commercially recommended doses (Tab. 3.5.1) as explained in the previous section. 

Insects were starved for 1h before the experiment, and then each insect was placed on 

the adaxial leaf surface, but they were free to move to other parts of the leaf. EPG data 

acquisition and analyses were conducted using Stylet+Software for Windows (EPG 

Systems, Wageningen Netherlands).  

 

Figure 3.5.1. EPG set-up.  
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To study P. spumarius feeding behaviour, I referred to waveforms described by Cornara 

et al. (2018b): np (non-probing), C (waveform with stylet intercellular pathway), R 

(resting), Xc (xylem contact), Xi (xylem ingestion), and N (interruption within xylem 

phase). I also took into account the proportion of escaped individuals during the 

recording time (4 h) (insect no longer on the plant), total probes (stylets inside the plant 

tissues: C+Xc+Xi+N+R), successful probes (probes where the insect reached the 

xylem), unsuccessful probes (when the insect was unable to perform any Xi) and 

sustained probes (probes containing Xi longer than 5 min). The effect of the treatments 

on nonsequential EPG variables was studied (number of waveforms events per insect; 

total waveforms duration per insect (min); and mean duration of waveforms per insect 

(min)), the percentage of probing time (C+Xc+Xi+N+R) and the percentage of Xi (time 

spent in Xi referred to as the total duration of the recording) as well as on the sequential 

variables that are described in Table 3.5.2. A recording was considered valid and 

included in the analysis only when the insect performed at least one probe, i.e., inserted 

the stylets into the plant tissues at least once during the recording. EPG. Waveforms 

were manually marked with ‘Stylet+a’ software (EPG-Systems, Wageningen, 

Netherlands), and the behavioural variables were calculated using an Excel Macro 

template specifically designed for xylem feeders. Overall, 18 to 20 recordings per 

treatment with a male:female ratio of 1:1 were analysed. When the number of insects 

that produced a given waveform (PPW) in a certain treatment was less than four, that 

treatment was not considered in the analysis.  
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Table 3.5.2. Description of the sequential variables analysed in the EPG assays. 

Variable Definition 

Time from 1st np to 1st C. Time since the insect was placed on the plant to the first 

probe. 

Time from 1st np to 1st 

sustained Xi. 

Time since the insect was placed on the plant to the first 

xylem ingestion longer than (>5 min). 

Time from 1st np to 1st probe 

with Xi.  

Time since the insect was placed on the plant to the first 

probe with xylem ingestion. 

Time from 1st np to 1st probe 

with sustained Xi.  

Time since the insect was placed on the plant to the first 

probe xylem ingestion longer than (>5 min). 

Time from 1st C to 1st Xc.  Time from the first probe to the first xylem contact. 

Time from 1st C to 1st Xi. Time from the first probe to the first xylem ingestion. 

Time from 1st C to 1st 

sustained Xi. 

Time from the first probe to the first xylem ingestion 

longer than (>5 min). 

np duration after 1st Xi. Duration of non-probing after first xylem ingestion. 

3.5.4. ACUTE TOXICITY OF COMMERCIAL PRODUCTS ON Philaenus 

spumarius AFTER A SHORT (4H) AND A LONG (72H) EXPOSURE PERIOD 

Experiments were conducted during June 2021 in a growth chamber under controlled 

conditions (temperature: 23:18± 2ºC day:night; RH: 60–70%; photoperiod: 16:8 

light:darkness). All tests were conducted under no-choice conditions. 

A) Acute toxicity after a short (4 h) exposure period: Spittlebugs were caged in a 

plastic mesh cylinder for 4 h on S. oleraceus plants previously treated with the chemical 

compounds. Plants were also treated as explained above with the six compounds 

(deltamethrin, acetamiprid, pyrethrin, spinosad, sulfoxaflor, kaolin) and with tap water 

(untreated control plants). Each experimental unit consisted of three individual insects 

of the same sex transferred to one treated plant (3 insects per plant and 14 plants per 

treatment). The number of dead/alive insects was assessed every 30 min up to 4 h. 

B) Acute toxicity after a long (72 h) exposure period: According to the results 

obtained on the survivorship of spittlebugs after 4 h of exposure to the six compounds, 



Chapter 3: Material and Methods 

55 

an additional assay was conducted to assess the effect of selected compounds on the 

survival of P. spumarius after longer exposure periods: 24 h, 48 h, and 72 h. The 

compounds selected for this assay were spinosad, sulfoxaflor, kaolin, pyrethrin, and a 

tap water control. Acetamiprid and deltamethrin caused 100% mortality within 2 h upon 

insect caging on treated plants; thus, both pesticides were discarded for this long-

exposure assay (see results, section 4.5.1). The number of dead/alive individuals was 

checked every 30 min for 4 h and after 24 h, 48 h, and 72 h. Each experimental unit 

consisted of ten adults caged (1:1 sex ratio) on one S. oleraceus plant treated and 

maintained as explained above (ten insects per plant, six plants per treatment). 

3.5.5. EFFECT OF THE COMPOUNDS ON THE INOCULATION OF Xylella 

fastidiosa BY Philaenus spumarius 

Given the EPG results (see section 4.5.1), only three compounds were selected for the 

Xf transmission assays: (1) Acetamiprid, a systemic insecticide that showed a high 

mortality rate, significant disruption of probing and feeding behaviour, and a strong 

repellent effect. (2) Pyrethrin, which induced low acute toxicity and impact on feeding 

compared to acetamiprid but a moderate repellence. (3) Kaolin, which exhibits neither 

acute toxicity nor repellent effects and does not affect the spittlebug feeding behaviour 

activity but interferes with the host finding ability of sharpshooters in grapevines, thus 

reducing the spread of PD (Puterka et al. 2003; Tubajika et al. 2007). (4) Water was 

used as a control. Concentrations are shown in Table 3.5.1. Two types of tests were 

conducted. 

A) No-choice assay: infective P. spumarius were caged for an inoculation access period 

(IAP) of 72 h on periwinkle plants all sprayed one of the three products or water 

control.  

B) Free-choice assay: infective P. spumarius were released in a cage containing plants 

treated with the different compounds arranged together for an IAP of 72 h.  

Twenty-four hours before releasing the spittlebugs into the cages, plants were treated 

with the compounds under screening (and water for control) as explained before. Each 

cage housed eight plants. Three spittlebugs per plant were released. Thus, there were a 

total of 24 insects per cage. For the no-choice test, three cages per treatment were used 

(thus 24 total plants and 72 spittlebugs per treatment). For the free-choice test, 11 

replicates were performed (thus a total of 11 cages, eight plants per cage, two plants per 
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treatment in the same cage, and 22 total plants per treatment). All replicates were 

performed in parallel on the same date. In this second trial (B) with mixed treatments in 

the same cage, the position of the plants treated with the same compound was switched 

in each cage to avoid positional effects. At the end of the IAP, spittlebugs were 

collected. The number of alive, dead, and missing individuals was recorded. Spittlebugs 

were stored in 75% ETOH at -20 °C and subject to testing for Xf by qRT–PCR (Harper 

et al. 2010). Upon insect collection, periwinkle recipient plants were sprayed with 

fungicides and insecticides and stored in a growth chamber under controlled conditions 

(temperature: 25±2 °C; RH: 55%). Plants were tested for Xf three months after the IAP 

by qRT–PCR (Harper et al. 2010). Periwinkle plants found wilted at the end of the 

three-month incubation period were discarded and not analysed for Xf. Nine healthy 

periwinkles were used as a negative control. The plants were positioned out of the cages 

during the IAP, stored together with the recipient plants during the incubation period, 

and finally tested for Xf by qRT–PCR. 

3.5.6. STATISTICAL ANALYSES 

All analyses were run in R software version 4.0.3 (R Core Team 2020). 

EPG assays: The effect of compounds and sex on the feeding behaviour of P. 

spumarius was analysed using a Kruskal–Wallis test followed by a Steel-Dwass 

pairwise comparison test. The effect of the compounds and sex on the proportion of 

escaped individuals was analysed by a chi-squared test. The analyses were performed 

either for the total duration of the recording or the hourly trend of EPG variables (1, 2, 

3, or 4 hours). When studying the effect of the compounds by hours, the treatments with 

less than 4 recordings with alive/non-escaped insects were removed from the analysis. 

Survival assays: a Kaplan–Meier survival analysis with a log-rank Mantel-Cox 

significance test was used to compare the differences in mortality rates between 

treatments in survival assays. 

Transmission tests: The effect of the compounds on the Xf inoculation rate in the no-

choice and free-choice assays were analysed with a GLMz with a binomial distribution, 

and the percentage of positive P. spumarius was added as a covariate in the analysis. A 

Tukey test was performed for pairwise comparisons. 
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CHAPTER 4. RESULTS AND DISCUSSION 

4.1. FLIGHT PERFORMANCE AND THE FACTORS AFFECTING 

THE FLIGHT BEHAVIOUR OF Philaenus spumarius 

4.1.1. RESULTS 

4.1.1.1. SEASONAL PATTERNS IN THE FLIGHT ACTIVITY OF Philaenus 

spumarius 

This study investigated the influence of season, population origin, and sex on the flight 

activity of Philaenus spumarius (L.) From a total of 432 individuals tested, 250 of them 

performed successful flights (57.87%). As shown in Table 4.1.1, the mean distance 

travelled was 459 m with a maximum of 5.5 km in a 5.4 h single flight. The remaining 

descriptive statistics of the flight parameters studied are shown in Table 4.1.1 The 

distributions of the flight parameters are shown in Figure 4.1.1. 

Table 4.1.1. Descriptive statistics of all the flight parameters studied in the assay 

concerning the seasonal patterns in the flight activity of P. spumarius.  

Flight parameters MEAN ± SE Maximum 

Number of flights 5.52 ± 0.43 44 

Distance travelled (m) 459.00 ± 45.39 5468 

Flight duration (s) 1712.59 ± 154.63 

(≈29 min) 

19547 

(≈5.4 h) 

Mean speed (m/s) 0.24 ± 0.004 0.49 
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Figure 4.1.1. Frequency distribution of all the flight parameters studied in the assay 

concerning the seasonal patterns in the flight activity of P. spumarius. A) Number 

of flights performed. B) Distance travelled (m). C) Flight duration (s). D) Mean 

speed (m/s). 

 

The season and the sex (and the interaction between both factors) significantly 

impacted the following flight parameters studied: flight incidence (χ² =13.61, df =5 

and p-value= 0.018); distance travelled (R2-adjusted=0.06, F=3.99, df=5 and p-

value= 0.002); flight duration (R2-adjusted=0.04, F=2.91, df=5 and p-value= 0.014); 

and mean speed (R2-adjusted=0.06, F=4.17, df=5 and p-value= 0.001). Neither the 

season, the sex nor the population origin significantly impacted the number of 

flights performed. The origin of the insects’ populations did not significantly impact 

any of the parameters studied. 

When comparing the differences between seasons in terms of the flight parameters 

of the males, it was observed that the flight incidence was significantly lower in 

spring than in autumn (p-value= 0.018) with no significant differences from that in 

summer (Fig. 4.1.2 A). The mean speed was significantly higher during autumn than 

during spring (p-value= 0.03) and summer (p-value=0.01) (Fig. 4.1.2 D). These 

results show that the flight performance in the males was higher in autumn than in 

the other seasons. For the females, the distance travelled was significantly lower 

during summer than during spring (p-value< 0.001) and autumn (p-value= 0.034) 

(Fig. 4.1.2 B). Similarly, the flight duration was significantly lower in summer than 
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in spring (p-value= 0.001), with no significant differences in autumn (Fig. 4.1.2 C). 

Thus, the flight performance of the females was lower in summer than in the other 

seasons. 

Moreover, when sexes during the three different seasons were compared, it was 

observed that during spring, the flight performance was significantly lower for 

males than for females (Fig. 4.1.2 A, B, C, and D) flight incidence (p-value =0.035), 

distance travelled (p-value =0.004), flight duration (p-value =0.015) and mean speed 

(p-value= 0.008). In summer, the mean speed was significantly lower for males than 

for females (p-value= 0.011), there were no significant differences between sexes 

for the remaining flight parameters (Fig. 4.1.2 A, B, C, and D). In autumn, there 

were no significant differences between the sexes for any of the flight parameters 

studied (Fig. 4.1.2 A, B, C, and D). Thus, the flight performance was lower for 

males than for females during spring; however, the flight performance increased 

during the season until it was similar for both sexes in autumn. 

 

Figure 4.1.2. Seasonal pattern in flight activity of P. spumarius: comparisons 

between sexes (males and females) and between seasons (spring, summer, and 

autumn) for the flight parameters studied. A) Comparisons for flight incidence. B) 

Comparisons for distance travelled (m). C) Comparisons for flight duration (s). D) 

Comparisons for mean speed (m/s). Distance travelled, flight duration, and mean 

speed parameters were transformed by (log10(x+1)). The capital letters refer to 
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significant differences between the three seasons for females, and the lowercase 

letters refer to significant differences for males. Groups accompanied by the same 

letter are not significantly different. * indicates significant differences between 

males and females in each season. In charts B, C, and D, the horizontal black lines 

denote median values, boxes extend from the 25th to the 75th percentile of each 

group’s distribution of values, and vertical extending lines denote the range of 

values. 

 

The correlation tests showed that the distance travelled and the flight duration were 

highly and positively correlated during the three seasons and in both sexes (Fig. 

4.1.3); thus, the longer the flight duration was, the longer the distance travelled. For 

the females, there was a negative correlation between the mean speed and the 

number of flights during the three seasons (spring: ρ=-0.417 p-value=0.007; 

summer: ρ= -0.289 p-value=0.046; autumn ρ= -0.531 p-value<0.001). For the 

males, these two parameters were not correlated for any of the seasons. The 

correlation tests showed that neither the number of flights nor the mean speed were 

significantly correlated with the flight duration or the distance travelled. 
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Figure 4.1.3. Seasonal patterns in flight activity of P. spumarius: Dispersal charts from correlation tests between the distance travelled 

and the flight duration for males and females during the three seasons (spring, summer, autumn). Both flight parameters were 

transformed by (log10 (x+1)). 
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4.1.1.2. DAILY PATTERNS IN THE FLIGHT ACTIVITY OF Philaenus 

spumarius 

A total of 92 individuals were tested, and 60 of them performed successful flights 

(65.22%). As shown in Table 4.1.2, the mean distance travelled was 531 m, similar to 

that observed in the previous assay on seasonal patterns of flight activity (459 m, Tab. 

4.1.1). Furthermore, the maximum distance travelled recorded was 2.2 km in 2.6 h. The 

remaining descriptive statistics of the flight parameters studied are shown in Tab. 4.1.2. 

Distributions of the flight parameters studied were similar to those in the season assay. 

Table 4.1.2. Descriptive statistics of all the flight parameters studied in the assay 

concerning the daily patterns in the flight activity of P. spumarius.  

Flight descriptors MEAN ± SE Maximum 

Number of flights 11.50 ± 1.69 61 

Distance travelled (m) 530.98 ± 67.60 2174 (≈2.2 km) 

Flight duration (s) 2086.40 ± 280.70 

(≈35 min) 

9367 

(≈2.6 h) 

Mean speed (m/s) 0.23 ± 0.009 0.41 

The time of day and the sex (with no interactions between both factors) had a significant 

impact on distance travelled (R2-adjusted=0.24, F=7.15, df=3 and p-value< 0.001) and 

flight duration (R2-adjusted=0.23, F=6.77, df=3 and p-value= 0.001). 

There were significant differences between the time of day when the data for both sexes 

were pooled. The distance travelled was significantly higher during the morning 

(MEAN ± SE (m) = 511.60 ± 97.30; p-value=0.036) and during the night (MEAN ± SE 

(m) = 798.80 ± 128.99; p-value= 0.002) than during the afternoon (MEAN ± SE (m) = 

282.55 ± 97.08) with no significant differences between the morning and the night. 

Similarly, the flight duration was significantly lower during the afternoon (MEAN ± SE 

(s) = 1,142.05±373.51) than during the morning (MEAN ± SE (s) = 1,993.40 ±347.05; 

p-value=0.036) and the night (MEAN± SE (s) = 3,123.75 ± 608.31; p-value= 0.004) 

with no significant differences between morning and night. Therefore, P. spumarius 

adults were able to perform flights during the night, showing higher flight performance 

during the night and the morning than during the afternoon. 
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Moreover, there were differences between the males and females when the data of the 

three times of day were pooled: the distance travelled (females: MEAN ± SE (m)= 

695.40 ± 102.73; males: MEAN ± SE (m)= 366.57 ± 78.59; p-value= 0.017) and the 

flight duration (females: MEAN ± SE (s)= 2,737.13 ± 422.55; males: MEAN ± SE (s)= 

1,435.67 ± 335.94; p-value= 0.013) were significantly higher for females than for 

males. Thus, the flight performance was higher for females than for males. 

There were differences in the flight performance of P. spumarius during the day 

depending on sex. For the males, there were no significant differences between the three 

times of day for any of the flight parameters studied (Fig. 4.1.4 A and B). However, for 

the females, the distance travelled (p-value= 0.016) and the flight duration (p-value= 

0.018) were significantly higher during the night than during the afternoon with no 

significant differences during the morning (Fig. 4.1.4 A and B). Therefore, while the 

flight performance of the females changed throughout the day, that of the males was 

similar throughout the day. 

 

Figure 4.1.4. Daily patterns in flight activity of P. spumarius: comparisons between 

sexes (males and females) and between the different times of day (morning, afternoon, 

and night) for the flight parameters studied. A) Comparisons for distance travelled (m). 

B) Comparisons for flight duration (s). Both parameters were transformed by (log10 

(x+1)). The capital letters refer to significant differences between the three times of the 

day for the females, and the lowercase letters refer to significant differences for the 

males. Groups accompanied by the same letter are not significantly different. The 

horizontal black lines denote median values, boxes extend from the 25th to the 75th 

percentile of each group’s distribution of values, and vertical extending lines denote the 

range of values. 
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Similarly, as observed in the previous assay, the correlation tests showed that the 

distance travelled and the flight duration were positively correlated during the three 

times day for both sexes (Fig. 4.1.5) thus, the longer the flight duration was, the longer 

the distance travelled. The correlation tests showed that neither the number of flights 

nor the mean speed were significantly correlated, and these two factors were not 

correlated with the flight duration or the distance travelled. 
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Figure 4.1.5. Daily patterns in flight activity of P. spumarius: dispersal charts from the correlation tests between the distance travelled and 

the flight duration for the males and females during the three times of day (morning, afternoon, and night).  
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4.1.2. DISCUSSION 

Philaenus spumarius is the most widespread xylem-sap feeder insect in Europe and 

could significantly contribute to the long-distance dispersal of Xylella fastidiosa 

(Wells), Xf, (Weaver and King 1954; Whittaker 1973; Wiman et al. 2015; White et al. 

2017; Strona et al. 2020). A recent modelling study by Strona et al. (2020) shows that 

even very low probabilities of long-distance dispersal of infectious vectors dramatically 

increase the possibility of disease outbreaks caused by Xf in olive groves in Andalusia 

(southern Spain) with a much larger effect compared to the pathogen’s intrinsic 

infectivity. 

Migratory journeys and dispersal abilities of insect vectors have profound implications 

for the spread of vector-borne diseases (Me 1988; Finke 2012; Chapman et al. 2015; 

Fereres et al. 2017). These findings provide evidence that adults of P. spumarius have 

great flight performance even in the absence of wind since the mean flight duration was 

almost 500 m in half an hour of flight (seasonal flights: 459 m in 29 min; daily flights: 

531 m in 23 min) with a maximum distance travelled of 5.5 km in a single 5.4 h 

continuous flight. It is important to remark that based on preliminary results individuals 

that didn’t start flying after 15 min were discarded and that the end of a recording was 

established after a 15 min pause. This means that the total flight durations and the 

distances in the study are tied to this rule and these parameters could reach higher 

values in the field. Furthermore, some of the individuals could fly after a 15 min pause, 

thus distance travelled could be longer in the field. In addition, the distance travelled 

could be even further for migratory flights up in the atmosphere where low-level jet 

winds will increase speed and net distance per minute of flight. In both the seasonal and 

daily flight assays, the flight duration was highly and positively correlated with the 

distance travelled, but none of these parameters was correlated with the mean speed, 

suggesting that P. spumarius individuals are able to perform long continuous flights and 

travel long distances while maintaining a constant speed regardless of flight duration. 

As illustrated in Figure 4.1.1 B the frequency distribution of the distance travelled has a 

heavy-tailed distribution (characterized by Lèvy walks), suggesting the existence of 

some long-distance flyers in the population as described for aphids (Petrovskii et al. 

2011). Moreover, all the flight parameters studied were highly variable among all the 

insects studied (Fig. 4.1.1, Tab. 4.1.1 and Tab. 4.1.2). As observed for many other insect 

species, flight performance heterogeneity in a population does not seem to be rare and 
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suggests that some individuals are inclined towards dispersive flight, contributing to 

population expansion, while others are less mobile (Okano 2009; Taylor et al. 2010; 

Robinet et al. 2019). Long-distance flights are energetically demanding and impose 

costs in terms of lower survival and/or reduced lifetime or reproductive success 

(Chapman et al. 2015). However, the primary driver of the evolution of long-range 

insect migration is typically assumed to escape from environmental conditions 

incompatible with development (Chapman et al. 2015). Long-range insect migration 

will always represent a bet with potential rewards or penalties (Srygley and Lorch 

2013). Thus, further experiments to estimate the costs of dispersal are needed to 

understand the risk posed by individuals that disperse long distances. 

Several authors have previously reported long-distance dispersal of xylem feeders. As 

shown in the present Thesis (section 4.2) Neophilaenus campestris (Fallen) is able to fly 

more than 2 km for 35 days during the summer season (Lago et al. 2021b). Similarly, 

other spittlebug species, such as Zulia entrerriana (Berg) and Deois flavopicta (Stal), 

can travel as much as 3 km (Nilakhe and Buainain 1988). In addition, a back-fitting 

stochastic model of the epidemiological data in Puglia (southern Italy) revealed that the 

mode of the long-distance dispersal posterior distribution of spittlebugs is 7 km (Steven 

White, personal communication). Nevertheless, spittlebugs might be capable of flying 

with assistance from air currents and travel long distances as they were found flying as 

much as 200 m above ground (Freeman 1945; Weaver and King 1954; Reynolds et al. 

2017). In addition, hitchhiking is not uncommon and could be another way in which 

spittlebugs disperse long distances by chance, as has been reported in Italy (White et al. 

2017).  

Our approach to estimating the flight activity of P. spumarius was by using flight mills 

under static conditions with no tail wind. In studies based on flight-mill devices, we 

should consider if the behaviour observed is similar to what we might expect to observe 

in the field. Tethering could affect insects’ flight behaviour, and the information 

obtained with flight mills is complex to interpret (Riley et al. 1997; Neuman-Lee et al. 

2013; Wiman et al. 2015). The drag resistive forces of flight-mill, the absence of lifting 

or something on which to land, flight-related cues and manipulation issues can over-or 

underestimate the flight capacity of insects being studied (Wilson 1961; Riley et al. 

1997; Yamanaka et al. 2001; Taylor et al. 2010). Despite these limitations, flight-mill 

devices have been used since the 1950s to study the flight performance of a great 

number of insect species. They are very useful for constructing dispersion models and 
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providing insights that cannot be obtained from more traditional field studies, as we can 

carry out assays under controlled conditions (Blackmer et al. 2006; Taylor et al. 2010; 

Minter et al. 2018). 

Approximately 60% of the individuals flew in the seasonal and daily movement assays 

during the first 15 min since they were attached to the mills. Philaenus spumarius has 

no tarsal reflex and not all individuals start to fly when tethered to flight-mill devices. 

Thus, they started and stopped flying several times during the recording, so they were 

not forced to fly until they became exhausted, partially avoiding the overestimation of 

the data (Jones et al. 2015). 

Our results showed that P. spumarius flight activity is influenced by sex and presents 

daily and seasonal variation. When comparing between sexes, females outperformed 

males in terms of distance travelled and flight duration. Similarly, the distance travelled, 

flight duration, and mean speed were higher for females than for males during spring. 

The variation in the flight activity of P. spumarius observed in the different seasons 

seemed to be related to its life cycle. In Mediterranean scrublands, P. spumarius adults 

emerge during spring and feed on herbaceous ground vegetation. As temperature 

increases during the season, ground vegetation cover dries, forcing insects to 

continuously disperse and migrate, looking for succulent woody hosts. In autumn, after 

the first rains, the ground vegetation starts to grow, and spittlebugs leave their 

oversummering hosts and return for oviposition (Morente et al. 2018b; Bodino et al. 

2019). These findings of the high flight activity of female P. spumarius during spring 

are consistent with previous findings in which migration behaviour was more active and 

frequent for sexually immature females than for males (Weaver 1951; Weaver and King 

1954; Halkka 1962; Halkka et al. 1967; Grant et al. 1998; Drosopoulos and Asche 

2008), In some Cicadellidae species, dispersal is greater for sexually immature females 

than for males (Waloff 1973; Minuz et al. 2013), and high levels of flight activity in 

young females was also observed in other spittlebug species (Nilakhe and Buainain 

1988). 

Our findings show that the flight activity of P. spumarius decreased in summer when 

the insects settle on woody hosts to estivate and increased in early September at the 

beginning of the oviposition season. A positive correlation between reproductive 

maturity and migratory flight occurs in some migratory insect species (Drake and 

Gatehouse 1995; Johnson et al. 1998). Conversely, a negative correlation or no 

correlation at all between reproductive maturity and migratory flights exists among 
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some other migratory insects, and even within the same species depending on 

seasonality (Sappington and Showers 1992; Zhao et al. 2009; Tigreros and Davidowitz 

2019), According to the results, the increase in the flight activity of both sexes observed 

in the study during autumn could reflect evolutionary adaptation to increase the 

probability of encounters between both sexes and maximize mating and fitness. 

Furthermore, the greater flight activity in females during autumn than during the other 

seasons could also have been a response to egg maturation and to the need to return to 

the groves and find suitable host plants for oviposition (Weaver and King 1954; Drake 

and Gatehouse 1995). Considering that P. spumarius individuals are able to actively 

disperse when they become adults and that females exhibit high levels of flight activity 

during spring, vector control measures should be focused on nymphs and the time 

before adults start to disperse. In comparison to adults, nymphs are much less mobile 

and more vulnerable to cultural control actions such as mowing (Weaver and King 

1954). Although no differences in the flight performance between the populations in 

Huelva and Madrid (400 km from each other) were found, the influence of climate and 

landscape should be considered when studying insect movement in the field. 

One interesting finding of the present study was related to the daily patterns in the flight 

activity of P. spumarius, with high levels of flight activity during the night. Female 

flight performance was higher during the night than during the afternoon with no 

differences in the morning. However, for the males, there were no significant 

differences in the daily patterns of flight for any of the flight parameters studied. 

Overall, when compiling male and female data, it was found that P. spumarius 

exhibited continuous flight activity throughout the day, but the flight activity was higher 

during the morning and night than during the afternoon. I was able to trap P. spumarius 

and N. campestris during the night (unpublished data) with yellow sticky traps, but 

nocturnal dispersal capacity in spittlebugs has never been reported before. Long-

distance insect migration is affected by the atmosphere, which can have effects at small 

scales depending on how wind directions and speeds change during the day (Drake and 

Farrow 1988; Drake and Gatehouse 1995). The variation in the local wind during the 

day could affect nocturnal insect flight and may lead to unexpected pest outbreaks (Burt 

and Pedgley 1997). Thus, the nocturnal flight activity of P. spumarius could impact the 

daily dispersal process of the vector and should be considered to control the local 

expansion of Xf. 
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The flight performance of P. spumarius and the seasonal and daily patterns observed in 

the present study have important implications for control strategies against the spread of 

Xf diseases. The boundaries of the buffer zone and the infected zone in the European 

Union (EU) were recently reduced from 10 km to 2.5-7 km and from 100 m to 50 m 

radii, respectively (EU 2015/789, Articles 4, 5 and 6, 2015; EU 2020/1201, Articles 4 

and 5, 2020). Nevertheless, the results obtained revealed that P. spumarius is likely to 

travel much further than the size of the infected and buffer zones established by the EU 

and that long-distance dispersal is likely to contribute to Xf spread away from the buffer 

zones. The eradication of infected and non-infected plants belonging to the same species 

has a negative impact on many elements in the environment and society (Burt and 

Pedgley 1997), and despite this measure, Xf continues expanding across southern Italy 

at a rate of 20 km/year (EPPO 2019a; Fierro et al. 2019; Saponari et al. 2019). Thus, up-

rooting uninfected trees may have a limited impact in containing the disease, while 

identifying (and disrupting) long-distance dispersal processes may be more effective in 

containing disease epidemics. 

In conclusion, considering that P. spumarius adults are able to actively disperse during 

the whole year and that once they acquire the bacterium, they remain infectious over 

their entire life, one of the critical components of the overall strategy against Xf should 

be the management of vector populations in their early stage of development (nymphal 

stage). This could reduce its spread through the long-distance dispersal of its vector. 
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4.2. DISPERSAL OF VECTORS OF Xylella fastidiosa, FROM GROUND 

HERBACEOUS VEGETATION TO WOODY HOSTS BETWEEN DIFFERENT 

AGROSYSTEMS 

4.2.1. RESULTS 

4.2.1.1. PERSISTENCE OF FLUORESCENT DUSTS AND THEIR EFFECT ON 

THE SURVIVAL AND FLIGHT BEHAVIOUR Neophilaenus campestris  

There was no statistical difference in the survival between dusted and non-dusted N. 

campestris maintained under greenhouse conditions (two-sample Cox proportional 

hazards model Z= -0.09, P= 0.93). Moreover, none of the marked individuals had a loss 

of marking dust beyond level 2 during the 35 days of the experiment, and all the marked 

insects were easily distinguishable with the naked eye. It is worth noting that the indoor 

environmental conditions where the insects were raised were different from those in the 

field. Insects were maintained inside cages in a glasshouse with no exposure to wind, 

rain, or strong UV radiation. 

Flight mill assays showed that the overall proportion of individuals of N. campestris 

that flew was 56.2% (50/89). Neither the dusted status nor sex affected the flight 

incidence, the number of flights, the total distance travelled the total flight duration or 

the mean speed. Therefore, all the data of both sexes were pooled together, dusted and 

non-dusted individuals, and the flight descriptors were calculated for all insects (n=50) 

(Tab. 4.2.1). Results obtained showed that N. campestris travelled 282 m in about 17 

min on average in a single flight, and one individual was able to travel almost 1.4 km in 

an 82 min single flight.  

  



Chapter 4: Results and Discussion 

 

72 

 

Table 4.2.1. Descriptive statistics of all the flight parameters studied in the assay 

concerning the effect of fluorescent dusts on the flight behaviour of N. campestris.  

Flight parameters MEAN ± SE Maximum 

Number of single flights 1.96 ± 0.20 7 

Distance travelled (m) 281.54 ± 40.53 1362.30 

Flight duration (sec) 1012.92 ± 137.62 (≈17 min) 4933.14 (≈82 min) 

Flight speed (m/s) 0.26 ± 0.01 0.42 

4.2.1.2. MASS-MARK-RECAPTURE (MMR) ASSAY  

During the Mass-Mark-Recapture (MMR) assay (from 23-05-2019 to 05-07-2019) the 

temperatures averaged 23.4 ± 0.78°C. The wind conditions varied during the assay over 

the day with a mean of 2.5 ± 0.14 m/s with a maximum wind speed of 4.2 m/s and a 

minimum of 1.8 m/s. Despite the changing wind conditions, the predominant wind 

direction was southeast the day when marked insects were released. A total of 1,315 

individuals of N. campestris were released and 21 marked individuals were recaptured 

representing a mark-recapture rate of 1.6%. A total of 791 individuals of N. campestris 

(considering both marked individuals and “wild” not marked insects) were captured 

from the 12-recapture sampling sites. However, recaptures of marked individuals 

occurred only in three (D, G, and K) of the 12 sites sampled (Fig. 3.2.3, in section 

3.2.2). The marked individuals that were recaptured were found only on two different 

species of pine trees: Pinus pinea (L.) and Pinus halepensis (Miller).  

All the individuals recaptured were dusted with either orange or yellow dusts. No 

individuals with blue or pink dust were recaptured. Neophilaenus campestris recaptured 

in points D (8 individuals) and G (8 individuals) were marked with the orange colour 

which indicated that these insects flew 123 m from the orange release point to the D 

zone and 281 m to the G zone. Furthermore, 5 dusted individuals of N. campestris were 

recaptured in the K point, which was about 2.4 km away from the release point. Four of 

these 5 individuals had orange dust while 1 individual was marked with yellow 

fluorescent dust.  
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The majority of the orange-dusted insects had many orange dots and few yellow or 

whitish dust particles on their body (Fig. 4.2.1) but for the analysis, it was considered 

that all the marked individuals in zones D and G came from the orange release site (Fig. 

3.2.3, in section 3.2.2). In point D, recaptures occurred throughout the whole assay. 

Thus, 3 orange-marked N. campestris were recaptured on 12-06-2019, 3 on 19-06-2019, 

and 2 individuals on 27-06-2019. By contrast, in point G the only date of recapture was 

05-07-2019 when the 8 orange-marked N. campestris were recaptured. Finally, in point 

K, the 4 orange-marked and the yellow-marked N. campestris were captured on 27-06-

2019.  

Only those individuals that showed a clear trace of fluorescent dust were considered 

marked insects (Fig. 4.2.1 A). Non-dusted individuals are shown in Figure 4.2.1 B. 

 

Figure 4.2.1. A) An orange marked N. campestris was recaptured in zone D and 

exposed to UV light. Orange fluorescent particles were clearly visible (1). Other 

particles were found that could be either yellow fluorescent particles (2) or dust (3) 

covering some parts of the insect's body. B) A non-dusted individual of N. campestris 

exposed to UV light.   
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4.2.2. DISCUSSION 

The indoor tests on survival, dust retention, and flying capabilities of N. campestris 

showed that the methodology applied in the MMR field assay did not disturb the flight 

behaviour or survival of the dusted spittlebugs. However, insects exposed to natural 

conditions were different from those exposed to indoor facilities since they were not 

protected from rain and intensive UV light. This could explain why the marked insects 

collected in the field were not visible to the naked eye and a UV lamp was always 

needed to detection of the fluorescent dust. Moreover, the flight mill assay showed that 

N. campestris is able to travel much more than 100 m in less than an hour, which is a 

greater distance than previously observed for spittlebugs in other studies (Freeman 

1945; Weaver and King 1954). Flight mill data are difficult to interpret because the 

insects’ behaviour and flying ability might be influenced by experimental manipulation. 

However, flight mill assays give a general idea of insect flight behaviour and allow us 

to compare differences in flight behaviour between different groups (Dingle 1965; 

Ávalos et al. 2014; Guo et al. 2020; Minter et al. 2018) It is known that the migration 

behaviour of insects is complex and can be influenced by multiple biotic and abiotic 

factors including sex (Minter et al. 2018). As shown in this Thesis (section 4.1) 

movement of spittlebugs can be influenced by sex (Lago et al. 2021a), as also stated in 

other studies (Cornara et al. 2018a). However, sex didn’t influence any of the flight 

parameters of N. campestris in this study. Furthermore, it was observed that the 

fluorescent dust did not have any effect on the flight behaviour of the spittlebug in the 

flight mill, which confirms the suitability of the MMR protocol used in this study. 

Our results in the MMR assay support previous studies (Lopes et al. 2014; Morente et 

al. 2018b) which proved that N. campestris move and settle on pine trees during late 

spring and summer (in this study P. pinea and P. halepensis). The spittlebugs 

recaptured in the K zone were able to travel distances longer than 2 km. Those that 

came from the orange release point travelled about 2.28 km and those that came from 

the yellow release point moved a total of 2.47 km, the longest distance covered by a 

spittlebug recorded in a field assay until now (Freeman 1945; Weaver and King 1954; 

Reynolds et al. 2017). These results suggest that N. campestris is able to travel more 

than 2 km in 35 days. These results contrast with those obtained by Bodino et al. (2021) 

who estimated that 98% of the P. spumarius population moved within a radius of 400 

m. However, they did not specify the distance moved by the remaining 2% of the 
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population. One of the limitations of the MMR techniques is that a very high sampling 

effort is needed to recover marked insects at long distances from the release point. 

Likely, the long-distance movement of N. campestris could be dependent on wind 

speed and direction, and it likely is capable of flying up to the air currents where their 

migration becomes passive and displaced by tail winds (Freeman 1945; Weaver and 

King 1954; Reynolds et al. 2017). Bodino et al. (2021) performed recaptures at a 

maximum distance of 200 m from the release point, which may not represent the 

dispersal ability of P. spumarius over long distances when aided by tail winds. Despite 

the changing wind conditions during the MMR, the predominant wind direction was 

southeast the day when marked insects were released. Interestingly, the furthest 

recapture point where marked insects were found (more than 2 km away) is located 

southeast of the release points. This suggests that spittlebugs that were re-captured 

could have travelled aided by tail winds present at the time when marked insects were 

released. Regarding short-distance migration, we learned in the laboratory studies that 

N. campestris was able to move more than 100 m in 24 h. The presence of sheltered 

habitats may favour its migration (Hunter 2002). Some orange-dusted insects presented 

some yellow spots on their body. Thus, perhaps some marked insects were able to 

contact each other during the sweep net sampling and mate while they remained in 

falcon tubes after they were recaptured. Moreover, insects remained in cages in the 

laboratory before sorting them out in the microscope. Thus, while they remained in 

falcon tubes and cages, they may have transferred some dust particles from yellow-

marked to orange-marked insects and the other way around. Less likely, yellow and 

orange dusted N. campestris could have met in a middle resting point within the 

migration track where they could mate and thus transfer the dust from one individual to 

another. These insect species are polyandrous and females mate frequently with 

multiple couples during all their adult life. Therefore, the transfer of dust from one 

insect to another is a possibility that cannot be excluded. Finally, no N. campestris was 

found on the rest of oversummering host plants sampled in the study such as oak trees. 

This result may indicate that, despite the polyphagous character of the insect, it has a 

strong migratory preference for pines in the summer. It has been recently described that 

N. campestris tend to return back to olive groves in the fall for oviposit (Morente et al. 

2018b; Bodino et al. 2019). Thus, the presence of pines in the landscape surrounding 

the crop may favour the establishment and proliferation of N. campestris in a given area 

throughout the year. Accordingly, nymphs develop on ground cover, mainly grasses, in 
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olive groves and the emerged adults spend most of the summer on the surrounding pine 

trees, returning to the olive grove after the first rains in the fall to mate and lay their 

eggs on the emerging grasses. This has been observed in several areas of Spain 

including the Alicante region where N. campestris was very abundant in the grasses 

during the fall (Morente et al. 2018b). 

The migration capacity of N. campestris is only one of the difficulties that hamper the 

implementation of effective measures of disease containment. The results obtained, 

showing that N. campestris can migrate and fly more than 2 km in 5 weeks, together 

with the polyphagous habit of this species and its long-life cycle, provide additional 

information that can be useful to mitigate disease spread. A recent modelling study by 

Strona et al. (2020) shows that even limited probabilities of long-distance dispersal of 

infectious vectors dramatically affected disease outbreaks caused by Xf in olive groves 

in Andalusia (southern Spain). They concluded that identifying and disrupting long-

distance dispersal processes may be much more effective to contain disease epidemics 

than surveillance and intervention concentrated on local scale transmission processes. 

Thus, the eradication measures that are being adopted as a general rule in the EU to 

fight against the disease by up-rooting infected plants and all plants, regardless of 

infection, within a 50 m radius, might be of limited value to contain pathogen spread. 

So, the fact that vectors of Xf are able to move much more than 100 m, the persistence 

of the disease in the vector for their entire adult stage (almost 9 months), together with 

the polyphagous nature of most xylem-feeders, suggest that vector management should 

be a critical component of the overall strategy to reduce the spread of Xf across the 

European continent. 

Additionally, Xf symptom onset is variable depending on the plant species, from three 

to four months (in grapevines) to years (in the case of olive trees) (Almeida 2016b). 

Moreover, the detection of the pathogen in the plant is a difficult task, which requires 

certain concentrations of the bacterium and the right collection of samples (at least 4 

leaves per sample from different trees in a large-scale sampling in the case of olive 

trees) (Loconsole et al. 2014). Additionally, vectors may acquire Xf from infected 

asymptomatic hosts. Another important finding is that the transmission of Xf by their 

vectors is a very fast process (inoculation occurs in 2 to 7 min after the onset of the first 

probe). Therefore, although N. campestris adults do not colonize olive trees (Bodino et 

al. 2019, 2020; Cornara et al. 2017b; Mazzoni 2005; Morente, et al. 2018b) they could 

easily land and probe briefly on olive canopies in late spring and summer when they 
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disperse towards their over-summering hosts. In this process, they could rapidly 

transmit Xf from one tree to another. 

In summary, one of the critical components of the overall strategy against Xf should be 

the management of vector populations in their early stage of development. This could 

avoid or reduce the presence of adults in areas where the disease is present and limit the 

risk of long-distance dispersal. This goal should be addressed most sustainably by 

understanding the ecology, biology, and behaviour of spittlebugs. Cultural control 

tactics such as conservation tillage at the right moment could be effective in disrupting 

the life cycle of spittlebugs. In addition, the removal of infected plants that may act, as 

disease foci should also be considered to reduce disease spread. 
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4.3. GROWING DEGREE DAY (GDD) BASED MODEL TO PREDICT EGG 

HATCHING OF Philaenus spumarius 

4.3.1. RESULTS 

4.3.1.1. NYMPHAL EMERGENCE AND OVIPOSITION 

A total of 435 P. spumarius nymphs emerged in the field assays at the four 

experimental sites. Newborn nymphs were detected feeding on Sonchus oleraceus (L.) 

plants from 5-10-2021 to 1-05-2021. The first detection of newborn nymphs was 

recorded on 5-10-2021 at Alcalá de Henares (588 m), on 18-10-2021 at Bustarviejo 

(1,222 m), on 23-03-2021 at Pedrezuela (880 m) and 31-03-2021 at Mataelpino 

(1,086 m). Nymph emergences occurred at different moments and extended for 

approximately two months at all of the studied sites (Fig. 4.3.1 A, B, C, D, and E).  

The results for the nymphal emergence dates per field location show that the 

intrinsic randomness of the hatching process is quite broad, which exhibits 

variations of up to one month for eggs subjected to the same environmental 

conditions. Furthermore, the intrinsic variability of the data that were obtained from 

the oviposition date assay was explored. The results obtained showed remarkably 

high variability in oviposition dates, which extended up to periods as long as 2.5 

months (Fig. 4.3.1 F).  
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Figure 4.3.1. A), B), C), D) and E) Number of eggs hatched per date at each field 

site according to the oviposition date. F) Number of egg masses found under 

experimental conditions on pine needles at different sampling dates during the fall 

and winter of 2021. 

 

As shown in Table 4.3.1, it was observed that the locations significantly impacted 

the Growing Degree Day (GDD) accumulations that were required for egg 

hatching. Bustarviejo was the location where the eggs needed a significantly lower 

GDD accumulation to hatch compared to the other locations, and it was also the 

location where the lowest temperature and the highest humidity were recorded 

(Tab. 4.3.1). Mataelpino needed a significantly lower GDD accumulation for 

hatching compared to Alcalá de Henares and Pedrezuela but a significantly higher 
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GDD accumulation than at Bustarviejo. Furthermore, Mataelpino was the location 

where the highest temperature and lowest humidity were recorded (Tab. 4.3.1), 

probably because the plants were oriented to the south during the experimental 

period. The eggs at Alcalá de Henares and Pedrezuela needed significantly more 

GDDs to hatch than at Bustarviejo and Mataelpino. No significant differences in 

temperature were found between Alcalá de Henares and Pedrezuela, however, the 

relative humidity (RH) was significantly higher at Alcalá de Henares than at 

Pedrezuela (Tab. 4.3.1).  
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Table 4.3.1. Comparisons among the four field locations regarding different parameters, MEAN ± SE are shown. Values 

followed by different letters indicate significant differences among locations. The temperatures and humidities were 

calculated as the mean values to which each egg was exposed from the oviposition date until nymph detection. 

 
Kruskal-Wallis Alcalá de Henares Bustarviejo Mataelpino Pedrezuela 

GDD H= 252.30, df= 3,  

p-value< 0.001 

290.00 ± 4.70 c 196.80 ± 3.71 a 247.20 ± 2.60 b 330.89 ± 5.70 c 

Temperature (ºC) H=351.70, df= 3,  

p-value< 0.001 

8.33 ± 0.05 b 6.97 ± 0.04 a 9.10 ± 0.03 c 8.60 ± 0.05 b 

Relative humidity (RH%) H=386.20, df= 3,  

p-value< 0.001 

81.00 ± 0.13 c 84.60 ± 0.16 d 70.40 ± 0.03 a 76.70 ± 0.07 b 
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4.3.1.2. INFLUENCE OF RELATIVE HUMIDITY ON EGG HATCHING 

DATE 

The differences in observed GDDs that were required for egg hatching at the 

different sites could be attributed to the differences in the mean RHs to which the 

eggs were subjected. In Alcalá de Henares, Bustarviejo and Pedrezuela, the RH and 

GDD were negatively and highly correlated (i.e., when the RH increased, the GDD 

decreased) (R=-0.90, p-value<0.001) (Fig. 4.3.2 A). At the sites where experiments 

were conducted, the average recorded RHs were never below 75%. Thus, the 

relationship between RH and GDD at RHs below 75% is unknown. In Alcalá de 

Henares, Bustarviejo and Pedrezuela, both parameters were negatively correlated, 

and the GDD accumulation necessary for hatching decreased when the humidity 

rose (Fig. 4.3.2 A). In contrast, at Mataelpino (yellow dots), this linear relationship 

between GDD and RH was not observed (Fig. 4.3.2 A), thus this location was 

excluded from the analysis.  

 

Figure 4.3.2. The corrected general model to include the effect of RH on egg 

hatching. A) GDD accumulation metric at the moment of egg hatching against the 

RH between the oviposition and hatching dates. Each data point corresponds to one 

egg, and the colours correspond to different locations. The accumulated GDD value 

at the moment of hatching and the average RH in the process can be linearly related 

to RH values greater than 75%. Value C represents the threshold GDD value at 

which the cumulative probability of egg hatching is 0.5. The C parameter was 

subjected to humidity (H) following the function shown. B) Hatching probability 

for each field location using the corrected model accounting for RH. In Mataelpino, 
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no linear relationship was observed between RH and GDD, thus this location is not 

shown. 

 

Our initial general model assumed that egg hatching was exclusively dependent on 

the temperature (degree-day) accumulation, as the functional dependence between 

humidity and egg hatching remained unknown. After the initial results were 

obtained, the model was calibrated to add a correction to the general model to 

consider the effect of relative humidity, which appears to be a key factor that 

influences egg hatching dates (Fig. 4.3.2 B). The constant, C, in the model (Eq. 2), 

which accounts for the average GDD necessary for egg hatching, is substituted by 

the linear relationship between relative humidity and GDD for egg hatching, as 

shown in Eq. (3). 

𝑃 ℎ𝑎𝑡𝑐ℎ𝑖𝑛𝑔(𝑡) =
1

1 + exp (−𝑘(𝐺𝐷𝐷(𝑡) − 𝐶(𝐻)))
 

(Eq. 3) 

The calibrated model (which considers the linear relationship between RH and 

GDD for egg hatching) can accurately predict egg hatching at each location 

(excluding Mataelpino for reasons discussed below) and addresses the variability 

observed with the general model (Fig. 4.3.2 B). However, this is only a correction 

to the initial model, and the fundamental relationship between humidity and egg 

hatching remains unknown. Nevertheless, the results described here suggest that 

relative humidity plays a key role in the hatching process of P. spumarius.  

4.3.1.3. MODEL VALIDATION AND PREDICTIONS OF EGG HATCHING 

DATE IN THE IBERIAN PENINSULA 

To further validate the model, the egg hatching probabilities in the Iberian 

Peninsula were predicted by using existing field data that were recorded from 2016 

to 2021. The hourly temperature data for these years were retrieved from the ERA5-

Land dataset, which has a spatial resolution of 0.1°. Unfortunately, humidity data 

were not directly available, and thus, only the general model could be applied. 

Then, the hatching probabilities were computed with daily resolution and compared 

the predictions with the observational data from the field that were obtained from 

systematic surveys of newborn nymphs in different regions of the Iberian Peninsula. 
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These data consisted of several records of GPS coordinates and dates where 

newborn nymphs were found in the Iberian Peninsula, so it was expected that the 

model would predict high probabilities of egg hatching (> 50%) for each date and 

location where newborn nymphs were observed. However, the model outputs 

depend on the oviposition dates, which were not known and have been shown to 

exhibit large variations under experimental conditions. Thus, it was considered that 

P. spumarius could lay eggs during all of October and November, and the egg 

hatching probabilities were computed for each of these initial conditions. It was 

found that the model predictions were consistent with the field data (the dates when 

newborn nymphs were found) when the oviposition dates were dependent on 

latitude. By assuming that the oviposition dates occurred in early or mid-November, 

the model could successfully predict egg hatching for latitudes below 40°N 

(southern Spain), while for latitudes above 40°N (northern Spain), the model failed 

to provide accurate predictions (Fig. 4.3.3 and Tab. 4.3.2). However, when it was 

assumed that the oviposition dates occurred in early or mid-October, nearly all of 

the false positives (FP) that were associated with the locations in northern Spain 

became true positives (TP) (Fig. 4.3.3 and Tab. 4.3.2). In this last case, however, 

the egg hatching predictions were too early for the southern part of Spain. Thus, the 

best strategy to accurately predict egg hatching should consider that oviposition 

occurs on different dates in the northern and southern parts of Spain (Fig. 4.3.3).  

Table 4.3.2. Model validation example for Spain. Assuming oviposition occurred in 

early November the predictions for northern Spain are not accurate. Instead, by 

assuming that oviposition occurred in October early-mid, nearly all previous false 

positives (FP) become true positives (TP). Zone: North= Latitude >40°N. South= 

Latitude <40°N. 

Date Zone TP FP TP [%] FP [%] 

06-10-2017 North 4 1 29 7 

06-10-2017 South 9 0 64 0 

01-11-2017 North 0 5 0 36 

01-11-2017 South 9 0 64 0 
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 Figure 4.3.3. Validation of the model using the presence data of newborn nymphs 

in Spain (black dots). Panels A) and B) show the predicted hatching probabilities 

for the north part (latitude >40°N) of Spain assuming an oviposition date of 06-10-

2017. Panels C) and D) show the predicted hatching probabilities for the south part 

(latitude <40°N) of Spain assuming an oviposition date of 01-11-2017.  

4.3.1.4. DECISION-SUPPORT TOOL TO DETERMINE THE BEST 

TIMING TO CONTROL Philaenus spumarius NYMPHS 

After the model validation, the precise timing for controlling P. spumarius nymphs 

most efficiently was calculated in different regions of the Iberian Peninsula. The 

following initial conditions were fixed according to the results: 1) A plausible range 

of oviposition dates was selected: according to the observations of oviposition dates 

reported in 2021 (Fig. 4.3.1 F), the range from October 1st to December 30th was 

selected. 2) The end date of each simulation was selected: these were based on the 

observations obtained from the systematic surveys (2016-2021). The latest newborn 

nymph was found the 27-05-2021. Thus, the end date of each simulation was fixed 

to June 1st. With this algorithm in mind, the optimal dates for applying control 

actions (control timing) were selected that maximized the defined efficacy, which is 

the maximum percentage of targeted nymphs, and considered all possible date 

combinations for taking certain control actions and compared these with all of the 
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hatching observations from both assays and the systematic surveys. This maximum 

efficacy changed depending on the oviposition date (Fig. 4.3.4 A and B). Consistent 

with the previous validation, it was found that the model accuracy is maximized in 

northern Spain (latitude > 40°N) if oviposition is considered to occur in mid-

October, while for southern Spain (latitude < 40°N), it is maximized if oviposition 

is considered to occur in mid-November (Fig. 4.3.4 A and B). Furthermore, to 

optimize the control actions and to target the maximum number of nymphs as 

effectively as possible, a single date for applying a control strategy (control timing) 

was compared to a control strategy of applying control actions at two different 

times. These results clearly show that the best strategy consists of applying control 

actions at two different times to target the maximum nymphal population (Fig. 4.3.4 

C and D). In contrast, the maximum efficacy achieved by applying only one control 

action is below 50% in both the northern and southern Iberian Peninsula. According 

to the results obtained, for northern Spain (latitudes > 40°N) and assuming 

oviposition in mid-October, the first control actions should be taken when the 

accumulated egg hatching probabilities reach 40% and the second when they reach 

90%. On the other hand, for southern Spain (latitudes < 40°N) and assuming 

oviposition in mid-November, the first control actions should be taken when the 

accumulated egg hatching probability reaches 35% and the second when it reaches 

80% (Fig. 4.3.4). 
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Figure 4.3.4. A) and B) Maximum control action efficacies for each oviposition 

from the selected range to develop the algorithm (from October 1st to December 

30th). A) Efficacy in northern Spain (latitude >40°N). B) Efficacies in southern 

Spain (latitude < 40°N). C) and D) Examples of the efficacies that are obtained by 

using different control strategies (C) in northern Spain when considering an 

oviposition date of October 15th and (D) in southern Spain when considering an 

oviposition date of November 20th. This analysis was repeated for all oviposition 

dates. 
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4.3.2. DISCUSSION 

The growing degree-day (GDD) models, or degree-day models (Herms 2004), are 

often used in agronomy to define the correlation between development and 

temperature to forecast the time when a biological event will happen. In addition, 

models could be used as decision-making tools to establish the right time to target a 

given pest (control timing) and optimise control measures, such as cultural (e.g. 

tillage) or chemical (e.g. insecticides) control measures, increasing their 

effectiveness and mitigating their side effects (Herms 2004). 

Concerning models that aimed to forecast the development of P. spumarius, Bodino 

et al. (2019) estimated the base temperature from assays performed at fixed 

temperatures and built the model based solely on a Tbase threshold. On the other 

hand, Chmiel and Wilson calculated Tbase, and Tmax thresholds for development 

based on the lowest coefficient variation (Arnold 1959) and fitted a linear 

regression function. In addition, other studies on different insect species based on 

linear GDD functions using only the Tbase threshold have been proposed (Campbell 

et al. 1974, Johnson et al. 1998). Conversely, the temperature thresholds were 

directly obtained from experimental data in field experiments under natural 

conditions and built the model based on Tbase, Tmax and Topt. This approach allows to 

indirectly accounting the effect of temperature fluctuations in the developmental 

rate, which is automatically incorporated into the model within the best-fit 

parameters. The temperature has remarkable non-linear effects on insect 

development, being slow when the temperature approaches the upper and lower 

developmental thresholds (Murray 2020). For this reason, other studies based on 

nonlinear approximations have been also developed (Logan et al. 1976; Lactin et al. 

1995; Briere et al. 1999). The present work provides a mathematical approach, 

based on the temperature effects on metabolic rates of ectotherms (Gillooly et al. 

2001) to model the non-linear development rates using a multi-linear function. 

Model calibration and validation further support this approach to using a multi-

linear function to compute the GDD metric and validates the direct use of field data 

to find the temperature thresholds accurately. Similarly to Bodino et al. (2019), in 

this work data loggers were installed inside the cages where the eggs were placed to 

obtain similar temperature and humidity data as those experienced by the eggs, 

while Chmiel and Wilson (1979) obtained the temperature data from meteorological 
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stations. On-site microclimate variations could be important and temperatures could 

differ from those obtained at meteorological stations. In the review performed by 

Bonhomme (2000) it was stated that temperatures should be taken at the precise site 

where the study is conducted instead of using temperatures obtained from 

meteorological stations.  

Moreover, in contrast to previous studies, here the effect of humidity on egg 

hatching was analysed since it seems to be a critical factor modulating P. spumarius 

development as previously suggested by several authors (Weaver and King 1954; 

Ossiannilsson 1981; Cornara et al. 2018a; Morente et al. 2018a; Godefroid et al. 

2022). Indeed, the results show that there is strong evidence supporting the idea that 

humidity is a critical factor that regulates egg hatching of P. spumarius as well as 

many aspects of their development. It was observed that eggs placed in Bustarviejo 

(197 GDD) needed the lowest GDD accumulation for hatching despite it was the 

coolest location, followed by Mataelpino (247 GDD), which was the warmest one. 

In Alcalá de Henares (290 GDD) and Pedrezuela (331 GDD) eggs needed higher 

GDD accumulation for hatching than in Mataelpino and Bustarviejo, despite higher 

temperatures were registered in Mataelpino than in the other places. The reason 

behind these contrasting results is probably related to the humidity since according 

to the results obtained, the RH was significantly and negatively correlated with the 

GDD, thus the GDD accumulation that eggs needed for hatching decreased when 

RH increased (Fig. 4.3.2). For example, despite Bustarviejo was the coolest region, 

it was also the place with higher RH, and this could explain why in Bustarviejo the 

eggs needed less GDD accumulation for hatching than in the other locations. In 

contrast, in Mataelpino this correlation between RH and GDD was not observed, 

very likely because of differences in the experimental and environmental conditions 

between Mataelpino and the rest of the field locations. While the rest of the 

locations were covered with ground vegetation and plants were grown under rainfed 

conditions Mataelpino was not. 

Due to these results, an effective calibration of the model was introduced to account 

for the impact of RH on the GDD accumulation needed for egg hatching. 

Nevertheless, global humidity data was not available in ERA5-Land and the RH 

registered during our assays was above 75%, thus the calibration was restricted to 

the available data. Therefore, only the temperature-only based model was applied to 

forecast egg hatching of P. spumarius. Nevertheless, the humidity seems to play a key 
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role in egg hatching and further studies should be performed. Despite these 

limitations, the good fit with field observations of the temperature-only based 

model supports that the model is a practical tool for predicting egg hatching of P. 

spumarius and adopting timely control measures. 

One of the critical components of GDD models to predict insects’ phenology is the 

determination of the starting point for degree-day accumulation (Kim et al. 2020) 

Ideally, it should be set up when the development of the insect begins. However, 

the oviposition of the meadow spittlebug shows remarkable high variability in its 

oviposition period and does not take place on a specific date on the calendar, but on 

a rather large time interval, and its influenced by climate conditions (Weaver and 

King 1954; Yurtsever 2000; Bodino et al. 2019). Thus, setting the precise 

oviposition date when the development of an egg begins is very challenging. To 

solve this issue, it was considered that P. spumarius could lay their eggs during 

October and November and computed the hatching probabilities for each of the 

days within that period. It was found that the model could obtain successful 

predictions assuming that oviposition occurs in early or mid-November in southern 

Spain (latitude < 40ºN) and in mid-October in northern (latitude > 40ºN) Spain. 

Nevertheless, systematic surveys during autumn on susceptible crops should be 

performed at each location to establish the precise oviposition date and obtain more 

accurate predictions. 

The application of predictive analysis in ecology seeks to establish a model of a 

certain problem that needs to be solved. Indeed, before applying any control action, 

the best time of application -control timing- should be defined. The timing for pest 

control should be established by developing decision-making systems defined by 

risk thresholds such as the commonly used economic injury levels (EIL), which 

indicates when a pest population reaches a level that could generate crop losses 

beyond the control costs  (Pedigo 1986; Lima et al. 2019; Dean et al. 2021). In the 

present study, the EIL for P. spumarius nymphs was not estimated; however, the 

model could be used to determine the best timing to apply a control measure. In 

vector-borne pathosystems, many factors could impact disease epidemics and 

models can provide the framework to develop accurate decision-making systems for 

control timing. 

One of the pivotal factors in the epidemiology of Xf diseases is the vector's ability 

to reach high population densities (Purcell 1975; Purcell et al. 1979; Almeida and 
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Purcell 2003), which could counterbalance their low transmission efficacy 

(Daugherty and Almeida 2019). Moreover, it is essential to apply control actions at 

the right development stage. Since P. spumarius nymphs have limited mobility and 

only adults contribute to the spread of Xf to woody hosts, control actions should be 

focused on the pre-imago (nymphal) phase (Cornara et al. 2016, 2018a). Therefore, 

control-timing actions should be performed when the nymphal population reaches 

maximum densities. Moreover, similarly to what happens with oviposition, the 

emergence of P. spumarius nymphs is an inherently stochastic process, thus it does 

not occur on a fixed given date (Morente et al. 2018b; Bodino et al. 2019). In 

addition, the nymphal stage passes through five instars and their development takes 

5–6 weeks until adults emerge (Weaver and King 1954; Yurtsever 2000; Bodino et 

al. 2019). Given the time window of nymphal emergence and development, the 

model predictions suggest that controlling nymphs at two different dates would 

target the highest percentage of the nymphal population present in the field. 

Moreover, according to the different oviposition assumptions of the model 

depending on the latitude, the first control actions in the north should be taken when 

the accumulated egg hatching probability reaches 40% and the second when 

reaches 90%. while for southern Spain, the first control actions should be taken 

when the accumulated egg hatching probability reaches 35% and the second when 

reaches 80%. 

After the detection of Xf Europe, great efforts were devoted to developing 

containment strategies. The core of such strategies is the control of P. spumarius 

through management of the ground cover aimed at targeting the resident nymphal 

populations by mechanical means (e.g. tillage) or the application of pesticides 

against vectors (EU 2020/1201, 2020) Nevertheless, both practices when 

continuously repeated can provoke serious side effects posing a risk to biodiversity, 

ecosystem services, and human health; indeed, frequent and drastic tillage in dry 

Mediterranean ecosystems may lead to a negative impact on soil fertility, soil 

erosion and desertification risk (Biondi et al. 2012; Kairis et al. 2013). Therefore, 

degree-day-based models could be implemented under Integrated Pest Management 

(IPM) programs to apply timely control actions. This will reduce undesired side 

effects on the environment and optimize the control of insect pests including 

vectors of plant disease such as P. spumarius. The presented model could be used 

as a decision-making tool to make recommendations on when would be the best 
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timing to adopt a certain control action against the main vector of Xf and reduce the 

risk of disease spread. Furthermore, these fitted models can provide estimates of P. 

spumarius biology, and potentially give valuable knowledge in future studies to 

predict biological aspects of the life cycle of other insect pests. 
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4.4. THE INFLUENCE OF LIVING PLANTS IN THE OVIPOSITION 

PREFERENCE BY Philaenus spumarius 

4.4.1. RESULTS 

A total of 50 egg masses were found in the assay conducted in 2020. Ten egg masses 

were found on the pine needles of the control cage (where only S. oleraceus living 

plants and dry pine needles were present). The rest of the 40 egg masses were found on 

the plant leaf residues present in the other four cages (with Taraxacum officinale (L.), 

Diplotaxis tenuifolia (L.), Bromus rubens (L.), and S. oleraceus). Most of the egg 

masses (76% of the total) were found on leaf litter below T. officinale plants followed 

by those found below S. oleraceus (18%), and significantly fewer egg masses were 

found below D. tenuifolia (2%), B. rubens (2%) and on dry vegetation without the 

presence of any green living plant (2%) (Tab. 4.4.1). In 2021 a total of 40 egg masses 

were laid on the leaf litter of the five cages used for the study. Most of the egg masses 

were found below Anthriscus cerefolium (L.) (45% of the total) and T. officinale 

(37.5%) living plants, and, to a less extent under Centaurea cyanus (L.) (12.5%), while 

fewer egg masses were found below Sinapis alba (L.) (5%) and none on dry vegetation 

without the presence of any green living plant (0%) (Tab. 4.4.1). 

Table 4.4.1. Number of egg masses laid by P. spumarius females on dried plant debris 

below each living plant species tested in the multiple-choice assays under 

environmental controlled conditions in 2020 and 2021. Significant differences between 

plant species per treatment are indicated by letters. 

Plant species 2020 2021 

Bromus madritensis 1 a - - 

Diplotaxis tenuifolia 1 a - - 

Centaurea cyanus - - 5 a 

Sinapis alba - - 2 a 

Anthriscus cerefolium - - 18 b 

Sonchus oleraceus 9 b - - 

Taraxacum officinale 38 c 15 b 

No living plant 1 a 0  

Total 50  40  

  



Chapter 4: Results and Discussion 

 

94 

 

4.4.2. DISCUSSION 

In the present study, some plant species that can enhance or deter oviposition of P. 

spumarius on nearby dry leaf residues have been identified. Such information can 

become essential when designing cover crops or field margins to reduce P. spumarius 

populations on crops susceptible to Xf (Cook et al. 2007, Eigenbrode et al. 2016). 

Moreover, in the light of the results achieved, this study raises the need to reconsider the 

use of some common plant species commonly used as natural or sowed cover crops or 

as floral margins on olive groves in Mediterranean countries. The benefits of using 

cover crops or floral plant species on olive groves are numerous, including the reduction 

of soil loss (preventing soil erosion) (Gómez et al. 2011) increasing carbon 

sequestration (Poeplau and Don 2015), increasing the microbiota richness of the soil 

(Arias-Giraldo et al. 2021) and promoting the presence of beneficial insects such as 

natural enemies of pests and pollinators. Karamaouna et al. (2019) assessed the effect of 

several plant species placed in different proportions in patches on the presence of 

pollinators in olive groves. However, an emergent criterion to consider when selecting 

plant species to be used as ground covers or field margins on olive groves is to exclude 

plant species that are susceptible to Xf as well as those that could benefit population 

growth of the main insect vector of Xf, the spittlebug P. spumarius.  

The results of the host plant preference studies show that the presence of fresh living T. 

officinale, S. oleraceus and A. cerefolium enhances the oviposition by P. spumarius 

females on nearby leaf litter. Despite T. officinale was the plant species that influenced 

the most oviposition rate in the 2020 assays, the oviposition rate decreased considerably 

in 2021 when confronted with A. cerefolium (Tab. 4.4.1). Thus, the results obtained in 

the 2021 oviposition assay suggest that the presence of A. cerefolium enhances 

oviposition as much as the presence of T. officinale. Taraxacum officinale shows a high 

occupancy rate of the nymphs, a low mortality rate on living plants, and low time 

elapsed from the nymphal stage until adult emergence (Morente et al. 2022). Similarly, 

S. oleraceus as well as other Asteraceae is a suitable host plant for P. spumarius 

development during all life cycle (Morente et al. 2018b; Bodino et al. 2020) 

consequently, both species T. officinale and S. oleraceus should be avoided in ground 

covers in olive and other Xf -susceptible crops. 

On the contrary, according to (Morente et al. 2022), A. cerefolium shows intermediate 

values of nymphal occupancy rate and high mortality of the nymphs. These results show 
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that A. cerefolium can play an attractant role on females of P. spumarius for oviposition 

together with a lethal effect on nymphs of P. spumarius throughout their development. 

Therefore, this plant species has all the favourable characteristics to be proposed as a 

trap crop to limit the population growth of P. spumarius and to be included as part of 

cover crops in regions where Xf is present.  

On the other hand, P. spumarius females showed a very low preference for oviposition 

nearby fresh plants of D. tenuifolia S. alba (white mustard), C. cyanus, or B. rubens. 

The repellent action of D. tenuifolia S. alba may be caused by the glucosinolate-

myrosinase defensive system, which is a characteristic feature of the Brassicaceae 

family (Ahuja et al. 2010). Glucosinolates are known to mediate the interaction between 

plant species from the Brassicaceae family and their associated insect herbivores, 

working as toxic and deterrent compounds against several insect pests (Müller et al. 

2015). 

Concerning, D. tenuifolia does not seem to be a suitable plant for nymphal development 

with low relative occupancy by the nymphs of P. spumarius and a high and cumulative 

mortality rate (Morente et al. 2022). Similarly, in the same study it was observed that S. 

alba was the most preferred plant species for the nymphs of P. spumarius but with high 

cumulative mortality, thus, it could be used as a repellent -or less preferred- plant for P. 

spumarius for oviposition. Moreover, by including S. alba as part of the ground cover, 

additional ecosystem services should be expected in olive groves. For instance, the 

white mustard can be used as green manures for controlling Verticillium dahliae (Kleb.) 

in olive groves (Davis et al. 1996; Roca et al. 2016) as well as minimizes weed 

proliferation (Haramoto and Gallandt 2005)  and decreases nematode populations 

(Mojtahedi et al. 1991). Furthermore, S. alba is one of the plants recommended as part 

of multifunctional field margins to increase the biodiversity of soil arthropods in 

agroecosystems. Overall, S. alba should be recommended as part of the seed mixture 

composition for cover crops or field margins in olive groves to reduce the risks of 

severe plant diseases including the ones caused by Xf. 

While in the present study a low preference was observed for oviposition nearby C. 

cyanus, according to Morente et al. (2022) intermediate proportion of eggs were laid 

nearby this plant species. Moreover, this plant species has an intermediate to low effect 

on the mortality of the nymphs and an intermediate preference by the nymphs of P. 

spumarius to feed Morente et al. (2022). Thus, it is not a recommended plant to control 

P. spumarius populations.  
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 Regarding grasses, P. spumarius females show a low preference for B. rubens for 

oviposition which, as in the case of D. tenuifolia, is in line with the low survival of first 

nymph instars on B. rubens reported in Morente et al. (2022). However, despite these 

results, it is important to highlight that B. rubens is a preferred host plant of nymphs and 

adults of N. campestris (Mazzoni 2005; Morente et al. 2018b; Dongiovanni et al. 2019). 

Hence, more knowledge about the role of N. campestris as a vector of Xf is necessary 

before proposing B. rubens as part of a cover crop to reduce the risk of Xf spread.  

Nowadays, tillage is the only ground cover management proposed as an effective 

strategy to avoid the establishment of P. spumarius populations on susceptible crops 

(Sanna et al. 2021). The promising results obtained in this study open new ways to 

manage Xf diseases relying on the design of ecological infrastructures to manage insect 

vector populations. This should be implemented by selecting plant species as part of 

cover crops that could attract adults for oviposition while disrupting the development of 

nymphs (trap crops). In addition, the proposed cover crop strategy would supply other 

ecosystem services for the crop (Rieux et al. 1999; Danne et al. 2010; Silva et al. 2010; 

Tillman et al. 2012; Gómez et al. 2018) and the environment (Hobbs et al. 2008). 

Experiments under natural field conditions in olive groves are needed to confirm the 

results obtained and to find out what would be the best combination and spatial 

arrangement of plant species to be used in ground covers for the effective management 

of P. spumarius. Moreover, the proposed strategy could be complemented by other new 

innovative biological tools and naturally-derived insecticides (from plants and 

microbes) to control Xf vector populations and reduce its transmission efficiency. 
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4.5. EFFECT OF CHEMICAL COMPOUNDS ON THE FEEDING BEHAVIOUR 

AND MORTALITY OF Philaenus spumarius AND THEIR IMPACT ON Xylella 

fastidiosa TRANSMISSION 

4.5.1. RESULTS  

4.5.1.1. EFFECTS OF THE SELECTED COMPOUNDS ON THE FEEDING 

BEHAVIOUR OF Philaenus spumarius 

First, the effect of the compounds on the feeding behaviour of P. spumarius was studied 

during 4 h of Electrical Penetration Graph (EPG) recording. The proportion of escaped 

insects (insects that jump off the plant during the recording) was significantly increased 

in plants treated with deltamethrin and acetamiprid compared with the control and most 

of the treatments (Tab. 4.5.1). The number of escaped insects observed on pyrethrin-

treated plants was not significantly different from either control or acetamiprid (Tab. 

4.5.1). A high impact on several of the EPG variables considered was noted for 

spittlebugs that fed on plants treated with either deltamethrin or acetamiprid suffered, 

whereas a moderate impact was observed when the individuals were given access to 

plants treated with pyrethrin. Indeed, although acetamiprid, deltamethrin, and pyrethrin 

had significant effects on some of the EPG variables, it is worth noting that the 

differences relative to the control were much larger for acetamiprid and deltamethrin 

treated plants than for pyrethrin. In contrast, sulfoxaflor, spinosad, and kaolin had no 

significant impact on P. spumarius feeding behaviour. The percentage of probing time 

and xylem ingestion (Xi) (referring to the total recording time) was significantly 

reduced on plants treated with deltamethrin and acetamiprid compared to the control 

(Tab. 4.5.1). Insects displayed a significant reduction in the number of successful 

probes, sustained probes (probes with a Xi longer than 5 min), and xylem contacts (Xc) 

(Fig. 4.5.1 A and Tab. 4.5.2) when they fed on deltamethrin-, acetamiprid- or pyrethrin-

treated plants compared to the control (Tab. 4.5.2). In addition, the PPW (proportion of 

insects that produced a given waveform) for Xi was 7/19 when insects fed on 

deltamethrin, 12/19 on pyrethrin, and 16/20 on acetamiprid (Tab. 4.5.2). In contrast, the 

PPW for Xi was 18/18 when insects fed on control plants, 19/19 on kaolin 18/18 on 

spinosad, and 17/18 on sulfoxaflor (Tab. 4.5.2). Additionally, the number of Xi events 

was reduced when insects fed on plants treated with deltamethrin and acetamiprid 

compared to the control, but no significant differences were noted between pyrethrin 
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and the control (Fig. 4.5.1 B and Tab. 4.5.2). Spittlebugs offered plants treated with 

deltamethrin, acetamiprid and pyrethrin also displayed a significantly reduced total 

duration of the probes (Tab. 4.5.2) and Xc (Fig. 4.5.1 C and Tab. 4.5.2) compared to the 

control. In addition, deltamethrin and acetamiprid affected the total duration of xylem 

ingestion (Xi) (Fig. 4.5.1 D and Tab. 4.5.2). Finally, acetamiprid reduced the mean 

duration of Xi per insect (Tab. 4.5.2). 

Regarding the sequential variables, acetamiprid and deltamethrin significantly increased 

the time from the 1st np to the 1st sustained Xi, the time from the 1st np to the 1st probe 

with sustained Xi and the time from the 1st C to the 1st sustained Xi compared to the 

control (Tab. 4.5.1).  



Chapter 4: Results and Discussion 

 

99 

 

Table 4.5.1. Proportions, percentages, and sequential variables descriptors of the feeding behaviour of P. spumarius on treated S. oleraceus 

plants. EPG variables presented by MEAN ± SE based on treatment and PPWs (proportion of individuals producing the waveform type) 

are also shown. Letters in rows indicate significant differences in the values of specific parameters among the treatments. 

 
 †Sustained= Longer than 5 min  

X
2

df P-value

Proportion of escaped insects 62.93 6 <0.001

X
2

df P-value PPW MEAN ± SE PPW MEAN ± SE PPW MEAN ± SE PPW MEAN ± SE PPW MEAN ± SE PPW MEAN ± SE PPW MEAN ± SE

Percentage of probe 70.87 6 <0.001 18/18 74.02 ± 5.66 bc 19/19 8.68 ± 4.48 a 20/20 9.48 ± 2.17 a 19/19 31.95 ± 9.57 ab 18/18 79.49 ± 4.38 bc 18/18 74.98 ± 6.23 bc 19/19 76.46 ± 7.00 c

Percentage of  (Xi) 64.06 6 <0.001 18/18 50.90 ± 5.39 bc 7/19 6.05 ± 4.32 a 16/20 5.29 ± 2.06 a 12/19 24.37 ± 8.17 ab 18/18 55.32 ± 5.94 bc 17/18 55.63 ± 7.32 bc 19/19 62.42 ± 7.22 c

X
2

df P-value PPW MEAN ± SE PPW MEAN ± SE PPW MEAN ± SE PPW MEAN ± SE PPW MEAN ± SE PPW MEAN ± SE PPW MEAN ± SE

Time from 1st np to 1st 

sustained† Xi
37.85 6 <0.001 18/18 20.33 ± 2.75 b 4/19 190.21 ± 22.32 a 6/20 171.54 ± 23.84 a 10/19 121.33 ± 26.38 ab 18/18 16.37 ± 3.15 b 17/18 39.37 ± 17.59 b 19/19 20.26 ± 3.74 b

Time from 1st np to 1st probe 

with sustained† Xi
34.73 6 <0.001 18/18 10.27 ± 2.27 c 4/19 190.02 ± 22.68 a 6/20 169.55 ± 24.61 ab 10/19 116.74 ± 27.46 abc 18/18 9.24 ± 3.24 c 17/18 34.28 ± 18.05 bc 19/19 14.32 ± 3.48 c

Time from 1st C to 1st 

sustained† Xi
34.74 6 <0.001 18/18 18.77 ± 2.70 b 4/19 190.02 ± 22.37 a 6/20 170.04 ± 23.71 a 10/19 117.58 ± 26.16 ab 18/18 14.71 ± 2.85 b 17/18 38.44 ± 17.71 b 19/19 19.07 ± 3.72 b

Sequential Variables

Kruskal- Wallis Control Deltamethrin Acetamiprid Pyrethrin Spinosad Sulfoxaflor Kaolin

2/ 19 c

Kruskal- Wallis Control Deltamethrin Acetamiprid Pyrethrin Spinosad Sulfoxaflor Kaolin

3/18 c 19/19 a 16/20 ab 8/19 bc 2/18 c 3/18 c

Proportions and percentages

Control Deltamethrin Acetamiprid Pyrethrin Spinosad Sulfoxaflor Kaolin
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Table 4.5.2. Number, duration and mean duration of waveform events variables descriptors of the feeding behaviour of P. spumarius on 

treated S. oleraceus plants. EPG variables presented by MEAN ± SE based on treatment and PPWs (proportion of individuals producing 

the waveform type) are also shown. Letters in rows indicate significant differences in the values of specific parameters among the 

treatments. 

 
 †Sustained= Longer than 5 min 

X
2

df P-value PPW MEAN ± SE PPW MEAN ± SE PPW MEAN ± SE PPW MEAN ± SE PPW MEAN ± SE PPW MEAN ± SE PPW MEAN ± SE

Successful probes 53.87 6 <0.001 18/18 1.83 ± 0.25 c 7/19 0.37 ± 0.11 a 17/20 0.95 ± 0.11 b 12/19 0.79 ± 0.16 ab 18/18 2.22 ± 0.22 c 17/18 1.61 ± 0.23 ac 19/19 1.58 ± 0.27 ac

Sustained† probes: with Xi 70.68 6 <0.001 18/18 1.56 ± 0.17 c 4/19 0.21 ± 0.10 a 6/20 0.30 ± 0.11 a 10/19 0.68 ± 0.17 ab 18/18 2.00 ± 0.18 c 17/18 1.50 ± 0.19 bc 19/19 1.53 ± 0.27 bc

Xc 61.82 6 <0.001 18/18 8.00 ± 0.89 d 7/19 0.47 ± 0.18 a 17/20 2.20 ± 0.59 b 12/19 3.84 ± 1.31 abc 18/18 9.39 ± 1.30 d 17/18 8.00 ± 1.32 cd 19/19 7.84 ± 0.97 d

Xi 62.85 6 <0.001 18/18 6.28 ± 0.71 bc 7/19 0.47 ± 0.18 a 16/20 1.85 ± 0.58 a 12/19 3.47 ± 1.15 ab 18/18 7.67 ± 0.97 c 17/18 7.17 ± 1.09 bc 19/19 6.89 ± 0.91 bc

X
2

df P-value PPW MEAN ± SE PPW MEAN ± SE PPW MEAN ± SE PPW MEAN ± SE PPW MEAN ± SE PPW MEAN ± SE PPW MEAN ± SE

Probe 70.50 6 <0.001 18/18 182.26 ± 13.93 b 19/19 21.49 ± 10.80 a 20/20 24.68 ± 5.74 a 19/19 78.70 ± 23.47 a 18/18 202.88 ± 10.03 b 18/18 185.28 ± 15.61 b 19/19 186.49 ± 16.71 b

C 40.40 6 <0.001 18/18 26.79 ± 5.20 c 19/19 6.46 ± 0.99 a 20/20 8.12 ± 1.24 a 19/19 10.09 ± 2.42 ab 18/18 37.40 ± 7.06 c 18/18 27.41 ± 6.06 bc 19/19 17.85 ± 3.68 abc

Xc 62.33 6 <0.001 18/18 9.00 ± 4.31 b 7/19 0.30 ± 0.11 a 17/20 1.11 ± 0.21 a 12/19 1.56 ± 0.48 a 18/18 6.16 ± 1.73 b 17/18 5.50 ± 1.60 b 19/19 4.26 ± 0.72 b

Xi 65.61 6 <0.001 18/18 142.13 ± 15.12 bc 7/19 14.71 ± 10.39 a 16/20 13.95 ± 5.02 a 12/19 65.51 ± 21.12 ab 18/18 150.03 ± 13.07 bc 17/18 147.88 ± 16.62 bc 19/19 161.76 ± 17.09 c

X
2

df P-value PPW MEAN ± SE PPW MEAN ± SE PPW MEAN ± SE PPW MEAN ± SE PPW MEAN ± SE PPW MEAN ± SE PPW MEAN ± SE

Xi 27.24 6 <0.001 18/18 29.26 ± 6.40 a 7/19 39.26 ± 26.80 ab 16/20 7.00 ± 1.90  b 12/19 16.77 ± 4.32 ab 18/18 28.65 ± 6.79 a 17/18 26.44 ± 3.40 a 19/19 28.64 ± 4.99 a

Kaolin

Sulfoxaflor Kaolin

Mean duration of waveform event per insect

Kruskal- Wallis Control Deltamethrin Acetamiprid Pyrethrin Spinosad Sulfoxaflor

Total duration of waveform per insect

Kruskal- Wallis Control Deltamethrin Acetamiprid Pyrethrin Spinosad

Number of waveform events per insect

Kruskal- Wallis Control Deltamethrin Acetamiprid Pyrethrin Spinosad Sulfoxaflor Kaolin



Chapter 4: Results and Discussion 

 

 

 
101 

 

Figure 4.5.1. Effect of the treatments on different waveform events, during the total 

duration of the recording and by hours. Sulfoxaflor, spinosad, and kaolin did not impact 

any of the variables shown compared to the control; thus, these treatments are not 

shown. Deltamethrin and acetamiprid were removed from the analysis in hours 2, 3, and 

4. The waveform on the Y-axis is represented by the median. Different small letters 

indicate significant differences in the variables. A) Impact of the treatments on the 

number of Xc events per insect. B) Impact of the treatments on the number of Xi events 

per insect. C) Impact of treatments on the total duration of Xc per insect. D) Impact of 

treatments on the total duration of Xi per insect. 

 

We also analysed the EPG recordings based on time (hours) to characterize the effect of 

the spittlebugs’ feeding behaviour trends. Overall, when insects were offered plants 

treated with pyrethrin, a modification in their feeding behaviour was noted at the 

beginning of the recording, but this effect tended to disappear. The proportion of 

escaped insects in plants treated with pyrethrin during the 1st hour was significantly 

greater than that in the control. This escape effect was no longer observed during the 

2nd, 3rd, and 4th hours (Tab. 4.5.3). The proportion of escaped insects was significantly 

higher in plants treated with acetamiprid and deltamethrin compared with the remainder 

of the treatments during all four hours of the recording (Tab. 4.5.3). Due to the high 

number of escapes from plants treated with deltamethrin (18/19) or acetamiprid (15/20) 
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in the 1st hour, these two treatments were not considered for further analyses of the EPG 

variables in the subsequent hours.  

Table 4.5.3. Proportion escaped spittlebugs after 1, 2, 3, and 4 h of exposure to treated 

plants during the EPG assays. Different small letters indicate significant differences in 

the values of specific parameters among spittlebugs on treated plants. 

 

The effect of the treatments on the number of Xc and Xi and the total duration of Xc 

and Xi by hours is shown in Figure 4.5.1. No significant differences were noted in any 

of these variables for insects exposed to sulfoxaflor, spinosad or kaolin compared to the 

control; thus, these treatments are not shown in Figure 4.5.1. In the 1st hour of 

recording, the number and duration of Xc were significantly lower on plants treated 

with deltamethrin, acetamiprid, and pyrethrin compared to the control (Fig. 4.5.1 A and 

C). Furthermore, during the 1st hour, the number and duration of Xi were significantly 

lower on plants treated with deltamethrin and acetamiprid compared to the control, but 

these results did not significantly differ from those obtained with pyrethrin (Fig. 4.5.1 B 

and D). During the 2nd hour, the number and duration of Xc and Xi were significantly 

lower when insects fed on plants treated with pyrethrin compared to the control (Fig. 

4.5.1). In the 3rd hour, no significant differences were observed in the number of Xc and 

Xi or the duration of Xc between pyrethrin and the control (Fig. 4.5.1 A, B, and C). In 

contrast, in the 3rd hour, the duration of Xi was significantly reduced for insects that fed 

on plants treated with pyrethrin compared to the control (Fig. 4.5.1 D). Finally, in the 4th 

hour, no significant differences were observed in the number or the duration of Xc or Xi 

between pyrethrin and the control (Fig. 4.5.1). 

  

X
2

df P-value Control Deltamethrin Acetamiprid Pyrethrin Spinosad Sulfoxaflor Kaolin

Hour-1 86.61 6 <0.001 0/18 c 18/19 a 15/20 ab 8/19 b 0/18 c 0/18c 0/19 c

Hour-2 76.39 6 <0.001 1/18 cd 18/19 a 16/20 ab 9/19 bc 1/18 cd 0/18 d 2/19 cd

Hour-3 67.18 6 <0.001 3/18 c 18/19 a 16/20 ab 9/19 bc 1/18 c 1/18 c 2/19 c

Hour-4 62.88 6 <0.001 3/18 c 19/19 a 16/20 ab 9/19 bc 2/18 c 3/18 c 2/19 c
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4.5.1.2. ACUTE TOXICITY OF COMMERCIAL PRODUCTS ON Philaenus 

spumarius AFTER A SHORT (4 H) AND A LONG (72 H) EXPOSURE PERIOD 

A) Acute toxicity after a short (4 h) exposure period: High acute toxicity against the 

meadow spittlebug was observed for deltamethrin and acetamiprid with 100% mortality 

after 1.5 h and 2 h of exposure, respectively (Fig. 4.5.2). Low mortality was observed 

among insects exposed to pyrethrin with 12.5% mortality after 4 h respectively (Fig. 

4.5.2). No insects died after 4 h of exposure to plants treated with kaolin, sulfoxaflor 

spinosad, or water control respectively (Fig. 4.5.2). 

 

Figure 4.5.2. Kaplan–Meier survival curves of P. spumarius exposed to the chemical 

compounds during 4 h. Evaluations were performed every 30 min. 

  

B) Acute toxicity after a long (72h) exposure period: Deltamethrin and acetamiprid 

treatments were excluded from this assay because 100% of insects died within 2 h of 

exposure. The mortality at the end of the assay was greater for insects exposed to plants 

treated with sulfoxaflor and pyrethrin compared to the control, kaolin, and spinosad-

treated plants (Fig. 4.5.3). The highest mortality over 72 h (ca. 35%) was observed for 

individuals exposed to sulfoxaflor-treated plants, followed by those exposed to 

pyrethrin-treated plants (ca. 13.3%), which is noticeably much lower than the 100% of 

the mortality observed in insects exposed to deltamethrin and acetamiprid-treated plants 

for 2h in the previous assay (Fig. 4.5.3). 
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Figure 4.5.3. Kaplan–Meier survival curves of P. spumarius after a long period of 

exposure (72 h) to control, pyrethrin sulfoxaflor, spinosad, and kaolin. Evaluations were 

performed every 30 min for 4 h and 24, 48, and 72 h thereafter. The light band 

surrounding a line is the confidence interval. 

4.5.1.3. EFFECT OF COMMERCIAL PRODUCTS ON THE INOCULATION 

RATE OF Xylella fastidiosa BY Philaenus spumarius 

A) No-choice assay: The nine periwinkle plants used as controls tested negative for Xf 

by qRT–PCR. As shown in Figure 4.5.4, in the no-choice assay, the transmission rate 

was significantly reduced on plants treated with acetamiprid (only 1 out of 24 plants 

became infected with Xf) and pyrethrin (2 out of 24) compared to kaolin (8 out of 24) 

and the control (9 out of 24) (X2= 13.86 df= 3 p value= 0.003). The percentage of P. 

spumarius testing positive for Xf did not significantly impact the number of infected 

plants.  

B) Free-choice assay: A different trend was observed for the free-choice assay (Fig. 

4.5.4). Transmission occurred at a significantly lower rate on plants treated with 

pyrethrin (3 out of 19 tested positive for Xf), whereas values on acetamiprid (7 on 18) 

and kaolin (8 on 18) were overall similar to the control (11 on 19) (X2= 7.87 df= 3 p 

value= 0.049). The same as for the no-choice assays, the percentage of P. spumarius 

testing positive for Xf did not significantly impact the number of infected plants. 
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Figure 4.5.4. Number of infected periwinkle plants treated with control, acetamiprid, 

pyrethrin, and kaolin. Plants are exposed to no-choice and free-choice conditions. 

Groups accompanied by the same letter are not significantly different. 
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4.5.2. DISCUSSION 

Pesticides are a key component of pest management strategies used worldwide; 

however, their application that aims at reducing the spread of vector-borne plant 

pathogens often leads to inconsistent results (Perring et al. 1999; Madden et al. 2000; 

Daugherty et al. 2015). In such a context, an in-depth characterization of the 

insecticides’ impact on the vector of a plant pathogen beyond the mere observation of 

their acute toxicity under no-choice conditions is pivotal to understanding their possible 

impact on disease spread. Specifically, the effect of the pesticide on aspects of 

paramount importance in the transmission of a plant pathogen, such as host search, 

settling, and feeding behaviours by the insect vector, should be carefully evaluated. In 

addition, transmission trials on treated plants are crucial given that strong acute toxicity 

displayed by a product against the vector is not directly translatable into a reduction of 

acquisition/inoculation rates. 

Therefore, in the present work, I evaluated the effect of six commercial products on P. 

spumarius survival, settling and feeding behaviour and of three of the products on the 

inoculation rate of Xf. Acetamiprid and deltamethrin were fast-acting compounds, 

inducing 100% mortality within 2 h (Fig. 4.5.2) after exposure of the spittlebugs to 

treated plants, a value significantly greater than that noted by the remainder of the 

compounds used in the screening, including pyrethrin (Fig. 4.5.2 and Fig. 4.5.3). 

Regarding sulfoxaflor, Dáder et al. (2019) reported that this compound was highly 

effective against meadow spittlebug juveniles. The relative inefficacy observed in the 

study against adults (65% of insects alive after 72 h) suggests that this pesticide should 

be used only in the early stage of P. spumarius development. Regarding spinosad, the 

results obtained are not consistent with the efficacy (at high application volumes) of this 

pesticide against the spittlebug reported by Dongiovanni et al. (2018). The differences 

observed between the two studies could be related to the differences in the experimental 

design between Dongiovanni et al. (2018) (spittlebugs exposure to treated olives under 

field conditions) and the tests (exposure to treated herbaceous plants under lab 

conditions) or the building up of resistance by P. spumarius populations to spinosad. 

Banazeer et al. (2019) observed a high level of resistance development to spinosad in 

Phenacoccus solenopsis (Tinsley) (Hemiptera: Pseudococcidae), whereas other authors 

described resistance to spinosad in insect species of different orders (Bielza et al. 2007; 

Perry et al. 2007; Sayyed et al. 2008; Shi et al. 2011). The meadow spittlebug has only 
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one generation per year and was not considered a pest in Europe until the outbreak of Xf 

in 2013. Moreover, insects were collected in unmanaged habitats, thus, resistance is 

unlikely, although such a hypothesis should not be discarded. 

Given that spittlebugs are strong jumpers (Burrows 2006) and manipulation during 

EPGs may be a stress factor, several spittlebugs jumped off the leaves during the EPG 

recording in all treatments. Nevertheless, the proportion of escaped/no longer on the 

plant insects during the 4 h-EPG recording period was greater on plants treated with 

deltamethrin and acetamiprid compared with other treatments. These results are 

consistent with those observed in the survival trials and seem to be related to the high 

toxicity of neonicotinoids and pyrethroids previously observed (Prabhaker et al. 2006; 

Dongiovanni et al. 2018; Dáder et al. 2019). Although pyrethrin seems to be mildly 

acutely toxic against P. spumarius adults, it exhibits a repellent effect in the 1st hour of 

exposure with a higher proportion of escaped insects compared with the control (Tab. 

4.5.3). 

In addition to the repellent effect of the insecticides, when analysing the complete EPG 

recordings (4 h), it was observed that acetamiprid and deltamethrin had strong deterrent 

effects on the feeding behaviour of spittlebugs (e.g., reduction of the number of xylem 

contacts and xylem ingestion events and their duration), whereas pyrethrin’s impact was 

reduced compared to the former (e.g., reduction of xylem contacts and probing time). 

Similar results were found by Waqas et al. (2019) on P. solenopsis, which exhibited 

shorter xylem and phloem ingestions on tomato plants treated with acetamiprid. In 

addition, Cacopsylla pyricola (Foerster) showed shorter phloem ingestions on plants 

treated with deltamethrin (Park et al. 2016). Regarding pyrethrin, it was also observed 

that the effect of this pesticide was more evident during the first hours of the recordings 

(fast repellent effect), i.e., insects exposed to pyrethrin exhibited a reduction in the 

number of xylem contacts and xylem ingestion events and their duration during the first 

two hours. A reduction in the probing frequency on plants treated with pyrethrin 

compared to the control was previously observed on Aleurocanthus spiniferus 

(Quaintance) (Mokrane et al. 2020). Moreover, the antifeedant activity of pyrethrins 

was previously reported on other hemipterans, and this effect is known to decrease over 

time (Prota et al. 2014). Nevertheless, the impact of pyrethrin on P. spumarius feeding 

behaviour and its repellent effect tends to disappear in a few hours, possibly as a result 

of pyrethrin photolability (Chen and Casida 1969). The insecticide used in the trials was 

likely more effective and persistent than that noted under field conditions given that the 
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plants were not directly exposed to the sun but to artificial light. In addition, the activity 

of detoxifying cytochrome P450, which helps in the metabolism of pyrethrins, could 

create tolerance of insects to this pesticide during ingestion (Yamamoto et al. 1969; Jao 

and Casida 1974). Indeed, despite antifeedant effects have been well documented for 

sublethal doses of multiple insecticides (e.g., Nauen 1995; Nauen et al. 1998), the 

epidemiological relevance of this effect may be limited, considering the large 

differences in acute mortality observed for acetamiprid/deltamethrin compared to 

pyrethrin and the shorter residual efficacy of pyrethrin.  

We additionally explored the direct implications of compound toxicity and impact on 

spittlebug’s feeding behaviour: acetamiprid (highly toxic and feeding deterrent), 

pyrethrin (moderately toxic and feeding deterrent), and kaolin (neither toxic nor feeding 

deterrent). Xylella fastidiosa transmission rate was significantly reduced on pyrethrin-

treated plants under both free-choice and no-choice conditions (Fig. 4.5.4). On the other 

hand, acetamiprid only succeeded in affecting transmission in the no-choice tests, while 

not diverging from the control when the spittlebugs were offered a choice among the 

different treatments. The increase in the inoculation rate observed on acetamiprid-

treated plants under free-choice conditions may be due to the close presence of plants 

treated with other compounds. Such an experimental setup may allow P. spumarius to 

visit plants treated with other compounds and avoid the lethal effects of acetamiprid 

while engaging in more xylem contacts during the duration of the test. Indeed, while not 

as substantial, inoculation rates were at least modestly higher for all four treatments in 

the free-choice trials (Fig. 4.5.4), which is consistent with this hypothesis. 

Moreover, according to the EGP results, it was observed that the proportion of insects 

that performed xylem contact (Xc) and xylem ingestion (Xi) events was greater for 

insects exposed to acetamiprid (17/20 and 16/20, respectively) compared with insects 

exposed to pyrethrin (12/19 for both Xc and Xi). These results suggest that it is possible 

that during labial contact, the insect could detect the pyrethrin with the sensilla located 

in the distal part of the labium and be less prone to probe plants treated with pyrethrum 

when not forced to feed on it (Backus and Mclean 1985). Thus, once in a cage with 

different treatments, P. spumarius will initially test all the plants, including those treated 

with acetamiprid, and then likely move to the control and kaolin-treated plants. Given 

that the inoculation of the bacterium occurs during the first minutes of a probe (Almeida 

and Purcell 2003; Cornara et al. 2020), this initial tasting to evaluate host suitability is 

sufficient for bacterial inoculation to occur on acetamiprid. In addition, it is also 
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possible that a systemic toxicant, such as acetamiprid, would cause problems in 

phagostimulation, thus more frequently triggering inoculation behaviour, as previously 

hypothesized by Cornara et al. (2020). It is worth noticing that in a field setting it would 

be unlikely that insects freely move back and forth between olive or other susceptible 

plants treated with different chemical compounds and avoid the lethal effects of 

acetamiprid. Thus, the results obtained under no-choice are equally valid as those found 

under free-choice conditions.  

In this study, the effect of the different compounds on Xf acquisition was not evaluated. 

However, the reduced probing frequency and number and duration of xylem contact and 

ingestion events observed on plants treated with deltamethrin, acetamiprid and pyrethrin 

suggest that these insecticides might reduce the opportunity for acquisition to occur 

with the latter being a matter of probability for the spittlebug to probe a vessel colonized 

by the bacterium (Daugherty et al. 2009, Cornara et al. 2020). However, this hypothesis 

needs to be tested with specific assays to be conducted on different host plant/vector 

combinations. Finally, it should be mentioned that the assays were performed with 

herbaceous plants instead of economic importance crops (e.g., grapevines or olive 

trees). Concerning, feeding behaviour assays my approach was to use the most preferred 

plant species to detect any disruption in the feeding behaviour when exposed to plants 

treated with chemical compounds, thus S. oleraceus was selected (Morente et al. 

2018a). Similarly, in the transmission assay periwinkle was used, since it was 

successfully used as an indicator plant to analyse Xf transmission in previous studies 

(Saponari et al. 2014; Cornara et al. 2016). Nevertheless, further studies on 

economically important crops should be also performed. 

In conclusion, the Xf containment strategy should not be based on the exclusive 

evaluation of the acute toxicity of insecticides under no-choice conditions, but 

transmission tests, such as those described above, are mandatory to validate their 

effectiveness. IPM strategies against P. spumarius informed by data gathered through 

holistic investigations of the insecticide-insect-plant-bacterium interaction should be 

implemented to control the spread of Xf diseases in areas where the bacterium is 

present. 
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CONCLUSIONS 

1. Adults of Philaenus spumarius (L.) exhibited sustained flights under laboratory 

conditions reaching a maximum distance travelled of 5.5 km in a single flight, 

suggesting that they can perform long-distance migrations.  

2. Females and males of P. spumarius exhibited their highest flight potential in autumn 

during the reproductive period, suggesting that such flight activity is related to their 

life cycle and could reflect an evolutionary adaptation to maximize mating and 

fitness. 

3. Philaenus spumarius exhibits a distinct daily pattern in its flight performance, with 

higher activity in the morning and at the night than in the afternoon. These daily 

patterns in its flight activity could impact the dispersal process of the vector and 

thus, the local spread of Xylella fastidiosa (Wells), Xf. 

4. Adults of Neophilaenus campestris (Fallen) were able to travel distances longer than 

2 km in the field in 35 days flying from ground vegetation to pine trees. This 

suggests they are likely to disperse and migrate over long distances to locate their 

oversummering hosts. 

5. Temperature and humidity were two factors that modulated the egg hatching of P. 

spumarius.  

6. Our Growing Degree Day (GDD) temperature-only based model was used to 

establish action thresholds for controlling nymphs of P. spumarius, suggesting that 

applying control actions at two different dates would target the highest percentage 

of the nymphal population present in the field. 

7. The presence of Anthriscus cerefolium (L.), facilitates the oviposition of P. 

spumarius’ females, while Sinapis alba (L.) and Diplotaxis tenuifolia (L.) were the 

plants least selected by P. spumarius for oviposition. Since all these plant species 

have been reported to induce high mortality in nymphs, they appear to be excellent 

candidates to be used in a push-pull strategy to reduce the population density of P. 

spumarius in Xf-susceptible crops. 

8. Deltamethrin, acetamiprid, and to a minor extent pyrethrin significantly altered the 

feeding behaviour of P. spumarius. However, while deltamethrin and acetamiprid 

were highly toxic against P. spumarius, the mortality induced by exposure to 

pyrethrin was limited overall.  
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9. Under no-choice conditions, both pyrethrin and acetamiprid reduced the Xf 

inoculation. However, under free-choice conditions, pyrethrin reduced transmission, 

but acetamiprid failed to significantly affect bacterial transmission. This shows that 

a Xf management strategy exclusively based on the evaluation of insecticide acute 

toxicity could most likely fail to prevent bacterial spread. 

 

General Conclusion 

 

In vector-borne diseases, a deep knowledge of insect vectors is critical to developing an 

effective Integrated Pest Management IPM strategy. Our findings revealed that adults of 

spittlebugs can travel long distances, much more than initially thought. This, together 

with the fact that they remain infectious over their entire life, suggests that reducing 

nymphal populations is therefore essential to reducing the density of potential Xf-

vectors. To maximize the effectiveness of an IPM strategy, it is essential to define an 

action threshold before applying any control action. Here, we developed a GDD model 

that could be a useful tool to define an action threshold and predict the best timing for 

the application of control actions against nymphal populations. The right timing for 

adopting control actions could be combined with the use of the proposed plant species 

as cover crops under a push-pull strategy for sustainable management of P. spumarius 

populations in Xf-susceptible crops. Moreover, as suggested in the present Thesis, 

before proposing the application of pesticides as a control action, the evaluation of their 

sub-lethal effects (e.g. their impact on pathogen transmission) is essential to validate 

their effectiveness and mitigate their side effects. Such knowledge could help to develop 

IPM programs against P. spumarius and other potential vectors of Xf where the 

bacterium is present.  
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