
 
 
 

 
 
 
 
 

 
 

 
 
 
 

Evaluation of biological control agents against 
Monochamus galloprovincialis (Coleoptera: 

Cerambycidae) in Portugal 
 

 Ricardo Petersen Silva 
 
 
 
 
 
 

 
 

 
 
 
Aquesta tesi doctoral està subjecta a la llicència Reconeixement- NoComercial – 
CompartirIgual  4.0. Espanya de Creative Commons. 
 
Esta tesis doctoral está sujeta a la licencia  Reconocimiento - NoComercial – CompartirIgual  
4.0.  España de Creative Commons. 
 
This doctoral thesis is licensed under the Creative Commons Attribution-NonCommercial-
ShareAlike 4.0. Spain License.  
 



 

 

 

 

 

 

 

 

 

Evaluation of biological control agents against 

Monochamus galloprovincialis (Coleoptera: 

Cerambycidae) in Portugal 

 

 

 

 

 

 

 

 

 

 

 

 

Ricardo Neves Petersen Silva 

Barcelona, Marzo de 2015 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

DOCTORAL THESIS 

Departament de Biologia Animal 

Universitat de Barcelona 

Ph.D. Program: Biodiversidad 

 

Thesis conducted in “Instituto Nacional de Investigação Agrária e Veterinária” (INIAV) in 

Unidade Estratégica de Investigação e Serviços de Sistemas Agrários e Florestais e Sanidade 

Vegetal  

 

Evaluation of biological control agents against Monochamus 

galloprovincialis (Coleoptera: Cerambycidae) in Portugal 

(Evaluación de los agentes de control biológico contra Monochamus galloprovincialis 

(Coleoptera: Cerambycidae) en Portugal) 

 

 

Thesis presented by Ricardo Neves Petersen Silva to obtain the Doctorate Degree by 

Universitat de Barcelona 

 

Ricardo Neves Petersen Silva 

 

 

 

Thesis tutor 

Dr. Juli Pujade i Villar 

Titular Professor in UB 

Facultat de Biologia 

Universitat de Barcelona 

 

 

Thesis Directors 

UEISSAFSV- INIAV, IP. Oeiras, Portugal 

Dr. Edmundo Manuel Rodrigues de Sousa 

Senior Researcher  

Dr. Pedro Miguel Pina Guerra Duarte Naves 

Auxiliary Researcher  





 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

Index / Content               page 

 

Acknowledgments          1 

Thesis structure          7 

I – Abstract in Spanish - Resumen        11 

II - General Introduction         33 

1- The Pine Wilt Disease        35 

1.1 - The nematode        35 

1.2 - The hosts        36 

1.3 - The vectors        36 

 1.3.1 – The PWN vector in Portugal – M. galloprovincialis  39 

1.4 - The interaction - Nematode, Hosts and Vector and Host  40 

1.5 - Pine Wilt Disease - Symptoms and Detection    40 
1.5.1- First detections and dissemination of the PWN   41 

    

2- Control strategies         44 

2.1 - Cultural methods       44 

2.2 - Chemical methods       45 

2.3 - Bio-Technical methods       46 

2.4 - Biological methods       47 

 2.4.1 - Non-Arthropod natural enemies    48 

 2.4.2 - Arthropod Natural Enemies     50 

 2.4.3 - Entomopathogenic Fungi     52 

 2.4.4 - Entomopathogenic bacteria and nematodes   54 

 

III - Objectives          57 

IV - Results             61 

1- Rearing the Pine Sawyer Monochamus galloprovincialis (Olivier, 1795) 

(Coleoptera: Cerambycidae) on Artificial Diets     63 

2- Distribution, Hosts and Parasitoids of Monochamus galloprovincialis 

(Coleoptera: Cerambycidae) in Portugal Mainland    75 

3- Parasitoids of Monochamus galloprovincialis (Coleoptera, 

Cerambycidae), vector of the pine wood nematode, with identification 

key for the Palaearctic region 93 

4- Susceptibility of larvae and adults of Monochamus galloprovincialis to 

entomopathogenic fungi under controlled conditions   115 



 

 
 

5- Effectiveness of fiber bands impregnated with Beauveria bassiana for the 

biological control of Monochamus galloprovincialis (Coleoptera: 

Cerambycidae)                                                                                                             139 

 

V - Discussion                                                                                                                                   157 

VI - Conclusions      169 

 VII - Directors Reports                    175 

1- Report concerning the impact factor of each published article                         177  

2- Report concerning the contribution of the author for each of the 

published articles                               179 

VIII - References                                       183 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





Biological Control of M. galloprovincialis 

1 
 

 

 

 

 

 

 

 

 

 

 

ACKNOWLEDGMENTS 

 

 

 

 

 

 

 



R. Petersen-Silva 

2 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Biological Control of M.galloprovincialis 

3 
 

I would like to show my gratitude to all the people who contributed to the studies 

described here. I recognize that without their help and advices I would never have been 

able to finish this thesis.  

Firstly I would like to thanks Juli, my thesis tutor, for his motivation, patience and huge 

enthusiasm which always encouraged me to go further with this research. Since the first 

moments, when I arrived to his office and slowly presented me the taxonomic studies and 

the research developed there. For all the last minute urgencies which always solved with 

his infinite patience, even when 1200 km apart.   

Besides my tutor, I would also like to thank to my thesis directors, Edmundo Sousa and 

Pedro Naves. Without their advices and monitoring I would never have finished my thesis 

upon time. I would like to show my sincerely gratitude to Edmundo for giving me the 

opportunity to follow this research line. His guidance and always important 

commentaries were an invaluable complement to this thesis and all the work presented.  

A very special thanks goes to Pedro for all the time and effort spent with my work. 

Despite me, he was the second person whom spent more time reviewing and helping to 

write this thesis. I’m really grateful for the infinite patience, friendship, knowledge and 

motivation that he had for the past 4 years.  

I would also like to thank all my colleagues from INIAV, with who I spent most of my time 

during the last 4 years. They helped in almost every way possible and gave all the help 

they could.  

I’m thankful to Lurdes Inácio and Joana Henriques for having presented me to the fungi 

domain which allowed great part of this thesis to be developed. I’m grateful for all the 

time spent in their office (even when against Joana’s will), the small talks and all the 

advices.  

I must also acknowledge, Luis Bonifácio who gave precious opinions and always 

supported my work. I would also like to thank him for letting me lose (almost) all the 

sport bets along the past 4 years. Until now I’m not sure if the reduced number that I won 

was due to luck or Luis mistakes. I’m also grateful to Margarida Vieira for all the 

conversations, comments and advices during the 3 years that I spent in that office with 

her.  



R. Petersen-Silva 
 

4 
 

I would also like to show my gratitude to Adérito Matos, Florinda de Medeiros, Marina 

Soares and Vítor Gonçalves for all the help during these years. I’m aware that without 

their help great part of the works would have not been finished. 

 I’m deeply grateful for Adérito assistance and heavy work, for all the time spent traveling 

across the country and cutting trees wherever I needed. Most of all, I’m thankful for the 

jokes that any of us had never heard.  All the laboratory work was not possible without 

the help of Florinda and Marina. I’m grateful to Florinda for spending so much time aiding 

me in the lab. I also need to thank her for always having cookies or some candy to eat 

every time I felt hunger. I’m grateful to Marina for all the assistance during these years 

and above of all, for the friendship. I’m deeply aware of the patience that she needed to 

have me as a friend. I want also to acknowledge Vítor for the entire time spent helping, 

for that infinite trip to Monte Gordo and for all the lunches.   

Despite not mentioning them, I’m very thankful to all the other colleagues from INIAV 

that were not stated.  Above of all I’m really grateful to them all for having received me so 

well and allowed me to be part of their magnificent “team”.  

I would like to show my gratitude to my friends who were always there and never got 

tired of my complains. Firstly I would like to thank David for his assistance on finishing this 

thesis. For all the weekends and nights spent reviewing the successive versions of this 

work. I’m also very thankful to Herlander, Duarte, Edu, Fred, Sara Neves, and Gonçalo 

who assisted me on long and tiring field assays, even when they had no idea where they 

were getting into. A special thanks to Herlander for letting me stay at his house all the 

times that I requested making the long lasting trips a while easier. I did not forget all the 

other friends that year past year didn’t lost their minds hearing about insects, parasitoids, 

fungi, and all the other “disgusting organisms”. I’m thankful to Diogo, Hugo, Joana, Kika, 

Mónica, Pais, Raquel, Sara, Tiago, Veiga, Vidigal and all the other for being present and 

always paying attention to my strange conversations related to this work.   

I would also like to thank my family for all the support provided during my entire life. For 

the encouragement to always proceed with my studies and for always giving the 

opportunities that I wished. Without their support it wouldn’t have been possible to 

accomplish such goals or even start this research. I’m also very thankful to Rita for all the 

support and that last months of never ending “finish your thesis” moments.  



Biological Control of M.galloprovincialis 

5 
 

I would also like to thank to all the people belonging to a vast number of Institutes, 

organizations, and forest associations which collaborated with the works developed for 

this thesis. I’m grateful to Dr. José Manuel Rodrigues, Dr. Sergey Belokobylskij, Dr Dimitri 

R. Kasparyan, Dr. Rita Matos Gomes and all the team from AFN Marinha Grande, Mr. 

Alfredo and his collegues from Monção, Eng. Teixeira and his team from Alcobaça, Eng. 

António Moreira and Eng. Pedro Serrasqueiro from Herdade da Comporta, Dr. Lluis Simó 

from UB, Dr. Paula Ramos from Instituto Superior de Agronomia, and all the people from 

ICNF that helped with the research for this thesis. I’m really grateful to all of them. 

Without their collaboration, none of this work has been possible.   

I would like to express my gratitude to INIAV (Instituto Nacional de Investigação Agrária e 

Veterinária), UB (Universitat de Barcelona) and the team from REPHRAME project, which 

provided the facilities, financial assistance and administrative background needed for the 

developing of this research.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



R. Petersen-Silva 
 

6 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Biological Control of M.galloprovincialis 

7 
 

 

 

 

 

 

 

 

 

 

 

THESIS STRUCTURE 

 

 

 

 

 

 

 

 

 

 

 



R. Petersen-Silva 
 

8 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Biological Control of M.galloprovincialis 

9 
 

The structure of this thesis is based on the presentation of the research results from a 

compendium of publications. Following a clear line of thought, this thesis is divided in the 

following eight chapters: 

 

Chapter one (I) “Abstract / Resumen” - presents a brief summary of the entire thesis and 

main conclusions, both in English and Spanish.  

 

Chapter two (II) – “Introduction”- is divided in 2 different sub-chapters:  

 Subchapter 1 - “The Pine Wilt Disease “ 

This section offers a detailed resume about the pine wilt disease and the main 

aspects related to it. It also provides comprehensive information on the three 

relevant organisms associated with this disease, together with their biology, life 

cycles and interaction. It also deals with the historic facts about the pine wood 

nematode detections, providing information about its origins, dissemination ways 

and it appearances around the world.  

 Subchapter 2 – “Control strategies”  

This subdivision describes the main strategies available to control the pine wood 

nematode and its insect vector. It presents information about cultural, chemical, 

biotechnical and biological control methods, which are used across the world. It 

also precisely focuses on the biological control approaches for Monochamus 

species and other Cerambycidae.  

 

Chapter three (III) – “Objectives” – Includes a brief description of all the objectives 

planned for this thesis.  

 

Chapter four (IV) – “Results“– is divided into 5 different sub-chapters. Each chapter 

corresponds to the complete PDF version of each article published or under 

publication/submission process. For each article a brief abstract is also present in Spanish. 
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 Sub-chapter IV.1. – “Rearing the Pine Sawyer Monochamus galloprovincialis 

(Olivier, 1795) (Coleoptera: Cerambycidae) on Artificial Diets”.  

 Sub-chapter IV.2. – “Distribution, Hosts and Parasitoids of Monochamus 

galloprovincialis (Coleoptera: Cerambycidae) in Portugal Mainland”.  

 Sub-chapter IV.3. - “Parasitoids of Monochamus galloprovincialis (Coleoptera, 

Cerambycidae), vector of the pine wood nematode, with identification key for the 

Palaearctic region”.  

 Sub-chapter IV.4. – “Susceptibility of larvae and adults of Monochamus 

galloprovincialis to entomopathogenic fungi under controlled conditions”.  

 Sub-chapter IV.5. – “Effectiveness of fiber bands impregnated with Beauveria 

bassiana for the biological control of Monochamus galloprovincialis (Coleoptera: 

Cerambycidae)”. 

 

Chapter five (V) – “Discussion” - Covers the careful examination and interpretation of the 

principal results obtained from the developed research. It also tries to evidence possible 

practical applications for the results and techniques obtained and probable limitations, 

giving a perspective into future research following this same research lines.  

Chapter six (VI) – “Conclusions” – Interprets all the main points obtained during the 

discussion, presenting the final remarks on all the work developed.   

Chapter seven (VII) – “Directors Report” - Includes the reports from the thesis directors 

concerning the impact factor of each published article and the work developed by each 

author.  

Chapter eight (VIII) – “References” – Summarizes all the detailed information on the 

references cited and studied to elaborate the present thesis. 
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La enfermedad del decaimiento súbito del pino (Pine Wilt Disease, PWD) consiste en 

una interacción entre tres organismos; el nematodo Bursaphelencus xylophilus (Steiner 

y Buhrer) Nickle, un insecto vector del genero Monochamus Dejan, y un árbol huésped 

del género Pinus Linnaeus. A pesar de la simplicidad que esta relación puede 

trasparecer, la realidad es bastante compleja. La biología y ecología del nematodo y del 

insecto vector están fuertemente sincronizadas, permitiendo a que el nematodo se 

propague entre huéspedes y que el insecto vector disfrute de nuevos árboles muertos 

para colonizar. La interacción entre estos tres organismos posibilita la dispersión natural 

de la PWD. Sin esta estricta asociación el nematodo no conseguiría desarrollar sus 

poblaciones infectando nuevos huéspedes. Por lo tanto, se puede considerar que esta 

asociación tiene un carácter obligatorio para el nematodo y facultativo para el insecto. 

No obstante, el insecto también disfruta de dicha asociación pues el aumento del 

número de árboles muertos aumenta sus posibilidades de crear nueva descendencia.   

 

El nematodo de la madera del pino (Pine Wilt Nematode, PWN) presenta un ciclo de 

vida con dos fases distintas; la propagativa y la dispersiva (Wingfield, 1983).  La fase 

propagativa incluye cuatro estadios larvales y un estadio adulto y ocurre cuando las 

condiciones ambientales son adecuadas. Esta fase ocurre dentro del huésped y 

eventualmente origina su muerte, pues el nematodo se continua reproduciendo y 

alimentando de la madera (infectada por hongos), canales resinosos, y de distintas 

células (Koboyashi et al., 1975).  Después de completar los dos primeros estadios 

larvales, el PWN cambia para la fase dispersiva (fase de resistencia) en la cual podrá 

entrar en el cuerpo del insecto vector y desplazarse hacia un nuevo huésped (Mamiya, 

1975). 

 

Los huéspedes del PWN varían según la parte del planeta en que este se encuentra. En 

Norte América, este nematodo no es la principal causa del decaimiento del pino en las 

especies nativas. Su presencia en ese continente suele ser más frecuente en las especies 

exóticas importadas (Akbulut y Stamps, 2012). En Europa, Portugal es el único país con 

una gran área de árboles afectados por esta enfermedad, siendo el único huésped el 

pino marítimo (Pinus pinaster Aiton). El hecho de existir a nivel mundial diferentes 

especies de árboles afectados por la enfermedad, revela las diferentes susceptibilidades 

de los huéspedes.  Estas diferentes susceptibilidades pueden estar relacionadas con la 
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historia evolutiva de las especies, en la cual, nematodo y huésped pueden haber 

evolucionado al mismo tiempo, generando resistencias. Sin embargo, especies que no 

presenten síntomas pueden igualmente servir de reservatorios para el PWN (Akbulut y 

Stamps, 2012). 

 

La propagación del nematodo en nuevos huéspedes es totalmente dependiente del 

insecto vector perteneciente al género Monochamus. Dentro de esto género, cada una 

de las especies del hemisferio norte presenta huéspedes preferenciales, distribuciones 

geográficas específicas y ciclos de vida particulares (Morgan, 1947; Ross, 1966; Hellrigl, 

1971; Naves et al., 2008). Clásicamente estos coleópteros son considerados como 

insectos secundarios, que solamente atacan árboles debilitados o que están muriendo. 

(Linsley, 1959; Linit, 1987; Hanks, 1999). Algunas de las  especies de esto género son los 

principales vectores del PWN (Linit, 1988), ya que no todas están asociadas a la 

enfermedad; así, por ejemplo, Monochamus sartor (Fabricius) y M. sutor (Linnaeus) se 

sabe que no están asociadas a la transmisión del nematodo.   

 

Como otros miembros de la familia Cerambycidae, estas especies pasan gran parte de su 

ciclo de vida (larva y pupa) dentro del huésped vegetal. Antes de la puesta, las hembras 

abren una herida en la parte exterior de la corteza del huésped en decaimiento o recién 

muerto y depositan sus huevos (Evans et al., 1996). Los primeros instares larvales 

emergen 1 o 2 semanas después de la puesta y durante varios meses se alimentan del 

cambium situado justo debajo de la corteza del huésped (Naves et al., 2008). Después 

de este periodo las larvas empiezan a formar su galería por el xilema, que terminarán en 

una galería pupal (Campadelli y Dindo, 1994). De las pupas emergerán los adultos en el 

estadio de “callow” (no esclerotizado); el endurecimiento (esclerotización) lo 

conseguirán posteriormente después de emerger por un agujero con una forma 

perfectamente redonda. La emergencia de estos insectos es seguida por un periodo de 

2 semanas de ‘pasto de maduración’, en la que mayoritariamente su alimentación se 

basa en la corteza de los ramas más delgados. Después de este periodo se inicia el 

periodo de puesta, originando a un nuevo comienzo y una nueva generación para el 

insecto (Tomiczek y Hoyer-Tomiczek, 2008). 
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Entre todas las especies del género Monochamus existe una que presenta una 

importancia más remarcable, M. galloprovincialis (Olivier), la cual está ampliamente 

distribuida por toda la Europa (excepcionando Chipre, Irlanda y el Reino Unido) y que 

puede ser frecuentemente encontrada en la zona circunmediterránea en países como 

España, Francia, Italia o Portugal (Francardi y Pennacchio, 1996; Koutroumpa, 2007).  

 

En Portugal, este cerambícido fue inicialmente reportado por Oliveira (1984), que 

colectó especímenes de la región de Leiria y que equivocadamente lo determinó como 

M. sutor.  Antes de la asociación entre el nematodo y esta especie muy pocos trabajos 

fueron desarrollados, existiendo apenas algunas descripciones detalladas de su 

morfología (Hellrigl, 1971; Francardi y Pennacchio, 1996; Francardi et al., 1998). En los 

últimos años la distribución incierta de estos insectos se viene aclarando, con 

descubiertas de agujeros de emergencia por todo el país e incluso Madeira (Fonseca et 

al., 2012) y Azores (Borges et al., 2013). Desde su asociación con el nematodo, estos 

cerambícidos fueron más estudiados, lo que originó algunos estudios sobre su biología y 

ecología (e.g. Naves et al., 2006a, b, 2008; Koutroumpa et al., 2008; Akbulut, 2009).  

 

En lo que respecta al ciclo de vida de esta especie, algunas variaciones ocurren 

conforme al país y a las condiciones climáticas que ahí existan. En países donde los 

inviernos son más rigorosos, con temperaturas más bajas las larvas de M. 

galloprovincialis entran en diapausa por periodos más largos, por lo que las 

generaciones tardan dos años en sustituirse (Tomminen, 1993). En los países 

Mediterráneos en que los inviernos son más cálidos con temperaturas más elevadas, las 

generaciones tardan apenas un año.  Sin embargo, en cualquier territorio en 

condiciones naturales, las larvas del insecto tienden a presentar un periodo de 

entumecimiento invernal (Naves et al., 2008). En Portugal las emergencias de adultos 

empiezan al final de mayo y suelen durar hasta principios de septiembre, presentando 

un pico de emergencias entre junio y julio (Naves et al., 2008) 

 

Hasta hace poco no existía información relativa al método de inoculación del nematodo 

en nuevos huéspedes por medio del cerambícido. Estudios parecidos habían sido 

desarrollados en otros continentes con huéspedes y vectores diferentes (e.g. Mamiya,  

1984; Linit, 1990); sin embargo, trabajos desarrollados por Naves et al., (2006b, c, 
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2007a) demuestran que el M. galloprovincialis suele transmitir el nematodo a nuevos 

huéspedes mayoritariamente durante su pasto de maturación, con un pico de 

transmisión en la segunda semana después de la emergencia.  

 

La introducción del nematodo en un árbol sano activa la habilidad del nematodo para  

alimentarse de células tanto del parénquima como epiteliales, lo que origina el cese del 

flujo de agua por los tejidos del árbol. Debido a la detención del flujo de agua, la 

transpiración cesa, lo que origina una decoloración en las agujas, cambiando de verde a 

amarillo o marrón. Después de la  decoloración de las agujas, usualmente el árbol 

empieza a desarrollar una gran diversidad y abundancia de hongos en su interior, lo que 

subsecuentemente originará su muerte (Mamiya, 1984).   

 

Los síntomas característicos de la PWN no son específicos de esta enfermedad, pues 

varios cerambícidos y otras enfermedades suelen causar síntomas similares (Chararas y 

M'Sadda, 1973; Sousa et al., 2011). Con este problema en mente, se desarrollaron 

técnicas más precisas para detectar la presencia del nematodo en la madera. El principal 

método utilizado para confirmar su presencia se basa en la obtención de madera del 

pino afectado, seguida de la extracción del nematodo del interior de la madera en un 

laboratorio específico para análisis de este tipo de enfermedad (OEPP/EPPO, 2013). A 

pesar de estos análisis, frecuentemente se utilizan técnicas como el ITS-PCR para la 

confirmación de la especie B. xylophilus pues suelen aparecer en las muestras otros 

nematodos bastante similares a éste (Ribeiro et al., 2012).  

 

La entrada definitiva de B. xylophilus en Europa ocurrió en 1999 en territorio portugués, 

en la región de Pegões. Se supone que este organismo, inicialmente originario de los 

Estados Unidos, llegó a Portugal desde Asia del Este (Mota y Vieira, 2008) por medio del 

comercio y transporte de madera o productos derivados de ésta (Evans, et al., 1996). 

Después de la confirmación de su presencia en Portugal, una serie de medidas fueron 

implementadas para controlar la expansión de la enfermedad. Sin embargo nuevos 

focos aparecieron tanto en el centro del país como en la isla de Madeira, lo que originó 

la implementación por parte de la UE de medidas de prohibición de comercio de madera 

de este pino hacia el exterior.  
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A pesar de todas las medidas implementadas, todos los años un número bastante 

elevado de árboles han de ser cortados de los pinares portugueses. En el bienio de 

2011/2012 aproximadamente 900.000 árboles fueron identificadas como portadores de 

síntomas de PWD y cortados en el terreno (Anonymous, 2012). La introducción de este 

nematodo en el territorio portugués ya originó un cambio drástico en la silvicultura 

nacional, con alteraciones en las especies dominantes y perdidas de área (alrededor del 

0.3 % al año) de los pinares de P. pinaster (ICNF, 2013).  

 

Las medidas de control para evitar la dispersión de la enfermedad en el territorio 

portugués están separadas en 3 áreas diferentes: (i) evitar la propagación de las 

poblaciones de nematodo por dispersión de insectos portadores del organismo, (ii) 

controlar las poblaciones del nematodo y (iii) la obtención de árboles resistentes a la 

enfermedad (Sousa et al., 2011). Todas estas acciones están mayoritariamente 

direccionados para la identificación, corte y destrucción de los árboles sintomáticos 

durante los meses de otoño, invierno o primavera. Sin embargo, la enfermedad sigue 

propagándose y su reciente detección en España (Abelleira et al., 2011) enfatiza la 

necesidad de descubrir nuevos métodos de control. Con esta finalidad se estudiaron los 

métodos de control preexistentes  (culturales, químicos, bio-técnicos y biológicos) con la 

intención de descubrir y desarrollar un nuevo método de control para este cerambícido. 

Los métodos culturales son actualmente los más utilizados (conjuntamente con los bio-

técnicos) para controlar la propagación de la enfermedad, donde los árboles infectados 

son cortados y eliminados en las estaciones más problemáticas en relación al desarrollo 

del insecto vector. La legislación Portuguesa, para los materiales menores de 20cm 

provenientes de árboles muertos o que presenten síntomas de la enfermedad, concluye 

que han de ser destruidos por acción mecánica, mediante fuego o con fumigación. En el 

caso de pretender utilizar la madera posteriormente, ésta debe ser sometida a 

tratamientos a elevadas temperaturas conforme la legislación (Anonymous, 2011). 

También inserido en los métodos culturales, se están desarrollando algunas líneas de 

investigación con el propósito de seleccionar linajes de pinos resistentes a la PWD para 

futuros planos de reforestación (Ribeiro, 2012). 

 

En cuanto a los métodos químicos, éstos están emarcados actualmente más como una 

estrategia de prevención contra nuevos focos en vez de una estrategia de control. La 
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utilización de estas técnicas fue frecuentemente usada para controlar las poblaciones 

del insecto vector (Kobayashi, 1988; Jianchang et al., 1998; Takai et al., 2003), sin 

embargo, la utilización de estas técnicas suele tener impactos negativos en el 

ecosistema por la utilización de agentes químicos. En Portugal el uso de químicos como 

medida de control del PWN está bastante restringido, existiendo apenas una sustancia 

aprobada: el Benzoato de Emamectina. Esta sustancia sirve para prevenir ataques de 

diversos insectos a los pinos (Liguori et al., 2010; Smitley et al., 2010) y es aplicada por 

medio de inyecciones en el tronco (Sousa et al., 2013). El uso de  la fumigación, es 

también posible para el tratamiento de la madera infectada con el PWN (Bonifácio et 

al., 2014).  

 

Otro método utilizado para el control del insecto suele ser el bio-técnico, lo cual permite 

la captura de un elevado número de individuos, aumentando la posibilidad de reducir 

poblaciones. Las trampas multi-embudo con atractivos específicos son las más utilizadas 

en esta área (Rassati et al., 2012), pues el M. galloprovincialis utiliza las señales 

químicas tanto para alimentarse, para acoplamiento e incluso para hacer las puestas  

(e.g. Ginzel y Hanks, 2003; Faccoli et al., 2005). Actualmente el compuesto químico más 

utilizado como atractivo en las trampas en la Península Iberia se llama Galloprotect 2D© 

y está mayoritariamente constituido por la feromona de agregación del cerambícido, 

capturando grandes cuantidades de adultos de ésta especie.  

Los métodos biológicos de control de plagas todavía no están significativamente 

desarrollados para este insecto en Portugal, sin embargo por todo el globo se puede 

encontrar casos de éxito en el combate de diversas plagas, tanto forestales como 

agrícolas. Se han desarrollado nuevos métodos para combatir dichas plagas mediante el 

uso de hongos y nematodos entomopatógenos y el uso de poblaciones de enemigos 

naturales, tanto parasitoides como depredadores (Webster, 1973 Meierrose et al., 

1991; Snyder y Wise, 1999; Solomon et al., 2000).  Estos métodos son usualmente más 

sencillos de utilizar en áreas agrícolas en las que los cultivos están dispuestos de forma 

continua y no están tan dispersas como en el bosque; a presar de esto también se 

pueden encontrar algunos trabajos con resultados bastante interesantes en el área 

forestal (e.g. Reis et al., 2012; Borowiec et al., 2014; Matosevic et al., 2014). 
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En el caso de M. galloprovincialis, que pasa gran parte de su ciclo de vida dentro del 

tronco de sus huéspedes, la utilización de cualquier técnica de control, especialmente 

las biológicas, suelen presentar algunas dificultades de implementación. 

Consecuentemente, el desarrollo de técnicas de control biológico deberá estar 

direccionado a aplicaciones de agentes mientras los insectos se encuentran más 

expuestos. A pesar de los diferentes métodos disponibles para desarrollar estudios de 

control biológico, en este trabajo solo se estudió el uso de parasitoides y la aplicación de 

hongos entomopatógenos.  

 

El equilibrio de un ecosistema sano está bastante regulado y compensado entre 

depredadores, parasitoides y plagas, por eso, un pequeño cambio en las densidades de 

cada organismo puede originar abultadas desregulaciones ambientales, llevando por 

ejemplo a un aumento de plagas en un determinado lugar. Los humanos son uno de los 

agentes frecuentemente responsables de generar desequilibrios ambientales entre 

especies. Los humanos son los responsables de la introducción (involuntaria o 

intencional) de un gran número de organismos en territorios en los cuales no existían 

previamente (Pyšek et al., 2010). A pesar de los efectos que dichas introducciones 

suelen tener a largo plazo, el uso de parasitoides o depredadores es utilizado 

actualmente como medida de control biológico. Desafortunadamente aunque el uso de 

agentes bióticos no nativos es más común que los existentes en determinadas regiones 

(e.g. Nafus, 1993; Ayalew y Hopkins, 2013), en algunos hábitats el uso de agentes 

nativos sigue existiendo (e.g. Mackauer y Völkl, 1993; Núñez-Campero et al., 2014) 

 

En lo que se refiere a los bióticos forestales, y más concretamente a las familias 

Buprestidae, Cerambycidae y la subfamilia Scolytinae, se puede encontrar una gran 

diversidad de trabajos direccionados al control biológico por medio de parasitoides (e.g. 

Azevedo y Waichert, 2006; Cooperband et al., 2013). Trabajos relacionados con el 

género Monochamus se pueden encontrar fácilmente, pero para M. galloprovincialis 

hay muy pocos estudios relacionados con el control biológico de esta especie (Francardi 

y Pennacchio 1996; Francardi et al., 1998; Martikainen y Koponen, 2001; Naves et al., 

2005).    
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En países Asiáticos, diversos trabajos relacionados con el uso de parasitoides de huevos 

o larvas se están desarrollando con bastante éxito. Los investigadores de estos países 

están trabajando con las especies nativas de Monochamus para encontrar parasitoides 

eficaces e implementarlos en programas de control biológico. De acuerdo con Xu (1998), 

Wang et al. (2009) o Hu et al. (2012), la especie Monochamus alternatus Hope ya sido ya 

asociada a los parasitoides Scleroderma guani Xiao et Wu (Hymenoptera: Bethylidae), 

Bracomorpha ninghais Wang, Chen, Wu, He (Hymenoptera: Braconidae) y Sclerodermus 

harmandi Bursson (Hymenoptera: Bethylidae). El otro Monochamus más frecuente en 

estos países, Monochamus saltuarius (Say), ha sido también asociado al parasitoide 

Rhimphoctona (Xylophylax) lucida (Clément) (Hymenoptera: Ichneumonidae). Segundo 

Luo & Sheng (2010) y Reagel et al. (2012), en Estados Unidos, Monochamus carolinensis 

(Olivier) fue parasitado por especies del género Digonogastra Viereck, y Billaea 

monohammi (Townsend) (Diptera: Tachinidae). 

 

Para el M. galloprovincialis, Naves et al. (2005) analizó los registros existentes de 

parasitoides, donde se puede destacar las especies Atanycolus genalis (Thomson) (= 

initiator F.) (Hymenoptera: Braconidae), Coeloides sordidator Ratzeburg (Hymenoptera: 

Braconidae), Cyanopterus flavator Fabricius (Hymenoptera: Braconidae), Dolichomitus 

tuberculatus (Geoffroy) (Hymenoptera: Ichneumonidae), Doryctes mutilator (Thunberg) 

(Hymenoptera: Braconidae), Iphiaulax impostor (Scopoli) (Hymenoptera: Braconidae) y 

Meteorus corax Marshall (Hymenoptera: Braconidae). Estas especies fueron 

encontradas parasitando el vector del PWN en la región Paleártica, por lo que fueron 

necesarios estudios más pormenorizados para el territorio Portugués. Por esto, una 

parte de los estudios presentados en esta tesis se han centrado en la prospección del 

complejo de parasitoides asociado a esta especie de Monochamus. 

 

Del mismo modo, el uso de hongos entomopatógenos como método de control 

biológico ha sido estudiado para diversas plagas forestales y agrícolas (e.g. Abe y 

Ikegami, 2005; Zhan y Morse, 2013). El uso de estos organismos en alternativa a los 

químicos suele ser también una buena opción, ya que no tiene las implicaciones 

ambientales que estos segundos pueden presentar. Como para los parasitoides, 

también para los hongos se puede encontrar trabajos sobre su efecto en las poblaciones 

de insectos que suelen representar una amenaza para los bosques (e.g. Hu et al., 2010; 
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Castrillo et al., 2010; Yao et al., 2012); algunas de las especies estudiadas por los autores 

mencionados presentan ciclos de vida bastante similares al del M. galloprovincialis 

(Ambethgar y Mahalingam, 2002; Dubois et al., 2008; Marannino et al., 2010).  

 

Gran parte de los trabajos efectuados sobre el efecto de estos hongos en el género 

Monochamus se basan en los hongos Beauveria bassiana (Bals.-Criv.) Vuill y  

Metharizium spp.; en China hongos como Cephalosporium sp., Fusarium sp., Penicillium 

sp., Verticillium sp., Serratia sp. o Paecilomyces sp., también fueron asociados a M. 

alternatus (Shimazu et al., 2002; Shimazu y Sato, 2003). 

 

En M. galloprovincialis, B. bassiana se demostró ser responsable por cerca de ¼ de la 

mortalidad larval dentro de la madera (Naves et al., 2008), además de reducir la 

capacidad del insecto a alimentarse, disminuyendo así la capacidad de transmitir 

nematodos (Maehara et al., 2007). El principal problema relacionado con la utilización 

de estos hongos reside en la forma como se aplican en el terreno, ya que son bastante 

susceptibles a condiciones ambientales como el viento, la radiación UV o la humedad. El 

método que se probó ser más eficaz para las aplicaciones exteriores fue la utilización de 

bandas de hongos impregnadas con cultivos vivos de los mismos (Shimazu, 2004; 

Shanley et al., 2009). 

 

Los ensayos desarrollados con hongos entomopatógenos durante el trabajo que aquí se 

expone fueron basados en la futura aplicación de esto tipo de bandas impregnadas con 

B. bassiana. Sin embargo, solamente fueron desarrollados ensayos de laboratorio, 

quedando toda la parte experimental “in situ” por realizar en futuras investigaciones.  

 

A pesar de todas estas diferentes medidas de control, sigue siendo necesario el 

desarrollo de nuevas técnicas basadas en métodos de combate biológico.  Descubrir y 

desarrollar dichos métodos ayudaría a reducir el impacto negativo que los métodos 

químicos puedan provocar en el ecosistema. Con este propósito se planearon y 

desarrollaron los trabajos presentados en esta tesis durante los últimos 4 años.  

 

Los trabajos realizados en estos años pueden dividirse en 3 partes distintas: (i) entender 

la actual distribución del insecto en Portugal y desvendar los enemigos naturales 
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parasitoides asociado al Monochamus galloprovincialis, (ii) descubrir las comunidades 

de hongos entomopatógenos que pueden servir de control biológico a dicha especie y 

(iii) un capitulo adicional donde se pretendió estudiar una técnica más efectiva para la 

reproducción en el laboratorio en gran escala de las poblaciones de este insecto.  

 

El primer capítulo no está directamente relacionado con el control biológico del insecto, 

ainque fue desarrollado para intentar mejorar la capacidad de producción y 

manutención de las poblaciones de M. galloprovincialis en el laboratorio. Una de las 

preocupaciones más importantes, cuando se trata de poblaciones de insectos de 

laboratorio, es la capacidad de conseguir mantener varias generaciones sin recurrir a 

materiales o tejidos vivos. El objetivo principal de este capítulo fue desarrollar un "kit" 

que permitiría reproducir todo el ciclo de vida del cerambícido en condiciones de 

laboratorio sin tener que recurrir a árboles vivos. El primer punto esencial para esto, era 

obtener una dieta artificial que permitiera a las larvas el desarrollo durante todo el 

periodo de alimentación. Las dietas que presenten una tasa de obtención de adultos 

igual o superior a 75% sirven para producción de insectos en laboratorio. Sin duda, este 

resultado se logró con una dieta artificial, la cual no fue hecha a partir de tejidos vivos, y 

la cual se basa totalmente en el uso de productos comerciales. 

 

A pesar de los avances, todavía es esencial la creación de un sustrato artificial que 

permita al insecto poner huevos fértiles. Después de dicha aportación se espera que sea 

posible la producción masiva y eficaz de poblaciones de M. galloprovincialis en 

condiciones de laboratorio en menos de 60 días. 

 

Los estudios desarrollados sobre la distribución geográfica del M. galloprovincialis en 

Portugal, demostraron que sus poblaciones se encuentran ampliamente distribuidas en 

todo el país y están fuertemente sobrepuestas a la distribución del pino marítimo.   Si 

las distribuciones del insecto encontradas por diversos autores del siglo XX (Oliveira, 

1894) eran correctas, se presume que existió una rápida expansión de sus poblaciones 

en los últimos años, ayudada por una serie de factores. La preferencia clara por utilizar 

P. pinaster como huésped puede estar relacionada con la ausencia de otras especies de 

árboles que también sirvan como huéspedes para el insecto. Este puede ser el caso del 

P. sylvestris o del P. nigra que son muy poco frecuentes en el país  (ICNF, 2013). Sin 
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embargo, en países donde estas especies son más frecuentes, la transmisión de la 

enfermedad para estos individuos puede ser un grave peligro. Los factores climáticos y 

las variaciones de altitud parecen  no tener una marcada influencia en la distribución 

del insecto, pues diversos especímenes  fueron encontrados en distintas partes del 

territorio. Otro factor que no deberá ser ignorado, son las vastas campañas de 

reforestación que ocurrieron en el último siglo, y que pueden haber contribuido para la 

posible expansión del cerambícido. Además, y como ha sido sugerido por Moretti et al. 

(2004), los incendios forestales que ocurrieron pueden haber tenido un impacto 

positivo en la densidad y distribución de las poblaciones de M. galloprovincialis. Esta 

especie es conocida por ser grandemente atraída por esto tipo de eventos, pues sus 

poblaciones tienden a hacer las puestas de huevos en árboles quemados o en 

decaimiento (Bonifácio et al., 2012). 

 

La expansión de las poblaciones también fue seguramente influenciada por la biología 

del insecto. Diversos estudios demostraron que su capacidad de vuelo puede ser 

bastante elevada (David et al., 2013; Mas et al., 2013); sin embargo esto representaría 

un gran costo de energía, lo que se incompatibiliza con la teoría que los insectos recién 

emergidos tienden a no se apartar demasiado de su punto de eclosión (Sun and Du, 

2003). Expansiones de las poblaciones de insectos para localidades como la isla de 

Madeira (Fonseca et al., 2012) seguramente no pueden estar relacionadas con la 

elevada capacidad de vuelo del insecto pues están a más de 1000 km de distancia del 

continente donde las poblaciones existen. A pesar de todos estos factores que pueden 

haber llevado a la expansión de las poblaciones, no debe ser ignorado que el factor más 

probable puede ser que los humanos a través de transportes inadvertidos de 

especímenes para nuevos territorios hayan propagado involuntariamente la plaga.  

 

En relación al trabajo de la distribución actual del cerambícido en Portugal, se 

prospectaron las áreas donde P. pinaster es la principal especie forestal. De acuerdo con 

la cuadrícula UTM (Universal Tranverse Mercator 10x10 Km.) se prospectó cerca de 15% 

de toda esta área. Se encontraron indicios de este insecto en aproximadamente 94% de 

toda el área analizada.  
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A pesar de estos resultados, lugares en los que no se detectó M. galloprovincialis y que 

no están en la red nacional oficial de trampas del estado, no deben ser considerados 

como ausentes del insecto. Estos individuos suelen ser poco visibles en su estado 

salvaje, lo que puede llevar a suponer que todavía no se han detectado. Los estudios se 

llevaron a cabo por medio de observaciones directas de los insectos adultos y  por los 

registros de agujeros de emergencia en los árboles muertos. Todos los agujeros de 

emergencia fueron analizados cuidadosamente para aclarar a qué especie pertenecía. 

Además de estos análisis, otras especies forestales y ornamentales encontradas en las 

regiones que se prospectaba, fueron también observados para detectar la presencia del 

insecto vector (Pinus sylvestris L., Pinus halepensis Mill., Pinus pinea L., Pinus radiata 

D.Don.,  Larix decidua Mill.,  Cupressus lusitanica Mill. y Chamaecyparis lawsoniana 

(A.Murray bis) Parl.) De estos análisis, solamente las especies P. pinaster, P. sylvestris y 

P. halepensis presentaron vestigios de presencia del insecto. Las dos últimas especies 

mencionadas fueron nuevos registros del huésped vegetal para Portugal.  

 

Los trabajos sobre el complejo de parasitoides asociado al M. galloprovincialis 

demostraron que el número de especímenes encontrados en la región de Leiria, cuando 

eran comparadas con otras regiones, fueron bastante elevados, lo que podría explicar la 

reducida población del cerambícido encontrada en este territorio. Segundo Mass et al. 

(2013) este factor puede deberse al trabajo constante de manutención y gestión de este 

pinar, ya que esto puede favorecer el estabelecimiento de poblaciones y un equilibrio 

más sólido al largo del tiempo. Los bajos números de M. galloprovincialis pueden ser 

difíciles de entender pues, si su número bajara, la densidad de parasitoides también 

debería seguir el mismo camino. Sin embargo, todos los parasitoides encontrados 

presentan hábitos generalistas, pudiendo utilizar como huésped otras especies de 

insectos que existan en dicho momento cuando las poblaciones de Monochamus bajan. 

Como ya ha sugerido Chrysopolitou et al. (2013), también se debe considerar la 

proximidad con la mar, ya que puede influenciar positivamente el ecosistema, lo cual no 

quedará demasiado vulnerable a la sequía o a temperaturas extremas, reduciendo así la 

incidencia de patógenos y plagas forestales.  

 

La evaluación del complejo parasitoide se fundamentó en dos métodos distintos: (i) 

recogida de árboles colonizados por M. galloprovincialis y (ii) la instalación de árboles 
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artificiales de trampa en el campo. Esta metodología fue organizada de acuerdo con las 

diferentes etapas de desarrollo del insecto, repitiéndose para los huevos, larvas 

floémicas, larvas xilémicas, y pupas. De esta prospección solamente se obtuvieron 

resultados positivos de parasitismo para las larvas sub-corticales. Dichas larvas 

corresponden a los primeros instares de desarrollo del insecto. Entre todos los 

parasitoides encontrados, la especie que demostró ser la más promiscua fue 

Cyanopterus flavator (Fabricius), la cual se encontró en un número más elevado de 

localidades. A pesar de esta especie, también se colectaron individuos pertenecientes a 

las especies Atanycolus denigrador (Linnaeus), Atanycolus ivanowi (Kokujev), Doryctes 

striatellus (Nees) (Braconidae), y Xorides depressus (Holmgren). De estos cuatro últimos 

sólo A. ivanowi  no era una nueva especie para la fauna portuguesa. 

 

Este complejo de especies asociado al M. galloprovincialis en Portugal, demuestra que a 

pesar del elevado número de especies, ninguna puede ser considerada como un 

candidato relevante para un programa de control biológico ya que todos presentan 

hábitos generalistas. Esto puede estar relacionado con la diversidad de especies , con 

hábitos y ciclos de vida semejantes al M. galloprovincialis en Portugal, lo que permite 

que los parasitoides elijen entre las especie de huéspedes que presenten una 

abundancia más elevada, y que puede no ser constantemente M. galloprovincialis. Sería 

entonces relevante desarrollar estudios sobre el impacto de estos parasitoides sobre la 

reminiscente diversidad de especies de insectos que habitan en el mismo ecosistema 

que  los Monochamus. 

 

Las 14 especies de parasitoides encontradas asociadas al vector del PWN demuestra 

que existe una gran variedad de enemigos naturales artrópodos en nuestro territorio, y 

que probablemente se podría descubrir algunos más en un estudio más profundo en 

regiones como la de Leiria, donde la comunidad es bastante diversa. En contraste con 

las otras especies de parasitoides encontrados, el género Cyanopterus  fue detectado en 

varias localidades. Esto puede ser interpretado como una adaptación intra-especifica de 

esta especie a los diferentes ecosistemas, lo que sería una ventaja en un futuro 

programa de control biológico.  

 



R. Petersen-Silva 
 

26 
 

La introducción de especies provenientes de otros territorios en que ya estén asociadas 

como parasitoides de otras especies de Monochamus debería ser considerada, pues 

existe una gran probabilidad de servir como parasitoide de la especie existente en 

Portugal. Sin embargo, la introducción de especies exóticas debe ser detalladamente 

estudiada, pues podria tener un gran impacto en la entomofauna local, ya que su 

introducción podría originar un desequilibrio en el ecosistema en que se introduce (e.g. 

Boughton et al., 2012). Existen ya algunos casos de estudios exitosos con especies 

cercanas a M. galloprovincialis, como el caso de Monochamus alternatus Hope en Asia. 

En estos países, donde el nematodo ya está presente hace bastante, diversos ensayos 

con las especies Scleroderma guani Xiao et Wu y Scleroderma harmandi (Buysson) se 

van desarrollando con éxito (Xu et al., 2008; Li et al., 2009; Lai et al., 2012). Estas 

especies podrían ser candidatos interesantes a tener en cuenta para una introducción 

pretendida, ya que no se conocen en Portugal o países más cercanos. Sin embargo, 

como las especies de parasitoides portuguesas, estos dos candidatos tendrían de ser 

ampliamente estudiados, ya que también presenta hábitos generalistas y podrían 

provocar un elevado costo en el ecosistema y la fauna de insectos portugueses. 

 

Otra estrategia interesante seria la implementación de un programa de control 

biológico basado en el uso de murciélagos o aves depredadoras de insectos, como los 

miembros de la familia Picidae. Distintos estudios han revelado que las poblaciones de 

pájaros carpinteros pueden tener un impacto notable en el control de plagas (Wu y Liu, 

1999; Liu y Wang, 2003; Zhang, 2003). En los bosques portugueses se pueden encontrar 

cuatro especies perecientes a esta familia, Dendrocopos major (Linnaeus), D. minor 

(Linnaeus), Picus viridis Linnaeus and Jynx torquilla (Linnaeus), y todas presentan dietas 

más o menos insectívoras (Rabaça, 2008). 

 

Sin embargo, existen algunas dificultades al respecto de la utilización de dichas 

especies. A pesar de presentaren dietas insectívoras, no siempre son adecuadas al 

control de poblaciones de Cerambycidae, las cuales pasan bastante tempo de su ciclo 

de vida en el interior de la madera. Como ejemplo, P. viridis se alimenta 

mayoritariamente de diversas especies de hormigas, mientras D. minor  durante los 

meses de invierno (cuando las poblaciones de M. galloprovincialis se encuentran en 

estadios larvales dentro de la madera) se alimenta en gran parte de semillas y frutos 
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(Bruun et al., 2002). Igualmente, J. torquilla  también no podría ser un buen agente de 

control pues solo habita el país entre los meses de mayo y septiembre y no busca por 

alimento en el interior de la madera (Bruun et al., 2002; Rabaça, 2008). 

 

El pájaro carpintero que podría presentar resultados más promtedores seria D. major. 

Sin embargo esta especie solo es efectiva en el control de M. galloprovincialis en locales 

donde la PWN es endémica y no epidémica como en Portugal (Zhao et al. 2008). Según 

Kobayashi et al. (1984), se debe considerar que la utilización de estas especies suele ser 

efectiva en regiones donde las poblaciones de Monochamus presentan bajas 

densidades, lo que no suele pasar en algunas regiones Portuguesas. Además, el 

incremento de las poblaciones de estos pájaros, presupone que existan suficientes 

recursos naturales para su alimentación, lo que está fuertemente desaconsejado pues 

dejar los árboles muertos en el campo puede incrementar y facilitar la proliferación de 

la PWD, pues aumentaría los locales disponibles para las puestas del cerambícido 

(Naves et al., 2008). Sin embargo sería interesante desarrollar estudios más profundos 

sobre la eficacia de dicha especie en el control de las poblaciones del insecto.  

 

En cuanto al uso de murciélagos para el control del insecto, tendríamos el mismo 

problema, ya que solamente dos especies de estos mamíferos existen en los mismos 

bosques que el M. galloprovincialis en Portugal: Pipistrellus pipistrellus (Schreber) y 

Pipistrellus pygmeus (Leach). Los hábitos alimenticios de estas dos especies también 

representan una dificultad, visto que mayoritariamente se alimentan de dípteros (Rehak 

et al., 2005).  

 

Además de todas estas alternativas para uso en un programa de control biológico, 

también los hongos entomopatógenos deben ser considerados. Esta alternativa fue 

abordada como el desarrollar de un complemento al uso de redes impregnadas con 

insecticida, que son usualmente utilizadas para controlar las emergencias de insectos de 

la madera infecta por el nematodo. El objetivo principal seria identificar el aislado de 

una especie de hongo que pudiera disminuir la vida de los insectos adultos en menos de 

10 días, reduciendo la probabilidad de transmitir la enfermedad en nuevos huéspedes. 

Se probaron seis aislados de hongos entomopatógenos. Todos los aislamientos se 

realizaron desde cadáveres de Rhynchophorus ferrugineus (Olivier) o M. 
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galloprovincialis  encontrados en territorio portugués. Se testaron tres aislados de 

Beauveria bassiana (Bals.-Criv.) Vuill, uno de Metarhizium anisopliae (Metchnikoff) 

Sorokin, uno de Metarhizium sp., y un aislado de Fusarium sp. Con el objetivo de 

conocer las diferentes susceptibilidades de los diferentes estadios de desarrollo del 

insecto, dichos aislados fueron diferentemente testados en estadios larvales y adultos 

de M. galloprovincialis.  

 

Estos ensayos tuvieron resultados bastante interesantes. Aparentemente, las larvas y 

adultos de M. galloprovincialis presentan diferentes vulnerabilidades a los hongos 

testados. Como otros autores (Xue-You et al., 2005; Hajek et al., 2008), también aquí los 

adultos probaron ser más susceptibles a las infecciones por B. bassiana; en cuanto que 

las larvas fueron más afectadas por los aislados de Metarhizium sp. y Fusarium sp. El 

modo de acción de dichos hongos no es completamente conocido, sin embargo las 

diferentes vulnerabilidades de cada estadio de desarrollo sugieren que los hongos 

estudiados puedan presentar diferentes preferencias mediante la composición de la 

cutícula de los insectos en cada estadio.  

 

Se sabe que cuando las esporas de B. bassiana interaccionan con la cutícula de los 

insectos, desarrollan fuertes conexiones con la superficie, empezando seguidamente a 

penetrar el interior del insecto, matándolo en menos de 10 días (Boucias et al., 1988). El 

mismo autor descubrió que los diferentes instares larvales cuando expuestos a las 

mismas concentraciones de esporas, suelen presentar diferentes capacidades de 

supervivencia. Esto se justificó por la diferente composición de la cutícula de las larvas 

de último instar, la cual es bastante menos hidrofóbica que en los adultos. La diferente 

vulnerabilidad de las larvas en relación a los adultos se puede también justificar por la 

agregación de las esporas con la cutícula, la cual empieza a liberar quitinasas y 

proteasas (Clarkson y Charnley, 1996). Estas sustancias suelen ser más efectivas cuando 

la cuantidad de quitina y proteínas es más elevada, lo que pasa en los adultos (Gullan y 

Cranston 1994). Como demostrado por Yanhua et al. (2007), un incremento en la 

expresión del gen responsable del desarrollo de una quitinasa especifica puede afectar 

positivamente la virulencia de B. bassiana contra los insectos. Se puede concluir que los 

adultos serán más afectados por los hongos que demuestren tener esporas con 

características menos hidrofóbicas y que presenten quitinasas y proteasas con una 
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virulencia más elevada. Como Metarhizium sp. y Fusarium sp. probaron ser más eficaces 

en reducir la longevidad de las larvas, se puede concluir que estas esporas presentan 

una afinidad superior a la cutícula de las larvas, la cual presenta una superficie más 

húmeda y una relación de proteínas más baja, tal como ha sido demostrado por  Li et al. 

(2010). 

 

Con la intención de desarrollar una técnica de aplicación de dichos hongos en el 

ambiente, fueron testados dos métodos de aplicación para las suspensiones de esporas. 

Se testó un método basado en el contacto directo por parte del insecto en la suspensión 

de esporas, y otro fundamentado en la aplicación por medio de un spray. El primer 

método probó ser más eficaz que el método de la aplicación de un spray en el insecto. A 

pesar de los resultados positivos obtenidos con los estadios larvales, existe un punto de 

elevada relevancia para considerar. Considerando que los estadios larvales del insecto 

pasan la generalidad de su tiempo en el interior del tronco de pino, la aplicación 

efectiva de las suspensiones de esporos contra el insecto seria casi impracticable. 

Debido a que los adultos de M. galloprovincialis demostraron ser más susceptibles al 

contacto directo con las suspensiones, se desarrolló el siguiente paso del estudio.  

 

Tal como anteriormente utilizado para otras plagas forestales, y utilizando el aislado 

más eficaz de B. bassiana, se empezó la creación de bandas de fibra de poliéster 

impregnadas con el hongo. Tales bandas, cuando eran impregnadas con un medio 

artificial, demostraron ser capaces de sostener el hongo inoculado, permitiendo  así su 

desarrollo y esporulación. La principal preocupación con respecto a estas bandas de 

fibra estaba relacionada con su eficacia y durabilidad cuando expuesta a condiciones de 

campo. De esta manera, se ensayó en condiciones de laboratorio la eficacia de las 

bandas de fibra sometidas a períodos de degradación. Los períodos de degradación 

fueron creados artificialmente dentro de una cámara bioclimática, la cual simuló 

durante 15 días la temperatura y humedad existente entre noches y días en el mes de 

julio en Lisboa.  

 

Similarmente a Shimazu (2004) o Hajek et al. (2006), los resultados mostraron que 

incluso cuando estuvieron degradadas por un periodo de 15 días, las bandas 

impregnadas siguen presentando una elevada eficacia. Los adultos del insecto que se 
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pusieron en contacto con las bandas, murieron antes de los 10 días. Si se considera que 

los adultos de M. galloprovincialis presentan un máximo de transmisión del PWN a los 

nuevos pinos 10 días después de la emergencia, es de gran relevancia el resultado 

obtenido. Ser capaz de eliminar a los insectos antes de que lleguen a su máxima 

capacidad de transmisión de la enfermedad es esencial para cualquier método de 

control desarrollado. Además, mientras se desarrollaba el ensayo, se pude observar que 

los insectos infectados por los hongos, reducían significativamente la cuantidad de 

excrementos que producían, sugiriendo que las infecciones disminuyen su capacidad de 

alimentación. Esto dato juntamente con la muerte de los insectos en menos de 10 días 

revelan la posible importancia que este hongo podría tener en un futuro programa de 

control biológico. 

 

La utilización de estas bandas tiene bastante interés no solo para el control de las 

poblaciones en el periodo de vuelo, sino también para la aplicación en los árboles 

muertos en el suelo o mismo en los residuos de corte. Actualmente y segundo la ley 

(Anonymous, 2011) es obligatorio la utilización de redes impregnadas con insecticida en 

el transporte de madera infectada, de forma a impedir las emergencias del insecto 

durante el transporte.  Sin embargo, esta técnica tiene algunos problemas, ya que la 

utilización del insecticida no se restringe apenas a los Monochamus que emergen de la 

madera, sino a todos los insectos que entren en contacto con ella. Se precisa de una 

técnica mixta, donde se utilizarían las redes y por debajo las bandas impregnadas con 

hongos entomopatógenos, disminuyendo así las muertes de otros insectos y los riesgos 

para el ambiente. Este método aquí desarrollado podría ser usado en áreas sensibles, 

como áreas protegidas o parques nacionales, que pueden verse afectados por el PWD y 

en los que no se deben utilizar insecticidas u otras técnicas prejudiciales para el 

ecosistema. 

 

Los trabajos desarrollados durante esta tesis permitieron el avance exhaustivo del 

conocimiento sobre algunos agentes de control biológico que pueden afectar el M. 

galloprovincialis en Portugal. El desarrollo de un programa de control biológico para 

esta especie deberá ser cuidadosamente analizado, ya que todos los agentes biológicos 

estudiados, mostraron tener efectos generalizados en el ecosistema y en la 

entomofauna ahí existente, no siendo específicos de este cerambícido. De entre todos 
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los parasitoides estudiados y sus respectivas tasas de parasitismo, la especie C. flavator 

podria ser la elegida para un futuro programa de control biológico, ya que fue 

encontrada en diversas regiones y en más altas densidades. Sin embargo, debido a su 

falta de especificidad, es necesaria la realización de estudios en laboratorio más 

exhaustivos. Esto permitiría estudiar la posibilidad de liberación masiva de dicha 

especie en las zonas afectadas. Siendo una especie nativa, la cual parasita eficazmente 

las larvas del escarabajo, es de esperar que el ecosistema circundante no se 

desregularice. El uso de artrópodos debe ser integrado como un complemento y no 

como el principal y único agente de control biológico, debido a las bajas porcentajes de 

parasitismo observado.   

 

Por otro lado, la utilización de hongos entomopatógenos parece mostrarse bastante 

prometedor, ya que el objetivo principal de disminuir la longevidad de los adultos de M. 

galloprovincialis (y subsecuentemente disminuir las tasas de transmisión de PWN)  fue 

claramente demostrado. El hongo, B. bassiana fue el que mostró tener la mejor eficacia 

para la disminución de la longevidad del insecto, presentado al mismo tiempo una tasa 

de crecimiento y reproducción bastante elevada. Esta última particularidad hace con 

que sea el candidato más relevante para la aplicación en las bandas de poliéster 

impregnadas con hongos. A pesar del éxito observado en los ensayos con las bandas de 

poliéster, el uso de este hongo en el ambiente tiene también de ser cuidadosamente 

estudiado, ya que los efectos de B. bassiana en la gran variedad de insectos que se 

puede encontrar en determinado ecosistema es bastante incierta. Debido al gran costo 

asociado con la producción de estas bandas de poliéster impregnado (comparadas con 

las redes con insecticida), su utilización podría estar más direccionada para las áreas 

donde los insecticidas están completamente prohibidos de ser utilizados. Zonas como 

las áreas protegidas, o reservas de naturaleza se podrían beneficiar con la utilización de 

este método como alternativa al uso de las redes insecticidas. Sin embargo, serían 

necesarios bastantes testes y ensayos antes de la implementación de este método en el 

ecosistema.  

 

Considerando todos los trabajos desarrollados y las regiones analizadas durante todos 

estos años, se puede evidenciar que la medida más segura y efectiva para el control de 

las poblaciones de este insecto, es el correcto cuidado y mantenimiento de las áreas 
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forestales. En regiones donde esta gestión es minuciosamente seguida durante largos 

años, como la región de “Leiria”, la abundancia de M. galloprovincialis es bastante 

menor. Además, el establecimiento de una diversa comunidad de parasitoides en la 

región, debe tener un papel fundamental en la gestión de la población de esta especie.  

 

Ha sido pues exhaustivamente estudiada la comunidad de parasitoides asociada con el 

M. galloprovincialis y los efectos de los hongos entomopatógenos más comunes en 

Portugal asociados a este insecto. En el futuro, los estudios se deben basar en otros 

enemigos naturales como los pájaros insectívoros o los murciélagos. Trabajos sobre 

bacterias, virus u otros hongos entomopatógenos podrían también ser nuevas líneas de 

trabajo interesantes. Sería también interesante analizar los impactos que enemigos 

naturales de otras especies del género Monochamus tendrían en las poblaciones 

Portuguesas de M. galloprovincialis.  

 

En vista de los resultados obtenidos, se puede considerar que se estudiaron algunos 

elementos esenciales de un futuro programa de control biológico contra M. 

galloprovincialis. Si los resultados se consideran como un todo, puede ser que sea 

posible aplicarlos en un futuro cercano.  
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1- The Pine Wilt Disease 

 

The pine wilt disease (PWD) consists of an interaction between three organisms; a 

nematode, Bursaphelencus xylophilus (Steiner and Buhrer) Nickle, an insect vector 

belonging to the genus Monochamus Dejan, and a tree host, Pinus spp. Despite the 

simplicity this interaction may disclose, the reality is a lot more complex. The biology and 

ecology of the pine wood nematode (PWN) is fully synchronized with the development of 

the pine sawyer, allowing it to use the beetle as vector and consequently infect new tree 

hosts. Understanding the relationship between these three organisms is essential to 

comprehend the mechanism of PWD. The natural spread of the PWD is fully reliant on of 

the interaction between the insect vector and the nematode. Without this strict 

association, the nematode wouldn’t be able to infect new hosts and spread its population, 

so it can be considered as a facultative relation for the insect and mandatory for the 

nematode. Both, insect vector and nematode show an increased advantage with the 

development of this relation, benefiting the first one from the growing number of dead 

trees created by the nematode’s propagation.   

 

1.1- The nematode  

 

The pine wood nematode life cycle is based in two distinct life phases; the propagative 

and the dispersive (Wingfield, 1983). The propagative phase consists in four larval and 

one adult stage (Mamiya, 1983) and it occurs when the environmental conditions are 

adequate. This phase occurs inside the hosts and lead to the nematodes population 

growth. The populations of B. xylophilus while in the propagative phase inside the host 

feed on the wood, resin canals and other living cells which will eventually result in the 

tree’s death (Koboyashi et al., 1975).  

After completing the first two larval stages, the PWN may change to the dispersal phase, 

being the subsequent life stages called third and fourth juveniles’ stages (resistant phase). 

The JIV phase is the one used by the nematode to interact and be carried by the insect 

vector, gaining the necessary mobility to change tree host (Mamiya, 1975).  
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1.2- The hosts 

Worldwide, there are various records of B. xylophilus living on different tree 

species. Species belonging to the genus Abies (Miller), Cedrus (Trew), Larix (Miller), Picea 

(Dietrich), Pinus (Linnaeus), Pseudotsuga (Carrière), were already found associated with 

this nematode, however, not all of them are equally affected by the disease (Wingfield et 

al., 1982; Mamyia, 1983; Evans, et al., 1996). In North America, where the nematode isn’t 

a major cause of decaying for native trees, records of PWN infections are mainly 

associated to exotic trees, such as; Pinus sylvestris L., Pinus nigra J.F. Arnold, Pinus 

densiflora Siebold and Zucc., Pinus thunbergii Parl. (Akbulut and Stamps, 2012). In Asian 

countries native species like P. densiflora, P. thunbergii, Pinus koraiensis Siebold & Zucc., 

Pinus luchuensis Mayr, or other species belonging to different genus (e.g. 

Pseudotsuga menziesii (Mirb.) Franco, Picea spp.) can also be found with PWN infections 

(Mamyia, 1983, 1987; Ryss et al., 2005; Zhao et al., 2008). In Europe, the only infected 

host is Pinus pinaster Aiton, however, recent studies confirmed the high susceptibility 

found on other tree species, like Pinus nigra (Inácio, et al., 2014). Despite the diversity of 

affected tree species worldwide, each of them shows different susceptibilities according 

to the country where they are native from and the possibilities of having coevolved with 

B. xylophilus. Such species can act as reservoirs for the nematode even when not showing 

evident PWD symptoms (Akbulut and Stamps, 2012). 

 

1.3- The vectors 

 

Various insect species are known carriers of the pine wood nematode, such as;  

Acanthocinus griseus Fabricius; Arhopalus rusticus Linnaeus; Chrysobothris spp.; 

Monochamus spp. or Spondylis buprestoides Linnaeus; (Wingfield and Blanchette 1983; 

Mamiya 1984). Nevertheless, not all of them can be considered as effective vectors for 

PWN transmission, being the most reliable the species belonging to the genus 

Monochamus. Some of these species are the most important vectors of the PWN (Linit, 

1988, 1990; Kishi, 1995) and are listed in Table 1. Each of the Monochamus species from 

the Northern hemisphere exhibit different host preferences, specific biological cycles and 

particular geographic distributions (Morgan, 1947; Ross, 1966; Hellrigl, 1971; Naves et al., 
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2008). These beetles are generally known as secondary insects that only attack weakened 

or dying hosts, not breeding on healthy trees (Linsley, 1959; Linit, 1987; Hanks, 1999).  

Table 1 - List of confirmed Monochamus species vectoring the pine wood nematode worldwide 

Monochamus species Continent Reference 

M. carolinensis (Olivier) North America Wingfield and Blanchette (1983) 

M. scutellatus (Say) North America Wingfield and Blanchette (1983) 

M. titillator (Fab.) North America Esser and Harkcom (1981) 

M. mutator LeConte North America Wingfield and Blanchette (1983) 

M. obtusus Casey North America Dwinell and Nickle (1989) 

M. notatus (Drury) North America Wingfield and Blanchette (1983) 

M. marmorator Kirby North America Wingfield and Blanchette (1983) 

M. alternatus Hope Asia Mamiya and Enda (1972) 

M. nitens Bates Asia Kobayashi et al. (1984) 

M. saltuarius (Say) Asia Sato et al. (1987) 

M. urussovi (Fischer)* Asia OEPP/EPPO (1986) 

M. galloprovincialis (Olivier) Europe Sousa  et al. (2001) 

*Wallin et al. (2013) recently proposed M. urussovi to be included in the species M. sartor as a 

subspecies; M. sartor urussovi.  

Other species such as Monochamus impluviatus Motschulsky, Monochamus saltuarius 

(Say), Monochamus sartor (Fabricius), Monochamus sutor (Linnaeus), and Monochamus 

urussovi (Fischer) have also been found associated with the PWN, but transmission of the 

nematode has not been proved yet. 

As other members of the Cerambycidae family, Monochamus species spend most of their 

life cycle inside the wood as larvae or pupae. Adult females lay eggs on the branches or 

main trunk of recently dead or decaying tree hosts, by opening small wounds on the outer 

bark, where fertilized eggs will be laid (Evans, et al., 1996). Monochamus first instar larvae 
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emerge from the eggs 1 or 2 weeks after oviposition and throughout several months feed 

on phloem and cambium bellow the bark (Naves et al., 2008). After this feeding period, 

larvae enter the xylem and start an internal gallery which ends in a pupal chamber 

(Campadelli and Dindo, 1994).  

Late instar larvae (Fig. 1) usually 

overwinter inside the wood until next 

spring, allowing the development to 

pupal stage (Fig. 2), and 

subsequently, to callow stage 

(unsclerotized adults).  

 

The callow stage is the most important developmental stage concerning the interaction 

PWN – vector. After the callow stage, fully functional adults (Fig. 3) emerge from the host 

by a perfectly round-shaped emergence hole on the wood surface (Naves et al., 2008). As 

in most of the Cerambycidae, in this genus the males emerge first, as a strategy to choose 

and defend the best oviposition sites (Schoeman et al., 1998; Shibata, 1998). The insects 

eclosions’ are followed by a 2 weeks feeding period, based on thinner branches out-bark. 

This feeding period is followed by oviposition, which will lead to a new generation 

(Tomiczek and Hoyer-Tomiczek, 2008). 

  

 

 

 

 

 

 

1

Figure 1 – Last instar larvae of M. galloprovincialis 

Figure 2 – Ventral view of M. galloprovincialis pupal stage 
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 1.3.1- The PWN Vector in Portugal - Monochamus galloprovincialis 

This Cerambycidae was firstly reported in Portugal by Oliveira (1984) who collected 

specimens from Leiria region and erroneously identified as M. sutor. On the catalogues 

dated before 1984 no references to this species can be found (Corrêa de Barros, 1916; 

Neves, 1950; Serrano, 1983). Before the association between the nematode and the 

insect (Sousa et al., 2001) only a small number of authors studied this species. Only a 

small number of works with detailed morphologic descriptions can be found (Hellrigl, 

1971; Francardi and Pennacchio, 1996; Francardi et al., 1998). Nowadays, the detailed 

distribution of M. galloprovincialis in Portugal is largely unknown, although there are 

records from several locations in mainland Portugal, Madeira Island (Fonseca et al., 2012) 

and a few Azores islands (Borges et al., 2013). The increasing importance of this species 

has been enlarged by its role as vector of the PWN, which has recently lead to several 

studies on its biology and ecology (e.g. Naves et al., 2006a, b, 2008; Koutroumpa et al., 

2008; Akbulut, 2009).  

 

Regarding the species life cycle, some variations can be noticed according to the country 

and its edapho-climatic conditions. In locations with cold winters, M. galloprovincialis 

larvae tend to overwinter for longer periods and the development from egg to adult can 

take up to 2 years (Tomminen, 1993). In Mediterranean countries with milder winters, 

populations usually take 1 year to complete the entire cycle. However, even in warmer 

sites, populations always spend a period in winter dormancy (Naves et al., 2008). In 

Portugal, adult emergences occur between the end of May and the beginning of 

Figure 3 – Lateral view of adult female  M. galloprovincialis 
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September, reaching their maximum in June and July (Naves et al., 2008). Adults tend to 

live from 65 to 80 days (Hellrigl, 1971).  

This species is widely distributed in Europe (except in Cyprus, Ireland and the United 

Kingdom), being commonly found in the Mediterranean countries, specifically in France, 

Italy, Portugal and Spain (Francardi and Pennacchio, 1996; Vives, 2000; Brustel et al., 

2002; Koutroumpa, 2007). Other areas outside Europe also have this cerambycidae, like 

the Caucasus region, Russia, China, Mongolia, and Northern Africa (Hellrigl, 1971). In 

various countries different tree species are also common hosts for M. galloprovincialis 

(Hellrigl, 1971; Evans et al., 1996; Francardi and Pennacchio, 1996). This Cerambycidae 

has already been found associated with P. sylvestris, Pinus halepensis Mill. and P. nigra 

(Inácio et al., 2014) and less frequently with Pinus uncinata Ramond ex DC., Picea abies 

(L.) H.Karst and Picea orientalis (L.) Peterm. (Yuksel, 1998; Behalová, 2006; Vincent, 2007). 

 

1.4- The interaction - Nematode, Vector and Host 

 

Until recently no information could be found on the inoculation of the PWN into new tree 

host by M. galloprovincialis. Prior studies have been made about the infection of trees by 

the nematode in other continents like North America or Asia, but always by other 

Monochamus beetles (e.g. Wingfield and Blanchette, 1983; Mamiya, 1984; Linit, 1990). 

Works by Naves et al. (2006b, c) clarified this interaction for Portugal and for M. 

galloprovincialis. The transmission between the insect vector and the tree host reaches its 

maximum during the second week after the insect emergence, mainly occurring during 

the beetles feeding activity (Naves et al., 2007a) yet, it can also happen as a result of 

oviposition (Naves et al., 2007b), similarly to what occurs with other Monochamus species 

(Wingfield and Blanchette, 1983; Linit, 1989; Edwards and Linit, 1992). As the nematode 

penetrates the new host the cycle restarts, resulting in the spread of the PWD. 

 

1.5- Pine Wilt Symptoms and Detection  

 

When a tree host is infected by the PWN, the nematode rapidly spreads to the entire tree, 

which usually leads to its death in a few months or even weeks (Malek and Appleby, 
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1984). The introduction of the nematode into a healthy tree triggers the nematode 

feeding activity on healthy parenchyma and epithelial cells, leading to tracheid cavitation 

with the subsequent cessation of the water flow through the tracheids. After the water 

stops flowing, transpiration will also cease, leading to a change in the needles coloration, 

from green to brownish yellow. The needles decolouration will also be followed by an 

increasing amount of fungi inside the wood and the consequent tree death (Mamiya, 

1984). 

The symptoms characteristics of the PWD are not specific to this infection, as bark beetles 

like Ips spp., Ortothomicus spp. or even diseases can cause similar symptoms (Chararas 

and M'Sadda, 1973; Capretti et al., 1987; Lombardero and Ayres, 2011; Sousa et al., 

2011). With the great variety of diseases/pests affecting the pines, further analyses are 

needed to confirm PWN presence in the wood. The principal method used to identify B. 

xylophilus consists on removing wood from symptomatic trees followed by the extraction 

of the nematodes to water and their identification in laboratory. Besides the classic 

identification method based on morphological characters (Abelleira, 2011; Zhuo et al., 

2011; OEPP/EPPO, 2013), molecular aproaches based on ITS-PCR methods can also be 

used (Ribeiro et al., 2012). Despite this advances, in an attempt to detect PWD infected 

trees in the field new methods are being developed (Joon-Bum et al., 2001; Lee and Cho, 

2006). 

 

1.5.1 – First detections and dissemination of the PWN 

 

The first records with reference to the PWN date from 1934 when Steiner and Buhrer 

described for the first time Aphelenchoides xylophilus, which had been isolated five years 

earlier in Louisiana, USA from a native longleaf pine (Pinus palustris Mill). Later, and after 

Tokushige and Kiyohara (1969) reported the presence of Bursaphelenchus sp. in the wood 

of dead pines in Japan, Nickle (1970) transferred the species to the genus 

Bursaphelenchus. In 1971, Kiyohara and Tokushige demonstrated the pathogenicity of B. 

xylophilus by inoculating adult Japanese red pines (P. densiflora), followed by the first 

report of the pine wilt disease (PWD) by Dropkin and Foudin (1979) in Missouri, USA. In 

1982, China discovered the PWN for the first time in the Jiangsu province. Since then the 

damages caused by the disease have rapidly increased year after year (Zhao et al., 2008). 
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Canada reported in 1983, B. xylophilus affecting the Jack pine (Pinus banksiana Lamb.) in 

Manitoba (Knowles et al., 1983) and Korea first reported the nematode in 1988 (Yi et al., 

1989). Two years earlier in Finland, Pinus spp. wood chips imported from the USA and 

Canada alarmed the European Union by turning out positive for the presence of the 

nematode in the wood (Rautapaa, 1986). Following this development, the European Plant 

Protection Organization (EPPO) transferred the PWN to the “A-1” category pest and 

included B. xylophilus in the EU quarantine organism list Annex II, Part A – Section I, 

Directive 77/93/CEE. EPPO suggested furthermore that Europe should start banning the 

importation of softwood products from countries where the nematode or the disease 

were present (OEPP/EPPO, 1986; Sutherland, 2008).  

Its definitive entrance in Europe only occurred in 1999 in the Setubal Peninsula, Portugal. 

It is believed that the entrance in Portugal originated from Eastern Asia (Mota and Vieira, 

2008) and occurred by the movement of wood products like pallets, timber or other 

wood derived materials as it is a major dissemination method for the PWN (Evans et al., 

1996). Promptly a team from “Instituto Nacional de Investigação Agrária” and the 

University of Évora started to follow this disease situation (Mota et al., 1999) and the 

information was immediately transmitted to the Portuguese responsible organism 

(Direcção-Geral das Florestas) and subsequently to the EU responsible authorities in 

Brussels. Considering the urge of the events, a task force and a national action program 

(PROLUNP) were established in the end of 1999. The PROLUNP was launched to 

implement measures and actions, so that the disease’s spread could be controlled and 

the PWN eradicated. At the same time, the PROLUNP was entrusted to coordinate the 

scientific research on the disease in Portugal. The national action plan delineated by this 

task force, determined the most important pine-forested areas and high risk zones, where 

extensive surveys would be performed, allowing new outbreaks of the disease to be 

detected. Afterwards, PWN was detected in a considerable large area surrounding the 

Setubal Peninsula, and the region was classified as “affected zone”. Surrounding this area, 

a 20 km wide strip was created and called the “buffer zone”, classified as “free area”. 

Simultaneously, this program implemented the orientations and procedures to handle the 

PWN infected wood (DGRF, 2003). 

Despite these measures, in 2007 the European Union advised to the establishment of a 

clear cut zone surrounding the affected area, what lead to the cut of nearby five million 
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healthy maritime pines (P. pinaster) (DGRF, 2007). Regardless of these actions, in the next 

year new wilt disease focuses were found affecting the central Portuguese region; 

Sarzedo and Lousã. After these findings, new legislation was created, implementing a 

“restriction zone” to the entire Portuguese continental territory and Madeira. Despite all 

the efforts, in 2008 B. xylophilus was also detected in the regions of Galicia and 

Extremadura, Spain (EPPO/OEPP, 2010; Abelleira et al., 2011). In the year of 2009, this 

nematode was also found on the Madeira Island (Fonseca et al., 2012), showing that the 

spread of the PWN to other distant territories in the future might be a reality. Between 

2000 and 2007 the number of felled pine trees with wilting symptoms (although not 

necessarily with the PWN) increased from 53.487 to over 200.000, causing significant 

economic and environmental impacts to Portugal (Sousa et al., 2011). Recently, these 

numbers have been increasing, with almost 900.000 trees felled between 2011 and 2012 

(Anonymous, 2012).  

Due to this reality that the country faces for more than a decade now, together with the 

significant amount of forest fires and the insect pests, the Portuguese forest composition 

has clearly changed. For the last 10 years the forest area has been decreasing with a 

rhythm of 0.3% per year. The maritime pine (P. pinaster) which in the past occupied the 

majority of the Portuguese forest, lost approximately 263 thousand hectares of harvested 

area (Fig. 4), being nowadays and for the first time in history, surpassed by Eucalyptus 

(Eucalyptys globulus Labill.) (ICNF, 2013).  

 

Figure 4 – Evolution of the forested area since 1995 for the principal Portuguese forest species. 

Adapted from ICNF (2013). 
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 As the forest sector represents 12% of the Portuguese industrial gross domestic product, 

with 10% of the foreign trade, these variations have a significant impact to the 

Portuguese economy (Webster and Mota, 2008).   

 

2- Control Strategies 

 

Management and control strategies against PWN are directed in three ways; controlling 

the nematode’s populations; creation of trees resistant to the disease and avoiding the  

spread of the nematode by the dispersal of vector insects, which is presently the most 

effective one (Sousa et al., 2011).  Since the detection of B. xylophilus in Portugal (Mota et 

al., 1999) and the association of the insect with the nematode by Sousa et al., (2001) strict 

sanitary measures are being implemented in affected forests areas. In the past years, 

various studies have been developed to find new ways to control this Cerambycidae and 

subsequently the spreading of the PWN. However, the studied methods usually have 

success only in localized, small-dimension areas, presenting a significant cost to 

implement (Naves et al., 2007c). The recent appearing of PWN in pine trees in Spain 

(OEPP/EPPO, 2013; Abelleira et al., 2011) emphasizes the necessity to discover new and 

innovative control strategies against the PWN. The methods used to prevent the 

spreading of the disease can be divided among four different categories; cultural, 

chemical, bio-technical and biological, and are all based on the control of the pine sawyer 

populations.   

 

2.1- Cultural Methods 

 

Symptomatic trees are marked in the autumn and eliminated during the same season, 

winter or early spring. While eliminating the symptomatic trees, the insect specimens 

inside the wood as pupae or larvae are killed, reducing the number of Monochamus 

Mamiya, 1984; Kishi, 1995). According to the Portuguese legislation (Anonymous, 2011), 

all material (smaller than 20cm) originated from the eliminated symptomatic trees (Fig. 5) 

must be destroyed by mechanic action (resulting chips no bigger than 3 cm), by fire, or 

even fumigated (if intended for further use). It is of major importance that all left over 
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materials, such as small branches, are destroyed, as Monochamus beetles tend to lay eggs 

on them (Naves, 2007). If intended to posterior use, the infected wood with dimensions 

bigger than 20cm must be submitted to a heat treatment of a minimum of 56ºC for no 

less than 30 minutes (measured in the center of the wood piece (Anonymous, 2011). 

 

 

 

 

 

 

 

 

 

 

Recently, new research lines are being developed with the purpose of growing a selection 

of pines resistant to the PWD (Ribeiro, 2012), using the species P. pinaster. In Japan, this 

line of studies is being developed with varieties of local pine such as Pinus densiflora and 

Pinus thunbergii (Kato et al. 1995; Toda and Kurinobu 1998, 2001, 2002). Usually the 

development of these research lines tends to promote the improvement of resistances or 

even the forest production (Mahalovich and Dickerson, 2004, Wu et al., 2005). 

 

2.2- Chemical Methods 

 

Resorting to chemical methods is today an option used more like a preventive measure 

than as a control strategy. In Asian countries like China, Japan or South Korea the 

application of chemical substances was widely used in the control of local Monochamus 

vectors and B. xylophilus populations (Kobayashi, 1988; Togashi, 1990; Jianchang et al., 

Figure 5 – Remainings of a Maritime Pine forest highly affected by PWD 

near the first detection site in Sines in July 2013. 
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1998; Lee et al., 2003; Takai et al., 2003), although this resulted is serious problems 

associated with the use of pesticides in an ecosystem (Zhao et al., 2008).  

In Portugal the use of chemicals to control the PWN is restricted, with the only substance 

approved being Emamectin Benzoate. Similarly to countries where this product is already 

into use to control insect pests (e.g. Liguori et al., 2010; Smitley et al., 2010), Emamectin 

Benzoate has been tested and approved to use as a preventive measure to decrease 

infections by the PWN. This technique is intended to use in healthy pines and it is applied 

by trunk injection, preventing also the attacks of bark beetles (Sousa et al., 2013).  

The use of chemical substances is not restricted to the prevention of new infections, being 

also available to use in infected wood as fumigant under controlled conditions. Recent 

works showed that it is possible to eliminate B. xylophilus populations from wood with the 

use of sulfuryl fluoride (Bonifácio et al., 2014).  

A new approach based on the use of essential oils as bioinsecticides has recently been 

considered (e.g. Kong et al., 2006; Choi et al., 2007; Faria et al., 2013). These substances 

show a significant number of ecofriendly characteristics as they are extracted from plants, 

are biodegradable and do not usually present the high levels of toxicity for the 

environment found on the typical chemical insecticides (Figueiredo et al., 2008).   

 

2.3- Bio-Technical Methods 

 

Besides the elimination of trees colonized by Monochamus beetles and the use of 

chemicals, bio-technical approaches are also available, allowing the capture of insects and 

diminishing their populations.  

To simulate the shape of a maritime pine or the volatile compounds released by these 

trees, some different models of traps and lures have been created and developed in the 

past. To select the most adequate type of trap for capturing the beetle, different designs 

of traps have been tested (e.g. Groot and Nott 2001; Morewood et al., 2002).  
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Fig.8 

Fig. 7 

Results have shown that  multi-funnel traps (Fig. 6) are the most 

promising for capturing M. galloprovincialis (Rassati et al., 2012), 

however, other studies demonstrated that cross-vane traps (Fig. 7, 

8) were the most efficient (Bonifácio et al., 2012).  

Considering that Monochamus beetles 

attractants are particular related to kairomonal 

activity (Allison et al., 2004) and that 

Cerambycidae species generally use the 

chemical clues for feeding, mating and egg-

laying (e.g. Ginzel and Hanks, 2003; Faccoli et 

al., 2005) several works have been developed 

about the aggregation and sexual pheromones 

related to M. galloprovincialis (Ibeas et al., 

2007, 2008; Pajares et al., 2010, 2013).  

From these research lines, an aggregation pheromone compound has 

been developed. This product is called Galloprotect 2D© and it’s 

commonly used in Portugal and Spain, 

being applied to pine stands 

susceptible to the PWD or even already 

affected (Pajares et al., 2010; Bonifácio 

et al., 2012). 

 

 

 

2.4- Biological Methods 

 

With the increasing importance of the Integrated Pest Management policies, the use of 

control measures not based on chemical approaches gain a considerable relevance. 

Biological methods to control agriculture or forest pests are used more intensively since 

Fig. 6 

Figures 6, 7, 8, – Different models of traps used to capture adults 

of Monochamus galloprovincialis 6) Multi-funnel trap; 7) Colossus 

Cross vane trap; 8) Japanese Cross vane trap 
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the last century. Various authors studied the possibilities of using different biological 

agents to control these pests. Methods based on the use of entomopathogenic fungi, 

entomopathogenic nematodes and natural enemies, both predators and parasitoids were 

tested for a diverse number of pests (Webster, 1973, 1980; Meierrose et al., 1991; Bichão 

et al., 1991; Hodge et al., 1999; Snyder and Wise, 1999; Solomon et al., 2000).  

Testing these techniques showed that their use may not be that easy and effective for all 

the ecosystems. In small localized areas where only agriculture occur and where a specific 

pest is attacking, these methods usually show good results (e.g. Abe and Ikegami, 2005; 

Oliveira et al., 2012; Garrido-Bailón et al., 2013). However, in forest areas where a pest 

isn’t so located and not that accessible, biological control methods turn to be more 

difficult to implement, though, some studies can also be found (e.g. Reis et al., 2012; 

Borowiec et al., 2014; Matosevic et al., 2014). 

Insects belonging to the family Cerambycidae spend most of their life cycle inside the 

tree, bellow the outer bark or even inside the wood (e.g. Akbulut and Stamps, 2012). As 

the majority of their life cycle is inconspicuous, the use of control programs to attack 

these pests is very limited, even more if a biological method is desirable.  The use of a 

biological program must be designed to target the moment in their life cycle where 

insects are more susceptible and exposed. In general, there are several biological control 

options; natural enemies (arthropod or non-arthropod) and entomopathogenic bacteria, 

nematodes or fungi.  

 

2.4.1- Non-Arthropod natural enemies 

 

Despite this study being only focused on the use of parasitoids or entomopathogenic 

fungi as biological control agents, the use of non-arthropod entomophagous species, such 

as bats, woodpeckers, or other insectivorous birds may have some potential to control  

some selected insect species, such as the pine processionary moth Thaumetopoea 

pityocampa Denis & Schiffermuller (e.g. Charbonnier et al., 2014). Studies showed that 

increasing entomophagous bird species densities in a forest/agricultural ecosystem where 

an insect pest is also present may condition the insect’s population dynamics and 
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positively influence the bird population (Beckwith and Bull, 1985; Norris et al., 2013). 

Several authors proved that high populations of the Emerald Ash borer (Agrilus 

planipennis Fairmaire) or the Mountain Pine Beetle (Dendroctonus ponderosae Hopkins) 

significantly increased the populations of woodpeckers and other native birds (Edworthy 

et al., 2011; Koenig et al., 2013; Flower et al., 2014). According to Beal (1911), Hughes and 

Hughes (1982) and Dodds and Stephen (2000), woodpeckers have a significant effect on 

the reduction of Cerambycidae larvae (Fig. 9). These studies suggest that the use of 

woodpeckers for integrating a biological control program of M. galloprovincialis should 

not be excluded.  

Similarly to entomophagous birds, bats diversity and density inside an ecosystem are 

closely related to the abundance of insects. Bats’ flight and foraging activities can be 

highly modified and even changed in an opportunistic way, being able to adapt to insect 

population outbursts or reductions (Palmeirim, 1990; Tuttle, 1995; McCracken et al., 

2012; Gonsalves et al., 2013; Thomas and Jacobs, 2013). However, comparing to birds 

activity, bat represent only a residual effect on insect populations, having a reduced result 

on diminishing it (Buckner, 1967).  

The use of these mammals and birds against insect pests in a biological control program 

not only based on the use of non-arthropod methods may decrease pest outbursts and 

increase yield productions inside an agroforestry landscape (Morrison and Lindell, 2012; 

Karp et al., 2013; Mas et al., 2013). 

 

 

 

Figure 9 – Pinus pinaster branch with feeding holes made by Woodpeckers. 
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2.4.2- Arthropod Natural Enemies 

 

The equilibrium in the agroforestry ecosystems between predators, parasitoids and pest 

is, in general, well balanced. A subtle change in the ecosystem, as a climate change, the 

use of chemical products, or even the introduction of alien species may lead to the 

disruption of such stability. Focusing on the introduction of insect entomophagous species 

in an ecosystem, the main responsible can’t be ignored. Humans are responsible for great 

part of the introduced insect alien species, either intentionally or unintentionally (Pyšek et 

al., 2010). Insect predators or parasitoids are commonly brought from countries where 

they act as pest control agents into countries where they were previously absent. The 

introduction of these alien species may have a positive effect on local pest control 

programs; nevertheless, after a long period it can disclose a hidden disruption on the 

ecosystem, increasing their populations and even occupying the place that once belonged 

to native species (Evans et al., 2011). Despite the long term results, the use of these 

species in biological control programs is nowadays common worldwide, both in 

agriculture and forestry. Regrettably to the native ecosystems, the number of introduced 

entomophagous arthropods is increasing and as a consequence, new studies concerning 

their interactions with the surrounding environment and their ecological impact can be 

found (e.g. Nafus, 1993; Duan and Messing, 1997; Avila et al., 2013; Ayalew and Hopkins, 

2013). Despite the tendency, not all the biological control programs are based on the 

introduction of alien species, but instead, on using native insect species (e.g. Mackauer 

and Völkl, 1993; Hernandéz-Ortiz, 1994; Pérez-Lachaud and Hardy, 1999; Gabarra et al., 

2014; Núñez-Campero et al., 2014). 

Considering the agricultural ecosystems, the use of biological control methods based on 

arthropods species is far more common than it is in the forest environment. Being a 

fragmented habitat and normally occupying extended areas, the use of any type of 

control programs in forests often reveals to be a challenge. Focusing on the families 

Buprestidae, Cerambycidae and subfamily Scolytinae, which major affect forest stands all 

across the world, some more specific works can be found (e.g. Senger and Roitberg, 1992; 

Azevedo and Waichert, 2006; Abell et al., 2012; Yang et al., 2012; Cooperband et al., 

2013; Duan et al., 2013). 
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Inside the Cerambycidae family and taking a closer look on the genus Monochamus, 

researchers found parasitic associations of hymenopteran species with the pine sawyer. In 

China, some Hymenoptera have been found parasiting larvae of M. alternatus as it can be 

observed on the works by Xu (1998) and Xu et al. (2002), who associated Scleroderma 

guani Xiao et Wu (Hymenoptera: Bethylidae) to this pine sawyer, originating a diverse 

number of studies to its use as a biocontrol agent (e.g. Xu et al., 2008; Li et al., 2009; Lai et 

al., 2012). Besides S. guani, the species, Bracomorpha ninghais Wang, Chen, Wu, He 

(Hymenoptera: Braconidae), and Sclerodermus harmandi Bursson (Hymenoptera: 

Bethylidae) were too established as parasitoids of M. alternatus larvae in China (Wang et 

al., 2009; Li et al., 2010a; Li and Sun, 2011; Liu et al., 2011; Hu et al., 2012). Recently, a 

new M. alternatus egg parasitoid was also discovered in the same country, this being 

Callimomoides monochaphagae Yang (Zhong-Qi et al., 2014). Two Coleoptera species, 

Dastarcus helophoroides (Fairmair) (Coleoptera: Bothrideridae) and Cryptalaus berus 

(Candèze) (Coleoptera: Elateridae) were also associated parasiting and predating, 

respectively M. alternatus (Huang et al., 2003; Zhang et al., 2008). Dastarcus 

helophoroides showed to parasite both larvae, pupae and adults of the pine sawyer 

(Okamoto, 1999), while C. berus only attacked the larvae of M. alternatus (Yi-Nan et al., 

2008), what also lead to the development of other research lines (Wang et al., 2012a, b; 

Yuanling et al., 2013a, b). 

In Japan, where M. alternatus is also the main culprit for the spreading of B. xylophilus, 

experimental releases of D. helophoroides and Ontsira palliatus (Cameron) (Hymenoptera: 

Braconidae) were also performed (Tadahisa, 2003; Urano, 2004), without effective results. 

The beetle M. saltuarius has also been found to be a reliable host in China for 

Rhimphoctona (Xylophylax) lucida (Clément) (Hymenoptera: Ichneumonidae), while M. 

carolinensis is a host for a species of the genus Digonogastra Viereck, and Billaea 

monohammi (Townsend) (Diptera: Tachinidae) in Illinois, USA (Luo and Sheng, 2010; 

Reagel et al., 2012).  

Studies concerning the Euro-Asian Monochamus species and their parasitoid complex 

have also been developed (Francardi and Pennacchio 1996; Francardi et al., 1998; 

Martikainen and Koponen, 2001; Naves et al., 2005), although the information is scarce 

and disperse. Nevertheless, the major part of the studies has been centered in the 

economically relevant M. galloprovincialis. For this species, Naves et al. (2005) analyzed 
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Figure 10 – Adult male of Cyanopterus 

flavator; most abundant Monochamus 

galloprovincialis parasitoid found in Portugal. 

the already existing reliable records, from which may be underlined the most important 

parasitoid species; Atanycolus genalis (Thomson) (=initiator F.), Coeloides sordidator 

Ratzeburg, Cyanopterus flavator Fabricius (Fig. 10), Dolichomitus tuberculatus (Geoffroy), 

Doryctes mutilator (Thunberg), Iphiaulax impostor (Scopoli) and Meteorus corax Marshall, 

nevertheless they are not specific parasitoids only of M. galloprovincialis and appear to be 

rare and infrequent. Some other parasitoid species were found by the author, however, 

were not considered and can be found discussed in his work.  

Besides parasitoids, ants can also have an 

entomophagous behavior to eggs or even 

adults of this Cerambycidae, of which two 

of them are native to Portugal, namely, 

Pheidole pallidula Neylander and 

Aphaenogaster gibbosa Latreille.  (Cammell 

et al., 1996; Way et al., 1997; Goméz and 

Espadaler, 2004).  

The presented information on M. 

galloprovincialis parasitoid complex was 

the starting point to the development of 

the work concerning the arthropod natural enemies presented in this thesis, so the 

records needed to be confirmed and an updated parasitoid guild found. Thus far, no 

specific and efficient natural enemies have been detected, and therefore researching 

these associations could lead to an interesting and environmentally friendly option for the 

development of a bio-control program.  

2.4.3- Entomopathogenic Fungi 

  

The use of entomopathogenic fungi to regulate insect pests populations’ is a common 

practice (e.g. Abe and Ikegami, 2005; Erler et al., 2013; Zhan and Morse, 2013). As a 

complement or an alternative to the use of parasitoids, entomopathogenic fungi also 

offer a safer alternative to the use of chemical products like insecticides, without affecting 

the cultures safety and the life cycle of auxiliary insects. The use of bio-insecticides also 

eliminates the appearance of insect populations presenting chemical resistances 
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(Fernandes et al., 2013; Smagghe et al., 2013). However, recent studies also found that 

some insects are able to gain resistances to some specific entomopathogenic fungi strains 

(Dubovskiy et al., 2013). Using entomopathogenic fungi is currently more common in the 

control of agriculture pests, to prevent possible harmful aliment contamination, which 

could affect the health of animals or humans. Several studies can be found on the 

associations between these fungi and insects (Stacey, 2003; Xavier and Ávila, 2005; Daniel 

and Wyss, 2010; Oliveira et al., 2012).  

Even thought, as the number of pests affecting forest stands increases, some research 

lines have been developed to use entomopathogenic fungi in these ecosystems. Works 

concerning the main insect families affecting the forests vitality are common, particularly, 

Cerambycidae (e.g. Hu et al., 2010; Russel et al., 2010; Peng et al., 2011; Meyers et al., 

2013), Buprestidae (e.g. De la Rosa et al., 2000; Liu and Bauer, 2008; Castrillo et al., 2010), 

and the subfamily Scolytinae (e.g. Davis et al., 2011; Lyons et al., 2012; Yao et al., 2012). 

The use of entomopathogenic fungi has even been studies in Cerambycidae with habits 

and life cycles similar to Monochamus (Ambethgar and Mahalingam, 2002; Ludwig and 

Oetting, 2002; Dubois et al., 2008; Marannino et al., 2010; Francardi et al., 2012; Meyers 

et al., 2013).  

In China, several fungi with entomopathogenic characteristic were found associated with 

M. alternatus; Cephalosporium sp., Fusarium sp., Penicillium sp., Metharizium sp. 

Trichoderma sp., Verticillium sp., Serratia sp. and Paecilomyces sp., being the most 

abundant Beauveria bassiana (Bals.-Criv.) Vuill (Shimazu et al., 2002; Shimazu and Sato, 

2003).  Most of the studies made on Monochamus spp. or similar species were based on 

the use of B. bassiana and Metharizium spp. As for M. galloprovincialis, B. bassiana was 

similarly identified to be an important mortality agent in Portugal (Fig. 11), being 

responsible for one quarter of larval mortality in heartwood galleries (Naves et al., 2008). 

This fungus is also reported to inhibit the insect feeding activity and to reduce the 

nematode transmission (Maehara et al., 2007).  

An essential key issue related to the use of entomopathogenic fungi in the field is the 

application method or technique. Numerous methods have been tested, being the most 

effective the use of nonwoven fabric bands impregnated with the selected fungi and 

exposed to the insects (Shimazu, 2004; Shanley et al., 2009).  
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The application of entomopathogenic fungi to deal with insect pests populations isn’t as 

simple as the application of chemical products, as different constrains influence their 

effectiveness. The undesired spreading of a fungi strain from a treated area may 

represent the main problem associated with these techniques. Conidia dispersal and 

viability are highly sensitive to strong winds (Tabakovic-Tosic, 2014), temperature and 

humidity (Blanford et al., 2012; Lopes et al., 2013; Rivas et al., 2014). Subtle changes in 

temperature can diminish the spore viability and subsequently the infection levels on the 

insects (Blanford and Thomas, 1999). It is then necessary to be able to predict the best 

biotic and abiotic conditions in which a bio-control program, based on the use of 

entomopathogenic fungi should be implemented. 

 

2.4.4- Entomopathogenic bacteria and nematodes 

 

The discovery of entomopathogenic bacteria was firstly associated with the genus Bacillus 

Cohn, however there is a wide variety of entomopathogenic bacteria associated with 

insects. The main finding occurred indubitably, with the specie Bacillus thuringiensis 

(Berliner) (therefore mentioned as Bt) If compared with other entomopathogenic 

bacteria, Bt is more effective in terms of toxicity against some insect species (e.g. 

Spodoptera frugiperda Smith and Abbot T. pityocampa or Tuta absoluta (Meyrick)) and 

cheaper to produce (Ruiu et al., 2013). As an example, in the USA, the bio-insecticides 

Figure 11- Dorsal view of Monochamus galloprovincialis killed by infestation of Beauveria 

bassiana.  
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market is fully dominated by sales of Bt, with 90% of all sold products being based on this 

bacteria (Sanchis and Bourguet, 2008; Sanahuja et al., 2011). Most of the studies about Bt 

and the targeted insects are related to the larval ingestion of two toxins produced by the 

Bt, which will internally degrade and eventually kill the insect (Kongsuwan et al., 2005; 

Bravo et al., 2007; Zimmer et al., 2013). To overpass some application difficulties, like the 

low action persistence after the application, scientists started to develop genetically 

modified vegetable crops, in order to include the genes responsible for the production of 

the toxins and see how does the insect pests react (Khojand et al., 2013; Tian et al., 2014; 

Du et al., 2014).  

Studies on other bacteria species such as Bacillus sphaericus Neide, which are toxic to 

mosquitoes, can be easily found (e.g. Singer, 1980; Charles et al., 1996; Gende et al., 

2010; Prabhu et al., 2013). Thought, works concerning the forestry ecosystem or the pests 

affecting it are quietly more scatter and limited. Research developed with M. 

galloprovincialis and similar species, like Anoplophora glabripennis (Motschulsky), or A. 

planipennis are more related with the bacterial community associated with the insect 

than with the control of it by the use of entomopathogenic bacteria (Vasanthakumar  et 

al., 2008; Reid  et al.,  2011; Podgwaite et al., 2013; Vicente  et al., 2013).  

Likewise, studies on nematodes as bio-control agents against Cerambycidae are scarce, 

being most of them focused on economic relevant species like A. glabripennis (e.g. Solter 

et al.,  2001; Fallon et al., 2006; Susurluk  et al., 2011; Harvey et al., 2012). The use of 

entomopathogenic nematodes isn’t always a success, as some studies can show, this 

nematodes failed to control the insect pest for which they were intended (e.g. Jaques, 

1967; Bélair et al., 2003). The main reason for these failures is the sensitive nature of the 

organism used. Nematodes are extremely sensitive to temperature and humidity changes. 

When they are intended to control insect species living on trees surfaces or other plants 

exposed to the surrounding environment, the effects are not always as successful (Grewal 

et al., 1994). However, the use of entomopathogenic nematodes in more stable 

environments, such as wood or soil normally results in greater success.  

Some studies concerning the nematodes belonging to the families Steinernematidae and 

Heterorhabditidae, which carry in their guts bacteria of the genus Zenorhabdus and 

Photorhabdusa (Forst et al., 1997), have been developed (e.g. Tomalak, 2003; Yang et al., 

2013; Hoffmann et al., 2014; Manrakhan et al., 2014). These studies showed that such 
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nematodes are lethal to various insect species as they transport these lethal bacteria from 

one insect host to another (Peters and Ehlers, 1994).  

Studies on interaction of other nematodes, bacteria or entomophagous organisms should 

be performed, as interesting results on their effectiveness to control M. galloprovincialis 

populations may appear.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Biological Control of M.galloprovincialis 

57 
 

 

 

 

 

 

 

 

 

 

 

III- OBJECTIVES 

 

 

 

 

 

 

 

 

 

 



R. Petersen-Silva 
 

58 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Biological Control of M.galloprovincialis 

59 
 

As the consciousness about the use of pesticides increases, new techniques centered on 

integrated pest management strategies are called for. It is then essential to develop new 

methods that control the out bursting number of forest pests affecting our territory.  

In Portugal, where Monochamus galloprovincialis is the sole vector on the spreading of 

the pine wood nematode (PWN), studies on the biology and ecology have been 

developed in the last years. However, more detailed works focused on PWN or M. 

galloprovincialis control methods need to be developed. Even with the recent studies on 

the biology and ecology of this pine sawyer across the continent, (Naves et al., 2006a, b, 

2007, Koutroumpa, 2007, Akbulut, 2009) no significant studies have been made on the 

biological control, parasitoid associations and entomopathogenic fungi affecting this 

insect.  

The studies developed during the advance of this thesis are mainly directed towards 

building the basis for a biological control program, which will work as a complement to 

the use of cultural control methods.  

To be able to develop assays on the biological control methods it’s essential to develop a 

mass rearing protocol for populations of this Cerambycidae. Laboratory studies about the 

development, improvement and maintenance of a laboratory colony of M. 

galloprovincialis are also going to be performed, allowing faster generations and 

simplifying laboratory rearing procedures. These evaluations will be based on 

manufacturing artificial diets for the rearing of the pine sawyer. In order to diminish the 

generation’s development time, manipulation of light cycles and temperatures under 

laboratory conditions will also be made tested.  

Before starting the development of alternative biological control methods, it is essential 

to detect the actual distribution of M. galloprovincialis along the Portuguese mainland, its 

actual tree hosts, and the biological agents already affecting it. This way it will be possible 

to make a comprehensive list of its natural enemies in Portugal, which can be used to 

evaluate as possible control agents. One of the major objectives of this thesis is, in fact, to 

detect the potential parasitoid guild associated with the pine sawyer and develop a 

control program based on such species. For the survey of such guild, tree species will be 

prospected from north to south of Portugal, where P. pinaster is the dominant forest 

tree.  
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As not only the parasitoid guild associated with the vector can integrate such control 

programs, the entomopathogenic fungi affecting this beetle will be also under survey. 

Laboratory assays with the objective of revealing the susceptibility of M. galloprovincialis 

larval and adults stages to each of the fungi strains are also considered as an important 

objective, as they could represent an important step to control this forest species.  

If all the objectives develop according to the protocol, it can be estimated that, at the end 

of this thesis the evaluation of potential biological control agents must be completed, 

allowing the development of further studies on the control of the vector of the PWN.   
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Rearing the Pine Sawyer Monochamus galloprovincialis (Olivier, 1795) 
(Coleoptera: Cerambycidae) on Artificial Diets 
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Resumen 

 

El mantenimiento de una colonia en laboratorio de insectos es una de las necesidades 

básicas de las unidades de investigación entomológicas. Existir la disponibilidad de insectos 

en diferentes estadios de desarrollo en las diversas fechas del año posibilita la ejecución de 

los más diversos ensayos.  

Una de las especies más relevantes en los corrientes años y que afectan las forestas 

portuguesas es el cerambícido Monochamus galloprovincialis (Olivier, 1795). Este insecto 

es el vector del nematodo del pino Bursaphelenchus xylophilus (Steiner and Buhrer, 1934) 

Nickle en Portugal, lo cual es el responsable por la enfermedad del decaimiento del pino. 

Teniendo esto en cuenta, se ha mostrado esencial la realización de un elevado número de 

estudios relativos a estos organismos. Para asegurar la continuidad de los ensayos, se ha 

desarrollado un protocolo de creación de una población del cerambícido en laboratorio. Se 

han testado 8 diferentes dietas artificiales para creación del insecto en condiciones 

controladas. Dichas dietas están mayoritariamente basadas en el uso de productos 

disponibles comercialmente con bajo costo asociado, y en materiales de origen vegetal.  

Entre las dietas testadas, la dieta #5 fue la que presentó una eficacia más elevada, con 

cerca de 80 % de eclosiones. Sin embargo, con la dieta #6 se obtuvieron los insectos en un 

tempo record de 53 días. Diferencialmente de todos los otros estudios encontrados, la 

incorporación de tejidos vegetales en las dietas no ha tenido ningún efecto positivo en la 

obtención de M. galloprovincialis adultos. Excluir este ingrediente representa una 

disminución en la dificultad de producción de la dieta, visto que no se tendrán de obtener 

los pinos sanos ni tampoco extraer los tejidos del interior de la madera.  Juntamente, se 

presenta todos los ingredientes necesarios al desarrollo de la dieta más eficaz y su método 

de producción.  
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Distribution, hosts and parasitoids of Monochamus galloprovincialis 
(Coleoptera: Cerambycidae) in Portugal mainland 

 Silva Lusitana – 22-1(2014): 67-82 
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Resumen 

 

El nematodo del pino Bursaphelenchus xylophilus (Steiner and Buhrer) Nickle, es el 

responsable por la enfermedad del decaimiento súbito del pino. Su principal insecto 

vector en Portugal es el cerambícido Monochamus galloprovincialis (Olivier), lo cual viene 

siendo ampliamente estudiado en los últimos años, todavía su actual distribución en 

Portugal continental no es conocida. Para revelar su distribución geográfica ensayos 

fueron desarrollados en todo el territorio nacional.  

Para la distribución del vector, se ha analizado cerca de 15%  de toda la área forestal de 

Pinus pinaster Aiton existente en Portugal continental y para la distribución de los 

parasitoides una zona más restricta. Los locales elegidos han tenido como base la actual 

zona afectada por la enfermedad y las fronteras con España. Los resultados obtenidos 

han sido registrados tanto en una cuadricula UTM (10x10km.) como en las zonas de 

clasificación NUTS portuguesas.  

Se confirmó la presencia del cerambícido en 94% de los locales estudiados, sugiriendo 

una ampliada y generalizada distribución del insecto. Al mismo tiempo se prospectó 

diferentes especies forestales para confirmar la presencia/ausencia de insectos de la 

especie M. galloprovincialis en otros huéspedes. Además del P. pinaster se han obtenido 

resultados positivos para las especies Pinus sylvestris L. y Pinus halepensis Mill., 

confirmando su potencial como huéspedes alternativos. Se actualizó también la 

distribución geográfica para un total de 7 especies de parasitoides del cerambícido M. 

galloprovincialis.  
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Parasitoids of Monochamus galloprovincialis (Coleoptera:  Cerambycidae), 
vector of the pine wood nematode, with identification key for the Palaearctic 
region. 
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Resumen 

 

Se estudió el complejo de parasitoides asociados al cerambícido Monochamus 

galloprovincialis (Olivier), vector del nematodo del pino Bursaphelenchus xylophilus 

(Steiner and Buhrer) Nickle. Se prospectó 5 diferentes regiones del territorio portugués, 

donde la especie forestal predominante es el pino marítimo (Pinus pinaster Aiton). Los 

ensayos han transcurrido en las localidades de Comporta, Marinha Grande, Monção, Vale 

Feitoso y Vimeiro, las cuales presentan diferentes condiciones edapho-climáticas. Se 

utilizaron dos métodos de prospección distintos; la tala de árboles muertos infectados 

con el insecto, donde saldrían los parasitoides, y la utilización de árboles trampa, 

previamente inoculadas con huevos de M. galloprovincialis. Fueron utilizados 96 troncos 

trampa divididos en 4 categorías (huevos, larvas floémicas, larvas xilémicas y pupas), los 

cuales fueron colocados en las regiones elegidas. Todos los ensayos fueron 

cuidadosamente sincronizados con el ciclo biológico del insecto en condiciones naturales.  

Como resultado de esta prospección, se obtuvieron 5 especies parasitando este 

cerambícido en Portugal; Atanycolus ivanowi (Kokujev), Atanycolus denigrator (Linnaeus), 

Cyanopterus flavator (Fabricius), Doryctes striatellus (Nees) and Xorides depressus 

(Holmgren). Las especies están divididas entre las familias Braconidae y Ichneumonidae 

en la proporción de 4/1. Sin embargo el número total de especies parasitando M. 

galloprovincialis en la región Paleártica aumentó para 12. Se presenta juntamente con la 

descripción detallada de huéspedes y distribución de las especies, una clave ilustrada de 

identificación para dichas especies.  
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Resumen 

Desde que fue detectado por la primera vez en Portugal el nematodo del pino 

Bursaphelenchus xylophilus (Steiner and Buhrer) Nickle, y se asoció el insecto 

Monochamus galloprovincialis (Olivier) como su vector, se intenta desarrollar medidas de 

combate a la plaga. Sin embargo el aumento del área afectada en los últimos años indica 

que las mediadas existentes pueden no ser suficientes. Con este intuito se intenta 

desarrollar un  conjunto de medidas de control biológico para el combate a la plaga. En 

este trabajo se demuestra cual la susceptibilidad de los insectos de la especie M. 

galloprovincialis a tres hongos entomopatógenos. Se testó tanto las larvas del insecto 

como adultos a diferentes aislados de las especies Beauveria bassiana (Bals.-Criv.) 

Vuill, Metarhizium anisopliae (Metchnikoff) Sorokin, Metarhizium sp., y Fusarium sp., 

obtenidos desde formulaciones comerciales o colectados desde insectos muertos y 

contaminados. Juntamente se comparó la eficacia de cinco productos con propiedades 

antimicóticas  para la desinfección de las larvas del cerambícido en laboratorio.  

Tanto los aislados de Fusarium sp. como de Metarhizium sp. demostraron  una eficacia 

superior que 40% contra las larvas del insecto, mientras Beauveria bassiana y M. 

anisopliae mataron cerca de 50% de los adultos en menos de 5 días. Considerando que 

también se testó la eficacia de dos diferentes métodos de exposición al hongo, se ha 

concluido que el contacto directo con una suspensión de esporos puede ser más eficaz 

que la aplicación de espray sobre la superficie de los especímenes. Con los ensayos de 

desinfección de larvas se ha obtenido un resultado de 100% de sobrevivencia y 

desinfección con la aplicación de azoxistrobina, permitiendo así su futura utilización en 

ensayos en laboratorio. Se discute la utilización de hongos entomopatógenos contra la 

especie vector del nematodo del pino en Portugal y sus futuras utilizaciones.  
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Resumen 

 

El nematodo del pino Bursaphelenchus xylophilus  es el agente responsable por la 

enfermedad del decaimiento súbito del pino. En un elevado número de países, los pinos 

(Pinus spp.) son la especie vegetal más afectada por dicha enfermedad. La capacidad de 

propagación a nuevos árboles está totalmente dependiente de su insecto vector; los 

insectos del género Monochamus. En Portugal, este nematodo es transportado entre 

arboles por el Cerambícido Monochamus galloprovincialis. Los métodos existentes para 

controlar este insecto son bastante reducidos y en gran parte basados en técnicas 

culturales o biotécnicas. Con el objetivo de desarrollar una estrategia de controlo basada 

en el uso de hongos entomopatógenos, testamos la efectividad de impregnación de 

bandas de fibra de polyester con aislados del hongo Beauveria bassiana. Las bandas 

impregnadas fueron degradadas por periodos de 24 horas durante 15 días. En el 

laboratorio, los cerambícidos adultos fueron expuestos a las tiras impregnadas y 

posteriormente alimentadas hasta su muerte. Degradar las tiras por periodos 

consecutivos de 15 días no tuve influencia tanto en la viabilidad como en la densidad de 

los esporos presentes. Todos los insectos expuestos a las tiras impregnadas murrieron en 

menos de 10 días (7.6 ± 2.5), mientras las insectos no expuestos vivieron hasta 27 días 

(27.1 ± 10). Reducir las poblaciones de Monochamus antes que lleguen a su pico de 

transmisión de nematodos es un importante avance en el control de la propagación de la 

enfermedad.   
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The works developed during this thesis may be considered the foundations for the 

knowledge on selected natural enemies of M. galloprovincialis and a preliminary step to a 

future development of a biological control strategy against the vector of the PWN in 

Portugal.  

In order to study the parasitoids and entomopathogenic fungi against associated with M. 

galloprovincialis was essential to improve the rearing procedures of Monochamus and its 

parasitoids under laboratory conditions. In the case of Cerambycidae beetles and 

particularly M. galloprovincialis, it was necessary to develop an artificial diet simulating 

the characteristics of dead trees and healthy branches, for being able to not depend on 

fresh pine materials extracted from living trees. 

Such diet was created based on the use of cellulose powder instead of Pinus derived 

material, successfully allowing the attainment of more than 75% of the individuals, which  

according to Singh (1983) is reliable enough for mass rearing insect populations. Including 

host plant tissues in the artificial mediums was showed by some authors to improve the 

insect’s acceptance (Allo and Katagiri, 1994). Nevertheless the diets tested which included 

plant tissues did not show to be more successful, suggesting that it is possible to not 

incorporate this component, economizing the amount of work necessary to cut live trees 

and to extract the phloem. It becomes also clear that the use of antifungal agents, 

propionic and ascorbic acids it’s not mandatory, which can significantly decrease the cost 

of production. However, its inclusion in the diet allows the storage for several months 

without major contaminations.  

An artificial egg laying substrate was also tested to allow the development of the 

complete life cycle of the pine sawyer in artificially conditions. The several pre-assays 

done, suggested that the most adequate substrate should mimic the P. pinaster thin bark, 

selected by the female pine sawyer for oviposition.  Nevertheless the insects seems to not 

only be attracted by the bark extracted from the maritime pines, suggesting that the 

attraction should probably be reinforced by the use of chemical substances from pines or 

even visual clues like the shape of the branch, as it has been suggested for other 

Cerambycidae species (Suckling et al., 2001; Allison et al., 2004; Shui-Qing et al., 2007). 

Another possibility for the lack of acceptance must be related to some odors released by 

the materials used in the manufacturing.  



R. Petersen-Silva 
 

160 
 

An artificial medium to develop M. galloprovincialis in artificial conditions will be probably 

difficult to obtain although it would solve various problems, like the death of neonates or 

the portability of the entire device. As found by Naves et al. (2007b), diminishing the 

necessary handling of eggs between the various steps of the life cycle may decrease the 

death rates. Also, having a practical rearing substrate is essential, so it can be used inside 

bio-climatic chambers to improve generation development time. Likewise, studies from 

Addesso et al. (2009) or Lu et al. (2011) also suggested that it’s possible to reduce larval 

mortality if only older larvae are handeled, corroborating the need to develop an all-in-

one rearing model.   

When comparing the species life cycle under laboratory conditions with the natural life 

cycle that occur in distinct countries, it becomes evident that the length and number of 

annual generations is fully dependent on the environmental parameters (Naves et al., 

2008; Tomminen, 1993). This data suggests that it is possible to manipulate under 

laboratory conditions the temperature, humidity and light cycles to obtain more 

generation in a shorter period. During the assays performed in the artificial rearing, it was 

possible to rear an insect from egg to adult in less than 55 days. The assays showed that 

not only the artificial medium can affect the development time of the insect, but also the 

temperature and the light/dark cycles can have some influence too. Like other insects 

(e.g. Rogers et al., 2002; Shintani, 2011; Garcia-Ruiz et al., 2012), M. galloprovincialis 

Portuguese populations present a diapause during the cooler season, which isn’t yet fully 

understood (Naves et al., 2008). The assays performed with the artificial diets suggested 

that when facing constant warmer temperatures and constant light, the pine sawyer can 

skip diapause and reach the adult stage in fewer days, ate least for part of the population. 

It is essential to perform further assays on the manipulation of such factors to fully 

understand this particular component of the insect’s biology, to be able to decrease the 

time needed to rear a single generation. 

On the studies performed about the species geographic range in Portugal, it become 

evident that its populations are well spread across the country, consistently following the 

geographic distribution of P. pinaster forests. If the absence of data regarding the 

distribution of this pine sawyer in Portugal before the findings by Oliveira (1894) and 

other authors from the XXth century is correct, several factors may have influenced its 

current distribution pattern. The clear preference for P. pinaster as host may be related to 
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the lack in abundance of other tree species also favored by the pine sawyer. This is the 

case of P. sylvestris or P. nigra, which are extremely rare in our country (ICNF, 2013). In 

other European countries where they are more frequent, the risks of spreading M. 

galloprovincialis populations’ carrying the PWN may be higher. Factors like edapho-

climatic variations or altitude showed to have no influence on the pine sawyer 

distribution in our country.   Other event that shouldn’t also be neglected is the 

occurrence of vast P. pinaster forestation campaigns in the last century which may have 

led to the spreading of the pine sawyer populations. The results obtained during the 

surveys for M. galloprovincialis populations and its parasitoids in Leiria, suggests that the 

establishment of this pine stand around the year of 1300 may have created a stable and 

well balanced ecosystem, resulting in a stable population for the pine sawyer. 

As suggested by Moretti et al. (2004), the forest fires may have a positive impact on 

insects’ biodiversity in the post-fire ecosystem. The forest fires that repeatedly occurred 

in Portugal in the past may have positively influenced the M. galloprovincialis population 

density and distribution. It’s known that M. galloprovincialis and other Cerambycidae are 

highly attracted to these events, increasing its populations by laying eggs on burned and 

decaying wood (Bonifácio et al., 2012).   

Also, the basic biology of the insect may have influenced its current distribution pattern. 

The widespread pattern should be viewed in face of the flight capacity of the pine sawyer, 

studied in recent works (David et al., 2013 Mas et al., 2013). However, insects tend to 

stay as close as possible to the emergence point, as long dispersals would represent a 

great cost of energy (Sun and Du, 2003). It must also be considered the artificial and 

involuntary dispersal of the insect, which may occur during wood transportation by road, 

railroad or sea routes, could have led to new populations’ outbursts. A good example may 

be the appearing of M.galloprovincialis beetles infected with PWN in Madeira island 

(Fonseca et al., 2012), which is close to 1000 km apart from the continent, showing that 

the most obvious dispersal way must have been by Human activity.   

Regarding the work developed during the prospection for M. galloprovincialis parasitoid 

guild, the results showed that, the number of these species found in Leiria comparing to 

other P. pinaster forested areas were really high, which can explain the lower population 

of Monochamus found.. Similarly to Mass et al. (2013), finding such a complex parasitoid 

guild in a specific site, together with the low number of M. galloprovincialis beetles, may 
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evidence that the continuously and carefully managed environment can favor the 

establishment of more diverse and balanced communities of insects and subsequently 

parasitoids. The low number of M. galloprovincialis found it’s harder to explain from this 

point of view, however it must be considered that the parasitoids found aren’t specific of 

the pine sawyer, therefore can be hosting different insects when Monochamus is not 

present.  Similar findings relating species diversity and managed forest areas can also be 

found on various works (FAO, 2001), evidencing the necessity to establish such zones to 

diminish pest expansions.  Together with this data, and as suggested by Chrysopolitou et 

al. (2013), also the proximity to the coast must be considered as it may positively 

influence the ecosystem by not subjecting it to severe climate changes, such as drought 

and extreme temperatures. This may have an impact on the forest’s health, diminishing 

the incidence of pathogens and forest pests. 

 

Concerning the unveil of the parasitoid guild associated with M. galloprovincialis, the 

results showed that despite the numerous species related to this Cerambycidae, none of 

them is at the moment a reliable candidate to establish a biological control program. 

Several species of parasitoids were found during the surveys; however it was not possible 

to find specific parasitoids which weren’t associated to other insect host. It may be 

hypothesized that this factor may be directly related to the availability of different and 

similar possible hosts in our ecosystems, allowing these parasitoids to choose between 

host species and select the most common, which may sometimes not be M. 

galloprovincialis. Then it would be interesting to develop further studies on the biology 

and ecology of the parasitoids found parasiting the pine sawyer, to understand if the 

alternative hosts are also insect pests and understand the parasitoids impact on the 

auxiliary entomofauna. The total of 14 parasitoid species associated with M. 

galloprovincialis after this study shows that a great variety of natural enemies associated 

with the pine sawyer; however, several more may be found in a deeper and more 

exhaustive study on the regions which presents the higher diversity and abundance of 

parasitoids, like Leiria.   

Unlike the other parasitoid species, which were found on specific locations, the genus 

Cyanopterus was found on various sites. This could be interpreted by a higher 

intraspecific adaptability to different ecosystems. For the implementation of a future 
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control strategy against PWN vector integrating the use of parasitoids, the species C. 

flavator should be one of the species analyzed.  

Due to the already mentioned unspecific parasitoid-host associations found among the 

studied parasitoids, a possible alternative would be the introduction of an exotic 

parasitoid already associated with the Monochamus genus in a foreign country. However, 

the use of exotic insect species in the control of pests does present some intrinsic risks, as 

no information is known about the possible interactions with the local entomofauna. 

Importing these species into new habitats may lead to a large disruption of the ecosystem 

equilibrium, favoring the outburst of some species and leading to the diminishing of 

others (e.g. Boughton et al., 2012). Studies on the impact of such species on the 

ecosystem must be performed prior to their use in “in-situ” situations. The introduction 

of alien species to be used in biological control programs takes long to implement but 

usually work (e.g. Zong-Qi et al., 2013). However, in some cases, the result is not what 

was expected (Ayalewa and Hopkins, 2013). Regarding the well succeeded case studies 

and closely related to M. galloprovincialis, several works with parasitoid species for the 

control of M. alternatus can be found. In Asian countries where the nematode is already 

present for a long time, assays with the species S. guani for the control of M. alternatus 

are now being successfully developed (Xu et al., 2008; Li et al., 2009; Lai et al., 2012). 

Scleroderma guani, S. harmandi or the recently discovery egg parasitoid, C. 

monochaphagae could be an interesting alternative, as no similar individuals are known 

in Portugal or any adjacent country. However, like the parasitoid species found in 

Portugal, S. guani or S. harmandi aren’t also species with specific parasitoid habits, as 

their normal activity targets a vast number of possible hosts. 

Another interesting approach would be the implementation of biological control 

strategies based on the use of bats or selected bird species such as woodpeckers. 

Researchers have found that natural populations of woodpeckers can effectively diminish 

the impact of notorious pests in their ecosystems (Wu and Liu, 1999; Liu and Wang, 2003; 

Zhang, 2003). In the Portuguese forest four species of woodpeckers can be found; 

Dendrocopos major (Linnaeus), Dendrocopos minor (Linnaeus), Picus viridis Linnaeus and 

Jynx torquilla (Linnaeus). All of them have insectivore diets, feeding on ants, moths and 

larval stages of bark-living or wood boring beetles from several species (Rabaça, 2008).  
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Nevertheless, there are some concerns about the effectiveness of using such species for 

biological control techniques in Portugal. The woodpecker P. viridis is not a reliable 

candidate for control of wood boring beetles, as they specifically feed on soil living ants 

and typically live in deciduous forests, which not always occur in Portuguese forests 

(Bruun et al., 2002). According to the same authors, D. minor isn’t also a promising 

candidate as its winter feeding habits are mainly focus on coniferous seeds, instead of 

insect larvae, the most abundant life stage at this period of the year. Likewise, J. torquilla 

also does not appear to be a good candidate for a biological control program as it only 

occurs in Portugal between May and September and doesn’t penetrate the wood to 

search for food (Bruun et al., 2002; Rabaça, 2008). The most promising woodpecker 

species would be to D. major, however according to Zhao et al. (2008) this species is only 

effective to control the vector of the PWN in regions where the disease is endemic and 

not epidemic, as in Portugal. Likewise, it should be considered that the use of 

woodpeckers only has a significant effect on low density insect populations (Kobayashi et 

al., 1984) which may not be the case of some Portuguese regions affected by M. 

galloprovincialis.  

Besides, to increment woodpecker populations, it would be necessary to leave accessible 

feeding options in the ecosystem, what is strongly discouraged against the control of 

PWN infected areas, as the main strategy to control this nematode directs to the  removal 

and destruction of infested and potentially infested trees where M. galloprovincialis lay 

eggs (Naves et al., 2008). Nevertheless and despite all this negative setbacks, it would be 

interesting to develop biological and ecological studies on the hypothesis of using D. 

major as a biological control agent against the pine sawyer in Portugal.   

Concerning the use of bats for the control of the pine sawyer, a similar problem arises. In 

Portugal, only two bat species have their main habitat in coniferous forests; Pipistrellus 

pipistrellus (Schreber) and Pipistrellus pygmeus (Leach), being the other typically more 

associated with human-built structures, caves, or similar habitats. Nevertheless, even 

these two species are not mandatory forest habitants, even preferring urban 

environments. The feeding habits of these bats are also a problem if using them as 

biological control agents is intended in our case, as they mainly prey on Diptera species 

(Barlow, 1997; Vaughan, 1997; Rehak et al., 2005). Also, these mammals prefer to forage 
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near fresh water habitats, what sometimes cannot be found close to the pine forests 

where the pine sawyer exists (Vaughan, 1997).   

An alternative or a complement to the use of parasitoids or non-arthropod predators 

could be the development of a strategy based on entomopathogenic fungi for the control 

of M. galloprovincialis populations. This option was firstly approached, as an opportunity 

to provide a complement for the use of nets impregnated with insecticides (to prevent 

eclosions from infected felled wood). It was also developed with the intention of 

diminishing M. galloprovincialis populations in less than 10 days, reducing the chances of 

spreading the PWN. The assays on the prospection about the effect of different 

entomopathogenic fungal species revealed some interesting results. Apparently, M. 

galloprovincialis larvae and adults show different vulnerability to specific 

entomopathogenic fungi. Similarly to what was found by other authors (Xue-You et al., 

2005; Hajek et al., 2008), adult beetles proved to be more susceptible to infections by B. 

bassiana, while larvae were highly affected by isolates from Metarhizium sp. or Fusarium 

sp. It is not completely clear the mode of action in which these fungi work. However the 

different vulnerability of each insect development stage, suggests that the studied fungi 

may present different cravings according to the composition of the outer cuticle of the 

insect. 

 It is known that when B. bassiana conidia contact with the insect cuticle, it starts to 

develop strong bindings and growing hyphae that will penetrate the insect’s body, 

eventually killing it in less than 10 days (Boucias et al., 1988). The same author found that 

first instar and fourth instar larvae of Anticarsia gemmatalis Hubner (fourth instar was 

used in the assays presented in this thesis) when exposed to the same amount of conidia 

showed completely different conidia-cuticle aggregations. This fact was justified by the 

less hydrophobic cuticle found on the fourth instar larvae. This result could justify the 

differences found between fourth instar larvae and adults concerning the vulnerability to 

B. bassiana infections. It may also be possible to consider a different approach. According 

to Clarkson and Charnley (1996) B. bassiana conidia attaches itself to the insect’s body 

and releasing specific chitinases and proteases that slowly degrades the insects cuticle 

(chitin matrix fused with proteins), resulting in a strong virulence against the insect. As 

recently showed by Yanhua et al. (2007), increasing the expression of the gene 

responsible for the development of a specific chitinase significantly increase the effect of 
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B. bassiana virulence against insect species. It is then possible to hypothesise that the 

differences between a larvae cuticle and an adult cuticle regarding the amount of chitin 

and proteins involved (being considerably lower in larvae) (Gullan and Cranston 1994), 

should be manifested in different virulence when submitted to the same amount of 

conidia, as the amount of virulent proteases and chitinases wouldn’t be so abundant in 

the larvae. As Metarhizium sp. and Fusarium sp. showed to be more appetent to develop 

on larval stages, it would be possible that the affinity of such conidia to the cuticle surface 

may be influenced by the hydrophobic relations in a different way. In 2010 Li et al. 

demonstrated that, when resorting to genetic changes and integrating some of the genes 

responsible for the expression of the highly hydrophobic proteins found on the surface of 

conidia from Metarhizium sp. into B. bassiana’s genomic sequence, a strong influence 

was noticed on the hydrophobicity of B. bassiana conidia.   

Concerning the application methods tested; spraying, constant contact and impregnated 

fibre bands, it remained clear that it’s more efficient to apply the conidia in a constant 

available solution or through an artificial medium where the conidia are always exposed.  

When comparing between the two preferable solutions, the one consisting in the use of 

fibre bands impregnated with artificial medium where the fungi can grow is clearly the 

most promising. The differences obtained between the 3 methods can perhaps be 

justified by the amount of water in which the conidia are immersed. The first two 

techniques involved a constant wet medium for the conidia, which could probably 

decrease its adherence to the insect cuticle, as conidia tend to easily adhere to more 

hydrophobic surfaces (Boucias et al., 1988). However, the use of a constant wet medium 

would increase the durability of such conidia in the environment. Recent works about 

new techniques for appliance of B. bassiana conidia against insect pests have evolved to 

the use of wet solutions based on oils (e.g. Ming-Guang et al., 2004; Robert et al., 2009; 

Rondelli et al., 2011). These techniques increase the adherence of the conidia, and do not 

allow for the quick deterioration found when exposed to direct UV radiation and 

temperatures. Therefore, the method of impregnating fibre band with artificial medium 

that allow a longer hydration for the conidia may be a reliable solution.  

Despite the influence of humidity levels and the fungi effectiveness, the technique used 

with impregnated fibre bands showed to be highly reliable for a considerable amount of 

time. The use of the fibre band technique seems to be of particular interest if intended 
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not for controlling the spread of the insect during it flight between pines, but instead for 

the control of already felled trees or even to apply on cut waste. Applying impregnate 

fibre bands with artificial medium and inoculated with the fungi, provide the necessary 

nutrient required for the fungi to survive for a longer period without resorting to artificial 

substrates. Similar techniques are already being used for other insect pests around the 

world (Shimazu 2004; Hajek et al., 2006; Shanley et al., 2009) with promising results.  

Nowadays one of the measures imposed by law (Anonymous, 2011) consists in 

surrounding all the material with a net impregnated with insecticide, not allowing any 

successful Monochamus emergence into the surrounding environment. Nevertheless, this 

method shows some inherent problems. Appling a net impregnated with insecticide may 

not only affect the insects emerging from it interior, but also some other species that 

eventually touch it from the exterior. If a mixed technique is used with the fibre bands, it 

would be possible to apply the bands on the top of the waste materials and therefore 

apply a net without insecticide. This way, any insect that touch the net from the outside 

won’t be affected. It would be also possible to leave the wood and derived remains in the 

field, lowering the cost of transport associated with their external elimination. The use of 

this mixed technique may be of particular interest in areas where the use of insecticides is 

not allowed, and a control strategy is essential. Areas like natural parks, natural reserves 

or protected areas can greatly benefit from this technique.  

The goal of eliminating recently-emerged adult M. galloprovincialis in less than 10 days 

was achieved. Beauveria bassiana showed 100% effectiveness in killing all the tested 

individuals in less than 8 days for almost all the tested variations. In addition to these 

results, and as corroborated by Maehara et al., (2007) the amount of feeding waste found 

on each container belonging to fungi infected individuals was significantly low when 

compared to the control subjects. Besides such data not being present in the results 

section they may suggests that after entering the insect’s body, the fungi interfere with 

the ability to feed on the provided branches. This way, infecting the insects with B. 

bassiana not only kills them in lees then 10 days, but may also prevents them to pass the 

disease to the next host trough maturation feeding, what slowly occurs on the first days 

after emergence but exponentially increases with the time, reaching its peak in the 15th 

day (Naves, 2007a). Nevertheless, future field studies are required to evaluate the 

efficacy of this technique under all the natural conditions and with exposure to adverse 
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UV radiation and strong winds. Similarly, studies on the effect of this method on the 

auxiliary entomofauna should be made, in order to diminish its potential environmental 

risks.   

Analysing all the results obtained, it remained clear that these approaches may constitute 

the foundations for future biological control program. However, it is essential to analyse 

that the effects on the ecosystem and effectiveness of such techniques under field 

conditions, as all the assays were performed under laboratory conditions. Studies on the 

effect of both methods on the surrounding environment, auxiliary entomofauna or even 

the effect on other live organisms must be carried.  
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The introduction of pine wood nematode in Portugal has led to the development of 

various research lines. Each of these approaches was focused on a detailed particularity 

of the pine wilt disease complex. However, they were all committed to avoiding and even 

eradicating this serious disease.  

As previously detailed in the first chapter, different methodologies are currently used to 

combat PWD, both targeting the nematode or the insect vector. Though, methodologies 

based on the use of biological control techniques are not yet available for these 

organisms. With the purpose of altering the common practices in the control of the PWN 

and its vector, the assays performed and presented in this thesis were conducted. 

The maintenance of a self-sustaining laboratory mass reared population of M. 

galloprovincialis specimens requires the accomplishment of several steps. Before being 

able to maintain such population from egg to adult it’s essential to develop an artificial 

rearing diet that doesn’t need to resort to fresh Pinus materials. Completing an entire 

generation without using these components would allow the diminishing of the time 

needed to obtain M. galloprovincialis adults, at the same time as it would reduce the 

ecological cost of cutting live trees to obtain fresh components. The results obtained 

during the assay (Sub-chapter IV-1) demonstrated that it is now possible to rear an entire 

generation from egg to adult in a minimum of 50 days and only with the use of 

commercial available products. Nevertheless it wasn’t yet possible to find a reliable 

alternative substrate for egg laying. It is clear that M. galloprovincialis adults only lay eggs 

if presented with real Pinus branches. The reason why egg laying is so dependent on this 

component is still unclear, as several tests were performed with materials extracted from 

branches without success. Despite the advances in developing the artificial diet it’s still 

essential to investigate and experiment with an alternative egg laying subtract, in order to 

enable the creation of an artificial device for mass rearing the pine sawyer under 

laboratory conditions. 

To start the survey of the natural enemies (parasitoids and entomopathogenic fungi) 

affecting the pine sawyer, it was essential to reveal the current situation on the 

distribution of M. galloprovincialis in Portugal. The presence of the pine sawyer was 

detected in most of the surveyed area (Sub-chapter IV-2), with only some regions 

showing no signs of the beetle. It may be concluded that M. galloprovincialis is well 

adapted to the different edapho-climatic variations occurring along the territory. The high 
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percentage of records showed that it’s highly probable that this Cerambycidae exists in 

almost the entire country where Pinus pinaster is present, however as it is a 

inconspicuous species, it is sometimes extremely difficult to confirm its presence or 

absence.  

Concurrently with the survey on the parasitoid guild associated with the pine sawyer 

there was an attainment of new records for Portugal on two host tree species; P. 

sylvestris and P. halepensis. Despite the novel findings for these tree species in our 

country, records of M. galloprovincialis hosting these trees are not in Europe. This 

Monochamus-host relation was already found in countries where P. sylvestris or P. 

halepensis are more frequent, and where the maritime pine may not be the Pinus 

dominant species. These alternative hosts, should be subjected to extensive surveys, as 

the risk of getting infected by PWD is extremely high.  

Regarding the parasitoid complex associated with the pine sawyer, 14 species of the 

families Braconidae and Ichneumonidae were found. Resorting to the identification key 

and to electronic microscope images, (Sub-chapter IV-1 and IV-2) it is now possible to 

identify any parasitoid already associated with the pine sawyer in the Palearctic region. 

Among these species, the more common and diffuse was Cyanopterus flavator. For a 

biological control program, this species would represent the most interesting candidate, 

as it seems to be quite adaptable (being found in locations with diverse climatic 

conditions) likewise M. galloprovincialis. Yet, its generalist habits and the lack of 

information about its biology and ecology make this Hymenoptera a lesser interesting 

option to launch a biological control program, although further studies concerning the 

interactions between C. flavator and the surrounding ecosystem are required.  

In relation to the use of entomopathogenic fungi in the control of M. galloprovincialis 

populations, the assays performed lead to some interesting results. Firstly, it was 

successfully developed a disinfection protocol, which allows the attainment of M. 

galloprovincialis larvae decontaminated from fungi and bacteria (Sub-chapter IV-4). 

Following this procedure permits the use of live specimens in laboratory trials which need 

uncontaminated individuals. Such method seems to be adequate to apply to other 

Cerambycidae species that show similar biological cycles, nevertheless this was not 

tested.  
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Concerning the entomopathogenic fungi tested against larval and adult stages of M. 

galloprovincialis, different results were obtained. Isolates from Fusarium sp. and 

Metarhizium sp. highly affected the larval stages, while M. anisopliae and B. bassiana 

diminished the insect populations by 50% in less than 5 days (Sub-chapter IV-4). Despite 

the promising results, the use of entomopathogenic fungi for the control of larval stages 

inside the wood or below the bark do not seem as realistic as using them against adults, 

being unpractical in a field situation.  

The subsequent assay intended to develop a field application method for the fungus to 

control insect populations showed that it is possible to impregnate polyester fiber bands 

with culture medium to sustain fungi cultures. The ability to eliminate M. galloprovincialis 

population in less than 10 days, underlines the importance of this technique, however, as 

the assays were all conducted under laboratory conditions, it is essential to perform field 

confirmations before implementing B. bassiana into a biological control program.  

The work developed during this thesis enabled the development of an exhaustive study 

on the effectiveness of various biological control agents against the pine sawyer M. 

galloprovincialis. The development of an integrated pest management program that uses 

the biological agents examined here should be carefully considered. All the analyzed 

agents showed to have general effects on the ecosystem and the entomofauna, not being 

specific to the pine sawyer. The use of arthropods species must be integrated as 

complement and not only as a single option, as the percentages of attack seem not to be 

highly significant. The entomopathogenic approach on the other hand, looks like a 

promising result, as the main objective of eliminating the population before it reaches the 

peak of nematode transmission was successfully accomplished. Besides the success 

showed by the application based on polyester fiber bands, the use of this type of fungi on 

the environment must be carefully considered, as several records can be found about the 

effects of B. bassiana on other insects. Due to the higher cost associated with the 

production of these fiber bands (when comparing to the use of nets to cover infected 

wood and prevent eclosions), their application should be considered in areas where the 

use of insecticides is not an option, like wild life protected areas. However, more detailed 

studies about the methods of application for this fiber bands should be performed.   

Considering all the work developed and the analyzed regions along the last years, it is 

clear that one of the most effective approaches is based on the correct and carefully 
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management of the pine stands. In regions where an exhaustive management activity 

occurred along the year, like “Leiria” pine stand; the low levels of M. galloprovincialis 

populations associated with the establishment of a parasitoid guild are evident. 

In conclusion, it is now comprehensively studied the parasitoid guild associated with the 

pine sawyer and the effects of the more common entomopathogenic fungi found in 

Portugal and associated with this beetle. Future samplings should focus on other natural 

enemies, such as bacteria or fungi, or even non-arthropod species such as birds and bats, 

which have been found to affect other Monochamus species elsewhere, and have not yet 

been studied in detail in Portugal. It is now possible to state that the basis for a biological 

control program against M. galloprovincialis populations started to be unveiled.  
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