
1 
 

Acoustic Communication of Bark and Ambrosia 

Beetles 

 

A Dissertation 

Submitted to the University of Canterbury 

 

by 

 

Carol L. Bedoya Acevedo 

 

In Partial Fulfilment of the 

Requirements for the Degree 

of 

Doctor of Philosophy in Biological Sciences 

 

Christchurch, New Zealand 

Dec 2019 

 

 

  



2 
 

 

 

 

 

 

To my grandmas 

My biggest fans, even though they have no idea what I’m doing 

 

 

 

 

 

 

 

 

 

 

 

 

  



3 
 

Acknowledgments 

“On the shoulders of giants” 

 

This thesis is no other than a collection of numerous direct and indirect contributions of brilliant and 

remarkable people. During almost four years, I garnered knowledge, resources, and support from researchers, 

technicians, administrative staff, family and friends, and somehow compiled all their ideas and encouragement 

in the document you are reading right now. I consider the acknowledgments section the most important part 

of it, and consequently, I will not spare any effort to give credit where credit is due. In my opinion, the number 

of people involved in research activities is vast, and, unfairly often, do not get the recognition that they deserve. 

I think a few extra words will not generate any inconveniences for the reader, and at the end of the day, no one 

reads these PhD theses anyway. 

If you helped me with my experimental design, results interpretation, or data collection, I expect your name to 

be mentioned here. Every contribution was valuable and sincerely appreciated, no matter how “small” it could 

look to unfamiliar observers. During my studies, I tried to keep track of all people that helped me to accomplish 

this degree and I offer my most sincere apologies to the ones I did not acknowledge here. It is a genuine honest 

mistake and I tried my best to remember all of your names.    

I would like to thank my senior supervisor Ximena Nelson for her patience, support, and constant advice. 

Especially, the personal life advice, which is the one I value the most. I can confidently state that the student 

that arrived a few years ago to New Zealand is not the same that is leaving, and I am happy to say that Ximena 

was a big contributor to that change. She created a safe environment where it was acceptable to state any 

opinion and always encouraged me to voice mine. She is a remarkable example on not only how to do research, 

but how to lead, which is the most important thing that I have learnt from her. She is also a very enthusiastic 

person and a good storyteller, qualities that unfortunately I did not acquire, and has two cute dogs that I very 

much enjoyed playing with. On the same note, a big thank you to my other supervisor Ecki Brockerhoff, whose 

viewpoints in life and science deeply shaped my current way of thinking. We had uncountable meetings, 

dinners, and walks together, where we discussed both scientific and personal matters. He also took me skiing 

for the first time in my life, which I affectionately consider my happiest day in New Zealand. Another big, big, 

thank you to Michael Hayes, whose patience as supervisor is unmatchable. I will always remember our fond 

meetings were we talked not only about signal processing and animal acoustics, but also music, horses, dogs, 

guitars, and cultural differences between our countries. Our discussions genuinely helped me to understand the 

New Zealand culture and way of thinking, which smoothed my integration into New Zealand’s society.  

I would like to thank Richard Hofstetter for his significant contribution to my research. Most of my data was 

collected and recorded in his lab. Both his family and his students were wonderfully kind towards me and I 

legitimately felt like another member of his group. Flagstaff was also a very inclusive and friendly town and I 

felt like at home during my stay there. I would also like to thank Lawrence Kirkendall for allowing me to visit 

him in Norway. I was very grateful and delighted to be there. Both stays were short, but very significant in 

terms of intellectual and personal growth. A big thank you to Dan Miller. An incredibly helpful and 

collaborative person. A great entomologist that is also very knowledgeable on Colombian athletes. Thanks for 

hosting me in Georgia. Also, a genuine and sincere thank you to Stephen Pawson for his feedback and 

contributions in the early stages of the project. Thanks to him, I had the opportunity to experience the “magical 

realism” of New Zealand in what I recognise as the best field trip of my life. 

A huge thank you to all people from West Virginia. To Tracy Leskey for allowing me to visit her lab and 

hosting me in her house. I will never forget that. Thanks to Rob Morrison, whose BMSB discussions and trips 

around the U.S. I really enjoyed. Together, we both visited several national parks, historical places, and 

museums. This ignited my interest on American history, which I still find intriguing and fascinating. To Kevin 

Rice, for his help on the experimental design and the innumerable rides he gave me to the research station. To 

Sharon Jones, the most effective and efficient administrative assistant I have ever seen in my life. To John 



4 
 

Cullum, for his deep life and cycling advise. A very friendly and family-oriented person, whose company and 

conversations I still affectionately remember. To Tori Hancock, for helping me with my experiments and for 

being the most inclusive person of the lab. She went way beyond her duties to make me feel comfortable there. 

To Scott Wolford, for helping me with construction of the soundproof chamber. To Nate Brandt, one of the 

nicest men I have ever had the opportunity to meet, and who, fortunately, later on became my friend. And to 

Amy Tabb, for all her technical help and personal advice. I consulted her multiple times during my stays in 

West Virginia, and every single one she received me with a friendly attitude and a smile. She also taught me 

how to make chai latte.  

A huge and enthusiastic thank you to all the people from the School of Biological Sciences at the University 

of Canterbury. Infinite thanks to Nick Etheridge, my first NZ friend, who introduced me to yum-cha and helped 

me creating “sandwiches” for my beetles. Dave Conder, cyclist enthusiast, and invaluable help in the 

glasshouses. Nicki Judson and Penny Moore, the two most important people of the School (this is not a 

hyperbole). Both very compassionate and wonderful women, which I look up to. Big thank you to Nicole 

Lauren-Manuera, who dealt with most of my paperwork and always received me with a smile in her office. 

She is probably the busiest person in the building but she always took some time to talk to me and narrate 

some of her captivating stories. Also, Linda Morrison who was always smiley and ready for everything I 

needed. She is not just only a very positive person, but also very efficient. She loves plants and uses them to 

embellish her office and our entire floor. Thanks to Tammy Steves, for kindly dealing with my paperwork, 

even though she is a very busy and successful researcher, and to Mathew Turnbull for signing it in an 

extraordinarily short time. Carla Gomez-Creutzberg, for her optimistic attitude and advice on how to collect 

meta-data, and Alan Woods, for his technical support and entertaining discussions about music. I would like 

to express my heartfelt gratitude to Jason Tylianakis, who reviewed my research proposal and acted as chair 

for my oral examination. He has a family to take care of and a preposterous amount of research and 

administrative tasks, yet he kindly devoted some of his time to help me. Also, to Aynsley Macnab, who always 

answered all my enquiries and never hesitated to provide assistance. Every single time we encountered in the 

hallways she greeted me and asked me how I was doing, a little but significant gesture that I will always 

appreciate. Finally, a sincere thank you to Hazel Chapman, the most cheerful professor in the school, who 

acted as convener for my first-year oral examination and allowed me to attend her course on evolutionary 

ecology.  

I would also like to thank all the researchers and collaborators who helped me collecting, identifying, and 

imaging specimens: Jiri Hulcr, Sara Smith, Thomas Atkinson, John Wardle, Jon Dronfield, Paul Bradbury, 

Andrew Johnson, Allani Gonzalez, Marcos Riquelme, Emelia Lawrence, Emily Haworth, Carl Wardhaugh, 

Anouchka Perret-Gentil, Rodrigo Sanchez, Anders Isaksen, Andrey Bobylev, David Henley, Cecilia Romo, 

Brooke O’Connor, Matt Scott, Adriana Najar-Rodriguez, and Ria Rebstoc. Your contribution was 

exceptionally valuable and that this project would not have been possible without all of you.  

I would like to thank all my officemates for all their patience and support. I am from a tropical country so that 

the office was always very hot. I appreciate your understanding, and sorry for the dehydration.  Everlasting 

gratitude to Lauren Scott, who I have no shame in admitting that she was my favourite member of our lab. She 

is the kindest Kiwi I have ever met, and was both me and my officemates closest link to the New Zealand 

culture. She patiently explained cultural differences that we would have otherwise misunderstood. She helped 

us (the foreigners) with our language enquiries, reviewed our texts, accepted all our invitations to hang out, 

and always lunched and travelled with us. She was always happy and smiley and was by far the most inclusive 

member of the school.  The lab has not been the same since she left and I sincerely hope she does well in life. 

I would also like to state my enormous gratitude towards Samuel Aguilar-Argüello. We became instant friends 

since the day I picked him up at the airport. He is a very positive, hard-working, kind, and smart person, and 

regularly invites me to hang out with him. He taught me how to play ultimate frisbee and most of what I know 

about México and spiders. He also makes great nachos.  Also, thanks to my other wonderful friend and 

officemate Biplang Yadok. A genuinely happy person with a great smile and even greater dance moves. At the 

beginning of our friendship, we both decided that we would become expert ice skaters; that did not last long. 

A genuine and enormous thank you to Pariya Tork and her charming husband Javad. Both very nice and 

friendly people, and currently the parents of a lovely boy. They introduced me to the Iranian food and culture, 



5 
 

and helped me when I needed them. I offer you my outmost gratitude and I will always be extremely indebted 

to both of you. I would also like to acknowledge Yinnon Dolev, a very mesmerising and charismatic talker. 

We did not share a lot of time together since our degrees barely overlapped, but I fondly remember our 

conversations about New Zealand and science. He sympathetically helped both Pariya and I to settle down in 

the school, and gave us very useful tips about how to live in Christchurch and how to succeed in our postgrad 

studies. Finally, a sincere thank you to my two other Kiwi officemates: Lydia McLean, Kea lover, and a great 

conversationalist, whose long and jovial talks helped me procrastinating the writing of my thesis; and Bonnie 

Humphrey, yoga enthusiast and humus connoisseur, who actually took very seriously my advice of visiting 

Colombia and went there and lived in my city (Medellín) for a while. I hope she enjoyed it.  

I would like to thank my parents for all their support during my studies. I know what I am going to say is a 

hackneyed sentence, but I would not have been able accomplish this without them. They have no idea about 

the topic of my studies, or the vicissitudes of them, but they call me regularly to give me encouragement and 

support, and to check on my wellbeing. They always understood the value of education, and put it above 

anything else, which is something I will always find admirable. I owe them my life and my accomplishments, 

and my title is as much as mine as it is theirs.  Also, thank you so very much to my two grandmas who often 

send me lovely audio messages, and to my sisters that always come to my rescue when I need them. A 

monumental thank you to my Colombian friends (Duvan, Palma, Hernán, Jean Pierre, Jorge) whom I have not 

seen in years, but talk to me regularly in spite of the distance and the time zone. I am very much looking 

forward to seeing all of you again in Colombia. 

I would like to thank the University of Canterbury and the School of Biological Sciences for accepting me as 

one of their students. Studying here was a very pleasant and joyful experience; one that will change the course 

of my life for good. Finally, I would like to thank the government and the people of New Zealand for allowing 

me to experience such a breath-taking country. I genuinely enjoyed my stay here (except the driving tests) and 

I hope one day I can return some of the received affection.  

This project was supported by the New Zealand Ministry of Business, Innovation, and Employment (MBIE), 

grant C04X1407, the Better Border Biosecurity Collaboration (b3nz.org) via MBIE Core Funding to Scion, 

and Catalyst: Seeding funding from the Royal Society of New Zealand (grant CSG-FRI1701). 

Science is a fast-changing entity. Theories are usually improved and superseded, widely-used methodologies 

become obsolete, and even fundamental laws can be either contradicted or amended.  I am aware that the 

research I am presenting in this document will most certainly be irrelevant in a few years. It is the people I 

helped, the friendships I made, and the kids I inspired during my studies what I recognise as my long-lasting 

contribution to society. This is a two-way street and, thanks to them, I am not just a better scientist, but also a 

better person, and that is what I consider the main result of my PhD. 

 

 

 

 

 

 

  



6 
 

Abstract 

Bark beetles and pinhole borers (Coleoptera: Curculionidae: Scolytinae and Platypodinae), also known as bark 

and ambrosia beetles, are two subfamilies of weevils that have evolved acoustic communication within plant 

tissue. These insects are able to transmit and detect sound in a medium that is neither air nor water, and are 

among the smallest animals with sound producing organs. Despite these characteristics, sound production in 

these taxa is sorely understudied, mostly due to the difficulties associated with acoustically monitoring 

individuals inside plants. I analysed the stridulatory sounds from males and females of 55 bark and ambrosia 

beetle species, making this the largest acoustic dataset of these beetles to date, and provide a general description 

and comparison of the collected sounds. Depending on the species, either both sexes stridulated or only one. 

Some species had calls with different acoustic morphotypes (one, two, or three notes), and when both sexes 

stridulated, sounds generally differed. I also performed a literature review and combined both acoustic and 

metadata to investigate the effects of the type of mating system ‒ and its interactions with body size and 

phylogeny ‒ on the use of acoustic communication. I found that the interaction between size and mating system 

plays an elemental role in determining the presence and sex-dependence of acoustic communication in a 

species. Aside from this, I used a bark beetle species (Hylurgus ligniperda) as a model organism to study 

individual sound production and dyadic interactions among males and females. In this experiment, five 

spectro-temporal parameters were used as descriptors to quantify call variations depending on behavioural 

context. I also proposed a method for automatically extracting and analysing stridulatory sounds, which allows 

acoustically discriminating amongst individuals, and propose a new set of definitions for the descriptions of 

bark and ambrosia beetle stridulations. In a related experiment, I report, for the first time, light-induced sound-

production in weevils. I found that light-based stimuli reliably elicits instantaneous acoustic responses in male 

Hylesinus aculeatus. Light-elicited acoustic communication has potential applications in the development of 

electronic traps, real-time acoustic detection and identification of beetles, and noise-reduction in acoustic data 

collection. 

 

 

 

 

 

 

 

 

 

 

  



7 
 

Table of Contents 

INTRODUCTION ............................................................................................................................................................ 9 

SOUND PRODUCTION IN BARK AND AMBROSIA BEETLES ........................................................................... 12 

ABSTRACT..................................................................................................................................................................... 12 
INTRODUCTION ............................................................................................................................................................. 13 
MATERIALS AND METHODS ........................................................................................................................................... 14 

Collection of experimental specimens ...................................................................................................................... 14 
Experimental setup and acoustic data collection ..................................................................................................... 15 
Analyses ................................................................................................................................................................... 16 

RESULTS ....................................................................................................................................................................... 16 
DISCUSSION .................................................................................................................................................................. 20 

ACOUSTIC COMMUNICATION AND MATING SYSTEMS IN BARK AND AMBROSIA BEETLES ........... 23 

ABSTRACT..................................................................................................................................................................... 23 
INTRODUCTION ............................................................................................................................................................. 24 
MATERIALS AND METHODS .......................................................................................................................................... 25 

Data collection ......................................................................................................................................................... 25 
Analyses ................................................................................................................................................................... 25 

RESULTS ....................................................................................................................................................................... 26 
DISCUSSION .................................................................................................................................................................. 29 
CONCLUSIONS ............................................................................................................................................................... 32 

ACOUSTIC COMMUNICATION OF THE RED-HAIRED BARK BEETLE (HYLURGUS LIGNIPERDA) ..... 34 

ABSTRACT..................................................................................................................................................................... 34 
INTRODUCTION ............................................................................................................................................................. 35 
DEFINITIONS ................................................................................................................................................................. 37 
MATERIALS AND METHODS ........................................................................................................................................... 38 

Beetles ...................................................................................................................................................................... 38 
Equipment ................................................................................................................................................................ 39 
Database acquisition ............................................................................................................................................... 40 
Automatic note detection and parameter estimation ................................................................................................ 40 
Source separation .................................................................................................................................................... 42 
Algorithm set-up....................................................................................................................................................... 44 
Data analysis ........................................................................................................................................................... 42 

RESULTS ....................................................................................................................................................................... 45 
DISCUSSION .................................................................................................................................................................. 49 

FIRST REPORT OF LUMINOUS STIMULI ELICITING SOUND PRODUCTION IN WEEVILS ................... 52 

ABSTRACT..................................................................................................................................................................... 52 
INTRODUCTION ............................................................................................................................................................. 53 
MATERIALS AND METHODS ........................................................................................................................................... 53 
RESULTS ....................................................................................................................................................................... 54 
DISCUSSION .................................................................................................................................................................. 55 

CONCLUDING REMARKS ......................................................................................................................................... 57 

REFERENCES ............................................................................................................................................................... 62 

APPENDICES ................................................................................................................................................................. 70 

APPENDIX 1 - LIST OF SPECIES WITH AUTHOR’S NAMES ................................................................................................... 71 
APPENDIX 2 - ADDITIONAL SCANNING ELECTRON MICROSCOPE (SEM) IMAGES OF THE STRIDULATORY ORGANS ................ 72 
APPENDIX 3 - SOUND PRESSURE LEVEL SPECTROGRAMS OF ALL THE RECORDED BARK AND AMBROSIA BEETLE SPECIES. .... 75 
APPENDIX 4 - DEFINITIONS ............................................................................................................................................ 78 
APPENDIX 5 - PROBABILITIES OF SELECTING A MUTE MALE ............................................................................................. 80 
APPENDIX 6 - HYLURGUS LIGNIPERDA RECORDING ....................................................................................................... 82 
APPENDIX 7 - EFFECTS OF THE UPPERMOST PERSPEX LAYER ON DATA COLLECTION ........................................................ 83 



8 
 

APPENDIX 8 - AUTOMATIC NOTE DETECTION AND PARAMETER ESTIMATION...................................................................... 86 
APPENDIX 9 - SOURCE SEPARATION ................................................................................................................................ 88 
APPENDIX 10 - PRINCIPAL COMPONENT ANALYSIS .......................................................................................................... 89 
APPENDIX 11 – LITERATURE REVIEW OF BARK AND AMBROSIA BEETLE ACOUSTICS ........................................................... 90 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



9 
 

1 
 

Introduction 
 

 

Bark and ambrosia beetle biology 

Bark beetles (Scolytinae) and pinhole borers (Platypodinae) are two subfamilies of weevils that have evolved 

to spend most of their life cycle inside plant tissue (Kirkendall et al. 2015; Raffa et al. 2015). Both subfamilies 

have a large number of convergent characters and were thus initially believed to be closely related (Wood and 

Bright 1992; Mugu et al. 2018). Consequently, these taxa have always been collectively studied as a single 

group known as bark and ambrosia beetles (Kirkendall et al. 2015). The term ‘ambrosia’ refers to a common 

feeding mode (xylomycetophagy, or mutualistic fungus farming) that has independently evolved in several 

species within the Scolytinae and most of the Platypodinae (Kirkendall 1983). The term ‘bark beetle’ is usually 

used to refer to the whole Scolytinae, although ‘true bark beetles’ are the ones that feed and reproduce in the 

phloem tissue of trees (phloeophagy) (Kirkendall 1983). However, bark and ambrosia beetles take advantage 

of almost any plant tissue, and other less common feeding modes are also present in the group. These include 

pith-feeding (myelophagy), fruit- and seed-feeding (spermatophagy), feeding on non-woody plants an leaf 

petioles (herbiphagy), feeding in the xylem tissue (sapwood) (xylophagy), and fungus-feeding (mycophagy) 

(Kirkendall 1983; Kirkendall et al. 2015). 

Bark and ambrosia beetles consist of ca. 7400 described species distributed in approximately 250 genera across 

two subfamilies, the Scolytinae (~ 6000 spp.) and the Platypodinae (~ 1400 spp.) (Kirkendall et al. 2015), 

which occur in all regions of the world but Antarctica (Raffa et al. 2015). Studies on these beetles typically 

focus on species that attack and kill economically important trees, although this is only known to occur in less 

than 1% of extant species (Kirkendall et al. 2015). Consequently, there is a strong bias in the literature towards 

tree-killing beetles of economically important species in temperate regions of the Northern Hemisphere (Raffa 

et al. 2015). Phylogenetic studies using molecular markers cluster the Scolytinae in a monophyletic group with 

another five subfamilies (Conoderinae, Cossoninae, Curculioninae, Molytinae, Scolytinae), which are 

collectively referred to as the ‘CCCMS clade’ of the Curculionidae (Hulcr et al. 2015; Pistone et al. 2018; Shin 

et al., 2018). These phylogenetic studies also support the notion that the Scolytinae is not closely related to the 

Platypodinae, which instead, appears to be the sister subfamily to the Dryophthorinae (Hulcr et al. 2015; 

Kirkendall et al. 2015; Mugu et al. 2018; Pistone et al. 2018; Shin et al. 2018). Another relevant finding from 

recent phylogenies is that the genus that gives the name to the subfamily Scolytinae, Scolytus, probably does 

not belong to it, and the genus Scolytus is instead a sister group to the CCCMS clade (Pistone et al. 2018; Shin 

et al. 2018).   

Most bark and ambrosia beetles construct intricate systems of tunnels inside trees (known as galleries) where 

they feed, live, and reproduce (Wood and Bright 1992). Some species can colonise a tree for more than one 

generation and persist for several years (Kirkendall 1983; Raffa et al. 2015). Bark beetles usually initiate 

gallery construction in the inner tissue (phloem), where adults and larvae feed and complete their development 

(Hofstetter et al. 2019). Ambrosia beetles perform the same tasks deeper into the xylem (sapwood), in a more 

spacious and three-dimensional space (Raffa et al. 2015). Host trees are usually dead or severely weakened 

before being colonised, which release chemical cues that facilitate their location (Kirkendall et al. 2015). After 

arrival, the beetle, aided by its associated symbionts, initiates the disintegration of the tree tissue and the 

recycling of nutrients (Kirkendall et al. 2015; Raffa et al. 2015). The sex that initiates the host selection and 

creates the gallery usually depends on the mating system used by that species. Thus, in scolytines for example, 
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females in monogamous and inbreeding polygynous species colonise the tree and start building galleries, 

whereas same duties are performed by males in polygynous ones (Raffa et al. 2015; Kirkendall et al. 2015).  

In 1983, Lawrence Kirkendall first described an extraordinary array of mating systems in bark and ambrosia 

beetles that, until then, had been completely overlooked. In his description, Kirkendall proposed separating the 

gallery systems (i.e., nests) from the mating systems to reduce ambiguity. He defined the mating systems in 

accordance to the length of time that males stay with females after copulation (Kirkendall 1983). Thus, gallery 

systems were characterised by the number of females involved in the gallery construction and had no 

implications on the nature of pair bonding, whose role was taken by the mating systems. Such terminology is 

the one I will be using throughout this thesis. Hence, monogynous gallery systems, which are created by one 

female, are associated with four different mating systems: (i) Tachygamy: no lasting pair-bonds. (ii) 

Brachygamy: pair-bonds are formed, but males do not stay for the entire oviposition period. (iii) Monogamy: 

males remain until females finish ovipositing. (iv) Inbreeding polygyny: mating occurs in the natal nest, created 

by a single mother, where females are usually inseminated by their less-numerous brothers. In contrast, 

polygynous gallery systems, which are created by more than one female, have two kinds of mating systems 

associated with them: (i) Harem polygyny and (ii) Colonial mating systems. Harem polygynous systems are 

ones in which males are commonly paired with more than one female, while in colonial systems, several 

females and more than one male are found in the same gallery. Behaviourally and morphologically, 

platypodines are astonishingly similar to the monogamous species of the Scolytinae, and, with a very few 

exceptions, almost all the species within the Platypodinae use male-initiated monogamy as their mating system 

(Kirkendall 1983).  

Bark and ambrosia beetles integrate different sensorial modalities for host location, and it is believed that initial 

landing is performed using visual and chemical cues (Saint-Germain et al. 2007). After landing, the beetle 

tunnels into the tree and initiates construction of the gallery. Several, but not all, bark and ambrosia beetles use 

pheromones to aggregate or disrupt aggregation of male and female conspecifics over long distances (Raffa et 

al. 2015), and a large number use acoustic signals over short distances in intraspecific communication inside 

and on the host (Rudinsky and Michael 1973; Ryker and Rudinsky 1976). Bark and ambrosia beetles are 

atypical in this regard, as they are some of the few animals that can acoustically communicate through plant 

tissue (Hofstetter et al. 2019), which is a medium rarely addressed in biaocoustic research (Hill et al. 2019). 

Sound production in bark and ambrosia beetles has been surprisingly understudied by entomologists. The 

acoustic signals of a only handful of species have been reported in the literature, even though acoustic 

communication has been known in these taxa for more than 150 years (Barr 1969). Almost all studies on bark 

and ambrosia beetle acoustics focus on the sender’s perspective, and rarely on the receiver’s. Consequently, 

the location of the hearing organ in these taxa is still unknown (Hofstetter et al. 2019). From the limited data 

available, acoustic signalling appears to be widespread in bark beetles, present in almost all pinhole borers, 

and less common in ambrosia beetles of the Scolytinae (Barr 1969; Menier 1976; Ytsma 1988; Lyal and King 

1996). Sound-producing capabilities can arise in one, both, or neither of the sexes, and the organ and the 

acoustic signals it produce are usually sexually dimorphic when the character status is present (Menier 1976; 

Lyal and King 1996; Hofstetter et al. 2019). Three main types of stridulatory mechanisms are known in bark 

and ambrosia beetles: elytro-tergal, vertex-pronotal, and gula-prosternal organs (Barr 1969; Lyal and King 

1996). Each of these mechanisms consist of two body parts, a static file of teeth, also known as pars stridens, 

that is rubbed by a less-complex movable part, also known as plectrum, usually composed of a set of spines, 

tubercles, or teeth (Barr 1969). In the Scolytinae, all three types of stridulatory organs are present, whereas 

elytro-tergal organs are the only ones reported for platypodines (Menier 1976; Ytsma 1988; Lyal and King 

1996). Characteristics of the stridulatory sounds vary across species in the spectral, temporal, and amplitude 

domains (Fleming et al. 2013; Yturralde and Hofstetter 2015), and in some cases, are even dependant on the 

behavioural context (Fleming et al. 2013; Lindeman and Yack 2015). The function of the sound is diverse, and 

acoustic communication is known to be used in several behavioural contexts, such as distress, premating 

recognition, rivalry, and agreement for copulation (Barr 1969; Lyal and King 1996; Fleming et al. 2013). Based 

on this, three different stimuli have been found to trigger ad libitum sound production in these taxa: physical 

(Barr 1969; Fleming et al. 2013), chemical (Rudinsky and Michael 1972), and acoustical (Hofstetter et al. 

2019) stimulation. Several bark beetles, such as Dendroctonus spp. and Ips spp., are known to stridulate under 
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physical contact (Wilkinson et al. 1967; Fleming et al. 2013). This is hypothesised to work as an agonistic call 

to deter predators (Ytsma 1988; Lyal and King 1996; Fleming et al. 2013), although no research has tested this 

hypothesis. Sound production can also be elicited with long-distance mechanical stimulation, as it occurs in 

some platypodines when the colonised tree is subject to a strong and sudden mechanical contact. Aside from 

this, sound production can be induced using pheromones, as found by Rudinsky and Michael (1972) on 

Dendroctonus pseudotsugae, or using acoustic stimuli, which is expected, as sounds in these taxa are typically 

used as a premating recognition strategy (Ytsma 1988; Lyal and King 1996; Lindeman and Yack 2015).  

 

Thesis structure 

Here, I present the four manuscripts I wrote during my doctoral studies as four separate chapters (Chapters 2-

5), followed by a short final discussion wrapping up my findings (Chapter 6). Chapters 2-5 each have their 

own abstract, introduction, and discussion, and can be read in a nonlinear way, but all are bound by the 

framework of acoustic communication in bark and ambrosia beetles, and are intrinsically intertwined. Chapter 

2 describes the generalities of the sound production of bark and ambrosia beetles. Chapter 3 discusses the 

effects of the interactions between mating systems and ecological variables on acoustic communication, using 

bark and ambrosia beetles as a model organism. Chapter 4 analyses the context-dependence of the stridulatory 

sounds in these taxa, and Chapter 5 deals with means of eliciting sound production.  

In Chapter 2, I disclose the main body of acoustic data collected during my PhD. The dataset contains acoustic 

and behavioural information of 55 bark and ambrosia beetle species, including both bark beetles and pinhole 

borers, with different types of feeding modes, mating systems, and stridulatory organs. This is the largest 

acoustic dataset ever reported for this group. Here, I report and describe the spectro-temporal parameters for 

all the collected species and discuss the general patterns found in the data. In Chapter 3, I place all the 

previously mentioned acoustic data in context, based on the available literature. I perform a meta-analysis on 

data from the existent acoustic reports, both mine and from the wider literature, and hypothesise about the 

ecological and sexual factors that may determine the presence or absence of acoustic communication in these 

beetles. I make particular emphasis on the mating system and beetle size and discuss how the interaction 

between these leads to divergence in acoustic traits. In Chapter 4, I propose a new terminology for bark and 

ambrosia beetle acoustics, a new method to analyse data of co-simultaneously singing conspecifics, and study 

the context-dependence of the spectro-temporal parameters of bark and ambrosia beetle stridulations. In 

Chapter 5, I report the first instance of light-induced sound production in weevils. This phenomenon has plenty 

of applications in acoustic studies of economically important species. Finally, in Chapter 6, I summarise my 

findings and put these into context, while also highlighting issues that arose during this work and providing 

suggestions for future work in the area. 

My specific contributions to this thesis are: (i) I collected and analysed all the acoustic data. (ii) I performed 

all statistical and data analysis, and coded all the algorithms for such tasks. (iii) I wrote ca. 97% of the 

information contained in this document. (iv) All plots excluding the SEM images were created by me. (v) I 

significantly contributed to the experimental design and interpretation of the results. The SEM images of the 

stridulatory apparatus of Hylurgus ligniperda (Chapter 4) were acquired by Ria Rebstoc under supervision of 

Adriana Najar-Rodriguez, whereas the SEM images depicted in Chapter 2 were acquired by Andrey Bobylev 

under the supervision of Richard Hofstetter, who also wrote most of the introduction of Chapter 2. 

Furthermore, I received significant help from researchers from New Zealand, Colombia, USA, and Norway in 

the collection, imaging, and identification of specimens. I also received input, primarily from my supervisors, 

in the experimental design and interpretation of the results. Therefore, I hereafter address myself using 

pronouns in the first person of the plural (i.e., we - our) when discussing methods, results, and experimental 

design, as this was a collaborative effort. With the exception of Chapter 3, which is in preparation for 

submission, all people that contributed to every chapter have been already listed either in the acknowledgments 

section of each manuscript or as co-authors (see Bedoya et al. 2019a,b,c). 

Chapters 2, 4 and 5 have already been published in Bioacoustics, Physiological Entomology, and The Science 

of Nature, respectively (Bedoya et al. 2019a,b,c). Chapter 3 is currently in preparation for submission.   
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Sound Production in Bark and Ambrosia 

Beetles 

 

  

Abstract 

 

Bark beetles and pinhole borers (Coleoptera: Curculionidae: Scolytinae and Platypodinae), also known as bark 

and ambrosia beetles, are two subfamilies of weevils that have evolved acoustic communication within plant 

tissue. These insects are able to transmit and detect sound in a medium that is neither air nor water and are 

among the smallest animals with sound producing organs. Despite these characteristics, sound production in 

these taxa is sorely understudied, mostly due to the difficulties associated with acoustically monitoring the 

individuals inside the plant. In order to redress this gap, we analysed the stridulatory sounds from males and 

females of 55 bark and ambrosia beetle species within 15 subtribes collected in four countries, making this the 

largest acoustic dataset of these taxa to date. We provide a general description and comparison of the collected 

sounds, in conjunction with a principal component analysis performed on the extracted spectro-temporal 

features. Sound production was present in 33% of the collected species, of which 60% of these sounds had not 

been previously reported. Depending on the species, either both sexes stridulated or only one. Some species 

had calls with different acoustic morphotypes (one, two, or three notes), and when both sexes stridulated, 

sounds generally differed.  
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Introduction 

 

The medium in which organisms occur, such as water, soil, or wood, often dictates their mode of 

communication (Sebeok 1965; Larsson and Dodson 1993; Virant-Doberlet et al. 2014), and the range of 

distances over which organisms communicate - in conjunction with the medium - dictates what communication 

mode is possible or most effective (Bossert and Wilson 1963; Naguib and Wiley 2001). For instance, acoustic 

signals allow for communication in substrates where visual and chemical modes are not reliable (Römer 1998; 

Hill 2008). Organisms that live and breed in the dark, such as in soil, caves, or trees, or chemically-saturated 

habitats, such as tide pools, often rely on sound as a mode of communication (Proakis et al. 2001; Gerhardt 

and Huber 2002). The evolution of the mode(s) of communication is thus dictated by the sensory capabilities 

within the species (Guilford and Dawkins 1991; Endler and Basolo 1998), and is bound by the efficacy of the 

signals within or across media (Brenowitz 1986).  

Bark beetles and pinhole borers (Coleoptera: Curculionidae, Scolytinae and Platypodinae) are among the many 

insects that reside and communicate within plant tissue (Vega and Hofstetter 2015), which, unlike water or air, 

is a medium seldom addressed in communication studies (Hill et al. 2019). These beetles are known as bark 

and ambrosia beetles, where the term ambrosia refers to a common feeding mode (xylomycetophagy, or 

mutualistic fungus farming) that independently evolved in several species within both subfamilies (Kirkendall 

1983; Hofstetter et al. 2015). Bark and ambrosia beetles tend to construct tunnels and oviposit within trees 

(bark beetles typically in phloem; ambrosia beetles in xylem), where adults and larvae feed and complete their 

development (Vega and Hofstetter 2015). This is a common, but not universal, characteristic of bark and 

ambrosia beetles, as pith-feeding (myelophagy) and fruit and seed-feeding (spermatophagy) also occurs in a 

variety of taxa (Kirkendall 1983). In some ambrosia beetle species, colonies may persist for several years 

within the tree, with overlapping generations and life stages within a family unit (i.e., a tunnel system) 

(Kirkendall 1983). Aggressive tree-killing bark beetles typically have only one generation within a tree, with 

little or no overlap between life stages (Six and Bracewell 2015), and secondary bark beetles may use the host 

tree for several generations, depending on moisture and phloem decay rates. Some bark and ambrosia beetles 

use pheromones to synchronise attacks on trees, or simply to attract mates over long distances, but may use 

acoustic signals over short distances (particularly within the tree or at the tree surface). The beetle that initially 

colonises the tree and releases pheromones may be male or female, depending on species (Vega and Hofstetter 

2015). Compellingly, stridulatory structures, regardless of the location of the body, are often sexually 

dimorphic and are less-developed or absent in the sex that initiates tunnel construction (i.e., the pioneer or 

colonizing sex) (Barr 1969; Hofstetter et al. 2019). 

Acoustic signals are one of the least-studied and under-appreciated modes of communication in this group of 

insects. Despite the ubiquity and purported importance of acoustic signals in bark beetles (e.g., Rudinsky 1969; 

Rudinsky and Michael 1972; Ryker 1984), the signals of only a handful of bark and ambrosia beetle species 

have been investigated thoroughly. However, acoustic signaling appears to be widespread in bark beetles (Barr 

1969; Lyal and King 1996), although less so in ambrosia beetles (Ohya and Kinuura 2001; Kirkendall et al. 

2015). For stridulating species, sound production varies depending on sex and context, including pair 

formation, pheromone production, species recognition, mating, territoriality, and defense (Barr 1969; Ryker 

and Rudinsky 1976; Lyal and King 1996). Signal characteristics show that acoustic signals are potentially 

detectable by conspecifics within a few centimeters of the signaler within the tree (Fleming et al. 2013). 

Although nothing is known about the possible acoustic receptors in these taxa (Hofstetter et al. 2019), sound 

production has evolved several times (Barr 1969; Lyal and King 1996). Three primary stridulatory mechanisms 

within bark beetles (Scolytinae) are known: elytro-tergal, vertex-pronotal, and gula-prosternal stridulatory 

organs (Barr 1969). In pinhole borers (Platypodinae), only the elytro-abdominal stridulatory mechanism is 

known to occur (Ytsma 1988; Lyal and King 1996). Bark and ambrosia beetles produce a variety of call types 

that vary in temporal characteristics and frequency ranges. General call types appear relatively consistent 

within genera (Rudinsky and Michael 1974; Yturralde 2013), although intraspecific differences occur between 

chirps produced in different contexts (Michael and Rudinsky 1972; Fleming et al. 2013; Bedoya et al. 2019a).  
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Here, our overarching aim is to appreciably add to the information on bark and ambrosia beetle acoustics so 

that patterns on the evolution of acoustic communication in beetles can be subsequently inferred. The specific 

objectives of this study are to (i) characterise the temporal, spectral, and amplitude features of airborne sounds 

produced by bark and ambrosia beetles across multiple tribes and genera, and (ii) compare the characteristics 

of the distress/disturbance signals produced across beetle species.  

 

Materials and methods 

 

Collection of experimental specimens 

 

A total of 55 bark and ambrosia beetle species were assessed for signal production. Specimens (Table 1) were 

collected in the United States (Arizona, California, Florida, Georgia, Michigan, Texas), New Zealand 

(Canterbury, Auckland, Westland), Spain (Canary Islands), and Colombia (Antioquia). This dataset contains 

phloeophagus (wood-feeding), xylomycetophagus (ambrosia-feeding), and spermatophagous (seed-feeding) 

species across 15 subtribes of Scolytinae and pinhole borers Platypodinae, including most of New Zealand’s 

platypodines. All sound-producing species were recorded using the same equipment at two facilities 

(University of Canterbury, NZ; Northern Arizona University, USA).  

Table 1. List of the collected bark and ambrosia beetle species. Sample (number and sex of tested/recorded 

individuals, ♂: male, ♀: female, n: not identified), Sound (species that stridulated, Y: yes, N: no), Sex (gender 

with sound production capabilities), Organ (type of stridulatory organ, E-T: elytro-tergal, V-P: vertex-

pronotal, G-P: gula-prosternal), Location (where the specimens were collected). See Appendix 1 for the 

authority of the species named. 

 

Tribe: Subtribe Beetle species Sample Sound Sex Organ Location 

Hylesinini: Hylastina Hylastes ater 10♂ 20♀ Y ♂ E-T Canterbury, NZ 

Hylesinini: Hylastina Hylastes porculus 1♀ N     Georgia, USA 

Hylesinini: Hylastina Hylurgops subcostulatus  1♂ Y ♂ E-T Arizona, USA 

Hylesinini: Hylesinina Hylesinus aculeatus 12♂ 15♀ Y ♂ E-T Texas, USA 

Hylesinini: Hylurgina Hylurgus ligniperda 10♂ 30♀ Y ♂ E-T Canterbury, NZ 

Hylesinini: Phloeosinina Phloeosinus dentatus 8n N     Texas, USA 

Hylesinini: Phloeosinina Phloeosinus cupressi 12♂ 12♀ Y ♂ E-T Canterbury, NZ 

Hylesinini: 

Phloeotribina 

Phloeotribus liminaris 2n N     Texas, USA 

Hylesinini: 

Polygraphina 

Carphoborous bicornis 1 ♂ 2♀ N   Georgia, USA 

Hylesinini: Tomicina Dendroctonus brevicomis 4♂ 2♀ Y ♂♀   E-T* Arizona, USA 

Hylesinini: Tomicina Dendroctonus frontalis 8♂ 13♀ Y ♂♀   E-T* Arizona, USA 

Hylesinini: Tomicina Dendroctonus terebrans 1♂ Y ♂ E-T Georgia, USA 

Hylesinini: Tomicina Dendroctonus adjunctus 4♂ 6♀ Y ♂ E-T Arizona, USA 

Hylesinini: Tomicina Dendroctonus pseudotsugae 7♂ 8♀ Y ♂ E-T Arizona, USA 

Hylesinini: Tomicina Pachycotes peregrinus 30n N   Westland, NZ 

Platypodini: 

Platypodina 

Platypus apicalis 10♂ 2♀ Y ♂♀ E-T Westland, NZ 

Platypodini: 

Platypodina 

Platypus gracilis 2♂ 2♀ Y ♂♀ E-T Westland, NZ 

Platypodini: 

Platypodina 

Treptoplatypus caviceps 5♂ 13♀ Y ♂ E-T Canterbury, NZ 

Platypodini: 

Platypodina 

Euplatypus parallelus 2 ♂ 1♀ Y ♂♀ E-T Florida, USA 

Scolytini: Corthylina Gnathotrichus deleoni 6n N     Georgia, USA 

Scolytini: Corthylina Gnathotrichus sulcatus 4n N   Georgia, USA 

Scolytini: Corthylina Gnathotrichus materiarius 2n N     Florida, USA 

Scolytini: Corthylina Monarthrum mali 3n N   Florida, USA 



15 
 

Scolytini: Corthylina Monarthrum fasciatum 9n N     Florida, USA 

Scolytini: Corthylina Pityophthorus consimilis 3n N     Florida, Georgia, USA 

Scolytini: Corthylina Pityophthorus concentralis 1n N   Florida, USA 

Scolytini: Corthylina Pityophthorus confusus 11♂1♀9n N     Georgia, USA 

Scolytini: Corthylina Pityophthorus annectens 2♂ 1n N   Georgia, USA 

Scolytini: Corthylina Pityophthorus pulicarius 1♂ N     Georgia, USA 

Scolytini: Corthylina Pityophthorus juglandis 2n N   California, USA 

Scolytini: Corthylina Pityophthorus liquidambarus 1♀ N     Georgia, USA 

Scolytini: Corthylina Pseudopityophthorus 

minutissimus 

1♀ N   Texas, USA 

Scolytini: Cryphalina Hypothenemus hampei 5♂ 8♀ N   Antioquia, Colombia 

Scolytini: Cryphalina Hypothenemus eruditus 1♀ N     Georgia, USA 

Scolytini: Cryphalina Hypocryphalus sp.** 25n N   Canterbury, NZ 

Scolytini: Dryocoetina Dactylotrypes longicollis 10♂ 10♀ N     Canary Islands, Spain 

Scolytini: Ipina Ips pini 10 ♂ 24♀ Y ♀ V-P Arizona, USA 

Scolytini: Ipina Ips avulsus 24♂ 10♀ Y ♀ V-P Georgia, USA 

Scolytini: Ipina Ips grandicollis 30♂ 19♀ Y ♀ V-P Georgia, USA 

Scolytini: Ipina Ips calligraphus 10 ♂ 13♀ Y ♀ V-P Arizona, USA 

Scolytini: Ipina Ips confusus 8n N   Arizona, USA 

Scolytini: Ipina Orthotomicus latidens†  13n N     Arizona, USA 

Scolytini: Ipina Orthotomicus caelatus 1n N   Florida, USA 

Scolytini: Scolytina Scolytus multistriatus 11♂ 7♀ N     Auckland, NZ 

Scolytini: Scolytina Scolytus ventralis 6♂ 3♀ Y ♂♀ G-P Arizona, USA 

Scolytini: Scolytina Scolytus rugulosus 30n N     Michigan, USA 

Scolytini: Xyleborina Ambrosiodmus obliquus 1♀ N   Georgia, USA 

Scolytini: Xyleborina Xyleborus gracilis††  1♀ N     Georgia, USA 

Scolytini: Xyleborina Xylosandrus crassiusculus 30♀ N   Georgia, USA 

Scolytini: Xyleborina Xylosandrus germanus 1♀ N     Georgia, USA 

Scolytini: Xyleborina Xyleborus glabratus 2♀ N   Georgia, USA 

Scolytini: Xyleborina Xyleborus affinis 1♀ N     Florida, USA 

Scolytini: Xyleborina Xyleborinus saxesenii 5♀ N   Georgia, USA 

Scolytini: Xyleborina Cnestus mutilatus 8♀ N     Georgia, USA 

Scolytini: Xyleborina Dryoxylon onoharaense 9♀ N     Florida, Georgia, USA 
†synonym with Ips latidens; ††synonym with Xyleborinus gracilis; *Elytro-tergal in males, pygidium-sternal in females 

(Rudinsky and Michael, 1973); **undescribed New Zealand endemic species; particularly small (mean ± sd, 1.70 ± 0.07 mm) 

and colonises lemonwood and wineberry.  

 

Experimental setup and acoustic data collection  

 

Sounds were recorded inside a purpose-built soundproof box (w × l × d, 250 × 300 × 100 mm). Individuals 

were adhered with reusable putty-like adhesive (Blu TacTM) from the antero-dorsal part of the elytra in an 

upside-down position on top of an acrylic surface. This allowed all the specimens to be recorded at a fixed 

distance from the microphone without restricting any of the movements needed for sound production, thus 

standardizing signal acquisition. The elytra is the static part of the compound stridulatory organ in beetles with 

elytro-tergal stridulation (Lyal and King 1996). In the other two stridulatory mechanisms, i.e., gula-prosternal 

and vertex-pronotal, it does not play any active role. Distress signals were elicited by physically touching the 

beetle on the abdomen with a soft paintbrush (Bockingford, 5700R, size 1) and were recorded using an 

ultrasonic microphone (3 Hz to 50 kHz frequency range and flat frequency response; M50, Earthworks Inc., 

Milford, NH) positioned 20 mm from the individual’s stridulatory organ. Signals were recorded with a four 

channel SD 744T audio recorder (Sound Devices LLC, Reedsburg, WI, USA) at a sampling frequency of 96 

kHz, 48 dB gain, and 24 PCM bit depth.  
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Analyses 

 

Recordings were automatically segmented using a threshold based-approach on the mean power distribution 

in the temporal domain (Bedoya et al. 2019a,b). Every call was then independently-analysed in order to extract 

seven spectro-temporal features. An IIR high pass filter, order 4, at 100 Hz was used to remove the DC offset. 

Four spectral (maximum, minimum, centroid, and dominant frequencies) and three temporal features (call 

duration, inter-call interval, and call rate) were selected to describe and compare the recorded species (see 

Bedoya et al. 2019a for expanded definitions and descriptions). Spectrograms for the computation of the 

spectro-temporal features were obtained using a flat top-weighted window of size 1024 samples and 768 

sample overlap. The size of the FFT was 1024 samples. All reported features were based on the mean values 

of the spectro-temporal parameters of the individuals within each species (see Table 1 for sample sizes). The 

discrete-time pressure signal (incident to the microphone) was related to the normalized recording samples by 

pi[n]=(Vref/S∙G) x[n]=1.2114x[n]. where S=36∙10-3 is the microphone sensitivity, G=1048/20=251.189 (48 dB) 

is the recorder gain, and Vref=10.0545 is the recorder full-scale voltage. Sound Pressure Level (SPL) spectrums 

and spectrograms were computed using Lp[n]=20log10(pi[n]/p0), where Lp is the SPL signal, and p0 =20 μPa 

is the reference sound pressure in air. A Principal Component Analysis (PCA) was used to reduce the 

dimensionality of the data and to compare the acoustic differences among the studied species. Before analysis, 

all the spectro-temporal features were normalised (0-1) to reduce scale effects. The PCA was estimated using 

single value decomposition, and the principal components were ordered by the magnitude of their singular 

values. The automatic call detection, parameter estimation, and PCA were performed in Matlab 2018b. The 

general description and comparison of the bark beetle sounds was based on the terminology described in 

Bedoya et al. 2019a and 2019b.  

  

Results 

 

Our dataset consisted of species from the three bark and ambrosia beetle tribes: Hylesinini, Scolytini, and 

Platypodini, and contains recordings of the three main types of stridulatory organs (Figure 1).  Most species 

differed in their use of host material, feeding mode, and mating system. This is the first time the stridulatory 

structures are imaged for the species exemplified in Figure 1 (i.e., Euplatypus parallelus, Ips avulsus, and 

Scolytus ventralis). An extended set of images for these three species with magnified sections and detailed 

measurements is reported in Appendix 2. Correspondingly, Figure 2 contains representative examples of 

single- and multiple-noted calls of several key species from all tribes and all three stridulatory organs (see 

Appendix 3 for all recorded species). These sound pressure level (SPL) spectrograms depict the variability 

found within these beetles in all measured spectro-temporal features. 

Seven spectro-temporal call parameters (mean±sd) were estimated for all the recorded species (Table 2). 

Dendroctonus frontalis, D. brevicomis, Scolytus ventralis, Platypus apicalis, P. gracilis, and Euplatypus 

parallelus were the only species where both sexes stridulated, whereby the sounds of males and females 

differed in all cases (Table 2 and Appendix 3). Females of E. parallelus had the fastest calling rate, with 7.6 

notes per second (nps) on average. In general, pinhole borers (Platypodinae) tended to stridulate louder than 

the bark beetles (Scolytinae) (Appendix 3). Sounds of P. apicalis, were particularly loud and audible to the 

human ear up to 5 cm away from the gallery entrance (pers. obs.).  

In general, sounds produced with vertex-pronotal and gula-prosternal organs had less intra-organ acoustic 

variability, both within and between species, compared with the elytro-tergal case (Table 2), which had highly 

variable spectral distributions and temporal patterns (Appendix 3). This phenomenon can be observed in the 

species of the genus Ips, and males and females of S. ventralis, where stridulatory sounds are similar among 

themselves. 

In five species, several acoustic morphotypes were identified (Table 3). When the call was composed of a 

single note, the temporal parameters of the note and call were the same (thus avoiding reporting inter-note 

intervals and note duration for all species, as these have been stated in Table 1; see Bedoya et al. 2019a for an 
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in-depth description of the notation). Phloeosinus cupressi was the only species whose stridulations were 

always composed of 2-noted calls; thus, call parameters for this species are reported in Table 2, whereas the 

note parameters are in Table 3. Dendroctonus adjunctus was the only species with 3-noted calls. After the 

stimulus was applied, individuals of this species tended to adhere to a single acoustic morphotype for the whole 

stridulatory process, which lasted several minutes.  

 

 

Figure 1. Scanning electron microscope images of the three main types of stridulatory organs (circled in 

yellow). (a-b) Elytro-tergal (Euplatypus parallelus male), (c-d) Vertex-pronotal (Ips avulsus female), (e-f) 

gula-prosternal (Scolytus ventralis male). Plectrum (left column - a,c,e) and pars stridens (right column - b,d,f). 

See Appendix 2 for an extended set of images with close ups and measurement tags.  
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Figure 2. Sound pressure level spectrogram (top), time-domain representation (bottom), and sound pressure 

level spectrum (right) of representative bark and ambrosia beetle species. Colourbars in dB(SPL) ref 20 μPa. 

The figure depicts species whose calls have a different number of notes (a,d,e,f – one note, b – two notes, c – 

three notes), different stridulatory organs (a,b,c,e – elytro-tergal, d – gula-prosternal, f – vertex-pronotal), and 

represent different tribes (b,c – Hylesinini, d,f – Scolytini, a,e – Platipodini). See Appendix 3 for the complete 

set of figures.  

 

 

 

 

 

 

 



19 
 

Table 2. Spectro-temporal features extracted from the acoustic dataset of beetles (mean±sd). Sex (gender with 

sound production capabilities), Organ (type of stridulatory organ, E-T: elytro-tergal, V-P: vertex-pronotal, G-

P: gula-prosternal), Dom (dominant frequency), Cen (spectral centroid), Min (minimum frequency), Max 

(maximum frequency), ICI (inter-call interval), Dur (call duration), CR (calling rate; notes per second, nps). 

 

   Spectral (kHz) Temporal  

Species Sex Organ Dom Cen Min Max ICI (ms) Dur (ms) CR (nps) 

Dendroctonus adjunctus*  ♂ E-T 5.94±1.94 6.40±0.58 2.99±0.13 10.3±1.68 188.5±131.4 39.0±12.2 4.5±1.6 

Dendroctonus brevicomis  ♀ E-T 7.37±3.18 8.69±1.76 3.78±1.10 16.8±4.15 416.1±405.7 36.1±23.0 2.0±1.0 

Dendroctonus brevicomis  ♂ E-T 6.03±1.50 7.41±1.02 3.86±0.74 14.3±4.21 531.7±312.3 68.1±27.4 1.5±0.4 

Dendroctonus frontalis  ♀ E-T 7.99±4.36 10.1±2.98 3.74±0.98 21.2±5.53 226.7±109.7 27.1±06.5 3.7±1.3 

Dendroctonus frontalis*  ♂ E-T 7.62±1.48 9.16±1.42 3.85±0.73 18.2±3.84 184.5±200.9 59.9±19.2 4.7±1.8 

Dendroctonus pseudotsugae  ♂ E-T 4.92±1.25 5.26±0.71 2.86±0.42 8.16±2.03 268.6±158.2 36.4±08.8 3.3±0.5 

Dendroctonus terebrans  ♂ E-T 22.6±6.05 22.2±1.74 6.08±2.23 39.2±3.57 557.6±066.7 99.3±21.9 2.3±1.1 

Euplatypus parallelus * ♀ E-T 9.07±2.90 13.1±0.81 4.29±0.70 27.1±1.61 044.2±084.0 42.9±21.0 7.6±6.4 

Euplatypus parallelus * ♂ E-T 4.96±1.06 6.02±0.73 3.24±0.47 10.1±1.55 194.4±130.9 37.2±10.4 5.1±3.5 

Hylastes ater*  ♂ E-T 7.65±1.66 8.51±2.21 3.43±1.18 13.8±4.66 501.6±333.1 98.4±33.9 1.9±0.2 

Hylesinus aculeatus  ♂ E-T 7.15±2.20 9.05±1.60 4.88±0.75 19.4±3.81 118.8±102.7 29.5±08.4 7.1±1.1 

Hylurgops subcostulatus*  ♂ E-T 5.44±1.24 9.85±0.73 4.09±0.29 19.4±1.34 338.8±173.8 24.9±02.7 5.2±5.8 

Hylurgus ligniperda  ♂ E-T 7.90±2.29 9.06±1.98 3.48±1.26 16.3±4.92 150.5±118.0 29.4±13.6 4.5±1.3 

Ips avulsus * ♀ V-P 7.81±3.40 11.5±2.50 4.49±1.38 24.5±5.03 317.5±324.0 73.7±49.4 2.5±1.2 

Ips calligraphus  ♀ V-P 13.3±10.3 16.8±6.24 4.53±2.25 29.5±8.76 138.8±228.6 66.2±53.5 4.9±1.5 

Ips grandicollis  ♀ V-P 8.99±6.34 12.2±5.12 4.50±1.64 23.8±9.04 164.3±282.9 59.6±57.1 4.7±1.8 

Ips pini  ♀ V-P 10.7±4.74 12.8±2.79 5.02±1.88 22.6±3.49 304.0±301.7 63.9±46.5 2.8±0.6 

Phloeosinus cupressi*†  ♂ E-T 7.62±2.67 9.42±1.44 4.60±0.71 16.9±3.26 455.9±379.0 179.4±25.9 2.4±0.7 

Platypus apicalis * ♀ E-T 4.23±1.46 5.10±0.90 2.62±0.35 9.12±2.38 220.8±145.9 20.7±03.6 5.0±1.1 

Platypus apicalis * ♂ E-T 6.01±1.81 6.68±1.33 3.21±0.68 11.3±2.65 232.1±148.4 40.2±14.3 4.0±0.9 

Platypus gracilis * ♀ E-T 5.70±0.49 6.48±0.40 4.01±0.41 10.9±1.51 383.8±328.7 54.8±23.5 2.5±0.9 

Platypus gracilis * ♂ E-T 8.04±2.55 8.22±1.43 4.04±0.63 13.5±2.80 359.1±171.2 75.8±25.2 2.3±0.3 

Scolytus ventralis * ♀ G-P 6.03±1.34 13.6±3.06 3.43±0.47 26.2±8.07 111.5±120.6 40.2±21.5 4.9±0.2 

Scolytus ventralis * ♂ G-P 7.52±4.17 10.6±3.14 4.11±1.05 22.9±7.50 114.3±141.2 35.1±15.3 4.3±2.2 

Treptoplatypus caviceps*  ♂ E-T 5.76±1.21 7.07±0.63 3.57±0.56 13.5±2.93 414.1±321.5 131.6±40.7 1.7±0.6 

*Species for which calls are reported here for the first time; †P. cupressi has 2-noted calls whose acoustic parameters are reported in this table. For note parameters 

see Table 3. All other species have single-noted calls. 

 

Table 3. Temporal features for species with acoustic morphotypes with more than one note. Sex (gender with 

sound production capabilities), NN (number of notes), INI (inter-note interval), nDur (note duration).  

Species Sex NN INI (ms) nDur (ms) 

Dendroctonus adjunctus  ♂ 2 37.6±09.6 37.9±07.3 

Dendroctonus adjunctus  ♂ 3 30.9±08.7 35.0±08.3 

Dendroctonus frontalis  ♂ 2 18.4±04.6 37.3±12.1 

Ips grandicollis  ♀ 2 23.3±09.2 123.8±59.3 

Phloeosinus cupressi  ♂ 2 35.0±25.7 100.5±25.7 

 

A PCA was performed to find general acoustic similarities among the studied bark and ambrosia beetle species 

(Figure 3). The two principal components with the largest eigenvalues explained 86.16% of the variability of 

the data: PC1=0.38Dom+0.19Cen-0.18Min-0.05Max-0.42ICI+0.72Dur-0.28CR contributed 46.85% and 

PC2=0.40Dom-0.34Cen-0.11Min-0.27Max-0.18ICI-0.16Dur+0.75CR the remaining 39.31%. The four 

species of the genus Ips, which only possess vertex-pronotal organs, were grouped into one cluster. Both male 

and female Scolytus ventralis significantly differed from the rest of the species and were part of the same 

compact cluster, possibly because of the gula-prosternal organ they possess. Most of the species with elytro-

tergal structures, mainly composed of platypodines and Dendroctonus spp., clustered together. Dendroctonus 

terebrans was the biggest of the recorded species, and it was one of the species with the longest ICI, duration, 

and bandwidth (Table 2). Females of E. parallelus had the shortest ICI of all species and the fastest calling 
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rate (Table 2, Appendix 3), followed by H. aculeatus (Table 2). Both species were part of the same cluster. 

The rest of the species with elytro-tergal organs were grouped together (Figure 3).     

 

Figure 3. Principal component analysis performed on seven spectro-temporal features (dominant, centroid, 

minimum and maximum frequencies; call duration, inter-call interval, and call rate) of 19 bark and ambrosia 

beetle species. Colours represent different stridulatory organs (green: elytro-tergal, orange: gula-prosternal, 

blue: vertex-pronotal). The two principal components explained 86.16% of the variability of the data. Species 

with vertex-pronotal and gula-prosternal organs were grouped in compact clusters. With few exceptions, 

beetles with elytro-tergal organs tended to be together, although are sparsely distributed due to the interspecific 

variability of the sounds produced by this type of organ.    

 

Discussion 

 

A total of 55 bark and ambrosia beetle species were collected and their distress calls were examined, but only 

33% of these stridulated. From these 19 stridulating species, seven spectro-temporal features were extracted 

and used for acoustic comparisons. This is the first report of acoustic signals for 11 of those 19 species, and 

both sexes stridulated in six of them. To contextualise, this is the largest acoustic dataset collected for the 

group, yet it does not even contain 1% of extant bark and ambrosia beetle species. When this information is 

combined with previous reviews of sound production (Barr 1969; Lyal and King 1996), the number of species 

investigated in this regard is still less than 2%. Furthermore, there is an evident bias in acoustic studies within 

the Scolytinae and Platypodinae favoring economically important species with sound production capabilities, 

and, with few exceptions (e.g., Barr 1969), absence of acoustic communication is not reported in the literature. 

This information is essential for understanding the acoustic diversity and the evolution of acoustic 

communication in the group, and we encourage other researchers to report also absence of sound production.  

In species where both sexes stridulated, calls were acoustically different. This was expected, as sexual 

dimorphism in the stridulatory apparatus is common in Curculionidae (Barr 1969; Rudinsky 1973; Lyal and 

King 1996). Regarding intra-specific variation, the existence of several acoustic morphotypes has been 
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reported previously in some bark and ambrosia beetle species (Fleming et al. 2013; Lindeman and Yack 2015). 

The variation of the number of notes in the call is possible due to the abdominal stretch-and-release mechanism 

(Lindeman and Yack 2019). In D. adjunctus, note length and note duration become shorter as the number of 

notes in the call increases, which coincides with the spring-loaded description of the elytro-tergal stridulatory 

movement reported by Lindeman and Yack (2019).  

Our acoustic data collection was limited to the examination of a single behavioural context (i.e., 

distress/disturbance) due to three experimental and logistical reasons: (i) Bark and ambrosia beetles live inside 

plant tissue and colonise hosts with different acoustic transmission properties that significantly affect the 

spectral parameters of the stridulations. This makes acoustic comparisons for all species unworkable in a 

behavioural context other than distress, as this is the only behaviour where sound production can be reliably 

controlled and elicited in a common medium (air). (ii) Acoustic data collection of bark and ambrosia beetles 

is difficult, as most species live and develop inside trees, and specimens must be collected alive, severely 

curtailing the use of funnel traps, and favoring the felling of trees, manual extraction from the wood, and the 

use of emergence chambers as the preferred course of action. The latter forms are particularly required for 

inbreeding polygynous species, where males are flightless and never leave the maternal chamber (Kirkendall 

1983), and in economically unimportant species that are difficult to capture in traps because chemical lures are 

not available. For these reasons we could only focus on a single behavioural context to maximise the number 

of species recorded, as testing other behaviours for all specimens would have added significantly to an already 

labor-intensive task. (iii) During the review of the literature, we found that among all bark and ambrosia beetle 

species where signals have been recorded and reported, distress sounds were always present in at least one of 

the sexes (Rudinsky and Vallo 1978; Rudinsky 1979; Vernoff and Rudinsky 1980; Flemming et al. 2013; 

Linderman and Yack 2015; Yturralde and Hofstetter 2015; Bedoya et al. 2019a,b; Hofstetter et al. 2019). 

Nevertheless, the possibility that some species may have evolved acoustic communication in behavioural 

contexts other than distress is a limitation of our study. This is especially likely to occurr in females, where 

presence or absence of acoustic communication is disputed in several species (Rudinsky and Michael 1973; 

Ytsma 1988; Bedoya et al. 2019a).  

Among the recorded Scolytini, Ips avulsus is the smallest Ips species (Wood and Bright 1992), and the smallest 

beetle (2.5 mm long) with sound production capabilities in our dataset. We were unable to find distress calls 

in either Scolytus multistriatus or S. rugulosus. On the other hand, in S. ventralis, both sexes stridulated, 

although less than 30% of the tested individuals (i.e., 9 beetles) responded to the stimulus. The genus Scolytus 

has a gula-prosternal stridulatory organ, which differs from the typical elytro-tergal organ found in most bark 

and ambrosia beetles (Barr 1969; Rudinsky 1979). Particularly, teeth separation in gula-prosternal organs tends 

to be wider than those of the elytro-tergal and vertex-pronotal organs (Barr 1969), which is main contributor 

to the acoustic differences in the sounds the organ produce. Recent molecular phylogenies coincide in a basal 

separation of the subtribe Scolytina from the rest of the remaining members of the Scolytinae (Pistone et al. 

2018), which partly explains the origin of the morphological differences in the stridulatory apparatus.  

Among the recorded Hylesinini, Dendroctonus adjunctus was the only species able to produce distress calls 

consisting of three notes; nonetheless, specimens able to produce one and two notes per call were also found 

(see Appendix 3 for the acoustic morphotypes). In this genus, females of D. brevicomis and D. frontalis lack 

the pars stridens on the ventral surface of the elytra and the plectrum on the seventh abdominal tergite. Instead, 

the pars stridens appears to be located inside the posterior margin of the last sternite and the plectrum in the 

posterior half of the pygidium (Rudinsky and Michael 1973). Distress sounds have never been officially 

reported for any of these species; however, short-distance sounds in female-female interactions had been 

previously reported in D. brevicomis (Rudinsky and Michael 1973). For females of D. frontalis, sound 

production has never been reported in any behavioural context, although its existence has been suggested due 

to the presence of a similar stridulatory structure to the one present in D. brevicomis (Rudinsky and Michael 

1973). The lack of detection of distress sounds by other researchers can be attributed to the type of stimulus 

applied, since females of these species do not stridulate when disturbed or “pinched”, even under life-

threatening situations. However, they stridulate when touched with a soft brush on the ventral surface of the 

abdomen. Similarly, Rudinsky and Michael (1973) reported sound production by females in female-female 

interactions in Dendroctonus pseudotsugae, but we were unable to elicit distress sounds from females of this 
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species.  Dendroctonus terebrans was the largest of the collected species (with a length of 6.3 mm on average) 

and had the largest teeth separation in the pars stridens (Pajares and Lanier 1990), possibly explaining why its 

sounds did not resemble those of the other Dendroctonus species.  

In 1988, Ytsma described the stridulatory apparatuses of most New Zealand platypodines (Brockerhoff et al. 

2003) and provided anecdotal observational evidence of sound production for males and females of all three 

species (Platypus apicalis, P. gracilis and Treptoplatypus caviceps), but stridulations were not recorded or 

reported. Here, we replicated most of Ytsma’s findings, although we were unable to find any sound in females 

of T. caviceps, which did not respond neither to the distress stimulus nor to the sound-eliciting protocol 

described by Ytsma (1988). Euplatypus parallelus, the only American platypodine accessible to us, had several 

acoustic similarities with the New Zealand species, having elytro-tergal organs that produced loud and fast 

single-noted calls in both in males and females.   

In contrast to the findings in Platypodinae, none of the ambrosia beetles in Scolytinae stridulated (i.e., 

Gnathotricus spp., Monarthrum spp., Xyleborus spp., Xylosandrus spp., Xyleborinus saxesenii, Coccotrypes 

dactyliperda, Ambrosiodmus obliquus, Cnestus mutilatus, and Dryoxylon onoharaense), and for this group we 

found no recorded signals in the literature.  However, stridulatory-like organs which are thought to be sound-

producing organs have been described in several xylomycetophagous scolytines (Barr 1969, Paiva and Kiesel 

1985). We doubt that the feeding mode has any relationship with absence of sound production in these species, 

as xylomycetophagy is the norm in Platypodinae (Kirkendall 1983), yet they communicate acoustically. We 

also looked for sound production patterns in species with other feeding modes, but found no distress sounds in 

the two spermatophagous species examined (H. hampei and D. longicollis), although evidently this sample 

size is too small to draw any reliable conclusions.  

We found no stridulatory sounds among the inbreeding polygynous species in our dataset (i.e., Xyleborus spp., 

Xylosandrus spp., Xyleborinus saxesenii, Hypothenemus spp., Ambrosiodmus obliquus, Cnestus mutilatus, and 

Dryoxylon onoharaense). None of our xyleborines stridulated, and no species in the Xyleborina subtribe has 

ever been reported to produce sound. On the other hand, species of the genus Ips were the only harem 

polygynous species in our dataset with sound production capabilities. These have a less common type of 

stridulatory organ (vertex-pronotal) than most bark and ambrosia beetles and only females stridulate (Barr 

1969), suggesting a different evolutionary origin for the trait. This contrasts with previous reports of the 

polygynous genus Polygraphus where both sexes are able to acoustically communicate with elytro-tergal 

organs (Barr 1969, Lyal and King 1996). With the exception of the genera Ips and Scolytus, whose lineage 

was described above, the rest of the recorded species were monogamous and possessed elytro-tergal organs. 

Sound production in Scolytus was always present in males, and sometimes also in females. 

Succinctly, our data suggests that the type of mating system plays an important role in determining the acoustic 

communicatory capacity of most species. However, additional information is needed in order to make a strong 

case for the hypothesis that there are co-evolutionary patterns in mating systems, stridulatory-organs, and 

acoustic communication in bark beetles, as we suggest.  
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3 
 

Acoustic communication and mating systems in bark 

and ambrosia beetles 

 

 

Abstract 

 

Acoustic communication is widespread throughout the animal kingdom. It is used in a variety of contexts, 

including inter- and intra-specific competition, species recognition, mate finding, and distress. Acoustic 

communication is used for the transmission of information at a distance and is often sexually dimorphic. 

However, despite the ubiquity of sound production in animals and its use in sexual behaviours, such as 

premating recognition, courtship, and copulation, it is unclear how acoustic signalling has evolved in specific 

mating systems. In this study, we examine the presence of acoustic communication in the evolution of mating 

systems and provide an argument to support the hypothesis that the interaction between size and the ability to 

defend breeding resources determines both sex-dependence and the presence or absence of acoustic 

communication in a given species. We use bark and ambrosia beetles, a specious group with a complex array 

of mating systems, as a model system to test our hypothesis. Our data show that size and the type of mating 

system are enough to predict both presence and sex-dependence of sound production capabilities in most 

species, and that the feeding mode appears to be irrelevant for such determination. We also present evidence 

of an empirical lower body size limit  below which acoustic communication appears to be impossible.  
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Introduction 

 

Acoustic signals are intrinsically suited to mediate distant intraspecific and interspecific communication 

(Brumm and Slater 2006). These signals broadcast information without the need of proximity between sender 

and receiver/s, reducing the costs associated with direct interactions (Searcy and Nowicki 2006; Wilkins et al. 

2013). Acoustic signals function in mate choice, resource defence, and species recognition, and can convey 

information about the identity, condition, and location of the sender (Wilkins et al. 2013). Nonetheless, these 

signals are usually constrained by ecological and sexual factors, such as species morphology, environmental 

topology and medium (e.g., water, air, within wood), temporal and spatial distributions of the population, and 

intensity of sexual selection (Catchpole 1980; Farina 2014; Snyder and Creanza 2019). 

 

Acoustic signals attenuate in accordance with the distance from sender to receiver (Brumm and Slater 2006) 

and with the topology and conditions of the environment in which the signals are emitted (Darras et al. 2016). 

They are also known to vary with the morphology of the sender (Charlton 2016), the spatial distribution of the 

population (Velásquez et al. 2018), the temporal synchrony of mates (Ruppé et al. 2015), as well as background 

noise levels (de Jong et al. 2018), and the availability of the acoustic spectrum, or the range of available 

frequency bands (Farina 2014). Several constraints to acoustic communication are also imposed by mating 

systems, as acoustic parameters in the sounds of polygynous and monogynous species vary with the intensity 

of sexual selection. In birds and mammals, mating systems have been linked to song diversification, 

divergence, and character convergence (Lofredo and Borgia 1986; Smotherman et al. 2016; Snyder and 

Creanza 2019). However, despite the aforementioned evidence, the role of mating systems in acoustic 

signalling is a matter that remains unresolved, and it is unclear which factors determine sound production 

outcomes in a species, or how acoustic communication co-evolves with mating systems.  

 

Mating systems are affected by the temporal distribution of mates, spatial distribution of resources, operational 

sex ratios, parental investment, mortality, and mate-encounter rate (Kirkendall 1983; Emlen and Oring 1977; 

Kokko and Johnstone 2002). In this way, ecological constraints limit the degree to which sexual selection can 

operate. Controlling access to the population by other conspecifics modifies the intensity of sexual selection, 

such that the greater the degree of the control, the greater the variance in mating success (Emlen and Oring 

1977). This control can be enforced directly, by physically guarding potential mates, as in some jumping 

spiders (Jackson 1986), or indirectly, by monopolising resources critical to mate attraction, such as in bark and 

ambrosia beetles (Kirkendall 1983). Sexual selection is weak in monogynous species, where there is little 

potential to monopolise multiple mates of the opposite sex, but is intense in highly polygamous groups, where 

one sex is devoid of parental care and can invest more time and energy in intra-sexual competition (Emlen and 

Oring 1997). 

The operational sex ratio (OSR), defined as the average ratio of fertilizable females to sexually active males at 

any given time, is normally used as an empirical descriptor of the degree of monopolisability of mates (Emlen 

1976). When the number of males is greater than the number of females, polygyny is the norm. However, 

when females are more abundant than males, polyandry is expected (Emlen and Oring 1977). In this study, we 

argue that resource heterogeneity and imbalances in the OSR have a significant effect in mate choosiness and 

in resource defence, thus modifying the conditions for signalling in each mating system, and consequently, the 

presence and sex-dependence of acoustic communication in a given species. We also take into consideration 

body size, as it is known to play a relevant role in determining the spectro-temporal characteristics of animal 

sounds (Gillooly and Ophir 2009). However, it is still unclear if size is a relevant constraint for the presence 

or absence of acoustic communication and the range, if any, where body size starts becoming a decisive factor. 

Consequently, we hypothesise that: (i) The interaction between OSR and resource defence determines the sex-

dependence of acoustic communication in a given mating system, and that (ii) body size constrains the presence 

of acoustic communication in small species.     

In order to test these hypotheses, we used bark and ambrosia beetles (Scolytinae and Platypodinae) as a model 

system. With ca. 7,500 described species (Kirkendall et al. 2015), these beetles are amongst the smallest 
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organisms with sound production capabilities known. They live and reproduce inside plant tissue, where they 

use acoustic communication for diverse behavioural contexts, including inter- and intra-specific premating 

recognition, distress, and rivalry (Lyal and King 1996; Fleming et al. 2013; Bedoya et al. 2019c, Chapter 2). 

Moreover, bark and ambrosia beetles have different types of sound-producing organs and a wide variety of 

mating systems that manifest all degrees of intensity of sexual selection. Each of these features is difficult to 

find in the animal kingdom, let alone together. The intensity of the effects of sexual selection begins as weak 

or non-existent in inbreeding species, and increases gradually through monogamous, bigamous, and 

polygynous ones, until ending in extreme selection pressures in colonial species (Kirkendall et al. 2015).  

This study addresses three unresolved issues related to acoustic communication: (i) what factors determine the 

presence of sound production in a species, (ii) how the sex-dependence of acoustic communication is 

determined (i.e., which sex uses acoustic signalling), and (iii) how acoustic communication is linked to 

different types of mating systems. This is the first time that the relationship between mating systems and sex-

determination of acoustic communication is formally addressed and tested using a speciose group.   

 

Materials and Methods 

 

Data collection 

 

We reviewed the literature and collected information on sound production, morphology, life history, behaviour, 

and phylogeny of bark and ambrosia beetles. The literature search was performed on Scopus and Google 

Scholar using the following keywords and their combinations: (1)-bark beetle, (2)-ambrosia beetle, (3)-sound 

production, (4)-stridulation, (5)-acoustic communication. The initial search retrieved 564 documents, from 

which 93 were selected based on the information stated in the abstract. The search was performed in English; 

although some papers in German, French, Italian, and Spanish cited in relevant documents were also examined. 

The selected documents were scrutinised for data related to the presence or absence of acoustic 

communication, the sex that stridulates, the type of stridulatory organ, the type of mating system, the sex that 

initiates gallery construction, the type of feeding mode, phylogeny, and the average body size of the species. 

The literature search focused mostly on acoustic characters, as morphological and life history data were 

primarily obtained from three sources: Balachowsky 1949, Wood 1982, and Kirkendall et al. 2015. The 

presence of stridulatory organ or sound production was reported for 182 species, but morphological and life-

history data could only be obtained for 128 of these. All data analysed in this study, and their respective 

sources, are disclosed in Appendix 11. Data from Sasakawa and Yoshiyasu (1983) were excluded from the 

analysis due to the absence of morphological, behavioural, and phylogenetic support for the authors’ findings 

(see Chapter 6 for an in-depth explanation). Due to the underrepresentation of bark and ambrosia beetles in 

bioacoustic studies, 31% of the analysed data comes from our own findings.  

Analyses 

 

In order to determine the relationship between body size and acoustic communication, species were subdivided 

in two categories (sound-producing or mute) and were mapped in accordance with their body length. A 

Multiple Factor Analysis (MFA) was selected as the ordination method and was used to create categories for 

the species. The MFA was performed on six variables: size, mating system, feeding mode, stridulatory organ, 

sex that stridulates, and sex that initiates gallery construction. These six features were selected based on 

previous observations of life history attributes related to sound production in bark and ambrosia beetles (Barr 

1969; Bedoya et al. 2019c, Chapter 2). The variable body sizes was placed within five categories (1-5) of equal 

length before performing the MFA. The resulting feature space was then reduced to two factors and rotated 

using the the oblique procrustes rotation criterium.  
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Results 

 

We reviewed the literature of bark and ambrosia beetle acoustics and extracted species information about body 

size and presence of acoustic communication. The summary of the data is presented in Figure 1, where a 

threshold can be observed at an average body size (i.e., length) of 2.2 mm, below which acoustic 

communication ceases to exist (i.e., no species below that size was reported to stridulate). This pattern was 

initially hinted in the report of Bedoya et al. (2019c) (Chapter 2) and this literature search supports that finding.  

Size is not the only factor determining the presence of sound production in a species; there are several taxa 

large enough to stridulate, yet they have no sound production. Most of these species belong to the harem 

polygynous subtribe Ipina (genera Ips and Orthotomicus), even though some species in this subtribe stridulate, 

followed by individuals of the genera Gnathotrichus and Monarthrum, which are ambrosia beetles in the 

Scolytinae. The other mute species use inbreeding polygyny as mating system (i.e., Ambrosiodmus obliquus, 

Xylossandrus crassiusculus, Xylosandrus germanus, Cnestus mutilatus). Phloeosinus dentatus and Pachycotes 

peregrinus also did not have sound production capabilities. Pachycotes peregrinus is an endemic New Zealand 

species of bark beetle that lives in the xylem tissue, and was the only xylophagous species in our dataset. On 

the other hand, P. dentatus lives and feeds in the phloem layer and the absence of sound production in this 

species was unexpected, as stridulatory signals for Phloeosinus cupressi have been previously reported 

(Bedoya et al. 2019c, Chapter 2). Nonetheless, measuring 2.3 mm on average, P. dentatus is just 0.1 mm away 

from the size threshold where acoustic communication appears to be feasible (Figure 1).  

We performed a MFA to determine the features that significantly contribute to the presence of acoustic 

communication in a species. The MFA resulted in an accurate categorisation of the data. One factor divided 

the species into two groups based on the presence or absence of acoustic communication, and the other into 

three groups related to the type of mating system (Figure 2). Factor 1 was comprised by (all loadings in 

parenthesis): stridulatory organ (0.95), stridulating sex (0.94), sex that initiates gallery construction (0.20), 

body size (-0.47), feeding mode (0.38), and mating system (0.00), and Factor 2 was comprised by: mating 

system (0.99), sex that initiates gallery construction (0.75), feeding mode (-0.30), stridulatory organ (0.08), 

body size (0.07), and stridulating sex (0.02).  

All harem polygynous species with sound production capabilities were grouped in a single cluster. This was 

composed mainly of species in the genus Ips, where species have a vertex pronotal stridulatory organ and 

males initiate gallery construction (orange cluster, Figure 2). Within this cluster there were two small 

subclusters that separated from the main group - one composed of species of the genus Polygraphus, in which 

both sexes initiate gallery construction and have elytro-tergal organs, and the other corresponding to Ips 

typographus, the only species in the genus Ips with a gula-prosternal stridulatory organ. To the right of the 

dotted blue line are species where acoustic communication is absent. The purple cluster contains all the mute 

harem polygynous species, whose members are from the genera Ips, Orthotomicus, and Pityophthorus. The 

purple dot is Pityophthorus pulicarius, which differs from the others in its feeding mode (being myelophagous 

instead of phloeophagous). 

Located in the middle region of the feature space were all the monogamous species. The yellow cluster contains 

the monogamous species with sound production capabilities, all with elytro-tergal organs. It consists of 

monogamous species of the Scolytinae (female-initiated), and species of the Platypodinae, which are all 

monogamous and male-initiated. All species from the genus Scolytus clustered into a compact group (green, 

Figure 2). The most relevant characteristic of Scolytus is that recent molecular phylogenies locate it outside, 

although closely-related to, the Scolytinae (and four other subfamilies of curculionids; Pistone et al. 2018; Shin 

et al. 2018). In Scolytus species, both sexes have sound production capabilities, have gula-prosternal organs, 

are monogynous, and have female initiation of the galleries. Falling to the right of the blue dotted line were 

the mute monogynous species, all from the Scolytinae. The position of the genus Pseudips did not align with 

the mating system of the yellow cluster, as this genus is harem polygynous and has gula-prosternal organs. 
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Nontheless, it shares male-initiation with the platypodines and has the same type of stridulatory organ as 

Scolytus (i.e., gula-prosternal). Pseudips species used to be part of the genus Ips (Barr 1969), but recent 

molecular phylogenies now place it in a new genus (Cognato 2015). 

Located at the bottom of the feature space were all the inbreeding species. To the left, the dark blue cluster 

contained the inbreeding Dendroctonus species, D. micans and D. punctatus. This spatial location aligns well 

with regards to the left side of the yellow cluster above it, which corresponds to the other Dendroctonus species. 

The remaining inbreeding polygynous species fell within a compact cluster at the lower right of the feature 

space (turquoise), whose nearest group is the red cluster with mute scolytines.   

 

 
Figure 2. Multiple factor analysis of morphological and life history variables of bark and ambrosia beetles. 

The blue dotted line separates the mute species (right) from the ones with sound production (left). Black lines 

indicate MFA coefficients (loadings) of the variables used for the ordination.  
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Figure 1. Size-dependence of acoustic communication in bark and ambrosia beetles. Dotted line represents the minimum threshold size for the pecies with reported sound production. 
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Discussion 

 

We used bark and ambrosia beetles, a highly speciose group of small insects with a wide variety of mating systems and 

sound-producing organs, as a model system to determine the factors that drive presence and sex-dependence of acoustic 

communication. We collected data from 128 species from the literature and our own work and analysed these using 

ordination methods and clustering algorithms. These analyses highlighted three stable patterns related to acoustic 

communication that had previously been unnoticed: (i) the potential existence of a body size limit for which acoustic 

communication is feasible, (ii) the absence of sound production in inbreeding polygynous species, and (iii) the presence of 

sound production in the sex that initiates courtship. The most notable contribution from these analyses is the evident link 

between acoustic communication and mating systems and how their interaction with size determines both the presence of 

acoustic communication in a species, and the sex that uses acoustic communication.  

Body size plays an important role in natural and sexual selection, affecting fecundity, survivorship, rivalry, and mate and 

prey choice (Kirkendall et al. 2015). In bark and ambrosia beetles, size also improves survival in cold temperatures 

(Safranyik 1976) and affects pheromone production (Pureswaran and Borden 2003). Our study suggests that body size is 

also an important factor in determining the presence of acoustic communication. These beetles are the smallest wood-boring 

insects, with most species measuring between one to four mm long (Appendix 11; Kirkendall et al. 2015). Based on data in 

which absence of acoustic communication was reported, we conclude that no individuals below 2.2 mm possessed sound-

production capabilities. This size correlates with the data found in the literature for Drosophila flies and Micronecta water 

bugs, which, together with bark and ambrosia beetles, are the smallest animals known to use acoustic communication 

(Morley et al. 2018; Sueur et al. 2011). This suggests that there is a body size limit for sound production in animals, which 

is hypothesised to be morphologically restricted by size, as muscle power and sound range (the distance over which sounds 

can be perceived) tend to be proportional to the mass of the individual (Bennet-Clark 1998). However, no size limits, either 

empirical or theoretical, for animal acoustic communication have ever been determined. In 1961, Browne suggested that 

there might be an evolutionary trend towards small body size in the Scolytinae and Platypodinae, especially in ambrosia 

beetles. The hypothesis states that evolution is driven by selective pressures from predators that use tunnel entrances to get 

into the gallery systems. While Browne’s (1961) hypothesis has never been tested, if correct, this would suggest that lack 

of acoustic communication is simply a by-product of selection against predation.  

In bark and ambrosia beetles, body size tends to be sexually dimorphic and is usually related to the mating system of the 

species, with the pioneering sex tending to be larger (Wood 1982; Jordal 1998; Kirkendall 2015). Hence, females are larger 

in most monogynous species and males in harem polygynous ones (Foelker and Hofstetter 2014; Kirkendall et al. 2015). In 

outbreeding species, this pattern can be explained from selection differences between the two sexes. Females tend to be 

larger in insects, possibly due to selection for increased fecundity outperforming any kind of selection for size in males. 

However, in harem polygynous species, it is likely to be the opposite, as males are the pioneering sex and the sex with 

greater variance in reproductive success; therefore, inter- and intra-sexual selection for large male body size outperforms 

selection for increased fecundity on conspecific females (Kirkendall et al. 2015). Sexual-size dimorphism is particularly 

extreme in inbreeders - a common pattern among inbreeding arthropods (Hamilton 1967). All of these known patterns 

correlate well with our clustering analysis, and demonstrate that both mating system and size are intertwined with gallery 

initiation behaviour (i.e., the sex that constructs the initial gallery). Our results suggest that mating system and size are the 

most important contributors to the absence of sound production, as small species (< 2.2 mm) and inbreeding polygynous 

species did not stridulate.  

Males of inbreeding species of the Scolytinae are usually considerably smaller than females, and are differently shaped, 

flightless, and short-lived (Vega et al. 2014; Kirkendall et al. 2015). These species live and reproduce inside the maternal 

chamber, where females mate with their less numerous brothers. Here, the OSR is extremely skewed towards females, and 

individuals mature inside very confined and defined spaces (e.g., inside a grain of coffee), such that direct contact is 

technically unavoidable among siblings. Sexual selection is thought to be weak or absent in extreme inbreeders, where many 

species frequently have only one male per brood (Kirkendall et al. 2015), making them virtually asexual from the population 

genetics standpoint (Kirkendall 1983). Aside from this, our data suggest that species that use inbreeding polygyny are also 
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mute, which makes sense from several perspectives. Firstly, these species do not need to attract males for copulation, as 

progeny is almost all female. This dramatically increases their colonising ability (Kirkendall 1983) and reduces the need for 

using acoustic communication in a sexual selection context. Secondly, individuals become sexually mature in confined 

spaces, where no acoustic communication for mate location is needed. Kirkendall (1993) stated that pre-dispersal mating is 

a necessary condition for the evolution of inbreeding polygyny, and that, for it to be incestuous, siblings must develop in 

close proximity. Close contact among young adults during maturation is common in inbreeding species that evolved from 

outbreeding species, where the development in such inbreeders occurs in a single nest with larvae of one family (Kirkendall 

et al. 2015). Finally, inbreeding species tend to be small (< 2 mm), and thus physically disadvantaged for effective acoustic 

interactions at a distance (see above), although some inbreeding polygynous species, such as Cnestus mutilatus, are large 

enough to have acoustic communication, yet do not (Bedoya et al. 2019c, Chapter 2).  

Dendroctonus micans and Dendroctonus punctatus are special inbreeding species at an intermediate evolutionary stage 

(Kirkendall 1983). These species are not extreme inbreeders, as the others in the Scolytinae, and have populations with 

intermediate levels of inbreeding (Holzman et al. 2009). In D. micans and D. punctatus, there is no marked sexual size 

dimorphism, mating occurs before dispersion, males can fly, and the sex ratio is less extreme (1♂:5♀) than in other 

inbreeders. Males of these two species also do not participate in gallery construction and do not possess sound production 

capabilities (Kirkendall 1983; Robinson et al. 1984). Indeed, it seems that these two species are under strong selection to 

inbreed, but the behavioural changes are still too recent to be evolutionarily stable and thus outbreeding also occurs regularly 

(Kirkendall 1983). 

Inbreeding polygyny favours females copulating before leaving the host material; hence, individuals mature in close 

proximity to others. In outbreeding species, this is uncommon, and a very low number of cases are known for outbreeding 

taxa (Kirkendall 1983). Outbreeding mating systems in bark and ambrosia beetles are categorised by how many females 

mate with the same male inside a gallery system (Kirkendall 1983): monogyny (1 female), bygyny (exclusively 2 females), 

harem polygyny (≥ 2 females), colonial (multiple males and females).   

In monogynous systems, it is usually the female that initiates gallery construction (Kirkendall 1983). The ancestral mating 

system in the Scolytinae is female-initiated monogyny, which is also the predominant mating system in bark and ambrosia 

beetles (Kirkendall 1983; Kirkendall et al. 2015). In monogynous systems, it is the male sex that stridulates, although in 

some species, such as Dendroctonus, both males and females are capable of sound production. A common factor in species 

with female initiation is that females spread their oviposition among many chambers in the gallery system, instead of laying 

a large number of eggs in the same chamber over a long period of time (Kirkendall et al. 2015). It is hypothesised that 

female initiation evolved because a short female residency, associated with spreading the oviposition, reduces the 

advantages of males staying with females, and thus favours females initiating their own galleries after the first gallery 

already built by the male (Kirkendall et al. 2015). Once gallery construction by females is developed, it is feasible for female 

initiation of the first tunnel to evolve (Kirkendall et al. 2015). Consequently, it would be beneficial for males to develop 

acoustic communication, as males would no longer be able to control resources due to a role-reversal in gallery initiation. 

This explains why it is common to find female-initiated monogynous species where females are mute, yet have some 

remnants of the stridulatory organs, such as the pars stridens (Lyal and King 1996; Bedoya et al. 2019a,b, Chapters 4,5). 

Aside from the aforementioned cases of female initiation, females in parthenogenetic (thelytykous) and inbreeding species 

(where males do not disperse) also colonise (Kirkendall et al. 2015). 

Male-initiated monogyny is present in almost all the Platypodinae, but is rare in the Scolytinae (Kirkendall et al. 2015). In 

all platypodines where acoustic communication has been reported, sound is always produced by both sexes (Ytsma 1988, 

Ohya and Kinuura 2001, Bedoya et al. 2019c, Chapter 2), and where stridulatory organs are described, they are almost 

always present in both sexes and are sexually dimorphic (Menier 1976; Ytsma 1988; Lyal and King 1996). Male-initiated 

monogyny in the Scolytinae tends to occur in species or genera dominated by harem polygyny (Kirkendall 1983; Kirkendall 

et al. 2015). Monogynous species with male-initiation breed in material unable to host progeny of more than one female 

due to larval mortality for intraspecific competition for the resource, so it would be disadvantageous for a female to join 

already-mated males (Kirkendall et al. 2015). Interestingly, all male-initiated monogynous species of the Scolytinae in our 

dataset were mute (i.e., Pseudopityophtorus spp. and Gnathotrichus spp.). One hypothesis regarding why male-initiation is 

an evolutionarily stable strategy is that females joining established males avoid risks related to surface-active predators on 
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the bark, death from tree defences (i.e., sap), and also reduce the time investment associated with finding host material, 

especially when attractant pheromones are involved (Kirkendall 1983). Thus, it is biologically relevant that females of such 

species stridulate as a premating recognition strategy for finding mates that are defending resources in hostile environments.  

In male-initiated systems, when the cost of initiating a gallery system outweighs the cost of joining one, selection favours 

those females that wait for gallery construction by males (Kirkendall 1983), resulting in harem polygyny. Female-biased 

OSRs are common in bark beetles, including male-initiating groups and all harem polygynous species (Kirkendall 1983). 

Based on our argument for male-initiated monogynous species, we would expect to find acoustic communication in females 

of harem polygynous species with male-initiation of galleries. An interesting case here is the genus Ips, which is the only 

genus where solely females have sound producing organs. Ips has a female-biased OSR, is harem polygynous, and has a 

stridulatory organ that is unique to the genus (vertex-pronotal), suggesting an independent evolutionary origin for acoustic 

communication. It appears that elytro-tergal stridulation was lost probably due to selective pressures (e.g., predators) during 

the development of their characteristic spines on the elytra, and then sound production was later regained in a different part 

of the body in the sex that required access to the galleries (i.e., females). In other harem polygynous species, such as 

Polygraphus rufipenis, the elytro-tergal organ is still present and galleries can be started by either sex (Rudinsky et al. 1978), 

and thus acoustic communication is expected in both sexes, as is the case.  

In 1969, Barr studied sound production in North American Ips species and performed a literature review on bark beetle 

(Scolytinae) acoustics. Based on her observations on the acoustic and sex-initiation behaviour of species from the genera 

Ips and Dendroctonus, she made a tentative generalisation, stating that “in those Scolytidae which stridulate, the stridulatory 

organ is borne by the sex opposite to that which initiates the gallery system” (Barr 1969). This hypothesis did not hold over 

time, as sound production is present in both males and females of Dendroctonus and Polygraphus species (Appendix 11). 

However, there is truth in the existence of a relationship between gallery initiation and sound production from her statement. 

Our data shows that in bark and ambrosia beetles with acoustic communication, sound production capabilities are always 

present in the sex opposite to the one that initiates the gallery construction. This applies for the Scolytinae, the Platypodinae, 

and the subtribe Scolytina (initially belonging to the Scolytinae, but now a group closely related to it). However, sound 

production is not always absent in the sex that colonises. Our statement is enough to explain the presence of sound 

production in females of platypodines, males of most scolytines, and predicts the presence of sound production in females 

of Ips species and both sexes of Polygraphus (both harem polygynous genera). The last remaining question is why in some 

species both sexes have sound production capabilities if just one initiates the gallery construction (e.g., Dendroctonus, 

Scolytus, and almost all the Platypodinae).  

Our results suggest that acoustic communication in bark and ambrosia beetles is strongly linked, although not exclusively, 

to gallery construction, and thus to the monopolisation of resources and mate-guarding. The ability to control access to 

potential mates by some members of the population accounts for the intensity of sexual selection, as the greater the 

monopolisation of mates and resources, the greater the variance in mating success (Emlen and Oring 1977). In animals, 

such control or monopolisation can be performed directly, as in physically herding potential mates, or indirectly by 

controlling resources that are critical for mate attraction or successful reproduction (e.g., blocking same-sex conspecifics 

from entering a gallery system or harem). However, as famously depicted by elephant seals (Galimberti et al. 2007), 

monopolising mates and resources is risky and energetically expensive, especially when it requires physical interactions 

with other individuals. Hence, acoustic signals will evolve once the cost associated with its use is less than the cost of a 

physical interaction. For instance, in bark and ambrosia beetles, polygyny is manifested only in the form of resource defence 

polygyny, where males are able to gather several females because they control breeding resources able to support more than 

one female (Emlen and Oring 1977; Kirkendall et al. 2015). Thus, if a harem is already complete, it stands to reason that a 

female will stridulate at the gallery entrance and request access, instead of entering and risking a physical altercation.  

As resource defence is possibly the most important factor in determining the sex-dependence of acoustic communication in 

a species, it is relevant to know what generates resource monopolisation. The key to understanding polygyny in bark and 

ambrosia beetles is called the polygynous threshold model (Altman et al. 1977). This model states that females join already-

mated males when unmated males are available because the spatial distribution of resources is heterogeneous. This is 

because the detrimental costs to female fecundity and offspring survivorship in crowded gallery systems are outweighed by 

the benefits of having better breeding resources, less predation risk, and less energy expenditure for mate location 
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(Kirkendall et al. 2015). In other words, when the resource quality is not uniformly distributed, mated males that are able to 

monopolise high quality breeding resources will be chosen by females in preference to unmated males in low quality hosts 

(Altman et al. 1977). Among insects, and also animals as a whole, females being the choosy sex is the general rule. 

Nonetheless, among bark and ambrosia beetles, females court males in all known cases of harem polygyny and in some 

monogynous species, such as in all Platypodinae and some monogynous species in the Scolytinae. The most accepted 

explanation is that monogynous species with sex role reversal are likely derived from harem polygynous lineages 

(Kirkendall 1983; Kirkendall et al. 2015). Another factor that affects male behaviour is the population OSR, both in the 

local region and the alternative sites that the beetle could fly to and colonise. OSRs skewed toward males (>1) could 

originate from a sexual asymmetry in mortality that favours females. This would promote mate-guarding behaviours, as a 

single-mating male would outperform the average mate-seeking male and his female is more likely to be found than he is 

likely to find another female (Kirkendall 1983). In bark and ambrosia beetles, only two forms of guarding apply: long 

copulations in species where couplings can be disrupted by rival males, or physical guarding of sexually-active females 

(typically by blocking the entrance to the gallery) (Kirkendall 1983). In contrast, OSRs skewed toward females (<1) would 

favour mate seeking: if all females find a sexual partner, the average male would have more than one copulation. A biased 

OSR could, however, be affected by the average number of times that females mate. When females, but not males, mate 

only once during the breeding season, the OSR becomes strongly male-biased and will increase even further if females do 

not breed synchronously (Kirkendall 1983). The synchrony of breeding affects the costs and benefits of mate guarding, and 

thus the OSR. In these beetles, some females cease to be attractive after being mated, either by ceasing pheromone 

production or through the use of male anti-aggregation pheromones (Rudinsky 1969; Rudinsky and Michael 1972). This 

will make females difficult to find to searching males after a short period if females become synchronously available, and 

thus female guarding by males will be favoured, as there is no opportunity to find new females (Kirkendall 1983).   

A key unanswered question that arises from the analysis of these data is why some Ips species do not possess sound 

production capability, even though they appear to fulfil the conditions to do so. A common pattern that we found is that all 

pseudogamous Ips species are mute. In bark beetles, outbreeding, inbreeding, and clonal reproduction through 

parthenogenesis have evolved (Kirkendall et al. 2015). Of the latter form of reproduction, pseudogamy is a form of sperm-

dependent parthenogenesis, where eggs must be fertilised but sperm do not contribute genetically to the offspring. 

Consequently, inheritance is strictly restricted from mother to daughter (Beukeboom and Vrijenhoek 1998; Schlupp 2005). 

Pseudogamy is a rare reproductive system among animals (Kirkendall et al. 2015) and in the Scolytinae has evolved only 

in the genus Ips (known in I. borealis, I. perturbatus, I. pilifrons, I. tridens) (Lanier and Oliver 1966; Lanier and Kirkendall 

1986). There are a further three forms of parthenogenesis in bark and ambrosia beetles: thelytoky (females produce only 

daughters), arrhenotoky (daughters are sexually produced, but males express and pass on only genes from their mother), 

and pseudoarrhenotoky (fertilisation takes place but then the paternal genome is eliminated) (Kirkendall et al. 2015). 

However, the relationship between these reproductive systems and sound production is something that has yet to be carefully 

addressed.  

 

Conclusions 

 

In many cases, mating systems are intrinsically linked to the development of acoustic communication and are fundamental 

to understanding the evolution of sound production in a species. Mating systems not only determine the spectro-temporal 

variability of the animal sounds, which is the focus of most of bioacoustic studies, but also determine the presence and sex-

dependence of the character via resource defence and OSR. In bark and ambrosia beetles, acoustic communication is 

fundamentally correlated with gallery construction. Sound production is borne in the sex opposite to the one that defends 

the resources, with the caveat that it can also be present in the resource-defending sex if the species is in a transition stage 

between mating systems. Consequently, females make sounds in species with male-initiated gallery systems and males 

make sounds in species in which females initiate gallery construction. If both sexes initiate gallery construction, acoustic 

communication will be present in both. Some species do not stridulate, mainly because acoustic communication does not 

provide any additional benefit over direct interactions. This may be because the species that does not use acoustic 

communication is too small and cannot broadcast long-distance information, or is an inbreeding species and thus direct 
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interactions during maturation are unavoidable (making acoustic communication redundant). One of the most interesting 

characteristics of bark and ambrosia beetles is that most species are small (typically 1-4 mm in body length), so we had the 

opportunity to observe a body size limit (2.2. mm) below which acoustic communication ceased to exist, something that has 

not previously been reported. While our conclusions are derived from observations in one system (bark and ambrosia 

beetles), we expect our findings to be generalizable to other taxa with similar life history habits.  
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Acoustic communication of the red-haired bark beetle 

(Hylurgus ligniperda)  

 

 

Abstract   

 

Bark beetles (Coleoptera: Curculionidae: Scolytinae) are a speciose subfamily of weevils that primarily live in bark and 

consequently largely communicate using sound. Having colonised multiple countries outside its native range, Hylurgus 

ligniperda (Fabricius) is considered a successful invader, yet little is known about its acoustic communication. Here, we 

studied individual sound production and dyadic interactions among males and females of H. ligniperda. Two temporal 

parameters (duration and inter-note interval) and three spectral parameters (minimum, maximum, and centroid frequencies) 

were used as descriptors to quantify call variations depending on behavioural context. We also present a method for 

automatically extracting and analysing these calls, which allows acoustically discriminating amongst individuals. Hylurgus 

ligniperda exhibits sexual dimorphism in its stridulatory organ. Females do not produce stridulatory sounds, but males 

produce single-noted calls and modify their spectro-temporal parameters in accordance with context. Acoustic stimulation 

from nearby males does not appear to be a causative factor in such modification. Instead, hierarchical clustering analysis 

showed that physical interactions play a more important role in affecting call parameters than acoustic signals. Centroid and 

maximum frequencies were the largest contributors to the variability of the data, suggesting that call variations in H. 

ligniperda mainly occur in the spectral domain.   
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Introduction 

 

Bark beetles (Coleoptera: Curculionidae: Scolytinae) are influential agents in forest ecosystems. They contribute to 

deadwood decomposition processes, ecological succession, and improve forest function via canopy thinning (Schowalter 

and Filip 1993; Oliver 1995; Raffa et al. 2015). Scolytines are also key players in nutrient cycling, water quality, and the 

diversification of stand structure and composition (Schowalter 2012; Mikkelson et al. 2013). However, some are also 

significant forest pests and can attack live and recently-felled trees in their natural or invaded geographic ranges (e.g., 

Schroeder 2001; Brockerhoff et al. 2006). The two main groups of Scolytinae are the true bark beetles and ambrosia beetles. 

True bark beetles feed and reproduce in the inner bark of their hosts, colonizing and constructing galleries inside the tree 

(Kirkendall 1983). Some of them are also carriers of specific symbiotic fungi (Harrington 2005; McCarthy et al. 2010, 2013; 

Six and Wingfield 2011) that can reduce the economic value of timber, or negatively impact tree health (Fraedrich et al. 

2008; Lindgren and Raffa 2013; Rouco and Muñoz 2014). However, most species cause little or no economic damage (e.g., 

Brockerhoff et al. 2003; Sopow et al. 2015). 

Bark beetles spend most of their life cycle in confined environments under bark or in wood, where visual and olfactory 

signals are difficult to transmit and detect (Fleming et al. 2013). Consequently, they use acoustic communication for 

significant aspects of their life history, including defensive behaviour, mate location, species recognition, aggression, and 

courtship (Barr 1969; Ryker and Rudinsky 1976; Lindeman and Yack 2015). In this study, we use Hylurgus ligniperda 

(Fabricius), the red-haired bark beetle (also known as the golden-haired bark beetle), as a model organism to study the 

variability in sound production in Scolytinae in different behavioural contexts. Hylurgus ligniperda is a successful invader 

that is already established in many countries around the world (Wood and Bright 1992, Brockerhoff et al. 2006). This bark 

beetle produces sounds using a stridulatory organ with a two-part elytro-abdominal mechanism (Liu et al. 2008). The 

mechanism (Figure 1) consists of a plectrum (i.e. a sclerotisation in one of the last abdominal tergites) that scrapes a file of 

parallel teeth (or pars stridens) on the ventral surface of the elytra (Hopkins 1909; Wilkinson et al. 1967; Barr 1969; Fleming 

et al. 2013).  
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Figure 1. Hylurgus ligniperda sound production mechanism. The stridulatory organ consists of a two-part elytro-abdominal 

structure. (A) Male specimen of Hylurgus ligniperda. (B) Ventral view of the left elytron with the file of teeth, or pars 

stridens, highlighted in yellow. (C) Close-up showing detail of the parallel teeth of the pars stridens. (D) Dorsal view of 

the posterior four tergites showing the position of the plectrum (highlighted). Sounds are produced when the plectrum, 

located on the sixth abdominal tergite, scrapes the pars stridens located on the ventral surface of the elytra.  

 

As many species of bark beetles are successful invaders globally, there is interest in using acoustic methods for the detection 

of invasive species in import pathways and for post-border detection (Mankin et al. 2011). With the advent of new 

technologies, data acquisition and automatic analysis of bark beetle calls have become feasible, leading to the potential 

option of using sound as a method for detecting or deterring beetles using acoustic devices (Aflitto and Hofstetter 2014; 
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Hofstetter et al. 2014). In this study, we quantified the variations of the spectro-temporal parameters of H. ligniperda calls 

in six different contexts, including the set-up behaviour (i.e., the sounds produced when the beetle is released into the 

recording arena), distress, and both close and distant male-male and male-female interactions (i.e., four contexts). We 

conducted statistical, similitude, and principal component analyses to estimate differences amongst the calls and assess the 

contribution of the spectro-temporal parameters to the variability in each behaviour. Our objective was to determine the 

range of variation of the acoustic parameters of H. ligniperda calls, and the effect of the physical presence/absence of other 

individuals, or other calls in the variability of such parameters. Males of this species are known to initiate sound production 

when hearing stridulations of a conspecific or when in physical contact with another individual. Consequently, we wanted 

to evaluate if the calls elicited by an acoustic stimulus differ from the calls produced when in direct contact with another 

individual. We also wanted to verify if females had sound production capabilities, and if the calls produced under direct 

contact were dependent of the sex of the other individual. This research contributes to the understanding of the behavioural 

aspects of sound production in Scolytinae and guides future research on the development of acoustic detection tools. A 

broad range of applications could derive from this, including automatic detection mechanisms for border biosecurity and 

pest control.   

 

Definitions 

The terminology in bark beetle acoustics is somewhat unique and differs from the one used in other animal acoustics, which 

can lead to confusion. Therefore, we propose the use of a more standard bioacoustics terminology (following the definitions 

of Köhler et al. 2017) in order to make our results accessible for straightforward comparisons with other taxa (see definitions 

in Appendix 4). In this study, we use a call-centred approach (Köhler et al. 2017) in which ‘call’ is the principal sound unit. 

A call can be further subdivided in other subunits called notes (Figure 2) and might consist of either one or several notes. 

The term ‘chirp’, previously used in other works (Ryker and Rudinsky 1976; Yandell 1984; Lindeman and Yack 2015; 

Yturralde and Hofstetter 2015), is re-defined as call; thus, simple chirps are single-noted calls and interrupted chirps 

multiple-noted calls. Hylurgus ligniperda calls only consist of a single note, hence, call and note, and their subsequent 

properties, are equivalent in this species (see Figure 2), but not in all Scolytinae; thus the use of a call-centred terminology 

will facilitate future comparisons with other bark beetle species.  
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Figure 2. Stridulatory signals of three male individuals of (A) Dendroctonus adjunctus, (B) Phloeosinus cupressi, and (C) 

Hylurgus ligniperda. Here, we exemplify the use of the proposed notation on multiple-noted (A-B) and single-noted (C) 

calls. In some scolytines such as Hylurgus ligniperda, the term call and note are synonymous, but this is not a general 

characteristic of the group. 

 

Materials and methods 

Beetles  

We used 15 males and 15 females of H. ligniperda in this study. Beetles were collected in the field from flight intercept 

panel traps located in Bottle Lake forest park, Christchurch, New Zealand (43°28'S, 172°41'E). Test subjects were randomly 

selected from the group of beetles, sexually differentiated using sound (only males are known to have a distress call) (Liu 

et al. 2008), and placed individually in 5 × 6 × 11 cm (w,h,d) containers  in order to avoid potential habituation effects 
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among males. For more information on the acoustic sexing see Appendix 5. Males of Hylurgus ligniperda usually start 

singing when they are either in direct contact with another individual or within acoustic reach of another male call; therefore 

individuals had to be separated in different containers in order to avoid an excess of energy expenditure that could potentially 

bias the results of the experiment.  Containers were kept in a dark environment at 21°C. Water was injected every 5 days 

via an atomizer to keep the containers humid. Each beetle was provided a piece of pine phloem of ca. 50 mm2 that was 

replaced every 10 days. Each individual was recorded once in each of the six behavioural contexts (see below) in a 

randomised sequence.  

 

Equipment  

An FEI Quanta 250 scanning electron microscope (FEI Company, Hillsboro, OR, USA) was used to obtain the SEM images 

of the beetle’s sound-producing organs. Specimens were mounted on stubs with adhesive carbon tabs and imaged uncoated, 

using an accelerating voltage of 5 kV and a spot size of 3.5 nm.  

Acoustic data were collected in a temperature-controlled room at a constant temperature of 20°C under red light conditions. 

The room was located in a sealed physical containment facility and had no electronic equipment other than the recorder and 

the microphones (i.e., no noise but a faint ventilation sound was present during data acquisition; this was subsequently high-

pass filtered out, see Appendix 6). Signals were recorded with a two-channel SD 702 audio recorder (Sound Devices LLC, 

Reedsburg, WI, USA) and two sensors, an M50 ultrasonic omnidirectional microphone (3 Hz to 50 kHz frequency range ‒ 

flat frequency response throughout the entire spectrum) (Earthworks Inc., Milford, NH, USA) and an ME 66 super-cardioid 

microphone (Sennheiser KG, Wedemark, Germany). All spectro-temporal parameters in this study were computed using 

solely the data provided by the M50 microphone. The purpose of the ME 66 microphone was exclusively to generate 

redundancy to correctly isolate the sounds of the individual of interest in the dyadic interactions during signal processing. 

A sampling frequency of 96 kHz, a 48 dB gain, and 24 PCM bit depth were the recording parameters. After data acquisition, 

the collected recordings were moved from the recorder to a computer using a CompactFlash™ card. The subsequent 

automatic call detection, parameter estimation, and statistical analysis were performed in Matlab 2015a.  

Two different set-ups were used to record the H. ligniperda calls (Figure 3). Both were ‘phloem sandwiches’ (Kinn and 

Miller 1981; Taylor et al. 1992) which consisted of a flat piece of phloem embedded in two layers of 2 mm thick Perspex™ 

screwed into place. These were constructed to simulate the simplest possible galleries and chambers. The phloem layer had 

either one or two 1-cm2 chambers, depending on the set-up, to ‘house’ individual beetles. The top Perspex layer had a 2 mm 

diameter hole above each chamber to introduce the beetles and to allow the microphones to record the stridulations without 

physical interference. For more information on the Perspex effects on the results of the spectral feature analysis, see 

Appendix 7. 

In the set-up for male-male and male-female interactions (Figure 3A), we simulated a single-tunnel gallery with two 

chambers. Close (d < 1 cm, where d is the distance between beetles) and distant (d = 10 cm) interactions were staged. To 

record calls, two microphones were placed at a 45° angle above each chamber with the edge of the microphone in contact 

with the uppermost Perspex layer (Figure 3). The ultrasonic microphone (M50) was aimed at the chamber containing the 

individual of interest (i.e., the individual whose sounds are going to be used for feature extraction), while the second 

microphone (ME 66) was aimed at the other individual. The information obtained with the ME 66 was later used to 

distinguish the origin of sounds of both individuals during signal processing.  

For the study of individual sound production, a different set-up resembling a small confined space was used (Figure 3B). In 

this layout, calls produced during two specific behaviours were studied: distress calls and set-up calls (i.e., sounds made by 

the beetles when introduced into the recording arena). In these tests, we used a single microphone (M50) located at a 45° 

angle above the chamber with the inferior edge of the microphone in contact with the top layer of Perspex (Figure 3B).  
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Figure 3. Experimental set-ups used for the study of the behavioural dependence in the sound production of H. ligniperda. 

Each set-up was composed of a flat piece of phloem embedded in two layers of acrylic screwed into place (superior and 

frontal views shown). (A) Set-up for dyadic interactions, simulating a single-tunnel gallery with two chambers. In this 

layout, male-male and male-female interactions were studied. (B) Set-up for individual sound production in a confined 

space. Set-up and distress calls were acquired using this configuration. 

 

Database acquisition 

For dyadic interactions at a distance, the path interconnecting the two chambers was blocked. Data acquisition started 

immediately after releasing the beetles in both chambers. A randomly selected individual, either male or female (depending 

on the context), was placed in the other chamber. In close interactions, the path was unblocked, and data acquisition started 

once the beetles reached a distance < 1 cm.  

Sounds emitted by individuals during the ‘set-up behaviour’ were obtained by releasing a beetle into the single-chamber 

phloem sandwich. For the distress behaviour, we used the same set-up, but compressed the two Perspex layers (without the 

beetle) in such a way that the beetle could not completely access the chamber using the hole on the top layer of the sandwich 

(Figure 3B), thereby exposing the posterior part of its body outside the set-up. Stridulations were elicited by stimulating the 

posterior part of the individual every 30 s with a small soft paint brush.  

Sounds produced in each behavioural context were acquired over six minutes, which were shortened to five in pre-

processing (by removing the first and last 30 s of the recording) to suppress audio tags, synchronisation marks, and noises 

produced by the experimenter. After acquiring the calls of all individuals in all behaviours, the recordings were analysed 

automatically with Matlab. The algorithms for automatic call detection, parameter estimation, and source separation are 

presented in the following sections.   

Automatic note detection and parameter estimation  

The large amount of information contained in the dataset prohibited manual analysis. Therefore, we developed a method to 

automatically detect each note and estimate its spectro-temporal parameters (Figure 4). This approach removes any 

subjectivity in the analysis of the bark beetle sounds and considerably reduces the time needed for the estimation of their 
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parameters. The method is a threshold and power-based approach that identifies and analyses each note based on the average 

value of the power distribution in the time domain of the spectrogram. Its goal is to automatically extract two temporal (note 

duration and inter-note interval, or INI) and three spectral (centroid, minimum, and maximum frequencies) parameters from 

each note for subsequent use in the behavioural analysis. An extended mathematical explanation of the method and the 

features extracted is presented in Appendix 8.  

 

 

 

Figure 4. Method used for the extraction and analysis of bark beetle calls. (A) Filtering and estimation of the spectrogram. 

Each recording was high-pass filtered at 3 kHz to supress the effects of ventilation noises during data acquisition. Then, the 

time-frequency representation (spectrogram) of the signal was computed. (B) Segmentation procedure. After obtaining the 
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spectrogram, the average value of the power distribution in the time domain was estimated. This new vector contains 

information related to the temporal locations of each note in the recording. Subsequently, the standard deviation was used 

as a threshold criterion to estimate the beginning and ending of each note. (C) Note segmentation. Notes in each recording 

were individually extracted by using the information obtained in the previous step. In this panel, notes were evenly 

distributed across 4 s to enhance the visualisation; they were also independently feature-scaled in the frequency domain to 

highlight the most relevant components of each note. (D) Feature extraction. Two temporal (note duration and inter-note 

interval) and three spectral parameters (centroid, minimum, and maximum frequencies) were estimated from the extracted 

notes for subsequent analysis.  

 

Source separation 

In experiments involving more than one individual, discerning the source of the calls of the beetle that is being studied is 

complex. When individuals are close to each other, the sounds acquired by the sensor (i.e., microphone) cannot be clearly 

differentiated in the output signal (Figure 5A). An additional procedure was developed to solve this issue. This algorithm 

uses Principal Component Analysis (PCA) and redundant information provided by an extra microphone to extract and 

separate the calls of both beetles in dyadic interactions (Figure 5). The method assumes that the source with the largest 

power contribution to the signal acquired by a sensor is the source of interest for that sensor and that the number of sources 

is equal to the number of sensors. For a more detailed explanation of the method see Appendix 9.  

 

Data analysis 

In order to avoid pseudo-replication issues, all tests and analyses were conducted on the median values of the spectro-

temporal parameters computed from the extracted notes of each individual. Initially, Friedman tests were performed to 

estimate differences in the calls emitted in each behavioural context. Bonferroni tests were then conducted for pairwise 

comparisons. A hierarchical clustering analysis was also performed to estimate similarities among the centres of the 

parameters of each type of call in the six behavioural contexts. In this case, an average linkage method (UPGMA) (Sokal 

and Michener 1958) was used for the computation of the hierarchies of the calls in a dendrogram. An additional distance 

matrix (Gower 1985) was estimated to show pairwise similarities in all behavioural contexts. Both the hierarchical analysis 

and the distance matrix were based on the estimation of the Euclidean distance between the cluster centres of the five call 

parameters in a five-dimensional space. Finally, the contribution of each spectro-temporal parameter to the variability of 

the calls in each behavioural context was estimated using Principal Component Analysis (PCA). The five spectro-temporal 

parameters were independently feature scaled (0-1), per behaviour, in order to reduce scale effects and make them 

comparable. The PCA was computed using single value decomposition, and five principal components ordered by the 

magnitude of their singular values were obtained. To measure contribution, the weights of each parameter in each 

component were assessed, but only the component that explained the largest amount of variance was taken into account.   
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Figure 5. Method used to separate notes emitted by two different bark beetle (Hylurgus ligniperda) males in the same 

recording. A PCA-based approach was used for analysis of the calls. In these cases, the airborne signals emitted by the two 

beetles were in the range of acquisition of the microphone. An additional microphone generated redundant information to 

discern between the two sources. (A) Temporal representation of an example signal of 2.8 s with calls from two males. (B) 

Main component of variance estimated from the spectrogram of the recording of interest. A PCA was computed on the 

spectrogram of the recording obtained with the microphone aimed toward the individual of interest. Then, the modulus of 

the main component of variance was estimated, and information from the other components was disregarded. (C) Main 

component of variance estimated from the spectrogram of the redundant recording using the secondary microphone. In a 

similar procedure, the modulus of the main component of variance was estimated, but from the spectrogram of the recording 

obtained to add redundancy. (D) Temporal location of the notes of each male. The two previously obtained components (B 

and C) were thresholded, feature-scaled, and mutually subtracted in order to obtain a vector with the temporal locations of 

the notes of each male. (E) Visualisation of the results of the method on the original signal. Notes emitted by each male are 

represented with different colours, with male 1 being the beetle of interest. 
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Algorithm set-up 

Spectral content of H. ligniperda calls usually begins about three kHz (Figure 6); therefore, an IIR Butterworth high-pass 

filter of order eight (800 Hz stop-band frequency and 3000 Hz passband frequency) (Schubert and Kim 2016) was used to 

filter the data. For the estimation of the spectrogram, a flat top weighted window (Reljin et. al 2007) of size 𝑤 = 1024 and 

overlap 𝑅 = 512 was selected. A Nyquist frequency 𝑁f = 512 was chosen as the number of frequency bins (i.e., a FFT size 

of 1024). 

 

Figure 6. Spectrograms of call types emitted by the same male of Hylurgus ligniperda in different behavioural contexts. 

Colourbars in dB. The top two panels are calls emitted during individual sound production, i.e., distress and set-up calls. 
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The set-up call is produced with no stimulus applied. The bottom four panels exemplify calls emitted during dyadic 

interactions. In male-male interactions, male 1 is the individual of interest. These plots do not have the filtering for data 

analysis, only a high pass filter at 500 Hz to reduce the DC offset and improve visualisation.  

Results 

In total, 90 recordings were obtained from the 15 males in the six tested behavioural contexts (i.e., one recording per 

individual per behaviour). Although absence of a distress call in females was previously known (Liu et al. 2008), we decided 

to perform the same experiments with females as with males in order to verify that female stridulations are also absent in 

other behavioural contexts. In our experiment, no stridulatory sounds were identified in any of the 90 recordings acquired 

from the 15 female individuals in the six behaviours. Additionally, we used morphological observations on SEM images of 

males and females (Figure 7) to verify the findings of Liu et al. (2008) regarding the existence of sexual dimorphism in the 

posterior two abdominal tergites of H. ligniperda. Males and females have a pars stridens, but males have a pronounced 

and arciform sclerotisation in the penultimate abdominal tergite, used as a plectrum, and that is barely present in females 

(Figure 7C). Additionally, the seventh (posteriormost) abdominal tergite in females is covered by the sixth (penultimate) 

tergite (Figure 7D), the size of which is almost the same as the last two abdominal tergites in males (Liu et al. 2008). Since 

females do not have distress calls (Liu et al. 2008), sound was used to sex the individuals. Consequently, there is a small 

chance that the obtained results were due to mute males wrongly classified as females. We estimated the probabilities of 

this error and they were negligible (see Appendix 5). We also performed an additional experiment to determine the 

correlation between sexually dimorphic characteristics of the stridulatory organ and sound production capabilities. We 

obtained a 100% accuracy in separating males and females using the stridulatory call as sexing criterion. All mute 

individuals were classified as females, and all individuals that stridulated were classified as males (see Appendix 5). 

Therefore, we are confident our sexing procedure did not bias the conclusions of our study. 

In total, we extracted and analysed 181,389 notes from the 15 males across the six behaviours. For all data, the values of 

the maximum frequency oscillated around 10,273±3,314 Hz (Mean±SD), 2,882±389 Hz for the minimum frequency, 

6,085±811 Hz for the centroid frequency, 0.1157±0.0658 s for the INI (inter-note interval), and 0.0321±0.0062 s for 

duration. INIs with more than 3 s of separation were considered different call groups and not inter-note intervals. A call 

group is a sequence of calls separated by periods of silence longer than inter-call intervals. These periods of silence are 

stable and occur in a predictable manner. 

Figure 6 exemplifies the types of notes emitted by the same male in each behavioural context. All notes in the six behaviours 

possessed a similar INI and duration, but relatively different spectral distributions, although male-male interactions (close 

and far) had the shortest note duration, and close interactions had the shortest INI (Table 1). Male-Female (far), Male-Male 

(far), and the set-up calls had a lower power concentration than the other three calls (distress, and Male-Female and Male-

Male (close); Table 1). Male-Female (far) and Male-Male (far) interactions had similar spectral distributions, with a closer 

separation between the minimum and maximum frequencies than the other calls, and the lowest mean values for the 

maximum and centroid frequencies of all behaviours, followed by the set-up calls (Table 1).  

 

Table 1. Spectro-temporal parameters (mean ± SD) of Hylurgus ligniperda (N=15) calls in six behavioural contexts.  

 Spectral (kHz) Temporal (ms) 

 Centroid Minimum Maximum Duration INI 

Behaviour   

Set-up 6.32±0.86 2.69±0.30 12.15±4.23 30.7±5.2 109.1±0.07 

Distress 8.95±2.02 2.93±0.26 16.65±4.45 30.5±5.3 126.0±0.07 

Male-Male (close) 7.59±1.45 2.79±0.46 15.31±4.33 28.2±3.9 96.1±0.07 

Male-Male (far) 6.04±0.80 2.96±0.38   9.93±2.96 29.6±3.6 135.8±0.06 

Male-Female (close) 7.32±1.12 2.53±0.29 16.43±4.59 31.6±6.9 62.2±0.06 

Male-Female (far) 6.09±0.81 2.88±0.39 10.27±3.31 32.1±6.2 115.7±0.07 
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Figure 7. Sexual dimorphism in the stridulatory organ of Hylurgus ligniperda. (A-B) ventral view of the left elytron in a 

male and a female. (C-D) Dorsal views of the last three posterior tergites with elytra and wings removed. Both sexes possess 

a pars stridens, although males have a higher number of teeth distributed over a larger area. The seventh abdominal tergite 

in females is veiled by the sixth tergite, whose size is comparable with the combined size of the sixth and seventh tergites 

in males. The arciform sclerotisation in the posterior margin of the penultimate tergite (sixth) is the plectrum, which is 

responsible for stridulation in males. Scale bars are 100 μm. 

Friedman tests computed in each spectro-temporal parameter showed significant differences between behaviours (p<0.005; 

n=15) in the centroid frequency (χ2
5=36.33), maximum frequency (χ2

5=41.34), and duration (χ2
5=18.06). No statistically 

significant differences were found for minimum frequency (χ2
5=13.02) or INI (χ2

5=8.72). Pairwise comparisons (Table 2) 

showed significant differences in the same pairs of behaviours for the centroid and maximum frequencies (i.e., Set-up‒

Distress, Set-up‒MFClose, Distress‒MMFar, Distress‒MFFar, MMFar‒MFClose, and MFFar‒MFClose). The maximum frequency 

also presented differences for MMFar‒MMClose (Table 2). For duration, statistically significant differences were found in the 

MMclose‒MFclose and MMclose‒MFFar pairs of behaviours (Table 2).  
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Table 2. Differences among the estimated group mean ranks for spectro-temporal parameters of Hylurgus ligniperda calls. 

* p<0.05, ** p<0.005, ***p<0.001. 

 

 Centroid  
 Set-up Distress MM(close) MM(far) MF(close) MF(far) 

Set-up - -2.667** -1.600 0.267*** -2.267**  0.066*** 

Distress - -  1.067 2.933***  0.400**  2.733*** 

MM(close) - - - 1.867*** -0.667**  1.667** 

MM(far) - - - - -2.533** -0.200** 

MF(close) - - - - -  2.333* 
 

 Minimum  
 Set-up Distress MM(close) MM(far) MF(close) MF(far) 

Set-up - -1.267 -1.100 -1.733 0.167 -1.267 

Distress - -  0.167 -0.467 1.433  0.000 

MM(close) - - - -0.633 1.266 -0.167 

MM(far) - - - - 1.900  0.467 

MF(close) - - - - - -1.433 
 

 Maximum  
 Set-up Distress MM(close) MM(far) MF(close) MF(far) 

Set-up - -2.633** -1.500 0.567+++ -2.100*+  0.467+++ 

Distress - -  1.133 3.200*** 0.533+ 3.100*** 

MM(close) - - - 2.067*++  -0.600++  1.967+++ 

MM(far) - - - - -2.667** -0.100+++ 

MF(close) - - - - -  2.567**+ 
 

 Duration  
 Set-up Distress MM(close) MM(far) MF(close) MF(far) 

Set-up - 0.367 1.833  0.967 -0.367+ -0.600++ 

Distress - - 1.467  0.600 -0.733+ -0.967++ 

MM(close) - - - -0.867 -2.200*  -2.433** 

MM(far) - - - - -1.333+ -1.567++ 

MF(close) - - - - - -0.233++ 
 

 INI  
 Set-up Distress MM(close) MM(far) MF(close) MF(far) 

Set-up - -0.300 1.133 -0.467  0.600 -0.367 

Distress - - 1.433 -0.167  0.900 -0.067 

MM(close) - - - -1.600 -0.533 -1.500 

MM(far) - - - -  1.066  0.100 

MF(close) - - - - - -0.966 

 

 

In this study, calls of H. ligniperda were characterized by five spectro-temporal parameters extracted directly from the 

spectrogram. As each note can be mapped by its parameters as a point in a five-dimensional space, a distance matrix was 

estimated from these parameters in order to find similarities among the notes emitted in each behaviour. The matrix in 

Figure 8A was obtained by estimating pairwise distances among the centres of the clusters of the notes, using the Euclidean 

distance as a similarity measure. The distance values were then rescaled between zero and one for qualitative interpretations, 

where zero represents complete similarity and one is the largest obtained distance between two behavioural contexts. An 

additional hierarchical clustering analysis (average linkage) was performed on the centres of the clusters with the purpose 

of grouping types of calls by similarity (Figure 8B).  
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Figure 8. Similarity measurements among calls emitted by Hylurgus ligniperda in six behavioural contexts. (A) Scaled 

distance matrix (Euclidean distance) of calls between contexts. The minimum value represents complete similarity and the 

maximum value is the largest distance obtained between two behavioural contexts. (B) Dendrogram obtained by hierarchical 

clustering analysis (Median linkage - Euclidean distance) of the centre values of the spectro-temporal parameters in each 

context.  

In dyadic interactions, Male-Male (far) and Male-Female (close) were the most dissimilar calls (Figure 8) and therefore 

have a rescaled Euclidean distance of one, with the second most dissimilar pair of calls being Male-Male (far) and Male-

Male (close). Distant (far) interactions showed the most similarity. Calls produced during close interactions were similar 

between contexts, but were simultaneously dissimilar from calls produced in other behavioural contexts (Figure 8). In 

individual sound production, the set-up call was more similar to the call produced in the Male-Female (far) interaction than 

to the distress call; however, the distress call was more similar to the set-up call than to any other type of call (Figure 8B). 

The distances between the set-up call and the calls produced in distant interactions were closer than the distances between 

the set-up call and calls produced in close interactions.  

From 70.5% to 92.8% of the variance in each behavioural context was explained by a single principal component (PC1), 

whose main contributors were the centroid and maximum frequencies (Table 3 and Appendix 10). Spectral parameters were 

more important than temporal ones in the explanation of the variability of the data; however, minimum frequency played a 

less significant role than the other two (Table 3). In temporal terms, the contribution of the INI to PC1 was inconsequential, 

and duration only had an effect in one behavioural context (Male-Male far) (Table 3).  
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Table 3. Coefficients of the first principal component (PC1) and percentage of variance explained by PC1 in all six 

behavioural contexts for Hylurgus ligniperda tests on acoustic communication. Centroid and maximum frequencies were 

the largest contributors to PC1.  

 

 

 

 

 

 

 

Discussion 

We studied the variations of the call parameters of Hylurgus ligniperda in individual sound production and dyadic 

interactions in 90 recordings of 15 males. We repeated the same experiments using 15 females, but did not find any 

stridulatory sound in any of the six studied behavioural contexts. We found that males of H. ligniperda solely produce 

single-noted calls, whose spectro-temporal parameters vary under stimulation by external sources (e.g., a brush) or direct 

contact with other individuals. Calls produced by other males (i.e., acoustic stimuli) were irrelevant in the modification of 

such parameters. Maximum and centroid frequencies were the main contributors to the variance of H. ligniperda calls, with 

temporal parameters playing almost no role in the variability of the data. Our results suggest that H. ligniperda stridulates 

close to the limits of its capacity in temporal terms, and that most of the call modifications occur in the spectral domain.   

Females did not produce sounds for acoustic communication at all. Additional morphological observations based on SEM 

images of H. ligniperda suggest that the sexual dimorphism in the stridulatory organ area (i.e., lack of plectrum in females) 

(Liu et al. 2008) makes acoustic communication in females highly unlikely. Some click-like sounds were initially found in 

females during data acquisition, but were discarded in further audio-visual inspections as either feeding or body-bark friction 

sounds. These ‘clicks’ can be confusing for the experimenter since some similar sounds have been reported for females of 

the Tomicini tribe (Rudinsky and Michael 1973). However, the clicks we found in our experiment had an extremely low 

amplitude, lacked a structured pattern, and had a shorter duration than the click-like sounds we have heard in several females 

of Dendroctonus species (pers. obs.).  

In nature, bark beetles are found in tunnels under several millimetres of tree bark, and recordings from ´naked´ beetles 

extracted from tunnels would lead to unnatural behaviour. The set-ups using phloem sandwiches were designed to simulate 

simple galleries and to allow control and verification of beetle location (which is not possible when beetles are hidden in 

actual galleries). Nonetheless, the chambers housing beetles were made in the phloem of its main host tree species and in 

the presence of the monoterpenes and other volatiles associated with this, and they were readily ‘colonised’ by H. ligniperda 

placed at the 2-mm entrance hole. Hylurgus ligniperda is a saprophytic, secondary (non-aggressive) species and does not 

produce pheromones unlike primary (aggressive) bark beetle species; instead, it uses host volatiles (monoterpenes) as cues 

for finding its host material in which it establishes its galleries (e.g., Kerr et al. 2017). The set-ups were constructed to study 

short-distance and short-term acoustic interactions in terms of the acoustic responses once an individual of H. ligniperda 

encounters or hears another one of the same or different sex. This is a realistic scenario based on two observations of H. 

ligniperda behaviour: (i) Multiple individuals commonly attack the same tree and create galleries in close proximity, and 

(ii) males of H. ligniperda almost unequivocally respond to the calls of another male. The set-up for ‘far’ interactions was 

specifically designed to evaluate changes in the acoustic behaviour when two individuals, in separate chambers, do not have 

direct contact, but can hear each other. The configuration for ‘close’ interactions was designed to estimate changes in the 

acoustic behaviour upon direct contact with another conspecific, and the set-up for individual sound production was 

designed to study communicatory interactions under distress conditions.  

 PC1 coefficients Explained 

variance (%)  Centroid Minimum Maximum Duration INI 

Behaviour    

Set-up 0.2287 -0.1022 0.9681  0.0003  0.0002 90.5 

Distress 0.5645 -0.0165 0.8253  0.0030  0.0017 92.9 

Male-Male (close) 0.2693  0.0412 0.9621  0.0059  0.0001 75.2 

Male-Male (far) 0.3108  0.0173 0.9374 -0.1562 -0.0029 70.5 

Male-Female (close) 0.2170 -0.0620 0.9742 -0.0010 -0.0010 85.0 

Male-Female (far) 0.2778 -0.0600 0.9587  0.0089 -0.0035 84.6 
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The set-up behaviour can be interpreted as a form of low-intensity distress call produced by moving the beetle from its 

container to the data acquisition set-up (phloem sandwich). This type of ‘distress’, and its associated stridulation, are 

significantly different from the ones found in the ‘distress behaviour’ obtained by direct contact with a brush which elicited 

louder and slightly faster sounds with a broader spectral distribution. For this reason, it was important to separate set-up and 

distress behaviours into two categories (or contexts). Additionally, some species can have distress calls but no set-up calls. 

For example, we know (pers. obs.) that females of the Southern pine beetle, Dendroctonus frontalis (Zimmerman), and the 

Western pine beetle, Dendroctonus brevicomis (LeConte), do not produce sounds when moved, pressed, or even under life-

threatening situations, but stridulate when softly touched with a brush on the ventral surface of the abdomen. As we did not 

know if females of H. ligniperda could behave similarly to the previously mentioned species, it was important to evaluate 

the possible scenarios in which stridulations could be found.  

Male calls of H. ligniperda are composed of a single note (i.e., simple), which differs from the mixture of simple and 

multiple-noted groups found in other scolytines with elytro-abdominal stridulatory organs (Fleming et al. 2013; Lindeman 

and Yack 2015; Yturralde and Hofstetter 2015). Some spectral components of H. ligniperda calls are distributed through 

the ultrasonic part of the spectrum, but most of the power is allocated between 3 and 10 kHz. Similar ultrasonic components 

have been reported for D. ponderosae (Fleming et al. 2013) and the Mexican pine beetle Dendroctonus approximatus Dietz 

(Yturralde and Hofstetter, 2015). Likewise, note duration (between 20 and 40 ms) is comparable with the single-noted calls 

of D. valens (Lindeman and Yack 2015), D. ponderosae (Fleming et al. 2013), and D. approximatus (Yturralde and 

Hofstetter 2015). 

Hylurgus ligniperda is able to modify the spectro-temporal parameters of its calls in accordance with the behavioural 

context, as found in the genus Dendroctonus (Yandell 1984; Fleming et al. 2013; Lindeman and Yack 2015; Yturralde and 

Hofstetter 2015). Such modification is perceivable to the human ear and could be described as an increase in pitch and 

amplitude. Temporal parameters, on the other hand, tended to be more stable regardless of the behavioural context and had 

minimal influence in the variability of the data. The maximum and centroid frequencies always covaried, suggesting that 

the modification of both spectral parameters was linked to the same action - possibly ventral movements to increase 

amplitude, as in other coleopterans (Alexander et al. 1963; Gibson 1967; Hyder and Oseto 1989; Wilson et al. 1993). This 

also explains the smaller range of variation of the minimum frequency, since it is more robust to changes in pressure. 

Attributable to the properties of the estimated parameters, centroid and maximum frequencies were the main contributors 

to the principal component, explaining over 70% of call variability. The centroid frequency is an accurate descriptor of the 

power distribution of a sound and, since the minimum frequency remained relatively stable, the maximum frequency played 

a substitute role (i.e., it was a proxy variable) for the bandwidth of the call (𝑓max − 𝑓min). In temporal terms, H. ligniperda 

barely modified the INI and duration, and consequently, the number of notes per unit of time. Temporal parameters had 

minimal influence in the variability of the data and calling rate remained constant for the six studied behavioural contexts. 

The stridulatory organ of H. ligniperda consists of a two-part elytro-tergal mechanism, in which a movable part (plectrum), 

on the abdomen, scrapes a static part (pars stridens) on the ventral surface of the elytra. From this, it can be inferred that 

just one part of the dual organ, i.e., the plectrum, possesses the actuators to control the variations of the call. In general, 

there are two physical parameters that can be modified solely by using the plectrum, the speed of the ventral movement and 

the pressure on the pars stridens. As the inter-note intervals are stable amongst all the contexts and the call duration varied 

only slightly, it could be implied that H. ligniperda has little control of the speed of its ventral movements. Also, both 

maximum and centroid features covaried, which means their variation is probably linked to the same action (i.e., increasing 

the pressure from the plectrum on the pars stridens). We hypothesise that this increment of pressure is the physical parameter 

the beetle regulates to control the variability of the call frequency. Regarding the function, our results indicated that the 

biggest changes in frequency mostly occurred under distress conditions, or when beetles were in direct contact with another 

individual, which are behaviours associated with aggressive interactions. These behavioural contexts have in common a 

direct line of sight between the individuals, which minimises the damping effects of the environment and makes calls 

spectrally distinguishable in the natural habitat. Furthermore, spectral content is intrinsically related to the loudness of the 

sound, which conveys information on the position of the other individual. To date we do not exactly know the location of 

these beetles’ receptor organs, nor the internal mechanism they use to process the received signal. In 2019, Hofstetter et al., 

using playback experiments, tested and confirmed spectral discriminatory capabilities in the round-headed bark beetle 

Dendroctonus adjunctus, but the underlying mechanism for such discrimination is still unknown. 
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Dyadic interactions were used to evaluate how the physical presence of conspecifics could modify the calls of H. ligniperda, 

and the sex-dependence of such modification in case it existed. These interactions were also useful to estimate the effect of 

presence/absence of conspecific calls in the modifications of the spectro-temporal parameters. Calls emitted in distant 

interactions (male-male and male-female) were the most similar to each other, even though in just one of these scenarios 

(male-male) did both individuals produce sounds; a result mirrored in the close dyadic interactions. From this, we deduce 

that either visual or tactile interactions between individuals are more important than acoustic signals in the modification of 

the parameters of calls, and that the sex of the other individual is irrelevant for such modification in the studied dyadic 

interactions. Therefore, there is evidence to support the hypothesis that calls emitted by other males do not play a major role 

in the modification of the spectro-temporal parameters of the calls in the studied behavioural contexts. This does not mean 

that acoustic signals from other males are not important in mutual acoustic communicatory interactions. For instance, during 

data acquisition, we observed a phase coupling between the calls of males singing simultaneously. Additionally, we 

observed that males tended to reply acoustically to sounds emitted by other males.  

While our laboratory set-up does not precisely mimic natural conditions, to date there is no tractable approach for such 

studies in the field. A priori knowledge of the species inside a tree is rather difficult or impossible to obtain, and there are 

no methods for acoustic detection and identification of bark beetle sounds inside tree logs in such conditions (i.e., when the 

presence of species and the number and exact location of individuals are unknown). Nonetheless, our findings provide 

insight into strategies for automatic acoustic detection of bark beetles. Since acoustic signals produced by on beetle were 

irrelevant as modifiers of the parameters of the calls produced by the other beetle, improving the signal-to-noise ratio of 

these insects’ calls using auditory stimuli would be challenging. However, playback procedures can be used to elicit an ad 

libitum acoustic response and to reduce the time of assessment in acoustic detection protocols. Future efforts in biosecurity 

aspects should focus on determining how to elicit acoustic responses in these beetles, and optimizing procedures for their 

automatic detection in several transmission media.   

Our proposed approach for the analysis of H. ligniperda calls establishes a first step towards automatic detection of bark 

beetle sounds. This method considerably reduced the time needed for data analysis in comparison with manual procedures, 

permitted the analysis of large datasets in dyadic communicatory interactions, and removed observer bias. To discriminate 

between individuals, we applied a PCA-based method which relies on redundancy and requires the number of microphones 

to be equal to the number of sources (which is a common requirement in blind source separation algorithms; Cao and Liu 

1996; Naik and Wang 2014), yet this method still needs to be refined for noisy and uncontrolled environments. Only a few 

approaches have been proposed previously for discriminating among calls of individuals in other taxa, such as canids and 

birds (Hartwig 2004; Fox 2008; Cheng et al. 2012; Ptacek et al. 2016), and to the best of our knowledge, this is the first 

time that acoustic identification of stridulatory sounds of simultaneously-stridulating conspecifics (i.e., telling apart calls of 

individuals of the same species that are stridulating at the same time) has been addressed in insects.  
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5 
 

First Report of Luminous Stimuli Eliciting Sound 

Production in Weevils 

 

Abstract 

 

Light-based stimuli elicited acoustic responses in male Hylesinus aculeatus Say (Curculionidae: Scolytinae: Hylesinina) 

instantaneously, with 100% reliability. Stridulations were elicited with a white light beam in a dark environment and 

recorded with an ultrasonic microphone. Acoustic responses were consistent and, when compared with sounds produced 

under stressful conditions (i.e., physical stimulation), no significant differences were found. Hylesinus aculeatus possess an 

elytro-tergal stridulatory organ and acoustic communication is only present in males. This is also the first report of acoustic 

communication for this species. Instantaneous light-elicited acoustic communication has potential applications in the 

development of electronic traps, real-time acoustic detection and identification of beetles, border biosecurity, and noise-

reduction in acoustic data collection. 
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Introduction 

 

Eliciting sound production is a crucial step in the development of methods for the detection and identification of species 

without the need of a sightline or physical contact. This is particularly useful in insects, where some species are small, 

cryptic, and considered pests or unwanted organisms (Worner and Gevrey 2006). However, inducing acoustic behaviour is 

not always possible, and this is often the bottleneck in the implementation of acoustic detection and identification protocols 

(Mankin 2011). Thus, finding novel ways of eliciting sound production is desirable, as this can aid in technological 

development for behavioural and ecological studies.   

In 1972, Rudinsky and Michael discovered that male Douglas-fir beetles (Dendroctonus pseudotsugae Hopkins) stridulate 

in response to the female pheromone. This was the first report of chemically-induced acoustic behaviour in the Insecta 

(Rudinsky and Michael 1972). Aside from chemical stimulation, sound can also induce acoustic behaviour. Playing pre-

recorded signals has been demonstrated to elicit acoustic responses in several insect species (Bailey 2003; Mankin 2011). 

In addition, abiotic factors like temperature, sunlight, and moonlight can trigger sound production in orthopterans and 

cicadas (Alexander and Moore 1958; Gogala and Riede 1995; Moore 1993). In coleopterans, a much larger group with 

widespread stridulatory behaviour (Aiken 1985; Lyal and King 1996), effects of light on acoustic communication have been 

overlooked until recently, when Silk et al. (2018) reported that light affected sound production in the emerald ash borer 

Agrilus planipennis Fairmaire. 

The Eastern ash bark beetle Hylesinus aculeatus Say is a curculionid (Scolytinae: Hylesinina). It feeds on green and white 

ash (Fraxinus spp.) where adults carve egg galleries inside the phloem layer (Blackman 1922). Acoustic communication 

was unknown for this species, although four closely-related species, H. oregonus, H. californicus, H. fraxini, and H. 

crenatus, have stridulatory capabilities (Kleine 1921; Vernoff and Rudinsky 1980). Members of the genus Hylesinus possess 

an elytro-tergal stridulatory organ, which is the most common type of sound production mechanism in weevils (Lyal and 

King 1996), and only males are known to stridulate (Vernoff and Rudinsky 1980). Hylesinus spp. typically colonise old, 

injured, or diseased trees (Blackman 1922), although some are considered pests of economically important trees such as 

olives (Olea spp.) and pistachio (Pistacia vera) (Wood and Bright 1992).  

Here, we present a novel finding in which a light stimulus elicits sound production in a bark beetle. The behaviour was 

serendipitously discovered when using a torch in a darkened room. In this case, the effect of the stimulus is immediate (i.e., 

latency < 1 s), and acoustic communication can thus be elicited ad libitum by the experimenter. To investigate this 

phenomenon, we excited H. aculeatus with a light beam in a dark environment and measured its acoustic responses. We 

also compared these responses to the ones elicited by physical stimulation. The sounds of H. aculeatus are notably simple 

and uniform, in comparison to other bark beetle species; hence, we hypothesise  H. aculeatus has solely one type of 

stridulatory signal, which is used in different behavioural contexts.  

Materials and methods 

 

Beetles were collected in Austin, TX, USA (30.2494 N, 97.6998 W) from emergence chambers with specimens of green 

ash, Fraxinus pennsylvanica. Individuals were collected as they emerged and stored in a container with moist paper towel 

to keep the beetles hydrated, inside a refrigerator at 3°C.  

Signals were acquired inside a purpose-built soundproof box (250 x 300 x 100 mm, w, l, d) within a chamber with a 

translucent layer at the top, permitting manual control of light without interfering with the recording set-up. To record 

sounds, individuals were placed in complete darkness inside the chamber in the soundproof box, on top of a smooth surface, 

and glued upside down on the antero-dorsal part of the elytra. This procedure keeps the individuals still, but does not restrict 

any of the abdominal movements needed for stridulation. An ultrasonic microphone (M50, Earthworks Inc., Milford, NH) 

with 3 Hz to 50 kHz frequency range and flat frequency response was located inside the chamber, 20 mm from the 

individual’s posterior end. Beetle sounds were recorded using a SD 744T audio recorder (Sound Devices LLC, Reedsburg, 

WI), at a constant temperature of 23°C.  
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A manually-controlled white LED light (InGaN, 110 mcd), located at a perpendicular angle to the beetle and 15 cm from 

the uppermost translucent layer of the chamber, was used to elicit acoustic responses. Once turned on, the LED light was 

left on until the beetle stopped stridulating. Distress signals were recorded in the same apparatus, but sounds were elicited 

by physically touching the beetle with a soft brush controlled from outside the chamber. All individuals were sexed by 

examining the convexity of the frons (Underhill 1951) and recorded from the same position. In total, 12 males and 15 

females were tested, and every individual was recorded twice (once per stimulus).  

The time lag between the application of the light stimulus and the acoustic response was estimated using an accelerometer 

(352A24, PCB piezoelectronics, Depew, NY, USA) attached to the LED light that generated the stimulus. The accelerometer 

and the ultrasonic microphone (M50) were both connected to the same recording device (SD 744T). The action of the finger 

touching the switch to turn the light on produced a small spike in one of the channels, which was enough to measure the 

delay in the response since both channels were synchronised. Mechanical stimulation was manually controlled from outside 

the chamber. A thin paintbrush was introduced via a small hole parallel to the beetle and controlled ad libitum by the 

researcher. Slightly pushing the brush towards the abdomen of the individual was enough to trigger sound production. Each 

beetle was touched once. 

Four spectro-temporal stridulation parameters (spectral centroid, dominant frequency, duration, inter-note interval) were 

extracted, and the average value of each parameter for each individual was used for comparison between stridulatory signals 

elicited with light and physical stimulation (triggering distress sounds). See Appendix 4 for more information on definitions. 

We performed two-tailed paired t-tests (α=0.05) to evaluate changes of each spectro-temporal parameter depending on 

stimulus. The short-time Fourier transform (STFT) used for the spectro-temporal analysis of the data was estimated using a 

rectangular window of 1024 samples and 75% overlap. All analyses were implemented in Matlab 2017a.  

Results 

 

Hylesinus aculeatus sounds consisted of broadband, quasiperiodic, uniform train pulses (Figure 1), also known as chirps, 

and were only produced by males. No females were recorded producing sounds, regardless of the type of stimulus applied. 

The spectral components of these sounds propagated throughout the audible and ultrasonic spectrum, and varied between 2 

and 30 kHz, with 75% of the energy concentrated below 10.0±2.9 kHz (mean±SD). The number of notes was variable and 

dependent upon the individual (9.0±1.8 notes per second). 

 

Figure 1 (A) Spectrogram of a train of light-elicited stridulations of a male individual of Hylesinus aculeatus. (B) Time 

domain representation and (C) power spectrum of the highlighted stridulation in (A). 
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All male Hylesinus acculeatus stridulated every time the light stimulus was applied, and the stridulatory process began 

within 0.13±0.10 s of the stimulus application. The response length was highly variable, averaging 10.4±11.0 s, and the 

spectro-temporal parameters (Table 1) were similar to those measured for distress signals (from physical contact). We found 

no significant differences between stridulations elicited using light and physical stimulation in any of the estimated 

parameters: spectral centroid (t11=0.41, p=0.685), dominant frequency (t11=0.42, p=0.681), duration (t11=-1.02, p=0.327), 

and inter-note interval (t11=1.08, p=0.301).  

 

Table 1 Spectro-temporal parameters (mean±SD) extracted from the stridulations elicited in Hylesinus aculeatus males 

(n=12) with both physical and light stimuli. 

 Stridulation Parameter 

 Centroid (kHz) Dominant (kHz) Duration (ms) INI (ms) 

Stimulus   

Light 8.51±1.78 6.75±1.37 23.24±3.18 112.76±24.19 

Touch 8.41±2.21 6.86±1.50 24.03±3.82 107.18±24.34 

 

 

Discussion 

 

This is the first report of light-induced acoustic communication in weevils. All tested male Hylesinus aculeatus responded 

unequivocally with sound production to both light and physical stimulation. Females, in contrast, were mute and did not 

stridulate in either scenario; they lack the sclerotisation in the seventh abdominal tergite, which is a common character in 

other Hylesinus spp. (Rudinsky and Vallo 1978; Vernoff and Rudinsky 1980). However, we tested females because some 

species lacking the plectrum have been found to make sound (Rudinsky and Michael 1973). Sexually dimorphic acoustic 

communication in this species is not surprising, as it has been reported for other members of Hylesinus with acoustic 

communicatory capabilities (Rudinsky and Vallo 1978; Vernoff and Rudinsky 1980), and it is a common trait in weevils 

with elytro-tergal stridulation (Lyal and King 1996). 

The acoustic characteristics of sounds elicited in H. aculeatus by light or physical distress were similar, consisting of a train 

of simple (i.e., single-note) stridulatory signals, to those of other bark beetles with elytro-tergal organs, such as 

Dendroctonus beetles (Ryker 1988). However, the spectro-temporal parameters differed from those previously found in 

other Hylesinus species (Rudinsky and Vallo 1978; Vernoff and Rudinsky 1980). The signals were broadband, with spectral 

components distributed throughout the audible and ultrasonic spectrum, which is common in species with stridulatory 

mechanisms (Grant et al. 2014; Yturralde and Hofstetter 2015).   

Stridulations elicited with the light stimulus were immediate, enabling complete control of acoustic communication in H. 

aculeatus. Instantaneous acoustic response to light has not previously been reported for insects. Silk et al. (2018) reported 

a significant increase in acoustic behaviour of the emerald ash borer Agrilus planipennis associated with the presence of 

light; although, this was quantified over a 16-hour period (Silk et al. 2018). The instant acoustic response found here also 

differs from behaviours reported in other insects that use sunlight as an onset cue for acoustic communication, in which the 

gradient in luminosity is the factor triggering sound production (Alexander and Moore 1958; Gogala and Riede 1995). 

Because of this, and because H. aculeatus mostly feeds and lives inside the inner bark of ash trees (Blackman 1922), we 

hypothesise that the function of sound in this species is not associated with any circadian or photoperiodic calling behaviour. 

Instead, the function of the sound appears to be an anti-depredatory strategy. Bark and ambrosia beetles live most of their 

lifetime inside plant tissue; therefore, sudden exposure to light means that the gallery has been compromised. The emission 

of sound could be used as a defensive strategy to deter predators as similar behaviours have been previously reported for 
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other insects (Masters 1979; Conner 2014). It could also work as an alarm sound to inform conspecifics, like the vibrational 

signals produced by termites exposed to bright light after a predator has disturbed their nest (Kirchner et al. 1994).  

Light as a trigger of sound production has potential applications in the development of electronic traps, as combining light 

with acoustic identification methods may yield real-time categorisation of collected specimens. Light could also be used to 

elicit sound production in environments where physical contact with individuals is difficult to achieve, and where the 

presence of individuals needs to be detected (e.g., hitchhiker beetles in cargo containers). Another immediate application of 

this behaviour is the significant improvement in the signal-to-noise ratio during acoustic data acquisition. Since light is a 

contactless way of eliciting sound production, beetles can be recorded in fully-sealed confined environments and the 

stridulatory process can be controlled ad libitum by externally switching a light.  

Eliciting controlled acoustic responses using light is a phenomenon that has been almost completely overlooked in beetles, 

yet the report of Silk et al. (2018), in conjunction with the present study, suggests that this phenomenon could be common 

among coleopterans. We encourage others to look further into this as non-contact methods of eliciting ad libitum acoustic 

communication have numerous practical applications. Our findings may lead to new ideas for combining light and acoustics 

in detection and identification uses for ecological monitoring, trap design, and border biosecurity applications. 
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6 
 

              Concluding Remarks 

 

This thesis presents significant contributions to the current body of knowledge of bark and ambrosia beetle acoustics. The 

driving source behind such contributions comes from the unprecedented and unique opportunity that I had to interact with 

a large number of species, allowing me to corroborate or contradict findings that had been previously reported in the 

literature and to find patterns that had previously been overlooked. No other researcher has ever had the opportunity to 

acoustically study as many bark and ambrosia beetle species as I have. In this section, I highlight the relevance of this work, 

the difficulties encountered during both data collection and the literature review, and provide suggestions for future work. 

As this research is by its nature collaborative, I use the term “we” throughout. 

 

Contributions 

We collected the largest dataset to date of bark and ambrosia beetle sounds, consisting of distress calls of 55 species within 

15 subtribes of both the Scolytinae and the Platypodinae (Chapter 2, Bedoya et al. 2019c). We reported both the presence 

and absence of acoustic communication and characterised the temporal, spectral, and amplitude features of the calls across 

multiple tribes and genera. Thanks to this, we were able to address the relationship between size and the presence of acoustic 

communication, and the absence of sound production in inbreeding polygynous species. Interestingly, a significant number 

of the economically important species possess one or both features (Kirkendall 1983; Knížek and Beaver 2007). This 

information could be used as a criterion to determine if economic or human resources are worth investing in the acoustic 

detection and identification of some relevant taxa. Furthermore, we combined our collected data with those reported in the 

literature and discussed the role of mating systems and size in the use and sexual determination of acoustic communication 

(Chapter 3).  

In Chapter 4 (Bedoya et al. 2019a), we suggested a new nomenclature for bark and ambrosia beetle stridulations. The 

purpose of this was to find a nomenclature that avoids ambiguities with closely related areas and is not tied to the sound 

production mechanism or the function of the sound. This call-centred approach allows straightforward comparisons with 

other sound-producing taxa, as it is not exclusive to bark and ambrosia beetles. Our suggested nomenclature follows a 

hierarchical order, and thus overcomes the current issues regarding the description of the temporal parameters of sounds 

(Broughton 1976). We believe that this approach is timely, as current nomenclature has fundamental issues, such as 

ambiguity, taxon specificity, similarities with closely-related areas, and hierarchical inadequacy that will have to be 

addressed at some point (see Broughton 1976 and Bedoya et al. 2019a and for in-depth discussion on the topic).      

During this research, we also found a new way of eliciting sound production in curculionids, i.e., by using light (Chapter 5, 

Bedoya et al. 2019b). The function of this phenomenon has yet to be properly explained in behavioural terms, but it has 

many practical applications related to the acoustic detection and identification of weevils. As the first report of instant (< 

1s) light-induced acoustic communication in beetles, this now becomes the fourth non-contact modality of eliciting sound 

in bark and ambrosia beetles. The other three are chemical (Rudinsky and Michael 1972), mechanical (Ytsma 1988), and 

acoustical (Hofstetter et al. 2019). We tried to replicate the same experiment on Ips calligraphus, Ips grandicollis, Ips 

avulsus, and Dendroctonus pseudotsugae, but were unable to elicit acoustic responses. To us, it is still unclear why lumino-

elicited sound production is exclusive to some species. A similar case occurs for the other three modalities, as none is 

universally able to elicit acoustic communication in all bark and ambrosia beetles with sound production capabilities.  

Along the same lines, we used H. ligniperda as a model organism to study the context-dependence of the spectro-temporal 

parameters of the stridulatory sounds and the effect of the physical presence/absence of other individuals in the variability 
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of such parameters (Chapter 4, Bedoya et al. 2019a). Acoustic stimulation from nearby males did not appear to be a causative 

factor in such modification but the physical interactions. Aside from this, we reported sexual dimorphism in the stridulatory 

sounds of the Scolytinae and the Platypodinae, and the presence of several acoustic morphotypes in D. adjunctus (Chapter 

2, Bedoya et al. 2019c).  

Finally, we proposed an algorithm to automatically analyse bark beetle sounds and a method to analyse the calls of 

simultaneously singing individuals in the same recording (Chapter 4, Bedoya 2019a). This allowed us to contextualise the 

spectro-temporal parameters of all recorded species and to study dyadic acoustic interactions. Prior to this, a single attempt 

has been made to produce an algorithm that tries to address the issue of automatic acoustic identification of bark beetle 

sounds (Luo et al. 2011); the advantage of the algorithm presented here (Chapter 4, Bedoya 2019a) is that it is able to 

individually identify simultaneously-stridulating conspecifics in a dyadic situation.  

 

Difficulties Encountered 

During the development of this work, we encountered some difficulties that disrupted the natural flow of the research. Here, 

we mention these issues and provide some suggestions about how to improve future work in this area.  

The main issue during the literature review was determining the presence of sound production in species where it had been 

reported. The main source of such uncertainty is the considerable volume of papers that report the presence of stridulatory 

organs as evidence of acoustic communication. This is problematic, as homologous structures do not always partake in 

sound production (Lyal and King 1996), as is the case for all the ambrosia beetles within the Scolytinae, where the 

“stridulatory organ” is reported and hypothesised to work in acoustic communication, but the beetles have never been 

recorded - or even heard (Barr 1969; Klimetzek et al. 1981; Payne et al. 1983; Paiva and Kiesel 1985). The presence of 

tubercles or serrated surfaces is not unequivocal evidence of acoustic communication, especially in elytro-tergal stridulation, 

where some lineages have lost sound production capabilities, but still conserve some of the stridulatory structures, 

particularly in females (Lyal and King 1996). 

Our principal difficulty during data collection was discerning intentional stridulatory sounds from unintended sounds of 

friction produced by moving body parts. This common problem has been highlighted by several other authors (e.g., Ryker 

and Rudinsky 1976; Fleming et al. 2013). The main source of such confusion, as we see it, arises from the work published 

by Rudinsky and Michael (1973), in which the authors reported click-like sounds in females of Dendroctonus species. 

However, the authors did not use spectrograms, but instead used waveforms to report the sounds produced by females. This 

made the clicks difficult to compare with modern acoustic data, and thus, the term ‘click’ became subject to researcher 

interpretation. Interestingly, in Chapter 2 (Bedoya et al. 2019c; Appendix 3), we show that the ‘clicks’ initially reported by 

Rudinsky and Michael (1973) are actually well defined stridulatory sounds from sterno-tergal organs.  

Nowadays, most acoustic data is collected with amplified set-ups in soundproof environments, and consequently any beetle 

movement can be heard. This makes seemingly trivial tasks, like discrimination of chewing or body-bark friction sounds 

from the ones produced by stridulatory processes, challenging for an untrained ear. For instance, in Chapter 4 (Bedoya et 

al. 2019a), we collected acoustic and visual data of 90 females of Hylurgus ligniperda in six different behavioural contexts 

in order to verify that the click-like sounds we were hearing were not actually stridulations. Once we started working with 

more species, it became relatively straightforward to discriminate stridulations from other sounds. However, most 

researchers do not have access to similar datasets and are unable to make auditory and behavioural comparisons. Succinctly, 

the three main characteristics that we found in stridulations are that such sounds are (i) quasiperiodic, (ii) composed of a 

group of pulses, and (iii) several orders of magnitude louder than the sounds of the other parts of the body. Even the smallest 

species that we recorded (Ips avulsus), which is just 2.5 mm long, can be heard without amplification when the individual 

is near the experimenter’s ear. A relatively simple way of distinguishing unintended friction-based sounds from stridulations 

is to add redundancy to the set-up for data collection. For instance, we added an accelerometer attached to the substrate 

where the beetles were glued in addition to the ultrasonic microphone that we used to collect the data. In all sound-producing 

species: if the stridulatory sounds were recorded by both transducers, they were almost unequivocally beetle stridulatory 

signals rather than by-products of movement.  
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In 1983, Sasakawa and Yoshiyasu published a paper discussing the stridulatory organs of Japanese bark beetles. 

Unfortunately, the vast majority of the outliers in our literature review originate from this single paper. In it, the authors 

disclose several outstanding findings that do not match the patterns found in the rest of the literature on bark beetle acoustics. 

For example, they state that the genus Orthotomicus has the three types of stridulatory organs known in bark beetles (i.e., 

gula-prosternal, elytro-tergal, and vertex-pronotal). This has never been reported elsewhere, nor has it been confirmed. 

Uniquely, two of these stridulatory structures were stated to occur in the same species, Orthotomicus angulatus (i.e., elytro-

tergal ♂, gula-prosternal ♀). Similarly, they report two different structures (elytro-tergal ♂♀, vertex pronotal ♀) for 

Dryocoetes autographus, but this time, they also state that both structures can be present in the same sex (females). A similar 

case is reported by these authors for Cryphalus fulvus, where two different types of stridulatory organs are reported for the 

species (elytro-tergal ♂♀, vertex pronotal ♂); however, here the male is the one with the dual stridulatory organ. While the 

authors provided morphological descriptions, they did not report the stridulatory signals of the beetles, nor did they provide 

observational data of individuals making sounds. Problematically, they also do not offer any explanation on how such an 

unusual and complex arrangement of structures could have evolved in these particular beetles but not elsewhere. Overall, 

this suggests that there is a significant chance Sasakawa and Yoshiyasu (1983) confused some body-locking mechanisms 

and irregular structures for stridulatory organs and reported them as such, calling into question the results published in this 

paper. We personally examined three individuals of Orthotomicus laricis and the structures on the vertex do not resemble 

the protuberant plectrum found in the other Ips species, which are from the same subtribe (i.e., Ipina). If we ignore the 

Sasakawa and Yoshiyasu (1983) report, Ips is the only genus in the Scolytinae and Platypodinae where two of the main 

types of stridulatory organs are found (vertex-pronotal, gula-prosternal) (Barr 1969; Rudinsky 1979). Specifically, Ips 

typographus is the only species in the genus with a gula-prosternal organ (Rudinsky 1979): an interesting outlier that has 

yet to be explained. It is important to note that several American Ips species with gula-prosternal organs, reported by Barr 

(1969), were later classified as a new genus (Pseudips) once molecular data became available (Cognato 2015). It is also 

worth mentioning that Ips is the only genus where stridulatory signals produced with vertex-pronotal organs have been 

recorded and reported (Wilkinson et al. 1967, Bedoya et al. 2019c, Chapter 2).  

 

Future Work 

The most important unanswered question in bark and ambrosia beetle acoustics, and probably in beetle acoustics generally, 

is “how do they hear?” To date, we do not know where the hearing organ of most beetles is located, which is astonishing 

when we consider that coleopterans are the largest group of animals on Earth. Tympanal hearing organs have been reported 

for some scarab and tiger beetles (Göpfert and Hennig 2016) and some woodboring and darkling beetles are known to 

communicate using vibrational signals (Hill 2001). Hofstetter et al. (2019) hypothesised about possible places where the 

hearing organs of bark and ambrosia beetles could be located, but these are yet to be corroborated. Something that could aid 

in solving this long-standing mystery is that some bark and ambrosia beetle species (e.g., Hylurgus ligniperda) consistently 

and almost instantaneously emit an acoustic response to acoustic stimuli (Chapter 4, Bedoya et al. 2019a). Therefore, a well-

designed playback experiment could dramatically narrow the number of possible locations for the hearing organ. For 

instance, Hofstetter et al. 2019 suggest that one of the possible locations of the hearing organ are the wings; thus, acoustic 

responses after applying an acoustic stimulus to individuals with dissected wings could be an indicator that the hearing 

organ is not located there. 

Playback experiments could also be used to determine the hearing range and acoustic recognition space of these beetles, 

which is something we have little to no information about. Most bark and ambrosia beetles have ultrasonic components in 

their sounds (Chapter 2, Bedoya et al. 2019c), and it would be interesting to know if these have any biological relevance, as 

it does in some tiger beetles (Yager and Spangler 1997). We hypothesise that they do not, as bark and ambrosia beetles live 

in confined environments and ultrasonic sounds tend to be heavily attenuated by wood (Yang et al. 2015). In preliminary 

experiments (unpublished data), we also observed that, over distance, the bandwidth in bark and ambrosia beetle sounds 

shrinks. This, in conjunction with the results presented in Chapter 2, suggests that most of the species-specific information 

is encoded in the temporal domain of the call. However, this does not mean that spectral content is irrelevant, as it correlates 

to size, sender-receiver distance, and individual morphology (Yturralde and Hofstetter 2015; Bedoya et al. 2019a, Chapter 

4). A playback experiment with artificially-modified calls would tell us where in the spectro-temporal domain the 
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recognition information is encoded in the beetle stridulations. This would provide important information to underpin 

hypotheses on the evolution, function, and processing mechanisms of acoustic signals in beetles.  

Aside from understanding the biological relevance to beetle sounds, knowing how to properly manipulate these could also 

be useful when developing acoustic detection and identification approaches, as controlled elicitation of sound production in 

beetles is currently the biggest bottleneck in the implementation of such acoustic detection methodologies. In 2019, 

Hofstetter et al. tried to determine the acoustic recognition space of bark beetles using artificially-generated signals with 

Dendroctonus adjunctus as bioassay. Their data tantalisingly hints towards bark and ambrosia beetles not being able to 

perceive ultrasonic sounds, but unfortunately the sample size was not large enough to be conclusive.  

A further issue that should be addressed is the scarcity of information related to acoustic communication in the Scolytinae 

and Platypodinae. Even though the first bark beetle was described by Linnaeaus himself (Linnaeus 1758), and sound 

production in bark and ambrosia beetles has been known for more than 150 years (Barr 1969), to date, acoustic 

communication has been reported for less than 2% of the extant bark and ambrosia beetle species (Chapter 2,3;  Bedoya et 

al. 2019c). Furthermore, there is a strong bias towards economically important species of temperate climates, almost all 

from the Scolytinae. To the best of our knowledge, only six studies have dealt with sound production in the Platypodinae 

(Menier 1976, Ytsma 1988, Lyal and King 1996, Ohya and Kinuura 2001, Ueda and Kobayashi 2005; Bedoya et al. 2019c, 

Chapter 2). Therefore, reporting sound production (or lack thereof) should be a priority, especially in platypodines and the 

subtribes of the Scolytinae where acoustic information is unknown (e.g., Bothrosternina, Cactopinina, Hexacolina, 

Hyorrhinchina, Scolyplatipodina, Phrixosomina). 

Another set of questions worth tackling are ones related to the ecology and evolution of the acoustic communication of bark 

and ambrosia beetles. One of the most fascinating characteristics of these beetles is the high diversity of sound-producing 

organs, which is difficult to match in the animal kingdom. In spite of this, we still do not know how such structures relate 

to each other, or how they could have evolved. The phylogeny of bark and ambrosia beetles has not been fully resolved, but 

recent advances using molecular techniques allow us to formulate specific hypotheses (Gillett et al. 2014; Mugu et al. 2018; 

Pistone et al. 2018). For instance, the genus Scolytus, which appears to be a sister group to the rest of the CCCMS clade 

(Conoderinae, Cossoninae, Curculioninae, Molytinae, Scolytinae) (Pistone et al. 2018), has a different type of stridulatory 

organ than most bark and ambrosia beetles (gula-prosternal instead of elytro-tergal or vertex-pronotal). This explains the 

morphological differences for this genus. However, there are three species (Pseudips concinnus, Pseudips mexicannus, and 

Ips typographus) in the subtribe Ipina with gula-prosternal organs that appear to have evolved independently. Similarly, 

elytro-tergal stridulation seems to have different evolutionary origins in the Scolytinae and Platypodinae. Molecular 

phylogenies indicate that the two subfamilies are not closely related (Gillet et al. 2014; Mugu et al. 2018), that the 

stridulatory organs differ in both plectrum and pars stridens (Lyal and King 1996), and that acoustic signals between 

scolytines and platypodins differ significantly (Bedoya et al. 2019c, Chapter 2). Also, closely-related subfamilies to the 

Scolytinae (i.e., the CCCMS clade) possess elytro-tergal communication (Lyal and King 1996), whereas closely-related 

subfamilies to the Platypodinae appear to lack sound production (i.e., Dryophthorinae, Brachycerinae).  

Vertex-pronotal stridulation is another interesting case that is worth studying. The genus Ips is the only case where signals 

for this kind of stridulatory mechanism have been reported (Wilkinson et al. 1967; Rudinsky and Michael 1973; Oester and 

Rudinsky 1975; Rudinsky 1979; Hofstetter 2019). The genus is polygynous and is also the only example where sound 

production is exclusive to females (Chapter 3). How acoustic communication evolved in the genus Ips remains a mystery, 

but one hypothesis is that elytro-tergal communication was lost due to selective pressures (e.g., predators) during the 

development of their characteristic spines on the elytra. Later, the acoustic trait was regained in a different part of the body 

in the sex that required access to the galleries (i.e., females). This is speculative and needs to be properly addressed using 

molecular data. Aside from the evolution of the stridulatory organs, we know very little about the factors driving signal 

divergence, and its role in speciation, in bark and ambrosia beetles. For example, we do not know if such divergence is 

regulated by ecological and/or sexual selection, or if it is useful to predict patterns of diversification across genera. When 

we look at the signals reported in Chapter 2 (Bedoya et al. 2019c), at first sight it appears that monogynous species have 

more complex and well-developed signals than polygynous ones. This matches reports in the avian literature, where 

monogamous species select for parental care and territorial defence, and polygynous species for competitive abilities 

through aggressive displays (Lofredo and Borgia 1986). Nonetheless, since most of our acoustic data in polygynous bark 
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beetle species comes from only one genus (Ips), which also has a different type of stridulatory organ, it is not possible to 

make conclusive statements.   

The last set of questions we would like to discuss are those related to sound propagation and attenuation inside wood. There 

is very limited understanding about how acoustic communication is used inside the gallery systems and this medium’s effect 

on sound production. We also do not know the hearing distance of bark and ambrosia beetles, or the role of such distance 

in niche partitioning. Since galleries of conspecific individuals rarely overlap, it is thought that the hearing distance of the 

chewing and stridulatory sounds shapes the topology of the gallery system (Barr 1969; Rudinsky and Michael 1973), but 

this hypothesis has not been tested. Furthermore, the data presented in Chapter 2 and 3 (Bedoya et al. 2019c) suggest that 

the medium, using feeding mode as a proxy variable, could influence the shape of the waveform of sound-producing species. 

However, since there is a covarying set of relevant features (e.g., stridulatory organ, clade), it is not pertinent for us to state 

any significant conclusion. From an applied standpoint, several bark and ambrosia beetle species have economic importance 

(Grégoire et al. 2015) and it is pertinent to understand the distance from which these beetles can be acoustically detected 

and identified, and where the individuals might be located. This, in combination with the sound-eliciting methods described 

above, could be used to develop automatic acoustic detection approaches for the study of bark and ambrosia beetles in their 

natural habitat or for biosecurity purposes.   

This is the most complete work on bark and ambrosia beetle acoustics since the era of JA Rudinsky.  It expands the work 

that Barr (1969) performed on Ips species to more genera, including platypodines, and serves as an acoustic and behavioural 

complement for the work that Lyal and King (1996) performed on morphological characters. No other research has ever 

studied sound production in these many species or tried to elucidate evolutionary patterns using acoustic data. This is also 

the first work to highlight the role of mating systems and size as drivers of acoustic communication in beetles and the first 

one combining acoustic, phylogenetic, morphological, and life-history information to explain the presence of acoustic 

communication in these taxa. Furthermore, this is the first time instant lumino-induced sound production is reported in 

beetles, and also the first time spectral context-dependence is reported in bark and ambrosia beetles. 
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Appendix 1 - List of species with author’s names 

 

Beetle species 

Ambrosiodmus obliquus (LeConte) Monarthrum mali (Fitch) 

Carphoborus bicornis Wood Orthotomicus caelatus (Eichhoff) 

Cnestus mutilatus (Blandford) Orthotomicus latidens (LeConte) 

Dactylotrypes longicollis (Wollaston) Pachycotes peregrinus (Chapuis) 

Dendroctonus adjunctus Blandford Phloeosinus cupressi Hopkins 

Dendroctonus brevicomis LeConte Phloeosinus dentatus (Say) 

Dendroctonus frontalis Zimmermann Phloeotribus liminaris (Harris) 

Dendroctonus pseudotsugae Hopkins Pityophthorus annectens (LeConte) 

Dendroctonus terebrans (Olivier) Pityophthorus concentralis Eichhoff 

Dryoxylon onoharaense (Murayama) Pityophthorus confusus Blandford 

Euplatypus parallelus (F.) Pityophthorus consimilis LeConte 

Gnathotrichus deleoni Blackman Pityophthorus juglandis Blackman 

Gnathotrichus materiarius (Fitch) Pityophthorus liquidambarus Blackman 

Gnathotrichus sulcatus (LeConte) Pityophthorus pulicarius (Zimmermann) 

Hylastes ater Paykull Platypus apicalis White 

Hylastes porculus Erichson Platypus gracilis Broun  

Hylesinus aculeatus Say Pseudopityophthorus minutissimus (Zimmermann) 

Hylurgops subcostulatus (Mannerheim)  Scolytus multistriatus (Marsham) 

Hylurgus ligniperda (F.) Scolytus rugulosus (Muller) 

Hypocryphalus sp.* Scolytus ventralis LeConte 

Hypothenemus eruditus Westwood Treptoplatypus caviceps Broun 

Hypothenemus hampei (Ferrari) Xyleborinus saxesenii (Ratzeburg) 

Ips avulsus (Eichhoff) Xyleborus affinis Eichhoff 

Ips calligraphus (Germar) Xyleborus glabratus Eichhoff 

Ips confusus (LeConte) Xyleborus gracilis 

Ips grandicollis (Eichhoff) Xylosandrus crassiusculus (Motschulsky) 

Ips pini (Say) Xylosandrus germanus (Blandford) 

Monarthrum fasciatum (Say)  

*undescribed species  
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Appendix 2 - Additional scanning electron microscope (SEM) images of the stridulatory organs 

 

  

  

  
 

Figure 1-A2. A Ips avulsus female head with vertex exposed. Stridulatory structures (pars stridens) are located on posterior 

end of the head (B), seen in the central-lower right, usually hidden by the pronotum. B Detail of I. avulsus pars stridens 

presented in A. This part of the compound stridulatory organ consists of an elliptically-shaped file of teeth located on the 

posterior part of the vertex. C Detail of the file of teeth of the I. avulsus female pars stridens presented in B. D Ips avulsus 

female plectrum located on the ventral surface of the pronotum. E Detail of the I. avulsus female plectrum presented in D. 

It consists of a circular file of teeth similar to the pars stridens. It is shorter and wider than the pars stridens and has wider 

distances between the teeth. F Magnification of I. avulsus female plectrum presented in E. 

 

A B 

C D 

E F 
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Figure 3-A2. A Dorsal view of a male individual of Euplatypus parallelus with the elytra removed. The plectrum (B) is 

located at the anterior end of the last abdominal tergite. B Detail of the E. parallelus plectrum presented in A. C Ventral 

view of the left elytron of a male individual of Euplatypus parallelus. The pars stridens is visible on the edge of the structure. 

D Magnification of the file of teeth that compose the pars stridens presented in C. 

  
 

Figure 2-A2. A Ips avulsus male head. Note the absence of stridulatory structures. B Ventral view of the pronotum of a 

male individual of Ips avulsus. Note the absence of stridulatory structures. 

 

B 

A B 

C D 
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Figure 4-A2. A Ventral view of the head of a male individual of Scolytus ventralis. The pars stridens consists of a circularly-

shaped set of ridges embedded on the gula. B Close-up of the pars stridens described in A. C Detail of the ridges of the S. 

ventralis pars stridens from B. D Plectrum of S. ventralis. The structure consists of a pair of ridges on the ventral surface of 

the thorax. 
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Appendix 3 - Sound pressure level spectrograms of all the recorded bark and ambrosia beetle species. 

Sound pressure level spectrogram (top), time-domain representation (bottom), and sound pressure level 

spectrum (right). Colourbars in dB(SPL) ref 20 μPa. 
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Appendix 4 - Definitions 

 

Due to the similarities among anuran and bark beetle calls, we have based our definitions and terminology on the work of 

Köhler et al. (2017). This terminology is standard to any type of communication that uses quasiperiodic pulse trains. Because 

of this, it could be applied, with just a few exceptions, to most taxa on earth. It is also unambiguously defined and it is not 

tied to the sound production mechanism or the function of the sound. Additionally, the term ‘chirp’ used in bark beetle 

acoustics, is not a chirp sensu stricto. In acoustics and signal processing, the term ‘chirp’ is a waveform whose instantaneous 

frequency increases, or decreases, with time. Due to the nature of bark beetle sounds, i.e., broadband and uniform, the 

instantaneous frequency tends to remain relatively stable, which differs from the most accepted definition of ‘chirp’. The 

term is also ambiguous and misleading, as it does not follow a hierarchical order, and thus, cannot serve as integral element 

in the description of the temporal parameters of the sound (see Broughton (1976) for a deeper discussion on this specific 

matter).   

Call: The main acoustic unit of the stridulatory process (Figure 1-A4 and Figure 2 from Chapter 4). These are separated 

from other calls by silent inter-call intervals. Calls with a single note are named single-noted calls, and calls with several 

notes are multiple-noted calls. A call might be composed of notes of different types. 

Call duration: Length of the call; measured from the beginning of the first note to the end of the last note. In calls that 

consist of a single note, call duration is the same as note duration.  

Call group: Sequence of calls separated by periods of silence longer than inter-call intervals (Figure 1-A4 and Figure 2 

from Chapter 4). These periods of silence must be stable and occur in a predictable manner.  

Calling rate: Number of calls in a unit of time. 

Centroid frequency: Also known as spectral centroid. This frequency is analogous to the centre of mass in mechanical 

systems. In general terms, it represents the frequency in which the centroid of the power spectral distribution is located (see 

Appendix 8 for its mathematical definition). 

Cut-off frequency: Frequency at which the energy of the note starts decreasing (see Appendix 8 for its mathematical 

definition).  

Inter-call-interval: Silent period between two consecutive calls, measured from the end of the last note of the call to the 

beginning of the first note of the next call. In calls with a single note, the inter-note-interval is the same as the inter-call-

interval. 

Inter-note-interval: Interval between two consecutive notes within the same call, measured from the end of one note to the 

beginning of the consecutive note.  

Minimum frequency: Lower cut-off frequency of the mean spectrum of the note (see Appendix 8 for its mathematical 

definition).  

Maximum frequency: Upper cut-off frequency of the mean spectrum of the note (see Appendix 8 for its mathematical 

definition). 

Note: Main subunit of a call (Figure 1-A4 and Figure 2 from Chapter 4). This subunit might have several types and can 

only be further divided into pulses. A call might consist of a single note. 

Note Duration: Length of a note within a call. 

Pulse: Sound bursts within notes. This is the smallest acoustic unit. We did not perform any analysis at this level of hierarchy 

during this study. 

Recording: Audio signal recorded with a data acquisition device.  
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Signal: Sequence of data points that convey information about the studied phenomenon. In our context, each datum contains 

acoustic information taken at equally-spaced points in time (i.e., chronologically).  

Stridulation: Sound generated using stridulatory mechanisms. In our context it is also a synonym for call. 

 

 

Figure 1-A4. Hierarchy of acoustic units and subunits of the call-centred approach used to describe Hylurgus ligniperda 

stridulations. Since H. ligniperda only produce calls of a single note, the term note and call are synonymous.  

Broughton WB. (1976) Proposal for a new term ‘echeme’ to replace ‘chirp’ in animal acoustics. Physiol Entomol, 1, 103–

106. 
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Appendix 5 - Probabilities of selecting a mute male 

 

In this study, we used the distress call as sexing strategy to separate males from females. Since we found no female 

stridulatory sounds in any of the six studied behaviours, we decided to estimate the probabilities of obtaining these results 

due to the selected individuals all being mute males.  

Let’s assume an extremely unfeasible situation in which 20% of the males of the whole population were mute. In a set of n 

individuals with a 50/50 proportion of males and females, the probability of randomly selecting a mute male is given by the 

equation: 

P(A∩B)=P(A)*P(B/A) 

where P(A)=0.5 is the probability of selecting a male, and P(B/A)=0.2 is the probability of being mute given male. 

Thus: P(A∩B)=P(A)*P(B/A)=0.5*0.2=0.1 

Now, the probability of selecting and individual who does not stridulate (i.e., females or mute males) is given by: 

P(~A⋃(A⋂B))=P(~A)+ P(A∩B)=0.5+0.1=0.6 

Where P(~A)=1 - P(A) is the probability of not being male. Consequently, the probability of randomly selecting an 

individual who does not stridulate, and that is a mute male is given by: 

P(C) = P((~A+A∩B) ∩ (A∩B)) =P(~A+A∩B)*P(A∩B /(~A+A∩B))=0.6*(1/6)=0.1 

Here we can see that in the scenario of 20% mute males in the collected population, if we use distress calls to differentiate 

males from females there is only a 10% chance of selecting a mute male from the pool of individuals and classifying him 

as a female during the sexing procedure. Now, let’s estimate the probability of selecting 15 mute males from a population 

of size n. This can be done using the chain rule without replacement: 

P(C1 ∩ C2 … ∩ C𝑘=15 ) = ∏ (
𝑃(𝐶)∗𝑛

𝑛−𝑘−1
)15

𝑘=1     

where k=1,...,15 are the to-be-selected mute males and n is the number of total individuals. Let’s suppose a set of n=1000 

individuals, then:  

P(C1 ∩ C2 … ∩ C𝑘=15 ) = ∏ (
0.1∗1000

1000−𝑘−1
)15

𝑘=1 = 1.14 ∗ 10−15    

In conclusion, a probability of 1.14ˣ10-15 is extremely small, which means that randomly selecting a subset of 15 mute males 

from a pool of 1000 individuals is technically impossible. Due to the previously shown calculations, we are confident that 

at least 13 of the 15 females we used in our study were not mute males. 

We also performed an additional experiment to corroborate the results shown in our statistical analysis. First, we randomly 

selected 25 mute individuals and 25 individuals with sound production capabilities from one of our colonies. Then, we 

sexed them by inspecting the sexually dimorphic characteristics in the last two abdominal tergites, a method reported by 

Liu et al. (2008), which was verified by dissection of genitalia, with 100% accuracy separating males and females. Our 

results are reported in the following contingency table:  

 Sound Production Capabilities 

Sex Sound No Sound Total 

Male 25 0 25 

Female 0 25 25 

Total 25 25 50 
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Using the method of inspecting abdominal tergites, all mute individuals were classified correctly as female, and all 

individuals that stridulated were classified correctly as males. This result unequivocally associates  the lack or presence of 

distress calls in Hylurgus ligniperda with the sex of the individuals. This result, in conjunction with our statistical analysis, 

give us enough confidence to state that the sexing method we used in our experimental procedures did not have any influence 

on the acoustic data we are currently reporting in the manuscript. 

Liu D, Flint ML, Seybold SJ. (2008) A secondary sexual character in the red-haired pine bark beetle, Hylurgus ligniperda 

Fabricius (Coleoptera: Scolytidae). Pan Pac Entomol, 84, 26–28.   
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Appendix 6 - Hylurgus ligniperda recording 

 

Figure 1-A6. Unfiltered (raw) recording of a male individual of Hylurgus ligniperda. This plot shows the global structure 

of the signal and the spectral location of background noise (< 1.5 kHz).  
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Appendix 7 - Effects of the uppermost Perspex layer on data collection 

 

An additional experiment was performed to evaluate the effect of the Perspex layer on the data acquisition. Phloem 

sandwiches are commonly used in bark and ambrosia beetle studies, yet the effects of these on acoustic data collection have 

not been numerically determined. The experiment consisted of creating a sinusoidal signal with a linearly increasing 

frequency (also known as linear chirp) and constant amplitude, and then, recording that signal in our set-ups with and 

without the uppermost Perspex layer. This is an objective method to estimate the effects of the Perspex layer (with a 2 mm 

hole) on the spectral values. To accomplish this, a 60s sinusoid with an upward linear variation of its instant frequency from 

400 Hz to 20000 Hz was created (Figure 1-A7). Then, a circular (4mm radius) transducer generated the signal, which was 

instantly acquired using the same setup we used for data collection.  

 

Figure 1-A7. Linear Chirp. Sinusoid of 60s duration with an upward linear variation of its instant frequency from 400 Hz 

to 20000 Hz. 
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Figure 2-A7. Transmission attenuation of the uppermost Perspex layer of the set-up. Points indicate the estimated spectral 

features: minimum, centroid, and maximum frequencies with (blue) and without (red) Perspex. Note that the values of the 

spectral features estimated from the signal recorded with Perspex closely match the values of the signal recorded without 

Perspex.  

Since the features we extracted in our study are not amplitude-based, the changes produced by the Perspex have little effect 

on the currently reported data. To show this, we analysed the power spectral distribution of both signals acquired with and 

without Perspex, exactly as the beetle calls in the manuscript were analysed. The minimum, maximum, and centroid 

frequencies only differed by 171, 472, 364 Hz, (i.e., by approximately 0.9, 2.4, and 1.9 % of the signal bandwidth) 

respectively, when comparing set-ups with and without Perspex (Figure 2-A7). Additionally, we also modelled the transfer 

function of the Perspex (Figure 2-A7, black line) and inverse-filtered the measured signals by the transmission response of 

the Perspex; we found little difference in the acoustic features.  We acknowledge that the Perspex layer in the set-up slightly 

changes the estimation of the spectral features; nonetheless, the variation is small (< 500 Hz or 2.5 % of the bandwidth) and 

the signals were all recorded under the same conditions. Therefore, this small variation does not change the general 

conclusions of our study. In general, the Perspex layer attenuates the amplitude of the spectrum ~ 7 dB in average but does 

not remove spectral content. This is the reason why the values of the estimated spectral features are comparable in both 

situations. In addition, the placement of the microphone on the uppermost Perspex layer had little to no effect on the data 

collection. In our experiment, the only part of the microphone that touched the Perspex was a very small area of its external 

case. The goal was to create a mechanical contact for stability; thus, all the recordings could be made from the same exact 

point. In Figure 3-A7, we show the spectrograms of the same signal from Figure 1-A7 recorded with and without touching 

the uppermost Perspex layer. There are barely perceptible variations of amplitude and no frequency shift, confirming that 

our microphone placement did not alter the recordings in any significant way.  
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Figure 3-A7. Power spectrum of signals recorded with the microphone in contact/ no contact with the uppermost Perspex 

layer.  
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Appendix 8 - Automatic note detection and parameter estimation 

 

The first step of the method consists in applying a high-pass filter to a signal 𝐱 ∈  ℝ𝑁x that contains the information of 

interest (i.e., bark beetle stridulations), where 𝑁x is the length of the signal in number of samples. Consequently, a signal 

𝐱𝐟𝐢𝐥 ∈  ℝ𝑁x with the information filtered below the frequency 𝑓0 was obtained. Here, we assume a bijective filter in which 

the filtered signal will have the same number of samples as the original signal. Afterwards, the spectrogram 𝐒 ∈  ℝ𝑁f×𝑁t is 

estimated from the signal  𝐱  (Figure 4A from Chapter 4), where 𝑁f is the number of frequency bins and 𝑁t is the number 

of points in the time domain after the time-frequency transformation. In this case, 𝐒 ≡ |X|2, where 𝐗 ∈  ℝ𝑁f×𝑁t is the 

magnitude of the discrete short-time Fourier transform (STFT) of 𝐱𝐟𝐢𝐥, and the operator | ∙ | represents the absolute value 

estimated individually from each element of the matrix. After this, the rows of the matrix 𝐒 are averaged to obtain a 

vector 𝐬 ∈  ℝ𝑁t with the mean value of all frequency bins for any specific point in the temporal domain (Figure 4B from 

Chapter 4). This vector contains information related to the temporal location of each note in the recording. Subsequently, 

the standard deviation of 𝐬 is used as a threshold criterion to estimate the beginning and ending of each note (red line in 

Figure 4B from Chapter 4). Specifically, the new thresholded vector is defined as  𝐬𝐭𝐡 , where each i-th element of  𝐬𝐭𝐡 is 

obtained by the operation  sth𝑖
=  𝑠𝑖𝜏𝑖; where 𝛕 ∈  ℝ𝑁t is a [0,1] bivalued vector, such that 𝜏𝑖 = 0 if  𝑠𝑖 < 𝜎𝑠 and  𝜏𝑖 = 1 

otherwise, ∀ 𝑖 = 1, … , 𝑁t. Here 𝜎𝑠  ∈  ℝ is the standard deviation of 𝐬.  

In the next step, the positions of all nonzero values of sth are extracted, creating a new vector 𝐩 ∈  ℝ𝑁p whose consecutive 

ordered pairs correspond with the beginning and ending of each note, i.e., 𝐩 = {(𝑝1, 𝑝2), (𝑝3, 𝑝4), … , (𝑝𝑁𝑝−1, 𝑝𝑁𝑝
)}. 

Here, 𝑁p = 2𝑁s, and 𝑁s is the number of notes. Each ordered pair is used to extract the notes directly from the 

spectrogram 𝐒. Consequently, a set of matrices ℂ = {𝐂𝟏, 𝐂𝟐, … , 𝐂𝐍𝐬
} was obtained, where each element of ℂ is a matrix with 

the spectrogram of each note extracted directly from 𝐒 (Figure 4C from Chapter 4).   

Finally, the spectro-temporal parameters of each note are individually estimated (Figure 4D from Chapter 4). This procedure 

is the same for all notes; therefore, for the sake of simplicity, the following part of the method will be solely demonstrated 

with an example note 𝐂. Let 𝐂 ∈  ℝ𝑁f×𝑁c be a segment (note) directly extracted from the spectrogram, where 𝑁c is the 

length of the note. Then, the mean spectrum 𝐜 ∈  ℝ𝑁f is defined as the arithmetic mean of all columns of the matrix 𝐂. This 

vector contains the average values of 𝐂 in the frequency domain, which are used to estimate all the spectral parameters of 

the note.  

Maximum and minimum frequencies were defined as the upper and lower cut-off frequencies of the mean spectrum of the 

note. Defining the cut-off frequencies as the maximum and minimum frequencies corresponding to the values of 𝐜 that 

exceed 𝜎𝑐/2, where 𝜎𝑐 is the standard deviation of 𝐜.  

The centroid frequency (also known as spectral centroid) (Quan and Harris 1997)  𝑓c  is analogous to the centre of mass in 

mechanical systems (Le et al. 2011). In general terms, it represents the frequency in which the centroid of the power spectral 

distribution is located (Eq. 1).  

 𝑓c =
∑ 𝑓𝑖𝑐𝑖

 𝑁f
𝑖=1

∑ 𝑐𝑖
 𝑁f
𝑖=1

                                                                            (1) 

Here, 𝐟 ∈  ℝ𝑁f is a vector with the frequency values of each bin in the spectrogram.  𝑓c is obtained from a weighted mean 

and it is not based on the estimation of maxima points, which makes it robust to background noise and a more accurate 

predictor of the timbre of the sound than the dominant frequency (Schubert and Wolfe 2006).  

Temporal parameters were directly estimated from 𝐩 . Duration and INI were defined as 𝑡dur = 𝑝𝑚−1 − 𝑝𝑚−2 and 𝑡isi =

𝑝𝑚 − 𝑝𝑚−1, respectively; with = 3,5,7, … , 𝑁𝑝 − 1 . The duration of each note is the difference between the two points in 

each ordered pair of 𝐩, whereas the INI is the time between the ending and the beginning of two consecutive notes. These 

parameters are expressed in number of samples, but can be mapped to time using the following operation: 𝑡 =

(𝑡samples(𝑤 − 𝑅) + 𝑅)/𝐹𝑠 , where 𝑡 is the temporal parameter in seconds, 𝑡samples is the temporal parameter to be re-
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escalated, 𝐹𝑠 is the sampling frequency of the original signal 𝐱 , 𝑤 is the size of the window used to estimate the spectrogram, 

and 𝑅 is the number of overlapping samples among windows.  

 

 

Le PN, Ambikairajah E, Epps J, Sethu V, Choi EHC. (2011)  Investigation of spectral centroid features for cognitive load 

classification. Speech Commun, 53, 540–551. 

Quan Y, Harris JM. (1997) Seismic attenuation tomography using the frequency shift method. Geophysics, 62, 895–905. 

Schubert E, Wolfe J. (2006) Does timbral brightness scale with frequency and spectral centroid? Acta Acust united Ac, 92, 

820–825. 
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Appendix 9 - Source separation 

 

This method is used to separate notes emitted by two different bark beetle males acquired in the same recording. It consists 

of two main stages: (1) Estimation of the main component of variance from the spectrograms of recordings obtained with 

both main and secondary microphones. (2) A sequence of mathematical operations to find temporal locations of the notes 

of each male.  

Let 𝐒𝐚 ∈  ℝ𝑁f×𝑁t be the spectrogram of the signal acquired with the sensor pointing towards the individual of interest. Here 

we assume both spectrograms were estimated from synchronous signals of the same length. Then, a PCA is estimated from 

the spectrogram 𝐒𝐚. This factors the spectrogram into two matrices 𝐒𝐚 = 𝐘𝐚𝐙𝐚, where 𝐘𝐚  ∈  ℝ𝑁f×𝑁z are known as the 

principal component scores, 𝐙𝐚  ∈  ℝ𝑁z×𝑁t are the principal component coefficients (i.e., loadings), and 𝑁z is the number 

of components. Afterwards, the transformation is reversed, but only using the component with the largest variance 

contribution, thus obtaining a matrix 𝐒𝐚
′ = |𝐘𝐚(𝑖,1)𝐙𝐚(1,𝑗)|, ∀ 𝑖 = 1, … , 𝑁f and ∀ 𝑗 = 1, … , 𝑁t; where the operator | ∙ | 

represents the absolute value of each element of the matrix individually. Then, each column of 𝐒𝐚
′  ∈  ℝ𝑁f×𝑁t  is thresholded 

around the median to clean the spectrum. This operation is performed by finding the values of each column of 𝐒𝐚
′   less 

than �̃�𝑗, if Sa
′

(𝑖,𝑗) < �̃�𝑗, then Sa
′

(𝑖,𝑗) = 0; ∀ 𝑖 = 1, … , 𝑁f and ∀ 𝑗 = 1, … , 𝑁t, where �̃� ∈  ℝ𝑁t is a vector that contains the 

median values of each column of 𝐒𝐚
′ . In the next step, the arithmetic mean of all columns of the new spectrogram Sa

′  is 

estimated, obtaining a vector 𝐚 ∈  ℝ𝑁t with the mean value of all frequency bins for any specific point in the temporal 

domain (Figure 5B from Chapter 4). Then a is feature-scaled in order to make it comparable with other vectors. The feature-

scaling operation is defined as: 

𝑎𝑖′ =
𝑎𝑖−min(𝑎)

max(𝑎)−min(𝑎)
                                                                              (2) 

 where 𝐚′ ∈  [0,1]  is the rescaled representation of a, ∀ 𝑖 = 1, … , 𝑁t. 

Now, let 𝐒𝐛 ∈  ℝ𝑁f×𝑁t be the spectrogram of the signal acquired with the sensor pointing towards the other individual during 

the experiment (i.e., noise recording). In an equivalent procedure to the previously shown with 𝐒𝐚, the spectrogram 𝐒𝐛 is 

processed to obtain a vector 𝐛′ ∈  ℝ𝑁𝑡 (Figure 5C from Chapter 4), analogous to the vector 𝐚′ estimated from 𝐒𝐚. Finally, 

both vectors are subtracted, obtaining a vector 𝐝 = 𝐚′ − 𝐛′ (blue line in Figure 5D from Chapter 4), with 𝐝 ∈  ℝ𝑁𝑡. This 

vector is equivalent to the vector 𝐩 previously obtained (Figure 4B from Chapter 4), and can be processed using the same 

method, as if it were a single-individual recording (see Automatic note detection and parameter estimation). The order in 

which the subtraction operation is performed gives the vector with the temporal locations of the individual of interest, 

hence, 𝐝 = 𝐛′ − 𝐚′ gives information about the calls contained in 𝐒𝐛 (yellow line in Figure 5D from Chapter 4). As the last 

step of the method is a subtraction operation, any external noise that affects both microphones in the same conditions is 

supressed. Additionally, since the main component of variance contains essentially information from the source of interest, 

other sounds present in the recording are eliminated when the other components are neglected. However, this also makes 

the transformation irreversible, and a complete recovery of the original signal is not possible since this is an intended lossy 

compression technique (Goyal et al. 2008). In our case, this method is used to find the beginning and ending of the notes 

produced by the beetle of interest, but the spectro-temporal parameters are extracted directly from the original spectrogram. 

Therefore, there is no need to inverse the transformation to obtain the raw data. If total recovery of the original signal is 

desired, other methods such as Independent Component Analysis (ICA) (Hyvarinen et al. 2001) that guarantee independence 

of the sources are preferable.  

 

Goyal VK, Fletcher AK, Rangan S. (2008) Compressive sampling and Lossy compression. IEEE Signal Process Mag, 25, 

48–56. 

Hyvarinen A, Karhunen J, Oja E. (2001) Independent component analysis (1st ed.). New York, NY: Wiley.  
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Appendix 10 - Principal Component Analysis 

 

 

Figure 1-A10. Principal Component Analysis of the five spectro-temporal parameters extracted from the notes of Hylurgus 

ligniperda calls emitted in six behavioural contexts. (A) Percentage of variance explained by each principal component. (B) 

Absolute value of the coefficients of each parameter for the first principal component (PC1).  
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Appendix 11 – Literature review of bark and ambrosia beetle acoustics 

 

Table 1. List of bark and ambrosia beetle species obtained from the literature review. Sound (species with acoustic communication, Y: yes, and acoustic signals have been reported, (Y): yes, but only stridulatory organs were reported,  N: no), Sex (gender 

with sound production capabilities, M: male, F: female, B: both), Organ (type of stridulatory organ, ET: elytro-tergal, VP: vertex-pronotal, GP: gula-prosternal), Mati (type of mating system, IB: inbreeding polygynous, M: monogamous, HP: harem 

polygynous), Colo (colonisation pattern, MF: males arrive first, FF: females arrive first), Feed (feeding mode, PHL: phloeophagy, XYL: xylomycetophagy, XPH: xylophagy, MYE: myelophagy, SPE: spermatophagy), Size (average body size for the 

species). Ref. Sound (References used to obtain information about sound production), Ref. Size (References used to obtain body size), Ref. Life History (References used for mating system, feeding modes, and sex-initiation). * means that the author 

reported information for the whole genus. 

 

# Tribe Subtribe Genus Species Sound Sex Organ Mat Sys Colo. Feed Size Ref. Sound Ref. Size Ref. Life History 

1 Hylesinini Cryphalina Cryphalus piceae (Y) M ET M FF PHL 1,5 (Sasakawa and Sasakawa, 1981) (Balachowsky, 1949) (Balachowsky, 1949) 

2 Hylesinini Hylastina Hylastes ater Y M ET M FF PHL  4 (Bedoya et al., 2019) (CABI.org, 2019) (Wood, 1982) 

3 Hylesinini Hylastina Hylastes porculus N   M FF PHL  4,4 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

4 Hylesinini Hylastina Hylastes cunicularius (Y) M ET M FF PHL 3,9 (Marcu, 1931; Wichmann, 1912) (Balachowsky, 1949) (Balachowsky, 1949) 

5 Hylesinini Hylastina Hylastes macer (Y) M ET M FF PHL 6 (Barr, 1969) (Wood, 1982) (Wood, 1982) 

6 Hylesinini Hylastina Hylastes parallelus (Y) M ET M FF PHL 4,1 (Sasakawa and Yoshiyasu, 1983) (Ho Yul Choo 1985) (Kirkendall et al., 2015)* 

7 Hylesinini Hylastina Hylastes plumbeus (Y) B ET M FF PHL 2,8 (Sasakawa and Yoshiyasu, 1983) (Ho Yul Choo 1985) (Kirkendall et al., 2015)* 

8 Hylesinini Hylastina Hylurgops subcostulatus Y M ET M FF PHL  4,8 (Bedoya et al., 2019) (Mercado-Vélez et al., 2014) (Wood, 1982) 

9 Hylesinini Hylastina Hylurgops rugipennis (Y) M ET M FF PHL 4,4 (Barr, 1969) (Wood, 1982) (Balachowsky, 1949) 

10 Hylesinini Hylesinina Hylesinus californicus Y M ET M FF PHL 3 (Vernoff and Rudinsky, 1980) (Wood, 1982) (Wood, 1982) 

11 Hylesinini Hylesinina Hylesinus aculeatus Y M ET M FF PHL  2,5 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

12 Hylesinini Hylesinina Hylesinus oleiperda Y M ET M FF PHL 3 (Rudinsky and Vallo, 1979) (Balachowsky, 1949) (Balachowsky, 1949) 

13 Hylesinini Hylesinina Leperisinus fraxini Y M ET BY FF PHL 2,9 (Rudinsky and Vallo, 1979) (Balachowsky, 1949) (Loyining and Kirkendall, 1999) 

14 Hylesinini Hylurgina Hylurgus ligniperda Y M ET M FF PHL  5 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

15 Hylesinini Phloeosinina Phloeosinus dentatus N   M FF PHL  2,3 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

16 Hylesinini Phloeosinina Phloeosinus cupressi Y M ET M FF PHL  3,1 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

17 Hylesinini Phloeosinina Phloeosinus punctatus (Y) M ET M FF PHL 2,7 (Barr, 1969) (Wood, 1982) (Wood, 1982) 

18 Hylesinini Phloeosinina Phloeotribus scarabaeoides (Y) M ET M FF PHL 2,2 (Russo, 1938)  (Balachowsky, 1949) (Balachowsky, 1949) 

19 Hylesinini Phloeotribina Phloeotribus liminaris N   M FF PHL  2,1 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

20 Hylesinini Polygraphina Carphoborus bicornis N   HP MF PHL  1,5 (Bedoya et al., 2019) (Wood, 1986) (Wood, 1982)* 

21 Hylesinini Polygraphina Polygraphus proximus (Y) M ET HP MF PHL 3 (Kerchev, 2015) (EPPO, 2014) (EPPO, 2014) 

22 Hylesinini Polygraphina Polygraphus rufipennis Y M ET HP MF PHL 2,5 (Rudinsky, 1978) (Wood, 1982) (Wood, 1982) 

23 Hylesinini Tomicina Dendroctonus brevicomis Y B ET M FF PHL  3,5 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

24 Hylesinini Tomicina Dendroctonus frontalis Y B ET M FF PHL  2,8 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

25 Hylesinini Tomicina Dendroctonus terebrans Y M ET M FF PHL  6,3 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

26 Hylesinini Tomicina Dendroctonus adjunctus Y M ET M FF PHL  4,3 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

27 Hylesinini Tomicina Dendroctonus approximatus Y B ET M FF PHL 5,6 (Yturralde and Hofstetter, 2015) (Wood, 1982) (Wood, 1982) 

28 Hylesinini Tomicina Dendroctonus aztecus (Y) M ET M FF PHL 5,8 (Wood, 1963)  (Wood, 1982) (Wood, 1982) 

29 Hylesinini Tomicina Dendroctonus jeffreyi (Y) M ET M FF PHL 5,7 (Wood, 1963)  (Wood, 1982) (Wood, 1982) 

30 Hylesinini Tomicina Dendroctonus micans (Y) M ET IP FF PHL 7,5 (Wood, 1963; Lyon, 1958)  (Balachowsky, 1949) (Balachowsky, 1949) 

31 Hylesinini Tomicina Dendroctonus murrayanae (Y) M ET M FF PHL 6,6 (Hopkins, 1909; Lyon, 1958) (Wood, 1982) (Wood, 1982) 

32 Hylesinini Tomicina Dendroctonus obesus  (Y) M ET M FF PHL 5,7 (Hopkins, 1909; Lyon, 1958) (Wood, 1982) (Wood, 1982) 

33 Hylesinini Tomicina Dendroctonus ponderosae Y B ET M FF PHL 5,2 

(Yandell, 1984; Rudinsky and 

Michael, 1973; Flemming et al., 

2013) (Wood, 1982) (Wood, 1982) 

34 Hylesinini Tomicina Dendroctonus punctatus (Y) M ET IP FF PHL 6,1 (Hopkins, 1909; Wood, 1963)  (Wood, 1982) (Wood, 1982) 

35 Hylesinini Tomicina Dendroctonus simplex (Y) M ET M FF PHL 4,2 (Hopkins, 1909; Wood, 1963) (Wood, 1982) (Wood, 1982) 

36 Hylesinini Tomicina Dendroctonus valens Y B ET M FF PHL 6,8 

(Rudinsky and Michael, 1973; 

Lindeman and Yack, 2015) (Wood, 1982) (Wood, 1982) 

37 Hylesinini Tomicina Dendroctonus pseudotsugae Y M ET M FF PHL  5,7 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

38 Hylesinini Tomicina Hylurgopinus rufipes Y B ET M FF PHL 2,4 (Rudinsky and Michael, 1973) (Wood, 1982) (Wood, 1982) 

39 Hylesinini Tomicina Pachycotes peregrinus N   M FF XPH 4,7 (Bedoya et al., 2019) (Bain, 1977) (Bain 1977) 

40 Hylesinini Tomicina Pseudohylesinus nebulosus Y M ET M FF PHL 2,6 (Oester et al., 1981) (Wood, 1982) (Wood, 1982) 

41 Hylesinini Tomicina Tomicus brevipilosus (Y) B ET M FF PHL 3,8 (Sasakawa and Yoshiyasu, 1983) (Kirkendall, 2008) (Kirkendall, 2008) 

42 Hylesinini Tomicina Tomicus minor (Y) M ET M FF PHL 4,2 (Marcu, 1931)  (Kirkendall, 2008) (Kirkendall, 2008) 

43 Hylesinini Tomicina Tomicus piniperda Y M ET M FF PHL 4,4 (Barr, 1969) (Kirkendall, 2008) (Kirkendall, 2008) 

44 Platypodini Platypodina Crossotarsus sp. (Y) M ET M MF XYL  (Menier, 1976)  (Kirkendall et al., 2015) 

45 Platypodini Platypodina Crossotarsus saltator (Y) B ET M MF XYL  (Menier, 1976)  (Kirkendall et al., 2015) 
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46 Platypodini Platypodina Crossotarsus squamulatus (Y) B ET M MF XYL  (Menier, 1976)  (Kirkendall et al., 2015) 

47 Platypodini Platypodina Crossotarsus wallacei (Y) B ET M MF XYL  (Menier, 1976)  (Kirkendall et al., 2015) 

48 Platypodini Platypodina Diacavus biporus (Y) B ET M MF XYL  (Menier, 1976)  (Kirkendall et al., 2015) 

49 Platypodini Platypodina Diapus quinquespinatus (Y) B ET M MF XYL  (Menier, 1976)  (Kirkendall et al., 2015) 

50 Platypodini Platypodina Doliopygus chapuisi (Y) B ET M MF XYL  (Menier, 1976)  (Kirkendall et al., 2015) 

51 Platypodini Platypodina Doliopygus tenuis (Y) B ET M MF XYL  (Menier, 1976)  (Kirkendall et al., 2015) 

52 Platypodini Platypodina Euplatypus parallelus Y B ET M MF XYL  4,2 (Bedoya et al., 2019) (Maruthadurai et al., 2014) (Kirkendall et al., 2015) 

53 Platypodini Platypodina Mesoplatypus erinaceus (Y) M ET M MF XYL  (Menier, 1976)  (Kirkendall et al., 2015)* 

54 Platypodini Platypodina Mitosoma crenulatum (Y) B ET M MF XYL  (Menier, 1976)  (Kirkendall et al., 2015)* 

55 Platypodini Platypodina Mitosoma paulianum (Y) B ET M MF XYL  (Menier, 1976)  (Kirkendall et al., 2015)* 

56 Platypodini Platypodina Neotrachyoustus abbreviatus (Y) M ET M MF XYL  (Menier, 1976)  (Kirkendall et al., 2015)* 

57 Platypodini Platypodina Periommatus excisus (Y) B ET M MF XYL  (Menier, 1976)  (Kirkendall et al., 2015)* 

58 Platypodini Platypodina Platypus apicalis Y B ET M MF XYL  5,8 (Bedoya et al., 2019) (Bedoya*) (Kirkendall et al., 2015)* 

59 Platypodini Platypodina Platypus gracilis Y B ET M MF XYL  4 (Bedoya et al., 2019) (Bedoya*) (Kirkendall et al., 2015)* 

60 Platypodini Platypodina Platypus cylindrus (Y) B ET M MF XYL  (Menier, 1976)  (Kirkendall et al., 2015)* 

61 Platypodini Platypodina Platypus oxyurus (Y) B ET M MF XYL  (Menier, 1976)  (Kirkendall et al., 2015)* 

62 Platypodini Platypodina Platypus linearis (Y) B ET M MF XYL  (Menier, 1976)  (Kirkendall et al., 2015)* 

63 Platypodini Platypodina Platypus quercivorous Y B ET M MF XYL  

(Ohya and Kinuura, 2001; 

Kobayashi and Ueda, 2002)  (Kirkendall et al., 2015)* 

64 Platypodini Platypodina Tesserocerus insignis (Y) M ET M MF XYL  (Menier, 1976)  (Kirkendall et al., 2015)* 

65 Platypodini Platypodina Trachyostus sp. (Y) M ET M MF XYL  (Menier, 1976)  (Kirkendall et al., 2015)* 

66 Platypodini Platypodina Trachyostus schaufussi (Y) B ET M MF XYL  (Menier, 1976)  (Kirkendall et al., 2015)* 

67 Platypodini Platypodina Treptoplatypus caviceps Y M ET M MF XYL  6,2 (Bedoya et al., 2019) (Bedoya*) (Kirkendall et al., 2015)* 

68 Platypodini Platypodina Triozastus banghaasi (Y) B ET M MF XYL  (Menier, 1976)  (Kirkendall et al., 2015)* 

69 Scolytini Corthylina Gnathotrichus deleoni N   M MF XYL  3,1 (Bedoya et al., 2019) (Wood, 1982) (Atkinson et al., 1986) 

70 Scolytini Corthylina Gnathotrichus sulcatus N   M MF XYL  3,2 (Bedoya et al., 2019) (Wood, 1982) (Kirkendall, 1983) 

71 Scolytini Corthylina Gnathotrichus materiarius N   M MF XYL  2,4 (Bedoya et al., 2019) (Wood, 1982) (Kirkendall, 1983) 

72 Scolytini Corthylina Gnathotrichus retusus (Y) F VP M MF XYL 3,5 (Barr, 1969) (Wood, 1982) (Kirkendall, 1983)* 

73 Scolytini Corthylina Monarthrum mali N   HP MF XYL  2,1 (Bedoya et al., 2019) (Wood, 1982) (Kirkendall, 1983)* 

74 Scolytini Corthylina Monarthrum fasciatum N   HP MF XYL  2,6 (Bedoya et al., 2019) (Wood, 1982) (Kirkendall, 1983) 

75 Scolytini Corthylina Pityophthorus consimilis N   HP MF PHL  1,5 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

76 Scolytini Corthylina Pityophthorus concentralis N   HP MF PHL  1,4 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982)* 

77 Scolytini Corthylina Pityophthorus confusus N   HP MF PHL  2,2 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

78 Scolytini Corthylina Pityophthorus pulicarius N   HP MF MYE 1,7 (Bedoya et al., 2019) (Wood, 1982) (Bright, 1981) 

79 Scolytini Corthylina Pityophthorus liquidambarus N   HP MF PHL 1,9 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

80 Scolytini Corthylina Pityophthorus annectens N   HP MF PHL  1,5 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

81 Scolytini Corthylina Pseudopityophthorus minutissimus N   M MF PHL 1,7 (Bedoya et al., 2019) (Wood, 1982) (McMullen, 1955) 

82 Scolytini Cryphalina Hypocryphalus sp. N   M FF PHL 1,7 (Bedoya et al., 2019) (Bedoya et al., 2019c) (Kirkendall et al., 2015)* 

83 Scolytini Cryphalina Hypothenemus hampei N   IP FF SPE 1,6 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

84 Scolytini Cryphalina Hypothenemus eruditus N   IP FF PHL 1,2 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

85 Scolytini Dryocoetina Dactylotrypes longicollis N   M FF SPE 1,8 (Bedoya et al., 2019) (Balachowsky, 1949) (Kirkendall et al., 2015)* 

86 Scolytini Ipina Ips avulsus Y F VP HP MF PHL 2,5 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

87 Scolytini Ipina Ips grandicollis Y F VP HP MF PHL 3,8 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

88 Scolytini Ipina Ips calligraphus Y F VP HP MF PHL 4,9 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

89 Scolytini Ipina Ips confusus N   HP MF PHL 3,9 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

90 Scolytini Ipina Ips emarginatus N   HP MF PHL 6,2 (Barr, 1969) (Wood, 1982) (Wood, 1982) 

91 Scolytini Ipina Ips knausi N   HP MF PHL 5,7 (Barr, 1969) (Wood, 1982) (Wood, 1982) 

92 Scolytini Ipina Ips perroti N   HP MF PHL 3,1 (Barr, 1969) (Wood, 1982) (Wood, 1982) 

93 Scolytini Ipina Ips hunteri N   HP MF PHL 3,7 (Barr, 1969) (Wood, 1982) (Wood, 1982) 

94 Scolytini Ipina Ips perturbatus N   HP MF PHL 4,4 (Barr, 1969) (Wood, 1982) (Wood, 1982) 

95 Scolytini Ipina Ips 

pilifrons 

utahensis N   HP MF PHL 4,7 (Barr, 1969) (Wood, 1982) (Wood, 1982) 

96 Scolytini Ipina Ips borealis N   HP MF PHL 3,2 (Barr, 1969) (Wood, 1982) (Wood, 1982) 

97 Scolytini Ipina Ips tridens N   HP MF PHL 3,8 (Barr, 1969)  (Wood, 1982) (Wood, 1982) 

98 Scolytini Ipina Ips pilifrons N   HP MF PHL 4,9 (Barr, 1969) (Wood, 1982) (Wood, 1982) 

99 Scolytini Ipina Ips bonanseai (Y) F VP HP MF PHL 3,2 (Barr, 1969) (Wood, 1982) (Wood, 1982) 

100 Scolytini Ipina Ips paraconfusus (Y) F VP HP MF PHL 3,9 (Barr, 1969) (Wood, 1982) (Wood, 1982) 

101 Scolytini Ipina Ips cribricollis (Y) F VP HP MF PHL 3,8 (Barr, 1969) (Wood, 1982) (Wood, 1982)* 
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102 Scolytini Ipina Ips lecontei (Y) F VP HP MF PHL 4,4 (Barr, 1969) (Wood, 1982) (Wood, 1982) 

103 Scolytini Ipina Ips montanus (Y) F VP HP MF PHL 5 (Barr, 1969) (Wood, 1982) (Wood, 1982) 

104 Scolytini Ipina Ips plastographus (Y) F VP HP MF PHL 5 (Barr, 1969) (Wood, 1982) (Wood, 1982) 

105 Scolytini Ipina Ips sabinianae (Y) F VP HP MF PHL 3 (Barr, 1969) (Wood, 1982) (Wood, 1982) 

106 Scolytini Ipina Ips sexdentatus (Y) F VP HP MF PHL 7,4 (Nunberg, 1950) (Balachowsky, 1949) (Wood, 1982) 

107 Scolytini Ipina Ips typographus Y F GP HP MF PHL 5,5 (Rudinsky, 1979) (Balachowsky, 1949) (Wood, 1982) 

108 Scolytini Ipina Ips woodi (Y) F VP HP MF PHL 4,1 (Barr, 1969) (Wood, 1982) (Wood, 1982) 

109 Scolytini Ipina Ips pini Y F VP HP MF PHL 3,8 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

110 Scolytini Ipina Orthotomicus latidens N   HP MF PHL 3 (Barr, 1969) (Wood, 1982) (Wood, 1982) 

111 Scolytini Ipina Orthotomicus caelatus N   HP MF PHL 2,9 (Barr, 1969) (Wood, 1982) (Wood, 1982) 

112 Scolytini Ipina Pseudips concinnus (Y) F ET M MF PHL 4,1 (Barr, 1969) (Wood, 1982) (Kirkendall, 1983) 

113 Scolytini Ipina Pseudips mexicanus (Y) F ET M MF PHL 4,3 (Barr, 1969) (Wood, 1982) (Kirkendall, 1983) 

114 Scolytini Scolytina Scolytus multistriatus Y B GP M FF PHL 2,5 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

115 Scolytini Scolytina Scolytus ventralis Y B GP M FF PHL 3,2 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

116 Scolytini Scolytina Scolytus rugulosus N   M FF PHL 2,1 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

117 Scolytini Scolytina Scolytus abietis (Y) B GP M FF PHL 2,3 (Equihua-Martinez et al., 2009) (Wood, 1982) (Wood, 1982) 

118 Scolytini Scolytina Scolytus mali Y B GP M FF PHL 3,5 (Rudinsky et al., 1978a) (Grüne, 1979) (Balachowsky, 1949) 

119 Scolytini Scolytina Scolytus scolytus (Y) B GP M FF PHL 4,5 (Jefferies and Fairhust, 1982) (Balachowsky, 1949) (Balachowsky, 1949) 

120 Scolytini Xyleborina Ambrosiodmus obliquus N   IP FF XYL 2,3 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982)* 

121 Scolytini Xyleborina Cnestus mutilatus N   IP FF XYL 3,7 (Bedoya et al., 2019) (Shiefer and Bright, 2004) (Wood, 1982) 

122 Scolytini Xyleborina Dryoxylon onoharaense N   IP FF XYL 2,1 (Bedoya et al., 2019) (Bright, 1999) (Wood, 1982) 

123 Scolytini Xyleborina Xyleborinus saxesenii N   IP FF XYL 2,2 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

124 Scolytini Xyleborina Xyleborus gracilis N   IP FF XYL 1,8 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

125 Scolytini Xyleborina Xyleborus glabratus N   IP FF XYL 2 (Bedoya et al., 2019) (Gomez et al., 2018) (Wood, 1982) 

126 Scolytini Xyleborina Xyleborus affinis N   IP FF XYL 2,8 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

127 Scolytini Xyleborina Xylosandrus crassiusculus N   IP FF XYL 2,5 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

128 Scolytini Xyleborina Xylosandrus germanus N   IP FF XYL 2,6 (Bedoya et al., 2019) (Wood, 1982) (Wood, 1982) 

  


