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Abstract  

Dung beetles (Coleoptera: Scarabaeoidea) are traditionally regarded as 

ecosystem engineers due to the wide array of ecological functions they perform 

in terrestrial environments. Through their dung-feeding and nesting 

behaviour, they facilitate dung removal, soil bioturbation, nutrient cycling, 

plant growth, pest suppression, and secondary seed dispersal. In recent years, 

however, their role has expanded beyond ecosystem functioning to include 

model systems for investigating invertebrate behaviour and microbial 

symbiosis. This body of research explores behavioural and physiological traits 

across multiple dung beetle species, focusing on individual temperament, 

behavioural syndromes, gut microbiota composition, and impacts on soil 

biogeochemistry. 

While personality research has historically been vertebrate-centric, increasing 

evidence suggests that invertebrates, including dung beetles, exhibit consistent 

individual differences in behaviour, which can be attributed to temperament. 

In Copris umbilicatus, a subsocial species, moderate to high repeatability was 

observed in traits such as locomotor activity, thanatosis, and distress call 

emission. A significant negative correlation between activity levels and 

thanatosis duration suggests a behavioural syndrome: bolder individuals were 

more active and recovered from thanatosis more quickly, while more fearful 

individuals exhibited the opposite trend. These behavioural traits appeared 

independent of sex and body size, with principal component analysis (PCA) 

confirming inter -individual behavioural variation. To determine whether 

similar behavioural patterns occur in species lacking social complexity or 

sexual dimorphism, a parallel study was conducted on Geotrupes mutator, a 

hornless, non-subsocial species. High repeatability in activity and thanatosis-

related traits was again detected, alongside a similar negative correlation 
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between these behaviours. This supports the generality of temperament and 

behavioural syndromes across dung beetles, regardless of sociality or 

morphology. Among acoustic traits, however, only frequency displayed 

consistent repeatability, likely due to sex-based variation in the morphology of 

the stridulatory apparatus. These findings underscore that while locomotor 

and thanatosis behaviours are robust indicators of temperament, acoustic 

signals may require more nuanced interpretation. 

Beyond behaviour, dung beetles host diverse gut microbial communities that 

are increasingly recognised for their role in both host physiology and 

ecosystem processes. In alpine populations of Trypocopris pyrenaeus, gut 

microbial analyses revealed a small core microbiota and a predominance of 

individual -specific taxa. Importantly, microbial community composition 

differed between prokaryotes and fungi, suggesting that both groups should be 

considered to fully understand hostɀmicrobe interactions. Functional profiling 

demonstrated that higher prokaryotic diversity was associated with increased 

functional potential, implying that microbiota contributes not only to host 

health but also to ecosystem functioning. Further research on three 

Onthophagus species assessed whether gut microbial communities are 

primarily shaped by host species or by dung type ingested. The prokaryotic 

community was more strongly associated with host identity, suggesting stable 

symbioses, while fungal community varied more significantly wit h dung type, 

implying a more transient nature influenced by environmental exposure. 

Despite these taxonomic differences, functional profiles remained similar 

across individuals, indicating ecological redundancy within the gut microbiota. 

This highlights the importance of integrating both taxonomic and functional 

data when interpreting microbial diversity. 

In addition to internal microbiota, dung beetles influence the external 

environment, particularly soil biogeochemistry. Using planar optode imaging, 
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microscale oxygen and pH gradients were visualized in soil modified by 

Onthophagus nuchicornis. Over a 96-h period, beetle activity generated 

complex tunnel systems and dung ball burials, resulting in heterogeneous soil 

microenvironments. Buried dung balls developed anoxic zones lasting over 45 

h, along with localized pH increases. These conditions could promote the co-

occurrence of aerobic and anaerobic microbial processes, such as nitrification 

and denitrification, enhancing microbial habitat diversity and nutrient 

turnover. Even under waterlogged conditions, beetle activity, though reduced, 

persisted, as confirmed through the use of fluorescent dye-labelled 

nanoparticles to track dung movement. Quantitative data on soil displacement 

and dung removal provided direct evidence of ecosystem services such as 

improved soil porosity and redistribution of organic matter. These 

ÍÉÃÒÏÅÎÖÉÒÏÎÍÅÎÔÁÌ ÃÈÁÎÇÅÓ ÒÅÉÎÆÏÒÃÅ ÔÈÅ ÂÅÅÔÌÅÓȭ ÒÏÌÅ ÁÓ ÅÃÏÓÙÓÔÅÍ 

engineers, particularly in pasture systems. 

In summary, this doctoral research highlights the multi-faceted ecological roles 

of dung beetles. The presence of repeatable behavioural traits and syndromes 

in both subsocial and non-subsocial species supports the relevance of 

temperament in invertebrate ecology. The diversity and functional potential of 

dung beetle gut microbiota demonstrate the importance of considering both 

prokaryotic and fungal communities. Furthermore, their influence on soil 

structure and chemistry at fine spatial scales illustrates their capacity for 

ecological engineering well beyond dung burial. Future studies integrating 

behaviour, microbiota, and soil microdynamics will be crucial to fully elucidate 

the ecological contributions of dung beetles and the significance of individual 

variation within populations.  
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Chapter I ɀ Introduction  

Background  

Beetles represent the largest order of insects, with more than 380,000 species 

described worldwide (Stork, 2018; Zhang et al., 2018). Within this vast 

diversity, the superfamily Scarabaeoidea comprises approximately 35,000 

species, organised into around thirty families and subfamilies (Ballerio et al., 

2014; Cave & Ratcliffe, 2008). The evolutionary plasticity of Scarabaeoidea has 

enabled these beetles to colonise a wide range of terrestrial habitats and 

occupy numerous ecological niches. The most common feeding strategies 

among Scarabaeoidea are saprophagy and phytophagy, followed by 

coprophagy and mycophagy (Ballerio et al., 2014; Cave & Ratcliffe, 2008). 

Coprophagy characterises the feeding behaviour of the group commonly 

referred to as dung beetles, which includes coprophagous beetles from the 

family Aphodiidae, the subfamily Scarabaeinae (family Scarabaeidae), and the 

subfamily Geotrupinae (family Geotrupidae) (Ballerio et al., 2014; Scholtz et al., 

2009). They are a small group of beetles with approximately 8,000 described 

species (Hemmings et al., 2025). In the Western Palaearctic Region alone, dung 

beetles account for nearly 630 species, with additional undescribed species 

(Cabrero-Sañudo & Lobo, 2003). 

Dung beetles exhibit species-specific preferences regarding dung condition, 

composition, moisture content, and odour (Giménez Gómez et al., 2021; 

Grzechnik & Cabrero-Sañudo, 2025; Hanski & Cambefort, 2014; Scholtz et al., 

2009). They also demonstrate preferences for habitats and soil types. While 

some species are primarily diurnal, others are nocturnal, and they exhibit 

diverse seasonal activity patterns: although a few are more active in cooler 

months, most are active during warmer periods (Scholtz et al., 2009; Whipple, 

2011). Moreover, factors such as light intensity and altitude can influence the 
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abundance and distribution of dung beetle species (Chamberlain et al., 2015; 

Nunes et al., 2016; Stanbrook et al., 2021).  

Although dung beetles use the dung produced by many vertebrates, their 

beneficial effect is particularly evident in the case of domestic ungulates. 

Considering that a single bovine may produce 10ɀ20 dung pats daily, each 

covering approximately 0.82 m², without dung beetles, these pats could persist 

in the environment for several years (Whipple, 2011). Although meteorological 

events and other soil fauna, such as earthworms, ants, and termites, also 

contribute to dung degradation, dung beetles significantly accelerate the 

process (Holter, 1979; Torabian et al., 2024). Their larvae can consume more 

than 100% of their body weight in dung per day before pupating (Holter, 

1974). The usefulness of dung beetles in livestock farming is even more evident 

when we consider that livestock tend to avoid grazing near their own faeces; 

thus, without dung beetle activity, previously grazed areas may remain 

unutilised for prolonged periods, potentially even years (Whipple, 2011). 

Functional groups  

Dung beetles from the Western Palaearctic Region can be classified into three 

main functional groups based on their dung utilisation strategies and nesting 

behaviours: dwellers, tunnelers, and rollers ɂ respectively termed 

endocoprids, paracoprids, and telecoprids (Beynon et al., 2012; Nichols et al., 

2008). 

Dwellers, mainly from the family Aphodiidae, do not construct true galleries or 

nesting chambers but they complete their development from egg to adult 

directly within the dung mass or at the dungɀsoil interface (Floate, 2011). 

Depending on the oviposition site, dwellers are further divided into dung-

ovipositing Aphodiines (DOAs), which lay eggs directly within the dung, and 

soil-ovipositing Aphodiines (SOAs), which deposit eggs in the soil beneath 

(Beynon et al., 2012; Chamberlain et al., 2015). Dung degradation by dwellers 
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occurs primarily through larval feeding, which transforms much of the dung 

into dry, granular material that may subsequently be dispersed by wind, 

incorporated into deeper soil layers via plant roots, or redistributed by biotic 

and abiotic processes (Floate, 2011). 

Tunnelers and rollers, generally larger than dwellers, typically belong to the 

Scarabaeinae and Geotrupinae subfamilies (Halffter & Edmonds, 1982; 

Martínez & Lumaret, 2023). These beetles remove portions of dung from the 

surface and bury them in underground galleries that may extend to depths of 

10 cm or more (Floate, 2011; Halffter & Edmonds, 1982). Tunnelers excavate 

chambers directly beneath or adjacent to the dung deposit, whereas rollers 

shape dung into balls, transport them away from the pat, and then bury them 

in soil tunnels (Nichols et al., 2008). Adults of both groups construct chambers 

within the compacted dung, in which a single egg is laid and then sealed with 

additional dung. The resulting structure is known as a brood ball (Floate, 

2011).  

When present, dung appears to be an easily usable resource. Dung, however, 

presents multiple challenges. It is both spatially and temporally limited and 

subjected to intense interspecific competition and environmental stressors 

(Holter, 2016; Scholtz et al., 2009). Within dung masses, oxygen levels may be 

extremely low (1ɀ2%) and further compromised by high concentrations of 

carbon dioxide and methane (20ɀ50%) (Holter, 1991; Whipple et al., 2013). 

Adaptations to these hypoxic conditions have evolved in response to selective 

pressures that reduce direct competition among species, as tolerance to 

hypoxic conditions varies, even greatly, from species to species (Whipple et al., 

2013).  

Ecological role s and ecosystem services 

Dung beetles are widely recognised as ecosystem engineers due to the variety 

of ecological functions they perform across terrestrial ecosystems (deCastro-
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Arrazola et al., 2023; Nichols et al., 2008; Noriega et al., 2023; Piccini et al., 

2020; Raine & Slade, 2019). Through their dung-feeding and burying 

behaviour, these insects contribute significantly to dung removal, soil 

bioturbation, nutrient cycling, plant growth, pest control, and secondary seed 

dispersal. They also play a pivotal role in modulating carbon (C) and nitrogen 

(N) cycles and reducing greenhouse gas emissions (Evans et al., 2019; Nervo et 

al., 2017; Slade, Riutta, et al., 2016). 

When these functions yield benefits to humans, they are termed ecosystem 

services (Ameixa et al., 2018; Losey & Vaughan, 2006). Research has primarily 

highlighted the value of ecosystem services provided by dung beetles in the 

livestock grazing sector, where they play a crucial role in supporting the 

sustainability of extensive livestock farming systems worldwide (Giménez 

Gómez et al., 2021; Losey & Vaughan, 2006; Nichols et al., 2008). These systems 

account for around 78% of agricultural land use, covering an estimated 2 

billion hectares (Steinfeld et al., 2006). In such vast areas, chemical treatments 

and pharmaceuticals are often unfeasible, making natural ecological processes 

ɂ such as dung removal, parasite control, and forage maintenance ɂ vital for 

long-term sustainability (Nichols et al., 2008). The ecosystem services 

provided by dung beetles have been estimated to yield over 380 million USD 

annually in the United States alone, reflecting savings from reduced fertiliser 

use and losses avoided from forage fouling, parasites, and nuisance flies (Losey 

& Vaughan, 2006). Similarly, another study estimated that dung beetles may be 

currently saving the British cattle industry around σφχױÍÉÌÌÉÏÎ '"0 ÅÁÃÈ ÙÅÁÒ 

(Beynon et al., 2015). 

By facilitating faecal decomposition and nutrient transfer from dung to soil and 

then to plants, dung beetles enhance belowground biomass and plant 

nutritional value (Anderson et al., 2024). Normally, up to 80% of nitrogen in 

dung is lost via ammonia volatilisation; however, with sufficient dung beetle 
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activity, this can be reduced to 5ɀ15% (Yoshihara & Sato, 2015). Fly 

infestations, which affect livestock productivity, are also mitigated through 

dung burial, which prevents the development of harmful insect species (Forbes 

& Scholtz, 2024; Nichols et al., 2008). Dung beetles also influence carbon and 

nitrogen cycling, affecting soil gas emissions (Nervo et al., 2017; Slade, Riutta, 

et al., 2016). Their activities promote dung mineralisation, water movement, 

and microbial penetration into the soil (Ma et al., 2023), while also altering 

microbial communities through soil aeration (Nichols et al., 2008; Piccini et al., 

2017; Slade, Roslin, et al., 2016). These effects have an impact on greenhouse 

ÇÁÓ ÅÍÉÓÓÉÏÎÓȟ ÁÓ ÁÔ ÔÈÅ ÓÁÍÅ ÔÉÍÅ ÄÒÙÉÎÇ ÁÎÄ ÁÅÒÁÔÉÏÎ ÒÅÄÕÃÅ ÍÅÔÈÁÎÅ ɉ#(ϞɊ 

ÐÒÏÄÕÃÔÉÏÎȟ ×ÈÉÌÅ ÃÁÒÂÏÎ ÄÉÏØÉÄÅ ɉ#/ϜɊ ÅÍÉÓÓÉÏÎÓ ÍÁÙ ÉÎÉÔÉÁÌÌÙ ÉÎÃÒÅÁÓÅȟ ÂÕÔ 

decrease over time (Penttilä et al., 2013; Slade, Riutta, et al., 2016). Overall, it 

has been hypothesised that diverse dung beetle communities can reduce total 

ÇÒÅÅÎÈÏÕÓÅ ÇÁÓ ÅÍÉÓÓÉÏÎÓ ɉ#(Ϟȟ #/Ϝȟ ÁÎÄ .Ϝ/Ɋ ÂÙ ÕÐ ÔÏ ÏÎÅ-third (Piccini et al., 

2017). 

Dung beetles as direct providers of ecosystem services  

As noted above, dung beetles directly provide ecosystem services through their 

manipulation of vertebrate faeces. However, most studies examining these 

functions and associated services have focused on multispecies assemblages 

(Nervo et al., 2014; Penttilä et al., 2013; Piccini et al., 2019; Slade, Riutta, et al., 

2016). Species identity has only been considered in a few cases (Piccini et al., 

2020), despite the fact that species-specific traits ɂ such as morphology and 

reproductive behaviour (Kerman et al., 2018, 2021) ɂ may influence the 

ecosystem services provided. For instance, not all species are equally efficient 

at dung removal, making it essential to consider functional traits, i.e., those 

characteristics that directly affect ecosystem functioning. Nervo et al. (2014) 

demonstrated that body mass is a key determinant of dung removal efficiency, 

with larger species generally being more effective. For example, Onthophagus 
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fracticornis (Preyssler, 1790) is less effective than the larger tunneller 

Geotrupes stercorarius (Linnaeus, 1758). Nonetheless, the lower efficiency of 

smaller species can be offset by a higher density of individuals working on the 

same dung pat (Nervo et al., 2014). 

Intraspecific drivers of ecological functions, such as individual temperament 

(or personality), have also been largely overlooked. Temperament is 

characterised by consistent behavioural differences among individuals, 

repeatable over time and across contexts (Carter et al., 2013; Golab et al., 

2021). These behavioural traits may include boldness, aggression, sociability, 

exploratory behaviour, and activity level (Amat et al., 2018; Careau & Garland, 

2012). Repeatability offers a standardised measure of behavioural consistency 

(Bell et al., 2009; Nakagawa & Schielzeth, 2010), and thus repeated behavioural 

assessments are necessary (Dingemanse & Wright, 2020). Correlated 

behaviours are referred to as a behavioural syndrome (Sih, Bell, Johnson, et al., 

2004). It reflects correlations between individual mean values across 

behavioural traits and requires repeated measures for each trait (Dingemanse 

& Wright, 2020). While a population or species may exhibit a behavioural 

syndrome, individuals can display specific temperaments (e.g., bold versus 

shy) (Sih, Bell, & Johnson, 2004). To date, however, behavioural repeatability 

and syndromes have been largely neglected in dung beetle research. 

Glossary of terms  

Activity : general level of physical activity of an individual in terms of muscular 
movement leading to locomotion, which can be measured in various ways. Syn., 
Locomotor activity, Locomotor behaviour. 

Behavioural syndromes : correlations between two or more behavioural traits 
through time or across contexts. 
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Behavioural  trait : a specific aspect of a behavioural repertoire that can be 
quantified and that shows between-individual variation (such as boldness, 
aggression, activity). 

Boldness: iÎÄÉÖÉÄÕÁÌȭÓ ÒÅÁÃÔÉÏÎ ÔÏ Á ÒÉÓËÙ ÂÕÔ ÎÏÎ-novel situation. 

Context : a functional behavioral category, e.g. feeding, mating, antipredator, 
parental care, contest or dispersal contexts. 

Personality (broad sense) : repeatable individual differences in behaviour.  

Personality (narrow sense) : repeatable individual difference in activity, 
exploration, boldness, aggressiveness, and/or sociability.  

Temperam ent : in behavioral ecology, temperament is often used synonymously 
with personality . 

 

Dung beetles as indirect providers of ecosystem services  

Dung beetles may also serve as indirect providers of ecosystem services 

through their association with micro-symbionts (i.e., prokaryotes and fungi), 

which are the actual direct contributors. The growth, development, and 

ecological success of dung beetles are closely tied to their gut microbiota, which 

enables them to thrive on a nutritionally limited resource ɂ mammalian dung 

(Goidanich & Malan, 1962; Holter, 2016; Macagno & Moczek, 2023). These 

microbes facilitate digestion, produce essential vitamins, hydrolyse proteins, 

and protect the host from pathogens (Kolasa et al., 2019; Suárez-Moo et al., 

2020; Thiyonila et al., 2018; Wang et al., 2020). Crucially, they produce 

enzymes such as laccase, ligninolytic peroxidase, protease, lipase, and 

glycoside hydrolase, which are necessary for breaking down recalcitrant 

compounds like cellulose, lignin, and chitin (Estes et al., 2013; Lou et al., 2022; 

Mabhegedhe, 2017; Schapheer et al., 2021; Shukla et al., 2016). Thus, gut 

microbes not only sustain beetle survival but also contribute significantly to 

ecosystem-level material degradation. 
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Some components of dung beetle microbiota are vertically transmitted: the 

female deposits a faecal secretion, or pedestal, on which the egg is laid, enabling 

larvae to ingest essential maternal microbiota from the outset (Ebert et al., 

2021; Estes et al., 2013; Schwab et al., 2016). Recent studies have revealed that 

dung beetle microbiota is composed of diverse organisms, including bacteria, 

archaea, and fungi (Ebert et al., 2021; Franzini et al., 2016; Jácome-Hernández 

et al., 2023; Suárez-Moo et al., 2020). However, microbiota composition is not 

fixed. It varies with developmental stage (Suárez-Moo et al., 2020), gut 

morphology and phylogeny (Ebert et al., 2021), evolutionary history, 

environmental conditions (Parker et al., 2019, 2020), and diet (Franzini et al., 

2016; Kolasa et al., 2019; Shukla et al., 2016). Although microbiological studies 

of insect gut symbionts are expanding rapidly, the ecosystem services provided 

by microbiota remain poorly understood. 
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Aim of the thesis  

The primary aim of this project was to identify some drivers of the ecosystem 

services provided by dung beetles. We focused on very different potential 

drivers such as behaviour, the composition of the gut microbiota and the 

chemical-physical conditions of the dung and soil. Therefore, a first key feature 

of the research was its interdisciplinary methodology.  

In each research we have explored particular aspects of the different potential 

drivers. In the case of research on behaviour of dung beetles, for example, we 

wanted to delve into the topic of animal personality. For microbiota, we wanted 

to study the systematic composition of prokaryotes and fungi, while in the case 

of planar optodes, we focused on soil microdynamics. A second key feature of 

this thesis is therefore the reductionist focus, the approach of explaining 

complex phenomena by breaking them down into their simpler, constituent 

parts. 

To date, few studies have integrated behavioural traits with gut microbiota 

composition or soil engineering capacity. In this context, dung beetles provide 

an ideal model for interdisciplinary and reductionist research because their life 

interests several disciplines spanning behavioural ecology, microbiology, soil 

science, and ecosystem function. This integrative perspective is crucial for both 

ecological understanding and conservation, particularly in rapidly changing 

environments where dung beetle populations and diversity are under threat. 

In Chapter II , we investigated behavioural repeatability and syndromes in a 

subsocial species (Copris umbilicatus Abeille de Perrin, 1901), demonstrating 

individual temperament in dung beetles for the first time. In Chapter III , we 

extended this analysis to a non-subsocial, non-horn-dimorphic species 

(Geotrupes mutator (Marsham, 1802)). 
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Chapters IV and V focus on the indirect ecosystem services of dung beetles 

using metabarcoding techniques to analyse gut microbial communities. In 

Chapter IV , we examined taxonomic and functional differences in the gut 

microbiota of wild Trypocopris pyrenaeus (Charpentier, 1825). Chapter V 

compares microbiota composition across species with different diets and 

explores how phylogeny and diet influence microbial function. 

In Chapter VI , we assessed the soil engineering capacity of Onthophagus 

nuchicornis (Linnaeus, 1758), integrating soil microbiology and biochemistry 

with ecological processes like bioturbation and dung removal. This chapter 

employed the innovative technique of planar optodes in a soil-dwelling 

arthropod for the first time. 

Finally, Chapter VII  provides a brief discussion of the broader implications of 

these findings. 
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General r eferences 

!ÍÁÔȟ )Ȣȟ $ÅÓÏÕÈÁÎÔȟ %Ȣȟ 'ÏÍÅÓȟ %Ȣȟ -ÏÒÅÁÕȟ *Ȣȟ Ǫ -ÏÎÃÅÁÕȟ +Ȣ ɉςπρψɊȢ )ÎÓÅÃÔ ÐÅÒÓÏÎÁÌÉÔÙȡ 7ÈÁÔ 

ÃÁÎ ×Å ÌÅÁÒÎ ÆÒÏÍ ÍÅÔÁÍÏÒÐÈÏÓÉÓȩ #ÕÒÒÅÎÔ /ÐÉÎÉÏÎ ÉÎ )ÎÓÅÃÔ 3ÃÉÅÎÃÅȟ φϋȟ τφɀυρȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρπρφȾÊȢÃÏÉÓȢςπρψȢπςȢπρτ 

!ÍÅÉØÁȟ /Ȣ -Ȣ #Ȣ #Ȣȟ 3ÏÁÒÅÓȟ !Ȣ /Ȣȟ 3ÏÁÒÅÓȟ !Ȣ -Ȣ 6Ȣ -Ȣȟ ,ÉÌÌÅÂĜȟ !Ȣ )Ȣȟ !ÍÅÉØÁȟ /Ȣ -Ȣ #Ȣ #Ȣȟ 3ÏÁÒÅÓȟ !Ȣ 

/Ȣȟ 3ÏÁÒÅÓȟ !Ȣ -Ȣ 6Ȣ -Ȣȟ Ǫ ,ÉÌÌÅÂĜȟ !Ȣ )Ȣ ɉςπρψɊȢ %ÃÏÓÙÓÔÅÍ 3ÅÒÖÉÃÅÓ 0ÒÏÖÉÄÅÄ ÂÙ ÔÈÅ ,ÉÔÔÌÅ 4ÈÉÎÇÓ 

4ÈÁÔ 2ÕÎ ÔÈÅ 7ÏÒÌÄȢ )Î 3ÅÌÅÃÔÅÄ 3ÔÕÄÉÅÓ ÉÎ "ÉÏÄÉÖÅÒÓÉÔÙȢ )ÎÔÅÃÈ/ÐÅÎȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢυχχςȾÉÎÔÅÃÈÏÐÅÎȢχτψτχ 

!ÎÄÅÒÓÏÎȟ $Ȣ *Ȣȟ "ÅÒÓÏÎȟ *Ȣ $Ȣȟ $ÉÄÈÁÍȟ 2Ȣ +Ȣȟ 3ÉÍÍÏÎÓȟ ,Ȣ 7Ȣȟ Ǫ %ÖÁÎÓȟ 4Ȣ !Ȣ ɉςπςτɊȢ $ÕÎÇ ÂÅÅÔÌÅÓ 

ÉÎÃÒÅÁÓÅ ÐÌÁÎÔ ÇÒÏ×ÔÈȡ ! ÍÅÔÁȤÁÎÁÌÙÓÉÓȢ 0ÒÏÃÅÅÄÉÎÇÓ ÏÆ ÔÈÅ 2ÏÙÁÌ 3ÏÃÉÅÔÙ "ȡ "ÉÏÌÏÇÉÃÁÌ 3ÃÉÅÎÃÅÓȟ 

φύυɉςπρωɊȟ ςπςσςψψυȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρπωψȾÒÓÐÂȢςπςσȢςψψυ 

"ÁÌÌÅÒÉÏȟ !Ȣȟ 2ÅÙȟ !Ȣȟ 5ÌÉÁÎÁȟ -Ȣȟ 2ÁÓÔÅÌÌÉȟ -Ȣȟ 2ÁÓÔÅÌÌÉȟ 3Ȣȟ 2ÏÍÁÎÏȟ -Ȣȟ #ÏÌÁÃÕÒÃÉÏȟ ,Ȣȟ Ǫ 

!ÂÂÒÕÚÚÅÓÅȟ %Ȣ ɉςπρτɊȢ #ÏÌÅÏÔÔÅÒÉ 3ÃÁÒÁÂÅÏÉÄÅÁ Äȭ)ÔÁÌÉÁȢ 

ÈÔÔÐÓȡȾȾ×××ȢÓÏÃÉÅÔÁÅÎÔÏÍÏÌÏÇÉÃÁÉÔÁÌÉÁÎÁȢÉÔȾ#ÏÌÅÏÔÔÅÒÉϷςπ3ÃÁÒÁÂÅÏÉÄÅÁϷςπÄͻ)ÔÁÌÉÁϷςπςπρ

τȾ 

"ÅÌÌȟ !Ȣ -Ȣȟ (ÁÎËÉÓÏÎȟ 3Ȣ *Ȣȟ Ǫ ,ÁÓËÏ×ÓËÉȟ +Ȣ ,Ȣ ɉςππωɊȢ 4ÈÅ ÒÅÐÅÁÔÁÂÉÌÉÔÙ ÏÆ ÂÅÈÁÖÉÏÕÒȡ ! ÍÅÔÁȤ

ÁÎÁÌÙÓÉÓȢ !ÎÉÍÁÌ "ÅÈÁÖÉÏÕÒȟ ϋϋɉτɊȟ χχρɀχψσȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρπρφȾÊȢÁÎÂÅÈÁÖȢςππψȢρςȢπςς 

"ÅÙÎÏÎȟ 3Ȣ !Ȣȟ -ÁÎÎȟ $Ȣ *Ȣȟ 3ÌÁÄÅȟ %Ȣ -Ȣȟ Ǫ ,Å×ÉÓȟ /Ȣ 4Ȣ ɉςπρςɊȢ 3ÐÅÃÉÅÓȤÒÉÃÈ ÄÕÎÇ ÂÅÅÔÌÅ 

ÃÏÍÍÕÎÉÔÉÅÓ ÂÕÆÆÅÒ ÅÃÏÓÙÓÔÅÍ ÓÅÒÖÉÃÅÓ ÉÎ ÐÅÒÔÕÒÂÅÄ ÁÇÒÏȤÅÃÏÓÙÓÔÅÍÓȢ *ÏÕÒÎÁÌ ÏÆ !ÐÐÌÉÅÄ 

%ÃÏÌÏÇÙȟ ψύɉφɊȟ ρσφυɀρσχςȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρρρρȾÊȢρσφυȤςφφτȢςπρςȢπςςρπȢØ 

"ÅÙÎÏÎȟ 3Ȣ !Ȣȟ 7ÁÉÎ×ÒÉÇÈÔȟ 7Ȣ !Ȣȟ Ǫ #ÈÒÉÓÔÉÅȟ -Ȣ ɉςπρυɊȢ 4ÈÅ ÁÐÐÌÉÃÁÔÉÏÎ ÏÆ ÁÎ ÅÃÏÓÙÓÔÅÍ 

ÓÅÒÖÉÃÅÓ ÆÒÁÍÅ×ÏÒË ÔÏ ÅÓÔÉÍÁÔÅ ÔÈÅ ÅÃÏÎÏÍÉÃ ÖÁÌÕÅ ÏÆ ÄÕÎÇ ÂÅÅÔÌÅÓ ÔÏ ÔÈÅ 5Ȣ+Ȣ ÃÁÔÔÌÅ ÉÎÄÕÓÔÒÙȡ 

%ÃÏÎÏÍÉÃ ÂÅÎÅПÉÔÓ ÏÆ ÄÕÎÇ ÂÅÅÔÌÅÓȢ %ÃÏÌÏÇÉÃÁÌ %ÎÔÏÍÏÌÏÇÙȟ ψτȟ ρςτɀρσυȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρρρρȾÅÅÎȢρςςτπ 

#ÁÂÒÅÒÏȤ3ÁÎǿÕÄÏȟ &Ȣ *Ȣȟ Ǫ ,ÏÂÏȟ *Ȣ -Ȣ ɉςππσɊȢ %ÓÔÉÍÁÔÉÎÇ ÔÈÅ ÎÕÍÂÅÒ ÏÆ ÓÐÅÃÉÅÓ ÎÏÔ ÙÅÔ ÄÅÓÃÒÉÂÅÄ 

ÁÎÄ ÔÈÅÉÒ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓȡ 4ÈÅ ÃÁÓÅ ÏÆ 7ÅÓÔÅÒÎ 0ÁÌÁÅÁÒÃÔÉÃ ÄÕÎÇ ÂÅÅÔÌÅ ÓÐÅÃÉÅÓ ɉ#ÏÌÅÏÐÔÅÒÁȟ 

3ÃÁÒÁÂÁÅÏÉÄÅÁɊȢ "ÉÏÄÉÖÅÒÓÉÔÙ Ǫ #ÏÎÓÅÒÖÁÔÉÏÎȟ υφɉρɊȟ ρτχɀρφφȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρπςσȾ!ȡρπςρςτχχπυπρψ 

#ÁÒÅÁÕȟ 6Ȣȟ Ǫ 'ÁÒÌÁÎÄȟ 4Ȣ ɉςπρςɊȢ 0ÅÒÆÏÒÍÁÎÃÅȟ 0ÅÒÓÏÎÁÌÉÔÙȟ ÁÎÄ %ÎÅÒÇÅÔÉÃÓȡ #ÏÒÒÅÌÁÔÉÏÎȟ 

#ÁÕÓÁÔÉÏÎȟ ÁÎÄ -ÅÃÈÁÎÉÓÍȢ 0ÈÙÓÉÏÌÏÇÉÃÁÌ ÁÎÄ "ÉÏÃÈÅÍÉÃÁÌ :ÏÏÌÏÇÙȡ %ÃÏÌÏÇÉÃÁÌ ÁÎÄ 

%ÖÏÌÕÔÉÏÎÁÒÙ !ÐÐÒÏÁÃÈÅÓȟ όωɉφɊȟ υτσɀυχρȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρπψφȾφφφωχπ 

#ÁÒÔÅÒȟ !Ȣ *Ȣȟ &ÅÅÎÅÙȟ 7Ȣ %Ȣȟ -ÁÒÓÈÁÌÌȟ (Ȣ (Ȣȟ #Ï×ÌÉÓÈÁ×ȟ 'Ȣȟ Ǫ (ÅÉÎÓÏÈÎȟ 2Ȣ ɉςπρσɊȢ !ÎÉÍÁÌ 

ÐÅÒÓÏÎÁÌÉÔÙȡ 7ÈÁÔ ÁÒÅ ÂÅÈÁÖÉÏÕÒÁÌ ÅÃÏÌÏÇÉÓÔÓ ÍÅÁÓÕÒÉÎÇȩ "ÉÏÌÏÇÉÃÁÌ 2ÅÖÉÅ×Óȟ όόɉςɊȟ τφυɀτχυȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρρρρȾÂÒÖȢρςππχ 
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#ÁÖÅȟ 2Ȣ $Ȣȟ Ǫ 2ÁÔÃÌÉÆÆÅȟ "Ȣ #Ȣ ɉςππψɊȢ 3ÃÁÒÁÂ "ÅÅÔÌÅÓ ɉ#ÏÌÅÏÐÔÅÒÁȡ 3ÃÁÒÁÂÁÅÏÉÄÅÁɊȢ )Î 

%ÎÃÙÃÌÏÐÅÄÉÁ ÏÆ %ÎÔÏÍÏÌÏÇÙ ɉÐÐȢ σςχσɀσςψφɊȢ 3ÐÒÉÎÇÅÒȟ $ÏÒÄÒÅÃÈÔȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρππχȾωχψȤρȤτπςπȤφσυωȤφͺτπτυ 

#ÈÁÍÂÅÒÌÁÉÎȟ $Ȣȟ 4ÏÃÃÏȟ #Ȣȟ ,ÏÎÇÏÎÉȟ !Ȣȟ -ÁÍÍÏÌÁȟ 3Ȣȟ 0ÁÌÅÓÔÒÉÎÉȟ #Ȣȟ Ǫ 2ÏÌÁÎÄÏȟ !Ȣ ɉςπρυɊȢ 

.ÅÓÔÉÎÇ ÓÔÒÁÔÅÇÉÅÓ ÁÆÆÅÃÔ ÁÌÔÉÔÕÄÉÎÁÌ ÄÉÓÔÒÉÂÕÔÉÏÎ ÁÎÄ ÈÁÂÉÔÁÔ ÕÓÅ ÉÎ !ÌÐÉÎÅ ÄÕÎÇ ÂÅÅÔÌÅ 

ÃÏÍÍÕÎÉÔÉÅÓȡ $ÕÎÇ ÂÅÅÔÌÅÓ ÁÌÏÎÇ ÁÌÔÉÔÕÄÉÎÁÌ ÇÒÁÄÉÅÎÔÓȢ %ÃÏÌÏÇÉÃÁÌ %ÎÔÏÍÏÌÏÇÙȟ ψτɉτɊȟ σχςɀ

σψπȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρρρρȾÅÅÎȢρςρωυ 

ÄÅ#ÁÓÔÒÏȤ!ÒÒÁÚÏÌÁȟ )Ȣȟ !ÎÄÒÅ×ȟ .Ȣ 2Ȣȟ "ÅÒÇȟ -Ȣ 0Ȣȟ #ÕÒÔÓÄÏÔÔÅÒȟ !Ȣȟ ,ÕÍÁÒÅÔȟ *ȢȤ0Ȣȟ -ÅÎÅǲÎÄÅÚȟ 2Ȣȟ 

-ÏÒÅÔÔÉȟ -Ȣȟ .ÅÒÖÏȟ "Ȣȟ .ÉÃÈÏÌÓȟ %Ȣ 3Ȣȟ 3ÁǲÎÃÈÅÚȤ0ÉÎǿÅÒÏȟ &Ȣȟ 3ÁÎÔÏÓȟ !Ȣ -Ȣ #Ȣȟ 3ÈÅÌÄÏÎȟ +Ȣ 3Ȣȟ 3ÌÁÄÅȟ %Ȣ 

-Ȣȟ Ǫ (ÏÒÔÁÌȟ *Ȣ ɉςπςσɊȢ ! ÔÒÁÉÔȤÂÁÓÅÄ ÆÒÁÍÅ×ÏÒË ÆÏÒ ÄÕÎÇ ÂÅÅÔÌÅ ÆÕÎÃÔÉÏÎÁÌ ÅÃÏÌÏÇÙȢ *ÏÕÒÎÁÌ ÏÆ 

!ÎÉÍÁÌ %ÃÏÌÏÇÙȟ ύφɉρɊȟ ττɀφυȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρρρρȾρσφυȤςφυφȢρσψςω 

$ÉÎÇÅÍÁÎÓÅȟ .Ȣ *Ȣȟ Ǫ 7ÒÉÇÈÔȟ *Ȣ ɉςπςπɊȢ #ÒÉÔÅÒÉÁ ÆÏÒ ÁÃÃÅÐÔÁÂÌÅ ÓÔÕÄÉÅÓ ÏÆ ÁÎÉÍÁÌ ÐÅÒÓÏÎÁÌÉÔÙ 

ÁÎÄ ÂÅÈÁÖÉÏÕÒÁÌ ÓÙÎÄÒÏÍÅÓȢ %ÔÈÏÌÏÇÙȟ υφϊɉωɊȟ ψφυɀψφωȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρρρρȾÅÔÈȢρσπψς 

%ÂÅÒÔȟ +Ȣ -Ȣȟ !ÒÎÏÌÄȟ 7Ȣ 'Ȣȟ %ÂÅÒÔȟ 0Ȣ 2Ȣȟ Ǫ -ÅÒÒÉÔÔȟ $Ȣ *Ȣ ɉςπςρɊȢ (ÉÎÄÇÕÔ -ÉÃÒÏÂÉÏÔÁ 2ÅПÌÅÃÔÓ 

$ÉÆÆÅÒÅÎÔ $ÉÇÅÓÔÉÖÅ 3ÔÒÁÔÅÇÉÅÓ ÉÎ $ÕÎÇ "ÅÅÔÌÅÓ ɉ#ÏÌÅÏÐÔÅÒÁȡ 3ÃÁÒÁÂÁÅÉÄÁÅȡ 3ÃÁÒÁÂÁÅÉÎÁÅɊȢ 

!ÐÐÌÉÅÄ ÁÎÄ %ÎÖÉÒÏÎÍÅÎÔÁÌ -ÉÃÒÏÂÉÏÌÏÇÙȟ όϋɉυɊȟ ÅπςρππȤςπȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρρςψȾ!%-ȢπςρππȤςπ 

%ÓÔÅÓȟ !Ȣ -Ȣȟ (ÅÁÒÎȟ $Ȣ *Ȣȟ 3ÎÅÌÌȤ2ÏÏÄȟ %Ȣ #Ȣȟ &ÅÉÎÄÌÅÒȟ -Ȣȟ &ÅÅÓÅÒȟ +Ȣȟ !ÂÅÂÅȟ 4Ȣȟ $ÕÎÎÉÎÇ (ÏÔÏÐÐȟ *Ȣ 

#Ȣȟ Ǫ -ÏÃÚÅËȟ !Ȣ 0Ȣ ɉςπρσɊȢ "ÒÏÏÄ "ÁÌÌȤ-ÅÄÉÁÔÅÄ 4ÒÁÎÓÍÉÓÓÉÏÎ ÏÆ -ÉÃÒÏÂÉÏÍÅ -ÅÍÂÅÒÓ ÉÎ ÔÈÅ 

$ÕÎÇ "ÅÅÔÌÅȟ /ÎÔÈÏÐÈÁÇÕÓ ÔÁÕÒÕÓ ɉ#ÏÌÅÏÐÔÅÒÁȡ 3ÃÁÒÁÂÁÅÉÄÁÅɊȢ 0,/3 /.%ȟ όɉρρɊȟ ÅχωπφρȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρσχρȾÊÏÕÒÎÁÌȢÐÏÎÅȢππχωπφρ 

%ÖÁÎÓȟ +Ȣ 3Ȣȟ -ÁÍÏȟ -Ȣȟ 7ÉÎÇÅÙÅÒȟ !Ȣȟ 3ÃÈÁÃÈÔȟ 7Ȣ (Ȣȟ %ÓËÒÉÄÇÅȟ +Ȣ -Ȣȟ "ÒÁÄÓÈÁ×ȟ *Ȣȟ Ǫ 'ÉÎÔÉÎÇȟ $Ȣ 

ɉςπρωɊȢ 3ÏÉÌ &ÁÕÎÁ !ÃÃÅÌÅÒÁÔÅ $ÕÎÇ 0ÁÔ $ÅÃÏÍÐÏÓÉÔÉÏÎ ÁÎÄ .ÕÔÒÉÅÎÔ #ÙÃÌÉÎÇ ÉÎÔÏ 'ÒÁÓÓÌÁÎÄ 

3ÏÉÌȢ 2ÁÎÇÅÌÁÎÄ %ÃÏÌÏÇÙ Ǫ -ÁÎÁÇÅÍÅÎÔȟ ϋφɉτɊȟ φφχɀφχχȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρπρφȾÊȢÒÁÍÁȢςπρωȢπρȢππψ 

&ÌÏÁÔÅȟ +Ȣ $Ȣ ɉςπρρɊȢ !ÒÔÈÒÏÐÏÄÓ ÉÎ ÃÁÔÔÌÅ ÄÕÎÇ ÏÎ #ÁÎÁÄÁȭÓ ÇÒÁÓÓÌÁÎÄÓȢ )Î !ÒÔÈÒÏÐÏÄÓ ÏÆ 

#ÁÎÁÄÉÁÎ 'ÒÁÓÓÌÁÎÄÓ ɉ6ÏÌÕÍÅ φɊȡ )ÎÈÁÂÉÔÁÎÔÓ ÏÆ Á #ÈÁÎÇÉÎÇ ,ÁÎÄÓÃÁÐÅ ɉ6ÏÌȢ ςȟ ÐÐȢ χρɀψψɊȢ 

"ÉÏÌÏÇÉÃÁÌ 3ÕÒÖÅÙ ÏÆ #ÁÎÁÄÁȢ 

&ÏÒÂÅÓȟ !Ȣ "Ȣȟ Ǫ 3ÃÈÏÌÔÚȟ #Ȣ (Ȣ ɉςπςτɊȢ 4ÈÅ ÉÍÐÁÃÔ ÏÆ ÄÕÎÇ ÂÅÅÔÌÅÓ ÏÎ ÔÈÅ ÆÒÅÅȤÌÉÖÉÎÇ ÓÔÁÇÅÓ ÏÆ 

ÒÕÍÉÎÁÎÔ ÐÁÒÁÓÉÔÅÓ ÉÎ ÆÁÅÃÅÓ ÁÎÄ ÔÈÅÉÒ ÒÏÌÅ ÁÓ ÂÉÏÌÏÇÉÃÁÌ ÃÏÎÔÒÏÌ ÁÇÅÎÔÓ ÉÎ ÇÒÁÚÉÎÇ ÌÉÖÅÓÔÏÃËȢ 

6ÅÔÅÒÉÎÁÒÙ 0ÁÒÁÓÉÔÏÌÏÇÙȟ χχυȟ ρρπςφχȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρπρφȾÊȢÖÅÔÐÁÒȢςπςτȢρρπςφχ 

&ÒÁÎÚÉÎÉȟ 0Ȣ :Ȣ .Ȣȟ 2ÁÍÏÎÄȟ *ȢȤ"Ȣȟ 3ÃÈÏÌÔÚȟ #Ȣ (Ȣȟ 3ÏÌÅȟ #Ȣ ,Ȣȟ 2ÏÎÃÁȟ 3Ȣȟ Ǫ #Ï×ÁÎȟ $Ȣ !Ȣ ɉςπρφɊȢ 4ÈÅ 

'ÕÔ -ÉÃÒÏÂÉÏÍÅÓ ÏÆ 4×Ï 0ÁÃÈÙÓÏÍÁ -ÁÃ,ÅÁÙ $ÅÓÅÒÔ $ÕÎÇ "ÅÅÔÌÅ 3ÐÅÃÉÅÓ ɉ#ÏÌÅÏÐÔÅÒÁȡ 

3ÃÁÒÁÂÁÅÉÄÁÅȡ 3ÃÁÒÁÂÁÅÉÎÁÅɊ &ÅÅÄÉÎÇ ÏÎ $ÉÆÆÅÒÅÎÔ $ÉÅÔÓȢ 0,/3 /.%ȟ υυɉψɊȟ ÅπρφρρρψȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρσχρȾÊÏÕÒÎÁÌȢÐÏÎÅȢπρφρρρψ 
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'ÉÍÅǲÎÅÚ 'ÏǲÍÅÚȟ 6Ȣ #Ȣȟ 6ÅÒÄÕǲȟ *Ȣ 2Ȣȟ 6ÅÌÁÚÃÏȟ 3Ȣ *Ȣ %Ȣȟ Ǫ :ÕÒÉÔÁȟ 'Ȣ !Ȣ ɉςπςρɊȢ $ÕÎÇ ÂÅÅÔÌÅ ÔÒÏÐÈÉÃ 

ÅÃÏÌÏÇÙȡ !ÒÅ ×Å ÍÉÓÕÎÄÅÒÓÔÁÎÄÉÎÇ ÒÅÓÏÕÒÃÅÓ ÁÔÔÒÁÃÔÉÏÎȩ %ÃÏÌÏÇÉÃÁÌ %ÎÔÏÍÏÌÏÇÙȟ ψϊɉσɊȟ υυςɀ

υφρȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρρρρȾÅÅÎȢρσππρ 

'ÏÉÄÁÎÉÃÈȟ !Ȣȟ Ǫ -ÁÌÁÎȟ #Ȣ %Ȣ ɉρωφςɊȢ 3ÕÌÌÁ ÆÏÎÔÅ ÄÉ ÁÌÉÍÅÎÔÁÚÉÏÎÅ Å ÓÕÌÌÁ ÍÉÃÒÏПÌÏÒÁ ÁÅÒÏÂÉÃÁ 

ÄÅÌ ÎÉÄÏ ÐÅÄÏÔÒÏПÉÃÏ Å ÄÅÌÌȭÁÐÐÁÒÁÔÏ ÄÉÇÅÒÅÎÔÅ ÄÅÌÌÅ ÌÁÒÖÅ ÄÅÇÌÉ 3ÃÁÒÁÂÅÉ ÃÏÐÒÏÆÁÇÉ ɉ#ÏÌÅÏÐÔÅÒÁ 

3ÃÁÒÁÂÁÅÉÄÁÅɊȢ !ÔÔÉ $ÅÌÌȭ!ÃÃÁÄÅÍÉÁ $ÅÌÌÅ 3ÃÉÅÎÚÅ $É 4ÏÒÉÎÏȟ ύϊȟ υχυɀφςψȢ 

'ÏÌÁÂȟ -Ȣ *Ȣȟ 3ÎÉÅÇÕÌÁȟ 3Ȣȟ !ÎÔÏčȟ !Ȣȟ Ǫ "ÒÏÄÉÎȟ 4Ȣ ɉςπςρɊȢ !ÄÕÌÔ ÉÎÓÅÃÔ ÐÅÒÓÏÎÁÌÉÔÙ ÉÎ ÔÈÅ ×ÉÌÄɂ

#ÁÌÏÐÔÅÒÙØ ÓÐÌÅÎÄÅÎÓ ÁÓ Á ÍÏÄÅÌ ÆÏÒ ПÉÅÌÄ ÓÔÕÄÉÅÓȢ %ÃÏÌÏÇÙ ÁÎÄ %ÖÏÌÕÔÉÏÎȟ υυɉςτɊȟ ρψτφχɀ

ρψτχφȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρππςȾÅÃÅσȢψτσω 

'ÒÚÅÃÈÎÉËȟ 3Ȣȟ Ǫ #ÁÂÒÅÒÏȤ3ÁÎǿÕÄÏȟ &Ȣ *Ȣ ɉςπςυɊȢ ! ÔÁÓÔÅ ÆÏÒ ÄÕÎÇȡ &ÏÏÄ ÐÒÅÆÅÒÅÎÃÅÓ ÏÆ ÄÕÎÇ 

ÂÅÅÔÌÅÓ ÕÎÃÏÖÅÒÅÄȢ *ÏÕÒÎÁÌ ÏÆ :ÏÏÌÏÇÙȟ ÎȾÁɉÎȾÁɊȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρρρρȾÊÚÏȢχππτσ 

(ÁÌÆÆÔÅÒȟ 'Ȣȟ Ǫ %ÄÍÏÎÄÓȟ 7Ȣ $Ȣ ɉρωψςɊȢ 4ÈÅ ÎÅÓÔÉÎÇ ÂÅÈÁÖÉÏÒ ÏÆ ÄÕÎÇ ÂÅÅÔÌÅÓ ɉ3ÃÁÒÁÂÁÅÉÎÁÅɊȢ !Î 

ÅÃÏÌÏÇÉÃÁÌ ÁÎÄ ÅÖÏÌÕÔÉÖÅ ÁÐÐÒÏÁÃÈȢ )ÎÓÔÉÔÕÔÏ ÄÅ %ÃÏÌÏÇÉÁȢ 

ÈÔÔÐÓȡȾȾ×××ȢÃÁÂÄÉÒÅÃÔȢÏÒÇȾÃÁÂÄÉÒÅÃÔȾÁÂÓÔÒÁÃÔȾρωψσπυπσχψτ 

(ÁÎÓËÉȟ )Ȣȟ Ǫ #ÁÍÂÅÆÏÒÔȟ 9Ȣ ɉςπρτɊȢ $ÕÎÇ "ÅÅÔÌÅ %ÃÏÌÏÇÙȢ 0ÒÉÎÃÅÔÏÎ 5ÎÉÖÅÒÓÉÔÙ 0ÒÅÓÓȢ 

(ÅÍÍÉÎÇÓȟ :Ȣȟ %ÖÁÎÓȟ -Ȣ *Ȣȟ Ǫ !ÎÄÒÅ×ȟ .Ȣ 2Ȣ ɉςπςυɊȢ 3ÐÁÔÉÁÌ ÁÎÄ ÔÅÍÐÏÒÁÌ ÔÒÅÎÄÓ ÉÎ ÄÕÎÇ ÂÅÅÔÌÅ 

ÒÅÓÅÁÒÃÈȢ 0ÅÅÒ*ȟ υχȟ ÅρψωπχȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢχχρχȾÐÅÅÒÊȢρψωπχ 

(ÏÌÔÅÒȟ 0Ȣ ɉρωχτɊȢ &ÏÏÄ 5ÔÉÌÉÚÁÔÉÏÎ ÏÆ $ÕÎÇȤ%ÁÔÉÎÇ !ÐÈÏÄÉÕÓ ,ÁÒÖÁÅ ɉ3ÃÁÒÁÂÁÅÉÄÁÅɊȢ /ÉËÏÓȟ 

φωɉρɊȟ χρɀχωȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢςσπχȾσυτσυτχ 

(ÏÌÔÅÒȟ 0Ȣ ɉρωχωɊȢ %ÆÆÅÃÔ ÏÆ $ÕÎÇȤ"ÅÅÔÌÅÓ ɉ!ÐÈÏÄÉÕÓ ÓÐÐȢɊ ÁÎÄ %ÁÒÔÈ×ÏÒÍÓ ÏÎ ÔÈÅ 

$ÉÓÁÐÐÅÁÒÁÎÃÅ ÏÆ #ÁÔÔÌÅ $ÕÎÇȢ /ÉËÏÓȟ χφɉσɊȟ σωσɀτπςȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢςσπχȾσυττχυρ 

(ÏÌÔÅÒȟ 0Ȣ ɉρωωρɊȢ #ÏÎÃÅÎÔÒÁÔÉÏÎ ÏÆ ÏØÙÇÅÎȟ ÃÁÒÂÏÎ ÄÉÏØÉÄÅ ÁÎÄ ÍÅÔÈÁÎÅ ÉÎ ÔÈÅ ÁÉÒ ×ÉÔÈÉÎ ÄÕÎÇ 

ÐÁÔÓȢ 0ÅÄÏÂÉÏÌÏÇÉÁȟ χωɉφɊȟ σψρɀσψφȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρπρφȾ3ππσρȤτπυφɉςτɊπππχψȤχ 

(ÏÌÔÅÒȟ 0Ȣ ɉςπρφɊȢ (ÅÒÂÉÖÏÒÅ ÄÕÎÇ ÁÓ ÆÏÏÄ ÆÏÒ ÄÕÎÇ ÂÅÅÔÌÅÓȡ %ÌÅÍÅÎÔÁÒÙ ÃÏÐÒÏÌÏÇÙ ÆÏÒ 

ÅÎÔÏÍÏÌÏÇÉÓÔÓȢ %ÃÏÌÏÇÉÃÁÌ %ÎÔÏÍÏÌÏÇÙȟ ψυɉτɊȟ σφχɀσχχȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρρρρȾÅÅÎȢρςσρφ 

*ÁǲÃÏÍÅȤ(ÅÒÎÁǲÎÄÅÚȟ !Ȣȟ ,ÁÍÅÌÁÓȟ !Ȣȟ $ÅÓÇÁÒÅÎÎÅÓȟ $Ȣȟ (ÕÅÒÔÁȟ #Ȣȟ #ÒÕÚȤ2ÏÓÁÌÅÓȟ -Ȣȟ Ǫ &ÁÖÉÌÁȟ -Ȣ 

%Ȣ ɉςπςσɊȢ )ÎПÌÕÅÎÃÅ ÏÆ ÐÈÙÌÏÇÅÎÅÔÉÃȟ ÅÎÖÉÒÏÎÍÅÎÔÁÌȟ ÁÎÄ ÂÅÈÁÖÉÏÒÁÌ ÆÁÃÔÏÒÓ ÏÎ ÔÈÅ ÇÕÔ 

ÂÁÃÔÅÒÉÁÌ ÃÏÍÍÕÎÉÔÙ ÓÔÒÕÃÔÕÒÅ ÏÆ ÄÕÎÇ ÂÅÅÔÌÅÓ ɉ3ÃÁÒÁÂÁÅÉÄÁÅȡ 3ÃÁÒÁÂÁÅÉÎÁÅɊ ÉÎ Á .ÅÏÔÒÏÐÉÃÁÌ 

"ÉÏÓÐÈÅÒÅ 2ÅÓÅÒÖÅȢ &ÒÏÎÔÉÅÒÓ ÉÎ -ÉÃÒÏÂÉÏÌÏÇÙȟ υψȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢσσψωȾÆÍÉÃÂȢςπςσȢρςςτφπρ 

+ÅÒÍÁÎȟ +Ȣȟ 2ÏÇÇÅÒÏȟ !Ȣȟ 0ÉÃÃÉÎÉȟ )Ȣȟ 2ÏÌÁÎÄÏȟ !Ȣȟ Ǫ 0ÁÌÅÓÔÒÉÎÉȟ #Ȣ ɉςπςρɊȢ $ÕÎÇ ÂÅÅÔÌÅ ÄÉÓÔÒÅÓÓ 

ÓÉÇÎÁÌÓ ÍÁÙ ÂÅ ÃÏÒÒÅÌÁÔÅÄ ×ÉÔÈ ÓÅØ ÁÎÄ ÍÁÌÅ ÍÏÒÐÈȡ ! ÃÁÓÅ ÓÔÕÄÙ ÏÎ #ÏÐÒÉÓ ÌÕÎÁÒÉÓ 

ɉ#ÏÌÅÏÐÔÅÒÁȡ 3ÃÁÒÁÂÁÅÉÄÁÅȟ #ÏÐÒÉÎÉɊȢ "ÉÏÁÃÏÕÓÔÉÃÓȟ χτɉςɊȟ ρψπɀρωφȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρπψπȾπωυςτφςςȢςπρωȢρχρπςυυ 
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+ÅÒÍÁÎȟ +Ȣȟ 2ÏÇÇÅÒÏȟ !Ȣȟ 2ÏÌÁÎÄÏȟ !Ȣȟ Ǫ 0ÁÌÅÓÔÒÉÎÉȟ #Ȣ ɉςπρψɊȢ %ÖÉÄÅÎÃÅ ÆÏÒ -ÁÌÅ (ÏÒÎ 

$ÉÍÏÒÐÈÉÓÍ ÁÎÄ 2ÅÌÁÔÅÄ 0ÒÏÎÏÔÁÌ 3ÈÁÐÅ 6ÁÒÉÁÔÉÏÎ ÉÎ #ÏÐÒÉÓ ÌÕÎÁÒÉÓ ɉ,ÉÎÎÁÅÕÓȟ ρχυψɊ 

ɉ#ÏÌÅÏÐÔÅÒÁȡ 3ÃÁÒÁÂÁÅÉÄÁÅȟ #ÏÐÒÉÎÉɊȢ )ÎÓÅÃÔÓȟ ύɉσɊȟ ρπψȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢσσωπȾÉÎÓÅÃÔÓωπσπρπψ 

+ÏÌÁÓÁȟ -Ȣȟ 3ǳÃÉÂÉÏÒȟ 2Ȣȟ -ÁÚÕÒȟ -Ȣ !Ȣȟ +ÕÂÉÓÚȟ $Ȣȟ $ÕÄÅËȟ +Ȣȟ Ǫ +ÁÊÔÏÃÈȟ lȢ ɉςπρωɊȢ (Ï× (ÏÓÔÓ 

4ÁØÏÎÏÍÙȟ 4ÒÏÐÈÙȟ ÁÎÄ %ÎÄÏÓÙÍÂÉÏÎÔÓ 3ÈÁÐÅ -ÉÃÒÏÂÉÏÍÅ $ÉÖÅÒÓÉÔÙ ÉÎ "ÅÅÔÌÅÓȢ -ÉÃÒÏÂÉÁÌ 

%ÃÏÌÏÇÙȟ ϋόɉτɊȟ ωωυɀρπρσȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρππχȾÓππςτψȤπρωȤπρσυψȤÙ 

,ÏÓÅÙȟ *Ȣ %Ȣȟ Ǫ 6ÁÕÇÈÁÎȟ -Ȣ ɉςππφɊȢ 4ÈÅ %ÃÏÎÏÍÉÃ 6ÁÌÕÅ ÏÆ %ÃÏÌÏÇÉÃÁÌ 3ÅÒÖÉÃÅÓ 0ÒÏÖÉÄÅÄ ÂÙ 

)ÎÓÅÃÔÓȢ "ÉÏ3ÃÉÅÎÃÅȟ ωϊɉτɊȟ σρρɀσςσȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρφτρȾπππφȤ

συφψɉςππφɊυφɍσρρȡ4%6/%3ɎςȢπȢ#/Ƞς 

,ÏÕȟ 8Ȣȟ :ÈÁÏȟ *Ȣȟ ,ÏÕȟ 8Ȣȟ 8ÉÁȟ 8Ȣȟ &ÅÎÇȟ 9Ȣȟ Ǫ ,Éȟ (Ȣ ɉςπςςɊȢ 4ÈÅ "ÉÏÄÅÇÒÁÄÁÔÉÏÎ ÏÆ 3ÏÉÌ /ÒÇÁÎÉÃ 

-ÁÔÔÅÒ ÉÎ 3ÏÉÌȤ$×ÅÌÌÉÎÇ (ÕÍÉÖÏÒÏÕÓ &ÁÕÎÁȢ &ÒÏÎÔÉÅÒÓ ÉÎ "ÉÏÅÎÇÉÎÅÅÒÉÎÇ ÁÎÄ "ÉÏÔÅÃÈÎÏÌÏÇÙȟ ύȟ 

ψπψπχυȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢσσψωȾПÂÉÏÅȢςπςρȢψπψπχυ 

-Áȟ ,Ȣȟ 7ÅÅÒÁÒÁÔÎÅȟ .Ȣȟ 'ÕÒÕÓÉÎÇÈÅȟ 3Ȣȟ !ËÔÁÒȟ *Ȣȟ (ÁÑÕÅȟ +Ȣ -Ȣ 3Ȣȟ %ÂÅÒÂÁÃÈȟ 0Ȣȟ 'ÕÒÒȟ 'Ȣ 'Ȣȟ Ǫ 

7ÅÓÔÏÎȟ ,Ȣ !Ȣ ɉςπςσɊȢ $ÕÎÇ "ÅÅÔÌÅ !ÃÔÉÖÉÔÙ )Ó 3ÏÉÌȤ4ÙÐÅȤ$ÅÐÅÎÄÅÎÔ ÁÎÄ -ÏÄÕÌÁÔÅÓ 0ÁÓÔÕÒÅ 

'ÒÏ×ÔÈ ÁÎÄ !ÓÓÏÃÉÁÔÅÄ 3ÏÉÌ -ÉÃÒÏÂÉÏÍÅȢ !ÇÒÏÎÏÍÙȟ υχɉςɊȟ !ÒÔÉÃÌÅ ςȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢσσωπȾÁÇÒÏÎÏÍÙρσπςπσςυ 

-ÁÂÈÅÇÅÄÈÅȟ -Ȣ ɉςπρχɊȢ #ÅÌÌÕÌÏÌÙÔÉÃ !ÃÔÉÖÉÔÉÅÓ ÏÆ ÔÈÅ $ÕÎÇ "ÅÅÔÌÅȟ %ÕÏÎÉÔÉÃÅÌÌÕÓ )ÎÔÅÒÍÅÄÉÕÓȟ 

,ÁÒÖÁ 'ÕÔ -ÉÃÒÏȤ&ÌÏÒÁȢ 4ÈÅ /ÐÅÎ "ÉÏÔÅÃÈÎÏÌÏÇÙ *ÏÕÒÎÁÌȟ υυɉρɊȟ ρπυɀρρσȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢςρχτȾρψχτπχπχπρχρρπρπρπυ 

-ÁÃÁÇÎÏȟ !Ȣ ,Ȣ -Ȣȟ Ǫ -ÏÃÚÅËȟ !Ȣ 0Ȣ ɉςπςσɊȢ "ÅÔ×ÅÅÎȤÐÁÒÔÎÅÒ ÃÏÎÃÏÒÄÁÎÃÅ ÏÆ ÖÅÒÔÉÃÁÌÌÙ 

ÔÒÁÎÓÍÉÔÔÅÄ ÇÕÔ ÍÉÃÒÏÂÉÏÔÁ ÄÉÍÉÎÉÓÈÅÓ ÒÅÐÒÏÄÕÃÔÉÖÅ ÏÕÔÐÕÔ ÉÎ ÔÈÅ ÄÕÎÇ ÂÅÅÔÌÅ /ÎÔÈÏÐÈÁÇÕÓ 

ÔÁÕÒÕÓȢ 0ÈÙÓÉÏÌÏÇÉÃÁÌ %ÎÔÏÍÏÌÏÇÙȟ ψόɉρɊȟ ρτɀςσȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρρρρȾÐÈÅÎȢρςσωψ 

-ÁÒÔąǲÎÅÚȟ -Ȣ )Ȣȟ Ǫ ,ÕÍÁÒÅÔȟ *Ȣ 0Ȣ ɉςπςσɊȢ %ÓÃÁÒÁÂÁÊÏÓ ÅÓÔÅÒÃÏÌÅÒÏÓȢ "ÉÏÌÏÇþÁ ÒÅÐÒÏÄÕÃÔÉÖÁ Ù ÓÕ 

ÒÅÇÕÌÁÃÉĕÎ ɉςπςςÎÄ ÅÄȢɊȢ !ÓÏÃÉÁÃÉÏǲÎ ÅÓÐÁÎǿÏÌÁ ÄÅ %ÎÔÏÍÏÌÏÇąǲÁȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢςρψςωȾÁÚÍȢςπςσȢσωρςφτσ 

.ÁËÁÇÁ×Áȟ 3Ȣȟ Ǫ 3ÃÈÉÅÌÚÅÔÈȟ (Ȣ ɉςπρπɊȢ 2ÅÐÅÁÔÁÂÉÌÉÔÙ ÆÏÒ 'ÁÕÓÓÉÁÎ ÁÎÄ ÎÏÎȤ'ÁÕÓÓÉÁÎ ÄÁÔÁȡ ! 

ÐÒÁÃÔÉÃÁÌ ÇÕÉÄÅ ÆÏÒ ÂÉÏÌÏÇÉÓÔÓȢ "ÉÏÌÏÇÉÃÁÌ 2ÅÖÉÅ×Óȟ όωɉτɊȟ ωσυɀωυφȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρρρρȾÊȢρτφωȤρψυ8ȢςπρπȢππρτρȢØ 

.ÅÒÖÏȟ "Ȣȟ #ÁÐÒÉÏȟ %Ȣȟ #ÅÌÉȟ ,Ȣȟ ,ÏÎÁÔÉȟ -Ȣȟ ,ÏÍÂÁÒÄÉȟ 'Ȣȟ &ÁÌÓÏÎÅȟ 'Ȣȟ )ÕÓÓÉÇȟ 'Ȣȟ 0ÁÌÅÓÔÒÉÎÉȟ #Ȣȟ 3ÁÉÄȤ

0ÕÌÌÉÃÉÎÏȟ $Ȣȟ Ǫ 2ÏÌÁÎÄÏȟ !Ȣ ɉςπρχɊȢ %ÃÏÌÏÇÉÃÁÌ ÆÕÎÃÔÉÏÎÓ ÐÒÏÖÉÄÅÄ ÂÙ ÄÕÎÇ ÂÅÅÔÌÅÓ ÁÒÅ 

ÉÎÔÅÒÌÉÎËÅÄ ÁÃÒÏÓÓ ÓÐÁÃÅ ÁÎÄ ÔÉÍÅȡ %ÖÉÄÅÎÃÅ ÆÒÏÍ ρυ . ÉÓÏÔÏÐÅ ÔÒÁÃÉÎÇȢ %ÃÏÌÏÇÙȟ ύόɉςɊȟ τσσɀ

ττφȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρππςȾÅÃÙȢρφυσ 

.ÅÒÖÏȟ "Ȣȟ 4ÏÃÃÏȟ #Ȣȟ #ÁÐÒÉÏȟ %Ȣȟ 0ÁÌÅÓÔÒÉÎÉȟ #Ȣȟ Ǫ 2ÏÌÁÎÄÏȟ !Ȣ ɉςπρτɊȢ 4ÈÅ %ÆÆÅÃÔÓ ÏÆ "ÏÄÙ -ÁÓÓ ÏÎ 

$ÕÎÇ 2ÅÍÏÖÁÌ %ÆПÉÃÉÅÎÃÙ ÉÎ $ÕÎÇ "ÅÅÔÌÅÓȢ 0,/3 /.%ȟ ύɉωɊȟ ÅρπχφωωȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρσχρȾÊÏÕÒÎÁÌȢÐÏÎÅȢπρπχφωω 
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.ÉÃÈÏÌÓȟ %Ȣȟ 3ÐÅÃÔÏÒȟ 3Ȣȟ ,ÏÕÚÁÄÁȟ *Ȣȟ ,ÁÒÓÅÎȟ 4Ȣȟ !ÍÅÚÑÕÉÔÁȟ 3Ȣȟ Ǫ &ÁÖÉÌÁȟ -Ȣ %Ȣ ɉςππψɊȢ %ÃÏÌÏÇÉÃÁÌ 

ÆÕÎÃÔÉÏÎÓ ÁÎÄ ÅÃÏÓÙÓÔÅÍ ÓÅÒÖÉÃÅÓ ÐÒÏÖÉÄÅÄ ÂÙ 3ÃÁÒÁÂÁÅÉÎÁÅ ÄÕÎÇ ÂÅÅÔÌÅÓȢ "ÉÏÌÏÇÉÃÁÌ 

#ÏÎÓÅÒÖÁÔÉÏÎȟ υψυɉφɊȟ ρτφρɀρτχτȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρπρφȾÊȢÂÉÏÃÏÎȢςππψȢπτȢπρρ 

.ÏÒÉÅÇÁȟ *Ȣ !Ȣȟ (ÏÒÔÁÌȟ *Ȣȟ ÄÅ#ÁÓÔÒÏȤ!ÒÒÁÚÏÌÁȟ )Ȣȟ !ÌÖÅÓȤ-ÁÒÔÉÎÓȟ &Ȣȟ /ÒÔÅÇÁȟ *Ȣ #Ȣ 'Ȣȟ "ÉÎÉȟ ,Ȣ -Ȣȟ 

!ÎÄÒÅ×ȟ .Ȣ 2Ȣȟ !ÒÅÌÌÁÎÏȟ ,Ȣȟ "ÅÙÎÏÎȟ 3Ȣȟ $ÁÖÉÓȟ !Ȣ ,Ȣ 6Ȣȟ &ÁÖÉÌÁȟ -Ȣ %Ȣȟ &ÌÏÁÔÅȟ +Ȣ $Ȣȟ (ÏÒÇÁÎȟ &Ȣ 'Ȣȟ 

-ÅÎÅǲÎÄÅÚȟ 2Ȣȟ -ÉÌÏÔÉÃȟ 4Ȣȟ .ÅÒÖÏȟ "Ȣȟ 0ÁÌÅÓÔÒÉÎÉȟ #Ȣȟ 2ÏÌÁÎÄÏȟ !Ȣȟ 3ÃÈÏÌÔÚȟ #Ȣ (Ȣȟ ȣ 3ÁÎÔÏÓȟ !Ȣ -Ȣ #Ȣ 

ɉςπςσɊȢ $ÕÎÇ ÒÅÍÏÖÁÌ ÉÎÃÒÅÁÓÅÓ ÕÎÄÅÒ ÈÉÇÈÅÒ ÄÕÎÇ ÂÅÅÔÌÅ ÆÕÎÃÔÉÏÎÁÌ ÄÉÖÅÒÓÉÔÙ ÒÅÇÁÒÄÌÅÓÓ ÏÆ 

ÇÒÁÚÉÎÇ ÉÎÔÅÎÓÉПÉÃÁÔÉÏÎȢ .ÁÔÕÒÅ #ÏÍÍÕÎÉÃÁÔÉÏÎÓȟ υψɉρɊȟ !ÒÔÉÃÌÅ ρȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρπσψȾÓτρτφχȤπςσȤτσχφπȤψ 

.ÕÎÅÓȟ #Ȣ !Ȣȟ "ÒÁÇÁȟ 2Ȣ &Ȣȟ &ÉÇÕÅÉÒÁȟ *Ȣ %Ȣ #Ȣȟ .ÅÖÅÓȟ &Ȣ ÄÅ 3Ȣȟ Ǫ &ÅÒÎÁÎÄÅÓȟ 'Ȣ 7Ȣ ɉςπρφɊȢ $ÕÎÇ 

"ÅÅÔÌÅÓ ÁÌÏÎÇ Á 4ÒÏÐÉÃÁÌ !ÌÔÉÔÕÄÉÎÁÌ 'ÒÁÄÉÅÎÔȡ %ÎÖÉÒÏÎÍÅÎÔÁÌ &ÉÌÔÅÒÉÎÇ ÏÎ 4ÁØÏÎÏÍÉÃ ÁÎÄ 

&ÕÎÃÔÉÏÎÁÌ $ÉÖÅÒÓÉÔÙȢ 0,/3 /.%ȟ υυɉφɊȟ ÅπρυχττςȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρσχρȾÊÏÕÒÎÁÌȢÐÏÎÅȢπρυχττς 

0ÁÒËÅÒȟ %Ȣ 3Ȣȟ $ÕÒÙȟ 'Ȣ *Ȣȟ Ǫ -ÏÃÚÅËȟ !Ȣ 0Ȣ ɉςπρωɊȢ 4ÒÁÎÓÇÅÎÅÒÁÔÉÏÎÁÌ ÄÅÖÅÌÏÐÍÅÎÔÁÌ ÅÆÆÅÃÔÓ ÏÆ 

ÓÐÅÃÉÅÓȤÓÐÅÃÉПÉÃȟ ÍÁÔÅÒÎÁÌÌÙ ÔÒÁÎÓÍÉÔÔÅÄ ÍÉÃÒÏÂÉÏÔÁ ÉÎ /ÎÔÈÏÐÈÁÇÕÓ ÄÕÎÇ ÂÅÅÔÌÅÓȢ %ÃÏÌÏÇÉÃÁÌ 

%ÎÔÏÍÏÌÏÇÙȟ ψψɉςɊȟ ςχτɀςψςȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρρρρȾÅÅÎȢρςχπσ 

0ÁÒËÅÒȟ %Ȣ 3Ȣȟ .Å×ÔÏÎȟ )Ȣ ,Ȣ 'Ȣȟ Ǫ -ÏÃÚÅËȟ !Ȣ 0Ȣ ɉςπςπɊȢ ɉ-Ù -ÉÃÒÏÂÉÏÍÅɊ 7ÏÕÌÄ 7ÁÌË ρπȟπππ 

ÍÉÌÅÓȡ -ÁÉÎÔÅÎÁÎÃÅ ÁÎÄ 4ÕÒÎÏÖÅÒ ÏÆ -ÉÃÒÏÂÉÁÌ #ÏÍÍÕÎÉÔÉÅÓ ÉÎ )ÎÔÒÏÄÕÃÅÄ $ÕÎÇ "ÅÅÔÌÅÓȢ 

-ÉÃÒÏÂÉÁÌ %ÃÏÌÏÇÙȟ ότɉςɊȟ τσυɀττφȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρππχȾÓππςτψȤπςπȤπρυρτȤω 

0ÅÎÔÔÉÌÁȃȟ !Ȣȟ 3ÌÁÄÅȟ %Ȣ -Ȣȟ 3ÉÍÏÊÏËÉȟ !Ȣȟ 2ÉÕÔÔÁȟ 4Ȣȟ -ÉÎËËÉÎÅÎȟ +Ȣȟ Ǫ 2ÏÓÌÉÎȟ 4Ȣ ɉςπρσɊȢ 1ÕÁÎÔÉÆÙÉÎÇ 

"ÅÅÔÌÅȤ-ÅÄÉÁÔÅÄ %ÆÆÅÃÔÓ ÏÎ 'ÁÓ &ÌÕØÅÓ ÆÒÏÍ $ÕÎÇ 0ÁÔÓȢ 0,/3 /.%ȟ όɉψɊȟ ÅχρτυτȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρσχρȾÊÏÕÒÎÁÌȢÐÏÎÅȢππχρτυτ 

0ÉÃÃÉÎÉȟ )Ȣȟ !ÒÎÉÅÒÉȟ &Ȣȟ #ÁÐÒÉÏȟ %Ȣȟ .ÅÒÖÏȟ "Ȣȟ 0ÅÌÉÓÓÅÔÔÉȟ 3Ȣȟ 0ÁÌÅÓÔÒÉÎÉȟ #Ȣȟ 2ÏÓÌÉÎȟ 4Ȣȟ Ǫ 2ÏÌÁÎÄÏȟ !Ȣ 

ɉςπρχɊȢ 'ÒÅÅÎÈÏÕÓÅ ÇÁÓ ÅÍÉÓÓÉÏÎÓ ÆÒÏÍ ÄÕÎÇ ÐÁÔÓ ÖÁÒÙ ×ÉÔÈ ÄÕÎÇ ÂÅÅÔÌÅ ÓÐÅÃÉÅÓ ÁÎÄ ×ÉÔÈ 

ÁÓÓÅÍÂÌÁÇÅ ÃÏÍÐÏÓÉÔÉÏÎȢ 0,/3 /.%ȟ υφɉχɊȟ ÅπρχψπχχȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρσχρȾÊÏÕÒÎÁÌȢÐÏÎÅȢπρχψπχχ 

0ÉÃÃÉÎÉȟ )Ȣȟ #ÁÐÒÉÏȟ %Ȣȟ 0ÁÌÅÓÔÒÉÎÉȟ #Ȣȟ Ǫ 2ÏÌÁÎÄÏȟ !Ȣ ɉςπςπɊȢ %ÃÏÓÙÓÔÅÍ ÆÕÎÃÔÉÏÎÉÎÇ ÉÎ ÒÅÌÁÔÉÏÎ ÔÏ 

ÓÐÅÃÉÅÓ ÉÄÅÎÔÉÔÙȟ ÄÅÎÓÉÔÙȟ ÁÎÄ ÂÉÏÍÁÓÓ ÉÎ Ô×Ï ÔÕÎÎÅÌÌÅÒ ÄÕÎÇ ÂÅÅÔÌÅÓȢ %ÃÏÌÏÇÉÃÁÌ %ÎÔÏÍÏÌÏÇÙȟ 

ψωɉςɊȟ σρρɀσςπȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρρρρȾÅÅÎȢρςψπς 

0ÉÃÃÉÎÉȟ )Ȣȟ 0ÁÌÅÓÔÒÉÎÉȟ #Ȣȟ 2ÏÌÁÎÄÏȟ !Ȣȟ Ǫ 2ÏÓÌÉÎȟ 4Ȣ ɉςπρωɊȢ ,ÏÃÁÌ ÍÁÎÁÇÅÍÅÎÔ ÁÃÔÉÏÎÓ ÏÖÅÒÒÉÄÅ 

ÆÁÒÍÉÎÇ ÓÙÓÔÅÍÓ ÉÎ ÄÅÔÅÒÍÉÎÉÎÇ ÄÕÎÇ ÂÅÅÔÌÅ ÓÐÅÃÉÅÓ ÒÉÃÈÎÅÓÓȟ ÁÂÕÎÄÁÎÃÅ ÁÎÄ ÂÉÏÍÁÓÓ ÁÎÄ 

ÁÓÓÏÃÉÁÔÅÄ ÅÃÏÓÙÓÔÅÍ ÓÅÒÖÉÃÅÓȢ "ÁÓÉÃ ÁÎÄ !ÐÐÌÉÅÄ %ÃÏÌÏÇÙȟ ψυȟ ρσɀςρȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρπρφȾÊȢÂÁÁÅȢςπρωȢπωȢππρ 

2ÁÉÎÅȟ %Ȣ (Ȣȟ Ǫ 3ÌÁÄÅȟ %Ȣ -Ȣ ɉςπρωɊȢ $ÕÎÇ ÂÅÅÔÌÅɀÍÁÍÍÁÌ ÁÓÓÏÃÉÁÔÉÏÎÓȡ -ÅÔÈÏÄÓȟ ÒÅÓÅÁÒÃÈ 

ÔÒÅÎÄÓ ÁÎÄ ÆÕÔÕÒÅ ÄÉÒÅÃÔÉÏÎÓȢ 0ÒÏÃÅÅÄÉÎÇÓ ÏÆ ÔÈÅ 2ÏÙÁÌ 3ÏÃÉÅÔÙ "ȡ "ÉÏÌÏÇÉÃÁÌ 3ÃÉÅÎÃÅÓȟ 

φόϊɉρψωχɊȟ ςπρψςππςȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρπωψȾÒÓÐÂȢςπρψȢςππς 
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3ÃÈÁÐÈÅÅÒȟ #Ȣȟ 0ÅÌÌÅÎÓȟ 2Ȣȟ Ǫ 3ÃÈÅÒÓÏÎȟ 2Ȣ ɉςπςρɊȢ !ÒÔÈÒÏÐÏÄȤ-ÉÃÒÏÂÉÏÔÁ )ÎÔÅÇÒÁÔÉÏÎȡ )ÔÓ 

)ÍÐÏÒÔÁÎÃÅ ÆÏÒ %ÃÏÓÙÓÔÅÍ #ÏÎÓÅÒÖÁÔÉÏÎȢ &ÒÏÎÔÉÅÒÓ ÉÎ -ÉÃÒÏÂÉÏÌÏÇÙȟ υφȟ χπςχφσȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢσσψωȾÆÍÉÃÂȢςπςρȢχπςχφσ 

3ÃÈÏÌÔÚȟ #Ȣ (Ȣȟ $ÁÖÉÓȟ !Ȣ ,Ȣ 6Ȣȟ Ǫ +ÒÙÇÅÒȟ 5Ȣ ɉςππωɊȢ %ÖÏÌÕÔÉÏÎÁÒÙ "ÉÏÌÏÇÙ ÁÎÄ #ÏÎÓÅÒÖÁÔÉÏÎ ÏÆ 

$ÕÎÇ "ÅÅÔÌÅÓȢ 0ÅÎÓÏÆÔ 0ÕÂÌÉÓÈÅÒÓȢ 

3ÃÈ×ÁÂȟ $Ȣ "Ȣȟ 2ÉÇÇÓȟ (Ȣ %Ȣȟ .Å×ÔÏÎȟ )Ȣ ,Ȣ 'Ȣȟ Ǫ -ÏÃÚÅËȟ !Ȣ 0Ȣ ɉςπρφɊȢ $ÅÖÅÌÏÐÍÅÎÔÁÌ ÁÎÄ 

%ÃÏÌÏÇÉÃÁÌ "ÅÎÅПÉÔÓ ÏÆ ÔÈÅ -ÁÔÅÒÎÁÌÌÙ 4ÒÁÎÓÍÉÔÔÅÄ -ÉÃÒÏÂÉÏÔÁ ÉÎ Á $ÕÎÇ "ÅÅÔÌÅȢ 4ÈÅ !ÍÅÒÉÃÁÎ 

.ÁÔÕÒÁÌÉÓÔȟ υόόɉφɊȟ φχωɀφωςȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρπψφȾφψψωςφ 

3ÈÕËÌÁȟ 3Ȣ 0Ȣȟ 3ÁÎÄÅÒÓȟ *Ȣ 'Ȣȟ "ÙÒÎÅȟ -Ȣ *Ȣȟ Ǫ 0ÉÅÒÃÅȟ .Ȣ %Ȣ ɉςπρφɊȢ 'ÕÔ ÍÉÃÒÏÂÉÏÔÁ ÏÆ ÄÕÎÇ ÂÅÅÔÌÅÓ 

ÃÏÒÒÅÓÐÏÎÄ ÔÏ ÄÉÅÔÁÒÙ ÓÐÅÃÉÁÌÉÚÁÔÉÏÎÓ ÏÆ ÁÄÕÌÔÓ ÁÎÄ ÌÁÒÖÁÅȢ -ÏÌÅÃÕÌÁÒ %ÃÏÌÏÇÙȟ φωɉςτɊȟ φπωςɀ

φρπφȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρρρρȾÍÅÃȢρσωπρ 

3ÉÈȟ !Ȣȟ "ÅÌÌȟ !Ȣȟ Ǫ *ÏÈÎÓÏÎȟ *Ȣ #Ȣ ɉςππτɊȢ "ÅÈÁÖÉÏÒÁÌ ÓÙÎÄÒÏÍÅÓȡ !Î ÅÃÏÌÏÇÉÃÁÌ ÁÎÄ ÅÖÏÌÕÔÉÏÎÁÒÙ 

ÏÖÅÒÖÉÅ×Ȣ 4ÒÅÎÄÓ ÉÎ %ÃÏÌÏÇÙ Ǫ %ÖÏÌÕÔÉÏÎȟ υύɉχɊȟ σχςɀσχψȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρπρφȾÊȢÔÒÅÅȢςππτȢπτȢππω 

3ÉÈȟ !Ȣȟ "ÅÌÌȟ !Ȣ -Ȣȟ *ÏÈÎÓÏÎȟ *Ȣ #Ȣȟ Ǫ :ÉÅÍÂÁȟ 2Ȣ %Ȣ ɉςππτɊȢ "ÅÈÁÖÉÏÒÁÌ 3ÙÎÄÒÏÍÅÓȡ !Î )ÎÔÅÇÒÁÔÉÖÅ 

/ÖÅÒÖÉÅ×Ȣ 4ÈÅ 1ÕÁÒÔÅÒÌÙ 2ÅÖÉÅ× ÏÆ "ÉÏÌÏÇÙȟ ϋύɉσɊȟ ςτρɀςχχȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρπψφȾτςςψωσ 

3ÌÁÄÅȟ %Ȣ -Ȣȟ 2ÉÕÔÔÁȟ 4Ȣȟ 2ÏÓÌÉÎȟ 4Ȣȟ Ǫ 4ÕÏÍÉÓÔÏȟ (Ȣ ,Ȣ ɉςπρφɊȢ 4ÈÅ ÒÏÌÅ ÏÆ ÄÕÎÇ ÂÅÅÔÌÅÓ ÉÎ ÒÅÄÕÃÉÎÇ 

ÇÒÅÅÎÈÏÕÓÅ ÇÁÓ ÅÍÉÓÓÉÏÎÓ ÆÒÏÍ ÃÁÔÔÌÅ ÆÁÒÍÉÎÇȢ 3ÃÉÅÎÔÉУÉÃ 2ÅÐÏÒÔÓȟ ϊɉρɊȟ ρψρτπȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρπσψȾÓÒÅÐρψρτπ 

3ÌÁÄÅȟ %Ȣ -Ȣȟ 2ÏÓÌÉÎȟ 4Ȣȟ 3ÁÎÔÁÌÁÈÔÉȟ -Ȣȟ Ǫ "ÅÌÌȟ 4Ȣ ɉςπρφɊȢ $ÉÓÅÎÔÁÎÇÌÉÎÇ ÔÈÅ ȬÂÒÏ×Î ×ÏÒÌÄȭ ÆÁÅÃÁÌɀ

ÄÅÔÒÉÔÕÓ ÉÎÔÅÒÁÃÔÉÏÎ ×ÅÂȡ $ÕÎÇ ÂÅÅÔÌÅ ÅÆÆÅÃÔÓ ÏÎ ÓÏÉÌ ÍÉÃÒÏÂÉÁÌ ÐÒÏÐÅÒÔÉÅÓȢ /ÉËÏÓȟ υφωɉυɊȟ φςωɀ

φσυȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρρρρȾÏÉËȢπςφτπ 

3ÔÁÎÂÒÏÏËȟ 2Ȣ !Ȣȟ (ÁÒÒÉÓȟ 7Ȣ %Ȣȟ 7ÈÅÁÔÅÒȟ #Ȣ 0Ȣȟ Ǫ *ÏÎÅÓȟ -Ȣ ɉςπςρɊȢ %ÖÉÄÅÎÃÅ ÏÆ ÐÈÅÎÏÔÙÐÉÃ 

ÐÌÁÓÔÉÃÉÔÙ ÁÌÏÎÇ ÁÎ ÁÌÔÉÔÕÄÉÎÁÌ ÇÒÁÄÉÅÎÔ ÉÎ ÔÈÅ ÄÕÎÇ ÂÅÅÔÌÅ /ÎÔÈÏÐÈÁÇÕÓ ÐÒÏÔÅÕÓȢ 0ÅÅÒ*ȟ ύȟ 

ÅρπχωψȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢχχρχȾÐÅÅÒÊȢρπχωψ 

3ÔÅÉÎÆÅÌÄȟ (Ȣȟ 'ÅÒÂÅÒȟ 0Ȣȟ 7ÁÓÓÅÎÁÁÒȟ 4Ȣ $Ȣȟ .ÁÔÉÏÎÓȟ &Ȣ ÁÎÄ !Ȣ /Ȣ ÏÆ ÔÈÅ 5Ȣȟ #ÁÓÔÅÌȟ 6Ȣȟ Ǫ (ÁÁÎȟ #Ȣ ÄÅȢ 

ɉςππφɊȢ ,ÉÖÅÓÔÏÃËȭÓ ,ÏÎÇ 3ÈÁÄÏ×ȡ %ÎÖÉÒÏÎÍÅÎÔÁÌ )ÓÓÕÅÓ ÁÎÄ /ÐÔÉÏÎÓȢ &ÏÏÄ Ǫ !ÇÒÉÃÕÌÔÕÒÅ /ÒÇȢ 

3ÔÏÒËȟ .Ȣ %Ȣ ɉςπρψɊȢ (Ï× -ÁÎÙ 3ÐÅÃÉÅÓ ÏÆ )ÎÓÅÃÔÓ ÁÎÄ /ÔÈÅÒ 4ÅÒÒÅÓÔÒÉÁÌ !ÒÔÈÒÏÐÏÄÓ !ÒÅ 4ÈÅÒÅ 

ÏÎ %ÁÒÔÈȩ !ÎÎÕÁÌ 2ÅÖÉÅ× ÏÆ %ÎÔÏÍÏÌÏÇÙȟ ϊχɉ6ÏÌÕÍÅ φσȟ ςπρψɊȟ σρɀτυȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρρτφȾÁÎÎÕÒÅÖȤÅÎÔÏȤπςπρρχȤπτσστψ 

3ÕÁǲÒÅÚȤ-ÏÏȟ 0Ȣȟ #ÒÕÚȤ2ÏÓÁÌÅÓȟ -Ȣȟ )ÂÁÒÒÁȤ,ÁÃÌÅÔÔÅȟ %Ȣȟ $ÅÓÇÁÒÅÎÎÅÓȟ $Ȣȟ (ÕÅÒÔÁȟ #Ȣȟ Ǫ ,ÁÍÅÌÁÓȟ !Ȣ 

ɉςπςπɊȢ $ÉÖÅÒÓÉÔÙ ÁÎÄ #ÏÍÐÏÓÉÔÉÏÎ ÏÆ ÔÈÅ 'ÕÔ -ÉÃÒÏÂÉÏÔÁ ÉÎ ÔÈÅ $ÅÖÅÌÏÐÍÅÎÔÁÌ 3ÔÁÇÅÓ ÏÆ ÔÈÅ 

$ÕÎÇ "ÅÅÔÌÅ #ÏÐÒÉÓ ÉÎÃÅÒÔÕÓ 3ÁÙ ɉ#ÏÌÅÏÐÔÅÒÁȟ 3ÃÁÒÁÂÁÅÉÄÁÅɊȢ &ÒÏÎÔÉÅÒÓ ÉÎ -ÉÃÒÏÂÉÏÌÏÇÙȟ υυȟ 

ρφωψȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢσσψωȾÆÍÉÃÂȢςπςπȢπρφωψ 
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4ÈÉÙÏÎÉÌÁȟ "Ȣȟ 2ÅÎÅÅÔÁȟ .Ȣ 0Ȣȟ +ÁÎÎÁÎȟ -Ȣȟ 3ÈÁÎÔËÒÉÔÉȟ 3Ȣȟ Ǫ +ÒÉÓÈÎÁÎȟ -Ȣ ɉςπρψɊȢ $ÕÎÇ ÂÅÅÔÌÅ ÇÕÔ 

ÍÉÃÒÏÂÅÓȡ $ÉÖÅÒÓÉÔÙȟ ÍÅÔÁÂÏÌÉÃ ÁÎÄ ÉÍÍÕÎÉÔÙ ÒÅÌÁÔÅÄ ÒÏÌÅÓ ÉÎ ÈÏÓÔ ÓÙÓÔÅÍȢ )ÎÔÅÒÎÁÔÉÏÎÁÌ 

*ÏÕÒÎÁÌ ÏÆ 3ÃÉÅÎÔÉУÉÃ )ÎÎÏÖÁÔÉÏÎÓȟ ψȟ χχɀψσȢ 

4ÏÒÁÂÉÁÎȟ 3Ȣȟ ,ÅÆПÌÅÒȟ !Ȣ *Ȣȟ Ǫ 0ÅÒËÉÎÓȟ ,Ȣ ɉςπςτɊȢ )ÍÐÏÒÔÁÎÃÅ ÏÆ ÒÅÓÔÏÒÁÔÉÏÎ ÏÆ ÄÕÎÇ ÂÅÅÔÌÅÓ ÉÎ ÔÈÅ 

ÍÁÉÎÔÅÎÁÎÃÅ ÏÆ ÅÃÏÓÙÓÔÅÍ ÓÅÒÖÉÃÅÓȢ %ÃÏÌÏÇÉÃÁÌ 3ÏÌÕÔÉÏÎÓ ÁÎÄ %ÖÉÄÅÎÃÅȟ ωɉρɊȟ ÅρςςωχȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρππςȾςφψψȤψσρωȢρςςωχ 

7ÁÎÇȟ 3Ȣȟ 7ÁÎÇȟ ,Ȣȟ &ÁÎȟ 8Ȣȟ 9Õȟ #Ȣȟ &ÅÎÇȟ ,Ȣȟ Ǫ 9Éȟ ,Ȣ ɉςπςπɊȢ !Î )ÎÓÉÇÈÔ ÉÎÔÏ $ÉÖÅÒÓÉÔÙ ÁÎÄ 

&ÕÎÃÔÉÏÎÁÌÉÔÉÅÓ ÏÆ 'ÕÔ -ÉÃÒÏÂÉÏÔÁ ÉÎ )ÎÓÅÃÔÓȢ #ÕÒÒÅÎÔ -ÉÃÒÏÂÉÏÌÏÇÙȟ ϋϋɉωɊȟ ρωχφɀρωψφȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρππχȾÓππςψτȤπςπȤπςπψτȤς 

7ÈÉÐÐÌÅȟ 3Ȣ $Ȣ ɉςπρρɊȢ $ÕÎÇ ÂÅÅÔÌÅ ÅÃÏÌÏÇÙȡ (ÁÂÉÔÁÔ ÁÎÄ ÆÏÏÄ ÐÒÅÆÅÒÅÎÃÅȟ ÈÙÐÏØÉÁ ÔÏÌÅÒÁÎÃÅȟ ÁÎÄ 

ÇÅÎÅÔÉÃ ÖÁÒÉÁÔÉÏÎ ɍ0È$ 4ÈÅÓÉÓȟ 5ÎÉÖÅÒÓÉÔÙ ÏÆ .ÅÂÒÁÓËÁȤ,ÉÎÃÏÌÎɎȢ 

ÈÔÔÐÓȡȾȾÄÉÇÉÔÁÌÃÏÍÍÏÎÓȢÕÎÌȢÅÄÕȾÄÉÓÓÅÒÔÁÔÉÏÎÓȾ!!)στψχπψρ 

7ÈÉÐÐÌÅȟ 3Ȣ $Ȣȟ #ÁÖÁÌÌÁÒÏȟ -Ȣ #Ȣȟ Ǫ (ÏÂÁÃËȟ 7Ȣ 7Ȣ ɉςπρσɊȢ )ÍÍÅÒÓÉÏÎ 4ÏÌÅÒÁÎÃÅ ÉÎ $ÕÎÇ "ÅÅÔÌÅÓ 

ɉ#ÏÌÅÏÐÔÅÒÁȡ 3ÃÁÒÁÂÁÅÉÄÁÅɊ $ÉÆÆÅÒÓ !ÍÏÎÇ 3ÐÅÃÉÅÓ ÂÕÔ ÎÏÔ "ÅÈÁÖÉÏÒÁÌ 'ÒÏÕÐÓȢ 4ÈÅ 

#ÏÌÅÏÐÔÅÒÉÓÔÓ "ÕÌÌÅÔÉÎȟ ϊϋɉσɊȟ ςυχɀςφσȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρφτωȾππρπȤπφυ8ȤφχȢσȢςυχ 

9ÏÓÈÉÈÁÒÁȟ 9Ȣȟ Ǫ 3ÁÔÏȟ 3Ȣ ɉςπρυɊȢ 4ÈÅ ÒÅÌÁÔÉÏÎÓÈÉÐ ÂÅÔ×ÅÅÎ ÄÕÎÇ ÂÅÅÔÌÅ ÓÐÅÃÉÅÓ ÒÉÃÈÎÅÓÓ ÁÎÄ 

ÅÃÏÓÙÓÔÅÍ ÆÕÎÃÔÉÏÎÉÎÇȢ !ÐÐÌÉÅÄ 3ÏÉÌ %ÃÏÌÏÇÙȟ όόȟ ςρɀςυȢ 

ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρπρφȾÊȢÁÐÓÏÉÌȢςπρτȢρςȢππρ 

:ÈÁÎÇȟ 3ȢȤ1Ȣȟ #ÈÅȟ ,ȢȤ(Ȣȟ ,Éȟ 9Ȣȟ $ÁÎ ,ÉÁÎÇȟ 0ÁÎÇȟ (Ȣȟ 3ǳÌÉÐÉÎǲÓËÉȟ !Ȣȟ Ǫ :ÈÁÎÇȟ 0Ȣ ɉςπρψɊȢ %ÖÏÌÕÔÉÏÎÁÒÙ 

ÈÉÓÔÏÒÙ ÏÆ #ÏÌÅÏÐÔÅÒÁ ÒÅÖÅÁÌÅÄ ÂÙ ÅØÔÅÎÓÉÖÅ ÓÁÍÐÌÉÎÇ ÏÆ ÇÅÎÅÓ ÁÎÄ ÓÐÅÃÉÅÓȢ .ÁÔÕÒÅ 

#ÏÍÍÕÎÉÃÁÔÉÏÎÓȟ ύɉρɊȟ ςπυȢ ÈÔÔÐÓȡȾȾÄÏÉȢÏÒÇȾρπȢρπσψȾÓτρτφχȤπρχȤπςφττȤτ 
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Abstract  

Although personality studies have primarily focused on vertebrates, the 

evidence showing invertebrates to be capable of displaying personalities has 

been steadily growing in recent years. In this study, we investigated 

behavioural repeatability (repetition  of a behaviour over time) and 

behavioural syndromes (a set of correlated behaviours) in Copris umbilicatus, 

a dung beetle species showing complex sub-social behaviour. We analysed 

three behaviours (activity, thanatosis and distress call emission) by measuring 

seven distinct behavioural traits (i.e., three activity-, one thanatosis- and three 

distress call-related traits). We found moderate to high levels of individual 

repeatability in all behavioural traits considered. The duration of thanatosis 

was inversely correlated with two activity traits, hinting a behavioural 

syndrome for thanatosis and activity, with bolder individuals exhibiting 

shorter thanatosis and higher locomotor activity, in contrast with fearful 

individuals which display longer thanatosis and poor locomotor activity. No 

relationships were found between the behavioural traits and body size or sex. 

Results of the principal component analysis (PCA) suggested personality 

differences among individuals. Dung beetles provide an im-pressive variety of 

ecosystem services. Since the provision of these services may depend on the 

personalities represented in local populations and communities, studies on the 

ecology of personality in dung beetles should be encouraged in future research. 

 

Keywords : distress signal; locomotor activity; thanatosis; behavioural traits; 

sex; body size 
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Introduction  

)Î ÁÎÉÍÁÌÓȟ Á ×ÉÄÅÌÙ ÁÐÐÌÉÅÄ ÐÒÏØÙ ÆÏÒ ȰÐÅÒÓÏÎÁÌÉÔÙȱ ÃÏÎÓÉÓÔÓ ÏÆ ÉÎÔÅÒ-individual 

behaviour variations which should be repeatable over time and across 

ecological contexts [1-3]. Accordingly, individual personality can be classified 

as bold, aggressive, social, exploratory, or active [4-5]. The repeatability gives 

a standardised estimate of the consistency of an individual behaviour [6-8], 

thence repeated measures of behaviour should be provided in personality 

studies [9].  

A behavioural syndrome is a set of correlated behaviours expressed either 

within a given behavioural context or across different contexts [10]. It 

essentially represents the correlation between individual-mean values across 

suites of traits and requires repeated measures of data for each behaviour [9]. 

A population, or a species in general, can exhibit a behavioural syndrome, and 

each individual in the considered group can show a certain personality related 

to that behaviour (e.g., bolder versus shyer individuals) [11]. 

Personality studies have generally focused on vertebrates [12]; however, in 

recent years, several studies have demonstrated the existence of personality 

and behavioural syndromes in invertebrates, particularly in insects [5,12-13], 

and most have focused on locomotor behaviour [12,14-15] and thanatosis [16-

17]. 

,ÏÃÏÍÏÔÏÒ ÂÅÈÁÖÉÏÕÒȟ ÃÏÍÍÏÎÌÙ ÒÅÆÅÒÒÅÄ ÔÏ ÁÓ ȬÁÃÔÉÖÉÔÙȭȟ ÉÓ ÁÎ ÅÃÏÌÏÇÉÃÁÌÌÙ 

relevant behaviour often positively correlated with aggressiveness and 

boldness [18]. Personality has been ascertained in beetles [12,14-15,18-20] by 

testing a variety of activity-related traits as the covered distance, amount of 

movements, or latency to walking. 

4ÈÁÎÁÔÏÓÉÓȟ ÁÌÓÏ ËÎÏ×Î ÁÓ ȬÄÅÁÔÈ-ÆÅÉÇÎÉÎÇȭ ÏÒ ȬÔÏÎÉÃ ÉÍÍÏÂÉÌÉÔÙȭȟ ÉÓ Á 

commonplace response to external stimuli in insects [16,21-22], and it is 

usually considered an anti-predator behaviour. It has also been proposed to 
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provide an indirect measure of boldness towards predators, which assumes 

that bolder individuals stay in thanatosis for a shorter period and instead 

exhibit more activity (i.e., move more) in the presence of a predator. Thus, 

activity and thanatosis may represent graded alternative antipredator 

strategies: fleeing opposed to hiding [19,23]. In line with this hypothesis, a 

negative correlation between thanatosis and locomotor behaviour was 

observed in several studies in which the individuals showing shorter periods 

of time in thanatosis were also more active, and considered, therefore, to be 

bolder [17,24-25]. 

Sound emission has been broadly studied in insects [26], being the stridulation 

the mechanism most frequently used by insects to emit sounds. It involves the 

repeated contact and rubbing of a mobile scraper (plectrum) against a fixed 

file-like structure (pars stridens) to create a series of pulse trains within a 

certain frequency range [27-29]. In beetles, the acoustic properties of 

stridulations emitted in response to functional needs may vary between 

individuals within the same species, as it is the case for male-female 

interactions, startle display against predators, intraspecific competition, and 

communication between mother and offspring [30-33], suggesting thus 

personality-related characteristics. When disturbed (by predators, or even 

entomologists), certain beetles generate so-called distress calls, bursts of 

tooth-strike pulses with distinct and repeated subunits [29,34-35]. To the best 

of our knowledge, sound emission has never been analysed as an indicator of 

personality in insects, despite these characteristics being known as potentially 

personality-related; for example, individuals may exhibit differential 

tendencies to stridulate, as well as inter-individual differences in distress call 

parameters that cannot be immediately explained by differences in the size of 

the stridulatory apparatus components [29]. 
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Dung beetles (Coleoptera, Scarabaeidae) are a large group, comprising around 

6200 species divided among 267 genera, with almost global distribution [36]. 

These beetles have frequently been used as models for the study of phenotypic 

plasticity [37-38], male dimorphism [39-41] and the provision of ecosystem 

services [42-45]. Their behaviour has been studied almost exclusively within 

the framework of reproduction activities, such as the nest-staying behaviour of 

males [46-47], male-male combat [48-49], the tactics adopted by smaller males 

to avoid fights with larger ones [50] and parental care displayed by females 

towards their brood-balls [31-32,51-52]. 

In keeping with former studies [53], we examined dung beetle personality and 

behavioural syndromes to investigate the case of Copris umbilicatus Abeille de 

Perrin, 1901 (Figure 1), which is an optimal model for behavioural research 

because species of this genus exhibit complex behaviour in a sub-social context 

[31-32,47]. This coprophagous species is a medium-sized (15-22 mm) 

tunneller dung beetle with a discontinuous distribution in south-eastern 

Europe [54-55]. It is typical of mid-altitude locations, where it can be found 

from spring to autumn [56-57] in association with sheep and horse dung, cattle, 

and even human excrement [57-58]. 

The aims of our research were threefold, namely, to investigate the potential 

existence of: (i) personality, by assessing the repeatability of different 

behaviours over time [59]; (ii) behavioural syndromes, by assessing significant 

correlations between traits of different behaviours; and (iii) inter-individual 

differences, by testing for the effect of non-behavioural traits (i.e., sex and/or 

body size) on the behaviours analysed. We considered three behaviours 

consisting of seven behavioural traits (i.e., three activity-, one thanatosis- and 

three distress call-related traits). 
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Figure 1 . Copris umbilicatus, male side view. 

 

Materials and Methods  

Sampling methods 

Fifteen females and ten males of Copris umbilicatus were collected by hand in 

the spring of 2021from pastures belonging to the Spedaletto Farm in 

#ÁÎÔÁÇÁÌÌÏȟ 4ÕÓÃÁÎÙ ɉ)ÔÁÌÙɊȟ ɉτσЈ υωȭ υςȢωυȭȭ .Ƞ ρρЈ πρȭ πψȢυςȭȭ %ɊȢ $ÕÎÇ ÂÅÅÔÌÅÓ 

were reared kept in the vivarium facilities of the Department of Life Sciences 

and Systems Biology (DBIOS) at the University of Turin. All specimens were 

housed in separate plastic terrariums (plastic buckets measuring 20 x 20 cm, 

diameter x height), at constant temperature (23 °C), from May through to the 

end of the experiment (June). A unique distinctive alfanumeric code was 

assigned to each individual to create the database of measures. 

Behavioural assays 

To measure the repeatability of a behaviour over time in response to a 

stimulus, subjects should be tested several times, with short time intervals 

between each test [1,6]. On the other hand, testing an individual too many 

times would increase the risk of habituation, which might cause a decrease in 
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responsiveness [6]. As an acceptable trade-off, we decided to carry out two 

replications of each behavioural assay. Each trial was followed by a period of 

rest during which beetles were left in their terraria with ad libitum fresh dung. 

The second trial was performed one week after the first when testing for 

activity and thanatosis, and two weeks later when testing distress calls. All 

behavioural trials were carried out between 11.00 am and 1.00 pm to limit 

possible interference of the circadian rhythm on beetle activity. 

Activity 

We assessed the locomotor activity of individuals using an annulus-shaped 

arena in accordance with previous studies [12,14]. All beetles were given two 

3-minute runs in the arena, which consisted of two Petri dishes fixed together 

in such a way as to leave an annulus (a circular runway of diameter 20mm) in 

which the beetle could move freely. We experimentally assessed the optimal 

annulus width (i.e., 20 mm) to make sure it was well suited to C. umbilicatus. 

The arena was divided into eight radial sectors of equal length by drawing lines 

on the back of the larger Petri dish which intersected at its center. 

7Å ÍÅÁÓÕÒÅÄ ÔÈÅ ÆÏÌÌÏ×ÉÎÇ ÔÈÒÅÅ ÂÅÈÁÖÉÏÕÒÁÌ ÔÒÁÉÔÓȡ ɉρɊ ȬÄÉÓÔÁÎÃÅ ÍÏÖÅÄȭȟ 

quantified as the total number of radial sectors traversed in a single run; (2) 

ȬÌÏÃÏÍÏÔÏÒÙ ÓÐÅÅÄȭȟ ÃÁÌÃÕÌÁÔÅÄ ÁÓ ÔÈÅ ÄÉÓÔÁÎÃÅ ÔÒÁÖÅÌÌÅÄ ÐÅÒ ÕÎÉÔ ÔÉÍÅ ɉÍÍȾÓɊ 

to cross four radial secÔÏÒÓȠ ÁÎÄ ɉσɊ ȬÍÏÖÅÍÅÎÔ ÄÕÒÁÔÉÏÎȭȟ ÃÁÌÃÕÌÁÔÅÄ ÁÓ ÔÈÅ 

overall time (expressed in seconds) spent moving during the run, i.e., the 

moments of immobility were deducted from the 3-minute run. Some 

individuals reversed the direction of travel during the run. We continued 

counting the number of sectors and measuring the other behavioural traits as 

they travelled in the opposite direction. 

At the end of each run, before positioning the next individual, the arena was 

cleaned to remove droppings or possible pheromonal trails on the route, which 

could influence the activity of the next individual [14]. Each run was video 
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recorded using a camera positioned above the arena so that movements could 

be accurately measured a posteriori by direct examination. 

Thanatosis 

We measured thanatosis using a single trait: the time taken for each individual 

to emerge from stasis after a disturbance ɀ the act of being picked up by hand 

(thus removed from the soil) and placed in a Petri dish in a supine position. We 

considered any clear signs of movement, such as attempts to roll over to return 

to the prone position, as the end of the death-feigning behaviour. If a beetle did 

not fall into thanatosis, the duration of death-feigning was recorded as zero.  

Distress signals 

Individuals were positioned 1 cm away from a sound level meter (Brüel & Kjær 

model 2235) whilst gently holding them by the front legs using two fingers to 

allow free movement of the abdomen. The sound level meter was calibrated 

with a 1000 Hz sound produced by a Brüel & Kjær 4230 acoustic calibrator. 

The sampling rate of the sound recording instrument was set to 48 kHz/16 bit, 

as is suitable for detecting stridulations in Copris lunaris [29]. Each recording 

lasted 90 seconds and contained a varying number of stridulations. 

We used the sound analysis software Avisoft-SAS Lab Pro v5.2.13 (2019) to 

identify and categorise the sound recordings. All emitted sounds used in our 

analysis were quantifiable as acoustic distress signals [34-35], consisting of 

pulse trains with high repetition rates (Fig. S1, Table S1). 

Using the ȬÓÅÅ×ÁÖÅȭ package [60] of the R software v4.2.1 [61], we assessed 

ÔÈÒÅÅ ÔÒÁÉÔÓ ÆÏÒ ÅÁÃÈ ÒÅÃÏÒÄÉÎÇȢ ɉρɊ 4ÈÅ ȬÍÅÄÉÁÎ ÁÍÐÌÉÔÕÄÅ ÅÎÖÅÌÏÐÅȭȟ ×ÈÉÃÈ 

quantifies the amplitude change of a sound over time and distinguishes each 

sound as unique to all others [62-63]. The median amplitude envelope was 

measured by considering the entire oscillogram for each recording using the M 

function. A recording with an oscillogram containing only a few stridulations 

will have a value close to 0, whereas a recording with an oscillogram 
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characterised by many stridulations will have a value close to 1. (2) 

Ȭ&ÒÅÑÕÅÎÃÙȭȟ ÃÁÌÃÕÌÁÔÅÄ ×ÉÔÈ ÔÈÅ ÆÕÎÃÔÉÏÎ meanspec as the ratio of the mean 

frequency to the frequency at the 97.5 quantile of all stridulations in the 

recording. The frequency at the 97.5 quantile was considered a good 

approximation of the maximum frequency, which we decided not to use to 

avoid problems of incorporating sounds not emitted by the insect, namely 

occasional accidental sounds such as those caused by the operator's finger or 

ÁÎ ÉÎÓÅÃÔͻÓ ÌÅÇ ÈÉÔÔÉÎÇ ÔÈÅ ÓÏÕÎÄ ÌÅÖÅÌ ÍÅÔÅÒȢ ɉσɊ Ȭ3ÐÅÃÔÒÁÌ ÆÌÁÔÎÅÓÓȭȟ ÄÅÆÉÎÅÄ ÁÓ 

the ratio of the geometric mean to the arithmetic mean of a power spectrum 

[64-65]. Spectral flatness, calculated with the function sfm considering the 

entire spectrogram for each recording, quantifies how close a sound is to being 

a pure tone (i.e., a sound with a sine wave) versus a noise [66]. We can 

distinguish between a power spectrum, i.e., a classical sound with several 

peaks, and a flat spectrum, i.e., a sound with a single, continuous peak 

representing white noise. The value varies from 0 to 1, where 0 represents a 

pure tone (low spectral flatness) and 1 represents white noise (high spectral 

flatness) [67]. Individuals emitting sounds with a high spectral flatness value 

may be defined as the poorer stridulators (a flat spectrogram is obtained when 

there are few stridulations in the recording). 

In addition, we considered another complementary parameter that may 

indicate individual personality in sound emission, namely the tendency to 

stridulate. This parameter was calculated by considering the number of 

recordings which were needed to obtain at least 25 complete stridulations (i.e., 

stridulations constituted by the subunits a and b, Figure S1). For some 

individuals, two recordings were enough as they were excellent stridulators 

(i.e., they immediately showed a high tendency to stridulate and emit many 

sounds), whereas up to five recordings were needed from other individuals, 

which we can describe as being more reluctant to stridulate. Each animal was 
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then assigned a score indicating the tendency to stridulate (0-3, where 0 = poor 

stridulator and 3 = excellent stridulator). 

Body size evaluation 

The maximum pronotum width provides a reliable approximation of dung 

beetle body size [68]. Images of the pronotum were thus captured using LAS-

Leica Application Suite software (Leica Microsystems AG, Wetzlar, Germany) 

and a Leica® DMC4500 digital camera connected to a stereoscopic dissecting 

scope Leica® Z16APO. Morphological data acquisition and measurement were 

performed according to standard methods previously described [69]. 

Statistical analyses  

First, we assessed for the repeatability of behaviours (behavioural consistency) 

to define personality. We then looked for correlations between behaviours to 

identify behavioural syndromes. Finally, to analyse behavioural differences 

among individuals, we tested for the contemporaneous effect of non-

behavioural traits (i.e., sex and/or body size). 

We assessed behavioural consistency (i.e., personality) by quantifying the 

repeatability coefficient (which can assume a value between 0 and 1) for the 

seven behavioural traits (i.e., three activity-, one thanatosis- and three 

bioacoustics-related traits) using the intraclass correlation coefficient (ICC), 

defining moderate to excellent levels of repeatability (ICC values interpretation 

based on [70]) between the two trials for all behavioural traits. We calculated 

the ICC(1,k) [70-71] to assess the mean response repeatability of each trait as 

the difference between the between-group mean square and the within-group 

mean square divided by the between-group mean square. We transformed our 

metrics to satisfy model assumptions (square-root transformation for death 

feigning duration and median amplitude envelope and logarithmic 

transformation for distance moved and spectral flatness). After checking the 

repeatability, we used the mean value for the two trials conducted for each 
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variable for all subsequent tests. We calculated ICC with the function ICC of the 

2 ÐÁÃËÁÇÅ ȬÐÓÙÃÈ ȬɍχςɎȢ 'ÉÖÅÎ ÔÈÁÔ ÔÈÅ ICC function relies on a mixed effect 

model, we checked model assumption by fitting the same model by using the 

lmer function of the ȬÌÍÅτȭ package [73] . 

To investigate the presence of associations between the different behavioural 

ÔÒÁÉÔÓ ×Å ÃÁÌÃÕÌÁÔÅÄ 3ÐÅÁÒÍÁÎȭÓ ÒÁÎË ÃÏÒÒÅÌÁÔÉÏÎ ÃÏÅÆÆÉÃÉÅÎÔÓȢ #ÏÒÒÅÌÁÔÉÏÎ 

analyses were conducted in two stages: the first between the traits related to 

the same behaviour; the second between traits related to different behaviours. 

The relationships between each behavioural trait and body size, sex and their 

interactions were tested by linear regression. 

Principal Component Analysis (PCA) was performed on activity and distress 

call behaviours (three traits for each) separately to look for any trends in the 

data (e.g., clusters of individuals). PCA was also performed on all three 

behaviours combined (i.e., all seven traits). Vectors and factor averages were 

fitted on the PCA results and tested for significance using permutation tests to 

search for a relationship between the first two PCA coordinates, body size and 

sex. Furthermore, the squared correlation coefficient (R2), representing the 

proportion of variance explained by these two variables, was calculated to 

evaluate the relative importance of body size and traits in explaining the PCA 

results. The PCA was calculated with the rda function of the R package ȬÖÅÇÁÎȭ 

[74] . Data were managed and plot generated with the collection of R packages 

ȬÔÉÄÙÖÅÒÓÅȭ ɍχυɎȢ 

 

Results 

Repeatability  

Repeatability estimates (Table 1) were noticeably higher and highly significant 

in the behavioural traits related to sound emission, modest in traits related to 
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locomotory activity and lower in the trait related to thanatosis. Movement 

duration and death-feigning duration showed the weakest significance values. 

 

Table 1. Intraclass correlation coefficient (ICC) values for each behavioural trait (n.s. = non-

significant, * p < 0.05, ** p < 0.01, *** p < 0.001). Statistical tests were performed to test the null 

hypothesis that ICC differed from 0. 

Behaviour  Behavioural trait  ICC p-value  

Activity  

distance moved 0.66 ** 

locomotory speed 0.66 ** 

movement duration 0.58 * 

Thanatosis death feigning duration 0.56 * 

Distress calls 

median amplitude envelope 0.90 ***  

frequency 0.77 ***  

spectral flatness 0.90 ***  

 

Correlations between behavioural traits  

Concerning the correlations between traits pertaining to the same behaviour, 

ÉÎ ÒÅÌÁÔÉÏÎ ÔÏ ȬÁÃÔÉÖÉÔÙȭ ×Å ÄÅÔÅÃÔÅÄ ÓÔÒÏÎÇ ÐÏÓÉÔÉÖÅ ÁÎÄ ÓÔÁÔÉÓÔÉÃÁÌÌÙ ÓÉÇÎÉÆÉÃÁÎÔ 

ÃÏÒÒÅÌÁÔÉÏÎÓ ÂÅÔ×ÅÅÎ ÄÉÓÔÁÎÃÅ ÍÏÖÅÄ ÁÎÄ ÌÏÃÏÍÏÔÏÒÙ ÓÐÅÅÄ ɉʍ = 0.87; p < 

πȢππρɊȟ ÂÅÔ×ÅÅÎ ÄÉÓÔÁÎÃÅ ÍÏÖÅÄ ÁÎÄ ÍÏÖÅÍÅÎÔ ÄÕÒÁÔÉÏÎ ɉʍ = 0.71; p < 0.001) 

ÁÎÄ ÂÅÔ×ÅÅÎ ÌÏÃÏÍÏÔÏÒ ÓÐÅÅÄ ÁÎÄ ÍÏÖÅÍÅÎÔ ÄÕÒÁÔÉÏÎ ɉʍ = 0.62; p < 0.001); in 

ÒÅÌÁÔÉÏÎ ÔÏ ȬÓÏÕÎÄ ÅÍÉÓÓÉÏÎȭ ×Å ÆÏÕÎÄ ÎÅÇÁÔÉÖÅ ÁÎÄ ÓÔÁÔÉÓÔÉÃÁÌÌÙ ÓÉÇÎÉÆÉÃÁÎÔ 

correlations between the median amplitude envelope ÁÎÄ ÓÐÅÃÔÒÁÌ ÆÌÁÔÎÅÓÓ ɉʍ 

= ɀπȢχψȠ Ð Ѓ πȢππρɊ ÁÎÄ ÂÅÔ×ÅÅÎ ÓÐÅÃÔÒÁÌ ÆÌÁÔÎÅÓÓ ÁÎÄ ÆÒÅÑÕÅÎÃÙ ɉʍ = ɀ0.64; p < 

0.001). The correlation between median amplitude envelope and frequency 

×ÁÓ ÎÏÔ ÓÉÇÎÉÆÉÃÁÎÔ ɉʍ = 0.28; p = 0.181). The tendency to stridulate correlated 

ÐÏÓÉÔÉÖÅÌÙ ×ÉÔÈ ÔÈÅ ÍÅÄÉÁÎ ÁÍÐÌÉÔÕÄÅ ÅÎÖÅÌÏÐÅ ɉʍ Ѐ πȢφπȠ Ð Ѓ πȢπρɊ ÁÎÄ 

ÆÒÅÑÕÅÎÃÙ ɉʍ Ѐ πȢτυȠ Ð Ѓ πȢπυɊȟ ×ÈÅÒÅÁÓ ÉÔ ÃÏÒÒÅÌÁÔÅÄ ÎÅÇÁÔÉÖÅÌÙ ×ÉÔÈ ÓÐÅÃÔÒÁÌ 

ÆÌÁÔÎÅÓÓ ɉʍ Ѐ ɀ0.75; p < 0.001). 
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With regard to correlations between traits pertaining to the different 

behaviours, thanatosis duration was negatively correlated with distance 

ÍÏÖÅÄ ɉʍ = ɀπȢ υφȠ Ð Ѓ πȢπρɊ ÁÎÄ ÌÏÃÏÍÏÔÏÒÙ ÓÐÅÅÄ ɉʍ = ɀ0.52; p < 0.01), which 

thus suggested the existence of a syndrome. No other significant correlations 

were found between behavioural traits belonging to different behaviours: 

there were no significant correlations between sound-related traits and 

activit y, and there were no significant correlations between thanatosis 

duration and sound-related traits. 

 

Figure 2. PCA on activity traits (speed = locomotory speed, mov_dist = distance moved, 

mov_dur = movement duration). The two axes explained 81.2% and 14.5% of the data 

variability, for a total of 95.7%. Distance moved, locomotory speed and movement duration 

were all negatively related to PC1 (loadings of -1.57, -1.57 and -1.39, respectively). Distance 

moved (0.40) and locomotory speed (0.43) were positively related to PC2, whereas movement 

duration ( -0.94) was negatively related to PC2. PCA did not reveal any clear behavioural groups 

and no significant relationship was found between the PCA results and body size (R2 = 7.05%, 

p-value = 0.442) or sex (R2 = 3.06%, p-value = 0.527). 
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Figure 3. PCA on distress calls (spec_flat = spectral flatness, ampl_env = median amplitude 

envelope). The two axes explained 64.3% and 27.4% of the data variability, for a total of 91.7%. 

Spectral flatness was mainly related to PC1 (PC1 loading = -1.56, PC2 loading = 0.002), while 

frequency (PC1 loading = 1.23, PC2 loading = -1.08) and median amplitude envelope (PC1 

loading = 1.23, PC2 loading = 1.08) were related to both PC axes. PCA did not reveal any clear 

behavioural groups and no significant relationship was found between the PCA results and 

body size (R2 = 10.8%, p-value = 0.286) or sex (R2 = 7.14%, p-value = 0.178). 

 

Behavioural differences between individuals  

To investigate the possibility that behavioural differences between individuals 

might depend on sex and/or body size, we tested the relationship between 

each behavioural trait and body size, sex and their interactions by means of 

linear regressions. No relationship was found between the investigated traits 

and body size, sex and their interactions [Figures S2, S3 and S4], except for the 

frequency stridulation sounds which showed a significant interaction term 

(F1,21 = 5.73, p-value < 0.05). 
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We then focused on behavioural differences between individuals, considering 

one behaviour at a time. PCA analyses performed on the separate activity and 

distress call traits did not reveal any clear behavioural groups (suggesting the 

presence of great behavioural variation between individuals) and no 

significant relationship was found between PCA results and body size or sex 

(Figures 2-3). 

 

 

Figure 4. Frequency histogram of thanatosis duration (mean of the two trials) for the 25 

individuals tested. Count = number of individuals. 

 

Duration of thanatosis varied from individual to individual. The distribution 

was right-skewed, with 56% of the individuals showing values below 50 

seconds (Figure 4). 

Finally, we tested for behavioural differences between individuals by 

considering all three multiple behaviours (i.e., all seven behavioural traits) 

together. 
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In this all-inclusive analysis, the first two PCA axes accounted for 38.8% and 

27.8% of the variability in the data, for a total of 66.6% (Figure 5). 

 

 

Figure 5. PCA on all multiple behaviours (spec_flat = spectral flatness, ampl_env = median 

amplitude envelope, speed = locomotory speed, mov_dist = distance moved, mov_dur = 

movement duration). 

 

The first PCA axis was positively related to activity (locomotory speed, distance 

moved and movement duration) and negatively related to thanatosis (Table 2). 

This result is consistent with the negative correlation between the two 

behaviours we found in the previous analyses. The second axis was related to 

distress calls and showed a negative relationship with spectral flatness and a 

positive relationship with amplitude envelope and frequency (Table 2). 

Individuals were well scattered across the PCA bi-dimensional space, 

suggesting that when all behaviours are considered together, each individual 

displays a behavioural mix that distinguishes it from all the others. Once again, 

no significant relationships were found between the PCA results and body size 
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(R2 = 5.20%, p-value = 0.569) or sex (R2 = 0.33%, p-value = 0.938), providing 

strong evidence that these two parameters are not responsible for the inter-

individual behavioural differences found. 

 

Table 2. Loadings of the first two PCA axes for each behavioural trait. 

Behavioural trait  PC1 loading PC2 loading 

Locomotory speed 1.28 0.04 

Distance moved 1.26 0.19 

Movement duration 0.98 0.23 

Spectral flatness 0.35 -1.20 

Median amplitude envelope 0.01 1.06 

Frequency -0.46 0.88 

Thanatosis -0.71 -0.43 

 

 

Discussion  

The present study clearly revealed behavioural differences among individuals, 

such that the mix of behavioural traits displayed by any one individual 

distinguished it from all others, contextually showing that neither sex nor body 

size could account for these differences. 

Evidence of personality 

All the behavioural traits measured were repeatable, confirming the 

consistency of behaviour over time. The present finding suggested that the 

dung beetle Copris umbilicatus expresses personality, in keeping with what 

found in other studies on personality related to locomotory activity in 

Callosobruchus maculatus [20] , Tribolium castaneum [18] and Nebria brevicollis 

[12], and thanatosis in Tribolium confusum [24], Phaedon cochleariae [19], 

Tenebrio molitor [76], Onthophagus furcatus and O. rufocapillus [53]. 
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The high repeatability values of the behavioural traits related to the emission 

of distress calls are utmost interesting, since sound emissions are commonly 

regarded as a consequence of stress or intra-specific communication, rather 

than a possible personality defining trait. Although it has been suggested that 

certain sound parameters may depend on the morphology of the stridulatory 

organs [27-28], the tendency to stridulate can be nevertheless considered a 

behavioural parameter independent from morphology. Since here we 

demonstrated that the tendency to stridulate is significantly correlated with 

the three selected acoustic parameters, we can be reasonably confident that 

their high repeatability does not depend on the features of the stridulatory 

organs. 

Correlations between traits and evidence of behavioural syndromes  

Significant correlations were obtained between traits belonging to the same 

behaviour, with high levels of correlation between traits related to distress 

signals as well as between traits related to locomotor activity. The presence of 

intra -behavioural correlations suggests that these traits must be considered 

together because they contribute to describe behaviours as locomotory activity 

and distress calls as formerly defined [12,15,19]. 

We also highlighted a significant correlation between traits belonging to 

different behaviours, namely thanatosis duration and two activity parameters. 

Likely, individuals feigning death for longer timespan were also those which 

run for shorter distances and at lower locomotory speed; the opposite was also 

true as those feigning death for shorter timespan tended to run longer 

distances at a higher locomotory speed. These results suggest the existence of 

a behavioural syndrome linking thanatosis and activity as previously detected 

in mustard leaf beetles [19], ground beetles [12] and rove beetles [15]. 

Thanatosis may be considered as an indicator of an individual level of boldness 

i.e., the tendency of an individual to adopt risk-prone or risk-averse behaviours 
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[10,16,19,77]. According to the findings about C. umbilicatus, it is foreseeable 

that a bold individual exhibits shorter thanatosis and higher locomotor activity, 

whereas a fearful individual displays longer thanatosis and poor locomotor 

activity. 

Thanatosis and locomotor activity can be considered alternative and opposite 

anti-predatory strategies [16,24-25]. As previous studies have shown, the anti-

predator behaviour exhibited by an individual may be influenced by the 

presence/absence of predators at the collection site and by the type of predator 

they most commonly come up against [17,78] as the predator itself may modify 

the prey's responses; for example, prey are more likely to develop strong anti-

predator behaviour (e.g. longer thanatosis) in a site where the predator is 

highly present [17]. Typical predators of dung beetles are medium-sized 

carnivores such as foxes and corvids [79]. Both corvids and mammal predators 

such as foxes are apt at catching fast-moving prey, but they will also feed on 

carrion, suggesting that they would not hesitate in pursuing running insects or 

feed on insects feigning death. Moreover, the activity behaviour we monitored 

in C. umbilicatus may be related to exploratory behaviour, the latter one being 

directed at acquiring information about the environment [80]. This 

interpretation is sustained by our observation that when many individuals 

stopped walking, they nevertheless continued to move their antennas, while 

others changed their walking direction and even retraced their steps, a choice 

decidedly inconsistent with a fleeing or escape behaviour. 

Stridulations emitted by Copris umbilicatus individuals were not correlated 

with either thanatosis or activity. In many insects, stridulations have been 

identified to be an anti-predatory strategy [26,81,82]. However, certain corvid 

species (namely the jay, Garrulus glandarius) may use stridulations to locate 

and catch their prey, such as cicadas, Cicada orni [83]. It should also be 

mentioned that in another Copris species, namely, Copris lunaris, females were 
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seen to emit stridulations to repel experimentally introduced unfamiliar 

conspecifics away from their nesting areas [31,84] and, in the same way, 

females emitted excited sound emission when their cocoons were removed by 

the experimenter [29]. In short, stridulations in dung beetles may be more 

closely associated with offspring defensive behaviour than with anti-predatory 

behaviour. 

All of the above considered, further ad hoc studies are needed to ascertain and 

understand the possible ecological implications of thanatosis, activity and 

stridulations in dung beetles. 

Different individuals display different behaviours  

We had expected that behavioural differences among individuals could depend 

on sex and/or body size; except for stridulation frequency, no relationships 

between the investigated traits and body size, sex and their interactions were 

found using linear models. Regarding to the frequency of the stridulation 

sounds emitted by C. umbilicatus, a significant, albeit weak, interaction was 

revealed. Opposite trends were found in the two sexes about the body 

size/frequency relationship: being male was associated with higher 

frequencies for larger body sizes, whereas the opposite was true in females, 

with frequencies decreasing as body size increased. The results of PCA also 

sustained that the behavioural characteristics do not depend on sex or body 

size. Discordant results have been obtained in insects with some studies 

suggesting that sex does not significantly influence personality [14,19,24], and 

others revealing different personalities according to sex [85-86], or body size 

[21]. 

The most relevant result of the PCA analyses concerns the ordination of 

individuals, which were highly scattered in the bi-dimensional plane, 

particularly in the analysis performed on multiple behaviours. The scattered 

distribution reflects the expression of different behaviours by different 
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individuals; in other words, each individual displays behavioural 

characteristics that distinguish it from all the others, in accordance with the 

results of several previous studies [3,87-88]. One plausible explanation for this 

noticeable inter-individual behavioural differentiation, which does not depend 

on sex or body size, is that it be the manifestation of the different personalities 

expressed by individuals. 

Incidentally (and interestingly), PCA also confirmed and reinforced the results 

of the correlation analyses: locomotor behaviour and thanatosis were located 

on the same axis, but the direction of the correlations were opposite (in 

keeping with the negative correlation between the two behaviours), whereas 

the traits relating to distress calls were located on different axes (in keeping 

with the lack of a correlation between the acoustic signal and the other two 

behaviours). 

Conclusions 

Given the importance of dung beetles to ecosystem functionality, the study of 

their personality could be useful for gaining a better understanding of the 

ecosystem services that these beetles offer. Through the manipulation of 

livestock faeces for their feeding and nesting processes, dung beetles 

contribute, first and foremost, to dung removal, but also to bioturbation, 

nutrient cycling, mineralization processes, plant nutrient uptake and plant 

growth enhancement [42,89], all of which may benefit agricultural and pastoral 

ecosystems. Future research might reveal bolder or more active individuals to 

be those able to remove more dung. Consequently, a population with many 

bold and active individuals might be more efficient at providing this primary 

ecosystem service than a population characterised by shyer and less active 

individuals. This could obviously be extended to communities with different 

species of dung beetles. By consequence, we recommend that studies on the 
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ecology of dung beetle personality be encouraged, and further research 

performed. 

 

Acknowledgments  

The authors acknowledge the support of the NBFC (National Biodiversity 

Future Center) to the Department of Life Science and Systems Biology of the 

University of Turin, which was funded by the Italian Ministry of University and 

Research (PNRR, Missione 4 CoÍÐÏÎÅÎÔÅ ςȟ Ȱ$ÁÌÌÁ ÒÉÃÅÒÃÁ ÁÌÌȭÉÍÐÒÅÓÁȱȟ 

Investimento 1.4, Project CN00000033). The authors would like to thank 

Ferruccio Pizzolato for transporting the collected material, Beatrice Nervo for 

the supply of dung, and Renzo Lencia (head of the company management 

service IPLA, Istituto per le Piante da Legno e l'Ambiente, Turin, Italy), who 

granted the use of the dung without anthelmintic treatments. 

 

References 

1. Réale, D.; Reader, S.M.; Sol, D.; McDougall, P.T.; Dingemanse, N.J. Integrating Animal 

Temperament within Ecology and Evolution. Biol. Rev. 2007 , 82, 291ɀ318, 

doi:10.1111/j.1469-185X.2007.00010.x. 

2. Carter, A.J.; Feeney, W.E.; Marshall, H.H.; Cowlishaw, G.; Heinsohn, R. Animal 

Personality: What Are Behavioural Ecologists Measuring? Biol. Rev. 2013 , 88, 465ɀ

475, doi:10.1111/brv.12007. 

3. 'ÏÌÁÂȟ -Ȣ*ȢȠ 3ÎÉÅÇÕÌÁȟ 3ȢȠ !ÎÔÏčȟ !ȢȠ "ÒÏÄÉÎȟ 4Ȣ !ÄÕÌÔ )ÎÓÅÃÔ 0ÅÒÓÏÎÁÌÉÔÙ ÉÎ ÔÈÅ 7ÉÌÄɂ 

Calopteryx Splendens as a Model for Field Studies. Ecol. Evol. 2021 , 11, 18467ɀ18476, 

doi:10.1002/ece3.8439. 

4. Careau, V.; Garland, T. Performance, Personality, and Energetics: Correlation, 

Causation, and Mechanism. Physiol. Biochem. Zool. Ecol. Evol. Approaches 2012 , 85, 

543ɀ571. 

5. Amat, I.; Desouhant, E.; Gomes, E.; Moreau, J.; Monceau, K. Insect Personality: What Can 

We Learn from Metamorphosis? Curr. Opin. Insect Sci. 2018 , 27, 46ɀ51, 

doi:10.1016/j.cois.2018.02.014. 

6. Bell, A.M.; Hankison, S.J.; Laskowski, K.L. The Repeatability of Behaviour: A Meta-

Analysis. Anim. Behav. 2009 , 77, 771ɀ783, doi:10.1016/j.anbehav.2008.12.022.. 



 

49 

 

7. Nakagawa, S.; Schielzeth, H. Repeatability for Gaussian and Non-Gaussian Data: A 

Practical Guide for Biologists. Biol. Rev. 2010 , 85, 935ɀ956, doi:10.1111/j.1469-

185X.2010.00141.x. 

8. 2ÏÃÈÅȟ $Ȣ'ȢȠ #ÁÒÅÁÕȟ 6ȢȠ "ÉÎÎÉÎÇȟ 3Ȣ!Ȣ $ÅÍÙÓÔÉÆÙÉÎÇ !ÎÉÍÁÌ Ȭ0ÅÒÓÏÎÁÌÉÔÙȭ ɉÏÒ .ÏÔɊȡ 7ÈÙ 

Individual Variation Matters to Experimental Biologists. J. Exp. Biol. 2016 , jeb.146712, 

doi:10.1242/jeb.146712. 

9. Dingemanse, N.J.; Wright, J. Criteria for Acceptable Studies of Animal Personality and 

Behavioural Syndromes. Ethology 2020 , 126, 865ɀ869, doi:10.1111/eth.13082. 

10. Sih, A.; Bell, A.M.; Johnson, J.C.; Ziemba, R.E. Behavioral Syndromes: An Integrative 

Overview. Q. Rev. Biol. 2004 , 79, 241ɀ277, doi:10.1086/422893. 

11. Sih, A.; Bell, A.; Johnson, J.C. Behavioral Syndromes: An Ecological and Evolutionary 

Overview. Trends Ecol. Evol. 2004 , 19, 372ɀ378, doi:10.1016/j.tree.2004.04.009. 

12. ,ÁÂÁÕÄÅȟ 3ȢȠ /ȭ$ÏÎÎÅÌÌȟ .ȢȠ 'ÒÉÆÆÉÎȟ #Ȣ4Ȣ $ÅÓÃÒÉÐÔÉÏÎ ÏÆ Á 0ÅÒÓÏÎÁÌÉÔÙ 3ÙÎÄÒÏÍÅ ÉÎ Á 

Common and Invasive Ground Beetle (Coleoptera: Carabidae). Sci. Rep. 2018 , 8, 

17479, doi:10.1038/s41598-018-35569-z. 

13. Modlmeier, A.P.; Keiser, C.N.; Wright, C.M.; Lichtenstein, J.L.; Pruitt, J.N. Integrating 

Animal Personality into Insect Population and Community Ecology. Curr. Opin. Insect 

Sci. 2015 , 9, 77ɀ85, doi:10.1016/j.cois.2015.03.008. 

14. Monceau, K.; Moreau, J.; Richet, J.; Motreuil, S.; Moret, Y.; Dechaume-Moncharmont, F. 

Larval Personality Does Not Predict Adult Personality in a Holometabolous Insect. Biol. 

J. Linn. Soc. 2017 , 120, 869ɀ878, doi:10.1093/biolinnean/blw015.  

15. Magura, T.; Horváth, R.; Mizser, S.; Tóth, M.; Nagy, D.D.; Csicsek, R.; Balla, E.; Lövei, G.L. 

Urban Individuals of Three Rove Beetle Species Are Not More Exploratory or Risk-

Taking Than Rural Conspecifics. Insects 2022 , 13, 757, doi:10.3390/insects13080757. 

16. Humphreys, R.K.; Ruxton, G.D. A Review of Thanatosis (Death Feigning) as an Anti-

Predator Behaviour. Behav. Ecol. Sociobiol. 2018 , 72, 22, doi:10.1007/s00265-017-

2436-8. 

17. Konishi, K.; Matsumura, K.; Sakuno, W.; Miyatake, T. Death Feigning as an Adaptive 

Anti-Predator Behaviour: Further Evidence for Its Evolution from Artificial Selection 

and Natural Populations. J. Evol. Biol. 2020 , 33, 1120ɀ1128, doi:10.1111/jeb.13641 

18. Wexler, Y.; Subach, A.; Pruitt, J.N.; Scharf, I. Behavioral Repeatability of Flour Beetles 

before and after Metamorphosis and throughout Aging. Behav. Ecol. Sociobiol. 2016 , 

70, 745ɀ753, doi:10.1007/s00265-016-2098-y. 

19. Tremmel, M.; Müller, C. Insect Personality Depends on Environmental Conditions. 

Behav. Ecol. 2013 , 24, 386ɀ392, doi:10.1093/beheco/ars175.. 

20. ,ĜÖÌÉÅȟ (ȢȠ )ÍÍÏÎÅÎȟ %ȢȠ 'ÕÓÔÁÖÓÓÏÎȟ %ȢȠ +ÁÚÁÎÃÉÏøÌÕȟ %ȢȠ !ÒÎÑÖÉÓÔȟ 'Ȣ 4ÈÅ )ÎÆÌÕÅÎÃÅ ÏÆ 

Mitonuclear Genetic Variation on Personality in Seed Beetles. Proc. R. Soc. B Biol. Sci. 

2014 , 281, 20141039, doi:10.1098/rspb.2014.1039. 

21. Hozumi, N.; Miyatake, T. Body-Size Dependent Difference in Death-Feigning Behavior 

of Adult Callosobruchus Chinensis. J. Insect Behav. 2005 , 18, 557ɀ566, 

doi:10.1007/s10905-005-5612-z. 

22. Miyatake, T.; Tabuchi, K.; Sasaki, K.; Okada, K.; Katayama, K.; Moriya, S. Pleiotropic 

Antipredator Strategies, Fleeing and Feigning Death, Correlated with Dopamine Levels 



 

50 

 

in Tribolium Castaneum. Anim. Behav. 2008 , 75, 113ɀ121, 

doi:10.1016/j.anbehav.2007.04.019. 

23. Edelaar, P.; Serrano, D.; Carrete, M.; Blas, J.; Potti, J.; Tella, J.L. Tonic Immobility Is a 

Measure of Boldness toward Predators: An Application of Bayesian Structural 

Equation Modeling. Behav. Ecol. 2012 , 23, 619ɀ626, doi:10.1093/beheco/ars006. 

24. Nakayama, S.; Nishi, Y.; Miyatake, T. Genetic Correlation between Behavioural Traits 

ÉÎ 2ÅÌÁÔÉÏÎ ÔÏ $ÅÁÔÈȤÆÅÉÇÎÉÎÇ "ÅÈÁÖÉÏÕÒȢ Popul. Ecol. 2010 , 52, 329ɀ335, 

doi:10.1007/s10144-009-0188-7. 

25. Matsumura, K.; Sasaki, K.; Miyatake, T. Responses to Artificial Selection for Locomotor 

Activity: A Focus on Death Feigning in Red Flour Beetle. J. Evol. Biol. 2022 , 35, 855ɀ

867, doi:10.1111/jeb.14012. 

26. Low, M.L.; Naranjo, M.; Yack, J.E. Survival Sounds in Insects: Diversity, Function, and 

Evolution. Front. Ecol. Evol. 2021 , 9, 641740, doi:10.3389/fevo.2021.641740. 

27. Carisio, L.; Palestrini, C.; Rolando, A. Stridulation Variability and Morphology: An 

Examination in Dung Beetles of the Genus Trypocopris (Coleoptera, Geotrupidae). 

Popul. Ecol. 2004 , 46, 27ɀ37, doi:10.1007/s10144-004-0170-3. 

28. Kasper, J., & Hirschberger, P. Vibratory Communication in Dung Beetles (Scarabaeidae, 

Coleoptera). In Insect Sounds and Communication; Drosopoulos, S., Claridge, M.F., Eds.; 

CRC Press, 2005  ISBN 978-0-429-12200-2 

29. Kerman, K.; Roggero, A.; Piccini, I.; Rolando, A.; Palestrini, C. Dung Beetle Distress 

Signals May Be Correlated with Sex and Male Morph: A Case Study on Copris Lunaris 

(Coleoptera: Scarabaeidae, Coprini). Bioacoustics 2021 , 30, 180ɀ196, 

doi:10.1080/09524622.2019.1710255. 

30. Masters, W.M. Insect Disturbance Stridulation: Its Defensive Role. Behav. Ecol. 

Sociobiol. 1979 , 5, 187ɀ200, doi:10.1007/BF00293305 

31. Klemperer, H.G. Parental Behaviour in Copris Lunaris (Coleoptera, Scarabaeidae): Care 

and Defence of Brood Balls and Nest. Ecol. Entomol. 1982 , 7, 155ɀ167, 

doi:10.1111/j.1365-2311.1982.tb00654.x. 

32. Halffter, G.; Huerta, C.; Lopez-Portillo, J. Parental Care and Offspring Survival In Copris 

Incertus Say, a Sub-Social Beetle. Anim. Behav. 1996 , 52, 133ɀ139, 

doi:10.1006/anbe.1996.0159. 

33. Palestrini, C.; Pensati, F.; Barbero, E.; Reyes-Castillo, P.; Zunino, M. Differences in 

Distress Signals of Adult Passalid Beetles (Coleoptera Passalidae). Boll. Soc. Entomol. 

Ital. 2003 , 135, 45ɀ53. 

34. Palestrini, C.; Pavan, G.; Zunino, M. Acoustic Signals in Copris Incertus Say (Coleoptera 

Scarabaeidae Coprinae). Ethol. Ecol. Evol. 1991 , 3, 143ɀ146, 

doi:10.1080/03949370.1991.10721928. 

35. Palestrini, C.; Pensati, F.; Barbero, E.; Laiolo, P. Distress Signals in Copris Hispanus (L., 

1764) (Coleoptera: Scarabaeidae). Insect Soc. Life 2000 , 3, 185ɀ193. 

36. Tarasov, S.; Génier, F. Innovative Bayesian and Parsimony Phylogeny of Dung Beetles 

(Coleoptera, Scarabaeidae, Scarabaeinae) Enhanced by Ontology-Based Partitioning of 

Morphological Characters. PLOS ONE 2015 , 10, e0116671, 

doi:10.1371/journal.pone.0116671. 



 

51 

 

37. Casasa, S.; Moczek, A.P. The Role of Ancestral Phenotypic Plasticity in Evolutionary 

Diversification: Population Density Effects in Horned Beetles. Anim. Behav. 2018 , 137, 

53ɀ61, doi:10.1016/j.anbehav.2018.01.004. 

38. Stanbrook, R.A.; Harris, W.E.; Wheater, C.P.; Jones, M. Evidence of Phenotypic Plasticity 

along an Altitudinal Gradient in the Dung Beetle Onthophagus Proteus. PeerJ 2021 , 9, 

e10798, doi:10.7717/peerj.10798. 

39. Macagno, A.L.M.; Pizzo, A.; Roggero, A.; Rolando, A.; Palestrini, C. Horn Polyphenism 

and Related Head Shape Variation in a Single-Horned Dung Beetle: Onthophagus ( 

Palaeonthophagus ) Fracticornis (Coleoptera: Scarabaeidae). J. Zool. Syst. Evol. Res. 

2009 , 47, 96ɀ102, doi:10.1111/j.1439-0469.2008.00487.x. 

40. Rohner, P.T.; Macagno, A.L.M.; Moczek, A.P. Evolution and Plasticity of Morph-Specific 

Integration in the Bull-Headed Dung Beetle Onthophagus Taurus. Ecol. Evol. 2020, 10, 

10558ɀ10570, doi:10.1002/ece3.6711. 

41. Laini, A.; Roggero, A.; Palestrini, C.; Rolando, A. Continuous Phenotypic Modulation 

Explains Male Horn Allometry in Three Dung Beetle Species. Sci. Rep. 2022 , 12, 8691, 

doi:10.1038/s41598-022-12854-6. 

42. Nichols, E.; Spector, S.; Louzada, J.; Larsen, T.; Amezquita, S.; Favila, M.E. Ecological 

Functions and Ecosystem Services Provided by Scarabaeinae Dung Beetles. Biol. 

Conserv. 2008 , 141, 1461ɀ1474, doi:10.1016/j.biocon.2008.04.011. 

43. Beynon, S.A.; Wainwright, W.A.; Christie, M. The Application of an Ecosystem Services 

Framework to Estimate the Economic Value of Dung Beetles to the U.K. Cattle Industry: 

Economic Benefits of Dung Beetles. Ecol. Entomol. 2015 , 40, 124ɀ135, 

doi:10.1111/een.12240. 

44. Nervo, B.; Caprio, E.; Celi, L.; Lonati, M.; Lombardi, G.; Falsone, G.; Iussig, G.; Palestrini, 

C.; Said-Pullicino, D.; Rolando, A. Ecological Functions Provided by Dung Beetles Are 

Interlinked across Space and Time: Evidence from 15 N Isotope Tracing. Ecology 2017 , 

98, 433ɀ446, doi:10.1002/ecy.1653. 

45. Piccini, I.; Nervo, B.; Forshage, M.; Celi, L.; Palestrini, C.; Rolando, A.; Roslin, T. Dung 

Beetles as Drivers of Ecosystem Multifunctionality: Are Response and Effect Traits 

Interwoven? Sci. Total Environ. 2018 , 616ɀ617, 1440ɀ1448, 

doi:10.1016/j.scitotenv.2017.10.171. 

46. Akamine, M. Size- and Context-Dependent Nest-Staying Behaviour of Males of the 

Japanese Dung Beetle, Copris Acutidens (Coleoptera: Scarabaeidae). Eur. J. Entomol. 

2016 , 113, 207ɀ211, doi:10.14411/eje.2016.025. 

47. Akamine, M. Size-Dependent Seasonal Activity for Males of the Dung Beetle Copris 

Acutidens (Coleoptera: Scarabaeidae). Can. Entomol. 2019 , 151, 757ɀ767, 

doi:10.4039/tce.2019.55. 

48. Halffter, G.; Edmonds, W.D. The Nesting Behavior of Dung Beetles (Scarabaeinae). An 

Ecological and Evolutive Approach. Inst. Ecol. 1982 . 

49. Klemperer, H.G. The Evolution of Parental Behaviour in Scarabaeinae (Coleoptera, 

Scarabaeidae): An Experimental Approach. Ecol. Entomol. 1983 , 8, 49ɀ59, 

doi:10.1111/j.1365-2311.1983.tb00482.x. 



 

52 

 

50. Moczek, A.P.; Emlen, D.J. Male Horn Dimorphism in the Scarab Beetle, Onthophagus 

Taurus: Do Alternative Reproductive Tactics Favour Alternative Phenotypes? Anim. 

Behav. 2000 , 59, 459ɀ466, doi:10.1006/anbe.1999.1342. 

51. Macagno, A.L.M.; Zattara, E.E.; Ezeakudo, O.; Moczek, A.P.; Ledón-Rettig, C.C. Adaptive 

Maternal Behavioral Plasticity and Developmental Programming Mitigate the 

Transgenerational Effects of Temperature in Dung Beetles. Oikos 2018 , 127, 1319ɀ

1329, doi:10.1111/oik.05215.. 

52. Kim, S.H.; Park, G.; Park, J.-S.; Kwon, H.C. Antifungal Streptomyces Spp., Plausible 

Partners for Brood-Caring of the Dung Beetle Copris Tripartitus. Microorganisms 2021 , 

9, 1980, doi:10.3390/microorganisms9091980. 

53. Kerman, K., Roggero, A., Rolando, A., Palestrini C. Sexual horn dimorphism predicts the 

expression of active personality trait: males perform better only in the sexually horn 

dimorphic Onthophagus dung beetle. J. Ethol. 2023 , 41, 163ɀ176, 

doi.org/10.1007/s10164 -023-00782-5 

54. Maughan, N. Nouvelles données sur la biogéographie de Copris umbilicatus dans les 

Bouches-du-2ÈĖÎÅ ÅÔ ÒïǨÅØÉÏÎ ÓÕÒ ÌȭÉÎÔïÒðÔ ÄÕ ÐÁÓÔÏÒÁÌÉÓÍÅ ÅÎ ÒïÇÉÏÎ 

méditerranéenne (Coleoptera Scarabaeidae). ,ȭ%ÎÔÏÍÏÌÏÇÉÓÔÅ 2006 , 62, 19ɀ26.. 

55. Ziani, S. Morphological Revision of the Western Palaearctic Species of the Genus Copris 

Geoffroy, 1762 with Three Foretibial External Teeth (Coleoptera: Scarabaeoidea: 

Scarabaeidae). Insecta Mundi 2017 . 

56. Bellucci, S.; Barbero, E.; Agoglitta, R.; Zunino, M. Il popolamento a Scarabeidi 

degradatori delle Marche. I. Catalogo sistematico e corologico (Coleoptera 

Scarabaeoidea). Mem. Soc. Entomol. Ital. 2008 , 87, 117ɀ155, 

doi:10.4081/memorieSEI.2008.117. 

57. INPN Copris umbilicatus Abeille de Perrin, 1901 Available online: 

https://inpn.mnhn.fr/espece/cd_nom/10814 (accessed on 10 November 2022) 

58. Dellacasa, M.; Ziani, S.; Lumaret, J.-P.; Senyüz, Y.; Anlas, S. Copris Umbilicatus. The IUCN 

Red List of Threatened Species 2015: E.T47267970A48594691. 2015 . 

59. Schuster A.C., Carl T., Foester K. Repeatability and consistency of individual behaviour 

in juvenile and adult Eurasian harvest mice. Sci Nat 2017 , 104: 10. doi 

10.1007/s00114-017-1430-3 

60. Sueur, J.; Aubin, T.; Simonis, C. Seewave, A Free Modular Tool For Sound Analysis And 

Synthesis. Bioacoustics 2008 , 18, 213ɀ226, doi:10.1080/09524622.2008.9753600. 

61. R Core Team R: A Language and Environment for Statistical Computing. R Foundation 

for Statistical Computing v4.2.1 2021  

62. Altmann, C.F.; Júnior, C.G. de O.; Heinemann, L.; Kaiser, J. Processing of Spectral and 

Amplitude Envelope of Animal Vocalizations in the Human Auditory Cortex. 

Neuropsychologia 2010 , 48, 2824ɀ2832, 

doi:10.1016/j.neuropsychologia.2010 .05.024. 

63. Depraetere, M.; Pavoine, S.; Jiguet, F.; Gasc, A.; Duvail, S.; Sueur, J. Monitoring Animal 

Diversity Using Acoustic Indices: Implementation in a Temperate Woodland. Ecol. 

Indic. 2012 , 13, 46ɀ54, doi:10.1016/j.ecolind.2011.05.006. 

https://doi.org/10.1007/s10164-023-00782-5


 

53 

 

64. Farbood, M.M.; Price, K.C. The Contribution of Timbre Attributes to Musical Tension. J. 

Acoust. Soc. Am. 2017 , 141, 419ɀ427, doi:10.1121/1.4973568. 

65. Marck, A.; Vortman, Y.; Kolodny, O.; Lavner, Y. Identification, Analysis and 

Characterization of Base Units of Bird Vocal Communication: The White Spectacled 

Bulbul (Pycnonotus Xanthopygos) as a Case Study. Front. Behav. Neurosci. 2022,  15, 

812939, doi:10.3389/fnbeh.2021.812939. 

66. Dubnov, S. Generalization of Spectral Flatness Measure for Non-Gaussian Linear 

Processes. IEEE Signal Process. Lett. 2004 , 11, 698ɀ701, 

doi:10.1109/LSP.2004.831663. 

67. Peeters, G. A Large Set of Audio Features for Sound Description (Similarity and 

Classification) in the CUIDADO Project. Inst. Rech. Coord. Acoust. IRCAM 2004 . 

68. Knell, R.J. On the Analysis of Non-Linear Allometries. Ecol. Entomol. 2009 , 34, 1ɀ11, 

doi:10.1111/j.1365-2311.2008.01022.x. 

69. Kerman, K.; Roggero, A.; Rolando, A.; Palestrini, C. Evidence for Male Horn Dimorphism 

and Related Pronotal Shape Variation in Copris Lunaris (Linnaeus, 1758) (Coleoptera: 

Scarabaeidae, Coprini). Insects 2018 , 9, 108, doi:10.3390/insects9030108. 

70. Koo, T.K.; Li, M.Y. A Guideline of Selecting and Reporting Intraclass Correlation 

Coefficients for Reliability Research. J. Chiropr. Med. 2016 , 15, 155ɀ163, 

doi:10.1016/j.jcm.2016.02.012. 

71. Shieh, G. Choosing the Best Index for the Average Score Intraclass Correlation 

Coefficient. Behav. Res. Methods 2016 , 48, 994ɀ1003, doi:10.3758/s13428-015-0623-

y. 

72. Revelle, W. Psych: Procedures for Psychological, Psychometric, and Personality 

Research 2022 . 

73. Bates, D.; Mächler, M.; Bolker, B.; Walker, S. Fitting Linear Mixed-Effects Models Using 

Lme4. J. Stat. Softw. 2015 , 67, doi:10.18637/jss.v067.i01. 

74. /ËÓÁÎÅÎȟ *ȢȠ 3ÉÍÐÓÏÎȟ 'Ȣ,ȢȠ "ÌÁÎÃÈÅÔȟ &Ȣ'ȢȠ +ÉÎÄÔȟ 2ȢȠ ,ÅÇÅÎÄÒÅȟ 0ȢȠ -ÉÎÃÈÉÎȟ 0Ȣ2ȢȠ /ȭ(ÁÒÁȟ 

R.B.; Solymos, P.; Stevens, M.H.H.; Szoecs, E.; et al. Vegan: Community Ecology Package 

2022 . 

75. Wickham, H.; Averick, M.; Bryan, J.; Chang, W.; McGowan, L.; François, R.; Grolemund, 

G.; Hayes, A.; Henry, L.; Hester, J.; et al. Welcome to the Tidyverse. J. Open Source Softw. 

2019 , 4, 1686, doi:10.21105/joss.01686. 

76. Krams, I.; Kivleniece, I.; Kuusik, A.; Krama, T.; Freeberg, T.M.; Mänd, R.; Sivacova, L.; 

Rantala, M.J.; Mänd, M. High Repeatability of Anti-Predator Responses and Resting 

Metabolic Rate in a Beetle. J. Insect Behav. 2014 , 27, 57ɀ66, doi:10.1007/s10905-013-

9408-2. 

77. Wilson, A.D.M.; Whattam, E.M.; Bennett, R.; Visanuvimol, L.; Lauzon, C.; Bertram, S.M. 

Behavioral Correlations across Activity, Mating, Exploration, Aggression, and 

Antipredator Contexts in the European House Cricket, Acheta Domesticus. Behav. Ecol. 

Sociobiol. 2010 , 64, 703ɀ715, doi:10.1007/s00265-009-0888-1. 

78. Asakura, M.; Matsumura, K.; Ishihara, R.; Miyatake, T. Freezing or Death Feigning? 

Beetles Selected for Long Death Feigning Showed Different Tactics against Different 

Predators. Ecol. Evol. 2022 , 12, e8533, doi:10.1002/ece3.8533. 



 

54 

 

79. Rolando, A.; Laiolo, P. A Comparative Analysis of the Diets of the Chough Pyrrhocorax 

Pyrrhocorax and the Alpine Chough Pyrrhocorax Graculus Coexisting in the Alps. Ibis 

1997 , 139, 388ɀ395, doi:10.1111/j.1474-919X.1997.tb04639.x. 

80. Hui, A.; Pinter-Wollman, N. Individual Variation in Exploratory Behaviour Improves 

Speed and Accuracy of Collective Nest Selection by Argentine Ants. Anim. Behav. 2014 , 

93, 261ɀ266, doi:10.1016/j.anbehav.2014.05.006. 

81. Dowdy, N.J.; Conner, W.E. Acoustic Aposematism and Evasive Action in Select 

Chemically Defended Arctiine (Lepidoptera: Erebidae) Species: Nonchalant or Not? 

PLOS ONE 2016 , 11, e0152981, doi:10.1371/journal.pone.0152981. 

82. /ȭ2ÅÉÌÌÙȟ ,Ȣ*ȢȠ !ÇÁÓÓÉÚȟ $Ȣ*Ȣ,ȢȠ .ÅÉÌȟ 4Ȣ2ȢȠ (ÏÌÄÅÒÉÅÄȟ -Ȣ7Ȣ $ÅÁÆ -ÏÔÈÓ %ÍÐÌÏÙ !ÃÏÕÓÔÉÃ 

Müllerian Mimicry against Bats Using Wingbeat-Powered Tymbals. Sci. Rep. 2019 , 9, 

1444, doi:10.1038/s41598-018-37812-z.. 

83. Patterson, I.J.; Cavallini, P. The Volume of Sound as an Index to the Relative Abundance 

of Cicada Orni L. (Homoptera: Cicadidae) in Different Habitats. Entomol. Gaz. U. K. 

1996 , 47, 206ɀ210. 

84. Klemperer, H.G. Life History and Parental Behaviour of a Dung Beetle from Neotropical 

Rainforest, Copris Laeviceps (Coleoptera, Scarabaeidae). J. Zool. 1986 , 209, 319ɀ326, 

doi:10.1111/j.1469-7998.1986.tb03594.x. 

85. Schuett, W.; Delfs, B.; Haller, R.; Kruber, S.; Roolfs, S.; Timm, D.; Willmann, M.; Drees, C. 

Ground beetles in city forests: does urbanization predict a personality trait? PeerJ 

2018 , 6, e4360. 

86. Bouchebti, S.; Cortés-Fossati, F.; Vales Estepa, Á.; Plaza Lozano, M.; S Calovi, D.; 

Arganda, S. Sex-Specific Effect of the Dietary Protein to Carbohydrate Ratio on 

Personality in the Dubia Cockroach. Insects 2022 , 13, 133. 

87. Dall, S.R.X.; Houston, A.I.; McNamara, J.M. The Behavioural Ecology of Personality: 

Consistent Individual Differences from an Adaptive Perspective. Ecol. Lett. 2004 , 7, 

734ɀ739, doi:10.1111/j.1461-0248.2004.00618.x. 

88. Hertel, A.G.; Niemelä, P.T.; Dingemanse, N.J.; Mueller, T. A Guide for Studying Among-

Individual Behavioral Variation from Movement Data in the Wild. Mov. Ecol. 2020 , 8, 

30, doi:10.1186/s40462-020-00216-8. 

89. Nervo, B.; Laini, A.; Roggero, A.; Fabbriciani, F.; Palestrini, C.; Rolando, A. Interactions 

Between Individuals and Sex Rather Than Morphological Traits Drive Intraspecific 

Dung Removal in Two Dung Beetle Species. Front. Ecol. Evol. 2022 , 10, 863669, 

doi:10.3389/fevo.2022.863669. 

 

  



 

55 

 

Supplementary  Materials  

Figure S1. Visualisation of acoustic distress signals. (a) Oscillographic and (b) spectrographic 

representation of a pulse train with complete stridulations. (c) Each complete stridulation 

(sAB) is composed of two subunits of opposite phases with harmonic structure: subunit A (sA) 

is emitted during the extension of the abdomen, whereas subunit B (sB) is emitted when the 

abdomen has contracted back to its original position. The two subunits are separated by a short 

interval (iAB). The distress calls emitted by C. umbilicatus share the same characteristics 

already described for Copris lunaris, C. hispanus and C. incertus [29,34,35]. 
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Table S1. Summary statistics. Mean and standard deviation of the acoustic parameters of 

males (12 individuals, number of complete stridulations N = 300) and females (14 individuals, 

N = 350). We captured two temporal and four spectral parameters: (i) temporal length of 

subunit/pulse A (dA); (ii) temporal length of subunit/pulse B (dB); (iii) peak frequency at the 

maximum parameter of subunit/pulse A (PFA); (iv) peak frequency at the maximum parameter 

of subunit/pulse B (PFB); (v) fundamental frequency at the maximum parameter of 

subunit/pulse A (FFA); (vi) fundamental frequency at the maximum parameter of 

subunit/pulse B (FFB). Data were reported in the following units of measurement: dA and dB 

in milliseconds; PFA, PFB, FFA and FFB in Hertz. These acoustic parameters were selected in 

order to compare the distress calls emitted by Copris umbilicatus with those previously 

analysed in other species of the genus Copris. 

 Males Females 

dA 77.447 ± 14.611 91.142 ± 18.177 

dB 103.340 ± 13.601 111.398 ± 10.373 

PFA 3268.900 ± 474.584 3103.600 ± 364.997 

PFB 2928.733 ± 280.072 2719.286 ± 309.043 

FFA 1769.667 ± 271.950 1515.943 ± 283.431 

FFB 1555.833 ± 444.734 1467.257 ± 378.140 
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Figure S2. Relationship between body size (x axis) and the behavioural traits tested (y axis; 

ampl_env = median amplitude envelope, frequency, mov_dist = distance moved, mov_dur = 

movement duration, spec_flat = spectral flatness, speed = locomotory speed, thanatosis). 
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Figure S3. Boxplots for the two sexes (x axis) showing the median value, interquartile range 

and outliers for each behavioural trait tested (y axis; ampl_env = median amplitude envelope, 

frequency, mov_dist = distance moved, mov_dur = movement duration, spec_flat = spectral 

flatness, speed = locomotory speed, thanatosis). No differences were found between the two 

sexes in any of the behavioural traits. 
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Figure S4. Relationship between sex, body size and the behavioural traits tested (ampl_env = 

median amplitude envelope, frequency, mov_dist = distance moved, mov_dur = movement 

duration, spec_flat = spectral flatness, speed = locomotory speed, thanatosis). A regression line 

and its confidence interval were drawn for each sex and behavioural trait. Interaction between 

body size and sex was not significant for all the behavioural traits tested, except for frequency 

(F1,21 = 5.73, pvalue < 0.05).  
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Abstract  

The study of temperament and behavioural syndromes in insects is still in its 

early stage, and research conducted to date has mainly focused on locomotor 

activity and thanatosis. Dung beetles have been the subject of extensive 

behavioural studies; however, very few studies have addressed the expression 

of temperament. Those doing so only looked at subsocial and sexual horn 

dimorphic species, suggesting subsociality and/or sexual horn-dimorphism as 

possible facilitators of temperament expression. To test this assumption, we 

conducted a temperament study in a hornless, non-subsocial species, namely 

Geotrupes mutator (Marsham, 1802). We set up laboratory tests to evaluate 

three behaviours (activity, thanatosis, and distress calls) through the 

measurement of seven distinct behavioural traits (three activity-, one 

thanatosis- and three call-related traits). We found high levels of individual 

repeatability in all activity - and thanatosis-related traits. We also identified 

behavioural differences between individuals, which may reflect differences in 

temperament. Statistical analyses revealed a negative correlation between 

activity and thanatosis. These results show that the temperament and 

behavioural syndromes related to activity and thanatosis may also be 

expressed in dung beetle species that are neither subsocial nor sexual horn 

dimorphic. By contrast, we only found one of three sound-related traits tested 

(frequency) to be clearly repeatable. Males and females presented a different 

structure of the stridulatory apparatus, suggesting that morphology may affect 

the frequency of sounds emitted. These results indicate that certain sound 

traits might not be good descriptors of individual temperament revealing the 

need for future research addressing the role of bioacoustics. 

 

Keywords : Body size, distress calls, locomotor activity, temperament, sex, 

thanatosis 
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Introduction  

Personality and behavioural syndromes have important ecological and 

ÅÖÏÌÕÔÉÖÅ ÉÍÐÌÉÃÁÔÉÏÎÓ ÂÅÃÁÕÓÅ ÔÈÅÙ ÃÁÎ ÉÎÆÌÕÅÎÃÅ ÉÎÄÉÖÉÄÕÁÌȭÓ ÓÕÒÖÉÖÁÌ ÁÎÄ 

reproductive success (Sih et al. 2004a, b; Smith and Blumstein 2008). In animal 

ÓÐÅÃÉÅÓȟ ÔÈÅ ÔÅÒÍ ȬÐÅÒÓÏÎÁÌÉÔÙȭ is used to refer to differences in the behaviours 

expressed by individuals that are both repeatable and stable over time and 

independent of the context (Réale et al. 2007, Dingemanse et al. 2010; 

Dingemanse and Wright 2020; Kaiser and Müller 2021). Indeed, behaviour 

repeatability forms an important basis of any personality study as it provides 

a standardised estimate of the consistency of an individual's behaviour (Bell et 

al. 2009; Nakagawa and Schielzeth 2010; Roche et al. 2016). On the other hand, 

a behavioural syndrome, comprises a set of correlated behaviours, which might 

be expressed either within a specific behavioural context (e.g., correlations 

between foraging behaviours in different habitats) or across different contexts 

(e.g., correlations among feeding behaviours and antipredator behaviours) (Sih 

et al. 2004; Réale et al. 2007).  

The study of personality and behavioural syndromes in insects is still in its 

early stage but growing rapidly, with research mainly having focused on 

locomotor behaviour (activity) (Monceau et al. 2017; Labaude et al. 2018; 

Magura et al. 2022) and thanatosis (Humphreys and Ruxton 2018; Konishi et 

al. 2020). Furthermore, several zoologists find it inappropriate to use the term 

personality with insects. We therefore decided to use from now on the term 

ȬÔÅÍÐÅÒÁÍÅÎÔȭ ɉ2ïÁÌÅ ÅÔ ÁÌȢ ςππχȠ ,Å 'ÁÌÌÉÁÒÄ ÅÔ ÁÌȢ ςπρυȠ Gartland et al. 2022). 

The negative correlation between thanatosis and locomotor behaviour 

represents a common example of a behavioural syndrome. Thanatosis, also 

ËÎÏ×Î ÁÓ ȬÄÅÁÔÈ-ÆÅÉÇÎÉÎÇȭ ÏÒ ȬÔÏÎÉÃ ÉÍÍÏÂÉÌÉÔÙȭȟ ÉÓ Á ÃÏÍÍÏÎ ÉÎÓÅÃÔ ÒÅÓÐÏÎÓÅ ÔÏ 

external stimuli such as predator attacks (Hozumi and Miyatake 2005; 

Miyatake et al. 2008; Humphreys and Ruxton 2018). Thanatosis may provide 
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an indirect measure of boldness towards predators, by assuming that bolder 

individuals stay in thanatosis for a shorter period in the presence of a predator 

(Réale et al. 2007). Furthermore, several studies showed that individuals 

engaging in thanatosis for shorter periods of time were also more active and 

were thus considered to be bolder (Nakayama et al. 2010; Konishi et al. 2020; 

Matsumura et al. 2022).  This evidence suggests that locomotor activity and 

thanatosis may represent alternative antipredator strategies, either fleeing or 

feigning death (Edelaar et al. 2012; Tremmel and Müller 2013; Asakura et al. 

2022).  

Sound emission is a fundamental component of the insect behaviour 

repertoire. Differences in sound output may also reflect differences in 

temperament. For example, individuals may show an opposite tendency to 

stridulation or differences in call parameters that do not depend on differences 

in the size or structure of the components of the stridulatory apparatus 

(Kerman et al. 2021). Classic stridulations are produced through the repeated 

contact and rubbing of a mobile scraper (plectrum) against a fixed file-like 

structure (pars stridens) to create a series of pulse trains within a certain 

frequency range (Carisio et al. 2004; Kasper and Hirschberger 2005b; Kerman 

et al. 2021). The acoustic properties of stridulations may vary between 

individuals of the same species; for example, in the case of male-female 

interactions, startle display against predators, intraspecific competition and 

mother-offspring communication (Masters 1979; Klemperer 1982; Halffter et 

al. 1996; Palestrini et al. 2003).  

Dung beetles are a large group of insects, comprising around 7000 (Tarasov 

and Génier 2015). Although the ethology of these insects has been extensively 

studied (Halffter and Edmonds 1982; Klemperer 1983; Akamine 2016; 

Macagno et al. 2018; Akamine and Mishima 2023), to our knowledge only two 
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studies on temperament have been published on dung beetles to date (Kerman 

et al. 2023; Natta et al. 2023). 

In the first study, the levels of repeatability in locomotor activity were shown 

to be moderate in the sexual horn dimorphic species Onthophagus furcatus 

(Fabricius, 1781) with males being more active than females, whereas in the 

hornless species Onthophagus ruficapillus Brullé, 1832 the repeatability in 

locomotor activity was low without differences between sexes (Kerman et al. 

2023). This suggests that there is a biological link between sexual horn 

dimorphism and repeatable locomotory performance. In several Onthophagus 

species, females and horned males cooperate to construct and provision nests 

(Palestrini and Rolando 2001; Hunt and Simmons 2002a; Ridsdill-Smith and 

Simmons 2009).  

The male uses its horn or horns as a weapon, often in fights with other males. 

For instance, large-horned males (major males) will monitor brood tunnels to 

intercept and chase off large-bodied contenders as well as small, sneaky 

hornless ɀ or poorly horned ɀ males (minor males) (Emlen 1997; Moczek and 

Emlen 2000; Hunt and Simmons 2002b; Madewell and Moczek 2006; Simmons 

and Kotiaho 2007). Although some studies provide evidence suggesting 

females to favour large males or males with a high courtship rate (Watson and 

Simmons 2010), we cannot exclude the possibility that they also choose males 

because of the size and/or shape of their horns.  

In the second study, we measured moderate to high levels of repeatability in 

locomotor activity, thanatosis and distress calls in Copris umbilicatus Abeille De 

Perrin, 1901, a sexually dimorphic dung beetle, the males of which bear a 

cephalic horn. In this species the duration of thanatosis was also inversely 

correlated with two activity traits, hinting towards a behavioural syndrome for 

thanatosis and activity, with bolder individuals exhibiting shorter thanatosis 

and higher locomotor activity in contrast with fearful individuals displaying 
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longer thanatosis and poor locomotor activity (Natta et al. 2023). Copris 

umbilicatus provides an optimal model for temperament research because 

species of this genus exhibit subsocial behaviour ɀthe most primitive level of 

social interaction involving parents and offspring (Halffter and Edmonds 1982; 

Klemperer 1982; Halffter et al. 1996; Linksvayer 2010). During breeding, 

partners collaborate by digging tunnels under the dung pat, and the male will 

remain in the nest with the female regardless of its body size or horn length 

(Akamine 2019). The complex parental behaviour expressed in this genus, 

which involves the care and defence of the nest and brood balls (Klemperer 

1982), increases the chances of offspring survival (Halffter et al. 1996).  

Relationships between sociality and temperament have been examined in 

vertebrates (Bergmüller and Taborsky 2010; Lantová et al. 2011; Laskowski 

and Bell 2014; Gartland et al. 2022; Martin et al. 2023; von Meijenfeldt et al. 

2023) and, not by chance, in social Hymenoptera (Wright et al. 2017; Jomaa et 

al. 2023). 

The findings from the two studies on dung beetle temperament may therefore 

give rise to the hypothesis that subsociality and/or sexual horn-dimorphism 

are intraspecific facilitators, or amplifiers, of temperament expression. Natural 

selection, sexual selection (intersexual and intrasexual) and kin selection can 

explain the evolution of subsociality and sexual horn dimorphism. Intense 

intrasexual selection, for instance, can occur in cases of fighting or avoidance 

between males (Moczek and Emlen 2000; Madewell and Moczek 2006), and 

significant kin selection may occur when parents defend their own larvae 

(Klemperer 1982).  Due to the selection in a particular trait, we would expect 

the evolution of a particular temperament expression, thus favouring the 

evolution of different temperaments in horn-dimorphic and subsocial species. 

To test this hypothesis, we decided to orient ourselves towards species that are 

not subsocial and which lack horns in both males and females. The genus 
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Geotrupes (Coleoptera, Geotrupidae) encompasses about 30 hornless species 

(Baraud 1992; Ballerio et al. 2014) which dig tunnels immediately below the 

dung pad. These galleries are then filled with dung masses in which each female 

lays a few eggs (Martínez and Lumaret 2022). However, contrary to the species 

of the genus Copris, the species of the genus Geotrupes do not provide parental 

care. The eggs are simply laid in or upon the provision mass, and the developing 

larvae feed on it (Klemperer 1979). We focused on G. mutator (Marsham, 

1802), a species that is distributed throughout Europe, the Caucasus, Iran, and 

Kazakhstan (GBIF Secretariat 2023). It is an endothermic beetle whose 

thermoregulatory ecology probably explains why in Mediterranean 

pasturelands it is more abundant in autumn than in summer and displays an 

exclusively crepuscular flight activity (Mena 2001).  

The main aim of this paper was to test whether individuals of G. mutator 

express temperament. We considered three of G. mutatorȭÓ ÂÅÈÁÖÉÏÕÒÓ 

(activity, thanatosis, and distress call emission) through the measurement of 

seven distinct behavioural traits, namely, three activity-, one thanatosis- and 

three distress call-related traits.  

 

Materials and Methods  

Sampling methods 

Sixteen individuals of Geotrupes mutator (six females and ten males) were 

collected by hand from the pastures of Mocchie, a village in Condove township, 

in the lower Susa Valley, Piedmont (Italy), (45° 8' 10.84'' N; 7° 17' 49.48'' E). 

We considered the overall sample size more than sufficient for behavioural 

analyses of this type. Some reservations, however, were acknowledged when 

testing differences between the sexes due to the splitting of the sample. Dung 

beetles were reared in the vivarium facilities of the Department of Life Sciences 

and Systems Biology (DBIOS) at the University of Turin. Individuals, identified 



 

67 

 

using an alphanumeric coding system, were housed in separate plastic 

terrariums (plastic buckets measuring 20 x 20 cm, diameter x height), at 

constant temperature (25°C). Beetles were fed with cattle dung provided ad 

libitum . The dung, free of anthelmintics, was collected from a livestock farm in 

Mocchie. Before use, the dung was homogenised and frozen to suppress 

parasites and other insect larvae. 

Behavioural assays 

To measure the repeatability of behaviour, an individual should be tested 

several times in a short period, but testing an individual too many times might 

simultaneously lead to habituation and thus to a false result (Réale et al. 2007; 

Bell et al. 2009). Following previous studies (Nakayama et al. 2010; Labaude et 

al. 2018), we decided to carry out two replications of each behavioural assay. 

This decision was also based on our other, unpublished observations on the 

rapidity of test habituation by dung beetles. The second trial was performed 

two days after the first. In between each trial, the beetles were left to rest in 

their terraria and fed. All behavioural tests were carried out between 11.00 am 

and 2.00 pm to limit possible interference with the circadian rhythm of the 

beetles' activity. 

Locomotor activity  

We assessed the locomotor activity of individuals using an annulus-shaped 

arena in accordance with previous studies (Monceau et al. 2017; Labaude et al. 

2018; Natta et al. 2023). All beetles were given two 5-minute runs in the arena. 

We measured the following three behavioural traits in keeping with previous 

ÓÔÕÄÉÅÓ ɉ,ÁÂÁÕÄÅ ÅÔ ÁÌȢ ςπρψȠ .ÁÔÔÁ ÅÔ ÁÌȢ ςπςσɊȡ ɉρɊ ȬÄÉÓÔÁÎÃÅ ÍÏÖÅÄȭȟ ÑÕÁÎÔÉÆÉÅÄ 

ÁÓ ÔÈÅ ÔÏÔÁÌ ÎÕÍÂÅÒ ÏÆ ÒÁÄÉÁÌ ÓÅÃÔÏÒÓ ÔÒÁÖÅÒÓÅÄ ÉÎ Á ÓÉÎÇÌÅ ÒÕÎȠ ɉςɊ ȬÌÏÃÏÍÏÔÏÒÙ 

ÓÐÅÅÄȭȟ ÃÁÌÃÕÌÁÔed as the distance travelled per unit time (mm/s). This 

parameter was calculated using the average time taken to complete one lap of 

the arena, i.e., eight radial sectors. If individuals reversed the direction of travel 
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during the run, we continued to count the number of sectors as they travelled 

ÉÎ ÔÈÅ ÏÐÐÏÓÉÔÅ ÄÉÒÅÃÔÉÏÎȠ ɉσɊ ȬÍÏÖÅÍÅÎÔ ÄÕÒÁÔÉÏÎȭȟ ÃÁÌÃÕÌÁÔÅÄ ÁÓ ÔÈÅ ÏÖÅÒÁÌÌ 

time (expressed in seconds) spent moving during the run, i.e., the moments of 

immobility were deducted from the 5-minute run time. 

At the end of each run, before positioning the next individual, the arena was 

cleaned to remove droppings or possible pheromonal trails on the route, which 

could influence the activity of the next individual (Monceau et al. 2017).  

Thanatosis 

We measured thanatosis as the time taken for each dung beetle to emerge from 

stasis following a disturbance ɀ the act of being picked up by hand (thus 

removed from the soil) and placed in a Petri dish in a supine position. We 

considered any clear signs of movement, such as attempts to roll over to return 

to the prone position, as the end of the death-feigning behaviour.  

Distress calls 

In G. mutator, stridulations are produced by a coxo-abdominal apparatus, in 

which a carina located on the dorsal-caudal face of the metacoxa serves as the 

pars stridens (acting as a file). By contrast, the opposite caudal portion of the 

coxal cavity serves as the plectrum (acting as a scraper). The carina is made by 

numerous protruding ridges arranged in parallel series which, through the 

movements of the abdomen, are rubbed on many small sclerified teeth located 

on the surface of the coxal cavity (Palestrini et al. 1988; Carisio et al. 2004). 

Distress calls were recorded following the well-established procedure used in 

previous studies (Kerman et al. 2021; Natta et al. 2023). We used a sound level 

meter (Brüel & Kjær model 2235) calibrated with a 1000 Hz sound produced 

by a Brüel & Kjær 4230 acoustic calibrator. The sampling rate of the sound 

recording instrument was set to 48 kHz/16 bit. Each recording lasted 80 

seconds and contained a varying number of stridulations. 
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We used the sound analysis software Avisoft-SAS Lab Pro v5.2.13 (2019) to 

identify and categorise the sound recordings. All the emitted sounds subjected 

to our analysis were quantifiable as acoustic distress signals (Palestrini et al. 

1991, 2000; Natta et al. 2023), consisting of pulse trains with high repetition 

rates. 

5ÓÉÎÇ ÔÈÅ ȬÓÅÅ×ÁÖÅȭ ÐÁÃËÁÇÅ ɉ3ÕÅÕÒ ÅÔ ÁÌȢ ςππψɊ ÏÆ ÔÈÅ 2 ÓÏÆÔ×ÁÒÅ Ö τȢσȢπ ɉ2 

#ÏÒÅ 4ÅÁÍ ςπςσɊȟ ×Å ÁÓÓÅÓÓÅÄ ÔÈÒÅÅ ÔÒÁÉÔÓ ÆÏÒ ÅÁÃÈ ÒÅÃÏÒÄÉÎÇȡ ɉρɊ ȬÍÅÄÉÁÎ 

ÁÍÐÌÉÔÕÄÅ ÅÎÖÅÌÏÐÅȭȟ ÍÅÁÓÕÒÅÄ ÂÙ ÃÏÎÓÉÄÅÒÉÎÇ ÔÈÅ ÅÎÔÉÒÅ ÏÓÃÉÌÌÏÇÒÁÍ ÆÏÒ ÅÁÃÈ 

recording using the M function, and which quantifies the amplitude change of 

a sound over time and distinguishes each sound as unique to all others 

ɉ!ÌÔÍÁÎÎ ÅÔ ÁÌȢ ςπρπȠ $ÅÐÒÁÅÔÅÒÅ ÅÔ ÁÌȢ ςπρςɊȠ ɉςɊ ȬÆÒÅÑÕÅÎÃÙȭȟ ÃÁÌÃÕÌÁÔÅÄ ÕÓÉÎÇ 

the function meanspec as the ratio of the mean frequency to the frequency at 

the 97.5 quantile, and which is considered a good approximation of the 

ÍÁØÉÍÕÍ ÆÒÅÑÕÅÎÃÙ ÏÆ ÁÌÌ ÓÔÒÉÄÕÌÁÔÉÏÎÓ ÉÎ ÔÈÅ ÒÅÃÏÒÄÉÎÇȠ ÁÎÄ ɉσɊ ȬÓÐÅÃÔÒÁÌ 

ÆÌÁÔÎÅÓÓȭȟ ÄÅÆÉÎÅÄ ÁÓ ÔÈÅ ÒÁÔÉÏ ÏÆ ÔÈÅ ÇÅÏÍÅÔÒÉÃ ÍÅÁÎ ÔÏ ÔÈÅ ÁÒÉÔÈÍÅÔÉÃ ÍÅÁÎ ÏÆ 

a power spectrum (Farbood and Price 2017; Marck et al. 2022), and calculated 

using the function sfm considering the entire spectrogram for each recording. 

A more in-depth description of these bioacoustic variables is reported in Natta 

et al. (2023).  

In addition, we considered the tendency to stridulate. This parameter was 

assessed by considering the number of recordings needed to obtain at least 36 

complete stridulations (i.e., stridulations constituted by the subunits a and b; 

see Kerman et al. 2021, and Natta et al. 2023). Each individual was then 

assigned a score indicating their tendency to stridulate (0ɀ2, where 0 = poor 

stridulator, 1 = modest tendency to stridulate, and 2 = excellent stridulator). 

Traditional Morphometrics  

Using a Leica® DMC4500 digital camera connected to a stereoscopic dissecting 

scope Leica® Z16APO and the software LAS-Leica Application Suite (Leica 
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Microsystems AG, Wetzlar, Germany), we captured images of the entire insect, 

pronotum, elytra, legs, hindwings, and stridulatory organ (specifically, the pars 

stridens). Morphological data acquisition and measurement were performed 

according to standard methods, as described previously (Kerman et al. 2018). 

We took eight morphometric linear measurements, i.e., maximum head width, 

maximum pronotum width, elytron width, maximum hindwing length, 

foretibia length, fore femur length, median femur length, and hind femur length 

(Supplementary Figure S1). We used the maximum pronotum width to provide 

a reliable approximation of body size (Knell 2009). Measuring the size of the 

pars stridens was somewhat difficult due to the indistinct nature of its margins; 

it was therefore preferred to measure a functional characteristic instead, 

namely the number of ridges present in a 0.5 mm wide band of the carina 

(Supplementary Figure S2). 

Statistical analyses  

We assessed behavioural consistency (i.e., temperament) by quantifying the 

repeatability coefficient for each of the seven behavioural traits (i.e., three 

activity -, one thanatosis-, and three bioacoustics traits) using the intraclass 

correlation coefficient (ICC). We then defined the repeatability levels between 

the two trials for each behavioural trait based on the interpretation of ICC 

values, according to the methods published by Koo and Li (2016). We 

calculated the ICC (1, k) (Koo and Li 2016; Shieh 2016) to assess the mean 

response repeatability of each trait as the difference between the between-

group mean square and the within-group mean square divided by the between-

group mean square. The significantly repeatable variables were used in the 

subsequent statistical tests, considering the average value of each variable for 

ÔÈÅ Ô×Ï ÔÒÉÁÌÓȢ 7Å ÃÁÌÃÕÌÁÔÅÄ )## ÕÓÉÎÇ ÔÈÅ ÆÕÎÃÔÉÏÎ )## ÏÆ ÔÈÅ 2 ÐÁÃËÁÇÅ ȬÐÓÙÃÈȭ 

(Revelle 2023). Given that the ICC function relies on a mixed effect model, we 

checked the model assumption by fitting the same model using the lmer 



 

71 

 

ÆÕÎÃÔÉÏÎ ÏÆ ÔÈÅ ȬÌÍÅτȭ ÐÁÃËÁÇÅ ɉ"ÁÔÅÓ ÅÔ ÁÌȢ ςπρυɊȢ 7Å ÔÒÁÎÓÆÏÒÍÅÄ ÏÕÒ ÍÅÔÒÉÃÓ 

to satisfy model assumptions (square-root transformation for locomotory 

speed, death feigning duration and logarithmic transformation for median 

amplitude envelope and spectral flatness). 

We tested the correlation between the repeatable traits related to the same 

behaviour using Spearman correlation. Moreover, to investigate the presence 

of possible behavioural syndromes between the different repeatable 

behaviours, we calculated Spearman's rank correlation coefficients and, after 

ÓÃÁÌÉÎÇ ÔÈÅ ÄÁÔÁȟ 0ÅÁÒÓÏÎȭÓ ÃÏÒÒÅÌÁÔÉÏÎ ÃÏÅÆÆÉÃÉÅÎÔÓȢ 

Principal component analysis (PCA) was performed on repeatable behavioural 

traits to look for any trends in the data (e.g., clusters of individuals). Vectors 

and factor averages were fitted on the PCA results and tested for significance 

using permutation tests to search for a relationship between the first two PCA 

coordinates and morphological traits. Furthermore, we calculated the squared 

correlation coefficient (R2), representing the proportion of variance explained 

by the variables, to evaluate the relative importance of traits in explaining the 

0#! ÒÅÓÕÌÔÓȢ 0#! ×ÁÓ ÐÅÒÆÏÒÍÅÄ ÕÓÉÎÇ ÔÈÅ ÒÄÁ ÆÕÎÃÔÉÏÎ ÏÆ ÔÈÅ 2 ÐÁÃËÁÇÅ ȬÖÅÇÁÎȭ 

(Oksanen et al. 2022). The data were managed, and plots generated using the 

ȬÔÉÄÙÖÅÒÓÅȭ ÃÏÌÌÅÃÔÉÏÎ ÏÆ 2 ÐÁÃËÁÇÅÓ ɉ7ÉÃËÈÁÍ ÅÔ ÁÌȢ ςπρωɊ. 

The relationships between each behavioural trait vs. body size and sex, and 

their interactions, were tested by means of linear regressions. 

 

Results 

Repeatability  

ICC values were quite high (range 0.70-0.92, i.e., from moderate to excellent 

reliability) and significantly different from 0 for: distance moved, locomotory 

speed, movement duration, death-feigning duration, and the frequency of 

distress calls. By contrast, the estimates of repeatability were much lower and 
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non-significantly different from 0 for the median amplitude envelope and the 

spectral flatness of stridulations. Furthermore, the confidence intervals of 

these two parameters included 0 and even negative values, suggesting that 

repeatability was poor, if any. (Table 1).  

Most of the individuals showed the same modest tendency to stridulate (13 

were assigned the score 1), configuring this parameter as a constant rather 

than a variable. By consequence, repeatability was not tested, and this 

parameter was discarded from successive analyses. 

 

Table 1. Intraclass correlation coefficient (ICC) values and 95% Coefficient Intervals (CI) for 

each behavioural trait. Statistical tests were performed to test the null hypothesis that the ICC 

is not different from 0. 

Behaviour  Behavioural trait  ICC 95% CI P-value 

Activity  

distance moved 0.82 0.50, 0.94 <0.001 

locomotory speed 0.72 0.22, 0.90 0.008 

movement duration 0.70 0.16, 0.89 0.011 

Thanatosis duration  0.84 0.55, 0.94 <0.001 

Distress calls 

median amplitude envelope 0.56 -0.23, 0.84    0.058 

frequency 0.92 0.79, 0.97 <0.001 

spectral flatness 0.48 -0.46, 0.82 0.110 

 

Correlations between behavioural traits  

We detected significant Spearman correlations between traits of the same 

behaviour, i.e., activity. Distance moved was positively and highly significantly 

correlated with both locomotory speed ɉʍ Ѐ πȢωτȠ P < 0.001; 95%CI; 0.78, 0.98) 

ÁÎÄ ÍÏÖÅÍÅÎÔ ÄÕÒÁÔÉÏÎ ɉʍ Ѐ πȢψσȠ P < 0.001; 95%CI; 0.52, 0.95). Locomotory 

ÓÐÅÅÄ ÁÎÄ ÍÏÖÅÍÅÎÔ ÄÕÒÁÔÉÏÎ ×ÅÒÅ ÁÌÓÏ ÓÉÇÎÉÆÉÃÁÎÔÌÙ ÃÏÒÒÅÌÁÔÅÄ ɉʍ Ѐ πȢχτȠ P < 

0.01; 95%CI; 0.32, 0.92). 

Regarding correlations between traits of different behaviours, we found that 

thanatosis duration was not significantly correlated with any of the three 

activity -metrics according to the Spearman correlation analyses 
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(Supplementary Table S1). However, contrary to this, thanatosis duration was 

weakly negatively correlated with distance moved (r = -0.51; P < 0.05; 95%CI; 

-0.80, -0.02) and locomotory speed (r = -0.52; P < 0.05; 95%CI; -0.81, -0.03), 

according to Pearson correlation analysis. No other significant correlations 

between traits of different behaviours were found (Supplementary Table S1 

and S2). 

Behavioural differences between individuals  

 

Figure 1. PCA on activity traits (speed = locomotory speed, distance moved, mov_duration = 

movement duration). The two axes explained 92.4% and 6.5% of the data variability, for a total 

of 98.9%. Distance moved, locomotory speed and movement duration were all negatively 

ÒÅÌÁÔÅÄ ÔÏ 0#ρ ɉÌÏÁÄÉÎÇÓ ÏÆ ϺρȢτχȟ ϺρȢτφ ÁÎÄ ϺρȢσωȟ ÒÅÓÐÅÃÔÉÖÅÌÙɊȢ $ÉÓÔÁÎÃÅ ÍÏÖÅÄ ɉ-0.23) and 

locomotory speed (-0.29) were negatively related to PC2, whereas movement duration (0.55) 

was positively related to PC2. 
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We first focused on behavioural differences between individuals, considering 

one behaviour at a time. PCA analyses performed on the separate activity traits 

did not reveal any clear behavioural groups, suggesting the presence of great 

behavioural variation between individuals (Figure 1). Duration of thanatosis  

Figure 2 . Distribution histogram of (A) thanatosis duration (mean of the two trials; seconds) 

and (B) frequency of distress calls (mean of the two trials; dimensionless) for the 16 individuals 

tested. 
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and the frequency of distress calls also varied from individual to individual. The 

distribution was right skewed in the case of thanatosis, with 87.5% of 

individuals showing values below 100 seconds (Figure 2A), and discrete in the 

case of frequency, with almost every dung beetle emitting a unique frequency 

(Figure 2B). 

We then tested for behavioural differences between individuals by considering 

all five repeatable behavioural traits together. In this all-inclusive analysis, the 

first two PCA axes accounted for 65.5% and 18.1% of the variability in the data, 

respectively, for a total of 83.6% (Figure 3). 

 

Figure 3.  PCA on all multiple behaviours (speed = locomotory speed, distance moved, 

mov_duration = movement duration). 
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The first PCA axis was negatively related to activity (locomotory speed, 

distance moved, movement duration, and frequency) and positively related to 

thanatosis (Table 2). This result is consistent with the negative correlation 

between the two behaviours we found in the previous Pearson correlation 

analyses. The second axis was related to frequency (Table 2). Individuals were 

quite well scattered across the PCA bi-dimensional space, suggesting that when 

all behaviours are considered together, each dung beetle displays a 

behavioural mix that distinguishes it from all the others. 

 

Table 2. Loadings of the first two PCA axes for each behavioural trait. 

Behavioural trait  PC1 loading PC2 loading 

Thanatosis 0.86 -0.53 

Locomotory speed -1.27 -0.02 

Distance moved -1.26 0.08 

Movement duration -1.20 0.09 

Frequency -0.58 -1.12 

 

Morphological differences between sexes 

Like in the other species of the genus Geotrupes, males and female of G. mutator 

can be distinguished by their leg morphology. In females the foretibia is 

enlarged whereas in males the legs are armed with small teeth (Baraud 1992). 

However, no significant differences were found in the size of any of the external 

morphological characteristics between the two sexes, even if there was a (non-

significant) trend for the tibia to be longer in males (Figure 4 and 

Supplementary Fig S3). The only measured trait that notably differentiated the 

two sexes was the morphology of the pars stridens. The number of parallel 

ridges was significantly higher in females than in males (F value = 98.49; P < 

0.001; Figure 4, on the right) and it was also significantly and positively 

correlated with body size (F value = 10.06; P < 0.01). 
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Figure 4.  Boxplots showing trends in body size [i.e., pronotum width (mm)], foretibia length 

(mm) and number of ridges of the pars stridens in the two sexes. 

 

Behavioural differences related to sex and body size 

All the morphological traits were isometric and positively correlated with 

ÏÖÅÒÁÌÌ ÂÏÄÙ ÓÉÚÅ ɉʍ І πȢωυɊȢ 4ÈÅÒÅÆÏÒÅȟ ÂÏÄÙ ÓÉÚÅ ÖÁÒÉÁÔÉÏÎ ×ÁÓ ÃÏÎÓÉÄÅÒÅÄ ÁÓ Á 

proxy of the variation in all other behavioural traits. To investigate the 

possibility that behavioural differences between individuals could be related 

to sex and/or body size, we considered: i) the relationship between each 

repeatable behavioural trait and body size, sex and their interactions using 

linear regressions; ii) the relationships between the PCA results, body size and 

sex (R2); and iii) the ordination of males and females in the PCA biplots. 

Linear regressions of single behavioural traits (thanatosis, locomotory speed, 

distance moved, movement duration, and frequency) did not reveal any 

significant differences related to sex or body size. The lack of an effect due to 

sex was also apparent when considering thanatosis and distress call 

histograms, with males and females intermixed (Figure 2).  
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Analogously, no significant relationships were found between the results of 

either PCA (PCA on activity traits and PCA on all multiple behaviours) and body 

size, tibia length or sex. Nevertheless, the effect of sex was almost significant in 

both analyses (PCA on activity traits: R2 = 17.39%, P = 0.061; PCA on all traits: 

R2 = 18.21%, P = 0.054), and this tendency was also supported by the PCA 

ordinations, which placed six males out of ten in the right part of the biplots 

(Figures 1 and 3). 

 

Discussion  

The present study found all activity and thanatosis traits to be repeatable. By 

contrast, two of the bioacoustics traits assessed (i.e., median amplitude 

envelope and spectral flatness) were poorly repeatable, whereas the 

repeatable one (i.e., frequency) was likely conditioned by the morphology of 

the stridulatory apparatus. 

Expression of temperament and behavioural syndromes in activity and 

thanatosis  

We found fine levels of individual repeatability in all behavioural traits 

regarding locomotor activity (distance moved, locomotory speed, and 

movement duration) and thanatosis duration, in keeping with previous 

observations in Copris umbilicatus (Natta et al. 2023) and Onthophagus spp. 

(Kerman et al. 2023).  

The negative correlation between the duration of thanatosis and locomotor 

activity (Pearson correlation and PCA ordination) indicates that bolder 

individuals exhibit shorter thanatosis and higher locomotor activity in contrast 

with fearful individuals, whi ch display longer thanatosis and poor locomotor 

activity. The same results were obtained in C. umbilicatus (Natta et al. 2023). 

Activity and thanatosis have often been used to describe repeatable behaviours 

in insects (Nakayama et al. 2010; Labaude et al. 2018; Konishi et al. 2020; 
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Matsumura et al. 2022), and, as in the present, several cases of negative 

correlation between activity and thanatosis have previously been observed, 

with individuals showing shorter periods of thanatosis consistently being the 

most active (Nakayama et al. 2010; Konishi et al. 2020; Matsumura et al. 2022). 

Expression of temperament in sound emission  

In the present study, only one of the three distress call traits were found to be 

highly repeatable, contrasting with previous finding for C. umbilicatus, in which 

all three of these traits were highly repeatable (Natta et al. 2023). Theoretically, 

this could suggest that subsociality and/or sexual horn dimorphism favour 

interactions that trigger the expression of temperament in sound emissions. 

This hypothesis makes sense because sound interactions in dung beetles are 

particularly complex and play a role in different biological processes. For 

instance, male dung beetles have been observed to produce stridulations 

during courtship to advertise their qualities as potential mates (Hirschberger 

2001; Kasper and Hirschberger 2005a). Furthermore, the same studies found 

that females may only copulate with males that produce complex courtship 

calls characterised by a high repetition rate (Hirschberger 2001; Kasper and 

Hirschberger 2005a). 

At the same time, the revelation that the microscopic structure of the pars 

stridens (the number of ridges) is different in the two sexes raises doubts about 

whether the sounds produced by dung beetles are conditioned by the 

morphology of the stridulating apparatus. Certain spectrographic traits are 

certainly constrained by morphology. In the genus Trypocopris, for instance, 

the duration of sound emission was positively correlated with the length of the 

pars stridens, and the sub-pulse rate was negatively related to the distance 

between two consecutive edges (Carisio et al. 2004). Moreover, Kasper and 

Hirschberger (2005b) hypothesized that in some species of the genus Aphodius 

song frequency may be correlated to the density of the ridges of the pars 
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stridens, and that smaller species generally sing at a higher speed because they 

are capable of faster abdomen movements.  

Certain bioacoustics traits, however, are completely independent of 

morphology because they depend on accidental or individual choices. For 

instance, the tendency to stridulate can be assumed to be a good indicator of 

temperament, with the more interactive individuals stridulating more 

frequently than others. In C. umbilicatus we were able to demonstrate that the 

tendency to stridulate was significantly correlated with any of the three 

selected acoustic parameters, suggesting that their high repeatability 

depended, for a good part, on the expression of that temperament (Natta et al. 

2023). On the contrary, the tendency to stridulate in G. mutator was similar 

across most individuals. 

The poor level of repeatability in two acoustic traits (out of the three assessed) 

and the relative stability of the tendency to stridulate in G. mutator, in contrast 

with what we saw in C. umbilicatus, may depend on the different structure of 

the two stridulatory systems (coxo-abdominal in Geotrupes and elytro-

abdominal in Copris) (Kerman et al. 2021; Natta et al. 2023). Whatever the 

answer, the stridulation-related results of the present study suggest that 

caution be taken when using bioacoustic traits as expressions of temperament 

in dung beetles. 

Behavioural differences between individuals and the constraints of sex and 

body size 

The behavioural studies assumed that the more individual beetles were similar 

in their morpho-anatomical and sex-related characteristics, the greater any 

behavioural differences identified would reflect differences in temperament. 

We must underline how the body size was isometric and positively and 

significantly correlated with all the other morphological variables measured. 

Therefore, variation in body size was used as a proxy for variation in all other 
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morphological features; for example, as body size increases, the length of the 

tibia and femur also increases. First, we demonstrated that the degree of 

behavioural response to stimuli varies across conspecifics, and that this was 

the case both when considering each of the three behaviours individually and 

when considering them all together. Then, we demonstrated that neither sex 

nor body size could explain these differences. These results support the 

hypothesis that interindividual behavioural differences are mostly dependent 

on temperament differences, at least in relation to activity and thanatosis traits, 

which may be considered reliable indicators of temperament. We could not test 

the hypothesis that differences in behaviour may depend on age because all our 

individuals were adults. Therefore, further research will need to be conducted 

in the future in this regard. 

Our results did not reveal a statistically significant effect of sex on 

temperament. However, the presence of almost significant values suggests that 

potential differences may exist between the sexes but were undetected due to 

an insufficient sample size due to splitting of the sample. Inter-sex differences 

have even been observed in personal traits such as exploration (Schuett and 

Dall 2009), boldness (Hedrick and Kortet 2012), activity (Wexler et al. 2016), 

and aggressiveness (Han and Dingemanse 2017). In locomotor activity, sex 

differences emerged in O. furcatus, with males showing a more active 

temperament than females (Kerman et al. 2023). As for sound emission, 

Palestrini et al. (1988) found the repetition rates of pulse trains to be higher in 

male individuals of Geotrupes stercorarius than in females, whereas Kerman et 

al. (2021) found the sound frequencies and pulse rates emitted by large males 

of Copris lunaris to be different from those of females. 

That said, the existence of behavioural differences between the sexes does not 

exclude the possibility of individual temperaments.  For instance, whilst males 
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can move further than females, individuals within each sex can also display 

different aptitudes for movement. 

Conclusions 

Very few studies have addressed the expression of temperament in dung 

beetles. Those doing so only looked at subsocial and sexual horn dimorphic 

species, implicitly indicating subsociality and/or sexual horn-dimorphism as 

possible facilitators of temperament expression. To test this assumption, we 

conducted a temperament study in a hornless, non-subsocial species, namely 

Geotrupes mutator. We found moderate to high levels of individual 

repeatability in all activity - and thanatosis-related traits. Statistical analyses 

revealed also a negative correlation between activity and thanatosis. The 

present research, although based on a small number of individuals, indicates 

therefore that the temperament and behavioural syndromes can be expressed 

in dung beetle species independently of sexual horn dimorphism and 

subsociality. Considering that dung beetles are subject to predation by various 

birds and mammals, the study also suggests that the expression of anti-

predator tactics (namely, activity -in the form of fleeing-and thanatosis) is 

necessary to ensure the survival of these species. 

The results relating to distress signals were more controversial. We found a 

poor repeatability in two traits which were, by contrast, highly repeatable in 

Copris umbilicatus, a subsocial and sexual horn dimorphic species. This could, 

in theory, suggest that subsociality and sexual horn dimorphism are facilitators 

of bioacoustics temperament. On the other hand, the dependence of the 

repeatable trait (frequency of sound emitted) on the morphological 

characteristics (the microscopic structure of the pars stridens) indicates that 

certain sound traits may not be good descriptors of temperament differences 

between individuals. By consequence further research needs to be conducted 

in this regard. 
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Supplementary Materials  

 

Figure S1. The following linear measurements (expressed in mm) were taken using the 

software LAS-Leica Application Suite (Leica Microsystems AG, Wetzler, Germany):  

1) head maximum width 

2) maximum pronotum width (used as a good proxy of dung beetle body size) 

3) elytron width (from the base of scutellum to the side margin) 

4) maximum hindwing length 

5) foretibia length 

6) fore femur length 

7) median femur length 

8) hind femur length 
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Figure S2. (A) The pars stridens is on the hind coxa, with (B) magnified details of the carina 

with ridges arranged in parallel series. We counted the number of ridges present in a 0.5 mm 

wide band of the carina. 

 

Table S1. Spearman's rank correlation coefficients of repeatable behavioural traits. Median 

amplitude envelope and spectral flatness were poorly repeatable and were not considered. 

"ÅÈÁÖÉÏÕÒÁÌ ÔÒÁÉÔ ρ "ÅÈÁÖÉÏÕÒÁÌ ÔÒÁÉÔ ς 3ÐÅÁÒÍÁÎ ʍ ωυϷ #) 0ȤÖÁÌÕÅ 

$ÉÓÔÁÎÃÅ ÍÏÖÅÄ 
4ÈÁÎÁÔÏÓÉÓ ÄÕÒÁÔÉÏÎ ȤπȢσψ ȤπȢχτȟ πȢρχ τȢυωυ 

&ÒÅÑÕÅÎÃÙ πȢςψ ȤπȢςφȟ πȢφψ τȢχτφ 

,ÏÃÏÍÏÔÏÒÙ ÓÐÅÅÄ 
4ÈÁÎÁÔÏÓÉÓ ÄÕÒÁÔÉÏÎ ȤπȢτχ ȤπȢχωȟ πȢπφ τȢτϊω 

&ÒÅÑÕÅÎÃÙ πȢτρ ȤπȢρσȟ πȢχφ τȢυυϋ 

-ÏÖÅÍÅÎÔ ÄÕÒÁÔÉÏÎ 
4ÈÁÎÁÔÏÓÉÓ ÄÕÒÁÔÉÏÎ ȤπȢσφ ȤπȢχσȟ πȢρψ τȢυϊύ 

&ÒÅÑÕÅÎÃÙ πȢσχ ȤπȢρψȟ πȢχτ τȢυϊφ 

4ÈÁÎÁÔÏÓÉÓ ÄÕÒÁÔÉÏÎ &ÒÅÑÕÅÎÃÙ ȤπȢρφ ȤπȢφρȟ πȢσχ τȢωωχ 

 

 

Table S2. Pearson's correlation coefficients of repeatable behavioural traits. Median amplitude 

envelope and spectral flatness were poorly repeatable and were not considered. 

"ÅÈÁÖÉÏÕÒÁÌ ÔÒÁÉÔ ρ "ÅÈÁÖÉÏÕÒÁÌ ÔÒÁÉÔ ς 0ÅÁÒÓÏÎ Ò ωυϷ #) 0ȤÖÁÌÕÅ 

$ÉÓÔÁÎÃÅ ÍÏÖÅÄ 
4ÈÁÎÁÔÏÓÉÓ ÄÕÒÁÔÉÏÎ ȤπȢυρ ȤπȢψπȟ ȤπȢπς τȢτψω 

&ÒÅÑÕÅÎÃÙ πȢσρ ȤπȢςςȟ πȢχπ τȢφωτ 

,ÏÃÏÍÏÔÏÒÙ ÓÐÅÅÄ 
4ÈÁÎÁÔÏÓÉÓ ÄÕÒÁÔÉÏÎ ȤπȢυς ȤπȢψρȟ ȤπȢπσ τȢτχύ 

&ÒÅÑÕÅÎÃÙ πȢσψ ȤπȢρτȟ πȢχτ τȢυψυ 

-ÏÖÅÍÅÎÔ ÄÕÒÁÔÉÏÎ 
4ÈÁÎÁÔÏÓÉÓ ÄÕÒÁÔÉÏÎ ȤπȢτω ȤπȢχωȟ πȢππ τȢτωφ 

&ÒÅÑÕÅÎÃÙ πȢςω ȤπȢςτȟ πȢφω τȢφϋχ 

4ÈÁÎÁÔÏÓÉÓ ÄÕÒÁÔÉÏÎ &ÒÅÑÕÅÎÃÙ ȤπȢρς ȤπȢυψȟ πȢτπ τȢϊϋτ 
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Figure S3. Boxplots showing trends in all the morphological measurement in the two sexes. 
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Abstract  

The gut microbiota of dung beetles includes bacteria, archaea, and fungi. Most 

studies have considered the bacterial element only and focused on differences 

between species reared in the lab. This study considered microorganisms from 

the gut of Trypocopris pyrenaeus and concentrated on differences among wild 

individuals of an alpine Italian population. We revealed remarkable 

interindividual differences in the taxonomic composition of microbiota. Core 

taxa were very few, while individuals harboured many exclusive taxa. Thus, 

considering only a few individuals to describe the microbiota of a species is not 

appropriate. The study also revealed that the nMDS ordination of individuals 

based on prokaryotes was different from that based on fungi, meaning that 

both groups should be considered in microbiota analyses and that one microbic 

group cannot be considered a surrogate of the other. We identified many 

functions potentially provided by the microbiota and found the taxonomic 

richness of prokaryotes to be positively correlated with their functional 

richness. The analysis of the functions potentially provided by these 

microorganisms confirmed that the gut microbiota, in addition to being 

essential for the health of their host, may also contribute to the effective 

functioning of the ecosystems of which dung beetles are part. 

 

Keywords: digestive tract, coprophagy, ecological functions, bacteria, archaea, 

fungi, alpha diversity, functional diversity, core taxa 

 

  



 

95 

 

Introduction  

Dung beetles (Coleoptera, Scarabaeoidea) are ecosystem engineers that 

provide multiple functions and ecosystem services in many environments 

worldwide. As specialised decomposers feeding on vertebrate faeces, they are 

involved in numerous ecosystem processes such as dung removal and burial, 

nutrient cycling, plant growth enhancement, pest prevention and secondary 

seed dispersal (Losey & Vaughan, 2006; Nichols et al., 2008; Nervo et al., 2017; 

Piccini et al., 2018, 2020). 

The growth and development of dung beetles, as well as their ecological and 

evolutionary success, depends on their gut microbiota, the characteristics of 

which allow them to cope with a nutritionally limited food source, namely 

mammal dung (Holter, 2016; Thiyonila et al., 2018; Winfrey & Sheldon, 2021; 

Macagno & Moczek, 2023). Recent studies clearly show the dung beetle 

microbiota to comprise a heterogeneous group of organisms, including 

bacteria, archaea and fungi (Franzini et al., 2016; Suárez-Moo et al., 2020; Ebert 

et al., 2021; Jácome-Hernández et al., 2023). 

Part of the microbiota of dung beetles seems to have a parental vertical 

derivation (Estes et al., 2013; Ebert et al., 2021). In various dung beetle genera, 

multiple other factors shape the taxonomic composition of the gut microbiota 

ÉÎ ÁÄÄÉÔÉÏÎ ÔÏ ÐÁÒÅÎÔÁÌ ÖÅÒÔÉÃÁÌ ÄÅÒÉÖÁÔÉÏÎȠ ÔÈÅÙ ÉÎÃÌÕÄÅ ÔÈÅ ÉÎÓÅÃÔȭÓ 

developmental stage (Suárez-Moo et al., 2020), phylogeny and the resulting 

differences in gut morphology (Ebert et al., 2021), the transmission of obligate 

and facultative symbiotic bacteria (Kucuk, 2020), their evolutionary history 

and local environmental conditions (Parker et al., 2019, 2020) and, of course, 

the specifics of their diet (Franzini et al., 2016; Shukla et al., 2016; Kolasa et al., 

2019). Vertebrate dung contains many different microorganisms (Wan et al., 

2021) that can be acquired by dung beetles through the consumption of 

different types of faeces. Therefore, to capture naturally occurring variability 
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in the microbiota between individuals, it is essential that wild animals are 

studied, rather than those reared in the laboratory (Franzini et al., 2016). 

The dung beetle bacterial microbiota includes Proteobacteria, Bacteroidetes, 

Firmicutes and Actinobacteria (Kolasa et al., 2019; Suárez-Moo et al., 2020). 

Archaea have not been considered to be a fundamental component of dung 

beetle microbiota (Hammer et al., 2016; Ebert et al., 2021; Winfrey & Sheldon, 

2021). The gut archaeome of dung beetles mainly includes Euryarchaeota taxa 

belonging to the class Methanobacteria (Ebert et al., 2021). Similarly, only few 

studies have focused on the fungi colonising the dung beetle gut (Franzini et al., 

2016; Kim et al., 2021; Nwaefuna et al., 2023). Ascomycota is the dominant 

phylum in the gut microbiota of dung beetles (Franzini et al., 2016).  

Gut microbes facilitate digestion, and thus the provision of essential nutrients, 

vitamin production and protein hydrolysis, and protect the insect host from 

pathogens (Thiyonila et al., 2018; Van Arnam et al., 2018; Kolasa et al., 2019; 

Jing et al., 2020; Suárez-Moo et al., 2020; Wang et al., 2020). These organisms 

play a crucial role because they provide essential enzymes such as laccase, 

ligninolytic peroxidase, protease, lipase and glycoside hydrolase ɀ enzymes 

required for the breakdown of otherwise unpalatable recalcitrant compounds 

such as cellulose, lignin and chitin (Estes et al., 2013; Shukla et al., 2016; 

Mabhegedhe, 2017; Schapheer et al., 2021; Lou et al., 2022). By consequence, 

these gut microbes are thought to play two fundamental roles: on the one hand, 

they allow dung beetles to feed and survive, on the other, by influencing dung 

beetle survival and physiology, they play a significant role in the material-

degrading cycle of the ecosystem in which their hosts live. The importance of 

cellulose degradation by microorganisms has also been highlighted by several 

studies that have focused on investigating the dung beetle gut (and thus its 

microbes) as a bioreactor for biofuel production from cellulose (Mabhegedhe, 

2017; Nwaefuna et al., 2021).  
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Although a small number of studies have now established the role of fungi as 

endosymbionts of various insect species, which benefit from these 

microorganisms in terms of nutrition, detoxification and nitrogen-recycling, 

most other studies addressing the dung beetle gut microbiota have solely 

focused on its bacterial component (Gibson & Hunter, 2010). However, due to 

the ability of fungi to degrade lignocellulose and act themselves as substrates 

for other microorganisms, they also play an important role in dung 

decomposition (Franzini et al., 2016; Sarrocco, 2016; Andlar et al., 2018; 

Dashora et al., 2023).  

Studies on the gut microbiota of dung beetles have mainly focused on 

interspecific differences (Kumari et al., 2018; Parker et al., 2019, 2020, 2021; 

Ebert et al., 2021; Winfrey & Sheldon, 2021) or intraspecific differences 

between developmental stages (Shukla et al., 2016; Suárez-Moo et al., 2020). In 

some studies, in order to characterise the gut microbiota of just a few selected 

dung beetle species, numerous individuals of each species were sampled and 

homogenised before analysis (Estes et al., 2013; Hernández et al., 2015), 

effectively eliminating the possibility of analysing interindividual variability. 

By consequence, very little is known about the microbiota differences among 

conspecifics of the same population. The only exception to our knowledge is 

(Franzini et al., 2016), which found marked interindividual differences in the 

gut-dwelling bacteria and fungi of Pachysoma dung beetles. 

The goal of the present study was to describe and compare the gut microbiota 

of wild adult individuals of Trypocopris pyrenaeus (Charpentier, 1825), a dung 

beetle species widely distributed across Europe that feeds on the faeces of 

several vertebrate species (Dormont et al., 2007). To this end, we collected 

individuals from a single alpine population, preserved them in absolute ethanol 

and analysed the taxonomic and functional diversity of the bacteria, archaea 

and fungi present in their guts. 
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Materials and Methods  

Material collection and identification  

Ten adult individuals (5 females and 5 males) of T. pyrenaeus were collected in 

the Western Italian Alps, Bocchetto Sessera, Piedmont (45.664°N, 8.062°E) on 

10.IX.2021; specimens were detected by sight as they moved on the ground or 

by examining deposits of mammal dung. The Palearctic genus Trypocopris 

(Geotrupidae) comprises seven medium-sized coprophagous species of similar 

morphology (Schoolmeesters, 2023), for instance, T. pyrenaeus and T. vernalis 

(Linnaeus, 1758) are barely distinguishable (Baraud, 1992). Furthermore, T. 

pyrenaeus is polytypic, and subspecies that show subtle differences in body 

size, colour and punctuation of the pronotum possess concordant 

mitochondrial DNA differences (Carisio et al., 2004). Thus, following a 

preliminary morphological identification process based on external 

morphological traits (Baraud, 1992), we also tested for species identity and 

genetic structure by means of DNA barcoding techniques. Specific assignment 

and the genetic distance between the individuals collected from Bocchetto 

Sessera versus other alpine sites were also tested using the barcoding method 

[see Additional file 1]. 

Gut removal 

Collected individuals were immediately euthanised by submersion in absolute 

ethanol. Once in the lab, dung beetles were dissected to extract the entire gut. 

The dissection tools were sterilized using a 30% sodium hypochlorite solution, 

then washed in distilled water. Once removed, the gut was preserved in 

absolute ethanol. 

Microbiota DNA extraction  

DNA was extracted, using a CTAB method (Rogers & Bendich, 1985; Doyle & 

Doyle, 1990) subjected to slight modifications. Samples were centrifuged at 

14000 rpm for 10 min to remove the ethanol, then frozen in liquid nitrogen. 
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Frozen samples were disrupted using the TissueLyser II (QIAGEN, Milano, 

Italy) (2 rounds of 2 min at 18 Hz). The disrupted tissues were mixed with 1 

mL of pre-warmed (65°C) CTAB extraction buffer (2% w/v CTAB; 100 mM 

Tris- HCl; 20 mM EDTA; 1.4 M NaCl; 2% w/v polyvinylpyrrolidone K30) 

supplemented with proteinase K (1 mg/mL) and RNase A (10 mg/mL), then 

incubated at 65°C for 1.5 h. Samples were then centrifuged at 10000 rpm for 

10 min and the liquid phase transferred to a new 2 mL microfuge tube and an 

equal volume of phenol:chloroform:isoamyl alcohol (25:24:1) added, mixed 

several times by inversion, incubated at 4°C per 20 min and centrifuged for 10 

min at 10000 rpm. The aqueous phase was transferred into a new 2 mL 

microfuge tube and an equal volume of chloroform:isoamyl alcohol (24:1) 

added, mixed several times by inversion and centrifuged for 10 min at 10000 

rpm (this step was repeated twice). The upper aqueous phase was collected 

and transferred into a new 1.5 mL tube for DNA precipitation, achieved by 

adding 2/3 of the recovered volume of 2-propanol and incubating for 20 min 

at -ςπЈ#Ȣ 3ÁÍÐÌÅÓ ×ÅÒÅ ÔÈÅÎ ÃÅÎÔÒÉÆÕÇÅÄ ÁÎÄ ×ÁÓÈÅÄ ×ÉÔÈ ςππ ʈ, ÏÆ ÉÃÅ-cold 

χπϷ ÅÔÈÁÎÏÌ ɉρ ÍÉÎ ÁÔ ρτπππ ÒÐÍɊȢ .ÅØÔȟ ÓÁÍÐÌÅÓ ×ÅÒÅ ÒÅÓÕÓÐÅÎÄÅÄ ÉÎ ρππ ʈ, 

of sterile distilled water and stored at -20°C. Finally, DNA quality was assessed 

using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Courtaboeuf, 

France) then the samples were quantified using the Qubit dsDNA BR Assay kit 

and the Qubit Fluorometer 2.0 following the manufacturer's protocol. 

A DNA metabarcoding approach was used to investigate the dung beetle 

microbiota: for the prokaryotic component, 16S rRNA gene was amplified 

ÕÓÉÎÇ ÔÈÅ ÐÒÉÍÅÒ ÓÅÔ υρυÆ" ɉυᴂɀGTGYCAGCMGCCGCGGTAAɀσᴂɊ ɉ0ÁÒÁÄÁ et al., 

ςπρφɊ ÁÎÄ ψπφÒ" ɉυᴂɀGGACTACNVGGGTWTCTAATɀσᴂɊ ɉ!ÐÐÒÉÌÌ et al., 2015); 

for the fungal component, the nuclear ribosomal ITS2 region was amplified 

ÕÓÉÎÇ ÔÈÅ ÐÒÉÍÅÒ ÐÁÉÒ Æ)43ω ɉυᴂɀ GAAC-GCAGCRAAIIGYGAɀσᴂɊ ɉ'ÁÒÄÅÓ Ǫ "ÒÕÎÓȟ 

ρωωσɊ ÁÎÄ )43τ ɉυᴂɀTCCTCCGCTTATTGATATGCɀσᴂɊ ɉ)ÈÒÍÁÒË et al., 2012). The 
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following Illumina overhang adapter sequences were added to the primer 

ÐÁÉÒÓȡ ÆÏÒ×ÁÒÄ ÏÖÅÒÈÁÎÇȡ υᴂ-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-

ɍÌÏÃÕÓ ÓÐÅÃÉÆÉÃ ÔÁÒÇÅÔ ÐÒÉÍÅÒɎȠ ÒÅÖÅÒÓÅ ÏÖÅÒÈÁÎÇȡ υᴂ-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-[locus specific target primer]. 

PCR reactions were performed using 0.4U of Phusion High Fidelity DNA 

polymerase (Thermo Fisher Scientific, Courtaboeuf, France), 19 Phusion HF 

ÂÕÆÆÅÒȟ πȢυ ʈ- ÏÆ ÅÁÃÈ ÐÒÉÍÅÒȟ πȢς Í- ÏÆ ÅÁÃÈ Ä.40 ÁÎÄ ρʈÌ ÏÆ ÇÅÎÏÍÉÃ $.! 

ɉςπ ÎÇɊ ÉÎ Á ÆÉÎÁÌ ÖÏÌÕÍÅ ÏÆ ςυʈÌȢ &ÏÒ the prokaryotic community, the PCR 

cycling programme was as follows: an initial step at 94°C for 3 min, 30 cycles 

at 94°C for 45 s, 57°C for 45 s, 72°C for 60 s and a final extension step of 72°C 

for 10 min. For fungal community, the PCR cycling programme was as follows: 

an initial step at 95°C for 15 min, 35 cycles at 95°C for 35 s, 55°C for 35 s,72°C 

for 45 s, and a final extension step of 72°C for 7 min.  

Extracted DNA was amplified in triplicate and pooled prior to purification 

using Wizard® SV Gel and the PCR Clean-Up System (Promega). PCR purified 

products were quantified using the Qubit dsDNA BR Assay kit and Qubit 

Fluorometer 2.0 following the manufactÕÒÅÒȭÓ ÐÒÏÔÏÃÏÌ ÁÎÄ ÓÅÎÔ ÔÏ )'! 

technologies (Udine, Italy) for Illumina MiSeq sequencing (2 × 250 bp). 

Unfortunately, we had to exclude one individual (a male) from the analysis as 

the DNA amplification step failed. Therefore, the results refer to 9 individuals 

(5 females and 4 males). 

Bioinformatic and statistical analyses  

The following bioinformatic analysis was conducted for bacteria, archaea, and 

fungi. Sequencing adapters and primers were removed, and then the sequences 

were analysed by means of the microbiome bioinformatics platform QIIME2 

(Quantitative Insights Into Microbial Ecology 2, v. 2019.7 (Bolyen et al., 2019). 

Denoising and quality control, including removal of chimeras, were achieved 

using the DADA2 (Callahan et al., 2016) plugin (qiime dada2 denoise-paired), 
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ÁÎÄ ÔÈÅ ÃÈÉÍÅÒÁ ÃÈÅÃË ×ÁÓ ÄÏÎÅ ÂÙ ÍÅÁÎÓ ÏÆ ÔÈÅ ÍÅÔÈÏÄ ȰÃÏÎÓÅÎÓÕÓȱȢ 

Operational taxonomic units (OTUs) were identified using the qiime2 plugin 

ȰÃÌÕÓÔÅÒ-features-de-ÎÏÖÏȱȟ ÁÎÄ Á ÐÅÒÃÅÎÔÁÇÅ ÉÄÅÎÔÉÔÙ ÔÈÒÅÓÈÏÌÄ ÏÆ ωχϷ ×ÁÓ 

applied. 

The taxonomic assignment of the prokaryotic community was achieved using 

the Silva 138 99% OTUs full-length sequences database (Bokulich et al., 2018; 

Robeson et al., 2021), whereas for fungi we used the UNITE Community (2019): 

UNITE QIIME release for fungi v.10.05.2021 (Abarenkov et al., 2021). 

0ÈÙÌÏÇÅÎÅÔÉÃ ÔÒÅÅÓ ×ÅÒÅ ÇÅÎÅÒÁÔÅÄ ÂÙ ÔÈÅ 1))-%ς ÐÌÕÇÉÎ ȰÑÉÉÍÅ ÐÈÙÌÏÇÅÎÙ 

align-to-tree-mafft-ÆÁÓÔÔÒÅÅȱȢ 4ÈÅ ÏÕÔÐÕÔÓ ÏÆ ÔÈÅ 1))-%ς ÐÉÐÅÌÉÎÅ 

ȰÔÁØÏÎÏÍÙȢÑÚÁȱȟ ȰÏÔÕͺÔÁÂÌÅȢÑÚÁȱ ÁÎÄ ȰÒÏÏÔÅÄ-ÔÒÅÅȢÑÚÁȱȟ ÔÏÇÅÔÈÅÒ ×ÉÔÈ ÔÈÅÉÒ 

metadata files, were then imported into Rstudio (RStudio Team 2016) to create 

phyloseq objects using the R package qiime2R v.0.99.6 (Bisanz, 2018). 

The phyloseq objects were used for the following diversity analyses. To allow 

for comparisons of samples with non-uniform coverage, the OTU tables were 

normalised by means of the rarefy_even_depth function of the R package 

phyloseq v.1.36.0 (McMurdie & Holmes, 2013). The function rarecurve of the R 

package vegan v2.6-2 (Oksanen et al., 2020) was adopted to obtain rarefaction 

curves of the rarefied OTU table. Biodiversity analyses were carried out by 

comparing the richness of microbial communities. The alpha diversity was 

ÅÖÁÌÕÁÔÅÄ ÕÓÉÎÇ ÆÏÕÒ ÅÓÔÉÍÁÔÏÒÓȡ Ȱ/ÂÓÅÒÖÅÄ /45Óȱ ɉÉȢÅȢȟ ÃÏÍÐÁÒÁÂÌÅ ÔÏ ÔÈÅ 

ÓÐÅÃÉÆÉÃ ÒÉÃÈÎÅÓÓ ÏÆ ÉÎÓÅÃÔ ÃÏÍÍÕÎÉÔÉÅÓɊȟ Ȱ#ÈÁÏρȱȟ Ȱ3ÉÍÐÓÏÎȱ ÁÎÄ Ȱ3ÈÁÎÎÏÎȱ ÂÙ 

means of the functions esti-mate_richness and plot_richness of the R package 

phyloseq. The degree of correlation between these diversity indices was tested 

using a Spearman correlation matrix. The effect of sex on alpha diversity 

indices was tested separately on prokaryotes and fungi using t-tests. 

For both prokaryotes and fungi, dissimilarity among individuals was visualised 

through a non-metric multidimensional scaling (nMDS) based on a Bray-Curtis 
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distance matrix of OTU composition. Stress was used as a measure of goodness 

of fit. The correlation between the nMDS of prokaryotes and fungi was 

calculated and tested for significance with a protest (Louca et al., 2016). nMDS 

and protest were performed using the R package vegan v2.6-2 (Oksanen et al., 

2020). A permutational multivariate analysis of variance (PERMANOVA) using 

distance matrices was performed with the adonis2 function of the same R 

package to evaluate the effect of sex on microbial community composition.  

The trophic behaviours of the recovered prokaryotes and fungi communities 

were assessed using FAPROTAX: Functional Annotation of Prokaryotic Taxa v. 

1.2.6 (Louca et al., 2016) and R package FUNGuild (Nguyen et al., 2016), 

respectively.  

The correlation between taxonomic and functional richness was calculated 

ÕÓÉÎÇ ÔÈÅ 3ÐÅÁÒÍÁÎȭÓ ÒÁÎË ÃÏÒÒÅÌÁÔÉÏÎ ÃÏÅÆÆÉÃÉÅÎÔ ÆÏÒ ÂÏÔÈ ÂÁÃÔÅÒÉÁ ÁÎÄ ÁÒÃÈÁÅÁ 

at the OTU and family levels. The correlation was not calculated for Fungi 

because of the low interindividual variability in trophic mode richness. 

Figures were generated using the R package ggplot2 v. 3.3.6 (Wickham, 2016) 

and the plotrix package (Lemon, 2006). Flower plots were generated using a 

custom script, available upon request. 

Defining core microbiota and abundance of each taxon  

Because microorganisms constitute a large part of the dung beetle diet, it is 

important to distinguish between the microorganisms stably associated with a 

beetle versus those that are transient and presumably environmentally 

acquired (Ebert et al., 2021). To this end, we identified core OTUs and core 

families of bacteria, archaea, and fungi as those OTUs and families shared by at 

least 7 out of the 9 individuals analysed. The number of core families and OTU 

of prokaryotes and fungi were then divided by the total number of families and 

OTUs, respectively, to calculate the proportions that these taxa contributed to 

the overall gut microbiota.  
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The quantitative contribution (i.e. abundance, number of reads) of each 

bacterial, archaeal and fungal taxon was calculated as the ratio between the 

number of reads of each individual microbial taxon (a certain phylum, class, 

family, etc.) and the total reads of all taxa in the nine individuals.  

In analogy to the taxonomy of the microbiota, cores and abundances were also 

calculated for prokaryotic functions and fungal trophic modes. 

 

Results 

Individual identification via barcoding  

DNA barcoding for species assignment confirmed that all the individuals 

collected were indeed T. pyrenaeus. DNA analyses showed the individuals to be 

closely related and distant from other samples collected in the Western Italian 

Alps, corroborating our assumption that they belonged to the same population 

[see Additional file 1]. 

Microbiota taxonomic diversity  

Alpha diversity 

The bioinformatic analysis of prokaryotic DNA gave rise to 52,842 high-quality 

sequences. Following subsampling, 3676 sequences per sample were retained 

at a uniform sequencing depth, clustered in 398 OTUs (392 bacterial and 6 

archaeal OTUs). For fungi, we obtained 108,111 high-quality sequences; sub-

sampling identified 8579 sequences per sample at a uniform sequencing depth, 

clustered in 201 OTUs. We found large variations in the number of prokaryotic 

and fungal reads per individual, ranging from 3676 to 9241 for prokaryotes, 

and from 8579 to 17251 for fungi. However, rarefaction analysis [see 

Additional file 2 ɀ Fig. S3A and S3B] and the Chao1 diversity index (Table 1) 

confirmed the sample coverage of T. pyrenaeus prokaryotic and fungal gut 

communities to be sufficient in each individual; specifically, rarefaction curves 

tended quickly to the asymptote and the Chao1 index showed values very close 
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to or equal to the number of OTUs. Furthermore, the number of reads and 

observed OTUs per individual were not significantly correlated. 

All bacterial, archaeal and fungal OTUs were assigned with certainty to the 

kingdom and phylum, whereas the taxonomic classification below the phylum 

level showed different rates of uncertainty depending on whether we 

considered prokaryotic or fungal OTUs [Additional file 2 ɀ Fig. S4]. 

 

Table 1. Individual alpha diversity. Numbers of reads, operational taxonomic units (OTUs), 

families and phyla and diversity indices for prokaryotic and fungal gut communities of T. 

pyrenaeus. All values were calculated from rarefied reads (i.e., 3676 for prokaryotes and 8579 

for fungi). For prokaryotes we identified 398 OTUs classified into 110 families and 23 phyla; of 

these, 6 OTUs from 2 families and 2 phyla belonged to the archaea. For fungi, we identified 201 

OTUs classified into 85 families and 6 phyla. Individuals are sorted by sex (F: female, M: male).  

  Individual  
Number 

of reads 

Observed 

OTUs 
Families  Phyla Chao1 Simpson Shannon 

Prokaryotes 

F1 4706 116 54 18 119.00 0.98 4.39 

F2 4890 76 48 13 76.00 0.97 3.86 

F3 6742 60 32 13 60.00 0.73 2.62 

F4 3676 26 21 8 26.00 0.63 1.63 

F5 6991 67 38 9 67.33 0.97 3.81 

M1 7707 82 32 10 82.00 0.96 3.81 

M2 4507 32 19 4 32.00 0.91 2.93 

M3 4328 34 27 12 34.00 0.37 1.14 

M4 9241 87 34 8 87.00 0.98 4.07 

Fungi 

F1 17251 42 24 3 42.00 0.93 3.08 

F2 14097 35 23 2 35.00 0.80 2.37 

F3 12783 41 24 2 41.00 0.57 1.77 

F4 9634 14 8 2 14.00 0.16 0.47 

F5 11397 41 23 2 41.00 0.91 2.96 

M1 8579 49 30 4 49.00 0.83 2.82 

M2 10990 17 12 2 17.00 0.90 2.53 

M3 9821 32 23 3 32.00 0.92 2.97 

M4 13559 44 23 3 44.00 0.66 2.17 

 

The alpha diversity indices obtained showed great variation between the nine 

individuals studied (Table 1); for instance, the number of observed prokaryotic 
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OTUs varied between 26 and 116, while the number of fungal OTUs varied 

between 14 and 49. Analogously, the Shannon diversity index of prokaryotes 

varied between 1.14 and 4.39, while that of fungi varied between 0.47 and 3.08. 

Alpha diversity indices were consistently high in certain individuals (e.g., F1) 

and consistently low in others (e.g., F4). In most individuals, the number of 

prokaryotic taxa at the different levels (i.e., OTUs, families and phyla) was 

higher than the number of fungal taxa (Table 1). The estimated contribution of 

archaea to the alpha diversity of each individual was negligible. Altogether, 

only 6 OTUs, 2 families and 2 phyla of archaea were identified versus 392, 108 

and 21 bacteria (see caption of Table 1). 

The Chao1, Shannon and Simpson indices of prokaryotes were strongly and 

ÐÏÓÉÔÉÖÅÌÙ ÃÏÒÒÅÌÁÔÅÄ ɉÒÈÏ І πȢψυȟ Ð-value < 0.01). As for fungi, only the Simpson 

and Shannon indices were highly correlated (rho = 0.98, p-value < 0.001), while 

the remaining correlations with Chao1 were not significant (Chao1-Simpson 

rho = 0.16, p-value = 0.683; Chao1-Shannon rho = 0.28, p-value = 0.472). Alpha 

diversity indices of females and males were similar for both prokaryotes and 

fungi t-test results [Additional file 2 ɀ Table. S3]. 

Taxonomic composition 

The most abundant bacteria phyla were Firmicutes (42.45%), Proteobacteria 

(27.20%), Bacteroidota (synonym Bacteroidetes) (14.28%) and 

Actinobacteriota (synonym Actinobacteria) (8.33%), although the relative 

abundances varied between individuals (Fig. 1A). Some individuals showed 

very high phyla diversity (e.g., F1), whereas it was very low for others (e.g., M2) 

(Table 1; Fig. 1A). The dominant classes were Bacilli (33.06%), 

Gammaproteobacteria (21.5%), Bacteroidia (13.97%), Clostridia (9.27%) and 

Alphaproteobacteria (5.62%). The most abundant family was Enterococcaceae 

(28.43%). All other families showed an abundance of less than 5%. The most 
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Figure 1.  Differences in the taxonomic composition of the phylum rank of the retrieved 

prokaryotic ( A) and fungal (B) communities between wild individuals of T. pyrenaeus. Circle 

sizes represent the relative abundances of each phylum in each individual. 
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abundant genus was Enterococcus (35.12%), followed by other genera such as 

Acinetobacter, Myroides, Pseudomonas or Dysgonomonas, which did not, 

however, reach an abundance level of 5%. 

The preponderant archaea phylum was Euryarchaeota (96.14%), although the 

relative abundances varied between individuals (Fig. 1A). The dominant class 

was Methanobacteria (96.14%), and Methanobacteriaceae (96.14%) was the 

most dominant family. At the genus level Methanobrevibacter (66.89%) was 

dominant and Methanosphaera (33.11%) followed. However, three out of nine 

individuals did not possess archaeal OTUs. 

The most plentiful phylum of Fungi was Ascomycota (76.00%), followed by 

Basidiomycota (23.27%) (Fig. 1B). The most abundant classes were 

Sordariomycetes (32.60%), Dothideomycetes (30.48%), Tremellomycetes 

(18.61%) and Leotiomycetes (6.68%). The dominant families were Nectriaceae 

(25.12%), Mycosphaerellaceae (18.07%) and Trichosporonaceae (12.59%). 

The most abundant genera were Gibberella (22.72%), Mycosphaerella 

(19.69%) and Cutaneotrichosporon (7.00%); the abundances of all other 

genera were below 5%. [see Additional files 3 and 4 for a complete taxonomic 

assignment for each OTU]. 

Core and exclusive taxa 

We found remarkable interindividual taxonomic differences in the gut 

prokaryotic and fungal communities of T. pyrenaeus. In general, very few core 

families and core OTUs were identified; by contrast, all individuals harboured 

exclusive families and exclusive OTUs. 

At the family level, only 7 out of the 108 (6.48%) bacterial families identified 

were shown to be core to all individuals; we found no archaeal core families 

and only 3 core fungal families (out of the 85 identified, 3.53%) (see Additional 

file 2 - Fig. S5, Table S2). At the same time, we observed a fair number of 

exclusive families for each individual, with percentages ranging from 1.9 to 
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13% for bacteria, and from 0 to 14.1% for fungi. Notably, the individual M2 had 

no exclusive families. 

 

Figure 2 . Core and exclusive bacterial (A) and fungal (B) OTUs retrieved from individuals of T. 

pyrenaeus. Bacterial core OTUs account for 30.3% of retrieved sequences. Fungal core OTUs 

account for 17.6% of retrieved sequences. 

At the OTU level, we identified 3 core bacterial OTUs (out of 392, 0.77%), no 

archaeal core OTUs and 2 fungal core OTUs (out of 201, 1.00%). The low 

number of core OTUs was combined with a surprising and relatively high 

number of OTUs that were exclusive to each individual, with percentages 

varying from 3.1 to 24% for bacterial OTUs (Fig. 2A), and from 2.0 to 12.4% for 

fungal OTUs (Fig. 2B). 

Only a single bacterial OTU (identified as a species of the genus Enterococcus) 

was shared by all nine individuals, and another two (identified as Pseudomonas 

sp. and Yersiniaceae sp.) were shared by 7 out of 9 individuals. The five 

preponderant bacterial OTUs were Enterococcus sp. (26.39%), Myroides sp. 

(2.82%), Yersiniaceae sp. (2.66%), Escherichia-Shigella sp. (2.18%) and 

Dysgonomonas alginatilytica (2.17%).  
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Only a single fungal OTU (identified as Mycosphaerella tassiana) was shared by 

all nine individuals, and one other (identified as Nectriaceae sp.) was shared by 

7 out of 9 individuals. The five most abundant fungal OTUs were Gibberella 

tricincta  (18.41%), Mycosphaerella tassiana (15.93%), Cutaneotrichosporon 

jirovecii (5.56%), Vishniacozyma victoriae (3.15%) and Trichosporon ovoides 

(2.77%). 

Dissimilarity among individuals and between microbial communities  

Non-metric multidimensional scaling analysis for both prokaryotes and fungi 

resulted in the nine individuals being well scattered across the two-

dimensional space (Fig. 3). Stress (a measure of goodness of fit) was 0.09 for 

prokaryotes and 0.08 for fungi, indicating a high-quality ordination. The two 

nMDS ordinations were not correlated (r = 0.46; p-value = 0.40), indicating that 

the distribution of individuals in the two -dimensional space changed 

 

Figure 3.  Results of a non-metric multidimensional scaling analysis performed on 2 axes. 

Individuals that are more similar to one another are located closer together. 

depending on whether prokaryotes or fungi were considered. The 

PERMANOVA results suggested that the microbial community composition in 
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males was like that in females in relation to both prokaryotes (p-value = 0.958, 

R2 = 0.07) and fungi (p-value = 0.460, R2 = 0.11). 

 

Microbiota functional diversity  

The functional annotation of ecological roles to the microbiota was 

fragmentary for bacteria and fungi as we were unable to attribute a function to 

70.15% of the bacterial OTUs and 35.82% of the fungal OTUs. By contrast, we 

could assign all archaeal OTUs to at least one ecological role. 

The most abundant bacterial potential functions retrieved were 

chemoheterotrophy (39.65%), fermentation (23.89%) and aerobic 

chemoheterotrophy (15.64%); all other functions retrieved showed an 

abundance of less than 5%. Some individuals displayed a high number of OTU-

associated bacterial functions (e.g., F2 and M4), while others presented much 

fewer (e.g., F4) (Fig. 4A). 

The dominant functions associated with archaea were dark hydrogen 

oxidation (24.68%), hydrogenotrophic methanogenesis (24.68%), 

methanogenesis (24.68%), methanogenesis by CO2 reduction with H2 

(16.50%) and methanogenesis by reduction of methyl compounds with H2 

(8.18%). Note, most functions associated with archaea (6 out of 7) were 

exclusive, and only one function (dark hydrogen oxidation) was shared with 

bacterial OTUs (Fig. 4A). 

The preponderant fungal trophic modes were pathotroph-saprotroph-

symbiotroph (34.71%), pathotroph-saprotroph (27.02%), saprotroph 

(13.75%) and pathotroph (13.69%) (Fig. 4B) [see Additional files 5 and 6 for a 

complete functional and trophic assignment for each OTU]. 
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Figure 4. Differences in functional composition and trophic mode assignment of the retrieved 

prokaryotic ( A) and fungal (B) communities between wild individual specimens of T. 

pyrenaeus. Circle sizes represent the relative abundances of each function/trophic mode in 

each individual. 

 

Core and exclusive functions  

Interindividual functional differences were less pronounced than taxonomic 

differences. By considering the functional profile of the prokaryotic community 

of each individual, we found 6 out of the 31 bacterial functions identified 

(19.35%) to be core across all individuals, namely aerobic chemoheterotrophy, 

animal parasites or symbionts, aromatic compound degradation, 

chemoheterotrophy, fermentation and photoautotrophy. No core functions 

were found for Archaea (Fig. 4A). In relation to fungi, 6 out of 7 trophic modes 

(85.71%) were core across all individuals (Fig. 4B). 

Six bacterial functions were exclusive to three individuals: cellulolysis and iron 

respiration were exclusive to F1; nitrate ammonification, nitrite 

ammonification and nitrite respiration were exclusive to F2 and chitinolysis 

was exclusive to M3. No archaeal function or fungal trophic mode was exclusive 

to any individual. 

Correlation between taxonomic and functional richness across individuals  

The correlation between taxonomic and functional richness was positive and 

significant for both bacteria (OTU: rho = 0.748, p-value = 0.020; family: rho = 

0.748, p-value = 0.020) and archaea (OTU: rho = 0.752, p-value = 0.019; family: 

rho = 0.868, p-value = 0.002). However, the slope of the correlation curves 

between functional and taxonomic diversity slows down (or reaches plateaus) 

as the number of families or OTUs considered increases (Fig. 5). 
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Figure 5 . Relationship between taxonomic richness and functional richness in bacteria and 

archaea. Trend lines were fitted using generalised additive models (GAM). The shaded area 

indicated the standard error. 

 

Discussion  

DNA metabarcoding of the gut microbiota revealed considerable taxonomic 

differences among the nine individuals of the dung beetle Trypocopris 

pyrenaeus. Functional differences were less pronounced, possibly because the 

assignment of the ecological roles to the microbiota was fragmentary. 

Individuals were collected in a natural pasture in the same alpine locality and 

were directly euthanised, then dissected in the lab on arrival. Thus, this study 

focused on wild individuals exposed solely to totally natural conditions. 
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Microbiota taxonomic diversity  

The contribution of prokaryotes to alpha diversity was higher than the 

contribution of fungi, despite the very negligible contribution of archaea. 

Prokaryotic and fungal alpha diversity varied greatly from individual to 

individual. The nine investigated adults showed remarkably different numbers 

of phyla, families and OTUs, as well as different alpha diversity index values 

(Shannon and Simpson), with certain individuals hosting a microbiota that was 

much more diversified than in others. T-test and PERMANOVA results showed 

that sex had no significant effect on the alpha diversity since the differences 

between males and females were not significant, in keeping with a previous 

study (Suárez-Moo et al., 2020). Interindividual differences in microbiota alpha 

diversity are likely to depend on the different food items ingested by each 

animal. Trypocopris has a very varied diet (Dormont et al., 2007), and 

individuals have been observed to feed on dung pats of different animals, 

including ungulates, canids and other mammals (personal observations 

Palestrini & Rolando). 

It is also worth mentioning that by focusing on bacteria, archaea, and fungi we 

considered all the main components of the gut microbiota of dung beetles. To 

our knowledge, very few previous studies have considered all these 

components at the same time (Franzini et al., 2016). Most studies surveyed 

bacteria (Gibson & Hunter, 2010) or only fungi (Nwaefuna et al., 2023). 

Overall, Firmicutes was the most abundant bacterial phylum. Firmicutes was 

also found to be a very abundant phylum in the mushroom-feeding beetles 

Onthophagus and Cephalodesmius (Ebert et al., 2021), as well as in Pachysoma 

striatum (Franzini et al., 2016). The phylum Proteobacteria was also very 

abundant, in keeping with other studies on other dung beetles (Estes et al., 

2013; Suárez-Moo et al., 2020; Ebert et al., 2021). The most abundant bacterial 

family was Enterococcaceae, considered a core taxon in the mushroom-feeding 
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beetle Onthophagus dunningi and O. kumbaingeri (Ebert et al., 2021) and an 

abundant taxon in Aphodius sphacelatus (Kolasa et al., 2019). Archaea are often 

overlooked in analyses of dung beetle gut microbiota. Our results show the 

dominant archaea class to be Methanobacteria, and not all individuals had 

evidence of archaea in their gut microbiota, confirming the results of the genus 

Cephalodesmius (Ebert et al., 2021) where archaea (the Methanobacteria class) 

were found in only small quantities and in only some individuals. As for fungi, 

our results are in line with those by former research: in a study on Pachysoma 

striatum (Franzini et al., 2016) Ascomycota was found to be the most abundant 

phylum, followed by Basidiomycota. 

Of all bacteria and fungi identified, very few families and OTUs were found in 

all 9 individuals studied (7 families and 3 OTUs for bacteria; and 3 families and 

2 OTUs for fungi); none of the archaea identified were found in all 9 individuals. 

Previous studies report similar findings and have defined the phenomenon as 

Á ȰÍÉÎÉÍÁÌ ÃÏÒÅ ÍÏÄÅÌȱ ɉ(ÁÍÁÄÙ Ǫ +ÎÉÇÈÔȟ ςππωȠ &ÒÁÎÚÉÎÉ et al., 2016), 

according to which any one individual may share significant parts of his 

microbiota with another individual, but very little is shared by all individuals 

(Hamady & Knight, 2009). The remarkable scarcity of core taxa may depend on 

ÔÈÅ ÂÅÅÔÌÅÓȭ ÄÉÅÔ (Franzini et al., 2016). Trypocopris pyrenaeus feeds on the 

faeces of different vertebrate species, and this may lead to the establishment of 

different gut microbiota for each individual depending on their diet and, in 

particular, on the type of food ingested in the hours prior to field collection. 

Indeed, repeated environmental perturbations, including variations in the food 

consumed, may prevent the establishment of a core microbiota in some 

individuals (Wong et al., 2013). The observed wide interindividual variation 

could also be affected by the stochastic process of microbes entering the gut 

through the food source (Douglas, 2015) and the different amounts of food 

material contained in each individual's gut (Dillon & Dillon, 2004). 
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A remarkable result of the present study was that the very low number of core 

taxa was contextually associated with the presence of a relatively high number 

of taxa exclusive to each individual, which ranged from 2% to 24% of the OTUs 

identified. The great interindividual differences could be explained by the wide 

trophic preferences of T. pyrenaeus and/or by differences in the microbiota 

transmitted from mothers to offspring (Estes et al., 2013; Suárez-Moo et al., 

2020).  

Non-metric multidimensional scaling analysis for both prokaryotes and fungi 

evenly scattered the nine individuals across the two-dimensional space 

without any evident clustering, reinforcing the idea that individuals harbour 

distinct microbiota. More details on inter-individual differences could be 

obtained from further analyses of other populations of the same species, even 

from different areas. The degree of within-population variability could be 

greater or less than the degree of between-population variability. In addition, 

the two nMDS ordinations were not correlated, suggesting that the distribution 

of individuals in the two-dimensional space changed depending on whether 

prokaryotes or fungi were considered. This result reiterates the importance of 

considering both the prokaryotic and fungal components of the microbiota, as 

the two types of microbial communities provide different insights into the 

distinct microbiota of individual dung beetles. 

Microbiota functional diversity  

A previous study hypothesised that the absence of a consistent core microbiota 

at the taxonomic level may be compensated for by the presence of a core 

microbiota at the functional level, i.e., the presence of microbial communities 

of functional equivalence (Wong et al., 2013). This may also be the case in the 

present study as the results show a larger core at the functional level than at 

the taxonomic level, although we were unable to assign a function to many 

OTUs, so this might change with a more complete functional characterisation. 
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Taxonomic diversity showed remarkable differences among individuals due to 

the presence of few core taxa and many exclusive taxa. Conversely, functional 

diversity showed less marked differences among individuals due to the 

presence of many core functions and few exclusive functions. However, for 

fungi, the descriptions of the various trophisms are so broad that it is more 

likely that there are OTUs performing the same "task" in all individuals. For 

prokaryotes, however, the issue is certainly more complex than for fungi as 

each OTU does not have a unique function associated with it, as in the case of 

the trophism of fungi. In fact, the same prokaryotic OTU can also perform many 

functions, complicating the overall picture. In the case of archaea, this is 

part icularly noteworthy because these organisms provide functions such as 

methanogenesis and nitrification which are exclusive to this phylum. 

We found significant correlations between taxonomic and functional diversity 

suggesting that greater taxonomic richness determines a greater number of 

metabolic pathways associated with dung degradation. This could, in turn, be 

related to the role of dung beetles in maintaining multiple ecological functions 

and, more generally, to their role as ecosystem service providers (Nervo et al., 

2017). In this regard, the prokaryote component of the dung beetle microbiota 

must be protected by limiting the treatment of cattle with antibiotics (Hammer 

et al., 2016), because their taxonomic diversity also guarantees maximal 

functional diversity. 

Although several OTUs present in the Trypocopris microbiota may be 

important pathogens (Cannon & Kirk, 2007; Yun et al., 2014; Kolasa et al., 

2019), molecular studies suggest that many other gut microbes may also be 

implied in nitrogen fixation, iron uptake, uric acid metabolism and plant cell 

wall degradation (Shukla et al., 2016; Kolasa et al., 2019; Suárez-Moo et al., 

2020; Wang et al., 2020), which are useful both for host survival and for 

ecosystem functioning. Pseudomonas is one of the twenty most important 
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contributors to plant cell wall (i.e., lignocellulose) degradation (Suárez-Moo et 

al., 2020; Dashora et al., 2023). Dysgonomonas is a crucial contributor to plant 

cell wall degradation in the gut of Copris incertus (Suárez-Moo et al., 2020) and 

Pachisoma striatum (Franzini et al., 2016). Fungi are also known to degrade 

lignocellulose (Andlar et al., 2018). This task is mainly performed by 

Ascomycota and Basidiomycota (Dashora et al., 2023), and our results show a 

clear predominance of these two fungal phyla in the microbiota of T. pyrenaeus. 

Pseudomonas, Acinetobacter and Nocardioides are able to recycle uric acid, 

which is used as a nitrogen source (Shukla et al., 2016; Suárez-Moo et al., 2020). 

Archaea, on the other hand, can produce methane. In our work, the most 

common archaeal OTUs belong to the genus Methanobrevibacter, which is 

recognised as an important methanogen capable of producing methane 

through the reduction of carbon dioxide by hydrogen in insects (Ceja-Navarro 

et al., 2019) and arthropods (Horváthová et al., 2021). Certain species of the 

genus Methanosphaera are also methanogenetic, but they use hydrogen to 

reduce methyl to methane (Feldewert et al., 2020; Thomas et al., 2022). Our 

results also revealed the presence of non-methanogenic archaea, such as those 

belonging to the Nitrososphaeraceae family. They are capable of oxidising 

ammonia to nitrite, and are ubiquitous in soil, plant and water ecosystems 

(Jung et al., 2014). Their presence and predominance as soil archaea suggest 

that these taxa may have been ingested by accident, as previously reported in 

a wide range of animals (Thomas et al., 2022). Thus, given that methanogenetic 

taxa of the Nitrosospheraceae family are generally more abundant in the gut 

microbiota of carnivorous or insectivorous animals than in the gut of 

herbivorous animals, it is possible that the individuals of T. pyrenaeus in whom 

non-methanogenic archaea were found had recently fed on the excrement of 

carnivores. It is worth mentioning that the main ecological functions provided 

by the OTUs quoted above may be classed as either ecosystem services (as for 
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cellulolysis) and ecosystem disservices (as for methanogenesis). Dual 

ecosystem behaviours have also been reported for dung beetles themselves 

(Piccini et al., 2017, 2018); for example, the dung beetle Copris lunaris 

contributes to multiple ecosystem services thanks to its high dung removal rate 

(Nichols et al., 2008; Nervo et al., 2017), but their activity is also responsible 

for the unexpectedly high emission of methane from dung pats (Piccini et al., 

2017). 

Conclusions 

Interindividual variability in the microbiota of dung beetles has been largely 

overlooked by the literature. The present study focused on a wild population 

of the dung beetle species Trypocopris pyrenaeus and revealed notable 

taxonomic differences in the microbiota of the individuals examined, although 

the number of samples was limited. Core taxa were very few, whereas the taxa 

exclusive to each individual were many. This has important implications for 

studies attempting to describe the gut microbiota of a species, as sufficient 

individuals of the species of interest should be examined in order to catch the 

full range of prokaryotes and fungi potentially harboured. The study also 

revealed that the nMDS ordination of individuals based on prokaryotes was 

different from that based on fungi, meaning that both groups should be 

considered in microbiota analyses and that one microbic group cannot be 

considered a surrogate of the other. Finally, the analysis of the potential 

functions provided by the prokaryotes and fungi harboured suggests that the 

gut microbiota, in addition to guaranteeing the health of the host, may also 

effectively contribute to the functioning of the ecosystems of which the host is 

part. Future studies based on metagenomics and/or transcriptomics would 

help to clarify the functional role of the microbiota in host physiology aspects 

such as nutrition or development and ecosystem services. 
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Supplementary Materials  

Additional File 1  

Collection of adult individuals of T. pyrenaeus 

Adults of T. pyrenaeus were collected from four localities in the Western Alps, 

Piedmont, Italy, namely Bocchetto Sessera (BI), Colle del Lys (TO), Colle della 

Vaccera (TO) and Rorà (TO) and preserved in absolute ethanol for the 

molecular analyses. The individuals from the three last localities were only 

used for the barcoding analysis. 

Figure S1. Map of the localities (red stars) where the T. pyrenaeus were collected. The area 

shaded in grey denotes the South-west Alpine area. Top to bottom: Bocchetto Sessera, Colle del 

Lys, Colle della Vaccera, and Rorà. 
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DNA Extraction  

Individuals were first rehydrated in 1 mL of a solution composed of 10 mM 

Tris-HCl pH 8.5, 30 mM NaCl, and 5 mM EDTA for 1 h. One leg from each 

individual was then used for DNA extraction. Tissues were digested overnight 

with Proteinase K at a concentration of 10 mg/mL. Proteins were removed by 

ÁÄÄÉÎÇ τππ ʈ, ÏÆ τ - ÓÏÄÉÕÍ ÐÅÒÃÈÌÏÒÁÔÅ ÆÏÌÌÏ×ÅÄ ÂÙ ÃÈÌÏÒÏÆÏÒÍ ÅØÔÒÁÃÔÉÏÎȢ 

Total DNA was precipitated from the upper phase by isopropylic alcohol 

precipitation and resuspended in TE buffer. 

A fragment of mt-CoxI was amplified with primers based on (Folmer et al., 

1994), and modified as in (Astrin et al., 2008): fw: LCO1490-JJ, 

CHACWAAYCATAAAGATATYGG; rev: HCO2198-JJ, 

AWACTTCVGGRTGVCCAAARAATCA. 

In addition, sequences corresponding to the internal transcribed spacer 2 

(ITS2) of the ribosomal DNA were amplified using primers based on (Vahtera 

& Muona, 2006)ȡ Æ×ȡ υȭ-GGGTCGATGAAGAACGCAGC-σȭȠ ÒÅÖȡ υȭ-

ATATGCTTAAATTCAGCGGG-σȭȢ 

DNA was amplificated as follows: 15 min of initial denaturation (95°C) 

followed by 10 cycles of 30 seconds (s) at 94°C, 45 s at 60°C down to 50°C (the 

annealing temperature was lowered by 1°C in each cycle), 2 min at 72°C 

followed by 30 cycles of 30 s at 94°C, 45 s at 50°C, 2 min at 72°C and a final 

extension cycle of 15 min at 72°C. All PCRs were performed in a total volume 

ÏÆ σπ ʈ, ×ÉÔÈ (ÏÔ3ÔÁÒ4ÁÑ -ÁÓÔÅÒ -ÉØ ɉ1ÉÁÇÅÎɊȢ "ÏÔÈ ÐÕÒÉÆÉÃÁÔÉÏÎ ÁÎÄ 

sequencing were performed by an external service (Genechron, Roma). Both 

strands were sequenced. 

Sequences were manually edited for sequential errors using MegaX software 

(Kumar et al., 2018), then aligned using ClustalW algorithm (Thompson et al., 

1994). Species identity was determined based on trimmed equal length 

sequences by comparing each sequence against those in GenBank using the 
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basic local alignment search tool (BLAST) function. A similarity cut-ÏÆÆ ÏÆױІױωχϷ 

was used for species-level identification for sequences submitted to the 

GenBank database. 

Barcode Gap Distance 

The record GBCL36286-19 (COI sequence of T. pyrenaeus from Spain) was 

obtained from BOLD Systems v4 (Ratnasingham & Hebert, 2007) and included 

in the FASTA matrix to evaluate the barcode gap distance among the 

individuals using the software Automatic Barcode Gap Discovery (ABDG, 

(Puillandre et al., 2012)). The default settings for Jukes-Cantor distance were 

applied, but the value of X (i.e., the proxy for the minimum gap width) was set 

at 1.5, 1.0 and 0.5.  

 

Figure S2. Resulting tree from the barcode gap analysis. 

The ABDG analysis did not partition the dataset with X = 1.5 and X = 1.0, thus a 

further run was made setting X = 0.5, after which two groups of sequences were 

obtained (group1 included the specimen from Spain only, and group2 included 
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all Piedmont individuals), with the barcode gap distance = 0.039, and the prior 

maximal distance (P) ranging from 1.00e-3 to 7.74e-3. Each of these partitions 

gave the same resulting tree (Fig. S2). 

Barcode gap analysis produced a single group including the whole dataset, with 

P = 1.29e-2. The mean distance between the T. pyrenaeus from Spain and the 

individuals collected from Bocchetto Sessera in the province of Biella (BI) was 

0.064; the mean distance between individuals collected from the localities in 

the province of Torino (To) was 0.054; and the mean distance for all the 

Piedmontese specimens combined vs the Spanish one was 0.059. The mean 

distance between the individuals from Bocchetto Sessera was 0.020, whereas 

it was 0.026 for those collected from the three localities in the province of 

Torino, see the distance matrix (Table S1). 

Table S1. Distance matrix for the barcode gap analysis. 

  

pyrenaeus | Spain 0.000

pyrenaeus | B06 | Bocchetto Sessera 0.073 0.000

pyrenaeus | F06 | Bocchetto Sessera 0.068 0.015 0.000

pyrenaeus | D01 | Bocchetto Sessera 0.059 0.026 0.021 0.000

pyrenaeus | A01 | Bocchetto Sessera 0.058 0.027 0.021 0.012 0.000

pyrenaeus | C01 | Colle Vaccera 0.049 0.029 0.028 0.023 0.015 0.000

pyrenaeus | E01 | Rora 0.053 0.046 0.043 0.032 0.027 0.005 0.000

pyrenaeus | H05 | Rora 0.060 0.049 0.044 0.037 0.034 0.026 0.029 0.000

pyrenaeus | G06 | Colle Lys 0.054 0.060 0.060 0.055 0.055 0.031 0.041 0.027 0.000
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Additional File 2  

 
Figure S3. Rarefaction curves for prokaryotes (A) and fungi (B). The y-axis shows the OTU 

number found in relation to the number of reads (x-axis) for each individual. 

A B 
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Figure S4. Taxonomic assignment percentages for OTUs of T. pyrenaeus. Percentages are 

calculated as the ratio of OTUs with a definite taxonomic assignment over the total number of 

OTUs (6 for archaea, 392 for bacteria, and 201 for fungi). 

 

 

Figure S5. Flower plots show the number of core and exclusive bacterial (A) and fungal (B) 

families among the individuals of T. pyrenaeus. Bacterial core families account for 49.5% of the 
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total abundance of retrieved sequences. These shared families are Comamonadaceae, 

Enterobacteriaceae, Enterococcaceae, Flavobacteriaceae, Pseudomonadaceae, 

Sphingobacteriaceae and Yersiniaceae. Fungal core families account for 45.6% of the total 

abundance of retrieved sequences. These shared families are Helotiaceae, Mycosphaerellaceae 

and Nectriaceae. 

 

 

 

 

Table S2. Percentage of relative reads of each core family within each individual and over the 

total number of individuals. The 'freq_core' column represents the number of individuals in 

which the family considered is found, i.e. from a minimum of 7 to a maximum of 9, as these are 

the requirements for a family to be part of the core. 

Kingdom Family F1 F2 F3 F4 F5 M1 M2 M3 M4 total freq_core 

Bacteria 

Comamonadaceae 0.11 0.38 0.42 0.00 0.96 0.00 0.47 0.05 0.29 2.68 7 

Enterobacteriaceae 0.84 0.18 0.20 0.52 0.41 0.32 0.00 0.00 0.97 3.44 7 

Enterococcaceae 0.50 0.60 5.67 6.50 0.79 1.77 0.58 8.80 0.43 25.64 9 

Flavobacteriaceae 0.08 0.08 0.29 0.00 0.20 0.00 3.09 0.13 0.17 4.04 7 

Pseudomonadaceae 0.18 0.78 0.00 0.02 0.62 0.00 0.58 0.08 0.20 2.45 7 

Sphingobacteriaceae 0.08 0.48 0.00 0.02 0.55 0.02 0.74 0.02 0.88 2.79 8 

Yersiniaceae 0.00 0.30 0.00 0.49 0.15 0.13 1.50 0.25 0.10 2.93 7 

Fungi 

Helotiaceae 0.12 0.11 0.08 0.08 0.00 0.00 1.25 0.50 0.04 2.17 7 

Mycosphaerellaceae 0.16 0.56 0.01 10.21 0.42 0.89 2.11 1.52 0.18 16.05 9 

Nectriaceae 0.34 0.19 8.16 0.03 0.16 5.23 0.40 0.64 7.15 22.31 9 
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Table S3. The table shows the results of t-tests carried out to investigate any significant 

differences in the alpha diversity indices between the two sexes. All the results are not 

significant (n.s. = not significant). 

 

 

 

Additional File 3  

http://www.eje.cz/2024/007/S03.html  

Additional File 4  

http://www.eje.cz/2024/007/S04.html  

Additional File 5  

http://www.eje.cz/2024/007/S05.html  

Additional File 6  

http://www.eje.cz/2024/007/S06.html  

  

Kingdom Index t_value DF p_value 

Prokaryotes 

Observed OTUs 0.493 6.79 n.s. 

Family 1.578 6.17 n.s. 

Phyla 1.503 6.92 n.s. 

Chao1 0.517 6.86 n.s. 

Simpson 0.334 4.5 n.s. 

Shannon 0.329 5.95 n.s. 

Fungi 

Observed OTUs -0.101 5.89 n.s. 

Family -0.33 6.34 n.s. 

Phyla -1.76 4.42 n.s. 

Chao1 -0.101 5.89 n.s. 

Simpson -0.994 5.31 n.s. 

Shannon -0.966 5.05 n.s. 
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Abstract  

Dung beetles (Coleoptera, Scarabaeoidea) support several ecological processes 

and services making them important ecosystem engineers. The dung beetle gut 

microbiota is involved in many of these ecological services. In the present 

study, we analyzed the microbiota of 90 individuals of three Onthophagus 

species feeding on different dung types. Our aim was to understand whether 

the species identity affected the microbiota more than the dung ingested and 

whether this conditioning applied equally to prokaryotes and fungi. We also 

compared the taxonomic and functional variability of the microorganisms to 

check for similarities between individuals. Using molecular analyses, we 

characterized the alpha and beta diversities, core and indicator taxa and 

taxonomic and functional composition of the gut microbiota. Alpha diversity 

analyses revealed diet, species and sex to influence diversity parameters but 

no clear differences in the diversity patterns for prokaryotes vs fungi. 

Conversely, all other analyses consistently showed differences in the 

composition patterns for prokaryotes vs fungi, with prokaryotes mostly 

varying according to host species identity and fungi varying according to dung 

type. This suggests that most prokaryotes in the dung beetle microbiota are 

definitive symbionts, whereas many fungi are transient symbionts. We found 

evidence of great similarity in the functional composition of the microbiota 

despite strong taxonomic dissimilarities. The results emphasize the need to 

consider both the prokaryotic and fungal components of the microbiota. They 

also suggest microbial composition analyses to be preferable to alpha diversity 

analyses for identifying patterns of variation that depend on phylogeny and 

diet. 

Keywords:  bacteria, coprophagy, ecological functions, functional similarity, 

fungi 
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Introduction  

Dung beetles (Coleoptera, Scarabaeoidea) can be considered important 

ecosystem engineers, being involved in numerous ecological services and 

processes such as dung removal, soil fertility maintenance, nutrient cycles such 

as nitrogen (N) and carbon (C) cycling, and the control of greenhouse gas 

emissions (1ɀ5). Previous studies have shown both the growth and 

development of dung beetles to be influenced by their gut microbiota (6,7). For 

instance, these microbes facilitate digestion by providing essential enzymes 

which protect beetles against certain pathogens (8ɀ11). At the same time, 

many of the ecological services associated with dung beetles are actually 

provided by symbiotic microorganisms, the action of which may depend on the 

behavior and ecology of their hosts. For example, the tunnel-digging behavior 

of certain dung beetles favors the aeration and drying of the dung, leading to a 

reduction in methane emissions as methanogenic prokaryotes are negatively 

affected by dung oxygenation and desiccation (12,13). 

Studies have demonstrated that part of the dung beetle microbiota has a 

vertical parental derivation (14,15). Females of the genus Onthophagus emit 

and then lay their eggs upon a fecal secretion called a pedestal (14) , which the 

larvae then feed upon after hatching, and this transmission of maternal 

microbiota is essential for the survival and proper development of the larvae 

(6,16). Females of Catharsius molossus do not deposit a pedestal, instead the 

larvae feed on the inner soil layer of the brood ball after hatching, and this layer 

ɉÃÁÌÌÅÄ ÔÈÅ ȬÐÁÒÅÎÔÁÌ ÇÉÆÔȭɊ ÍÁÙ ÓÉÍÉÌÁÒÌÙ ÓÅÒÖÅ ÁÓ Á ÍÅÄÉÕÍ ÆÏÒ ÔÈÅ ÖÅÒÔÉÃÁÌ 

transmission of microbes (11) . In the endemic Australian genus 

Cephalodesmius, males and females work together to gather dung, carrion, 

fungi, leaves, fruits and flowers to form a brood mass of composting material. 

Adult faeces are added to the mass, in essence, inoculating it with hindgut 

microbiota (15) . 
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The gut microbiota is essential for the survival of dung beetles, as shown by 

switch and transplant experiments. Switching the pedestal deposited by 

Onthophagus gazella which that from O. sagittarius resulted in delayed 

development and higher mortality (6) ; whereas transplanting the microbiota 

of syntopic O. vacca into O. medius [and vice versa] caused various 

developmental and survival problems, despite their being sister species (17) . 

Similar results were obtained in an experiment conducted in two other sister 

species, namely O. taurus and O. illyricus (18) .  

Whilst several studies have suggested different species to be characterized by 

distinct microbiota compositions, intraspecific microbial variability is also very 

high. Considerable taxonomic differences in the microbiota of wild individuals 

were highlighted in a population of Trypocopris pyrenaeus, which was probably 

dependent on the type of dung consumed by the individuals (19) . The two 

sexes may also present significant differences, as found in Euoniticellus 

intermedius (20) . 

The structure and composition of the dung beetle gut microbiota may depend 

on phylogeny (i.e. the taxonomic distances between species), diet and gut 

morphology (15,20ɀ22). Phylogenetic differences, evaluated by considering 

host species that are (to varying extents) taxonomically distant, seem to have 

a relevant effect on both the composition and structure of microbial 

communities. Indeed, two studies addressing Scarabaeinae beetles showed 

phylogeny (evaluated by considering dung beetles of five different tribes) to be 

a bigger driver of gut microbiota taxonomic composition than habitat and 

dietary factors (15,22). Analogously, relevant differences in alpha diversity 

metrics were even found between closely related species living in the same 

habitat and eating the same type of diet; for example, considering 

coprophagous species only, the microbiota of Aphodius depressus was eight 
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times more diverse than that of A. sphacelatus, and that of Onthophagus taurus 

was on average four times more diverse than that of O. ovatus (21) .  

It is important to note that all of the results mentioned above solely addressed 

the prokaryotic gut microbiota; however, the gut microbiota of dung beetles 

also includes fungi in addition to bacteria and archaea (10,15,19,22,23). 

Nevertheless, only a few studies to date have investigated both prokaryotes 

and fungi contemporaneously (11,19,23). Recent previous research 

highlighted the importance of considering both the prokaryotic and fungal 

components of the microbiota as values of host individual ordination (nMDS) 

changed significantly depending on whether fungi or bacteria were considered 

(19) . As far as we know, the potential causes of fungal variability in the gut 

microbiota have yet to be explored in depth, as have the effects of dung beetle 

diet on the microbiota. Indeed, research investigating the effects of dung beetle 

diet on gut microbiota composition has, so far, primarily taken diet in its 

broadest sense into consideration, i.e. whether a species is coprophagous, 

necrophagous or mycophagous, etc. (15,23,24), or the effects of feeding on dry 

vs wet dung only (10,20,23). However, diets can vary greatly within each of 

these broad categories; for instance, coprophagous beetles can exploit the dung 

released by many different species of vertebrates, especially mammals, 

according to their preferences (25ɀ28) and local availability. Therefore, to 

understand how dietary variety can influence the composition of the 

microbiota, it is essential to focus on the potential consequences resulting from 

the use of excrement deposited by one mammal species or another. Although 

the movements of dung beetles in their environment have not been studied in 

detail, certain investigations indicate that most individuals move between 

dung pats of the same pasture and that movements between pastures decrease 

exponentially with distance (29) . Furthermore, when beetles reproduce, it is 

reasonable to assume that they feed on that type of dung for quite a long time, 



 

140 

 

especially if reproduction involves the construction and defense of the nest 

and, possibly, prolonged parental care (30) . These considerations suggest that, 

to study the potential effect of different types of dung on the gut microbiota, it 

is sufficient to collect dung beetles feeding on droppings located in spatially 

distant pastures being grazed by distinct species of mammals (for example, 

different species of livestock), i.e. pastures characterized by a supply of 

different dung types. At the same time, when faced with a very varied diet, we 

must also consider the great ability of the gut microbiota to respond to different 

food intakes without resulting in substantial changes to the functions 

performed. This concept introduces the idea that, up to a certain point, 

microbes, especially prokaryotes are interchangeable in terms of their function 

(31,32)Ȣ )Ô ÈÁÓ ÂÅÅÎ ÓÕÇÇÅÓÔÅÄ ÔÈÁÔ Á ȬÆÕÎÃÔÉÏÎÁÌȭ ÒÁÔÈÅÒ ÔÈÁÎ ȬÔÁØÏÎÏÍÉÃȭ ÃÏÒÅ 

microbiota may be more informative in determining gut microbiota 

composition (33,34). Such functional similarity has also been observed in 

previous studies on the dung beetle species Pachysoma spp. and T. pyrenaeus 

(19,23). Thus, studying and comparing the microbiota of hosts with different 

diets can enhance our understanding of the functional roles of various gut 

microbiota by enabling us to assess whether these functions remain stable 

despite changes in the ingested food.  

In the present study, we examined both the prokaryotes and the fungi present 

in the gut of wild adult dung beetles that had been collected in different types 

of dung from distinct pastures. We focused on three closely related species 

belonging to the same genus (Onthophagus Latreille, 1802) and subgenus 

(Palaeonthophagus Zunino, 1979). Our aim was to understand whether, in the 

case of phylogenetically very close species, species identity affected the 

microbiota more so than the dung ingested and whether this conditioning 

applied to prokaryotes and fungi equally. Another objective was to compare 
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taxonomic and functional variability to check for functional similarity between 

individuals. 

 

Materials and Methods  

Species collection and environmental sampling  

Ninety (N=90) adult individuals of three species of the genus Onthophagus 

(Palaeonthophagus) were collected in the Western Italian Alps [Susa valley, 

Condove (TO), Piedmont (45.136° N, 7.296° E)] in May 2023. The three species, 

namely O. fracticornis (OFT), O. medius (OMD) and O. verticicornis (OVT), were 

identified considering their morphological traits (35)  and through molecular 

characterization, using the mitochondrial cytochrome C oxidase subunit I (COI) 

gene sequence as a DNA barcode (Supplementary File 1, Table S1).  

We collected 30 individuals (15 males and 15 females) of each species: 10 from 

cow dung, 10 from sheep dung and 10 from donkey dung, with each dung type 

located in a distinct pasture. Two soil and two dung samples were collected 

from each of the three pastures, where cattle, sheep, and donkeys were being 

grazed, respectively: two dung pats from each pasture were chosen at random, 

and the soil samples were obtained from approximately 5 cm below the surface 

of the ground located next to these dung pats. The dung and soil samples were 

stored in 1.5 ml Eppendorf tubes. The two samples of the same dung or soil 

were subsequently homogenized in the laboratory prior to analysis. Absolute 

ethanol was added to the tubes containing dung samples to prevent dung 

fermentation. All samples were then stored at -20°C. 

Gut removal 

Dung beetles were housed in plastic terraria without food for at least 24 hours 

to make them excrete as much ingested dung as possible and thus clean out 

their guts. Individuals were euthanized by submersion in absolute ethanol and 

immediately dissected to extract the entire gut. The dissection tools were 



 

142 

 

sterilized using a 30% sodium hypochlorite solution and then washed in 

distilled water. Once removed, the gut was preserved in absolute ethanol and 

stored at 4°C. 

DNA Extraction, Amplification and Illumina NovaSeq Sequencing  

We extracted DNA from gut and dung samples using the CTAB modified 

method described in Natta et al. (2024) (19) , while DNA from soil samples was 

extracted using the DNeasy® PowerSoil® Pro Kit (QIAGEN). A DNA 

metabarcoding approach was used to investigate microbiota: for the 

prokaryotic component, the 16S ribosomal RNA (rRNA) gene was amplified 

ÕÓÉÎÇ ÔÈÅ ÐÒÉÍÅÒ ÓÅÔ υρυÆ" ɉυᴂɀGTGYCAGCMGCCGCGGTAAɀσᴂɊ (36)  and 806rB 

ɉυᴂɀGGACTACNVGGGTWTCTAATɀσᴂɊ (37) ; for the fungal component, the 

ÎÕÃÌÅÁÒ ÒÉÂÏÓÏÍÁÌ )43ς ÒÅÇÉÏÎ ×ÁÓ ÁÍÐÌÉÆÉÅÄ ÕÓÉÎÇ ÔÈÅ ÐÒÉÍÅÒ ÐÁÉÒ Æ)43χ ɉυᴂɀ 

GAACGCAGCRAAIIGYGAɀσᴂɊ ÁÎÄ )43τ ɉυᴂɀTCCTCCGCTTATTGATATGCɀσᴂɊ 

(38) . The following Illumina overhang adapter sequences were added to the 

pÒÉÍÅÒ ÐÁÉÒÓȡ ÆÏÒ×ÁÒÄ ÏÖÅÒÈÁÎÇȡ υᴂ-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-[locus specific target primer]; 

ÒÅÖÅÒÓÅ ÏÖÅÒÈÁÎÇȡ υᴂ-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-[locus 

specific target primer]. 

0#2 ÒÅÁÃÔÉÏÎÓ ×ÅÒÅ ÒÕÎ ÉÎ Á ÆÉÎÁÌ ÖÏÌÕÍÅ ÏÆ ςυ ʈÌ ÕÓÉÎÇ ρ 5 ÏÆ 8ÔÒÁ4ÁÑ 0ÏÌ 7ÈÉÔÅ 

DNA polymerase (GeneSpin Srl, Milano, Italy), 5x XtraWhite Buffer with MgCl2, 

πȢς ʈ- ÏÆ ÅÁÃÈ Ä.40ȟ πȢυ ʈ- ÏÆ ÅÁÃÈ ÐÒÉÍÅÒ ÁÎÄ ςπ ÎÇ ÏÆ ÇÅÎÏÍÉÃ $.!Ȣ &ÏÒ ÔÈÅ 

prokaryotic community, the PCR cycling program consisted of an initial step at 

94°C for 3 min, 35 cycles at 94°C for 45 s, 55°C for 60 s and 72°C for 90 s, 

followed by a final extension step of 72°C for 10 min. For the fungal community, 

the PCR cycling program consisted of an initial step at 94°C for 5 min, 35 cycles 

at 94°C for 30 s, 50°C for 30 s and 72°C for 30 s, and a final extension step of 

72°C for 7 min.  
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Extracted DNA was amplified in triplicate and pooled before purification using 

Wizard® SV Gel and the PCR Clean-Up System (Promega). PCR purified 

products were quantified using the Qubit dsDNA BR Assay kit and Qubit 

Fluorometer 2.0 following the manufacturÅÒȭÓ ÐÒÏÔÏÃÏÌ ÁÎÄ ÓÅÎÔ ÔÏ )'! 

technologies (Udine, Italy) for Illumina NovaSeq sequencing (2 × 250 bp). 

Bioinformatics and statistical analysis  

The following bioinformatics and statistical analyses were conducted for 

prokaryotes (i.e. archaea and bacteria) and fungi separately. Sequencing 

adapters and primers were removed, and then the sequences were analysed 

using the microbiome bioinformatics platform QIIME2 (Quantitative Insights 

Into Microbial Ecology 2, v. 2021.2 (39) . Denoising and quality control, 

including chimaera removal, were performed using the DADA2 plugin (40)  

through the qiime dada2 denoise-paired command, with chimaera detection 

carÒÉÅÄ ÏÕÔ ÕÓÉÎÇ ÔÈÅ ȰÃÏÎÓÅÎÓÕÓȱ ÍÅÔÈÏÄ. The taxonomic assignment of the 

prokaryotic community was achieved using the Silva 138 99% OTUs full-length 

sequences database (41,42), whereas for fungi we used the UNITE Community 

(2019): UNITE QIIME release for fungi v.04.04.2024 (43) . Phylogenetic trees 

×ÅÒÅ ÇÅÎÅÒÁÔÅÄ ÂÙ ÔÈÅ 1))-%ς ÐÌÕÇÉÎ ȰÑÉÉÍÅ ÐÈÙÌÏÇÅÎÙ ÁÌÉÇÎ-to-tree-mafft-

ÆÁÓÔÔÒÅÅȱȢ 4ÈÅ ÏÕÔÐÕÔÓ ÏÆ ÔÈÅ 1))-%ς ÐÉÐÅÌÉÎÅ ȰÔÁØÏÎÏÍÙȢÑÚÁȱȟ ȰÏÔÕͺÔÁÂÌÅȢÑÚÁȱ 

ÁÎÄ ȰÒÏÏÔÅÄ-ÔÒÅÅȢÑÚÁȱȟ ÔÏÇÅÔÈÅÒ ×ÉÔÈ ÔÈÅÉÒ ÍÅÔÁÄÁÔÁ ÆÉÌÅÓȟ ×ÅÒÅ then imported 

into Rstudio (44)  to create phyloseq objects using the R package qiime2R 

v.0.99.6 (45) . Shared amplicon sequence variants (ASVs) between the beetles 

and the environmental samples (i.e., dung and soil samples) were then sought 

by analyzing the results of the flower plots generated from all 96 samples, using 

the function plot_venn in the R package microeco (46) . The shared ASVs were 

removed from the phyloseq object.  

Following the removal of shared ASVs, we used the phyloseq objects for the 

following diversity analyses. To allow for the comparisons of samples with 
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non-uniform coverage, we normalized the ASV tables using the 

rarefy_even_depth function of the R package phyloseq v.1.36.0 (47) . We used 

the rarecurve function of the R package vegan v2.6-2 (48)  to obtain rarefaction 

curves of the rarefied ASV table. From the ASV table, we calculated absolute 

counts and relative abundances (i.e. the ratio between the number of reads 

belonging to the ASV in a specific sample and the total number of reads in the 

sample) for each ASV. 

7Å ÅÖÁÌÕÁÔÅÄ ÁÌÐÈÁ ÄÉÖÅÒÓÉÔÙ ÕÓÉÎÇ Ȱ/ÂÓÅÒÖÅÄ !36Óȱȟ Ȱ3ÈÁÎÎÏÎȱ ÁÎÄ Ȱ&ÁÉÔÈȭÓ 

0ÈÙÌÏÇÅÎÅÔÉÃ $ÉÓÔÁÎÃÅ ɉ&ÁÉÔÈ 0$Ɋȱ ÉÎÄÉÃÅÓ ÕÓÉÎÇ ÔÈÅ estimate_richness function 

of the R package phyloseq. We then tested the effect of species, dung type, sex 

and their interaction on alpha diversity by analysis of variance (ANOVA). We 

checked the normal distribution of the model dataset by performing the 

Shapiro-Wilk test on the residuals. This analysis was not performed on the 

Observed ASVs because of the highly positive correlation with Shannon and 

Faith PD.  

For both prokaryotes and fungi, we visualized dissimilarity between 

individuals by means of non-metric multidimensional scaling (nMDS) based on 

a Bray-Curtis distance matrix of ASV composition using R package vegan. Stress 

was used as a measure of goodness of fit. We plotted the results of the nMDS 

using the tidyverse collection of R packages (49) , first in a general plot for all 

90 individuals and then by dividing the plot into three distinct sub-plots to 

reveal any differences better, considering the 30 individuals belonging to each 

of the three species or collected in the three dung types. We performed an envfit 

analysis on the nMDS ordination to determine which of the factors had the 

greatest influence in differentiating individuals based on the R2 values and p-

values. 

Differentiating microbial variability due to dung preference from that due to 

species is very difficult because these two factors were inseparably associated 
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(we collected the individuals of a species in a certain type of dung). Therefore, 

the best way to study them was to investigate the interindividual variability in 

all possible associations between each species and each type of dung. To do so, 

we considered the Cartesian product of two sets, A and B, which consists of all 

the ordered pairs that can be constructed with the first element coming from 

the first set, A, and the second element coming from the second set, B. In our 

case, one set comprised the three Onthophagus species, and the other set 

comprised the three dung types. The 9 pairs (3 species x 3 dung types) were 

therefore: OFT-cow, OFT-sheep, OFT-donkey, OMD-cow, OMD-sheep, OMD-

donkey, OVT-cow, OVT-sheep and OVT-donkey.  We considered these 9 pairs 

in the analyses of shared, exclusive and indicator ASVs, and in taxonomic and 

functional analyses of the gut microbiota of dung beetles. 

To visualize the shared (i.e. core) and exclusive ASVs of the nine pairs, we used 

flower plots generated using the R package microeco (46) . In addition, we 

investigated the indicator ASVs of each of the nine pairs using the multipatt  

function in the R package indicspecies (50) . To visualize the taxonomic 

diversity of the different samples, we used percent stacked bar charts 

generated using the tidyverse collection of R packages (49) . 

The trophic behaviors of the identified communities of prokaryotes and fungi 

were assessed using FAPROTAX (Functional Annotation of Prokaryotic Taxa) 

v. 1.2.6 (51)  and FUNGuild (52) , respectively, both of which were implemented 

in the R package microeco (46) . As done for the taxonomic diversity, we used 

percent stacked bar charts to visualize the differences in trophic behavior 

between the samples. The effect of species and dung type on taxonomic and 

functional composition was tested using ANOVA and the Tukey honestly 

significant difference (HSD) test. 

 



 

146 

 

Results 

Phylogenetic relationships of the three dung beetle species  

COI sequences confirmed that the three species (OFT, OMD and OVT) were 

correctly identified using external morphological traits. All three species 

considered in this work fell into the same cluster, namely the subgenus 

Palaeonthophagus (Supplementary File 1, Figs. S1-S2).  

Alpha diversity  

The bioinformatics analysis gave rise to 4659 prokaryotic ASVs and 4549 

ÆÕÎÇÁÌ !36ÓȢ 4ÈÅ Ȱ/ÂÓÅÒÖÅÄ !36Óȱ ÒÁÒÅÆÁÃÔÉÏÎ ÃÕÒÖÅÓ ÓÈÏ×ÅÄ ÔÈÁÔ ÁÌÌ ωπ ÂÅÅÔÌÅ 

samples reached the asymptote for both prokaryotes and fungi. Thus, the depth 

of sequencing was adequate to represent the diversity of the gut microbiota 

(Fig. S3A-B). The rarefied number of reads per sample was 1193 for 

prokaryotes and 1901 for fungi. 

Regarding the prokaryotes, ASVs ranged from a minimum of 24 in a male OMD 

individual collected from donkey dung to a maximum of 395 in a male OMD 

collected from cow dung (Table S2). We found significant differences in the 

Shannon index based on sex (F = 4.37, p < 0.05) and the interaction term sex-

dung type (F = 4.12, p < 0.05). Significant differences were also highlighted in 

the Faith PD index based on the interaction term species-sex (F = 5.02, p < 0.01) 

and dung type (F = 3.40, p < 0.05). 

Regarding the fungi, the number of ASVs detected ranged from 20 in a male 

OFT individual collected from donkey dung to a maximum of 399 in a male 

OMD, once again collected from donkey dung (Table S3). The Shannon index 

varied significantly according to dung type (F = 11.75, p < 0.001), the 

interaction term species-sex-dung type (F = 5.12, p < 0.01), and on the 

interaction term species-sex (F = 4.26, p < 0.05). We found significant 

differences in the Faith PD index based on dung type (F = 8.64, p < 0.001) and 

the interaction term species-sex-dung type (F = 4.36, p < 0.01). 
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Beta diversity: ordination by nMDS  

The ordination plot of the 90 individuals according to the prokaryotic 

component of their microbiota showed a clearer separation of points in the 

nMDS space when we grouped individuals according to species (Fig. 1A) 

instead of dung type (Fig. S4A). The envfit analysis confirmed this result as 

species showed the highest R2 value (R2 = 35.7%; p = 0.001). Dung type and sex 

accounted for 15% (p = 0.001) and 10.1% (p = 0.001), respectively. The R2 

value indicated that species was the strongest factor in differentiating 

individuals, but at the same time, the significant p-value also found for dung 

type and sex showed that these two other factors also contribute to 

differentiating individuals even if to a smaller extent. 

Conversely, for fungi, the ordination plot of the 90 individuals showed a clearer 

distribution of the points in the nMDS space when we grouped the individuals 

according to dung type (Fig. 1B) instead of species (Fig. S4B). R2 values 

confirmed these results as we found that the dung type showed the highest R2 

value (R2 = 30.4%; p = 0.001). Species and sex accounted for 5.2% (p = 0.051) 

and 1.3% (p = 0.282), respectively. Furthermore, in this case, species was only 

nearly significant, and sex was not significant, so these two factors do not seem 

to contribute to the differentiation of individuals. However, we observed a 

clear separation of individuals collected from cow dung and instead a general 

overlap between individuals collected from sheep and donkey dung. 
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Figure 1 . nMDS ordination plots for prokaryotes (A) and fungi (B). Plots show the ordinations 

for individuals colored according to dung beetle species (A) and dung type (B). The stress (a 

measure of goodness of fit) was 0.187 for prokaryotes and 0.206 for fungi. (OFT: O. fracticornis; 

OMD: O. medius; OVT: O. verticicornis). 
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The ordinations in Fig. 1 showed good diversification between samples with 

regard to prokaryotes when we grouped individuals by species, and with 

regard to fungi when we grouped individuals by dung type. Thus, using the 

same nMDS results, the distinction between individuals was even greater when 

we considered the effect of the most important factor only in each of the two 

cases (Fig. 2). When we separated the prokaryotes according to dung type, we 

noticed the effect of species in differentiating individuals. For example, OFT 

was well separated from the other species in all dung types (Fig. 2A). In 

contrast, the distinction between OMD and OVT was less marked albeit still 

evident, especially in sheep dung, where the distinction between the three 

species was particularly good despite the presence of an OVT outlier. The effect 

of sex was mainly visible between individuals collected in donkey dung for all 

three species. We also observed an effect of sex in OFT in cow dung. However, 

the effect of sex in differentiating individuals was not appreciable in the other 

species or dung types. Considering, once more, the R2 values, sex was the factor 

with the lowest value. 

With regard to fungi, when we separated the samples according to species, we 

noticed the effect of dung type in differentiating individuals. Mainly, we 

observed a clear separation between cow and sheep dung in all species (Fig. 

2B). Donkey dung samples, on the other hand, were always slightly mixed with 

the other dung types, especially in OMD where there was a large overlap 

between donkey dung and cow and sheep dung. For fungi, the effect of sex was 

even less evident than what was observed for prokaryotes. The only group with 

good separation between males and females was the OMD collected in donkey 

dung. R2 and p-values identified sex as a weak and non-significant factor.  
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Figure 2 . nMDS ordination plots for prokaryotes (A) separated by dung type in three different 

plots, and fungi (B) separated by species in three different plots. The stress (a measure of 

goodness of fit) was 0.187 for prokaryotes and 0.206 for fungi. (OFT: O. fracticornis; OMD: O. 

medius; OVT: O. verticicornis). 

 

Exclusive and core ASVs 

We evaluated the quantity of exclusive and core ASVs by considering both i) 

the number of ASVs and ii) the number of reads per ASV, as relative 

percentages (i.e. the relative abundance of exclusive and core ASVs).  

Overall, exclusive prokaryotic ASVs (i.e. those exclusive to each of the nine 

species-dung type pairs, Fig. 3, see petals) comprised 78.8% of the 4659 

detected ASVs and 12.5% of the 1193 detected reads. Exclusive fungal ASVs 

comprised 82.2% of the 4549 detected ASVs and 30.3% of the 1901 detected 

reads. The number of prokaryotic and fungal ASVs which were exclusive in 
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each species-dung type pair were similar (on average 408 for prokaryotes, and 

415 for fungi, 8.8% and 9.1%, respectively), but the ASV relative abundances 

were significantly lower in prokaryotes (on average 1.4%) than in fungi (3.4%). 

Core ASVs (i.e. those shared between all nine species-dung type pairs) were 

very few: 30 in prokaryotes and only 5 in fungi, corresponding to 0.6 and 0.1% 

of the detected ASVs, respectively; however, the percentage of core ASV 

abundances were higher with regard to their number, corresponding to 14.7% 

and 2.1%, respectively. 

 

 

Figure 3 . Flower plots presenting the relative abundances (percentages) of core and exclusive 

ASVs for prokaryotes (A) and fungi (B) in each species-dung type pair (OFT: O. fracticornis; 

OMD: O. medius; OVT: O. verticicornis). The numbers indicate the number of ASVs, whereas the 

percentages refer to the number of ASV reads, i.e. the relative abundances as percentages. In 

the center of each flower plot, the figures refer to the ASVs shared by all nine pairs, i.e. core 

ASVs, while in the petals the figures refer to those ASVs exclusive to each pair. 

 

Indicator ASVs  

We detected very few indicator ASVs (i.e. those significantly associated with 

species, dung type or pairs) (Tab. 1), and ASVs associated with only one of the 

three dung beetle species were more numerous in prokaryotes than in fungi 

(on average 73.7 and 5.3, respectively). Vice-versa, ASVs associated with just 
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one of the three dung types were more numerous in fungi than in prokaryotes 

(on average 45.7 and 24, respectively). We detected very few indicator ASVs 

across the nine species-dung type pairs in both prokaryotes and fungi, on 

average 7.4 and 5.7, respectively. 

 

Table 1. Indicator ASVs associated with each group (i.e. dung type, species, or the nine pairs) 

visualized for both prokaryotes and fungi. Only statistically significant ASVs (p < 0.05) are 

reported. (OFT: O. fracticornis; OMD: O. medius; OVT: O. verticicornis). 

Group Number of associated ASVs 
(prokaryotes)  

Number of associated ASVs 
(fungi)  

cow 47 58 
donkey 5 55 
sheep 20 24 
O. fracticornis 51 7 
O. medius 70 8 
O. verticicornis 100 1 
OFT_cow 4 13 
OFT_donkey 4 3 
OFT_sheep 5 11 
OMD_cow 6 5 
OMD_donkey 10 9 
OMD_sheep 13 2 
OVT_cow 5 1 
OVT_donkey 1 6 
OVT_sheep 19 1 

 

Microbial taxonomic composition  

Among the prokaryotes, Proteobacteria, Bacteroidota and Firmicutes 

accounted for more than 80% of the ASVs (Fig. S5A), while Archaea were barely 

detectable. At the genus level (Fig. 4A), considering all samples, the top three 

genera in terms of abundance were Apibacter, Enterococcus and Pseudomonas. 

However, the taxonomic composition of each pair proved to be relatively 

constant regardless of the dung type, whilst varying considerably from one 

host species to another. In particular, the only significant difference between 

dung types was found for Stenotrophomonas (F2,6 = 20.6, p < 0.01), which was 

significantly more abundant in cow dung, whereas several genera showed 
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significantly different abundances between the dung beetle species. For 

example, the relative abundances of Pasteurella varied between the three host-

species (F2,6 = 64.478, p < 0.001), with higher values in OFT than in OMD (17% 

± 1% vs 4% ± 2%; p < 0.001) or OVT (17% ± 1% vs 4% ± 2%; p < 0.001). At the 

same time, OFT hosted significantly fewer Dysgonomonas than OMD (2% ± 0% 

vs 11% ± 3%; p < 0.05) or OVT (2% ± 0% vs 13% ± 6%; p < 0.05). Apibacter 

was less abundant in OVT than in OFT (4% ± 4% vs 12% ± 4%; p < 0.05) or 

OMD (4% ± 4% vs 19% ± 2%; p < 0.01). Acinetobacter was observed in all 

samples, with no significant differences detected between species (F2,6 = 1.768, 

p = 0.249). Nevertheless, the highest percentage of abundance for 

Acinetobacter was observed in OFT collected from sheep dung (21%). The 

genus Wolbachia was found in all samples, with no significant differences 

between species (F2,6 = 0.497, p = 0.632); however, Wolbachia did account for 

a considerable percentage in OVT collected from cow dung (19%). 

With regards to fungi, Ascomycota and Basidiomycota were the most abundant 

phyla, accounting for more than 95% of the ASVs (Fig. S5B). At the genus level 

(Fig. 4B), considering all samples, the top three genera in terms of abundance 

were Cladosporium, Alternaria, and Trichosporon. Nevertheless, the taxonomic 

composition of each pair was relatively constant regardless of beetle species, 

whilst varying from one dung type to another. In particular, we found 

significant differences in the abundance of Malassezia in relation to dung type 

(F2,6 = 25.731, p < 0.01), with higher values in sheep dung than in cow dung 

(10% ± 2% vs 2% ± 2%; p < 0.01) and donkey dung (10% ± 2% vs 0% ± 1%; p 

< 0.01). Overall, while donkey dung and sheep dung samples showed a more 

constant internal set-up, we observed large internal differences in cow dung, 

even at the species level; for example, OFT was dominated by Cladosporium 

(11%), OMD showed a high abundance of Lithophyla and Bullera (21% and 

19%, respectively), and OVT was dominated by Peniophora (18%). On the 
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Figure 4 . Stacked bar chart of the top ten most abundant microbial genera of prokaryotes (A) 

and fungi (B) in the nine species-dung type pairs. (OFT: O. fracticornis; OMD: O. medius; OVT: 

O. verticicornis).  
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other hand, beetles collected from donkey dung exhibited high relative 

abundances of Apiotrichum and Fusarium, while Cladosporium and Alternaria  

were, on average, more abundant in beetles collected from sheep dung, 

although none of these differences were statistically significant (ANOVA).  

For the sake of simplicity, all genera outside the ten most abundant have been 

ÐÏÏÌÅÄ ÁÎÄ ÌÁÂÅÌÌÅÄ ÁÓ ȬÏÔÈÅÒÓȭ ÉÎ ÔÈÅ ÂÁÒ ÃÈÁÒÔÓ ɉ&ÉÇȢ τɊȢ &ÏÒ ÐÒÏËÁÒÙÏÔÅÓȟ ȬÏÔÈÅÒȭ 

genera accounted for about 25% of the total microbial genera in each pair, 

whereas the percentages were much higher for fungi (on average more than 

50%). For example, in the OFT-ÃÏ× ÐÁÉÒȟ ȬÏÔÈÅÒȭ ÇÅÎÅÒÁ ÁÃÃÏÕÎÔÅÄ ÆÏÒ ÍÏÒÅ 

than 75%.  

Microbial functional composition  

The functional composition of prokaryotes and fungi was relatively constant in 

all samples regardless of the species and type of dung consumed.  

More than 95% of the detected prokaryotes had metabolisms based on aerobic 

or anaerobic chemoheterotrophy (Fig. S6A). The three host species showed 

approximately the same functional set-up (Fig. 5A). The only prokaryotic 

function with a significantly different distribution in abundance between host 

species was fumarate respiration (F2,6 = 67.0, p < 0.001), which was more 

abundant in OFT than in OMD (5% ± 0% vs 2% ± 0%; p < 0.001) or OVT (5% ± 

0% vs 3% ± 1%; p < 0.001). Fermentation, a typical carbon metabolic pathway, 

was the most common metabolic process in the prokaryotic microbiota, with 

an average of 37% ± 7% of reads, irrespective of the species considered. 

However, some differences in the abundances of fermentation function across 

dung types should be noted (F2,6 = 5.378, p < 0.05). These weak significant 

differences mainly seemed to be related to cow dung for which fermentation 

was relatively low, whereas the nitrogen-related metabolic pathways were 

more prevalent (i.e. nitrate respiration: F2,6 = 5.15, p < 0.05; nitrate reduction:
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Figure 5 . Stacked bar chart of the top ten most abundant prokaryotic functions (A) and fungal 

guilds (B) (OFT: O. fracticornis; OMD: O. medius; OVT: O. verticicornis; animal parsts./symbnts.: 

animal parasites or symbionts; aromatic compd. degrdn.: aromatic compound degradation; 

intracellular parsts.: intracellular parasites). 
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F2,6 = 7.389, p < 0.05; nitrogen respiration: F2,6 = 5.15, p < 0.05). However, when 

examining the Tukey HDS results, all comparisons between dung types 

resulted non-significant, except for nitrate reduction, which was more 

abundant in beetles collected from cow dung than from sheep dung (9% ± 1% 

vs 4% ± 2%; p < 0.05). A relevant percentage in each pair consisted of 

prokaryotes identified as parasites or animal symbionts (on average 14% ± 

2%, regardless of the species and dung type considered). 

Regarding fungi, from a broader perspective, the most common trophic modes 

were saprotroph, followed by pathotroph and symbiotroph (Fig. S6B). Plant 

pathogens, animal pathogens and wood saprotrophs were the most common 

guild in the fungal microbiota, averaging 22% ± 1%, 22% ± 3% and 18% ± 2%, 

respectively, regardless of the host species and dung type considered (Fig. 5B). 

No significant differences were found in relation to dung type or host species, 

with the exception of wood saprotrophic fungi (F2,6 = 6.067, p < 0.05), which 

were slightly more abundant in OMD than in OVT (20% ± 2% vs 17% ± 1%, 

respectively; p < 0.05). The relative abundance of the dung saprotroph guild 

was equal in all pairs (1% ± 1% on average; no significant differences in 

relation to dung type or host species).  

 

Discussion  

Our main objective was to reveal whether phylogeny (i.e. dung beetle species) 

or diet (i.e. the dung type consumed) was the predominant factor that shaped 

the differences in the prokaryotic and fungal gut microbiota in adult 

individuals of three species Onthophagus beetles. Our second aim was to 

compare taxonomic and functional variability to check for functional 

similarities between individuals. To achieve these goals, we performed 

molecular analyses on the beetles' gut microbiota and analyzed the alpha and 
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beta diversities, core ASVs, indicator ASVs, taxonomy and functionality of the 

considered microbes.  

The alpha diversity analyses revealed the diversity parameters (Shannon Index 

or Faith PD index) to vary according to diet, species and sex, but they did not 

detect any clear differences between the diversity patterns of prokaryotes and 

fungi. Conversely, the results of all other analyses concerning ASV identity 

consistently revealed clear differences in the patterns of ASV composition for 

both prokaryotes and fungi. Indeed, beta diversity analysis (i.e. the nMDS 

ordination) for prokaryotes revealed the individuals to cluster according to the 

three Onthophagus species, whereas the analysis for fungi showed a clustering 

according to dung type. Indicator ASVs related to each of the three dung beetle 

species were much more numerous in prokaryotes than in fungi, while ASVs 

related to the three dung types were much more numerous in fungi than in 

prokaryotes. Finally, the prokaryotic taxonomic composition varied from one 

dung beetle species to another (but was constant within each species 

regardless of the dung type), while the fungal one tended to vary from one dung 

type to another (being relatively constant within each type of dung regardless 

of the species). These results suggest that microbial composition analyses are 

more effective at highlighting patterns of variation dependent on phylogeny 

and diet. They also suggest that the composition of the dung beetle gut 

microbiota reflects two divergent trends: that the prokaryotic component 

mostly depends on the identity of the host species, while the fungal component 

greatly depends on diet (i.e. the type of dung just ingested by the host). The 

phylogeny of the host and its diet are therefore key factors driving microbial 

composition, as confirmed by other studies on beetle species (e.g. 21,53). By 

consequence, we can hypothesize that most prokaryotes of dung beetle 

microbiota are definitive symbionts, whereas many fungi are transient 

symbionts. It has been shown that certain lineages of bacteria that are 
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beneficial for host nutrition can be transmitted from mother to offspring, 

creating a kind of species-specific microbiota. This phenomenon is particularly 

present in Onthophagus species, given their approach to parental care and the 

vertical transmission of the microbiota via pedestals (14,16,20,54). Fungi, on 

the other hand, being more dependent on the host beetle's diet can generally 

be referred to as transient symbionts. Similar results have been reported for 

the gut microbiota in certain caterpillar species, where bacteria were indicated 

to be a core component of the microbiota, and fungi represented a more 

transient component (55) . 

Another interesting result testifying to the differences between the individuals 

tested was the scarcity of a core microbiota and, in a complementary way, the 

abundance of exclusive ASV. As pointed out in the flower plots, the ASVs shared 

between all nine pairs were in fact very few, representing less than 1% of the 

total number of ASVs, whereas exclusive ASVs (i.e. those found in one pair 

only), were more numerous, accounting for approximately 80% of the total 

number of ASVs for both prokaryotes and fungi. These results are consistent 

with previous findings for T. pyrenaeus and P. striatum, which showed that the 

core microbial sequences, both bacterial and fungal, were invariably less 

numerous than those that were exclusive to the individuals (19,23). 

Nevertheless, there is the possibility that this large level of exclusivity is, 

however, of little biological significance. For instance, if a certain ASV is 

ÄÅÔÅÃÔÅÄ ÏÎÌÙ ÏÎÃÅ ÉÎ ÔÈÅ ÔÏÔÁÌ ÄÁÔÁÓÅÔȟ ÉÔ ÉÓ ÏÂÖÉÏÕÓ ÔÈÁÔ ÉÔ ÉÓ ȬÓÔÁÔÉÓÔÉÃÁÌÌÙ 

ÅØÃÌÕÓÉÖÅȭ ÔÏ Ôhe pair in which it was found, but it is also unlikely to be 

ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ ÁÎÙ ÂÉÏÌÏÇÉÃÁÌ ÉÍÐÏÒÔÁÎÃÅȢ Ȭ"ÉÏÌÏÇÉÃÁÌ ÅØÃÌÕÓÉÖÉÔÙȭȟ ÏÎ ÔÈÅ ÏÔÈÅÒ 

hand, assumes that all the many similar ASVs are exclusive to a species when it 

feeds on a certain type of dung. From this point of view, it is crucial to place due 

emphasis on the findings related to indicator ASVs, which showed that very few 
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ASVs were truly associated with a particular species or dung type or species-

dung type pair. 

Many of the prokaryotic and fungal gut microbes found during our analyses 

have been indicated by previous studies as efficient providers of functions that 

benefit dung beetles. Here, we found Proteobacteria and Firmicutes to be 

among the most abundant phyla in the prokaryotic microbiota, consistent with 

previous studies (11,15,19). Firmicutes, associated with fiber-rich diets 

(11,56), may help to break down complex polysaccharides such as cellulose 

and hemicellulose. The genus Pseudomonas seems to be highly beneficial in 

amino acid metabolism, nitrogen fixation and lignocellulose degradation 

(6,10,22). Acinetobacter, also identified as an abundant genus in previous 

research (11,19,21,22), is known to decompose organic material such as dung 

or carcasses, making it a beneficial genus for dung beetles. The genus 

Dysgonomonas appears to be very useful for the synthesis of antifungal 

compounds, in particular, against entomopathogenic fungi such as 

Metarhizium spp. (57) . Furthermore, Dysgonomonas, known nitrogen fixers 

(20,58), are also found in fungus-growing termites, where they possibly 

hydrolyze cellulose (59) , and may have similar functions in beetles; for 

example, in the degradation pathway of lignocellulosic biomass and in 

providing easily metabolized substrates for host ingestion (10,20,23). Some 

pathogenic bacteria have also been found in dung beetles such as Pasteurella, 

known zoonotic pathogens, most probably originating from domestic animals 

(cows, sheep or horses) as shown in previous studies (21) . Wolbachia, on the 

other hand, is a bacterium that infects many insect species and may even alter 

the microbiota, although it has been observed as a common member of the 

dung beetle microbiota (21,22,56,60). Wolbachia infections have different 

effects on host insects, ranging from beneficial i.e., nutrient supplementation 
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and protection from viruses (57,61) to deleterious functions i.e., feminization 

and the killing of males (57) . 

Regarding the fungi present in the microbiota, the Trichosporonaceae taxa, 

abundantly present in many individuals, have been indicated to be capable of 

assimilating or degrading lignocellulose (62) . Genera of this family, such as 

Apiotrichum and Trichosporon, have also been observed to be predominant in 

other dung beetle species (11,19,62). For example, in the dung beetle Copris 

acutidens, the genus Apiotrichum was found in both larvae and adults, 

indicating the possibility that this symbiotic fungus may be transmitted to the 

larval gut by the brood balls (62) . The genus Cladosporium was found to have 

cellulolytic and xylanolytic properties towards various aquatic insects (63) , 

supporting the hypothesis that these fungi can improve the digestibility of 

plant material by insects, and in our case the digestibility of residual plant 

material contained in dung.  

The large number of functions potentially covered by the prokaryotes and 

fungi found in the gut of the three species of dung beetles confirms the 

biological relevance of these microorganisms. They ensure the health of the 

host organisms and are at the same time responsible for the degradation 

processes of the dung deposited by wild and domestic ungulates in pastures. 

The use of functional prediction tools such as FAPROTAX (51) and FUNGuild 

(52) relies on the assumption that taxonomy can be used as a proxy for 

function. Despite some limitations, such as dependence on literature-based 

databases that are not frequently updated and predictions not derived from 

actual genetic content (64), these tools offer a cost-effective means to gain 

preliminary insight into the putative functional potential of microbial 

communities, particularly when metagenomic or metatranscriptomic data are 

not available. Future work integrating multi-omics approaches will help to 

validate and refine these functional predictions. 
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Another objective of this research was to compare the taxonomic and 

functional variability of gut microbiota. As also highlighted in previous work 

(19,23,33), it might be more commonplace and meaningful to look for a 

functional rather than a taxonomic core. Indeed, this also seemed to be the case 

in the present study. Our results showed that the large taxonomic differences 

between the different groups did not translate into any relevant functional 

diversity. Indeed, in relation to both prokaryotes and fungi, all the groups 

considered presented roughly the same pattern of functions, highlighting the 

contrast between the strong taxonomic dissimilarity and the wide similarity in 

functional composition. Indeed, it appears that the microbiota has a certain 

resili ence to environmental and/or diet-related disturbances, which ensures 

the host the maintenance of essential metabolic functions despite recurrent 

disturbances (65) . This means that although the microbes present in the gut 

microbiota may change even substantially, the functions potentially expressed 

remain essentially the same. This concept is grounded in what is referred to in 

the literature as functional redundancy (66,67). Thus, the functional 

redundancy hypothesis, which was initially tested on other organisms, also 

seems applicable to dung beetles, although further analysis would be required. 

In turn, this preservation of microbial functionality, despite differences in 

microbial taxonomy, may contribute to ensuring the ability of the dung beetle 

to successfully feed, survive and reproduce, and by consequence the continual 

provision of ecological services to the ecosystem. 

Conclusions 

To the best of our knowledge, this is the first work to show how the cause of 

prokaryotic and fungal diversity in the dung beetle gut microbiota is different. 

We found that the prokaryotic component of the microbiota varies according 

to the host species, and may be different even in phylogenetically very close 

species. Vice versaȟ ×Å ÓÈÏ× ÔÈÁÔ ÆÕÎÇÉ ÄÅÒÉÖÅȟ ÁÔ ÌÅÁÓÔ ÉÎ ÐÁÒÔȟ ÆÒÏÍ ÔÈÅ ÈÏÓÔȭÓ 
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diet (i.e. through different types of dung). This difference should be carefully 

considered in studies of the gut microbiota of dung beetles because the 

ÅÖÏÌÕÔÉÏÎÁÒÙ ÁÎÄ ÅÃÏÌÏÇÉÃÁÌ ȬÌÏÇÉÃȭ ÁÆÆÅÃÔÉÎÇ ÔÈÅ Ô×Ï ÇÒÏÕÐÓ ÁÒÅ ÐÒÏÂÁÂÌÙ ÖÅÒÙ 

different. Future studies are needed to further confirm these results, 

potentially involving a larger number of species, even from different genera. At 

the same time, it is necessary to consider that, although the functional role of 

the microbiota is usually ascribed to bacteria, the different fungal guilds also 

provide a significant functional contribution. 

Studying wild individuals allowed us to investigate conditions that are as close 

to natural conditions as possible. This is an objective strength of the present 

work since research on the microbiota of individuals raised in the laboratory, 

although useful for discovering fundamental processes such as those linked to 

the vertical transmission of the microbiota (68) , cannot provide data on the 

variability in microbiota composition in wild individuals. Thus, sampling 

individuals from the wild allowed us to fully appreciate the great variability in 

the gut microbiota of these beetles, and this finding sets the scene for a future 

challenge: to isolate, cultivate and identify the bacterial and fungal taxa 

associated with the digestive tract of Onthophagus spp. to reveal the functional 

dimension of their gut microbiota. Indeed, the integration of culture-

independent and culture-dependent approaches is a key strategy for the in-

depth characterization of the functional diversity of this species and its 

ecological significance across various environments. In addition, the removal 

of environmental ASVs from those present in the gut and the purging of the 

ÂÅÅÔÌÅȭÓ ÇÕÔ ÆÏÒ ÁÔ ÌÅÁÓÔ ςτ ÈÏÕÒÓ ÂÅÆÏÒÅ ÄÉÓÓÅÃÔÉÏÎ ÍÁÄÅ ÉÔ ÐÏÓÓÉÂÌÅ ÔÏ ÃÏÎÓÉÄÅÒ 

more rigorously only those sequences constituting the gut microbiota. In this 

way, contamination with microbes possibly derived from soil or ingested food 

can be limited. 
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Finally, the results of this study also provide useful analytical indications. 

Precisely, our findings suggest analyses of microbial composition to be more 

effective than analyses of alpha diversity for identifying patterns of variation 

dependent on phylogeny and diet. 
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Supplementary Materials  

Supplementary File 1  

Assessment of the phylogenetic relationships of the three dung beetle 

species  

To compare phylogenetic relationships between the three target species (i.e. O. 

fracticornis, O. medius, O. verticicornis) and between the target species and 

other Onthophagus species (i.e. O. taurus, O. illyricus, O. grossepunctatus and O. 

lemur and O. furcatus) collected in Mocchie (Piedmont, Italy) we selected four 

individuals (two males and two females) per species, and removed a foreleg 

from each individual for molecular analysis (Table S1).  

Each limb was preserved in absolute ethanol and stored at 4°C. DNA was 

extracted using a slightly modified CTAB method (1,2), as described in Natta et 

al. (2024) (3). We applied a DNA barcoding approach to investigate the 

phylogenetic relationships between the three species using mitochondrial 

sequences of the cytochrome oxidase subunit I (COI) and the internal 

transcribed spacer region 2 (ITS2) as molecular targets. The COI gene was 

ÁÍÐÌÉÆÉÅÄ ÕÓÉÎÇ ÐÒÉÍÅÒÓ ,#/ρτωπ ɉυȭ-CHACWAAYCATAAAGATATYGG) and 

HCO2198 (5ȭ-AWACTTCVGGRTGVCCAAARAATCA) (4,5), while the ITS2 gene 

was amplified using the primers ITS2-& ɉυȭ-GGGTCGATGAAGAACGCAGC) and 

ITS2-2 ɉυȭ-ATATGCTTAAATTCAGCGGG) (6). PCR were run in 25 ʈl using 10 

ʈmol of each primer, 5 ʈmol of FIREPol® Master Mix (Carlo Erba Reagents) 

and 20 ng of DNA. The PCR conditions were: 5 min at 95°C, followed by 35 

cycles of 30 s of denaturation at 95°C, 45 s of annealing at 50°C and 2.5 min of 

extension at 65°C, with a final single extra extension step of 5 min at 65°C. PCR 

products were visualised using 1% agarose gel with 2 ʈl of ethidium bromide 

and purified using Wizard® SV gel and PCR Clean-Up System (Promega). We 

then quantified the DNA with QUBIT (Invitrogen) and sent the purified samples 

to Genechron (Rome, Italy) for sequencing.  
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Table S1. List of the COI sequences used in the phylogenetic analyses, with the accession codes 

in BOLD. 

No Species code BOLD Locality  

1 Euoniticellus fulvus UTOCP021-25 Italy, Piedmont, Susa Valley, Mocchie 

2 Euoniticellus fulvus UTOCP020-25 Italy, Piedmont, Susa Valley, Mocchie 

3 Onthophagus fracticornis UTOCP011-25 Italy, Piedmont, Susa Valley, Mocchie 

4 Onthophagus fracticornis UTOCP010-25 Italy, Piedmont, Susa Valley, Mocchie 

5 Onthophagus fracticornis UTOCP012-25 Italy, Piedmont, Susa Valley, Mocchie 

6 Onthophagus furcatus UTOCP025-25 Italy, Piedmont, Susa Valley, Mocchie 

7 Onthophagus furcatus UTOCP023-25 Italy, Piedmont, Susa Valley, Mocchie 

8 Onthophagus furcatus UTOCP024-25 Italy, Piedmont, Susa Valley, Mocchie 

9 Onthophagus furcatus UTOCP022-25 Italy, Piedmont, Susa Valley, Mocchie 

10 Onthophagus grossepunctatus UTOCP026-25 Italy, Piedmont, Susa Valley, Mocchie 

11 Onthophagus grossepunctatus UTOCP027-25 Italy, Piedmont, Susa Valley, Mocchie 

12 Onthophagus illyricus UTOCP030-25 Italy, Piedmont, Susa Valley, Mocchie 

13 Onthophagus illyricus UTOCP031-25 Italy, Piedmont, Susa Valley, Mocchie 

14 Onthophagus illyricus UTOCP028-25 Italy, Piedmont, Susa Valley, Mocchie 

15 Onthophagus illyricus UTOCP029-25 Italy, Piedmont, Susa Valley, Mocchie 

16 Onthophagus lemur UTOCP036-25 Italy, Piedmont, Susa Valley, Mocchie 

17 Onthophagus lemur UTOCP037-25 Italy, Piedmont, Susa Valley, Mocchie 

18 Onthophagus medius UTOCP015-25 Italy, Piedmont, Susa Valley, Mocchie 

19 Onthophagus medius UTOCP016-25 Italy, Piedmont, Susa Valley, Mocchie 

20 Onthophagus medius UTOCP013-25 Italy, Piedmont, Susa Valley, Mocchie 

21 Onthophagus medius UTOCP014-25 Italy, Piedmont, Susa Valley, Mocchie 

22 Onthophagus taurus UTOCP033-25 Italy, Piedmont, Susa Valley, Mocchie 

23 Onthophagus taurus UTOCP034-25 Italy, Piedmont, Susa Valley, Mocchie 

24 Onthophagus taurus UTOCP032-25 Italy, Piedmont, Susa Valley, Mocchie 

25 Onthophagus verticicornis UTOCP018-25 Italy, Piedmont, Susa Valley, Mocchie 

26 Onthophagus verticicornis UTOCP019-25 Italy, Piedmont, Susa Valley, Mocchie 

27 Onthophagus verticicornis UTOCP017-25 Italy, Piedmont, Susa Valley, Mocchie 
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We examined the phylogenetic relationships between the species collected in 

the Mocchie area using both COI and ITS sequences together in MAFFT v7, a 

multiple sequence alignment (MSA) program (7,8), using the MAFFT online 

resources (https://mafft.cbrc.jp/a lignment/server/). Since ITS sequences are 

not usually regarded as reliable for assessing interspecific diversity within 

Coleoptera, we did not analyse them beforehand using ASAP (9). We aligned 

the matrix sequences in MAFFT (auto strategy) and built a NJ phylogenetic tree. 

Furthermore, to confirm the former results, the alignment produced in MAFFT 

was also used to produce a maximum likelihood tree in MEGA12 (best model = 

T92+G+I selecting the adaptative bootstrap option to test the phylogeny, (10)) 

and a Bayesian inference tree (MrBayes v3.2, (11)) with the model settings: 

data = not partitioned; Nst = 1; covariation = no; rates = equal; N of generation 

= 1,000,000; number of chains = 2; burnin fraction = 0.25%. In the former 

analyses, individuals of Euoniticellus fulvus, also collected in Mocchie, were 

used as an outgroup to root the calculated trees. 

Phylogenetic relationships of the three dung beetle species  

COI sequences confirmed that the three target species (O. fracticornis, O. medius 

and O. verticicornis) were correctly identified through the use of external 

morphological traits. Both the maximum likelihood tree (Fig. S1) and the 

Bayesian inference analysis consensus tree (Fig. S2) confirmed that all the 

collected individuals of the genus Onthophagus were clustered into 3 

subgenera, i.e. Furconthophagus, Onthophagus s.str. and Palaeonthophagus. All 

three target species fell into the same cluster, namely, the subgenus 

Palaeonthophagus. The clade corresponding to the Paleonthophagus subgenus 

also included O. grossepunctatus and O. lemur, the latter being more closely 

related among themselves than the three target species.  

The phylogenetic relationships between these three target Onthophagus 

species were confirmed by both analyses. However, O. fracticornis and O. 
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verticicornis were more strictly related to each other than to O. medius. Also, 

the Bayesian analysis confirmed the closer relationships between the three 

species of the dataset, with a clade credibility value equal to 100% for each of 

the species included in the analysis. 

 

Figure S1. Maximum likelihood tree for the Onthophagus species collected in Mocchie. 

Euoniticellus fulvus from Mocchie was used as an outgroup to root the calculated tree. The tree 

(log likelihood = -10,074.17) shows the percentage of replicate trees (values>51%) in which 

the taxa clustered together next to the branches. The three Onthophagus subgenera (i.e., 

Paleonthophagus, Onthophagus s.str. and Furconthophagus constituted three distinct clades. 
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Figure S2. Bayesian inference analysis consensus tree for the Onthophagus species collected 

in Mocchie with the probability percent values of each node. Euoniticellus fulvus from Mocchie 

was used as an outgroup to root the calculated tree. The Bayesian analysis furnished higher 

percent values of probability for each clade than the ML tree. 
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Supplementary file 2  

 

Figure S3. Rarefaction curves for prokaryotes (A) and fungi (B). The y-axis shows the ASV 

number found for each individual in relation to the number of reads (x-axis). 
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Figure S4. Results of a nMDS analysis for prokaryotes (A) and fungi (B). Plots show grouping 

by dung type (A) and dung beetle species (B). Stress (a measure of goodness of fit) is 0.187 for 

prokaryotes, and 0.206 for fungi. (OFT: O. fracticornis; OMD: O. medius; OVT: O. verticicornis). 
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Figure S5. Stacked bar chart of the ten most abundant gut prokaryotes (A) and fungi (B) at the 

phylum level (OFT: O. fracticornis; OMD: O. medius; OVT: O. verticicornis). 
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Figure S6. Stacked bar chart of the prokaryotic energy-generating modes (A) and fungal 

trophic modes (B) (OFT: O. fracticornis; OMD: O. medius; OVT: O. verticicornis). 
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Table S2. Prokaryotic alpha diversity values for all individuals (i.e. 90 dung beetles). 

Table S3. Fungal alpha diversity values for all individuals (i.e. 90 dung beetles). 

(Table S2 and S3 are available online at: 

https://www.frontiersin.org/articles/10.3389/finsc.2025.1639013/full#supplementary -

material) 
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Abstract  

Dung beetles (Coleoptera, Scarabaeidae) contribute to soil biogeochemical 

cycling via dung burial and soil mixing, yet little is known about their impact 

on soil biogeochemistry at the microscale. We employed planar optode imaging 

to simultaneously resolve oxygen and pH gradients in soil bioturbated by the 

tunneling species Onthophagus nuchicornis ɉ,ÉÎÎÁÅÕÓȟ ρχυψɊȢ 5ÓÉÎÇ Á ȰÓÏÉÌ 

ÓÁÎÄ×ÉÃÈȱ ÓÅÔÕÐȟ ×Å ÍÏÎÉÔÏÒÅÄ ÓÐÁÔÉÁÌ ÁÎÄ ÔÅÍÐÏÒÁÌ ÃÈÁÎÇÅÓ ÉÎ ÔÈÅ ÓÏÉÌ 

microenvironments across a vertical plane over 96 h. Beetles generated a 

heterogeneous network of tunnels and dung balls, leading to steep oxygen and 

pH gradients and an 8-fold increase in the 2D oxic-anoxic interface zones. 

Buried dung balls exhibited persistent anoxia, confirmed via microsensor 

profiling, with more than 75% of the volume remaining anoxic for over 45 h. 

Oxygen depletion was coupled to a rise in pH extending millimeters beyond the 

anoxic zone. Using fluorescent dye-labeled nanoparticles we were also able to 

track dung movement under waterlogged conditions, demonstrating 

continued, albeit reduced, beetle activity under anoxia. The combined effects 

on oxygen, pH, and the organic matter redistribution enhance microbial habitat 

heterogeneity and are expected to favor the coupling between aerobic and 

anaerobic processes, such as nitrification and denitrification. Finally, we 

obtained quantitative estimates of soil displacement and dung removal, 

providing direct metrics of the ecosystem services delivered by dung beetles, 

including enhanced soil porosity and organic matter burial. The novel 

methodological approach described here provides mechanistic insights into 

the micro-scale processes underlying dung beetle-mediated soil modification, 

sustaining their role as soil ecosystem engineers. 

Keywords  

dung beetle, planar optode, pH, oxygen, bioturbation, nanoparticles 
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Introduction  

Soil arthropods encompass a diverse array of invertebrates, including insects, 

spiders, mites, springtails, millipedes, and centipedes (Shehzad et al., 2024). 

These organisms exhibit specialized adaptations that enable them to survive 

and thrive within the  intricate microhabitats characteristic of the soil matrix 

(Villani et al., 1999). Arthropods fulfill essential ecological functions within soil 

ecosystems (Shehzad et al., 2024). Through their feeding behavior, many soil 

arthropods facilitate the decomposition of organic substrates, such as plant 

litter and animal remains, thereby promoting nutrient mineralization and 

cycling (Potapov et al., 2022). Certain taxa, including ants, termites, and 

beetles, are particularly recognized for their capacity to modify soil structure 

through burrowing activities (Cheik et al., 2022; Keller et al., 2022). Among soil 

arthropods, dung beetles (Coleoptera, Scarabaeidae) play a key role in 

maintaining soil ecosystem functioning. Dung beetles contribute to improving 

soil aeration and permeability through bioturbation, while dung burial 

increases soil organic matter (Nichols et al., 2008; França et al., 2017; Singh et 

al., 2021; Keller et al., 2022). Their reworking of vertebrate excrement has 

important implications for plant growth, as well as nutrient cycling in general 

(Nichols et al., 2008; deCastro-Arrazola et al., 2023; Noriega et al., 2023). Beetle 

activity leads to an increase in soil pH, with variable intensity depending on the 

type of soil (Bertone et al., 2006; Niero et al., 2025). Moreover, through dung 

ÂÕÒÉÁÌ ÁÎÄ ÓÏÉÌ ÁÅÒÁÔÉÏÎȟ ÄÕÎÇ ÂÅÅÔÌÅÓ ÒÅÄÕÃÅ ÇÒÅÅÎÈÏÕÓÅ ÇÁÓ ÅÍÉÓÓÉÏÎÓ ɉ#(Ϟȟ 

#/Ϝȟ .Ϝ/Ɋ ÂÙ ÕÐ ÔÏ ÏÎÅ-third (Piccini et al., 2017) and limit nitrogen loss (Nervo 

et al., 2017). 

Soils are complex matrixes that result from the dynamic interplay between 

biotic and abiotic factors. Due to their inherent heterogeneity, biogeochemical 

processes in soils primarily take place in hot spots and hot moments (Groffman 
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et al., 2009; Pedersen et al., 2015). Soil and dung reworking and tunneling 

activity by dung beetles is expected to make a significant contribution to this 

complexity, altering oxygen and pH and, in turn, influence nutrients availability 

(Torabian et al., 2024). The potential for differences in the behaviors displayed 

by individual dung beetles within a population adds an additional level of 

complexity for the quantitative characterization of their impact on soil 

geochemical processes.  

Oxygen and pH dynamics strongly influence soil biogeochemistry. On the one 

hand, aerobic conditions favor organic matter degradation (with the 

consequent liberation of CO2)  as well as reoxidation processes such as methane 

oxidation and nitrification (Ward, 2008; Christel et al., 2016; Lacroix et al., 

2021, 2023). On the other hand, the absence of oxygen triggers anaerobic 

processes such as denitrification (with the consequent loss of N as N2 or N2O) 

and methanogenesis (Askaer et al., 2010; Kraft et al., 2014). The pH of the soil 

has profound implications for several soil processes (Dahlgren, 2006). Soil pH 

regulates nutrient mobility, enzyme activity and consequently microbial 

processes and plant growth (Buss et al., 2018; Neina, 2019). In connection to 

nitr ogen availability, nitrification - a key process is determining N availability 

for plants - is typically favored close to neutral pH (Kyveryga et al., 2004) but 

is inhibited under acidic conditions due to the reduced bioavailability of NH4+ 

over NH3 (Sommer et al., 2004). Conversely, high pH values favor the loss of N 

via NH3 volatilization (Zhenghu and Honglang, 2000). More in general, several 

studies have also shown soil pH to predict bacterial community composition, 

with abundances and diversity increasing as the pH increases (Fierer and 

Jackson, 2006; Rousk et al., 2010). The same is true for microbial activity, with 

lowest activities being found in acidic soils (pH: 4.24 ɀ 4.35) and the highest in 

alkaline soils (pH: 7.53 ɀ 8.13) (Cao et al., 2016). 
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Revealing oxygen and pH spatiotemporal dynamics at the suitable scale is, 

therefore, pivotal to obtaining a comprehensive understanding of the multi-

faceted impact of dung beetles on the soil. To date, many studies have focused 

on dung beetles in relation to soil fertility, nutrient cycling, and ecosystem 

productivity (Maldonado et al., 2019; Noriega et al., 2023; Hajji et al., 2024). 

However, few have analyzed the impact of dung beetles on the chemical-

physical environment of soils, and all studies completed to date have employed 

bulk methods with low spatial resolution. While observing the activity and 

impact of dung beetles at the bulk macroscopic level is relevant from the 

functional viewpoint, the regulation of these processes occurs at the 

microscale, requiring a different methodological approach to its investigation. 

However, until now we lacked tools able to document the spatial and temporal 

heterogeneity at the appropriate resolution (i.e., sub-millimeter). Planar 

optode technology enables the real-time 2D visualization of O2 and pH in the 

absence of sample pre-treatment. The imaging acquisition parameters 

employed permit variations in the chemical parameters to be detected at high 

spatial and temporal resolution (Blossfeld et al., 2013; Merl and Koren, 2020; 

Koren and Zieger, 2021; Merl et al., 2023). Planar optodes have been 

extensively applied for the study of marine and freshwater sediments (e.g., 

Wenzhöfer and Glud, 2004; Marzocchi et al., 2019); however, this approach 

holds great potential to resolve soil heterogeneity (Santner et al., 2015). Planar 

optodes have, for instance, been applied to examine the distribution of O2 in 

soil following the incorporation of organic fertilizers (Zhu et al., 2014, 2022; 

Christel et al., 2016) and the impact of plant roots on soil pH and CO2 level 

(Blossfeld et al., 2013). In a recent study Merl and Koren (2020) applied O2, pH, 

and a novel NH3 optode to analyze nitrification activity in soils after the 

addition of manure. However, to the best of our knowledge, no optode-based 
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research has ever been applied to study the impact of soil-dwelling arthropod 

macrofauna on soil properties.  

In this context, we investigated the simultaneous alteration of O2 and pH levels 

in soils bioturbated by dung beetles using planar optodes. As a model of dung 

beetle activity, we used Onthophagus nuchicornis (Linnaeus, 1758), a 

widespread Palearctic species which digs tunnels beneath dung (mainly cattle) 

pats (Mann and Lane, 2016; Indigo et al., 2025). These beetles move the dung 

through the tunnels, accumulating it in balls at the end. Here, the females pack 

the dung into little oval balls, in which a single egg is laid (Mann and Lane, 2016; 

Indigo et al., 2025). Our data provide new insights into the effects of these soil 

engineering organisms on the chemical environment of soil. 

Materials and methods  

Materials collection  

Eight adult individuals (4 females and 4 males) of Onthophagus nuchicornis, 

dung and soil samples were collected from pastures near Femmøller, Denmark 

(N 56.233015, E 10.567847). The dung originated from free-ranging cattle and 

was homogenized and frozen to suppress the proliferation of parasites and 

other insect larvae. Soil samples (sandy loam; 73% sand, 18% silt, 9% clay) 

from a depth of 0 to 20 cm were passed through a 2 mm sieve and stored in a 

cold room (4 °C). The soil gravimetric water content was 9%, and its organic 

matter content was 2%.  

To measure the pHH2O of the dung and soil used in the experiment, samples 

were diluted with MilliQ water at a ratio of 1:5 (w/w: dung/water or 

soil/water) and the pH measured using a glass micro-electrode (Metrohm 

6.0234.110) previously calibrated using standard pH buffers (Fluka analytical) 

and connected to a pH meter (Knick type 764). The pH electrode was also 
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equipped with a temperature probe. The initial pHH2O values for the dung and 

soil were 7.2 and 7.8, respectively. 

Overall experimental design  

In the main experiment we applied planar optodes in a soil sandwich to 

simultaneously detect alterations in O2 and pH in soils bioturbated by dung 

beetles. To validate planar optode measurements, i.e., confirming that anoxia 

inside the dung ball was not only induced by the contact between the optode 

and the dung, in a second set of experiments, we investigated the occurrence of 

anoxia within dung ball by applying microsensors. In a third experiment, we 

tested dung beetle activity in waterlogged soil. As the waterlogged soil was 

anoxic, this scenario precluded the utilization of the oxygen sensor to trace the 

dung ball transport, we thereby mixed fluorescent nanoparticles with the dung 

and trace its movement using the optode system. 

Soil sandwich design 

We integrated oxygen and pH optodes into a glass plate terrarium to create a 

so-ÃÁÌÌÅÄ ȰÓÏÉÌ ÓÁÎÄ×ÉÃÈȱ ×ÉÔÈ ÁÎ ÉÎÔÅÒÎÁÌ ÔÈÉÃËÎÅÓÓ ÏÆ χ ÍÍȢ 4ÈÅ Ô×Ï ÇÌÁÓÓ 

plates were 2 mm thick and 25 × 25 cm in size. The soil sandwich was 

assembled and closed on three sides (bottom, left and right) by means of a 

plastic frame and a rubber gasket along the walls. Only the top side was left 

open but covered with a mesh to prevent beetles from escaping. By attaching 

an oxygen optode to the inner side of one glass plate and a pH optode to that of 

the opposite glass plate, we were able to visualize changes in oxygen and pH 

simultaneously (Fig. 1 and S1). Such a narrow thickness was chosen because, 

after several trials with sandwiches of other thicknesses, this was found to be 

the most suitable for the beetles' body size. In fact, with this thickness the 

beetles were able to move freely in all directions and at the same time we were 

more confident that the tunnels and dung balls would be created by adhering 
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Figure 1 . Soil sandwich and imaging setup. The soil sandwich was assembled using two glass 

plates held in place by the base frame. Optodes (oxygen and pH) were attached to the inner 

sides of the glass plates. The space between the two plates was filled with 230 g soil, and 90 g 

of cow dung were added to the top of the soil in a central position. The imaging setup comprised 

a single-lens reflex (SLR) camera and an ultra-violet LED. Consecutive imaging of the two sides 

of the sandwich was permitted through the use of a rotating motor attached to the sandwich 

frame which was connected to the computer software and imaging system. 

 

to the glass wall equipped with optodes and not in the central areas of the 

sandwich where we could not obtain data from the optodes. Soil (230 g) was 

inserted between the two glass plates as described in previous studies (Merl 

and Koren, 2020; Merl et al., 2024). Dung (90 g) was placed on top of the soil in 

a central position so that the optode could visualize both dung-amended soil 

and the neighboring areas not directly affected by dung amendment. The soil 

sandwich was connected to a rotating motor which allowed us to capture 

images of both sides using a single camera setup. 
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Following the deposition of the dung, the soil sandwich was left for 3 h to 

equilibrate. Thereafter, eight O. nuchicornis, previously fasted for 24 h, were 

placed on top of the soil sandwich. Images were taken once every hour for 96 

h (4 days) from both sides to document the changes in oxygen and pH in the 

soil microenvironment induced as a result of the dung beetles distributing 

dung through their constructed tunnels. We performed a second replication of 

the test under identical conditions lasting 24 h. 

Planar optode fabrication  

Optodes for oxygen and pH were prepared according to previous studies with 

minimal deviations (Brodersen et al., 2017; Merl and Koren, 2020; Merl et al., 

2023). Sensor cocktails were prepared, and knife coated onto dust-free 

polyethylene terephthalate (PET) foils (Puetz Folien, Germany) using a film 

applicator (Byk-Gardner GmbH). For the O2 optode, the sensor cocktail 

comprised 7.5 mg of the indicator dye platinum(II)-meso(2,3,4,5,6-

pentafluoro)phenyl-porphyrin (PtTFPP; Frontier Scientific) plus 7.3 mg of the 

reference dye Macrolex® fluorescence yellow 10GN (MY; Lanxess, Germany), 

dissolved in 5 g 10% wt. polymer polystyrene (PS, MW 192,000 g mol-1; Sigma 

Aldrich) in chloroform (CHCl3; Merck KGaA, Germany). This optode was knife 

coated using a film applicator (4 mil gap clearance) to fabricate an optode 

measuring 15 × 22 cm with a sensor layer thickness of ~10 µm upon solvent 

evaporation. The sensor cocktail for the pH optode consisted of 2.7 mg of the 

lipophilic pH indicator 1-hydroxypyrene-3,6,8-tris -bis(2-

ethylhexyl)sulfonamide (HPTS; kindly provided by Dr. Sergey Borisov, Graz 

University of Technology, Austria (Borisov et al., 2009)), 2.6 mg of the 

reference dye perylene (Sigma Aldrich) in 2.7 g of 5% wt. polymer hydromed 

D4 (AdvanSource Biomaterials) dissolved in anhydrous tetrahydrofuran 

ɉІωωȢωϷȠ 3ÉÇÍÁ !ÌÄÒÉÃÈɊȢ 4ÈÅ Ð( ÏÐÔÏÄÅ ÃÏÃËÔÁÉÌ ×ÁÓ ÁÐÐÌÉÅÄ ÕÓÉÎÇ Á ÆÉÌÍ 
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applicator (4 mil gap clearance) to produce an optode measuring 15 × 22 cm 

with a layer thickness of ~10 µm. 

Imaging setup for oxygen and pH measurements  

The imaging setup was similar to that used in previous studies (Merl et al., 

2023, 2024) and consisted of an SLR camera (EOS 1300D; Canon, Japan), a 

macro-objective lens (Zoom lens EF-S18-55mm f/3.5-5.6 III; Canon, Japan), a 

yellow 455 nm long-pass filter attached to the lens (GG455 SCHOTT, 52 × 2 

mm), and another plastic filter (#10 medium yellow; LEEfilters.com). The 

plastic filter was attached in front of the long-pass filter on the lens hood to 

minimize background fluorescence. The excitation of the optodes was 

conducted using a 405 nm UV LED (RS components, Copenhagen, Denmark) 

paired with a short-pass filter (Hoya B-390 HFB 3925, UQG Optics, Cambridge, 

England). The camera, LED, and rotating motor, upon which the soil sandwich 

was mounted, were connected and controlled by a trigger box, comprising a 

USB-controlled driver unit ( https://imaging.fish -n-chips.de/) operated using 

Look@RGB (https://imaging.fish -n-chips.de/) software. This software 

enabled the collection of sample images, splitting the images into different 

channels, and simultaneously coordinated the SLR camera, LED, and rotating 

motor (i.e., both imaging acquisition and soil sandwich turning) as needed. 

Calibration  

Calibrations for the O2 and pH optodes were conducted as in previous studies 

(Larsen et al., 2011; Brodersen et al., 2017; Merl and Koren, 2020). Briefly, for 

the oxygen optode, a small piece of the sensor foil was positioned and fixed on 

the inside of a transparent plastic chamber with a removable front wall and lid 

(L × W × H: 6 × 3.9 × 10 cm). The chamber was filled with water titrated with a 

2% sodium hypodisulfite (Na2S2O4) solution to obtain different oxygen 

concentrations until the water was completely deoxygenated. These oxygen 

levels were monitored using an optical O2 microsensor (FireSting GO2, 

https://imaging.fish-n-chips.de/
https://imaging.fish-n-chips.de/
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PyroScience GmbH, Aachen, Germany) calibrated using the 2-point calibration 

technique with 0 and 100% air-saturated water. For calibration of the pH 

optode, we again used a small piece of the sensor foil attached to the inside of 

the chamber. We filled the chamber with a 0.1 M phosphate buffer solution (pH 

7; ionic strength = 0.377 M, adjusted with NaCl). The calibration points were 

regulated using 1 M sodium hydroxide (NaOH) and 1 M hydrochloric acid (HCl). 

Then calibration was conducted using the software ImageJ 

(https://imagej.net/software/imagej/ ). Calibration curves for the O2 and pH 

optodes are reported in figure S2. 

Oxygen microprofiles  

To validate that the anoxic areas detected by the planar optode in the dung 

balls were not an artefact induced by the limited air diffusion through the soil 

sandwich glass wall we conducted a separate experiment in which we 

positioned dung balls buried by beetles on plasteline and measured oxygen 

microprofiles throughout the ball vertical section (Fig. S3). In addition, to 

document the persistence of anoxic conditions within dung ball, we placed a 

microsensor inside a dung ball and recorded oxygen concentration for up to 60 

h. We tested two distinct experimental conditions in this second set of 

measurements: i) the dung ball laid on the soil surface and exposed to air; and 

ii) the dung ball buried in the soil. All the dung balls used were of comparable 

size and age (~ 20 × 10 × 7 mm; 4-5 days). 

The oxygen microsensors were built at Aarhus University (Revsbech, 1989). O2 

sensors were calibrated according to a two-point calibration using the signal in 

ÁÉÒ ɉρππϷ ÁÉÒ ÓÁÔÕÒÁÔÉÏÎ ÁÔ ςρЈ# ÁÎÄ πϸ ÓÁÌÉÎÉÔÙɊ ÁÎÄ ÔÈÁÔ ÉÎ ÔÈÅ ÁÎÏØÉÃ ÆÒÅÓÈ 

dung (0% air saturation). The sensor tip was manually positioned on the dung 

ball surface. Depth microprofiles were conducted using standard procedures, 

as described elsewhere (Marzocchi et al., 2018). 

https://imagej.net/software/imagej/
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Quantitative assessment of bioturbation and dung removal  

To measure bioturbation activity, i.e., tunneling activity, we calculated the 

amount of soil deposited above the top surface of the soil at the end of the 96-

h test (Braga et al., 2013; França et al., 2017; Singh et al., 2021). To this end, we 

ÕÓÅÄ ȰÒÅÁÌȱ ÉÍÁÇÅÓ ÏÆ ÔÈÅ ÓÏÉÌ ÓÁÎÄ×ÉÃÈ ÇÌÁÓÓ ÓÉÄÅ ÐÁÎÅÌÓ ɉi.e., taken without the 

UV LED illumination and the calibrated optode) to assess the initial and final 

area of the panels covered by soil, and then multiplied the difference between 

the two values (i.e., the increase in area) by the thickness of the soil sandwich 

(7 mm). In a similar manner, we also calculated the decrease in the area 

occupied by dung on the surface, i.e., the dung burial (Braga et al., 2013; Nervo 

et al., 2014). 

Waterlogged soil test using dung mixed with fluorescent dye -labeled 

nanoparticles  

To track the movement of prevalently anoxic dung in hypoxic/anoxic soil (i.e., 

when the background oxic condition is too low), we performed another 

experiment whereby the dung material was mixed with nanoparticles coated 

with fluorescent dye. The soil sandwich was prepared as described above, but 

with the following two differences: i) while an oxygen planar optode was 

installed to the inner side of one glass plate, the inner side of the opposite plate 

was left completely transparent, ii) before adding the soil (230 g) to the soil 

sandwich it was first mixed with water (~ 60 ml, so the new soil gravimetric 

water content was 38%) to promote anoxic conditions, and the applied dung 

(90 g) was mixed with fluorescent nanoparticles (prepared using the dye MY 

according to Ahmerkamp et al., 2022). After the dung was deposited, the soil 

sandwich was allowed to equilibrate for 3 h. Eight O. nuchicornis, fasted for 24 

h, were then added to the soil sandwich. Images were taken from both sides of 

the soil sandwich once every hour for a total of 87 h. 
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Data analysis  

Data analysis was conducted using the software ImageJ 

(https://imagej.net/software/imagej/ ) according to previous studies (Larsen 

et al., 2011; Brodersen et al., 2017; Merl and Koren, 2020). Based on the optical 

configuration in our system the spatial resolution was determined to be 115 

µm per pixel. The perimeter of the soil-dung interface zones, i.e., the oxic-

anoxic transition zones, was measured directly on the initial and final image 

using ImageJ software. The threshold discriminating the oxic zone from the 

anoxic zone was set to 0. Finally, to illustrate the differences in concentration 

and local dynamics of oxygen and pH, we selected regions of interest (ROI) 

representing dung on the surface, soil only, soil at the dung-soil interface, and 

buried dung. All graphs were created using the tidyverse collection of R 

packages (Wickham et al., 2019). 

Results 

Oxygen and pH 2D patterns 

At the beginning of the experiment, the top surface of the soil was relatively flat 

(black dashed line). The dung (just beneath its surface) was completely anoxic 

(Fig. 2A, S4A - start), in stark contrast with the soil which was oxic (>55% air 

sat.). Moreover, oxygen levels at the soil surface just below the dung were 

lower than those of the neighboring areas exposed to the air (Fig. S5). The 

impact of dung deposition on soil oxygenation also extended deeper into the 

soil. Oxygen concentrations along transect 02 (center, below the dung in Fig. 

2A) (mean = 47.4 ± 8.8%) were strongly affected by depth (F1,680 = 374.5; p-

value < 0.001) with significantly lower oxygen levels just below the dung mass, 

https://imagej.net/software/imagej/
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Figure 2 . A: False-color images of the O2 concentration within the soil and dung during the 96-

h incubation. The black dashed line indicates the soil surface. The white dashed line indicates 

the initial shape of the dung mass. Numbers 1 to 6 indicate the regions of interests (ROI) used 

for the time series in Figure 4 (i.e., ROI 1 and ROI 2: dung and soil areas unaffected by beetle 

activity, respectively; ROI 3: within the dung pat; ROI 4: inside a tunnel; ROI 5: within a buried 
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dung ball; ROI 6: at the soil-dung interface). The vertical transects 01 and 02, shown in Panel A 

- start, were used to assess the spatiotemporal changes in O2 concentration in the soil at 

different depths due to the impact of the dung pat. The horizontal transect 03, shown in Panel 

A - 96h, was used to describe the oxygenation levels across a dung ball. B: False-color images 

of the pH on the terrarium wall opposite to the O2 optode (the image has been flipped 

horizontally) during a 96-h incubation. ROIs (7-12) were tracked across the time series in 

Figure 4 (i.e., ROI 7: dung area unaffected by beetle activity; ROI 8: within the dung pat; ROI 9: 

soil area unaffected by beetle activity; ROI 10: at the soil-dung interface; ROI 11 and ROI 12: 

within different buried dung balls). The horizontal transect 04, shown in Panel B - 96h, tracked 

the pH values around and within the same dung ball considered for O2 ( i.e., transect 03). 

i.e., at the top of the transect compared with at the bottom. An effect of depth 

was also observed for transect 01 (on the left in Fig. 2A) (mean = 67.8 ± 10.7%), 

but to a lesser extent (F1,680 = 61.3; p-value < 0.001). 

Within the first 24 h, the tunneling and dung burying activity of the dung 

beetles had already impacted oxygen distribution in both the dung and the soil 

(Fig. 2A, Supplementary Video 1). The walls of the tunnels, which the beetles 

typically strengthen using their saliva and the moist dung, showed lower 

oxygen levels compared with the central part of the tunnel and the undisturbed 

soil. This oxygenation in the center of the galleries, which we were able to 

detect thanks to the beetles using the optode surface as the outer wall, may be 

due to air entering the tunnel from the soil surface. The tunnels lead to several 

dung balls, which were, by contrast, anoxic. The net burial of dung resulted in 

voids within the initial dung mass at its surface, where air could then penetrate 

more effectively, increasing oxygen levels.  

Tunneling activity was most intense during the first 48 h, whereas dung-

burying activity continued throughout the experiment. The number of distinct 

anoxic dung balls (size range of ~10 to 30 mm) rose from 4 to 11 to 17, as 

detected at 24, 48, and 96 h, respectively. The deposition of soil at the surface 

due to tunneling and the downward transport of dung, resulted in the partial 
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burial of the initial dung mass and its gradual embedment within the soil 

matrix. At 96 h, about 75% of the initial anoxic surface area of the dung 

remained above the soil. The perimeter of the soil-dung interface zones 

increased significantly during the test, from 203 to 1612 mm, showing an 

approximate 8-fold increase in the oxic/anoxic transition areas. 

 

Figure 3 . Transects of O2 and pH across a dung ball (green and pink, respectively). Transect 

location is shown in figure 2 (T03 for O2; T04 for pH). 

 

The average pH of the dung at the start of the experiment point was 7.1 ± 0.2 

(Fig. 2B, S4B - start). Soil pH was heterogeneous and ranged from 6.3 to 7.1, 

with higher values in the zone below the dung mass. The pH in the soil tended 

to be more alkaline underneath the dung compared with the neighboring areas 

exposed to the air. 
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The surface of the dung mass became increasingly alkaline throughout the 

experiment. After 96 h, alkalinization was less pronounced on the left side 

where the bioturbation activity was more intense (Fig. 2B, Supplementary 

Video 2). On this side of the soil sandwich, the galleries were less visible to the 

naked eye, but the buried dung balls were still clearly detectable as hotspots of 

elevated pH. The impact on pH was greater in spatial terms compared with that 

on oxygen level, extending radially from both the initial dung mass and the 

buried dung balls (Fig. 2 and 3). The same pattern for oxygen and pH was 

observed in replicates (see Supplementary Video 3 and 4).    

High resolution temporal dynamics  

Figure 4 shows O2 and pH dynamics in specific ROIs over the course of the 

experimental period. Dung and soil areas unaffected by dung beetle activity 

(ROI 1 and ROI 2, respectively) remained fully anoxic (approx. 0% air sat.) and 

oxic (> 55 % air sat.), respectively, throughout the experiment. In ROI 3, an area 

adjacent to ROI 1 within the initial dung mass, oxygen levels remained below 

0.04% for the first 50 h, then reworking activity led to a temporary increase in 

oxygen to approx. 10% followed by a rapid increase at approx. 59 h to 50%. 

The oxygen level then remained in the 37 to 51% range until the end of the 

experiment. ROI 4, an area affected by tunneling activity, showed a small 

increase in oxygenation from 49.7 to 52.7% within the period 27ɀ71 h, 

probably due to air flowing into the tunnel, and then a rapid, but transient, 

decrease to about 15% before rising again to 42%. This shift in oxygen level 

was associated with the transport of a dung ball through the tunnel. ROI 5, an 

area affected by dung deposition, showed a steady oxygen level of 54% for the 

first 29 h, followed by a transient increase, possibly due to the tunnel opening, 

then a sharp drop to 2.3% when the dung was buried. At a point along the soil-
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dung interface (ROI 6), we observed a gradual decrease in oxygenation from 

45.7 to 10.3% within the time period 22ɀ80 h.  

Figure 4 . A: /Ϝ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÄÙÎÁÍÉÃÓ ÏÆ ÔÈÅ φ ÒÅÇÉÏÎÓ ÏÆ ÉÎÔÅÒÅÓÔ ɉ2/)Ó ρɀ6 shown in Fig. 1A) 

throughout the 96-h dung beetle activity experiment. ROI 1 and ROI 2: dung and soil areas 

unaffected by beetle activity, respectively; ROI 3: within the initial dung mass; ROI 4: inside a 

tunnel; ROI 5: within a buried dung ball; ROI 6: at the soil-dung interface. B: pH dynamics of 

the 6 ROIs (7ɀ12 shown in Fig. 1B) throughout the 96-h dung beetle activity experiment. ROI 

7: dung area unaffected by beetle activity; ROI 8: within the initial dung mass; ROI 9: soil area 

unaffected by beetle activity; ROI 10: at the soil-dung interface; ROI 11 and ROI 12: within 

different buried dung balls. 

 

The pH at the center of the dung mass (ROI 7 ɀ an area which did not undergo 

any working by the dung beetles) increased from 7.0 to 7.7 during the test. In 

a neighboring area (ROI 8) the pH increased from 7.0 to 7.4 until hour 42, 

similarly to ROI 7, followed by a decrease to 7.2 which coincided with the start 

ÏÆ ÔÈÅ ÂÅÅÔÌÅÓȭ ×ÏÒË ÉÎ ÔÈÁÔ ÁÒÅÁ ÏÆ ÔÈÅ ÄÕÎÇ ÐÁÔȢ 4ÈÅ ÓÏÉÌ ÃÏÎÔÒÏÌ ÁÒÅÁ ɉ2/) ωɊ 




































































